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Purpose: Prospective studies examining associations between baseline sleep microarchitecture and future cognitive function recruited 
from small samples with predominantly short follow-up. This study examined sleep microarchitecture predictors of cognitive function 
(visual attention, processing speed, and executive function) after 8 years in community-dwelling men.
Patients and Methods: Florey Adelaide Male Ageing Study participants (n=477) underwent home-based polysomnography (2010– 
2011), with 157 completing baseline (2007–2010) and follow-up (2018–2019) cognitive assessments (trail-making tests A [TMT-A] 
and B [TMT-B] and the standardized mini-mental state examination [SMMSE]). Whole-night F4-M1 sleep EEG recordings were 
processed following artifact exclusion, and quantitative EEG characteristics were obtained using validated algorithms. Associations 
between baseline sleep microarchitecture and future cognitive function (visual attention, processing speed, and executive function) 
were examined using linear regression models adjusted for baseline obstructive sleep apnoea, other risk factors, and cognition.
Results: The final sample included men aged (mean [SD]) 58.9 (8.9) years at baseline, overweight (BMI 28.5 [4.2] kg/m2), and well 
educated (75.2% ≥Bachelor, Certificate, or Trade), with majorly normal baseline cognition. Median (IQR) follow-up was 8.3 (7.9, 8.6) 
years. In adjusted analyses, NREM and REM sleep EEG spectral power was not associated with TMT-A, TMT-B, or SMMSE 
performance (all p>0.05). A significant association of higher N3 sleep fast spindle density with worse TMT-B performance (B=1.06, 
95% CI [0.13, 2.00], p=0.026) did not persist following adjustment for baseline TMT-B performance.
Conclusion: In this sample of community-dwelling men, sleep microarchitecture was not independently associated with visual 
attention, processing speed, or executive function after 8 years.
Keywords: quantitative EEG, spindles, attention, processing speed, executive function

Plain Language Summary
● Finer-grained EEG parameters (quantitative EEG) may help identify individuals at risk of future cognitive decline.
● However, studies using large samples have yet to examine if quantitative EEG can predict future cognitive decline.
● The present study examined associations between quantitative EEG measured in 2010–2011 and cognition measured 8 years 

later in community-dwelling men.
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● Relative (%) EEG power in specific frequency bands (delta, theta, alpha, sigma, and beta) was assessed during REM and NREM 
sleep, and sleep spindles were assessed during N2 and N3 sleep.

● Specific quantitative EEG parameters measured in 2010–2011 were associated with visual attention and processing speed after 8 
years, but only at the unadjusted level.

● These results suggest quantitative EEG parameters have limited prognostic value as early markers of cognitive decline, 
indicating a need for further studies in community samples.

Introduction
Normal aging is associated with cognitive decline in many individuals.1 With rising life expectancy comes 
a corresponding increase in age-associated mild cognitive impairment (MCI) with a 20–30% conversion rate to clinical 
dementia/Alzheimer’s disease (AD).1 Disrupted sleep electroencephalography (EEG) macroarchitecture and obstructive 
sleep apnoea (OSA), a highly prevalent sleep-related breathing disorder,2 show associations with cognitive 
impairment.3,4 However, these frequently weak and inconsistent associations support a need to establish sensitive and 
robust markers of cognitive functional decline.

Emerging evidence supports that finer-grained sleep EEG microarchitecture parameters assessed through quantitative 
EEG (qEEG) power spectral analysis (PSA) could provide valuable cognitive function markers.5 Our group reported 
independent cross-sectional associations between several qEEG markers during rapid eye movement (REM) and non- 
REM (NREM) sleep and worse visual attention and processing speed (trail-making test A performance) and executive 
function (trail-making test B performance) in community-dwelling men ≥65 years.6 These findings suggest sleep qEEG 
may have prognostic value as a particularly sensitive and robust cognitive function marker among older community- 
dwelling populations.

Prospective studies examining associations between qEEG markers and future cognitive function either included 
relatively short follow-ups (1–2 years) or recruited smaller samples of older (≥60 years) participants, many with baseline 
impairment.7–11 Furthermore, previous small studies examined qEEG markers during wakefulness,8–11 limiting the 
evidence on prospective associations between sleep qEEG markers and future cognitive function. Lower alpha power 
during wakefulness was associated with a 1-year transition from MCI to AD.8 Moreover, lower theta power during 
wakefulness was associated with further cognitive decline after 21 months in participants with stable and progressive 
MCI.9 In older participants with subjective cognitive complaints, higher theta power during wakefulness was associated 
with conversion to MCI or dementia after 7–9 years.10 Greater EEG slowing (theta/alpha ratio) during wakefulness was 
associated with a transition from MCI to dementia after 1.5 years.11 In community-dwelling women ≥65 years from the 
Study of Osteoporotic Fractures, higher theta and alpha power during NREM sleep and alpha and sigma power during 
REM sleep were associated with MCI over 5 years.12

Preliminary evidence from small studies in healthy participants13,14 and people with MCI15 suggests sleep spindles 
may be associated with cognitive decline. Sleep spindles are brief bursts of oscillatory neural activity (11–16 Hz, ≥0.5 ≤3 
seconds) generated by the interplay of thalamic and thalamocortical believed to play an important role in cortical 
reorganization processes contributing to learning capability and overnight declarative memory consolidation.16,17 Several 
studies report age-associated declines in spindle density (number/minute), average frequency (Hz, oscillations/second), 
and amplitude (µV) in healthy and diseased populations.13,14,18 Lower spindle amplitude has been associated with earlier 
cognitive impairment in people with subjective cognitive complaints and MCI compared to controls with normal 
cognitive function.15 Another study reported associations between MCI and AD and lower parietal fast spindle density, 
suggesting aging may be associated with spindle abnormalities.19 Despite evidence supporting associations between 
spindle abnormalities and cognitive decline, longitudinal analyses in more extensive community-based studies remain 
warranted to determine the prognostic value of sleep spindles as markers of cognitive functional decline.

While the emerging literature supports that qEEG (EEG spectral power, sleep spindles, and EEG slowing) may be 
a particularly sensitive and robust cognitive function marker, no community-based cohort studies are available to 
determine the prognostic value of sleep qEEG markers for predicting future cognitive impairment. Identifying sleep 
qEEG markers sensitive to cognitive functional decline could elucidate disease mechanisms and modifiable markers of 
cognitive impairment.20,21 Therefore, this study aimed to investigate independent associations between baseline sleep 
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microarchitecture parameters and cognitive function after 8 years among a sample of community-dwelling middle-aged 
and older men. It was hypothesized that sleep microarchitecture would be independently associated with cognitive 
function at 8 years follow-up after controlling for baseline obstructive sleep apnoea, other relevant risk factors, and 
cognitive task performance.

Materials and Methods
Study Participants
The Men Androgen Inflammation Lifestyle Environment and Stress (MAILES) Study includes 2569 urban community- 
dwelling men harmonized from two prospective community-based cohort studies: the Florey Adelaide Male Ageing 
Study (FAMAS) and North West Adelaide Health Study (NWAHS). The present prospective study included FAMAS 
participants aged 35–80 years at baseline (2002–2006) residing in north-west Adelaide.22,23

During a computer-assisted telephone interview follow-up in 2010 (n=858), FAMAS participants reporting no 
previous OSA diagnosis (n=767) were invited to undergo home-based eight-channel ambulatory polysomnography 
(PSG) (2010–2011) as part of a sub-study of the MAILES Study.24,25 Approximately 75% of the eligible participants 
(n=575) agreed to participate, with time and budget constraints resulting in a final sample of 477 (Figure 1). FAMAS was 
conducted in accordance with the Declaration of Helsinki and approved by the Royal Adelaide Hospital Human Research 
Ethics Committee. All participants provided written informed consent.

Baseline Sleep Study Assessment
As described previously,3,6,26 ambulatory PSG (Embletta X100, Embla Systems, Broomfield, Colorado, USA) recorded 
electrical brain activity (EEG, F4-M1) and left electrooculography with 12-bit signal resolution, 200 Hz sampling rate, 
and band-pass filters (0.3–35 Hz) together with submental electromyography, nasal cannula pressure, thoracic and 
abdominal motion, finger pulse oximetry, and body position. Trained staff attached the PSG equipment and obtained 
anthropometric measures (height, weight, and body mass index [BMI, kg/m2]).

FAMAS-1 clinic assessment (2002-2006):
n=1,195

FAMAS-2 clinic assessment (2007-2010):
n=950

Cognitive function testing n=862

FAMAS CATI (2007-2010):
n=858

Eligible for home PSG: n=767

PSG volunteers:
n=575

PSG study 2010-11: n=477 

Adequate quality qEEG and follow-up cognition data: n=139

Declined to undergo PSG: n=192

PSGs not completed: n=98

Adequate quality sleep spindle and follow-up cognition data: n=145

Previously diagnosed OSA: n=91

No baseline cognition data: n=44

Baseline cognition only: n=276Baseline cognition data (2007-2010): n=433

Figure 1 FAMAS clinic and sleep study assessments and cognitive function testing. 
Abbreviations: FAMAS, Florey Adelaide Male Ageing Study; CATI, computer-assisted telephone interview; PSG, polysomnography.
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A single experienced sleep technician manually scored all PSG measures according to 2007 American Academy of 
Sleep Medicine (AASM) Alternative scoring criteria,27 recommended by an Australasian Sleep Association expert panel 
for use in prospective epidemiological studies.28 The sleep technician participated in quarterly external Qsleep scoring 
concordance assessments, a national external proficiency testing program (www.qsleep.com.au), where performance was 
consistent within two quartiles of national assessments.

OSA was identified by an apnea–hypopnea index (AHI) ≥10/h and categorised as mild (10–19/h), moderate (20–29/h), 
or severe (≥30/h). An AHI ≥5/h used to define sleep-disordered breathing by the AASM 2007 Recommended scoring 
criteria is approximately equivalent to ≥10/h using the Alternative and ≥15/h using the older 1999 Chicago criteria.27 

Therefore, an AHI cut-off of 10/h was chosen to maintain comparability with previous work. Apnea was defined as 
complete or near-complete airflow cessation (≥90%) measured using nasal cannula pressure excursions lasting ≥10 
seconds. Hypopnoea was defined as a ≥50% decrease in nasal cannula pressure excursions and an associated ≥3% oxygen 
desaturation or EEG arousal.27 Nocturnal hypoxemia was assessed from the oxygen desaturation index 3% and the 
percentage of total sleep time with oxygen saturation <90%. Sleep studies were considered acceptable for analysis based 
on ≥3.5 hours of sleep and ≥5.5 hours of total-recorded study time with technically acceptable respiratory and EEG signal 
quality.

EEG Data Processing
A detailed description of qEEG analysis used in this study has been described previously.29,30 European Data Format and 
sleep stage files were generated using Embla REMLogic PSG Software (Natus Medical, Inc., Pleasanton, California). Of 
the 477 men who underwent sleep studies, PSG data were of adequate quality for qEEG analysis in 415. Of these, 139 
men who completed follow-up cognitive testing had adequate quality baseline qEEG data. An algorithm identified 
artifactual EEG data over consecutive non-overlapping 5-second epochs based on previously validated artifact detection 
threshold parameters.29 Contaminated 5-second epochs, including arousals where EEG traces went outside the amplitude 
boundaries, were subsequently excluded from qEEG analysis.

EEG Power Spectral Analysis
After rejecting artifactual epochs, power spectra were obtained from F4-M1 EEG recordings using a standard fast Fourier 
transform algorithm with a rectangular weighting window for each non-overlapping 5-second epoch. Absolute spectral 
power (µV2) was calculated in the delta, theta, alpha, sigma, and beta frequency bands defined as EEG activity of 0.5– 
4.5, 4.5–8, 8–12, 12–15, and 15–32 Hz, respectively, during NREM and REM sleep. EEG power for each sleep-staged 
30-second epoch was calculated by averaging data from six artifact-free 5-second epochs comprising each 30-second 
recording segment.29 Average µV2 over the frequency interval within the defined bands was computed for NREM (N2 
and N3) and REM sleep, from which relative spectral power (eg, delta/delta+theta+alpha+sigma+beta) was calculated. 
A global measure of EEG slowing (ie, a ratio of slow to fast frequencies [(delta+theta)/(alpha+sigma+beta)]) was also 
calculated. As reported previously,6 manual verification of automated artifact scoring accuracy was performed in 10% of 
the randomly selected PSGs. Manual verification revealed excellent accuracy (mean ± SD) (96.6% ± 4.4%) and 
specificity (99.9% ± 28.1%) and good to moderate sensitivity (59.1% ± 0.1%) and agreement (Cohen’s kappa [k]=0.68 
± 0.26).

Sleep Spindle Detection Algorithm and Metrics of Interest
Spindle events were visually identified using an automated detection tool developed and written in Java, version 1.6 
(Oracle, Santa Clara, California, USA), and previously validated in OSA samples.31 A 128-order band-passing Finite- 
Impulse-Response filter was applied to the raw EEG signal, yielding a time course of sigma activity (11–16 Hz, ≥0.5 ≤3 
seconds).32 Spindle events were marked from onset to offset and exported with start time and duration details. Spindle 
events were recorded where the edges of the amplitude threshold crossings showed a threshold of 20% and tolerance of 
50% of spindle amplitude. Spindles meeting criteria of duration 0.5–3 seconds and an inter-event interval >1 second were 
counted as events. Occurrence (11–16 Hz total events), average frequency (Hz), and amplitude (µV) of overall spindle 
events and overall (11–16 Hz), slow (11–13 Hz), and fast (13–16 Hz) spindle density (events/minute of sleep) were 
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calculated during N2 and N3 sleep.26 Of men who completed follow-up cognitive testing, 145 had adequate quality sleep 
spindle data at baseline.

Baseline and Follow-Up Cognitive Assessments
Three standardized, validated, and well-established cognitive tests, described previously,3,33–35 were administered during 
the 2007–2010 follow-up and repeated at the 2018–2019 follow-up examination, including trail-making tests A and 
B and the 30-point mini-mental state examination.

Trail-Making Test
The trail-making test (TMT) assesses visual search, processing speed, mental flexibility, visual attention, and executive 
function.33,34 Part A (TMT-A) assesses visual attention and processing speed and requires participants to connect 
encircled numbers (1–25) in sequence. Part B (TMT-B) assesses executive function and requires participants to connect 
encircled numbers with corresponding encircled letters in the appropriate sequence (1 – A, 2 – B, 3 – C, etc).35 The time 
in seconds to complete each path is scored, with higher scores indicating inferior performance.35

Standardized Mini-Mental State Examination
The standardized mini-mental state examination (SMMSE) is a quantitative measure of cognitive status consisting of a 30-point 
questionnaire designed to assess orientation, registration and recall, attention and calculation, language, and the ability to follow 
simple verbal and written commands.36,37 The total score from these questions scales an individual on cognitive ability. The 
maximum possible score is 30, with <28 indicating cognitive impairment, classified as mild (22–27), moderate (17–21), or severe 
(<17).38

Baseline Covariate Assessments
Self-completed questionnaires assessed demographic factors (age, financial stress, education, and marital status). Relative social 
disadvantage, based on residential postcode, was determined using the Australian Bureau of Statistics Socio-Economic Indexes 
for Areas Index of Relative Socio-Economic Disadvantage.39 Clinic assessments (2007–2010) included anthropometry, seated 
sphygmomanometer blood pressure, and a fasting blood sample to assess glucose and haemoglobin A1C (HbA1c).23 Composite 
cardiovascular disease (self-reported doctor-diagnosed myocardial infarction, angina, transient ischemic attack, or stroke) and 
diabetes mellitus (self-reported doctor-diagnosed diabetes or fasting plasma glucose ≥7.0 mmol/L [126 mg/dL], HbA1c ≥6.5%, or 
reported antidiabetic medication use [oral hypoglycaemic agents and/or insulin]) were also determined. Men were classified as 
having insomnia symptoms if they reported difficulty initiating or maintaining sleep at least three nights/week (Pittsburgh Sleep 
Quality Index dimensions) and significant daytime fatigue, defined as a score one SD below the mean on the 36-item short-form 
survey instrument (SF-36) Vitality Scale.40 Hypertension was defined as systolic blood pressure ≥140 mmHg and/or diastolic 
blood pressure ≥90 mmHg or reported antihypertensive medication use.41 Self-completed questionnaires assessed chronic disease 
risk factors (smoking status, alcohol risk, and physical activity) and health-related quality of life (SF-36). Body mass index (BMI) 
was categorized according to international criteria from the World Health Organization (<25 [underweight/normal], 25–29.9 
[overweight], and ≥30 [obese]).42

Statistical Analysis Methodology
Data were analyzed using IBM SPSS version 25.0 (IBM Corporation, Armonk, New York, USA). Baseline participant 
characteristics are reported as mean (SD) for normally distributed continuous variables, median (IQR) for skewed 
continuous variables, and percentage (frequency) for dichotomous and categorical variables.

Baseline participant characteristics were stratified by cognitive follow-up examination participation and performance status to 
examine possible responder bias. Impaired performance was defined as a ≥0.5 SD change in TMT score between baseline and 
follow-up.43 Between-group differences were assessed using Pearson’s chi-squared tests for dichotomous and categorical 
variables, independent samples t-tests for normally distributed continuous variables, and Mann–Whitney U-tests for skewed 
continuous variables. Standardized z-scores were calculated using logarithmic base 10 transformed test scores, subtracting the 
mean, and dividing by the sample SD.43–46
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Univariable and multivariable linear regression analyses were performed to examine associations between baseline sleep 
microarchitecture parameters (NREM and REM sleep EEG relative spectral power, EEG slowing ratio, and sleep spindle 
metrics) and standardized TMT-A and TMT-B performance at 8 years follow-up. Results are presented as unstandardized beta 
(B) coefficients (95% confidence interval [CI]). EEG slowing ratios were normalized by applying logarithmic base 10 
transformations. Three regression models were constructed, including 1) unadjusted; 2) adjusted for age, AHI, highest 
educational attainment, socio-economic disadvantage, marital status, BMI, and cardio-metabolic conditions (one or more of 
hypertension, diabetes mellitus, or cardiovascular disease); and 3) additionally adjusted for baseline cognitive task performance.

Purposeful covariate selection6,47 ensured retainment of robust covariates. Covariates in multivariable adjustment are 
previously reported risk factors for cognitive decline.20,35,48,49 Principal assumptions of linear regression modelling were checked 
and satisfied, including linearity, normality, and homoscedasticity. Multicollinearity was assessed by examining the variance 
inflation factor.

Binary logistic regression models were constructed to examine associations between baseline sleep microarchitecture 
parameters and dichotomized values of change in TMT times (cut-offs for cognitive change; normal [≤0.5 SD] and 
impaired [>0.5 SD] performers)43 and follow-up SMMSE scores, with <28/30 corresponding to cognitive impairment.38 

Results are presented as odds ratios (95% CI). The principal assumptions of logistic regression modelling were checked 
and satisfied, including independence, linearity, and absence of multicollinearity and outliers. Covariates in multivariable 
adjustment were consistent with linear regression analyses.

As a supplementary analysis, associations were examined between baseline sleep microarchitecture parameters and 
cognitive function at 8 years follow-up after excluding participants who reported using psychoactive medication(s), 
including opiates, antipsychotics, antiepileptics, or benzodiazepines (n=14). For all analyses, a two-sided p<0.05 was 
considered statistically significant. Based on previously reported practical considerations50,51 and the exploratory nature 
of the analyses, multiple comparison adjustments were not performed.

Results
Of men with baseline PSG and cognitive data (n=433), 36.3% (n=157) participated in the 2018–2019 follow-up 
examination (Figure 1). The mean (SD) age at baseline of those who participated in follow-up was 58.9 (8.9) (41–81) 
years. Median (IQR) follow-up time was 8.3 (7.9, 8.6) years.

Baseline Participant Characteristics Stratified by Follow-Up Status
At baseline, compared to non-participants, follow-up examination participants were younger and showed higher N3 sleep 
spindle frequency. However, there were no differences in chronic diseases or risk factors (Table 1). Of participants in the 
follow-up examination, 13.4% (n=21) showed cognitive impairment (SMMSE <28/30) at baseline, 14.0% (n=22) showed 
cognitive impairment at follow-up, and 8.9% (n=14) showed incident MCI (≥28/30 at baseline but <28/30 at follow-up).

TMT Scores Relative to Normative Values of Age and Education
At baseline, the sample was mostly non-impaired on TMT-A relative to previously published normative values of similar 
age and highest educational attainment.35 However, a considerable proportion showed impairment in TMT-A at follow- 
up (Supplementary Figure 1). Most participants recorded worse TMT-B scores at baseline and follow-up relative to 
previously published normative values of age and highest educational attainment (Supplementary Figure 2).

Baseline Sleep Microarchitecture Parameters Stratified by Baseline to Follow-Up 
Change in Cognitive Function
Participants who showed a ≥0.5 SD reduction on TMT-A and TMT-B were older than those who did not show a ≥0.5 SD 
reduction (Supplementary Table 1). Participants who showed a ≥0.5 SD reduction on TMT-A recorded lower N2 sleep 
spindle occurrence and N2 and N3 sleep overall and slow spindle density than those who did not show a ≥0.5 SD 
reduction. Moreover, participants who showed a ≥0.5 SD reduction on TMT-B recorded lower N2 sleep spindle 
amplitude than those who did not show a ≥0.5 SD reduction (Table 2).
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Table 1 Baseline Participant Characteristics Stratified by Participation in Cognitive Follow- 
Up Examination

Baseline Participant Characteristics Cognitive Follow-Up Examination Participation p-values

Participants  

(n=139)

Non-Participants  

(n=236)

Age (years), % (n)

<50 17.3 (24) 25.7 (61) 0.61

50–59 36.0 (50) 29.3 (71) 0.84

60–69 34.5 (48) 21.7 (50) 0.003

≥70 12.2 (17) 23.2 (54) 0.029

Financial stress, % (n)

Spends >earns 12.2 (17) 17.0 (40) 0.52

Highest education, % (n)

≥Diploma, certificate, trade, bachelor‘s degree or higher 75.2 (104) 70.3 (166) 0.28

Married/partner, % (n) 89.8 (125) 80.4 (190) 0.018

BMI (kg/m2), % (n)

<25 (underweight/normal) 19.1 (26) 21.4 (51) 0.69

25 to <30 (overweight) 45.9 (64) 45.7 (108) 0.32

≥30 (obese) 35.0 (49) 33.0 (77) 0.34

Diabetes mellitus, % (n) 8.3 (11) 5.1 (12) 0.67

Hypertension % (n) 58.6 (81) 59.4 (140) 0.80

CVD, % (n) 5.8 (8) 9.7 (23) 0.21

Insomnia, % (n) 12.2 (17) 15.3 (36) 0.50

SEIFA IRSD, % (n)

Quintile 1 (highest disadvantage) 21.0 (29) 23.6 (56) 0.86

Quintile 2 10.8 (16) 9.4 (22) 0.93

Quintile 3 28.0 (39) 29.0 (68) 0.95

Quintile 4 27.4 (38) 24.6 (58) 0.68

Quintile 5 (lowest disadvantage) 12.7 (17) 13.4 (32) 0.97

Current smokers, % (n) 14.6 (20) 20.2 (48) 0.15

Sedentary physical activity 18.5 (26) 25.0 (59) 0.86

Mean (SD)

Cognitive baseline data

TMT-A, seconds 15.4 (5.2) 16.2 (7.1) 0.14

TMT-B, seconds 75.3 (26.1) 80.0 (37.6) 0.12

EEG relative spectral power

NREM sleep

Delta 81.2 (6.4) 81.5 (7.1) 0.66

Theta 8.2 (2.8) 8.0 (2.7) 0.63

Alpha 5.3 (2.4) 5.2 (2.5) 0.65

Sigma 2.0 (0.9) 2.0 (1.0) 0.52

Beta 3.3 (1.6) 3.3 (2.3) 0.98

Median (IQR)

EEG Slowing ratio 9.0 (6.4, 12.7) 9.0 (6.9, 12.2) 0.51

Mean (SD)

REM sleep

Delta 69.7 (8.7) 70.5 (10.3) 0.44

Theta 11.9 (3.5) 11.6 (4.4) 0.45

Alpha 6.9 (2.4) 6.7 (2.6) 0.45

Sigma 3.0 (1.1) 2.8 (1.1) 0.16

Beta 8.4 (3.4) 8.3 (4.2) 0.77

Median (IQR)

Slowing ratio 4.5 (3.4, 6.2) 4.5 (3.6, 6.6) 0.54

Mean (SD)

N2 sleep spindle metrics

Occurrence 213.8 (157.0) 221 (165.6) 0.67

Overall density 1.0 (0.7) 1.1 (0.7) 0.90

Fast density 0.4 (0.3) 0.4 (0.3) 0.83

Slow density 0.7 (0.5) 0.7 (0.5) 0.76

Average frequency 12.8 (0.3) 12.8 (0.3) 0.85

(Continued)
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Table 1 (Continued). 

Baseline Participant Characteristics Cognitive Follow-Up Examination Participation p-values

Participants  

(n=139)

Non-Participants  

(n=236)

Amplitude 13.8 (3.1) 13.8 (4.4) 0.98

N3 spindle metrics

Occurrence 43.9 (64.4) 34.0 (43.0) 0.10

Overall density 0.6 (0.7) 0.5 (0.6) 0.23

Fast density 0.1 (0.2) 0.1 (0.2) 0.65

Slow density 0.5 (0.6) 0.4 (0.5) 0.22

Average frequency 12.4 (1.5) 11.9 (2.9) 0.039

Amplitude 12.7 (4.7) 13.3 (7.8) 0.40

Notes: Baseline participant characteristics: Participants: Includes those who participated in the follow-up cognitive exam-
ination. Non-participants: Includes those who only participated in the baseline cognitive examination, not follow-up. p-values: 
Those <0.05 are boldfaced to indicate a statistically significant between-group difference in the variable of interest. BMI: body 
mass index categorised according to international criteria from the World Health Organization (<25 kg/m2 [underweight/ 
normal], 25 to <30 kg/m2 [overweight], and ≥30 kg/m2 [obese]). Cardiovascular disease: self-reported, doctor-diagnosed 
myocardial infarction, angina, transient ischemic attack, or stroke. Diabetes mellitus: self-reported, doctor-diagnosed, fasting 
plasma glucose ≥7.0 mmol/L (126 mg/dL), haemoglobin A1C ≥6.5%, or reported antidiabetic medication use (oral 
hypoglycaemic agents and/or insulin). Insomnia: difficulty initiating or maintaining sleep occurring at least three nights/week 
(PSQI dimensions) and significant daytime fatigue defined as a score one SD below the mean on the 36-item short-form 
survey instrument (SF-36) Vitality Scale. Hypertension: systolic blood pressure ≥140 mmHg and/or diastolic blood pressure 
≥90 mmHg or reported antihypertensive medication use. Cardio-metabolic conditions: one or more of hypertension, 
diabetes mellitus, or cardiovascular disease. EEG relative spectral powers: delta: 0.5–4 Hz; theta: 4.5–8 Hz; alpha: 8–12 Hz; 
sigma: 12–15 Hz; beta: 15–32 Hz. EEG slowing ratio: calculated as a ratio of slow to fast EEG frequencies [(delta+theta)/(alpha 
+sigma+beta)]. N2 and N3 sleep spindle metrics: occurrence (11–16 Hz, total events), overall density (11–16 Hz, number/ 
minute), fast density (13–16 Hz, number/minute), slow density (11–13 Hz, number/minute), average frequency (Hz, 
oscillations/second), and amplitude (µV). 
Abbreviations: BMI, body mass index; SD, standard deviation; IQR, interquartile range; SEIFA IRSD, Socio-Economic 
Indexes for Areas Index of Relative Socio-Economic Disadvantage; TMT-A, trail-making test A; TMT-B, trail-making test B; 
CVD, cardiovascular disease; NREM, non-rapid eye movement sleep; REM, rapid eye movement sleep; N2, stage 2 sleep; N3, 
stage 3 sleep.

Table 2 Baseline Sleep Microarchitecture Parameters Stratified by Standard Deviation Reduction in TMT 
Performance from Baseline to Follow-Up

Follow-Up Cognitive Performance 

Domains

Cognitive Follow-Up Examination Participants

Visual Attention and Processing Speed (TMT-A) Executive Function (TMT-B)

Cognitive Performance Subgroups <0.5 SD 

Reduction 

(n=121)

≥0.5 SD 

Reduction 

(n=18)

p-values <0.5 SD 

Reduction 

(n=121)

≥0.5 SD 

Reduction 

(n=18)

p-values

EEG relative spectral power Mean (SD)

NREM sleep

Delta 80.9 (6.4) 82.7 (5.6) 0.21 81.1 (6.5) 81.4 (6.2) 0.81

Theta 8.1 (2.5) 7.7 (2.0) 0.43 8.2 (2.9) 8.1 (2.4) 0.88

Alpha 5.4 (2.4) 4.8 (2.5) 0.24 5.3 (2.4) 5.3 (2.5) 0.97

Sigma 2.1 (1.0) 1.8 (0.7) 0.083 2.1 (0.9) 2.0 (1.0) 0.61

Beta 3.4 (1.7) 3.1 (0.9) 0.36 3.3 (1.6) 3.2 (1.4) 0.75

Median (IQR)

Slowing ratio 8.9 (6.3, 11.9) 10.3 (7.6, 14.5) 0.15 8.9 (6.4, 12.5) 9.5 (6.7, 13.1) 0.67

REM sleep

Mean (SD)

Delta 70.2 (9.0) 67.2 (6.7) 0.11 69.6 (8.9) 70.4 (7.8) 0.66

Theta 11.8 (3.6) 12.6 (3.0) 0.28 11.9 (3.5) 11.9 (3.2) 0.95

Alpha 6.5 (2.5) 7.6 (2.2) 0.11 6.9 (2.4) 6.9 (2.5) 0.95

Sigma 3.0 (1.2) 3.3 (1.0) 0.12 3.0 (1.1) 2.9 (1.2) 0.63

Beta 8.3 (3.5) 9.2 (2.8) 0.22 8.5 (3.6) 8.0 (2.9) 0.40

Median (IQR)

Slowing ratio 4.6 (3.4, 6.6) 3.9 (3.0, 5.4) 0.071 4.3 (3.3, 6.6) 4.8 (3.6, 6.1) 0.63

(Continued)
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Associations Between Baseline Sleep Microarchitecture Parameters and Future 
Cognitive Function
In an unadjusted model, a one-unit increase in REM sleep delta power was associated with a −0.02 SD decrease in TMT- 
A completion time (better performance) at follow-up. However, this association was not observed after excluding 
participants who reported using psychoactive medication(s) (Supplementary Table 2). Conversely, a one-unit increase 
in REM sleep alpha power was associated with a 0.08 SD increase in TMT-A completion time (worse performance) at 
follow-up.

In unadjusted models, worse TMT-A performance at follow-up was associated with lower N2 and N3 sleep overall 
and slow spindle density and N2 sleep spindle occurrence (Table 3). Worse TMT-A performance at follow-up was also 
associated with lower N3 sleep spindle occurrence after excluding participants who reported using psychoactive 
medication(s) (Supplementary Table 2). However, these associations did not persist after adjusting for age, other risk 
factors, and baseline cognition.

Table 2 (Continued). 

Follow-Up Cognitive Performance 

Domains

Cognitive Follow-Up Examination Participants

Visual Attention and Processing Speed (TMT-A) Executive Function (TMT-B)

Cognitive Performance Subgroups <0.5 SD 

Reduction 

(n=121)

≥0.5 SD 

Reduction 

(n=18)

p-values <0.5 SD 

Reduction 

(n=121)

≥0.5 SD 

Reduction 

(n=18)

p-values

N2 sleep spindle metrics

Occurrence 229.7 (161.2) 151.9 (121.0) 0.022 219.4 (153.8) 200.6 (166.8) 0.55

Overall density 1.1 (0.7) 0.8 (0.6) 0.027 1.1 (0.7) 1.0 (0.8) 0.52

Fast density 0.4 (0.3) 0.3 (0.3) 0.24 0.4 (0.3) 0.4 (0.4) 0.52

Slow density 0.7 (0.5) 0.5 (0.4) 0.022 0.7 (0.5) 0.6 (0.5) 0.64

Average frequency 12.8 (0.3) 12.8 (0.2) 0.35 12.8 (0.3) 12.8 (0.3) 0.22

Amplitude 14.0 (3.0) 13.5 (3.5) 0.49 14.2 (3.2) 12.8 (2.6) 0.033

N3 sleep spindle metrics

Occurrence 47.0 (67.7) 32.3 (48.6) 0.30 45.9 (67.5) 38.2 (53.9) 0.55

Overall density 0.7 (0.7) 0.4 (0.5) 0.044 0.7 (0.7) 0.6 (0.7) 0.69

Fast density 0.1 (0.2) 0.1 (0.2) 0.68 0.1 (0.2) 0.1 (0.2) 0.93

Slow density 0.6 (0.6) 0.3 (0.3) 0.002 0.5 (0.6) 0.5 (0.6) 0.66

Average frequency 12.4 (1.2) 12.7 (0.4) 0.29 12.4 (1.3) 12.2 (2.2) 0.40

Amplitude 4.6 (6.6) 13.1 (4.9) 0.095 13.1 (4.9) 11.3 (3.8) 0.060

Notes: Cognitive follow-up examination participants: Includes baseline sleep microarchitecture results for men who participated in both the 
baseline and follow-up cognitive assessments. Cognitive performance subgroups: divided into participants who showed a <0.5 SD reduction versus 
a ≥0.5 SD reduction in TMT-A or TMT-B performance from baseline to follow-up. Visual attention and processing speed (TMT-A): Includes baseline 
sleep microarchitecture by TMT-A performance subgroups. Executive function (TMT-B): Includes baseline sleep microarchitecture by TMT-B 
performance subgroups. <0.5 SD reduction: Includes baseline sleep microarchitecture for men who showed a <0.5 SD reduction in TMT-A or 
TMT-B performance between the baseline and follow-up cognitive assessments. ≥0.5 SD reduction: Includes baseline sleep microarchitecture for 
men who showed a ≥0.5 SD reduction in TMT-A or TMT-B performance between the baseline and follow-up cognitive assessments. Boldfaced 
p-values: statistically significant between-group difference in the variable of interest. BMI: body mass index categorised according to international 
criteria from the World Health Organisation (<25 kg/m2 [underweight/normal], 25 to <30 kg/m2 [overweight], and ≥30 kg/m2 [obese]). 
Cardiovascular disease: self-reported, doctor-diagnosed myocardial infarction, angina, transient ischemic attack, or stroke. Diabetes mellitus: self- 
reported, doctor-diagnosed, fasting plasma glucose ≥7.0 mmol/L (126 mg/dL), haemoglobin A1C ≥6.5%, or reported antidiabetic medication use 
(oral hypoglycaemic agents and/or insulin). Insomnia: difficulty initiating or maintaining sleep occurring at least three nights/week (PSQI dimensions) 
and significant daytime fatigue defined as a score one standard deviation below the mean on the 36-item short-form survey instrument (SF-36) 
Vitality Scale. Hypertension: systolic blood pressure ≥140 mmHg and/or diastolic blood pressure ≥90 mmHg or reported antihypertensive 
medication use. Cardio-metabolic conditions: one or more of hypertension, diabetes mellitus, or cardiovascular disease. Psychotropic medication(s): 
Use of one or more of opiates, antipsychotics, antiepileptics, antidepressants, or benzodiazepines. EEG relative spectral powers: delta: 0.5–4 Hz; 
theta: 4.5–8 Hz; alpha: 8–12 Hz; sigma: 12–15 Hz; beta: 15–32 Hz. EEG slowing ratio: calculated as a ratio of slow to fast EEG frequencies [(delta 
+theta)/(alpha+sigma+beta)]. N2 and N3 sleep spindle metrics: occurrence (11–16 Hz, total events), overall density (11–16 Hz, number/minute), 
fast density (13–16 Hz, number/minute), slow density (11–13 Hz, number/minute), average frequency (Hz, oscillations/second), and amplitude (µV). 
All PSG measures were scored according to AASM 2007 Alternative scoring criteria in which an AHI of 10/h is approximately equivalent to an AHI of 
5/h used to define sleep-disordered breathing by the AASM 2007 Recommended scoring criteria. 
Abbreviations: SD, standard deviation; IQR, interquartile range; NREM, non-rapid eye movement sleep; REM, rapid eye movement sleep; N2, 
stage 2 sleep; N3, stage 3 sleep; TMT-A, trail-making test A; TMT-B, trail-making test B.
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In an adjusted model, a one-unit increase in N3 sleep fast spindle density was associated with a 1.06 SD increase in 
TMT-B completion time (worse performance) at follow-up (Table 4 and Supplementary Table 3). However, this 
association did not persist following adjustment for baseline TMT-B performance. SMMSE performance at follow-up 
was not associated with baseline sleep microarchitecture parameters (Supplementary Table 4). Excluding participants 
who reported using psychoactive medication(s) did not influence these results (Supplementary Table 5).

Associations Between Baseline Sleep Microarchitecture and Baseline to Follow-Up 
Change in Cognitive Function
In unadjusted models, higher N2 and N3 sleep overall and slow spindle density, spindle occurrence (N2 sleep only), and 
spindle amplitude (N3 sleep only) were associated with reduced odds of a significant decline in TMT-A performance 
(Table 5). Higher N2 sleep spindle amplitude was associated with reduced odds of a significant decline in TMT-B 
performance (Table 6). These associations did not persist in models adjusted for age, other risk factors, and baseline 
cognition.

Table 3 Unadjusted and Adjusted Associations of Baseline Sleep Microarchitecture Parameters with 
Standardized (z-Score) Follow-Up TMT-A Performance

Unadjusted Model Adjusted Model 1 Adjusted Model 2

B (95% CI) p B (95% CI) p B (95% CI) p

NREM sleep

Delta 0.002 (−0.02, 0.03) 0.86 0.001 (−0.02, 0.03) 0.97 0.006 (−0.02, 0.03) 0.61

Theta 0.008 (−0.05, 0.07) 0.79 0.008 (−0.05, 0.07) 0.78 −0.004 (−0.06, 0.05) 0.87

Alpha −0.008 (−0.08, 0.06) 0.82 −0.005 (−0.07, 0.06) 0.89 −0.02 (−0.08, 0.04) 0.42

Sigma −0.13 (−0.31, 0.06) 0.18 −0.05 (−0.23, 0.12) 0.54 −0.07 (−0.23, 0.08) 0.34

Beta −0.004 (−0.11, 0.011) 0.94 −0.005 (−0.11, 0.10) 0.92 −0.002 (−0.09, 0.09) 0.97

Slowing ratio 0.07 (−0.78, 0.91) 0.87 0.005 (−0.77, 0.78) 0.99 0.18 (−0.52, 0.88) 0.61

REM sleep

Delta −0.02 (−0.04, −0.001) 0.042 −0.01 (−0.03, 0.006) 0.19 −0.004 (−0.02, 0.01) 0.61

Theta 0.05 (−0.001, 0.09) 0.057 0.04 (−0.005, 0.08) 0.081 0.02 (−0.02, 0.06) 0.32

Alpha 0.08 (0.01, 0.15) 0.024 0.04 (−0.02, 0.11) 0.21 0.02 (−0.04, 0.08) 0.54

Sigma 0.10 (−0.05, 0.24) 0.21 0.03 (−0.11, 0.17) 0.69 −0.004 (−0.13, 0.12) 0.95

Beta 0.03 (−0.02, 0.08) 0.25 0.01 (−0.03, 0.06) 0.60 −0.003 (−0.05, 0.04) 0.88

Slowing ratio −0.004 (−0.04, 0.03) 0.80 −0.005 (−0.04, 0.03) 0.76 0.003 (−0.03, 0.03) 0.86

N2 spindles

Occurrence −0.001 (−0.002, −0.0002) 0.017 0.0007 (−0.001, 0.001) 0.90 −0.0002 (−0.001, 0.001) 0.74

Overall density −0.29 (−0.52, −0.06) 0.014 0.005 (−0.24, 0.25) 0.97 −0.03 (−0.25, 0.20) 0.80

Fast density −0.30 (−0.79, 0.18) 0.22 0.23 (−0.24, 0.71) 0.33 0.15 (−0.30, 0.58) 0.52

Slow density −0.43 (−0.76, −0.11) 0.010 −0.11 (−0.44, 0.23) 0.54 −0.13 (−0.43, 0.18) 0.42

Frequency 0.30 (−0.33, 0.92) 0.35 0.43 (−0.16, 1.02) 0.15 0.48 (−0.05, 1.02) 0.077

Amplitude −0.03 (−0.08, 0.03) 0.33 0.03 (−0.03, 0.08) 0.29 0.02 (−0.03, 0.07) 0.44

N3 spindles

Occurrence −0.001 (−0.004, 0.001) 0.33 0.0002 (−0.002, 0.003) 0.86 0.0005 (−0.002, 0.003) 0.68

Overall density −0.25 (−0.49, −0.009) 0.042 −0.01 (−0.26, 0.23) 0.92 0.002 (−0.22, 0.23) 0.98

Fast density −0.14 (−1.11, 0.82) 0.77 0.64 (−0.28, 1.56) 0.17 0.62 (−0.22, 1.46) 0.15

Slow density −0.33 (−0.61, −0.05) 0.023 −0.08 (−0.36, 0.21) 0.60 −0.06 (−0.32, 0.21) 0.68

Frequency 0.17 (0.08, 0.27) 0.16 0.18 (0.07, 0.29) 0.18 0.11 (0.03, 0.19) 0.34

Amplitude −0.02 (−0.06, 0.02) 0.28 0.01 (−0.02, 0.05) 0.45 0.006 (−0.03, 0.04) 0.70

Notes: Coefficients: unstandardized beta (B) coefficients (95% confidence interval) from univariable and multivariable regression models are 
reported. Estimates: estimates represent the change in follow-up TMT-A scores corresponding to a 1% increase in baseline relative EEG 
spectral power and a one-unit increase in baseline logarithmically (10-base) transformed EEG slowing ratio. Boldfaced p-values: statistically 
significant at the 0.05 level. EEG relative spectral powers: delta: 0.5–4 Hz; theta: 4.5–8 Hz; alpha: 8–12 Hz; sigma: 12–15 Hz; beta: 15–32 Hz. 
EEG slowing ratio: calculated as a ratio of slow to fast EEG frequencies [(delta+theta)/(alpha+sigma+beta)]. N2 and N3 sleep spindle metrics: 
occurrence (11–16 Hz, total events), overall density (11–16 Hz, number/minute), fast density (13–16 Hz, number/minute), slow density (11– 
13 Hz, number/minute), average frequency (Hz), and amplitude (µV). Adjusted Model 1: adjusted for baseline age, AHI, highest educational 
attainment, socio-economic disadvantage, marital status, BMI, and cardio-metabolic conditions (one or more of cardiovascular disease, 
diabetes mellitus, or hypertension). Adjusted Model 2: additionally adjusted for baseline cognitive task performance. Spindle occurrence 
(adjusted Model 1 and 2): additionally adjusted for total sleep time. 
Abbreviations: NREM, non-rapid eye movement; REM, rapid eye movement; CI, confidence interval.
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Discussion
This study is the first to examine associations between baseline sleep microarchitecture and future cognitive function and 
decline in community-dwelling men. Sleep EEG microarchitecture parameters (relative spectral power, global EEG 
slowing, and sleep spindles) were not independently associated with cognitive function change (visual attention, 
processing speed, and executive function) after 8 years. These findings extend smaller prospective studies of sleep 
microarchitecture and cognitive decline,5,7–11,13 suggesting sleep qEEG has limited prognostic value as an early marker 
of cognitive decline.

Our group reported independent cross-sectional associations between sleep microarchitecture (lower NREM sleep 
delta power and higher REM sleep theta and alpha power) and cognitive dysfunction (worse TMT-A [lower NREM sleep 
delta power only] and TMT-B performance) in community-dwelling men ≥65 years.6 Other authors5,7,19,52–54 report 
differences in sleep microarchitecture between patients with mild cognitive impairment and age- and gender-matched 
controls. However, prospective studies examining associations between sleep microarchitecture and future cognitive 
function and decline were predominantly conducted in smaller samples of older participants (≥60 years), many with mild 

Table 4 Unadjusted and Adjusted Associations of Baseline Sleep Microarchitecture Parameters with Standardized 
(z-Score) Follow-Up TMT-B Performance

Unadjusted Model Adjusted Model 1 Adjusted Model 2

B (95% CI) p B (95% CI) p B (95% CI) p

NREM sleep

Delta 0.01 (−0.02, 0.04) 0.47 0.01 (−0.02, 0.04) 0.40 0.009 (−0.01, 0.03) 0.40

Theta −0.02 (−0.09, 0.04) 0.43 −0.03 (−0.09, 0.03) 0.27 −0.02 (−0.07, 0.03) 0.43

Alpha −0.01 (−0.08, 0.06) 0.75 −0.02 (−0.09, −0.05) 0.62 −0.02 (−0.07, 0.04) 0.59

Sigma −0.11 (−0.29, 0.07) 0.23 −0.06 (−0.24, 0.12) 0.49 −0.07 (−0.22, 0.08) 0.38

Beta −0.02 (−0.13, 0.09) 0.70 −0.02 (−0.12, 0.09) 0.78 −0.03 (−0.12, 0.06) 0.46

Slowing ratio 0.19 (−0.67, 1.00) 0.69 0.18 (−0.63, 0.98) 0.66 0.20 (−0.47, 0.87) 0.55

REM sleep

Delta −0.005 (−0.02, 0.02) 0.64 0.002 (−0.02, 0.02) 0.80 0.007 (−0.009, 0.02) 0.41

Theta 0.004 (−0.05, 0.05) 0.87 −0.007 (−0.06, 0.04) 0.79 −0.002 (−0.04, 0.04) 0.91

Alpha 0.03 (−0.04, 0.10) 0.47 −0.009 (−0.08, 0.06) 0.80 −0.02 (−0.08, 0.04) 0.45

Sigma 0.02 (−0.13, 0.17) 0.82 −0.04 (−0.19, 0.11) 0.60 −0.07 (−0.19, 0.06) 0.28

Beta 0.01 (−0.04, 0.06) 0.67 −0.0004 (−0.05, 0.05) 0.99 −0.02 (−0.06, 0.02) 0.28

Slowing ratio 0.002 (−0.03, 0.04) 0.90 0.004 (−0.03, 0.04) 0.80 0.004 (−0.02, 0.03) 0.76

N2 spindles

Occurrence −0.001 (−0.002, 0.0004) 0.24 0.0005 (−0.001, 0.002) 0.43 0.0002 (−0.001, 0.001) 0.74

Overall density −0.16 (−0.40, 0.08) 0.18 0.09 (−0.16, 0.34) 0.49 0.03 (−0.18, 0.24) 0.77

Fast density −0.17 (−0.65, 0.32) 0.50 0.34 (−0.15, 0.83) 0.17 0.16 (−0.26, 0.57) 0.46

Slow density −0.24 (−0.57, 0.09) 0.16 −0.0005 (−0.35, 0.35) 0.99 −0.02 (−0.31, 0.28) 0.91

Frequency −0.11 (−0.74, 0.52) 0.72 0.09 (−0.52, 0.70) 0.76 −0.06 (−0.57, 0.46) 0.83

Amplitude −0.02 (−0.08, 0.03) 0.38 0.01 (−0.04, 0.07) 0.67 −0.002 (−0.05, 0.04) 0.92

N3 spindles

Occurrence −0.001 (−0.003, 0.002) 0.69 0.0004 (−0.002, 0.003) 0.78 −0.0004 (−0.002, 0.002) 0.97

Overall density −0.04 (−0.29, 0.21) 0.74 0.15 (−0.10, 0.40) 0.23 0.08 (−0.14, 0.29) 0.49

Fast density 0.26 (−0.71, 1.23) 0.59 1.06 (0.13, 2.00) 0.026 0.57 (−0.24, 1.38) 0.17

Slow density −0.08 (−0.36, 0.21) 0.59 0.11 (−0.19, 0.40) 0.48 0.05 (−0.20, 0.30) 0.70

Frequency 0.24 (−0.18, 0.65) 0.26 0.32 (−0.07, 0.70) 0.10 0.01 (−0.33, 0.35) 0.95

Amplitude −0.03 (−0.07, 0.007) 0.11 −0.007 (−0.04, 0.03) 0.71 −0.02 (−0.05, 0.01) 0.20

Notes: Coefficients: unstandardized beta (B) coefficients (95% confidence interval) from univariable and multivariable regression models are reported. 
Estimates: estimates represent the change in follow-up TMT-A and TMT-B scores corresponding to a 1% increase in baseline relative EEG spectral 
power and a one-unit increase in baseline logarithmically (10-base) transformed EEG slowing ratio. Boldfaced p-value: statistically significant at the 0.05 
level. EEG relative spectral powers: delta: 0.5–4 Hz; theta: 4.5–8 Hz; alpha: 8–12 Hz; sigma: 12–15 Hz; beta: 15–32 Hz. EEG slowing ratio: calculated as 
a ratio of slow to fast EEG frequencies [(delta+theta)/(alpha+sigma+beta)]. N2 and N3 sleep spindle metrics: occurrence (11–16 Hz, total events), 
overall density (11–16 Hz, number/minute), fast density (13–16 Hz, number/minute), slow density (11–13 Hz, number/minute), average frequency (Hz), 
and amplitude (µV). Adjusted Model 1: adjusted for baseline age, AHI, highest educational attainment, socio-economic disadvantage, marital status, BMI, 
and cardio-metabolic conditions (one or more of cardiovascular disease, diabetes mellitus, or hypertension). Adjusted Model 2: additionally adjusted for 
baseline cognitive task performance. Spindle occurrence (Adjusted Model 1 and 2): additionally adjusted for total sleep time. 
Abbreviations: NREM, non-rapid eye movement; REM, rapid eye movement; CI, confidence interval.
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cognitive impairment/Alzheimer’s disease at baseline,7–11 or a comparatively larger study including older (≥65 years) 
community-dwelling women.12 The novel contribution of our study is the inclusion of a larger and younger sample of 
community-dwelling men with a longer follow-up to capture the prognostic value of sleep qEEG as a marker of cognitive 
impairment.

Unadjusted associations between lower REM sleep delta and greater REM sleep alpha power and worse TMT-A 
performance at follow-up did not persist in adjusted analyses. In a supplementary analysis, however, excluding 
participants who reported using psychoactive medication(s) (n=14) diluted the unadjusted association between lower 
REM sleep alpha power and worse TMT-A performance. This finding suggests psychoactive medication influences the 

Table 5 Unadjusted and Adjusted Associations of Baseline Sleep Microarchitecture Parameters with Baseline to 
Follow-Up Change in TMT-A Performance

Unadjusted Model Adjusted Model 1 Adjusted Model 2

OR (95% CI) p OR (95% CI) p OR (95% CI) p

NREM sleep
Delta 1.05 (0.97, 1.13) 0.21 1.06 (0.97, 1.16) 0.19 1.06 (0.97, 1.16) 0.19

Theta 0.93 (0.77, 1.12) 0.43 0.91 (0.73, 1.15) 0.45 0.92 (0.73, 1.16) 0.47

Alpha 0.89 (0.73, 1.08) 0.24 0.86 (0.67, 1.09) 0.20 0.86 (0.68, 1.09) 0.20
Sigma 0.62 (0.36, 1.07) 0.087 0.62 (0.32, 1.20) 0.15 0.62 (0.32, 1.20) 0.16

Beta 0.86 (0.62, 1.19) 0.36 0.73 (0.46, 1.15) 0.17 0.73 (0.46, 1.15) 0.17

Slowing ratio 3.84 (0.44, 33.2) 0.22 5.68 (0.42, 77.7) 0.19 5.56 (0.40, 76.6) 0.20
REM sleep

Delta 0.96 (0.91, 1.01) 0.12 0.97 (0.91, 1.04) 0.38 0.97 (0.91, 1.04) 0.36

Theta 1.07 (0.95, 1.21) 0.28 1.11 (0.94, 1.31) 0.20 1.12 (0.95, 1.33) 0.18
Alpha 1.16 (0.97, 1.38) 0.12 1.11 (0.89, 1.39) 0.37 1.11 (0.89, 1.39) 0.35

Sigma 1.36 (0.93, 1.99) 0.12 1.10 (0.69, 1.73) 0.70 1.09 (0.69, 1.73) 0.70

Beta 1.08 (0.96, 1.23) 0.22 1.02 (0.87, 1.18) 0.83 1.02 (0.87, 1.19) 0.83
Slowing ratio 1.04 (0.96, 1.13) 0.37 1.05 (0.95, 1.15) 0.39 1.04 (0.95, 1.15) 0.40

N2 spindles

Occurrence 0.996 (0.99, 1.00) 0.025 1.001 (0.997, 1.005) 0.66 1.001 (0.997, 1.006) 0.63
Overall density 0.42 (0.19, 0.93) 0.031 1.16 (1.08, 1.26) 0.75 1.17 (0.47, 2.90) 0.73

Fast density 0.40 (0.08, 1.88) 0.24 2.36 (0.45, 12.5) 0.31 2.51 (0.47, 13.6) 0.28

Slow density 0.25 (0.07, 0.84) 0.025 0.84 (0.21, 3.29) 0.80 0.84 (0.21, 3.32) 0.81
Frequency 2.19 (0.42, 11.4) 0.35 5.39 (0.55, 53.3) 0.15 5.31 (0.53, 53.1) 0.16

Amplitude 0.95 (0.82, 1.10) 0.48 1.10 (0.91, 1.33) 0.32 1.10 (0.91, 1.32) 0.33

N3 spindles
Occurrence 0.99 (0.98, 1.00) 0.29 1.001 (0.99, 1.01) 0.84 1.001 (0.99, 1.01) 0.86

Overall density 0.37 (0.14, 0.99) 0.047 0.83 (0.30, 2.34) 0.73 0.82 (0.29, 2.33) 0.71
Fast density 0.57 (0.04, 8.16) 0.68 7.73 (0.34, 175.2) 0.20 8.38 (0.36, 193.5) 0.18

Slow density 0.24 (0.07, 0.85) 0.027 0.56 (0.14, 2.27) 0.42 0.55 (0.13, 2.23) 0.40

Frequency 2.22 (0.43, 11.5) 0.34 2.82 (0.83, 9.54) 0.096 3.01 (0.87, 10.5) 0.083
Amplitude 0.84 (0.72, 0.99) 0.036 0.94 (0.78, 1.14) 0.55 0.94 (0.78, 1.14) 0.56

Notes: Coefficients: odds ratios (95% confidence intervals) from univariable and multivariable binary logistic regression models are reported. 
Estimates: estimates represent odds of decline in TMT-A and TMT-B scores corresponding to a 1% increase in relative EEG spectral power at 
baseline and a one-unit increase in logarithmically (10-base) transformed EEG slowing ratio at baseline. Boldfaced p-values: statistically significant 
at the 0.05 level. EEG relative spectral powers: delta: 0.5–4 Hz; theta: 4.5–8 Hz; alpha: 8–12 Hz; sigma: 12–15 Hz; beta: 15–32 Hz. EEG slowing 
ratio: calculated as a ratio of slow to fast EEG frequencies (delta+theta)/(alpha+sigma+beta). N2 and N3 sleep spindle metrics: occurrence (11–16 
Hz, total events), overall density (11–16 Hz, number/minute), fast density (13–16 Hz, number/minute), slow density (11–13 Hz, number/minute), 
average frequency (Hz), and amplitude (µV). Adjusted Model 1: adjusted for baseline age, AHI, highest educational attainment, socio-economic 
disadvantage, marital status, BMI, and cardio-metabolic conditions (one or more of cardiovascular disease, diabetes mellitus, or hypertension). 
Adjusted Model 2: additionally adjusted for baseline cognitive task performance. Spindle occurrence (Adjusted Model 1 and 2): additionally 
adjusted for total sleep time. 
Abbreviations: NREM, non-rapid eye movement; REM, rapid eye movement; CI, confidence interval; OR, odds ratio.
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association between sleep microarchitecture and cognitive function, specifically in REM sleep. However, this hypothesis 
requires further investigation.

Small prospective studies report associations between higher NREM sleep alpha and theta power and future cognitive 
decline.8–10,55 Conversely, in the present study, EEG power during NREM sleep was not associated with any domains of 
cognitive function. Djonlagic et al12 reported significant differences in baseline qEEG markers during NREM sleep 
between community-dwelling women ≥65 years who developed mild cognitive impairment 5 years after their baseline 
sleep study and women who did not develop mild cognitive impairment. As such, the present analysis of community- 
dwelling men expands on findings from the prospective study by Djonlagic et al,12 as longitudinal associations between 

Table 6 Unadjusted and Adjusted Associations of Baseline Sleep Microarchitecture Parameters with Baseline to 
Follow-Up Change in TMT-B Performance

Unadjusted Model Adjusted Model 1 Adjusted Model 2

OR (95% CI) p OR (95% CI) p OR (95% CI) p

NREM sleep
Delta 1.01 (0.95, 1.07) 0.81 1.00 (0.93, 1.07) 0.95 1.00 (0.92, 1.07) 0.89

Theta 0.99 (0.86, 1.14) 0.88 1.01 (0.86, 1.20) 0.87 1.02 (0.87, 1.21) 0.80

Alpha 1.00 (0.85, 1.17) 0.96 1.00 (0.82, 1.21) 0.97 1.00 (0.82, 1.22) 0.97
Sigma 0.89 (0.58, 1.38) 0.60 1.01 (0.61, 1.68) 0.97 1.02 (0.61, 1.70) 0.94

Beta 0.96 (0.74, 1.24) 0.75 1.00 (0.74, 1.36) 0.98 1.00 (0.74, 1.35) 0.99

Slowing ratio 1.34 (0.19, 9.18) 0.77 1.08 (0.11, 10.3) 0.95 1.03 (0.11, 9.99) 0.98
REM sleep

Delta 1.01 (0.97, 1.06) 0.66 1.03 (0.97, 1.09) 0.30 1.03 (0.98, 1.10) 0.25

Theta 0.99 (0.89, 1.12) 0.95 0.99 (0.86, 1.14) 0.93 0.99 (0.86, 1.15) 0.94
Alpha 0.99 (0.85, 1.17) 0.95 0.92 (0.75, 1.12) 0.39 0.91 (0.74, 1.11) 0.35

Sigma 0.92 (0.65, 1.30) 0.62 0.77 (0.50, 1.16) 0.21 0.75 (0.49, 1.15) 0.18

Beta 0.95 (0.84, 1.07) 0.40 0.90 (0.78, 1.04) 0.16 0.89 (0.77, 1.03) 0.12
Slowing ratio 1.01 (0.94, 1.09) 0.79 1.01 (0.92, 1.10) 0.95 1.00 (0.92, 1.10) 0.98

N2 spindles

Occurrence 1.00 (0.997, 1.002) 0.55 1.002 (0.99, 1.005) 0.24 1.002 (0.99, 1.005) 0.25
Overall density 0.82 (0.46, 1.48) 0.51 1.47 (0.72, 2.99) 0.29 1.46 (0.71, 2.98) 0.30

Fast density 0.66 (0.19, 2.30) 0.52 2.05 (0.49, 8.57) 0.33 1.98 (0.47, 8.38) 0.35

Slow density 0.82 (0.36, 1.87) 0.64 1.47 (0.57, 3.78) 0.43 1.48 (0.57, 3.82) 0.42
Frequency 0.40 (0.09, 1.75) 0.22 0.46 (0.07, 2.87) 0.41 0.44 (0.07, 2.73) 0.38

Amplitude 0.85 (0.74, 0.99) 0.036 0.89 (0.75, 1.06) 0.19 0.89 (0.75, 1.06) 0.25

N3 spindles
Occurrence 1.00 (0.99, 1.005) 0.55 1.00 (0.99, 1.01) 0.90 1.00 (0.99, 1.01) 0.89

Overall density 0.88 (0.48, 1.62) 0.69 1.37 (0.69, 2.72) 0.37 1.36 (0.68, 2.69) 0.39
Fast density 0.90 (0.09, 8.98) 0.93 5.53 (0.41, 74.6) 0.20 4.93 (0.35, 69.2) 0.24

Slow density 0.85 (0.42, 1.74) 0.66 1.32 (0.59, 2.94) 0.50 1.31 (0.59, 2.93) 0.51

Frequency 1.05 (0.40, 2.70) 0.93 0.31 (0.43, 3.95) 0.64 1.18 (0.37, 3.76) 0.78
Amplitude 0.88 (0.76, 1.01) 0.065 0.92 (0.79, 1.09) 0.34 0.92 (0.78, 1.08) 0.30

Notes: Coefficients: odds ratios (95% confidence intervals) from univariable and multivariable binary logistic regression models are reported. 
Boldfaced p-value: statistically significant at the 0.05 level. Estimates: estimates represent odds of decline in TMT-A and TMT-B scores 
corresponding to a 1% increase in relative EEG spectral power at baseline and a one-unit increase in logarithmically (10-base) transformed 
EEG slowing ratio at baseline. EEG relative spectral powers: delta: 0.5–4 Hz; theta: 4.5–8 Hz; alpha: 8–12 Hz; sigma: 12–15 Hz; beta: 15–32 Hz. 
EEG slowing ratio: calculated as a ratio of slow to fast EEG frequencies (delta+theta)/(alpha+sigma+beta). N2 and N3 sleep spindle metrics: 
occurrence (11–16 Hz, total events), overall density (11–16 Hz, number/minute), fast density (13–16 Hz, number/minute), slow density (11–13 
Hz, number/minute), average frequency (Hz), and amplitude (µV). Adjusted Model 1: adjusted for baseline age, AHI, highest educational 
attainment, socio-economic disadvantage, marital status, BMI, and cardio-metabolic conditions (one or more of cardiovascular disease, diabetes 
mellitus, or hypertension). Adjusted Model 2: additionally adjusted for baseline cognitive task performance. Spindle occurrence (Adjusted Model 1 
and 2): additionally adjusted for total sleep time. 
Abbreviations: NREM, non-rapid eye movement; REM, rapid eye movement; N2, stage 2 sleep; N3, stage 3 sleep; CI, confidence interval.
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sleep microarchitecture and future cognitive function were examined. In contrast, Djonlagic et al12 only investigated 
between-group differences in sleep microarchitecture and cognitive decline.

Our cohort consists of community-dwelling men who are, on average, younger than participants of smaller studies8–10,55 

and the Study of Osteoporotic Fractures.56 As such, previously reported age and sex differences in sleep microarchitecture 
could account for discrepant findings between our study and prior studies. Previous reports suggest women typically show 
higher slow-frequency EEG activity during NREM sleep, particularly in the delta and theta frequency ranges, compared to 
age-matched men.56,57 Moreover, slow-wave activity (0.5–4 Hz) typically decreases with age, and aging is also associated 
with higher power in the fast-frequency beta range (15–32 Hz).58,59 Given the previously reported age and sex differences 
in sleep microarchitecture, future studies should extend our findings in men to determine whether differences exist in 
associations between baseline sleep microarchitecture and cognitive function in older versus younger adults and commu-
nity-dwelling men versus women.

Although our cohort of men was largely free of mild cognitive impairment and Alzheimer’s disease at baseline 
(median SMMSE score = 29/30), most scored worse than previously reported normative values of age and highest 
educational attainment on TMT-A and TMT-B at follow-up.35 Therefore, unadjusted associations between lower REM 
sleep delta and greater REM sleep alpha power with worse TMT-A performance could relate to the sample overall 
showing cognitive impairment at follow-up as sleep qEEG markers may have been sensitive for detecting impairment.

Along with EEG spectral power, it is important to investigate the prognostic value of sleep spindles as markers of 
cognitive decline. Small prospective studies have identified potential links between aging, spindle abnormalities, 
including lower occurrence, density, frequency, and amplitude, and cognitive impairment.13–15,18 While we observed 
several unadjusted associations of higher overall and slow spindle density during N2 sleep with worse TMT-A 
performance at follow-up, these did not persist in adjusted analyses, suggesting these metrics might not be robust 
markers of cognitive impairment. Along with these unadjusted associations, our supplementary analysis showed that 
excluding participants who reported using psychoactive medication(s) revealed an association of lower N3 sleep spindle 
occurrence with worse TMT-A performance at follow-up. Removing these participants may have unmasked the 
unadjusted association when more people had worse TMT-A performance and fewer spindles.

The adjusted association between higher N3 sleep fast spindle density and worse TMT-B performance at follow-up 
did not persist after adjustment for baseline TMT-B performance. No other adjusted associations were observed. 
A prospective study examined the topographical distribution of fast spindle density in healthy controls and patients 
with mild cognitive impairment and Alzheimer’s disease and identified lower parietal N2 sleep fast spindle density in 
patients with mild cognitive impairment and Alzheimer’s disease compared to healthy controls.19 Fast spindles are 
typically studied during N2 sleep, particularly prominent in the centroparietal brain region, and believed to be important 
for learning and memory.16

The unadjusted associations between lower N2 and N3 slow spindle density at baseline and worse TMT-A 
performance at follow-up might reflect the assessment of spindles at the frontal (F4-M1) derivation where slow spindle 
events are mainly detected. Thus, the lack of central and parietal EEG derivations might mean the number of fast spindle 
events was underestimated. Further studies in community samples assessing sleep spindle events derived from multiple 
electrode derivations remain warranted to provide more robust evidence of the presence or absence of associations 
between fast spindle density during N2 and N3 sleep and future cognitive decline.

There may be several reasons for the lack of adjusted associations between baseline sleep microarchitecture and 
future cognitive function. Participants lost to follow-up were younger, which could have resulted in less cognitive decline 
over time. Another potential explanation is the influence of uncontrolled factors, including unknown OSA treatment 
modality (continuous positive airway pressure mandibular advancement splint or pharyngeal surgery and participant 
adherence) and selection bias (eg, mortality or lack of consent for follow-up assessments). Also, while several cognitive 
domains were assessed, a comprehensive test battery was not administered. As such, the present study might not have 
captured the cognitive dimensions most strongly influenced by sleep microarchitecture. Assessing performance across 
a more comprehensive range of cognitive domains, particularly learning, language, and various memory domains, 
remains warranted to obtain a complete picture of the possible associations between baseline sleep microarchitecture 
and future cognitive function and decline.
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Our findings could be influenced by men declining to participate in a second sleep study due to sleep disruption. Men 
vulnerable to sleep loss may have had a different cognitive profile that could not be captured compared to those less 
vulnerable to sleep loss. If present, this difference in cognitive profile could have influenced the lack of associations 
observed. Future prospective studies should consider the potential influence of this factor on associations observed or not 
observed between baseline sleep microarchitecture and future cognitive function.

Given that age is a significant risk factor for cognitive decline,1 future studies in large samples should investigate 
differences in associations between baseline sleep microarchitecture and future cognitive function and decline in older 
versus younger participants. Cornelis et al60 recently investigated the impact of age on cognitive decline in participants 
aged 38–73 years from the UK Biobank (n=between 100,352 and 468,534) and reported a significant decline in cognitive 
abilities, including prospective memory, reaction time, and fluid intelligence with advancing age, particularly in 
participants >65 years. Also, our group reported that higher relative NREM sleep theta power and REM sleep theta 
and alpha power were cross-sectionally associated with worse visual attention and processing speed (TMT-A perfor-
mance) and executive function (TMT-B performance) in community-dwelling men ≥65 years but not in men <65 years).6 

These associations and prior literature reporting significant cognitive decline after age 65 highlight the value of 
determining if age influences longitudinal associations between baseline sleep microarchitecture and future cognitive 
function.

This study has several strengths. First, it includes a comparatively younger community-based sample representative of 
an understudied adult male population. Second, data included cognitive function at baseline and follow-up assessed by 
standardized and validated tests with well-established performance parameters.3,35,61 Third, extensive survey and 
biomedical data22,23,25 provided the means to control for multiple relevant potential confounders.

Along with these strengths, several limitations need to be acknowledged. Considerable loss to follow-up could have 
reduced the power to detect significant associations between sleep qEEG markers and cognitive function and decline. 
Sleep microarchitecture parameters were acquired using a single frontal EEG derivation (F4–M1). Consequently, 
potentially significant topographical differences in sleep microarchitecture parameters may have been missed. The 
sleep sub-study was performed in men, with results in women remaining unknown. Due to the low follow-up study 
response rate, multivariable models were not adjusted for waist circumference, which is reported to impact cognitive 
function.62,63 However, in the sample, body mass index and waist circumference were highly correlated (Pearson’s 
r=0.89).

Although this study adjusted for multiple potential confounders, residual and unknown factors could have influenced 
the findings. While we conducted supplementary analyses excluding participants who reported using one or more 
psychoactive medications, this only included 8.9% of the final analytic sample. As such, the potential influence of 
a wide range of psychoactive medications on the associations between sleep microarchitecture and cognitive function 
warrants additional investigation. Finally, as a limited number of cognitive tests were completed at baseline and follow- 
up, it remains unknown whether sleep microarchitecture was associated with future cognitive function and decline in 
domains that were not assessed, which requires further longitudinal investigation.

Conclusion
In summary, among this sample of community-dwelling men with normal baseline cognitive function, sleep micro-
architecture parameters assessed through qEEG power spectral analysis at baseline were not independently associated 
with cognitive function or decline after 8 years. These findings suggest qEEG has limited prognostic value as an early 
marker of cognitive decline. If associations exist between baseline sleep microarchitecture and future cognitive function 
and decline, then further prospective investigation in studies with a longer follow-up to capture greater cognitive decline 
and more extensive cognitive tests that could be more sensitive to nocturnal hypoxemia or sleep disruption might reveal 
these associations. Accordingly, further longitudinal qEEG studies in larger samples of community-dwelling men and 
women with a longer follow-up and more extensive cognitive tests remain warranted. Lastly, individuals at risk of future 
cognitive dysfunction and decline are not necessarily a heterogeneous population, and future studies of cognitive decline 
should attempt to delineate specific at-risk phenotypes, including age, sex, and various sleep characteristic and disorder 
phenotypes.
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