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ABSTRACT
Subjective age-associated changes in sleep (AACS) and sex differences in AACS have never been prospectively
investigated in elderly populations. We compared the AACS every 2 years over a total of 6 years between 4,686
community-dwelling healthy men and women aged 60 years or older who participated in the Korean Longitudinal
Study on Cognitive Aging and Dementia. Sleep parameters including sleep duration, latency, and efficiency, midsleep time, daytime dysfunction, and overall subjective sleep quality were measured using the Pittsburgh Sleep
Quality Index at baseline and at each follow-up. The effects of time and sex on subjective sleep parameters were
analyzed using linear mixed-effects models. During the 6 years of follow-up, we observed that overall, sleep
latency increased, while daytime dysfunction and sleep quality worsened. Significant sex differences in AACS was
found, with women showing shortened sleep duration, delayed mid-sleep time, and decreased sleep efficiency
over 6 years. Sleep quality worsened in both groups but a more pronounced change was observed in women.
Clinicians should be cautious in determining when to treat declared sleep disturbances in this population.
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INTRODUCTION
Evidence has suggested that the normal aging process
involves a wide range of physiological changes, among
which impairment in the initiation and maintenance of
sleep in older age is one of the most pervasive [1]. For
example, a seminal meta-analysis based on objective
measures reported that, in healthy individuals aged 60
years or older, sleep efficiency continued to decrease
with aging while changes in sleep latency and total
sleep time were not significant [2]. These ageassociated changes in sleep (AACS) in healthy older
adults, based on both subjective and objective measures,
have been investigated by a host of researchers over the
past several decades (Supplementary Table 1) providing
evidence for clinical care guidelines.
As for the methods used to obtain measurements of
sleep, previous literature suggested that subjective
reports could be biased by personality [3], mood, or
memory [4]. However, it has also been proposed that
subjective measures might reflect physiological
characteristics or internal factors that are fundamentally
distinct from objective findings [5, 6] and have their
own clinical significance. Additionally, the selfperception of sleep habits differs by sex, with women
reporting more frequent sleep disturbances [7], and a
much-increased sleep latency [8], compared with men.
However, most studies on subjective AACS were crosssectional. Since rapidly changing sociocultural factors,
such as gender roles, influence sleep considerably [9, 10],
cross-sectional comparisons of sleep between different
age groups may be biased by cohort effects [11] and may
not reliably capture intraindividual AACS. Furthermore,
AACS has barely been prospectively investigated in older
populations. Although there have been several prospective
studies on AACS, they examined adolescents or
individuals under 70 years of age [12–14], were limited to
the assessment of sleep duration, efficiency, or the
frequency of sleep disturbances [12–15], and showed a
high number of missing data with non-random dropouts
[15]. Moreover, no study has thus far focused on sex
differences in subjective AACS in the elderly using a
longitudinal design.

excluding those with significant psychiatric or
neurological disorders, of whom 2,248 completed the 6year follow-up. Participant characteristics at baseline are
presented by sex (Table 1) and at eave assessment wave
(Supplementary Table 2). Men were younger, more
educated, more likely to be employed, less likely to be
socioeconomically disadvantaged and to live alone,
consumed more alcohol, cigarettes, and coffee, were less
depressive, more physically active, more likely to be ill,
and less likely to be diagnosed with mild cognitive
impairment (MCI) than women at baseline. The mean
(SD) follow-up duration of participants was 3.87 (2.35)
years. During this period, 600 (12.8 %) participants
reported having taken sleeping pills at least once.
Compared with those who were lost at any follow-up
assessment, participants who completed all four waves
were younger (mean age [SD]; 68.52 [5.68] vs. 70.98
[7.02], p < 0.001), more educated (mean years of
education [SD]; 9.16 [5.19] vs. 7.94 [5.31], p < 0.001), less
likely to live in rural areas (22.8 % vs. 28.4 %, p < 0.001),
less likely to live alone (11.6 % vs. 14.3 %, p = 0.005), less
depressive (mean Geriatric Depression Scale [GDS] score
[SD]; 7.14 [4.16] vs. 7.39 [4.02], p = 0.044), more
physically active (total energy expenditure in kilocalories
per week over the last year [SD]; 82.73 [156.59] vs. 68.70
[142.14], p = 0.001), and less likely to be diagnosed with
MCI (20.9 % vs. 29.9 %, p < 0.001). There were no
observable differences between the groups in terms of sex
ratio, employment status, socioeconomic status, the
average amount of alcohol, cigarettes, and coffee
consumed, Pittsburgh Sleep Quality Index (PSQI) score,
and Cumulative Illness Rating Scale (CIRS) total score.
Linear mixed-effects models for sleep measures obtained
from the PSQI showed that, overall, participants’ sleep
latency increased, and daytime dysfunction and sleep
quality worsened over 6 years in both the unadjusted and
adjusted models. In the adjusted model, women showed
shorter sleep duration and more severe daytime
dysfunction than men (Table 2, Figure 1).

In this study, we prospectively investigated a large,
nationwide, randomly-sampled, community-dwelling
elderly population without major psychiatric or
neurological disorders to examine the sex difference in
subjective AACS.

We also found a significant sex difference in AACS for
sleep duration, mid-sleep time, sleep efficiency, and
sleep quality under the adjusted model. Post hoc
analyses revealed that only women showed decreased
sleep duration, delayed mid-sleep time, and decreased
sleep efficiency over a period of 6 years (Table 3).
Sleep quality worsened in both groups but a more
pronounced change was observed in women. The
AACS of daytime dysfunction was found only in men
with a worsening trend.

RESULTS

DISCUSSION

Supplementary Figure 1 shows the flow of study
participants. We had 4,686 individuals at baseline after

This study found that community-dwelling healthy
elderly Koreans did report changes in subjective sleep
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Table 1. Baseline characteristics of the study participants.
Men (N = 2,148)

Women (N = 2,538)

pa

Age, year

69.39 (6.31)

69.99 (6.61)

0.002

Education, year

10.76 (4.89)

6.71 (4.88)

<0.001

Employed (%)

1,011 (47.1)

512 (20.2)

<0.001

44 (2.1)

99 (3.9)

<0.001

Living in a rural area (%)

546 (25.5)

643 (25.5)

0.985

Living alone (%)

105 (4.9)

496 (19.6)

<0.001

7.88 (16.04)

0.60 (6.50)

<0.001

0.18 (0.78)

0.01 (0.11)

<0.001

1.66 (1.98)

0.95 (1.12)

<0.001

6.75 (4.03)

7.70 (4.10)

<0.001

108.62 (174.65)

48.24 (118.36)

<0.001

CIRS total score

4.44 (2.84)

4.11 (2.60)

<0.001

Diagnosed with MCI (%)

486 (22.6)

700 (27.6)

<0.001

Low SES (%)

a

Alcohol, SU/week

b
b

Smoking, packs/day
b

Coffee, cups/day
GDS, score

b

Physical activity, kcal/week

Values are mean (standard deviation) unless specified otherwise.
a
2
Student t-test for continuous variables and χ test for categorical variables.
b
Amount averaged over the past one year.
Abbreviations: CIRS, Cumulative Illness Rating Scale; GDS, Geriatric Depression Scale; MCI, mild cognitive impairment; SU,
standard unit.

habits over time, such that sleep latency increased, and
daytime dysfunction and sleep quality worsened over 6
years, while sleep duration, mid-sleep time, and sleep
efficiency were largely unchanged. However, we
observed significant sex differences in AACS: for every
two-year increase in age, women showed a shortening
sleep duration by 4.22 minutes, delayed mid-sleep time
by 3.87 min, and worsening sleep efficiency by 0.85%.
Sleep quality worsened in both men and women by 0.02
and 0.03 points, respectively, with women showing a
more statistically pronounced change. In addition, every
two years, daytime dysfunction worsened by 0.98 points
in men, while no substantial changes were observed in
women.

did not adjust for important confounders such as
usage of sleeping pills. A recent cohort study with an
initial sample size of 6,375 adults aged 42 – 94 years
who were followed up to 27 years, reported that sleep
efficiency decreased by 3.1% per decade [15]. Though
that study accounted for numerous variables such as
social class, subjective health rating, marital and
working status, and usage of sleeping pills in their
linear mixed-effects model, the analysis was not
adjusted for cognitive function, as people with MCI
could distort the subjective sleep measures [6, 16].
Highly irregular drop-out rates between assessment
waves of that study was another limitation that could
be a source of bias.

To the best of our knowledge, there have been only a
few prospective studies on subjective AACS that
included a sizable elderly population. In one study, for
every 2 years, weekday sleep duration increased by
approximately 15 min whereas weekend sleep
duration decreased by approximately 1.5 min
compensatorily over 8 years in 8,159 participants
aged 57 – 68 years after adjusting for sex and
occupation [14]. The researchers suggested that the
increase in weekday sleep duration may have been
attributed to the retirement of the elderly participants
during the follow-up period. However, that study
included fairly young elderly adults and the analyses

A seminal meta-analysis based on cross-sectional
studies of sleep measures by polysomnography or
actigraphy suggested that, after 60 years of age, total
sleep time decreased non-significantly, sleep latency
increased non-significantly, and sleep efficiency
decreased significantly, with women having a larger
effect size than men [2]. These results were largely in
accordance with ours notwithstanding the apparent
discrepancy between using self-reported and objective
sleep measures.
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We also found that, in case of mid-sleep time, men
showed a nonsignificant advance while women

AGING

Table 2. Unadjusted and adjusted coefficients for sleep measures using linear mixed-effects models.
Adjusteda

Unadjusted

Variable

Coefficient (95% CI)

p

Coefficient (95% CI)

p

396.70 (392.67 to 400.72)

<0.001

375.32 (340.40 to 410.25)

<0.001

Time

-0.55 (-1.96 to 0.86)

0.442

-1.42 (-3.21 to 0.37)

0.121

Sex

-5.13 (-10.59 to 0.33)

0.066

-8.20 (-14.65 to -1.74)

0.013

Time * Sex

-3.20 (-5.11 to -1.30)

0.001

-3.04 (-5.00 to -1.08)

0.002

Sleep duration
Intercept

Mid-sleep time
Intercept

236.66 (229.41 to 243.90)

<0.001

301.83 (240.27 to 363.33)

<0.001

Time

-4.14 (-6.72 to -1.56)

0.002

-2.67 (-5.93 to 0.59)

0.109

Sex

-21.14 (-30.96 to -11.31)

<0.001

-10.23 (-21.89 to 1.44)

0.086

6.67 (3.18 to 10.15)

<0.001

6.90 (3.26 to 10.54)

<0.001

2.79 (2.74 to 2.83)

<0.001

2.42 (2.04 to 2.81)

<0.001

Time * Sex
b

Sleep latency
Intercept

c

c

Time

-0.03 (-0.05 to -0.02)

<0.001

-0.03 (-0.05 to -0.01)

0.005

Sex

0.15d (0.08 to 0.21)

<0.001

0.04 (-0.04 to 0.11)

0.303

Time * Sex

0.02 (-0.002 to 0.04)

0.077

0.02 (-0.001 to 0.05)

0.057

71.33 (69.68 to 72.97)

<0.001

66.36 (53.47 to 79.25)

<0.001

Time

0.55 (-0.08 to 1.18)

0.088

0.32 (-0.44 to 1.08)

0.410

Sex

2.64 (0.41 to 4.88)

0.021

1.77 (-0.88 to 4.42)

0.191

-1.03 (-1.88 to -0.17)

0.018

-0.98 (-1.87 to -0.09)

0.031

0.22 (0.20 to 0.24)

<0.001

-0.11 (-0.24 to 0.02)

0.111

Sleep efficiency
Intercept

Time * Sex
Daytime dysfunction

b

Intercept

e

e

Time

-0.01 (-0.02 to -0.004)

0.003

-0.01 (-0.02 to -0.003)

0.006

Sex

0.05f (0.03 to 0.08)

<0.001

0.04g (0.01 to 0.07)

0.007

0.003 (-0.007 to 0.012)

0.557

0.01 (-0.003 to 0.02)

0.182

Intercept

0.95 (0.92 to 0.98)

<0.001

0.79 (0.56 to 1.02)

<0.001

Time

0.02 (0.01 to 0.03)

0.003

0.02 (0.003 to 0.03)

0.013

0.08 (0.04 to 0.12)

<0.001

0.04 (-0.01 to 0.08)

0.113

0.01 (-0.001 to 0.028)

0.070

0.02 (0.002 to 0.03)

0.024

Time * Sex
Sleep quality

Sex
Time * Sex
a

Adjusted for age, years of education, employment status, socioeconomic status (whether covered by National Medicaid
Program), place of residence (urban vs. rural), presence of cohabitants, physical activity, Geriatric Depression Scale score,
amount of alcohol, smoking, and coffee in the past one year, total score of Cumulative Illness Rating Scale, whether
diagnosed with mild cognitive impairment, whether being at high risk of obstructive sleep apnea or REM sleep behavior
disorder, birth cohort (age < 69 vs. ≥ 69 at baseline), and usage of sleeping pills in the past one month
b
c
d
e
f
g
Loge transformed; +0.97 in minutes; +1.16 in minutes; +0.99 in points; +1.05 in points; +1.04 in points
Abbreviations: CI, confidence interval

exhibited a significant delay. These results could be
contradictory to the common knowledge that aging is
generally characterized by the advance of bedtime and
wake-up time to earlier hours [17]. However, a cross-

www.aging-us.com

21945

sectional telephone survey conducted in a metropolitan
area of France involving 1,026 participants aged 60 and
older indicated that the advancement of bedtime and
wake-up time was not evident, and even a delaying
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tendency was observed between women aged 60–64
years and 65–69 years [18]. This phenomenon could be
partly explained by the homeostatic effect of sleep need.
An increase in sleep need, as shown by pronounced
worsening of sleep quality in women, might advance
bedtime or delay wake-up time [19] which in turn,
coupled with a nonsignificant increase in sleep latency
in women as shown in our findings, could lead to a
delay in mid-sleep time. It is also possible that the
relatively short follow-up period of 6 years could not
capture the secular trend of mid-sleep time.
In regard to the self-reported overall sleep quality,
which should be distinguished from the global PSQI

score that reflects both qualitative and quantitative
aspects, previous studies have shown conflicting results
in the elderly population. There was a report of a
worsening trend of the sleep quality component score
from the PSQI in 824 randomly-sampled Japanese
elderly participants aged older than 60 years in a crosssectional study, with women having a more marked
change [20], which is in line with our findings. On the
other hand, a cross-sectional study from the HypnoLaus
Cohort reported that the sleep quality component score
from the PSQI improved steadily with age in the 2,966
participants aged between 40 and 80 years old [8],
indicating that a spontaneous adaptive adjustment of
sleep disturbances might occur in the elderly. However,

Figure 1. Trajectories of predicted subjective sleep measures from adjusted linear mixed-effects models for men and
women. Predicted values of (A) sleep duration, min; (B) mid-sleep time, min; (C) loge transformed sleep latency, min; (D) sleep efficiency, %;
(E) loge transformed daytime dysfunction, points; and (F) sleep quality, points. Shaded area represents 95% confidence intervals.
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Table 3. Adjusted coefficients for sleep measures of men and women using linear mixed-effects models.
Mena

Variable

Womena

Coefficient (95% CI)

p

Coefficient (95% CI)

p

350.25 (299.18 to 401.31)

<0.001

381.65 (335.33 to 428.01)

<0.001

-1.91 (-3.98 to 0.16)

0.072

-4.22 (-6.16 to -2.28)

<0.001

345.66 (252.47 to 438.73)

<0.001

259.80 (180.52 to 339.06)

<0.001

-1.92 (-5.79 to 1.96)

0.333

3.87 (0.46 to 7.28)

0.026

2.67 (2.09 to 3.24)

<0.001

2.29 (1.79 to 2.80)

<0.001

Sleep duration
Intercept
Time
Mid-sleep time
Intercept
Time
b

Sleep latency
Intercept

c

Time

d

-0.02 (-0.05 to 0.002)

0.076

-0.01 (-0.03 to 0.01)

0.263

70.65 (51.21 to 90.10)

<0.001

6.40 (47.43 to 80.62)

<0.001

0.45 (-0.42 to 1.32)

0.309

-0.85 (-1.62 to -0.07)

0.033

-0.38 (-0.68 to -0.08)

0.012

0.07 (-0.21 to 0.35)

0.626

Sleep efficiency
Intercept
Time
b

Daytime dysfunction
Intercept
Time

e

f

-0.02 (-0.03 to -0.01)

0.007

-0.004 (-0.02 to 0.01)

0.537

Intercept

0.86 (0.52 to 1.19)

<0.001

0.81 (0.51 to 1.10)

<0.001

Time

0.02 (0.003 to 0.03)

0.020

0.03 (0.02 to 0.05)

<0.001

Sleep quality

a

Adjusted for age, years of education, employment status, socioeconomic status (whether covered by National Medicaid
Program), place of residence (urban vs. rural), presence of cohabitants, physical activity, Geriatric Depression Scale score,
amount of alcohol, smoking, and coffee in the past one year, total score of Cumulative Illness Rating Scale, whether
diagnosed with mild cognitive impairment, whether being at high risk of obstructive sleep apnea or REM sleep behavior
disorder, birth cohort (age < 69 vs. ≥ 69 at baseline), and usage of sleeping pills in the past one month
b
c
d
e
f
Loge transformed; +0.98 in minutes; +0.99 in minutes; +0.98 in points; +1.00 in points
Abbreviations: CI, confidence interval

the latter study excluded approximately 40% of the
initial sample of participants who had sleep complaints
or any documented sleep disorders, which could have
led to a bias toward a super-healthy population.
The underlying mechanisms of the sex differences in
AACS or of the individual sleep measure itself are yet to
be elucidated. Zhang et al. suggested that this disparity
may be attributable to the higher prevalence of depressive
mood or anxiety in women compared with men [21].
Though we adjusted our models for depression by
including GDS score, it still remains possible that the
observed sex difference in AACS is influenced by the
presence of affective disorders. Another possible
explanation for this phenomenon is the difference
between the sexes in the age-associated changes in sex
hormones. In older men, sleep fragmentation due to age-

www.aging-us.com

21947

associated decrease in testosterone levels could be
attenuated by the loss of diurnal fluctuation of the
hormone [22]. In contrast, in women, a progressive
decrease of estradiol level after menopause may disturb
sleep, prolong sleep latency [23], and lead to sleepdisordered breathing through its detrimental effect on the
upper respiratory tract [24]. Additionally, women have
heightened bodily vigilance and tend to express more
somatic symptoms or emotional distress than men [25].
We suggest that it might be the case that subjective AACS
concerning sleep duration, mid-sleep time, sleep
efficiency, and overall sleep quality might be particularly
vulnerable to these effects, though further research is
warranted to ascertain these hypotheses.
This study has several limitations. First, the self-reported
sleep measures used in our study may lead to a reporting

AGING

bias related to, as mentioned above, personality, mood,
and memory [3, 4]. Nevertheless, there have been reports
regarding decent correlations between PSQI and
polysomnographic findings in terms of sleep efficiency
and latency [26], and between a questionnaire assessing
mid-sleep time and sleep duration and corresponding
actigraphy findings [27]. Moreover, because self-reported
measures are inexpensive and easy to apply, they are
highly efficient, and probably the only practical way to
collect data over a long-term period with a large sample
size. Second, it is possible that 6 years of follow-up was
not long enough to capture AACS, leading to falsenegative study results. Third, the difference in sleep habits
between weekdays and weekends was not taken into
account. However, by adjusting for employment status in
our analysis models, we believe that we partially
compensated for this drawback. Fourth, we did not
quantify the duration of naps, which preclude the
estimation of sleep duration over a 24-hour period, though
instead, we did measure the degree of daytime
dysfunction. Fifth, the concept of the “normality” in
regard to sleep is difficult to define to date. According to
Mowbray et al. [28], the word “normal” can imply several
meanings. For practical purposes, we use it in terms of the
“statistical” norm where the abnormal is perceived to be
that which lies outside the population average range,
rather than the “value” norm which takes the ideal,
healthier state as its concept. Therefore, we included
elderly participants with common sleep problems but
excluded those with severe psychiatric or neurologic
disorders and with cognitive impairment that could
significantly compromise the reliability of the selfreported sleep measures. Sixth, because the participants
who completed all follow-ups had substantially different
characteristics compared with those who dropped out,
with approximately 20% attrition rate per two years, it
raised the possibility of bias in our assessment.
In conclusion, for the healthy individuals aged 60 years
or older, normative age-associated changes in subjective
sleep measures do occur in latency, daytime
dysfunction, and sleep quality. As for sex differences,
decreased sleep duration, delayed mid-sleep time, and
decreased sleep efficiency were found in women, and
the worsening of sleep quality was more pronounced in
women than in men. It would be imperative for
clinicians to understand these changes in sleep habits
when determining the necessity to treat declared sleep
disturbances of the elderly population.

MATERIALS AND METHODS
Participants
This study was conducted as a part of the Korean
Longitudinal Study on Cognitive Aging and Dementia
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(KLOSCAD) [29]. The KLOSCAD is an ongoing
nationwide, population-based, prospective elderly
cohort study on cognitive aging and dementia. In this
study, 6,818 community-dwelling elderly Koreans were
randomly sampled from 30 villages and towns
across South Korea using residential rosters of the
individuals aged 60 years or older. A baseline
assessment of the study participants was conducted
from November 2010 to October 2012, with follow-ups
occurring every two years until the period of November
2017 to October 2018.
To examine the effect of normative human aging, we
excluded participants at baseline if they (1) were
positive on the Cambridge-Hopkins questionnaire for
restless legs syndrome (CHRLSq) [30]; (2) scored 20 or
more on Alcohol Use Disorder Identification TestKorean version (AUDIT-K) [31]; (3) were diagnosed
with dementia according to the fourth edition of the
Diagnostic and Statistical Manual of Mental Disorders,
Text Revision (DSM-IV-TR) [32]; (4) scored 16 or
more on the Korean version of Geriatric Depression
Scale (GDS-K) [33]; (5) scored 3 or more on the
psychiatry category of the CIRS [34]; and (6) scored 3
or more on the neurology category of CIRS. In addition,
once an individual was diagnosed with dementia during
the study period, we terminated their follow-up and
excluded them from that time point, as dementia
involves progressive and irreversible neurodegeneration
that significantly affects sleep habits [35]. This study
was approved by the institutional ethics review board of
the Seoul National University Bundang Hospital.
Assessment of sleep measures
We used the Korean version of the PSQI [36] to obtain
subjective sleep measures regarding its duration, midsleep time, latency, efficiency, daytime dysfunction, and
quality over the past one month at each assessment. We
defined mid-sleep time as the midpoint between selfreported sleep onset and wake-up time where sleep
onset is the time after sleep latency has elapsed from
bedtime [37]. The mid-sleep time reportedly showed
excellent agreement with self-awareness chronotype
[37] and superior correlation with dim light melatonin
onset, the most reliable circadian phase marker in
humans, compared with sleep onset or wake-up time
[38]. We defined sleep efficiency as the ratio of the selfreported duration of sleep to the time spent in bed and
rated daytime dysfunction and sleep quality on a 4-point
Likert-type scale with higher scores indicating
worsening of symptoms. The “sleep quality” variable,
one of the component scores of the PSQI, used in our
study denotes the subjective assessment of the overall
sleep in a purely qualitative way and was evaluated by
asking “How would you rate your sleep quality
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overall?” This variable needs to be differentiated from
the global PSQI score which reflects both the qualitative
and quantitative aspects of sleep [39].
Demographic
confounders

information

and

assessment

of

Using a study-specific standard interview, trained
research nurses collected data on demographic
information, physical activity, the amount of alcohol,
cigarettes, and coffee consumed over the last one year,
and questionnaires including the PSQI, REM Sleep
Behavior Disorder Screening Questionnaire (RBDSQ)
[40], STOP-Bang [41], CHRLSq, AUDIT-K, GDS-K,
and CIRS. We calculated the physical activity over the
last one year in terms of total energy expenditure in
kilocalories per week, using a formula with relative
metabolic rate and metabolic equivalent task as its
variables [42]. We quantified the amount of smoking
and of alcohol and coffee consumption as packs per
day, standard units per week [43], and cups per day,
respectively. A score of 5 or more on the RBDSQ
indicates a high risk of REM sleep behavior disorder
(RBD) [40]. STOP-Bang assesses snoring (S), tiredness
during daytime (T), observed apnea (O), high blood
pressure (P), body mass index (B), age (A), neck
circumference (N), and gender (G), with a score of 5 or
more indicating a high risk of obstructive sleep apnea
(OSA) [41]. CIRS comprehensively measures the extent
and severity of comorbid illnesses on a 5-point scale in
regard to the organ-specific categories including
cardiovascular, hematopoietic, respiratory, otorhinolaryngologic, gastrointestinal, hepato-renal, genitourinary, musculoskeletal, neurological, endocrinologic,
and psychiatric domains [34].
To assess the cognitive function of study participants,
geriatric psychiatrists performed a face-to-face
standardized diagnostic test, including physical and
neurological examinations, using the Korean version of
the Consortium to Establish a Registry for Alzheimer’s
Disease Assessment Packet Clinical Assessment Battery
(CERAD-K-C) [44] and the Korean version of the Mini
International Neuropsychiatric Interview [45]. Trained
research neuropsychologists or nurses also performed
the CERAD-K Neuropsychological Assessment Battery
[44, 46], Digit Span Test [47], and Frontal Assessment
Battery [48] on all participants. Results from laboratory
tests, such as complete blood cell counts, chemistry
panels, apolipoprotein E genotyping, and a serologic
test for syphilis, were obtained. A consensus conference
attended by four geriatric psychiatrists (KWK, JWH,
JHP, and THK) confirmed the final cognitive diagnosis
of the participants. Dementia and MCI were diagnosed
using the DSM-IV-TR [32] and criteria set by the
International Working Group on MCI [49], respectively.
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Statistical analysis
We compared baseline characteristics of study
participants between men and women, and between
those who completed all four waves of assessment and
those who did not using Student t-test for continuous
variables and χ2 test for categorical variables. To
analyze the effects of time and sex on subjective sleep
measures, six separate linear mixed-effects models were
employed, with sleep duration, mid-sleep time, sleep
latency, sleep efficiency, daytime dysfunction, and
sleep quality as the dependent variables. The effects of
time, sex, and their interaction were considered as fixed
effects. Intercepts and slopes of individual participants
were permitted to vary as random effects.
These models were adjusted for age, years of education,
employment status, socioeconomic status (whether
covered by National Medicaid Program), place of
residence (urban vs. rural), presence of cohabitants,
physical activity, GDS-K score, amount of smoking,
and alcohol and coffee consumptions in the past one
year, CIRS total score, whether diagnosed with MCI,
whether at high risk of OSA or RBD, birth cohort (age
< 69 vs. ≥ 69 at baseline), and usage of sleeping pills, as
these variables have been reported to be associated with
age or sex, and related to sleep measures [11, 50–53].
We assumed the missing data over the follow-up to be
missing at random. Due to positively skewed
distributions, we loge transformed sleep latency, the
degree of daytime dysfunction, physical activity, and
the amount of smoking, and alcohol and coffee
consumptions thereby enhancing the fit of our models.
We did not find any apparent heteroscedasticity from
the visual inspection of residual plots.
A post hoc analysis for a sleep measure was conducted
with men and women separately. The level of
significance was set at α = 0.05. Analyses were
performed using R Statistical Software (version 3.5.1; R
Foundation for Statistical Computing, Vienna, Austria)
and the lme4 [54] package.

Abbreviations
AACS: age-associated changes in sleep; MCI: mild
cognitive impairment; SD: standard deviation; GDS:
Geriatric Depression Scale; PSQI: Pittsburgh Sleep
Quality Index; CIRS: Cumulative Illness Rating Scale;
KLOSCAD: Korean Longitudinal Study on Cognitive
Aging and Dementia; CHRLSq: Cambridge-Hopkins
questionnaire for restless legs syndrome; AUDIT-K:
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SUPPLEMENTARY MATERIALS
Supplementary Figure

Supplementary Figure 1. Flow chart of the study. aDiagnosed according to the fourth edition of the Diagnostic and Statistical Manual of
b

Mental Disorders, Text Revision (DSM-IV-TR) Incomplete assessment of PSQI Abbreviation: PSQI, Pittsburgh Sleep Quality Index; CHRLSq,
Cambridge-Hopkins diagnostic questionnaire for restless legs syndrome; AUDIT-K, Alcohol Use Disorders Identification Test – Korean version;
GDS-Kr, Korean version of the geriatric depression scale; CIRS, Cumulative Illness Rating Scale.
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Supplementary Tables
Supplementary Table 1. Studies investigating age-associated changes in sleep for healthy adults or elderly
population.
Study

Setting

n

Age

Women
Assessment
(%)

Main Findings

Confounders

Prospective studies
UMLCHA
Didikoglu
cohort
et al.,
6,375
followed for
2019 [1]
up to 27 years

42 – 94

Swedish
Longitudinal
Akerstedt Occupational
et al.,
Survey of
Mean 47.6 (SD
8,159
2018 [2]
Health
11.6)
(SLOSH)
followed for 8
years
Sforza et
PROOF
al., 2017
cohort,
284
[3]
followed for 7
years
Bliwise et
BASC cohort
al, 2005
followed for
31
[4]
about 10 years

23
Communityyoung
Hoch et
dwelling
olds
al., 1997
volunteers
and 27
[5]
followed for 3
old
years
olds

69.9

56.8

≥ 65

52

Mean 66.5 (SD
8.0)

67.7

Young old:
Mean 69.3 (SD
4.0) (Range 61
– 74)
Old old: Mean
81.1 (SD 3.5)
(Range 75 – 87)

54

Sex, level of education,
SE ↓ (3.1% per decade), SD
social class, age,
↓, average sleep
subjective health rating,
Self-report fragmentation ↑, bedtime marital status, working
advanced, getting up time
status, smoking,
showed minimal change. drinking, usage of sleep
medication
Fatigue decreased across 8
years in all age groups,
while sleep problems
Self-report
increased, non-restorative
(Karolinska
sleep decreased, weekend
Gender, occupation
Sleepiness
sleep duration decreased,
Scale)
and weekday sleep duration
showed different patterns
depending on age.
Overall participants: TST ↑
Men: TST ↓ (not
PSG
None
significant)
Women: TST ↑
Number of nightly
awakening ↑, daytime
Cohabitation status,
Self-report
napping ↑, SD →, bed-time previous major illnesses
→, wake-up time →
Self-report: None of the
diary-based field measures
showed effects of time over
Selfthe 3-year observation
reports
period, and none showed
Sex, medical burden
using sleep
group-by-time interactions. scores at study entry,
logs and
No sex by age group by
changes in medical
total score
time interactions were
burden scores over time
of PSQI,
significant.
and PSG
PSG: % SWS ↓, No age
group by time by sex
interactions were observed.

Cross-sectional studies
Meta-analysis
Ohayon
of papers
et al.,
between 1960 3,577
2004 [6] and 2003 (65
articles)

5 – 102

N/A

Children and adolescents:
TST ↓, %SWS ↓, REML
↓, %Stage 2 ↑
PSG,
Adults: TST ↓, SE
actigraphy ↓, %SWS ↓, %REM sleep
↓, REML ↓, SL ↑, %Stage 1
↑, %Stage 2 ↑, WASO ↑
Elderly (≥ 60): SE ↓

Sleep and
Schwarz
Health in
et al.,
Women Study,
211
2017 [7] populationbased,
community-

Mean 48.9 (SD
11.5) Range 22
– 71

100

Overnight
TST ↓, N3 ↓, REM sleep ↓,
ambulatory
N1 ↑
PSG
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dwelling

Conte et
al., 2014
[8]

20
Communityyoung
dwelling
adults
healthy
and 20
subjects
elderly

Wisconsin
Morrell et Sleep Cohort,
al., 2012 community[9]
dwelling
healthy
subjects

Klerman
et al.,
2008
[10]

Young adults:
20 - 35; Mean
25.8 (SD 4) /
Range 21 – 32
Elderly: ≥ 65;
Mean 72.5 (SD
5) / Range 65 –
85

ESS,
3,695;
Range 30 – 60
MSLT
1,846

35
Communityyoung
dwelling
adults
healthy
and 18
subjects
elderly

Young adults:
Mean 21.9 (SD
3.3) / Range 1832 / Target 1830
Elderly: Mean
67.8 (SD 4.3) /
Range 60-76/
Target 60-80

60

PSG

TST ↓, % Stage 2 ↓, SE ↓,
SL ↑, % Stage 1 ↑, WASO ↑

None

46

Male: The association
between both subjective
and objective sleepiness
Self-report
and SDB diminished
(ESS) and
significantly with age.
MSLT
Female: No interaction was
found between SDB and
age.

Comorbidities,
depressive
symptomology, and
BMI

45.3

Increased morning diurnal
preference, earlier
Self-report
bedtimes, earlier wake
verified by
times, no significant
actigraphy
difference in mean habitual
sleep duration

Absence of sleep
disorder

Men: Mean 63.5
Unruh et Sleep Heart
(SD 10.7)
al., 2008 Health Study 5,407
Women: Mean
[11]
(SHHS) cohort
63.6 (SD 11.2)

52

Silva et
Sleep Heart
≥ 40, Mean 67
al., 2007 Health Study 2,113
(SD 10)
[12]
(SHHS) cohort

53

Self-report
-Men: Not associated with
subjective poor sleep
quality.
-Women: weekend TST ↓,
SL ↑, more waking up
Race, use of hormone
during the night, waking up
replacement therapy,
Self-report
too early.
smoking history, sleep
and PSG
PSG
apnea, and chronic
-Men & women: TST ↓, SE
health conditions.
↓, WASO ↑
-Men: % Stage 1 ↑, % Stage
2 ↑, % SWS ↓, % REM
sleep ↓
-Women: not associated
with sleep stage.
Sex, race, BMI,
Self-report: Habitual TST
education, time-zone,
↓, habitual SL ↑, morning
Self-report
RDI4%, chronic lung or
estimated TST ↓, morning
and PSG
heart disease, and
estimated SL ↑
alcohol or caffeine
PSG: TST ↓, SL ↑
consumption

Abbreviations: UMLCHA, University of Manchester Longitudinal Study of Cognition in Normal Healthy Old Age; BASC, Bay
Area Sleep Cohort; PROOF: PROgnostic indicator OF cardiovascular and cerebrovascular events study; PSQI, Pittsburgh Sleep
Quality Index; PSG, polysomnography; ESS, Epworth Sleepiness Scale; MSLT, multiple sleep latency test; SE, sleep efficiency;
SD, sleep duration; TST, total sleep time; SWS, slow-wave sleep; REM, rapid eye movement; REML, REM latency; SL, sleep
latency; WASO, wake after sleep onset; SDB, sleep-disordered breathing; BMI, body mass index; RDI, respiratory disturbance
index
↓, decreased; ↑, increased; →, maintained
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Supplementary Table 2. Demographic information and sleep measures at each assessment waves.
Timepoints

Characteristics

Wave 1 N = 4,686 Wave 2 N = 3,645

Wave 3 N = 2,827

Wave 4 N = 2,248

Age, year

69.71 (6.48)

71.38 (6.20)

72.82 (5.93)

74.36 (5.66)

Female (%)

2,538 (54.2)

1,982 (54.4)

1,600 (54.5)

1,324 (54.9)

Education, year

8.57 (5.28)

8.90 (5.77)

9.08 (5.40)

9.18 (5.57)

Employed (%)

1,523 (32.5)

1,168 (32.1)

860 (29.3)

681 (28.5)

Low SES (%)

a

143 (3.1)

93 (2.6)

75 (2.6)

65 (2.7)

1,189 (25.5)

908 (25.1)

602 (20.5)

393 (16.5)

601 (12.9)

522 (14.4)

433 (14.8)

394 (16.5)

3.94 (12.41)

3.72 (11.73)

3.04 (9.38)

2.41 (7.39)

Smoking, packs/day

0.09 (0.54)

0.07 (0.29)

0.04 (0.19)

0.04 (0.17)

Coffee, cups/weekb

1.28 (1.61)

1.29 (1.62)

1.30 (1.32)

1.29 (1.28)

7.26 (4.09)

7.34 (5.31)

7.28 (5.31)

7.27 (5.20)

75.93 (149.91)

65.73 (116.85)

67.10 (126.28)

65.79 (122.51)

CIRS total score

4.26 (2.72)

4.62 (2.71)

5.25 (2.88)

5.90 (3.02)

Diagnosed with MCI (%)

1,186 (25.3)

820 (22.5)

597 (20.3)

436 (18.1)

Amnestic type (% within MCI)

848 (71.5)

516 (62.9)

356 (59.6)

253 (58.0)

Non-amnestic type (% within MCI)

327 (27.6)

284 (34.6)

229 (38.4)

170 (39.0)

Living in rural area (%)
Living alone (%)
b

Alcohol, SU/week

b

GDS, score
b

Physical activity, kcal/week

Unspecified (% within MCI)

11 (0.9)

20 (2.4)

12 (2.0)

13 (3.0)

High risk of RBD (%)c

275 (5.9)

163 (4.5)

116 (4.0)

105 (4.4)

High risk of OSA (%)d

363 (8.5)

271 (7.6)

201 (6.9)

150 (6.2)

0 (0)

6 (0.2)

7 (0.2)

3 (0.1)

328 (7.0)

248 (6.8)

244 (8.4)

188 (7.8)

Sleep duration, min

396.25 (75.32)

395.10 (74.49)

393.80 (79.28)

394.43 (78.98)

Midsleep time, HH:MM

AM 3:52 (2:20)

AM 3:50 (2:25)

AM 3:44 (2:21)

AM 3:45 (2:22)

Sleep latency, min

21.06 (21.47)

19.52 (20.81)

20.94 (27.52)

20.23 (20.98)

Sleep efficiency, %

71.77 (30.83)

72.61 (31.04)

73.27 (30.51)

72.92 (30.69)

Daytime dysfunction, points

0.32 (0.51)

0.32 (0.53)

0.24 (0.48)

0.30 (0.51)

Sleep quality, points

0.97 (0.56)

0.98 (0.52)

0.98 (0.56)

1.01 (0.60)

Sleep duration, min

388.83 (79.58)

381.49 (80.14)

378.88 (83.93)

375.48 (84.71)

Midsleep time, HH:MM

AM 3:36 (2:13)

AM 3:42 (2:23)

AM 3:47 (2:25)

AM 3:45 (2:28)

Sleep latency, min

26.21 (27.54)

25.32 (27.10)

25.41 (27.98)

26.61 (27.39)

Sleep efficiency, %

High risk of RLS (%)

e

Sleeping pill user (%)
Sleep measures
Men

Women

73.47 (30.70)

73.32 (30.91)

72.42 (30.84)

72.10 (31.42)

Daytime dysfunction, points

0.42 (0.57)

0.39 (0.57)

0.36 (0.57)

0.40 (0.55)

Sleep quality, points

1.07 (0.57)

1.08 (0.55)

1.12 (0.60)

1.15 (0.59)

Values are mean (SD) unless specified otherwise.
a
b
Covered by the National Medicaid Program. amount averaged over the past 1 year
c
Scored 5 or higher on REM sleep behavior disorder screening questionnaire
d
Scored 5 or higher on STOP-Bang questionnaire
e
Positive on Cambridge-Hopkins questionnaire for restless legs syndrome. SES, socioeconomic status; SU, standard unit; GDS,
geriatric depression scale; CIRS, cumulative illness rating scale; MCI, mild cognitive impairment.
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