
SCIENTIF IC INVESTIGATIONS

Sex differences in deterioration of sleep properties associated with
aging: a 12-year longitudinal cohort study
Hyeon Jin Kim, MD1,*; Regina E.Y. Kim, PhD2,3,*; Soriul Kim, PhD2; Sol Ah Kim, BS1,4; Song E. Kim, PhD1; Seung Ku Lee, PhD2; Hyang Woon Lee, MD, PhD1,4,5;
Chol Shin, MD, PhD2,6

1Departments of Neurology and Medical Science, College of Medicine, Ewha Womans University and Ewha Medical Research Institute, Seoul, Republic of Korea;
2Institute of Human Genomic Study, College of Medicine, Korea University, Ansan, Republic of Korea; 3Department of Psychiatry, University of Iowa, Iowa City, Iowa; 4Graduate
Program in System Health Science and Engineering, and; 5Computational Medicine, Ewha Womans University, Seoul, Republic of Korea; 6Division of Pulmonary, Sleep, and Critical
Care Medicine, Department of Internal Medicine, College of Medicine, Korea University Ansan Hospital, Ansan, Republic of Korea; *Contributed equally.

Study Objectives: The sleep patterns of humans are greatly influenced by age and sex and have various effects on overall health as they change continuously
during the lifespan. We investigated age-dependent changes in sleep properties and their relation to sex in middle-aged individuals.
Methods:We analyzed data from 2,640 participants (mean age of 49.8 ± 6.8 years at baseline, 50.6% women) in the Korean Genome and Epidemiology Study,
which assessed sleep habits using the Pittsburgh SleepQuality Index and other clinical characteristics.We analyzed the sleep habit changes that occurred between
baseline and a follow-up point (mean interval: 12.00 ± 0.16 years). Associations of age and sex with 9 sleep characteristics were evaluated.
Results: Age was associated with most of the sleep characteristics cross-sectionally and longitudinally (P <.05), except for the time in bed at baseline (P =.455)
and change in sleep duration (P =.561). Compared with men, women had higher Pittsburgh Sleep Quality Index scores, shorter time in bed, shorter sleep duration,
and longer latency at baseline (P ≤ .001). Longitudinal deterioration in Pittsburgh Sleep Quality Index score, habitual sleep efficiency, duration, and latency was
more prominent in women (P <.001). The sex differences in these longitudinal sleep changes were mainly noticeable before age 60 years (P <.05). Worsening of
Pittsburgh SleepQuality Index scores, habitual sleep efficiency, and latency wasmost evident in perimenopausal women.Men presentedwith greater advancement
of chronotype (P = .006), with the peak sex-related difference occurring when they were in their late 40s (P = .048).
Conclusions: Aging is associated with substantial deterioration in sleep quantity and quality as well as chronotype advancement, with the degree and timing of
these changes differing by sex.
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BRIEF SUMMARY
Current Knowledge/Study Rationale: To date, few studies have presented longitudinal follow-up data of individual sleep measures, and even fewer have
measured phase advance in relation to biological sex during the aging process. The identification of sleep profile changes in the pre-aging population is
fundamental for understanding the role of sleep in healthy aging.
Study Impact: Our study presents the interactive effects of age and sex on sleep behavior changes stratified by age, which could be used to guide future
research on the extent to which sleep behavior changes should be addressed in men and women in late adulthood. Studies on the association between
aging and sleep properties should further consider the multifactorial effects of sex and hormonal status.

INTRODUCTION

Age-related changes in sleep profiles usually start in middle
age around the 50s or even earlier, accompanied by a gradual
increase in sleep complaints.1 In addition to the aging process,
medical and psychiatric comorbidities in middle-aged adults,
as well as primary sleep disorders, contribute to further
deterioration in sleep properties.2,3 Consequently, it is quite
challenging to distinguish general aging-associated sleep changes
from pathological sleep conditions in this age group. Since evi-
dence for the effect of sleep on the overall physical and mental
health of the adults aged 40s and older population has increased
in recent years, establishing a norm for howsleep changeswith age
will provide a valuable foundation for clinicians and researchers.

The circadian system is a core determinant of sleep timing
and structure, interactingwith the homeostatic sleep-wake cycle
to achieve consolidated sleep.4 The endogenous oscillation of
biological timing in humans is synchronized to the 24-hour
cycle by external inputs through entrainment. Age-related
degeneration in any of the coordination systems involved in
generating the circadian rhythms may, therefore, contribute to
altered sleep-wake propensity.5,6 Age-related neural dysfunc-
tions leading to decreased homeostatic sleep pressure buildup
during wakefulness or decreased sleep need in itself are other
suggested main factors leading to changes in sleep behavior.7,8

Chronological regression of sleep patterns after middle age
differs between individuals and, therefore, interindividual sleep
profile variability is much more significant in adults aged 40s
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and older comparedwith the younger population.9 In addition to
aging, sex is well known to influence intrinsic sleep structure.10

There is substantial evidence that women generally have more
sleep-related self-reported complaints than men, but these are
not always consistent with objective measures.11 Investigations
on sex-related differences in sleep at different levels, from
genetic regulation to regulation by the hypothalamic-pituitary-
gonadal axis and reproductive hormones, have mostly been
confined to the laboratory setting.12,13 Therefore, the interplay
between sex-associated and aging effects on sleep patterns in
real life remains unclear.Moreover, most of the research so far
has focused on the amount of sleep without considering sleep
timing preference (the chronotype) and has not included many
middle-aged people,14 many of whom are also undergoing radical
sex hormone changes.

A thorough investigationof sleepbehavior evolution in amiddle-
aged population stratified by age group in each sex is needed to
provide a coherent interpretation of the research data on the con-
sequences of inadequate sleep. Considering the substantial inter-
individual variability, the effects of the aging process on sleep
physiology in individuals shouldbe comparedwith thenorm in their
age group to assess the degree of pathological deviation.15,16 For
this, reference data on sleep profiles derived from a represen-
tative cohort are crucial for selecting a target group that needs to be
closely monitored. To date, however, there have been few large-
scale longitudinal studies investigating a comprehensive panel of
sleep measures including chronotype and their influencing factors,
andeven fewer in theAsianpopulation.17–20 Our study aimed tofill
this knowledge gap by delineating the sex-related differences in
age-related effects on longitudinal sleep behavior changes in
middle to late adulthood in a Korean population.

METHODS

Study design and participants
We studied a subset of participants in the Korean Genome and
Epidemiology (KoGES) Ansan Study.21 This prospective study
recruited randomly selected community-dwelling individuals
aged 40–69 years in 2001 to investigate the genetic and envi-
ronmental etiology of common complex diseases in Koreans
and causes of death with long-term follow-up. A physical/
medical examination and a questionnaire-based interview were
administered every 2 years to compile longitudinal data. Each
participant provided an informed-consent form, and the In-
stitutional Review Board of the Korea University Ansan
Hospital approved the study procedure.

Due to multiple revisions in the sleep behavior survey
format during the KoGES study, we only compared data
from the second and eighth examinations, which we used
as the baseline and follow-up time points, respectively, for
our study. Among 4,023 participants for whom baseline
sleep behavior data were available (collected during the
second KoGES examination, 2003–2004), 3,083 participants
completed the follow-up examination (eighth KoGES exami-
nation, 2015–2016), with a mean interval of 12.00 ± 0.16 years.
The main reasons for attrition were contact loss (n = 666),
refusal (n = 153), moving away (n = 59), and hospitalization

(n = 56). We observed no distinct differences in the baseline
characteristics between responders and nonresponders. We
excluded participants who reported psychiatric illness (n = 3) or
shift-working history (n = 206) as well as those taking any
hypnotic medication (n = 69). After further elimination of those
who reported extremes of any sleep behavior (n = 24; those who
reported a midsleep time between 9 AM and 6 PM on workdays),
our final cohort had a total of 2,640 participants.

Sleep questionnaires
Weinvestigated sleep behavior profiles onworkdays and free days
separately. The weekly average was then calculated as follows:

��
VariableWorkdays × 5

�
+
�
VariableFree days × 2

���
7

The Pittsburgh Sleep Quality Index (PSQI) components related
to sleep quantity include sleep latency and self-aware actual
sleep duration in addition to bedtime and wake time during the
past month.22 Time in bed (TIB) was calculated as the time
difference between bedtime and wake time and then used to
calculate habitual sleep efficiency (HSE; = % sleep duration/
TIB). Social jetlag was defined as the discrepancy between the
midsleep time on free days vs workdays, which represents the
discrepancy between social and biological time.23 Mid-sleep
time on free days corrected for sleep debt onweekdays (MSFsc)
was also calculated as the midpoint between bedtime and wake
time to estimate each individual’s chronotype, as follows:24

MSFsc =Midsleep timeFree days – 0:5 ×
�
TIBFree days –TIBAverage

�
:

Statistical analysis
Statistical analysis was performed using the statistical software
R (R version 3.6.1, R Foundation for Statistical Computing,
Vienna,Austria, http://www.R-project.org/). In thedemographic
characteristics analysis, age at baseline (secondKoGESexamination)
was used and sex differences were evaluated using the t test or chi-
square tests. In the cross-sectional sleep profiles analysis, the
effects of age and sex were reported from 1 linear regression
model after adjusting for body mass index (kg/m2), smoking
intensity (pack-years), alcohol consumption (g/d), hyperten-
sion, diabetes mellitus, and occupation.21,25

SleepBaseline = βAge ×Age + βFemale × Female

+ βCovariate × Covariate

In the longitudinal change analysis, values at baseline were
subtracted from the corresponding values at the follow-up point
and adjustments were made for each individual’s baseline
measurements and precise follow-up interval.

ΔSleep = βAge ×Age + βFemale × Female

+ βCovariate × Covariate + βSleepðT1Þ ×Sleep ðT1Þ
+ βinterval × Interval;

where ΔSleep = Sleep ðT2Þ - Sleep ðT1Þ;
T1 = baseline; T2 = follow-up

Correlation matrices for the paired association between sleep
properties were computed and, after adjusting for the covariates
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mentioned above, corresponding P values for each longitudinal
change in sleep behavior were reported.

To investigate associations between sleep behaviors and
menstruation status, we categorized the female study partici-
pants into 3 groups based on their menopausal status during our
study period26: (1) the premenopause group with persistent
menstruation up to the end of the data-collection period, (2) the
perimenopause group of women who had menstruation at
baseline but reported menopause at the final visit, and (3) the
postmenopause group with menopause reported at baseline. A
linear regression model was used to analyze changes in sleep
properties across menopausal groups after adjusting for the
covariatesmentionedabove.Strataofmenopausal statuswereused
to show patterns of association, and tests for trend (P for trend)
were conducted based on a general linear regressionmodel with
status strata ordered from pre- to peri- to postmenopausal.27

ΔSleep = βtrend × ½Menopause status�+ βCovariate × Covariate
+ βinterval × Interval + βAge ×Age

RESULTS

Demographic characteristics
Weanalyzed data from2,640 individuals (50.6% female)whose
average age was 49.8 years at baseline. Detailed sex-segregated
demographic characteristics at baseline are presented in Table 1.
The mean follow-up interval was slightly longer in women
(P = .040). Most of the men were economically active (88.8%)
at baseline. In contrast, a majority of female participants reported
being homemakers (63.6%). Hypertension (22.9% vs 32.3%; P <
.001) and diabetes (13.2% vs 18.1%; P < .001) were reported
more frequently in men than in women. Body mass index was
not different between the sexes (P = .181). Men reported con-
siderably more unhealthy lifestyles, including smoking expe-
rience and alcohol consumption (P < .001, respectively).

Sleep properties with aging
Themean values of 9 sleep properties and their associations with
age at baseline are summarized in the upper left portion ofTable 2.
Cross-sectionally, older age was substantially associated with
deterioration in all sleep characteristics except for TIB (P = .455).
Older age was associated with higher PSQI score (P < .001);
longer sleep latency (P= .001); lowerHSE (P< .001),whichwas
mostly driven by shorter sleep duration (P < .001); smaller social
jetlag (P < 0.001); and earlier chronotype (MSFsc, P < .001).

The longitudinal observations were consistent with our
baseline findings in that advancing age was associated with
accelerated deterioration in sleep properties (Table 2; lower
left, βAge†). We observed accelerated changes in PSQI scores
(+0.02/year, P = .011), sleep latency (+0.22 minutes/year, P <
.001), and HSE (−0.26%/year, P < .001) driven by an
accelerated increase in TIB (+0.02 hours/year, P < .001). Also,
the 1-year increase in age was associated with accelerated
advance in chronotype (MSFsc, −1 minute/year, P < .001) and
decrease in social jetlag (−1 minute/year, P < .001).

Sleep properties by sex
The right side ofTable 2 summarizes the sleep characteristics at
baseline and after 12 years for each sex. At baseline, women
reported higher PSQI scores (P< .001), longer sleep latency (P<
.001), shorter TIB (P = .001), shorter sleep duration (P < .001),
and larger social jetlag (P = .004) than men. There were no
observed sex-associated differences in HSE, MSFsc, or mid-
sleep time (either on free days or workdays) at baseline.

The longitudinal change in many sleep properties also dif-
fered between the sexes.Women reported a greater reduction in
sleep quality (represented by a larger increase in PSQI, 0.9 vs
0.5; P < .001). Sleep latency increased in women but decreased
slightly in men (+3.5 vs −1.1 minutes, P < .001). Women
exhibited a greater decrease in HSE (−5.6% vs −2.3%,P < .001)
resulting from a larger decrease in sleep duration (−0.1 vs 0.0
hours, P < .001) in addition to increased TIB (P = .769). No
definite sex-related difference was observed in longitudinal
social jetlag change (P= .126). Theoverall degreeof chronotype
advancement at the 12-year follow-up point was more re-
markable in men than in women as revealed by changes
in MSFsc (−38 vs −19 minutes, P = .006) and midsleep time
(P = .013 for free days and P = .023 for workdays).

Longitudinal sleep deteriorations across age
groups in each sex
Further investigation by age and sex is summarized in Figure 1
and Table S1 in the supplemental material. The results suggest
that sex differences in longitudinal sleep changes could differ
by age subgroup. The degree of longitudinal PSQI increase
was generally higher for women in most age groups, showing
a tendency for accelerated deterioration after the mid-50s. The
increment of sleep latency was more remarkable for women
than for men in all age groups, and the sex-related difference in
this variable was mainly observed before age 60 years. The
degree of HSE decrease was generally greater for women
participants in most age groups, and the sex differences in
HSE changewere observed prominently in participants in their
40s and late 50s.

The most substantial chronotype advance was observed in
men in their 40s and women in their 50s. The degree of chronotype
advancementwas generally greater inmen than inwomen in all age
groups, and a sex-related difference was mainly noticeable in
participants in their 40s (45–49 years old for change [Δ] inMSFsc,
−43 minutes in men and −18 minutes in women; P < 0.05). In
participants older than their mid-50s, the degree of chronotype
advancement tended to be gradually attenuated in both sexes.

Pairwise correlation of longitudinal
sleep change properties
We next investigated paired correlations between longitudinal
sleep change properties in each sex (Table 3). In both sexes,
sleep quality deterioration reflected in increased PSQI during
the follow-up period was associated with the following mea-
sures (in order of strongest to weakest correlation): decreased
sleep duration (r = −.60 in women, r = −.61 in men; both P <
.001), decreased HSE (r = −.57 in women, r = −.56 in men; both
P < .001), increased sleep latency (r = .45 in women, r = .44
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in men; both P < .001), and decreased TIB (r = −.15 in women,
r = −.20 in men; both P < .001).

Longitudinal changes in chronotype measures (ΔMSFsc,
Δmidsleep time) were highly correlated with each other in both
sexes (r > .6, P < .001) and also correlated with decreased social
jetlag (for ΔMSFsc: r = .33 in women, r = .26 in men; both P <
.001). However, we did not find any significant linear associ-
ation of longitudinal chronotype advance and sleep quality/
quantity deteriorations. Only in men did advanced chronotype
measured by midsleep time (free days and workdays) exhibit
a slight tendency to correspond with decreased HSE and
duration, but this finding was marginal (r = .07 and r = .06,
respectively; both P < .05).

Effects of menstruation status on
sleep characteristics
Baseline characteristics of the women across menopausal sta-
tuses are shown in Table S2. At baseline, similar numbers
of participants were in the premenopause and postmenopause
groups (n = 728 [54.5%] vs n = 607 [45.5%]). The post-
menopause group’s average age was higher, as expected
(55.07 ± 6.62 years vs 45.44 ± 3.03 years, respectively; P <
.001). Sleep profiles differed widely between the pre- and post-
menopause groups cross-sectionally at baseline. However, after
adjusting for general health, lifestyle, and age characteristics, only
sleep latency (15.2 vs 19.1 minutes, P = .018) and social jetlag
(35 vs 15 minutes, P = .005) remained significantly different.

The effects of menstruation status transition in women on the
longitudinal sleep profile changes are shown in Table 4. At
follow-up, only 29 women remained in the premenopause
group. When comparing the 3 groups classified by menopausal
status, longitudinal PSQI scores, sleep latency, andHSEseemed
to deteriorate the most in the group of women who underwent
menopause during the course of the study (perimenopause),
but there was no significant association after covariate adjustment.
Although chronotype advancement was most prominent in the
group of postmenopausal women from the baseline, workday
midsleep time deterioration was affected significantly by meno-
pausal status transition even after covariate adjustment (P = .011).

DISCUSSION

This study described the effects of sex and age on sleep patterns
cross-sectionally and longitudinally in a community-dwelling
Korean cohort.We further investigated the degree and timing of
sleep changes in each sex on age-stratified groups. To our
knowledge, this is the first study to investigate the long-term
association between sex and sleep profile changes in the normal
aging process. Although many studies have demonstrated
differences in sleep behavior across the lifespan cross-
sectionally, not many have investigated longitudinal follow-
up data to consider the independent and interactive effects of
sex in a late-adulthood population experiencing significant

Table 1—Demographic characteristics at baseline.

Women (n = 1,335) (50.6%) Men (n = 1,305) (49.4%) P*

Age, y 49.82 ± 6.93 49.71 ± 6.70 .685

Follow-up duration, y 12.00 ± 0.15 11.99 ± 0.17 .040

Occupation,† n (%) <.001

Intellectual 185 (13.9) 595 (45.6)

Mixed 232 (17.4) 523 (40.1)

Elementary 52 (3.9) 40 (3.1)

Homemaker 849 (63.6) 1 (0.1)

Hypertension, n (%) 305 (22.9) 421 (32.3) <.001

Systolic blood pressure, mm Hg 109.64 ± 14.68 115.38 ± 14.03

Diastolic blood pressure, mm Hg 72.63 ± 10.22 78.57 ± 10.43

Diabetes, n (%) 176 (13.2) 236 (18.1) <.001

Body mass index, kg/m2 24.46 ± 2.92 24.61 ± 2.70 .181

Smoking status, n (%) <.001

Never 1,289 (96.6) 294 (22.5)

Ex-smoker 15 (1.1) 545 (41.8)

Current 31 (2.3) 466 (35.7)

Alcohol, g/d 1.89 ± 6.19 19.87 ± 30.82 <.001

Heavy (≥15 g/d), n (%) 38 (2.9) 527 (40.4) <.001

Data are means ± SDs or the number of observations, n (%). n = 2,640. *P = overall group differences between the sexes by t test or chi-square test.
†Occupation was investigated and classified into 4 categories: intellectual (including senior officials, managers, and professionals), mixed (including armed
forces, technicians and associate professionals, service workers and shop and market sales workers, skilled agricultural and fishery workers, craft and related
trades workers, plant and machine operators and assemblers), elementary (elementary occupations consist of simple and routine tasks which mainly require
the use of hand-held tools and often some physical effort), and homemakers. Students, retirees, and unemployed people were classified as economically
inactive. SD = standard deviation.
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hormonal changes in addition to aging.9,14,28 The findings of this
study can be summarized as follows:

1. Sleep profiles undergo substantial deterioration from
late adulthood onward.

2. The degree of deterioration in the quality and quantity
of sleep tends to be more accelerated with aging.

3. Sleep profiles and their aging-related deterioration
vary with sex, with differences mainly noticeable
before age 60.

4. Chronotype advance occurs mainly before age 50with
more pronounced changes in men.

5. Radical changes in hormonal status at the beginning
of the aging process are also important factors that
must be considered in studying the sleep profiles after
the 40s.

Our results are well in line with known aging-related sleep
deteriorations. Common sleep problems associated with the
aging process include increased sleep fragmentation, reduced
total sleep time, and advanced sleep timing.9,16,29 One of our
study’s strengths is that we investigated longitudinal sleep
quality deteriorations and associations between their sub-
properties in great detail. We observed an increase in the PSQI
score, which was most affected by decreased HSE due to de-
creased sleep duration, in addition to increased sleep latency

during aging. Also, by examining results across a spectrum of
measures, our data suggested that a substantive understanding
of each of the self-reported sleepmeasures should be considered
for drawing inferences in future studies.30 For example, we
should more accurately describe the effects of sleep quantity on
the adults’ aged 40s and older health outcomes as the self-aware
sleepduration andTIBchange in opposite directionswith aging.
However, to investigate the impact of sleep behavior on various
health outcomes more precisely, it is necessary to plot more
detailed individual trajectories through a continuous follow-up
assessment of these measures. Due to changes in the sleep
behavior survey format during the early years of the study, we
were unable to investigate the trajectories using additional
assessment points; however, we expect this to be possible in the
future as KoGES in an ongoing project now consistently using
a more detailed format for the sleep survey.

When conducted with precisely defined operational mea-
surements pertinent to the various aspects of sleep properties,
sleep data obtained through questionnaires can often be a bet-
ter reflection of regular sleep patterns than objective methods
such as polysomnography over a small number of consecutive
nights.31 In this study, we established a normative range of
longitudinal chronotype advance by slightly modifying the
existing PSQI to investigate the sleep patterns during the
workdays and the free days separately, which allowed us to

Table 2—Sleep properties at baseline and their change at follow-up.

Total βAge† P† Women Men βW/M‡ P‡

Baseline measure

PSQI, score 4.2 (2.3) 0.03 <.001 4.4 (2.4) 4.0 (2.2) 0.67 <.001

Sleep latency, min 16.0 (16.9) 0.16 .001 17.0 (18.1) 15.0 (15.6) 4.22 <.001

HSE, % 94.2 (10.6) −0.24 <.001 94.3 (11.2) 94.1 (10.0) −0.34 .508

Time in bed, h 6.7 (1.2) 0.00 .455 6.6 (1.3) 6.9 (1.1) −0.18 .001

Sleep duration, h 6.3 (1.2) −0.01 <.001 6.2 (1.2) 6.4 (1.2) −0.21 <.001

MSFsc, 24-h 3:05 (1:11) −0:03 <.001 2:59 (1:07) 3:12 (1:14) −0:03 .307

Midsleep time (F), 24-h 3:15 (1:15) −0:04 <.001 3:11 (1:12) 3:18 (1:18) 0:03 .289

Midsleep time (W), 24-h 2:54 (1:05) −0.02 <.001 2:48 (0:59) 2:59 (1:10) −0:02 .346

Social jetlag, 24-h 0:24 (0:40) −0:01 <.001 0:26 (0:37) 0:23 (0:42) 0:05 .004

Longitudinal change

ΔPSQI, score 0.7 (3.0) 0.02 .011 0.9 (3.1) 0.5 (2.8) 0.80 <.001

ΔSleep latency, min 1.2 (22.7) 0.22 <.001 3.5 (26.7) −1.1 (17.6) 6.86 <.001

ΔHSE, % −4.0 (14.4) −0.26 <.001 −5.6 (14.9) −2.3 (13.7) −3.71 <.001

ΔTime in bed, h 0.3 (1.4) 0.02 <.001 0.4 (1.4) 0.2 (1.4) 0.02 .769

ΔSleep duration, h 0.0 (1.4) 0.00 .561 −0.1 (1.4) 0.0 (1.3) −0.23 <.001

ΔMSFsc, 24-h −0:29 (1:22) −0:01 <.001 −0:19 (1:16) −0:38 (1:26) 0:09 .006

ΔMidsleep time (F), 24-h −0:35 (1:19) −0:01 <.001 −0:29 (1:12) −0:42 (1:25) 0:08 .013

ΔMidsleep time (W), 24-h −0:23 (1:12) −0:01 <.001 −0:16 (1:07) −0:31 (1:16) 0:07 .023

ΔSocial jetlag, 24-h −0:11 (0:54) −0:01 <.001 −0:11 (0:55) −0:11 (0:53) 0:03 .126

The adjusted mean (SD) values at baseline (upper portion) and change at follow-up (lower portion) are shown. βAge† and βW/M‡ were computed in the
same model. βAge† (presented with its corresponding P†) is the estimated association of age to the corresponding sleep characteristic after adjusting for sex,
body mass index (kg/m2), smoking intensity (pack-years), alcohol consumption (g/d), hypertension, diabetes mellitus, and occupation. For longitudinal
comparisons, additional adjustments for the variable at baseline and the visit interval (years) were made. βW/M‡ (presented with its corresponding P‡) reflects
the association of the measures in women relative to men. F = free days, HSE = habitual sleep efficiency, MSFsc = mid-sleep time on free days corrected for
sleep debt on weekdays, PSQI = Pittsburgh Sleep Quality Index, SD = standard deviation, W = workdays, Δ = change.
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calculate MSFsc. MSFsc is practical to measure and highly
relevant to conventional circadian processmarkers such as dim-
light melatonin onset and core body temperature.32 Clearly, the
way we calculated MSFsc has limitations because there was no
investigation into the use of alarm clocks on free days as in the
formalMunich Chronotype Questionnaire. However, the social
jetlagparameter confirmed thedifference in sleeppatternsbetween
workdaysand freedays.Moreover, inour study,MSFscatbaseline
was skewed to earlier timing in women, which is consistent with
previous cross-sectional studies using the conventional Munich
ChronotypeQuestionnaire surveyshowing thatmaximumlateness
is reached during adolescence at an earlier age but to a lesser
degree in women than men.24 Also consistent with previous
studies, the longitudinal advance of MSFsc during the follow-
up periodwasmore significant inmen, resulting in a tendency to
reduce differences between the sexes.14,18

Another point to note for our MSFsc metric is that it has
relatively little dependence on other subcomponents of the
PSQI. Circadian rhythm attenuation in the adults aged 40s and
older population results in unconsolidated sleep, especially for
the latter part of the night, which leads to further deterioration

caused by sleep phase misalignment and advancement.33

However, current literature regarding inadequate sleep and
its consequences in adults aged 40s and older has been mainly
focused on the amount of sleep itself, with little regard for the
relevance of sleep quality, efficiency, or phase.34Moreover, few
studies have investigated the effect of intensive advance in sleep
timing in late adulthood compared with themore favorable health
outcomes of the younger population’s morningness trait.35 It is
essential to provide reference points of sleep behavior trajectory
to which possible pathologic circadian phase changes can be
comparedbecause it remainsunclearwhether sleepdisruptionwith
age comes about as a result of degeneration in circadian or ho-
meostatic facets of sleep regulation or both.7,33 Our results also
suggest the need for further research into how cognitive behavior
therapy, which focuses on putting back bedtime, works for groups
of people in their 40s and older who are uncomfortable due to
reduced sleep duration or increased sleep latency.36,37

Our results have confirmed that sex-related differences in
sleep behavior changes are mainly noticeable before age 60.
These differences in sleep regulation and profiles can arise from
many factors, with the higher incidence of sleep complaints in

Figure 1—Longitudinal changes in sleep properties between the sexes across age groups.

Dotted lines represent the mean change in sleep properties over the follow-up period in men (blue triangles) and women (red squares) participants
by age group. Significant differences between the sexes after adjusting for all covariates aremarked by asterisks: *P <.05, **P <.005, and ***P <.001. The black
dotted horizontal lines (zero on the y axis) indicate the level that would represent no change. HSE = habitual sleep efficiency, MSFsc = mid-sleep time on free
days corrected for sleep debt on weekdays, PSQI = Pittsburgh Sleep Quality Index.
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women known to be closely related to psychological comorbidity
and socioeconomic status in addition to biological factors.11,38

Our initial survey format did not include specific measures for
depression or anxiety symptoms, although individuals with
a history of psychiatric illness were excluded from the analysis.
Moreover, as some previous studies have demonstrated that
adjustments for socioeconomic status factors such as years of
education or marital status can as much as halve sex-related
differences in self-reported sleep problems, the lack of detailed
investigation and correction of these factors is an unfortunate

limitation of our study.39,40 Also, if we had been able to plot
a more detailed trajectory through the collection of additional as-
sessment points near the age of retirement, wemight have identified
how retirement relates to men in their 60s having the most severe
deterioration in PSQI, sleep latency, and HSE. However, tran-
sitioning to retirement is generally associated with longer sleep
duration and later bedtime/wake time,41 which is the opposite of
our results. Also, the average age at which Koreans retire from
their longest-serving occupation is 49.4 years,42 and a majority
of our female participants reported being homemakers (63.6%).

Table 3—Adjusted correlation matrices of longitudinal changes in sleep properties in each sex.

ΔPSQI ΔLatency ΔHSE ΔTIB ΔDuration ΔMSFsc ΔMST (F) ΔMST (W)

Women

ΔLatency 0.45*** 1.00

ΔHSE −0.57*** −0.32*** 1.00

ΔTIB −0.15*** 0.13*** −0.31*** 1.00

ΔDuration −0.60*** −0.15*** 0.52*** 0.62*** 1.00

ΔMSFsc 0.01 0.03 0.03 −0.02 0.03 1.00

ΔMST (F) 0.02 0.02 0.05 −0.03 0.03 0.70*** 1.00

ΔMST (W) 0.02 0.04 0.02 −0.07 −0.01 0.76*** 0.66*** 1.00

ΔSJL 0.04 −0.03 0.01 0.02 0.02 0.33*** 0.26*** −0.03

Men

ΔLatency 0.44*** 1.00

ΔHSE −0.56*** −0.33*** 1.00

ΔTIB −0.20*** 0.07* −0.27*** 1.00

ΔDuration −0.61*** −0.16*** 0.51*** 0.66*** 1.00

ΔMSFsc 0.00 −0.01 0.02 0.04 0.07* 1.00

ΔMST (F) −0.01 −0.01 0.07** 0.00 0.09* 0.82*** 1.00

ΔMST (W) −0.02 −0.02 0.06* −0.03 0.04 0.77*** 0.76*** 1.00

ΔSJL 0.05 0.01 −0.01 0.09** 0.07* 0.26*** 0.20*** 0.06***

Correlation significances are noted after adjusting for body mass index (kg/m2), smoking intensity (pack-years), alcohol consumption (g/d), hypertension,
diabetesmellitus, occupation, and visit interval (years). *P <.05, **P <.005, ***P <.001. F = free days, HSE=habitual sleep efficiency,MSFsc =mid-sleep time on
free days corrected for sleep debt on weekdays, MST = midsleep time, PSQI = Pittsburgh Sleep Quality Index, SJL = social jetlag, TIB = time in bed,
W = workdays.

Table 4—Adjustedmean (95%confidence interval) changes in the sleep characteristics stratified bymenopausal status in women.

Menopausal Status
P for Trend

Pre (n = 29) Peri (n = 697) Post (n = 606)

ΔPSQI, score 0.7 (−0.5 to 1.8) 1.1 (0.8 to 1.4) 0.7 (0.4 to 1.0) .225

ΔSleep latency, min 4.7 (−5.2 to 14.5) 5.2 (2.9 to 7.5) 1.5 (−1.1 to 4.1) .098

ΔHSE, % −4.1 (−9.7 to 1.5) −6.0 (−7.3 to −4.7) −5.2 (−6.7 to −3.7) .697

ΔTime in bed, min 9.9 (−21.2 to 41.0) 19.6 (12.3 to 26.9) 25.3 (17.0 to 33.5) .283

ΔSleep duration, min −7.6 (−38.5 to 23.2) −6.9 (−14.1 to 0.4) 1.4 (−6.8 to 9.5) .220

ΔMSFsc, 24-h −0:05 (−0:34 to 0:22) −0:15 (−0:22 to −0:08) −0:25 (−0:33 to −0:18) .061

ΔMidsleep time (F), 24-h −0:21 (−0:48 to 0:05) −0:27 (−0:33 to −0:20) −0:32 (−0:39 to −0:24) .322

ΔMidsleep time (W), 24-h −0:06 (−0:31 to 0:18) −0:10 (−0:16 to −0:04) −0:24 (−0:30 to −0:17) .011

ΔSocial jetlag, 24-h −0:18 (−0:39 to 0:02) −0:15 (−0:19 to −0:10) −0:06 (−0:12 to −0:01) .059

P for trend is reported for menopausal status after adjusting for body mass index (kg/m2), smoking intensity (pack-years), alcohol consumption (g/d),
hypertension, diabetes mellitus, occupation, and visit interval (years) in addition to baseline age. F = free days, HSE = habitual sleep efficiency, MSFsc = mid-
sleep time on free days corrected for sleep debt on weekdays, n = number of observations, PSQI = Pittsburgh Sleep Quality Index, W = workdays.
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Moreover, as we have found a tendency for gradual acceleration
in sleep quality/quantity deterioration and gradual attenuation in
chronotype advance after ages in themid-50s, we decided to focus
more on the biological factors that affect the long-term change
trend of sleep profiles in late adulthood rather than socioeconomic
status factors with high interindividual variability.

To further investigate biological factors other than aging, we
examined the effects of another factor that has a notable crucial
association with sleep profiles but has frequently been over-
looked in previous population-based studies of the middle-
aged radical changes in sex hormones.12,43 The average age
of menopause for Korean women is in their 50s,44 and we
previously reported that insomnia is highly associated with the
menopausal transition in our cohort and that sleep initiation
difficulty is the most relevant symptom.26 Our current study
confirmed significant differences in sleep latency dependent on
themenopausal stage at baseline, and longitudinal deterioration
in overall sleep quality was also most severe in the group of
participants who underwent menopause during the study.
However, unequal group sizes have limited the statistical power
of our examination of longitudinal sleep profile changes,
suggesting the need for a study design that includes more
middle-aged women with continued menorrhea. Also, the sleep
quality of women undergoing transition tomenopause is known
to be influenced by a variety of factors, such as the cause of
menopause, whether they take hormone replacement therapy,
andwhether they have symptoms such as hot flashes.45 To better
understand the effects and etiology of radical sex hormone changes
on sleep physiology, further investigations are required to carefully
consider the confounding factors mentioned above in the general
middle-aged female population. Estrogen hormone replacement
therapygenerally enhances sleep amount andcontinuity,46 whereas
androgens appear to have a beneficial impact on rapid eye
movement sleep but disrupt sleep consolidation.13,47,48 There-
fore, we also need to find practical ways to study the andropause
process and its impact on sleep profiles in middle-aged men.

Chronological regression of sleep quality and quantity in the
adults aged 40s and older population has receivedmuch attention
in recent years with the emerging evidence of its short- and long-
term effects on physical and mental health. However, we still do
not have definite answers as to the fundamental questions re-
garding the underlying mechanisms or critical biomarkers re-
lated to the effects of inadequate sleep, particularly concerning
the normal aging process. An in-depth understanding of as-
sociations between sex/hormone status with sleep properties in
the general population from middle age is fundamental to an-
swering these questions. Our results provide a more compre-
hensive set of norm references than previously available, which
will increase the ability of physicians and researchers to more
precisely determine the degree to which an individual’s sleep
profile is outside of the norm for their age and sex.

ABBREVIATIONS

HSE, habitual sleep efficiency
KoGES, Korean Genome and Epidemiology Study

MSFsc, mid-sleep time on free days corrected for sleep debt
on weekdays

PSQI, Pittsburgh Sleep Quality Index
TIB, time in bed
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