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Abstract 

Study Objectives:  Few studies of middle-aged and older adults have examined the association between age and sleep using objective 
sleep measures. We examined these associations in adults aged ≥40 years using wrist actigraphy, and investigated whether these 
associations differed by sex and race.

Methods:  Participants were 468 cognitively normal adults aged ≥40 years enrolled in the Baltimore Longitudinal Study of Aging 
who completed wrist actigraphy. We used Generalized Least Squares Models to examine the associations of age with actigraphic 
sleep parameters, including total sleep time (TST), sleep efficiency, sleep onset latency, and wake after sleep onset (WASO). We 
conducted interaction and stratification analyses to test whether cross-sectional age-sleep associations were modified by sex and 
race.

Results:  In analyses adjusting for sex, body mass index, and individual medical conditions, older age was associated with longer TST 
from ages 40–70 that plateaued after age 70. Older age also was associated with lower sleep efficiency, longer sleep onset latency, and 
greater WASO. In men only, after age 70, older age was associated with shorter TST, lower sleep efficiency, longer onset latency, and 
greater WASO. However, we did not observe any significant interactions of race with age.

Conclusions:  Older age was associated with longer TST from ages 40 to 70 and with poorer sleep quality after age 40, and these rela-
tionships might vary by sex. Future studies with larger sample sizes are needed to investigate mechanisms that may account for sex 
differences in the observed age-sleep associations.
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Statement of Significance

Although differences in sleep between age groups have been identified previously, few studies have investigated associations 
between age and objectively measured sleep in people aged 40 years and older after adjusting for common aging-related comor-
bidities, or explored whether these associations differ by sex or race. We found that older age was associated with longer total sleep 
time (TST) from ages 40 to 70, but this plateaued after age 70. Among adults aged >70 years, older age was associated with shorter 
TST, lower sleep efficiency, longer onset latency, and greater WASO in men, but not women. Results further elucidate how the aging 
process affects sleep in middle-aged and older adults.
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Sleep is a fundamental determinant of health [1]. Consistent and 
sufficient sleep is associated with maintained cognitive function, 
reduced risk of cardiovascular disease (CVD), and removal of DNA 
damage and reactive oxygen species [2–5]. Sleep patterns change 
across the lifespan [6] due to brain maturation that occurs from 
childhood through adulthood [7], changes in life circumstances 
(e.g. employment, occupation, retirement, and bereavement) 
[8–10], onset and course of medical and psychiatric conditions 
[11, 12], and as a consequence of the biological aging process [13].

Compared with young adults, middle-aged and older people 
commonly have worse objectively measured sleep quality and 
shorter sleep duration [7]. These deficiencies in sleep have also 
been associated with negative health outcomes, including poorer 
cognitive performance [14] and a higher risk of cardiovascular 
and metabolic disease [15, 16]. Although a recently published 
meta-analysis investigated links of age with actigraphic sleep [17], 
few epidemiologic studies have investigated the associations of 
objectively measured sleep parameters in persons aged 40 years 
and older, and findings from existing studies have been inconsist-
ent. For example, a cross-sectional study of 504 adults ages 40–87 
found older age was associated with higher actigraphic sleep effi-
ciency, but not with sleep onset latency [18]. In contrast, another 
cross-sectional study found older age was associated with lower 
actigraphic sleep efficiency and longer sleep onset latency in adults 
ages 36–91 [19]. In addition, Redline and colleagues reported that 
older age was associated with lower polysomnography- assessed 
sleep efficiency in 2685 adults aged 37–92 [20]. These inconsistent 
age-sleep associations could be due to differences in study design, 
sample size, and participant characteristics [17]. Importantly, 
Evans et al. reported that many studies of age and sleep have over-
looked the potential confounding effects of physical or psychiatric 
comorbidities, such as depression, obesity, and respiratory diseases 
on age-sleep associations [17]. It is well established that these fac-
tors can affect sleep. Therefore, not adjusting for these variables 
may lead to confounded estimates of age-sleep associations [5, 
21–23]. Thus, it remains unclear how age is associated with acti-
graphic sleep in middle-aged and older adults, after accounting for 
these comorbidities.

In addition to mental and physical health conditions, moder-
ators, such as sex and race that may affect changes in sleep over 
time, have been understudied in sleep and aging research [17]. For 
example, women are more likely to experience insomnia and sleep 
disruptions throughout their lifespan than men [24]. In addition, 
members of minoritized racial and ethnic groups are more likely 
to have sleep disturbances and on average lower sleep quality than 
white individuals in the United States [25–27]. It is unclear, however, 
whether sex and race modify associations between age and sleep.

In the current study, we addressed these literature gaps 
by examining cross-sectional associations between age and 
 actigraphy-assessed sleep measures after adjusting for common 
aging-related comorbidities. In addition, we explored whether 
these associations differ by sex and race. We hypothesized that: 
(1) older age will be associated with shorter total sleep time (TST), 
lower sleep efficiency, longer sleep onset latency, and greater 
wake after sleep onset (WASO) and (2) age-sleep associations will 
be modified by sex and race.

Methods
Participants
We studied 468 participants in the Baltimore Longitudinal Study 
of Aging (BLSA), an observational study that originally aimed to 

investigate the effect of aging on physical and cognitive health 
outcomes [28]. To be eligible for enrollment in BLSA, partici-
pants are required to be free of medical conditions (except for 
well-controlled hypertension and a history of skin cancer), cogni-
tive or mobility impairments, and disabilities during enrollment. 
They could not be taking medications, such as corticosteroids, 
immunosuppressants, antibiotics, or H2 blockers. However, these 
criteria do not apply to follow-up assessments after the initial 
enrollment. We included participants aged ≥40 years who com-
pleted wrist actigraphy at least once and were free of dementia 
or mild cognitive impairment at our study baseline, defined here 
as the first visit at which participants had valid actigraphy data. 
Participants aged <60 have study visits every 4 years, those aged 
60–79 have visits every 2 years, and participants aged >80 have 
annual visits. Informed consent was obtained from each par-
ticipant. The study protocol was approved by the Institutional 
Review Board at the National Institutes of Health Intramural 
Research Program.

Measures
Wrist actigraphy data collection began in the BLSA in 2012. At 
each study visit, participants were asked to wear the Actiwatch-2 
wrist actigraph (Philips-Respironics, Bend, OR) on their nondomi-
nant wrists for seven 24-hour periods. Both movement in activity 
counts and ambient light levels were recorded by the actigraph. 
Participants were asked to press an event-marker button on the 
device each time they intended to go to sleep (i.e. at “lights out”) 
and when they got up to start the day. While wearing the acti-
graph, participants were also asked to complete sleep diaries in 
the morning and at bedtime, to record sleep-related information, 
including times they began trying to go to sleep at night and got 
up for the day (consistent with event-marker presses), any acti-
graph removal, and the timing of any naps. Using Actiware v. 6.0.9 
software (Philips-Respironics), two trained research staff mem-
bers used event markers, sleep diary, and ambient light data to 
independently identify the period during which participants were 
in bed with the intention of sleeping. We used a validated algo-
rithm to derive sleep parameters [29]: TST (total minutes spent 
asleep while in bed); sleep efficiency (% of the time in bed spent 
asleep); sleep onset latency (minutes from “lights out” until sleep 
onset); and WASO (minutes spent awake after sleep onset). We 
computed the mean of each parameter across nights of valid 
actigraphy data for each participant.

Demographic characteristics and comorbidities
Self-reported demographic characteristics were obtained, includ-
ing sex, age, and race. Participants’ height and weight were 
measured, and body mass index (BMI) was calculated. Due to 
the unbalanced race distribution (Table 1), we dichotomized 
race into white and minoritized (comprised of black, Asian, and 
other nonwhite) participants. During each visit, participants were 
asked whether they had ever been diagnosed with respiratory 
diseases (i.e. asthma and bronchitis), diabetes, liver and kidney 
diseases (i.e. cirrhosis, hepatitis, and kidney diseases), any can-
cers, and CVD (i.e. hypertension [CVD risk factor], coronary artery 
disease, heart attack, congestive heart failure, angina, stroke, 
transient ischemic, having any vascular procedures, periph-
eral artery disease, and peripheral artery disease). Participants’ 
depressive symptomatology was measured using the Center for 
Epidemiologic Studies Depression Scale (CES-D), with the sleep 
item removed. In addition, participants reported the use of sleep-
ing pills/medications in the past month (options: never used, </
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week, 1–2/week, 3–4/week, or ≥5/week). We dichotomized these 
responses into the use of any sleep medication versus no sleep 
medication use.

Statistical analysis
First, generalized least squares (GLS) models were used to assess 
the cross-sectional association of age with sleep parameters. 
Across models, age was the primary predictor and sleep param-
eters were the outcomes. Given the association between age and 
the sleep parameters could be nonlinear, age was modeled as a 
restricted cubic spline with three knots. We controlled for fixed- 
effect covariates that have previously shown to be associated with 
sleep, namely race and sex, as well as time-varying covariates 
such as BMI, CES-D, and disease status (i.e. CVD, respiratory dis-
ease, diabetes, liver and kidney disease, and cancer, separately), 
which we binarized. To adjust for the correlations of data across 
time within individuals, we used a correlation structure with age 
as the time covariate and participant identifier as the grouping 

factor. Both the number of knots and correlation structure were 
chosen based on better model performance, indicated by a lower 
Akaike Information Criterion. After the best-fitting model was 
selected, we used a corCAR1, which represents an autocorrelation 
structure of order 1 with a continuous time covariate, with three 
knots as the correlation structure.

Second, in the best-fitting GLS models identified, we tested 
whether the cross-sectional age-sleep associations examined in 
the first set of models were modified by sex and race by adding 
an interaction term between age and sex or an interaction term 
between age and race. To further investigate how sex and race 
modified age-sleep associations, we used the GLS models to reex-
amine age-sleep relationships after stratifying by sex (men vs 
women) and race (white adults vs minoritized adults) following 
the same covariate structure as described above.

We performed sensitivity analyses that excluded observations 
from participants who reported using sleep medications in the 
past month prior to completing actigraphy or who had question-
able actigraphy data. We also conducted sensitivity analyses that 
further adjusted for either self-reported physical activity, years of 
education, cognitive performance, or number of hours worked per 
week in models examining the association between age and TST. 
We reexamined the association between age and TST after strat-
ifying participants by whether they reported working 0 versus >0 
hours for pay at the visit(s) at which they completed actigraphy, 
following the same covariate structure as described in the main 
model. All statistical analyses were conducted using nlme, rms, 
and parameters packages in R software (version 4.0.2). A p-value 
cutoff of < .05 was used to determine statistical significance. We 
provide detailed descriptions of equations used for the statistical 
models in Supplementary Information.

Results
Participant characteristics
Of the 468 participants, 223 (47.6%) were men and 331 (70.7%) 
were white (Table 1). In addition, 345 (73.7%) participants were 
assessed once, and 123 participants had repeated measure-
ments (2–5 measurements per participant). The 123 partici-
pants with follow-up data (mean (SD) [range] baseline age = 74 
(9.7) [42–93] years) were followed for an average (SD) of 2.4 (0.7) 
years. At our study baseline, 276 (59.0%) participants had CVD, 
73 (15.6%) had respiratory disease, 79 (16.9%) had diabetes, 59 
(12.6%) had liver or kidney disease, and 147 (31.4%) had a his-
tory of cancer. The baseline average age, BMI, and CES-D were 
70.8 years, 27.0 kg/m2, and 3.9, respectively. Across all visits, the 
mean (SD) TST was 401 (61) minutes, sleep efficiency was 84% 
(7.0), sleep onset latency was 13 (12) minutes, and WASO was 
47 (22) minutes (Table 2). Participant characteristics stratified 
by sex and race are shown in Supplementary Tables S1 and S2. 
Liver and kidney disease and cancer were significantly more 
common in men compared to women, and CVD and diabetes 
were more common among minoritized participants compared 
to white participants.

Cross-sectional associations between age and 
sleep parameters
TST steadily increased from ages 40–70, and plateaued at ages 
>70 (Figure 1A). However, we found quasilinear associations of 
age with sleep efficiency, sleep onset latency, and WASO, such 
that older age was associated with lower sleep efficiency, longer 

Table 1. Participant Characteristics

Value

Number of participants, N 468

Total number of visits with actigraphy 
data, N

636

Distribution of participants by number of visits with actigraphy data, N (%)

One visit 345 (73.7%)

Two visits 91 (19.4%)

Three visits 22 (4.7%)

Four visits 7 (1.4%)

Five visits 3 (0.6%)

Sex, N (%)

Men 223 (47.6%)

Women 245 (52.4%)

Race, N (%)

Minoritized 137 (29.3%)

  Black 106 (22.6%)

  Asian 24 (5.1%)

  Other nonwhite 4 (0.9%)

  Unknown 3 (0.6%)

White 331 (70.7%)

Sleep medication usage, N (%) 69 (14.7%)

Baseline age, mean (SD) [range] (year) 70.8 (12) [40 – 96]

Baseline BMI, mean (SD) [range] (Kg/m2) 27.0 (4.4) [17.1 – 42.9]

Baseline years of education mean (SD) 
[range] (year)

17.8 (2.4) [9 – 25]

Baseline CES-D, mean (SD) [range]
Baseline comorbidity status, N (%)

3.9 (4.4) [0 – 25]

  CVD 276 (59.0)

  Respiratory disease 73 (15.6)

  Diabetes 79 (16.9)

  Liver and kidney disease 59 (12.6)

  Cancer 147 (31.4)

CVD, cardiovascular disease; CES-D, Center for Epidemiologic Studies 
Depression Scale; minoritized group comprised of black (N = 106), Asian 
(N = 23), and other nonwhite (N = 8).

http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data
http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data


4 | Sleep Advances, 2024, Vol. 5, No. 1

sleep onset latency, and greater WASO (Figures 1, B, C, and D). 
The fully-adjusted model results showing the cross-sectional 
associations of age and the covariates with the four sleep 
parameters are shown in Table 3, and the standardized effect 
sizes of each variable in these models (refitted from models 
with original data after z-scoring) are shown in Supplementary 
Table S3.

We found a significant and positive cross-sectional association 
between age and TST. There was a main effect of sex such that 

men had a shorter TST, lower sleep efficiency, longer sleep onset 
latency, and greater WASO compared to women. In addition, com-
pared to white participants, minoritized participants had shorter 
TST and lower sleep efficiency.

Sex and race moderation and stratified analyses
Interactions of age with sex and race are shown in Table 4. Race 
did not statistically significantly modify the cross-sectional asso-
ciation of age with any of the sleep parameters. However, we 
found that sex significantly modified the cross-sectional associ-
ation of age with sleep efficiency and WASO. To further explore 
the sex-by-age interaction effects, we performed sex-stratified 
analyses.

The associations between age and the sleep parameters strat-
ified by sex are shown in Figure 2, and the detailed model out-
comes of the results are listed in Supplementary Table S4. We 
found a significant linear effect of age on TST only in women 
(Supplementary Table S4). The cross-sectional association 
between age and sleep parameters differed by sex. In men aged 
>70, but not in women aged >70, older age was associated with 
shorter TST (Figures 2, A and E), lower sleep efficiency (Figures 

Table 2. Actigraphic Sleep Parameters Across All Visits

Mean (SD) Median (IQR) Range

TST (minutes) 401 (61) 406 (82) 161–602

Sleep efficiency (%) 84 (7.0) 85 (7.7) 50–97

Sleep onset latency (minutes) 13 (12) 9.2 (10) 0.14–101

WASO (minutes) 47 (22) 42 (26) 8.4–146

TST, average total sleep time; WASO, wake after sleep onset; Measurements 
were collected from 468 participants, resulting in a total of 636 observations 
over time.

Figure 1. Cross-sectional associations between age and sleep parameters.

http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data
http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data
http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data
http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data
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2, B and F), longer onset latency (Figures 2, C and G), and greater 
WASO (Figures 2, D and H). In addition, the slopes of the associ-
ations of age with sleep efficiency, onset latency, and WASO were 
steeper in men at ages >70 compared to those at ages <70 (Figures 
2F, G, and H).

The cross-sectional associations between age and sleep 
parameters stratified by race are shown in Figure 3, and the 
detailed model outcomes are listed in Supplementary Table S5. 
A significant linear association of age with TST was observed in 
White but not minoritized participants (Supplementary Table 
S5). In terms of nonlinear relationships, older age was associated 
with steadily longer TST in minoritized participants (Figure 3A), 
whereas a positive association was found only among white par-
ticipants below age 70 (Figure 3E). Similarly, older age was asso-
ciated with greater WASO in white participants (Figure 3H), while 
a similar trend was observed only in minoritized participants 
below age 70 (Figure 3D). In addition, we found that older age was 
cross- sectionally associated with steadily lower sleep efficiency 
(Figure  3F) and longer sleep onset latency (Figure 3G) in white 
participants, while a somewhat flat association was observed 
among minoritized participants (Figures 3B and C).

Sensitivity analysis
As a sensitivity analysis, we excluded 85 observations from 69 
participants who reported using sleep medications (>4 times/
week) in the past month prior to the actigraphy assessment. As 
shown in Supplementary Figure S1 and Table S6, there were no 
meaningful differences in the findings from the main analyses, 
in terms of statistical significance. The age-sleep associations 
seen in the main analyses remained relatively unchanged in a 
subdataset, excluding 4 observations from three participants 

who had questionable actigraphy data. We only found that the 
nonlinear effect of age on TST was changed from nonsignificant 
to significant (Supplementary Figure S2 and Table S7). As shown 
in Supplementary Table S8, adjusting for either self-reported 
physical activity, years of education, or number of hours worked 
per week did not substantially alter the age-TST association in 
terms of effect sizes and statistical significance. Accounting for 
cognitive performance did not noticeably alter the age-TST asso-
ciation in terms of effect size, but the association fell below the 
level of significance (p-value = .15). In participants who did not 
work for pay, we found that older age was still associated with 
longer TST from age 40 through the 70s (Supplementary Figure 
S3A), although the effect was smaller compared to the main 
results. On the other hand, in participants who did work for pay, 
we found a steeper increasing trend in TST from age 40 to the 60s 
(Supplementary Figure S3B).

Discussion
In the present study, we examined associations of age with objec-
tive sleep parameters, measured by actigraphy, in middle-aged 
and older adults. In contrast to most prior studies, we adjusted 
for the possible association of race, sex, BMI, and common aging- 
related comorbidities, and examined whether age-sleep associ-
ations were modified by sex and race. We found significant and 
nonlinear associations of age with TST, such that older age was 
associated with longer TST from ages 40–70 and plateaued after 
age 70, after adjusting for common aging-related comorbidities. 
We also found that, among adults aged >70 years, older age was 
associated with shorter TST, lower sleep efficiency, longer sleep 
onset latency, and greater WASO in men, but not women.

Our findings on the association between age and TST in all 
participants are partially consistent with prior research. A previ-
ous cross-sectional study reported a positive association between 
age and actigraphic sleep in 300 adults in the United States aged 
20–71 [30]. Similarly, a cross-sectional study of 24 350 adults 
aged 55–70 in Germany reported a positive association between 
age and self-reported sleep, and the authors hypothesized this 
association was due to participants transitioning to retirement 
or part-time work [31]. In contrast to our findings, Evans et al. 
found nonsignificant positive cross-sectional associations of age 
with actigraphy-assessed TST in a group of 14 participants aged 

Table 3. Cross-Sectional Associations of Participant Characteristics With Sleep Parameters (B [95% CI])

TST Sleep efficiency Onset latency WASO

Age (linear effect) 1.4 (0.5, 2.3)** −0.02 (−0.1, 0.1) 0.04 (−0.1, 0.2) 0.2 (−0.2, 0.5)

Age (nonlinear effect) −1.0 (−2.0, 0.05)^ −0.01 (−0.1, 0.1) 0.01 (−0.1, 0.2) −0.05 (−0.4, 0.3)

Sex (ref. women) −28 (−39, −18)*** −2.7 (−3.9, −1.5)*** 1.9 (−0.3, 4.1)^ 4.8 (0.9, 8.7)*

BMI −1.4 (−2.6, −0.2)* −0.1 (−0.3, 0.003)^ 0.4 (0.1, 0.6)** −0.1 (−0.5, 0.4)

Race (ref. white) −24 (−36, −12)*** −2.4 (−3.8, −1.0) ** 1.5 (−0.9, 3.9) 0.5 (−4.0, 5.0)

CVD −3.0 (−14, 8.4) −1.2 (−2.5, 0.1)^ 0.9 (−1.5, 3.2) 4.9 (0.6, 9.2)*

Liver and kidney disease −6.6 (−22, 8.7) −1.3 (−3.1, 0.5) 3.5 (0.4, 6.6)* 1.8 (−3.9, 7.5)

Cancer 8.6 (−2.8, 20) 0.8 (−0.6, 2.1) −1.1 (−3.5, 1.3) −1.3 (−5.4, 2.8)

Respiratory disease −5.8 (−20, 8.3) −0.9 (−2.5, 0.8) 1.9 (−1.0, 4.8) 1.9 (−3.4, 7.2)

Diabetes −2.8 (−17, 11) 0.4 (−1.2, 2.0) −3.6 (−6.3, −0.9)* −1.4 (−6.5, 3.7)

CES-D −0.5 (−1.5, 0.5) −0.1 (−0.2, 0.1) 0.2 (−0.1, 0.4) −0.04 (−0.4, 0.3)

^p < .1, *p < .05; **<p < .01; ***p < .001; bold values, p < .1; BMI, body mass index; CI, confidence interval; CVD, cardiovascular disease; CES-D, Center for 
Epidemiologic Studies Depression Scale.

Table 4. Interaction p-Values for Age*Sex and Age*Race

TST Sleep 
efficiency

Onset 
latency

WASO

Age (linear effect)*sex + age 
(nonlinear effect)*sex

0.74 0.005** 0.25 0.02*

Age (linear effect)*race + age 
(nonlinear effect)*race

0.76 0.75 0.96 0.71

*p < .05; **<p < .01; bold values, p < .1; p-value obtained from the Wald Chi-
Square test.

http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data
http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data
http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data
http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data
http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data
http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data
http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data
http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data
http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data
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71–91 [32], in contrast with our findings that TST plateaued at 
ages >70. However, we acknowledge that the current findings con-
tradict the majority of existing literature, which reports that older 
age is associated with shorter TST. For example, one study found 
a negative association of age with TST in people of a similar age 
range [33]. This discrepancy may be due to differences in partici-
pant characteristics (e.g. demographics, comorbidities, and work-
ing status). BLSA participants tend to be highly educated (mean 
of 17.8 years in this sample) and are required to be free of most 
comorbidities on enrollment, although they commonly develop 
them subsequently. In addition, working status may have played 
a role, supported by our findings that there was a flatter increas-
ing trend in TST from ages 40 to 70s, among participants who did 
not work for pay, compared to the results observed in all partici-
pants or participants who worked for pay (Supplementary Figure 
S3A). In addition, the current results should be interpreted with 
caution given the interindividual variability we observed.

Although we found a positive association of age with TST from 
ages 40–70, overall sleep quality appeared to be poorer as people 
transitioned from middle age to older adulthood. To the best of our 
knowledge, this is the first study to report among middle-aged and 
older adults that age was cross-sectionally associated with longer 
sleep onset latency, greater WASO, and lower sleep efficiency after 
adjusting for demographics and comorbidities as potential con-
founders. Our findings are supported by previous findings that, 
among adults aged 21 to 91, those aged 80–91 had the lowest acti-
graphic sleep efficiency, early middle-aged people aged 36–44 had 
the highest actigraphic sleep efficiency, and those aged 61–79 had 

moderate levels of sleep efficiency [19]; however, that study did not 
adjust for participants’ demographics or medical conditions. Our 
results are also in line with a previous meta-analysis, which reported 
that age is associated with longer sleep onset latency, greater WASO, 
and lower sleep efficiency assessed by polysomnography or actig-
raphy [7]. The age-sleep associations observed in the current study 
may be due to: (1) age-related changes in sleep-related hormones 
(e.g. growth hormone, sex hormones, and melatonin) that affect 
sleep quality [6] and (2) possible unmeasured aging-related charac-
teristics (e.g. comorbidities or major life events, such as retirement 
and death of a family member) that may adversely affect sleep [8, 
34, 35]. Future research is needed on the underlying mechanisms 
through which age may affect sleep quality across the lifespan.

Although the aging process is associated with declines in sleep 
quality and quantity, not all older adults experience notable sleep 
disruptions [36]. For example, we found that older age was asso-
ciated with longer TST, lower sleep efficiency, and greater WASO 
in both men and women aged <70, but in adults older than 70, 
older age was only associated with shorter TST, lower sleep effi-
ciency, longer sleep onset latency, and greater WASO among men. 
In addition, we found that the slope of the associations of age 
with sleep efficiency and WASO were steeper at ages >70 com-
pared to those at ages <70 in men, but not in women. If our find-
ings are replicated, greater attention to these aspects of sleep 
quality may be needed among men ages 70 and older. Although 
no studies to our knowledge have investigated sex differences in 
the associations between age and actigraphic sleep parameters, 
a cross-sectional study of 2500 adults aged 37–92 used PSG (the 

Figure 2. Cross-sectional associations between age and sleep parameters stratified by sex (women vs Men).

http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data
http://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpae045#supplementary-data
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gold-standard objective sleep measure), and observed sex differ-
ences in slow-wave sleep as a function of age [20]. On the other 
hand, the current findings differ from those of a previous study, 
in which older age was associated with a more rapid decrease in 
self-reported TST in women than in men [37]. The sex differences 
in age-sleep associations may be driven by factors related to bio-
logical aging [38, 39]. For example, testosterone in men and estro-
gen in women are closely linked to nocturnal sleep [40]. In men, 
testosterone levels progressively and gradually decline with aging 
[41], and lower testosterone levels have been associated with 
greater WASO and lower sleep efficiency [42]. The sex differences 
in the age-sleep associations could be attributed to other partic-
ipant characteristics that differed between men and women (e.g. 
race and comorbidities). Future studies are needed to fully under-
stand sex-specific differences in sleep during the aging process.

To the best of our knowledge, the present study is the first to 
examine the moderating role of race on age-sleep associations. 
Although age X race interaction terms were nonsignificant, we 
performed race-stratified analyses to further explore the potential 
moderating effect of race. We found that older age was associated 
with lower sleep efficiency and greater WASO only in minoritized 
participants aged <70 and with longer sleep onset latency only 
in minoritized participants aged>70. These race differences could 
be partially due to other participant characteristics that differed 
between white and minoritized participants (e.g. aging-related 
comorbidities). Nonetheless, results should be interpreted with 
caution given the limited sample of minoritized participants. 
Future studies with larger sample sizes are needed to rigorously 
examine race-related differences in age-sleep associations, which 
may shed light on sleep health disparities.

This study has several strengths. These include: (1) the use 
of wrist actigraphy to assess sleep, (2) adjustment for numer-
ous comorbidities that may affect age-sleep associations, and (3) 
examination of moderation of the age-sleep associations by sex 
and race. There are also some limitations, however. First, the cur-
rent findings may not be generalizable to the broader population 
of middle-aged and older adults, given that the BLSA participants 
tend to be healthier on average than the general population. 
Second, only 29.3% of participants were from minoritized pop-
ulations, which decreases our ability to accurately estimate 
how race modifies the age-sleep associations. Third, the associ-
ations between age and sleep parameters could be confounded 
by unmeasured subclinical disease. Fourth, some of the sleep 
parameters (i.e. TST and sleep efficiency) were derived from an 
algorithm based on a limited sample with an age range that did 
not cover the older individuals represented in the current study 
[29]. More studies are needed to establish the validity of using 
actigraphy to examine the age-sleep associations, especially in 
older adults. Finally, it is possible that some of the variables we 
adjusted for to avoid confounding may actually be on the causal 
pathway between age and the sleep parameters, leading to an 
over-adjustment.

Conclusion
This study of age and sleep in a community-based cohort of older 
adults found that, after controlling for common aging- related 
comorbidities, age is associated with sleep time (longer TST from 
ages 40–70 and plateaued after age 70) and quality (longer sleep 
onset latency, greater WASO, and lower sleep efficiency) in people 

Figure 3. Cross-sectional associations between age and sleep parameters stratified by race (minoritized adults vs white adults).
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aged 40 years and older. In addition, the cross-sectional relation-
ships of age with sleep efficiency and WASO may be modified by 
sex, and efforts should be made to improve sleep quality, espe-
cially in men over the age of 70. Future studies are needed to 
investigate mechanisms that may account for the plateau in TST 
we observed after age 70 and the sex differences in observed age-
sleep associations.

Supplementary Material
Supplementary material is available at SLEEP Advances online.

Acknowledgments
We thank all the study participants for their contributions to the 
Baltimore Longitudinal Study of Aging. This work was funded in 
part by Johns Hopkins Bloomberg School of Public Health SCIBAR 
(Support for Creative Integrated Basic and Applied Research) 
initiative, National Institute on Aging grant R01 AG050507, 
Research and Development Contract HHSN-260-2004-00012C, 
and the Intramural Research Programs at the National Institutes 
of Health (NIH), National Institute on Aging, National Institute 
of Environmental Health Sciences (Z1A ES103325) and National 
Institute on Minority Health and Health Disparities.

Disclosure Statement
Adam Spira received payment for serving as a consultant for 
Merck, received honoraria from Springer Nature Switzerland AG 
for guest editing special issues of Current Sleep Medicine Reports, 
and is a paid consultant to Sequoia Neurovitality and BellSant, 
Inc. The other authors have declared no conflicts of interest.

Author Contributions
Linchen He (Conceptualization [equal], Data curation [equal], 
Funding acquisition [equal], Investigation [lead], Methodology 
[equal], Software [lead], Supervision [equal], Validation [lead], 
Visualization [lead], Writing—original draft [lead], Writing—
review & editing [lead]), Jill Rabinowitz (Conceptualization 
[equal], Data curation [equal], Investigation [equal], Methodology 
[equal], Visualization [equal], Writing—original draft [equal], 
Writing—review & editing [equal]), Yang An (Methodology 
[equal], Visualization [equal], Writing—review & editing [equal]), 
Chandra Jackson (Methodology [equal], Writing—review & 
editing [equal]), Ryan Hellinger (Investigation [equal]), Sarah 
Wanigatunga (Investigation [equal], Project administration 
[equal]), Jennifer Schrack (Investigation [equal], Writing—review 
& editing [equal]), Luigi Ferrucci (Writing—review & editing 
[equal]), Eleanor Simonsick (Writing—review & editing [equal]), 
Kirsten Koehler (Writing—review & editing [equal]), and Adam 
Spira (Conceptualization [lead], Methodology [equal], Resources 
[lead], Supervision [lead], Visualization [equal], Writing—original 
draft [equal], Writing—review & editing [equal])

Data Availability
The data for this study are available upon request from the BLSA 
website (https://www.blsa.nih.gov). All requests undergo a review 
process performed by the BLSA Data Sharing Proposal Review 
Committee. Requests to access the datasets should be directed to 
https://www.blsa.nih.gov.

References
1. Perry GS, Patil SP, Presley-Cantrell LR. Raising awareness of 

sleep as a healthy behavior. Prev Chronic Dis. 2013;10:E133.
2. Yaffe K, Falvey CM, Hoang T. Connections between sleep and 

cognition in older adults. Lancet Neurol. 2014;13(10):1017–1028. 
doi: 10.1016/S1474-4422(14)70172-3

3. Zada D, Bronshtein I, Lerer-Goldshtein T, Garini Y, Appelbaum 
L. Sleep increases chromosome dynamics to enable reduction 
of accumulating DNA damage in single neurons. Nat Commun. 
2019;10(1):1–12.

4. Vaccaro A, Kaplan Dor Y, Nambara K, et al. Sleep loss can cause 
death through accumulation of reactive oxygen species in the gut. 
Cell. 2020;181(6):1307–1328.e15. doi: 10.1016/j.cell.2020.04.049

5. Wolk R, Gami AS, Garcia-Touchard A, Somers VK. Sleep and car-
diovascular disease. Curr Probl Cardiol. 2005;30(12):625–662. doi: 
10.1016/j.cpcardiol.2005.07.002

6. Li J, Vitiello MV, Gooneratne NS. Sleep in normal aging. Sleep Med 
Clinics 2018;13(1):1–11. doi: 10.1016/j.jsmc.2017.09.001

7. Ohayon MM, Carskadon MA, Guilleminault C, Vitiello MV. Meta-
analysis of quantitative sleep parameters from childhood to old 
age in healthy individuals: developing normative sleep values 
across the human lifespan. Sleep. 2004;27(7):1255–1273. doi: 
10.1093/sleep/27.7.1255

8. Vitiello MV. Sleep in normal aging. Sleep Med Clin. 2006;1(2):171–
176. doi: 10.1016/j.jsmc.2006.04.007

9. Li J, Yang B, Varrasse M, Li K. Sleep among long-term care res-
idents in China: a narrative review of literature. Clin Nurs Res. 
2018;27(1):35–60. doi: 10.1177/1054773816673175

10. Zantinge EM, van den Berg M, Smit HA, Picavet HSJ. Retirement 
and a healthy lifestyle: opportunity or pitfall? A narrative 
review of the literature. Eur J Public Health. 2014;24(3):433–439. 
doi: 10.1093/eurpub/ckt157

11. Gulia KK, Kumar VM. Sleep disorders in the elderly: a growing 
challenge. Psychogeriatrics. 2018;18(3):155–165. doi: 10.1111/
psyg.12319

12. Kay DB, Dzierzewski JM. Sleep in the context of healthy aging 
and psychiatric syndromes. Sleep Med Clin. 2015;10(1):11–15. doi: 
10.1016/j.jsmc.2014.11.012

13. Miner B, Kryger MH. Sleep in the aging population. Sleep Med 
Clin. 2020;15(2):311–318. doi: 10.1016/j.jsmc.2020.02.016

14. Nebes RD, Buysse DJ, Halligan EM, Houck PR, Monk TH. 
Self-reported sleep quality predicts poor cognitive perfor-
mance in healthy older adults. J Gerontol B Psychol Sci Soc Sci. 
2009;64(2):180–187. doi: 10.1093/geronb/gbn037

15. Didikoglu A, Maharani A, Tampubolon G, Canal MM, Payton A, 
Pendleton N. Longitudinal sleep efficiency in the elderly and 
its association with health. J Sleep Res. 2020;29(3):e12898. doi: 
10.1111/jsr.12898

16. Stone KL, Xiao Q. Impact of poor sleep on physical and mental 
health in older women. Sleep Med Clin. 2018;13(3):457–465. doi: 
10.1016/j.jsmc.2018.04.012

17. Evans MA, Buysse DJ, Marsland AL, et al. Meta-analysis of age 
and actigraphy-assessed sleep characteristics across the lifes-
pan. Sleep. 2021;44. doi: 10.1093/sleep/zsab088

18. Wallace ML, Kissel N, Hall MH, et al. Age trends in actig-
raphy and self-report sleep across the life span: findings 
from the Pittsburgh lifespan sleep databank. Psychosom Med. 
2022;84(4):410–420. doi: 10.1097/PSY.0000000000001060

19. Huang Y-L, Liu R-Y, Wang Q-S, Van Someren EJW, Xu H, Zhou 
J-N. Age-associated difference in circadian sleep–wake and 
rest–activity rhythms. Physiol Behav. 2002;76(4-5):597–603. doi: 
10.1016/s0031-9384(02)00733-3

https://www.blsa.nih.gov
https://www.blsa.nih.gov
https://doi.org/10.1016/S1474-4422(14)70172-3
https://doi.org/10.1016/j.cell.2020.04.049
https://doi.org/10.1016/j.cpcardiol.2005.07.002
https://doi.org/10.1016/j.jsmc.2017.09.001
https://doi.org/10.1093/sleep/27.7.1255
https://doi.org/10.1016/j.jsmc.2006.04.007
https://doi.org/10.1177/1054773816673175
https://doi.org/10.1093/eurpub/ckt157
https://doi.org/10.1111/psyg.12319
https://doi.org/10.1111/psyg.12319
https://doi.org/10.1016/j.jsmc.2014.11.012
https://doi.org/10.1016/j.jsmc.2020.02.016
https://doi.org/10.1093/geronb/gbn037
https://doi.org/10.1111/jsr.12898
https://doi.org/10.1016/j.jsmc.2018.04.012
https://doi.org/10.1093/sleep/zsab088
https://doi.org/10.1097/PSY.0000000000001060
https://doi.org/10.1016/s0031-9384(02)00733-3


He et al. | 9

20. Redline S, Kirchner HL, Quan SF, Gottlieb DJ, Kapur V, Newman 
A. The effects of age, sex, ethnicity, and sleep-disordered breath-
ing on sleep architecture. Arch Intern Med. 2004;164(4):406–418. 
doi: 10.1001/archinte.164.4.406

21. Ezzie ME, Parsons JP, Mastronarde JG. Sleep and obstructive 
lung diseases. Sleep Med Clin. 2008;3(4):505–515. doi: 10.1016/j.
jsmc.2008.07.003

22. Tsuno N, Besset A, Ritchie K. Sleep and depression. J Clin 
Psychiatry. 2005;66(10):1254–1269. doi: 10.4088/jcp.v66n1008

23. Taheri S. The link between short sleep duration and obesity: 
we should recommend more sleep to prevent obesity. Arch Dis 
Child. 2006;91(11):881–884. doi: 10.1136/adc.2005.093013

24. Mong JA, Baker FC, Mahoney MM, et al. Sleep, rhythms, and 
the endocrine brain: influence of sex and gonadal hor-
mones. J Neurosci. 2011;31(45):16107–16116. doi: 10.1523/
JNEUROSCI.4175-11.2011

25. Hall MH, Matthews KA, Kravitz HM, et al. Race and financial 
strain are independent correlates of sleep in midlife women: 
the SWAN sleep study. Sleep. 2009;32(1):73–82.

26. Mezick EJ, Matthews KA, Hall M, et al. Influence of race and 
socioeconomic status on sleep: Pittsburgh Sleep SCORE 
project. Psychosom Med. 2008;70(4):410–416. doi: 10.1097/
PSY.0b013e31816fdf21

27. Jackson CL, Walker JR, Brown MK, Das R, Jones NL. A workshop 
report on the causes and consequences of sleep health dispari-
ties. Sleep. 2020;43(8). doi: 10.1093/sleep/zsaa037

28. Shock NW, Greulich RC, Andres R, et al. Normal human aging: 
The Baltimore longitudinal study of aging. 1984: US Department of 
Health and Human Services, Public Health Service, National.

29. Kushida CA, Chang A, Gadkary C, Guilleminault C, Carrillo O, 
Dement WC. Comparison of actigraphic, polysomnographic, 
and subjective assessment of sleep parameters in sleep- 
disordered patients. Sleep Med. 2001;2(5):389–396. doi: 10.1016/
s1389-9457(00)00098-8

30. Doyle CY, Ruiz JM, Taylor DJ, et al. Associations between objec-
tive sleep and ambulatory blood pressure in a community 
sample. Psychosom Med. 2019;81(6):545–556. doi: 10.1097/
PSY.0000000000000711

31. Eibich P. Understanding the effect of retirement on health: 
mechanisms and heterogeneity. J Health Econ. 2015;43:1–12. doi: 
10.1016/j.jhealeco.2015.05.001

32. Evans BD, Rogers AE. 24-hour sleep/wake patterns in 
healthy elderly persons. Appl Nurs Res. 1994;7(2):75–83. doi: 
10.1016/0897-1897(94)90036-1

33. Nunes DM, de Bruin VMS, Louzada FM, et al. Actigraphic assess-
ment of sleep in chronic obstructive pulmonary disease. Sleep 
Breath. 2012;17(1):125–132. doi: 10.1007/s11325-012-0660-z

34. Salive ME. Multimorbidity in older adults. Epidemiol Rev. 
2013;35(1):75–83. doi: 10.1093/epirev/mxs009

35. Boockvar KS. Reducing sedative-hypnotic medication use in 
older adults with sleep problems. Clin Ther. 2016;38(11):2330–
2331. doi: 10.1016/j.clinthera.2016.10.003

36. Mander BA, Winer JR, Walker MP. Sleep and human aging. 
Neuron. 2017;94(1):19–36. doi: 10.1016/j.neuron.2017.02.004

37. Fang J, Wen Z, Ouyang J, Wang H. Modeling the change trajectory 
of sleep duration and its associated factors: based on an 11-year 
longitudinal survey in China. BMC Public Health. 2021;21:1–9.

38. Smagula SF, Stone KL, Redline S, Cauley JA. Authors’ Reply to 
Letter to the Editor From Dr. Bliwise (re:“Sleep Architecture and Mental 
Health Among Community-dwelling Older Men”). 2016, Oxford 
University Press US. p. 485–487.

39. Smagula SF, Stone KL, Fabio A, Cauley JA. Risk factors for sleep 
disturbances in older adults: evidence from prospective studies. 
Sleep Med Rev. 2016;25:21–30. doi: 10.1016/j.smrv.2015.01.003

40. Lord C, Sekerovic Z, Carrier J. Sleep regulation and sex hor-
mones exposure in men and women across adulthood. Pathol 
Biol (Paris). 2014;62(5):302–310. doi: 10.1016/j.patbio.2014.07.005

41. Gruenewald DA, Matsumoto AM. Testosterone supplemen-
tation therapy for older men: potential benefits and risks. 
J Am Geriatr Soc. 2003;51(1):101–15; discussion 115. doi: 
10.1034/j.1601-5215.2002.51018.x

42. Barrett-Connor E, Dam T-T, Stone K, Harrison SL, Redline S, 
Orwoll E; Osteoporotic Fractures in Men Study Group. The asso-
ciation of testosterone levels with overall sleep quality, sleep 
architecture, and sleep-disordered breathing. J Clin Endocrinol 
Metabol. 2008;93(7):2602–2609. doi: 10.1210/jc.2007-2622

https://doi.org/10.1001/archinte.164.4.406
https://doi.org/10.1016/j.jsmc.2008.07.003
https://doi.org/10.1016/j.jsmc.2008.07.003
https://doi.org/10.4088/jcp.v66n1008
https://doi.org/10.1136/adc.2005.093013
https://doi.org/10.1523/JNEUROSCI.4175-11.2011
https://doi.org/10.1523/JNEUROSCI.4175-11.2011
https://doi.org/10.1097/PSY.0b013e31816fdf21
https://doi.org/10.1097/PSY.0b013e31816fdf21
https://doi.org/10.1093/sleep/zsaa037
https://doi.org/10.1016/s1389-9457(00)00098-8
https://doi.org/10.1016/s1389-9457(00)00098-8
https://doi.org/10.1097/PSY.0000000000000711
https://doi.org/10.1097/PSY.0000000000000711
https://doi.org/10.1016/j.jhealeco.2015.05.001
https://doi.org/10.1016/0897-1897(94)90036-1
https://doi.org/10.1007/s11325-012-0660-z
https://doi.org/10.1093/epirev/mxs009
https://doi.org/10.1016/j.clinthera.2016.10.003
https://doi.org/10.1016/j.neuron.2017.02.004
https://doi.org/10.1016/j.smrv.2015.01.003
https://doi.org/10.1016/j.patbio.2014.07.005
https://doi.org/10.1034/j.1601-5215.2002.51018.x
https://doi.org/10.1210/jc.2007-2622

	Age and objectively measured sleep: investigating associations and interactions by sex and race in middle-aged and older adults
	Methods
	Participants
	Measures
	Demographic characteristics and comorbidities
	Statistical analysis

	Results
	Participant characteristics
	Cross-sectional associations between age and sleep parameters
	Sex and race moderation and stratified analyses
	Sensitivity analysis

	Discussion
	Conclusion
	Supplementary Material
	Acknowledgments
	References


