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Abstract

Study Objectives: Sleep quantity and continuity vary across the lifespan. Actigraphy is a reliable and widely used behavioral 
measure of sleep in research and personal health monitoring. This meta-analysis provides a novel examination of whether 
age (in years) is associated with actigraphy-assessed sleep across the lifespan.
Methods: A systematic search of PubMed, Embase.com, Cochrane CENTRAL, and PsycINFO using “actigraphy” and “sleep” 
terms provided 7079 titles/abstracts; studies of individuals with known psychiatric or medical comorbidities were excluded. 
Ninety-one articles (N = 23 365) provided data for six meta-analyses examining sleep duration (k = 89), sleep efficiency 
(k = 58), bedtime (k = 19) and waketime (k = 9) for individuals ages 6–21, and bedtime (k = 7) and waketime (k = 7) for 
individuals ages 22 and older.
Results: At older ages, sleep duration was shorter (r = −0.12) and sleep efficiency was lower (r = −0.05). Older age was 
associated with later bedtime (r = 0.37) and wake-up time (r = 0.24) from ages 6–21, whereas older age was associated 
with earlier bedtime (r = −0.66) and wake-up time (r = −0.59) for ages 22 and above. The strength of these associations was 
modified by study continent, but not by any other moderator.
Conclusions: Age was negatively associated with actigraphy-assessed sleep duration and efficiency, but the effects were 
small in magnitude. On the other hand, large associations were observed between age and sleep timing, despite a smaller 
literature and the absence of analyzable data for ages 30–60. Changes in sleep timing, rather than changes in sleep duration 
or continuity, may better characterize the effects of age on human sleep.
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Statement of Significance

Sleep changes across the lifespan. The extent to which this is true for multiple sleep characteristics assessed by actigraphy, 
collected in the home environment across multiple nights, has not been examined using meta-analysis. Additionally, key 
demographic moderators of the age-sleep association have not been explored. The current meta-analysis addresses these 
limitations using 91 articles and 23 365 participants with no known comorbidities. We report small effects of age (in years) 
on sleep duration and efficiency, but large effects of age for sleep timing. Changes in sleep timing, rather than changes in 
sleep duration or continuity, may better characterize the effects of age on human sleep.
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Introduction

Multiple dimensions of optimal sleep, such as adequate duration, 
continuity, timing, and regularity, are associated with health 
and well-being [1]. Compelling evidence from previous meta-
analyses demonstrates differences in these sleep characteristics 
as a function of age (in years). In child and adolescent samples, 
self-reported sleep duration was shorter and bedtimes were later 
at older ages [2]. In adult samples, polysomnography-assessed 
sleep duration was shorter, wake after sleep onset was higher, 
and sleep latency was longer at older ages [3–5]. Assessing sleep 
using actigraphy has several advantages including reliability [6], 
data collection in the participant’s habitual environment (ra-
ther than the laboratory), and widespread use as a behavioral 
measure of sleep in research and personal health monitoring 
[7]. To our knowledge, only two meta-analyses have examined 
age-related differences in actigraphy-assessed sleep. One meta-
analysis of individuals aged 0–18 indicated that actigraphy-
assessed sleep duration was shorter and bedtimes were later at 
older ages, but wake-up time and sleep efficiency were not asso-
ciated with age [8]. Another meta-analysis reported that among 
individuals over the age of 5, actigraphy-assessed sleep duration 
was negatively associated with age, but other actigraphy meas-
ures were not examined [5]. Thus, the current study sought to 
examine age-related differences in actigraphy-assessed sleep 
duration, continuity, timing, and regularity across the lifespan.

Identifying individuals or groups with the strongest age-
sleep associations could inform future data analytic strategies 
(e.g. stratifying analyses) and may identify relevant demographic 
characteristics. Previous review and meta-analytic evidence 
have demonstrated that there are stronger associations among 
age and sleep for: studies that screened for and excluded parti-
cipants with mental health disorders, sleep disorders, and phys-
ical illnesses [5]; males when objective sleep measures are used, 
females when subjective sleep is assessed [9]; and Asian ado-
lescents compared to North American adolescents [2]. Though 
there are replicable racial/ethnic [10] differences in sleep, pre-
vious meta-analyses have had insufficient data to test whether 
this is a moderator of the age-sleep association [3]. Moreover, 
the number of nights of data collection [11] and the actigraphy 
device type [12] can affect study results, but have yet to be tested 
as moderators of the age-sleep association.

In the current study, we evaluated the strength of the meta-
analytic associations between age and actigraphy-assessed 
sleep duration, efficiency, timing, and regularity. Age is assessed 
in years throughout this study. We included participants who 
were ages 6 and older, who were not specifically recruited to the 
study for a medical, psychiatric, or sleep disorder comorbidity, 
and whose data were collected before any intervention or ma-
nipulation in their habitual environment. Any study design (e.g. 
cross-sectional, longitudinal) that met these aforementioned 
criteria was included. We hypothesized that sleep duration 
and sleep efficiency would be negatively associated with age, 
that sleep timing would be positively associated with age (i.e. 
delayed) across ages 6–21, and negatively associated with age 
(i.e. advanced) thereafter [13]. We also hypothesized that regu-
larity of sleep timing would be positively associated with age 
(i.e. greater regularity at older ages [14]). Finally, we evaluated 
the effects of the following moderators on age-sleep associ-
ations: whether studies screened for and excluded participants 
with comorbid mental health, medical, and sleep disorders, sex, 

race/ethnicity, continent of the study, number of nights of data 
collection, and actigraphy device type.

Methods
This meta-analysis was pre-registered on the international 
prospective register of systematic reviews, PROSPERO 
(CRD42019137424). This meta-analysis was written per the 
guidelines of the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) statement [15].

Study retrieval strategy

We searched PubMed, EMBASE, and Cochrane CENTRAL, ac-
cording to recommendations from the Cochrane handbook [16], 
as well as PsychINFO. We did not restrict the dates of publication 
or the language. Search terms (Supplementary Table S1) were 
developed and tested by a medical librarian with expertise in 
systematic reviews and meta-analyses (JF). The search strategy 
was completed on June 5, 2019.

Inclusion and exclusion criteria

Inclusion criteria were studies that: recruited participants ages 
6 and older, collected nocturnal sleep characteristics in the par-
ticipants’ habitual environment, and reported on the associ-
ation between age and at least one actigraphy-assessed sleep 
characteristic: duration, efficiency, timing, or regularity. Sleep 
duration was operationalized as the number of minutes a par-
ticipant was asleep. Sleep efficiency was operationalized as 
sleep duration divided by time in bed and multiplied by 100 to 
render percent values. Sleep timing was measured by bedtime, 
wake-up time, or sleep midpoint. Bedtime was operationalized 
as the time that the participant pressed an event marker on the 
actigraph to indicate bedtime or the actigraphy-defined sleep 
onset. Wake-up time was operationalized as the time that the 
participant pressed an event marker on the actigraph to indi-
cate wake-up time or the actigraphy-defined sleep offset. Sleep 
midpoint was operationalized as the middle of the sleep period, 
halfway between sleep onset and sleep offset. Sleep regularity 
was operationalized as the standard deviation of sleep mid-
point, standard deviation of sleep duration, standard deviation 
of bedtime, and/or standard deviation of wake-up time.

Exclusion criteria were studies that were not peer-reviewed, 
studies of non-human animals, conference abstracts or sum-
maries, unpublished data, narrative reviews, systematic reviews, 
meta-analyses, commentaries, and study protocol descriptions. 
We also excluded articles that only recruited individuals with 
a specifically assessed comorbidity (mental health disorder, 
medical condition, or sleep disorder) but did not have a control 
group. Our rationale for this exclusion criterion is that, while 
specific comorbidities may moderate age-sleep associations, a 
control group is necessary to test such moderation. We included 
studies of individuals with a specifically assessed comorbidity if 
they included a control group. Studies of shift workers without 
a comparison group of day workers were also excluded, as shift 
work systematically alters sleep-wake patterns. We excluded 
articles that manipulated sleep without data for baseline, as-
sessed sleep only in a novel environment (e.g. in the laboratory), 
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and intervention studies without data for baseline. Studies of 
daytime naps without nocturnal sleep were excluded. Finally, 
we excluded studies of children from birth through age 5, given 
the rapid and complex changes observed in sleep-wake cycles 
across this age range [17].

Consistent with language traditionally used in meta-analyses 
[18], we use the term “effect size” for the statistical associations 
extracted from the articles, as well as for the overall effects ob-
served in our meta-analyses. However, it is worth noting that 
there may be residual confounding present at the study and 
meta-analytic level.

Study selection

Records were processed using DistillerSR (Evidence Partners, 
Ottawa, Canada). Data processing included three stages (flow 
chart in Figure 1). First, the title and abstract of 7,079 records 
were screened for eligibility by two independent raters (MAE 
screened all title/abstracts; AJ, RM, or SS served as second rater, 
each rating one-third of the total abstracts; weighted Cohen’s 
kappa = 94%). Records were excluded at this stage if the study de-
sign or participants were ineligible, or if at least one actigraphy-
assessed sleep measure of interest was not included. Articles 
were included if both raters voted to include. If there was a dis-
crepancy between raters (n = 424 records), a third independent 
rater (AJ, RM, or SS) evaluated the record, and the title/abstract 
was included if two out of three raters voted for inclusion. A total 
of 5410 records were excluded at the screening stage.

Second, we located the full-text articles for records that were 
deemed eligible at stage one (n = 1,669). Full-text articles were 
deemed ineligible at the second stage if they did not report on the 
association between age and at least one actigraphy-assessed 
measure of sleep; if the effect size was already captured from 
the same dataset in another article with a larger sample size; 
or if the sample represented hunter-gatherer tribes (excluded 
post-hoc due to a small number of studies and lack of generaliz-
ability). We emailed authors that reported that the age-sleep as-
sociation was significant or nonsignificant to request the effect 
size (n = 21), and excluded studies if the authors did not respond 
to our request (n = 8). A total of 1578 articles were excluded at 
this stage (see Figure 1 for the breakdown of exclusions).

Third, data extraction was entered into forms created by MAE 
in the software DistillerSR. Data extraction was conducted by 
two independent raters (AJ, LC, NK, RM, or SS; weighted Cohen’s 
kappa = 73%) from eligible studies for the meta-analysis (n = 91). 
A third independent rater (MAE) evaluated and resolved all dis-
crepancies between the two raters.

For the primary aim of examining the association of age and 
sleep, we extracted sample size, effect size of associations be-
tween age and sleep parameters, mean and standard deviation 
of the age of participants, and mean and standard deviation of 
the sleep variables. We extracted data on the following moder-
ators: continent (North America, Asia, or Europe), sex (male or fe-
male), race/ethnicity (Black, Hispanic, Asian, or Non-Caucasian), 
actigraphy device type (Philips, AMI, ActiGraph, Other), number 
of nights of actigraphy recording (e.g. seven nights), and whether 
the study excluded participants for mental health disorders, 
medical conditions, and/or sleep disorders.

Race/ethnicity analyses were only conducted for studies in 
the United States. Specifically, we evaluated the percent of the 

sample that was African American, Hispanic, Asian, or non-
Caucasian. Meta-analysis accounts for sample size and pre-
cision of estimates with weighting [18], so we included both 
community and convenience samples to cast a wider net of po-
tential studies. However, it is plausible that estimates may vary 
as a function of study design, so we compared effect sizes for 
representative samples vs. convenience samples.

We had insufficient case-control studies to evaluate age-
sleep associations among control samples compared to par-
ticipants with a comorbidity (1 study of individuals with 
dementia, 1 study of individuals with diabetes). We therefore 
only included the control groups from these studies. Instead, we 
tested three dichotomous (yes/no) moderators of whether the 
study specifically screened for (e.g. clinical interview) and ex-
cluded participants for mental health disorders, medical con-
ditions, or sleep disorders. A previous meta-analysis of age and 
polysomnography-assessed sleep evaluated similar moderators 
and reported larger effect sizes for studies that screened for and 
excluded participants with mental health disorders, sleep dis-
orders, and physical illnesses [5].

Analytic strategy

Meta-analysis, which evaluates aggregated data from pub-
lished studies, was selected due to its systematic, quantifiable, 
efficient, and reproducible properties. This approach allowed 
aggregation of data from 23  365 individuals between 6 and 
92 years of age from studies conducted in multiple laboratories. 
Descriptive statistics for the overall meta-analysis were calcu-
lated, including the average values for each sleep characteristic 
across each decade of life. Scatter plots were created to visualize 
the association between age and sleep characteristics. R version 
3.4.3 [19] was used for descriptive statistics and the package 
ggplot 2 was used for scatter plots [20].

We chose a priori to conduct a meta-analysis if five or more 
effect sizes were available; while a meta-analysis can be con-
ducted with a minimum of two studies, the median number 
of studies included in meta-analyses on Cochrane Database of 
Systematic Reviews Central is six [18]. Thus, we had insuffi-
cient studies to conduct meta-analyses for the association of 
age and any operationalization of sleep regularity: standard 
deviation of sleep duration (n = 4), standard deviation of sleep 
midpoint (n  =  0), standard deviation of bedtime (n  =  1), or 
standard deviation of wake-up time (n = 0). Other definitions of 
sleep regularity were observed, such as the coefficient of vari-
ation for sleep duration (n = 1), and the coefficient of variation 
combining bedtime and wake-up time (n = 1), but these defin-
itions also had insufficient effect sizes. We also did not have 
sufficient studies to conduct a meta-analysis for age and sleep 
midpoint (n  =  3), one operationalization of sleep timing. We 
evaluated post-hoc power analyses for all of the meta-analyses 
that we conducted [18].

Data were analyzed using Comprehensive Meta-Analysis 
(CMA) software, version 3.3.07 [21]. All effect sizes were ini-
tially converted to Pearson correlation coefficients (r), and 
transformed into Fisher’s z (to separate the effect size from its 
variance).

Random effects meta-analyses were then used to evaluate 
the strength of the association between age and sleep charac-
teristics with sufficient data—sleep duration, sleep efficiency, 
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bedtime, and wake-up time. The effect sizes were transformed 
back to Pearson correlations for ease of interpretation, and 
forest plots were created to visualize the associations across 
studies. The 95% confidence intervals surrounding Pearson’s r in 
forest plots may be non-symmetrical because they are based on 

the r-to-z then z-to-r transformation [18]. Heterogeneity across 
studies was assessed using both T2, which estimates the vari-
ance of the true effect sizes (between-studies variance), and I2, 
which can be interpreted as the proportion of observed variance 
that reflects true differences in effect size [18].

Figure 1. PRISMA Flow Diagram.
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We evaluated the risk of publication bias by removal of 
one study, funnel plots, and Duval and Tweedie’s trim and fill 
method [22]. Removal of one study systematically removes each 
individual study from the meta-analysis to ensure that one 
effect size is not unduly affecting the meta-analytic estimate. 
Funnel plots include the studies’ effect size on the x-axis and 
the standard error of the study on the y-axis; if no publication 
bias is present, studies are symmetrically distributed around the 
meta-analytic effect size [21]. Duval and Tweedie’s trim and fill 
method imputes unpublished studies to the left and the right of 
the meta-analytic effect size, and evaluates the extent to which 
the imputed studies change the meta-analytic effect size [22].

Moderation analyses were conducted to probe heterogeneity 
in effect sizes. Random effects models with separate estimates 
of T2 for each subgroup were used. We restricted moderator ana-
lyses to those with more than ten effect sizes available per sub-
group (per the guidelines of the Cochrane handbook [16]). For 
categorical moderators (continent, exclusion of comorbidities, 
actigraphy device type), we used the Z-test, which is comparable 
to the t-test used in an empirical study to test whether a regres-
sion coefficient is significantly different from zero [18]. For con-
tinuous moderators (sex, race, number of nights of actigraphy, 
and mean age of participants), we used meta-regression. This 
technique is similar to linear regression, but the covariates are 
at the level of the study and the dependent variable is the effect 
size [18]. Given the significant number of categorical and con-
tinuous moderators (n = 36), we applied Bonferroni corrections 
to adjust alpha to <.001, and only interpret moderators that were 
statistically significant at this level and/or that had a medium 
effect size (R2 ≥ 13% [23]). All of these moderation analyses were 
pre-registered.

We then evaluated the risk of bias (ROB) at the level of in-
dividual studies, specifically, sample bias (exclusion of mental 
health disorders, exclusion of medical conditions, exclusion of 
sleep disorders) and bias in outcome measurement (heterogen-
eity in actigraphy device and number of nights of actigraphy). 
We reported the number of studies that had ROB in these 

categories and evaluated whether these factors modified meta-
analytic associations.

Finally, the quality of the body of evidence was evaluated 
using a modified version of the Community Preventive Services 
methods [24]. We chose not to use GRADE methodology as an as-
sessment tool, as GRADE considers RCTs to be the gold-standard 
and meta-analyses with observational studies are automatically 
demoted to the category of “low” quality evidence. Our research 
question could not be answered by an RCT, as it is impossible to 
randomly assign participants to ages. Table 1 shows the details 
of how this methodology was applied to the current study.

Results

Study characteristics

Ninety-one articles [25–116] met inclusion criteria. These studies 
contained 189 effect sizes in a total of 23 365 participants. We 
conducted six meta-analyses, which included 89 effect sizes for 
sleep duration, 58 effect sizes for sleep efficiency, 19 effect sizes 
for bedtime ages 6–21, 7 effect sizes for bedtime ages 22 and 
older, 9 effect sizes for wake-up time ages 6–21, and 7 effect sizes 
for wake-up time ages 22 and older.

Descriptive statistics for each meta-analysis are presented in 
Table 2 (sample size, mean age, percent female, and number of 
nights of actigraphy data); we do not report average percent of 
non-Caucasian individuals included in studies, as less than half of 
the studies reported race/ethnicity composition. Supplementary 
Table S2 shows each individual study’s characteristics, including 
the study name, country, sample size, mean age and standard de-
viation of age, and which sleep characteristic(s) the study contrib-
uted. Three studies evaluated within-person change in sleep, four 
studies compared sleep between distinct age groups (e.g. 23-year-
olds compared to 66-year-olds), and 84 studies examined between-
person associations. Overall, 63% of the studies were conducted in 
North America, 19.3% in Europe, 5.6% in Asia, 5.6% in South Africa, 
4.5% in the Middle East, and 2.2% in Australia.

Table 1. Guidelines for evaluating the quality of the evidence—Based on a modification of the Community Preventive Services methods

Domains Operationalization

Execution
 Was the study population well-described? Included the mean and standard deviation of age
 Did the authors specify their screening criteria? Specified how participants were included and/or excluded 
 Were the outcome measures reliable? At least 7 days of actigraphy data
 Was attrition low? Less than 10% of missingness 
Good, fair, or limited execution Good: at least 70% of studies met criteria in 4 categories

Fair: at least 70% of studies met criteria in 2–3 categories
Limited: at least 70% of studies met criteria 0–1

Greater or lesser design suitability Greater: at least 70% of studies were longitudinal
Sufficient number of studies “Yes” indicates > 5 studies for all meta-analyses (a priori rule)
Consistent or inconsistent effect sizes Consistent: at least 70% of studies fall into the negative (effect size less than 

-0.10) or positive (effect size greater than 0.10) association category
Small, sufficient, or large effect sizes Small: r = 0–0.29

Sufficient: r = 0.3–0.49
Large: r ≥ 0.5

Strong, sufficient, or insufficient quality of evidence Strong: execution was good or fair, greater design suitability, 5 studies, had a 
consistent association, and had a sufficient or large effect size

Sufficient: execution was good or fair, design suitability was of greater or lesser 
suitability, ≥5 studies, had a consistent association, and had a sufficient or 
large effect size

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab088#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab088#supplementary-data
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Descriptive associations of age and sleep 
characteristics

We created a table with the average values for each sleep char-
acteristic by decade of life, using mean age and mean sleep 
characteristic for each study included in the meta-analyses 
(Table 3). Table 3 shows the limited data available for sleep effi-
ciency between ages 30–40 and 50–60, and the absence of ana-
lyzable data for bedtime and wake-up time between ages 30–60 
and 80–90.

We characterized the associations between mean age and 
mean sleep duration and mean sleep efficiency using scatter 
plots, where each point represents a study (Figure 2). It is im-
portant to interpret these figures with caution, because they are 
descriptive and not the results of the meta-analyses. The asso-
ciation of age and sleep duration was better characterized by 
a quadratic than a linear regression (R2 = 39.5% and 23.2%, re-
spectively, p < .001), with an inflection point at age 50. We con-
ducted an exploratory moderation analysis to further probe this 
observation. Consistent with our hypotheses, the descriptive 
scatterplots suggest that the association of age and sleep ef-
ficiency is linear (R2 = 5.1%). We did not create scatterplots for 
sleep timing, given the absence of available data for ages 30–60 
and the limited data for other age ranges, which makes it im-
possible to accurately assess whether associations are linear or 
quadratic.

Because we could not determine a precise age at which 
the relationship between age and sleep timing changes from 
delayed to advanced due to data availability, and because we 
hypothesize based on prior literature that the association is 
positive during adolescence and negative in adulthood, we con-
ducted meta-analyses separately for individuals ages 6–21 and 
22 and older.

Table 4 summarizes the results of the six meta-analyses, 
which are presented in detail below. Using the sample sizes, 
effect sizes, and variance for post-hoc power analyses, we found 
that all six meta-analyses achieved 100% power [18].

Meta-analysis of age and actigraphy-assessed sleep 
duration

This meta-analysis included 78 articles with 89 effect sizes 
and 21  242 participants. Although the scatterplot for age and 
sleep duration suggested a quadratic association (Figure 2), in 
this section, we evaluated the linear association based on our 
a priori hypothesis. In our section on “Moderators of meta-
analyses,” we probe the quadratic association. Figure 3 shows a 
forest plot of effect sizes, confidence intervals, and the relative 
weights of each study. The overall effect size was r = −0.12, 95% 
CI [−0.16, −0.08], p < .001, which indicates a small magnitude cor-
relation between older age and lower actigraphy-assessed sleep 
duration. The T2 of 0.05 suggests that the estimated amount of 
between-studies variation in the effect size is small. There was 
moderate heterogeneity across studies, with the I2 indicating 
that 48.5% of the variation in effect size was due to true differ-
ences in effect size and not sampling error. Removal of any one 
published effect size did not change the meta-analytic associ-
ation (range of estimates r = −0.11 to −0.13). Based on examin-
ation of the funnel plot (Supplementary Figure S1) and Duval 
and Tweedie’s trim and fill method (imputed point estimate of 
r = −0.18, 95% CI [−0.23, −0.13]), it seems implausible that unpub-
lished studies substantially affected the meta-analytic estimate.

Meta-analysis of age and actigraphy-assessed sleep 
efficiency

This meta-analysis included 53 articles with 58 effect sizes and 
11 525 participants. The overall effect size was r = −0.05, 95% CI 
[−0.10, −0.001], p = .05, T2 = 0.02, I2 = 42.24% (Figure 4), indicating a 
small correlation between older age and lower sleep efficiency. 
Removal of any one of 31 published effect sizes included in the 
meta-analysis rendered the overall association nonsignificant 
(p > .05), with a range of the point estimate after removal of in-
dividual studies from −0.04 to −0.06. These findings indicate a 
small and inconsistent correlation between older age and lower 

Table 3. Averages of sleep characteristics across each assessed decade of the lifespan

6–9.99 10–19.99 20–29.99 30–39.99 40–49.99 50–59.99 60–69.99 70–70.99 80–89.99 90–99.99

Sleep duration, hour 8.63 7.18 7.20 6.42 6.78 6.83 6.28 6.80 6.35 8.97
Number of studies 16 25 11 7 8 7 5 5 5 1
Sleep efficiency, % 84.10 87.20 87.79 77.88 86.77 85.00 74.52 85.36 86.86 89.70
Number of studies 8 12 9 3 5 2 5 8 5 1
Bedtime, hh:mm 21:34 22:35 0:23    23:03 23:24  21:34
Number of studies 9 9 4 0 0 0 1 2 0 1
Wake-up time, hh:mm 7:05 7:10 8:07    6:58   6:55
Number of studies 5 3 4 0 0 0 1 2 0 1

Table 2. Descriptive statistics for each meta-analysis of age and actigraphy-assessed sleep

Sleep duration Sleep efficiency Bedtime, ages 6–21
Bedtime, ages  
22 and older

Wake-up time, ages 
6–21

Wake-up time, 
ages 22 and older

M (range) M (range) M (range) M (range) M (range) M (range)

Sample size 247.0 (12–3055) 202.2 (14–3055) 290.9 (21–1231) 323.4 (11–3055) 186.2 (21–417) 503.3 (15–3055)
Mean age 31.8 (6.5–91.9) 36.4 (6.5–91.9) 11.2 (7.6–17) 44.6 (22.5–91.9) 10.9 (9.23–15.5) 38.7 (22.5–91.9)
% Female 59.8 (0–100) 60.9 (0–100) 49.75 (28.6–77) 42.7 (0–68.2) 50.5 (28.6–68.2) 35.9 (0–63.9)
Number of nights 6.6 (1–29) 6.4 (2–20) 5.8 (2–7.1) 7.2 (5–13.6) 6.0 (2–7) 6.6 (5.2–7)

M indicates mean. Number of nights indicates number of nights of actigraphy data collected.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab088#supplementary-data
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actigraphy-assessed sleep efficiency. To assess publication bias, 
we evaluated the funnel plot (Supplementary Figure S2) with 
the trim and fill method and found that the inclusion of seven 
imputed studies did not substantially change the overall effect 
size (r = −0.09, 95% CI [−0.13, −0.04]).

Meta-analysis of age and actigraphy-
assessed bedtime

Results for participants ages 6–21.
 This meta-analysis included 15 articles with 19 effect sizes and 
3055 participants. The overall effect size was r = 0.37 (95% CI [0.23, 
0.49], p < .001, T2 = 0.11, I2 = 48.7%) indicating a moderate correl-
ation between older age and later actigraphy-assessed bedtimes 
(Figure 5). Removal of individual studies does not substantially 
change the estimated meta-analytic effect size (r = 0.33 to 0.42). 
The funnel plot (Supplementary Figure S3) and the trim and fill 
method (which did not impute any studies) suggest no impact 
of publication bias.

Results for participants ages 22 and older.
 This meta-analysis included seven articles with seven effect 
sizes and 3681 participants. The overall effect size for the as-
sociation of age and bedtime for participants aged 22 and older 
was r = −0.66 (95% CI [−0.87, −0.24], p = .004, T2 = 0.34, I2 = 38.3%, 
Figure 6). This indicates a large correlation between older age 
and earlier actigraphy-assessed bedtime. Removal of individual 
studies indicates that the strength of the effect size may be 

moderate to large (range of r = −0.42 to −0.73), but in all cases re-
mained statistically significant. There is little evidence for pub-
lication bias (Supplementary Figure S4), with only one imputed 
study using the trim and fill method (r  = −0.73, 95% CI [−0.94, 
−0.12]).

Meta-analysis of age and actigraphy-assessed wake-
up time

Results for participants ages 6–21.
 This meta-analysis included seven studies with nine effect 
sizes and 748 participants. The meta-analytic effect size 
for age and wake-up time for ages 6–21 is r  =  0.24 (95% CI 
[0.05, 0.41], p  =  .01, T2  =  0.06, I2  =  24.3%, Figure 7), which in-
dicates a moderate correlation between older ages and later 
actigraphy-assessed wake-up times. Removal of individual 
effect sizes suggests that the association ranges from r = 0.18 
to 0.31, with removal of one effect size (15-year-olds in ref. 
[34]) rendering the meta-analytic association nonsignificant. 
The funnel plot (Supplementary Figure S5) and the trim and 
fill method (which did not impute any studies) suggest no im-
pact of publication bias.

Results for participants ages 22 and older.
 This meta-analysis included seven studies with seven effect 
sizes and 3625 participants. The meta-analytic effect size for age 
and wake-up time for ages 22 and older is r = −0.59 (95% CI [−0.83, 

Figure 2. Scatterplots of the associations between age and actigraphy-assessed sleep duration and sleep efficiency.

Table 4. Results of meta-analyses of the association of age and actigraphy-assessed sleep characteristics

k Participants Meta-analytic effect size [95% CI], p-value

Overall 189 23 365  
Sleep duration 89 21 242 r = −0.12 [−0.16, −0.08], p < .001
Efficiency 58 11 525 r = −0.05 [−0.10, −0.001], p = .05
Bedtime, ages 6–21 19 3055 r = 0.37 [0.23, 0.49], p < .001
Bedtime, ages 22 and older 7 3681 r = −0.66 [−0.87, −0.24], p = .004
Wake-up time, ages 6–21 9 748 r = 0.24 [0.05, 0.41], p = .01
Wake-up time, ages 22 and older 7 3625 r = −0.59 [−0.83, −0.15], p = .01

k indicates number of effect sizes.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab088#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab088#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab088#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab088#supplementary-data
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−0.15], p  =  .01, T2  =  0.15, I2  =  23.2%; Figure 8), which indicates 
a large association between older ages and earlier actigraphy-
assessed wake-up times. Removal of individual studies suggests 
that the association ranges from r = 0.01 to 0.53, with removal 

of one effect size [101] rendering the meta-analytic associ-
ation nonsignificant. There is little evidence of publication bias 
(Supplementary Figure S6), with two imputed studies using the 
trim and fill method (r = −0.73, 95% CI [−0.93, −0.10]).

Study name Statistics for each study Correlation and 95% CI
Lower Upper Relative 

Correlation limit limit Z-Valuep-Value weight
Tozawa et al., 2003 -0.90 -0.94 -0.84 -11.96 0.00 1.05
Sadeh et al., 2009 -0.73 -0.81 -0.62 -8.86 0.00 1.15
Sadeh et al., 2002 -0.69 -0.77 -0.59 -9.74 0.00 1.24
Tremaine et al., 2010 -0.64 -0.76 -0.47 -6.02 0.00 1.04
Gruber et al., 2014 -0.60 -0.73 -0.43 -5.88 0.00 1.08
Fletcher et al., 2018 -0.56 -0.73 -0.33 -4.20 0.00 0.92
Aronen et al., 2001 -0.55 -0.70 -0.36 -4.91 0.00 1.04
Vriend et al., 2012 -0.51 -0.73 -0.20 -3.04 0.00 0.77
El-Sheikh, & Buckhalt, 2005 -0.51 -0.71 -0.24 -3.47 0.00 0.86
Van Der Meijden et al., 2016 -0.48 -0.64 -0.28 -4.31 0.00 1.06
Yoon et al., 2003 -0.48 -0.60 -0.34 -5.96 0.00 1.23
Mazzotti et al., 2014 -0.48 -0.69 -0.19 -3.07 0.00 0.83
Huang et al., 2002 -0.45 -0.76 0.02 -1.88 0.06 0.53
Cohodes et al., 2019 -0.34 -0.51 -0.15 -3.34 0.00 1.14
Hairston et al., 2016 -0.33 -0.51 -0.12 -3.06 0.00 1.11
Ibáñez-del Valle et al., 2018 -0.33 -0.54 -0.09 -2.63 0.01 1.02
Ertel et al., 2011 -0.30 -0.39 -0.20 -5.68 0.00 1.38
Khalsa et al., 2016 -0.30 -0.58 0.05 -1.70 0.09 0.78
Van Dyk et al., 2016 -0.30 -0.62 0.11 -1.45 0.15 0.66
D'Angeolo et al., 2015 -0.29 -0.74 0.34 -0.90 0.37 0.37
Kobel et al., 2019 -0.29 -0.39 -0.18 -5.21 0.00 1.37
Tashjian et al., 2019 -0.28 -0.45 -0.09 -2.80 0.01 1.16
Berger et al., 2019 -0.24 -0.41 -0.05 -2.45 0.01 1.17
El-Sheikh et al., 2010 (11-year-olds) -0.23 -0.38 -0.07 -2.75 0.01 1.24
Pesonen et al., 2014 (12-year-olds) -0.23 -0.33 -0.13 -4.31 0.00 1.38
Pereira & Elfering, 2014 -0.22 -0.45 0.04 -1.69 0.09 1.01
Choi et al., 2019 -0.20 -0.40 0.02 -1.78 0.08 1.10
El-Sheikh et al., 2013 -0.19 -0.30 -0.07 -3.18 0.00 1.36
Ekstedt et al., 2013 -0.19 -0.24 -0.13 -6.67 0.00 1.46
Gharamaleki et al., 2011 -0.18 -0.30 -0.07 -3.04 0.00 1.35
Ashworth et al., 2013 -0.17 -0.43 0.11 -1.21 0.23 0.95
Keller et al., 2014 -0.17 -0.28 -0.05 -2.81 0.00 1.35
Nunes et al., 2013 -0.16 -0.62 0.38 -0.56 0.58 0.45
Chiang et al., 2016 -0.15 -0.26 -0.04 -2.67 0.01 1.37
Gunn et al., 2019 -0.15 -0.30 0.00 -1.92 0.05 1.28
Martinez et al., 2019 -0.15 -0.26 -0.04 -2.64 0.01 1.37
Cooper et al., 2012 -0.13 -0.53 0.32 -0.55 0.58 0.59
Park et al., 2016 -0.13 -0.24 -0.02 -2.31 0.02 1.37
Jansen et al., 2018 -0.12 -0.20 -0.04 -2.76 0.01 1.42
Sella et al., 2019 -0.11 -0.38 0.17 -0.76 0.45 0.94
Gupta et al., 2002 -0.10 -0.20 0.00 -1.96 0.05 1.39
Kelly, & El-Sheikh, 2014 -0.10 -0.19 -0.01 -2.08 0.04 1.40
Parsey et al., 2015 -0.09 -0.30 0.12 -0.83 0.41 1.12
Buxton et al., 2016 -0.09 -0.16 -0.02 -2.55 0.01 1.44
Gillis & El-Sheikh, 2019 -0.09 -0.22 0.04 -1.37 0.17 1.33
Pesonen et al., 2014 (8-year-olds) -0.09 -0.19 0.02 -1.62 0.11 1.38
Malone et al., 2016 -0.08 -0.31 0.16 -0.68 0.49 1.05
Bagley et al., 2016 -0.08 -0.20 0.04 -1.27 0.21 1.34
Pesonen et al., 2014 (17-year-olds) -0.08 -0.18 0.03 -1.49 0.14 1.38
Kishida & Elavsky, 2016 -0.07 -0.26 0.13 -0.70 0.48 1.17
Berkman et al., 2015 -0.06 -0.11 -0.01 -2.34 0.02 1.47
Troxel et al., 2010 -0.06 -0.16 0.05 -1.05 0.29 1.39
El-Sheikh et al., 2013 (females) -0.05 -0.22 0.12 -0.57 0.57 1.24
Pereira et al., 2016 -0.05 -0.31 0.22 -0.36 0.72 0.98
Tu et al., 2018 -0.04 -0.17 0.09 -0.61 0.54 1.33
Kume et al., 2016 (community-dwelling adults) -0.04 -0.51 0.45 -0.15 0.88 0.50
Bagley et al., 2018 -0.01 -0.15 0.13 -0.14 0.89 1.32
Takahashi et al., 2014 0.00 -0.27 0.27 0.00 1.00 0.98
Bulls et al., 2017 0.03 -0.25 0.31 0.21 0.84 0.94
Jean-Louis et al., 2000 (sample 1) 0.04 -0.18 0.26 0.35 0.73 1.10
Jean-Louis et al., 2000 (sample 2) 0.04 -0.12 0.20 0.48 0.63 1.25
Stone et al., 2014 0.04 0.00 0.08 2.21 0.03 1.48
Volkovich et al., 2016 0.05 -0.12 0.21 0.57 0.57 1.25
Whitaker et al., 2018 0.05 0.01 0.09 2.26 0.02 1.47
Hisler & Krizan, 2017 0.06 -0.03 0.15 1.25 0.21 1.40
Kurina et al., 2011 0.06 -0.14 0.26 0.58 0.56 1.15
van den Berg et al., 2009 0.06 -0.00 0.12 1.85 0.06 1.45
Redeker & Stein, 2006 0.08 -0.18 0.33 0.60 0.55 1.00
Jean-Louis et al., 2000 (sample 3) 0.09 -0.07 0.25 1.09 0.28 1.26
Master et al., 2019 0.09 -0.01 0.18 1.84 0.07 1.40
John-Henderson et al., 2019 0.10 -0.11 0.30 0.94 0.35 1.13
Pereira et al., 2014 0.11 -0.12 0.33 0.94 0.35 1.08
Fine et al., 2019 0.13 -0.04 0.29 1.47 0.14 1.23
Van Lenten & Doane, 2016 0.14 -0.09 0.35 1.17 0.24 1.08
El-Sheikh et al., 2010 (9-year-olds) 0.14 -0.01 0.28 1.85 0.06 1.29
Baron et al., 2017 0.16 -0.04 0.35 1.56 0.12 1.15
El-Sheikh et al., 2013 (males) 0.16 -0.01 0.32 1.85 0.06 1.24
Kurina et al., 2015 0.17 0.10 0.24 4.62 0.00 1.44
von Känel et al., 2012 0.17 0.01 0.32 2.13 0.03 1.27
Kottwitz et al., 2019 0.18 -0.21 0.52 0.90 0.37 0.69
Doyle et al., 2019 0.19 0.08 0.30 3.31 0.00 1.37
Evans & Rogers, 1994 0.19 -0.38 0.65 0.64 0.52 0.43
Doane & Thurston, 2014 0.22 -0.00 0.42 1.94 0.05 1.09
Hanson & Chen, 2010 0.22 0.01 0.41 2.05 0.04 1.12
Wong et al., 2017 0.33 0.14 0.49 3.35 0.00 1.16
Knufinke et al., 2018 0.41 0.23 0.56 4.25 0.00 1.16
Mendlowicz et al., 1999 0.43 0.10 0.68 2.48 0.01 0.77
Kume et al., 2016 (nursing home residents) 0.46 -0.03 0.77 1.86 0.06 0.50
Lerdal et al., 2016 0.66 0.24 0.87 2.86 0.00 0.48

-0.12 -0.16 -0.07 -5.18 0.00

-1.00 -0.50 0.00 0.50 1.00

Negative association Positive association

Meta-analysis of age and actigraphy-assessed sleep duration

Figure 3. Meta-analysis of age and actigraphy-assessed sleep duration.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab088#supplementary-data
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Moderators of meta-analyses

We evaluated moderators for three meta-analyses: sleep dur-
ation, sleep efficiency, and bedtime for individuals ages 6–21. 
We could not conduct moderation analyses for the other three 

meta-analyses because there were fewer than 10 studies in 
each moderator category. For categorical moderators (Table 
5), we report the effect size within each subgroup of the mod-
erator, test whether the moderator is statistically significant, 

Study name Statistics for each study Correlation and 95% CI
Lower Upper Relative 

Correlation limit limit Z-Value p-Value weight
Mazzotti et al., 2014 -0.81 -0.90 -0.66 -6.67 0.00 1.22
Huang et al., 2002 -0.69 -0.80 -0.54 -6.68 0.00 1.57
Yoon et al., 2003 -0.64 -0.73 -0.53 -8.64 0.00 1.95
Cooper, Kohler, & Blunden, 2012 -0.58 -0.81 -0.20 -2.81 0.00 0.82
Nunes et al., 2013 -0.57 -0.84 -0.08 -2.24 0.02 0.61
Agmon et al., 2016 -0.44 -0.68 -0.12 -2.63 0.01 1.14
Gunn et al., 2014 -0.39 -0.61 -0.12 -2.76 0.01 1.38
Kume et al., 2016 (community-dwelling adults) -0.29 -0.67 0.23 -1.10 0.27 0.69
Fietze et al., 2009 -0.19 -0.55 0.24 -0.86 0.39 0.91
Takahashi et al., 2014 -0.18 -0.43 0.09 -1.31 0.19 1.47
Berger et al., 2019 -0.17 -0.35 0.02 -1.72 0.09 1.83
Cohodes et al., 2019 -0.17 -0.36 0.04 -1.62 0.11 1.77
Jean-Louis et al., 2000 (sample 2) -0.17 -0.32 -0.01 -2.04 0.04 1.99
Sella et al., 2019 -0.17 -0.43 0.11 -1.18 0.24 1.40
Kurina et al., 2015 -0.16 -0.23 -0.09 -4.34 0.00 2.39
Brychta et al., 2016 -0.14 -0.26 -0.01 -2.19 0.03 2.18
El-Sheikh et al., 2013 -0.14 -0.25 -0.02 -2.33 0.02 2.21
Hanson & Chen, 2010 -0.14 -0.34 0.07 -1.29 0.20 1.74
Volkovich et al., 2016 -0.12 -0.28 0.04 -1.50 0.13 2.00
Kottwitz et al. , 2019 -0.11 -0.47 0.28 -0.56 0.57 0.99
Parsey et al., 2015 -0.11 -0.32 0.10 -1.02 0.31 1.73
Chiang et al., 2016 -0.10 -0.21 0.01 -1.78 0.08 2.25
Fung et al., 2012 -0.10 -0.27 0.08 -1.09 0.28 1.91
El-Sheikh et al., 2013 (males) -0.07 -0.19 0.05 -1.15 0.25 2.21
Pereira, & Elfering, 2014 -0.07 -0.32 0.19 -0.53 0.60 1.52
Master et al., 2019 -0.06 -0.16 0.04 -1.22 0.22 2.31
Stone et al., 2014 -0.06 -0.10 -0.02 -3.32 0.00 2.48
von Känel et al., 2012 -0.06 -0.21 0.10 -0.75 0.46 2.03
El-Sheikh et al., 2013 (females) -0.04 -0.16 0.08 -0.65 0.51 2.21
Erath et al., 2015 -0.04 -0.16 0.08 -0.67 0.51 2.22
Kishida & Elavsky, 2016 -0.03 -0.22 0.16 -0.30 0.76 1.83
Bagley et a., 2018 -0.01 -0.14 0.13 -0.10 0.92 2.13
Tu et al., 2018 0.00 -0.13 0.13 0.02 0.99 2.17
Wong et al., 2017 0.01 -0.19 0.20 0.08 0.94 1.82
Bulls et al., 2017 0.03 -0.25 0.31 0.21 0.84 1.40
John-Henderson et al., 2019 0.04 -0.17 0.25 0.37 0.71 1.76
Gillis & El-Sheikh, 2019 0.05 -0.08 0.18 0.76 0.45 2.17
Van Lenten & Doane, 2016 0.06 -0.17 0.28 0.48 0.63 1.67
Madden et al., 2014 0.06 -0.22 0.33 0.40 0.69 1.42
El-Sheikh et al., 2010 (10-year-olds) 0.08 -0.09 0.24 0.94 0.35 1.98
Hairston et al., 2016 0.10 -0.12 0.31 0.89 0.37 1.71
Pereira et al., 2014 0.10 -0.13 0.32 0.86 0.39 1.67
Knufinke et al., 2018 0.11 -0.09 0.30 1.08 0.28 1.81
Pereira et al., 2016 0.11 -0.16 0.36 0.80 0.42 1.48
Ekstedt et al., 2013 0.13 0.07 0.18 4.55 0.00 2.44
Jean-Louis et al., 2000 (sample 3) 0.13 -0.03 0.28 1.58 0.11 2.00
Bagley et al., 2016 0.14 0.02 0.26 2.22 0.03 2.19
Beaudreau et al., 2008 0.14 -0.11 0.38 1.09 0.27 1.52
Fine et al., 2019 0.16 -0.01 0.32 1.83 0.07 1.95
Doyle et al., 2019 0.17 0.06 0.28 2.96 0.00 2.23
El-Sheikh et al., 2010 (8-year-olds) 0.17 0.02 0.31 2.26 0.02 2.07
Jean-Louis et al., 2000 (sample 1) 0.17 -0.05 0.38 1.51 0.13 1.70
Gruber et al., 2014 0.18 -0.05 0.39 1.54 0.12 1.66
Doane & Thurston, 2014 0.21 -0.01 0.41 1.85 0.06 1.68
Evans & Rogers, 1994 0.26 -0.31 0.69 0.88 0.38 0.57
Kelly, & El-Sheikh, 2014 0.31 0.17 0.44 4.22 0.00 2.07
Vriend et al., 2012 0.45 0.12 0.69 2.62 0.01 1.10
Kume et al., 2016 (nursing home residents) 0.50 0.02 0.79 2.04 0.04 0.69

-0.05 -0.10 -0.00 -1.96 0.05

-1.00 -0.50 0.00 0.50 1.00

Negative associationPositive association

Meta-analysis of age and actigraphy-assessed sleep efficiency

Figure 4. Meta-analysis of age and actigraphy-assessed sleep efficiency.
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and test the variance explained in the meta-analytic effect 
size by the moderator, or the R2. For continuous moderators 
(Table 6), we report the strength of the association as an un-
standardized beta with standard error, as well as the R2. While 
we report all moderation analyses in tables, we only discuss 
in-text the moderators that were statistically significant (at 
the Bonferroni-corrected alpha of <.001) and/or had a medium 
effect size (R2 ≥ 13%).

Table 5 shows that 39% of effect sizes were from studies that 
excluded mental health disorders, 35% from studies that ex-
cluded medical conditions, and 31% from studies that excluded 
sleep disorders. In the 91 included articles, 38 studies used 
Philips Respironics devices, 33 used Ambulatory Monitoring Inc, 
8 used ActiGraph, 12 used “other” devices (four used Sensewear 
Pro3 Armband, four used Actillume, one used Actiwatch Score, 
one used Actiwatch Mini, one used Actiheart, and one used 
Actigraph from Gaewhiler), and none used consumer wearables. 
Table 5 shows the number of studies that used each device type 
in each meta-analysis.

Continent of study was a significant moderator for 
actigraphy-assessed sleep duration and sleep efficiency, such 

that the strength of the association was stronger for studies con-
ducted in Asia compared to North America or Europe (ps < .001, 
R2 = 10–16%, Table 5). The association between age and sleep dur-
ation was moderated by mean age of the participants (R2 = 24%, 
p < .001, Table 6), which is consistent with the scatterplot sug-
gesting a quadratic association (Figure 2). Further testing indi-
cated that the association between age and sleep duration was 
negative for participants ages 6–49 (k = 69; r = −0.17, 95% CI [−0.22, 
−0.12], p < .001) but weakly positive for individuals over the age 
of 50 (k = 20; r = 0.06, 95% CI [0.01, 0.10], p = .02). These findings 
suggest that the age-sleep duration association weakens across 
the lifespan.

Though not statistically significant at the Bonferroni-
corrected alpha, exclusion of mental health disorders (R2 = 15%, 
p = .008) contributed substantially to the variance in the effect 
size for actigraphy-assessed bedtime (Table 5). The associ-
ation between age and actigraphy-assessed sleep duration was 
weaker in samples with more females (p < .001), although this 
did not contribute to the variance (R2 = 0%).

No other moderators were statistically significant or contrib-
uted substantially to the variance in the effect size.

Study name Statistics for each study Correlation and 95% CI

Lower Upper Relative 
Correlation limit limit Z-Value p-Value weight

Sadeh et al., 2002 -0.64 -0.73 -0.53 -8.71 0.00 5.65

Cooper et al., 2012 -0.22 -0.60 0.23 -0.95 0.34 3.91

Pesonen et al., 2014 (12-year-old) 0.07 -0.03 0.17 1.32 0.19 5.90

Pesonen et al., 2014 (8-year-old) 0.13 0.03 0.23 2.45 0.01 5.90

Master et al., 2019 0.16 0.06 0.25 3.28 0.00 5.93

Pesonen et al., 2014 (17-year-old) 0.19 0.08 0.29 3.53 0.00 5.90

Gharamaleki et al., 2011 0.24 0.12 0.34 3.91 0.00 5.85

Doane & Thurston, 2014 0.26 0.04 0.46 2.30 0.02 5.36

Ekstedt et al., 2013 0.27 0.21 0.32 9.59 0.00 6.02

El-Sheikh, & Buckhalt, 2005 0.29 -0.02 0.55 1.84 0.07 4.81

Ashworth et al., 2013 0.35 0.08 0.57 2.53 0.01 5.03

Fletcher et al., 2018 0.43 0.24 0.58 4.29 0.00 5.45

Crowley et al., 2014 (15-year-olds) 0.49 0.26 0.67 3.90 0.00 5.11

Vriend et al., 2012 0.50 0.18 0.72 2.92 0.00 4.52

Crowley et al., 2014 (9-year-olds) 0.70 0.49 0.83 5.13 0.00 4.73

Tremaine et al., 2010 0.70 0.55 0.81 6.88 0.00 5.24

Campbell et al., 2007 (9-year-olds) 0.79 0.61 0.89 5.67 0.00 4.48

Sadeh et al., 2009 0.81 0.73 0.87 10.75 0.00 5.47

Campbell et al., 2007 (12-year-olds) 0.83 0.69 0.91 7.03 0.00 4.73

0.37 0.23 0.49 4.97 0.00

-1.00 -0.50 0.00 0.50 1.00

Negative association Positive association

Meta-analysis of age and actigraphy-assessed bedtime, ages 6 to 21

Figure 5. Meta-analysis of age and actigraphy-assessed bedtime, ages 6–24.
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ROB within studies

ROB within each study was assessed by evaluating sample bias 
(studies that did not screen for and exclude individuals with 
mental health, medical conditions, or sleep disorders) and bias 
in outcome measurement (heterogeneity in actigraphy device 
or less than 7 days of actigraphy data). Of the 91 studies, low 
sample bias was present in 37 studies that excluded mental 
health conditions, 52 studies that excluded medical condi-
tions, and 26 studies that excluded sleep disorders. We tested 
the impact of sample bias on results of the meta-analyses by 
evaluating each of these as moderators (Table 5). Exclusion of 
medical conditions or sleep disorders did not modify observed 
meta-analytic effect sizes. Exclusion of mental health dis-
orders impacted the variance of the effect size for actigraphy-
assessed bedtime (R2 = 15%), but did not impact the effect size 
for actigraphy-assessed sleep duration or sleep efficiency.

Low bias in outcome measurement was present for the 32 
studies that included at least seven nights of actigraphy data. 
Although there were differences in actigraphy device used 
across studies, the type of actigraphy device (Table 5) and the 
number of nights of actigraphy data (Table 6) did not con-
tribute significantly to variance in the meta-analytic effect 
sizes for actigraphy-assessed sleep duration, sleep efficiency, 
or bedtime.

Evaluating the quality of the evidence

Using a modified version of the Community Preventive Services 
methods [24], we evaluated the quality of the body of evidence 

included in these meta-analyses (Table 7). Because so few studies 
(0–28.6%) were longitudinal, we could not categorize the quality 
of evidence as strong for any meta-analysis. The quality of the 
evidence was sufficient for bedtime ages 6–21, and bedtime and 
wake-up time ages 22 and older, indicating that there was con-
sistency in the direction of effects across studies, fair execution 
within studies, and sufficient to large effect sizes. The quality 
of the evidence was considered insufficient for sleep duration, 
sleep efficiency, and wake-up time ages 6–21. Although there 
were the largest number of effect sizes for sleep duration and 
efficiency, the direction of the associations were inconsistent 
and effect sizes were small.

Discussion
This review evaluated the associations among age and 
actigraphy-assessed sleep characteristics across the lifespan. 
We evaluated the published evidence using meta-analyses 
based on 189 effect sizes and 23  365 participants. We dem-
onstrated that actigraphy-assessed sleep duration is shorter 
(r = −0.12) and sleep efficiency is lower (r = −0.05) at older ages, 
though these associations were small and inconsistent across 
studies. We found larger effect sizes for sleep timing, such that 
bedtime and wake-up time were later at older ages for individ-
uals aged 6–21 (r = 0.37, 0.24, respectively), and earlier for indi-
viduals aged 22 and older (r = −0.66, −0.59, respectively). These 
findings may suggest that changes in sleep timing—rather than 
changes in sleep duration or efficiency—are the most robust 
hallmarks of age-related differences in sleep.

Study name Statistics for each study Correlation and 95% CI

Lower Upper Relative 
Correlation limit limit Z-Value p-Value weight

Tozawa et al., 2003 -0.99 -0.99 -0.98 -21.50 0.00 14.44

Mazzotti et al., 2014 -0.85 -0.92 -0.73 -7.43 0.00 14.08

Nunes et al., 2013 -0.68 -0.88 -0.26 -2.87 0.00 12.80

Yoon, Kripke et al, 2003 -0.54 -0.65 -0.41 -6.89 0.00 14.64

Brychta et al., 2016 -0.17 -0.29 -0.05 -2.66 0.01 14.74

Van Der Meijden et al., 2016 -0.06 -0.29 0.18 -0.50 0.62 14.45

Stone et al., 2014 -0.04 -0.08 -0.00 -2.21 0.03 14.85

-0.66 -0.87 -0.24 -2.86 0.00

-1.00 -0.50 0.00 0.50 1.00

Negative association Positive association

Meta-analysis of age and actigraphy-assessed bedtime, ages 22 and older

Figure 6. Meta-analysis of age and actigraphy-assessed bedtime, ages 60 and older.
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These meta-analyses demonstrate an association between 
age and later sleep timing among individuals ages 6–21, and 
an association between age and earlier sleep timing among 
adults. While this is the first meta-analysis to examine age and 
actigraphy-assessed sleep timing among adults, these findings 
are consistent with a previous meta-analysis of actigraphy-
assessed sleep among individuals aged 3–18, which reported 
later bedtime and wake-up times at older ages [8]. Laboratory 
evidence suggests that adolescents delay bedtime and wake-up 
time due to changes in both the biological clock and social de-
mands [117], and that middle-aged and older adults demon-
strate earlier timing of circadian rhythms compared to younger 
adults [118]. The meta-analyses for sleep timing included fewer 
effect sizes compared to analyses for duration and efficiency, 
and we had no analyzable data of age and sleep timing associ-
ations for individuals aged 30–60. This lack of data precludes an 
analysis of the age at which sleep timing shifts from delaying to 
advancing. Importantly, for three of these meta-analyses (bed-
time ages 6–21, bedtime ages 22 and older, and wake-up time 
ages 22 and older), the quality of evidence was deemed sufficient 
for strong conclusions, which means that these associations are 
statistically significant, reliable, and substantial.

The largest number of studies allowed examination of the 
association between age and actigraphy-assessed sleep dur-
ation. Consistent with previous meta-analyses based on various 
measurement modalities [3–5, 8], we observed that actigraphy-
assessed sleep duration is shorter at older ages, though the 
effect was small in magnitude. Laboratory evidence has sug-
gested that, compared to younger adults, older adults have 

shorter sleep with a 12-hour nocturnal sleep opportunity [119] 
and have a lower propensity for falling asleep during a day-
time sleep window [119–121], which may be due to age-related 
changes in sleep propensity. However, this study’s exploratory 
meta-analyses revealed that actigraphy-assessed sleep duration 
is shorter at older ages only until approximately age 50, and is 
slightly longer at ages above 50 years. This could be due to dif-
ferences between sleep propensity in a controlled laboratory 
environment compared to sleep duration assessed in the field. 
The finding of a U-shaped association between age and sleep 
duration should be interpreted cautiously due to the exploratory 
nature of the analysis (based on our descriptive scatterplot and 
test of linearity with 89 effect sizes), but warrants examination 
in future studies. We choose to focus our discussion of results 
primarily on our linear association because of this exploratory 
nature. These inconsistent associations, as well as small effect 
sizes, led to the quality of the evidence for this meta-analysis 
being deemed insufficient for drawing strong conclusions. 
Overall, the actigraphy-assessed sleep duration results suggest 
that inadequate sleep quantity should not be interpreted only 
as a consequence of aging. Therefore, older adults should be en-
couraged that their current sleep quantity is not unchangeable 
due to their age.

Though we report that sleep efficiency is lower at older ages, 
it was determined to be weakly linear, the meta-analytic effect 
size was small, and removal of individual studies rendered the 
association nonsignificant. These small effect sizes and the in-
consistency of directions of associations means that the quality 
of the evidence for this meta-analysis is insufficient for drawing 

Study name Statistics for each study Correlation and 95% CI

Lower Upper Relative 
Correlation limit limit Z-Value p-Value weight

Crowley et al., 2014 (9-year-olds) -0.39 -0.63 -0.08 -2.44 0.01 10.62

Cooper, Kohler, & Blunden, 2012 -0.06 -0.48 0.38 -0.25 0.80 8.13

Ashworth et al., 2013 0.05 -0.23 0.32 0.35 0.73 11.64

Vriend et al., 2012 0.13 -0.23 0.46 0.73 0.47 9.95

Master et al., 2019 0.24 0.15 0.33 4.98 0.00 15.09

Campbell et al., 2007 (9 year olds) 0.38 0.03 0.65 2.12 0.03 9.82

Tremaine et al., 2010 0.46 0.25 0.63 3.95 0.00 12.40

Campbell et al., 2007 (12-year-olds) 0.47 0.17 0.69 2.93 0.00 10.41

Crowley et al., 2014 (15-year-olds) 0.59 0.39 0.74 4.93 0.00 11.93

0.24 0.05 0.41 2.51 0.01

-1.00 -0.50 0.00 0.50 1.00

Negative association Positive association

Meta-analysis of age and actigraphy-assessed wake-up time, ages 6-21

Figure 7. Meta-analysis of age and actigraphy-assessed wake-up time, ages 6–24.
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strong conclusions. While a previous meta-analysis reported 
that polysomnography-assessed sleep efficiency is lower at older 
ages [5], these discrepant results may be due to difference in 
measurement modality [122], and/or study design, as actigraphy 
allows for a greater number of nights studied and increased 
environmental validity of home-based assessment. Another 
possibility is that older adults are more sensitive to nocturnal 
awakenings in the laboratory compared to the home environ-
ment. The present meta-analytic results suggest that age is an 
unlikely confound in research examining correlates and conse-
quences of actigraphy-assessed sleep efficiency. Additionally, 
these results suggest that interventions to improve sleep effi-
ciency such as cognitive behavioral therapy for insomnia may 
be useful across the lifespan; though our review did not include 
studies of diagnosed insomnia patients, the average sleep effi-
ciency was below 85% (a common threshold for insomnia [123]) 
for half of the included studies.

In our analysis of demographic moderators, continent of the 
study (North America, Asia, or Europe; insufficient studies from 
other regions) was the only consistent moderator. A  previous 
meta-analysis found that continent of study was a modifier of 
age and subjective sleep associations among adolescent partici-
pants [2], and a recent analysis of worldwide commercial devices 
showed that sleep duration and timing were different across 
continents [124]. These results could be a macro-level indicator 
of differences in social environments (e.g. socioeconomic status, 
race/ethnicity distributions), social demands (e.g. work and 
school [125]), as well as cultural attitudes and values regarding 
sleep and its importance. These data suggest that continent of 

study should be included as a moderator in cross-continental 
and cross-cultural studies of sleep in relation to age.

Associations among age and sleep were similar in studies 
that excluded individuals with mental health disorders, med-
ical conditions, or sleep disorders compared to studies that did 
not evaluate, screen for, or exclude these populations. In con-
trast, a previous meta-analysis [5] found that the strength of the 
age-sleep association was stronger for studies that excluded in-
dividuals with mental health disorders, medical conditions, or 
sleep disorders. Their results suggested that these comorbidities 
may mask the effects of age on sleep across the lifespan. In con-
trast, the present results suggest that age-related differences 
in actigraphy-assessed sleep across the lifespan may not be a 
function of comorbidities. Discrepant results across studies 
may be a function of modality differences, as Ohayon and col-
leagues [5] evaluated studies using either polysomnography or 
actigraphy (13 effect sizes for actigraphy-assessed sleep dur-
ation). Alternatively, differences may be related to exclusion cri-
teria at the level of the meta-analysis. Ohayon and colleagues [5] 
included all studies that evaluated the association between age 
and sleep, whereas we excluded articles at the title/abstract stage 
if there was no control group, as these studies would not allow 
for a direct evaluation of the impact of comorbidities. In both 
the Ohayon [5] meta-analysis and the present meta-analysis, 
comparison of age-sleep associations for specific conditions (e.g. 
depression) to controls was not possible, given the lack of pub-
lished studies reporting results stratified by comorbidity.

Though all meta-analyses obtained 100% statistical power 
(determined by number of studies and sample sizes), it is 

Study name Statistics for each study Correlation and 95% CI

Lower Upper Relative 
Correlation limit limit Z-Value p-Value weight

Tozawa et al., 2003 -0.98 -0.99 -0.97 -18.67 0.00 14.45

Mazzotti et al., 2014 -0.67 -0.82 -0.45 -4.80 0.00 14.06

Van Der Meijden et al., 2016 -0.64 -0.76 -0.48 -6.25 0.00 14.46

Yoon et al., 2003 -0.54 -0.65 -0.41 -6.89 0.00 14.68

Nunes et al., 2013 -0.15 -0.62 0.39 -0.52 0.60 12.66

Brychta et al., 2016 -0.13 -0.25 -0.00 -2.03 0.04 14.79

Stone et al., 2014 0.07 0.03 0.11 3.87 0.00 14.91

-0.59 -0.83 -0.15 -2.54 0.01

-1.00 -0.50 0.00 0.50 1.00

Negative association Positive association

Meta-analysis of age and actigraphy-assessed wake-up time, ages 22 and older

Figure 8. Meta-analysis of age and actigraphy-assessed wake-up time, ages 60 and older.



14 | SLEEPJ, 2021, Vol. 44, No. 9

important to note that some of the meta-analyses are limited by 
the quality of the individual studies that were included. Previous 
conclusions from sleep clinical practice guidelines have simi-
larly been tempered by the limitations of the extant literature. 
For example, the use of pharmacological therapy for adults with 
chronic insomnia disorder is quantified as a weak recommen-
dation based on low-quality evidence [125]. As documented in 
the present study, the limited number of published longitudinal 
studies diminished the strength of the evidence regarding the 
association between age and sleep; though our requirement 
that greater than 70% of included studies be longitudinal for 
“greater design suitability” was a high threshold, we observed 
that only 0%–29% of included studies in our meta-analyses were 
longitudinal, which is certainly a minority of effect sizes.

Limitations and strengths

Limitations of the present study deserve consideration 
when evaluating the association between age and key sleep 

characteristics. First, lack of attention to the issue of age and 
sleep in published studies continues to limit our understanding 
of sleep across the lifespan. In the present study, limited pub-
lished data regarding actigraphy-assessed sleep midpoint 
and regularity precluded meta-analytic evaluation of these 
important characteristics. Second, moderators (as well as 
confounders) have been overlooked in studies of age and sleep, 
which limited our ability to fully evaluate key putative mod-
erators such as race/ethnicity, sex, and comorbidities. For ex-
ample, approximately two-thirds of the studies evaluated in the 
present meta-analysis provided no detail regarding screening 
for comorbidities. While increasing the generalizability of the 
present findings, the lack of detail regarding comorbidities 
limits understanding of the extent to which comorbidities influ-
ence the age-sleep link. A greater understanding of the extent 
to which these factors influence sleep across the lifespan is im-
portant both to fundamental questions about sleep and well as 
the identification of risk factors for and treatment of disturbed 
sleep. Third, we were limited to the published data available. 

Table 6. Continuous moderators of meta-analytic associations of age and actigraphy-assessed sleep characteristics

Covariate

Sleep duration Sleep efficiency Bedtime, ages 6–21

k B (SE) 95% CI R2 k B (SE) 95% CI R2 k B (SE) 95% CI R2

Female 87 0.004 (0.001) 0.001, 0.006* 0% 57 0.003 (0.001) 0.001, 0.005 0% 19 0.005 (0.009) −0.006, 0.02 0%
Mean Age 83 0.005 (0.009) 0.003, 0.007* 24%  −0.012 (0.005) −0.02, −0.002 0% 16 −0.01 (0.02) −0.05, 0.03 0%
Black 40 0.001 (0.002) −0.003, 0.006 0% 27 0.001 (0.002) −0.003, 0.005 0% 4 Insufficient N   
Hispanic 33 −0.002 (0.002) −0.003, 0.003 0% 19 −0.001 (0.002) −0.006, 0.004 0% 4 Insufficient N   
Asian 26 −0.001 (0.001) −0.004, 0.002 0% 17 −0.002 (0.001) −0.005, 0.001 12% 3 Insufficient N   
Non-Caucasian 47 −0.001 (0.001) −0.003, 0.001 3% 37 −0.003 (0.001) −0.005, −0.001 2% 7 Insufficient N   
Nights 82 −0.007 (0.006) −0.02, 0.005 0% 55 −0.006 (0.009) −0.02, 0.01 0% 18 0.04 (0.04) −0.04, 0.11 1%

B (SE), unstandardized beta and standardized error; k, number of studies; R2, total proportion of between-study variance explained by the model; CI, confidence 

interval; Non-Caucasian indicates the percentage of participants who are not Caucasian (Black, Hispanic, Asian, American Indian, or “minority” variously defined); 

Nights indicates number of nights of actigraphy.

*p < .001, which is the Bonferroni-corrected threshold for significance.

Table 5. Categorical moderators of meta-analytic associations of age and actigraphy-assessed sleep characteristics

Sleep duration Sleep efficiency Bedtime, ages 6–21

Moderators k ES [95% CI] k ES [95% CI] k ES [95% CI]

Continent  R2 = 10%, p < .001  R2 = 16%, p < .001  R2 = 0%, p = .20
 North America 53 −0.06 [−0.10, −0.02] 37 −0.006 [−0.06, 0.05] 8 Insufficient N
 Europe 19 −0.13 [−0.22, −0.03] 9 Insufficient N 5 Insufficient N
 Asia 7 Insufficient N 5 Insufficient N 0 Insufficient N
Exclusion criteria
 Mental health  R2 = 4%, p = .05  R2 = 0%, p = .57  R2 = 15%, p = .008 
 Excluded 34 −0.20 [−0.30, −0.09]* 23 −0.08 [−0.22, 0.07] 7 Insufficient N
 Included 55 −0.08 [−0.12, −0.03] 35 −0.04 [−0.08, 0.008] 12 0.22 [0.05, 0.38]
 Medical  R2 = 2%, p = .03  R2 = 0%, p = .12  R2 = 0%, p = .60
 Excluded 41 −0.18 [−0.26, −0.09]* 33 −0.10 [−0.19, −0.005]* 8 Insufficient N
 Included 48 −0.07 [−0.12, −0.02] 25 −0.01 [−0.07, 0.04] 11 0.32 [0.19, 0.44]*
 Sleep disorders  R2 = 2%, p = .09  R2 = 0%, p = .61  R2 = 0%, p = .23
 Excluded 26 −0.19 [−0.28, −0.09]* 18 −0.03 [−0.13, 0.07] 8 Insufficient N
 Included 63 −0.09 [−0.15, −0.04]* 40 −0.06 [−0.12, 0.001] 11 0.28 [0.06, 0.48]
Actigraphy device  R2 = 0%, p = .34  R2 = 0%, p = .39  R2 = 0%, p = .91
 Philips 37 −0.11 [−0.17, −0.04] 18 −0.12 [−0.22, −0.01]* 10 0.38 [0.22, 0.52]*
 AMI 29 −0.17 [−0.27, −0.07] 25 −0.04 [−0.10, 0.03] 5 Insufficient N
 ActiGraph 8 Insufficient N 3 Insufficient N 1 Insufficient N
 Other 15 −0.05 [−0.15, 0.06] 12 −0.01 [−0.17, 0.15] 3 Insufficient N

k, number of effect sizes; ES, effect size, 95% CI, 95% confidence interval; R2, variance explained in the meta-analytic effect size by the categorical moderator; AMI, 

Ambulatory Monitoring, Inc.

*p < .001, which is the Bonferroni-corrected threshold for significance.
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This means that we were unable to characterize age-sleep as-
sociations across the full lifespan because published data were 
not available for each decade of life and/or each actigraphy-
assessed sleep outcome. This limitation was especially evident 
for sleep timing outcomes, with no studies available for individ-
uals aged 30 to 60 and too few effect sizes to precisely capture 
the age at which sleep timing profiles shift from delay to ad-
vances. Additionally, across individual studies there were incon-
sistencies in the direction of the association between age and all 
sleep characteristics, and this was especially pronounced for the 
associations among age and sleep duration and sleep efficiency. 
These inconsistencies resulted in smaller meta-analytic effect 
sizes as well as a lower quality of evidence for the individual 
studies.

Finally, associations of age and actigraphy-assessed sleep 
across the lifespan were based primarily on between- versus 
within-persons analyses due to the limited number of lon-
gitudinal sleep studies and the absence of consortia organ-
ized to support aggregation, harmonization, and evaluation of 
individual-level data across studies. Reliance on study- versus 
individual-level data may obscure our understanding of changes 
in sleep characteristics across the lifespan due to the influence 
of study characteristics (e.g. sample selection) on measurement 
error. Notably, recent comparisons of the performance of meta-
analysis compared to individual-patient data show comparable 
magnitude and direction of effects, which provides greater con-
fidence in the results of the current report [126, 127].

These limitations are offset by several notable strengths. 
This is the first meta-analysis to evaluate the association of 
age and key indices of actigraphy-assessed sleep, including 
duration, efficiency, and timing in studies of children and 
adults. The present meta-analytic approach affords the 
opportunity to systematically and quantitatively assess 
actigraphy data from 23,365 participants ages 6–92. Evaluation 
of actigraphy-assessed sleep is important given its superior 
ability to measure sleep over a greater number of days and 

circumstances compared to polysomnography-assessed sleep. 
Moreover, the present meta-analysis was pre-registered on 
PROSPERO, allowing for increased transparency of aims, a 
priori hypotheses, and study design, thereby enhancing re-
producibility. We systematically searched for articles with the 
assistance of a highly experienced medical librarian, and we 
used a software for screening articles designed for system-
atic reviews and meta-analyses (DistillerSR). Clear selection 
criteria were identified and implemented according to state-
of-science methods. Two independent raters conducted title/
abstract review and data extraction, with a third independent 
rater to resolve any discrepancies. Planned evaluation of 
methods demonstrated good inter-rater reliability. Finally, we 
evaluated a variety of demographic and methodological mod-
erators chosen for their relevance for research and/or clinical 
questions.

Conclusion
There are age-related differences in actigraphy-assessed 
sleep across the lifespan. Actigraphy-assessed sleep dur-
ation is shorter and efficiency is lower at older ages, but the 
effect sizes are small. In contrast, patterns in sleep timing, 
including bedtime and wake time, differ as a function of age 
group with small to large effect sizes. Among individuals 
between 6 and 21  years of age, older age is associated with 
earlier bed- and wake times, whereas older age is associated 
with later bed- and wake times in those 22 years of age and 
older. Moderation analyses suggest that associations among 
age and actigraphy-assessed sleep may differ as a function of 
study continent (North America, Asia, or Europe) but are not 
related to comorbidities, sex, race/ethnicity, number of study 
nights, or device type, although these results should be inter-
preted with caution given limitations to the extant literature. 
Changes in sleep timing, rather than indices of sleep duration 

Table 7. Quality of the evidence for meta-analyses of age and actigraphy-assessed sleep

Sleep duration Sleep efficiency
Bedtime, 
ages 6–24

Bedtime, ages 
60 and older

Wake-up time, 
ages 6–24

Wake-up time, 
ages 60 and older

Execution       
 Study well-described, % 85.9 86.8 80.0 85.7 85.7 85.7
 Specified screening criteria, % 67.9 75.5 66.7 85.7 71.4 100.0
 ≥7 days data, % 52.6 62.3 53.3 85.7 71.4 85.7
 <10% missingness, % 33.3 34.0 53.3 14.3 57.1 14.3
 Good, fair, or limited execution Limited Fair Fair Fair Fair Fair
Design suitability
 Longitudinal studies, % 1.3 0 20 0 28.6 0
 Cross-sectional studies, % 98.7 100 80 100 71.4 100
Greater or lesser suitability Lesser Lesser Lesser Lesser Lesser Lesser
Number of studies 89 58 20 6 10 6
 At least 2, 3, or 5 At least 5 At least 5 At least 5 At least 5 At least 5 At least 5
Consistency
 Negative associations, % 44.9 39.6 13.3 71.4 28.6 85.7
 Neutral associations (−0.10, + 

0.10), %
34.8 30.2 6.7 28.6 14.3 0.0

 Positive associations, % 20.0 30.2 80.0 0.0 57.1 14.3
Consistent or inconsistent Inconsistent Inconsistent Consistent Consistent Inconsistent Consistent
Effect size, Pearson’s r −0.12 −0.05 0.35 −0.66 0.24 −0.59
 Small, sufficient, or large Small Small Sufficient Large Small Large
Evidence of association
 Strong, sufficient, or insufficient Insufficient Insufficient Sufficient Sufficient Insufficient Sufficient
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or efficiency, may be the most robust hallmark marker of age 
effects on actigraphy-assessed sleep.

Supplementary material
Supplementary material is available at SLEEP online.
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