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Circadian rhythms and sleep patterns change as people age. Little is known about the associations between

circadian rhythms and mortality rates. We investigated whether 24-hour activity rhythms and sleep characteristics

independently predicted mortality. Actigraphy was used to determine the stability and fragmentation of the 24-hour

activity rhythm in 1,734 persons (aged 45–98 years) from the Rotterdam Study (2004–2013). Sleep was assessed

objectively using actigraphyand subjectively using sleep diaries to estimate sleep duration, sleep onset latency, and

waking after sleep onset. The mean follow-up time was 7.3 years; 154 participants (8.9%) died. Sleep measures

were not related to mortality after adjustment for health parameters. In contrast, a more stable 24-hour activity

rhythm was associated with a lower mortality risk (per 1 standard deviation, hazard ratio = 0.83, 95% confidence

interval: 0.71, 0.96), and a more fragmented rhythm was associated with a higher mortality risk (per 1 standard

deviation, hazard ratio = 1.22, 95% confidence interval: 1.04, 1.44). Low stability and high fragmentation of the

24-hour activity rhythm predicted all-cause mortality, whereas estimates from actigraphy and sleep diaries did

not. Disturbed circadian activity rhythms reflect age-related alterations in the biological clock and could be an indi-

cator of disease.

circadian activity rhythm; elderly; mortality; sleep

Abbreviations: ADL, activities of daily living; CI, confidence interval; HR, hazard ratio; PSQI, Pittsburgh Sleep Quality Index; SD,

standard deviation.

Most physiological processes, including body tempera-
ture, hormone secretion, and sleep-wake timing, are regulated
in cycles that last approximately 24 hours, called circadian
rhythms. Circadian rhythms and sleep patterns change as
people age (1). Elderly people sleep less during the night,
have more fragmented sleep, have more difficulty in falling
asleep, tend to fall asleep andwake up earlier, takemore naps,
and report a lower sleep quality (2–6). The longitudinal asso-
ciations of these changes with adverse health consequences
and mortality are not well understood. In previous studies, in-
vestigators found that people who slept for short durations
each night (≤6 hours) and had poor sleep quality had higher
risks of diabetes and cardiovascular diseases (7, 8). Studies in
which the association between sleep and mortality have been

investigated were mainly focused on sleep duration. The re-
sults suggested that the association between sleep duration
and mortality is U-shaped; both subjective short and long
sleep durations are predictors of all-cause mortality (9, 10).
Few studies have investigated the associations of circadian

rhythms with mortality. In the elderly, the amplitude of sev-
eral physiological circadian rhythms is reduced compared
with that of younger people, as is the stability of the day-night
rhythm (1, 4, 11). This could be explained by an age-related
decline in circadian organization. The aging process affects
central and peripheral oscillators differently, possibly leading
to suboptimal peripheral physiological functioning (12). The
circadian rhythm of physical activity in elderly is better char-
acterized by 2 nonparametric variables that do not assume the
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24-hour cosine-like shape that is present in, for example, core
body temperature and hormones. Two nonparametric vari-
ables quantify stability and fragmentation. A stable activity
rhythm is characterized by a 24-hour profile that remains
very similar from day to day. This gives an indication of the
strength of synchronization between the activity rhythm and
zeitgebers, which are environmental cues with a 24-hour pat-
tern. Fragmentation gives an indication of the frequency of
alterations between rest and activity relative to its 24-hour
amplitude.

In 2 previous studies in which 24-hour activity rhythms
were analyzed parametrically, investigators found that older
men andwomenwith the least robust 24-hour activity rhythms
had a 1.5–2-times higher risk of all-cause mortality (13, 14).
In addition, abnormal sleep-wake cycles were associated with
a 3-times higher mortality rate in elderly persons older than
85 years of age (15). These studies assessed 24-hour activity
rhythms in very old persons and had relatively short follow-
up periods (average follow-up of 4.1, 3.5, and 2 years, respec-
tively). In these activity rhythm and mortality studies, a few
subjective sleep parameters were taken into account. One
study considered sleep medication and disturbed sleep due
to pain as potential confounders (14). Anderson et al. (15)
assessed sleep quality using the Pittsburgh Sleep Quality
Index (PSQI) and daytime sleepiness using the Epworth
Sleepiness Scale in relation to mortality but did not find an
association. However, none of these studies accounted for
objectively assessed sleep characteristics, such as sleep dura-
tion, sleep onset latency, and waking after sleep onset. In a
large population-based study with a longer follow-up period,
we aimed to evaluate the association between nonparametric
measures of the 24-hour activity rhythm, stability, and frag-
mentation, and mortality in middle-aged and elderly people.
We also ran analyses in which we excluded deaths that oc-
curred in the first 2 years to minimize the risk of reversed cau-
sality. Furthermore, actigraphic and subjective sleep diary
estimates of sleep duration, sleep onset latency, waking after
sleep onset, and sleep quality were studied in relation to mor-
tality to investigate whether circadian activity rhythms and
sleep characteristics predicted mortality independently.

METHODS

Participants

The present study was conducted within the Rotterdam
Study, a prospective study of persons 45 years of age or older
living in Rotterdam, The Netherlands, that started in 1990.
The aim of the study was to examine the incidence of and
risk factors for neurological, cardiovascular, psychiatric, and
other chronic diseases. Details of the study have been pub-
lished previously (16). The Rotterdam Study was approved
by the medical ethics committee according to the Wet
Bevolkingsonderzoek ERGO (Population Study Act Rotter-
dam Study), executed by the Ministry of Health, Welfare and
Sports of the Netherlands, and conforms to the Declaration
of Helsinki. All participants provided written informed
consent.

From December 2004 to April 2007, we invited 2,632 suc-
cessive participants to participate in the actigraphy study; of

these, 2,063 (78%) agreed. There were no exclusion criteria
besides being able to understand the instructions for this
study. After exclusion of recordings that failed because of
technical problems or that contained fewer than 4 consecutive
days and nights, 1,734 (84%) recordings (mean recording du-
ration, 138 (standard deviation (SD), 14) hours) were avail-
able for analyses (17). No participants were lost to follow-up.

Actigraphy

We measured the 24-hour activity rhythm using an acti-
graph unit (Actiwatch model AW4, Cambridge Technology
Ltd., Cambridge, United Kingdom) worn on each subject’s
nondominant wrist, as described previously (18). In brief,
participants were asked to wear the actigraph unit for 7 con-
secutive days and nights and to remove it only before bathing.
Recordings were obtained in 30-second intervals. Because
the elderly can have less distinct circadian rhythms, subjects’
24-hour activity rhythms were analyzed nonparametrically;
thus, no assumptions were made about the underlying shape
of the circadian rhythm. The actigraph unit was used to cal-
culate two 24-hour activity rhythm variables (interday stabil-
ity and intraday variability (19)) and 3 sleep variables (sleep
duration, sleep onset latency, and waking after sleep onset
(20)). Interday stability is a measure of how stable the rhythm
is over multiple days, that is, how similar the individual day-
night patterns are over time. It is calculated as the ratio of the
variance of the average activity patterns around the mean and
the overall variance (21). Intraday variability reflects the frag-
mentation of the rhythm, that is, the rate of shifting between
rest and activity. It is calculated as the ratio between the mean
squares of the difference between all successive hours (first
derivative) and the mean squares around the grand mean
(21). The variables have been shown to be sensitive in obser-
vational and experimental studies on aging (22, 23). Exam-
ples of activity rhythms characterized by a high or low
stability and fragmentation are given in Figure 1.

Sleep diaries

During the week of actigraphy assessment, each partici-
pant kept a sleep diary comprising data on sleep characteris-
tics, sleep quality, use of sleep medications, napping, and
alcohol consumption. To assess subjective sleep duration
and sleep onset latency, participants were asked to answer
the questions, “In total, how many hours did you sleep last
night?” and “How long did it take you to fall asleep?” We
averaged a weeks’ worth of daily values. Sleep quality was
measured using 3 dichotomous questions: “Do you think
you slept well last night?”, “Do you think the amount of
sleep was not enough?”, and “Did you feel rested after getting
out of bed?” We reverse-coded the answers to the second
question so that a score of 1 indicated good sleep quality.
The score for sleep quality was created by summing the 3 di-
chotomous questions assessed each day (range, 0–3), taking
the daily average of this score (range, 0–1), summing these
scores over the days of participation, and taking into account
the total number of days a person participated (range, 0–7).
Higher scores represent a better sleep quality. Each day, par-
ticipants specified which sleep medications were used, if any.
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Figure 1. Four examples of activity plots, the Rotterdam Study, the Netherlands, 2004–2007. Plots show activity rhythms of participants from the
Rotterdam Study. The x-axis represents time (0:00, midnight; 12:00, noon) and the y-axis represents activity counts per 30 seconds. Participants
started wearing the actigraph unit at 18:00 hours on day 1. These activity counts are scaled relative to the individual means and cannot be compared
easily across persons. A) Activity rhythmwith high stability and low fragmentation in a 73-year-old man; B) activity rhythmwith high fragmentation in
an 84-year-old woman; C) activity rhythm with low stability in a 47-year old man; D) activity rhythm with low stability and high fragmentation in a
62-year-old man.
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In all analyses, use of sleep medication was dichotomized
into no use of sleepmedication or any use of sleep medication
during the week of actigraphy. Napping was evaluated by
asking whether the participant had taken 1 or more naps.
The total number of days during which the participant took
a nap, adjusted for the total number of days for which the par-
ticipant contributed data, was used in analyses. Alcohol con-
sumption was evaluated as the sum of cups of alcohol after
18:00 hours during the week of actigraphy.

Pittsburgh Sleep Quality Index

The PSQI was used to measure subjective sleep quality
(global PSQI score) and possible sleep apnea (24). Higher
scores represent poorer sleep. We considered participants to
have sleep apnea if they reported that they snored loudly at
least 2 nights per week and if they reported occasional respi-
ratory pauses or respiratory pauses during sleep at least 1–2
nights per week (25).

Assessment of outcome

Records of general practitioners and hospitals were used to
continuously assess death from any cause. In addition, infor-
mation on vital status was acquired bimonthly from death cer-
tificates from the municipality. The number of person-years
was calculated from the date of actigraphy start to the date of
death or end of follow-up on September 27, 2013. The mean
follow-up time was 7.3 years.

Covariates

We assessed the following variables as possible confound-
ers based on previous literature (14, 17): sex, age, use of sleep
medication, possible sleep apnea, napping, activities of daily
living (ADL), educational level, cognitive functioning, de-
pressive symptoms, body mass index, employment status,
current smoking, alcohol consumption, myocardial infarc-
tion, diabetes, and stroke. Use of sleep medication, napping,
and alcohol consumption were estimated using the sleep di-
aries. Information on possible sleep apnea, ADL, educational
level, depressive symptoms, employment status, and current
smoking (cigarettes, cigars, or pipe) was obtained in a home
interview. ADL were measured with the Stanford Health As-
sessment Questionnaire and were used to indicate general
health (26). Depressive symptoms were measured using the
Center for Epidemiologic Studies-Depression scale (27).
During a visit to our research center, cognitive functioning
was measured using the Mini Mental State Examination
(28); height and weight were measured with the participants
wearing light clothing and no shoes to calculate body mass
index (weight (kg)/height (m2)). Myocardial infarction, dia-
betes, and stroke were determined using medical records.

Statistical analyses

The number of missing values for a variable never ex-
ceeded 5% (the maximum amount of missing data was 4.2%
for ADL). Missing values for continuous variables were re-
placed with the median, and missing values for categorical

variables were put into a separate category. Interday stability
and intraday variability were standardized and Winsorized at
4 standard deviations from the mean. We analyzed the curvi-
linear association between sleep duration and mortality by
adding a squared term of sleep duration to the model. In ad-
dition, we tested a nonlinear association by defining 3 catego-
ries of sleep duration (<6, 6–7.5 (reference group), and >7.5
hours).

Cox proportional hazards models were used to determine
the hazard ratios and 95% confidence intervals for the asso-
ciations of circadian rhythm and sleep parameters with mor-
tality. We included a covariate in the model if it changed the
estimate of the main determinants by more than 10%, if the
covariate predicted mortality (P < 0.05), or if it was an impor-
tant a priori confounder. On the basis of these criteria, educa-
tional level, employment status, and alcohol consumption
were not included in the full model. We tested 2 different
models. Model 1 was adjusted for age and sex. Model 2 was
adjusted for age, sex, ADL, current smoking, diabetes, myo-
cardial infarction, stroke, cognitive functioning, depressive
symptoms, body mass index, use of sleep medication, pos-
sible sleep apnea, and napping. All statistical tests were
2-sided, and a P value <0.05 was considered statistically sig-
nificant.We tested the proportional hazards assumption using
Schoenfeld residuals (29). The residuals did not significantly
deviate from zero slope. Analyses were performed in SPSS,
version 20 (SPSS Inc., Chicago, Illinois).

RESULTS

Baseline characteristics

The average follow-up time for the 1,734 participants was
7.3 (SD, 1.3) years. The mean age was 62.2 (SD, 9.3) years,
and 47% of subjects were male. In total, there were 154
deaths (8.9%) during the follow-up period. The participants’
baseline characteristics stratified whether they were alive at
the end of follow-up are summarized in Table 1.

Interday stability and intraday variability were moderately
correlated (r =−0.49, P < 0.001). The global PSQI score was
moderately correlated with sleep quality as assessed using
a sleep diary (r = −0.45, P < 0.001). Circadian rhythm and
sleep variables were only weakly to mildly correlated, with
the highest correlation between interday stability and objec-
tive sleep duration (r = 0.31, P < 0.001). All correlations be-
tween 24-hour activity rhythm and sleep parameters can be
found in Web Table 1 (available at http://aje.oxfordjournals.
org/).

Cox proportional hazards model

Both circadian rhythm variables were significantly related
to mortality (Table 2). After full adjustment, interday stability
was associated with a lower mortality risk (per SD, hazard
ratio (HR) = 0.83, 95% confidence interval (CI): 0.71, 0.96),
and intraday variability (i.e., fragmentation) was associated
with a higher mortality risk (per SD, HR = 1.22, 95% CI:
1.04, 1.44). To show the cumulative survival graphically,
interday stability and intraday variability were divided into
quartiles (Figure 2). Because interday stability and intraday
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Table 1. Baseline Characteristics of Study Participants by Status at End of Follow-up (n =1,734), the Rotterdam Study, the Netherlands, 2004–

2007

Characteristic

Total (n = 1,734) Status at End of Follow-up

Test Statistica

Mean (SD) No. %
Alive (n = 1,580) Dead (n = 154)

Mean (SD) No. % Mean (SD) No. %

Age, years 62.2 (9.3) 61.2 (8.6) 72.6 (10.4) −13.1b

Male sex 808 46.6 723 45.8 85 55.2 5.0c

Employed 574 33.1 558 35.3 16 10.4 39.9b

Educational level

Low 264 15.2 227 14.4 37 24.0

Intermediate 1,097 63.3 1,000 63.3 97 63.0 14.5d

High 341 19.7 322 20.4 19 12.3

Activities of daily living score 0.29 (0.4) 0.25 (0.4) 0.66 (0.6) −8.3b

MMSE score 28.0 (1.8) 28.0 (1.7) 27.3 (1.9) 5.0b

CES-D scale score 5.5 (7.1) 5.4 (7.0) 6.6 (7.9) −2.1c

Myocardial infarction 67 3.9 52 3.3 15 9.7 15.7b

Diabetes 205 11.8 167 10.6 38 24.7 26.8b

Stroke 45 2.6 30 1.9 15 9.7 34.1b

Body mass indexe 27.9 (4.2) 27.9 (4.1) 27.6 (4.1) 0.82

Current smoker 358 20.6 328 20.8 30 19.5 0.29

Alcohol, cups per week 5.7 (1.3) 5.8 (7.3) 5.3 (6.9) 0.80

Interday stability score 0.80 (0.1) 0.80 (0.1) 0.77 (0.1) 3.2d

Intraday variability score 0.43 (0.1) 0.42 (0.1) 0.52 (0.2) −7.7b

Objective sleep duration, hours 6.4 (0.9) 6.4 (0.9) 6.4 (1.0) −0.58

Objective sleep duration, hours

<6 523 30.2 480 30.4 43 27.9

6–7.5 1,069 61.6 977 61.8 92 59.7 3.9

>7.5 142 8.2 123 7.8 19 12.3

Objective sleep onset latency,
minutes

14.6 (12.4) 13.8 (11.8) 22.6 (14.7) −8.6b

Objective waking after sleep onset,
minutes

69.5 (25.9) 68.9 (25.2) 74.5 (30.4) −2.6c

Sleep medication 252 14.5 218 13.8 34 22.1 8.6c

Apnea 507 29.2 448 28.4 59 38.3 6.8c

Napping, days per week 1.7 (2.0) 1.6 (2.0) 2.7 (2.4) −5.6b

Subjective sleep duration, hours 6.9 (0.9) 6.9 (0.9) 6.8 (1.1) 0.40

Subjective sleep duration, hours

<6 277 16.0 244 15.4 33 21.4 4.1

6–7.5 1,048 60.4 964 61.0 84 54.5

>7.5 409 23.6 372 23.5 37 24.0

Subjective sleep onset latency, minutes 17.7 (11.7) 17.7 (11.7) 17.8 (11.7) −0.09

Sleep quality sleep diary score 5.5 (1.6) 5.6 (1.6) 5.5 (1.6) 0.74

Global PSQI score 3.7 (3.5) 3.6 (3.5) 3.9 (3.7) −0.78

Poor sleep (PSQI score >5) 398 23.0 353 22.3 45 29.2 −1.80

Abbreviations: CES-D, Center for Epidemiologic Studies-Depression; MMSE, Mini Mental State Examination; PSQI, Pittsburgh Sleep Quality

Index; SD, standard deviation.
a Statistical test to compare themeans of the alive or dead status at end of follow-up. Student t test was used for continuous variables and χ2 was

used for categorical variables.
b P < 0.01.
c P < 0.05.
d P < 0.001.
e Weight (kg)/height (m)2.
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variability were moderately correlated, we also analyzed a
model adjusted for age and sex that included both 24-hour
activity rhythm variables (per SD of intraday variability, HR =
1.25, 95% CI: 1.07, 1.47; per SD of interday stability, HR =
0.84, 95% CI: 0.71, 1.00).

Actigraphically measured sleep onset latency and waking
after sleep onset were marginally related to mortality in an
age- and sex-adjusted model, but these associations were
nonsignificant in the fully adjusted analysis (per minute of
sleep onset latency, HR = 1.01, 95% CI: 1.00, 1.02; per mi-
nute of waking after sleep onset, HR = 1.01, 95% CI: 1.00,
1.01). The actigraphic estimates of sleep duration, both con-
tinuous and categorical, were not related to mortality. Subjec-
tive sleep duration was quadratically associated with mortality
in the age- and sex-adjusted model. However, this association
was not significant after further adjustment (per hour, HR =
1.07, 95% CI: 0.97, 1.17). When different cut-offs were cho-
sen to categorize objective and subjective sleep duration, the

results did not change meaningfully (Web Table 2). Other sub-
jective sleep parameters were not related tomortality (Table 2).

Sensitivity analysis

Because circadian rhythms can be influenced by undiag-
nosed morbidity, we also ran the analyses excluding deaths
that occurred in the first year and in the first 2 years after
the week of actigraphy. These exclusions reduce the possible
effect of reversed causality. In these analyses, 148 and 128
deaths occurred during the remaining follow-up periods,
respectively. In the fully adjusted model that excluded deaths
in the first year, the observed hazard ratio was essentially
unchanged compared with the previous analyses in which
all participants were included (per SD of interday stability,
HR = 0.83, 95% CI: 0.71, 0.97; per SD of intraday variabil-
ity, HR = 1.23, 95% CI: 1.05, 1.45). Again, very similar
results were observed when deaths that occurred in the first

Table 2. Associations of 24-Hour Activity Rhythm and Sleep Parameters With All-Cause Mortality in Study

Participants (n = 1,734), the Rotterdam Study, the Netherlands, 2004–2013

Determinant
Adjusted for Age and Sex Fully Adjusteda

HR 95% CI HR 95% CI

Activity rhythm

Interday stability score 0.75b 0.65, 0.86 0.83c 0.71, 0.96

Intraday variability score 1.37b 1.20, 1.57 1.22c 1.04, 1.44

Objectively assessed sleep

Continuous sleep duration

Sleep duration, hours 0.42 0.11, 1.57 0.69 0.19, 2.53

Sleep duration squared, hours2 1.06 0.95, 1.18 1.02 0.92, 1.13

Categorical sleep duration, hours

<6 1.29 0.89, 1.87 1.12 0.77, 1.65

6–7.5 0.00 Referent 0.00 Referent

>7.5 hours 1.33 0.81, 2.18 1.18 0.70, 1.98

Sleep onset latency, minutes 1.01c 1.00, 1.02 1.01 1.00, 1.02

Waking after sleep onset, minutes 1.01c 1.00, 1.01 1.01 1.00, 1.01

Subjectively assessed sleep

Continuous sleep duration

Sleep duration, hours 0.23c 0.07, 0.74 0.40 0.11, 1.39

Sleep duration squared, hours2 1.12c 1.02, 1.22 1.07 0.97, 1.17

Categorical sleep duration, hours

<6 1.45 0.97, 2.17 1.41 0.93, 2.13

6–7.5 0.00 Referent 0.00 Referent

>7.5 1.13 0.77, 1.67 1.10 0.74, 1.64

Sleep onset latency, minutes 0.99 0.98, 1.01 0.99 0.98, 1.01

Sleep quality sleep diary score 0.92 0.83, 1.02 0.97 0.87, 1.09

Sleep quality PSQI score 1.01 0.97, 1.06 0.99 0.94, 1.04

Poor sleep (PSQI score >5) 1.28 0.90, 1.83 1.13 0.76, 1.69

Abbreviations: CI, confidence interval; HR, hazard ratio; PSQI, Pittsburgh Sleep Quality Index.
a Adjusted for age, sex, activities of daily living score, current smoking, diabetes, myocardial infarction, stroke,

cognitive functioning, depressive symptoms, body mass index, sleep medication, napping, and apnea.
b P < 0.001.
c P < 0.05.
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2 years were excluded (per SD of interday stability, HR =
0.86, 95% CI: 0.73, 1.02; per SD of intraday variability,
HR = 1.18, 95% CI: 0.98, 1.41).

DISCUSSION

In the present prospective, population-based cohort study,
more fragmented and less stable 24-hour activity rhythms
were associated with a 20% increase in all-cause mortality
risk in a middle-aged and elderly population. These asso-
ciations remained after adjustment for health parameters, pos-
sible sleep apnea, and napping. After adjustment for age and
sex only, subjective sleep duration showed a U-shaped mar-
ginal association with mortality risk. However, after full ad-
justment, no sleep parameter, whether estimated objectively
using an actigraph unit or subjectively using a sleep diary,
predicted all-cause mortality. This suggests that although
the circadian rhythm and sleep both change during aging,
the circadian rhythm is independently related to mortality.
Our finding that fragmentation and low stability of the

24-hour activity rhythm predict mortality has several possible
explanations. First, the biological aging processes may be in-
volved. Although our analyses were adjusted for age, age-
related changes to the circadian organization are complex

and might differ per level of circadian organization (12).
For example, changes may occur in the suprachiasmatic nu-
cleus (the central clock of the brain), in peripheral oscillators,
or in the ability of the suprachiasmatic nucleus to drive pe-
ripheral oscillators. In humans, postmortem studies demon-
strated a reduction in the number of vasopressin-expressing
neurons in the suprachiasmatic nucleus at old age (>80
years) (30). This may underlie a smaller amplitude of sev-
eral circadian rhythms, a more fragmented 24-hour activity
rhythm, and a temperature and melatonin phase that occur
earlier than in younger people (12, 30–35). This loss of tem-
poral organization between different rhythms can lead to sub-
optimal physiological functioning because physiological
processes do not all take place at their optimal time of day
(36). As a result, people who suffer from temporal disorgani-
zation have a higher susceptibility to disease. Second, nap-
ping increases the fragmentation of the rhythm (17) and
can also be an indicator of bad health (37). However, previ-
ous literature on the association of napping with mortality
were inconsistent. It was found that people who take naps
regularly might have a higher mortality rate (38, 39), espe-
cially those who sleep more than 9 hours per night (40).
On the other hand, another study found no significant benefit
or harm of napping (41), whereas yet another study found a
protective association between napping and mortality for
people with short sleep durations (40). In these studies, cir-
cadian rhythm parameters were not taken into account. In
our study, self-reported naps could not explain the associa-
tion between the stability and fragmentation of the 24-hour
activity rhythm and mortality. Third, the disturbed 24-hour
activity rhythm might be an indicator of poor health. Occur-
rence of disease has been related to disrupted circadian
rhythms, for example in persons with cardiovascular disease
and Alzheimer’s disease (21, 42). Also, more fragmented and
less stable 24-hour activity rhythms have been related to
sleepiness, depression, cognitive deficits, high body mass
index, smoking, high blood pressure, and obesity (17, 23,
43–45).
Although we controlled for several health measures, such

as ADL, depressive symptoms, and diabetes, residual con-
founding by disease might explain part of the results. We
also ran analyses in which we excluded deaths that occurred
in the first 2 years to test for reverse causality. The observed
hazard ratio was very similar to that from the analyses that
included all participants. This suggests that the association
between the 24-hour activity rhythm and mortality is not ex-
clusively driven by short-term mortality.
Circadian rhythms and sleep patterns change as people

age. For example, elderly people sleep less during the night
and tend to fall asleep and wake up earlier (2–6). Neverthe-
less, in the present study, the associations between sleep and
24-hour activity rhythm parameters were weak. We found
that more fragmented and less stable circadian activity rhythms
predicted mortality but none of the sleep variables, whether
measured objectively or subjectively, predicted mortality
in the fully adjusted model. During our follow-up period,
154 participants died, which implies that we had sufficient
power to detect the moderate associations of 24-hour activity
rhythm parameters on mortality. Arguably, our study might
not have been powered to detect mild associations between
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Figure 2. Crude cumulative survival plots per quartile of A) interday
stability and B) intraday variability, the Rotterdam Study, the Nether-
lands, 2004–2013. Quartile 1 is the lowest quartile and quartile 4 is
the highest. Survival was lower in participants with a low interday
stability or a high intraday variability (fragmentation).
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sleep characteristics and mortality. Yet, the findings suggest
that the circadian rhythm is more strongly and independently
associated with mortality than is sleep duration.

There have been few studies on the association between ac-
tivity rhythms and mortality (13–15, 46, 47). Mortality risk
was found to be higher in older men and women with less
robust or abnormal 24-hour activity rhythms (13–15). In pa-
tients with metastatic colorectal cancer, a higher mortality
rate was associated with disturbed circadian rhythms; in
dementia patients, it was associated with abnormal timing
of the rhythm (46, 47). To our knowledge, the association of
fragmentation and stability of the circadian activity rhythm
with all-cause mortality has not been described before.

Our estimates showed a significant U-shaped relationship
between continuously analyzed subjective sleep duration and
mortality. However, these associations were nonsignificant
after adjustment for health parameters. A U-shaped relation-
ship between sleep duration and mortality was found in sev-
eral previous studies (for 2 meta-analyses, see Cappucio et al.
(9) and Gallicchio et al. (10)). In general, stronger associa-
tions between long sleep duration and all-cause mortality
were observed in the more extreme sleep categories (≥9
hours). In our study, few persons were extreme short or long
sleepers. Consequently, in our analyses, the power regarding
extreme sleep duration was limited, which might explain the
attenuation of the curvilinear relation between sleep duration
and mortality after further adjustment. Previous studies in
which sleep duration stratified on health status was examined
were inconsistent (48, 49). In 1 study, Magee et al. (48) ob-
served an association between sleep duration and mortality
in persons with preexisting disease only; Mesas et al. (49)
also found this association in healthy people. In addition,
part of the association of short sleep duration with mortality
can be explained by sleep apnea (50). We adjusted for possi-
ble sleep apnea based on 2 questions from the PSQI (24, 25).
Possible apnea was not a significant predictor of mortality in
our fully adjusted model. However, the PSQI cannot be used
to diagnose sleep apnea. We cannot rule out that sleep apnea,
if assessed more in detail, might explain part of the observed
associations.

In the present study, as in previous studies, perceived sleep
quality was not related to all-cause mortality, whether it was
measured using the sleep diary or with the PSQI (51). Previ-
ously, sleep disturbances were associated with higher all-
cause mortality risk only in men younger than 45 years of
age and not in women or men older than 45 years (52).

One strength of our study is that it is embedded in the
Rotterdam Study, a prospective population-based cohort
study. This increases the generalizability of our results, and
wewere able to adjust for many covariates. A second strength
was our use of both subjective and objective measurements to
estimate sleep duration and sleep onset latency. Because sub-
jective and objective sleep variables are not strongly associ-
ated (18), it is important to analyze both and to test whether
they predict mortality independently. A third strength was the
complete follow-up of the death date of all participants.
Fourth, the 24-hour activity rhythms were analyzed nonpara-
metrically, so no assumptions were made about the underly-
ing shape of their circadian rhythms. This study also has
some limitations. First, data collection on sleep disorders,

such as restless leg syndrome and sleep apnea, was limited.
Second, in our population-based study, 154 participants
died. Therefore, we may not have been able to detect the
mild associations of sleep parameters on mortality.

To conclude, in a representative middle-aged and elderly
population, fragmentation and low stability of the 24-hour ac-
tivity rhythm predicted all-cause mortality independent of
and better than sleep estimates. Changes in the regulation
of circadian rhythms could indicate disease and reflect age-
related alterations in the biological clock of the brain. Future
research must show whether improving circadian activity
rhythm disturbances can improve health and survival.
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