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Summary This study examined the long-term associations between reports of sleep duration
and diurnal cortisol secretion in older adulthood. It was hypothesized that longer sleep would
protect older adults against increases in diurnal cortisol secretion over time. We tested this
hypothesis using three waves of data from a 4-year longitudinal study involving 157 older adults.
Results from growth curve and cross-lagged panel analyses demonstrated that levels and
increases in sleep duration buffered long-term elevations of diurnal cortisol secretion. Reversed
analyses indicated that diurnal cortisol secretion did not predict changes in sleep duration over
time. These results were independent from sociodemographic characteristics (i.e., age, sex,
partnership status, and education) and health-related variables (i.e., chronic illness, medication
usage, body mass index, and smoking). They suggest that long sleep exerts restorative functions
and protects older adults from exhibiting increases in diurnal cortisol secretion over time.
# 2011 Elsevier Ltd. All rights reserved.

Cortisol is a hormone that is secreted by the hypothalamic—
pituitary—adrenocortical (HPA) axis. Across the day, cortisol
secretion follows a circadian rhythm, reaching the highest
levels shortly after awakening and progressively declining
until bedtime (Van Cauter and Turek, 1994). Cortisol has
widespread regulatory influences in the body which include
the mobilization of glucose, the regulation of fluid volume,
the modulation of immune function, and various central
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nervous system effects on behaviors related to feeding,
sleeping, and learning (Sapolsky et al., 2000). However,
physical or psychological stressors can disrupt the HPA axis
homeostasis (Heim et al., 2000; Miller et al., 2007; Schaeffer
and Baum, 1984; Weiner, 1992). When patterns of cortisol
release become dysregulated, either through increased or
decreased output, there are likely to be adverse physiological implications, which may alter vulnerability to various
mental and physical illnesses (Bjorntorp and Rosmond, 1999;
Lupien et al., 2009; Raison and Miller, 2003).
Age-related elevations in cortisol have been found both in
natural settings and in response to laboratory-induced challenge (Almeida et al., 2009; McEwen and Stellar, 1993; Kern
et al., 1996; Otte et al., 2005; Sapolsky, 1992; Van Cauter
et al., 1996, 2000; Wrosch et al., 2008; McEwen and
Stellar, 1993). These processes may occur because common
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age-related challenges (e.g., health threats or loss of
resources, Baltes et al., 1979; Heckhausen et al., 2010)
can trigger emotional distress and increase the release of
cortisol into the circulation (Wrosch et al., 2004). In addition,
age effects on cortisol secretion may reflect an impairment of
the HPA axis feedback control and could underlie a constellation of dysregulation in other bodily systems (Boscaro et al.,
1998; McEwen and Sapolsky, 1995; Seeman and Robbins,
1994; Wilkinson et al., 1997). However, despite the importance of understanding the age-related trajectories in HPA
axis functioning, a consistent pattern of associations
between cortisol level and age has not been established.
Several studies observed considerable variability in the agerelated changes of cortisol secretion (Lupien et al., 1998,
2005; Seeman et al., 1997), and other research did not find an
association between diurnal cortisol output and age (e.g.,
Greenspan et al., 1993).
To provide an explanation for this inconsistent pattern of
findings, we suggest that diurnal cortisol may not increase
among all older adults, and that some of them are protected
from exhibiting cortisol increases. In addition, such individual differences could be reliably associated with behavioral
factors that are likely to modulate cortisol release. To this
end, we suggest that sleep duration could be one such factor
that has the potential to influence trajectories of older
adults’ diurnal cortisol secretion (Balbo et al., 2010). Preliminary support for this argument stems from cross-sectional
research demonstrating that shorter, as compared to longer,
sleep duration was associated with higher cortisol levels
across day in a cohort of adults (Kumari et al., 2009). Moreover, chronic short sleepers have been found to exhibit higher
nocturnal cortisol levels than chronic long sleepers (SpäthSchwalbe et al., 1992). Further, extant laboratory studies
have indicated that experimental sleep restriction can predict increases in cortisol levels both during the night of acute
sleep loss (Weibel et al., 1995; Weitzman et al., 1983) and, if
wakefulness was prolonged, during the following day
(Leproult et al., 1997; Spiegel et al., 1999; Van Cauter
et al., 2000). Finally, there is evidence from earlier waves
from the same longitudinal study as presented here, suggesting that adaptive sleep patterns can attenuate the adverse
effects of elevated cortisol levels on older adults’ physical
health. These health benefits have been explained by the
possibility that the restorative function of sleep can downregulate high levels of cortisol over time (Wrosch et al.,
2008).
We note that the link between cortisol and sleep is likely
bi-directional. Indeed, there is evidence that cortisol can be
associated with changes in sleep patterns, although such
effects have not been found consistently across studies
(for a review, see Steiger, 2003). These mixed findings suggest
that cortisol may play an indirect role in causing sleeping
problems, in which it needs to interact with other biological
processes to have effects (for a review, see Buckley and
Schatzberg, 2005; Shaver et al., 2002).
Together, the reported research suggests that long sleep
could buffer age-related increases in diurnal cortisol secretion, whereas shorter sleep may lead to increases in older
adults’ cortisol output. Further, such restorative functions of
long sleep may be especially important in older adulthood
when age-related challenges contribute to psychological and
biological disturbances (Wrosch et al., 2007, 2008), and older
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adults could benefit from adaptive behavioral patterns that
support homeostasis. Finally, because cortisol could also
influence changes in sleep patterns, conclusions about the
direction of effects cannot be drawn from cross-sectional
evidence, and the existing short-term longitudinal studies
leave unexamined whether sleep duration contributes to
sustained increases of cortisol secretion. Thus, longitudinal
research is needed that tracks changes in individuals’ sleep
duration and cortisol output over a prolonged period of time
to examine the long-term associations between older adults’
sleep duration and diurnal cortisol secretion.
To address this gap in the literature, the present research
examined the long-term associations between reports of
sleep duration and diurnal cortisol secretion in older adulthood. We expected that cortisol levels would generally
increase over time, and that this effect could be moderated
by older adults’ sleep duration. More specifically, we
hypothesized that shorter sleep (and declines in sleep duration) would amplify age-related increases in subsequent
cortisol secretion, whereas longer sleep (and increases in
sleep duration) would protect against them. In addition, we
considered the possibility that both levels of and changes in
cortisol could also contribute to changes in sleep duration
over time.

Methods
Participants
The study is based on a 4-year longitudinal sample of community-dwelling older adults who took part in the Montreal
Aging and Health Study (MAHS; Wrosch et al., 2007). Participants were recruited through newspaper advertisement.
The only inclusion criterion was that participants had to be
older than 60 years because we were interested in examining
a normative sample of older adults.
In 2004, we conducted the first wave of the MAHS by
assessing a heterogeneous sample of 215 older adults from
the Montreal area. The 2-year follow-up included 184 participants and 164 subjects participated in the 4-year follow-up.
Reasons for non-participation were being deceased (n = 13),
having problems that prevented participation (n = 17), refusing further participation (n = 8), and being unable to locate
participants (n = 13). Seven additional participants were
excluded from the analyses because they did not participate
in the 2-year follow-up. Thus, the final sample included
157 participants. Study attrition over 4 years was not significantly associated with baseline measures of the study
variables, except for participants’ age. Older participants
were more likely to discontinue their study participation,
t(213) = !2.30, p < .05.

Materials
The analyses incorporated repeated measures of participants’ diurnal cortisol rhythms and sleep duration. In addition, we included a number of sociodemographic (i.e., age,
sex, partnership status, and education) and health-related
covariates (i.e., chronic illness, medication usage, body mass
index, and smoking; see Table 1 for means, standard deviations, and frequencies of main study variables).
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Table 1 Means, standard deviations, and frequencies of
main study variables (n = 157).
Constructs
Cortisol (AUC) (log nmol/L h)
4 years
2 years
Baseline
Sleep duration (T1) (h)
4 years
2 years
Baseline
Age (years)
Male (%)
Number of chronic health problems
(baseline)
No chronic health problems (%)
One chronic health problem (%)
Two or three chronic health
problems (%)
Four or more chronic health
problems (%)
Cortisol-related medication (%)
BMI (baseline)
Underweight (BMI " 18.4) (%)
Normal weight (18.5 " BMI " 24.9) (%)
Overweight (25 " BMI " 29.9) (%)
Obese (BMI # 30) (%)
Current smoker (%)
Education (baseline)

Mean (SD) or
percentage a
13.45 (2.66)
13.22 (2.47)
12.71 (2.59)
6.94
6.83
6.69
71.72
48.40
2.26

(1.49)
(1.34)
(1.37)
(5.55)
(1.63)

10.80
24.80
43.90
20.50
80.30
25.69 (3.73)
2.50
38.90
49.70
8.90
10.20
2.09 (1.07)

a
Mean and standard deviation (SD) are presented for continuous variables. AUC = area under the curve; BMI = body mass index.
Education was indexed as 0 = no education, 1 = high school,
2 = trade, 3 = masters or doctorate.

Diurnal cortisol rhythms were assessed across waves on
three non-consecutive typical days. We asked the participants
to collect saliva samples as they engaged in their normal daily
activities. On each of the 3 days, the participants collected five
saliva samples (by using salivettes) at specific times of the day:
awakening, 30 min after awakening, 2 p.m., 4 p.m., and
before bedtime. Participants were asked not to eat or brush
their teeth immediately prior to saliva collection to prevent
contamination with food or blood. The actual time of day was
recorded by the participants for all of the collected saliva
samples. They were provided with a timer that they had to set
at 30 min at the time they collected their first saliva sample
after awakening. Compliance with the 30 min measure was
generally good, as indicated by small deviations from 30 min
after wakening at T1 (M = 3.51 min), T2 (M = 4.65 min), and T3
(M = 2.45 min). To ensure compliance concerning the collection of the afternoon and evening samples, participants were
called at 2 p.m. and 4 p.m. They were further instructed to
collect the last sample of the day by themselves at the time
they went to bed. The saliva samples were stored in participants’ home refrigerators until they were returned to the lab
2—3 days after collection was completed (for stability of
cortisol concentrations in these conditions, see Clements
and Parker, 1998). After the saliva containers were returned
to the lab, they were frozen until the completion of the study.

Cortisol analysis was performed at the University of Trier, in
duplicate, using a time-resolved fluorescence immunoassay
with a cortisol—biotin conjugate as a tracer (Dressendörfer
et al., 1992). The intra-assay coefficient of variation was less
than 5%; the inter-assay variability from cortisol analyses
performed at the University of Trier has been found to be
routinely below 10%.
All raw cortisol values were log-transformed to obtain
normally distributed cortisol data. Total diurnal cortisol secretion was indexed by calculating the area under the curve (AUC)
for each collection day using trapezoidal estimation (based on
hours after awakening). The AUC was chosen as the outcome
for this report because, of the various daytime cortisol
metrics, it is the best proxy for overall tissue exposure to
the hormone, and thus most likely to relate to sleep patterns
and other distal health outcomes (Rodenbeck et al., 2002).
Given that some saliva samples may have been contaminated
with blood or food, we excluded samples across the three
waves of data collection because they deviated more than 3
SDs from the mean cortisol secretion for the time of day (1.2%).
In cases in which a single saliva sample was missing, we
replaced the missing value with the sample mean before
calculating AUC. Within each wave, AUC estimates were averaged across collection days to obtain a stable indicator of
individual differences in diurnal cortisol secretion.
Sleep duration was measured using items from the Brief
Pittsburgh Sleep Quality Index (Buysse et al., 1989). In all three
assessments, we asked the participants to report for the
majority of recent days and nights during the past month
(a) the time they usually laid down to go to sleep, (b) the
time they usually got out of bed in the morning, (c) how long it
took them to fall asleep after they had laid down to go to sleep,
(d) how many minutes of sleep they had lost because they woke
up in the middle of the night, and (e) how many minutes of
sleep they had lost because they woke up earlier than their
usual time to get up. Global indicators of sleep duration for
each of the three assessments were calculated by subtracting
the minutes individuals spent in bed during the night without
sleeping from the total minutes individuals spent in bed during
the night.
Covariates. To minimize spurious associations, we controlled for variables that have been shown in previous
research to be associated with cortisol secretion or sleep
duration (Gangwisch et al., 2006; Patel et al., 2006; Wrosch
et al., 2009). The covariates included baseline levels of
participants’ age, sex, partnership status, education, chronic
illness, cortisol-related medication usage, body mass index,
and smoking. Partnership status was coded as 1 (being married or cohabitating) and 2 (being separated, divorced, or
widowed). Education was measured by asking participants to
report their highest educational degree completed (0 = none,
1 = high school, 2 = trade, 3 = undergraduate degree,
4 = graduate degree). Usage of medications that could be
associated with cortisol secretion was assessed by counting
the number of medications that either contained glucocorticoids and/or can influence the HPA-axis activity (e.g., antidepressants, b-blockers, or anti-inflammatory drugs). Body
mass index was calculated in kg/m2. Smoking was indexed as
whether or not participants used cigarettes daily. Levels of
chronic illness were measured by asking participants to
report whether they were affected by 17 different health
problems (e.g., coronary heart disease, cancer, high blood
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Data analyses
To test the study’s hypotheses, we performed two sets of
analyses. The first set applied cross-lagged panel analyses
and examined with four regression models whether previous
levels of sleep duration would predict subsequent 2-year
changes in diurnal cortisol secretion (and whether levels of
cortisol would predict 2-year changes in sleep duration). The
analyses were controlled for the previously described covariates.
The second set applied growth-curve analysis (utilizing HLM
6.0, Raudenbush et al., 2004) to examine whether cortisol
levels would increase over 4-years of study, and whether 2year increases in sleep duration would ameliorate this effect.
We used growth curve analysis because these models allowed
us to examine within-person changes across time and to
identify between-person predictors of individual differences
in within-person changes (Bryk and Raudenbush, 1987). More
specifically, we estimated in the Level-1 model the withinperson variability in participants’ cortisol secretion over 4
years (using data from T1, T2, and T3) as a function of years
since study entry and a residual term. In the subsequent Level2 model, we examined whether 2-year changes in sleep duration (and baseline levels of sleep duration and the covariates)
would predict individuals differences in longitudinal trajectories obtained in the Level-1 model. A measure of 2-year
changes in sleep duration was obtained in a regression analysis,
which predicted sleep duration assessed at T2 from the baseline indicator of sleep duration, and saved the standardized
residuals. In order to shed further light on the temporal
associations between sleep duration and cortisol secretion,
we finally reversed the analyses to examine whether 2-year
increases in cortisol levels (using residualized change scores)
would predict 4-year changes in sleep duration.

Results
Sample description and preliminary analyses
Table 1 provides a description of the sample. Participants were
on average about 72 years old and approximately half of the
sample was female. They reported an average of 2—3 chronic
health problems, and their mean BMI was at the intersection of
normal weight to overweight. Eighty percent of the participants reported that they used one or more medications that
either contained glucocorticoids and/or can influence the HPAaxis activity (e.g., antidepressants, b-blockers, or anti-inflammatory drugs). Thirty-six percent obtained an undergraduate
degree or a higher education, and the minority of the sample
smoked. The socio-demographic characteristics, health status, and medication use obtained in the sample were within
the normative range for older adults residing at home (Aging
NACO, 2006; Rotermann, 2006).
Participants slept at night on average between 402 min
(baseline) and 417 min (4-year follow-up) and their sleep
ranged across waves from 212 to 592 min. Measures of sleep
duration were significantly correlated with each other across
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Cortisol Secretion
(in nmol/l)

pressure, or arthritis). A count variable was computed to
obtain an indicator of how many different chronic illnesses
each participant experienced.
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Fig. 1 Means and standard errors of salivary cortisol secretion
across three assessment days at baseline, 2-year, and 4-year
follow-up.

waves (rs = .55—.56, ps < .01). In addition, Fig. 1 illustrates
the raw cortisol values. The sample as a whole exhibited
typical patterns of cortisol secretion in all three study waves,
demonstrating high cortisol levels at awakening, peaking
30 min after awakening, and continuously decreasing over
the later part of the day until bedtime. The calculated dayto-day AUC values were considerably correlated within each
wave of data-collection (rs = .46—.67, ps < .01), and averaged AUC estimates were significantly correlated across
waves (rs = .30—.45, ps < .01).

2-year associations between sleep duration and
cortisol secretion
We conducted cross-lagged panel analyses with four separate
regression models to examine whether baseline and 2-year
levels of sleep duration would predict subsequent 2-year
changes in cortisol secretion or vice versa. The results of
the analyses are illustrated in Fig. 2 and showed that 2-year,
and 4-year levels of the outcome variables were significantly
associated with previous levels of the outcomes. While these
findings indicate considerable stability in cortisol and sleep
duration over time, they also demonstrate that higher baseline
levels of sleep duration were associated with smaller 2-year
increases in cortisol secretion, F(1, 147) = 5.95, R2 = .03,
p < .05, and higher 2-year levels of sleep duration predicted
smaller increases in cortisol secretion over the subsequent 2year period, F(1, 147) = 6.98, R2 = .04, p < .01. However,
neither baseline levels nor 2-year levels of cortisol secretion
were significantly associated with subsequent changes in sleep
duration, Fs(1, 147) < 3.44, R2s < .01, ps > .05.1,2

1

We note that the pattern of results obtained in our analyses
remained identical if individual differences in compliance with the
30-min measure of cortisol were taken into account. In addition,
subsequent analyses showed that neither neuroticism, perceived
stress, depressive symptomatology (CES-D), a dichotomous distinction between taking versus not taking any cortisol-related medicine,
or any of the 17 assessed chronic health problems (if analyzed
separately) explained the reported effects.
2
9.6% of our participants took sleeping pills, and follow-up analyses demonstrated that the usage of this medication did not affect the
reported associations between sleep and cortisol.
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Fig. 2 Cross-lagged panel analyses examining the longitudinal associations between baseline, 2-year, and 4-year levels of sleep
duration and cortisol secretion. Values represent standardized regression coefficients.

Predicting 4-year trajectories of cortisol
secretion
We conducted growth-curve models to examine whether
cortisol would increase over 4 years of study and whether
these increases could be moderated by 2-year changes in
sleep duration. The results of these analyses are summarized
in Table 2 and show that baseline levels of cortisol secretion
(i.e., Level-1 intercept) were significantly different from
zero. Moreover, the Level-1 slope was significantly positive,
which implies that levels of cortisol secretion exhibited a
linear increase over time. Finally, there was significant variability around the averaged Level-1 intercept and slope,
x2s(156) > 223, ps < .01, indicating the presence of reliable
individual differences in baseline levels of, and changes in,
cortisol secretion.
In the Level 2-model, we attempted to explain this variability and predicted individual differences in Level-1 intercept and slope by the centered baseline scores of sleep
duration, 2-year changes in sleep duration, covariates, and
a random residual term. The results from the Level-2 model

revealed that baseline levels of sleep duration were negatively associated with baseline levels of cortisol secretion
(see effects on intercept in Table 2), indicating that participants who reported shorter sleep duration at baseline
concurrently exhibited higher diurnal cortisol secretion than
participants who slept longer. Of the sociodemographic and
health-related covariates, age, sex, partnership status, and
BMI significantly predicted baseline levels of diurnal cortisol
volume (i.e., Level-1 intercept). As shown in Table 2, older
individuals, men, participants without a partner, and participants with a higher BMI secreted significantly higher diurnal
cortisol levels at baseline than younger individuals, women,
participants with a partner, and participants with a lower
BMI. Moreover, except for partnership status, none of the
covariates significantly predicted 4-year changes in cortisol
secretion (i.e., Level-1 slope). Participants who were married or cohabitating (b = .58, SE = .15, T-ratio = 3.85,
p < .01) exhibited larger increases in their initially lower
levels of cortisol secretion over 4 years as compared to their
counterparts who did not have a partner (b = !.18, SE = .14,
T-ratio = !1.22, p > .10). Finally, the analysis demonstrated

Table 2 Results of growth-curve analyses predicting 4-year changes in diurnal cortisol volume (AUC) by sociodemographic factors,
baseline levels of health-related variables, and baseline levels and 2-year changes of sleep duration.
Diurnal cortisol volume (AUC)
Intercept a

Level-1
Level-2 predictors
Age
Sex b
Partnership status c
Education
Chronic illness
Cortisol-related medication
BMI
Smoking
T1 sleep duration
DT1—T2 sleep duration

Slope

b (SE)

T-ratio

12.73 (0.17)

73.89 **

0.09
!1.43
1.31
0.29
0.13
0.08
0.09
1.01
!0.01
!0.03

3.35 **
!3.80 **
3.74 **
1.89
1.10
1.41
1.94 *
1.46
!3.34 **
!0.21

(0.03)
(0.38)
(0.35)
(0.15)
(0.12)
(0.05)
(0.04)
(0.69)
(0.00)
(0.16)

b (SE)

T-ratio

0.20 (0.06)

3.30 **

(0.01)
(0.14)
(0.13)
(0.06)
(0.04)
(0.02)
(0.02)
(0.20)
(0.00)
(0.05)

!0.98
1.40
!2.96 **
!0.34
!1.21
0.60
!1.03
!0.40
1.22
!3.30 **

!0.01
0.19
!0.40
!0.02
0.05
0.01
!0.02
!0.08
0.00
!0.18

Note. Level-1 model had 156 dfs. Level-2 model had 146 dfs.
a
The intercept represents participants’ levels of cortisol secretion at study entry, and the slope represents the within-person associations
between years since study entry and cortisol secretion.
b
Higher values represent females.
c
Higher values represent participants without a partner.
*
p < .05.
**
p < .01.
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Fig. 3 Changes in cortisol secretion across 4 years, separately
for participants who reported increases (+1 SD) and declines
(!1 SD) in levels of sleep duration over the first 2 years of study.

that 2-year changes in sleep duration (but not baseline levels
of sleep duration) significantly predicted 4-year changes in
cortisol secretion (see effects on slope in Table 2).
Fig. 3 illustrates the effect of 2-year changes in sleep
duration on 4-year changes in cortisol secretion by plotting
the trajectories of cortisol secretion across measurements,
separately for participants who exhibited increases (+1 SD)
and decreases (!1 SD) in levels of sleep duration over the first
2 years of study. The observed pattern of results demonstrates that levels of cortisol secretion did not change significantly among participants who experienced increases in
their sleep duration over the first 2 years of study (b = 0.02,
SE = 0.08, T-ratio = 0.24, p > .10). By contrast, participants
who reported decreases in sleep duration over the first 2
years of the study displayed steep increases in cortisol
secretion over the 4-years study period (b = 0.38,
SE = 0.08, T-ratio = 4.68, p < .01).

Predicting 4-year trajectories of sleep duration
We next reversed the previously reported growth curve
analysis, and predicted in the Level-1 model the withinperson variability in sleep duration (using data from T1,
T2, and T3) as a function of years since study entry and a
residual term. In the Level 2 model, we estimated betweenperson variation in the within-person intercept and slope of
sleep duration as a function of the centered baseline scores
of cortisol levels, 2-year changes in cortisol levels, covariates, and a random residual term.
The results of the Level-1 model showed that baseline
levels of sleep duration were significantly different from
zero, b = 402.11, SE = 5.89, T-ratio = 68.24, df = 156,
p < .01, and increased significantly over 4 years of study,
b = 4.08, SE = 1.68, T-ratio = 2.43, df = 156, p < .05. In addition, there was significant variability around the averaged
Level-1 intercept and slope, x2s(156) > 189, ps < .01.
Explaining this variability, the Level-2 model showed that
baseline levels of cortisol secretion, b = !6.39, SE = 2.70, T-
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ratio = !2.36, df = 146, p < .05, as well as 2-year changes in
cortisol secretion, b = !5.40, SE = 2.20, T-ratio = !2.45,
df = 146, p < .05, were negatively associated with baseline
levels of sleep duration. The latter finding mirrors the results
from the cross-lagged panel analyses by demonstrating that
those participants who exhibited declines in cortisol secretion over 2 years reported higher baseline levels of sleep
duration. Of the covariates, only sex, b = !28.81, SE = 13.07,
T-ratio = !2.20, df = 146, p < .05, significantly predicted
baseline levels of sleep duration (i.e., Level-1 intercept).
Men reported longer sleep at baseline as compared to
women. In addition, partnership status significantly predicted 4-year changes in sleep duration (i.e., Level-2 slope),
b = !8.39, SE = 3.70, T-ratio = !2.26, df = 146, p < .05,
revealing that participants with a partner reported larger
increases in sleep duration over 4 years than their counterparts who did not have a partner. Finally, the Level-2 model
also showed that neither baseline levels of cortisol secretion
nor 2-year changes in cortisol secretion significantly predicted 4-year changes in participants’ sleep duration.

Discussion
The study’s findings demonstrate that older adults experienced increases in diurnal cortisol secretion over time, and
that this effect was forecasted by individual differences in
sleep duration. More specifically, results from cross-lagged
panel analyses showed that lower, as compared to higher,
baseline and 2-year levels of sleep duration forecasted
increases in cortisol secretion over the subsequent 2 years.
Further, growth-curve models substantiated these results by
demonstrating that cortisol secretion generally increased
over 4 years of study, and that 2-year increases in sleep
duration ameliorated 4-year increases in cortisol secretion.
In fact, our analyses showed a steep increase in 4-year
cortisol secretion among older adults who experienced
declines in their sleep duration over the first 2 years of study.
By contrast, no significant changes in cortisol output were
found among their counterparts who increased their sleep
duration. Finally, reversed analyses showed that levels of and
2-year changes in cortisol secretion were not associated with
subsequent changes in participants’ sleep duration. Together,
this pattern of findings supports the hypothesis that sleep
patterns can have a directional, and possibly restorative,
effect on older adults’ diurnal cortisol secretion, and that
long sleep can prevent age-normative increases in cortisol
output.
It is important to note that although the cross-lagged panel
analyses showed that higher baseline and 2-year levels of sleep
duration ameliorated subsequent 2-year increases in cortisol
secretion, the results from the growth curve model showed
that baseline levels of sleep duration did not forecast 4-year
changes in cortisol secretion. To this end, our analyses suggest
that this pattern of findings may have emerged because some
individuals exhibited changes in their sleep duration over the
first 2 years of study, which were reliable predictors of 4-year
changes in cortisol secretion. Thus, levels of sleep duration can
be a significant predictor of older adults’ cortisol changes over
2 years, and subsequent changes in cortisol secretion are more
likely to emerge as a function of alterations in sleep duration
during these 2 years.

Sleep duration and diurnal cortisol secretion
These data are the first to provide direct longitudinal
evidence for a mechanism that links longer sleep duration
with the prevention of long-term increases in older adults’
diurnal cortisol secretion. The identification of this
mechanism is important because older adulthood is often
associated with increasing levels of age-related challenges
(e.g., health threats and loss of resources, Baltes et al.,
1979; Heckhausen et al., 2010), which can elicit psychological distress and dysregulate the HPA axis (Wrosch et al.,
2004, 2007). Thus, long sleep has the potential to ameliorate the adverse consequences of age-related challenges
and emotional distress on increases in older adults’ diurnal
cortisol output, which could in turn reduce their risk of
experiencing subsequent physical health declines. By contrast, short sleep could give rise to increased levels of
perceived stress and negative emotions (Hamilton et al.,
2007), which may dysregulate a person’s HPA-axis. In
addition, cortisol disturbances among older adults experiencing poor sleep could derive from their engagement in
maladaptive behaviors (e.g., coffee consumption or sedentary behaviors), which they may adopt to cope with
increased fatigue (e.g., Digdon and Rhodes, 2009). These
conclusions are consistent with previous work theorizing
that good sleep can down-regulate levels of cortisol secretion, and through this mechanism explain the observed
buffering effect that restorative sleep patterns can have
on the association between cortisol and subsequent physical health problems (Wrosch et al., 2008).
In addition, our research indicated that older adults
experienced a fairly small, but significant, increase in their
sleep duration over time (approximately 4 min each year).
This finding is consistent with results from meta-analysis
documenting that sleep duration typically decreases until
age 60 among healthy adults, but plateaus thereafter (Ohayon et al., 2004). However, some studies have shown that
sleep duration can also decline in older adulthood, and
mounting evidence suggests that such effects are due to
older adults’ medical comorbidities rather than age per se
(Foley et al., 2001; Ohayon and Vechierrini, 2002; Vitiello
et al., 2002). The latter possibility further implies that sleep
could become reduced over time when older adults experience an onset of severe physical health problems. Subsequently conducted analyses showed that such quadratic
effects were not observed in our study, which we attribute
to the relatively good health of the study participants. Nonetheless, we would expect such declines in sleep duration to
emerge in later waves of our study, and suggest that this
process would be likely to set in motion a downward spiral,
characterized by the onset of severe health problems,
reduced sleep length, increases in cortisol secretion, and
subsequent physical disease.
Finally, the reported results may have some implications
for clinical treatment. If restorative sleep can down-regulate
increases in cortisol levels, clinical interventions should
target older adults’ sleep patterns (e.g., Morin et al.,
1994). Such interventions could prevent the adverse consequences of age-normative challenges on the dysregulation of
biological processes. Moreover, given that dysregulated cortisol patterns can forecast a variety of disease-related processes (Dekker et al., 2008; Smith et al., 2005), interventions
along these lines could further contribute to the maintenance of older adults’ physical health.
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Limitations and future research
There are limitations to this study that need to be addressed
in future research. First, we used a self-report measure to
assess sleep duration. Although such self-reports of sleep
duration have been validated with objective sleep assessments (Lockley et al., 1999), they could be biased by other
psychological factors. In this regard, it is important to note
that we analyzed changes in sleep duration over time as
predictor and outcome variable, and such change measures
are likely to partial out some of the potential biases found in
self-reports. In addition, demonstrating that changes in sleep
duration were associated with subsequent changes in cortisol
output lessens the possibility that the reported findings are
driven by sleep pathology. In fact, clinically significant sleeping problems could underlie individual differences in sleep
duration and were not assessed in our study. However, we
would expect that such sleeping problems are more likely to
be associated with levels, as compared to changes, of sleep
duration. In addition, we note that our sleep data were
within the normative range of healthy older adults’ sleep
duration in the general population (Ohayon, 2004). Nonetheless, future research should include objective sleep measures and assess sleep pathology to replicate the obtained
findings.
Second, our analysis focused on sleep duration and did not
examine sleep efficiency (i.e., the time that individuals sleep
relative to the time they spent in bed), which can also exert
restorative functions (e.g., Cacioppo et al., 2002; Dew et al.,
2003). In this regard, it would have been possible to incorporate a measure of sleep efficiency into our analyses. We did
not pursue this possibility because the indices used for
computing these variables largely overlap and sleep duration
and sleep efficiency were strongly correlated in our study
(rs > .75, ps < .01). However, we note here that repeating
the analyses with sleep efficiency (instead of sleep duration)
did not produce the same effects, and levels of, or changes
in, sleep efficiency were not significantly associated with
subsequent changes in cortisol output. However, given that
previous work has shown that sleep efficiency can also predict health-related outcomes above and beyond sleep duration (Cohen et al., 2009), future research is needed to
examine the conditions under which sleep duration and sleep
efficiency predict different outcomes.
Third, we focused in our analysis on the overall volume of
cortisol secretion because we reasoned that sleep duration
may be particularly likely to associate with cumulative
indices of cortisol output across the day. However, other
research has shown that sleep duration may also be associated with cortisol slope and awakening levels of cortisol
(Kumari et al., 2009). Follow-up analyses of our data showed
that this was not the case for our sample, as levels of or
changes in sleep duration were unrelated to changes in these
alternative cortisol indices. This may imply that short sleep
can influence long-term increases in cortisol secretion across
the entire day, and such effects are less likely to be detected
if only portions of the diurnal rhythm or changes in cortisol
slope are analyzed.
Fourth, although our results were independent from a
number of sociodemographic and health-related variables,
some of the covariates were associated with participants’
cortisol secretion. In this regard, the findings that lower
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baseline cortisol levels were associated with a younger age,
being female, having a partner, and a lower BMI support the
validity of our measures as they reflect associations commonly found in other research (e.g., Almeida et al., 2009;
Fraser et al., 1999; Kudielka et al., 1998). However, it is
interesting to note that, over time, participants who had a
partner exhibited larger cortisol increases, but also longer
sleep, than their single counterparts. This suggests that
having a partner in older adulthood can be both, a protective
factor and a risk factor. In fact, such processes could derive
from the possibility that although older adults often benefit
from close relationships (Löckenhoff and Carstensen, 2004)
and co-sleeping has been associated with reports of better
sleep (Troxel, 2010), having a partner could also increase
stress in the context of severe disability or becoming a
caregiver (e.g., Brodaty and Hadzi-Pavlovic, 1990). While
our study could not shed more light on these possibilities, we
suggest that future research should conduct couple studies
and track older adults’ physical health, sleep, and cortisol
output over time.
Finally, our analyses did not examine the complete process that could be associated with cortisol increases in old
age. In this regard, our theoretical model would assume that
specific age-related challenges could trigger emotional distress and dysregulate older adults’ cortisol secretion (Wrosch
et al., 2004, 2007), which may increase their likelihood of
developing subsequent physical disease. In this cascade of
events, adaptive sleep patterns and other protective factors
(e.g., coping, Wrosch and Schulz, 2008) could prevent chronically high levels of psychological distress and cortisol secretion and contribute to good physical health. Thus, future
studies should include a wider range of contextual, psychological, and physical health variables to illuminate how older
adults can maintain adaptive biological functioning and good
physical health.
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