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Abstract

Study Objectives: Stress is associated with poor and short sleep, but the temporal order of these variables remains unclear. This study
examined the temporal and bi-directional associations between stress and sleep and explored the moderating role of baseline sleep
complaints, using daily, intensive longitudinal designs.

Methods: Participants were 326 young adults (M, = 23.24 = 5.46), providing >2,500 nights of sleep altogether. Prospective total sleep time
(TST), sleep onset latency (SOL), wake after sleep onset (WASO), and sleep efficiency (SE) were measured using actigraphy and sleep diaries.
Perceived stress was reported three times daily between: 11:00-15:00, 15:30-19:30, and 20:00-02:00. Sleep complaints were measured at
baseline using the PROMIS sleep disturbance scale. Within- and between-person sleep and stress variables were tested using cross-lagged
multilevel models.

Results: Controlling for covariates and lagged outcomes, within-person effects showed that higher evening stress predicted shorter
actigraphic and self-reported TST (both p < .01). Conversely, shorter actigraphic and self-reported TST predicted higher next-day stress (both
p < .001). Longer self-reported SOL and WASO (both p < .001), as well as lower actigraphic (p < .01) and self-reported SE (p < .001), predicted
higher next-day stress. Between-person effects emerged only for self-reported TST predicting stress (p < .01). No significant results were
found for the moderating role of baseline sleep complaints.

Conclusions: Results demonstrated bi-directional relations between stress and sleep quantity, and a consistent direction of worse sleep
quantity and continuity predicting higher next-day stress. Results highlighted within-individual daily variation as being more important than
between-individual differences when examining sleep and daytime functioning associations.

Statement of Significance

This study examined the temporal and bi-directional associations between stress and sleep (self-report and objective estimates) in a large
sample of young adults using one of the strongest tests of directionality possible in observational designs (daily, intensive longitudinal
design). Even after accounting for covariates and previous-night outcomes, higher evening stress predicted subsequent shorter sleep quan-
tity, and shorter sleep quantity and continuity predicted higher next-day stress. These findings highlight the vicious daily cycle between
high stress and short or discontinuous sleep, which may increase the risk or accelerate the progression of mental and physical disorders.
In addition to the behavioral indices of sleep, future research should explore the associations between daily stress and sleep architecture.
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Introduction

Stress and sleep are two important determinants of health and
well-being, both linked with health outcomes including car-
diovascular diseases, diabetes, depression, and anxiety [1-6].
Current understanding of the associations between perceived
stress and sleep is primarily based on studies that examined
between-person differences, such as cross-sectional associations
and between-group comparisons [7-13]. Despite daily variations
in both stress and sleep within individuals, whether stress
and sleep bi-directionally influence each other on a day-to-day
basis is unclear. This study aimed to test the temporal and
bi-directional associations between stress and both self-reported
and actigraphic sleep across 12 days. Daily repeated ecological
momentary assessments (EMA) used in this study provide a
stronger test of directionality between daily stress and sleep in a
naturalistic environment than cross-sectional studies [14].

Stress and sleep

Cross-sectional studies show a consistent association between
high perceived stress and poor, disturbed, or short sleep, par-
ticularly self-reported sleep [7-13]. For example, employees who
experienced higher work-related stressors that affected their
family relationships reported lower sleep sufficiency, poorer sleep
quality, more insomnia symptoms, and had shorter actigraphic
sleep duration [9]. Similarly, some prospective longitudinal
studies have demonstrated that greater psychosocial stress, such
as more stressful life events, stress-related cognitive intrusion,
and work-related stressors, is associated with the development
and maintenance of insomnia [15, 16]. However, due to the lack of
daily stress and sleep, these studies do not inform whether daily,
dynamic changes in stress influence sleep or vice versa.

To date, only a few studies examined the stress-sleep asso-
ciation on a daily basis. On stress predicting subsequent sleep,
a 42-day study showed that higher severity of stress or worries
at bedtime, but not the average stress across the day, predicted
poorer self-reported sleep quality that night [17]. Similarly,
a seven-day study using actigraphic sleep measures in young
adults found that on days of higher-than-usual stress, those
with high childhood family risk had shorter actigraphic total
sleep time (TST) [18].

Few studies tested the bi-directional associations between
stress and sleep [19], with even fewer studies using objective es-
timates of sleep [20]. In an 8-day study in working parents [19],
within-person effects showed that greater work-related stress
predicted longer self-reported sleep onset latency (SOL) that
night, but the reverse direction was nonsignificant (i.e. longer
SOL the previous night did not predict higher next-day stress).
Further, self-reported poorer sleep quality and shorter duration
predicted higher next-day work-related stress, whereas the op-
posite direction was nonsignificant. When actigraphic sleep
measures were utilized, Doane and Thurston [20] found a sig-
nificant bi-directional association between perceived stress and
TST in adolescents. Specifically, higher perceived stress pre-
dicted shorter TST that night, and shorter TST predicted higher
next-day perceived stress. Finally, lower sleep efficiency (SE) pre-
dicted higher next-day stress, but not the reverse direction.

These inconsistent findings show the complexity of the
bi-directional associations and temporal order between stress
and sleep, which may differ across sleep parameters (i.e. SOL,

TST, and SE) and measurement (i.e. self-report vs. actigraphy).
Despite differences in self-reported and objectively measured
sleep parameters [21], current literature increasingly recognizes
both as representing unique features of sleep and its associated
experiences. Thus, there is a need for daily studies on stress and
sleep that incorporate both objective and self-reported sleep
measures.

Current study

The primary aim of this study is to examine the bi-directional,
temporal associations between daily stress and sleep across
12 days, using both objective actigraphic and self-report meas-
ures of sleep. It was hypothesized that: (1) Higher evening
stress would predict shorter sleep duration (TST) and worse
sleep continuity (i.e. longer SOL, higher wake after sleep onset
[WASO], and lower SE [22]) on the same night. (2) Shorter sleep
duration and worse sleep continuity would predict higher next-
day stress. These a priori hypotheses were preregistered on the
Open Science Framework on July 7, 2017, prior to the completion
of data collection (https://osf.io/h47yb/).

As a secondary exploratory aim, this study examined
whether baseline levels of sleep complaints would moderate
the prospective associations between nightly sleep and next-
day stress. We hypothesized that individuals with greater sleep
complaints at baseline would report higher stress following a
night of shorter or lower than usual sleep duration and con-
tinuity. This hypothesis was made based on the consistent asso-
ciations between sleep complaints and unhelpful thoughts and
beliefs about sleep (e.g. catastrophizing about the consequences
of poor sleep on daytime functioning) [23, 24]. Thus, individuals
with high sleep complaints may be more vulnerable to the ef-
fects of discontinuous or short sleep the previous night and ex-
perience higher stress the following day.

Methods
Participants

Participants in this study were drawn from two studies: (1) The
Activity, Coping, Emotions, Stress, and Sleep (ACES) study and
(2) Diet, Exercise, Stress, Emotion, Speech, and Sleep (DESTRESS)
study. Both studies utilized similar eligibility criteria, daily EMA
designs, and recruitment strategies (see Figure 1). The main dif-
ferences were the number of days observed (12 vs. 7 days for
ACES and DESTRESS, respectively) and the age range (see Figure
1). The final sample consisted of 326 participants (191 from ACES
and 135 from DESTRESS). A priori power analyses conducted in
G*Power [25] showed a sample of 60 participants (assuming 75%
completion rate) provide 80% power to detect a small-medium
effect size at the within-person level. A larger sample was col-
lected to support other aims and subgroup analyses not related
to the current paper. ACES was conducted from April 2017 to
December 2017, whereas DESTRESS was conducted from May
2018 to August 2018. Figure 1 shows a participant flow chart.

Design and procedure

All procedures were approved by the Monash University Human
Research Ethics Committee. Both studies employed daily,
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Figure 1. Summary of recruitment process. The ACES study recruited from April 13, 2017, to December 5, 2017. The DESTRESS study recruited from May 22, 2018, to

August 13, 2018.

intensive, longitudinal design with repeated EMA. Through EMA,
participants report their real-time experiences in their natural en-
vironment, which maximizes ecological validity and reduces re-
call biases [26]. By centering within-person data on an individual’s
average across time, repeated assessments across days allowed
participants to serve as their own control, providing rigorous
testing of the temporal relations between stress and sleep.

Most participants participated in both studies during
school or semester periods. Participants first completed a base-
line questionnaire consisting of demographic information,
covariates, and other measures related to the overall study. For
ACES, participants started on a Thursday or Friday and end on a
Monday or Tuesday, whereas DESTRESS started on any weekday.
Participants then completed the daily EMA component where
they wore an actigraphy device throughout the study period and
completed three surveys per day in the mornings (11:00-15:00),
afternoons (15:30-19:30), and evenings (20:00-02:00) via a mobile
application (MetricWire). Specifically, participants reported their
stress levels in the morning, afternoon, and evening surveys and
completed sleep diary in the morning surveys within the stated
time windows (see Figure 2). Automated reminders were sent to
participants when surveys were available, and all surveys were
closed outside their respective time windows to ensure partici-
pants reported their real-time experiences.

Measures

Sleep

Objective estimates of sleep were determined at 60-s epoch
using ActiGraph wGT3X-BT, an actigraphy-device with good val-
idity and reliability against polysomnography estimates [27].
The sleep data were scored using the ActiLife software (v.6.13.3)

following an established protocol based on activity, light, and
sleep diary as well as integrated approximations from the Cole-
Kripke scoring algorithm [28]. The parameters included TST,
SOL, WASO, and SE. For self-reported sleep, participants reported
bed and rise times, SOL, the number of and total time of WASO
as part of the daily morning survey. These items were adapted
from the Consensus Sleep Diary [29].

Perceived Daily Stress

Perceived daily stress was measured three times a day (morn-
ings, afternoons, and evenings as described above) using a single
item ranging from 0 (Not at all stressful) to 10 (Very stressful)
adapted from the Daily Inventory of Stressful Events scale [30,
31]. For example, “Since the afternoon survey (or since 3:30 pm if
you did not do the afternoon survey), how stressful has your day
been?”. Morning and afternoon stress were averaged to create
the composite of next-day stress. Evening stress was reported
an average of 3.30 (SD = 1.60) h prior to actigraphic bedtime.

Sleep Complaints

Sleep complaints, or self-reported sleep disturbance symp-
toms within the past 7 days were measured at baseline using
the eight-item, Patient-Reported Outcomes Measurement
Information System (PROMIS) Sleep Disturbance Short-Form
8a scale [32]. Example item includes “My sleep was restless,”
and responses were rated on a 5-point Likert scale. The raw
sum scores were converted to a standardized T-score following
PROMIS guidelines which have a population mean of 50 and
standard deviation of 10, with higher scores indicating greater
sleep complaints or disturbance. This scale showed strong in-
ternal consistency reliability (Cronbach’s o = .89 and o = .90 for
ACES and DESTRESS, respectively).
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Figure 2. Panel 1 shows the repeated ecological momentary assessments throughout the study period, with participants completing three surveys a day and wearing
an actigraphy watch. Panel 2 illustrates the cross-lagged multilevel models testing bi-directional relations of stress and sleep. All relationships were tested prospect-
ively and controlled for lagged outcomes (i.e. previous evening stress or previous night sleep).

Covariates

Given that sociodemographic characteristics, smoking, and al-
cohol consumption may relate to stress and sleep, age (years) [33],
sex (male/female) [33-35], education level (university graduate
and below/postgraduate) [36, 37], race/ethnicity (White/Asian/
other) [37], body mass index (BMI) [38, 39], employment status
(working/not working) [36, 37], school status (in school/not in
school) [36, 37, 40], smoking (current/former vs. never) [39, 41], and
alcohol consumption (abstainers/moderate/at-risk) [39, 42] as-
sessed at baseline were included as covariates. Alcohol consump-
tion was measured using the World Health Organization alcohol
use identification test [43]. Questions 9 and 10 were removed to
exclude probing potentially sensitive questions regarding harms
caused by participants’ alcohol use. The first three items were
used to classify participants as abstainers, moderate, or at-risk
based on the National Institute on Alcohol Abuse and Alcoholism
recommendations [44]. Daily covariates included study day and
day of the week (weekend/weekday), given that individuals re-
ported longer sleep duration, higher positive and lower negative
affect during weekends as compared to weekdays [45, 46].

Analytic approach

Cross-lagged multilevel linear models were used to examine
the bi-directional relationship between stress and sleep, which
tested between- and within-person effects as well as fixed and
random effects. All models were estimated using restricted max-
imum likelihood [47]. A homogenous, independent, residual
covariance matrix was used given autoregressive effects were
explicitly modeled by including lagged variables as described
below. Previous study has shown the association between sleep
and waking health behaviors (e.g. caffeine and alcohol consump-
tion) was the strongest in weekly patterns compared to imme-
diate influence [48]. Thus, this study validated the appropriate
number of lags to be included in the models through step-wise
addition of lags (e.g. first to fourth order lags stress and sleep vari-
ables) and compared the models through Bayesian information

criterion (BIC). All analyses were run in R software (v.3.4.4) [49],
using Ime4 v1.1-13 (to estimate the models) [50] and ImerTest
v2.0-33 (to estimate degrees of freedom and p-values) [51].

To provide a strong test of directionality, all relationships
were tested prospectively and controlled for lagged outcomes
(see Figure 2). Specifically, the first set of models tested daily
evening stress as a predictor of both actigraphic and self-
reported TST, SOL, WASO, and SE, while controlling for the pre-
vious night sleep outcomes. The second set of models tested
actigraphic and self-reported TST, SOL, WASO, and SE as pre-
dictors of next-day stress (average from morning and after-
noon surveys), while controlling for previous evening stress. All
within-person variables were centered on the individual’s own
average. Effect sizes were calculated as follows. For every model,
marginal and conditional R? values were calculated [52, 53]. The
marginal R? is the proportion of total variance explained by the
fixed effects, while the conditional R? is the proportion of total
variance explained by both the fixed and random effects com-
bined. For each predictor, nested models were run dropping
predictors one at a time, and these were used to calculate the
unique change in marginal and conditional R? values attrib-
utable to each predictor, which were then used to calculate a
Cohen’s f? type effect size for mixed models as:

Ris —RA
1-RZ,

where R?,, is the marginal R? from the full model, and R?,; is
the marginal R? from the restricted model dropping the relevant
predictor.

For the exploratory analysis, the third set of models tested the
interaction effects of baseline sleep complaint and daily sleep on
next-day stress. Follow-up analyses for significant interactions
were then examined using simple slopes tests for high (+1 SD from
the mean) and low (-1 SD from the mean) sleep complaint [54].

Separate models were tested for each sleep parameter and
type of sleep measure (i.e, actigraphic and self-reported). All



covariates and between- and within-person predictors were in-
cluded as fixed effects. Intercepts, lagged-dependent variables,
and within-persons predictors were included as random effects.
All repeatedly measured predictors were separated into be-
tween- and within-person levels of analyses. Between-person
levels examined the differences between individuals (i.e. the par-
ticipants’ own mean), whereas within-person levels tested devi-
ations from the individual’s own average levels calculated across
the 7 or 12 days. Alpha was set at .01 to reduce false discovery
and control Type 1 errors. All dependent variables were exam-
ined for normality violations. Both actigraphic and self-reported
SOL, WASO, and SE showed skew, and they were winsorized and
all but actigraphic SE were square-root transformed for all sub-
sequent analyses.

The number of daily observations varied from 2040 to
2610. Sample sizes and number of observations varied across
the models due to missing data, type of sleep measures (i.e.
actigraphic and self-reported), and the cross-lagged design.
For instance, when testing stress predicting same night sleep,
evening stress on the last study day (i.e. day 12) was excluded
due to missing same-night sleep variable. Likewise, when
testing sleep predicting next-day stress, reports of next-day
stress (morning and afternoon stress on the first study day)
were excluded due to missing previous day stress and prior
night sleep.

Results
Descriptive results

Table 1 shows the descriptive sociodemographic profile of the par-
ticipants from ACES and DESTRESS. The participants were mostly
young adult females, with a majority of university students and
of Asian descent. Overall, the sample was healthy, with most

Table 1. Descriptive results for demographic variables by study

ACES DESTRESS

Participant characteristic (N =191) (N =135) P-value

Age, M (SD) 22,55 (4.13) 2476 (7.51)  <.001

Body mass index (BMI), M (SD)  22.30 (3.59) 22.63 (3.51) 40

Female, N (%) 127 (66.50) 102 (75.60) .86

Race/ethnicity, N (%) .16
White/European 44 (23.20) 42 (31.10)

Asian 111 (58.40) 65 (48.10)
Others 35(18.40) 28 (20.70)

Level of education, N (%) .02
Undergraduate and below 139 (72.80) 82 (60.70)
Postgraduate 52 (27.20) 53(39.3)

School status, N (%) <.001
In school 175 (91.60) 100 (76.30)

Not in school 16 (8.40) 31 (23.70)

Work status, N (%) .08
Working 61(31.90) 55 (42.00)

Not Working 130 (68.10) 76 (58.00)

Smoking status, N (%) .04
Current 2 (1.10) 2 (1.50)

Former 5 (2.60) 12 (8.90)
Never 183 (96.30) 121 (89.60)

Alcohol risk, N (%) .05
Abstainer 35 (18.40) 39 (29.10)
Moderate 128 (67.40) 74 (55.20)

At-risk 27 (14.20) 21 (15.70)
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participants never having smoked, being moderate drinkers, and
having an average BMI within the healthy range for adults.

Examining the daily study variables (Table 2), there were low
missing daily surveys on average. Comparing across days and
surveys, there were more missing evening surveys compared
to mornings and afternoons (Figure S1). Rates of missing sur-
veys were consistent across days except for Wednesday and
Thursday evenings for ACES due to the lagged design.

On average, participants reported relatively low stress
levels throughout the mornings, afternoons, and evenings. On
average, participants slept 7.32 and 7.80 h based on actigraphic
and self-reported, respectively, both of which are within the re-
commended hours of sleep duration for adults [S5]. Large dis-
crepancies were observed between actigraphic and self-reported
SOL and WASO. Nonetheless, both actigraphic and self-reported
SE were above the 85% threshold, indicating that participants,
on average, were sleeping well [56].

Evening stress predicting same-night sleep

All models with step-wise addition of evening stress lags were
compared through BIC, and results showed that the first-order
lag model was the most appropriate model with lowest BIC
values. Table 3 shows the adjusted cross-lagged multilevel
models of evening stress predicting same-night actigraphic
and self-reported TST, SOL, WASO, and SE. Even after control-
ling for 11 covariates and lagged outcomes, within-person ef-
fects showed that one-unit higher evening stress (out of a 0 to
10-point scale) than average significantly predicted a —-0.05 h
(3-min) shorter actigraphic and self-reported TST. However,
evening stress was not a significant predictor of actigraphic
and self-reported SOL, WASO, and SE. No significant relations
were found for between-person stress and actigraphic and
self-reported sleep.

Table 2. Means and standard deviations for main variables by study

ACES DESTRESS
Variables (N=191) (N=135) p-value
Stress
Morning 2.08 (1.50) 2.06 (1.65) .91
Afternoon 2.47 (1.65) 2.22(1.54) .17
Evening 2.32(1.60) 2.10(1.61) .22

Actigraphic sleep
Total sleep time (hours) 7.32(0.97) 7.33(0.92) .91
Sleep onset latency (mins) 7.14 (4.24) 5.61(4.66) .01
Wake after sleep onset (mins) 57.55(28.19) 52.95 (24.18) .22
Sleep efficiency (%) 87.27 (4.98) 88.52(4.45) .90
Time in bed (hours) 8.40 (1.11) (
Self-reported sleep

8.31 (1.03) .56

Total sleep time (hours) 7.86(0.94) 7.75(1.14) .34
Sleep onset latency (mins) 28.72 (35.36) 27.68 (34.26) .79
Wake after sleep onset (mins) 9.64 (12.14) 9.84 (14.30) .22
Sleep efficiency (%) 93.00 (0.05) 93.00 (0.06) .06
Time in bed (hours) 8.46 (1.15) 8.32(1.08) .27
Sleep Disturbance Index (T-score) 46.89 (8.15) 48.50 (6.10) .05
Proportion of Missing Daily Surveys 0.08 (0.09) 0.13(0.13) <.001

Note. The actigraphic and self-reported sleep efficiency, sleep onset latency, and
wake after sleep onset presented are raw and untransformed values. p-Values
are based on independent samples t-tests after first averaging values for each
participant.
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Table 3. Multilevel modeling examining evening stress as a predictor of actigraphic and self-reported sleep (N = 326)

TST SOL WASO SE
Between-person effects
Actigraphic -0.03,< .01 -0.01,< .01 -0.14,0.01 0.39,0.01
[-0.10, 0.05] [-0.09, 0.07] [-0.29, 0.01] [-0.02, 0.08]
Self-reported -0.06, <.01 0.07, <.01 -0.04, <.01 -0.27,<.01
[-0.14, 0.02] [-0.09, 0.24] [-0.16, 0.07] [-1.00, 0.46]
Within-person effects
Actigraphic -0.05, 0.01* -0.01, 0.02 —-0.02,0.01 -0.02,0.01
[-0.08, -0.01] [-0.05,0.02] [-0.07, 0.03] [-0.15,0.11]
Self-reported -0.05, 0.02 * 0.02, < .01 0.01,0.01 ~0.22,0.01
[-0.08, —0.01] [-0.02, 0.06] [-0.02, 0.06] [-0.44, -0.01]

Note. Results are unstandardized regression coefficients, Cohen’s f, [95% confidence intervals]. *p < .01, ™ p < .001. TST, Total Sleep Time; SOL, Sleep Onset Latency
(square-root transformed); WASO, Wake After Sleep Onset (square-root transformed); SE, Sleep Efficiency (square-root transformed). Covariates were adjusted in all
models including age, sex, body mass index, race, alcohol use, smoking status, education level, school status, employment status, day of week, and study days 1 to 12.
The predictor for all models is within-person centered evening stress.

Table 4. Multilevel modeling examining actigraphic and self-reported sleep as predictors of next-day stress (N = 326)

TST SOL WASO SE
Between-person effects
Actigraphic -0.15, <.01 -0.08, < .01 -0.12,0.01 0.04,0.01
[-0.37,0.07] [-0.30, 0.14] [-0.23,0.00] [-0.01, 0.08]
Self-Reported -0.23,0.01* 0.04, <.01 -0.05, <.01 -0.01, <.01
[-0.40, -0.06] [-0.04,0.12] [-0.17, 0.08] [-0.03,0.01]
Within-person effects
Actigraphic -0.13, 0.04*" 0.04, 0.01 0.02,0.01 -0.02, 0.02*
[-0.08, -0.01] [0.00, 0.08] [-0.01, 0.06] [-0.04, -0.01]
Self-Reported -0.15, 0.07** 0.07,0.05** 0.07,0.01** -0.02, 0.06**
[-0.20, -0.10] [0.03,0.11] [0.03, 0.10] [-0.03, -0.02]

Note. Results are unstandardized regression coefficients, Cohen’s f2, [95% confidence intervals]. Covariates were adjusted in all models including age, sex, body mass
index, race, alcohol use, smoking status, education level, school status, employment status, day of week, and study days 1 to 12. The outcome in all models is next-
day stress.

TST, total sleep time (square-root transformed); SOL, Sleep Onset Latency (square-root transformed); WASO, Wake After Sleep Onset (square-root transformed); SE,
sleep efficiency (square-root transformed).

*p<.01, "p <.001.

Sleep predicting next-day stress All other stress—sleep relations were not significantly different

All models with step-wise addition of sleep variable lags were during weekdays vs. weekends.

compared through BIC, and results showed that the first-order
lag was the most appropriate model with lowest BIC values.
The adjusted models of actigraphic and self-reported TST, SOL,
WASO, and SE predicting next-day stress are summarized in
Table 4. At the between-person level, shorter self-reported TST
significantly predicted higher next-day stress (b = -0.23). No sig-
nificant relations were found between other actigraphic and
self-reported sleep parameters and next-day stress. Similarly,
at the within-person level, shorter actigraphic and self-reported
TST predicted higher next-day stress (b = -0.13 and -0.15, re-
spectively). Longer self-reported SOL and WASO (both b = 0.07)
predicted higher stress the next day. Lower actigraphic and
self-reported SE also predicted higher next-day stress (both
b = -0.02). In additional exploratory analyses, a quadratic re-
lationship between TST (actigraphic and self-reported) and
next-day stress was tested to examine whether sleep duration
demonstrated a J-shaped association with stress. All quadratic
effects were not significant and are not reported. Further, sen-

Moderating role of baseline sleep complaint

Overall, baseline sleep complaint did not significantly moderate
the effects of either actigraphic or self-reported sleep on next-
day stress. However, we did observe an interaction between
baseline sleep complaint and actigraphic and self-reported TST
on next-day stress in the hypothesized direction (both b = -0.01,
p = .03, nonsignificant on a priori alpha of .01). Figure 3 shows
the simple slopes of the relations between actigraphic TST and
next-day stress at high and low baseline sleep complaint. For
those with greater baseline sleep complaint, days with shorter-
than-average actigraphic TST were associated with higher per-
ceived stress (compared to those with lower levels of baseline
sleep complaint).

Discussion

sitivity analyses revealed that within-person effects of the re-
lations between self-reported WASO and next-day stress, as
well as actigraphic SE and next-day stress, were significantly
stronger during weekends compared to weekdays (both p < .01).

This study investigated the bi-directional, temporal associations
between daily stress and sleep, with sleep measured using both
actigraphy and self-report measures. We also explored the mod-
erating role of baseline sleep complaint on the daily sleep-stress
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Figure 3. Simple slopes plot for next-day stress by within-person actigraphic total sleep time for high and low baseline sleep complaint.

relationships. Findings showed a bi-directional relationship be-
tween sleep duration and stress: higher evening stress predicted
shorter actigraphic and self-reported TST, whereas shorter
actigraphic and self-reported TST predicted higher next-day
stress. Data in this study supported poorer sleep continuity (i.e.
longer self-reported SOL and WASO, as well as lower actigraphic
and self-reported SE) as predictors of higher next-day stress, but
evening stress did not predict same-night sleep continuity. No
significant relations were found for the moderating role of base-
line sleep complaint on the relations between sleep and next-
day stress, although some trend in the hypothesized direction
was noted.

Between- versus within-person effects

First and foremost, in this study, only shorter self-reported TST
significantly predicted higher next-day stress on the average
levels (i.e. between-person effects). The weak between-person
stress-sleep relationship highlighted the importance of consid-
ering each individual’s daily within-person experience. These
within- and between-person effects are entirely independent
of each other, but each provides unique information. The lack
of between-person effects suggests that those who typically ex-
perience higher stress compared to others do not necessarily
have more disturbed sleep on average; and vice versa. The
within-person effects discussed below should be interpreted,
such that regardless of a person’s average sleep and stress levels,
days with greater changes in sleep or stress were associated with
greater changes in the other.

Daily evening stress predicting sleep

Comparing among the number of evening stress lags (i.e. first-
to fourth order lags), results indicated that first-order evening
stress was the best predictor of subsequent sleep. Individuals
who experience higher than usual stress on a given evening had
shorter sleep that night (both actigraphic and self-reported),
even after controlling for covariates and previous night TST.
These results support previous daily studies showing decreased
objectively measured sleep duration following higher than

usual stress days [20] and strengthened the temporal direction-
ality between evening stress and sleep. In contrast to the study
by Lee and colleagues in working adults [19], the current find-
ings showed evening stress as a significant predictor of shorter
self-reported TST. Differences between our results and Lee and
colleagues’ could be due to the sampled population, such that
working adults have fixed wake and sleep schedule and different
types of stressors as compared to mostly university students in
this study [19]. Further, in Lee and colleagues, participants re-
ported their prior-night sleep on the following evening (vs. the
following morning in this study), which may have influenced the
accuracy of report [19].

The effects of stress on sleep could be explained through the
framework of hyperactivation of the hypothalamic-pituitary-
adrenal axis and presleep cognitive arousals. For example, pre-
vious research has demonstrated that elevated evening cortisol
and flatter diurnal cortisol slopes are associated with shorter
sleep duration [57-59]. Experiencing high psychological stress in
the evening or near bedtime can cause spikes in evening cor-
tisol, which are associated with physiological arousal that can
impair sleep. Further, the experience of evening stress may
cause emotional and cognitive arousal to affect sleep. Previous
studies have demonstrated an association between preoccupa-
tion with stress at bedtime and subsequent poorer sleep, such as
rumination and “not letting go of problems” [10, 11], and presleep
arousal significantly mediated the stress-sleep relationship [15].
It is also possible that experiencing higher evening stress (e.g.
before an upcoming examination) may require greater effort
and time to manage or accommodate the increased demands
(e.g. spending time resolving the issue), thus delaying bedtime
and reducing sleep duration. Together, preoccupation with the
stressor may amplify physiological activation, emotional re-
activity, and presleep arousals, thus delaying sleep onset and
reducing sleep duration.

Surprisingly, higher evening stress did not predict subse-
quent actigraphic and self-reported sleep continuity. These find-
ings differed from previous cross-sectional [9] and daily-diary
[19, 20] studies demonstrating the association between higher
stress and subsequent poorer sleep quality or continuity. As
the previous studies examined the stress-sleep relationship in
working adults [9, 19] or adolescents [20], the types of stressor
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experienced may be different and may affect sleep quality or
continuity differently compared to university students. As pre-
viously discussed, experiencing higher evening stress may re-
quire greater efforts to accommodate the increased demands
and subsequently delay bedtime. For instance, a student who
is stressed about completing assignments may stay up late re-
sulting in a delayed bedtime and sleep deprivation. A delayed
bedtime could result in a stronger sleep drive and reduced circa-
dian alerting signal, thus leading to a shorter time to fall asleep
and possibly a shorter sleep duration. Consistent with this in-
terpretation, the findings showed that evening stress did indeed
predict shorter TST. Another explanation may be that evening
stress was reported on an average of 3 hours before bedtime,
which may not capture the rumination of stressful experiences
during or pre-bedtime that can prolong SOL.

Poor Sleep Predicting Next-Day Stress

Similar to the stress as predictor models, results showed that
the first-order sleep lag was the best predictor of next-day stress.
Findings showed a consistent relationship of shorter sleep dur-
ation and worse sleep continuity (actigraphic and self-reported)
predicting next-day stress. These results are in accordance with
previous daily studies using objective [20] and subjective meas-
ures of sleep [19] linking shorter TST with higher stress. In this
study, self-reported longer SOL and WASO, as well as lower
actigraphic and self-reported SE, predicted significantly higher
stress the next day, extending the null findings from previous
research [19].

One potential underlying mechanism is that discontinuous
and short sleep may impair the emotional regulatory system,
which is critical for regulating the negative emotional experi-
ences caused by stressors. For instance, neuroimaging evidence
shows decreased capacity in regulating negative emotional
responses following sleep deprivation [60]. Specifically, there
is significantly greater amygdala reactivity toward negative
stimuli and lower functional connectivity between the amyg-
dala and the medial prefrontal cortex (an area with projections
to the amygdala which inhibits amygdala reactivity) in sleep-
deprived individuals compared to controls [60]. Supporting
this explanation, research has also shown that sleep-deprived
individuals respond with greater psychological distress than
well-rested individuals following exposure to minor (but not
high-intensity) stressors [61]. This suggests that poor or dis-
continuous sleep may impair the emotional regulatory system
and increase the likelihood of perceiving events or demands as
stressful [61]. Hence, individuals with discontinuous and short
sleep may react more strongly to daily stressors and perceive
them as more severe.

Moderating role of sleep complaint

Results did not support the exploratory hypothesis that baseline
levels of sleep complaint would moderate the sleep and next-
day stress within-person relationships. However, we did observe
a tendency for individuals with higher baseline sleep com-
plaints to report higher stress the following day when they had
shorter than usual TST (on both actigraphic and self-reported,
both p = .03), compared to individuals with lower baseline sleep
complaints. Although nonsignificant at the conservative alpha

of .01, the results suggest that individuals with greater sleep
complaints may be somewhat more vulnerable to the effects
of short sleep on their stress levels following day. As the cur-
rent sample consisted of relatively healthy individuals with low
sleep complaints, these effects may be stronger in populations
with higher sleep complaints and concerns (e.g. those with in-
somnia) and should be explored in future studies.

Limitations and strengths

Findings from this study should be interpreted considering
several limitations. First, the nonsignificant findings could
be partially due to a relatively low stress level in this sample,
thus causing a floor effect. Second, like all other actigraphy-
based studies, quiet wakefulness (i.e. lying on bed with eyes
closed without activity) may be counted toward sleep, thus
underestimating SOL and affect its associated results. Although
partially addressed by including self-reported measures of
sleep, self-reported SOL and TST are often overestimated [21].
Third, this study included mainly young, healthy university stu-
dents with relatively low stress levels. Thus, these findings may
not generalize to other individuals experiencing high stress (e.g.
people with cancer), working adults with relatively fixed sleep
and wake schedule, or individuals with more severe sleep prob-
lems (e.g. people with insomnia). Fourth, it is not possible to
examine seasonal influence due to data collection was mostly
carried out in one season: for ACES, most participants (85%)
completed the study from April to October (mostly winter in
Australia), while all participants completed the study in winter
for DESTRESS. Finally, the lack of in-home electroencephalog-
raphy sleep monitoring means that it is not possible to explore
how stress and sleep architecture may be related on a daily
basis. Future daily studies are needed that explicitly measure
and compare sleep during restricted (e.g. semester term) and
unrestricted (e.g. vacation; weekend), which may influence
sleep/wake schedule and stress levels [62].

Despite these limitations, this study had notable strengths.
The core strength of this study is the use of intensive, longi-
tudinal daily design with EMA as well as both objective and
subjective estimates of sleep, which extended findings from
previous cross-sectional and daily studies. The use of repeated,
real-time assessments maximize ecological validity and re-
duce recall biases [26]. Further, this study employed vigorous
methodologies to test the temporal and bi-directional relations
between stress and sleep by including lagged outcomes and
separating between- and within-person effects in the analyses
along with effect sizes, thus strengthening the confidence in the
findings [14]. Together, this study provides one of the strongest
tests of directionality and causality possible in observational
designs, extending the current literature by demonstrating the
bi-directionality between daily stress and nightly sleep in a large
sample of young adults.

Conclusion

Using a daily repeated measures design with rigorous analytical
methods, this study demonstrated a bi-directional relationship
between stress and TST for both objective and subjective sleep
measures. Although stress did not predict subsequent sleep con-
tinuity, the opposite direction emerged, such that longer SOL,



WASO, and poorer SE predicted higher next-day stress. The weak
between-person effects highlighted the importance of consid-
ering the daily variations of stress and sleep of each individual.

The magnitude of bi-directional effects between stress and
sleep may be relatively small from one day to the next. However,
the cumulative impact of potentially vicious cycles of high stress
and short/poor sleep is not to be underestimated given the im-
portance of both stress and sleep to physical and mental health
[1-6]. On a positive note, the bi-directional links between lower
daily stress with longer sleep duration are consistent with the
notion of good sleep as a source of resilience and replenishment
of energy and emotional regulation [19, 63, 64].

Considering these findings, behavioral interventions that
can be embedded and applied in daily routines to either reduce
modifiable stressors or improve sleep could help break the vi-
cious cycles. Encouraging awareness of stress levels and sleep
quantity/continuity in everyday life may help adopt timely
countermeasures and coping, which may be especially helpful
for individuals who often experience significant stressors or
changes in sleep/wake routines.

Supplementary Material

Supplementary material is available at SLEEP online.
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