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A B S T R A C T

Inadequate sleep and psychological stress can both elevate physiological stress markers, such as cortisol. Prior
studies that have applied induced psychosocial stress after a night of experimental sleep deprivation have found
these effects to be compounded. We examined whether the relationship between stress reactivity and poor sleep
also extends to habitual sleep patterns. Fifty-nine adult male participants were recruited. Habitual sleep patterns
were monitored with actigraphy for a week. Participants subsequently underwent the Trier Social Stress Test.
Cardiovascular responses and salivary cortisol were measured at baseline, during stress, and during recovery.
Subjects who showed poor habitual sleep efficiency during the week before stress induction responded with
higher stress-related elevations of blood pressure and cortisol levels as compared to subjects with high sleep
efficiency. This relationship between poor sleep efficiency and elevated blood pressure persisted during the post-
stress recovery period. Similar associations between total sleep time in the week prior to the stress induction and
physiological reactivity did not reach significance. Our findings indicate that habitual low sleep efficiency
exaggerates cardiovascular and neuroendocrine effects of psychosocial stress, in a male population.

1. Introduction

Inadequate sleep and stress both have negative impact on health,
increasing the risk for negative outcomes such as cardiovascular
disease, diabetes and depression (Cappuccio et al., 2011; Cappuccio
et al., 2010; Hamer et al., 2010; Hamer and Steptoe, 2012; Maglione
et al., 2014; Susman et al., 1997). Moreover, the effects of inadequate
sleep are known to potentiate the physiological effects of stress.
Laboratory studies on the acute effects of total sleep deprivation
(TSD) have found that TSD affects physiological markers of stress,
elevating blood pressure (BP; Kato et al., 2000), bringing about immune
suppression, and altered neuroendocrine function (Dinges et al., 1995;
Spiegel et al., 1999; Wright et al., 2015). TSD also elevates evening
cortisol levels, reflecting altered regulation of the hypothalamus-
pituitary-adrenal (HPA) axis (Spiegel et al., 1999; Vgontzas et al.,
1999). Over and above these effects on baseline physiology, sleep
deprivation also exaggerates physiological responses to particular
stressors. When exposed to stress induction, sleep deprived participants
show greater physiological reactivity (i.e. increased BP, increased skin
conductance levels and elevated cortisol responses) than those who had
a night of normal sleep (Franzen et al., 2011; Liu et al., 2015; Minkel

et al., 2014).
While experiments involving a night of total sleep deprivation on

stress reactivity are important in uncovering the causal relationship of
these effects, most persons are not regularly exposed to this type of
sleep loss. Moreover, the impact of poor sleep on stress physiology may
be particularly detrimental when patterns of inadequate sleep are
experienced for longer periods of time. Long-term laboratory studies
on the effects of short sleep are logistically difficult and expensive to
undertake but studies examining the consequences of adverse habitual
sleep patterns can be informative.

Several studies have investigated the association between habitual
sleep patterns and stress reactivity in developmental contexts. In these
studies, children and adolescents who report poor habitual sleep or
have actigraphically verified low sleep efficiency, show higher cortisol
elevations following stress induction (Mrug et al., 2016; Pesonen et al.,
2012; Räikkönen et al., 2010), with some exceptions (Capaldi et al.,
2005). As developmental changes occur both in sleep patterns and
stress physiology during adolescence (Carskadon et al., 1998; Gunnar
et al., 2009), it is important to investigate if these findings generalize to
adults. The few studies of this type performed in adults have yielded
inconclusive findings (Bassett et al., 2015; Mezick et al., 2014; Wright
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et al., 2007). Possible reasons for this include the use of non-optimal
stress induction procedures (Wright et al., 2007), the use of different
physiological outcome measures (BP, cortisol, etc.; Mezick et al., 2014)
or not objectively measuring habitual sleep (Bassett et al., 2015).

In the current study we examined the association between habitual
sleep, as measured by one week of actigraphy, and stress reactivity,
induced by a strong stress procedure (Trier Social Stress Test;
Kirschbaum et al., 1993). In order to examine the consistency between
different physiological outcome measures, we measured both cardio-
vascular (BP, heart rate) and HPA reactivity (salivary cortisol). In light
of prior total sleep deprivation studies, and studies on habitual sleep in
adolescents and children, we hypothesized that indices of poor sleep
(i.e. short sleep duration, low sleep efficiency) would be associated with
exaggerated reactivity to stress (Mezick et al., 2014).

2. Methods

2.1. Participants & procedure

Fifty-nine male volunteers were recruited from the university
population (mean age [sd] = 22.83 [2.49]). Initial selection based on
a web-based questionnaire. In order to obtain a sufficient numbers of
persons with short and longer habitual sleep durations, approximately
equal numbers of persons who slept 7–8 h and less than 6 h per night,
were enrolled from a larger sample of screened participants (Mezick
et al., 2014). Habitual sleeping patterns were then objectively measured
using wrist actigraphy (ActiWatch2; Philips Respironics, Andover, MA,
USA). Analyses were based on these objective recordings of habitual
sleep. To minimize variance in physiological stress responsiveness, the
sample was restricted to male subjects of Chinese ethnicity. Participants
involved in the study had to be free from a history of psychiatric,
neurological or sleep disorders, not take long-term medication, and not
be on prescription medicines during the whole of the sleep monitoring
period. Furthermore habitual sleep patterns should be restricted to
nocturnal sleep. Participants were therefore not allowed to work night
shifts or expose themselves to bouts of total sleep deprivation during
the period of sleep monitoring.

Habitual sleep was monitored at home through wrist actigraphy for
7 consecutive days. Participants were instructed to follow their natural
sleep/wake schedules with the restriction that sleep should be confined
to nocturnal sleep (i.e. refrain from day time naps and from nights of
total sleep deprivation). Actigraphy data were visually inspected and
sleep intervals were corrected based on light sensor and sleep diary data
(i.e. if clear changes in light intensity and activity coincided, bedtime
and wake time were scored accordingly. In cases where this was less
clear, sleep diary data were used as guide). Total sleep time (TST), total
time in bed (TIB), and sleep efficiency (SE = TST/TIB × 100%)
determined as the average across the 7 days using Actiware Version
6.0.0 software (Philips Respironics, Andover, MA, USA). Prior to the
sleep monitoring period participants filled out the Pittsburg Sleep
Quality Inventory (PSQI; Buysse et al., 1989), which is 24-item
questionnaire measuring subjective sleep quality over the past month.
A global summary score (ranging from 0 to 21) is good (low scores) and
poor (high score) habitual sleepers.

Following this period they came in to the lab where they were
subjected to an experimental stress induction. Upon arrival, partici-
pants rested in a seated position for about one hour before commencing
the stress procedure. Participants were instructed to abstain from
caffeine, nicotine, and alcohol a day prior to the visit and to refrain
from eating for at least 1 h before the visit. The procedure was approved
by the National University Singapore Institutional Review Board (IRB).
Participants signed informed consent upon briefing in the first session
Fig. 1.

2.2. Stress procedure

Participants were exposed to the Trier Social Stress Test (TSST), a
widely used experimental paradigm for eliciting moderate psychosocial
stress and inducing activation of the HPA axis stress responses
(Kirschbaum et al., 1993). The stress protocol comprised an anticipa-
tion phase (5 min) where participants were instructed to prepare a
speech, and a test phase in which participants had to deliver the speech
(5 min) followed by a mental arithmetic test (5 min). The speech was
delivered in front of a stern, two-person panel, consisting of one male
and one female. Participants were told that the speech would be video-
recorded for subsequent behavioral analysis and that panel members
are trained behavioral analysts who will be taking notes during the
interview. The stress procedure was preceded and followed by 5-min of
task-free baseline and recovery periods, during which heart rate, blood
pressure and salivary cortisol were measured. These were collected
with the participant in isolation. Throughout the baseline, stress and
recovery phases the participant was seated in comfortable chair with
both arms rested on a desk. Although the procedure was slightly
modified from the original TSST (i.e. two panel members instead of
three; one baseline physiology measurement instead of two), these
variations of the protocol are quite common throughout the literature
and are shown to produce desired stress effects (e.g. Bershad et al.,
2015; Creswell et al., 2014).

2.3. Cardiovascular measurement

Heart Rate (HR) was monitored continuously using electrocardio-
graphy (ECG; Grass Technologies, Natus Neurology, Warwick, RI, USA).
Average HR was calculated over each of the 5-min stress phases
(baseline, anticipation, speech, arithmetic, recovery). Blood pressure
was measured using a blood pressure cuff around the left arm
(Dinamap, GE Healthcare, Milwaukee, MI, USA). The BP cuff inflated
automatically at 1-min intervals, resulting in five measurements per
stress phase. Average values for systolic BP, diastolic BP and mean
arterial pressure (MAP) were calculated for each stress phase. ECG
electrodes and BP cuff were placed by a research assistant, prior to the
baseline phase and were removed after the recovery period.

2.4. Salivary cortisol measurement

Saliva samples for cortisol determination were collected during the
pre-stress baseline phase (T = 0-min), during the post-stress recovery
phase (T = +15-min) and at three more post-stress follow-ups
(+30 min, +60-min, +90-min), using Salivette cotton swabs
(Sarstedt AG & Co., Nümbrecht, Germany). Samples were centrifuged
and stored at −80 °C. Prior to further analysis samples were thawed
and centrifuged. Competitive enzyme immuno-assay (ELISA, NovaTec
Immunodiagnostica GmbH, Dietzenbach, Germany) was used to deter-
mine cortisol concentrations. Mean intra and inter-assay CV's were
13.6% and 15.5% respectively with a range of 0.05–10 μg/dl.
Concentration values were log transformed to correct for skewness of
the distribution.

2.5. Statistical analysis

One subject did not produce sufficient saliva for cortisol measure-
ment. Three participants had missing blood pressure data and four
participants had missing HR data due to technical error. These subjects
were excluded from the respective analyses. Initial analyses of stress
related changes in cortisol, HR and BP were performed by repeated
measures ANOVA. Cortisol response was analyzed using ANOVA with
time as within-subjects factor (T0, +15, +30, +60, +90). HR and BP
were analyzed separately using ANOVA with stress phase (baseline,
anticipation, speech, arithmetic, recovery) as within-subjects factor.

The main aim of the study was to investigate whether actigraphy
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sleep metrics were associated with stress reactivity. Stress reactivity
indices were calculated for all outcome measures. For cortisol, baseline
corrected area under the response curve (Area Under the Curve – with
respect to increment: AUCi; Pruessner et al., 2003) was calculated. A
heart rate reactivity index was defined as the average HR during all
stress phases (anticipation, speech, arithmetic) minus mean HR during
baseline (Mezick et al., 2014). Blood pressure reactivity was calculated
similarly for all BP metrics (systolic BP, diastolic BP, mean arterial
pressure) separately. In a similar way, recovery indices were calculated
for HR and BP as the mean scores during the 5-min recovery period
directly following stress minus the mean baseline scores. One partici-
pant with extremely high (> 3× standard deviation above mean) BP
reactivity scores was excluded from further BP analysis as outlier. The
association between sleep metric and stress reactivity was determined
via regression analyses using stress reactivity indices as dependent
variables and sleep efficiency or total sleep time as regressors of
interest. Subject age, wake time and experiment start time were
included as control regressors. For all dependent and independent
variables, the Kolmogorov-Smirnov test indicated no significant viola-
tions of normality (all p's > 0.05).

3. Results

3.1. Sample characteristics

By design, participants were exclusively males of Chinese ethnicity.
They aged between 20–33 years. Resting physiological measurements
taken during the baseline before the start of the stress induction
indicated no clinically significant elevation of blood pressure and
normal levels of salivary cortisol (Table 1). Furthermore, physiological
measures at baseline were not correlated with habitual sleep metrics
total sleep time (TST: all p's > 0.05) and sleep efficiency (SE: all
p's > 0.05).

3.2. Sleep metrics

Time-in-Bed (TIB), Total-Sleep-Time (TST) and Sleep Efficiency (SE)
were extracted from actigraphic recordings over the seven nights prior
to the stress induction session. Average TIB was 6:48 (hours:minutes)

per night (stdev = 59 min), average TST was 5:25 (hours:minutes;
stdev = 54 min), average SE was 79.8% (stdev = 6.4%). TIB and TST
(but not SE) significantly correlated with self-reported sleep duration
and PSQI global score, collected prior to the actigraphy sleep monitor-
ing period (see also Supplemental Materials).

3.3. Stress reactivity

All physiological measures showed significant elevations due to the
stress induction (See Fig. 2; Stress main effect: Cortisol F(4, 228)
= 41.62, p < 0.0001; Bsystolic F(4, 216) = 247.9, p < 0.0001;
BPdiastolic F(4, 220) = 217.5, p < 0.0001; BPMeanArterialPressure: F(4,
220) = 318.6, p < 0.0001; HR F(4, 216) = 118.0, p < 0.001).
Planned contrast showed that HR returned to baseline, but BP remained
elevated during the recovery period directly following the termination
of the stress induction (all p’s < 0.0001).

3.4. Associations between sleep metrics and stress reactivity

The relationship between sleep metrics and stress reactivity indices
was analyzed via multiple regression analysis. Negative regression
weights indicated that low sleep efficiency was associated with higher
cortisol and blood pressure responses to stress (Table 2). Furthermore,
low sleep efficiency was associated with blood pressure recovery index,
indicating that those participants who had poor habitual sleep effi-
ciency still had elevated blood pressure during the recovery period,
while blood pressure returned to baseline for those participants who
had high sleep efficiency (see Fig. 3). No significant associations
between heart rate reactivity/recovery and sleep metrics were found.
Associations between sleep efficiency and stress reactivity indices are
illustrated in Fig. 3.

Regression analyses with total sleep time as the regressor of interest
showed trends towards the same relationships between sleep and stress,
however these models did not reach significance (Table 2).

4. Discussion

The current findings demonstrate that poor sleep efficiency is
associated with exaggerated reactivity to acute psychosocial stress. In
our sample of young adult male participants, cortisol reactivity was
inversely correlated with habitual sleep efficiency, objectively mea-
sured through seven days of actigraphy. This finding concurs with data
from a sample of children (Räikkönen et al., 2010), in which individuals
with poor actigraphically recorded sleep efficiency showed increased
HPA-axis responses to an age-appropriate version of the Trier Social
Stress Test. Furthermore, in parallel with the cortisol findings, blood
pressure reactivity during stress was negatively correlated with sleep
efficiency. Moreover, this association remained present during the
recovery phase when the stressor was already terminated. Taken
together, the current findings indicate that poor sleep efficiency
exacerbates the effects of acute psychosocial stress on HPA-axis and

Fig. 1. A) Schematic of study procedures, B) schematic of stress induction procedures.

Table 1
Baseline Physiology.

Correlations

Mean (SD) TST SE
HR (bpm) 64.5 (8.23) 0.13 (n.s.) −0.01 (n.s.)
BP systolic (mmHg) 109.5 (7.85) 0.05 (n.s.) −0.09 (n.s.)
BP diastolic (mmHg) 64.5 (6.71) 0.05 (n.s.) −0.11 (n.s.)
Mean arterial pressure (mmHg) 81.0 (6.77) 0.04 (n.s.) −0.1 (n.s.)
Salivary cortisol (ng/ml) 6.0 (3.12) 0.05 (n.s.) 0.16 (n.s.)

HR = Heart Rate, BP = Blood Pressure, TST = Total Sleep Time, SE = Sleep Efficiency.
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cardiovascular reactivity.
Although, physiological responses to stressful situations may have

short-term adaptive value, prolonged or repeated exposure to stress
may result in physiological changes that ultimately lead to adverse
health outcomes (McEwen, 2005). By potentiating the effects of acute
stress, poor sleep efficiency may hasten the development of cardiovas-
cular and metabolic diseases. This interaction between stress and poor
sleep may therefore represent a particular risk factor contributing to
conditions that are associated with stress and poor sleep separately (e.g.
cardiovascular disease, diabetes, depression; Cappuccio et al., 2011;
Cappuccio et al., 2010; Hamer et al., 2010; Hamer and Steptoe, 2012;
Maglione et al., 2014; Susman et al., 1997).

It should be noted that in our data, the relationship between stress
and sleep was present for sleep efficiency but not for sleep duration.
This seems to be somewhat at odds with epidemiological findings that
link abnormal sleep duration to negative health outcomes. Moreover, a
significant negative associations between BP stress reactivity and
habitual sleep duration (one week of actigraphically measured total

sleep time) have been reported in a previous study (Mezick et al.,
2014). In the current data, regression analyses using total sleep time as
a predictor yielded associations that trended in the expected direction
but which did not reach significance.

A recent study demonstrated that experimental manipulation of
sleep duration and sleep fragmentation have similar negative effects on
mood, but these effects were significantly stronger for sleep fragmenta-
tion than for restricted sleep without fragmentation (Finan et al., 1995).
Therefore, an association between sleep duration and physiological
stress reactivity is suggested, albeit with smaller effect size.

On the other hand however, a similar dissociation between sleep
duration and sleep efficiency has been reported in a study that included
a large sample of children (Räikkönen et al., 2010). An alternative
possibility therefore, could be that sleep efficiency and sleep duration
have separate influences, and the influence of habitual short sleep
duration on stress reactivity, in the absence of low seep efficiency, is
only minimal. A growing body of literature implicates sleep fragmenta-
tion as a separate risk factor for negative health outcomes and

Fig. 2. Physiological reactivity during the stress protocol for salivary cortisol (top panel), systolic and diastolic blood pressure and mean arterial pressure: MAP (bottom left), and heart
rate (bottom right).

Table 2
Regression coefficients (β) for models with sleep metrics as main regressor and stress reactivity as dependent variable.

Cortisol AUCi BP reactivity BP recovery HR reactivity HR recovery

Independent Variable Systolic Diastolic MAP Systolic Diastolic MAP

n = 58 n = 55 n = 55 n = 55 n = 56 n = 56 n = 56 n = 55 n = 57

Sleep Efficiency (SE) −0.27* −0.27* −0.29* −0.34** −0.26+ −0.26+ −0.31* −0.05 −0.12
Total Sleep Time (TST) −0.22 −0.16 −0.18 −0.19 −0.22 −0.15 −0.20 −0.03 0.01

Regression models controlled for Age, Wake Time & Experiment Time. + p < 0.06, * p < 0.05, ** p < 0.01; AUCi = Area Under the Curve – with respect to increment; BP = Blood
Pressure; HR = Heart Rate.
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behaviors (Dashti et al., 2016; Lim et al., 2016; Smagula et al., 2016).
Several limitations of the current study should be noted. Firstly,

participants were sampled from a highly homogenous population
(young adults, males, college students). Although this approach allowed
us to study variations in sleep and stress reactivity, relatively free from
moderating factors such as age, gender, and health status, a drawback is
that the current findings cannot be directly generalized to a wider
population (e.g. females, patients, elderly). Particularly, gender differ-
ences in the relationship between sleep and stress reactivity have been
reported (Bassett et al., 2015; Mrug et al., 2016; Pesonen et al., 2012).
The relationship between habitual sleep and stress reactivity is often
more clearly present in males than in females. Moreover one study has
reported a reversed association (lower stress reactivity after a night of
low sleep efficiency) in females (Wright et al., 2007). Future studies
should therefore aim to examine gender differences in the relation
between habitual sleep and stress, controlling for moderating factors
such as menstrual cycle (Kirschbaum et al., 1999).

A further cautionary note is that the correlational nature of the

current investigation precludes strict inferences about the directionality
of the found effects. Since sleep was not manipulated in this study, it
cannot be concluded that poor sleep efficiency was the cause of the
found increases in stress reactivity. Studies on experimental sleep
deprivation have demonstrated that insufficient sleep can causally lead
to exaggerated stress responses (Franzen et al., 2011; Liu et al., 2015;
Minkel et al., 2014). However, a growing body of evidence suggests
that reversely, stress also leads to sleep disturbances (Åkerstedt et al.,
2015; Hall et al., 2015; Kalmbach et al., 2014; Petersen et al., 2013).

Finally, it should be mentioned that actigraphy provides an indirect
estimate of sleep. Sleep and wake periods are inferred from relative
activity profiles. Comparison of actigraphy with polysomnography
(PSG), the gold standard for sleep recording, demonstrates that total
sleep time is generally overestimated in elderly populations (Ancoli-
Israel et al., 2003), but underestimated in adolescents and young adults
(Lo et al., 2016). This may have contributed to the relatively large
difference between time in bed and total sleep time as was found in the
current study. Despite these known discrepancies, actigraphy is gen-

Fig. 3. Correlations between physiological stress reactivity and recovery indices and actigraphically assessed sleep efficiency (* p < 0.05).
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erally found to show good correlations with PSG based measures of
sleep duration (Ancoli-Israel et al., 2003). Importantly, actigraphy is
minimally disruptive to participants’ normal sleep and wake routines,
and is therefore particularly well suited to monitor natural sleep over
multiple nights.

In conclusion, the current study shows that, in line with studies on
experimental sleep deprivation (Franzen et al., 2011; Liu et al., 2015;
Minkel et al., 2014), habitual poor sleep efficiency is associated with
increased physiological reactivity to psychosocial stress, both expressed
as HPA-axis responses and cardiovascular reactivity. The combined
occurrence of stress and poor sleep may therefore further amplify the
deleterious effects that are associated with both conditions separately.
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