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Abstract
Objective—Psychological stress and sleep disturbances are highly prevalent and are both
implicated in the etiology of cardiovascular diseases. Given the common co-occurrence of
psychological distress and sleep disturbances including short sleep duration, this study examined
the combined effects of these two factors on blood pressure reactivity to acute mental challenge
tasks following well-rested and sleep deprived experimental conditions.

Methods—Participants (n=20) were healthy young adults free from current or past sleep,
psychiatric, or major medical disorders. Using a within-subjects crossover design, we examined
acute stress reactivity under two experimental conditions: following a night of normal sleep in the
laboratory and following a night of total sleep deprivation. Two standardized psychological stress
tasks were administered, a Stroop color-word naming interference task and a speech task, which
were preceded by a pre-stress baseline and followed by a post-stress recovery period. Each period
was 10 minutes in duration, and blood pressure recordings were collected every 2.5 minutes
throughout each period. Mean blood pressure responses during the stress and recovery periods
were examined with a mixed effects analysis of covariance, controlling for baseline blood
pressure.

Results—There was a significant interaction between sleep deprivation and stress on systolic
blood pressure (F2,82.7=4.05, p=0.02). Systolic blood pressure was higher in the sleep deprivation
condition compared with the normal sleep condition during the speech task, as well as during two
baseline periods.

Conclusions—Sleep deprivation amplified systolic blood pressure increases to psychological
stress. Sleep loss may increase cardiovascular risk by dysregulating stress physiology.
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Introduction
Psychological stress confers risk for many cardiovascular diseases, including hypertension
and myocardial infarction (1). Sleep disturbances, like short sleep duration, insomnia and
sleep apnea, are also now considered major risk factors for cardiovascular diseases,
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including hypertension and stroke (2, 3). Stress and sleep disturbances are prevalent
conditions, and they often co-occur and influence one another. For instance, psychological
stress contributes to sleep loss and insomnia (4). Conversely, sleep deprivation elicits
psychological and physiological stress responses (5–8). This reciprocal relationship could
suggest that stress and sleep loss interact to compound cardiovascular vulnerability. Given
their prevalence and high co-occurrence, we know surprisingly little about how stress and
sleep loss may interact to adversely affect cardiovascular function. The present study
examined whether one night of total sleep deprivation results in increased blood pressure
reactivity using a controlled experimental paradigm. Results from this study may have
important implications for the predictive value that sleep problems in combination with
psychological stress may have in increasing risk for cardiovascular disease.

Methods
Participants

Participants included 20 healthy young adults (11 female; 6 African American; 2 Asian; 12
white), ages 20–25 years old (mean=23.25), free from psychiatric, sleep, and major medical
disorders. Smoking or consuming more than two caffeinated or alcoholic beverages per day
was exclusionary. All participants provided written informed consent prior to study
procedures, which were approved by the University of Pittsburgh Institutional Review
Board. The study was conducted between April 2008 and November 2009.

Study Design
Using a within-subjects crossover design, we examined acute stress reactivity under two
experimental conditions: following a night of normal sleep in the laboratory (rested
wakefulness) and following a night of total sleep deprivation. Polysomnographic monitoring
of sleep during an adaptation night preceded both experimental nights, which were presented
in a counterbalanced order and separated by one week to allow for sufficient recovery
following sleep deprivation. The stress protocol began in the morning, 1–2 hours following
final awakening time during the rested wakefulness condition and following about 25–26
hours of wakefulness during the sleep deprivation condition. The stress protocol consisted of
four 10-minute periods: (1) resting baseline; (2) Stroop color-word naming interference task;
(3) speech preparation and delivery; and (4) a recovery period. Blood pressure and heart rate
was collected with an automatic sphygmomanometer (Datascope ACCUTORR Plus,
Paramus, NJ) every 2.5 minutes throughout each period. Subjective stress was rated on an
11-point Likert scale (0=not at all, 10=extremely) following each period. During the
baseline and recovery periods, participants sat quietly reading magazines. Later that
afternoon, we also collected 4 blood pressure recordings every 2.5 minutes under baseline
(i.e., non-task related) conditions, which allowed us to examine the overall effect of sleep
deprivation on blood pressure outside of the context of the stress reactivity protocol
conducted in the morning. Participants were under constant behavioral and
polysomnographic monitoring to ensure wakefulness. Participants abstained from
caffeinated food (e.g., chocolate) and beverages for one day prior to and during their entire
time in the laboratory.

Stress Tasks
Two standardized psychological stress tasks were administered, a Stroop color-word naming
interference task and a speech task. The Stroop task was a modified version of a
standardized stressor used in epidemiological and neuroimaging studies of cardiovascular
reactivity (9, 10); the inter-trial interval was adaptive, maintaining around 60%. The speech
task (11) required participants to give a speech defending themselves against running a
stoplight or shoplifting from a store (in a counterbalanced order across test sessions).
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Participants were given 5 minutes to prepare a speech defending against the transgression.
To increase the social-evaluative nature of the speech stressor, the speech delivery period
was videotaped and participants were told to be as persuasive as possible and that their
speech would be later rated by experts.

Data analysis
We employed a 2 (experimental condition: sleep deprivation, rested wakefulness) x 3
(stress: Stroop, speech, and recovery) mixed effects model with an autoregressive (ar1)
covariance matrix on outcomes (i.e., mean systolic and diastolic blood pressure, heart rate,
and subjective stress). Pre-stress baseline blood pressure was significantly higher during
sleep deprivation, and was included as a covariate in the analyses. Interactions with p-values
≤0.1 were followed up with paired samples t-tests. Effect sizes were calculated as Cohen’s d
(12) between the sleep deprivation and normal sleep condition means, correcting for
dependence between means using Morris and DeShon’s (13) equation 8. Analyses were
conducted on 19 of the participants, with one participant excluded for having consistent
blood pressure readings in the borderline hypertension range (~140/90 mm Hg). Note that
our primary outcome remained significant when all 20 participants were included in
analyses.

Results
Results (Table 1) revealed a significant interaction between sleep deprivation and stress on
systolic blood pressure (F2,82.7=4.05, p=0.02) (Figure 1). Systolic blood pressure was higher
in the sleep deprivation compared with the normal sleep condition during the speech task
(d=0.73). Blood pressure did not differ among sleep conditions during the Stroop task or the
post-stress recovery period. Subjective stress was greater in sleep-deprived participants
during baseline, with a trend toward greater stress ratings during the Stroop and recovery
periods. The interaction of sleep and task-induced changes on diastolic blood pressure was
not significant (p=0.13); however, the strongest effect was found for the comparison during
the Speech task, which was marginally significant when comparing sleep deprivation versus
the normal sleep condition (t(18)=2.034, p=0.06, d=0.49).

We also examined models in which mean blood pressure responses during the speech
preparation and delivery periods were separately included, as the act of speaking during a
speech task can itself increase blood pressure, but the results from these models did not
qualitatively differ from those reported above (i.e., systolic blood pressure was significantly
larger when participants were sleep deprived compared to rested conditions during both
speech preparation and delivery).

To examine whether an overall main effect of sleep deprivation on elevated blood pressure
was present (outside of the context of anticipatory reactivity to the stress protocol or the
stress reactivity effects), a paired sample t-tests of mean blood pressure during an afternoon
baseline period revealed significantly higher systolic (sleep deprivation M ± SD=110.9 ± 7.2
mm Hg; normal sleep M ± SD=106.4 ± mm Hg; t(16)=2.50, p=0.03) but not diastolic blood
pressure (sleep deprivation M ± SD=67.0 ± 6.0 mm Hg; normal sleep M ± SD=66.3 ± 5.2
mm Hg; t(16)=0.49, p=0.6).

Discussion
Acute psychological stress involving social-evaluative threat (i.e., the speech task) had a
powerful effect on blood pressure reactivity in these healthy young adults, and this effect
was amplified after a night of total sleep deprivation. Subjective stress ratings to the speech
task were of similar magnitude across the sleep deprived and rested conditions, suggesting
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that sleep deprivation is more than psychologically stressful, and raises mechanistic
questions of the synergy between stressors and sleep on cardiovascular function. It seems
plausible that chronic sleep loss and psychological stress may interact to increase the risk for
preclinical and clinical cardiovascular morbidity. Whether these results generalize to older
or younger samples, chronically stressed and/or ill populations, or to other types of stressors
and doses of sleep deprivation requires careful study. Stressor-evoked blood pressure
reactivity is typically greater in men and older adults (10), the populations at the greatest
risk for hypertension and cardiovascular disease. Chronic stressors encountered during daily
life might have stronger effects on blood pressure than those observed in response to the
laboratory stressors employed in this experiment.

In our analyses, we controlled for baseline systolic blood pressure which was significantly
larger during the sleep deprived compared to the rested condition. One plausible explanation
for our findings of elevated systolic blood pressure during the pre-stress baseline was due to
an anticipatory reaction to the stress protocol, which may be consistent with the finding of
increased stress ratings during the baseline when participants were sleep deprived. A control
condition in which individuals were sleep deprived but do not undergo the stress protocol
would clarify these potential effects. Nevertheless, we also observed greater systolic blood
pressure in the sleep deprived participants when collected under baseline conditions in the
afternoon, suggesting a main effect of sleep deprivation in elevating blood pressure.

As reviewed below, these findings are consistent with some laboratory and ambulatory
findings, but not all. There are several possible reasons for divergent findings, including age
and clinical status of participants, as well as study designs. In addition, experiencing sleep
deprivation is in itself a stressor—how stressful is likely related to the overall experimental
setting and context, demands placed on participants (e.g., other testing procedures), and
other environmental factors. Pagnini and colleagues (14) failed to detect systolic arterial
pressure differences in the morning following carefully controlled normal sleep and sleep
deprived experimental conditions in 24 healthy adults. Two partial sleep restriction studies
reported elevated ambulatory systolic blood pressure during the day following a night of
partial sleep restriction compared to a night of normal sleep (15, 16), one of which (16) was
conducted in the workplace and sleep restriction occurred as a result of working overtime. In
such uncontrolled settings, it is difficult to tease apart the impact of sleep loss versus
stressful events encountered in the environment. Sleep loss may have even greater
consequences on blood pressure with aging. Following a night of total sleep deprivation in 8
middle-age adults, supine systolic blood was significantly elevated and diastolic blood
pressure was marginally elevated (17). That study also recorded blood pressure during two
brief stressors (i.e., serial subtraction for two minutes and a two-minute cold pressor test),
however responses did not differ across the experimental sleep conditions. It may be that
these stressors were of insufficient duration or magnitude to reveal sleep deprivation-
enhanced cardiovascular responses. In a recent report (18), elevated systolic and diastolic
blood pressure in the morning following a night of sleep deprivation were detected in a
sample of 8 elderly adults, but not in 8 younger adults. Finally, studies in clinical
populations suggest that even brief amounts of sleep loss may result in blood pressure
elevations. In a sample of newly diagnosed medication-free participants with mild to
moderate essential hypertension (19), both systolic and diastolic blood pressure was higher
in the morning following a night of 4 hours of sleep restriction then when tested following a
night of normal sleep. Diastolic but not systolic blood pressure increased across a simulated
night shift only in individuals at familial risk for hypertension (i.e., having a biological
parent diagnosed with hypertension) (20). Thus, the impact of sleep deprivation on diastolic
blood pressure maybe more pronounced in preclinical or clinical samples, and in older
adults.
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Our findings were also limited to amplified blood pressure responses to the speech but not
the Stroop task, despite marginally elevated subjective stress ratings following sleep
deprivation. Findings of blood pressure reactivity for versions of this particular task are
generally modest in other studies (e.g., 21). Thus, given the modest effect size and
individual variability in blood pressure reactivity to this task, it is likely that larger samples
may be needed to detect statistically significant reactivity effects. Alternatively, synergistic
increases in blood pressure following sleep deprivation may require tasks that are more
stressful. Compared to the Stroop task, systolic blood pressure increased the most during the
speech task across both experimental sleep conditions. Stress tasks with a social evaluative
component, such as the speech task used in this study, pose a clear threat to self-esteem, and
elicit larger cortisol responses than mental stressors (22). By contrast, the Stroop task can be
considered a mental stressor that taxes executive function and engages conflict monitoring
and resolution processes. Future studies that measure different magnitudes and types of
stressors, as well as other doses of sleep deprivation, will improve our understanding of how
sleep loss may interact with stress in contributing to dysregulated cardiovascular responses.

We conclude that sleep loss may increase risk for some cardiovascular diseases, at least
partly by affecting blood pressure reactions to stress. Prospective studies have provided
some evidence that exaggerated stressor-evoked blood pressure reactivity increases risk for
hypertension and premature cardiovascular disease (23–25). Our results suggest that sleep
loss may moderate this relationship, which has appreciable public health significance given
the prevalence of both chronic sleep loss (26) and stress. Sleep loss is also a potentially
modifiable risk factor. Stress reduction interventions designed to reduce hypertension and
cardiovascular disease may need to additionally target sleep duration and quality to provide
maximal benefits. Determining the long-term synergistic consequences of sleep loss and
stress, and the mechanisms by which they contribute to the etiology of hypertension and
cardiovascular disease, may help reduce cardiovascular morbidity.
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Figure 1.
Means (error bars are the standard error of the mean) of (a) systolic and (b) diastolic blood
pressure (mm Hg), (c) heart rate (beats per minute), and (d) subjective stress (rated on a
Likert scale from 0=not at all to 10=extremely) during baseline, stress, and recovery periods
tested under sleep deprived (solid line) and rested wakefulness (dotted line) experimental
conditions.
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