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Abstract
That insufficient sleep is associated with poor attention and performance deficits is becoming
widely recognized. Fewer people are aware that chronic sleep complaints in epidemiological
studies have also been associated with an increase in overall mortality and morbidity. This article
summarizes findings of known effects of insufficient sleep on cardiovascular risk factors including
blood pressure, glucose metabolism, hormonal regulation and inflammation with particular
emphasis on experimental sleep loss, using models of total and partial sleep deprivation, in healthy
individuals who normally sleep in the range of 7-8 hours and have no sleep disorders. These
studies show that insufficient sleep alters established cardiovascular risk factors in a direction that
is known to increase the risk of cardiac morbidity.
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Self-reported short sleep duration and sleep complaints have long been associated with
increased cardiovascular morbidity in epidemiological (1,2,3) and case-control studies (4).
In a study of over 5,500 men and women, those sleeping <6 hours per night were 66% more
likely to have hypertension than individuals obtaining between 7-8 hours per night (5), in
another study this relationship was found for women and not men (6). Short sleep duration
has been associated with increased risk for future coronary heart disease in women (7),
impaired glucose tolerance in men and women (8), and the development of diabetes in
women (9). Self-reported short sleep duration is also associated with metabolic syndrome
markers in individuals between 30-54 years of age (10). Long sleep (>9h/night) has also
been associated with increased risk for morbidity and mortality, but the relationship is
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potentially obscured by illness or undiagnosed sleep or mood disorders, and is not the focus
of the current review.

Effects of sleep deprivation on blood pressure
Several studies have found that experimental sleep deprivation leads to increased blood
pressure (11,12,13,14), and even half a night of sleep loss has been reported to increase BP
in subjects with hypertension or pre-hypertension (15).

Blood pressure is physiologically regulated via several mechanisms. Renal fluid filtration
and reabsorption regulate blood volume and are under hormonal control, most importantly
the renin-angiotensin system. Cardiac contractility (the force of cardiac ejection of blood
into the systemic circulation), cardiac output (blood volume pumped in liters per minute)
and peripheral vascular resistance are the other major determinants of measured blood
pressure. These are under autonomic nervous control and linked to blood pressure via a
feedback loop termed the baroreflex. The baroreflex involves a series of receptors, located in
the heart itself as well as in the carotid artery and aortic arch, which sense blood pressure
and relay information to the nucleus tractus solitarius in the medulla. If blood pressure needs
to be adjusted, sympathetic or parasympathetic output then can influence cardiac
contractility, heart rate and peripheral vascular resistance (16,17).

The autonomic nervous system output (for instance sympathetic nervous system activity
measured directly by microneurography) can be plotted against variable blood pressures and
the slope of the resulting curve has been termed baroreflex sensitivity. The intercept of the
resulting curve with the abscissa (x-axis) has been used as an estimate of a baroreflex set
point. Thus changing autonomic nervous activity at similar blood pressures suggest a central
resetting of the baroreflex setpoint (18). An estimation of spontaneous baroreflex sensitivity
can be achieved by calculating the square root of the ratio of low frequency heart rate
variability to low frequency blood pressure variability (19). The dip in blood pressure seen
during healthy sleep probably represents a change in set-point (20,21), and may serve a
homeostatic function in blood pressure regulation. Sleep supports other homeostatic systems
as well, including neuroendocrine and inflammatory systems. Increased sympathetic
activation and decreased parasympathetic activation are seen during stress and increased
work expenditure. Similar autonomic changes, consistent with a kind of stress response, may
also be operating when sleep is of inadequate quantity and/or quality.

Staying awake beyond the normal 16-hour wake day involves exertion of energy, a fight
against an accumulating sleep deficit, even when it is not accompanied by what most might
consider stressful conditions such as extended normal work shifts or emergency operations.
Motivation and circumstance influence the level of energy in the short term. Most of us have
had the experience of being unable to sleep due to excitement or due to anxiety, and it seems
like a greater effort to relax and permit sleep onset than it is to remain awake, but normally
at least, resisting sleep in the context of a building sleep deficit takes work. To achieve this
maintenance of wakefulness, against a building sleep deficit and a strong circadian drive for
sleep, requires a good deal of motivation and effort, both of which are aided by social
interaction. In order to maintain wakefulness, motivation must hold back the decline in
optimism-sociability that occurs as a function of days of inadequate sleep amount (22). By
one week of sleep reduction to about 50% of normal daily amount, self-reported optimism-
sociability declines by about 10% compared to normal sleep conditions. It is reasonable to
expect that the autonomic system is activated during the resisting phase of an extended vigil.
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Sympathetic activation
Based on controlled chronobiological studies, Burgess and colleagues (23) found that sleep
was more important for sympathetic nervous system regulation of the heart in comparison
with the parasympathetic system that appeared to be more under circadian control. In that
study, posture and light were strictly controlled, sympathetic nervous system activity was
assessed using the pre-ejection period estimated from impedance cardiography indices
(estimating isovolumic contraction time) and parasympathetic activity was estimated by the
respiratory sinus arrhythmia (based on spectral analysis of beat to beat cardiac intervals).
These investigators reported that sleep was important for the diurnal rhythm of the pre-
ejection period, but not the respiratory sinus arrhythmia.

BP could be increased during sleep deprivation due to increased sympathetic outflow to the
heart or periphery, due to changes in baroreflex sensitivity, due to baroreflex resetting to a
higher level, or a combination of these factors. The question as to whether the increase in BP
found in several investigations of sleep reduction or deprivation is due to central
sympathetic mechanisms has been addressed, but the conditions of deprivation have strong
influences on the results. In addition, mechanisms that maintain cardiovascular systems may
respond differently depending on experimental conditions.

Kato et al., (13) examined blood pressure, heart rate, forearm vascular resistance, and
muscle sympathetic nerve activity, after normal sleep and after a night of recumbent sleep
deprivation in 8 healthy middle-aged participants. They measured the response to 4 stressors
following sleep deprivation compared with control. These investigators found that while
forearm vascular resistance and plasma catecholamines were not affected by this duration of
sleep loss, mean arterial BP did increase but muscle sympathetic nerve activity decreased.
The stress responses tested did not change due to deprivation. Ogawa et al., (12)
subsequently confirmed the findings of increased BP and decreased muscle sympathetic
nerve activity following a night of recumbent sleep deprivation in a group of 6 young male
participants. In addition, these investigators found that the arterial baroreflex was reset
upwards by 12 mmHg towards a higher blood pressure by a single night of sleep
deprivation.

Holmes et al., (24) published a study in which subjects were lying in bed awake for either
30h or 6h before being permitted to sleep. HR, cardiac pre-ejection period assessed via
impedance cardiography as an estimate of sympathetic tone, and respiratory sinus
arrhythmia as an estimate of parasympathetic tone, were monitored during 6 hours or 30
hours of sleep deprivation and the initial 2 hours of a sleep opportunity following the period
of sleep deprivation in twelve healthy subjects. During prolonged sleep deprivation
respiratory sinus arrhythmia was not altered but HR decreased and cardiac pre-ejection
period lengthened as a result of decreased cardiac sympathetic activity. This pattern was
maintained into the recovery sleep phase of the study. Together these studies suggest that
increased BP is due to baroreflex setpoint change and that sympathetic outflow is dampened
as a protective response. However, it is very difficult to maintain wakefulness during
recumbency when sleep pressure is strong, and furthermore the extent of wakefulness
maintained is not clear in these reports. These study conditions cannot approximate the real-
world effects of sleep loss on cardiovascular functioning.

Two studies of sleep deprivation that were carried out with participants avoiding recumbent
posture during the vigil period show that sympathetic outflow is indeed increased. In a study
involving 6 nights of partial sleep deprivation, Spiegel and colleagues (25) found that
sympathovagal balance was elevated by sleep loss, during the morning through mid-day
hours. Zhong et al. (26) studied HR, BP and HRV and baroreflex sensitivity computed from
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HRV and BP variability data in 18 healthy subjects between 19-36 yrs of age, undergoing
continuous sleep deprivation under conditions of controlled ambient temperature and fluid
intake. Baseline measures during supine resting, seated resting and seated with cognitive
testing were made at 9 pm on baseline and 12, 24 and 36 hours later. When baseline seated
physiological testing was measured 24 hours later, at the same time of day, after
approximately 39 hours of wakefulness, HR, low frequency heart rate variability and BP
variability were all increased, and baroreflex sensitivity was decreased. BP was not changed.
Subsequent testing at 9am following an additional 12 hours of nocturnal wakefulness is not
as easily interpreted since there were no baseline measures at that time of day. Nonetheless,
low frequency BP variability was elevated throughout deprivation and in all testing
conditions studied.

Investigations have used different methodologies and experimental conditions, and also
show differing results. As shown in the study by Zhong and colleagues discussed above, the
sympathetic nervous system and BP are significantly modulated by the activities undertaken
and environmental conditions of studies. Body posture, ambient temperature, emotional
stress, cognitive and physical workload, fluid levels and food and salt intake influence
regulating factors such as hormones and catecholamines that control blood pressure and can
exert effects on study outcomes. Studies that show decreased sympathetic activity involved
recumbent posture throughout the deprivation period, and deprivation was necessarily
relatively short for this reason. Studies investigating cardiovascular changes during sleep
deprivation carried out under non-recumbent conditions support the hypothesis that sleep
deprivation involves increased sympathetic cardiac and BP modulation and decreased
baroreflex sensitivity.

Endocrine/metabolic changes associated with sleep loss
Anabolic hormones are altered by sleep deprivation. Growth hormone (GH) reaches its daily
maximum in the first half of the sleep period, and in healthy middle-aged men, up to about
70% of the daily GH secretion occurs during this window of time. During sleep deprivation,
the sleep-associated GH pulse is substantially dampened or abolished. In addition to signs of
hypothalamic-pituitary-adrenal axis activation, sleep deprivation also alters the output of
metabolic hormones as measured in peripheral circulation. As is described elsewhere in this
issue, glucose metabolism is slowed during sleep deprivation (both total (27) and partial
sleep deprivation (28)). Thus, insufficient sleep may be a potentially important contributing
mechanism in the clinical development of insulin resistance, increased accrual of adipocytes
and resulting elevated inflammatory mediators.

Leptin, an adipocyte hormone that signals satiety to the brain, is reduced in diurnal rhythm
amplitude (28) and peak amount (29) as measured in peripheral circulation during acute total
and sustained partial sleep deprivation. Ghrelin, a hormone that signals hunger to the brain,
and subjective appetite is increased during partial sleep deprivation (29). The combination of
slowed metabolism produced by sleep deprivation, and increased appetite may theoretically
lead to weight gain and may contribute to the increasing prevalence of obesity and the
development of the metabolic syndrome.

Sleep plays a role in thermoregulation and sleep deprivation not only represents loss of
sleep, it represents a reduction in the normal nocturnal drop in both body temperature and
BP. In concert with this drop in temperature, the TSH level is elevated during sleep
deprivation (30,31,32,33,34). Some of these studies have also found increased free thyroid
hormones T3 and T4 (30,31,32). The elevations seen in short term experimental sleep
deprivation studies are without clinical sequelae and resolve quickly with recovery sleep.
However, the thyroid is a major regulator of metabolic rate, modulating O2 consumption,
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heart contractility and cardiac output, and affects all aspects of carbohydrate metabolism. In
addition, it raises the rate at which the gastrointestinal tract absorbs glucose, which increases
insulin resistance. The small TSH changes described during sleep deprivation, if chronic,
may nonetheless contribute to the development of disease.

Findings are mixed with respect to increased stress markers during sleep deprivation.
Elevations in cortisol have been found during total acute sleep deprivation in the late
afternoon and into the early nighttime hours, when cortisol is typically at its nadir
(35,36,37), and an elevation in afternoon cortisol levels has also been reported in partial
sleep deprivation (25). In sleep deprivation studies, catecholamine results have been
conflicting. In an ambulatory extended workday study, Tochikubo et al., (11) found urinary
norepinephrine increased by 35% at night during sleep deprivation and 15% over the 24h
day. Other investigators have reported increased urinary norepinephrine (15) and increased
circulating epinephrine and norepinephrine (38) with half a night of sleep deprivation.
However, others found no major increase in catecholamines due to sleep deprivation
(39,30,40), but as with the blood pressure studies, posture and other study conditions are
likely important.

Sleep loss, inflammation and cardiovascular disease
What causes inflammation in asymptomatic individuals that later go on to develop
cardiovascular disease? A number of factors can lead to elevated inflammatory mediators
and markers, including infection and injury. Adiposity, particularly visceral adipocity,
contributes directly to the production of IL-6 and other inflammatory mediators, which in
turn stimulate production of CRP. Hypoxia is a hallmark of the sleep apnea syndrome and is
strongly associated with elevations in inflammatory mediators. Could insufficient amount or
inadequate quality of sleep contribute to the development of an elevated inflammatory state
in individuals without sleep disorders or CVD? During experimental sleep deprivation of
healthy participants, white blood cells and other markers of inflammation show increases in
the range of those associated with the future development of cardiovascular disease. Taken
together, these findings raise the question, could insufficient sleep duration, over years
perhaps, contribute to the development of sustained inflammation and increased risk for
cardiovascular disease?

A relationship between inflammation and cardiovascular disease has long been recognized.
In the 1920s it was noted that patients with congestive heart failure also had high leukocyte
numbers (41), and this relationship was confirmed some years later in a case-controlled
study (42). More recently, a number of prospective studies have identified an association
between risk, in asymptomatic individuals, for the development of cardiovascular disease
and leukocyte counts. While risk estimates vary considerably from study to study, a meta-
analysis suggests that the overall average risk associated with elevated WBC is about 1.5
(43). Furthermore, the risk is thought to be independently associated with WBC, after other
significant factors such as smoking and obesity are taken into account.

IL-6 is produced by the monocyte/macrophage leukocyte cell line and by activated
endothelial cells lining vascular and lymph beds. In addition, adipocytes are also known to
produce IL-6. IL-6 is a potent stimulator of CRP production in liver, and recent data suggest
that it is also produced in arterial smooth muscle cells (44) and vascular endothelial cells
(45). While IL-6 is predictive of the development of cardiovascular disease (46), CRP has an
advantage in that it is more stable, with a much longer half-life (47); and is without diurnal
rhythm (48). CRP is an independent predictor of a first cardiovascular event in
asymptomatic individuals and is furthermore associated with adversity of that event (49).
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Inflammatory mediators are increased by shortened sleep or sleep
deprivation

Monocytes and neutrophils, phagocytic cells in peripheral circulation, are elevated during
acute sleep deprivation (50,51,52,53). IL-6 is also produced by adipocytes and by
endothelial cells. Interestingly, IL-6 and CRP have both been found to increase during acute
total sleep deprivation (54,13) and also during sleep restricted to half the normal daily
amount for 10 days (13,55) and in one study, even when sleep is reduced by 25% of the
normal amount for 8 nights (56).

The increases in IL-6 are very small and negative results have also been reported. Frey et al.,
(57) looking at a single night of acute sleep loss under constant conditions of body posture,
light levels and nutritional intake, failed to see an increase, and in fact reported a decrease in
IL-6 and CRP. Since IL-6 is produced by many cells in the periphery, including endothelial
cells, factors that affect the activation of those cells, for example vasoconstriction and blood
pressure, are likely to be important determinants of the response to sleep loss.

Some studies have reported a diurnal rhythm for IL-6 in peripheral circulation, with a peak
during the nocturnal phase (58,59), and Redwine and colleagues found that the nocturnal
increase could be delayed with the delay of the onset of the bed period by 5 hours (60). The
IL-6 association with sleepiness or sleep pressure has been demonstrated using very
different research approaches. For example, in studies of human challenge with IL-6 and
with endotoxin, IL-6 levels are associated with various indices of sleepiness (61,62). In
obesity, excessive daytime sleepiness is associated with sleepiness with or without
concordant sleep apnea (63), and studies have confirmed the elevation of inflammatory and
coagulatory mediators in sleep apnea (see other chapters in this issue)

Human sleep loss also affects the TNF system. In a study of mild sleep loss (two hours per
night for seven nights) in healthy men and women, men showed elevations of TNF-alpha as
a consequence of sleep restriction, whereas women did not show this change (56). In another
study involving men who were sleep restricted to two 2h naps per day for 4 days, Shearer et
al., (54) found no increase in TNF-alpha or its receptors. In another recent study involving
men and women who underwent sleep reduction for 10 nights, there were no significant
changes seen in TNF-alpha or its soluble p55 receptor (55). As yet incompletely understood
individual differences in vulnerability to sleep loss may underlie these discrepancies, or
perhaps subtle but important differences in methods. While the TNF family sometimes
responds to partial sleep deprivation, there is evidence that the type I (but not type 2) soluble
TNF receptor is influenced by acute complete sleep loss (54). Nonetheless, following a
single night of sleep reduced by 50%, Irwin and colleagues (64) showed an increase in
monocyte production of IL-6 and TNF-a messenger RNA.

One of the explanations for why inflammatory mediators are elevated in cardiovascular
disease is that the increased blood pressure increases endothelial shear stresses, resulting in
endothelial production of inflammatory mediators (65). During sleep, endothelial markers
drop to their lowest point in the day (66), coinciding with the nocturnal dip in blood
pressure. Both acute total sleep deprivation and prolonged partial sleep deprivation ((∼50%
of normal sleep duration for 10 days) (67)) lead to blood pressure elevations over control in
human subjects undergoing controlled physiological studies. In addition, E-selectin and
ICAM-1 have been reported to increase under conditions of sleep deprivation (57,68). These
findings may be interpreted as supporting the hypothesis that activated vasculature, related
to elevated BP, leads to activation of an inflammatory cascade. As well, autonomic system
activation may contribute to elevated inflammation via multiple pathways. Catecholamine
elevation is associated with increased inflammatory mediators (69), and in the in vivo
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model, norepinephrine can stimulate production of inflammatory mediators including IL-6
and TNF-alpha (70,71).

Short-term physiological studies have shown that insufficient and/or inadequate sleep are
associated with slowed glucose metabolism and an increase in inflammatory mediators,
suggesting that sleep is an important homeostatic regulator of factors contributing to the
development of the metabolic syndrome and of cardiovascular disease. Although short sleep
duration has been linked with increased risk for the development of cardiovascular disease
and also development of type-2 diabetes, few epidemiological studies have examined the
relationship between habitual short sleep duration and inflammatory status. In one study of
children, a significant relationship was found between high sensitivity CRP levels and sleep
duration, even after statistically removing the variance attributable to age, sex and BMI (72).
A cross-sectional study of adults in the Wisconsin Sleep Cohort adults failed to find a
relationship between CRP concentration and habitual sleep duration or CRP and total sleep
time on a laboratory based sleep study (73). Given that sex is an important independent
variable in the association between sleep duration and hypertension (6), it may be that there
are sex differences in the inflammatory response to insufficient or short sleep duration.
Additional studies based on samples large enough to enable examination of individual
differences, that investigate the relationship between sleep duration/quality with
inflammatory status and its relationship to future development of cardiovascular disease,
would be an important contribution to the field.

In short-term studies of both acute sleep deprivation, and partial sleep deprivation,
inflammatory mediators have been seen to rise, but most of these studies have been
performed on men (50,51,53,54,14). Of the few studies investigating the inflammatory
response to sleep loss that have included women (14,55,56,57), sex differences have not
been reported, but studies have not been powered to test for these differences. One notable
exception has been a study by Vgontzas et al., (56). These authors studied 12 men and 13
women and found a significant increase in TNF-α following a week of sleep restriction of
approximately 25% habitual duration, in men but not women. IL-6 on the other hand, was
increased in both men and women. A recent study suggested that a single night of short
sleep (4 h) is associated with activation of NF-κB, in women but not men (74). Another
recent study investigated the relationship between self-reported symptoms of sleep
disturbance and inflammatory mediators and coagulatory factors in healthy men and women
found that sleep disturbance was related to elevations in women but again, not men. (75).
Preliminary findings are suggesting, that while men and women both do show inflammatory
responses in studies of acute sleep deprivation, there may be individual differences in the
vulnerability for developing short-sleep-induced inflammation, both in the short and long
term. Once it is developed, there may be further individual differences in tolerance to
increased inflammation and resistance to the development of disease.

Summary and future directions
Autonomic functioning, inflammatory and coagulatory mediators and hormonal profiles are
all altered during controlled sleep deprivation studies. The mechanism of this increase is not
known, and certainly is related to the strain of maintaining wakefulness under conditions of
an accumulating sleep deficit, and at times when the biological clocks are primed for sleep.
It is not known if these changes are short-lived and these systems are able to adapt over
time.

The available experimental data, as reviewed here, suggest that with short term sleep
deprivation blood pressure, inflammation, autonomic tone and hormones all are altered in a
direction that is recognized to contribute to the development of cardiovascular disease, most
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importantly, atherosclerosis. The changes seen with experimental models of total and partial
sleep deprivation are mild, usually subclinical, and resolve quickly with recovery sleep.
Nevertheless the magnitude of change is similar to that seen in profiles predicting future
CVD risk, and therefore are worthy of investigation. It is reasonable to hypothesize that
chronic under-sleeping may contribute to the establishment of basal elevations in
inflammatory mediators and coagulatory factors, thereby priming otherwise healthy
individuals for development of disease. This is an important question for public health and
health risk management in aging and warrants further attention.

Future studies are needed to investigate the relationship between short term acute and more
prolonged partial sleep deprivation under controlled settings, and sex and age differences in
physiological responses to sleep loss challenge. In addition, the relationships between
autonomic, inflammatory, coagulatory and metabolic and hormonal changes in individuals
chronically under-sleeping in their daily lives, and interventions to investigate the
reversibility of these changes through sleep extension, for example, are needed. At the
physiological level as well as in field and epidemiological studies, the relationship between
vulnerability to sleep loss and individual differences needs to be investigated with a
multidisciplinary approach so that the consequences of sleep loss can be better understood at
a systems level, so that individualized approaches to preventative strategies can be tested to
reduce future cardiovascular and metabolic syndrome related disease risk.
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