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1. ABSTRACT 
 

In data from prospective cohort studies, self 
report of insufficient or disturbed sleep is related to 
increased overall and cardiovascular morbidity. 
Inflammation is established as a key mechanism in the 
development of arteriosclerotic heart and vascular disease. 
Inflammation has been considered a possible link between 
short sleep and cardiovascular disease and morbidity. 
Measures of inflammation are increased by experimental 
sleep deprivation, but in cohort studies a relationship of 
sleep duration to inflammatory markers is less clear. In 
these studies the association of self reported short sleep to 
cardiac morbidity is confounded by many psychological 
and socioeconomic variables. More studies are needed to 
explain the link between short sleep duration and cardiac 
morbidity. Experimental studies of sleep deprivation 
mimicking habitual shortened sleep over long time 
intervals, and studies employing sleep extension in habitual 
short sleepers will allow better characterization of the 
health benefits of adequate sleep duration. Prospective 
cohort studies should include objective measures of sleep 
duration and should to control for the known confounding 
variables. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION  
 

In the United States and other developed 
countries the rate of death from cardiovascular disease has 
declined over the past 3 decades. This is attributed to the 
evolution of treatments for acute cardiac disease and 
positive trends in the control of cardiac risk factors (1). The 
prevalence of cigarette smoking in the United States has 
decreased by about half since 1965, and average cholesterol 
level and systolic blood pressure are decreasing, largely 
due to more widespread pharmacologic treatment of 
hyperlipidemia and hypertension. However, the prevalence 
of hypertension, diabetes mellitus, and inadequate levels of 
physical activity are rising, in part related to a dramatic rise 
in the prevalence of obesity (2). In contrast, the prevalence 
of cardiac risk factors (including smoking) and the death 
rate from cardiovascular disease are increasing in many 
developing countries.  
 

Short sleep duration has been associated with 
increased rates of cardiovascular morbidity and mortality. 
While a significant reduction of average sleep duration has 
not been shown in the limited data that is available from 
population surveys (3, 4), there is a widespread perception 
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that contemporary work- and leisure-schedules encroach on 
time previously reserved for sleep (5). Inflammation has 
been considered a plausible mechanism linking cardiac 
disease to short sleep. The present review will summarize 
findings of research in human subjects relating sleep 
duration to measures of inflammation and cardiovascular 
morbidity and will integrate these with the concept of 
inflammation as a key mediator of cardiovascular disease. 
 
3. CARDIOVASCULAR DISEASE AND 
INFLAMMATION  
 

Cardiovascular disease remains the leading cause 
of death in many developed nations. Research over the past 
three decades has shown that inflammation plays a key role 
in the initiation and progression of cardiovascular disease 
(6). The vascular atherosclerotic plaque is now understood 
as a complex inflammatory reaction of the vascular wall to 
noxious stimuli from within the blood stream. These 
stimuli alter the normal properties of endothelial cells to 
increase adhesion and recruitment of inflammatory cells, 
predominantly monocytes and T-cells, to the vascular wall. 
The production of cytokines leads to activation and 
translocation of those cells across the endothelial vessel lining 
to produce a lesion in the vascular wall comprised of 
immunologically active cells and proliferating smooth muscle 
cells and fibroblasts, collectively called the atherosclerotic 
plaque. This plaque represents the key lesion of atherosclerosis 
and serves as a nidus for thrombotic vascular obstruction and 
resulting in end organ damage such as myocardial, cerebral, or 
peripheral limb infarction (7). Inflammatory mediators not 
only regulate and drive interaction of the cells inside the 
atherosclerotic plaque. Sources of systemic inflammation, such 
as those found in connective tissue diseases, accelerate the 
development of atherosclerosis presumably through the effect 
of circulating inflammatory cytokines on the vessel wall and 
atherosclerotic plaques (8, 9). Cardiovascular disease is now 
recognized as a major cause of excess mortality in patients 
with rheumatoid arthritis and lupus erythematosus (10, 11). 
Many recognized risk factors for cardiovascular disease, 
including tobacco smoke (12), hypertension (13, 14), obesity 
(15), the metabolic syndrome (16), and diabetes (17) are 
associated with increased inflammation. Biomarkers of 
inflammation predict long-term cardiovascular morbidity in 
diverse populations and do so independently of previously 
defined risk factors, adding to the overall risk assessment in 
healthy or low risk subjects (18, 19), but also predict short term 
morbidity in patients with acute myocardial infarction (20). 
Pharmacologic agents proven to decrease mortality in 
cardiovascular patients such as beta blockers (21) and 
angiotensin converting enzyme inhibitors (22) are associated 
with decreased levels of inflammatory markers. Correction of 
cardiovascular risk factors including weight loss (23, 24), 
smoking cessation (25), and also cholesterol-lowering therapy 
(26), reduce inflammation and the long-term risk of 
cardiovascular events. 
 
4. SLEEP DURATION AND CARDIOVASCULAR 
MORBIDITY 
 

The suggestion that sleep duration is related to 
morbidity and mortality stems from several large cohort 

studies. In these studies, information on sleep duration was 
obtained as part of a larger data collection. The reader is 
directed to four recent publications (27-30) that have 
summarized the available data on sleep duration and overall 
mortality. This review will focus on studies of sleep 
duration and cardiovascular morbidity. 
 

The relationship of short sleep to many 
established cardiac risk factors such as hypertension (31), 
insulin resistance (32), or diabetes (33) has been reviewed. 
Recent studies have highlighted a direct short term effect of 
sleep deprivation on endothelial function (34, 35), an 
important marker of vascular health (36). Because short 
sleep is associated with an increased likelihood of 
established cardiac risk factors, some of the cohorts 
showing a relationship between self-reported sleep duration 
and overall mortality have subsequently been analyzed with 
regard to cause-specific mortality. Most cohorts have 
included middle-aged or older adults, and sleep complaints 
and sleep duration data are usually collected by 
questionnaire. Cardiovascular endpoints include 
unequivocal events such as cardiovascular death, 
myocardial infarction, or stroke, but frequently also include 
less objective endpoints such as angina, congestive heart 
failure, or cardiac surgery. Studies report the associated risk 
before and after adjustment for other factors, and there are 
large differences between the number and quality of 
covariates included in the adjusted analyses among 
published studies. Authors rarely explain why some 
covariates are included in multivariate adjustments, when 
others are not. Sleep complaints reported to be associated 
with cardiac events include difficulty falling asleep (37-40), 
daytime sleepiness (41), and restless sleep (39). One study 
reported that insufficient sleep was an important mediator 
in the development of cardiovascular disease in depressed 
individuals (42). 
 

Studies assessing sleep duration report an 
increase in cardiovascular endpoints with self-reported 
short sleep (33, 43-52), self-reported long sleep (33, 45, 48, 
50, 53), or no relationship (40), respectively. Qureshi 
reported an increased risk of stroke but not coronary heart 
disease in subjects reporting long sleep and daytime 
somnolence (54). Ikehara found a U-shaped relationship 
between sleep duration and all cause mortality, but 
cardiovascular mortality was associated only with short 
sleep in women, whereas stroke was associated only with 
longer sleep (49). Cappuccio detected an increased risk of 
hypertension with short sleep duration only in women (51). 

 
Sleep duration was assessed at two time points 

during follow up in two studies (44, 45), and the 
association between morbidity and self-reported sleep 
duration appeared consistent over time in both studies. 
Two studies also analyzed the association between sleep 
duration and morbidity when excluding events during 
the first five years after baseline assessment (45, 49), 
and both found that excluding events occurring early 
after study enrollment did not weaken the overall 
association, suggesting that the relationship between 
sleep duration and morbidity is not driven by associated 
short term mortality.  
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A recent study found that self-reported sleep 
disturbance rather than sleep duration was related to 
morbidity (55). Subjects with short sleep and sleep 
disturbance had the highest risk of morbidity, whereas 
subjects with short sleep but no sleep disturbance had little 
increase in the risk of cardiovascular morbidity.  
 

The different cardiac endpoints evaluated in these 
studies were cardiovascular death (40, 44, 45, 48, 49), fatal 
and non-fatal myocardial infarction (33, 46, 55), non-fatal 
myocardial infarction only (43), angina (55), any incident 
cardiovascular disease (47), hypertension (50-52), fatal 
stroke (49), and fatal and non-fatal stroke (47, 54). 
 

One limitation of these cohort studies is that 
subjects were usually not evaluated for the presence of 
sleep disorders or sleep apnea, a condition that is widely 
prevalent and may lead to sleep complaints, and clearly 
predisposes to inflammation and cardiovascular disease 
(56, 57). 
 

Studies of self-reported sleep duration 
consistently show that long sleep duration (usually defined 
as 9 or more hours) is also associated with  increased 
mortality (58) including cardiovascular mortality (30, 33, 
48). The reason for this relationship remains unclear. 
Studies of factors associated with sleep duration have 
identified illness, low socioeconomic status or living alone 
to be associated with longer sleep duration (59-61). Two 
studies showed that self-reported long sleep maintained its 
association with morbidity even when only events 
occurring more than five years after the baseline 
assessment were considered for analysis (45, 49), 
suggesting that acute illness related short term mortality is 
unlikely to account for the observed increase in mortality 
with longer sleep duration. Experimental studies are 
lacking as there is no known non-pharmacological method 
to extend natural sleep. Even a scheduled recovery sleep 
period of 10 hours following an accumulated sleep deficit 
generally results in less than 9.5 hours of obtained sleep 
(62).  
 
5. SLEEP AND INFLAMMATION 
 

Inflammatory cytokines best studied in sleep 
deprivation include Interleukin-6 and tumor necrosis factor-
alpha. Both are secreted by white blood cell populations, 
endothelial cells, and adipocytes and other cells. C-reactive 
protein (CRP) is an acute phase protein synthesized by the 
liver in response to stimulation predominantly by 
Interleukin-6. CRP is a well established marker of systemic 
inflammation in clinical medicine for many decades. CRP 
has a long half-life and in the absence of acute illness has 
little diurnal (63) or long-term variability (64). CRP is also 
an attractive marker because it is now well documented that 
basal levels in human subjects predict the development of 
many other medical conditions that are of great importance 
for public health. CRP is named after its property to bind 
and precipitate the C-polysaccharide moiety on the surface 
of Streptococcus pneumoniae. Its role in the non-specific, 
early immune response is believed to be in facilitating the 
opsonization of foreign organisms by phagocytic cells. CRP 

itself appears not to have a causal role in the development 
of atherosclerosis (65-67) but is understood as an indicator 
of the systemic concentration of inflammatory cytokines 
and may reflect the extent of atherosclerotic plaque in 
addition to other inflammatory processes in the body. 
 
5.1. Experimental studies 

Controlled experimental studies of sleep 
deprivation have focused on inflammatory systems after 
early animal data suggested that animals succumb to an 
inflammatory illness after prolonged total sleep deprivation 
(68-71). Table 1 provides a comprehensive summary of 
experimental studies using acute total (column TSD) or 
chronic partial (column PSD) sleep deprivation in human 
subjects that measured markers of inflammation. For the 
sake of completeness, the table includes some references 
not specifically discussed in the text.  
 

Studies of human sleep deprivation began with a 
focus on immunocompetent and phagocytic cell numbers 
and activity (72-77). Early studies tended to use within-
subjects designs and most lacked independent control 
groups. These early studies were furthermore characterized 
by infrequent sampling. The largest of these studies (78) 
followed army recruits during a training course involving 
strenuous physical challenges, restricted food intake and 
restricted sleep. While such studies have been criticized for 
generalizability, since severe sleep deprivation is seldom 
encountered in normal life, and some experimental settings 
may be considered an unnaturally stressful environment, 
subsequent studies of one or more nights of partial sleep 
restriction in a well controlled experimental setting have 
similarly shown increased white blood cells (93, 94). The 
first study to report plasma cytokine measurements after 
sleep deprivation was by Dinges in 1995 (77). Since that 
report, the focus of experimental sleep deprivation studies 
in humans has increasingly shifted from assessment of cell 
counts and cell activity to mediators of the inflammatory 
process. Most studies used assays to measure cytokines in 
plasma, but some authors have measured cytokines in 
stimulated monocytes ex-vivo by flow-cytometry (86, 87, 
89).  
 

Table 1 emphasizes study findings for TNF-alpha, 
IL-6, and CRP as reported by the study authors, and we 
selected these specific markers because of their accepted 
association with cardiovascular disease. It is important to 
realize that studies differ in what constitutes a significant 
'increase' of markers, varying from a significant difference 
between sleep conditions at one (86) or a subset of multiple 
time-points (85), to a mean daily value integrated from 
multiple measurements (82, 84, 90). As the table 
demonstrates, all but three experimental studies since 2001 
demonstrated increases in either TNF-alpha, IL-6, or CRP 
in sleep-deprived subjects. Differences in findings may be 
due to study differences including the nature of the control 
group, insufficient statistical power, differences between 
sampling timing and frequency (due to factors including 
diurnal rhythms and half-life of the analyte), subtle 
differences in handling of subjects or blood probes, 
methods of collection or processing, or differences in assay 
performance between studies and over time. Interestingly 
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Table 1. Studies of experimental sleep deprivation and inflammatory markers 
Reference Subjects   Sleep 

Condition 
  Control 

group 
Sample 
Frequency  

Finding
s 

   

    TSD PSD        
 N N = 

female 
Age 
(range 
or 
mean) 

Vigil (hrs) sleep/24h 
(hrs) 

For # of days   (#/24 hr in 
each 
condition) 

WBC TN
Fα 

IL
-6 

C
R
P

Kuhn et. 
al., 
1969 (72) 

28 ? 20-30 72-126   no 1 ▲    

Palmblad 
1976 (73) 

8 8 23-44 77   no 1 ▬    

Palmblad 
1979 (74) 

12 0 19-30 64   no 1     

Moldowsk
y 1989 (75) 

10 0 19-27 40   no 23     

Dinges 
1994 (76) 

20 7 21-30 64   no 2 ▲    

Dinges 
1995 (77) 

12 ? 21-30 64   no 1  ▬ ▬  

Boyum 
1996 (78) 

87 0 21-27  2-3 5-7 no 1 ▲  ▼  

Born 1997 
(79) 

10 0 21-29 51   Within- 
subjects 

8 ▲ ▬ ▬  

Vgontzas 
1999 (80) 

8 0 20-29 40   Within- 
subjects 

48   ▲  

Heiser et al 
2000 (81) 

10 0 27 40   Within-
subjects 

2 ▲    

Shearer 
2001 (82) 

42 0 21-47 88 4 4 TSD 
compared to 
PSD 

4  ▬ ▲  

Haack 
2002 (83) 

12 0 18-35 24   Within- 
subjects 

48   ▬  

10 0 22-37 88   no 8    ▲Meier-
Ewert 2004 
(84) 

10 4 26-38  4.2 10 yes 24    ▲

Vgontzas 
2004 (85) 

25 13 19-34  6 8 no 48  ▲ ▲  

Irwin 2006 
(86) 

30 13 25-59  4 1 no 5  ▲ ▲  

Dimitrov 
2006 (87) 

15 0 21-30 24   Within-
subjects 
cross-over 

10   ▬ ▬

Zheng 
2006 (88) 

22 7 29 ~30   Within 
subjects 

1  ▬ ▲ ▲

Lange 
2006 (89) 

11 0 25 24   Within 
subjects 

14     

Haack 
2007 (90) 

18 6 21-40  4 10 yes ≥24   ▲ ▬

Frey 2007 
(91) 

19 9 28 40   no 48   ▼ ▼

Kerkhofs 
2007 (93) 

10 10 55-65  4 3 no 1 ▲    

Boudjeltia 
2008 (94) 

8 0 22-29  4 3 yes 1 ▲   ▬

Van 
Leeuwen 
2009 (95) 

13 0 19-29  4 5 yes 1  ▼ ▲ ▲

Sauvet 
2010 (96) 

12 0 29 40   no 1  ▬ ▲ ▬

Irwin 2010 
(97) 

26 11   4 1 no 5  ▲ ▲  

TSD – total sleep deprivation; PSD – partial sleep deprivation; WBC – white blood cells; TNFα – Tumor necrosis factor alpha; IL 
– Interleukin; CRP – C-reactive protein; IFN – Interferon; GCSF – Granulocyte colony stimulating factor; LPS – 
lipopolysaccharide; PGE2 – prostaglandin E2; PGI2 – prostaglandin I2; ICU – intensive care unit; VCAM – vascular cell 
adhesion molecule; ICAM – inter-cellular adhesion molecule; FMD – flow mediated vascular dilatation; ▲ – increase; ▼ – 
decrease; ▬ - no change 
 
two of the experimental studies that showed no increase in 
IL-6 (83, 91) and CRP (91) used the constant routine 
protocol (92) in sleep-deprived subjects. This restriction of 
physical activity during enforced wakefulness may be 
considered unnatural but its significance in this context has  

 
not been further elucidated.  
 

It is important to note that small basal shifts 
detected in these studies are consistent with the degree of 
changes seen in studies associating inflammatory markers 
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to cardiovascular risk, so that while the changes are indeed 
small, they may nonetheless be meaningful.  
 
5.2. Cohort studies 

Because experimental studies showed increased 
inflammatory biomarkers with sleep deprivation and cohort 
studies suggest an association of sleep complaints and 
cardiovascular morbidity, several more recent studies have 
assessed C-reactive protein levels in cohorts and correlated 
these to self-reported or measured sleep data. Increased C-
reactive protein levels were associated with self-reported 
sleep latency greater than 5 minutes, but were not related to 
self-reported sleep duration or sleep disturbance in a cohort 
of older adults (98). C-reactive protein was also increased 
with self-reported sleep disturbance in a cohort of young 
adults (99), but sleep duration was not recorded. Elevated 
C-reactive protein was related to poor sleep quality in a 
cohort of young women (100) and both C-reactive protein 
and Interleukin-6 were increased with shorter self-reported 
sleep duration in women, but not men, in a large cohort of 
middle-aged government employees (101).  
 

Studies that measured sleep duration in addition 
to self report have reported conflicting results. In one study 
of adolescents, the association of increased C-reactive 
protein and sleep disordered breathing was in part 
explained by sleep duration assessed by polysomnography 
(102). In another study of adults, C-reactive protein was not 
associated with sleep duration by polysomnography or self 
report (103). In a third study, longer self reported sleep but 
not measured sleep was associated with increased C-
reactive protein and Interleukin-6. Conversely, in that same 
study, tumor necrosis factor-alpha was increased with 
shorter measured sleep but was not related to self-reported 
sleep duration (104). Vgontzas (105) found increased levels 
of Interleukin-6 but not tumor necrosis factor-alpha was 
associated with short and inefficient sleep in 13 healthy 
older adults (mean age 71 yrs) when compared to 15 
healthy young adults (mean age 25 yrs), each studied for 
four consecutive nights in the sleep laboratory. Similarly, in 
two other studies (106, 107), increased Interleukin-6 levels 
were positively correlated with light or disrupted sleep, and 
negatively correlated to sleep efficiency and percent slow 
wave sleep, but there was no relationship of Interleukin-6 
levels to total sleep time. 
 
6. MECHANISMS LINKING SLEEP LOSS TO 
INFLAMMATION 
 

The mechanisms by which sleep loss leads to 
increased inflammatory markers in humans have not been 
defined. An attractive explanation is that sleep deprivation 
leads to altered autonomic nervous system output which in 
turn may influence the activity of inflammatory processes. 
Sleep restriction appears to shift the sympatho-vagal 
balance towards more sympathetic output (vagal 
withdrawal). Along with this change several studies have 
observed increased blood pressure as a consequence of 
sleep deprivation (reviewed in (108)). Sympathetic nervous 
system activity is related to increased production of 
inflammatory markers from different cell populations (109, 
110), and it is likely that similar mechanisms apply to the 

stress of sleep deprivation. A second mechanism by which 
sleep restriction induces inflammation may be via insulin 
resistance. Several small studies have shown that sleep 
restriction in humans increases glucose levels and reduces 
insulin sensitivity (111, 112), and in some studies this 
occurs without or before definite changes in inflammatory 
markers occur (113). Metabolic disturbance and 
inflammation are Interconnected at multiple levels (114). It 
is of Interest that increased sympathetic output also causes 
insulin resistance, and increased insulin concentrations 
further augment sympathetic tone (115). For example, 
ablation of sympathetic renal innervation in humans results 
in improved insulin sensitivity (116). 
 
7. FACTORS MODULATING THE RELATIONSHIP 
BETWEEN SLEEP LOSS AND INFLAMMATION 
 
7.1. Psychological factors 

Subjects that are sleep deprived would be 
expected to have a short sleep latency and high sleep 
efficiency. Paradoxically, in cohort studies inflammatory 
markers appear more strongly related to poor sleep 
efficiency or increased sleep latency than to sleep duration. 
This highlights the present difficulty of reconciling findings 
from studies of self-reported sleep duration and morbidity 
with studies that find objectively measured shortened sleep 
duration related to increased markers of inflammation. The 
few studies that have analyzed both measured and self-
reported sleep duration have reported divergent findings 
with regard to morbidity (117) or inflammatory markers 
(104). Studies comparing subjectively and objectively 
assessed sleep duration in the same subjects have reported a 
correlation of these measures, but with significant 
imprecision of the subjective data. Self-reported duration 
may differ from the measured duration by 1 to 2 hours 
(118, 119), suggesting that significant misclassification is 
possible when only self-reported sleep is considered. Self-
reported sleep duration is thought to better reflect time in 
bed than time asleep. Supporting this concept is that most 
studies show that self-reported duration overestimates 
actual sleep duration, if measured by actigraphy or by 
polysomnography (120). Additionally sleep quality or 
efficiency is overestimated by both self-report or 
actigraphy, when compared to polysomnography (120). 
One study further suggests that psychosocial factors 
influence the relationship of self-reported to measured 
sleep duration, perhaps in a systematic fashion. Subjects 
with depression or distress appear to overestimate sleep 
latency and underestimate actual sleep time (121), a bias 
that could shape the findings from cohort studies of self-
reported sleep duration and morbidity. An Interaction of 
measures of stress and mood with self-reported sleep 
quality and duration is also supported by some of the sleep 
studies summarized above. Frequently data collected in 
these studies includes questions about stress, mood, and 
socioeconomic factors, and in multivariable adjustments 
these items frequently interacted with self-reported 
measures of sleep in their relation to mortality or 
inflammatory markers (37, 39, 40, 107). Suarez found that 
self-reported poor sleep quality, frequent difficulty falling 
asleep and increased sleep latency was associated with 
greater psychosocial distress, higher fasting insulin, 
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fibrinogen and inflammatory biomarkers in women, 
suggesting that self-report of sleep complaints identifies 
subjects with a cluster of other co-morbidities, that are 
associated with inflammation and greater risk for morbidity 
(122). Support for this concept also comes from survey data 
from the National Sleep Foundation. In these surveys, adult 
individuals who report inadequate sleep also report a higher 
frequency of other behaviors associated with cardiovascular 
disease including not participating in exercise (28% vs. 
7%), eating unhealthy foods including foods high in 
carbohydrates (18% vs. 5%), consuming fried foods (34% 
vs. 23%) and/or have meals from fast food restaurants or 
eat take-out (28% vs. 19%), cigarette smoking at least once 
a day (26% vs. 16%), use of an alerting medication 
prescription or over-the-counter drugs to help them get 
through the day (13% vs. 5%), and are more likely to be 
obese (35% vs. 26%), when compared to subjects reporting 
adequate sleep duration (123) 
 
7.2. Sex 

The observation that many inflammatory illnesses 
are more common in females than males has led some 
authors to ask if the inflammatory reaction to sleep 
deprivation differs in men and women. Why the 
distribution of inflammatory illnesses favors females is not 
well understood. To date neither genetic nor hormonal 
differences sufficiently explain the observed distribution of 
incidence rates (124). Of the studies evaluating 
inflammatory markers that were reviewed above some 
reported higher markers in men only, including tumor 
necrosis factor-alpha (85), interleukin-6 (106) and C-
reactive protein (100). In contrast, others reported an 
association of increased inflammatory markers interleukin-
6 and C-reactive protein with sleep duration (101) or sleep 
complaints (122) only in women. Of the remaining 
investigators who included women among their subjects, 
authors adjusted their analyses for sex (104) or did not 
report separate results by sex in their unadjusted analyses 
(103). A small experimental study intended to assess sex 
differences in the inflammatory response to partial sleep 
deprivation found a different pattern of increase in 
interleukin-6 and tumor necrosis factor-alpha between 
males and females. When comparing ex vivo production of 
cytokines by stimulated monocytes after partial sleep 
deprivation to baseline measurements, both markers were 
significantly elevated in either sex on the morning after 
sleep deprivation, but remained elevated over baseline over 
the next 16 hours only in females, whereas levels decreased 
below the baseline levels for similar time-points in males 
(97). Among investigations associating sleep complaints or 
sleep duration to morbidity or mortality evidence 
supporting an increased risk of morbidity in females 
compared to males appears stronger. Newman first noted 
that daytime sleepiness predicted overall mortality only in 
women even after adjustment for other confounders (41). 
Both Meisinger and Ikehara reported in large cohorts that 
the signal for risk of coronary heart disease associated with 
sleep duration was stronger for females than males (46, 49). 
In contrast, Amagai found a significantly increased risk of 
total mortality (125) and cardiovascular mortality (126) 
associated with shorter sleep only in males. Similarly, 
Mallon reported that difficulty initiating sleep, but not sleep 

duration, was associated with the risk of subsequent 
cardiovascular death only in men (40). Heslop found a 
similar relationship of sleep duration to mortality risk in 
both men and women, but analyses in women were limited 
by the smaller sample size (44). Other cohort studies 
adjusted their analysis for gender (39, 47, 53, 102) or 
included only women (33, 38) or only men (37), and one 
study excluded female cases and controls from their 
analysis (43). At this time, a sex difference in the 
inflammatory response to short sleep or the resultant 
morbidity of self-reported sleep disturbance remains 
speculative, in part because few of the studies available at 
this time set out to investigate this question. 
 
8. SUMMARY AND CONCLUSIONS 
 

After more than 4 decades of research, the role of 
sleep as a cause of cardiovascular disease remains 
hypothetical. A role for shortened sleep and sleep-related 
inflammation in morbidity and mortality is suggested by 
the available data, but studies to date cannot prove this 
relationship (127). Few studies have attempted to model the 
long-term partial sleep deprivation that may best reflect the 
daily reduction of sleep time related to work and leisure 
related time constraints. Well controlled prospective cohort 
studies with serial objective and subjective assessment of 
all aspects of sleep, inflammation, and the many known 
covariates of sleep and associated risks are needed to 
achieve this goal. However, the multitude of confounding 
factors (behavioral, socioeconomic, cardiac risk factors) 
that are illustrated by the complex models put forward in 
recent summaries of the data (29, 128) will make such 
studies difficult to design and analyze. We believe that 
intervention studies will more easily test whether adequate 
sleep duration has an important role in health. Such studies 
can include subjects reporting habitual short sleep and may 
also begin to include not just healthy adults, but individuals 
with preexisting conditions who may be much more 
vulnerable to the effects of sleep restriction. It is interesting 
to note that one prospective randomized trial of sleep 
restriction in elderly subjects, with the aim to consolidate 
and improve sleep efficiency, unexpectedly found increased 
morbidity in the sleep restriction group (129). Studies 
employing behavioral extension of sleep duration in 
habitual short sleepers are being conducted (130, 131) and 
preliminary results from the latter study suggest that sleep 
extension can improve blood pressure in pre-hypertensive 
adults (131). 
 
9. REFERENCES 
 
1. Earl Ford, Umed Ajani, Janet Croft, Julia Critchley, 
Darwin Labarthe, Thomas Kottke, Wayne Giles, Simon 
Capewell: Explaining the Decrease in U.S. Deaths from 
Coronary Disease, 1980–2000. N Engl J Med 356, 2388-
2398 (2007) 
 
2. Veronique Roger, Donald Lloyd-Jones, Robert Adams, 
Jarett Berry, Todd Brown, Mercedes Carnethon, Shifan 
Dai, Giovanni de Simone, Earl Ford, Caroline Fox, Heather 
Fullerton, Cathleen Gillespie, Kurt Greenlund, Susan 
Hailpern, John Heit, Michael Ho, Virginia Howard, Brett 



Sleep, inflammation and cardiovascular disease 

2496 

Kissela, Steven Kittner, Daniel Lackland, Judith Lichtman, 
Lynda Lisabeth, Diane Makuc, Gregory Marcus, Ariane 
Marelli, David Matchar, Mary McDermott, James Meigs, 
Claudia Moy, Dariush Mozaffarian, Michael Mussolino, 
Graham Nichol, Nina Paynter, Wayne Rosamond, Paul 
Sorlie, Randall Stafford, Tanya Turan, Melanie Turner, 
Nathan Wong, Judith Wylie-Rosett, on behalf of the 
American Heart Association Statistics Committee and 
Stroke Statistics Subcommittee: Heart Disease and Stroke 
Statistics—2011 Update. A Report From the American 
Heart Association. Circulation 123, e18-e209 (2011) 
 
3. Erkki Kronholm, Timo Partonen, Tiina Laatikainen, 
Markku Peltonen, Mikko Harma, Christer Hublin, Jaako 
Kaprio, Arja Aro, Markku Partinen, Mikael Fogelholm, 
Raisa Valve, Jussi Vahtera, Tuula Oksanen, Mika Kivima, 
Markku Koskenvuo, Hanna Sutela: Trends in self-reported 
sleep duration and insomnia-related symptoms in Finland 
from 1972 to 2005: a comparative review and re-analysis of 
Finnish population samples. J Sleep Res 17, 54–62 (2008) 
 
4. Christoph Randler: Sleep length in German children and 
adolescents. Comparing 1907 with 2006–2008. Somnologie 
13, 89–91 (2009) 
 
5. Mathias Basner, Kenneth Fomberstein, Farid Razavi, 
Siobhan Banks, Jeffrey William, Roger Rosa, David 
Dinges: American Time Use Survey: Sleep Time and Its 
Relationship to Waking Activities. Sleep 30, 1085-1095 
(2007) 
 
6. Russell Ross: Atherosclerosis - An inflammatory 
Disease. N Engl J Med 340, 115-126 (1999) 
 
7. Peter Libby: Inflammation in atherosclerosis. Nature 
420, 868-874 (2002) 
 
8. Sharon van Doornum, Gawain McColl, Ian Wicks: 
Accelerated atherosclerosis. An Extraarticular feature of 
rheumatoid arthritis? Arthritis Rheum 46, 862-873 (2002) 
 
9. Peter Libby: Role of inflammation in atherosclerosis 
associated with rheumatoid arthritis. Am J Med 121, 
S21-S31 (2008) 
 
10. Daniel Solomon, Elizabeth Karlson, Eric Rimm, 
Carolyn Cannuscio, Lisa Mandl, JoAnn Manson, Meir 
Stampfer, Gary Curhan: Cardiovascular morbidity and 
mortality in women diagnosed with rheumatoid arthritis. 
Circulation 107, 1303-1307 (2003) 
 
11. Susan Manzi, Elaine Meilahn, Joan Rairie, Claudia 
Conte, Thomas Medsger, Linda Jansen-McWilliams, 
Ralph D'Agostino, Lewis Kuller: Age-specific incidence 
rates of myocardial infarction and angina in women with 
systemic lupus erythematosus: Comparison with the 
Framingham study. Am J Epidemiol 145, 408-415 
(1997) 
 
12. John Ambrose, Rajat Barua: The pathophysiology of 
cigarette smoking and cardiovascular disease. J Am Coll 
Cardiol 43, 1731-1737 (2004) 

13. Jian-Jun Li, Chun-Hong Fang, Rui-Tai Hui: Is 
hypertension an inflammatory disease? Med Hypotheses 
64, 236-240 (2005) 
 
14. Barbara Coles, Ceri Fielding, Stefan Rose-John, Jurgen 
Scheller, Simon Jones, Valerie O'Donnell: Classic 
interleukin-6 receptor signaling and interleukin-6 trans-
signaling differentially control angiotensin II-dependent 
hypertension, cardiac signal transducer and activator of 
transcription-3 activation, and vascular hypertrophy in vivo. 
Am J Pathol 171, 315-325 (2007) 
 
15. Paul Welsh, Eliana Polisecki, Michele Robertson, 
Sabine Jahn, Brendan Buckley, Anton de Craen, Ian Ford, 
Wouter Jukema, Peter Macfarlane, Chris Packard, David 
Stott, Rudi Westendorp, James Shepherd, Aroon Hingorani, 
George Smith, Ernst Schaefer and Naveed Sattar: 
Unraveling the directional link between adiposity and 
inflammation: a bidirectional mendelian randomization 
approach. J Clin Endocrinol Metab 95, 93-99 (2010) 
 
16. Mohammed Qatanani, Mitchell Lazar: Mechanisms of 
obesity-associated insulin resistance: many choices on the 
menu. Genes Dev 21, 1443-1445 (2007) 
 
17. Frank Hu, James Meigs, Tricia Li, Nader Rifai, JoAnn 
Manson: Inflammatory markers and risk of developing type 
2 diabetes in women. Diabetes 53, 693-700 (2004)  
 
18. Paul Ridker, Mary Cushman, Meir Stampfer, Russell 
Tracy, Charles Hennekens: Inflammation, aspirin, and the 
risk of cardiovascular disease in apparently healthy men. N 
Eng J Med 336, 973-979 (1997) 
 
19. Paul Ridker, Nina Paynter, Nader Rifai, Michael 
Gaziano, Nancy Cook: C-reactive protein and parental 
history improve global cardiovascular risk prediction: the 
Reynolds risk score for men. Circulation 118, 2243-2251 
(2008) 
 
20. David Morrow, Christopher Cannon, Robert Jesse, 
Kristin Newby, Jan Ravkilde, Alan Storrow, Alan Wu, 
Robert Christenson: National Academy of Clinical 
Biochemistry Laboratory Medicine Practice Guidelines: 
Clinical Characteristics and Utilization of Biochemical 
Markers in Acute Coronary Syndromes. Clin Chemistry 53, 
552-557 (2007). 
 
21. Walter Palmas, Shuangge Ma, Bruce Psaty, David Goff, 
Christine Darwin, Graham Barr: Antihypertensive 
Medications and C-Reactive Protein in the Multi-Ethnic 
Study of Atherosclerosis. Am J Hypertens 20, 233–241 
(2007) 
 
22. Mario di Napoli, Francesca Papa: Angiotensin-
Converting Enzyme Inhibitor Use Is Associated With 
Reduced Plasma Concentration of C-Reactive Protein in 
Patients With First-Ever Ischemic Stroke. Stroke 34, 2922-
2929 (2003) 
 
23. Patrizia Ziccardi, Francesco Nappo, Giovanni 
Giugliano, Katherine Esposito, Raffaele Marfella, Michele 



Sleep, inflammation and cardiovascular disease 

2497 

Cioffi, Francesco D'Andrea, Ann Molinari, Dario 
Giugliano: Reduction of inflammatory cytokine 
concentrations and improvement of endothelial functions in 
obese women after weight loss over one year. Circulation 
105, 804-809 (2002) 
 
24. Phillip Habib, John Scrocco, Megan Terek, Vincent 
Vanek, Ronald Mikolich: Effects of bariatric surgery on 
inflammatory, functional and structural markers of 
coronary atherosclerosis. Am J Cardiol 104, 1251-1255 
(2009) 
 
25. Arvind Bakhru, Thomas Erlinger: Smoking cessation 
and cardiovascular disease risk factors: Results from the 
Third National Health and Nutrition Examination survey. 
Plos Medicine 2, e160 (2005) 
 
26. Paul Ridker, Christopher Cannon, David Morrow, 
Nader Rifai, Lynda Rose, Carolyn McCabe, Marc Pfeffer, 
Eugene Braunwald, for the Pravastatin or Atorvastatin 
Evaluation and Infection Therapy–Thrombolysis in 
Myocardial Infarction 22 (PROVE IT–TIMI 22) 
Investigators: C-Reactive Protein Levels and Outcomes 
after Statin Therapy. N Eng J Med 352, 20-28 (2005) 
 
27. Francesco Cappuccio, Pasquale Strazzullo, Michelle 
Miller: Sleep duration and all-cause mortality: a systematic 
review and meta-analysis of prospective studies. Sleep 33, 
585-592 (2010) 
 
28. Lisa Gallicchio, Bindu Kalesan: Sleep duration and 
mortality: A systemic review and meta-analysis. J Sleep 
Res 18, 148-58 (2009) 
 
29. Michael Grandner, Lauren Hale, Melisa Moore, Nirav 
Patel: Mortality associated with short sleep duration: The 
evidence, the possible mechanisms, and the future. Sleep 
Med Rev 14, 191-203 (2010) 
 
30. Francesco Cappuccio, Daniel Cooper, Lanfranco 
D’Elia, Pasquale Strazzullo, Michelle Miller: Sleep 
duration predicts cardiovascular outcomes: a systematic 
review and meta-analysis of prospective studies. Eur Heart 
J 32, 1484-1492 (2011) 
 
31. Daniel Gottlieb, Naresh Punjabi, Ann Newman, 
Helaine Resnick, Susan Redline, Carol Baldwin, Javier 
Nieto: Association of sleep time with diabetes mellitus and 
impaired glucose tolerance. Arch Intern Med 165, 863-867 
(2005) 
 
32. Martica Hall, Matthew Muldoon, Richard Jennings, 
Daniel Buysse, Janine Flory, Stephen Manuck: Self-
reported sleep duration is associated with the metabolic 
syndrome in midlife adults. Sleep 31, 635-643 (2008) 
 
33. Najib Ayas, David White, JoAnn Manson, Meir 
Stampfer, Frank Speizer, Atul Malhotra, Frank Hu: A 
prospective study of sleep duration and coronary heart 
disease in women. Arch Intern Med 163, 205-209 (2003) 
 
34. Tai Sekine, Masao Daimon, Rei Hasegawa, Tomohiko 

Toyoda, Takayuki Kawata, Nobusada Funabashi, Issei 
Komuro: The impact of sleep deprivation on the coronary 
circulation. Int J Cardiol 144, 266-267 (2010)  
 
35. Fabien Sauvet, Georges Leftheriotis, Danielle Gomez-
Merino, Christophe Langrume, Catherine Drogou, Pascal 
van Beers, Cyprien Bourrilhon, Genevieve Florence, 
Mounir Chennaoui: Effect of acute sleep deprivation on 
vascular function in healthy subjects. J Appl Physiol 108, 
68-75 (2010) 
 
36. Joseph Vita, John Keaney: Endothelial function. A 
barometer for cardiovascular risk? Circulation 106, 640-
642 (2002) 
 
37. Ad Appels, Yolanda de Vos, Rob van Diest, Paul 
Hoppner, Paul Mulder, Johan de Groen: Are sleep 
complaints predictive of future myocardial infarction. Activ 
nerv sup 29, 147-151 (1987) 
 
38. Elaine Eaker, Joan Pinsky, William Castelli: Myocardial 
infarction and coronary death among women: Psychosocial 
predictors from a 20-year follow-up of women in the 
Framingham study. Am J Epidemiol 135, 854-864 (1992) 
 
39. Skai Schwartz, Joan Cornoni-Huntley, Stephen Cole, 
Judith Hays, Dan Blazer, Douglas Schocken: Are sleep 
complaints an independent risk factor for myocardial 
infarction. Ann Epidemiol 8, 384-392, (1998) 
 
40. Lena Mallon, Jan-Erik Broman, Jerker Hetta: Sleep 
complaints predict coronary artery disease mortality in 
males: A 12-year follow-up study of a middle aged Swedish 
population. J Intern Med 251, 207-216 (2002) 
 
41. Anne Newman, Charles Spiekerman, Paul Enright, 
David Lefkowitz, Teri Manolio, Charles Reynolds, John 
Robbins: Daytime sleepiness predicts mortality and 
cardiovascular disease in older adults. J Am Geriatr Soc 48, 
115-123 (2000) 
 
42. James Gangwisch, Lindsay Babiss, Dolores Malaspina, 
Blake Turner, Gary Zammit, Kelly Posner: Insomnia and 
Sleep Duration as Mediators of the Relationship Between 
Depression and Hypertension Incidence. Am J Hypertens 
23, 62-69 (2010) 
 
43. Ying Liu, Hiroshi Tanaka: Overtime work, insufficient 
sleep, and risk of non-fatal acute myocardial infarction in 
Japanese men. Occup Environ Med 59, 447-451 (2002) 
 
44. Pauline Heslop, George Smith, Chris Metcalfe, John 
Macleod, Carole Hart: Sleep duration and mortality: The 
effect of short or long sleep duration on cardiovascular and 
all-cause mortality in working men and women. Sleep Med 
3, 305-314 (2002) 
 
45. Jane Ferrie, Martin Shipley, Francesco Cappuccio, Eric 
Brunner, Michelle Miller, Meena Kumari, Michael 
Marmot: A prospective study of change in sleep duration: 
Association with mortality in the Whitehall II cohort. Sleep 
30, 1659-1666 (2007) 



Sleep, inflammation and cardiovascular disease 

2498 

46. Christa Meisinger, Margit Heier, Hannelore Lowel, 
Andrea Schneider, Angela Doring: Sleep duration and sleep 
complaints and risk of myocardial infarction in middle-
aged men and women from the general population: The 
MONICA/KORA Augsburg cohort study. Sleep 30, 1121-
1127 (2007) 
 
47. Kazuo Eguchi, Thomas Pickering, Joseph Schwartz, 
Satoshi Hoshide, Joji Ishikawa, Shizukiyo Ishikawa, 
Kazuyuki Shimada, Kazuomi Kario: Short sleep duration as 
an independent predictor of cardiovascular events in 
Japanese patients with hypertension. Arch Intern Med 168, 
2225-2231 (2008) 
 
48. Anoop Shankar, Woon-Puay Koh, Jian-Min Yuan, Hin-
Peng Lee, Mimi Yu: Sleep duration and coronary heart 
disease mortality among Chinese adults in Singapore: A 
population-based cohort study. Am J Epidmiol 168, 1367-
1373 (2008) 
 
49. Satoyo Ikehara, Hiroyasu Iso, Chigusa Date, Shogo 
Kikuchi, Yoshiyuki Watanabe, Yasuhiki Wada, Yutaka 
Inaba, Akiko Tamakoshi: Association of sleep duration with 
mortality from cardiovascular disease and other causes for 
Japanese men and women: The JACC study. Sleep 32, 259-
301 (2009) 
 
50. David Gottlieb, Susan Redline, Javier Nieto, Carol 
Baldwin, Ann Newman, Helaine Naresh Punjabi: 
Association of usual sleep duration with hypertension: the 
Sleep Heart Health Study. Sleep 29, 1009-1014 (2006) 
 
51. Francesco Cappuccio, Saverio Stranges, Ngianga-
Bakwin Kandala, Michelle Miller, Frances Taggart, Meena 
Kumari, Jane Ferrie, Martin J. Shipley, Eric Brunner, 
Michael Marmot: Gender-Specific Associations of Short 
Sleep Duration With Prevalent and Incident Hypertension. 
The Whitehall II Study. Hypertension 50, 693-700 (2007) 
 
52. James Gangwisch, Steven Heymsfield, Bernadette 
Boden-Albala, Ruud Buijs, Felix Kreier, Thomas 
Pickering, Andrew Rundle, Gary Zammit, Dolores 
Malaspina: Short Sleep Duration as a Risk Factor for 
Hypertension. Analyses of the First National Health and 
Nutrition Examination Survey. Hypertension 47, 833-39 
(2006) 
 
53. Sanjay Patel, Najib Ayas, Mark Malhotra David White, 
Eva Schernhammer,  Frank Speizer, Meir Stampfer, Frank 
Hu: A prospective study of sleep duration and mortality risk 
in women. Sleep 27,440-444 (2004) 
 
54. Adnan Qureshi, Wayne Giles, Janet Croft, Donald 
Bliwise: Habitual sleep patterns and risk for stroke and 
coronary heart disease: A 10-year follow-up from 
NHANES I. Neurology 48, 904-911 (1997) 
 
55. Tarani Chandola, Jane Ferrie, Aleksander Perski, 
Tansime Akbaraly, Michael Marmot: The effect of short 
sleep duration on coronary heart disease is greatest among 
those with sleep disturbance: A prospective study from the 
Whitehall II cohort. Sleep 33, 739-744 (2010) 

56. Walter McNichols: Obstructive Sleep Apnea and 
Inflammation. Prog Cardiovasc Dis 51, 392-399 (2009) 
 
57. Rohit Budhiraja, Pooja Budhiraja, Stuart Quan: Sleep 
Disordered Breathing and Cardiovascular Disorders. Respir 
Care 55, 1322-1332 (2010) 
 
58. Michael Grandner, Sean Drummond: Who are the long 
sleepers? Towards an understanding of the mortality 
relationship. Sleep Med Rev 11, 341-360 (2007) 
 
59. Sanjay Patel, Atul Malhotra, Daniel Gottlieb, David 
White, Frank Hu: Correlates of long sleep duration. Sleep 
29, 881-889 (2006) 
 
60. Danan Gu, Jessica Sautter, Robin Pipkin, Yi Zeng: 
Sociodemographic and health correlates of sleep quality 
and duration among very old Chinese. Sleep 33, 601-610 
(2010) 
 
61. Christopher Magee, Donald Iverson, Peter Caputi: 
Factors associated with short and long sleep. Prev Med 49, 
461-467 (2009) 
 
62. Siobhan Banks, Hans Van Dongen, Greg Maislin, 
David Dinges: Neurobehavioral Dynamics Following 
Chronic Sleep Restriction: Dose-Response Effects of One 
Night for Recovery. Sleep 33, 1013-1026 (2010) 
 
63. Hans Meier-Ewert, Paul Ridker, Nader Rifai, Nick 
Price, David Dinges, Janet Mullington: Absence of diurnal 
variation of C-reactive protein concentrations in healthy 
human subjects. Clin Chem 47, 426-430 (2001) 
 
64. Robert Glynn, Jean MacFadyen, Paul Ridker: Tracking 
of high-sensitivity C-reactive protein after an initially 
elevated concentration: the JUPITER study. Clin Chem 55, 
305-312 (2009) 
 
65. Jappe Zacho, Anne Tybjorg-Hansen, Jan Jensen, Peer 
Grande, Henrik Sillesen, Borge Nordestgaard: Genetically 
elevated C-reactive protein and ischemic vascular disease. 
N Eng J Med 359, 1897-1908 (2008) 
 
66. Michael Torzewski, Kurt Reifenberg, Fei Cheng, 
Elena Wiese, Inse Kupper, Jeanine Crain, Karl Lackner, 
Sucharit Bhakdi: No effect of C-reactive protein on 
early atherosclerosis in LDLR -/-/ human C-reactive 
protein transgenic mice. Thromb Haemost 99, 196-201 
(2008) 
 
67. Miguel Ortiz, Gonzalo Campana, John Woods, 
George Boguslawski, Marcelo Sosa, Candace Walker, 
Carlos Laberrere: Continuously-infused human C-
reactive protein is neither proatherosclerotic nor 
proinflammatory in apolipoprotein E-deficient mice. 
Exp Biol Med 234, 624-631 (2009) 
 
68. James Krueger, Timothy Walter, Charles Dinarello, 
Sheldon Wolff, Louis Chedid: Sleep-promoting effects 
of endogenous pyrogen (Interleukin-1). Am J Physiol 
246, R994-R999 (1984) 



Sleep, inflammation and cardiovascular disease 

2499 

69. Mark Opp, Ferenc Obal, James Krueger: Interleukin-1 
alters rat sleep - temporal and dose-related effects. Am J 
Physiol 260, R52-R58 (1991) 
 
70. Allan Rechtschaffen, Bernard Bergmann, Carol 
Everson, Clete Kushida, Marcia Gilliland: Sleep 
deprivation in the rat. X. Integration and discussion of the 
findings. Sleep 12, 68-87 (1989) 
 
71. Carol Everson, Linda Toth: Systematic bacterial 
invasion induced by sleep deprivation. Am J Physiol 278, 
R905-R916 (2000) 
 
72. Elisabetta Kuhn, Vladimir Brodan, Marie Brodanová: 
Metabolic reflection of sleep deprivation. Act Nerv Super 
(Praha) 11:165-174, (1969) 
 
73. Jan Palmblad, Karl Cantell, Hans Strander, Jan Froberg, 
Claes-Grohan Karlsson, Lennart Levi, Marta Granstrom, 
Peter Unger: Stressor exposure and immunological 
response in man: Interferon-producing capacity and 
phagocytosis. J Psychosom Res 20, 193-199 (1976) 
 
74. Jan Palmblad, Bjorn Petrini, Jerzy Wasserman, Torbjorn 
Akerstedt: Lymphocyte and granulocyte reactions during 
sleep deprivation. Psychosm Med 41, 273-278 (1979) 
 
75. Harvey Moldofsky, Franklin Lue, John Davidson, 
Jonathan Gorczynski: Effects of sleep deprivation on 
human immune functions. FASEB J 3, 1972-1977 (1989) 
 
76. David Dinges, Stephen Douglas, Line Zaugg, Donald 
Campbell, Joseph McMann, Wayne Whitehouse, Emily 
Orne, Shiv Kapoor, Edward Icaza, Martin Orne : 
Leukocytosis and natural killer cell function parallel 
neurobehavioral fatigue induced by 64 hours of sleep 
deprivation. J Clin Invest 93, 1930-1939 (1994) 
 
77. David Dinges, Steven Douglas, Steffi Hamarman, Line 
Zaugg, Shiv Kapoor: Sleep deprivation and human immune 
function. Adv Neuroimmunol 5, 97-110 (1995) 
 
78. Arne Boyum, Pal Wiik, Elin Gustavsson Ole Veiby, 
Janne Reseland, Ann-Helen Haugen, Per Kristian Opstad: 
The effect of strenuous exercise, calorie deficiency and 
sleep deprivation on white blood cells, plasma 
immunoglobulins and cytokines. Scand J Immunol 43:228-
235 (1996) 
 
79. Jan Born, Tanja Lange, Kirsten Hansen, Matthias 
Molle, and Horst-Lorenz Fehm: Effects of sleep and 
circadian rhythm on human circulating immune cells. J 
Immunol 158:4454-4464 (1997) 
 
80. Alexandros Vgontzas, Dimitris Papanicolaou, Edward 
Bixler, Angela Lotsikas, Keith Zachman, Anthony Kales, 
Paolo Prolo, Ma-Li Wong, Julio Licino, Philip Gold, 
Ramon Hermida, George Mastorakos, George Chrousos: 
Circadian Interleuking-6 secretion and quantity and depth 
of sleep. J Clin Endocrinol Metab 84, 2603-2607 (1999) 
 
81. Philip Heiser, Britta Dickhaus, Wiebke Schreiber, 

Hans-Willi Clement, ·Christian Hasse, Jacek Hennig, 
Helmut Remschmidt, Jurgen-Christian Krieg, Wolfgang 
Wesemann, Claus Opper: White blood cells and cortisol 
after sleep deprivation and recovery sleep in humans. Eur 
Arch Psychiatry Clin Neurosci 250, 16–23 (2000) 
 
82. William Shearer, James Reuben , Janet Mullington, 
Nicholas Price, Bang-Ning Lee, O’Brian Smith, Martin 
Szuba, Hans Van Dongen, David Dinges: Soluble TNF-
alpha receptor 1 and IL-6 plasma levels in humans 
subjected to the sleep deprivation model of spaceflight. J 
Allergy Clin Immunol 107, 165–170 (2001) 
 
83. Monika Haack, Thomas Kraus, Andreas Schuld, Mira 
Dalal, Dagmar Koethe, Thomas Pollmacher: Diurnal 
variations of interleukin-6 plasma levels are confounded by 
blood drawing procedures. Psychoneuroendocrinology 27. 
921-931 (2002) 
 
84. Hans Meier-Ewert, Paul Ridker, Nader Rifai, Meredith 
Regan, David Dinges, Janet Mullington: Effect of sleep 
loss on C-reactive protein, an inflammatory marker of 
cardiovascular risk. J Am Coll Cardiol 43, 678-683 (2004) 
 
85. Alexandros Vgontzas, Emmanouil Zoumakis, Edward 
Bixler, Hung-Mo Lin, Heather Follett, Anthony Kales, 
George Chrousos: Adverse effects of modest sleep 
restriction on sleepiness, performance, and inflammatory 
cytokines. J Clin Endocrinol Metab 89, 2119-2126 (2004) 
 
86. Michael Irwin, Minge Wang, Capella Campomayor, 
Alicia Collado-Hidalgo, Steve Cole: Sleep Deprivation and 
activation of morning levels of cellular and genomic 
markers of inflammation. Arch Intern Med 166, 1756-1762, 
(2006) 
 
87. Stoyan Dimitrov, Tanja Lange, Christian Benedict, Mari 
Nowell, Simon Jones, Jurgen Scheller, Stefan Rose-John, 
Jan Born: Sleep enhances IL-6 trans-signaling in humans. 
FASEB J 20, E1599-E1609 (2006) 
 
88. Haoyi Zheng, Milan Patel, Katazyna Hryniewicz, Stuart 
Katz: Association of extended work shifts, vascular 
function, and inflammatory markers in internal medicine 
residents: a randomized crossover trial. JAMA 296, 1049-
1050 (2006) 
 
89. Tanja Lange, Stoyan Dimitrov, Horst-Lorenz Fehm, 
Jurgen Westermann, Jan Born: Shift of monocyte function 
toward cellular immunity during sleep. Arch Intern Med 
166, 1695-1700, (2006) 
 
90. Monika Haack, Elsa Sanchez, Janet Mullington: 
Elevated inflammatory markers in response to prolonged 
sleep restriction are associated with increased pain 
experience in healthy volunteers. Sleep 30, 1145-1152 
(2007) 
 
91. Daniel Frey, Monika Fleshner, Kenneth Wright: The 
effects of 40 hours of total sleep deprivation on 
inflammatory markers in healthy young adults. Brain 
Behav Immun 21, 1050-1057 (2007) 



Sleep, inflammation and cardiovascular disease 

2500 

 
92. David Minors, James Waterhouse: The use of constant 
routines in unmasking the endogenous component of 
human circadian rhythms. Chronobiol Int. 1, 205-216 
(1984) 
 
93. Myriam Kerkhofs, Karim Boudjeltia, Patricia Stenuit, 
Dany Brohee, Philippe Cauchie, Michel Vanhaeverbeek: 
Sleep restriction increases blood neutrophils, total 
cholesterol and low density lipoprotein cholesterol in 
postmenopausal women: A preliminary study. Maturitas 56, 
212-215 (2007) 
 
94. Karim Boudjeltia, Brice Faraut, Patricia Stenuit, Maria 
Esposito, Michal Dyzma, Dany Brohee, Jean Ducobu, 
Michel Vanhaeverbeek, Myriam Kerkhofs: Sleep restriction 
increases white blood cells, mainly neutrophil count, in 
young healthy men: A pilot study. Vasc Health Risk Manag 
4, 1467-1470 (2008) 
 
95. Wessel van Leeuwen, Maili Lehto, Piia Karisola, Harri 
Lindholm, Ritva Luukkonen, Mikael Sallinen, Mikko 
Harma, Tarja Porkka-Heiskanen, Harri Alenius: Sleep 
Restriction Increases the Risk of Developing 
Cardiovascular Diseases by Augmenting Proinflammatory 
Responses through IL-17 and CRP. PLoS one 4, e4589 
(2009) 
 
96. Fabien Sauvet, Georges Leftheriotis, Danielle Gomez-
Merino, Christophe Langrume, Catherine Drogou, Pascal 
van Beers, Cyprien Bourrilhon, Genevieve Florence, 
Mounir Chennaoui: Effect of acute sleep deprivation on 
vascular function in healthy subjects. J Appl Physiol 108, 
68-75 (2010) 
 
97. Michael Irwin, Carmen Carrillo, Richard Olmstead: 
Sleep loss activates cellular markers of inflammation: Sex 
differences. Brain Behav Immun 24, 54-57 (2010) 
 
98. Thomas McDade, Louise Hawkley, John Cacioppo: 
Psychosocial and behavioral predictors of inflammation in 
middle-aged and older adults: The Chicago health, aging 
and social relations study. Psychosom Med 68, 376-381 
(2006) 
 
99. Michele Okun, Mary Coussons-Read, Martica Hall: 
Disturbed sleep is associated with increased C-reactive 
protein. Brain Behav Immun 23, 351-354 (2009) 
 
100. Timo Liukkonen, Pirkko Rasanen, Aimo Ruokonen, 
Jaana Laitinen, Jari Jokelainen, Maija Lainonen, Benno 
Meyer-Rochow, Markku Timonen: C-reactive protein 
levels and sleep disturbances: Observations based on the 
Northern Finnland 1966 birth cohort study. Psychosom Med 
69, 756-761 (2007) 
 
101. Michelle Miller, Ngianga-Bakwin Kandala, Mika 
Kivimaki, Meena Kumari, Eric Brunner, Gordon Lowe, 
Michael Marmot, Francesco Cappuccio: Gender differences 
in the cross-sectional relationships between sleep duration 
and markers of inflammation: Whitehall II study. Sleep 32, 
857-864 (2009) 

 
102. Emma Larkin, Carol Rosen, Lester Kirchner, Amy 
Storfer-Isser, Judith Emancipator, Nathan Johnson, Ann 
Zambito, Russel Tracy, Nancy Jerry, Susan Redline: 
Variation of C-reactive protein levels in adolescents. 
Association with sleep disordered breathing and sleep 
duration. Circulation 111, 1978-1984 (2005) 
 
103. Shahrad Taheri, Diane Austin, Ling Lin, Javier Nieto, 
Terry Young, Emmanuel Mignot: Correlates of serum c-
reactive protein (CRP) - no association with sleep duration 
or sleep disordered breathing. Sleep 30, 991-996 (2007) 
 
104. Sanjay Patel, Xiaobei Zhu, Amy Storfer-Isser, Reena 
Mehra, Nancy Jenny, Russell Tracy, Susan Redline: Sleep 
duration and biomarkers of inflammation. Sleep 32, 200-
204 (2009) 
 
105. Alexandros Vgontzas, Manolis Zoumakis, Edward 
Bixler, Hung-Mo Lin, Paolo Prolo, Antonio Vela-Bueno, 
Anthony Kales, George Chrousos: Impaired Nighttime 
Sleep in Healthy Old Versus Young Adults Is Associated 
with Elevated Plasma Interleukin-6 and Cortisol Levels: 
Physiologic and Therapeutic Implications. J Clin 
Endocrinol Metab 88, 2087–2095 (2003) 
 
106. Suzi Hong, Paul Mills, Jose Loredo, Karen Adler, Joel 
Dimsdale: The association between interleukin-6, sleep, 
and demographic characteristics. Brain Behav Immun 19, 
165-172 (2005) 
 
107. Elliot Friedman, Mary Hayney, Gayle Love, Heather 
Urry, Melissa Rosenkranz, Richard Davidson, Burton 
Singer, Carol Ryff: Social relationships, sleep quality, and 
interleukin-6 in aging women. PNAS 102, 18757-18762 
(2005) 
 
108. Janet Mullington, Monika Haack, Maria Toth, Jorge 
Serrador, Hans Meier-Ewert: Cardiovascular, 
Inflammatory, and Metabolic Consequences of Sleep 
Deprivation. Prog Cardiovasc Dis 51, 294-302 (2009) 
 
109. Dimitris Papanicolaou, John Petrides, Constantine 
Tsigos, Saiid Bina, Konstantine Kalogeras, Robert Wilder, 
Phillip Gold, Patrick Deuster, George Chrousos: Exercise 
stimulates interleukin-6 secretion: inhibition by 
glucocorticoids and correlation with catecholamines. Am J 
Physiol Endocrinol Metab 271, E601–E605 (1996) 
 
110. Alexander Gornikiewicz, Thomas Sautner, Christine 
Brostjan, Bernhard Schmierer, Reinhold Fugger, Erich 
Roth, Ferdinand Muhlbacher, Michael Bergmann: 
Catecholamines up-regulate lipopolysaccharide-induced 
IL-6 production in human microvascular endothelial cells. 
FASEB J 14, 1093-1100 (2000) 
 
111. Karine Spiegel, Rachel Leproult , Eve van Cauter: 
Impact of sleep debt on metabolic and endocrine function. 
Lancet 354, 1435-1439 (1999) 
 
112. Arlet Nedeltcheva, Lynn Kessler, Jacqueline Imperial, 
Plamen Penev: Exposure to recurrent sleep restriction in the 



Sleep, inflammation and cardiovascular disease 

2501 

setting of high caloric intake and physical inactivity results 
in increased insulin resistance and reduced glucose 
tolerance. J Clin Endocrinol Metab 94, 3242–3250 (2009) 
 
113. Katherine Stamatakis, Naresh M Punjabi: Effects of 
sleep fragmentation on glucose metabolism in normal 
subjects. Chest 137, 95–101 (2010) 
 
114. Gokhan Hotamisligil: Endoplasmatic reticulum stress 
and the inflammatory basis of metabolic disease. Cell 140, 
900–917 (2010) 
 
115. Giuseppe Manciaa, Pascal Bousquet, Jean Luc 
Elghozic, Murray Eslerd, Guido Grassia, Stevo Juliuse, 
John Reidf, Peter Van Zwieteng: The sympathetic nervous 
system and the metabolic syndrome. J Hypertens 25, 909–
920 (2007) 
 
116. Felix Mahfoud, Markus Schlaich, Ingrid Kindermann, 
Christian Ukena, Bodo Cremers, Mathias Brandt, Uta 
Hoppe, Oliver Vonend, Lars Rump, Paul Sobotka, Henry 
Krum, Murray Esler, Michael Bohm: Effect of Renal 
Sympathetic Denervation on Glucose Metabolism in 
Patients With Resistant Hypertension. A Pilot Study. 
Circulation 123, 1940-1946 (2011) 
 
117. Mary Dew, Carolyn Hoch, Daniel Buysse, Timothy 
Honk, Amy Begley, Patricia Houck, Martica Hall, David 
Kupfer, Charles Reynolds: Healthy older adults' sleep 
predicts all cause mortality at 4 to 19 years of follow-up. 
Psychosomatic Med 65, 63-73 (2003) 
 
118. Steven Lockley, Debra Skene, Josephine Arendt: 
Comparison between subjective and actigraphic 
measurement of sleep and sleep rhythms. J Sleep Res 8, 
175-183 (1999) 
 
119. Diane Lauderdale, Kristen Knutson, Lijing Yan, Kiang 
Liu, Paul Rathouz: Sleep duration: how well do self reports 
reflect objective measures. The CARDIA sleep study. 
Epidemiology 19, 838-845 (2008) 
 
120. Sonia Ancoli-Israel, Roger Cole, Cathy Alessi, Mark 
Chambers, William Moorcroft, Charles Pollak: The role of 
actigraphy in the study of sleep and circadian rhythms. 
Sleep 26, 342-392 (2003) 
 
121. Quentin Regestein, Joan Friebely, Jan Shifren, Martin 
Scharf, Brinda Wiita, Judith Carver, Isaac Schiff: Self-
reported sleep in postmenopausal women. Menopause 11, 
198-207 (2004) 
 
122. Edward Suarez: Self-reported symptoms of sleep 
disturbance and inflammation, coagulation, insulin 
resistance and psychosocial distress: Evidence for gender 
disparity. Brain Behav Immun 22, 960-968 (2008) 
 
123. National Sleep Foundation 'Sleep in America 2009' 
poll results at 
http://www.sleepfoundation.org/sites/default/files/2009%20
Sleep%20in%20America%20SOF%20EMBARGOED.pdf 
 

124. Michael Lockshin: Nonhormonal explanations for sex 
discrepancy in human illness. Ann NY Acad Sci 1193, 22-24 
(2010) 
 
125. Yoko Amagai, Shizukiyo Ishikawa, Tadao Gotoh, 
Kazunori Kayaba, Yosikazu Nakmura, Eiji Kajii: Sleep 
duration and mortality in Japan: The Jichi medical school 
cohort study. J Epidemiol 14, 124-128 (2004) 
 
126. Yoko Amagai, Shizukiyo Ishikawa, Tadao Gotoh, 
Kazunori Kayaba, Yosikazu Nakmura, Eiji Kajii: Sleep 
duration and incidence of cardiovascular events in a 
Japanese population: The Jichi medical school cohort study. 
J Epidemiol 20, 106-110 (2010) 
 
127. Michelle Miller, Francesco Cappuccio. Sleep, 
Inflammation and Disease. In: Sleep, health and society. 
From etiology to public health. Eds: Francesco Cappuccio, 
Michelle Miller, Steven Lockley Oxford University Press 
(2010) 
 
128. Mary-Frances O'Connor, Julie Bower, Hyong Cho, 
David Creswell, Stoyan Dimitrov, Mary Hamby, Michael 
Hoyt, Jennifer Martin, Theodore Robles, Erica Sloan, 
KaMala Thomas, Michael Irwin: To assess, to control, to 
exclude: Effects of biobehavioral factors on circulating 
inflammatory markers. Brain Behav Immun 23, 887-897 
(2009) 
 
129. Charles Reynolds, Linda Serody, Michele Okun, 
Martica Hall, Patricia Houck, Susan Patrick, Jennifer 
Maurer, Salem Bensasi, Sati Mazumdar, Tethany Bell, 
Robert Nebes, Mark Miller, Mary Dew, Eric Nofzinger: 
Protecting sleep, promoting health in later life: a 
randomized clinical trial. Psychosom Med 72, 178-186 
(2010) 
 
130. Giovanni Cizza, Paula Marincola, Megan Mattingly, 
Lyda Williams, Merrill Mitler, Monica Skarulis, Gyorgy 
Csako. Treatment of obesity with extension of sleep 
duration: a randomized, prospective, controlled trial. Clin 
Trials 7, 274-85 (2010) 
 
131. Monika Haack , Jorge Serrador, Maria Toth, David 
Cohen, Hans Meier-Ewert, Janet Mullington: Improving 
sleep quantity decreases blood pressure in hypertensive 
patients. Sleep 32, 1017 (2009) 
 
Key Words: Sleep, Inflammation, Cardiovascular disease, 
Hypertension, C-reactive protein, Interleukin-6, Tumor 
necrosis factor-alpha, Leukocyte, Sleep deprivation, Sleep 
complaint, Review 
 
Send correspondence to: Hans K. Meier-Ewert, 
Cardiovascular Center, Boston Medical Center, 72 East 
Concord St. C8, Boston, MA, 02111, USA, Tel: 1-617-638-
8947, Fax: 1-617-638-8756, E-mail: hans.meier-
ewert@bmc.org 
 
 


