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Abstract

Purpose of Review This review discusses the recent literature on subjectively and objectively assessed sleep duration in relation
to hypertension risk and out-of-clinic blood pressure (BP) measures and highlights critical areas for future research.

Recent Findings Sleep duration, particularly short sleep, may influence BP through disturbed autonomic balance, hormonal
imbalances, increased adiposity and metabolic dysfunction, and disrupted circadian rhythms. Observational studies indicate that
short and long sleep are associated with hypertension risk, reduced nocturnal dipping, and elevated morning BP, but evidence is
stronger for short sleep. Experimental sleep restriction increases BP, while sleep extension may lower BP in prehypertensive
individuals. Women and racial/ethnic minorities are more prone to the detrimental effects of short sleep on BP.

Summary Additional studies are warranted to clarify the association of objectively assessed sleep with BP level and diurnal
pattern and to determine the sex- and race-specific effects of sleep restriction and extension on BP.

Keywords Sleep duration - Sleep deprivation - Blood pressure - Hypertension - Ambulatory blood pressure monitoring - Adults

Introduction

Sleep serves critical roles in cardiovascular health (CVH) and is
increasingly recognized as an important lifestyle risk factor for
cardiovascular disease (CVD) [1e¢]. Several dimensions of
sleep including duration, quality, regularity, and timing as well
as the presence of sleep disorders can alter cardiovascular risk.
Given that sleep duration is the most straightforward, simple
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measure of sleep habits, it is the most widely studied in relation
to health [2]. The ubiquity of insufficient sleep has led to a
growing literature on the potential effects of short sleep on
health. According to the National Heart, Lung, and Blood
Institute, approximately one third of US adults have habitually
insufficient sleep [2]. Further, sleep duration shows substantial
intra- and inter-individual variation [3]. A large proportion of
inter-individual variability in sleep is likely dictated by psycho-
social, behavioral, genetic, cultural, and environmental factors,
which can also lead to sex and racial/ethnic disparities in the
associations of sleep duration with cardiovascular risk [3].
Sleep duration plays a role in CVD etiology through its
influence on CVD risk factors, including blood pressure
(BP) [1ee]. Experimental sleep deprivation studies and
population-based epidemiological studies indicate that sleep
duration may play an important role in hypertension’s etiology
[4]. Much of the early studies on sleep and BP relied on self-
reported sleep duration. Recently, there has been increasing
interest in gathering objective sleep data, and several
population-based cohorts now have ancillary sleep studies that
measure sleep phenotypes with polysomnography (PSG) and/
or wrist actigraphy. Furthermore, given that the most recent
American Heart Association/American College of Cardiology
(AHA/ACC) statement on BP guidelines indicates that mea-
sures of out-of-office BP may be more strongly related to
cardiovascular morbidity and mortality than clinic BP [See],
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an emerging area of scientific interest is investigating the in-
fluence of sleep duration on measures of the diurnal pattern of
BP from out-of-office BP monitoring including ambulatory
BP monitoring (ABPM), the reference standard for out-of-
office BP and home BP monitoring (HBPM) [6e°].

In this review, we discuss literature from the past 5 years in
addition to landmark studies that examine short and long sleep
duration in relation to hypertension risk and BP level and
variability among adults. We will also review the evidence
on hypothesized underlying mechanisms and sex and racial/
ethnic disparities in these relations. The papers and topic areas
are discussed with an emphasis on knowledge gaps that may
guide future research and the clinical and public health impli-
cations of the existing literature.

Definitions of Short, Normal, and Long Sleep
in the Literature

Studies of twins demonstrate that sleep duration heritability
can range between 31% and 55% suggesting that the need for
sleep may vary substantially among individuals [7, 8]. In
2015, the American Academy of Sleep Medicine (AASM)
and Sleep Research Society (SRS) released a Joint
Consensus Statement that addresses the recommended
amount of sleep to promote optimal general, cardiovascular,
metabolic, mental, and immunologic heath in adults based on
the existing literature [3]. At the time, much of the reviewed
evidence was based on studies that examined self-reported
sleep duration. The statement concluded that sleeping <6 h/
night is associated with sub-optimal health and is therefore
considered short sleep, while normal sleep was defined as 7—
9 h/night for adults aged 18-60 years [3]. However, the ap-
propriateness of > 9 h/night and 6—7 h/night of sleep for opti-
mal health could not be ascertained with certainty.
Consistently with the AASM/SRS joint consensus state-
ment [3], the National Sleep Foundation currently recom-
mends a sleep duration of 7-9 h/night for adults aged 18—
64 years and a sleep duration of 7-8 h/night for older adults
aged > 65 years based on a systematic review of studies pub-
lished between 2004 and 2014 [9]. Importantly, the published
statement emphasized that some individuals who fall outside
of the recommended ranges for sleep duration may have no
adverse health effects but cautioned that intentionally
restricting sleep over a prolonged period may compromise
health and well-being. More recently, in an AHA statement
[Lee], short sleep was defined as < 7 h/night and long sleep as
>9 h/night, unless otherwise noted, given that detrimental
effects on cardiometabolic risk were observed using these def-
initions. The AHA statement concluded with a call for health
organizations to include evidence-based sleep recommenda-
tions in their lifestyle guidelines for optimal health, akin to
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recommendations for other lifestyle behaviors such as diet
and physical activity.

Prevalence of Short and Long Sleep
in the Population

According to the Centers for Disease Control and Prevention,
one third of US adults are not getting the recommended 7 h of
sleep per night [10] and >50% indicate that they do not get
enough sleep on workdays [11]. Self-reported sleep data from
the 2014 Behavioral Risk Factor Surveillance System (BRFSS)
indicate that 35.2% of US adults sleep <7 h/night [12]. Long
sleep duration was less prevalent, as only 4.4% reported
sleeping 9 h and 3.6% reported sleeping > 10 h. Similar to other
health behaviors, significant sex and racial/ethnic differences in
sleep duration exist in the US population. The BRFSS showed
that the prevalence of short sleep was similar in men and wom-
en (35.5% and 34.8%, respectively). However, there is emerg-
ing evidence that women may be more prone to short sleep and
that sleep duration varies across the lifespan [13]. A cross-
sectional telephone study of 19,136 US adults showed that
self-reported sleep latency, the amount of time it takes to tran-
sition from being fully awake to sleep, is longer in women [14].
Further, women aged < 55 years reported more sleepiness than
men, and older women reported sleeping, on average, 20 min
less than men [14]. These data indicate that sex differences in
sleep epidemiology likely exist, but there are significant re-
search gaps on sex differences in the prevalence of objectively
assessed short and long sleep and the physiological mecha-
nisms that may underlie these differences [13].

The prevalence of extremes of sleep duration (i.e., short
and long sleep) may be higher among racial/ethnic minorities.
In the BRFSS [10], self-reported short sleep was least preva-
lent among white adults (33.4%), whereas nearly half of
African-American adults reported having short sleep
(45.8%). The prevalence of short sleep in Hispanic and
Asian adults was 34.5% and 37.5%, respectively. Similarly,
data from 2007 to 2008 National Health and Nutrition
Examination Survey (NHANES) demonstrated that African
Americans, Hispanics/Latinos, and Asians were more than
twice as likely to report very short (<5 h) and short sleep
duration (5-6 h) compared to whites [15]. Self-reported sleep
data from Hispanic Community Health Study/Study of
Latinos (HCHS/SOL), the largest population-based cohort in
US Hispanics/Latinos, indicate that the prevalence of sleeping
<7 h and >9 h in this population is 18.6% and 20%, respec-
tively [16].

Studies of objectively assessed sleep also demonstrate sig-
nificant racial/ethnic disparities in the prevalence of short and
long sleep and are suggestive that the prevalence of short sleep
among racial/ethnic minorities may be higher than estimated
from self-reported data. In the Coronary Artery Risk
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Development in Young Adults (CARDIA) sleep study, the
mean sleep duration from wrist actigraphy among 612
African-American and white adults was similar at 6.1 h, but
African-American men and women had higher prevalence of
sleeping < 6 h (76% and 56% vs. 37% and 18%, respectively)
[17]. In the HCHS/SOL, 1 week of wrist actigraphy indicates
that Hispanic/Latino adults sleep, on average, 6.7 h [18e].
Furthermore, the prevalence of sleeping <6 h was 22% and
that of sleeping > 8 h was 10.3% [19+], suggesting that previ-
ous self-reported sleep data from this cohort may have
overestimated the prevalence of long sleep and
underestimated the prevalence of short sleep. There is also
evidence that increased acculturation to the US lifestyle is
associated with worse sleep habits in Hispanics/Latinos, par-
ticularly with shorter sleep duration [20].

Potential Mechanisms Underlying

the Association of Sleep Duration

with Hypertension Risk and Abnormalities
in the Diurnal Pattern of Blood Pressure

Sleep duration, particularly short sleep, may influence BP
through disturbed autonomic balance, hormonal imbalances,
increased adiposity and metabolic dysfunction, and disrupted
circadian rhythmicity (Fig. 1) [4]. Compromised sleep is as-
sociated with disrupted autonomic balance, particularly ele-
vated sympathetic nervous system activity and reduced para-
sympathetic dominance during sleep [4]. Insomnia patients
with short sleep duration have significantly dampened para-
sympathetic activation and increased sympathovagal
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imbalance [21]. Similarly, in the Multi-Ethnic Study of
Atherosclerosis (MESA), short sleep (<6 h) was associated
with markers of autonomic tone that indicate lower levels of
cardiac parasympathetic tone and/or higher levels of sympa-
thetic tone including higher heart rate, greater heart rate ortho-
static reactivity, and lower high-frequency heart rate variabil-
ity [22]. Autonomic dysfunction, particularly sympathetic ac-
tivation, has in turn been linked to hypertension development
and progression and to reduced nocturnal dipping [4, 23, 24].

Short sleep may also increase hypertension risk through
mechanisms related to adiposity and metabolic dysfunction
[4]. In experimental studies, sleep restriction decreased leptin
levels, increased ghrelin levels, and elevated hunger and ap-
petite with particular cravings for sweets, starch, and salty
snacks [25]. Short sleep has also been linked to poor diet
quality in observational studies [19¢]. Collectively, these
changes can lead to a positive energy balance and increased
risk for overweight and obesity. In fact, short sleep duration
has been linked to higher incidence of obesity and type 2
diabetes in epidemiologic studies [1°¢], and type 2 diabetes
and obesity have been shown to act as partial mediators of
the association between short sleep and the incidence of hy-
pertension [26, 27]. These findings indicate that the metabolic
alterations associated with obesity and diabetes are likely in
the causal pathway linking short sleep duration to hyperten-
sion. Long sleep, to a lesser extent than short sleep, has also
been linked to increased obesity, metabolic syndrome, and
type 2 diabetes risk [1e¢], suggesting that excess adiposity
and metabolic dysfunction may also underlie the association
between long sleep and BP, but these associations warrant
further investigation.
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Fig. 1 Mechanisms underlying the association between sleep duration and blood pressure
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Finally, habitually short sleep may increase hypertension
risk and abnormalities in the diurnal pattern of BP by leading
to circadian misalignment, a state of desynchrony between
behaviors and physiological functions controlled by central
and peripheral biological clocks [4]. Circadian rhythms are
thought to have evolved as an adaptation to 24-h light/dark
cycles to ensure that physiologic functions are performed at
optimal times and are controlled by a master clock in the
suprachiasmatic nucleus of the brain [28, 29]. In addition,
multiple organs have peripheral clocks that regulate their func-
tion and are synchronized to the master clock. Chronically
restricted sleep is associated with prolonged exposure to phys-
ical and psychological stressors and with engaging in eating
and activity at unconventional circadian times leading to a
desynchrony between the master clock in the brain and the
peripheral clocks in the organs [4, 30]. Collectively, this dis-
rupts the circadian rhythmicity with which physiological pro-
cesses occur, including diurnal variation of BP [4, 31], leading
to increased hypertension risk, having reduced nocturnal dip-
ping, a shifting of the daily BP profile to higher values, and
increased BP variability [4, 32, 33].

Observational Studies of the Association
Between Short Sleep and Hypertension

The association between short sleep and hypertension risk has
been investigated in a number of landmark US cohorts. In the
Sleep and Heart Health Study (n=5910), self-reported sleep
<6 h and 6-7 h versus 7-8 h was associated with 66% and
19% higher odds for hypertension (OR (95% CI) 1.66 (1.35—
2.04) and 1.19 (1.02-1.39)), respectively [34]. Similarly, in
the 2007-2009 National Health Interview Surveys (NHIS)
(n="71,455), the odds of hypertension were increased among
adults who reported sleeping <6 h (OR (95% CI) 1.49 (1.34—
1.64)) or 6 h (OR (95% CI) 1.15 (1.08-1.23)) compared to 8 h
[35]. Longitudinal analyses of the first NHANES (rn =4810)
also showed that self-reported short sleep, defined as <5 h,
was associated with 32% increased hypertension risk over 8—
10 years of follow-up [26]. Cohort studies that used objective-
ly assessed sleep also demonstrated strong associations be-
tween short sleep and hypertension risk. In CARDIA [36],
shorter actigraphy-assessed sleep duration predicted signifi-
cantly higher systolic BP (SBP) and diastolic BP (DBP) levels
cross-sectionally and adverse changes in SBP and DBP levels
over 5 years. Short sleep was also associated with 37% in-
creased odds of incident hypertension (OR (95% CI) 1.37
(1.05-1.7)).

Given the plethora of studies that have examined the role of
sleep in hypertension etiology over the past decade, the evi-
dence was summarized in a 2016 AHA statement on sleep and
cardiometabolic health [1+¢], which concluded that there is
strong epidemiological evidence that short sleep is a risk
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factor for hypertension. It is notable that most of the reviewed
studies relied on self-reported sleep duration and that different
cut-offs were used to define short sleep (<5 h, <6 h, or<7h).
Two recent meta-analyses showed that short sleep duration (<
5 h or <6 h), assessed mostly from self-report, is associated
with hypertension without evidence of heterogeneity [37, 38].
In one meta-analysis, based on six prospective studies, short
sleep was associated with 21% higher hypertension risk (RR
(95% CI) 1.21 (1.05-1.40)) [37]. Similarly, in another meta-
analysis, the pooled results from cross-sectional and prospec-
tive studies showed that short sleep is associated with 21%
and 23% higher hypertension risk, respectively (OR (95% CI)
1.21 (1.09-1.34) and RR (95% CI) 1.23 (1.06-1.42)) [38].

In contrast, a third meta-analysis showed that while short
sleep is associated with an increased risk of prevalent hyper-
tension in cross-sectional studies (OR (95% CI) 1.20 (1.09—
1.32)), there is no association with incident hypertension
based on six prospective studies (RR (95% CI) 1.11 (0.84—
1.47)), with evidence of heterogeneity between studies [39].
This meta-analysis also showed that the risk for hypertension
among short sleepers was increased among adults aged <
65 years but not those aged >65 years [39]. Indeed, in
French cross-sectional studies, self-reported sleep <6 h was
not associated with hypertension prevalence in elderly adults
[40], but sleeping <5 h vs. 7 h, as measured by self-report,
was associated with 80% higher odds for hypertension in
middle-aged adults [41].

More recently, a 2018 review [42¢] summarized the evi-
dence from the past 2 years (2016-2018) on short sleep in
relation to hypertension risk. A total of four new observational
studies were identified [43—45,46¢], out of which only one
relied on objectively assessed sleep duration [46+]. While
two Asian and Finnish studies that relied on self-reported
sleep reported a null association [44, 45], a prospective cohort
of 162,121 Taiwanese adults [43] showed that self-reported
short sleep (<6 h) increased the risk for high BP (> 130/
85 mmHg) by 8% (HR (95% CI) 1.08 (1.04—1.13)) over
follow-up from 1996 to 2014. In contrast, in a cross-
sectional analysis of the HCHS/SOL study, there was no as-
sociation between actigraphy-assessed sleep duration and BP
or HTN risk in n =2252 participants aged 18-64 years [46°].

Over the past year, a number of additional original research
studies on sleep and BP have been published and have report-
ed conflicting results. Two cross-sectional studies, a Finnish
study (n = 6462) that relied on self-report [47] and a Japanese
study (n="7051) that relied on wrist actigraphy [48], reported
null associations between sleep duration and hypertension
risk. Similarly, a cross-sectional study among 323 women in
New York City who participated in the ongoing AHA Go Red
for Women Strategically Focused Research Network (mean
age =39+ 17 years) showed no association between self-
reported sleep duration and BP [49¢]. In contrast to these find-
ings, aggregated data from the 2013 BRFSS (n =433,386) and
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the combined 2007-2016 NHIS (7 =295,331) demonstrate
higher odds for hypertension among those sleeping <4 h
(OR=1.86, p<0.001), 5 h (OR=1.56, p<0.001), and 6 h
(OR=1.27, p<0.001) compared to 7 h [SOe]. Similarly, in a
study of 27,034 active duty military and Coast Guard person-
nel, self-reported sleeping < 5 h vs. 7—8 h was associated with
> 2-fold higher odds for hypertension (OR (95% CI) 2.22
(1.89-2.61)) [51]. On balance, the majority of the studies
summarized herein indicate that short sleep is associated with
higher hypertension risk. Discrepant findings may be attribut-
ed to the measurement modality of sleep (self-reported versus
objectively assessed), varying definitions of short sleep across
the studies, and potential differential associations by
race/ethnicity.

Observational Studies of the Association
Between Long Sleep and Hypertension

The role of long sleep in hypertension etiology is less clear but
increasingly of interest. It is notable that most studies on long
sleep and BP have relied on self-reported sleep duration.
Studies in non-US populations are indicative of a null associ-
ation between self-reported long sleep and hypertension risk.
In a cross-sectional study in south Asia, there was no associ-
ation between self-reported long sleep (=9 h) and hyperten-
sion (OR (95% CI) 1.02 (0.86—1.21)) [45]. In a Finnish pro-
spective cohort study, self-reported long sleep (>9 h) was not
related to hypertension incidence over 8 years of follow-up
(HR (95% CI) 0.95 (0.61-1.49)) [44]. Similarly, in a
Taiwanese study, self-reported sleeping > 8 h was not related
to hypertension incidence (HR (95% CI) 1.02 (0.95-1.09))
[43], but results were not reported for a sleep duration >9 h.

In contrast, studies in US populations are indicative that
self-reported long sleep may increase the risk for hyperten-
sion. Aggregated data from the 2013 BRFSS (n=433,386)
and the combined 2007-2016 NHIS (n =295,331) showed
that long sleepers had up to 41% higher odds of hypertension
(9 hvs.7h,OR=1.19, p<0.001; and >10 h vs. 7 h, OR =
1.41, p<0.001), but this association was significantly attenu-
ated after accounting for illness indices and may represent
confounding by health status [50e]. Data from 71,455 partic-
ipants in 2007-2009 NHIS also showed that sleeping > 10 h
vs. 8 h is associated with greater odds for hypertension (OR
(95% CI) 1.20 (1.05-1.37)) [35]. Similarly, in the Sleep and
Heart Health Study (n=5910), sleeping between 8 and 9 h
and >9 h vs. 7-8 h was associated with 19% and 30% higher
odds for hypertension, respectively [34].

In a meta-analysis of cross-sectional studies, long sleep
duration, self-reported and defined as >9 h in most studies,
was associated with increased risk of prevalent hypertension
with moderate evidence of heterogeneity (OR (95% CI) 1.11
(1.05—1.17)), but not with risk of incident hypertension [39].

Similarly, in two other meta-analyses, long sleep duration,
ascertained mainly by self-report, was not associated with
the development of hypertension [37, 38]. Furthermore, al-
though meta-analyses have shown that associations between
short sleep and hypertension risk are more pronounced among
adults aged < 65 years, no differences by age group have been
observed for the association between long sleep and hyperten-
sion [39]. In fact, younger men and women typically display
little risk from sleep durations >7 h. It is hypothesized that
associations between self-reported long sleep and hyperten-
sion may represent confounding by health status, as those with
functional limitations due to various illnesses tend to spend
more time resting in bed which could be misreported as sleep
[50e]. Studies with objectively assessed long sleep are needed
to confirm these associations.

Effect of Sleep Restriction and Extension
on Blood Pressure Levels

Intervention studies that examine the effect of restricting sleep
on BP are limited, particularly among US adults. In a
Canadian intervention study of healthy normotensive adults,
young (age 20-28 years; n = 8) and elderly participants (age
60-69 years; n = 8) underwent a night of sleep and 24.5 h of
sleep deprivation in a cross-over counterbalanced design [52].
Sleep deprivation induced a significant increase in SBP and
DBP in elderly but not young adults. An attenuation of the
SBP orthostatic response was observed in both age groups.
However, in a French study of 12 men, 2 and 6 days of sleep
restriction (4-h sleep, 02:00 AM—06:00 AMm) did not affect BP
[53].

To date, there are limited published studies that investigate
the effect of mild to severe sleep restriction on BP among US
adults. In one randomized controlled trial, 45 healthy adults
(mean age 32 years; 23 women) underwent either repeated
sleep restriction (4 h of sleep from 03:00 AM to 07:00 AM for
three nights followed by recovery sleep of 8 h, repeated four
times in succession) or a sleep duration of 8 h/night from
11:00 pM to 07:00 AM [54¢]. In the sleep-restricted group,
SBP was significantly increased for the whole day during
the first block of sleep restriction, and DBP was significantly
increased for the whole day during the first, second, and fourth
block of sleep restriction (p <0.01) suggesting that repeated
exposure to shortened sleep is associated with elevated SBP
and DBP levels. In another study with a randomized cross-
over design, the effect of psychological stress tasks and sleep
deprivation on BP in 20 healthy adults was evaluated [55].
Findings demonstrated a significant interaction between sleep
deprivation and stress on SBP (p =0.02), as sleep deprivation
amplified SBP increases due to psychological stress, suggest-
ing that short sleep may increase BP via mechanisms related
to the dysregulation of stress physiology [55].
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Only one US study examined the effect of extending sleep
duration on BP. In a 6-week intervention study, 22 participants
with prehypertension or stage 1 hypertension and habitual sleep
durations of < 7 h were randomized to a sleep extension group
aiming to increase bedtime by 1 h daily over a 6-week period or
to a sleep maintenance group aiming to maintain habitual bed-
times [56¢]. Participants in the sleep extension group increased
their actigraphically assessed daily sleep duration by 35
+ 9 min, while subjects in the sleep maintenance condition also
increased their sleep duration slightly by 4 =9 min (p =0.03). A
significant decrease in 24-h beat-to-beat SBP (14 +3 mmHg)
and DBP (8 +3 mmHg) was observed from the pre- to post-
intervention visit in the sleep extension group (p <0.05). A
non-significant reduction in SBP and DBP of 7+5 mmHg
and 3 +£4 mmHg was observed in the sleep maintenance group.
These findings indicate that sleep extension may have a clini-
cally significant impact on 24-h BP that warrants further inves-
tigation in larger samples and other populations.

Sleep Duration and the Diurnal Pattern
of Blood Pressure

Observational Studies Given that abnormalities in 24-h BP
diurnal patterns, as measured using ABPM, are associated
with elevated cardiovascular risk, independent of clinic BP
levels, and are a stronger predicator of CVD morbidity and
mortality [5, 33], understanding the influence of lifestyle be-
haviors on out-of-office BP is critical for developing effective
prevention approaches. Recent observational and intervention
studies [40, 57—64] have examined both self-reported and
actigraphically assessed sleep duration, primarily focusing
on short sleep, in relation to morning BP and nocturnal dip-
ping, assessed using ABPM and HBPM. Findings generally
indicate that a sleep deficit or surfeit may be associated with
reduced nocturnal dipping and an elevated morning surge [40,
57-64]. Although existing studies provide a possible link for
the heightened risk of CVD associated with disturbances in
diurnal BP pattern and the extremes of sleep quantity, most
observational studies have limited sample sizes, and there is a
paucity of evidence from US populations.

In 1908 Finnish study participants, aged 41-74 years, self-
reported sleep duration was examined in relation to home BP,
assessed using an automatic oscillometric device [64].
Morning—evening, day-by-day, and morning day-by-day vari-
ables of home SBP variability were significantly higher in long
sleepers. Further, morning day-by-day SBP, day-by-day DBP,
and first-second measurement of home DBP variability vari-
ables were higher in short sleepers than in the reference group.

In a Japanese study of 478 adults, morning SBP and DBP on
HBPM were compared among those who reported sleeping 7—
8 h (mean 7.3+0.3 h) and <7 h (mean 5.7+4.9 h) [63].
Morning SBP was higher among self-reported short sleepers
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(117.7+14.9 mmHg vs. 116.9+14.9 mmHg, p<0.01).
However, there was no difference in morning DBP. In a study
among 500 elderly French adults, there were no significant
differences in 24-h, diurnal, and nocturnal SBP on ABPM by
self-reported sleep duration, but sleeping <6 h and > 8 h com-
pared to 6-8 h was associated with lower prevalence of SBP
dippers (58% and 64% vs. 68%, respectively, p =0.07) [40].
Similarly, findings from a pilot study of Korean-American
women demonstrated that those with reduced nocturnal dipping
on ABPM were more likely to have a shorter self-reported sleep
duration [62]. Consistent with these findings, a Canadian study
of 108 normotensive and 417 hypertensive subjects showed
that a 1-h decrease in sleep duration was associated with 12%
higher odds for reduced nocturnal dipping (< 10% nocturnal
SBP fall) (p =0.04) and 15% higher odds with age per 5-year
increment (p = 0.0003) [61]. In this study, each 1-h increment in
sleep duration was also associated with 13% higher odds for an
elevated morning surge (> 18.0 mmHg) (p =0.02).

In the USA, post hoc analysis of actigraphy and 24-h ABPM
data from the Lifestyle Modification in Blood Pressure Lowering
Study (LIMBS) of adults, aged 18-80 years, and the Penn
Icelandic Sleep Apnea Study (PISA) of adults, aged 40—65 years,
was used to evaluate sleep duration in relation to ABPM [60°].
The 24-h mean SBP was 12.7 mmHg higher in LIMBS
(p<0.001; n=66) and 4.7 mmHg higher in PISA (p =0.005;
n =153) among participants with self-reported sleep <7 h vs. >
7 h. In LIMBS, the greatest difference by sleep duration was
observed for daytime SBP (148.1 vs. 136.0 mmHg, p <0.001),
although there was also a significant difference in nocturnal SBP
(133.4 vs. 124.1 mmHg, p = 0.029), but this was not the case in
PISA. In multivariable adjusted models, although there was no
significant association between short sleep and nocturnal dip-
ping, a shorter sleep duration was strongly associated with higher
24-h SBP, independent of nocturnal BP and in-office BP.

Intervention Studies Few studies have examined the effect of
sleep restriction or deprivation on out-of-office BP. One of the
early reports on sleep deprivation in relation to the morning BP
surge was an intervention study in 18 normotensive subjects
[59]. Restricting sleep duration to 5 h from 2:00 AM to 7:00 AM
versus sleeping from 11:00 pM to 7:00 AM was associated with a
decrease in SBP and DBP at dawn before awakening [59].
However, during the morning after the recovery sleep period,
SBP significantly increased. While these findings may not be
intuitive, the authors explained this decrease in SBP and DBP at
dawn as being due to a potential reorganization of the sleep
phases in the restricted sleep regimen. The increase in SBP after
awakening was explained as a possible consequence of greater
sympathetic activation in response to the stress of sleep restric-
tion. Similarly, in a recent Canadian intervention study (n = 30,
mean age 26.7 years) that sought to examine acute stress-
induced arousal and its association with nocturnal sleep, sub-
jective and objective short sleep duration (< 6 h) derived from
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sleep diaries and PSG, respectively, were correlated with in-
creased morning BP (r=—10.45, p<0.05 and r=—10.55,
p<0.01, respectively) [58].

Intervention studies also indicate that sleep restriction or
deprivation may reduce nocturnal dipping. In a randomized
controlled trial of 45 healthy adults, restricting sleep to 4 h/
night from 03:00 AM to 07:00 aM for three nights followed by
recovery sleep of 8 h repeated four times in succession result-
ed in blunted sleep-associated DBP dipping during all four
blocks of sleep restriction (p =0.002), despite intermittent
catch-up sleep [54¢]. In a randomized cross-over trial in 36
never-treated mild to moderate hypertensive patients, sleep
deprivation was associated with higher mean 24-h BP, and
this difference was most pronounced at night [57].
Experimental sleep deprivation was associated with reduced
nocturnal dipping. BP also significantly increased in the
morning after a sleep-insufficient night suggesting that lack
of sleep in hypertensive patients may increase sympathetic
nervous activity during the night and the following morning
leading to elevated BP. Long-term studies are needed to deter-
mine how chronic sleep deprivation, restriction, and extension
contribute to changes in out-of-office BP.

Sex Differences in Associations of Sleep
Duration with Blood Pressure

Sex differences in the influence of sleep duration on BP have
been demonstrated and may account for gender differences in
CVD risk and outcomes [65¢]. Short sleep, assessed primarily
by self-report and defined as 5—6 h, appears to be more strong-
ly related to hypertension risk among women [66]. In a meta-
analysis by Wang et al., short sleep (<5 h vs. 7 h) was asso-
ciated with 68% higher risk for hypertension among women
(OR (95% CI) 1.68 (1.39-2.03)) but not among men (OR
(95% CI) 1.30 (0.93-1.83)) [67]. Similarly, in a meta-
analysis of cross-sectional studies by Guo et al. [38], short
sleep (5 h or <6 h) was associated with 36% higher odds
of hypertension among women only (p <0.001). In contrast,
long sleep (=9 h), assessed mostly from self-report, was as-
sociated with 12% higher odds for prevalent hypertension in
men (p = 0.036) but not in women (p = 0.243) [38].
Emerging evidence from Asian cohorts corroborates findings
that short sleep may be more detrimental in women, while long
sleep may be more detrimental among men. In the prospective
Kangbuk Samsung Health Study of Korean adults [68¢], both a
decrease in self-reported sleep duration over time and persistent-
ly short sleep were associated with an elevated risk of hyperten-
sion in women, while an increase in sleep duration was associ-
ated with hypertension among men. In particular, a decrease of >
2 h of sleep and an increase of >2 h of sleep compared to no
change in sleep duration were associated with a higher risk of
incident hypertension in women (HR (95% CI) 1.46 (1.08—

1.98)) and men (HR (95% CI) 1.31 (1.10-1.56)), respectively
[68¢]. Women with persistently shorter sleep durations compared
with those who maintained 7 h of sleep were at greater risk of
developing hypertension during the follow-up period.
Consistently with these findings, in a rural Chinese cohort,
men with the longest sleep duration (> 10 h) were at increased
risk for hypertension (HR (95% CI) 1.52 (1.25-1.84)), but this
association was weaker and only borderline significant in wom-
en (HR (95% CI) 1.21 (1.00-1.45)) [69]. In contrast, in a South
African study of ~ 1300 adults, longer sleep duration was asso-
ciated with higher DBP (3=0.005, p<0.01) and SBP (3=
0.003, p <0.05) in females only [70].

In the USA, no differences by sex were observed for the
associations of short and long sleep with hypertension risk in
the CARDIA study [36], the Sleep and Heart Health Study
[34], or the HCHS/SOL sleep study [46¢]. However, data from
the BRFSS and NHIS [50¢°] demonstrate that women are more
at risk for hypertension associated with self-reported short sleep
throughout every decade of life. Women were also at greater
risk (~50%) for hypertension than men due to self-reported
long sleep (> 10 h) in the 35-49 and 50—64 year age categories.
Other landmark US cohort studies also demonstrate that short
sleep may have a detrimental impact on BP in women. In the
Nurses’ Health Study (NHS)-I (n=71,658) and the NHS-II
(n=284,674), women in all age categories who slept <5 h or
6 h compared to 7 h had up to 25% higher odds for hyperten-
sion [27]. However, shorter self-reported sleep duration of <5 h
was associated with a higher incidence of hypertension only in
younger women (HR (95% CI) 1.20 (1.09-1.31)) aged <
50 years [27]. Furthermore, up to 21% higher odds for hyper-
tension were observed in middle-aged to older women who
reported long sleep. In the Western New York Study (n=
3027; 56.5% female), sleeping < 6 h vs. 6-8 h was associated
with 66% higher odds for hypertension in women only [71].
Similarly to the NHS, this association was stronger among pre-
menopausal women, in whom short sleep was associated with
> 3-fold higher odds for hypertension versus 49% higher risk
observed in postmenopausal women who were short sleepers.

Taken together, these findings indicate that women may be
more prone to the effects of extremes in sleep duration on
hypertension risk and that there may be critical periods over
the female life course during which these associations are
most pronounced. Additional research is warranted to confirm
these associations in studies with objectively assessed sleep
and to elucidate the biological mechanisms underlying the
observed sex differences.

Racial Differences in Associations of Sleep
Duration with Blood Pressure

Sleep deficiency has been proposed as a potential contributor
to racial disparities in CVH [72e, 73¢¢]. In a recent AHA
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statement on CVH in African Americans [73¢], insufficient
sleep was acknowledged as an adverse health behavior that
contributes to elevated cardiovascular risk in African
Americans, especially that African Americans may be more
vulnerable to short sleep and to its hypertensive effects. In
fact, data from the NHIS indicate that African Americans are
41% and 62% more likely than whites to report being short
and long sleepers [74]. Similarly, objectively assessed sleep
duration using wrist actigraphy was approximately 48 min
shorter among African-American adults compared to white
adults in the Chicago Area Sleep Study [75¢].

In the 2009 NHIS, there was a significant interaction be-
tween race/ethnicity and sleep quantity in relation to hyper-
tension risk [76]. While both white and African-American
adults with short sleep had greater odds for hypertension com-
pared to those who reported sleeping 6—-8 h, African
Americans who slept < 6 h and > 8 h were 34% and 37% more
likely to report hypertension than their white counterparts,
respectively (p<0.01) [76]. Further, among African
Americans with metabolic syndrome (n=1035; mean age
62 + 14 years; female 69.2%), those who have resistant hyper-
tension have a higher prevalence of short sleep (26.8% vs.
14.9%, p < 0.001) and 2-fold greater likelihood of being short
sleepers [77]. In the longitudinal CARDIA study, objectively
assessed sleep duration appeared to mediate the difference
between African Americans and whites in DBP change over
time [36], and controlling for sleep duration explained 84% of
the excess change in DBP exhibited by African-American
men compared to white women.

However, in a 2018 study that used data from the BRFSS and
NHIS [50e¢], the association of self-reported short sleep with
higher odds for hypertension was consistent across all racial/eth-
nic groups. On the other hand, the finding that long sleep is
associated with higher odds for hypertension was less pro-
nounced among African-American and Other/Multiracial groups.

The mechanisms underlying the association between sleep
duration and BP are known to be implicated in the racial
disparities in hypertension [72¢], although studies of mecha-
nisms have not necessarily examined race-specific effects on
biological functions that affect BP level and variability.
Potentiated reactivity to stressors, such as sleep deprivation,
is likely a main contributor to racial disparities in hypertension
[72¢]. Tt has been hypothesized that African Americans have
greater cardiovascular reactivity to physical and mental
stressors, and due to allostatic load, the cardiovascular
hyper-reactivity induced by sleep restriction may be amplified
thereby predisposing African Americans to hypertension
[72+]. However, in a recent paper, white women exhibited
decreased vagally mediated control of the heart during sleep
compared to African-American women [78]. Furthermore, the
influence of short and long sleep on known hypertension risk
factors, including obesity and type 2 diabetes, is also more
pronounced among African Americans [1, 79¢] [80].
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Finally, it is noteworthy that other racial/ethnic minorities
may also be more vulnerable to the effects of short and long
sleep duration on BP. For instance, data from the 2014 NHIS
indicate that very short sleep (< 5 h) was associated with 63%
higher risk for hypertension in Native Hawaiian/Pacific
Islanders [81], who report having shorter sleep than whites.
Additional studies are needed to identify those who are at
highest risk for hypertension associated with short or
prolonged sleep duration and to understand the psychosocial,
behavioral, and biological factors that contribute to racial/
ethnic disparities in these relations.

Limitations of Existing Studies and Future
Research Directions

The reviewed studies are highly heterogeneous in terms of
predictor and outcome assessment and reporting. Although
several cohorts now have ancillary sleep studies with subjec-
tive and objective measures of sleep, much of the evidence
base on sleep duration in relation to BP is derived from studies
that relied on subjective sleep duration. However, self-
reported sleep data are only moderately correlated with objec-
tive sleep and are systematically biased [82]. Further, self-
reported measures of sleep were not standardized or assessed
similarly across studies, which also limits comparability of
findings among studies. Another important dimension to con-
sider is the varying definitions of short and long sleep and of
the reference group across the reviewed studies. Some studies
considered 6 h, 7 h, or 8 h of sleep as a reference group, while
others used ranges such as 67 h, 7-8 h, or 6-8 h. Therefore,
future studies should collect both objective sleep data with
PSG and/or actigraphy and subjective measures of sleep using
validated questionnaires and should use definitions for short
and long sleep that are consistent with the most up-to-date
scientific consensus statements [1, 3].

Another major caveat of the reviewed studies is the varying
definitions for high BP and hypertension, which makes com-
parisons across studies and the interpretation of results diffi-
cult. While a number of the studies discussed herein have been
published in the past year, the cut-offs used to define hyper-
tension and high clinic BP are not necessarily consistent with
the most recent AHA/ACC guidelines [5¢¢]. Most studies used
the previous definition of hypertension (SBP/DBP > 140/
90 mmHg). Therefore, it is unclear whether associations of
short and long sleep with BP would be stronger if the recom-
mended lower cut-off to define hypertension were used.
Future studies should examine associations of short and long
sleep with hypertension incidence based on the most current
definitions. Given that the AHA/ACC statement indicates that
out-of-office and self-monitoring of BP measurements may be
critical for diagnosing hypertension and assessing long-term
cardiovascular risk [5e¢], prospective studies that collect wrist
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actigraphy and ABPM data at multiple time points are neces-
sary. These studies would help clarify the association of ob-
jective sleep duration with changes in out-of-office BP and the
development of abnormal out-of-office BP phenotypes such
as masked hypertension or nocturnal hypertension. This
would provide essential data that may be used to develop
effective prevention and therapeutic approaches.

The influence of sleep on BP level and the diurnal pattern of
BP is complex, as several aspects of sleep may play a synergis-
tic role in hypertension etiology. According to the AHA state-
ment on sleep and cardiometabolic health [1e], short sleep,
sleep disordered breathing, and insomnia alone or in combina-
tion are risk factors for hypertension. Recent evidence from
HCHS/SOL suggests that, beyond sleep duration, the timing
and regularity of sleep—wake schedules are related to hyperten-
sion prevalence and BP level, as lower inter-daily stability and a
delayed sleep midpoint were associated with a higher preva-
lence of hypertension and with higher BP levels [83].

Other identified gaps in the literature on sleep duration in
relation to BP pertain to differences in these associations by
sex, life stage, and race/ethnicity. The sex- and race-specific
effects of sleep curtailment and extension on BP level and the
diurnal pattern of BP requires further investigation, as does the
assessment of sex- and race-specific variability in associations
of sleep with hypertension incidence and ABPM measures in
prospective observational studies. A deeper understanding of
these associations may provide the basis for sex-specific, ra-
cially sensitive, preventive and therapeutic strategies to com-
bat poor sleep habits in order to mitigate the unequal burden of
hypertension and CVD in the population. Another important
dimension to consider is the role of sleep duration in hyper-
tension etiology across the life course. Emerging studies are
suggestive that the adverse cardiovascular consequences of
short sleep may start as early as childhood and adolescence
[84, 85]. Additional studies, particularly sleep cohort studies
that begin in childhood, are warranted to clarify how early life
exposure to short or long sleep duration contributes to hyper-
tension risk during adulthood and to identify critical periods
across the life course during which interventions targeting
sleep habits may be most effective for lowering lifetime car-
diovascular risk.

Conclusions

Evidence has continued to accumulate in support of the asso-
ciation between sleep duration and hypertension risk as well
as BP level and the diurnal pattern of BP. There are lines of
evidence from experimental sleep deprivation studies and
population-based epidemiological studies that short sleep is
a risk factor for hypertension. Sex, race/ethnicity, and life
stage influence the association of sleep duration with hyper-
tension risk. The hypertensive effects of short sleep are most

pronounced in women across the life course, but particularly
among young women, and in adults of African descent. The
role of long sleep in hypertension etiology is less studied, but
cross-sectional studies of self-reported sleep duration indicate
that long sleep is associated with greater hypertension preva-
lence. Experimental evidence is limited but suggestive that
sleep deprivation increases BP, including out-of-office BP,
reduces nocturnal dipping, and increases morning BP, while
sleep extension may lower 24-h BP in individuals with
prehypertension or stage 1 hypertension.

The observed associations between sleep duration and hyper-
tension indicate that interventions targeting sleep duration could
serve as effective primary, secondary, and tertiary preventive
measures for hypertension, but critical knowledge gaps remain
to be addressed (Table 1). Longitudinal studies that examine the
influence of objectively assessed short and long sleep duration
on hypertension risk, mean 24-h, awake, and sleep BP, nocturnal
dipping, morning BP surge, and night-to-day variability over
time are warranted. Furthermore, intervention studies that exam-
ine the effects of mild to severe sleep restriction and extension on
BP level and the diurnal pattern of BP are needed to establish
causality and clarify the sex- and race/ethnicity-specific effects of
sleep duration on BP. A better understanding of these relation-
ships will be necessary for developing personalized and public
health interventions to address optimal sleep needed to support
BP control and ideal CVH.

Table 1 Future areas of research examining the association of sleep
duration and blood pressure

Determine which populations are most vulnerable to short sleep and its
hypertensive effects.

Understand how sleep duration influences blood pressure across the life
course and whether there are critical periods of exposure during which
associations are most pronounced.

Examine the association between objectively assessed long sleep duration
and hypertension incidence.

Examine the association of objectively assessed short and long sleep with
out-of-clinic blood pressure (i.e., ambulatory blood pressure
monitoring and home blood pressure monitoring), particularly
nocturnal dipping, morning blood pressure surge, mean 24-h, daytime
and sleep blood pressure, and night-to-day blood pressure variability.

Examine how sleep duration interacts with other sleep phenotypes (e.g.,
insomnia, sleep quality, and sleep disordered breathing) to influence
blood pressure level and variability.

Determine the effects of mild to severe sleep restriction and sleep
extension on blood pressure level and out-of-office BP phenotypes
including nocturnal dipping.

Understand the sex- and race/ethnicity-specific effects of sleep duration
on blood pressure and the physiological mechanisms underlying
disparities in these relations.

Understand the role of emotional regulation and stress as a potential
mechanism underlying the association of sleep duration with
hypertension risk and abnormalities in the diurnal pattern of BP.

Examine how early life exposure to short and/or long sleep contributes to
elevations in BP and the risk of hypertension throughout adulthood.
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