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ABSTRACT
Sleep duration and quality have been recently gaining interest as modifiable risk factors
for morbidity and mortality. Many epidemiological studies suggest that sleep duration, both short
and long hours, is an important risk factor for type 2 diabetes, obesity, cancer, cardiovascular
disease, hypertension, stroke, and mortality. While the exact mechanism linking sleep and
disease is unclear, it is believed to involve complex interactions between metabolic, endocrine,
and immune pathways.
The three studies presented in this dissertation examined the association between sleep
duration and hypertension, stroke, and mortality and informed the hypotheses that sleep
durations deviating from the recommended 7 to 8 hours would be associated with increased risk
for these outcomes. In each of these studies, the potential for demographic characteristics and
medical conditions to modify the relationship between sleep duration and the main study
outcomes were investigated. All three study aims in this dissertation used data from the
Multiethnic Cohort (MEC) study, a large, ethnically diverse prospective cohort study of middleaged and elderly adults in Hawai’i and Los Angeles.
In the first study, sleep duration was found to be weakly associated with prevalent
hypertension, but not incident hypertension. There was also no evidence of effect modification
by age, sex, ethnicity, or BMI. In the second study, sleep duration was associated with a 13% and
39% increased risk of incident stroke in those who reported ≤5 and ≥10 hours of sleep,
respectively. There were no significant differences across age, sex, ethnicity, BMI, hypertension
status, or diabetes status. In the third study, sleep duration was associated with an increased risk
of all-cause, cardiovascular, and stroke mortality. Those reporting ≥10 hours of sleep were at a
43%, 48%, 66% increased risk of all-cause, cardiovascular, and stroke mortality, respectively.
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CHAPTER 1: INTRODUCTION
1.1 Epidemiology of Sleep
Sleep behaviors and patterns, such as its quantity and quality, are recently gaining interest
as modifiable risk factors for mortality and morbidity. In the past 50 years, sleep patterns have
changed drastically around the world, characterized mainly by the increasing prevalence of sleep
deprivation [1]. With the exception of one study [2], recent large-scale studies conducted in the
U.S. also indicated a decreasing trend of sleep duration [3-6]. Based on these studies, the mean
sleep duration in the U.S. today appears to be approximately 7 hours per night and about onethird of the population is sleeping less than 7 hours (Table 1). According to the 2014 BRFSS and
NHIS data, sleep duration was also found to differ by age, sex, and ethnicity (Table 2). Some
factors associated with a higher prevalence of short sleep were being female, being of ages 35-54
years, and being African American, American Indian, or multiracial [4, 6].
The increasing prevalence of sleep deprivation is likely caused by a variety of factors,
such as increases in environmental light [7], longer workdays and commuting time [7, 8], an
increase in shift work and night work [9], and personal technology use [10, 11].
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Table 1. Summary of recent studies discussing the prevalence of short sleep in the U.S.
Publication
Data Source (Year)
Summary
Year
2015 [3]
• NHIS
• Age-adjusted mean sleep duration were 7.4
hours (1985), 7.29 hours (1990), and 7.18 hours
• 1985, 1990, 2004(2004).
2012
• Age-adjusted prevalence of short sleep (≤6
hours) was 22.3% in 1985 and 29.2% in 2012.
• 70.1 million US adults reported short sleep in
2012.
2018 [2]
• American Time Use • Weekday and weekend sleep duration increased
Survey (Bureau of
by 1.4 and 0.83 min/year, respectively.
Labor Statistics)
• Decreased sleep duration seen in those aged 35–
• 2003-2016
74 years
• Prevalence of short (≤7), normal (>7-9), and
long sleep (>9) changed by -0.44%, -0.03%, and
0.48%/year, respectively.
2020 [4]
• BRFSS
• Age-adjusted prevalence of short sleep (<7
hours) was 35.2%.
• 2014
• Sleep duration varied by age, sex, ethnicity, and
geographic location
2020 [5]a
• Sleep Cycle Study
• Mean sleep duration = 7.11 hours
(New York)
o Women: 7.27 hours
o Men: 7 hours
• 2015-2018
• Longer sleep duration on older participants
compared to younger.
2020 [6]
• NHIS
• Prevalence of short sleep (≤6 hours) was 30.9%
in 2010 and 35.6% in 2018.
• 2010-2018
• Odds of short sleep duration 25% higher in 2018
compared to 2010 (adjusted for demographic
and occupational characteristics).
• Significant variation by age, sex, race,
education, marital status.
a
utilized a sleep tracker application
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Table 2. Comparison of age-adjusted prevalence of short sleep duration
(<7 hours) between the 2014 BRFSS and NHIS data by age, sex, and ethnicity
[4, 6].
Characteristic
All adults
Sex
Men
Women
Age groups
18-24
25-34a
35-44a
45-54b
55-64b
≥65
Race/ethnicity
White
Hispanic
African American
Asian
American Indian/Alaskan Native
Native Hawaiian/Pacific Islander
Other/Multiracial
a

Prevalence (%)
BRFSS
NHIS
35.2
33.0
35.5
34.8

32.7
33.3

32.2
37.9

27.6
32.7

38.3
39

N/A
35.6

35.6
26.3

N/A
28.5

33.4
34.5
45.8
37.5
40.4
46.3
44.3

31.0
33.9
44.8
32.4
45.2
N/A
39.9

the NHIS combined these age categories to 25-44.
the NHIS combined these age categories to 45-64.

b
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1.2 Sleep Duration as a Risk Factor
In the past 30 years, the increasing prevalence of sleep deprivation has been gaining
attention as a major public health concern, partly due to discoveries linking poor sleep to the
incidence of various diseases [12]. Even more recently, excess sleep has become a topic of
interest for its potential role in various disease etiology. To date, many epidemiological studies
suggest that sleep duration, both short and long, is an important risk factor for diabetes [13-19],
obesity [16, 19-24], cancer [25-27], cardiovascular disease [20, 28-30], hypertension [31-33],
stroke [19, 34-36], cognitive impairment [37-39], and early mortality [19, 29, 40-42]. The
physiological link between sleep and these outcomes is unclear and complex, but is believed to
involve various metabolic, endocrine, and immune pathways [16, 20].
There are numerous epidemiological evidence suggesting a strong link between sleep
duration and type 2 diabetes risk [14, 17-19]. In the Sleep Heart Health Study (SHHS), sleep
duration was measured using both subjective and objective methods, and the odds of diabetes
was elevated by 151% and 66% among participants sleeping ≤5 and 6 hours, respectively [14].
The odds of diabetes were also elevated among participants reporting ≥9 hours of sleep (OR:
1.79). This elevation in diabetes risk in both extremes of sleep has also been reported in some
meta-analysis reports [17, 18]. However, the magnitude of association differed by study, and
there is also a report that only found an association among long sleepers [13].
Obesity is one of the most studied diseases in relation to sleep, with associations reported
across all age groups. In a review of studies involving children, short sleep was found to increase
the odds that the child will be overweight or obese by 71% [22]. In a more recent meta-analysis
of 42 prospective studies involving children, short sleep was associated with a 40%, 57%, and
30% increased risk of obesity among children in infancy, early childhood, and adolescence,
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respectively [23]. This strong association between short sleep and obesity is also reported in
adults. In one meta-analysis of 16 independent cohort samples, short sleep was associated with a
38% increased risk of obesity [19]. In contrast, long sleep appeared to be either weakly or not
associated with obesity risk [21, 24].
In sleep literature, there seems to be a consensus that obstructive sleep apnea (OSA) and
clinically diagnosed insomnia are strong risk factors for cancer [43-45]. However, research
findings on the role of sleep duration specifically have been inconsistent. In the European
Prospective Investigation into Cancer and Nutrition (EPIC) study, short sleep (<6 hours) was
associated with a 43% increase in the risk of cancer [34]. In comparison, a recent meta-analysis
only found an 8% increase in cancer risk among participants reporting 4-5 hours of sleep per
night [27]. In addition, 6 hours of sleep was not found to be associated with cancer risk. The
study also reported only a 5% increase in the risk of cancer among long sleepers. While these
studies reported associations among short sleepers, there are also studies that found no
association [25] or only found associations in certain types of cancer [26]. Based on these reports,
it is difficult to determine if sleep duration is truly associated with cancer risk.
The association between sleep duration and hypertension has been gaining a lot of
interest because of the burden of hypertension globally. In the Sleep Heart Health Study (SHHS),
compared to middle-aged and elderly adults reporting 7 to <8 hours of sleep, those reporting <6
hours of sleep and >9 hours of sleep were at 66% and 30% increased odds of hypertension,
respectively [31]. As an example of a study that used an objective sleep measure, the Coronary
Artery Risk Development in Young Adults (CARDIA) study used actigraphy and found a 37%
increase in odds of incident hypertension for each 1-hour reduction of sleep [33].
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There is already an established link between sleep and stroke, evidenced by treatments of
common sleep disorders as part of post-stroke regimens [46]. The role of sleep duration is
relatively understudied, but there is evidence that both sleep deprivation and excess sleep may be
an independent risk factor for stroke. In the Takayama Cohort Study, long sleep duration (≥9
hours) was associated with a 51% increase in total stroke mortality [30]. In the European
Prospective Investigation into Cancer (EPIC) study in Potsdam, both short and long sleep were
found to increase the risk of incident stroke by 106% and 65%, respectively [34].
Sleep duration was also shown to be a risk factor for early mortality. In the Multiethnic
Cohort (MEC) study, compared to participants reporting 7 hours of sleep, participants reporting
≤5, 8, and ≥9 hours were at a 15%, 7%, and 19% increased risk of all-cause mortality [29].

1.3 Research Questions of this Dissertation
This dissertation focused on the association between sleep duration and: 1) hypertension,
2) stroke, and 3) mortality. In addition, this dissertation also aimed to uncover the role of various
demographic and medical history characteristics that could potentially modify these relationships.

1.3.1 Research Question 1: Sleep and Hypertension
The first aim of this dissertation was to investigate the association between sleep duration
and hypertension using both a cross-sectional and longitudinal study design. The association
between sleep duration and prevalent hypertension was assessed using data from the baseline
questionnaire (1993-1996). Incident hypertension was studied by also incorporating data from
three follow-up questionnaires (Qx2, 3, and 4). The hypothesis of this study was that both short
sleep and long sleep hours, compared to the recommended 7 hours, contributes to increased
hypertension risk. It was hypothesized that this association would differ by age, sex, ethnicity,
17

and BMI. Based on a literature review, it was expected for the association to be stronger in
younger participants (vs. older), males (vs. females), African American and Native Hawaiian
participants (vs. Whites), and obese participants (vs. healthy weight BMI).

1.3.2 Research Question 2: Sleep and Stroke
The second aim of this dissertation was to investigate the association between sleep
duration and incident stroke. The risk of stroke was evaluated based on the first stroke episode,
using information from all four questionnaires. The hypothesis of this study was that there would
be a J-shaped association between sleep duration and incident stroke. This association was
expected to differ by age, sex, ethnicity, BMI groups, with the nature of the association
hypothesized to be similar to what was discussed in section 1.3.1. In addition, it was also
expected for the association to differ based on the participants’ hypertension and diabetes status
at baseline, where the association between sleep and stroke would be stronger in participants
with these comorbidities.

1.3.3 Research Question 3: Sleep and Mortality
The third aim of this dissertation was to investigate the association between sleep
duration and all-cause, cardiovascular, and stroke mortality. The hypothesis of this study was
that there would be a U- or J-shaped association between sleep duration and mortality. This
association was expected to differ by age, sex, ethnicity, BMI groups, with the nature of the
association hypothesized to be similar to what was discussed in section 1.3.1.
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1.4 Data Source: The Multiethnic Cohort (MEC)
To study these three research questions, this dissertation used data from the Multiethnic
Cohort (MEC) study. The MEC is a large, population-based prospective study consisting of more
than 215,000 residents in Hawai’i and Los Angeles. The participants were men and women, aged
45 to 75 years, from five main ethnic groups: White, African American, Native Hawaiian,
Japanese American, and Latino. The main objective of the MEC was to examine lifestyle and
genetic risk factors responsible for disparities in cancer incidence and mortality across the five
ethnic groups. Participants were identified by ethnic-specific surnames and first names in
driver’s license records in Hawai’i and Los Angeles [47]. The initial survey, conducted in 1993–
1996, was a self-administered 26-page questionnaire that inquired about various demographic,
anthropometric, dietary, and lifestyle factors, as well as medical history. Dietary information was
obtained using a validated food frequency questionnaire that included foods commonly
consumed by the five main ethnic groups in the study [48]. After the initial survey (called
Questionnaire 1, or Qx1), follow-up questionnaires were sent to the participants at approximately
5-year intervals. In this dissertation, questionnaire responses from Qx1, Qx2 (1998–2002), Qx3
(2003–2008), and Qx4 (2008–2012) will be analyzed. As described in Chapter 4, the MEC was
linked to Vital Records in Hawai’i and Los Angeles to identify deaths among the cohort
members.
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CHAPTER 2: ASSOCIATION BETWEEN SLEEP DURATION
AND HYPERTENSION IN THE MULTIETHNIC COHORT

2.1 Introduction
Hypertension, or high blood pressure, is a condition in which the force of blood pushing
against the artery walls is higher than normal. According to the current guideline by the 2017
American College of Cardiology and the American Heart Association (ACC/AHA),
hypertension is defined by a systolic blood pressure (SBP) above 130 mm Hg or diastolic blood
pressure (DBP) above 80 mm Hg (Table 2) [49]. Previously, hypertension was defined by SBP
above 140 mm Hg or DBP above 90 mm Hg.

Table 3. High blood pressure guidelines–adapted from Whelton et al. (2018).
Systolic Blood
Diastolic Blood
Blood Pressure Category
Pressure
Pressure
Normal
<120 mm Hg
and
<80 mm Hg
Elevated

120–129 mm Hg

and

<80 mm Hg

Hypertension–Stage 1

130–139 mm Hg

or

80–89 mm Hg

Hypertension–Stage 2

≥140 mm Hg

or

≥90 mm Hg

2.1.1 Epidemiology of hypertension
In 2010, the global burden of hypertension among adults was estimated to be 31.1%, or
approximately 1.39 billion people [50, 51]. In 2017, the U.S. prevalence was estimated to be
approximately 44%, or about 104 million adults [52]. Among these adults, about one-third of
individuals had stage 2 hypertension and it was estimated that only about a quarter of adults with
hypertension have it under control [52].
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Hypertension is one of the major public health concerns globally, and it is the leading
modifiable risk factor for mortality [53]. In the U.S., approximately half a million deaths listed
hypertension as a primary or contributing cause in 2017 [54]. Given that cardiovascular disease
is the leading cause of death globally, it is likely that these diseases mediate the link between
hypertension and early mortality [55]. The link between high blood pressure and cardiovascular
disease is well established, and according to the Cardiovascular Research Using Linked Bespoke
Studies and Electronic Health Records (CALIBER) study, high systolic and diastolic blood
pressure was associated with an increased risk of intracerebral hemorrhage, subarachnoid
hemorrhage, angina, and myocardial infarction [56], with those with SBP of 90–114 mm Hg and
DBP of 60–74 mm Hg at lowest risk. SBP is also believed to be an independent risk factor even
after adjusting for DBP [57, 58], but the independent effect of DBP is not well known [59].

2.1.2 Risk factors for hypertension
The burden of hypertension is known to differ by a variety of demographic factors, such
as age, sex, and race/ethnicity. The risk of hypertension generally increases with age, as
evidenced by a report on the 2011-2014 National Health and Nutrition Examination Survey
(NHANES), which found that the prevalence of hypertension was 23%, 56%, and 78% among
participants aged 18-44 years, 45-64 years, and ≥65 years, respectively [52]. This same report
found that the prevalence was 47% in men and 42% in women. Ethnic differences were also
reported, with the highest prevalence among non-Hispanic blacks (53%) and the lowest
prevalence among Asian Americans (35%) and Hispanic whites (34%). These findings on ethnic
differences may have been confounded by socioeconomic factors, as there is evidence of higher
hypertension prevalence in low- and middle-income countries, compared to high-income
countries [50].
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Modifiable risk factors for hypertension include obesity, type 2 diabetes, an unhealthful
diet, lack of physical activity, smoking, and alcohol consumption. Obesity is known to cause
abnormal secretions of adipokines and free fatty acids, which can cause chronic vascular
inflammation, oxidative stress, and sympathetic overdrive [60]. Commonly, in the U.S.,
hypertension prevalence is higher among obese adults, compared to those with a healthy weight
BMI or considered overweight [52]. Diabetes and decreased glucose tolerance are also known
risk factors for hypertension [16, 61], and according to the American Diabetes Association
(ADA), approximately 70-80% of patients with type 2 diabetes also have hypertension [62].
There are many dietary components that are known to increase hypertension risk.
According to the International Study of Macro/Micronutrients and Blood Pressure (INTERMAP)
study, high energy, sodium, sugars, and cholesterol was positively correlated blood pressure [63].
In contrast, there are dietary components that have an inverse relationship with blood pressure,
such as potassium, polyunsaturated fatty acids, and vitamin D consumption [64]. Today, dietary
pattern interventions are one of the primary approaches to treating or preventing hypertension,
and one of the dietary recommendations specific to reducing the risk of hypertension and
cardiovascular disease is the Dietary Approaches to Stop Hypertension (DASH) dietary pattern
[65]. The DASH is among many dietary recommendations in the U.S., and it is rich in fruits,
vegetables, nuts, whole grains, and low-fat dairy items with a focus on reduced amounts of
sodium, red and processed meats, and non-milk extrinsic sugars [66]. Evidenced by a metaanalysis from 17 randomized controlled trials (RCTs), adherence to the DASH diet has been
associated with reductions in both SDP and DBP [67]. Similar results were reported from
another meta-analysis published in 2020 that included 50 RCTs [68] and the authors reported
reductions ranging from 3.20 to 7.62 mm Hg for SBP and 2.50 to 4.22 mm Hg for DBP [68].
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However, there are also studies that concluded that this reduction is only evident in individuals
that are already hypertensive [69].
Physical activity is also important in reducing hypertension risk, as there is generally an
inverse relationship between the two [70, 71]. According to a report reviewing nine RCTs of
adults, increases in moderate to vigorous physical activity led to a mean decrease of 5-10 and 1-6
mm Hg of systolic and diastolic blood pressures, respectively [70]. Even modest physical
activity, such as a brisk 30-minute walk, has been associated with decreased risk of hypertension,
according to an observational study of Japanese men [71].
The positive correlation between alcohol consumption and blood pressure has been
supported by results of many studies [72-74], with some evidence that this relationship is
modified by obesity [72]. A prospective cohort study conducted in China revealed that adults
who were current drinkers were at a 65% higher risk of hypertension than those who either
stopped drinking or never consumed alcohol [72]. A stratified analysis then showed that adults
who were both current drinkers and obese were at 4.5 times the risk of incident hypertension,
compared to those with having one of the two conditions. Another study examining a Chinese
elderly population found that the effect of alcohol consumption is also modified by sodium
intake [75]. A recent meta-analysis found that sex may also be an effect modifier of the alcoholhypertension pathway [74]. The study showed that any amount of alcohol consumption gradually
increased hypertension risk in men, but increased risk in women was only evident in those
consuming more than 2 drinks per day.
Smoking is a well-established risk factor for hypertension and cardiovascular disease [76].
An analysis of a cohort of Japanese men found 13% increased odds of incident hypertension in
smokers compared to non-smokers [77]. Similar results were replicated among a cohort of
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women in the Women’s Health Study, where a 10% increased risk was found among women
smoking ≥15 cigarettes per day, compared to never smokers [78]. The risk of hypertension did
not increase among former smokers and smokers who used 1 to 14 cigarettes per day. Smoking
is also known to increase sleep latency and decrease overall sleep duration [79, 80].

2.1.3 Sleep as a Risk Factor for Hypertension
Sleep behaviors have recently been gaining attention as potential risk factors for
hypertension, partially due to concerns of the increasing prevalence of sleep deprivation globally
[1, 3]. While there seems to be a consensus that sleep-disordered breathing is a risk factor for
hypertension [81], it is still unknown if the length of sleep is an independent risk factor. While
many studies conclude that both sleep deprivation and excess sleep are risk factors for
hypertension [31, 82], there are also findings suggesting that only one of these sleep categories
are associated [32, 33], or that there is no association at all [83-85].
In the Sleep Heart Health Study (SHHS), a community-based observational study of
middle-aged and elderly adults, participants reporting <6 hours of sleep per night were at 66%
increased odds of hypertension compared to those reporting 7 to <8 hours of sleep per night, and
>9 hours of sleep was associated with a 30% increase in odds [31]. A report based on the first
National Health and Nutrition Examination Survey (NHANES I) also found a 60% increase in
hypertension risk among young and middle-aged adults reporting ≤5 hours of sleep per night
[32]. This association was not found among the elderly. Among participants reporting ≥9 hours
of sleep per night, there was a small, but not statistically significant, increase in hypertension risk.
The Coronary Artery Risk Development in Young Adults (CARDIA) study used actigraphy to
objectively measure sleep duration and found a 37% increase in odds of incident hypertension
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for each 1–hour reduction of sleep [33]. However, there are also studies that have found no
association, whether they used subjective [84, 85] or objective [83] measurements of sleep.
The association between sleep duration and hypertension are also confounded by a
variety of demographic characteristics and health risk factors. In a previous National Health
Interview Surveys (NHIS) study, stratified analyses found that the association between sleep
duration and prevalent hypertension was modified by age and sex [86]. Separating the population
into three age groups, it was found that among men reporting <6 hours of sleep, the adjusted ORs
for hypertension were 1.99 (95% CI: 1.52-2.60), 1.29 (95% CI: 1.05-1.60), and 1.22 (95% CI:
0.87-1.72), for 18-44 years, 45-64 years, and ≥65 years, respectively. The corresponding ORs for
women were 2.13 (95% CI: 1.66-2.74), 1.01 (95% CI: 0.83-1.24), and 1.44 (95% CI: 1.16-1.80).
Among male participants who reported ≥9 hours of sleep, the pattern was similar, with the
strongest association seen among the youngest group. In women, however, the strongest
association was seen among those aged 45-64 years (OR: 1.45, 95% CI: 1.06-1.98). Similar
findings were reported in a Korean study, in which the odds of hypertension were higher among
participants aged <65 years compared to older adults in both extremes of sleep duration [87].
Sex-specific results from the above NHIS study are reflected in other population-based studies.
A report from the Whitehall II study studying British adults found that although there was a 72%
higher odds of hypertension among women reporting short sleep, this association was absent
among men in the population [88]. Higher odds of hypertension among women who are short
sleepers have also been reported in a large meta-analysis of cross-sectional and prospective
studies [89].
Ethnic differences in the sleep-hypertension relationship are extremely understudied. In a
recent meta-analysis of 54 studies, ≤5, 6, and >9 hours of sleep, compared to 7–8, was a
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predictor of incident hypertension regardless of ethnicity [90]. However, a significant association
for moderately long sleep (>8 hours) was only detected among Asians. This lack of literature on
the role of ethnicity is one of the primary motivations for conducting our study.
Studies examining the association between sleep duration and hypertension in different
BMI groups are also scarce. In a recent study conducted using aggregate data from the 2013
BRFSS and 2007-2016 NHIS samples, increased risk of hypertension was seen among those
sleeping ≤4 hours (OR: 1.86, 95% CI: 1.75-1.98), 5 hours (OR:1.56, 95% CI: 1.49-1.63), 6 hours
(OR: 1.27, 95% CI: 1.23-1.30), 9 hours (OR: 1.19, 95% CI: 1.13-1.25), and ≥10 hours (OR: 1.41,
95% CI: 1.33-1.49) [91]. Stratified analyses were conducted by age, sex, and BMI groups, and
no differences by age and sex were reported. Stratified analyses by BMI categories (normal,
overweight, obese, and morbidly obese) found that the association between short sleep (≤4
hours) and hypertension was highest among those with normal BMI. Stronger associations in
those with normal BMI and morbidly obese were seen in long sleepers (≥10 hours).

2.2 Objectives
The primary objective of this study was to estimate the association of self-reported sleep
duration with prevalent and incident hypertension in the MEC study population. This study also
aimed to investigate whether age, sex, ethnicity, and BMI as potential effect modifiers of this
association.
The secondary objective of this study was to estimate the above association using
prevalence and risk difference measures, instead of ratio measures, to better portray the public
health impact of sleep duration on hypertension prevalence.
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2.3 Methods

2.3.1 Study Population
The description and recruitment strategy of the MEC was described in section 1.3. This
study used data from four MEC questionnaires (time points): Questionnaire 1 (1993–1996),
questionnaire 2 (1998–2002), questionnaire 3 (2003–2006), and questionnaire 4 (2008–2012).
Starting from the initial sample size of 215,903 participants, individuals were excluded from the
prevalence analysis if they were not part of the five main ethnic groups or were missing
information on sleep duration and hypertension status at baseline (Qx1). Participants were also
excluded if they were missing information on height or weight and smoking. The final study
sample to analyze the association between sleep duration and prevalent hypertension was
187,564 participants (Figure 1).
Further exclusions for the incidence analysis included participants who reported prevalent
hypertension (from baseline Qx1) or did not participate in any of the follow-up questionnaires.
The final study sample was 97,677 participants (Figure 2).

2.3.2 Exposure Variable – Sleep Duration
Information on sleep duration was obtained from the following question in the baseline
MEC questionnaire: “On average, during the last year, how many hours in a day did you sleep
(including naps)?”. Participants were given six response categories: ≤5, 6, 7, 8, 9, or ≥10 hours
and the reference group was defined as 7 hours of sleep.
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2.3.3 Outcome Variable – Hypertension
Prevalent hypertension cases were identified based on self-reported responses in the
baseline (Qx1) MEC questionnaire, based on the following question, “Has your doctor ever told
you that you had any of the following? (Mark all that apply)”. Incident cases were defined as any
hypertension cases reported in Qx2, 3, and/or 4. Participants who did not participate in any of the
follow-up questionnaires would have unknown hypertension status and were removed from the
analytic sample. Participants who answered “Yes” in any of the follow-up questionnaires were
considered incident cases. Participants were considered a non-case if they never answered “Yes”
and answered “No” in at least one of the follow-up questionnaires.

2.3.4 Potential Confounders
Potential confounders were selected a priori based on their known associations with sleep
duration and hypertension. Briefly, a variable is a potential confounder if 1) it is associated with
the exposure, 2) it is not an effect of the exposure as it relates to the disease, and 3) it is
associated with and predictive of the disease, but not predicted by the disease [92]. To avoid
redundancy, Table 4 indicates the section(s) that describes evidence to suspect that the variable
confounds the association between sleep duration and hypertension. Otherwise, the evidence is
presented in this section.
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Table 4. List of literature showing evidence of the association between the potential confounders
and sleep/hypertension.
Sleep
Hypertension
Variable
Age
Section 1.1.1 [4]
Section 2.1.2 [52]
Section 2.3.4 [93]
Sex
Section 1.1.1 [4]
Section 2.1.2 [52]
Section 2.3.4 [94]
Ethnicity
Section 1.1.1 [4]
Section 2.1.2 [52]
Section 2.3.4 [29, 95, 96]
Education Level
Section 2.3.4 [29, 97]
Section 2.1.2 [50]
Section 2.3.4 [81, 84, 98]
BMI
Section 1.2 [16, 19-24, 99]
Section 2.1.2 [16, 52, 60-62]
Smoking status
Section 2.3.4 [79, 80]
Section 2.1.2 [76-78]
Alcohol consumption
Section 2.3.4 [100, 101]
Section 2.1.2 [72-75]
Caffeine consumption
Section 2.3.4 [102, 103]
Section 2.3.4 [104]
Dietary Quality (DASH)
Section 2.3.4 [105-107]
Section 2.1.2 [63-69, 108]
Physical activity
Section 2.3.4 [109-112]
Section 2.1.2 [70, 71]
The potential confounders considered were age at cohort entry (45-54, 55-64, ≥65 years),
sex (male/female), ethnicity (White, African American, Native Hawaiian, Japanese American,
and Latino), education level (≤12, 13–15, or ≥16 years), BMI (underweight <18.5 kg/m2, normal
weight 18.5–<25 kg/m2, overweight 25–30 kg/m2, and obese ≥30 kg/m2), smoking status (never,
past, or current smoker), smoking pack-years, alcohol consumption (below median and above or
equal to median: men is <2.15 g/day and ≥2.15 g/day, women is 0 g/day and >0 g/day), caffeine
consumption (<100, 100–<200, ≥200 mg/day), DASH dietary score (quartiles; 8-21, 22-24, 2527, ≥28) and physical activity (quartiles: 0.1-1.43, 1.44-4.40, 4.41-8.86, ≥8.87 MET-hours in
men; 0.1-1.43, 1.44-2.86, 2.87-6.20, ≥6.21 MET-hours in women).
According to published results based on the 2014 BRFSS data, the prevalence of short
sleep duration differs by age, sex, and ethnicity [4]. In general, there is an inverse association
between age and sleep duration, even after controlling for various social, demographic, and
environmental factors [93]. In the U.S., the mean sleep duration is longer in women, although
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differences are often small [94]. Differences in sleep behavior by ethnic groups is not well
studied, although it appears that ethnic minorities are more likely to report shorter sleep
durations [29, 95]. Ethnic minorities also are more likely to report sleep disturbances and poor
sleep quality, although these associations may be confounded by socioeconomic status and
access to health care [96].
In this study, education level was considered a proxy measure for an individual’s
socioeconomic status. There are currently no published studies that examined the independent
association between education level and sleep duration. However, previous reports based on the
MEC showed that the proportion of short sleepers (6 or less hours) was higher in groups with
low (high school or less) or high (≥4 years of college) levels of education, compared to those in
the middle (1-<4 years of college) [29, 97]. While this correlation was not explored further, it is
possible that this observed relationship is an artifact of longer working hours associated with
these two education groups. With regards to how educational attainment is associated with
hypertension risk, these seems to be an inverse correlation between the two [81, 84], and there is
also evidence of an association between lower educational attainment and poorer blood pressure
control [98].
The association between BMI and sleep, as well as evidence that abnormal BMI is a risk
factor for hypertension, was described previously. Expanding on the evidence linking sleep and
BMI, this association is believed to be a complex, bidirectional relationship. The causal
mechanism is not fully known, but it is hypothesized to involve appetite dysregulation, caused by
lower leptin and higher ghrelin levels often seen in sleep-deprived individuals [99, 113]. In
contrast, the relationship between excess sleep and higher BMI is unclear. It is possible that these
individuals are generally less active and may spend more time at rest, which could be
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misreported as sleep. In this study, BMI was obtained by taking the quotient of the participants’
weight and height (kg/m2), and these values were categorized based on CDC guidelines:
underweight <18.5 kg/m2, normal weight 18.5–<25 kg/m2, overweight 25–30 kg/m2, and obese
≥30 kg/m2.
The association between alcohol consumption and the risk of developing hypertension is
described in section 2.1.1 [72-74]. Alcohol use is also an important risk factor for sleepdisordered breathing, which is caused by alcohol-induced muscle relaxation [114]. A study based
on the NHIS found that excessive alcohol consumption was associated with a higher prevalence
of short sleep, and this association was stronger among black participants, compared to white
participants [100]. A report based on a study conducted in Canada concluded similarly, where
short sleep (≤6 hours) was associated with greater alcohol intake, exceeding the
recommendations of sensible weekly alcohol intake [101]. Given the sex differences in the
alcohol-hypertension relationship, participants were divided into low and high consumption
categories based on sex-specific median consumption.
Caffeine is known to decrease sleep duration and depth of sleep by competing for
adenosine receptors, one of the factors essential for initiating sleep [102]. There has been
research showing that approximately 150 mg, approximately 1.5 cups of coffee, is enough to
block approximately 50% of these receptors, leading to restlessness, longer sleep latency,
enhanced nighttime wakefulness, and reduction of the duration and depth of sleep [103].
Caffeine consumption is also known to elevate blood pressure, and in the Singapore Chinese
Health Study, a U-shaped association between cups of coffee and incident hypertension risk was
found, with the lowest risk reported in those drinking 1 cup/day [104]. In this study, caffeine
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consumption was divided into three categories: <100 mg/day, 100–<200 mg/day, and ≥200
mg/day.
The relationship between diet and sleep is a complex, bidirectional relationship. Evidence
in literature suggest that both sleep duration [105] and sleep quality [115, 116] are associated
with various dietary components (micronutrients, macronutrients, or specific foods) and eating
behaviors [117]. In an Australian study consisting of young and middle-aged adults, an inverse
association between the Dietary Quality Score (DQS) and sleep duration was found [105]. The
study adjusted for key confounders such as age, socioeconomic status, education, physical
activity, and BMI and found that each standard deviation increase in the DQS was associated
with 13% and 21% reduced odds for short sleep among men and women, respectively. In a
review of 16 cross-sectional studies conducted in the U.S., it was found that short sleep duration
was consistently associated with higher total energy intake and higher total fat intake, as well as
some evidence for lower fruit intake and lower dietary scores [107]. In contrast, a study
conducted in a population of young to elderly adults in the UK found that long sleep (>8 hours)
was associated with a lower healthy dietary pattern score [106].
The DASH adherence score used in this study has been previously described [118].
Briefly, energy-adjusted consumption for each of the eight food groups was calculated for each
individual and this was used to determine the quintile for each food group. For the five
recommended food groups, those in the highest quintile received a score of 5, while those in the
lowest quintile received a 1. For the three food groups to be limited, reverse scoring was used,
where the highest quintile received a score of 1. Therefore, the DASH accordance score for an
individual had a potential range of 8 to 40 points.
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Physical activity is considered one of many therapeutic approaches in increasing sleep
duration and improving sleep quality [110]. However, the association between sleep and physical
activity is more complex and improvement in one can lead to an improvement in the other,
creating a feedback loop [109]. It has been shown repeatedly in literature that moderate- to
vigorous-intensity physical activity (MVPA) is associated with shorter total sleep time, greater
sleep efficiency, and less sleep fragmentation [111, 112]. In this study, physical activity was
measured using metabolic equivalent of tasks (METs) of MVPA per day. Briefly, the MET is a
ratio measure of the energy cost associated with the activity in comparison to the resting
metabolic rate (sitting quietly). Compared to one MET, equivalent to sitting still, a brisk walk,
bicycling, and jogging have scores of 3, 5.5, and 7, respectively. In this study, MET-hours of
MVPA per day was divided into sex-specific quartiles for analysis.
Based on the known associations between sleep duration, hypertension, and confounding
variables, the following causal diagram was proposed (Figure 3).

2.3.5 Statistical Analysis
Descriptive parameters of the population characteristics were shown as means and
standard deviations for continuous variables and proportions for categorical variables. A oneway analysis of variance (ANOVA) was used to test differences in the means of baseline
continuous variables across categories of sleep duration. For categorical variables, the χ2 test was
performed to compare distributions of baseline variables across categories of sleep duration.
Prevalence ratios (PRs) and 95% confidence intervals (CIs) for the association between
prevalent hypertension and sleep duration were estimated using a multivariable log-binomial
model, with 7 hours of sleep as the reference group. Risk ratios (RRs) and 95% CIs were also
estimated using a multivariable log-binomial model for incident hypertension. These models
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were adjusted for all potential confounders (section 2.3.4). Stratified analyses by age, sex,
ethnicity, and BMI, each adjusted for all other variables, were also presented. For secondary
analysis, prevalence and risk differences, as well as 95% CIs, were estimated to obtain the mean
number of excess hypertension cases associated with each sleep category (compared to the
reference 7 hours).
Statistical significance was determined a priori as p < 0.05. All analyses were conducted
using SAS 9.4 (SAS Institute, Cary, NC). Log-binomial models were conducted using the PROC
GENMOD procedure in SAS, specifying ‘binomial’ as the distribution and ‘log’ as the link
function to obtain ratio estimates. The ‘identity’ link function was used to estimate difference
measures.

2.4 Results
2.4.1 Demographics
At baseline (1993-1996), there were 73,291 prevalent hypertension cases among 187,564
participants (Figure 1). During the study period between 1993 and 2012, 37,050 incident
hypertension cases were identified among 97,267 participants (Figure 2). The majority of
participants reported 6-8 hours of sleep per day, and only 19% of the participants reported ≤5, 9,
or ≥10 hours of sleep (Table 5). The ethnic distribution in the study sample was 25.6% white,
15.9% African American, 7.4% Native Hawaiian, 29.6% Japanese American, and 21.5% Latino.
The proportion of those reporting ≤5 hours was highest among African American participants
(16.1%), followed by Native Hawaiian (14.3%) and Latino (10.5%) participants. The same
ethnic groups were more likely to report ≥10 hours, compared to the white and Japanese
participants. Japanese Americans were the least likely to report long sleep (9 & ≥10 hours). In
summary, participants reporting short sleep were more likely to be older, female, be less
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educated, be obese, consume less alcohol and caffeine, have lower dietary scores, and exercise
less. Participants reporting long sleep were more likely to be older, be male, be less educated, be
obese, be current smokers, consume less alcohol, and exercise less. Participants with missing
information on education level, alcohol consumption, caffeine consumption, DASH score, and
physical activity were more likely to report extreme short and long sleep, compared to those
without missing information.

2.4.2 Prevalent hypertension
After adjustment for confounding variables, there was a small, U-shaped association
between sleep duration and prevalent hypertension. The highest estimates were observed among
participants reporting ≤5 (PR: 1.07, 95% CI: 1.05-1.08), 9 (PR: 1.06, 95% CI: 1.04-1.08), and
≥10 hours (PR: 1.08, 95% CI: 1.05-1.11) of sleep (Table 6). There was effect modification by
age, ethnicity, and BMI, but not sex. Slightly higher estimates among the youngest participants
(45-54 years) were observed in those reporting ≤5, 6, and ≥10 hours of sleep. Among those
reporting ≤5 hours of sleep, lower estimates were observed among African American (PR: 1.04,
95% CI: 1.01-1.07) and Japanese American (PR: 1.04, 95% CI: 1.00-1.08) participants compared
to other ethnic groups. African American participants also had the lowest PR in the ≥10-hour
group (PR: 1.01, 95% CI: 0.96-1.06), and all other ethnic groups experienced at least a 10%
elevation in hypertension prevalence. When participants were stratified by BMI categories, the
only difference was observed among underweight participants. Among those who reported ≤5
hours of sleep, those who were underweight had a PR of 1.17 (95% CI: 0.97-1.42), compared to
1.09 (95% CI: 1.05-1.13) in participants with normal BMI. Higher estimates in underweight
participants were also seen in those reporting 9 hours of sleep (PR: 1.23, 95% CI: 0.97-1.56).
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Prevalence differences (PDs) were also estimated to obtain the mean number of excess
hypertension cases associated with each sleep category. Approximately 31 (95% CI: 23-39), 23
(95% CI: 13-32), and 42 (95% CI: 27-57) excess hypertension cases per 1,000 participants were
associated with sleeping ≤5, 9, and ≥10 hours, respectively (Table 7). Stratified analyses by age
groups revealed a decreasing trend in the number of excess cases associated with ≤5 and 6 hours
of sleep with increasing age. However, among participants reporting ≥10 hours of sleep, the
oldest group had higher number of excess cases (PD: 0.053, 95% CI: 0.031-0.075) compared to
the youngest group (PD: 0.032, 95% CI: 0.005-0.059). According to stratified analyses by ethnic
groups, white (PD: 0.054, 95% CI: 0.035-0.073) and Native Hawaiian (PD: 0.052, 95% CI:
0.026-0.078) participants had the highest number of excess hypertension cases associated with
≤5 hours of sleep, while the number of excess cases was lowest among Japanese Americans (PD:
0.014, 95% CI: -0.002-0.030). The estimated number of excess cases associated with ≥10 hours
of sleep was highest among Native Hawaiian (PD: 0.067, 95% CI: 0.018-0.116) and Japanese
American (PD: 0.067, 95% CI: 0.030-0.103), and lowest in African Americans (PD: 0.005, 95%
CI: -0.025-0.036). Similar to the trends seen with PRs (Table 6), there were no clear patterns in
differences by BMI.

2.4.3 Incident hypertension
The fully adjusted RRs did not indicate higher risk of hypertension in any sleep
categories compared to 7 hours of sleep (Table 8). There was also no evidence of effect
modification of this association by age, sex, ethnicity, or BMI. Examining differences in risk
estimates, only 6 hours of sleep (RD: 0.014, 95% CI: 0.006-0.022) appeared to be associated
with a small elevation in the number of excess incident hypertension cases (Table 9). Effect
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modification by age, sex, ethnicity, or BMI was also not detected when examining risk
differences.

2.5 Discussion
In this study based on a large, ethnically diverse population, a weak association between
prevalent hypertension and sleep duration on the additive and multiplicative scales was detected.
The magnitude of association found in our study was different from that of previous studies, such
as the Sleep Heart Health Study [31] and the NHANES I [32] study. In the Sleep Heart Health
Study, there was 66% increased odds of prevalent hypertension among participants reporting <6
hours of sleep and 30% increased odds in those reporting >9 hours of sleep [31]. Similar
estimates were reported in the NHANES I study among short sleepers, but not long sleepers [32].
This discrepancy in the estimates may have been due to differences in the variable adjustments
and estimates from literature may have been inflated due to their usage of odds ratios.
In this study, sleep duration was not associated with incident hypertension. Similar
findings were reported from a population-based study of older adults in Spain, in which the
authors did not see any association with prevalent or incident hypertension [84]. Null results
were also obtained from the Buffalo Cardio-Metabolic Occupational Police Stress study, where
sleep parameters were measured by actigraphy [83]. Interestingly, there was a strong, unadjusted
association between sleep duration and incident hypertension, but there was no association after
adjustments for demographic factors, alcohol use, physical activity, smoking status, cigarette
smoking, depressive symptoms, shift work, BMI, obstructive sleep apnea, and caloric intake.
Our findings were not consistent with our hypothesis, which was based on previous
findings and known biological mechanisms linking sleep to hypertension. For example, sleep
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deprivation is often associated with sleep disturbances, such as frequent arousals, that is known
to cause an overactivity of the sympathetic nervous system [119]. This overactivity is correlated
with the absence of ‘nocturnal dipping’, which refers to a decrease in blood pressure during sleep
[120]. Sleep deprivation is also associated with other physiological risk factors for hypertension,
such as increased intima-media thickness of the artery [121], increased artery calcification [122],
higher cortisol and cholesterol levels [123], decreased glucose tolerance [124], and increased
production of proinflammatory cytokines [125]. Excess sleep has also been found to be
associated with a variety of cardiovascular risk factors, such as inflammation [126],
atherosclerosis [127], arterial stiffness [128], and sleep apnea [83]. We present several
hypotheses as to why our findings differed from our expectations. First, as previously mentioned,
many previous literatures reported odds ratio, instead of prevalence or risk ratios, as their
estimate of association, which is often inflated for non-rare outcomes. Second, any associations
seen in previous literature, or our current study may be biased due to unmeasured confounders.
In our study, we were unable to adjust for potential confounders such as the usage of sleep
medications, psychosocial stress, other indicators of socioeconomic status, and other medical
conditions. Third, our methodology in ascertaining hypertension cases through self-reported
questionnaires without validation through physician diagnosis, blood pressure measurements, or
medication use history may have affected our results. In a previous cohort study in Iran, the
prevalence of hypertension based on self-reporting was 16.8% and 15.7% based on medical
history and blood pressure measurements [129]. The sensitivity and specificity of self-reported
hypertension was 75.5% and 96.4%, respectively. Assuming non-differential misclassification,
these false positive and false negatives would result in biasing our estimates towards the null. In
a meta-analysis of 22 studies conducted in 2018, self-reported hypertension underestimated the
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prevalence compared to objective measures [130]. The authors reported similar specificity as the
Iran study but found much lower sensitivity of 42.1%. This issue with recall bias, combined with
changing diagnostic criteria during the study period, may also explain differences we saw
between our cross-sectional and longitudinal analysis.
The present study examined the role of age, sex, ethnicity, and BMI as effect modifiers of
the association between sleep duration and hypertension. Results from both prevalence and
incidence analysis revealed small differences by age, but we do not believe this difference is
clinically significant. Previous reports examining similar age groups are scarce and have
inconsistent results. For example, our findings were similar to a report of the 2007-2009 NHIS,
in which the adjusted ORs for hypertension among short sleeping (<6 hours) men was 1.29 and
1.22 for those aged 45-64 years and ≥65 years, respectively [86]. However, different results were
obtained from short-sleeping women, with ORs of 1.01 and 1.44 for the same age groups. A
Korean study also found small differences in the association by age, in which the odds of
hypertension associated with ≤5 hours of sleep was higher among those aged <65 years (OR:
1.31), compared to those aged ≥65 years (OR: 1.15) [87]. Finally, a study based on the 20142017 NHIS found little difference in the association between those aged 45-64 years (OR: 1.06)
and ≥65 years (OR: 1.09) [131].
Our study also found no sex differences in the association between sleep and
hypertension. This finding is different from many previous reports, many of which found
stronger associations in women [88, 89, 132]. Likewise, our study also did not find clinically
significant differences by ethnicity. However, an interesting finding from this analysis was that
we did not detect any increased prevalence or risk of hypertension in any sleep categories among
African American participants. In all other ethnic groups, we found that extreme short and long
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sleep was associated with an increased prevalence of hypertension. This finding is unique, as
there are no previous studies investigating ethnic differences of the sleep-hypertension
relationship.
Finally, our study did not find any differences the sleep-hypertension association by BMI.
Although we observed that estimates among underweight participants differed in some sleep
categories, we hesitate to conclude any clinical significance in this difference due to the wide
confidence intervals in this group. There were two prior reports that investigated the role of BMI
in the sleep-hypertension relationship. The first study is based on the 2014-2017 NHIS study
discussed previously, and they also found that the highest association between short sleep and
prevalent hypertension in underweight participants (OR: 1.37) [131]. However, the study results
differed in that there was difference across the other BMI groups as well, whereas our study did
not see differences between the normal weight, overweight, and obese participants. Another
study that investigated the joint effect of sleep and obesity found that, compared to participants
with BMI less than 30 kg/m2 and reporting 6 or more hours of sleep, those who reported sleep <6
hours and were obese were at a 372% increased risk of hypertension [83].

2.5.1 Strengths and Limitations
The present study was based on a large ethnically diverse population with an extensive
questionnaire, thereby allowing numerous confounding variables to be considered in the analysis.
This study is the first to investigate age, sex, ethnicity, and BMI as potential effect modifiers of
the sleep-hypertension relationship. Majority of previous studies have reported odds ratios as the
measure of association, which can often overestimate prevalence and risk. We reported
prevalence and risk ratios, which are less biased estimates when studying cross-sectional and
longitudinal data.
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One of the limitations to this study is that information on sleep duration and key
covariates were self-reported at one point in time, and there were no objective measurements to
validate the responses. For example, self-reported sleep duration could differ from actual
physiological sleep and could be over-reported. In the Coronary Artery Risk Development in
Young Adults (CARDIA) study, it was found that the overall correlation between objective
(actigraphy) and subjective sleep measurements was only 0.47, with participants who slept an
average of 5 hours over-reporting their mean sleep duration by 1.2 hours [133]. In contrast, there
are also studies that reported small differences between subjective and objective measurements
of sleep [134, 135]. Sleep duration obtained in this study was not specific to nocturnal sleep and
reflected the number of hours over a 24-hour period, thus making our results difficult to compare
with previous literature. Another limitation in our study is the self-reported nature of
hypertension status. In our incidence analysis, this may have introduced selection bias, because
we may have erroneously selected for participants that were misclassified on hypertension status.
However, we do not believe that any misclassification of hypertension status is related to sleep
duration, and therefore our estimates are conservative. Another concern is our inability to
distinguish the severity of hypertension as actual measurements were not available. Given the
high prevalence and incidence of the condition in this population, it is likely that many cases are
mild and the association with sleep duration may not be present among participants with
incidental diagnosis of slightly elevated blood pressure. Our study was not able to include any
information regarding sleep quality, sleep disorders, and the usage of sleep medications, which
may be potential confounders. In addition, other factors such as psychosocial stress, employment
status and job types, and pre-existing medical conditions are other confounders we could not
account for.
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2.6 Conclusion
In conclusion, sleeping shorter or longer than 7 hours was weakly associated with
increased prevalence of hypertension among middle-aged and elderly adults in L.A. and Hawaii.
Contrary to our hypothesis, this association did not differ by age, sex, ethnicity, or BMI. Our
findings have several important public health implications. First, our findings suggest that the
risk of hypertension associated with poor sleep, if any, is consistent regardless of demographic
factors. Second, the absence of any association in our study suggest that the length of sleep may
not be an independent risk factor for hypertension, and more research needs to be conducted to
better characterize sleep behaviors as potential risk factors for disease. Third, discrepancies in
our findings compared to previous literature emphasizes the complexity of the sleephypertension mechanism, and that making any causal inferences will be difficult until more
research is conducted on the interactions between sleep behaviors, hypertension, and any
associated risk factors.
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Figure 1. Exclusion criteria to analyze the association between sleep duration and prevalent
hypertension in the MEC, 1993–1996.
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Figure 2. Exclusion criteria to analyze the association between sleep duration and incident
hypertension in the MEC, 1993–2012.
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Figure 3. Causal diagram representing the relationship between sleep duration, hypertension, and confounding variables. Dotted lines
represent an association between factors and arrows represent causal direction.
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Table 5. Demographic characteristics of participants at the baseline questionnaire (Aim 1), MEC, 1993-1996.
Sleep Duration (Hours)

Number of Participants
Age (years)

All (n)

≤5

6

7

8

9

≥10

187,564

18,317 (9.8%)

45,677 (24.4%)

58,954 (31.4%)

47,350 (25.2%)

12,819 (6.8%)

4,447 (2.4%)

a

<0.0001

45-54

60,158

55-64
≥65
Sex

5,533 (9.2%)

15,875 (26.4%)

20,066 (33.4%)

14,093 (23.4%)

3,448 (5.7%)

1,143 (1.9%)

62,354

6,112 (9.8%)

15,105 (24.2%)

19,814 (31.8%)

15,807 (25.3%)

4,094 (6.6%)

1,422 (2.3%)

65,052

6,672 (10.3%)

14,697 (22.6%)

19,074 (29.3%)

17,450 (26.8%)

5,277 (8.1%)

1,882 (2.9%)

a

<0.0001

Male

85,610

7,361 (8.6%)

20,793 (24.3%)

27,109 (31.7%)

22,032 (25.7%)

6,080 (7.1%)

2,235 (2.6%)

Female

101,954

10,956 (10.8%)

24,884 (24.4%)

31,845 (31.2%)

25,318 (24.8%)

6,739 (6.6%)

2,212 (2.2%)

Ethnicitya

<0.0001

White

47,504

2,538 (5.3%)

9,061 (19.1%)

16,421 (34.6%)

14,519 (30.6%)

4,039 (8.5%)

926 (1.9%)

African American

30,132

4,855 (16.1%)

7,708 (25.6%)

7,417 (24.6%)

6,906 (22.9%)

2,158 (7.2%)

1,088 (3.6%)

Native Hawaiian

13,580

1,943 (14.3%)

3,686 (27.2%)

3,749 (27.6%)

2,961 (21.8%)

844 (6.2%)

397 (2.9%)

Japanese American

54,502

4,585 (8.4%)

16,076 (29.5%)

19,073 (35.0%)

11,554 (21.2%)

2,496 (4.6%)

718 (1.3%)

Latino

41,846

4,396 (10.5%)

9,146 (21.9%)

12,294 (29.4%)

11,410 (27.3%)

3,282 (7.8%)

1,318 (3.1%)

Education

pe

a

<0.0001

≤12 years

80,897

9,868 (12.2%)

18,561 (23.0%)

22,758 (28.1%)

20,902 (25.8%)

6,139 (7.6%)

2,669 (3.3%)

13-15 years

55,639

5,000 (9.0%)

14,260 (25.6%)

17,826 (32.0%)

13,711 (24.7%)

3,727 (6.7%)

1,115 (2.0%)

≥16 years

50,291

3,342 (6.6%)

12,702 (25.3%)

18,184 (36.2%)

12,537 (24.9%)

2,898 (5.8%)

628 (1.2%)

737

107 (14.5%)

154 (20.9%)

186 (25.2%)

200 (27.1%)

55 (7.5%)

35 (4.8%)

Underweight

3,321

366 (11.0%)

845 (25.5%)

1,009 (30.4%)

781 (23.5%)

217 (6.5%)

103 (3.1%)

Normal

74,992

6,046 (8.1%)

18,039 (24.1%)

25,588 (34.1%)

19,150 (25.5%)

4,831 (6.4%)

1,338 (1.8%)

Overweight

71,903

7,017 (9.8%)

17,737 (24.7%)

22,236 (30.9%)

18,316 (25.5%)

4,936 (6.8%)

1,661 (2.3%)

Obese

37,348

4,888 (13.1%)

9,056 (24.2%)

10,121 (27.1%)

9,103 (24.4%)

2,835 (7.6%)

1,345 (3.6%)

Missing
2 a,c

BMI (kg/m )

<0.0001

Smoking statusa

<0.0001

Never

84,086

8,478 (10.1%)

20,921 (24.9%)

27,098 (32.2%)

20,763 (24.7%)

5,171 (6.1%)

1,655 (2.0%)

Yes, quit

73,157

6,532 (8.9%)

17,331 (23.7%)

22,987 (31.4%)

19,097 (26.1%)

5,421 (7.4%)

1,789 (2.5%)

Yes, current

30,321

3,307 (10.9%)

7,425 (24.5%)

8,869 (29.3%)

7,490 (24.7%)

2,227 (7.3%)

1,003 (3.3%)
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Smoking pack-yearsb
Alcohol consumption (g/day)

<0.0001
a

<0.0001

<2.15 (men), 0 (women)

101,604

10,876 (10.7%)

25,542 (25.1%)

30,905 (30.4%)

24,981 (24.6%)

6,700 (6.6%)

2,600 (2.6%)

≥2.15 (men), >0 (women)

79,063

6,338 (8.0%)

18,455 (23.3%)

26,338 (33.3%)

20,725 (26.2%)

5,658 (7.2%)

1,549 (2.0%)

6,897

1,103 (16.0%)

1,680 (24.4%)

1,711 (24.8%)

1,644 (23.8%)

461 (6.7%)

298 (4.3%)

Missing
a

Caffeine consumption (mg/day)

<0.0001

<100

93,691

9,652 (10.3%)

22,622 (24.1%)

28,955 (30.9%)

23,775 (25.4%)

6,431 (6.9%)

2,256 (2.4%)

100-<200

37,024

3,329 (9.0%)

8,732 (23.6%)

11,764 (31.8%)

9,717 (26.3%)

2,649 (7.1%)

833 (2.2%)

≥200

49,952

4,233 (8.5%)

12,643 (25.3%)

16,524 (33.1%)

12,214 (24.4%)

3,278 (6.6%)

1,060 (2.1%)

6,897

1,103 (16.0%)

1,680 (24.4%)

1,711 (24.8%)

1,644 (23.8%)

461 (6.7%)

298 (4.3%)

8-21

51,724

5,637 (10.9%)

13,484 (26.1%)

15,686 (30.3%)

12,185 (23.6%)

3,380 (6.5%)

1,352 (2.6%)

22-24

44,226

4,324 (9.8%)

10,835 (24.5%)

13,889 (31.4%)

11,089 (25.1%)

3,027 (6.8%)

1,062 (2.4%)

25-27

43,244

3,941 (9.1%)

10,229 (23.7%)

13,937 (32.2%)

11,181 (25.9%)

3,044 (7.0%)

912 (2.1%)

≥28

41,473

3,312 (8.0%)

9,449 (22.8%)

13,731 (33.1%)

11,251 (27.1%)

2,907 (7.0%)

823 (2.0%)

Missing

6,897

1,103 (16.0%)

1,680 (24.4%)

1,711 (24.8%)

1,644 (23.8%)

461 (6.7%)

298 (4.3%)

Missing
a

DASH score

<0.0001

a,d

Physical activity (MET-hours/day)

<0.0001

0.1-1.43 (men), 0.1-1.43 (women)

54,041

6,646 (12.3%)

13,080 (24.2%)

15,085 (27.9%)

1.44-4.40 (men), 1.44-2.86 (women)

39,113

4.41-8.86 (men), 2.87-6.20 (women)

42,539

≥8.87 (men), ≥6.21 (women)
Missing

13,330 (24.7%)

3,974 (7.3%)

1,926 (3.6%)

3,693 (9.4%)

9,851 (25.2%)

3,423 (8.1%)

10,544 (24.8%)

12,455 (31.8%)

9,711 (24.8%)

2,637 (6.8%)

766 (2.0%)

14,447 (34.0%)

10,661 (25.1%)

2,730 (6.4%)

734 (1.7%)

43,663

3,475 (8.0%)

10,294 (23.6%)

14,647 (33.5%)

11,483 (26.3%)

2,966 (6.8%)

798 (1.8%)

8,208

1,080 (13.2%)

1,908 (23.2%)

2,320 (28.3%)

2,165 (26.4%)

512 (6.2%)

223 (2.7%)

a

n (row %).
mean ± SD.
c
underweight (<18.5 kg/m2), normal weight (18.5-<25 kg/m2), overweight (25–30 kg/m2), and obese (≥30 kg/m2).
d
METs for moderate and vigorous activity per day.
e
p values calculated by analysis of variance and χ2 test.
b
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Table 6. Estimated associations (prevalence ratios [PRs] and 95% confidence intervals [CIs]) between self-reported sleep duration and
prevalent hypertension; overall model and stratified models by age, sex, ethnicity, and BMI.
Hours of Sleep
No. of events/No. of
participants

≤5

6

7

8

9

≥10

8,449/18,317

18,088/45,677

21,217/58,954

18,038/47,350

5,349/12,819

2,150/4,447

PR (95% CI)

a

Overall

73,291/187,564

1.07 (1.05-1.08)

1.03 (1.01-1.04)

1.00

1.02 (1.01-1.03)

1.06 (1.04-1.08)

1.08 (1.05-1.11)

Age
45-54

16,885/60,158

1.12 (1.07-1.16)

1.07 (1.04-1.11)

1.00

1.01 (0.98-1.05)

1.06 (1.01-1.12)

1.14 (1.06-1.23)

55-64

24,828/62,354

1.07 (1.04-1.11)

1.02 (1.00-1.05)

1.00

1.03 (1.01-1.06)

1.07 (1.03-1.11)

1.09 (1.03-1.14)

≥65

31,578/65,052

1.04 (1.02-1.07)

1.01 (0.99-1.03)

1.00

1.01 (0.99-1.03)

1.06 (1.03-1.09)

1.09 (1.05-1.13)

Male

34,487/85,610

1.06 (1.03-1.08)

1.05 (1.03-1.07)

1.00

1.03 (1.01-1.06)

1.05 (1.02-1.08)

1.08 (1.04-1.12)

Female

38,804/101,954

1.07 (1.04-1.09)

1.01 (0.99-1.03)

1.00

1.01 (0.99-1.03)

1.07 (1.04-1.10)

1.09 (1.05-1.12)

White

13,866/47,504

1.15 (1.10-1.21)

1.10 (1.06-1.14)

1.00

1.04 (1.01-1.08)

1.09 (1.04-1.15)

1.15 (1.07-1.24)

African American

16,724/30,132

1.04 (1.01-1.07)

0.99 (0.96-1.02)

1.00

1.00 (0.97-1.02)

1.04 (1.01-1.08)

1.01 (0.96-1.06)

Native Hawaiian

6,057/13,580

1.10 (1.04-1.16)

1.03 (0.98-1.09)

1.00

1.08 (1.02-1.13)

1.09 (1.01-1.16)

1.11 (1.02-1.20)

Japanese American

21,769/54,502

1.04 (1.00-1.08)

1.01 (0.99-1.04)

1.00

1.03 (1.01-1.06)

1.03 (0.99-1.08)

1.10 (1.04-1.16)

Latino

14,875/41,846

1.10 (1.06-1.15)

1.05 (1.01-1.09)

1.00

0.99 (0.95-1.02)

1.08 (1.03-1.13)

1.12 (1.05-1.20)

781/3,321

1.17 (0.97-1.42)

1.05 (0.89-1.24)

1.00

1.01 (0.85-1.21)

1.23 (0.97-1.56)

0.91 (0.66-1.27)

Normal

22,137/74,992

1.09 (1.05-1.13)

1.03 (1.00-1.06)

1.00

1.02 (0.99-1.05)

1.06 (1.01-1.11)

1.15 (1.08-1.23)

Overweight

29,839/71,903

1.08 (1.05-1.11)

1.03 (1.01-1.05)

1.00

1.02 (0.99-1.04)

1.08 (1.04-1.12)

1.11 (1.05-1.16)

Obese

20,534/37,348

1.06 (1.03-1.09)

1.02 (0.99-1.05)

1.00

1.02 (1.00-1.05)

1.05 (1.01-1.08)

1.07 (1.02-1.12)

Sex

Ethnicity

2

BMI (kg/m )
Underweight

a

adjusted for age at cohort entry, sex, ethnicity, education level, BMI, smoking status, smoking pack-years, alcohol consumption,
caffeine consumption, physical activity, and DASH score.
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Table 7. Estimated associations (prevalence differences [PDs] and 95% confidence intervals [CIs]) between self-reported sleep
duration and prevalent hypertension on an additive scale; overall model and stratified models by age, sex, ethnicity, and BMI.
Hours of Sleep
≤5
6
7 (ref)
8
9
≥10
a
PD (95% CI)
Total Population
Fully adjustedb
31 (23, 39)
12 (6, 18)
0
6 (0, 12)
23 (13, 32)
42 (27, 57)
Age Groupc
45-54
44 (31, 57)
17 (9, 25)
0
1 (-7, 8)
13 (-1, 27)
32 (5, 59)
55-64
36 (23, 50)
11 (2, 21)
0
12 (2, 22)
30 (14, 46)
50 (24, 75)
≥65
26 (13, 40)
7 (-3, 18)
0
6 (-4, 16)
30 (15, 45)
53 (31, 75)
Sexc
Male
25 (13, 38)
19 (11, 28)
0
9 (0, 17)
20 (7, 33)
44 (23, 64)
Female
34 (24, 45)
6 (-2, 14)
0
5 (-3, 13)
28 (15, 41)
46 (25, 67)
c
Ethnicity
White
54 (35, 73)
23 (13, 34)
0
7 (-2, 16)
18 (3, 33)
51 (20, 83)
African American
26 (9, 43)
-3 (-19, 12)
0
-2 (-18, 14)
28 (5, 50)
5 (-25, 36)
Native Hawaiian
52 (26, 78)
17 (-5, 38)
0
28 (6, 51)
38 (2, 75)
67 (18, 116)
Japanese American
14 (-2, 30)
5 (-5, 15)
0
11 (0, 23)
18 (-2, 38)
67 (30, 103)
Latino
38 (22, 54)
19 (7, 31)
0
-5 (-17, 6)
27 (9, 45)
45 (18, 72)
c
BMI
Underweight
47 (-4, 98)
6 (-28, 40)
0
-9 (-44, 27)
30 (-33, 93) -18 (-105, 68)
Normal
32 (19, 44)
9 (2, 17)
0
3 (-5, 10)
12 (-1, 25)
40 (14, 65)
Overweight
40 (27, 53)
17 (8, 27)
0
7 (-2, 16)
34 (19, 49)
52 (28, 76)
Obese
37 (21, 54)
16 (2, 29)
0
10 (-4, 24)
29 (9, 49)
50 (23, 76)
a
excess number of prevalent hypertension cases (per 1,000 individuals) associated with sleep categories compared to the referent 7hour group.
b
adjusted for age, sex, ethnicity, education level, BMI, smoking status, smoking pack-years, alcohol consumption, DASH score, and
physical activity.
c
adjusted for all other variables.
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Table 8. Estimated associations (risk ratios [RRs] and 95% confidence intervals [CIs]) between self-reported sleep duration and
incident hypertension; overall model and stratified models by age, sex, ethnicity, and BMI.
Hours of Sleep
No. of events/No. of
participants

≤5

6

7

8

9

≥10

3,198/7,961

9,489/23,848

12,231/32,934

9,201/22,734

2,290/6,130

641/1,660

RR (95% CI)

a

Overall

37,050/97,267

1.00 (0.97-1.03)

1.04 (1.02-1.06)

1.00

1.00 (0.98-1.02)

1.00 (0.96-1.03)

0.98 (0.92-1.04)

Age
45-54

14,045/38,205

1.05 (1.01-1.10)

1.05 (1.01-1.08)

1.00

1.01 (0.98-1.05)

1.08 (1.02-1.14)

1.03 (0.93-1.13)

55-64

13,196/32,268

0.98 (0.93-1.03)

1.03 (1.00-1.07)

1.00

1.00 (0.97-1.03)

0.98 (0.93-1.04)

0.98 (0.89-1.09)

≥65

9,809/26,794

0.94 (0.88-1.00)

1.02 (0.97-1.06)

1.00

0.98 (0.94-1.02)

0.92 (0.86-0.99)

0.95 (0.84-1.06)

Male

15,344/42,301

1.00 (0.95-1.05)

1.05 (1.01-1.08)

1.00

0.98 (0.95-1.02)

1.00 (0.95-1.06)

1.02 (0.93-1.12)

Female

21,706/54,966

1.01 (0.97-1.04)

1.03 (1.00-1.06)

1.00

1.01 (0.99-1.04)

1.00 (0.96-1.05)

0.96 (0.88-1.04)

White

9,989/29,333

1.01 (0.94-1.09)

1.03 (0.99-1.08)

1.00

0.99 (0.95-1.02)

0.97 (0.91-1.03)

0.99 (0.87-1.12)

African American

5,004/10,457

1.00 (0.93-1.07)

1.06 (1.00-1.12)

1.00

1.05 (0.99-1.11)

1.04 (0.95-1.13)

1.00 (0.89-1.14)

Sex

Ethnicity

Native Hawaiian

2,858/6,522

1.00 (0.92-1.09)

1.04 (0.97-1.11)

1.00

0.99 (0.92-1.07)

1.01 (0.90-1.14)

0.87 (0.70-1.08)

Japanese American

10,887/29,382

1.00 (0.94-1.06)

1.02 (0.98-1.06)

1.00

0.97 (0.93-1.01)

0.98 (0.91-1.06)

0.91 (0.77-1.07)

Latino

8,312/21,573

1.01 (0.95-1.08)

1.05 (1.01-1.10)

1.00

1.03 (0.98-1.07)

1.02 (0.95-1.09)

1.04 (0.93-1.15)

2

BMI (kg/m )
Underweight

412/1,989

0.81 (0.57-1.14)

1.04 (0.84-1.31)

1.00

1.07 (0.85-1.34)

1.05 (0.71-1.55)

1.19 (0.68-2.08)

Normal

14,729/45,571

0.97 (0.92-1.03)

1.02 (0.99-1.06)

1.00

0.98 (0.95-1.02)

0.95 (0.89-1.01)

0.92 (0.81-1.04)

Overweight

14,744/35,701

1.04 (0.99-1.09)

1.04 (1.01-1.08)

1.00

1.01 (0.97-1.04)

1.00 (0.95-1.06)

1.05 (0.96-1.15)

Obese

7,165/14,006

0.99 (0.94-1.05)

1.05 (1.01-1.10)

1.00

1.02 (0.97-1.07)

1.07 (1.00-1.14)

0.96 (0.86-1.07)

a

adjusted for age at cohort entry, sex, ethnicity, education level, BMI, smoking status, smoking pack-years, alcohol consumption,
caffeine consumption, physical activity, and DASH score.
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Table 9. Estimated associations (risk differences [RDs] and 95% confidence intervals [CIs]) between self-reported sleep duration and
prevalent hypertension on an additive scale; overall model and stratified models by age, sex, ethnicity, and BMI.
Hours of Sleep
≤5
6
7 (ref)
8
9
≥10
a
RD (95% CI)
Total Population
Fully adjustedb
1 (-11, 13)
14 (6, 22)
0
-1 (-9, 7)
-3 (-16, 10)
-8 (-31, 16)
Age Groupc
45-54
27 (7, 46)
18 (6, 30)
0
5 (-8, 17)
27 (5, 48)
5 (-34, 44)
55-64
-11 (-31, 10)
11 (-3, 26)
0
0 (-14, 14)
-7 (-30, 16)
-2 (-44, 40)
≥65
-25 (47, -3)
8 (-8, 23)
0
-8 (-22, 8)
-27 (-50, -4)
-16 (-58, 25)
Sexc
Male
0 (-19, 18)
18 (6, 30)
0
-6 (-18, 6)
1 (-18, 20)
10 (-24, 44)
Female
2 (-13, 17)
11 (0, 22)
0
5 (-6, 16)
-2 (-20, 15)
-19 (-51, 13)
c
Ethnicity
White
0
African American
-7 (-38, 24)
24 (-2, 49)
0
17 (-10, 44)
9 (-34, 51)
-13 (-72, 46)
Native Hawaiian
4 (-36, 45)
17 (-14, 48)
0
-8 (-41, 26)
2 (-53, 57)
-66 (-150, 18)
Japanese American
-3 (-24, 19)
7 (-7, 20)
0
-10 (-25, 5)
-5 (-34, 23)
-32 (-88, 25)
Latino
5 (-19, 29)
19 (2, 37)
0
11 (-6, 28)
8 (-18, 34)
17 (-25, 59)
c
BMI
32 (-121,
Underweight
-34 (-107, 40)
7 (-47, 60)
0
11 (-44, 66)
2 (-92, 96)
184)
Normal
-6 (-24, 12)
8 (-4, 19)
0
-6 (-17, 5)
-14 (-33, 4)
-22 (-59, 15)
Overweight
17 (-3, 37)
19 (5, 32)
0
3 (-10, 17)
1 (-21, 23)
23 (-17, 62)
Obese
-4 (-33, 25)
25 (3, 48)
0
9 (-13, 32)
31 (-3, 66)
-24 (-76, 27)
a
excess number of prevalent hypertension cases (per 1,000 individuals) associated with sleep categories compared to the referent 7hour group.
b
adjusted for age, sex, ethnicity, education level, BMI, smoking status, smoking pack-years, alcohol consumption, DASH score, and
physical activity.
c
adjusted for all other variables.
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CHAPTER 3: ASSOCIATION BETWEEN SLEEP DURATION AND INCIDENT
STROKE: THE MULTIETHNIC COHORT (MEC)

3.1 Introduction
Stroke, or cerebrovascular accident, is the sudden death of some brain cells due to the
lack of oxygen when the blood flow to the brain is lost by blockage or rupture of an artery to the
brain [136]. Strokes are the second leading cause of death worldwide, after ischemic heart
disease [137]. According to estimates from the American Heart Association (AHA), the global
prevalence of stroke in 2019 was 101.5 million people and strokes accounted for approximately
6.6 million deaths [138]. In 2018, the U.S. prevalence of stroke was estimated to be about 2.7%,
affecting an estimated 7.6 million people [138]. Each year, approximately 610,000 people
experience a new stroke and about 185,000 people have a recurrent episode [138].
There are two main types of strokes, and the first is ischemic stroke, which is caused by
an interruption of the blood supply to a region in the brain, which results in a sudden loss of
function. Hemorrhagic strokes are attributed to a rupture of a blood vessel or abnormal vascular
structure [139]. Hemorrhagic strokes are further categorized into intracerebral hemorrhage and
subarachnoid hemorrhage, where the former refers to bleeding within the brain, and the latter
refers to bleeding between the brain and surrounding tissue.

3.1.1 Risk factors for stroke
There are many risk factors for stroke, which include age, sex, ethnicity, high blood
pressure, smoking, obesity, diabetes, dyslipidemia, depression or psychosocial stress, physical
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inactivity, poor nutrition, sleep duration and obstructive sleep apnea, and a family history of
cardiovascular disease.
Stroke risk is known to increase with age, with the risk approximately doubling every
decade after the age of 50 [140]. Stroke cases among women are higher, and according to the
Greater Cincinnati/Northern Kentucky Stroke Study (GCNKSS), approximately 55,000 more
women than men have a stroke annually in the U.S. [141]. In the Framingham Heart Study, the
lifetime risk of stroke among elderly participants was found to be 1 in 5 for women and 1 in 6 in
men [142]. There are also reports of disparities in stroke risk in different ethnic groups. In the
Reason for Geographic and Racial Differences in Stroke (REGARDS) study, the age- and sexadjusted incidence rate for stroke was higher among African American participants compared to
white participants [143]. Trend data between years 2000 and 2010 in the U.S. also found
increases in the incidence and mortality among African American adults, despite the overall
decreasing trend of stroke incidence in this period [144]. There have also been previous reports
of higher incidence of stroke in Mexican American people compared to non-Hispanic whites
[145].
Hypertension is the number one modifiable risk factor for stroke. In the past two decades,
there has been a strong correlation between the decreasing median systolic blood pressure and
the decreasing incidence of stroke in the U.S. [146]. Numerous randomized controlled trials
(RCTs) and meta-analyses have shown a decrease in stroke incidence in participants who
maintained normal blood pressure [147]. In another meta-analysis of 11 studies, hypertension
was associated with 67% increased odds of recurrent stroke [148]. Finally, it has been
consistently shown that a systolic blood pressure of less than 130 mm Hg is the most clinically
advantageous blood pressure target in the prevention of stroke [149, 150].
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Diabetes is also a strong risk factor for stroke. In the GCNKSS conducted in 2005,
middle-aged blacks and whites were 5.2 times and 12 times more likely to have a stroke episode,
respectively, if they were diabetic [151]. This association also differ across sex, as one
systematic review of 64 cohort studies found higher risk ratios among female participants [152].
Obesity is an important risk factor for stroke in both young adults and the elderly [153,
154], but whether this association is independent of other risk factors for stroke is debated [153].
In addition, there are still questions about the best measure of adiposity as it relates to
cardiovascular disease risk. In the Cardiovascular Health Study consisting of elderly adults, BMI
was a better predictor of incident stroke in men, whereas the waist-to-hip ratio (WHR) was a
better predictor in women [154].
Current smoking is a strong risk factor of developing a stroke, and a recent meta-analysis
of 141 cohort studies showed that even low cigarette consumption, such as 1-2 cigarettes per day,
increases the risk of stroke [155]. There is also evidence, such as that from the REGARDS study,
showing that secondhand smoke exposure also increases the risk of stroke by 30%, compared to
those who do not smoke or have had secondhand exposure [156]. Finally, discontinuation of
smoking has also been found to reduce stroke risk [157].
Physical inactivity is a significant risk factor for stroke, especially in middle-aged and
elderly populations [158, 159]. For example, in the Northern Manhattan Study (NOMAS), the
risk of incident stroke was 60% higher in inactive elderly participants, compared to active
participants [160]. In the REGARDS study, participants who reported less than four physical
activities per week were at a 20% increased risk of incident stroke compared to those exercising
more than four sessions per week [161]. In the Atherosclerosis Risk in Communities (ARIC)
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study, similar findings were found among both Caucasian and African American participants
[162].
Dietary and nutritional interventions are one of the key components in stroke prevention
and treatment. According to data from the 2009-2012 NHANES, the key dietary components
associated with stroke incidence and deaths were low vegetable intake, low fruit intake, and high
sodium intake [163]. In the international INTERSTROKE study involving 32 countries,
participants with the healthiest diet, or the highest tertile in dietary quality score, were at 40%
lower odds of having an incident stroke episode, compared to participants in the lowest tertile
[164]. Results from RCTs have found that adherence to a Mediterranean-style diet was
associated with a reduced risk of stroke [165].
Several observational studies and meta-analyses have found that depression or
psychosocial stress is a risk factor for stroke. In a meta-analysis of 28 cohort studies with up to
29 years of follow-up, depression was associated with a 45%, 55%, and 25% increased risk of
total, fatal, and ischemic stroke, respectively [166]. The INTERSTROKE study composed of
middle-aged and elderly participants found 2.8 times greater odds of having a stroke in
participants reporting psychological distress compared to control participants [164].

3.1.2 Sleep as a risk factor for stroke
In the past few decades, there has been increasing interest in the role of various sleep
behaviors as it relates to the risk of developing cardiovascular disease, with majority of the
research focusing on sleep quality and related disorders. Sleep apnea and sleep-disordered
breathing are the most studied sleep risk factor for stroke, and they have been shown to be
strongly associated with stroke and stroke mortality, independent of other risk factors and
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comorbidities [167, 168]. Currently, treatment of sleep disorders is a common component of
stroke rehabilitation, as better post-stroke outcomes, such as reducing the risk of recurrent
strokes, have been reported in those with good sleep quality [46].
Compared to the known association between sleep disorders and stroke risk, the role of
sleep duration is relatively understudied. Currently, reports examining this relationship have
found that both sleep deprivation and excess sleep contribute to increased stroke risk. In the
European Prospective Investigation into Cancer (EPIC) study conducted in Potsdam (1994-1998),
short sleep duration (<6 hours/night) was found to increase the risk of incident stroke by 106%,
compared to participants reporting 7-<8 hours of sleep per night [34]. In this study, there was
also a 65% increased risk among participants reporting ≥9 hours of sleep. The EPIC study was
also conducted in Norfolk in 1998-2009, and there was an 18% and 46% increased risk among
those reporting <6 and ≥9 hours of sleep, respectively [35]. This finding where increased stroke
risk was associated with both extremes of sleep duration, and where long sleep is attributed to
higher increases in stroke risk, was reported in other studies [19, 36, 169-171].
The association between sleep duration and stroke is thought to be modified by other risk
factors of stroke. In the previously mentioned EPIC-Norfolk study, the HRs for those reporting
>8 hours of sleep were 1.46 and 1.80 among men and women, respectively [35]. Differences
across sex were also reported in the Jichi Medical School Cohort study, in which short sleep was
associated with a 100% increased risk of incident stroke in men, but no association was found in
women [172]. There are other studies that have found no differences in the risk of stroke across
sex, suggesting the need for more research on this topic [19, 36].
Race and ethnic background may also be potential modifiers of the sleep-stroke
relationship. Based on the 2008-2010 REGARDS study, short sleep duration was significantly
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associated with a decreased risk of stroke among black participants (HR: 0.49), particularly black
men (HR: 0.21). Interestingly, no increases in stroke risk was seen among black participants who
reported long sleep, although a 71% increased risk was observed within white males [173]. As
with differences seen across sex, the role of ethnicity in the sleep-stroke relationship needs
further research, especially in other ethnic groups in the U.S.

3.2 Objectives
The primary objective of this study was to estimate the association between self-reported
sleep duration and incident stroke in the MEC study population. Based on existing reports, a Jshaped association was hypothesized, where both short and long sleep hours are associated with
increased stroke risk, with stronger associations in those reporting long sleep, compared to short
sleep. Second, this study also aimed to investigate this association in various strata of age, sex,
ethnicity, BMI groups, history of hypertension, and history of diabetes.
The secondary objective of this study was to investigate the association between sleep
duration and stroke by estimating risk differences, instead of risk ratios, between different sleep
groups. This additional analysis allowed us to consider the risk of stroke using case numbers
relative to the baseline stroke risk in participants reporting 7 hours of sleep.

3.3 Methods

3.3.1 Study Population
The description and recruitment strategy of the MEC was described in section 1.3. This
study used data from questionnaire 1 (1993–1996), questionnaire 2 (1998–2002), questionnaire 3
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(2003–2006), and questionnaire 4 (2008–2012). Participants were excluded from analysis if they
were not part of the five main ethnic groups under study, had missing information on sleep
duration, stroke status at baseline (Qx1), or height, weight, or smoking. Participants were also
excluded if they reported a history of stroke at baseline or did not participate in any of the
follow-up questionnaires. The final study sample to analyze the association between sleep
duration and incident stroke was 152,622 participants (Figure 4).

3.3.2 Exposure Variable – Sleep duration
Information on sleep duration was obtained from the following question in the baseline
MEC questionnaire: “On average, during the last year, how many hours in a day did you sleep
(including naps)?”. Participants were given six response categories: ≤5, 6, 7, 8, 9, or ≥10 hours
and the reference group was defined as 7 hours of sleep to be consistent with many of the
literature reviewed for this study. Hourly categorization of sleep was chosen as the primary
analysis method to be consistent with previous literature [34, 170, 172, 173].

3.3.3 Outcome Variable – Incident Stroke
Stroke cases were identified based on the self-reported responses in the MEC
questionnaires, based on the following question, “Has your doctor ever told you that you had any
of the following? (Mark all that apply)”. Incident stroke cases were defined as any stroke
reported in Qx2, 3, and/or 4. Due to the nature of the question in the MEC questionnaire, it was
not possible to distinguish new and recurrent cases. Participants who did not participate in any of
the follow-up questionnaires would have unknown stroke status and were removed from the
analytic sample. Participants who answered “Yes” in any of the follow-up questionnaires were
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considered incident cases. Participants were considered a non-case if they never answered “Yes”
and answered “No” in at least one of the follow-up questionnaires.

3.3.4 Potential Confounders
Potential confounders were selected a priori based on their known association with sleep
duration and stroke. Briefly, a variable is a potential confounder if 1) it is associated with the
exposure, 2) it is not an effect of the exposure as it relates to the disease, and 3) it is associated
with and predictive of the disease, but not predicted by the disease [92]. The potential
confounders considered were age at cohort entry (45-54, 55-64, ≥65 years), sex (male/female),
ethnicity (White, African American, Native Hawaiian, Japanese American, and Latino),
education level (≤12, 13–15, or ≥16 years), BMI (underweight <18.5 kg/m2, normal weight
18.5–<25 kg/m2, overweight 25–30 kg/m2, and obese ≥30 kg/m2), smoking status (never, past, or
current smoker), smoking pack-years, alcohol consumption (below median and above or equal to
median: men is <3.05 g/day and ≥3.05 g/day, women is 0 g/day and >0 g/day), caffeine (<100,
100–<200, ≥200 mg/day), physical activity (quartiles: 0.1-1.43, 1.44-4.40, 4.41-8.86, ≥8.87
MET-hours in men; 0.1-1.43, 1.44-2.86, 2.87-6.20, ≥6.21 MET-hours in women), DASH dietary
score (quartiles; 8-21, 22-24, 25-27, ≥28), history of high blood pressure (yes/no) and history of
diabetes (yes/no). Table 10 indicates the sections that describes the evidence of association of the
potential confounder with the main study variables. All variables labeled section 3.3.4 are
discussed in this section, otherwise, they were discussed in a previous section of this paper.
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Table 10. List of literature showing evidence of the association between the potential
confounders and sleep/stroke.
Sleep
Stroke
Variable
Age
Section 1.1.1 [4]
Section 3.1.1 [140]
Section 2.3.4 [93]
Sex
Section 1.1.1 [4]
Section 3.1.1 [141, 142]
Section 2.3.4 [94]
Ethnicity
Section 1.1.1 [4]
Section 3.1.1 [143-145]
Section 2.3.4 [29, 95, 96]
Education Level
Section 2.3.4 [29, 97]
Section 3.3.4 [174-176]
BMI
Section 1.2 [16, 19-24, 99]
Section 3.1.1 [153, 154]
Smoking
Section 2.3.4 [79, 80]
Section 3.1.1 [155-157]
Alcohol consumption
Section 2.3.4 [100, 101]
Section 3.3.4 [177-179]
Caffeine consumption
Section 2.3.4 [102, 103]
Section 3.3.4 [180-182]
Dietary Quality (DASH)
Section 2.3.4 [105-107]
Section 3.1.1 [163-165]
Physical activity
Section 2.3.4 [109-112]
Section 3.1.1 [158-162]
History of Hypertension
Section 2.1.3 [31-33, 82]
Section 3.1.1 [146-148]
History of Diabetes
Section 1.2 [14, 17-19]
Section 3.1.1 [151]

There are reports showing that socioeconomic status is associated with stroke incidence,
and it may be because it is one of many proxy measures of an individual’s access to healthcare.
In the Adherence Evaluation After Ischemic Stroke–Longitudinal (AVAIL) study, it was found
that those with lower education and income were more likely to have an incident stroke episode
and have worse post-stroke outcomes [174]. Also, trend data based on the Global Burden of
Disease (GBD) study show that majority of stroke cases and stroke-related deaths occur in lowand middle-income countries [175]. In this study, education level was selected as a proxy
variable to adjust for any confounding by socioeconomic status because many MEC participants
did not report their income and job titles. In a previous report based on an Australian cohort, the
age-standardized risk of stroke was inversely associated with education level [176].
Although there is a consensus that alcohol consumption increases the risk of stroke, the
nature of the association is unclear. In the Nurses’ Health Study, it was found that the RRs of
stroke were 0.83 for those consuming <5 grams of alcohol/day, 0.79 for 5.0–14.9 grams/day,
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0.87 for 15–29.9 grams/day, and 1.06 for 30 to 45 grams/day, compared to those reporting no
alcohol consumption [177]. Several other studies have suggested that moderate drinking is
protective against stroke [178, 179], although it is difficult to rule out other healthy behaviors
associated with those who drink alcohol in moderation.
Studies investigating the association between caffeine consumption and the risk of stroke
is sparse, but there is evidence that caffeine is used to reduce cerebral blood flow and maintain
postural stability in stroke patients [180]. However, there are also studies that have found that
caffeine-containing medicines were associated with a 123% increased odds of having a
hemorrhagic stroke [181]. In a dose-response meta-analysis of 36 studies, a J-shaped association
between coffee consumption and cardiovascular disease was found, with the lowest risk seen in
those reporting 2–4 cups of coffee per day (Ding et al., 2014). Furthermore, caffeine
consumption is known to increase vascular resistance, causing hypertension and cardiovascular
disease [104, 183].
Based on the known associations between sleep duration, stroke, and confounding
variables, Figure 5 shows the proposed causal diagram.

3.3.5 Statistical Analysis
Descriptive parameters of the population characteristics were shown as means and
standard deviations for continuous variables and proportions for categorical variables. A oneway analysis of variance (ANOVA) was used to test differences in the means of baseline
continuous variables across categories of sleep duration. For categorical variables, the χ2 test was
performed to compare distributions of baseline variables across categories of sleep duration.
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Risk ratios (RRs) and 95% confidence intervals (CIs) for the association between incident
stroke and sleep duration were estimated using a multivariable log-binomial model, with 7 hours
of sleep as the reference group. The model was adjusted for all potential confounders (section
3.3.4). Stratified analyses by age, sex, ethnicity, BMI, hypertension status, and diabetes status,
each adjusted for all variables except itself, were also presented. For secondary analysis, risk
differences, as well as 95% CIs, were estimated to obtain the mean number of excess stroke
cases associated with each sleep category (compared to the reference 7 hours).
Statistical significance was determined a priori as p < 0.05. All analyses were conducted
using SAS 9.4 (SAS Institute, Cary, NC). Log-binomial models were conducted using the PROC
GENMOD procedure in SAS, specifying ‘binomial’ as the distribution and ‘log’ as the link
function to obtain ratio estimates. The ‘identity’ link function was used to estimate difference
estimates.

3.4 Results

3.4.1 Demographics
During the study period between 1993 and 2012, 8,543 incident stroke cases were
identified among 152,622 participants (Figure 4). The majority of participants reported 6-8 hours
of sleep per day, with approximately 17.5% of the participants reporting ≤5, 9, or ≥10 hours of
sleep (Table 11). The ethnic distribution in the study sample was 26.2% white, 14.3% African
American, 7.3% Native Hawaiian, 31.0% Japanese American, and 21.2% Latino. The proportion
of those reporting ≤5 hours was highest among African American participants (15.4%), followed
by Native Hawaiian participants (13.3%). African American, Native Hawaiian, and Latino
participants were more likely to report ≥10 hours of sleep, compared to white and Japanese
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American participants. The proportion of those reporting 7 hours of sleep was highest in
Japanese American (35.8%) and white (35.4%) participants, followed by Latinos (30.4%). White
participants were the least likely to report short sleep (≤5 & 6 hours) and most likely to report 7
and 8 hours of sleep. Japanese American participants were the least likely to report long sleep (9
& ≥10 hours).
The proportion of participants reporting ≤5, 9 and ≥10 hours of sleep increased with age,
while the likelihood decreased with increasing education level, caffeine, consumption, DASH
dietary score, and physical activity score. The proportion of short sleepers were higher among
female participants, while male participants were more likely to report normal and long sleep.
Underweight participants were more likely to report extreme sleep, compared to participants in
other BMI categories. Comparing participants in other BMI categories, the likelihood of
reporting extreme sleep increased with BMI. Smoking pack-years increased with sleep duration.
Participants reporting alcohol consumption less than the median level were more likely to report
≤5, 6, and ≥10 hours of sleep. Finally, participants were more likely to report ≤5, 9, and ≥10
hours of sleep if they had a history of hypertension or diabetes.
Participants with missing information in education level, alcohol consumption, caffeine
consumption, DASH dietary score, and physical activity were more likely to report ≤5 and ≥10
hours of sleep, compared to those with valid information in these variables.

3.4.2 Incident stroke
There was a significant association between sleep duration and incident stroke in this
study sample even after adjustment for covariates (Table 12). In the fully adjusted model, the
risk of incident stroke was elevated among those reporting ≤5 (RR: 1.13, 95% CI: 1.05-1.21), 9
(RR: 1.09, 95% CI: 1.00-1.18), and ≥10 hours of sleep (RR: 1.39, 95% CI: 1.23-1.57).
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Age-stratified analyses did not indicate any evidence of effect modification. Higher
estimates were observed in participants aged 45-54 reporting ≤5 (RR: 1.32, 95% CI: 1.13-1.54),
9 (RR: 1.25, 95% CI: 1.03-1.52), and ≥10 hours (RR: 1.52, 95% CI: 1.16-1.99) of sleep, but the
confidence intervals overlapped with estimates in the other two age groups. In sex-stratified
analyses, the RRs among participants reporting ≤5 hours of sleep were 1.02 (95% CI: 0.90-1.14)
and 1.21 (1.10-1.33), in men and women, respectively. There were no differences in estimates in
all other sleep categories. Stratified analyses by ethnicity did not indicate any evidence of effect
measure modification. However, among participants reporting ≥10 hours of sleep, higher
estimates were observed among African American (RR: 1.57, 95% CI: 1.24-1.99), Native
Hawaiian (RR: 1.51, 95% CI: 1.05-2.19), and Latino participants (RR: 1.56, 95% CI: 1.23-1.98),
compared to White (RR: 1.07, 95% CI: 0.80-1.43) and Japanese American (RR: 1.21, 95% CI:
0.89-1.65) participants.
In this study sample, the association between sleep duration and incident stroke was
stronger in underweight participants across all sleep categories. However, due to the small
number of participants in this group, the confidence intervals were wide. Among participants
reporting ≤5 hours of sleep, the RRs of incident stroke were 1.84 (95% CI: 0.98-3.44), 1.27 (95%
CI: 1.12-1.44), 1.07 (95% CI: 0.95-1.21), and 1.02 (95% CI: 0.88-1.18), for underweight, normal
BMI, overweight, and obese participants, respectively. Finally, stratified analysis by baseline
hypertension and diabetes status revealed no effect measure modification by these factors.
Risk differences (RDs) were also computed to estimate the number of excess stroke cases
theoretically associated with each sleep category, compared to 7 hours of sleep (Table 13). In the
fully adjusted model, ≥10 hours of sleep were associated with 23 excess cases (per 1,000) of
incident stroke. Stratified analyses by age groups did not show any evidence of effect measure
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modification, although those reporting ≥10 hours of sleep, the number of excess cases was
slightly higher in those aged ≥65 years (31 cases, 95% CI: 12-50), compared to those aged 45-54
(19 cases, 95% CI: -1-40) and 55-64 (17 cases, 95% CI: -1-34). Sex differences were only
observed among those reporting ≤5 hours of sleep, with 2 (95% CI: -5-8) and 12 (95% CI: 6-18)
excess stroke cases in men and women, respectively. Risk differences were also compared by
ethnicity, BMI, hypertension status, diabetes status, but no differences were detected.

3.5 Discussion
In this study based on a large, ethnically diverse population, we report a significant
association between sleep duration and incident stroke. Compared to participants reporting 7
hours of sleep per day, there was an elevated risk of stroke among participants reporting ≤5, 9,
and ≥10 hours of sleep, and this association appeared to follow a U- or J-shaped curve as
hypothesized. Our findings were consistent with previous studies, such as conclusions based on
the two EPIC studies discussed in section 3.1.3 [34, 35]. Estimates obtained from our study was
also similar to results from a meta-analysis of 18 studies, which found that both short and long
sleep duration was associated with a 13% and 40% elevation in stroke risk, respectively [184].
Another meta-analysis that examined stroke risk by hourly increments found that compared to 7
hours of sleep, there was a 5% increase in stroke risk per 1-hour reduction and 18% increase per
1-hour elevation in sleep duration [36]. In the Women’s Health Initiative study, a 14% and 70%
increase in ischemic stroke risk was observed for women reporting ≤6 and ≥9 hours, respectively
[170]. Interestingly, they also reported a 24% increase in stroke risk in participants reporting 8
hours of sleep, which we did not see in our study.
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We believe that our findings are biologically plausible based on known mechanisms
linking sleep with cardiovascular diseases. Currently, substantial evidence supports that the
mechanism involves hypertension as a mediating factor in the pathway [185, 186]. In Chapter 2,
it was discussed that poor sleep quality was associated with overactivity of the sympathetic
nervous system [119], increased intima-media thickness of the artery [121], increased artery
calcification [122], higher cortisol and cholesterol levels [123], decreased glucose tolerance
[124], and increased production of proinflammatory cytokines [125]. However, the sleep-stroke
relationship is probably more complex, as our study has found an association even after
adjustment for hypertension status. In addition, there are many observational studies that found
an independent association even after adjustment for blood pressure or hypertension status [35,
170, 172, 173]. This suggests that the association between sleep duration and stroke may be
independent of hypertension or possibly differences in measurement error. While self-reported
responses may be unreliable for ascertaining hypertension and stroke, it is likely that recall of
acute events, like stroke, would be better than recall of chronic conditions, such as hypertension.
Our findings suggesting excess sleep as a stronger risk factor than sleep deprivation has
been reported in previous reports (section 3.1.3). However, reasons for this observation are still
unknown. We propose several hypotheses that may explain these findings. It is possible that the
most likely reason for higher risk estimates in long sleepers is due to residual confounding by
unmeasured medical conditions, socioeconomic status, and health statuses associated with long
sleep. It is possible that long sleep is associated with a less healthy lifestyle, such as more time
being sedentary. Long sleep may also represent underlying medical conditions, such as
depression or psychosocial stress, which were either undiagnosed or unmeasured in previous
studies, including ours. In comparison, although sleep deprivation is also a risk factor for stroke,
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those reporting short sleep may have an overall healthier lifestyle. Shorter sleep also represents
longer time being active, which may be the result of a healthier work and social life. Due to this
complex relationship between sleep behaviors, cardiovascular disease, and subclinical disease,
we cannot rule out the possibility of reverse causality bias, where the sleep behaviors we
measured at baseline were a symptom, rather than a cause, of underlying cardiovascular disease.
We do note, however, that there have been previous reports showing an association between
sleep duration and stroke that remained even after adjustments for comorbidities and various
measures of health status [35, 170].
Our study did not find strong evidence of effect measure modification by age, sex,
ethnicity, BMI groups, hypertension status, or diabetes status. Small differences by age, sex, and
BMI were observed among participants reporting extreme short and long sleep, but these
differences were unlikely to be clinically relevant. We also found higher estimates in some strata
that were expected to have a low risk of stroke, such as being 45-54 years of age or having
normal BMI. We suspected that this finding was due to lower baseline risk associated with these
groups, which would inflate ratio measure estimates. However, analysis of risk differences
across age and BMI strata revealed that the number of excess stroke cases theoretically
attributable to these sleep categories was also higher in younger participants and in those with
normal BMI. Based on our literature review, there are a few reports that examined effect
modification by sex and ethnicity with regards to the association between sleep duration and
stroke. In the EPIC-Norfolk study, there was a 46% and 80% increase in stroke among male and
female participants, respectively [35]. In the Jichi Medical School Cohort study, short sleep was
associated with a 100% increased risk of incident stroke in men, but no association was found in
women [172]. In comparison, findings from two previous meta-analyses found no sex
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differences, much like findings from our study [19, 36]. The only previous study that examined
ethnic differences of the sleep-stroke relationship was the 2008-2010 REGARDS study, in which
short sleep duration increased stroke risk in white participants but not in African American
participants [173]. Among long sleepers, no associations were observed among black
participants, whereas long sleep was associated with a 71% increased risk of stroke among white
males.

3.5.1 Strengths and Limitations
This study was based on a large ethnically diverse population with an extensive
questionnaire, thereby allowing numerous confounding variables to be considered in the analysis.
The large population size allowed for various stratified analysis, which was crucial as this study
is one of the first to investigate the role of various stroke risk factors in modifying the sleepstroke relationship. This study also took a unique approach in estimating the association using a
combination of difference and ratio measures, which allowed us to consider the baseline risk
associated with various levels of stroke risk factors to better understand relationships.
Our study also comes with several limitations. The first limitation is that information on
sleep duration and covariates was self-reported at one point in time and that no objective
measurements to validate the responses were available. In literature, findings on the validity of
self-reported sleep measures compared to objective measures have been inconsistent. One report
found that self-reported measures overestimates actual physiological sleep [133], whereas other
studies concluded that subjective measurements are good estimates of objective sleep duration
[134, 135]. Also, sleep duration obtained in this study was not specific to nocturnal sleep and
reflect the number of hours over a 24-hour period, thus making our results difficult to compare
with the previous literature. Findings from the 2011 China Health and Retirement Longitudinal
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Study found a significant association between short sleep duration and the risk of stroke when
the total sleep duration was considered, but no association was found when looking at daytime
napping and nighttime sleep was considered alone [187].
Stroke status was also self-reported, and the validity of responses could not be confirmed.
This may have introduced a selection bias, in which participants may have been erroneously
classified to a stroke status, affecting our exclusion criteria. In the Australian Longitudinal Study
of Women’s Health, there was only a 0.35 and 0.56 agreement between self-reported stroke and
hospital-recorded stroke among elderly and middle-aged women, respectively [188]. However,
the questionnaire in this study also specified the type of stroke and stroke events within the past
three years, which may have introduced a degree of difficulty for participants to accurately recall
events. Another study that examined the validity of self-reported stroke in an ethnically diverse,
elderly adult population found that the sensitivity and specificity, verified by an MRI, was 32.4%
and 78.9%, respectively [189]. In addition, we were not able to distinguish between ischemic and
hemorrhagic stroke, nor new and recurrent strokes.
All categorical variables in this study were subject to misclassification bias. However, it
is unlikely that the misclassification of stroke status was related to sleep duration, and the
misclassification, if any, would be a non-differential misclassification. This type of
misclassification would bias the estimates of association toward the null, suggesting that the
estimates reported in this report are conservative.
Finally, we are unable to rule out any residual confounding by unmeasured variables. Our
study did not collect information on other sleep characteristics, such as sleep quality, sleep
disorders, and use of sleep medications. Other suspected confounding variables include family
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history of cardiovascular disease, history of depression or psychosocial stress, employment status,
and job types.

3.6 Conclusion
This study found that both extreme short and long sleep were associated with higher risk
of stroke in middle-aged and elderly adults in Hawai’i and L.A. Contrary to our hypothesis, this
association was not found to differ by age, sex, ethnicity, BMI, hypertension status, and diabetes
status. To date, there are very few reports that investigated the potential for these factors to
modify the sleep-stroke relationship. Findings from this study backed up the current public
health recommendation that 7 to 8 hours of sleep are associated with a lower risk of
cardiovascular disease. However, the number of cases theoretically attributed to short or long
sleep was small and the results may not appear to be clinically significant. This study also
revealed the complexity in the sleep-stroke relationship, as it was discovered that there was an
independent association regardless of hypertension status. This complexity warrants the need for
future studies to focus on not just independent sleep factors, such as sleep duration, snoring, or
insomnia, but to study sleep as a construct and develop new methods in characterizing sleep
health.
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Figure 4. Exclusion criteria to analyze the association between sleep duration and incident stroke
in the MEC, 1993–2012.
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Figure 5. Causal diagram representing the relationship between sleep duration, stroke, and confounding variables. Dotted lines
represent an association between factors and arrows represent causal direction.
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Table 11. Demographic characteristics of participants at the baseline questionnaire (Aim 2), MEC, 1993-1996.
Sleep Duration (Hours)

Number of Participants
Age (years)

All (n)

≤5

6

7

8

9

≥10

152,622

13,877 (9.1%)

37,918 (24.8%)

49,735 (32.6%)

38,254 (25.1%)

9,902 (6.5%)

2,936 (1.9%)

a

<0.0001

45-54

52,008

4,459 (8.5%)

13,812 (26.6%)

17,824 (34.3%)

12,136 (23.3%)

2,902 (5.6%)

55-64

51,769

4,762 (9.2%)

12,773 (24.7%)

16,928 (32.7%)

13,057 (25.2%)

3,270 (6.3%)

979 (1.9%)

≥65

48,845

4,656 (9.5%)

11,333 (23.2%)

14,983 (30.7%)

13,061 (26.7%)

3,730 (7.7%)

1,082 (2.2%)

875 (1.7%)

Sexa

<0.0001

Male

67,702

5,396 (8.0%)

16,838 (24.9%)

22,333 (33.0%)

17,265 (25.5%)

4,490 (6.6%)

1,380 (2.0%)

Female

84,920

8,481 (10.0%)

21,080 (24.8%)

27,402 (32.3%)

20,989 (24.7%)

5,412 (6.4%)

1,556 (1.8%)

Ethnicitya

<0.0001

White

39,923

1,981 (5.0%)

7,635 (19.1%)

14,139 (35.4%)

12,252 (30.7%)

3,279 (8.2%)

637 (1.6%)

African American

21,894

3,368 (15.4%)

5,781 (26.4%)

5,646 (25.8%)

4,975 (22.7%)

1,466 (6.7%)

658 (3.0%)

Native Hawaiian

11,153

1,486 (13.3%)

3,112 (27.9%)

3,186 (28.6%)

2,419 (21.7%)

678 (6.1%)

272 (2.4%)

Japanese American

47,329

3,903 (8.2%)

14,149 (29.9%)

16,930 (35.8%)

9,840 (20.8%)

2,023 (4.3%)

484 (1.0%)

Latino

32,323

3,139 (9.7%)

7,241 (22.4%)

9,834 (30.4%)

8,768 (27.1%)

2,456 (7.6%)

885 (2.8%)

Education

pe

a

<0.0001

≤12 years

61,731

7,044 (11.4%)

14,510 (23.5%)

18,119 (29.4%)

15,865 (25.7%)

4,517 (7.3%)

1,676 (2.7%)

13-15 years

46,330

3,961 (8.5%)

12,045 (26.0%)

15,192 (32.8%)

11,386 (24.6%)

2,953 (6.4%)

793 (1.7%)

≥16 years

44,049

2,799 (6.4%)

11,244 (25.5%)

16,287 (37.0%)

10,871 (24.7%)

2,400 (5.4%)

448 (1.0%)

512

73 (14.3%)

119 (23.2%)

137 (26.8%)

132 (25.8%)

32 (6.2%)

19 (3.7%)

Underweight

2,473

246 (9.9%)

657 (26.6%)

792 (32.0%)

577 (23.3%)

150 (6.1%)

51 (2.1%)

Normal

62,139

4,646 (7.5%)

15,243 (24.5%)

21,881 (35.2%)

15,695 (25.3%)

3,807 (6.1%)

867 (1.4%)

Overweight

58,523

5,333 (9.1%)

14,761 (25.2%)

18,772 (32.1%)

14,763 (25.2%)

3,788 (6.5%)

1,106 (1.9%)

Obese

29,487

3,652 (12.4%)

7,257 (24.6%)

8,290 (28.1%)

7,219 (24.5%)

2,157 (7.3%)

912 (3.1%)

Missing
2 a,c

BMI (kg/m )

<0.0001

Smoking statusa

<0.0001

Never

70,861

6,733 (9.5%)

17,926 (25.3%)

23,510 (33.2%)

17,343 (24.5%)

4,181 (5.9%)

1,168 (1.6%)

Yes, quit

59,060

4,866 (8.2%)

14,291 (24.2%)

19,282 (32.7%)

15,328 (26.0%)

4,143 (7.0%)

1,150 (1.9%)

Yes, current

22,701

2,278 (10.0%)

5,701 (25.1%)

6,943 (30.6%)

5,583 (24.6%)

1,578 (7.0%)

618 (2.7%)

73

Smoking pack-yearsb

9.6 ± 14.5

Alcohol consumption (g/day)

8.7 ± 13.9

9.2 ± 14.1

9.3 ± 14.2

9.9 ± 14.7

11.3 ± 15.9

11.9 ± 16.5

a

<0.0001

<3.05 (men), 0 (women)

83,352

8,325 (10.0%)

21,618 (25.9%)

26,413 (31.7%)

20,239 (24.3%)

5,085 (6.1%)

1,672 (2.0%)

≥3.05 (men), >0 (women)

64,249

4,793 (7.4%)

15,033 (23.4%)

22,017 (34.3%)

16,826 (26.2%)

4,492 (7.0%)

1,088 (1.7%)

5,021

759 (15.1%)

1,267 (25.2%)

1,305 (26.0%)

1,189 (23.7%)

325 (6.5%)

176 (3.5%)

Missing
Caffeine consumption (mg/day)

a

<0.0001

<100

75,322

7,223 (9.6%)

18,604 (24.7%)

24,216 (32.2%)

18,943 (25.1%)

4,858 (6.4%)

1,478 (2.0%)

100-<200

30,454

2,564 (8.4%)

7,329 (24.1%)

9,957 (32.7%)

7,934 (26.0%)

2,096 (6.9%)

574 (1.9%)

≥200

41,825

3,331 (7.9%)

10,718 (25.6%)

14,257 (34.1%)

10,188 (24.4%)

2,623 (6.3%)

708 (1.7%)

5,021

759 (15.1%)

1,267 (25.2%)

1,305 (26.0%)

1,189 (23.7%)

325 (6.5%)

176 (3.5%)

8-21

41,889

4,287 (10.2%)

11,125 (26.6%)

13,246 (31.6%)

9,736 (23.3%)

2,609 (6.2%)

886 (2.1%)

22-24

35,959

3,278 (9.1%)

9,001 (25.0%)

11,668 (32.5%)

8,982 (25.0%)

2,321 (6.4%)

709 (2.0%)

25-27

35,404

3,002 (8.5%)

8,583 (24.2%)

11,759 (33.2%)

9,097 (25.7%)

2,359 (6.7%)

604 (1.7%)

≥28

34,349

2,551 (7.4%)

7,942 (23.1%)

11,757 (34.2%)

9,250 (26.9%)

2,288 (6.7%)

561 (1.7%)

Missing

5,021

759 (15.1%)

1,267 (25.2%)

1,305 (26.0%)

1,189 (23.7%)

325 (6.5%)

176 (3.5%)

Missing
a

DASH score

<0.0001

a,d

Physical activity (MET-hours/day)

<0.0001

0.1-2.20 (men), 0.1-1.43 (women)

45,274

5,099 (11.3%)

11,390 (25.2%)

13,470 (29.7%)

11,082 (24.5%)

3,035 (6.7%)

1,198 (2.6%)

2.21-4.77 (men), 1.44-3.00 (women)

31,069

2,779 (8.9%)

8,035 (25.9%)

10,216 (32.9%)

7,566 (24.4%)

1,962 (6.3%)

511 (1.6%)

4.78-9.94 (men), 3.01-8.00 (women)

38,356

2,867 (7.5%)

9,498 (24.8%)

13,396 (34.9%)

9,600 (25.0%)

2,435 (6.3%)

560 (1.5%)

≥9.95 (men), ≥8.01 (women)

32,038

2,417 (7.5%)

7,579 (23.7%)

10,919 (34.1%)

8,475 (26.5%)

2,122 (6.6%)

526 (1.6%)

Missing

5,885

715 (12.1%)

1,416 (24.1%)

1,734 (29.5%)

1,531 (26.0%)

348 (5.9%)

141 (2.4%)

96,360

7,861 (8.2%)

23,650 (24.5%)

32,688 (33.9%)

24,486 (25.4%)

6,050 (6.3%)

1,625 (1.7%)

56,262

6,016 (10.7%)

14,268 (25.4%)

17,047 (30.3%)

13,768 (24.5%)

3,852 (6.8%)

1,311 (2.3%)

History of Hypertension
No
Yes
History of Diabetes

a

<0.0001

a

<0.0001

No

137,656

12,097 (8.8%)

34,300 (24.9%)

45,523 (33.1%)

34,539 (25.1%)

8,796 (6.4%)

2,401 (1.7%)

Yes

14,966

1,780 (11.9%)

3,618 (24.2%)

4,212 (28.1%)

3,715 (24.8%)

1,106 (7.4%)

535 (3.6%)

a

n (row %).
mean ± SD.
c
underweight (<18.5 kg/m2), normal weight (18.5–<25 kg/m2), overweight (25–30 kg/m2), and obese (≥30 kg/m2).
b
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d
e

METs for moderate and vigorous activity per day.
p values calculated by analysis of variance and χ2 test.
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Table 12. Estimated associations (risk ratios [RRs] and 95% confidence intervals [CIs]) between self-reported sleep duration and
incident stroke; overall model and stratified models by age, sex, ethnicity, BMI, history of hypertension, and history of diabetes.
Hours of Sleep
No. of events/No. of
participants

≤5

6

7

8

9

≥10

895/13,877

2,069/37,918

2,568/49,735

2,131/38,254

622/9,902

258/2,936

RR (95% CI)
Overall

a

8,543/152,622

1.13 (1.05-1.21)

1.03 (0.98-1.09)

1.00

1.02 (0.96-1.08)

1.09 (1.00-1.18)

1.39 (1.23-1.57)

Age Groupb
45-54

1,793/52,008

1.32 (1.13-1.54)

1.07 (0.95-1.21)

1.00

1.07 (0.94-1.22)

1.25 (1.03-1.52)

1.52 (1.16-1.99)

55-64

3,085/51,769

1.13 (1.00-1.28)

1.09 (0.99-1.19)

1.00

1.02 (0.93-1.12)

1.05 (0.91-1.22)

1.34 (1.08-1.65)

≥65

3,665/48,845

1.00 (0.89-1.12)

0.96 (0.88-1.04)

1.00

0.99 (0.91-1.07)

1.05 (0.93-1.18)

1.36 (1.14-1.63)

Male

4,111/67,702

1.02 (0.90-1.14)

1.02 (0.94-1.11)

1.00

1.02 (0.94-1.10)

1.06 (0.94-1.19)

1.35 (1.14-1.60)

Female

4,432/84,920

1.21 (1.10-1.33)

1.04 (0.96-1.13)

1.00

1.02 (0.94-1.10)

1.12 (0.99-1.26)

1.43 (1.20-1.70)

White

2,197/39,923

1.10 (0.92-1.32)

1.04 (0.92-1.16)

1.00

1.02 (0.92-1.13)

1.12 (0.96-1.29)

1.07 (0.80-1.43)

African American

1,496/21,894

1.09 (0.93-1.28)

1.02 (0.89-1.17)

1.00

0.98 (0.85-1.13)

0.98 (0.79-1.22)

1.57 (1.24-1.99)

Sexb

Ethnicityb

Native Hawaiian

657/11,153

1.03 (0.81-1.30)

0.93 (0.76-1.14)

1.00

1.00 (0.81-1.24)

1.25 (0.94-1.68)

1.51 (1.05-2.19)

Japanese American

2,559/47,329

1.16 (1.02-1.33)

0.99 (0.90-1.09)

1.00

0.96 (0.87-1.07)

1.00 (0.83-1.20)

1.21 (0.89-1.65)

Latino

1,634/32,323

1.16 (0.98-1.38)

1.18 (1.03-1.35)

1.00

1.13 (0.99-1.28)

1.15 (0.95-1.38)

1.56 (1.23-1.98)

2 b

BMI (kg/m )

Underweight

114/2,473

1.84 (0.98-3.44)

1.42 (0.85-2.37)

1.00

1.50 (0.89-2.53)

1.87 (0.88-3.96)

1.91 (0.68-5.37)

Normal

3,048/62,139

1.27 (1.12-1.44)

1.08 (0.98-1.18)

1.00

1.01 (0.92-1.10)

1.04 (0.90-1.21)

1.30 (1.02-1.66)

Overweight

3,401/58,523

1.07 (0.95-1.21)

1.00 (0.92-1.10)

1.00

1.02 (0.94-1.11)

1.04 (0.91-1.19)

1.37 (1.12-1.67)

Obese
History of
Hypertensionb
No

1,980/29,487

1.02 (0.88-1.18)

0.99 (0.87-1.11)

1.00

1.00 (0.89-1.13)

1.19 (1.01-1.40)

1.44 (1.17-1.77)

4,087/96,360

1.17 (1.05-1.31)

1.03 (0.95-1.12)

1.00

1.03 (0.95-1.11)

1.11 (0.98-1.26)

1.42 (1.17-1.72)

4,456/56,262

1.09 (0.98-1.20)

1.03 (0.95-1.11)

1.00

1.01 (0.94-1.09)

1.07 (0.96-1.20)

1.37 (1.17-1.60)

Yes
History of Diabetes

b
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No

7,045/137,656

1.12 (1.03-1.22)

1.05 (0.99-1.12)

1.00

1.05 (0.99-1.11)

1.08 (0.98-1.19)

1.42 (1.23-1.64)

Yes

1,498/14,966

1.11 (0.94-1.30)

0.92 (0.80-1.05)

1.00

0.89 (0.77-1.02)

1.10 (0.91-1.33)

1.28 (1.01-1.61)

a

adjusted for age at cohort entry, sex, ethnicity, education level, BMI, smoking status, smoking pack-years, alcohol consumption,
caffeine consumption, physical activity, DASH score, history of hypertension, and history of diabetes.
b
adjusted for all other variables.
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Table 13. Estimated associations (risk differences [RDs] and 95% confidence intervals [CIs]) between self-reported sleep duration and
incident stroke; overall model and stratified models by age, sex, ethnicity, BMI, history of hypertension, and history of diabetes.
Hours of Sleep
≤5
6
7 (ref)
8
9
≥10
RD (95% CI)a
Total Population
Fully adjustedb
Age Groupc
45-54
55-64
≥65
Sexc
Male
Female
Ethnicityc
White
African American
Native Hawaiian
Japanese American
Latino
BMIc
Underweight
Normal
Overweight
Obese
History of Hypertensionc
No
Yes
History of Diabetesc
No
Yes

8 (3, 13)

2 (-1, 5)

0

2 (-1, 6)

6 (0, 11)

23 (12, 35)

12 (3, 21)
7 (0, 15)
0 (-9, 9)

2 (-4, 8)
6 (1, 11)
-3 (-9, 4)

0
0
0

3 (-3, 8)
3 (-2, 8)
-1 (-7, 5)

9 (-2, 19)
3 (-6, 11)
2 (-7, 12)

19 (-1, 40)
17 (-1, 34)
31 (12, 50)

2 (-5, 8)
12 (6, 18)

2 (-2, 6)
2 (-2, 6)

0
0

2 (-2, 6)
2 (-2, 6)

3 (-4, 11)
7 (0, 14)

30 (10, 40)
22 (8, 36)

6 (-5, 17)
4 (-1, 15)
1 (-23, 24)
13 (5, 21)
5 (-7, 18)

1 (-5, 7)
-1 (-10, 7)
-4 (-22, 14)
1 (-3, 5)
8 (-1, 17)

0
0
0
0
0

1 (-4, 6)
3 (-6, 11)
0 (-20, 19)
0 (-5, 5)
6 (-2, 15)

8 (-1, 16)
-2 (-15, 11)
14 (-16, 45)
1 (-8, 11)
7 (-6, 20)

5 (-14, 24)
38 (14, 62)
34 (-14, 81)
11 (-13, 35)
26 (3, 48)

23 (-36, 81)
14 (6, 22)
5 (-5, 14)
2 (-10, 13)

13 (-28, 54)
3 (-1, 8)
0 (-6, 7)
2 (-7, 10)

0
0
0
0

16 (-27, 60)
1 (-3, 5)
2 (-4, 9)
1 (-8, 10)

27 (-40, 94)
4 (-3, 11)
2 (-9, 13)
13 (-1, 28)

33 (-81, 146)
18 (1, 35)
21 (1, 42)
31 (8, 54)

8 (1, 14)
9 (1, 17)

2 (-2, 6)
4 (-2, 10)

0
0

2 (-2, 6)
2 (-4, 8)

5 (-2, 12)
6 (-3, 15)

18 (4, 32)
34 (16, 51)

7 (2, 13)
16 (-2, 33)

3 (-1, 6)
-8 (-20, 5)

0
0

3 (-1, 7)
-8 (-21, 4)

5 (-1, 11)
11 (-10, 31)

22 (10, 34)
31 (1, 61)
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a

excess number of incident stroke cases (per 1,000 individuals) associated with sleep categories compared to the referent 7-hour group.
adjusted for age, sex, ethnicity, education, smoking status, BMI, smoking pack-years, alcohol consumption, DASH score, physical
activity, history of hypertension, and history of diabetes.
c
adjusted for all other variables.
b
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CHAPTER 4: ASSOCIATION BETWEEN SLEEP DURATION, ALL-CAUSE,
CARDIOVASULCAR, AND STROKE MORTALITY IN THE MULTIETHNIC
COHORT (MEC)

4.1 Introduction
In the past 20 years, sleep habits and patterns, particularly sleep duration, have been
gaining attention as important modifiable risk factors for early mortality. There have been
numerous reports suggesting that sleep duration shorter or longer than the recommended 7 to 8
hours of sleep per night has been associated with a higher risk of all-cause, cardiovascular, stroke,
and cancer mortality [29, 40, 41, 190-204]. In the National Institutes of Health (NIH)-AARP
Diet and Health Study, extreme short (<5 hours) and long sleep (≥9 hours) was found to increase
the risk of death by 16% and 11%, respectively [40]. Similarly, a 25% increase in cardiovascular
mortality risk was seen among short sleepers [40]. In a previous MEC study, the hazard ratios
(HRs) of all-cause mortality, with 7 hours as the reference, were 1.15 (95% CI: 1.06-1.23), 1.04
(0.99-1.10), 1.07 (1.01-1.12), and 1.19 (1.12-1.17), for those reporting ≤5, 6, 8 and ≥9 hours of
sleep, respectively [29]. This study also found similar associations for cardiovascular and stroke
mortality [29]. Although this U- or J-shaped association between sleep duration and mortality is
found commonly in reports, there are also a few studies that have only found an association only
among short or long sleep [196, 205, 206].
Although findings have been inconsistent, the association between sleep duration and
mortality is also believed to differ by various factors such as age [200, 207], sex [41, 196, 207,
208], ethnicity [29], and BMI [29, 40, 207]. In the Asia Cohort Consortium (1984-2002) study
compiling results from nine prospective studies in Asia, the risk of all-cause and cardiovascular
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mortality among male participants was found to be higher in the younger age group (<65 years),
compared to the older group (≥65 years), while no differences by age was observed in females
[207]. The investigators also noted that among male participants, the risk of mortality was higher
in those with lower BMI (<25 kg/m2). Sex differences in the risk of mortality was observed in
the Shizuoka study of elderly participants, where men reporting over 10 hours of sleep was at an
86% increased risk of all-cause mortality, while women in the same sleep category experienced a
127% increased risk [208]. Ethnic differences of the sleep-mortality relationship was examined
in a previous MEC report, and while there appeared to be small differences across ethnicity, the
authors concluded that there were no differences [29].

4.2 Objectives
The primary objective of this study was to estimate the association between self-reported
sleep duration and mortality in the MEC study population. Consistent with previous findings, it
was expected for both short and long sleepers to be at increased risk of mortality, compared to
those reporting recommended sleep hours. In addition, this study aimed to investigate differences
in this association by age, sex, ethnicity, BMI, hypertension status, and diabetes status. Joint
associations of sleep duration and BMI were examined by comparing various sleep-BMI
combinations to those reporting 7 hours of sleep and having normal BMI. It was hypothesized
that combinations of obesity with short and long sleep would be associated with increased risk of
mortality. Joint associations of sleep duration and hypertension and diabetes were also examined.
The secondary objective of this study was to conduct an analysis specific to
cardiovascular and stroke mortality. Stratified and joint analyses were also conducted for these
outcomes.
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4.3 Methods

4.3.1 Study Population
The description and recruitment strategy of the MEC was described in section 1.3. This
study used population characteristics data from questionnaire 1 (1993–1996). Participants were
excluded from analysis if they were not part of the five main ethnic groups under study or were
missing information on sleep duration, height or weight, or smoking pack-years. Finally,
participants were excluded if they reported a history of stroke or cancer at baseline. The final
study sample to analyze the association between sleep duration and prevalent hypertension was
128,629 participants (Figure 6).

4.3.2 Exposure variable – Sleep duration
Information on sleep duration was obtained from the following question in the baseline
MEC questionnaire: “On average, during the last year, how many hours in a day did you sleep
(including naps)?”. Participants were given six response categories: ≤5, 6, 7, 8, 9, or ≥10 hours
and the reference group was 7 hours of sleep to be consistent with many of the literature
reviewed for this study. Hourly categorization of sleep was chosen as the primary analysis
method as it was more common in previous literature [40, 191, 195, 196, 200, 203, 206, 207].

4.3.3 Outcome variable – Mortality
Identification of the survival status and cause of death were obtained by record linkage of
the MEC database with Vital Records in Hawaii and California (Kolonel et al., 2000) until 2016.
Causes of death were coded according to the International Classification of Disease, Ninth
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Revision (ICD-9) and Tenth Revision (ICD-10). The ICD codes for cardiovascular disease and
stroke are shown on Table 14.

Table 14. ICD-9 and ICD-10 coding assignments and the number of death cases for causespecific mortality among 128,629 participants in the MEC, 1993-2016.
ICD Code
Death
Cause of death
ICD-9
ICD-10
Cases
Proportion (%)
All-cause
53,052
Cardiovascular disease
24,965 47.1
Coronary Heart
Diseasea
410-414, 429
I20-I25
12,063 22.7
Stroke
430-438
I60-I69
4,856
9.2
Cardiomyopathy
425
I42
865
1.6
Cardiac Arrest
427
I46
751
1.4
Hypertensive Heart
Disease
402-404
I11-13
1,367
2.6
Hypertension
401-405
I10, I12
759
1.4
Congestive Heart
Failure
428
I50
1,599
3.0
Aortic Aneurysm
441
I71
362
0.7
I05-I09, I26394-398, 410I28, I30-I52,
All other major CVD 429, 440-447
I70-I79
2,343
4.4
a
myocardial infarction and ischemic heart disease

4.3.4 Potential confounders
Potential confounders were selected a priori based on their known association with sleep
duration and mortality. Briefly, a variable is a potential confounder if 1) it is associated with the
exposure, 2) it is not an effect of the exposure as it relates to the disease, and 3) it is associated
with and predictive of the disease, but not predicted by the disease [92]. The potential
confounders considered were age at cohort entry (45-54, 55-64, ≥65 years), sex (male/female),
ethnicity (White, African American, Native Hawaiian, Japanese American, and Latino),
education level (≤12, 13–15, ≥16 years, missing), marital status (married, not married, missing),
BMI (underweight <18.5 kg/m2, normal weight 18.5–<25 kg/m2, overweight 25–30 kg/m2, and
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obese ≥30 kg/m2), smoking status (never, past, current smoker, missing), smoking pack-years,
alcohol consumption (below median and above or equal to median: men is <2.32 g/day and
≥2.32 g/day, women is 0 g/day and >0 g/day), caffeine consumption (<100, 100–<200, ≥200
mg/day), physical activity (quartiles: 0.1-1.97, 1.98-4.77, 4.78-8.86, ≥8.87 MET-hours in men;
0.1-1.43, 1.44-2.86, 2.87-6.40, ≥6.41 MET-hours in women), DASH dietary score (quartiles; 821, 22-24, 25-27, ≥28), history of high blood pressure (yes/no) and history of diabetes (yes/no).
Table 15 shows the sections in this dissertation that describes the evidence of association
of the potential confounder with the main study variables. All variables labeled with section
4.3.4 are discussed in this section, otherwise, it was discussed in a previous section in this
dissertation.

Table 15. List of literature showing evidence of the association between the potential
confounders and sleep/mortality.
Sleep
Mortality
Variable
Age
Section 1.1.1 [4]
Section 4.3.4 [55]
Section 2.3.4 [93]
Sex
Section 1.1.1 [4]
Section 4.3.4 [55]
Section 2.3.4 [94]
Ethnicity
Section 1.1.1 [4]
Section 4.3.4 [54]
Section 2.3.4 [29, 95, 96]
Education Level
Section 2.3.4 [29, 97]
Section 4.3.4 [209]
Marital status
Section 4.3.4 [210, 211]
Section 4.3.4 [212, 213]
BMI
Section 1.2 [16, 19-24, 99]
Section 4.3.4 [214]
Smoking
Section 2.3.4 [79, 80]
Section 4.3.4 [214]
Alcohol consumption
Section 2.3.4 [100, 101]
Section 4.3.4 [214]
Caffeine consumption
Section 2.3.4 [102, 103]
Section 4.3.4 [215, 216]
Dietary Score (DASH)
Section 2.3.4 [105-107]
Section 4.3.4 [217, 218]
Physical activity
Section 2.3.4 [109-112]
Section 4.3.4 [214, 219, 220]
History of Hypertension
Section 2.1.3 [31-33, 82]
Section 4.3.4 [214]
History of Diabetes
Section 1.2 [14, 17-19]
Section 4.3.4 [214]
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Although the global average life expectancy has been increasing over the years, age is
still one of the most important risk factors for mortality [55]. Mortality risk is also known to
differ by sex. According to the 2017 National Vital Statistics Reports, the age-adjusted death rate
for males was 1.4 times that of females [55]. Significant differences in death rates are also seen
across different ethnic groups. According to the CDC, the age-adjusted death rates (per 100,000)
in 2019 were 561.2, 383.5, 843.6, and 717.3 for American Indian/Alaska Native, Asian/Pacific
Islander, Black/African American, and White individuals, respectively [54].
Education level was used as a proxy measure for an individual’s socioeconomic status. In
a previous Chinese study, education level was found to be inversely associated with the risk of
mortality [209]. Marital status was also a potential confounder in this study, and in general, being
married was protective against mortality risk, compared to being single or divorced [212, 213].
The exact nature of the relationship between marital status and sleep is inconsistent [210, 211],
and there are also reports suggesting that the quality of the marriage and its associated happiness
may confound this association [221].
Obesity is a well-established risk factor for mortality and in 2017, obesity was ranked the
5th leading risk factor for death, accounting for approximately 4.7 million deaths globally [214].
In this study, BMI categories were defined as normal weight (<25 kg/m2), overweight (25–30
kg/m2), and obese (≥30 kg/m2) based on the CDC definitions [222]. Due to the small number of
underweight participants (<18.5-25 kg/m2), this group was combined with the normal BMI group.
Related to the BMI-mortality relationship, the lack of physical activity is also a risk factor for
mortality [214]. In an interventional study conducted in England, participation in at least three
sessions of moderate-to-vigorous physical activity (MVPA) per week was associated with a 39%
decreased risk of death due to cardiovascular disease [220]. A similar association was seen in the
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NHIS study, in which participants who adhered to the 2008 Adult Physical Activity Guidelines
had a 35% reduction in risk of overall death [219]. In this study, physical activity was measured
using metabolic equivalent of tasks (METs) of MVPA per week. Briefly, the MET is a ratio
measure of the energy cost associated with the activity in comparison to the resting metabolic
rate (sitting quietly). Compared to one MET, equivalent to sitting still, a brisk walk, bicycling,
and jogging have scores of 3, 5.5, and 7, respectively. In this study, MET-hours of MVPA per
day was divided into sex-specific quartiles for analysis.
Smoking and alcohol use are two behavioral risk factors that significantly contribute to
the incidence of various diseases and mortality. In 2017, smoking was the second highest risk
factor attributed to death, accounting for approximately 7.1 million deaths globally [214]. In that
same year, alcohol use accounted for approximately 2.8 million deaths [214]. Smoking status in
this study was measured using the following categories: never smoker, past smoker, and current
smoker. To minimize residual confounding, smoking pack-years was also introduced to the
model. Alcohol consumption was categorized based on sex-specific medians.
Previous reports suggested an inverse relationship between caffeine consumption and
mortality. In a 10-year review of the NHANES data, compared to those who did not consume
coffee, there was a 43%, 50%, and 61% decrease in the risk for mortality among women who
consumed <100 mg, 100–<200 mg, and ≥200 mg of caffeine per day, respectively [215].
Interestingly, caffeine consumption was not associated with mortality in men. In another study
with similar design and caffeine categories, participants consuming 100-<200 mg/day and ≥200
mg were found to have the lowest risk of mortality [216]. Caffeine consumption was categorized
into the following categories: <100 mg, 100–<200 mg, and ≥200 mg.
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In this study, adherence to the DASH diet was used as a measure of diet quality to be
consistent with Chapters 2 and 3. Adherence to the DASH diet is known to be protective against
mortality. In the EPIC-Norfolk study, compared to those with the least adherence to the DASH
diet, there were incremental protective effects against total and CVD mortality in all groups that
had higher adherence scores [218]. Similar incremental protective effects of the DASH diet were
also seen in the Women’s Health Initiative participants [217].
Finally, the models in this study were also adjusted for baseline histories of high blood
pressure and diabetes for their known association with sleep duration and mortality [214].
Based on the known associations between sleep duration, mortality, and confounding
variables, the following causal diagram was proposed (Figure 7).

4.3.5 Statistical analysis
Descriptive parameters of the population characteristics were shown as means and
standard deviations for continuous variables and proportions for categorical variables. A oneway analysis of variance (ANOVA) was used to test differences in the means of baseline
continuous variables across categories of sleep duration. For categorical variables, the χ2 test was
performed to compare distributions of baseline variables across categories of sleep duration.
Person-years for each subject were calculated by taking the difference between the date
of cohort entry and the date of death or the end of the study (December 31, 2016), whichever
occurred first. Hazard ratios (HRs) and 95% confidence intervals (CIs) for all-cause,
cardiovascular, and stroke mortality in association to sleep duration were estimated using Cox’s
proportional hazards model with age as the time metric and 7 hours of sleep as the reference
category.
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The overall model was adjusted for all potential confounders. Effect measure
modification was evaluated by performing analyses stratified by age, sex, ethnicity, BMI,
hypertension status, and diabetes status. To evaluate the synergistic effect of sleep duration and
BMI, combined categories for six sleep categories and three BMI categories were created and
estimates were obtained setting participants with 7 hours of sleep and normal BMI as the
reference group. Joint associations of sleep duration with hypertension and diabetes on the risk
of mortality was investigated by setting participants reporting 7 hours of sleep and no history of
hypertension or diabetes as the reference group.
A sensitivity analysis was conducted by excluding death cases occurring in the first 3
years after cohort entry. Statistical significance was determined a priori as p < 0.05. All analyses
were conducted using SAS 9.4 (SAS Institute, Cary, NC), using the ‘PHREG’ procedure to run
the Cox’s proportional hazards model.

4.4 Results
4.4.1 Demographics
The majority of participants (82%) reported 6-8 hours of sleep per day (Table 16). The
ethnic distribution in the study sample was 25.6% white, 14.8% African American, 7.1% Native
Hawaiian, 29.5% Japanese American, and 23.0% Latino. African American participants were
more likely to report ≤5 hours (16.1%), while white participants were the least likely (5.4%).
African American participants were also more likely to report ≥10 hours (3.6%) of sleep, while
Japanese American (1.1%) and white (1.8%) participants were the least likely. White participants
were more likely to report 7 and 8 hours of sleep, while African American and Native Hawaiian
participants were the least likely.
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The likelihood of reporting extreme sleep (≤5 and ≥ 10 hours) increased with age and
BMI, and decreased with education level, alcohol and caffeine consumption, dietary score, and
physical activity (Table 16). The proportion of participants in each sleep category was similar
across sex. Compared to participants who were married, those who were not married at the
baseline questionnaire were more likely to report extreme short sleep. Consumption of cigarettes
increased with sleep duration, and this was consistent with higher proportions of current smokers,
compared to never and past smokers, in the 9 and ≥10-hour sleep groups. Participants with a
history of hypertension or diabetes were more likely to report extreme sleep compared to those
who did not report these conditions.

4.4.2 Total Mortality
During a mean of 19.9 years of follow-up, 53,052 deaths occurred among the final study
sample of 128,629 participants. The association between sleep duration and all-cause mortality
was J-shaped, and an increased mortality risk was observed among participants reporting ≤5
(HR: 1.12, 95% CI: 1.09-1.16), 9 (HR: 1.13, 95% CI: 1.09-1.17), and ≥10 hours of sleep (HR:
1.39, 95% CI: 1.32-1.46) (Table 17). Stratified analyses by age indicated higher HRs among
participants aged 45-54 years, compared to those aged 55-64 or ≥65 years, in the ≤5 (HR: 1.25,
95% CI: 1.16-1.36), 9 (HR: 1.29, 95% CI: 1.17-1.43), and 10-hour (HR: 1.55, 95% CI: 1.351.77) sleep groups (Table 17). There were small differences in the ethnic-specific analyses,
although no clear patterns were observed. Among participants reporting ≥10 hours of sleep,
Japanese Americans had a much higher HR (HR: 1.68, 95% CI: 1.48-1.90) compared to other
ethnic groups. BMI-specific analyses indicated that among participants reporting ≤5 hours of
sleep, mortality risk was higher in those with normal BMI (HR: 1.22, 95% CI: 1.16-1.28),
compared to those who were overweight (HR: 1.09, 95% CI: 1.03-1.14) or obese (HR: 1.08, 95%
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CI: 1.02-1.15). Among participants reporting ≥10 hours, mortality risk was lower in obese
participants (HR: 1.28, 95% CI: 1.17-1.40) compared to participants with normal BMI (HR: 1.46,
95% CI: 1.33-1.60), were underweight (HR: 1.51, 95% CI: 1.11-2.06) or were overweight (HR:
1.39, 95% CI: 1.28-1.52). Differences by sex, hypertension status, and diabetes status were not
observed.

4.4.3 Cardiovascular and stroke mortality
There were 24,965 deaths due to cardiovascular disease in this study. There was a Jshaped association between sleep duration and cardiovascular mortality, with increased risk
among participants reporting ≤5 (HR: 1.14, 95% CI: 1.10-1.20), 9 (HR: 1.13, 95% CI: 1.08-1.19),
and ≥10 hours of sleep (HR: 1.42, 95% CI: 1.32-1.53) (Table 18). Results from stratified
analyses revealed similar trends to that of total mortality, where small differences by age,
ethnicity and BMI were observed. In an age-stratified analysis, participants aged 45-54 years was
at a 33% increased risk (95% CI: 1.18-1.50) of cardiovascular mortality if they reported ≤5 hours
of sleep, whereas only a 10% increase in mortality risk was observed among participants aged
55-64 and ≥65 years. In those reporting ≥10 hours of sleep, the HRs for those aged 45-54, 55-64,
and ≥65 years were 1.72 (95% CI: 1.42-2.09), 1.31 (95% CI: 1.15-1.50), and 1.39 (95% CI: 1.261.53), respectively.
There were 4,856 deaths due to stroke in this study. The elevated risk of stroke mortality
associated with ≥10 hours of sleep was higher (HR: 1.53, 95% CI: 1.30-1.81) compared to allcause (HR: 1.39, 95% CI: 1.32-1.46) or cardiovascular mortality (HR: 1.42, 95% CI: 1.32-1.53)
(Table 19). Stratified analyses did not reveal any differences across different levels of age, sex,
ethnicity, BMI, hypertension status, or diabetes status.
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4.4.4 Sensitivity Analysis
In a sensitivity analysis that excluded deaths occurring in the first 3 years from cohort
entry, the association between sleep duration and all-cause, cardiovascular, and stroke mortality
did not change (Table 20).

4.4.5 Joint association of sleep and BMI, hypertension, and diabetes
In an analysis that examined the combined association of sleep duration and BMI, the
highest mortality risk was associated with underweight participants reporting ≥10 hours of sleep
(HR: 2.97, 95% CI: 2.25-3.91) (Table 21). Estimates among those underweight were consistently
higher than other BMI groups in corresponding sleep categories. Combinations of being obese
and reporting ≤5 (HR: 1.34, 95% CI: 1.27-1.42), 9 (HR: 1.38, 95% CI: 1.29-1.47), or ≥10 hours
(HR: 1.59, 95% CI: 1.45-1.73) of sleep was also associated with elevated risk of mortality.
Similar synergistic associations were observed for cardiovascular and stroke mortality.
Compared to participants reporting 7 hours of sleep and without a history of hypertension
at baseline, those reporting ≤5, 9, and 10 hours of sleep and reporting a history of hypertension
were at 60% (95% CI: 1.53-1.67), 57% (95% CI: 1.50-1.65), and 92% (95% CI: 1.79-2.06)
increased risk of mortality, respectively (Table 22). Compared to the reference group, those
reporting ≥10 hours of sleep and having no history of hypertension was at a 43% (95% CI: 1.331.54) increased risk of mortality. Similar synergistic associations were observed for
cardiovascular and stroke mortality.
Compared to participants reporting 7 hours of sleep and without a history of diabetes at
baseline, those with a history of diabetes had a greater than 100% higher risk of mortality,
regardless of sleep duration (Table 23). The strongest associations were observed among diabetic
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participants who reported ≤5 (HR: 2.24, 95% CI: 2.12-2.38), 9 (HR: 2.04, 1.94-2.13), and ≥10
hours (HR: 2.81, 95% CI: 2.56-3.07) of sleep. Even among participants without diabetes, ≥10
hours of sleep were associated with a 40% increased risk of mortality (95% CI: 1.32-1.48). The
synergistic association between sleep and diabetes was similar for cardiovascular and stroke
mortality.

4.5 Discussion
In this study based on a large, ethnically diverse population, a higher risk of death in
participants who reported extreme short and long sleep was detected. In addition, the J-shaped
association was seen consistently across age, sex, and ethnicity. While we expected to see
differences by BMI categories, hypertension status, and diabetes status, findings were consistent
across the subgroups. Findings from this study agrees with previous reports. In the Japan Public
Health Center (JPHC) prospective study with similar follow-up duration as this study, ≤5, 8, 9,
and ≥10 hours of sleep, compared to 7 hours, was associated with a higher risk of mortality [207].
Among male participants, mortality risk associated with ≤5, 8, 9, and ≥10 hours of sleep were
1.15 (95% CI: 1.07-1.23), 1.06 (95% CI: 1.03-1.10), 1.13 (95% CI: 1.07-1.20), and 1.34 (95%
CI: 1.26-1.44), respectively, while HRs among women were 1.07 (95% CI: 1.07-1.15), 1.07
(95% CI: 1.02-1.12), 1.17 (95% CI: 1.09-1.25), and 1.48 (95% CI: 1.36-1.61). Their findings on
cardiovascular mortality were similar to ours as well. Our results were also consistent with
findings from a Shanghai cohort study, in which the HRs associated with all-cause mortality
were 1.11 (95% CI: 1.00-1.23), 1.15 (95% CI: 1.05-1.26), 1.34 (95% CI: 1.17-1.54), and 1.81
(95% CI: 1.59-2.06) in participants reporting ≤5, 8, 9, and ≥10 hours of sleep, respectively [41].
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The causal mechanism between sleep and mortality is understudied and unknown.
However, our findings are biologically plausible, as there is evidence suggesting that deviations
from recommended sleep duration increases the activity of the sympathetic nervous system,
increase secretions of proinflammatory cytokines, and disrupts other metabolic and endocrine
functions that can result in higher mortality risk [121, 124, 185, 199, 223]. Like many previous
studies, we found that long sleep was associated with a higher risk of mortality than short sleep
[29, 41, 192, 200, 207]. Although our study was not able to uncover the reasons for this disparity,
we offer several hypotheses. First, it is possible there is a true, causal association between long
sleep and mortality that is different from mechanisms linking short sleep with mortality. Another
possibility is that findings on long sleep so far are confounded. As long sleep is often associated
with fatigue and lethargy, which are indicators for poor physical health. These individuals may
have functional limitations due to chronic disease and may live more sedentary lifestyles, often
inactive in bed. In addition, this extended time in bed may be misreported as physiological sleep.
In contrast, short sleep may be representative of a healthier, more active lifestyle. Therefore, the
disparities in mortality risk may be partially explained by lifestyle factors and the presence of
subclinical disease associated with sleep behaviors.
Although our findings are consistent with previous studies, we are unable to rule out the
presence of residual confounding. There were sleep factors unmeasured in this study, such as the
presence of obstructive sleep apnea and sleep fragmentation, as well as the use of sleep
medications and hypnotics, which are known risk factors for mortality [168, 201, 224-226].
There are only a few reports that found an independent association between sleep duration and
mortality after adjusting for some of these factors [195, 203]. Our findings could have also been
confounded by physical and psychosocial health status, as previous reports have found stronger
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sleep-mortality associations among individuals with poor health or reporting numerous medical
conditions [40, 190, 205, 227]. In contrast, other reports have indicated an independent
association between sleep duration and mortality even after accounting for health indices and
pre-existing conditions [41, 192, 204].
In this study, the association between sleep duration and mortality was slightly higher in
participants aged 45-54 years, compared to those who were older. Using a cut-off of 50 years,
the JPHC study found similar results, in which the HRs associated with ≤5 and ≥10 hours of
sleep among younger men were 1.59 (95% CI: 1.21-2.09) and 1.95 (95% CI: 1.41-1.59),
respectively, while the HRs among older men for the corresponding sleep categories were 1.41
(95% CI: 1.15-1.72) and 1.61 (95% CI: 1.38-1.87) [200]. Our study also found similar trends of
higher risk estimates in the youngest group for cardiovascular and stroke mortality, but the JPHC
study did not find clear differences by age.
In our study, we did not find any differences in all-cause and cardiovascular mortality by
sex. In a previous study conducted in Shanghai, the risk of all-cause and cardiovascular mortality
was similar across sex, except in those reporting ≥10 hours of sleep, where higher estimates were
seen in women (all-cause: HR – 2.11, 95% CI: 1.77-2.52; CVD: HR – 2.64, 95% CI: 1.99-3.52)
compared to men (all-cause: HR – 1.55, 95% CI: 1.29-1.86; CVD: HR – 1.58, 95% CI: 1.142.18) [41]. In comparison, several studies have concluded no differences across sex [29, 191, 193,
200].
Our study is unique in that it is one of the only studies to assess ethnic differences of the
sleep-mortality relationship. We found a consistent J-shaped association between sleep duration
and mortality across ethnic groups. The only study that investigated ethnic differences was a
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previous MEC study that looked at data between 1993 and 2007 and found that ethnicity was not
an effect modifier (p-interaction = 0.34) [29].
We investigated the role of obesity in the sleep-mortality relationship by examining
differences across BMI groups and by assessing the combined effect of sleep and BMI. Our
stratified analyses indicated that, except for extreme long sleepers, the association between sleep
duration and mortality was consistently higher among those with normal BMI, which was could
have been likely due to the lower baseline risk of mortality in this group. Our results were
consistent with the JPHC study that found higher risks of mortality in those with BMI <25 kg/m 2,
compared to those ≥25kg/m2 [200]. We also investigated the potential synergistic effect of sleep
duration and obesity and found that obese participants reporting extreme short and long sleep
was at a much higher risk for mortality, compared to participants with normal BMI and 7 hours
of sleep. Our findings also agreed with the NIH-AARP study, where participants reporting <7
hours of sleep and had BMI ≥25 kg/m2 were at highest risk of all-cause (HR: 1.11, 95% CI: 1.081.15) and cardiovascular mortality (HR: 1.33, 95% CI: 1.26-1.40), compared to participants who
reported 7-8 hours of sleep and had BMI under 25 kg/m2 [40]. Although we reported strong
associations among underweight participants, we hesitate to make conclusive remarks because
the number of participants in this group was relatively small. In addition, we also cannot rule out
that these participants do not have prevalent disease which was not adequately accounted for in
our analysis.
In this study, we reported a synergistic effect of poor sleep and hypertension on mortality
risk. Among all sleep and hypertension combinations, those with hypertension and reporting
extreme short or long sleep were at highest risk of mortality. We believe that our study is one of
the first to investigate the combined effects of sleep and hypertension on mortality. The only
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similar study we found is a study based on the Penn State Adult Cohort, which found that sleep
duration modified the association between cardiometabolic risk factors and mortality [228].
However, this study looked a variety of cardiometabolic risk factors, such as diabetes, alcohol
consumption, and depression and did not report any interactions between sleep duration and
hypertension alone. Our findings on the joint effects of sleep duration and diabetes were
consistent with previous reports [229]. In a previous NHIS study, participants with diabetes and
reporting ≥10 hours of sleep were at a 117% increased risk (95% CI: 1.72-2.73) of mortality
compared to participants with no diabetes and reporting 7 hours of sleep [230]. Similar to our
findings, the next highest estimates were observed among participants with diabetes and
reporting ≤5 and 9 hours of sleep. There is also a report using the UK Biobank found that the
presence of both diabetes and frequent sleep disturbances was associated with greater risk of allcause mortality than either condition alone [231].

4.5.1 Strengths and Limitations
This study was based on a large ethnically diverse population with a mean follow-up time
much longer than many previous studies [29, 40, 41, 190, 192, 193, 202, 203, 205]. The large
sample size allowed for subgroup analyses, which was important in investigating the potential
disparities of the sleep-mortality relationship. These subgroup analyses add to the uniqueness of
our study, as it is rarely seen in sleep literature. This study also adjusted for a wide range of
covariates that were associated with sleep duration and mortality. Sleep duration information was
collected prior to any death events, minimizing recall bias. Additional analysis excluding early
cases was also conducted because any effect that sleep may have on mortality risk, if any, would
not have occurred immediately, which would increase the likelihood of early deaths being
explained by other unadjusted factors.
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This study also comes with several limitations. The first limitation is that information on
sleep duration was self-reported at one point in time only. Previous papers have reported
inconsistent findings on the correlation between subjective and objective sleep measurements
[133-135]. Due to the nature of the sleep question in the questionnaire, it was not possible to
discern whether participants were reporting nocturnal sleep or total sleep duration over a 24-hour
period. Next, there is a possibility of misdiagnosis of deaths due to cardiovascular and stroke
causes. However, it is unlikely for this misclassification to differentially be related to sleep
information. In the case of non-differential misclassification of a dichotomous outcome, the
association would bias toward the null, suggesting that the estimates in this study are
conservative. In addition, findings about the association between cardiovascular and stroke
mortality may be biased due to informative censoring arising from competing risks. Survival
analysis using the Cox proportional hazard model assume independent censoring, which assume
that participants who remain under follow-up have the same future risk for the occurrence of the
event as those no longer being followed. This is an issue in our study, because participants who
have died from other causes other than the primary outcome (example: stroke mortality) are no
longer at risk of this primary outcome.
In addition, residual confounding could not be ruled out in this study. The MEC did not
collect information on other sleep characteristics, such as sleep quality, chronotype, and sleep
disorders, which are known risk factors for all-cause and cardiovascular mortality [201, 203].
Information on the use of sleep medications and hypnotics and other drugs affecting sleep
behavior and quality was also not available in this study. In a previous study examining the
Women’s Health Initiative participants, the use of nonbenzodiazepine GABA agonists and
hypnotics was associated with a higher risk of total and cardiovascular mortality [226].
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Adjustment for socioeconomic status in this study may have been lacking, due to missing income
and job type information in many participants. This is important because shift work, particularly
at night, is known to be a risk factor for early mortality [232]. Having information on
employment status and job type could have also helped explain the disparity in mortality risk
between short and long sleepers, as some job types may be associated shorter sleep durations and
a healthier and wealthier lifestyle. Finally, physical and psychosocial health, as well as other preexisting health conditions, are potential confounders that was unavailable in this study. There are
numerous reports, however, of an independent association between sleep duration and mortality
even after adjustment for physical health, depression, and other pre-existing health conditions
[40, 190, 205, 227].

4.6 Conclusion
In this study that examined a population of middle-aged and elderly adults in Hawai’i and
L.A., extreme short sleep, long sleep, and extreme long sleep were found to increase the risk for
all-cause, cardiovascular, and stroke mortality. These results add to the available literature and
consider the role of other factors that may modify the association between sleep duration and
mortality. Our study revealed that age and BMI may be potential effect modifiers, and we also
reported a potential synergistic association between poor sleep and high BMI. Based on this
finding, future studies examining the role of sleep on mortality risk should consider the potential
for other synergistic effects with other mortality risk factors.
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Figure 6. Exclusion criteria to analyze the association between sleep duration and mortality in
the MEC, 1993–2016.
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Figure 7. Causal diagram representing the relationship between sleep duration, mortality, and confounding variables. Dotted lines
represent an association between factors and arrows represent causal direction.
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Table 16. Demographic characteristics at the baseline questionnaire of the final study sample to analyze the association between sleep
duration and mortality.
Sleep Duration (Hours)
All (n)

≤5

6

7

8

9

≥10

128,629

12,516 (9.7%)

31,581 (24.6%)

40,967 (31.9%)

32,271 (25.1%)

8,402 (6.5%)

2,892 (2.2%)

45-54

46,839

4,262 (9.1%)

12,223 (26.1%)

15,760 (33.6%)

11,039 (23.6%)

2,671 (5.7%)

884 (1.9%)

55-64

42,473

4,149 (9.8%)

10,309 (24.3%)

13,568 (31.9%)

10,776 (25.4%)

2,706 (6.4%)

965 (2.2%)

≥65

39,317

4,105 (10.4%)

9,049 (23.0%)

11,639 (29.6%)

10,456 (26.6%)

3,025 (7.7%)

1,043 (2.7%)

55,418

4,743 (8.6%)

13,602 (24.5%)

17,923 (32.3%)

14,085 (25.4%)

3,726 (6.7%)

1,339 (2.4%)

73,211

7,773 (10.6%)

17,979 (24.6%)

23,044 (31.5%)

18,186 (24.8%)

4,676 (6.4%)

1,553 (2.1%)

Number of Participants
Age (years)

Sex

a

<0.0001

a

<0.0001

Male
Female
Ethnicity

pe

a

<0.0001

White

32,638

1,769 (5.4%)

6,268 (19.2%)

11,433 (35.0%)

9,961 (30.5%)

2,642 (8.1%)

565 (1.8%)

African American

19,371

3,123 (16.1%)

5,028 (26.0%)

4,780 (24.7%)

4,383 (22.6%)

1,360 (7.0%)

697 (3.6%)

Native Hawaiian

9,017

1,279 (14.2%)

2,479 (27.5%)

2,503 (27.8%)

1,971 (21.8%)

524 (5.8%)

261 (2.9%)

Japanese American

37,245

3,155 (8.5%)

11,037 (29.6%)

13,302 (35.7%)

7,783 (20.9%)

1,551 (4.2%)

417 (1.1%)

Latino

30,358

3,190 (10.5%)

6,769 (22.3%)

8,949 (29.5%)

8,173 (26.9%)

2,325 (7.7%)

952 (3.1%)

Educationa

<0.0001

≤12 years

54,459

6,629 (12.2%)

12,594 (23.1%)

15,535 (28.5%)

13,991 (25.7%)

3,992 (7.3%)

1,718 (3.2%)

13-15 years

38,289

3,461 (9.0%)

9,858 (25.8%)

12,353 (32.3%)

9,401 (24.5%)

2,478 (6.5%)

738 (1.9%)

≥16 years

35,345

2,355 (6.7%)

9,021 (25.5%)

12,940 (36.6%)

8,734 (24.7%)

1,889 (5.3%)

406 (1.2%)

536

71 (13.2%)

108 (20.2%)

139 (25.9%)

145 (27.1%)

43 (8.0%)

30 (5.6%)

Missing
a

Marital status

<0.0001

Married

85,258

7,035 (8.3%)

20,444 (24.0%)

28,359 (33.3%)

22,003 (25.8%)

5,667 (6.6%)

1,750 (2.0%)

Not married

42,422

5,367 (12.7%)

10,917 (25.7%)

12,339 (29.1%)

10,023 (23.6%)

2,665 (6.3%)

1,111 (2.6%)

949

114 (12.0%)

220 (23.2%)

269 (28.3%)

245 (25.8%)

70 (7.4%)

31 (3.3%)

Missing
2 a,c

BMI (kg/m )

<0.0001

Underweight

2,296

249 (10.8%)

591 (25.7%)

720 (31.4%)

535 (23.3%)

138 (6.0%)

Normal

51,940

4,129 (8.0%)

12,653 (24.4%)

18,039 (34.7%)

13,131 (25.3%)

3,134 (6.0%)

854 (1.6%)

Overweight

48,748

4,788 (9.8%)

12,114 (24.9%)

15,230 (31.2%)

12,331 (25.3%)

3,227 (6.6%)

1,058 (2.2%)
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63 (2.8%)

Obese
Smoking status

25,645

3,350 (13.0%)

6,223 (24.3%)

6,978 (27.2%)

6,274 (24.5%)

1,903 (7.4%)

917 (3.6%)

a

<0.0001

Never

60,866

6,093 (10.0%)

15,257 (25.1%)

19,710 (32.4%)

15,024 (24.7%)

3,640 (6.0%)

1,142 (1.8%)

Yes, quit

48,258

4,297 (8.9%)

11,509 (23.8%)

15,474 (32.1%)

12,487 (25.9%)

3,369 (7.0%)

1,122 (2.3%)

19,505

2,126 (10.9%)

4,815 (24.7%)

5,783 (29.7%)

4,760 (24.4%)

1,393 (7.1%)

628 (3.2%)

9.1 ± 14.1

8.4 ± 13.7

8.8 ± 13.8

8.9 ± 13.9

9.4 ± 14.3

10.8 ± 15.5

11.5 ± 16.0

<2.32 (men), 0 (women)

70,042

7,446 (10.6%)

17,776 (25.4%)

21,657 (30.9%)

17,102 (24.4%)

4,392 (6.3%)

1,669 (2.4%)

≥2.32 (men), >0 (women)

53,817

4,313 (8.0%)

12,670 (23.6%)

18,104 (33.6%)

14,011 (26.0%)

3,698 (6.9%)

1,021 (1.9%)

4,770

757 (15.9%)

1,135 (23.8%)

1,206 (25.3%)

1,158 (24.3%)

312 (6.5%)

202 (4.2%)

<100

63,757

6,551 (10.3%)

15,605 (24.5%)

19,915 (31.2%)

16,055 (25.2%)

4,164 (6.5%)

1,467 (2.3%)

100-<200

25,513

2,265 (8.9%)

6,080 (23.8%)

8,252 (32.3%)

6,621 (26.0%)

1,743 (6.8%)

552 (2.2%)

≥200

34,589

2,943 (8.5%)

8,761 (25.3%)

11,594 (33.5%)

8,437 (24.4%)

2,183 (6.3%)

671 (2.0%)

Missing

4,770

757 (15.9%)

1,135 (23.8%)

1,206 (25.3%)

1,158 (24.3%)

312 (6.5%)

202 (4.2%)

Yes, current
Smoking pack-years

b

Alcohol consumption (g/day)

a

<0.0001

Missing
a

Caffeine consumption (mg/day)

<0.0001

DASH scorea

<0.0001

8-21

35,845

3,861 (10.8%)

9,421 (26.3%)

11,113 (31.0%)

8,343 (23.3%)

2,236 (6.2%)

871 (2.4%)

22-24

30,375

2,981 (9.8%)

7,543 (24.9%)

9,607 (31.6%)

7,572 (24.9%)

1,977 (6.5%)

695 (2.3%)

25-27

29,447

2,704 (9.2%)

7,005 (23.8%)

9,573 (32.5%)

7,621 (25.9%)

1,971 (6.7%)

573 (1.9%)

≥28

28,192

2,213 (7.8%)

6,477 (23.0%)

9,468 (33.6%)

7,577 (26.9%)

1,906 (6.8%)

551 (1.9%)

4,770

757 (15.9%)

1,135 (23.8%)

1,206 (25.3%)

1,158 (24.3%)

312 (6.5%)

202 (4.2%)

Missing
a,d

Physical activity (MET-hours/day)

<0.0001

0.1-1.97 (men), 0.1-1.43 (women)

37,555

4,600 (12.3%)

9,209 (24.5%)

10,630 (28.3%)

9,280 (24.7%)

2,625 (7.0%)

1,211 (3.2%)

1.98-4.77 (men), 1.44-2.86 (women)

26,523

2,419 (9.1%)

6,810 (25.7%)

8,691 (32.8%)

6,459 (24.4%)

1,654 (6.2%)

490 (1.8%)

4.78-8.86 (men), 2.87-6.40 (women)

28,547

2,296 (8.1%)

7,082 (24.8%)

9,773 (34.2%)

7,146 (25.0%)

1,771 (6.2%)

479 (1.7%)

≥8.87 (men), ≥6.41 (women)

30,415

2,466 (8.1%)

7,191 (23.7%)

10,259 (33.7%)

7,917 (26.0%)

2,012 (6.6%)

570 (1.9%)

Missing

5,589

735 (13.1%)

1,289 (23.1%)

1,614 (28.9%)

1,469 (26.3%)

340 (6.1%)

142 (2.5%)

History of hypertensiona
No
Yes
History of diabetes

<0.0001

<0.0001
80,849

6,994 (8.6%)

19,613 (24.3%)

26,970 (33.4%)

20,608 (25.5%)

5,081 (6.3%)

1,583 (1.9%)

47,780

5,522 (11.6%)

11,968 (25.1%)

13,997 (29.3%)

11,663 (24.4%)

3,321 (6.9%)

1,309 (2.7%)

a

<0.0001
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No

114,274

10,698 (9.4%)

28,243 (24.7%)

37,098 (32.5%)

28,682 (25.1%)

7,272 (6.3%)

2,281 (2.0%)

Yes

14,355

1,818 (12.7%)

3,338 (23.2%)

3,869 (26.9%)

3,589 (25.0%)

1,130 (7.9%)

611 (4.3%)

a

n (row %).
mean ± SD.
c
underweight (<18.5 kg/m2), normal weight (18.5–<25 kg/m2), overweight (25–30 kg/m2), and obese (≥30 kg/m2).
d
METs for moderate and vigorous activity per day.
e
p values calculated by analysis of variance and χ2 test.
b
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Table 17. Estimated associations (hazard ratios [HRs] and 95% confidence intervals [CIs]) between self-reported sleep duration and
all-cause mortality; overall model and stratified models by age, sex, ethnicity, BMI, history of hypertension, and history of diabetes.
Hours of Sleep
≤5

6

7

8

9

≥10

No. of events/No. of
participants

5,954/12,516

12,274/31,581

15,304/40,967

13,760/32,271

4,079/8,402

1,681/2,892

53,052/128,629

1.12 (1.09-1.16)

1.02 (0.99-1.04)

1.00

1.04 (1.02-1.07)

1.13 (1.09-1.17)

1.39 (1.32-1.46)

HR (95% CI)
Overalla
Age Group
45-54

b

6,860/46,839

1.25 (1.16-1.36)

1.07 (1.01-1.15)

1.00

1.11 (1.04-1.19)

1.29 (1.17-1.43)

1.55 (1.35-1.77)

55-64

15,953/42,473

1.11 (1.05-1.18)

1.04 (0.99-1.08)

1.00

1.04 (0.99-1.08)

1.12 (1.05-1.19)

1.33 (1.22-1.46)

≥65

30,239/39,317

1.07 (1.03-1.12)

1.00 (0.97-1.03)

1.00

1.03 (1.00-1.06)

1.11 (1.06-1.16)

1.37 (1.28-1.47)

Male

25,670/55,418

1.12 (1.07-1.18)

1.01 (0.98-1.05)

1.00

1.05 (1.01-1.08)

1.13 (1.07-1.18)

1.34 (1.25-1.44)

Female

27,382/73,211

1.13 (1.08-1.17)

1.03 (1.00-1.07)

1.00

1.04 (1.00-1.07)

1.14 (1.08-1.19)

1.44 (1.34-1.55)

White

13,315/32,638

1.14 (1.06-1.23)

1.04 (0.99-1.10)

1.00

0.99 (0.95-1.04)

1.10 (1.03-1.17)

1.40 (1.26-1.56)

African American

10,494/19,371

1.08 (1.01-1.15)

0.98 (0.93-1.04)

1.00

1.03 (0.98-1.09)

1.15 (1.06-1.25)

1.29 (1.16-1.42)

Native Hawaiian

3,536/9,017

1.20 (1.08-1.33)

0.98 (0.89-1.08)

1.00

1.12 (1.02-1.24)

1.23 (1.06-1.42)

1.32 (1.10-1.58)

Japanese American

13,942/37,245

1.13 (1.06-1.20)

1.04 (1.00-1.09)

1.00

1.10 (1.05-1.15)

1.19 (1.10-1.28)

1.68 (1.48-1.90)

Latino

11,765/30,358

1.09 (1.03-1.17)

1.00 (0.95-1.05)

1.00

1.04 (0.99-1.09)

1.06 (0.99-1.14)

1.32 (1.19-1.45)

1,267/2,296

0.94 (0.77-1.15)

1.03 (0.88-1.20)

1.00

1.07 (0.92-1.25)

1.17 (0.91-1.50)

1.51 (1.11-2.06)

Normal

20,137/51,940

1.22 (1.16-1.28)

1.03 (0.99-1.07)

1.00

1.06 (1.02-1.10)

1.17 (1.10-1.24)

1.46 (1.33-1.60)

Overweight

19,727/48,748

1.09 (1.03-1.14)

1.01 (0.97-1.05)

1.00

1.04 (1.00-1.08)

1.11 (1.05-1.17)

1.39 (1.28-1.52)

Obese

11,921/25,645

1.08 (1.02-1.15)

1.02 (0.97-1.07)

1.00

1.02 (0.97-1.07)

1.12 (1.04-1.20)

1.28 (1.17-1.40)

No

26,834/80,849

1.11 (1.06-1.16)

1.03 (0.99-1.06)

1.00

1.05 (1.02-1.08)

1.15 (1.10-1.21)

1.44 (1.34-1.55)

Yes

26,218/47,780

1.13 (1.08-1.18)

1.01 (0.98-1.04)

1.00

1.04 (1.00-1.07)

1.11 (1.06-1.17)

1.34 (1.25-1.44)

42,972/114,274

1.13 (1.09-1.17)

1.03 (1.00-1.05)

1.00

1.04 (1.01-1.07)

1.13 (1.09-1.17)

1.40 (1.32-1.49)

Sex

b

Ethnicityb

2 b

BMI (kg/m )

Underweight

History of Hypertensionb

History of Diabetes
No

b
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Yes

10,080/14,355

1.07 (1.00-1.15)

0.98 (0.93-1.04)

a

1.00

1.06 (1.00-1.12)

1.16 (1.07-1.25)

1.33 (1.21-1.47)

adjusted for age at cohort entry, sex, ethnicity, education level, marital status, BMI, smoking status, smoking pack-years, alcohol
consumption, caffeine consumption, physical activity, DASH score, history of hypertension, and history of diabetes.
b
adjusted for all other variables.
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Table 18. Estimated associations (hazard ratios [HRs] and 95% confidence intervals [CIs]) between self-reported sleep duration and
cardiovascular mortality; overall model and stratified models by age, sex, ethnicity, BMI, history of hypertension, and history of
diabetes.
Hours of Sleep
No. of events/No. of
participants

≤5

6

7

8

9

≥10

2,913/12,516

5,747/31,581

6,987/40,967

6,582/32,271

1,904/8,402

832/2,892

HR (95% CI)
Overall

a

24,965/128,629

1.14 (1.10-1.20)

1.03 (0.99-1.06)

1.00

1.08 (1.04-1.12)

1.13 (1.08-1.19)

1.42 (1.32-1.53)

3,054/46,839

1.33 (1.18-1.50)

1.09 (0.98-1.20)

1.00

1.24 (1.12-1.37)

1.28 (1.09-1.49)

1.72 (1.42-2.09)

55-64

7,379/42,473

1.10 (1.01-1.19)

1.04 (0.97-1.11)

1.00

1.05 (0.99-1.12)

1.20 (1.09-1.32)

1.31 (1.15-1.50)

≥65

14,532/39,317

1.10 (1.04-1.17)

1.00 (0.96-1.05)

1.00

1.06 (1.01-1.11)

1.08 (1.01-1.15)

1.39 (1.26-1.53)

12,477/55,418

1.14 (1.07-1.22)

1.00 (0.95-1.05)

1.00

1.08 (1.03-1.13)

1.16 (1.08-1.24)

1.37 (1.24-1.51)

12,488/73,211

1.15 (1.09-1.22)

1.05 (1.00-1.11)

1.00

1.09 (1.03-1.14)

1.11 (1.03-1.19)

1.49 (1.34-1.65)

White

5,750/32,638

1.22 (1.09-1.36)

1.05 (0.97-1.13)

1.00

1.03 (0.97-1.10)

1.11 (1.01-1.22)

1.35 (1.14-1.59)

African American

5,492/19,371

1.08 (0.99-1.18)

0.98 (0.91-1.06)

1.00

1.09 (1.01-1.18)

1.16 (1.04-1.30)

1.36 (1.19-1.56)

Native Hawaiian

1,783/9,017

1.20 (1.03-1.39)

1.00 (0.87-1.14)

1.00

1.11 (0.97-1.27)

1.09 (0.89-1.35)

1.37 (1.07-1.76)

Japanese American

6,300/37,245

1.17 (1.07-1.28)

1.07 (1.00-1.14)

1.00

1.14 (1.07-1.22)

1.22 (1.09-1.37)

1.85 (1.54-2.21)

Latino

5,640/30,358

1.10 (1.00-1.20)

0.99 (0.91-1.06)

1.00

1.04 (0.97-1.12)

1.03 (0.93-1.15)

1.27 (1.10-1.46)

502/2,296

1.04 (0.75-1.43)

1.19 (0.93-1.52)

1.00

1.39 (1.08-1.78)

1.67 (1.15-2.43)

1.43 (0.87-2.34)

Normal

8,837/51,940

1.24 (1.15-1.34)

1.02 (0.97-1.08)

1.00

1.09 (1.03-1.16)

1.12 (1.03-1.28)

1.53 (1.34-1.74)

Overweight

9,604/48,748

1.15 (1.07-1.23)

1.03 (0.98-1.09)

1.00

1.09 (1.03-1.15)

1.12 (1.03-1.21)

1.40 (1.24-1.58)

Obese

6,022/25,645

1.06 (0.97-1.15)

1.00 (0.93-1.07)

1.00

1.04 (0.97-1.12)

1.14 (1.04-1.27)

1.31 (1.15-1.48)

No

11,305/80,849

1.11 (1.03-1.19)

1.03 (0.98-1.09)

1.00

1.11 (1.06-1.16)

1.14 (1.06-1.23)

1.43 (1.28-1.60)

Yes

13,660/47,780

1.17 (1.10-1.24)

1.02 (0.97-1.07)

1.00

1.06 (1.01-1.11)

1.13 (1.05-1.21)

1.41 (1.28-1.55)

Age Group
45-54

b

Sexb
Male
Female
Ethnicity

b

BMI (kg/m2)b
Underweight

History of Hypertension

b

History of Diabetesb
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No

19,987/114,274

1.18 (1.12-1.24)

1.04 (1.00-1.08)

1.00

1.10 (1.06-1.14)

1.15 (1.08-1.21)

1.42 (1.31-1.55)

Yes

4,978/14,355

1.02 (0.92-1.12)

0.98 (0.90-1.06)

1.00

1.01 (0.94-1.10)

1.09 (0.97-1.21)

1.36 (1.18-1.55)

a

adjusted for age at cohort entry, sex, ethnicity, education level, marital status, BMI, smoking status, smoking pack-years, alcohol
consumption, caffeine consumption, physical activity, DASH score, history of hypertension, and history of diabetes.
b
adjusted for all other variables.
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Table 19. Estimated associations (hazard ratios [HRs] and 95% confidence intervals [CIs]) between self-reported sleep duration and
stroke mortality; overall model and stratified models by age, sex, ethnicity, BMI, history of hypertension and history of diabetes.
Hours of Sleep
≤5

6

7

8

9

≥10

No. of events/No. of
participants

530/12,516

1,126/31,581

1,401/40,967

1,275/32,271

370/8,402

154/2,892

4,856/128,629

1.10 (0.99-1.21)

1.02 (0.94-1.10)

1.00

1.08 (1.00-1.17)

1.18 (1.05-1.32)

1.53 (1.30-1.81)

HR (95% CI)
Overalla
Age Group
45-54

b

464/46,839

1.25 (0.91-1.72)

1.04 (0.81-1.35)

1.00

1.38 (1.08-1.78)

1.26 (0.85-1.89)

1.66 (0.98-2.81)

55-64

1,437/42,473

1.10 (0.91-1.33)

1.04 (0.90-1.20)

1.00

1.05 (0.91-1.21)

1.16 (0.93-1.43)

1.41 (1.04-1.91)

≥65

2,955/39,317

1.06 (0.93-1.21)

1.01 (0.91-1.12)

1.00

1.06 (0.96-1.16)

1.18 (1.02-1.36)

1.55 (1.25-1.93)

Male

2,016/55,418

1.16 (0.99-1.37)

1.00 (0.89-1.14)

1.00

1.10 (0.98-1.23)

1.21 (1.02-1.44)

1.48 (1.15-1.90)

Female

2,840/73,211

1.07 (0.94-1.21)

1.02 (0.93-1.13)

1.00

1.07 (0.97-1.18)

1.15 (0.98-1.35)

1.57 (1.25-1.97)

1,025/32,638

1.27 (0.98-1.63)

1.01 (0.84-1.21)

1.00

1.01 (0.86-1.18)

1.07 (0.85-1.35)

1.71 (1.18-2.48)

African American

972/19,371

1.01 (0.82-1.23)

0.91 (0.76-1.09)

1.00

1.05 (0.87-1.25)

1.08 (0.83-1.40)

1.21 (0.86-1.71)

Native Hawaiian

289/9,017

1.12 (0.77-1.63)

1.05 (0.76-1.46)

1.00

1.09 (0.78-1.53)

0.89 (0.50-1.58)

2.08 (1.20-3.60)

Japanese American

1,493/37,245

1.18 (0.98-1.43)

1.12 (0.99-1.28)

1.00

1.17 (1.01-1.34)

1.45 (1.16-1.81)

1.81 (1.22-2.69)

Latino

1,077/30,358

0.94 (0.76-1.18)

0.92 (0.78-1.10)

1.00

1.04 (0.89-1.22)

1.12 (0.89-1.40)

1.32 (0.95-1.82)

113/2,296

0.74 (0.36-1.52)

1.17 (0.72-1.91)

1.00

1.22 (0.74-2.02)

0.95 (0.36-2.46)

0.42 (0.06-3.12)

Normal

1,990/51,940

1.19 (1.01-1.40)

1.01 (0.90-1.14)

1.00

1.07 (0.95-1.21)

1.13 (0.93-1.36)

1.51 (1.12-2.04)

Overweight

1,803/48,748

1.11 (0.94-1.32)

1.06 (0.93-1.21)

1.00

1.18 (1.05-1.34)

1.24 (1.03-1.50)

1.88 (1.45-2.44)

950/25,645

0.97 (0.79-1.20)

0.92 (0.76-1.10)

1.00

0.91 (0.76-1.08)

1.17 (0.92-1.49)

1.18 (0.84-1.64)

No

2,305/80,849

1.12 (0.96-1.30)

1.05 (0.93-1.17)

1.00

1.13 (1.01-1.26)

1.21 (1.03-1.44)

1.33 (1.01-1.75)

Yes

2,551/47,780

1.08 (0.95-1.24)

0.99 (0.88-1.10)

1.00

1.04 (0.93-1.16)

1.15 (0.98-1.35)

1.67 (1.35-2.07)

4,097/114,274

1.13 (1.01-1.26)

1.02 (0.94-1.11)

1.00

1.11 (1.02-1.20)

1.23 (1.09-1.39)

1.53 (1.26-1.86)

Sex

b

Ethnicityb
White

2 b

BMI (kg/m )

Underweight

Obese
History of Hypertensionb

History of Diabetes
No

b
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Yes

759/14,355

0.96 (0.75-1.23)

0.97 (0.79-1.19)

a

1.00

0.95 (0.78-1.16)

0.95 (0.70-1.27)

1.44 (1.03-2.03)

adjusted for age at cohort entry, sex, ethnicity, marital status, education level, BMI, smoking status, smoking pack-years, alcohol
consumption, caffeine consumption, physical activity, DASH score, history of hypertension, and history of diabetes.
b
adjusted for all other variables.
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Table 20. Estimated associations (hazard ratios [HRs] and 95% confidence intervals [CIs]) between self-reported sleep duration and
mortality in a study sample with deaths that occurred within the first 3 years from cohort entry removed.
Outcome
Hours of Sleep
≤5
6
7
8
9
≥10
a
HR (95% CI)
Total Mortality
1.10 (1.07-1.14) 1.02 (0.99-1.04)
1.00
1.04 (1.01-1.06) 1.12 (1.08-1.16) 1.37 (1.30-1.44)
Cardiovascular
Mortality
1.13 (1.08-1.18) 1.02 (0.99-1.06)
1.00
1.07 (1.04-1.11) 1.12 (1.07-1.19) 1.41 (1.30-1.51)
Stroke Mortality
1.08 (0.97-1.20) 1.02 (0.94-1.10)
1.00
1.07 (0.99-1.16) 1.16 (1.03-1.30) 1.55 (1.31-1.84)
a
adjusted for age at cohort entry, sex, ethnicity, marital status, education level, BMI, smoking status, smoking pack-years, alcohol
consumption, caffeine consumption, physical activity, DASH score, history of hypertension, and history of diabetes.
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Table 21. Joint associations (hazard ratios [HRs] and 95% confidence intervals [CIs]) of self-reported sleep duration and BMI on the
risk of all-cause, cardiovascular, and stroke mortality.
Hours of Sleep
≤5

6

7

8

9

≥10

a

HR (95% CI)

Total mortality
Underweight
1.57 (1.33-1.85) 1.65 (1.48-1.85) 1.63 (1.47-1.81) 1.78 (1.58-1.99) 1.94 (1.56-2.43) 2.97 (2.25-3.91)
Normal
1.22 (1.16-1.29) 1.03 (0.99-1.07)
ref
1.06 (1.03-1.10) 1.18 (1.12-1.25) 1.50 (1.37-1.64)
Overweight
1.05 (1.00-1.10) 0.98 (0.94-1.02) 0.97 (0.94-1.01) 1.01 (0.97-1.05) 1.07 (1.01-1.13) 1.34 (1.23-1.46)
Obese
1.34 (1.27-1.42) 1.28 (1.22-1.34) 1.26 (1.20-1.31) 1.26 (1.21-1.32) 1.38 (1.29-1.47) 1.59 (1.45-1.73)
CVD mortality
Underweight
1.39 (1.07-1.82) 1.58 (1.32-1.89) 1.38 (1.16-1.64) 1.87 (1.57-2.23) 2.13 (1.54-2.95) 2.31 (1.46-3.68)
Normal
1.27 (1.17-1.37) 1.03 (0.97-1.09)
ref
1.10 (1.04-1.16) 1.14 (1.04-1.25) 1.60 (1.40-1.83)
Overweight
1.16 (1.08-1.24) 1.05 (0.99-1.11) 1.02 (0.97-1.08) 1.11 (1.05-1.17) 1.14 (1.05-1.24) 1.42 (1.26-1.60)
Obese
1.43 (1.32-1.54) 1.37 (1.28-1.46) 1.37 (1.28-1.46) 1.40 (1.31-1.49) 1.53 (1.39-1.68) 1.76 (1.56-1.99)
Stroke mortality
Underweight
1.00 (0.54-1.87) 1.54 (1.09-2.19) 1.35 (0.96-1.90) 1.61 (1.11-2.34) 1.25 (0.52-3.02) 0.67 (0.10-4.74)
Normal
1.19 (1.01-1.40) 1.02 (0.90-1.14)
ref
1.07 (0.96-1.21) 1.13 (0.93-1.36) 1.54 (1.14-2.07)
Overweight
0.99 (0.84-1.16) 0.95 (0.83-1.07) 0.90 (0.80-1.02) 1.06 (0.94-1.20) 1.12 (0.93-1.34) 1.68 (1.30-2.17)
Obese
1.15 (1.09-2.19) 1.09 (0.92-1.28) 1.17 (1.01-1.36) 1.05 (0.90-1.23) 1.34 (1.07-1.69) 1.39 (1.01-1.91)
a
adjusted for age at cohort entry, sex, ethnicity, education level, marital status, smoking status, smoking pack-years, alcohol
consumption, caffeine consumption, physical activity, DASH score, history of hypertension, and history of diabetes.
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Table 22. Joint associations (hazard ratios [HRs] and 95% confidence intervals [CIs]) of self-reported sleep duration and hypertension
on the risk of all-cause, cardiovascular, and stroke mortality.
Hours of Sleep
≤5

6

7

8

9

≥10

a

HR (95% CI)

Total mortality
No Hypertension 1.11 (1.06-1.16) 1.03 (0.99-1.06)
ref
1.05 (1.02-1.09) 1.16 (1.10-1.22) 1.43 (1.33-1.54)
Hypertension
1.60 (1.53-1.67) 1.43 (1.38-1.48) 1.42 (1.37-1.46) 1.46 (1.42-1.51) 1.57 (1.50-1.65) 1.92 (1.79-2.06)
CVD mortality
No Hypertension 1.12 (1.05-1.20) 1.03 (0.98-1.09)
ref
1.11 (1.06-1.17) 1.15 (1.07-1.24) 1.44 (1.29-1.61)
Hypertension
1.97 (1.86-2.09) 1.73 (1.65-1.82) 1.70 (1.62-1.79) 1.79 (1.71-1.88) 1.90 (1.78-2.04) 2.39 (2.18-2.63)
Stroke mortality
No Hypertension 1.11 (0.95-1.29) 1.04 (0.93-1.17)
ref
1.13 (1.01-1.26) 1.22 (1.03-1.44) 1.31 (0.99-1.72)
Hypertension
1.78 (1.55-2.04) 1.62 (1.45-1.82) 1.64 (1.48-1.83) 1.70 (1.52-1.90) 1.88 (1.60-2.20) 2.78 (2.25-3.44)
a
adjusted for age at cohort entry, sex, ethnicity, education level, marital status, BMI, smoking status, smoking pack-years, alcohol
consumption, caffeine consumption, physical activity, DASH score, and history of diabetes.
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Table 23. Joint associations (hazard ratios [HRs] and 95% confidence intervals [CIs]) of self-reported sleep duration and diabetes on
the risk of all-cause, cardiovascular, and stroke mortality.
Hours of Sleep
≤5

6

7

8

9

≥10

a

HR (95% CI)

Total mortality
No diabetes
1.13 (1.09-1.17) 1.03 (1.00-1.05)
ref
1.04 (1.02-1.07) 1.13 (1.09-1.18) 1.40 (1.32-1.48)
Diabetes
2.24 (2.12-2.38) 2.04 (1.94-2.13) 2.06 (1.98-2.15) 2.15 (2.06-2.24) 2.31 (2.16-2.48) 2.81 (2.56-3.07)
CVD mortality
No diabetes
1.18 (1.13-1.24) 1.04 (1.00-1.08)
ref
1.10 (1.06-1.14) 1.16 (1.09-1.22) 1.43 (1.31-1.56)
Diabetes
2.14 (1.97-2.33) 2.07 (1.94-2.21) 2.12 (2.00-2.25) 2.11 (1.98-2.24) 2.21 (2.00-2.45) 2.89 (2.55-3.28)
Stroke mortality
No diabetes
1.12 (1.00-1.25) 1.02 (0.94-1.11)
ref
1.11 (1.02-1.20) 1.23 (1.08-1.39) 1.52 (1.25-1.84)
Diabetes
1.69 (1.37-2.09) 1.69 (1.44-1.99) 1.75 (1.51-2.03) 1.64 (1.40-1.92) 1.63 (1.24-2.13) 2.65 (1.93-3.64)
a
adjusted for age at cohort entry, sex, ethnicity, education level, marital status, BMI, smoking status, smoking pack-years, alcohol
consumption, caffeine consumption, physical activity, DASH score, and history of hypertension.
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CHAPTER 5: DISCUSSION AND CONCLUSION

5.1 Introduction
Sleep duration is now considered one of many risk factors for disease and mortality, and
it is now an important public health concern, especially with the increasing prevalence of short
sleep worldwide [1, 3, 4, 6]. Both short and long sleep is associated with adverse health
outcomes such as type 2 diabetes, obesity, cancer, cardiovascular disease, hypertension, stroke,
cognitive impairment, and early mortality [18, 19, 24, 26, 28, 30, 33, 37, 41]. Therefore, it is
important to identify and define “optimal sleep” and discover how deviation from this optimum
can affect the risk of developing various diseases. However, this optimum may differ between
people depending on their chronotype and other factors. Of the many health outcomes associated
with sleep durations outside the recommendation of 7-8 hours, this dissertation examined three
outcomes: hypertension, stroke, and mortality. In each of these aims, there was a focus on
examining how the relationship between sleep duration and the outcome could differ by factors
such as age, sex, ethnicity, BMI, hypertension status, and diabetes status. This investigation adds
significant value to this dissertation, as there are very few published studies that have attempted
these strata-specific analysis, especially by ethnicity.
This dissertation used data obtained from the MEC, a large prospective study of middleaged and elderly adults. There were several advantages to using this data source, such as a large
sample size, long follow-up, extensive information on various demographic, anthropometric,
dietary, lifestyle, and medical factors, and the ethnic diversity in the population. Each study had
its unique set of limitations, but findings from this dissertation project are valuable and has many
public health implications.
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5.2 Summary of the aims
In this dissertation, the author aimed to investigate the role sleep plays in various disease
etiology. The first aim examined the association between sleep duration and hypertension
prevalence, and how this association differed by age, sex, ethnicity, and BMI. The hypothesis
was that both short and long sleep durations, compared to 7 hours, would increase the risk of
hypertension as seen in previous literature [31-33, 82]. The hypothesis was supported, and the
main finding in this study is that ≤5 hours and ≥10 hours of sleep is associated with a 7% and 8%
increase in hypertension prevalence. Examination of prevalence differences revealed that sleep
durations of ≤5, 9, and ≥10 hours was theoretically attributed to 31, 23, and 42 excess cases of
prevalent hypertension. The association between sleep duration and incident hypertension was
also examined, but no association was found. The association was also consistent across age, sex,
ethnicity, and BMI groups, suggesting that these factors are not effect modifiers of the sleephypertension relationship.
The second aim examined the association between sleep duration and incident stroke, and
this association was examined by age, sex, ethnicity, BMI, hypertension, and diabetes subgroups.
Previous studies examining the association between sleep duration and stroke have found a U- or
J-shaped association [34, 35], so similar findings were expected in this study. As hypothesized,
both short and long sleep durations were associated with increased risk for incident stroke. Those
reporting ≤5 and ≥10 hours of sleep experienced a 13% and 39% increased risk of stroke,
respectively. Differences in the association was not seen across sex. There was a higher risk of
stroke among participants with no histories of hypertension or diabetes in some sleep categories,
compared to those who reported to have one of these conditions. Comparison of excess cases
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across these categories revealed that this difference was likely due to lower baseline risk of
stroke in participants without hypertension or diabetes.
The third aim examined the association between sleep duration and mortality. It was
hypothesized that both sleep deprivation and excess sleep would be risk factors for all-cause,
cardiovascular, and stroke mortality. Compared to participants reporting 7 hours of sleep, those
reporting ≤5, 9, and ≥10 hours were at a 12%, 13%, and 39% increased risk of all-cause
mortality. These same sleep groups were also associated with an increased cardiovascular and
stroke mortality. Exclusion of cases occurring early in the follow-up did not change the results.
We also found that age and BMI may be potential effect modifiers of the association. A
synergistic association between sleep duration and BMI was reported, where combinations of
long sleep duration and being underweight or obese increased the risk of mortality, compared to
participants with a healthy BMI and reporting 7 hours of sleep. Synergistic associations between
sleep duration and hypertension and diabetes were also found, in which long sleepers with these
conditions were at highest risk of death.

5.3 Proposed Mechanisms
This dissertation aimed to uncover the role of sleep duration on human health by studying
three different important health outcomes. The intent of the chapters was to build upon each
other, that is, findings from one study would help explain the findings of another. Figure 8 shows
the conceptual framework behind this dissertation work. The first aim investigated sleep duration
as a risk factor for hypertension, which is arguably one of the most important risk factors for
diabetes, cardiovascular disease, and early mortality. Preventing the onset of this “silent killer”
has been a global public health priority, and there have been a lot of interest in studying
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behavioral risk factors for hypertension. As shown in Figure 8, there are biologically plausible
mechanisms that link sleep duration with hypertension, such as overactivity of the sympathetic
nervous system [119], atherosclerosis [122], higher cortisol and cholesterol levels [123],
decreased glucose tolerance [124], and inflammation [125]. Findings in Chapter 2 suggested a
weak association between sleep duration and prevalent hypertension and no association with
incident hypertension. These findings were unexpected and may be partially due to the
methodology used to ascertain hypertension cases. Hypertension is already a condition that is
underdiagnosed, and this issue may have been amplified by the self-reported nature of case
ascertainment. Hypertension prevalence also increases significantly with age, so it is likely that
the study underestimated the number of cases. This may have caused an inadequate exclusion of
participants with prevalent hypertension in the incidence analysis. This misclassification may
also have affected the findings from Chapter 3, where an independent association between sleep
duration and stroke was found even after adjustments for baseline hypertension. However, it is
much more likely that the link between sleep duration and stroke is explained by more than one
pathway, and not a single pathway mediated by hypertension. Finally, the relationship between
sleep duration and mortality is also hypothesized to be involve multiple pathways that are
mediated by a variety of demographic, anthropometric, and behavioral risk factors.
In summary, this complex interactions between sleep behaviors and other
sociodemographic and behavioral risk factors make it difficult to translate findings from this
dissertation into public health recommendations. Individual requirements for sleep likely differ
from person to person and combined with the complexity of the underlying mechanisms
involved, it is dangerous to assume that sleeping optimal sleep durations alone would directly
translate to better health.
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5.4 Future Directions
Despite its limitations, this dissertation was able to establish sleep duration as a risk
factor for hypertension, stroke, and mortality, independent of sociodemographic and behavioral
factors. Based on learned lessons working on this project, the author will present several
suggestions for improving and designing future sleep studies. In this dissertation, sleep duration
was self-reported from a questionnaire, inquiring on the “average sleep duration (over a 24-hour
period) in the past year”. This question could be interpreted in numerous ways and makes it
impossible to distinguish napping and nocturnal sleep. It is also unlikely for this one-time
measure to be adequate predictors of disease, so future studies should also consider sleep
trajectories over a longer period. This approach has already been implemented in several studies.
For example, in the Whitehall II cohort study, sleep durations were measured once at baseline
and once again 4 years later, and this “change in sleep” was used as the sleep exposure [194].
Compared to participants who did not change their sleep behavior, those who decreased their
sleep from 6, 7, or 8 hours at baseline and those who increased their sleep duration from 7 or 8
hours were at a higher risk of all-cause and cardiovascular mortality. In a recent Chinese study,
compared to participants who reported 7 to 8 hours of sleep over a 4-year period, participants
who had decreased their sleep and those who remained short sleepers were at a higher risk of
mortality a few years later [233]. This methodology could be implemented with the MEC, as
there are also the same sleep questions in Qx3 (2003-2008) and Qx4 (2008-2012).
Contrary to the point made in the previous paragraph, it is also equally important for
sleep behaviors to be measured using multiple sleep measures. The majority of studies focus on a
single sleep variable, such as sleep duration, snoring, or insomnia. One suggestion is for more
studies to utilize sleep indices, such as the Pittsburg Sleep Quality Index (PSQI). The PSQI is a
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questionnaire that determines the sleep quality of an individual by taking into account subjective
sleep quality, sleep latency, sleep duration, sleep efficiency, sleep disturbances, use of sleep
medications, and daytime dysfunction [234]. Measuring sleep quality with validated instruments
such as the PSQI once every few years may be the best way to capture sleep data in large
population-based studies.
In conclusion, the evolution of sleep research is contingent on improvements in
measuring sleep. Experimental sleep studies conducted in laboratories are currently the gold
standard in measuring sleep disorders, but these cannot be conducted in large population-based
studies, and it also is unable to capture habitual sleep duration. Therefore, subjective sleep
measurement strategies also need to evolve. Finally, although it was the intent of this dissertation
to identify independent associations between sleep duration and the outcomes, it is important to
consider that the physiological changes that occur due to various sleep behaviors are also
affected by many other factors.
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Figure 8. Conceptual framework linking sleep duration and human health.
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