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Abstract

Poor sleep is associated with increased hypertension risk, but few studies have evaluated multiple
sleep dimensions or investigated racial/ethnic disparities in this association among women. We
investigated multiple sleep dimensions (sleep duration, inconsistent weekly sleep patterns, sleep
debt, frequent napping and difficulty falling or staying asleep) and hypertension risk among
women, and determined modification by age, race/ethnicity and menopausal status. We used data
from the Sister Study, a national cohort of 50 884 women who had sisters diagnosed with breast
cancer in the United States enrolled at baseline (2003—2009) and followed through September
2018. Of 33 497 women without diagnosed hypertension at baseline (mean agezstandard
deviation: 53.9+8.8 years; 88.7% White, 6.4% Black and 4.9% Hispanic/Latina), 23% (n7= 7686)
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developed hypertension over a median follow-up of 10.1 years [interquartile range: 8.2-11.9
years]. Very short, short or long sleep duration, inconsistent weekly sleep patterns, sleep debt,
frequent napping, insomnia, insomnia symptoms as well as short sleep and cumulative, explorative
poor sleep score were associated with incident hypertension after adjustment for demographics
factors. After additional adjustment for lifestyle and clinical factors, insomnia [hazard ratio =
1.09, 95% confidence interval (95% Cl): 1.03-1.15] and insomnia symptoms plus short sleep
(hazard ratio = 1.13, 95% CI: 1.05-1.21) remained associated with incident hypertension.

These associations were stronger in younger (age<54 vs. =54 years) and premenopausal vs.
postmenopausal women (all P-interaction < 0.05). Associations did not differ by race/ethnicity (all
P-interaction > 0.05). Thus, screening for multiple sleep dimensions and prioritizing younger and
premenopausal women may help identify individuals at high risk for hypertension.

Keywords
ethnic groups; health status disparities; hypertension; race factors; sleep

INTRODUCTION

More than 70 million adults in the United States (US) experience habitually poor sleep [1].
Studies in the general population consistently link poor sleep health and sleep disorders

with unfavourable health outcomes, including the development of hypertension [2,3]. Poor
habitual sleep dimensions that have emerged as independent risk factors for hypertension
include short sleep duration and insomnia [4]; but the role of other sleep dimensions on
hypertension risk is unclear. Recent studies link irregular sleep pattern, sleep debt and
frequent day-time napping with a higher prevalence of hypertension [5], suggesting that
other less recognized sleep dimensions may also contribute to hypertension development.
Yet, few studies have investigated the role of multiple sleep dimensions on hypertension risk.

The role of certain sleep dimensions as risk factors for the development of hypertension

may differ according to age, sex, race/ethnicity and menopausal status [6-14]. Women, for
instance, are generally more likely to report poor habitual sleep than men, especially before
menopause. Consequently, studies have found stronger associations between poor habitual
sleep and hypertension risk in premenopausal women vs. both postmenopausal women and
men [6,14]. Likewise, both short sleep duration and hypertension are disproportionately
more prevalent in Black vs. non-Black populations [11,12,15]. However, the relative
importance of multiple sleep dimensions in hypertension risk across demographic subgroups
is understudied.

Comorbid factors such as depression and use of certain medications are associated with
both poor habitual sleep patterns and an increased risk for hypertension [16,17]. As such,
these comorbidities can potentially confound the association between poor habitual sleep
and incidence of hypertension in observational studies. We used detailed data from a large
national cohort of US women enrolled in the Sister Study to examine the association of
multiple sleep dimensions with risk of hypertension incidence over follow-up; examined
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potential modification of these associations by race/ethnicity, age, and menopausal status;
and adjusted for a myriad of comorbidities.

MATERIALS AND METHODS

Study population

The Sister Study is a prospective cohort of 50 884 women in the US and Puerto Rico
enrolled between 2003 and 2009. As described in detail elsewhere [18], the Sister Study
recruited women who had a sister diagnosed with breast cancer through multimedia
campaigns and using a network of breast cancer professionals and advocates [19]. Targeted
recruitment strategies were employed to increase racial/ethnic, age and socioeconomic
diversity within the cohort. Those who were residents of the US or Puerto Rico, 35-74
years of age and free of breast cancer at enrolment were eligible to participate in the study.
Participants completed a comprehensive computer-assisted telephone interview at baseline
and were subsequently followed annually via brief health assessments and every 2 to 3
years via detailed follow-up questionnaires. For this analysis, we used the Data Release
8.0., which is the most recent update of the Sister Study data with follow-up through 23
September, 2018.

Of the 50 884 participants enrolled in the Sister Study, participants who self-reported a
diagnosis of hypertension at baseline or had unknown timing of hypertension diagnosis (7
=16 502) and those who did not self-identify as White or Black/African—American race

or Hispanic/Latina ethnicity (n7= 885) were excluded. The final analytic sample comprised
33 497 participants (Fig. 1). Institutional and Independent Review Boards at the National
Institute of Environmental Health Sciences and the Copernicus Group approved the study.
All participants provided verbal consent at first contact and written informed consent at the
home visit.

Assessment of sleep dimensions

Women self-reported their habitual sleep pattern as part of the baseline Sister Study
interview. This analysis included data on sleep duration, inconsistent weekly sleep patterns,
sleep debt, napping and insomnia. Sleep duration was a continuous measure based on
participants’ response to the question, ‘About how many hours and/or minutes of sleep

per night/day do you get on average?’ We categorized sleep duration into very short (<5

h), short (>5 to <7h), recommended (7-9 h) and long (>9 h), based on National Sleep
Foundation recommendations suggesting that 7-9 h may be optimal for health [20]. For

all sleep duration analyses, we excluded participants with implausible average self-reported
sleep duration values of 2 h or less or at least 23 h (7= 31). Weekly sleep patterns were
based on participant-reported wake-up times and bedtimes during the prior 6 weeks. We
categorized sleep patterns as consistent if they were stable from week-to-week (even if they
varied day-to-day) and as inconsistent otherwise. For participants with consistent weekly
sleep patterns, we directly calculated longest and shortest sleep durations from their reported
daily bedtimes and wake-up times. For participants with inconsistent weekly sleep patterns,
we utilized participant self-report of their longest and shortest average sleep duration. Sleep
debt was defined as the difference between the longest and shortest sleep durations and was
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dichotomized at 2 h. For all sleep debt analyses, we excluded participants with 2 h or less

or at least 23 h for their longest or shortest sleep duration (7= 504). Frequent napping was
defined as at least three naps per week. Difficulty falling asleep was defined as taking at
least 30 min to fall asleep on average, and difficulty staying asleep was defined as waking
up at least three times per night on at least three nights per week. Women who reported
experiencing difficulty falling asleep or difficulty staying asleep were considered to have
insomnia symptoms. We also assessed the combination of short sleep duration and insomnia
symptoms. Participants with long sleep (7 =305) Were excluded from the derivation of this
variable to avoid lumping the long sleep category with the recommended sleep category, as
long sleep has been shown to be associated with adverse health [21]. Lastly, we created a
cumulative, explorative poor sleep score (range: 0-5), calculated as the sum of the following
symptoms of poor sleep: short sleep or long sleep, inconsistent weekly sleep patterns, sleep
debt =2 h, napping at least three times per week and insomnia symptoms.

Ascertainment of hypertension incidence

We defined incident hypertension as a new diagnosis of hypertension over follow-up among
those without prevalent hypertension at baseline. Doctor-diagnosed hypertension (and date
of diagnosis) was self-reported v7a annual update questionnaires and detailed follow-up
questionnaires (completed every 3 years).

Demographics, lifestyle/health behaviours and clinical factors

Participants reported their demographic characteristics, lifestyle, and past medical history
as part of the comprehensive computer-assisted telephone interviews administered at
Demographic characteristics included age, self-identified race and ethnicity, marital status,
household annual income, employment status and educational attainment. Lifestyle factors
included smoking status alcohol consumption, physical activity based on metabolic
equivalent of tasks (METS) [22,23] and healthy eating index-2015 calculated from a
modified Block 1998 Food Frequency Questionnaire [24]. Past medical history was
self-reported by participants and comprised menopausal status, cardiovascular disease,
hypercholesterolemia, diabetes, depression, sleep medication use (including melatonin) and
antidepressant use.

Premenopausal status was defined as having at least one menstrual cycle in the 12 months
prior to the baseline assessment. Trained study personnel measured body anthropometrics,
including height, weight and waist and hip circumference during a home visit at baseline.

These measures were used to calculate BMI (in kg/m?2) and waist-to-hip ratio.

Statistical analysis

We described baseline characteristics of participants overall and by incident hypertension
status using frequency and proportion for categorical variables and mean + standard
deviation (SD) for continuous variables. We examined the association of sleep dimensions
with incident hypertension using Cox Proportional Hazards models and reported findings
as hazard ratios with 95% confidence intervals (95% CIs). Models were sequentially
adjusted for demographics (Model 1: age, race/ethnicity, marital status, household income,
employment status and educational attainment); lifestyle factors (Model 2: Model 1
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covariates and smoking status, alcohol use, binge drinking, physical activity and healthy
eating index score); and clinical characteristics (Model 3: Model 2 covariates and BMI,
waist-to-hip ratio, diabetes and antidepressant use). We additionally adjusted sleep debt
analyses for inconsistent weekly sleep patterns. To determine whether age (dichotomized

at the median age of 54 years), race/ethnicity or menopausal status modified the
aforementioned associations, we added interaction terms for sleep measures and the
potential modifiers to the fully adjusted Cox models and tested for effect modification using
likelihood ratio tests.

We conducted several sensitivity analyses. To determine if menopausal status was a proxy
for age in the modification analyses (or vice versa), we assessed the interaction between

age and sleep separately among premenopausal and postmenopausal women. We also
stratified analyses by use of sleep medication and melatonin at study baseline. In addition, to
determine if our analyses using self-reported data were sensitive to misclassification bias, we
employed an alternative definition of prevalent hypertension using measured blood pressure
(BP): SBP at least 130 mmHg, DBP at least 80 mmHg or use of antihypertensive medication
at baseline. This approach excluded an additional 8097 women, which resulted in an analytic
population of 25 400. Techniques for BP measurements employed in this sensitivity analysis
followed standardized protocols and have been previously detailed elsewhere [25].

All hypothesis tests were two-sided at the 5% a level. Age was used as the time scale of

the Cox Proportional Hazards models and participants were right-censored on the last date
of follow-up (23 September 2018) or the date of diagnosis of hypertension, whichever came
first. We assessed and confirmed that the Cox models did not violate the proportionality
assumption of the hazard function using Schoenfeld residuals. We used STATA v.15 (STATA
Corp., College Station, Texas, USA) for all analyses.

Baseline characteristics of study participants

Among the 33 497 included participants, mean age + SD at baseline was 53.9 + 8.8 years;
29 720 (88.7%) were white, 2151 (6.4%) black and 1626 (4.9%) Hispanic/Latina; and 14
299 (42.7%) were current or former cigarette smokers.

A majority of participants reported having the recommended 7-9 h of sleep per 24 h (n=
23 997; 71.8%). Overall, 7819 (23.8%) participants had sleep debt at least 2 h; 2980 (8.9%)
reported napping at least three times per week; and 8332 (24.9%) had at least one insomnia
symptom (Table 1).

Compared with black or Hispanic participants, white participants were more likely to be
postmenopausal (60.8% for white vs. 48.8% for black vs. 50.9% for Hispanic participants),
to have the recommended sleep duration of 7-9 h (74.0 vs. vs. 64.0%, respectively) and

to have lower cumulative poor sleep score (0.95 vs. 1.52 vs. 1.33, respectively) (Appendix
eTable 1, http://links.lww.com/HIJH/B707).
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Cumulative incidence of hypertension

Over a median follow-up of 10.1 years [(interquartile range (IQR): 8.2-11.9], 7686

(23%) participants developed hypertension. Compared with those who did not develop
hypertension, those who did develop hypertension were older (mean age 55.8 vs. 53.4 years)
and more likely to identify as black (8.7 vs. 5.8%), to be current or former smokers (45.7 vs.
41.8%), and to use sleep medications (%) (Table 1).

Sleep dimensions and hypertension risk

In models adjusted for demographic factors, all poor sleep dimensions were associated with
greater incidence of hypertension. In fully adjusted models, insomnia symptoms (difficulty
falling or staying asleep) (hazard ratio = 1.09, 95% CI: 1.03-1.15) and insomnia symptoms
in combination with short sleep duration (hazard ratio = 1.13, 95% CI: 1.05-1.21) were
associated with greater hypertension risk (Table 2).

Sleep dimensions and hypertension risk by potential moderators

Age—The association of sleep with incident hypertension was evident only among younger
(age < 54 years) participants for the following poor sleep dimensions. Short (>5 to <7 h) vs.
recommended sleep duration: hazard ratio = 1.09, 95% CI: 1.00-1.19; P-interaction = 0.022.
Napping at least three vs. less than three times per week: hazard ratio = 1.13, 95% CI: 0.99-
1.29; P-interaction < 0.001. Insomnia symptoms: hazard ratio = 1.19, 95% CI: 1.10-1.29;
P-interaction < 0.001. Insomnia symptoms in combination with short sleep duration: hazard
ratio = 1.28, 95% ClI: 1.15-1.42; P-interaction < 0.001. 0.001. Cumulative poor sleep score:
hazard ratio = 1.06, 95% CI: 1.02-1.09; P-interaction < 0.001 (Table 3).

Race/ethnicity—There was no evidence of interactions between race/ethnicity and any of
the sleep dimensions on risks for hypertension (all A-interaction > 0.05) (Table 4).

Menopausal status—There was evidence for interaction between menopausal status and
several sleep dimensions on hypertension risk. Associations of poor sleep dimensions with
incident hypertension were evident among premenopausal but not postmenopausal women
for insomnia symptoms (hazard ratio = 1.23, 95% CI: 1.11-1.35; P-interaction < 0.001);
insomnia symptoms in combination with short sleep duration (hazard ratio = 1.27, 95% ClI:
1.12-1.45; P-interaction = 0.002); and cumulative poor sleep score (hazard ratio = 1.05, 95%
Cl: 1.02-1.09; P-interaction < 0.001) (Table 5).

Sensitivity analysis—The interactions between age and poor sleep dimensions with
incident hypertension risk were generally not evident after stratification by menopausal
status. The exceptions were insomnia symptoms in combination with short sleep
duration (~-interaction = 0.401 among premenopausal and 0.021 among postmenopausal
women) and cumulative sleep score (~interaction = 0.583 among premenopausal and
0.003 among postmenopausal women) (Appendix eTable 2, http://links.lww.com/HJH/
B707). Sleep medication and melatonin use did not modify the association of sleep
dimensions and hypertension risk (all ~-interaction > 0.05), with the exception of short
sleep duration (P-interaction = and (P-interaction = 0.042) (Appendix eTable 3, http://
links.lww.com/HJH/B707). Results from the main analyses were generally consistent
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when prevalent hypertension was defined using measured BP (Appendix eTable 4, http://
links.lww.com/HJH/B707) in combination with medication use.

DISCUSSION

In this large cohort of women from across the US and Puerto Rico, multiple dimensions

of poor habitual sleep were associated with an increased risk of incident hypertension.
Overall, insomnia symptoms and insomnia symptoms in combination with short sleep

were associated with an increased risk for hypertension incidence after adjustment for
demographic factors, lifestyle and comorbidities. Napping at least three times per week,
insomnia symptoms, difficulty falling/staying asleep, insomnia symptoms combined with
short sleep and cumulative poor sleep score were associated with an increased risk for
hypertension incidence specifically in premenopausal and younger women. Findings support
menopausal status more so than age as a modifier of the association between poor habitual
sleep and development of hypertension.

The robust association between insomnia symptoms in combination with short sleep and risk
for incident hypertension in our study underpins a growing literature that consistently links
this phenotype of insomnia with independent risk for unfavourable cardiovascular outcomes
such as hypertension incidence [4,26—28]. Several potential mechanisms underlying this
link have emerged, and physiological hyperarousal is the most extensively studied [4].

This hyperarousal state activates the hypothalamic-pituitary-adrenal (HPA) axis [29,30] and
is thought to potentiate development of hypertension by blunting nocturnal BP dipping,
which has been associated with an increased risk for hypertension [31]. Another potential
underlying mechanism that was recently demonstrated in one study is chronic low-grade
endothelial inflammation, defined in that study as greater nuclear translocation of NFxB

in endothelial cells [32]. Moving forward, this compelling empirical evidence warrants
screening for severe phenotypes of insomnia such as its cooccurrence with short sleep to
offset hypertension risk in women.

The current findings highlight important heterogeneity in the association of poor sleep
with hypertension risk between demographic subgroups, which has clinically relevant
implications for screening efforts and sleep interventions. Foremost, the data from the
current study suggest younger and premenopausal women as subpopulations in whom
unfavourable sleep patterns disproportionately confers increased hypertension risk. These
findings were evident despite hypertension incidence being relatively higher among older
(vs. Younger) and postmenopausal (vs. premenopausal) women. Thus, lending to the
growing recognition of early adulthood as a sensitive period during which poor sleep
particularly affects health [3]. In prior studies, the association between poor habitual sleep
and hypertension risk has been robust among young adults [3], but this relationship is

not evident in similarly designed studies among older adults [33]. Likewise, prior studies
link poor habitual sleep with hypertension risk specifically in premenopausal, compared
with postmenopausal, women [13]. The underlying reasons for this relative importance of
poor sleep in younger and premenopausal women warrants further investigation, including
the potential role of physiological and psychosocial factors that might potentiate the
consequences of poor sleep in these groups [34,35]. However, it is worth noting that changes
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in sex hormones that accompany menopause do not appear to play a role in this relation
[36].

Although differences in the association of sleep dimensions and hypertension risk across
race/ethnicity did not reach statistical significance, these trends were generally consistent
with prior studies [11,35]. Further, it is worth recognizing the limitations inherent in
assessing effect modification by interaction terms alone, especially when assessing racial
health disparities [37]. Thus, although the associations of interest did not vary by race/
ethnicity in the current study, this does not necessarily indicate that sleep is not a mechanism
that perpetuates racial disparities in incident hypertension. To this point, there were racial/
ethnic disparities in the exposures and outcome of interest, whereby, compared with white
women, black and Hispanic/Latina women had a higher prevalence of most dimensions of
poor habitual sleep and black women had a greater incidence of hypertension.

STRENGTHS AND LIMITATIONS

This study has several limitations. Our findings might not be generalizable to the broader US
population given that the Sister Study enrolled a targeted cohort of women whose sisters had
a diagnosis of breast cancer. We used self-reported sleep dimensions [38,39]. Although it is
a more feasible approach to assess sleep in epidemiologic studies compared with objective
assessments such as using polysomnography and actigraphy, self-report only moderately
correlates with objective measurements [38]. Future work should, therefore, replicate our
findings using objective sleep measures. The hypertension outcome in this study was defined
based on participant self-reports of physician diagnosis, which can be problematic given that
many US adults have undiagnosed hypertension. However, our findings remained largely
unchanged in a sensitivity analysis in which prevalent hypertension status at baseline was
ascertained based on measured BP instead of self-reports of physician diagnosis. In addition,
unmeasured confounding by factors such as psychosocial stressors (other than depression)
remain possible, especially given the observational design of the Sister Study. Despite these
limitations, our study had strengths. The inclusion of more than 33 000 community-dwelling
women from across the US population without prevalent hypertension at baseline and
detailed assessment of demographic, lifestyle and clinical factors, and follow-up with more
than 90% retention rate in the Sister Study allowed for comprehensive assessment of the
association of multiple sleep dimensions and hypertension risk.

PERSPECTIVE

Insomnia symptoms and insomnia symptoms in combination with short sleep were
associated with increased incident hypertension risk in this multiethnic sample of middle-
aged and older-aged women across the US and Puerto Rico. These poor habitual sleep
dimensions were associated with increased hypertension risk specifically in younger and
premenopausal women. Thus, screening for poor sleep and interventions aimed at improving
sleep health to prevent hypertension may need to include various dimensions of poor
habitual sleep and should prioritize specific subgroups of the population to maximize
benefits.
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NOVELTY and SIGNIFICANCE
What is new?

We examined the association of multiple dimensions of poor sleep health with
hypertension risk in women.

What is relevant?

Among 33 497 women who were free of hypertension at baseline, insomnia symptoms
and insomnia symptoms in combination with short sleep were associated with an
increased risk of hypertension over a median 10.1 years of follow-up, after adjustment
for demographic, lifestyle and comorbid characteristics. These associations were stronger
among younger and premenopausal women but did not differ by race/ethnicity.

Summary:

Markers of poor sleep were associated with hypertension risk in women, especially
among those who were less than 54 years and premenopausal.
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Sister Study, 2003-2018
(n=150,884)

Prevalent baseline hypertension or unknown
timing of hypertension diagnosis
(n=16,502: 32.4%)

n =34,382

Neither White, Black, nor Hispanic
(n=885: 2.6%)

Analytical Sample
(n=233.497)

FIGURE 1.
Flow chart diagram of final analytic sample derivation.
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