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Abstract
Study Objectives: Short sleep duration is associated with increased cardiovascular disease (CVD) risk. However, it is uncertain whether sleep debt, a measure of sleep 

deficiency during the week compared to the weekend, confers increased cardiovascular risk. Because sleep disturbances increase with age particularly in women, we 

examined the relationship between sleep debt and ideal cardiovascular health (ICH) in older women. 

Methods: Sleep debt is defined as the difference between self-reported total weekday and weekend sleep hours of at least 2 hours among women without apparent 

CVD and cancer participating in the Women’s Health Stress Study follow-up cohort of female health professionals (N = 22 082). The ICH consisted of seven health 

factors and behaviors as defined by the American Heart Association Strategic 2020 goals including body mass index, smoking, physical activity, diet, blood pressure, 

total cholesterol, and glucose. 

Results: Mean age was 72.1 ± 6.0 years. Compared to women with no sleep debt, women with sleep debt were more likely to be obese and have hypertension (pall < 

.05). Linear regression models adjusted for age and race/ethnicity revealed that sleep debt was significantly associated with poorer ICH (B = –0.13 [95% CI = –0.18 to 

–0.08]). The relationship was attenuated but remained significant after adjustment for education, income, depression/anxiety, cumulative stress, and snoring.

Conclusion: Sleep debt was associated with poorer ICH, despite taking into account socioeconomic status and psychosocial factors. These results suggest that 

weekly sleep duration variation, possibly leading to circadian misalignment, may be associated with cardiovascular risk in older women.
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Statement of Significance

In the United States, a third of individuals report not sleeping an adequate amount. This is especially true of health professionals who often face shift changes at 

work. In addition to shift work, older women often report greater sleep disturbances when compared to men. Although much work exists suggesting that short and 

low-quality sleep is associated with a number of health ailments—most notably cardiometabolic syndrome—examination of whether sleep debt, a 2-hour sleep 

discrepancy during the week compared to the weekend, affects cardiovascular health, a composite variable created by the American Heart Association (AHA) to 

track population-level trends in cardiovascular disease is relatively unknown. This study seeks to examine whether sleep debt is associated with poorer cardiovas-

cular health in older female health professionals. As such, because sleep characteristics are not typically included in the AHA’s cardiovascular health guidelines, 

the present research could potentially help inform future research and cardiovascular care.
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Introduction

Every day, one-third of individuals in the United States wake up 
drowsy from inadequate levels of sleep (e.g. <7 hours [1]). Health 
professionals such as nurses and physicians are particularly 
vulnerable to sleep deprivation due to fluctuating work sched-
ules [2]. Although inadequate sleep can affect short-term out-
comes such as work or cognitive performance [2–4] and increase 
cardiometabolic risk factors through effects on as body mass, 
appetite, and energy expenditure [5–7], insufficient sleep can 
also contribute to more serious long-term outcomes including 
cardiovascular disease (CVD), which may ultimately lead to 
death [8–11]. Weight gain, diabetes, hypertension [12], and in-
flammation [13] are implicated pathways through which sleep 
disturbance might result in increased CVD risk.

Current literature has established that short sleep duration 
is associated with increased CVD risk. For instance, a dose–re-
sponse risk of coronary heart disease events was found among 
short sleepers in a 10-year prospective follow-up of female 
nurses [14]. However, whether sleep debt, a measure of sleep 
deficiency during the week compared to the weekend, confers 
increased cardiovascular risk remains uncertain. Because sleep 
disturbances increase with age in women, we examine the rela-
tionship between sleep debt, defined as the difference between 
weekday and weekend sleep duration at least 2 hours, and 
ideal cardiovascular health (ICH), a composite index of seven 
health behaviors and factors, in a cohort of older female health 
professionals.

We hypothesize that women with sleep debt will be more 
likely to have greater dysregulation across cardiometabolic sys-
tems and decreased health-maintaining behaviors, operational-
ized as a poorer ideal cardiovascular health [15].

Method

Participants

This study used the follow-up cohort of the Women’s Health 
Study (WHS). The WHS cohort originally consisted of healthy 
middle-aged and older female health professionals from the 
United States (N = 39 876), which began in 1993 as a randomized 
clinical trial examining the effect of aspirin and vitamin E on 
the prevention of CVD and cancer [16, 17]. Although the clinical 
trial ended in 2004, subsequent observational follow-up studies 
have been conducted every 6 months since 2005 and continue 
annually. All data collection procedures, measures, and sub-
sequent follow-ups were approved by the institutional review 
board of Brigham and Woman’s Hospital, Boston, MA. The WHS 
stress follow-up study was approved by the institutional review 
boards of Brigham and Woman’s Hospital and the University of 
California at San Francisco.

This analyses use data from a subsample of WHS partici-
pants (N = 25 335) who participated in an ancillary WHS study 
on psychosocial stress (2012–2013) and had no prior history of 
CVD [18]. All analyses included women (N = 22 082) with no his-
tory of cancer and CVD and who had complete data on sleep 
debt and ICH. All women had complete information for ICH 
and 414 women had missing sleep debt information. Compared 
to women without missing sleep debt information, women 
missing sleep debt data were older (r = .10, p < .0001), were less 
educated (i.e. <BS degree; r  =  –0.04, p < .0001), and had lower 

income (i.e. <$50 000; r = –0.04, p < .0001). Additional analyses 
showed that women who had missing data across the covariates 
had the same characteristics as described previously. To account 
for these differences [19], we included these covariates in our 
present analyses.

Measures

Sleep debt.
Weekday and weekend sleep durations were self-reported via 
bedtime (e.g. “What time do you usually go to bed on week-
days or work days (weekends or days off)?”) and wake time (e.g. 
“What time do you usually wake up on weekdays or work days 
(weekends or days off)?”). Weekday sleep debt was calculated 
by first computing the mean sleep duration (in hours) separ-
ately for the weekend and the weekday. A difference score of the 
means (M) was then taken: (difference score = Mweekend sleep – Mweekday 

sleep). On the basis of the difference score, women who had at 
least 2 hours weekday sleep deficiency were classified as having 
weekday sleep debt; those who had less than 2 hours sleep defi-
ciency were classified as having no weekday sleep debt.

Ideal cardiovascular health.
All measures used in ICH were obtained through participant 
self-report at stress study baseline (2011–2012), except for diet 
data collected in 2004. Previous analyses of the WHS have found 
high degree of concordance between self-reported measures 
of health behavior status and physician-ascertained reports 
[20–23]. Self-reported physical activity has been collected by the 
WHS since baseline and continues to be collected in follow-up 
assessments every 2–3 years. The WHS physical activity meas-
ures are based on instruments developed by the College Alumni 
Health Study, which have established instrument reliability and 
validity [24, 25]. A  131-item valid and reliable food frequency 
measure was administered to participants [26]. Five food com-
ponents from the questionnaire were dichotomized and used 
to create the diet factor, including (1) consumption of fruits and 
vegetables (>75th percentile), (2) fish (>75th percentile), (3) fiber-
rich-whole grains (>75th percentile), (4) sodium intake (<25th 
percentile), and (5) sugar-sweetened beverages (<25th per-
centile). The five food components were summed.

ICH was a composited sum score of seven modifiable life-
style and physiological factors of CVD risk designed by the 
American Heart Association 2020 Impact goals [15] that include: 
(1) current smoking status (ideal = never; intermediate = past; 
poor = current), (2) body mass index (poor = ≥ 30 kg/m2; inter-
mediate = 25–29.9 kg/m2; ideal = <25 kg/m2), (3) physical activity 
(ideal = moderate physical activity ≥150 minutes per week; inter-
mediate = 1–150 minutes per week, poor = <1 minute per week), 
(4) diet (ideal = 4–5 components; intermediate = 2–3 components; 
poor = 0–1 components), (5) blood pressure (ideal = <120/<80 mm 
Hg; intermediate = systolic blood pressure [SBP] 120–139 or dia-
stolic blood pressure [DBP] 80–89  mm Hg; poor  =  SBP >140 or 
DBP >90 mm Hg), (6) total cholesterol (ideal = <200 mg/dl; inter-
mediate = 200–239 mg/dl; poor = >240 mg/dl), and (7) type II dia-
betes status (classified into two categories (yes/no) used instead 
of blood glucose level.

For each of the ICH score components, participants were 
assigned a score of 0 if they did not meet the criteria for ideal 
or intermediate health, a score of 0.5 if they met the criteria 
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for intermediate, and a score of 1 for ideal health status (see 
Supplementary Table S1 for a summary of each of the ICH 
variables). These scores derived from the seven metrics were 
summed to give a total continuous ICH score ranging between 0 
and 7. Higher scores on the composited measure denoted better 
ICH. In addition to a continuous score, ICH was categorized into 
three categories: (1) poor (<4 ICH factors; 8.8% of participants 
fell in this category); (2) intermediate (between 3.5 and 5.5 ICH 
factors; 82.7% of participants fell in this category); and (3) ideal 
(between 6 and 7 ICH factors; 8.5% of participants fell in this 
category).

Covariates.
This study used self-reported demographic and clinical variables 
including age, race/ethnicity, highest education level attained, 
annual household income, depression/anxiety symptoms, 
cumulative stress, and snoring frequency. Depression/anx-
iety symptoms were measured by the five-item mental health 
subscale of the 36-Item Short Form Survey [27]. Cumulative psy-
chosocial stress (cumulative stress) consisted of a composite of 
eight domains of acute (traumatic life events and negative life 
events) and chronic stress (work stress, work–family spillover, 
relationship stress, financial stress, neighborhood stress, per-
ceived and discrimination). The measure and its components 
were previously described [18]. Snoring was measured by self-
report (“How often have you snored”) and was reported as a 
four-point scale (never, rarely [1–2 nights/wk], sometimes [3–5 
nights/wk], almost always [6–7 nights/wk]). All covariates were 
collected in 2012–2013. In addition, short and long sleep were 
included as covariates. Short sleep was defined as less than 6 
hours/average nightly sleep and long sleep was defined as more 
than 9 hours/average nightly sleep.

Statistical analysis

Sample demographics and characteristics are reported as means 
or percentages, disaggregated by sleep debt status. All characteris-
tics were examined for statistical differences using either analysis 
of variance or chi-squared tests. Multinomial logistic regression 
was used to examine the association between sleep debt and 
ICH categories (poor, intermediate, and ideal). First, the crude/un-
adjusted relationship between sleep debt and ICH was computed. 
Model 1 adjusted for age and race/ethnicity. Model 2 addition-
ally controlled for socioeconomic status (income and education). 
Model 3 included Model 2, plus adjustment for depression/anx-
iety. Model 4 included Model 3 variables, plus adjustment for cu-
mulative stress. Model 5 included snoring, separately, along with 
the previous covariates found in Model 4. Model 6 included Model 
4 covariates and long sleep. Model 7 included Model 4 covariates 
along with short sleep. Finally, our fully adjusted Model 8 included 
all previous covariates, snoring, and short and long sleep. Linear 
regression analysis was additionally used to assess the continuous 
association between sleep debt and ICH. The model covariates and 
steps are identical to the multinomial logistic analyses.

A stratified analysis was performed to examine the effect 
of age on sleep debt and ICH. Additional analyses assessed for 
interactions between sleep debt and sleep duration (i.e. short 
sleep and long sleep) on ICH. Tolerance (<1) and variance infla-
tion ratio (>10) diagnostics denoted that both short sleep and 
long sleep were not collinear with sleep debt.

All analyses were performed on SAS 9.4. Probability values 
for all analyses were two-tailed (p < .05).

Results

Baseline characteristics and bivariate associations

Table 1 presents the baseline characteristics of the partici-
pants. Women classified as having sleep debt were significantly 
younger, more likely to be divorced or single, and more likely to 
have an income at least $50 000. Women with sleep debt were 
more likely to have a history of hypertension and diabetes and 
to be obese (body mass index ≥30 kg/m2). Regarding health be-
haviors, women with sleep debt were less physically active and 
less likely to report consuming alcohol (1+ alcoholic drink/day).

Sleep duration.
In the sample, 2.3% of women were classified as having short 
sleep (<6 hours) and 14.7% of women were classified as having 
long sleep (>9 hours). Of women categorized as having sleep 
debt, only 7.4% were classified as short sleepers. Likewise, only 
11.5% of women were classified as having both sleep debt and 
long sleep.

Sleep debt and ideal cardiovascular health

Multinomial logistic regression.
ICH was categorized into three categories (Table 2): poor cardio-
vascular health, intermediate cardiovascular health, and ideal 
cardiovascular health (reference group). Unadjusted analyses 
indicated that sleep debt was significantly associated with an 
increased likelihood of poor cardiovascular health (odds ratio 
=1.57 [95% CI = 1.21 to 2.04]). Intermediate cardiovascular was 
not statistically significant in the unadjusted model (odds 
ratio = 1.22, 95% CI = 0.99 to 1.51). After controlling for age, race/
ethnicity, income, and education (Model 2), there was a statistic-
ally significant likelihood of being classified as having both poor 
(odds ratio =1.61, 95% CI = 1.23 to 2.10) and intermediate cardio-
vascular health (odds ratio =1.28 [95% CI = 1.04 to 1.59]) among 
participants categorized as having sleep debt compared to those 
without sleep debt. Fully adjusted models that additionally con-
trolled for depression/anxiety, cumulative stress, snoring, long 
and short sleep maintained statistical significance for higher 
odds of poor cardiovascular health (Model 8; odds ratio = 1.39 
[95% CI = 1.06 to 1.82]).

Multiple regression.
Table 3 presents the unstandardized parameter estimates (B) 
and 95% confidence intervals from linear regression models for 
the relationship between sleep debt and ICH, modeled as a con-
tinuous variable. The presence of sleep debt was significantly as-
sociated with lower ICH in the crude model (Model 0; B = –0.12 
[95% CI = –0.17 to –0.07]). Adjustment for age and race/ethnicity 
did not significantly change this relationship (Model 1; B = –0.13 
[95% CI = –0.18 to –0.08]). Our fully adjusted model that controlled 
for age, race/ethnicity, education, income, depression/anxiety, 
cumulative stress, snoring, and short and long sleep modestly 
attenuated the magnitude of the association, which remained 
statistically significant (Model 8; B  =  –0.08 [95%  CI  =  –0.13 to 
–0.03]), suggesting that the observed association between the 
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Table 1. Baseline characteristics of women by sleep debt, Women’s Health Study Sample, N = 22 082

Sleep debt

 Total sample No Yes  

 (N = 22 082) (n = 20 317) (n = 1412) P
Age, M (SD) 72.1 (6.0) 72.2 (6.0) 69.2 (4.5) <.0001
Marital status, %    <.0001
 Single 5.3 5.1 6.9  
 Currently married 77.0 77.7 72.5  
 Divorced or separated 13.1 12.7 17.3  
 Widowed 4.5 4.6 3.3  
Education,%    .30
 <BS degree 51.8 51.5 50.9  
 ≥BS degree 46.6 46.8 48.0  
 Missing education 1.7 1.7 1.2  
Household income, %    .01
 <$50 000 48.0 37.9 36.0  
 ≥$50 000 56.3 56.6 60.1  
 Missing income 5.5 5.6 4.0  
History of hypertension, % 69.8 69.4 72.1 .04
History of diabetes mellitus, % 10.0 9.6 13.7 <.0001
Hypercholesterolemia, % 73.5 73.5 73.5 .39
Body mass index, % (kg/m2)    <.0001
 Normal/underweight (BMI <25) 42.7 43.2 36.2  
 Overweight (BMI 25–29.9) 34.1 34.2 33.2  
 Obese (BMI ≥30) 23.3 22.6 30.6  
METS, M (SD) (hrs/wk) 17.7 (16.7) 17.9 (16.7) 16.0 (16.5) <.0001
Physical activity, %    .0009
Rarely/never 35.3 35.0 38.6  
 <1 20.1 20.0 22.0  
 1–3 32.7 33.0 29.3  
 >3 11.8 12.0 10.2  
Alcohol use, %    .001
 Rarely/never 85.1 84.8 88.0  
 1+ Alcoholic drink/day 14.9 15.2 12.0  
Smoking status, %    .15
 Never 50.1 50.0 51.2  
 Past 45.1 45.3 43.2  
 Current 4.8 4.7 5.6  

Table 2. The association between sleep debt and categorized ideal cardiovascular health

Ideal cardiovascular health

 Poor Intermediate Ideal

 OR OR OR
Model 0 1.57 (1.21 to 2.04) 1.22 (0.99 to 1.51) 1.0
Model 1 1.66 (1.27 to 2.16) 1.29 (1.05 to 1.60) 1.0
Model 2 1.61 (1.23 to 2.10) 1.28 (1.04 to 1.59) 1.0
Model 3 1.57 (1.20 to 2.05) 1.27 (1.03 to 1.57) 1.0
Model 4 1.44 (1.10 to 1.89) 1.22 (0.99 to 1.51) 1.0
Model 5 1.39 (1.06 to 1.83) 1.21 (0.97 to 1.50) 1.0
Model 6 1.46 (1.11 to 1.91) 1.22 (0.99, 1.52) 1.0
Model 7 1.41 (1.08 to 1.85) 1.24 (1.00 to 1.54) 1.0
Model 8 1.39 (1.06 to 1.82) 1.23 (0.99 to 1.52) 1.0

Model 0: Unadjusted.

Model 1: Age + race/ethnicity.

Model 2: Model 1 + education + income.

Model 3: Model 2 + depression/anxiety.

Model 4: Model 3 + cumulative stress.

Model 5: Model 4 + snoring.

Model 6: Model 4 + long sleep.

Model 7: Model 4 + short sleep.

Model 8: Model 4 + snoring + long sleep + short sleep.

Bolded odds ratios (OR) denote a significant (p <.05) association.
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presence of sleep debt and poorer ICH is in part related to these 
aforementioned variables.

Age stratification.
As sleep disturbances are more common with older age [28], 
we stratified participants by age (<75 years old; >75 years old;  
Table 4. The presence of sleep debt was significantly associated 
with poorer ICH in women less than 75 years old only. Among 
women more than 75 years old, there was no significant associ-
ation of sleep debt with ICH.

Discussion
In this cross-sectional study of older female health profes-
sionals, we found that sleep debt, defined as the difference 
between weekday and weekend sleep deprivation of at least 2 
hours, was associated with poorer ICH in women. Associations 
were most evident for women less than 75 years old. The associ-
ation between sleep debt and diminished ICH persisted after ad-
justment for important demographic, behavioral, psychosocial 
confounders, and sleep factors, including snoring, and short and 
long sleep. Although the adverse effects of insufficient sleep on 
cardiometabolic health are increasingly recognized, it is often 
presumed that individuals can “catch up” on sleep on weekends. 
Our findings add to the literature by finding that weekday-to-
weekend variation in sleep is associated with adverse CV health 
risk profile, an association that persists even after adjusting 
for multiple potential confounders. These findings may be due 
to the chronic physiological stressors of weekday short sleep, 
which are not compensated for by sleeping in on weekends, 
or by the adverse effects of variability in sleep duration and 
timing, which may contribute to circadian misalignment and 
cardiometabolic dysfunction. In addition, individuals with sleep 
debt may decrease in investment in somatic effort through dis-
engagement in health-maintaining behaviors and resulting in 
poorer cardiovascular health. The results further suggest that 
concerted dysregulation across various cardiometabolic sys-
tems is exacerbated through reduction in salubrious behaviors, 
potentially leading to more serious CVD risk.

Our findings add to previous research by demonstrating that 
reduction of sleep during the weekday compared to the weekend 
of at least 2 hours is associated with poorer CVD health. Indeed, 
studies have shown that both long and short sleep increases 
CVD risk [14, 29] and all-cause mortality [30]. However, only 
limited prior research examined the role of sleep debt on CVD 
risk. For instance, women classified as having sleep debt were 
more likely to have greater prevalence of cardiometabolic dis-
order when compared to women not classified as having sleep 
debt [31]. Sleep disturbances can affect multiple organ systems, 
and post-menopausal older women may be more vulnerable 
than younger women due to their higher prevalence of sleep 
problems [32, 33]. As such, given the clinical priorities to under-
stand the impact of sleep disturbance on older women’s cardio-
vascular health and the lack of empirical investigation in older 
women, our work adds an important contribution to the existing 
literature.

Recent data suggest that lifestyle factors including psycho-
social stress and socioeconomic status [34, 35] can affect dur-
ation of sleep, such as reducing sleep times during the week 
compared to the weekend [36]. A main lifestyle activity impli-
cated with weekday short sleep is work [36]. Previous data among 
health professionals show that shift work likely interrupts sleep 
cycles in a manner that is associated with worsened CVD risk 
regardless of socioeconomic or psychosocial status. Although 
female health professionals in the WHS cohort have varied oc-
cupations ranging from licensed practical nurses to physicians 
and education level, we did not find heterogeneity in the re-
lationship by education or occupation, albeit most WHS par-
ticipants are retired. It is possible that a proportion of women 
continued working, particularly in health professions that have 
variable time schedules (i.e. shift work). Unfortunately, the WHS 
does not currently have a measure of women’s current employ-
ment and this cannot be accounted for.

Table 3. Relationship between sleep debt and ideal cardiovascular 
health, N = 22 082

B P

Model 0 –0.12 (–0.17 to –0.07) <.0001
Model 1 –0.13 (–0.18 to –0.08) <.0001
Model 2 –0.12 (–0.17 to –0.07) <.0001
Model 3 –0.11 (–0.16 to –0.07) <.0001
Model 4 –0.09 (–0.14 to –0.04) .0003
Model 5 –0.08 (–0.13 to –0.03) .001
Model 6 –0.09 (–0.14 to –0.04) .0002
Model 7 –0.09 (–0.14 to –0.04) .001
Model 8 –0.08 (–0.13 to –0.03) .002

Model 0: Unadjusted.

Model 1: age + race/ethnicity.

Model 2: Model 1 + education + income.

Model 3: Model 2 + Depression/anxiety.

Model 4: Model 3 + Cumulative stress.

Model 5: Model 4 + Reported snoring.

Model 6: Model 4 + Long sleep.

Model 7: Model 4 + Short sleep.

Model 8: Model 4 + reported snoring + long sleep + short sleep.

No sleep debt is the referent; as such, a negative B denotes lower ideal cardio-

vascular health in the presence of sleep debt. Bolded B denote a significant (p 

<.05) association.

Table 4. Relationships between sleep debt and ideal cardiovascular 
health, stratified by age categories

<75 years old ≥75 years old 

 n = 16 013 n = 6013

 B P B P

Model 1 –0.14 (–0.19 to –0.09) <.0001 –0.05 (–0.19 to 0.10) .52
Model 2 –0.13 (–0.18 to –0.08) <.0001 –0.05 (–0.20 to 0.10) .48
Model 3 –0.12 (–0.17 to 0.07) <.0001 –0.06 (–0.20 to 0.09) .46
Model 4 –0.10 (–0.15 to 0.04) .0004 –0.03 (–0.18 to 0.12) .58
Model 5 –0.09 (–0.14 to –0.03) .001 –0.02 (–0.17 to 0.13) .80
Model 6 –0.10 (–0.15 to –0.05) .0002 –0.02 (–0.17 to 0.12) .74
Model 7 –0.09 (–0.14 to –0.04) .0009 –0.02 (–0.17 to 0.12) .72
Model 8 –0.08 (–0.14 to –0.03) .002 –0.01 (–0.16 to 0.14) .89

Model 0: Unadjusted.

Model 1: age + race/ethnicity.

Model 2: Model 1 + education + income.

Model 3: Model 2 + depression/anxiety.

Model 4: Model 3 + cumulative stress.

Model 5: Model 4 + reported snoring.

Model 6: Model 4 + long sleep.

Model 7: Model 4 + short sleep.

Model 8: Model 4 + reported snoring + long sleep + short sleep.

No sleep debt is the referent; as such, a negative B denotes lower ideal cardio-

vascular health in the presence of sleep debt. Bolded B denote a significant (p 

<.05) association.
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There are data that suggest that older adults may be more re-
silient to sleep loss than younger adults [37]. Although statistical 
tests for interaction were nonsignificant, our stratified analyses 
suggested that associations are stronger in the women younger 
than 75  years compared to older women. It is possible that 
there might have been even stronger effects in younger indi-
viduals. Weekend–weekday variability has not been well studied 
in older cohorts and our findings in women averaging 72 years 
may be because older individuals may be more susceptible to 
certain sleep-related stressors than other stressors. There is a 
need to carefully consider how different dimensions of sleep 
health [38–40] (sleep, debt, short/long sleep, inter-individual 
variability in sleep times) may affect different health outcomes 
(e.g. cardiometabolic outcomes vs. cognitive functioning) across 
populations of different ages and underlying characteristics.

Insufficient sleep likely affects CVD risk via behavioral and 
biological mechanisms across the life-course. Several patho-
physiological pathways of insufficient sleep have been proposed 
to impact markers of cardiometabolic health [7]. Sleep depriv-
ation may result in substantial dysregulation of the hypothal-
amic–pituitary–adrenal (HPA) axis. Because cortisol and other 
glucocorticoids are implicated in sleep–wake cycles, short 
sleep produces systemic HPA dysregulation, producing “vigi-
lant” states that can further produce sleep dysfunction [41]. It 
has been similarly proposed that sleep deprivation results in 
upregulation of the sympathetic-–adrenal–medullary (SAM) 
axis. For instance, greater SAM activation, as measured by heart 
rate, was found in individuals with short sleep (<6 hours) in 
comparison with individuals who received 7–8.9 hours of sleep 
[42]. Inflammation from evoked innate immune response has 
also been implicated as another pathophysiological measure. 
Greater activation of IL-6 and IL-β, markers of evoked immune 
response, was associated with higher levels of sleep debt [43]. 
Other work suggests that diminished sleep contributes to CVD 
risk through unhealthful eating behaviors [44–46], such as 
snacking, contributing to obesity-related cardiovascular com-
plications from obesity [47, 48]. Mechanisms include altered 
appetite-regulatory hormones such as ghrelin and leptin [46, 49], 
and activation of hedonic stimulus processing in the brain [50].

Long sleep duration has also been associated with adverse 
cardiovascular outcomes. However, the mechanisms underlying 
these associations are not well understood. Long sleep may re-
flect the effects of chronic health conditions and depression on 
the restorative properties of sleep, excessive sleepiness, and/or 
adverse sleep behaviors, and thus, associations with long sleep 
may reflect unmeasured confounders. In addition, long times in 
bed may associate with more sedentary behaviors, which are 
risk factors for CVD. Finally, individuals with long sleep duration 
may have misaligned circadian sleep–wake rhythms, including 
social jetlag, which also associated with cardiometabolic dis-
orders [51].

Increased variability in sleep duration or timing also may 
adversely affect cardiometabolic risk factors or function, inde-
pendent of average sleep duration, through circadian misalign-
ment, which has been shown experimentally to alter insulin 
sensitivity, increase glucose and free fatty acid levels through 
altered gene expression [52]. Sleep debt may identify individuals 
who have variable sleep duration and timing, as well as individ-
uals who may are chronically sleep deprived during weekdays.

Limitations of this study include its cross-sectional nature. 
Nonetheless, our results are consistent with previous sleep 

duration and deprivation research conducted longitudinally [29], 
via experimental animal models [53], human studies [52, 54], and 
using daily diary methodologies [49, 55]. As the cohort consists 
of predominately white female health professionals, similar 
work should be conducted in diverse populations, including 
racial/ethnic US minorities. This is especially important, given 
that shift work is predominately performed by racial/ethnic 
minorities [56]. In addition, a measure of sleep debt—the vari-
ability of sleep from weekdays to weekends—was a significant 
predictor of cardiovascular health, highlighting that variation of 
sleep is a marker of adverse health outcomes even in groups 
without substantive sleep deprivation.

In addition, sleep duration and snoring were obtained by 
self-report, which is more readily obtainable in a large cohort. 
As such, the measurement of sleep duration may reflect time 
in bed or otherwise be influenced by reporting biases due to 
under- or overestimation of actual sleep time. Although self-
reported measures of sleep may be only moderately correlated 
with objective measures [57, 58], the use of self-reported data 
may nonetheless be relevant when developing public health 
messages as these reflect behaviors individuals may be able 
to self-monitor. We acknowledge that there is no standard op-
erational definition of sleep debt in the literature (e.g. sleep 
debt was defined as the difference between preferred duration 
of sleep and reported weekday sleep duration [59]) and add-
itional research is needed to identify the most appropriate op-
erational definitions of sleep debt across populations. Also, the 
interpretation of sleep debt as defined in this article should 
recognize that this term may identify several types of sleep-
related stressors, such as exposure to periods of insufficient 
sleep without adequate compensation or day-to-day variability 
in sleep duration or to circadian misalignment due to chan-
ging sleep–wake patterns that are not synchronized with the 
multiple metabolic processes regulated by the internal bio-
logical clock. Finally, we acknowledge that information on hyp-
notic and cardiovascular medication use was not consistently 
ascertained in this cohort, precluding our ability to evaluate 
whether these medications influenced our findings.

In conclusion, this study suggests that differences in 
weekday and weekend sleep duration of at least 2 hours are as-
sociated with decreased cardiovascular health in older female 
health professionals. The results support sleep hygiene recom-
mendations that encourage consistent sleep schedules across 
the week. Future work should confirm the current findings in 
a prospective analysis, as they may inform policy or physician 
recommendations.
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