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ORIGINAL RESEARCH

Redefining Cardiovascular Health to Include 
Sleep: Prospective Associations With 
Cardiovascular Disease in the MESA Sleep 
Study
Nour Makarem , PhD, MS; Cecilia Castro- Diehl , MD, MPH, DrPH; Marie- Pierre St- Onge , PhD; 
Susan Redline , MD, MPH; Steven Shea , MD, MS; Donald Lloyd- Jones , MD, ScM; 
Hongyan Ning, MD, MS; Brooke Aggarwal , EdD, MS

BACKGROUND: Although sufficient and healthy sleep is inversely associated with cardiovascular disease (CVD) and its risk fac-
tors, the American Heart Association’s Life’s Simple 7 (LS7), as a measure of cardiovascular health (CVH), did not include 
sleep. We evaluated an expanded measure of CVH that includes sleep as an eighth metric in relation to CVD risk.

METHODS AND RESULTS: The analytic sample consisted of MESA (Multi- Ethnic Study of Atherosclerosis) Sleep Study partici-
pants who had complete data on sleep characteristics from overnight polysomnography, 7- day wrist actigraphy, validated 
questionnaires, and the outcome. We computed the LS7 score and 4 iterations of a new CVH score: score 1 included sleep 
duration, score 2 included sleep characteristics linked to CVD in the literature (sleep duration, insomnia, daytime sleepiness, 
and obstructive sleep apnea), scores 3 and 4 included sleep characteristics associated with CVD in MESA (score 3: sleep 
duration and efficiency, daytime sleepiness, and obstructive sleep apnea; score 4: score 3+sleep regularity). Multivariable- 
adjusted logistic and Cox proportional hazards models evaluated associations of the LS7 and CVH scores 1 to 4 with CVD 
prevalence and incidence. Among 1920 participants (mean age: 69±9 years; 54% female), there were 95 prevalent CVD events 
and 93 incident cases (mean follow- up, 4.4 years). Those in the highest versus lowest tertile of the LS7 score and CVH scores 
1 to 4 had up to 80% lower odds of prevalent CVD. The LS7 score was not significantly associated with CVD incidence (hazard 
ratio, 0.62 [95% CI, 0.37– 1.04]). Those in the highest versus lowest tertile of CVH score 1, which included sleep duration, and 
CVH score 4, which included multidimensional sleep health, had 43% and 47% lower incident CVD risk (hazard ratio, 0.57 
[95% CI, 0.33– 0.97]; and hazard ratio, 0.53 [95% CI, 0.32– 0.89]), respectively.

CONCLUSIONS: CVH scores that include sleep health predicted CVD risk in older US adults. The incorporation of sleep as a 
CVH metric, akin to other health behaviors, may enhance CVD primordial and primary prevention efforts. Findings warrant 
confirmation in larger cohorts over longer follow- up.

Key Words: cardiovascular diseases ■ cardiovascular health ■ health behaviors ■ Life’s Essential 8 ■ Life’s Simple 7 ■ primordial 
prevention ■ sleep

Sleep, alongside diet and physical activity (PA), is one 
of the 3 pillars of health, but unlike other health be-
haviors, healthy sleep is not included in the American 

College of Cardiology/American Heart Association (AHA) 

cardiovascular disease (CVD) prevention guidelines.1 
Similar to the high prevalence of unhealthy diet and phys-
ical inactivity,2 poor sleep is ubiquitous.3 Approximately 
35% of US adults are short sleepers (<7 hours), ≈20% 
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report excessive daytime sleepiness, and <50% report 
having a good night of sleep every night.4– 7 Importantly, 
the presence of sleep disorders, such as insomnia and 
obstructive sleep apnea (OSA), has been linked to other 
adverse sleep exposures such as short sleep, suggest-
ing that multiple unhealthy sleep phenotypes may occur 
concurrently and potentially interact, further augmenting 
risk for chronic disease.6,8– 10

Sleep disorders and unhealthy sleep behaviors 
have been extensively linked to elevated cardiometa-
bolic risk and CVD,11– 13 with effect sizes similar to those 
observed for other health behaviors such as diet and 
physical activity. A 2016 AHA statement on sleep con-
cluded that short and poor- quality sleep and sleep 
disorders are associated with higher obesity, hyper-
tension, and diabetes risk.11 Irregularity in sleep timing 
and duration have also been linked to metabolic ab-
normalities and higher CVD risk.12,14 Further, poor sleep 
is related to poor diet quality and lower PA and may 
influence CVD risk by interacting with these lifestyle 
factors.15,16

While sleep phenotypes have been examined in 
relation to individual health behaviors and cardiomet-
abolic risk factors, the role of sleep in achieving ideal 
cardiovascular health (CVH) has not been well charac-
terized. We previously demonstrated that self- reported 
short sleep duration, poorer sleep quality, and higher 
insomnia severity and OSA risk are related to poorer 
CVH,17 but the association of objectively assessed sleep 
with CVH has not been investigated. Furthermore, al-
though sleep is increasingly acknowledged as a CVD 
risk factor,2,11 healthy sleep is not included as a CVH 
metric in the AHA’s Life’s Simple 7 (LS7).18 A higher 
LS7 composite score, indicative of more favorable 
CVH, has been linked to lower risk of cardiovascu-
lar outcomes19– 23; whether an expanded definition of 
CVH that includes sleep, that is, updating the LS7 to 
“Essential Eight,” is associated with CVD risk has not 
been previously evaluated. In addition, given that sleep 
is a multidimensional health construct, there is a need 
to evaluate which sleep parameters should be priori-
tized for CVD prevention.

We investigated the association of sleep charac-
teristics with CVH and whether CVH scores that de-
scribe healthy sleep, as an additional eighth metric, 
would be associated with lower CVD prevalence and 
incidence among older US adults, a population at high 
risk for CVD.2 We hypothesized that a CVH score that 
includes healthy sleep (ie, adding sleep metrics to the 
LS7) would be associated with CVD prevalence and 
incidence. We further hypothesized that a CVH score 
that includes several sleep characteristics, providing a 
global measure of multidimensional sleep health (akin 
to diet quality, which is assessed from intakes of mul-
tiple food groups), would represent the best measure 
for predicting future CVD risk.

METHODS
Study Population
The MESA (Multi- Ethnic Study of Atherosclerosis) 
mechanism for public access to clinical exam data 
are via the National Institutes of Health BioLINCC 

CLINICAL PERSPECTIVE

What Is New?
• An expanded cardiovascular health score that 

includes the American Heart Association’s Life’s 
Simple 7 metrics plus a sleep health measure 
was evaluated in relation to cardiovascular dis-
ease prevalence and incidence.

• The Life’s Simple 7 score and all iterations of an 
“Essential Eight” score, that additionally incor-
porate sleep health measures, were related to 
cardiovascular disease prevalence.

• Cardiovascular health scores that include sleep 
duration or a measure of multidimensional sleep 
health, in addition to the health factors and be-
haviors included in the Life’s Simple 7, were 
additionally associated with cardiovascular dis-
ease incidence in older US adults.

What Are the Clinical Implications?
• The incorporation of sleep as a cardiovascular 

health metric, akin to other health behaviors, 
may enhance primordial and primary cardiovas-
cular disease prevention efforts at the popula-
tion level.

• The approach to promoting a healthy lifestyle, 
which traditionally focused heavily on diet and 
physical activity, should be expanded to en-
compass behaviors across the 24- hour period, 
including sleep.

• Additional research is needed to examine this 
expanded definition of cardiovascular health 
in relation to lifetime risk of cardiovascular dis-
ease and to evaluate the impact of screening for 
sleep problems and improving sleep hygiene on 
cardiovascular outcomes.

Nonstandard Abbreviations and Acronyms

AHA American Heart Association
CVH cardiovascular health
LS7 Life’s Simple 7
PA physical activity
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repository: https://bioli ncc.nhlbi.nih.gov/studi es/
mesa/. Data and materials from the MESA Sleep 
Ancillary Study are publicly available on the National 
Sleep Research Resource and can be accessed at: 
https://sleep data.org/. MESA is an ongoing US pro-
spective cohort study of subclinical CVD and CVD risk 
factors.24 At baseline, 6814 adults (age, 45– 84 years; 
38% White, 12% Chinese- American, 28% Black, and 
22% Hispanic, with race and ethnicity based on self- 
report), free of clinical CVD, were recruited. To date, 6 
clinical examinations have been completed. Of 4655 
participants at Exam 5 (2010– 2012), 2261 (48.5%) en-
rolled in the MESA Sleep Ancillary Study (2010– 2013), 
which included sleep assessments: single overnight 
polysomnography, 7- day wrist actigraphy, and vali-
dated questionnaires. A total of 2060 participants had 
successful polysomnography data, 2156 had actig-
raphy data, and 2240 participants completed sleep 
questionnaires. The final analytical sample consisted 
of n=1920 participants with complete data on the sleep 
characteristics from actigraphy, polysomnography, 
and sleep questionnaires as well as the outcomes of 
interest. All participants gave written informed consent. 
Study protocols were approved by the institutional re-
view boards at participating institutions.

Assessment of Sleep Characteristics
Actigraphy was performed for 7 consecutive days 
using the Actiwatch Spectrum wrist actigraph (Philips 
Respironics, Murrysville, PA) worn on participants’ 
nondominant wrists. In- home, overnight polysom-
nography was conducted using a 15- channel monitor 
(Compumedics Somte System; Compumedics Ltd., 
Abbotsville, Australia). Actigraphy and polysomnog-
raphy data were scored centrally at the Brigham and 
Women’s Hospital Sleep Reading Center by trained 
technicians blinded to other data, with high levels of 
inter- and intrascorer reliability.25 Sleep duration, effi-
ciency, and regularity were ascertained from actigra-
phy. Sleep duration ≥7 and <9 hours was considered 
sufficient.11,25,26 Adequate sleep efficiency was defined 
as percentage of time in bed after lights off spent 
sleeping ≥85%.27 Low night- to- night variability in sleep 
duration and timing were defined as having a sleep 
duration and sleep onset timing SD <90 minutes. An 
apnea- hypopnea index was calculated on the basis of 
the average number of all apneas plus hypopneas as-
sociated with a 4% desaturation per hour of sleep.25 
Participants were considered to have no or mild OSA 
if they had an apnea- hypopnea index <15 events/h. 
Insomnia was ascertained using the 5- item Women’s 
Health Initiative Insomnia Rating Scale (score range, 
0– 20),28 and those with scores ≥9 were considered 
to have insomnia. The Epworth Sleepiness Scale29 
was used to measure daytime sleepiness (score 

range, 0– 24); scores >10 indicated excessive daytime 
sleepiness.

Assessment of Cardiovascular Health 
Metrics
Information on CVH metrics, collected during Exam 
5, was used to operationalize the CVH scores. Body 
mass index (kg/m2) was calculated from weight and 
height. Three readings of seated systolic and diastolic 
blood pressure were obtained; the average of the last 
2 readings was used. Total cholesterol and blood glu-
cose levels were measured from venous blood sam-
ples collected after a 12- hour fast and shipped to the 
MESA central laboratory for analysis. Minutes per week 
of moderate and vigorous PA were estimated from 
the MESA Typical Week Physical Activity Survey.30 A 
validated 128- item food frequency questionnaire was 
administered to measure habitual diet.31 Cigarette 
smoking was self- reported; participants were catego-
rized as current, former, or never smokers.

Operationalization of the CVH Scores
Detailed description of the operationalization of the 
AHA’s Life’s Simple 7 (LS7) and the new potential 
Essential Eight CVH scores including sleep is shown 
in Table 1. The LS7 score was computed on the basis 
of meeting recommendations for body mass index, 
cholesterol, blood pressure, blood glucose, diet, PA, 
and smoking,18 consistent with previous studies.17,19– 21 
Briefly, a score of 2 was assigned to each metric for 
meeting the ideal guideline, whereas a score of 1 or 0 
was assigned for intermediate or poor achievement of 
the guideline. The component scores were summed to 
create the LS7 score, with higher scores being indica-
tive of more favorable CVH. The LS7 score was cat-
egorized as follows: 0 to 7 (poor), 8 to 11 (moderate), 
and 12 to 14 (high).

To determine whether CVH scores that include a 
measure of sleep health are associated with CVD risk, 
we computed 4 separate novel CVH scores that in-
clude sleep as an eighth metric (LS7 metrics plus a 
sleep score). Similar to other metrics, participants re-
ceived a score of 0 to 2 for the sleep metric such that 
sleep scores of 0, 1, and 2 represented poor, interme-
diate, and ideal sleep. Therefore, the new CVH scores 
ranged from 0 to 16, with higher scores being indicative 
of more favorable CVH. Four iterations of the new CVH 
score that incorporate different sleep metrics were 
tested. In CVH score 1, the sleep score was based on 
objectively assessed sleep duration, the most widely 
measured aspect of sleep health. In CVH score 2, the 
sleep score was based on meeting the guidelines for 4 
a priori sleep characteristics strongly related to cardio-
vascular risk in the literature: sleep duration, insomnia, 
daytime sleepiness, and OSA.11,32 In CVH scores 3 and 

https://biolincc.nhlbi.nih.gov/studies/mesa/
https://biolincc.nhlbi.nih.gov/studies/mesa/
https://sleepdata.org/
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4, the sleep score was based on meeting recommen-
dations for sleep characteristics previously linked to 
cardiovascular risk in this cohort12,14,33– 35 and to CVH 
maintenance in this study.

CVD Ascertainment
MESA cardiologists, physician epidemiologists, and 
neurologists adjudicated CVD end points.36 In this 
study, the composite cardiovascular event outcome 
encompassed incident myocardial infarction, defi-
nite angina, probable angina (if followed by coronary 

artery bypass grafting or percutaneous coronary in-
tervention), resuscitated cardiac arrest, stroke, stroke 
death, coronary heart disease, or other CVD death 
as defined by the MESA protocol. Participants who 
developed CVD at or before the Sleep Exam were 
considered prevalent cases, and those who devel-
oped CVD after the Sleep Exam were considered in-
cident cases. There were 95 prevalent CVD events at 
the Sleep Exam and 93 incident cases that occurred 
during a mean follow- up of 4.4 years after the Sleep 
Exam.

Table 1. Operationalization of the AHA LS7 and New CVH Scores*

Cardiovascular 
health metric Ideal (score=2) Intermediate (score=1) Poor (score=0)

Smoking Never smoker Former smoker Current smoker

Diet† Meets 4– 5 recommendations Meets 2– 3 recommendations Meets 0– 1 recommendations

Physical activity‡ ≥150 min/wk moderate intensity or ≥75 min/wk 
vigorous intensity or ≥150 min/wk moderate+vigorous 
intensity

1– 149 min/wk moderate intensity or 
1– 74 min/wk vigorous intensity or 1 
to 149 min/wk moderate+vigorous 
intensity

No moderate or vigorous 
activity

BMI <25 kg/m2 25– 29.9 kg/m2 ≥30 kg/m2

Blood pressure SBP <120 and DBP <80 mm Hg untreated SBP 120– 129 or DBP: <80 mm Hg 
or treated to ideal level

SBP ≥130 or DBP ≥80 mm Hg

Total cholesterol <200 mg/dL 200– 239 mg/dL or treated to ideal 
level

≥240 mg/dL

Fasting glucose <100 mg/dL 100– 125 mg/dL or treated to ideal 
level

≥126 mg/dL

Sleep in CVH score 1§ Sleep duration ≥7 h and<9 h Sleep duration ≥6 h and <7 h Sleep duration <6 h or >9 h

Sleep in CVH score 2 Meets all the following sleep metrics:
• Sleep duration ≥7 h and <9 h
• WHIIRS <9 (no clinically significant insomnia)
• ESS ≤10 (no excessive daytime sleepiness)
• AHI <15 events/h (no moderate to severe OSA)

Meets 2– 3 of sleep metrics for ideal 
sleep score

Meets 0– 1 of sleep metrics 
for ideal sleep score

Sleep in CVH score 3 Meets all the following sleep metrics:
• Sleep duration ≥7 h and <9 h
• - Sleep efficiency ≥85%
• - ESS ≤10 (no excessive daytime sleepiness)
• - AHI <15 events/h (no moderate to severe OSA)

Meets 2– 3 of sleep metrics for ideal 
sleep score

Meets 0– 1 of sleep metrics 
for ideal sleep score

Sleep in CVH score 4 Meets 4– 5 of metrics below:
• Sleep duration ≥7 h and <9 h
• Sleep efficiency ≥85%
• ESS≤10 (no excessive daytime sleepiness)
• AHI<15 events/h (no moderate to severe OSA)
• Sleep duration SD and sleep onset timing SD 

<90 min (low night- to- night variability)

Meets 2– 3 of sleep metrics for ideal 
sleep score

Meets 0– 1 of sleep metrics 
for ideal sleep score

AHA LS7 indicates American Heart Association Life Simple 7; AHI, apnea- hypopnea index; BMI, body mass index; CVH, cardiovascular health; DBP, diastolic 
blood pressure; ESS, Epworth Sleepiness Scale; OSA, obstructive sleep apnea; SBP, systolic blood pressure; and WHIIRS, Women’s Health Initiative Insomnia 
Rating Scale.

*The AHA LS7 score was computed on the basis of level of meeting recommendations for BMI, cholesterol, blood pressure, blood glucose, diet, physical 
activity, and smoking. Participants received a score of 0– 2 based on their level of meeting each metric. Component scores were summed to create the AHA 
LS7 score, which ranges from 0 to 14. CVH scores of 1– 4 consist of the AHA LS7 metrics plus a sleep score (sleep score range, 0– 2) and therefore range from 
0 to 16, such that higher scores are indicative of more favorable CVH.

†The diet score was based on habitual dietary intake from a validated 120- item food frequency questionnaire, modified from the Insulin Resistance 
Atherosclerosis Study instrument. A healthy diet score was computed on the basis of meeting the AHA recommendations for intakes of fruits and vegetables, 
fish, whole grains, sodium, and sugar- sweetened beverages. The AHA diet recommendations are as follows: (1) fruits and vegetables: ≥4.5 cups per day; (2) 
fish: ≥two 3.5- oz servings per week (preferably oily fish); (3) fiber- rich whole grains (≥1.1 g of fiber per 10 g of carbohydrate): ≥three 1- oz- equivalent servings per 
day; (4) sodium: <1500 mg per day; (5) sugar- sweetened beverages: ≤450 kcal (36 oz) per week.

‡The times spent in vigorous and moderate physical activity were self- reported on the MESA Typical Week Physical Activity Survey.
§Sleep duration of ≥7 h and <9 h was considered “ideal” consistent with the definition put forth by the 2016 AHA statement on sleep (reference 11). Sleep 

duration ≥6 h and <7 h was considered “intermediate” given that many cohort studies in the literature, including in MESA, define short sleep as sleeping <6 h/
night.
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Statistical Analysis
Participant demographic, lifestyle, and medical char-
acteristics were described using mean±SD for con-
tinuous variables and frequencies for categorical 
variables in the overall sample and by sleep duration 
(<6 versus ≥6 hours). T- tests and chi- square tests were 
used to examine differences in descriptive character-
istics by categories of sleep duration. Linear and lo-
gistic regression models were used to examine sleep 
characteristics in relation to the LS7 score and the 
odds of having poor CVH, respectively. Sleep duration 
(hours), efficiency (percentage), and variability (SD of 
sleep duration and sleep timing); insomnia (Women’s 
Health Initiative Insomnia Rating Scale); and daytime 
sleepiness (Epworth Sleepiness Scale) were evaluated 
as continuous and categorical variables. OSA was 
evaluated as a categorical variable (moderate to severe 
versus mild to none). All models were adjusted for age 
(years), sex (male, female), race and ethnicity (White, 
Black, Hispanic, and Chinese- American), education 
(college or greater, less than college), health insurance 
(has health insurance, does not have health insurance) 
and alcohol use (current drinker, does not currently 
consume alcohol).

For the main analysis, to investigate several novel 
CVH scores that include sleep, compared with the 
traditional LS7 score, in relation to CVD, multivariable- 
adjusted logistic regression models were used to ex-
amine the LS7 score and 4 potential "Essential Eight" 
scores in relation to odds of prevalent CVD at the MESA 
Sleep Exam. Next, Cox proportional hazards models 
were used to evaluate the LS7 and the new potential 
"Essential Eight" scores in relation to risk of developing 
incident CVD after the Sleep Exam. Given the modest 
number of CVD cases, we compared CVD risk among 
tertiles of the LS7 and "Essential Eight" scores. A P 
value <0.05 was considered significant, and SAS ver-
sion 9.4 (SAS Institute, Cary, NC) was used to conduct 
analyses.

RESULTS
Descriptive Characteristics of the Study 
Population and Differences by Sleep 
Duration
The mean age at Exam 5 was 69±9 years and 54% 
of participants were female (Table 2). The racial and 
ethnic distribution was 40% White, 27% Black, 23% 
Hispanic, and 10% Chinese. Prevalence of over-
weight/obesity and diabetes was 73% and 18%, 
respectively. The mean LS7 score was 7.3, and the 
means of the alternate CVH scores that included 
sleep ranged from 7.4 to 7.8. Actigraphy showed that 
63% of participants slept <7 hours and 30% slept 

<6 hours, while 39% and 25% had high night- to- night 
variability in sleep duration and sleep onset timing, re-
spectively (Table 2). Overall, 10% had sleep efficiency 
<85%; 14% and 36% were classified as having ex-
cessive daytime sleepiness and high insomnia symp-
toms, respectively; and 47% had moderate- to- severe 
OSA. Notably, short sleepers were significantly more 
likely to have low sleep efficiency, excessive day-
time sleepiness, high sleep duration and timing vari-
ability, and OSA (P<0.001). Short sleepers also had 
higher prevalence of overweight/obesity, diabetes, 
and hypertension, and had lower mean LS7 scores 
(P<0.001).

Associations of Sleep Phenotypes With 
Cardiovascular Health
In linear models (Table 3), longer sleep duration was re-
lated to higher LS7 scores (P=0.023). Greater daytime 
sleepiness (P=0.010), high night- to- night variability in 
sleep duration and sleep timing, and moderate- to- 
severe OSA were associated with lower LS7 scores 
(P<0.001). Higher sleep efficiency— a marker of less 
fragmented sleep— was associated with a higher LS7 
score (P=0.002). In logistic models (Table  3), short 
sleep (odds ratio [OR], 1.25 [95% CI, 1.01– 1.55]), high 
night- to- night variability in sleep duration (OR, 1.24 
[95% CI, 1.02– 1.51]) and sleep timing (OR, 1.31 [95% 
CI, 1.04– 1.64]), and moderate- to- severe OSA (OR, 2.21 
[95% CI, 1.78– 2.73]) were associated with greater odds 
of having poor CVH.

LS7 and Potential "Essential Eight" CVH 
Scores in Relation to Prevalent and 
Incident CVD
Higher LS7 and CVH scores 1 to 4 were all related 
to lower odds of having CVD at Exam 5 (Table 4 and 
Figure). Those in the highest versus lowest tertile of the 
LS7 score had 75% lower CVD odds (OR, 0.25 [95% 
CI, 0.13– 0.49]). Similarly, those in the highest versus 
lowest tertile of CVH score 1, which included sleep du-
ration, and CVH score 2, which included sleep charac-
teristics linked to CVD in the literature (sleep duration, 
insomnia, daytime sleepiness, and OSA), had 71% 
and 80% lower odds of prevalent CVD, respectively 
(OR, 0.29 [95% CI, 0.16– 0.54]; and OR, 0.20 [95% CI, 
0.10– 0.41]). Consistent with these findings, those in the 
highest versus lowest tertile of CVH score 3, which in-
cluded commonly studied sleep characteristics linked 
to cardiovascular risk in MESA (sleep duration, sleep 
efficiency, daytime sleepiness, and OSA), and CVH 
score 4, which included the same sleep characteris-
tics as CVH score 3 plus measures of sleep regular-
ity as novel sleep- related CVD risk factors, had 68% 
and 67% lower odds of prevalent CVD, respectively 
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Table 2. Descriptive Characteristics of Study Population*,†

Overall sample 
(n=1920)

Sleep duration  
<6 h/night (n=582)

Sleep duration  
≥6 h/night (n=1338) P value

Demographic characteristics

Age, y 68.5 (9.1) 68.5 (9.5) 68.5 (9.0) 0.990

Female 1038 (54) 261 (45) 777 (58) <0.001

White 759 (40) 147 (25) 612 (46) <0.001

Black 510 (27) 221 (38) 290 (21)

Hispanic 449 (23) 146 (25) 305 (23)

Chinese- American 202 (10) 70 (12) 131 (10)

Married 1157 (61) 313 (54) 844 (64) <0.001

Have health insurance 1824 (95) 548 (94) 1276 (95) 0.300

Education≥college 1346 (70) 402 (69) 944 (71) 0.500

Born in the United States 1298 (68) 368 (63) 930 (70) 0.007

Cardiometabolic risk factors

BMI, kg/m2 28.8 (5.6) 29.7 (5.8) 28.5 (5.5) <0.001

BMI in overweight or obese categories 1407 (73) 463 (80) 944 (71) <0.001

SBP, mm Hg 122.5 (19.9) 124.5 (21.5) 121.6 (19.1) 0.003

DBP, mm Hg 68.2 (9.9) 69.9 (10.5) 67.5 (9.6) <0.001

Hypertension 1091 (57) 359 (62) 732 (55) 0.005

Fasting glucose, mg/dL 101.5 (27.1) 103.4 (27.8) 100.7 (26.8) 0.04

Type 2 diabetes (treated or untreated) 353 (18) 120 (21) 233 (17) 0.020

Total AHA LS7 score 7.3 (2.5) 7.0 (2.5) 7.4 (2.5) <0.001

Sleep habits

Sleep duration (h)‡ 6.5 (1.3) 4.9 (0.9) 7.2 (0.8) <0.001

Poor sleep efficiency‡,§ 186 (10) 93 (16) 93 (7) <0.001

Sleep efficiency, %‡,§ 89.8 (3.7) 88.5 (4.3) 90.4 (3.3) <0.001

SD of sleep duration, min‡ 84.0 (48) 102.2 (43) 76.1 (48) <0.001

High night- to- night variability in sleep duration (SD 
of sleep duration ≥90 vs <90 min)‡

38.6 (741) 57.7 (336) 30.3 (405) <0.001

SD of sleep onset timing, min‡ 81.7 (97) 112.3 (109) 68.4 (64) <0.001

High night- to- night variability in sleep onset timing 
(SD of sleep onset timing ≥90 vs <90 min)‡

24.9 (479) 45.0 (262) 16.2 (217) <0.001

Insomnia‖ 679 (36) 215 (38) 464 (35) 0.360

Excessive daytime sleepiness¶ 270 (14) 112 (20) 158 (12) <0.001

Moderate to severe obstructive sleep apnea# 812 (47) 277 (54) 535 (45) 0.001

Cardiovascular health metrics

Total AHA LS7 score categories

Poor 984 (51) 332 (57) 652 (49) 0.003

Intermediate 842 (44) 228 (39) 614 (46)

Ideal 94 (5) 22 (4) 72 (5)

Diet score

Poor 809 (42) 266 (46) 543 (41) 0.040

Intermediate 1027 (54) 286 (49) 741 (55)

Ideal 84 (4) 30 (5) 54 (4)

Physical activity score

Poor 427 (22) 140 (24) 287 (22) 0.440

 (Continued)
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(OR, 0.32 [95% CI, 0.17– 0.60]; and OR, 0.33 [95% CI, 
0.18– 0.59]).

In Cox proportional hazards models that evaluated 
the LS7 and new CVH scores that incorporate sleep in 
relation to risk of developing CVD (Table 4 and Figure), 
only CVH scores 1 and 4 were significantly associated 
with CVD incidence (although hazard ratios <1 were 
observed when comparing the highest versus lowest 
tertile of all scores). Those in the highest versus lowest 
tertile of CVH score 1, which included only sleep 
duration, had 43% lower CVD risk (hazard ratio, 0.57 
[95% CI, 0.33– 0.97]). Similarly, those in the highest 
versus lowest tertile of CVH score 4, which included 
a measure of multidimensional sleep health, had 47% 
lower risk of developing CVD (hazard ratio, 0.53 [95% 
CI, 0.32– 0.89]).

DISCUSSION
To our knowledge, this represents the first investiga-
tion of the addition of objectively assessed sleep to 
the AHA’s LS7 framework, as a novel eighth metric of 
CVH, for CVD outcome prediction. We uniquely dem-
onstrate that while the LS7 score and new CVH scores 
that include sleep were all related to prevalent CVD, 
only CVH scores that include sleep predicted CVD in-
cidence in this cohort of older adults. Contrary to our 
initial hypothesis, even a CVH score that includes only 
objectively assessed sleep duration, a common meas-
ure of sleep health, predicted CVD incidence. Notably, 
the CVH score that incorporated objective measures of 
sleep duration, quality, and regularity as well as sleep 
disorders was also significantly associated with both 

Overall sample 
(n=1920)

Sleep duration  
<6 h/night (n=582)

Sleep duration  
≥6 h/night (n=1338) P value

Intermediate 281 (15) 82 (14) 199 (15)

Ideal 1212 (63) 360 (62) 852 (64)

Smoking score

Poor 138 (7) 58 (10) 80 (6) 0.007

Intermediate 899 (47) 270 (46) 629 (47)

Ideal 883 (46) 254 (44) 629 (47)

Cholesterol score

Poor 828 (43) 601 (39) 601 (45) 0.008

Intermediate 395 (21) 281 (20) 281 (21)

Ideal 697 (36) 456 (41) 456 (34)

BMI score

Poor 695 (36) 245 (42) 450 (34) <0.001

Intermediate 712 (37) 218 (37) 494 (37)

Ideal 513 (27) 119 (21) 394 (29)

Blood pressure score

Poor 1288 (67) 424 (73) 864 (65) 0.002

Intermediate 118 (6) 87 (5) 87 (7)

Ideal 514 (27) 387 (22) 387 (29)

Glucose score

Poor 332 (17) 115 (20) 217 (16) 0.012

Intermediate 416 (22) 141 (24) 275 (21)

Ideal 1172 (61) 326 (56) 846 (63)

AHA LS7 indicates American Heart Association Life’s Simple 7; BMI, body mass index; BP, blood pressure; DBP, diastolic blood pressure; OSA, obstructive 
sleep apnea; PA, physical activity; and SBP, systolic blood pressure.

*Continuous variables are shown as mean±SD, and categorical variables are shown as n (%).
†T tests and chi- square tests were used to examine differences in descriptive characteristics by sleep duration.
‡Sleep duration, sleep efficiency, and sleep variability were assessed from actigraphy measures performed using the Actiwatch Spectrum wrist actigraph 

(Philips Respironics, Murrysville, PA) worn on participants’ nondominant wrists for 7 consecutive days.
§Sleep efficiency was defined as the percentage of time in bed after lights off spent sleeping and was considered poor if <85%.
‖Insomnia was evaluated using the validated 5- item Women’s Health Initiative Insomnia Rating Scale (WHIIRS), which assesses insomnia symptoms including 

long sleep latency, sleep maintenance insomnia, early morning awakening, and poor sleep quality over the past 4 weeks. The score ranges from 0 to 4 for each 
item on the WHIIRS (0– 20 total score range). Participants with WHIIRS scores ≥9 were considered to have insomnia.

¶The Epworth Sleepiness Scale (ESS) was used to measure daytime sleepiness. The total score of the ESS ranges from 0 to 24, and those with an ESS score 
>10 were considered to have excessive daytime sleepiness.

#OSA was assessed using overnight polysomnography, which was conducted using a 15- channel monitor (Compumedics Somte System; Compumedics 
Ltd., Abbotsville, Australia). An apnea- hypopnea index (AHI) was calculated on the basis of the average number of all apneas plus hypopneas associated with 
a 4% desaturation per hour of sleep. Participants were considered to have moderate to severe OSA if they had an AHI ≥15 events/h.

Table 2. Continued
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CVD prevalence and incidence. This finding under-
scores the importance of embracing a holistic vision of 
sleep health that includes sleep behaviors and highly 
prevalent, mild sleep problems rather than strictly fo-
cusing on sleep disorders when assessing cardiovas-
cular risk.

The criteria used to define CVH include face valid-
ity; consistency with clinic and public health guidelines; 
simplicity and accessibility to practitioners and individ-
uals providing guidance regarding lifestyle change for 
CVH promotion; providing actionable targets for indi-
viduals, practitioners, and policy makers; allowing all 
subsets of the population to make progress achiev-
ing or maintaining CVH; and being readily measured 
to allow for current assessment and monitoring over 
time.18 Our findings herein are consistent with our prior 
work and that of others11,17,32 in demonstrating that 
sleep is important for achieving CVH. Our results also 
support the utility of a multidimensional sleep health 
approach, consistent with the framework proposed by 
Buysse et al37,38 and supported by emerging evidence 
from MESA and other cohorts,13,26,38,39 to more com-
prehensively capture, monitor, and address actionable 
targets predictive of CVD risk, when comprehensive 
sleep health assessment is possible. However, given 
that criteria used to define the original CVH metrics in-
clude simplicity, accessibility, and ease of monitoring of 

lifestyle CVH metrics for providers and individuals alike, 
sleep duration may represent the easiest, most action-
able new metric to recommend for inclusion. Indeed, 
short sleep duration was interrelated to multiple other 
poor sleep dimensions, likely contributing to its utility 
as a single measure of sleep health in this sample.

Although there are no previous studies on the role 
of sleep as an eighth metric of CVH, sleep has been 
extensively linked to CVD.11 Meta- analyses of cohort 
studies demonstrate that short sleep duration is as-
sociated with up to 48% higher risk of developing or 
dying from CHD and 15% higher incident stroke risk.40 
In Italian men, the presence of severe sleep distur-
bances (difficulty falling and remaining asleep, daytime 
sleepiness) was associated with 80% higher risk of 
CVD, particularly from age 48 years onward.41 Further, 
compared with those sleeping 7 to 8 hours, long sleep-
ers had 56% higher CVD risk. In MESA, irregular sleep 
duration and timing have been linked to >2- fold higher 
CVD risk.12 OSA was associated with ≈2- fold higher 
incident CVD risk42; severe OSA and short and long 
sleep have also been associated with ≈2- fold higher 
risk of peripheral artery disease in this cohort.43

Combinations of sleep characteristics have also 
been linked to CVD outcomes. Short sleepers with 
poor sleep quality had 63% higher CVD risk compared 
with normal sleepers with good sleep quality among 

Table 3. Multivariable- Adjusted Linear and Logistic Models for Associations of Sleep Characteristics with Cardiovascular 
Health Defined by the American Heart Association Life’s Simple 7 Score (n=1920)*

Linear regression models Logistic regression models†

Sleep characteristics B(SE)
P 
value Sleep characteristics OR (95% CI)

Sleep duration, h‡ 0.01 (0.04) 0.023 Sleep duration (<6 vs ≥6 h) 1.25 (1.01– 1.55)

Sleep duration (<6 h vs ≥6 h) −0.27 (0.12) 0.025

Sleep efficiency (%)c 0.05 (0.01) 0.002 Sleep efficiency (<85% vs ≥ 85%) 1.19 (0.86– 1.65)

Sleep efficiency (<85% vs ≥85%) −0.26 (0.18) 0.144

SD of sleep duration (h)‡ −0.25 (0.07) <0.001 Increased night- to- night variability in sleep 
duration (SD of sleep duration ≥90 vs <90 min)

1.24 (1.02– 1.51)

Increased night- to- night variability in sleep duration 
(SD of sleep duration ≥90 vs <90 min)

−0.45 (0.11) <0.001

SD of sleep onset timing (h)‡ −0.03 (0.03) 0.382 Increased night- to- night variability in sleep 
onset timing (SD of sleep onset timing ≥90 vs 
<90 min)

1.31 (1.04– 1.64)

Increased night- to- night variability in sleep onset 
timing (SD of sleep onset timing ≥90 vs <90 min)

−0.50 (0.12) <0.001

WHIIRS‡ −0.04 (0.11) 0.746 Insomnia (WHIIRS score ≥9 vs <9) 1.03 (0.84– 1.25)

ESS‡ −0.40 (0.16) 0.010 Excessive daytime sleepiness (ESS >10 vs ≤10) 1.17 (0.89– 1.54)

OSA (moderate to severe vs mild or none)§ −0.95 (0.11) <0.001 OSA (moderate to severe vs mild or none)§ 2.21 (1.78– 2.73)

AHA LS7 indicates American Heart Association Life’s Simple 7; ESS, Epworth Sleepiness Scale; OR, odds ratio; OSA, obstructive sleep apnea; and WHIIRS, 
Women’s Health Initiative Insomnia Rating Scale.

*Models are adjusted for age, sex, race/ethnicity, education, health insurance, and alcohol use.
†In linear models, the sleep characteristics were evaluated in relation to the AHA LS7 score. In logistic regression models, the sleep characteristics were 

evaluated in relation to odds of having poor cardiovascular health, defined as an AHA LS7 score of 0– 7.
‡Variables were used on the continuous scale. A higher standard deviation of sleep duration and sleep onset timing indicates greater night- to- night variability 

in sleep patterns. A higher ESS score indicates greater daytime sleepiness. A higher Women’s Health Initiative Insomnia Rating Scale score indicates greater 
insomnia severity.

§Additional adjustment of models on OSA for BMI attenuated associations, but the results remained significant. In linear models: B(SE)=−0.30(0.10), P- 
value=0.005, and in logistic regression models: OR (95%CI), 1.35 (1.07– 1.72).
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Dutch adults.44 In Italian men, those who slept ≤6 hours 
and had sleep disturbances had 69% greater risk of 
developing CVD.41 Finally, in elderly US adults, multidi-
mensional sleep health, encompassing sleep duration, 
timing, and quality; napping habits; and sleep disorder 
symptoms was related to ≈2- fold higher risk of cardio-
vascular mortality.13 Our finding that CVH scores that 
include both sleep duration only and multidimensional 
sleep health are associated with CVD risk may be ex-
plained, at least in part, by the clustering of poor sleep 

characteristics. In our cohort, short sleepers also had 
a higher prevalence of poor sleep efficiency, high sleep 
variability, excessive daytime sleepiness, and OSA. 
Therefore, screening for sleep duration may represent 
a realistic and practical approach for assessing sleep 
health in clinic or public health settings when compre-
hensive multidimensional sleep health assessment is 
not feasible.

Potential mechanisms underlying the association 
of sleep with cardiovascular risk include the influence 

Table 4. Association of LS7 Score and Alternate CVH Scores That Include Sleep With CVD (n=1920)

Cardiovascular health 
scores Operationalization of sleep metric Tertiles

CVD prevalence 
OR (95% CI)*,†,‡

CVD incidence 
HR (95% CI)§,†,‡

AHA LS7 score‖ No sleep metric Tertile 1
Tertile 2
Tertile 3

1.00
0.74 (0.46– 1.19)
0.25 (0.13– 0.49)

1.00
0.65 (0.39– 1.09)
0.62 (0.37– 1.04)

CVH score 1‖,¶

AHA LS7+ sleep score 
based on sleep duration

Ideal sleep score=2:
• Sleep duration ≥7 h and <9 h

Intermediate sleep score=1:
• Sleep duration ≥6 h and <7 h

Poor sleep score=0:
• Sleep duration <6 h or >9 h

Tertile 1
Tertile 2
Tertile 3

1.00
0.58 (0.35– 0.96)
0.29 (0.16– 0.54)

1.00
0.82 (0.50– 1.35)
0.57 (0.33– 0.97)

CVH score 2‖

AHA LS7+sleep score based 
on sleep characteristics 
linked to CVD in the 
literature

Ideal sleep score=2:
• Sleep duration ≥7 h and <9 h
• WHIIRS <9 (no clinically significant insomnia)
• ESS ≤10 (no excessive daytime sleepiness)
• AHI <15 events/h (no moderate to severe OSA)

Intermediate sleep score=1:
Meets 2– 3 of sleep metrics for ideal sleep score
Poor sleep score=0:
Meets 0– 1 of metrics for ideal sleep score

Tertile 1
Tertile 2
Tertile 3

1.00
0.53 (0.33– 0.84)
0.20 (0.10– 0.41)

1.00
0.91 (0.56– 1.49)
0.66 (0.37– 1.18)

CVH score 3‖

AHA LS7+sleep score based 
on sleep characteristics 
previously linked to 
cardiovascular risk in MESA

Ideal sleep score=2:
• Sleep duration ≥7 h and <9 h
• Sleep efficiency ≥85%
• ESS ≤10 (no excessive daytime sleepiness)
• AHI <15 events/h (no moderate to severe OSA)

Intermediate sleep score=1:
Meets 2– 3 of sleep metrics for ideal sleep score
Poor sleep score=0:
Meets 0– 1 of metrics for ideal sleep score

Tertile 1
Tertile 2
Tertile 3

1.00
0.78 (0.48– 1.27)
0.32 (0.17– 0.60)

1.00
0.58 (0.34– 1.00)
0.63 (0.38– 1.05)

CVH score 4§

AHA LS7+sleep score based 
on sleep characteristics 
recently linked to 
cardiovascular risk in MESA

Ideal sleep score=2:
Meets 4– 5 of metrics below:

• Sleep duration ≥7 h and <9 h
• Sleep efficiency ≥85%
• ESS ≤10 (no excessive daytime sleepiness)
• AHI <15 events/h (no moderate to severe OSA)
• Sleep duration SD and sleep onset timing SD <90 min 

(low night- to- night variability)
Intermediate sleep score=1:
Meets 2– 3 of sleep metrics for ideal sleep score
Poor sleep score=0:
Meets 0– 1 of metrics for ideal sleep score

Tertile 1
Tertile 2
Tertile 3

1.00
0.74 (0.45– 1.20)
0.33 (0.18– 0.59)

1.00
0.64 (0.38– 1.09)
0.53 (0.32– 0.89)

AHA LS7 indicates American Heart Association’s Life’s Simple 7; AHI, Apnea- Hypopnea Index; CVD, cardiovascular disease; CVH, cardiovascular health; 
ESS, Epworth Sleepiness Scale; HR, hazard ratio; MESA, Multi- Ethnic Study of Atherosclerosis; OR, odds ratio; OSA, obstructive sleep apnea; and WHIIRS, 
Women’s Health Initiative Insomnia Rating Scale.

*Logistic Regression Models were used to examine associations of the AHA LS7 score and alternate CVH scores with odds of having a CVD event.
†Models were adjusted for age, sex, race/ethnicity, education, health insurance, and alcohol use.
‡CVD events were defined as all CVD (CVDa) per MESA protocol. CVDa includes myocardial infarction, resuscitated cardiac arrest, definite angina, probable 

angina (if followed by revascularization), stroke, stroke death, coronary heart disease death, other atherosclerotic death, other CVD death.
§Cox proportional hazards models were used to examine associations of the AHA LS7 score and alternate CVH scores with risk of developing a CVD event.
‖The AHA LS7 score was computed on the basis of level of meeting recommendations for body mass index, cholesterol, blood pressure, blood glucose, diet, 

physical activity, and smoking. Participants received a score of 0– 2 based on their level of meeting each metric. Component scores were summed to create the 
AHA LS7 score, which ranges from 0 to 14. CVH scores of 1– 4 consist of the AHA LS7 metrics plus a sleep score (sleep score range, 0– 2) and therefore range 
from 0 to 16, such that higher scores are indicative of more favorable CVH.

¶Sleep duration of ≥7 h and <9 h was considered “ideal,” consistent with the definition put forth by the 2016 AHA statement on sleep. Sleep duration ≥6 h and 
<7 h was considered “intermediate” given that many cohort studies in the literature, including in MESA, define short sleep as sleeping <6 h/night.
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of sleep on health factors and behaviors included in 
the LS7.11,45,46 There is convincing evidence that short 
sleep and to a lesser extent long sleep, poor- quality 
sleep, insomnia, and OSA are associated with greater 
risk for obesity, diabetes, and hypertension.11 A grow-
ing body of evidence has also linked irregular sleep 
patterns to cardiometabolic diseases.45,46 Indeed, in 
MESA, short sleep, low sleep efficiency, and high sleep 
variability were related to higher body mass index and 
overweight/obesity,47 while OSA was associated with 
obesity and higher blood pressure.34 Sleep variability 

predicted adverse cardiometabolic profiles in this co-
hort, as every 1- hour increase in sleep duration and 
timing SD was associated with up to 36% greater odds 
of metabolic syndrome.14

Short sleep, poor- quality sleep, and insomnia have 
been associated with higher caloric intake and un-
healthy food choices, including lower intake of plant- 
based foods and higher intakes of added sugar and 
sodium.48,49 Daytime sleepiness and short sleep have 
been linked to lower PA.50,51 In MESA, OSA was asso-
ciated with poorer- quality diet and less PA.52,53 To our 

Figure. The Life’s Simple 7 and iterations of potential “Essential Eight” CVH scores that 
include sleep in relation to CVD.
The AHA’s LS7 score and 4 iterations of potential “Essential Eight” scores, that include the same 
LS7 metrics but additionally incorporate sleep, were evaluated in relation to CVD risk. The upper 
panel shows the LS7 and alternate CVH scores in relation to prevalent CVD using multivariable 
logistic models in 1920 adults in the MESA Sleep Study. The lower panel shows associations 
of the LS7 score and alternate CVH scores with risk of developing new CVD using multivariable 
Cox proportional hazards models. Models were adjusted for age, sex, race and ethnicity, 
education, health insurance, and alcohol use. AHA indicates American Heart Association; CVD, 
cardiovascular disease; CVH, cardiovascular health; HR, hazard ratio; LS7, Life’s Simple 7; MESA, 
Multi- Ethnic Study of Atherosclerosis; and OR, odds ratio.
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knowledge, only 1 previous study has evaluated sleep 
characteristics in relation to overall CVH, as measured 
by the LS7.17 In that study, women with sleep duration ≥7 
versus <7 hours, good versus poor sleep quality, no in-
somnia, and low versus high OSA risk were more likely to 
meet >4 LS7 metrics. This is consistent with our results 
that short sleep, lower sleep efficiency, higher daytime 
sleepiness, and OSA are associated with poor CVH.

Sleep may contribute to CVD risk via psychological 
and physiological pathways.11,45,46,54,55 Sleep depriva-
tion and sleep disorders have been linked to increased 
sympathetic activity, reduced parasympathetic activa-
tion, increased inflammation, and oxidative stress, which 
collectively lead to dysfunction of the vascular endothe-
lium. In addition, short- duration sleep and irregular sleep 
patterns could disrupt circadian rhythmicity and result 
in circadian misalignment, which can lead to metabolic 
dysfunction predisposing to CVD.11,45,46 Finally, poor 
sleep has also been linked to depression and stress.55

Our study has several important strengths includ-
ing the community- based multiethnic nature of our 
cohort, rigorous CVD adjudication procedures, com-
prehensive assessment of cardiovascular risk factors 
included in our models, and the use of standardized 
polysomnography and actigraphy to measure sleep, 
which resulted in less measurement error. A limitation 
worth noting is the modest number of CVD cases at-
tributable to the follow- up period of 4.4 years. We also 
had limited power to test for subgroup differences by 
sex and race and ethnicity and did not adjust for type 
1 error. Finally, although our sleep health scores in-
cluded important sleep- related CVD risk factors, they 
may not capture the full picture of an individual’s sleep 
health. For instance, in patients with OSA, elevated 
OSA- specific hypoxic burden has been linked to major 
adverse cardiovascular events.56

Additional studies in external cohorts with larger sam-
ple sizes and longer follow- up are warranted to confirm 
these findings and examine this expanded definition of 
CVH in relation to subclinical CVD and lifetime risk of CVD 
outcomes. Clinical trials are also needed to evaluate the 
influence of screening for sleep problems and improving 
sleep hygiene on cardiovascular outcomes. We show 
here that those who are short sleepers are more likely 
to have sleep disorders and engage in other poor sleep 
behaviors, suggesting that sleep problems may cluster. 
Therefore, the value of screening for self- reported sleep 
duration during a clinic visit, as a feasible and time ef-
ficient approach for assessing sleep, in improving CVD 
risk prediction also warrants further investigation.

CONCLUSIONS
Our findings demonstrate that the incorpora-
tion of sleep as a CVH metric, akin to other health 

behaviors, may enhance primordial and primary 
CVD prevention efforts at the population level. The 
approach to promoting a healthy lifestyle, which 
traditionally focused heavily on diet and PA, should 
be expanded to encompass behaviors across the 
24- hour period, including sleep.10,11,32 Health care 
providers should assess their patients’ sleep pat-
terns, discuss sleep- related problems, and educate 
patients about the importance of prioritizing sleep 
to promote CVH. Furthermore, the formal integration 
of sleep health into CVH promotion guidance could 
provide benchmarks for surveillance and ensure that 
sleep becomes an equal counterpart in public health 
policy to the attention and resources given to other 
lifestyle behaviors.
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