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Abstract

Background: Long-term risks of cardiovascular disease (CVD) according to levels of 

cardiovascular health (CVH) have not been characterized in a diverse, representative population.

Methods and Results: We pooled individual-level data from 30,447 participants (mean [SD] 

age, 55.0 [13.9] years; 60.6% female; 31.8% black) from 7 US cohort studies. We defined CVH 

based on levels of 7 American Heart Association health metrics, scored as ideal (2 points), 

intermediate (1 point), or poor (0 points). The total CVH score was used to quantify overall 

CVH as high (12–14 points), moderate (9–11 points), or low (0–8 points). We used a modified 

Kaplan-Meier analysis, accounting for the competing risk of death, to estimate the lifetime risk of 

CVD (composite of incident myocardial infarction, stroke, heart failure, or CVD death) separately 

in white and black men and women free of CVD at index ages of <40, 40–59, and ≥60 years. 

High CVH was more prevalent among women compared with men, white compared with black 

participants, and in younger compared with older participants. Over 538,477 person-years of 

follow-up, we observed 6,546 CVD events. In women aged 40 to 59 years, those with high 

CVH had lower lifetime risk (95% confidence interval) of CVD (white women, 12.6% [2.6%

−22.6%]; black women, 0.0%) compared with moderate (white women, 16.6% [13.0%−20.2%]; 
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black women, 12.7% [6.8–18.5%]) and low (white women, 33.8% [30.6%−37.1%]; black women, 

34.7% [30.4%−39.0%]) CVH strata. Patterns were similar for men and individuals <40 and ≥60 

years of age.

Conclusions: Higher baseline CVH at all ages in adulthood is associated with substantially 

lower lifetime risk for CVD compared with moderate and low CVH, in white and black men and 

women in the US. Public health and healthcare efforts aimed at maintaining and restoring higher 

CVH throughout the life course could provide substantial benefits for the population burden of 

CVD.

Cardiovascular disease (CVD) remains the leading cause of death and a major cause of 

morbidity in the US and globally.1,2 Decades of epidemiologic and clinical trial evidence 

have established the causal associations of several factors with increased risk of CVD, 

including hypertension, dyslipidemia, diabetes mellitus, and cigarette smoking.3 In 2010, the 

American Heart Association (AHA) introduced the concept of cardiovascular health (CVH), 

a comprehensive construct incorporating the simultaneous presence of 7 favorable health 

behaviors and factors.4 These behaviors/factors are modifiable and include the following 

metrics: smoking status, body mass index (BMI), physical activity, diet quality, total 

cholesterol, blood pressure (BP), and fasting glucose.

Associations of overall CVH with numerous adverse health outcomes have been well-

described in previous studies in diverse samples.5–13 However, data are sparse regarding 

associations of CVH across the life course with longer-term risk of adverse health outcomes, 

particularly CVD, in broad, representative populations. Furthermore, because the risks of 

non-cardiovascular causes of death increase over longer time horizons, adjustment for these 

competing risks is crucial to accurately quantify the lifetime risk of CVD and avoid its 

overestimation.14,15 A comprehensive analysis of CVH status across adulthood and lifetime 

risk of CVD, in the context of competing causes of death, can improve estimation of 

future population disease burden and call attention to the need to investigate strategies for 

maintaining and restoring high CVH throughout the life course.

The Cardiovascular Disease Lifetime Risk Pooling Project (LRPP) provides the opportunity 

to estimate the lifetime risk of major CVD events in a collection of US cohort studies 

comprising more than 30,000 participants with individual-level data on CVH status.15,16 

The primary aim of this investigation was to estimate the association of CVH, across the 

spectrum from low to high CVH, with lifetime risk of CVD among US adults at selected 

ages across the life course.

Methods

The Cardiovascular Lifetime Risk Pooling Project

The data and materials that support the findings of this study can be requested from the 

corresponding authors and the National Heart, Lung, and Blood Institute BioLINCC.

The LRPP includes 22 US population-based CVD cohort studies comprising more than 

225,000 participants with individual-level data.16 For the present study, we included 

participants from 7 contemporary cohorts with sufficient data to define CVH by AHA 
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criteria (Supplemental Figure 1): the Atherosclerosis Risk in Communities Study,17 

Coronary Artery Risk Development in Young Adults Study,18 Cardiovascular Health 

Study,19 Multi-Ethnic Study of Atherosclerosis,20 Framingham Heart Study,21 Framingham 

Offspring Study,22 and the Women’s Health Initiative Observational Study.23 Detailed data 

ascertainment methods are available in the original design publications from each included 

study. Although measurement methods differ somewhat across cohorts, data are harmonized 

for comparability in the LRPP.16,24 Important demographic data included age, sex, and race. 

Additionally, information regarding education, history of CVD, diabetes mellitus, and use of 

BP-lowering, lipid-lowering, and glucose-lowering medications was obtained. The baseline 

examination in each cohort was defined as the first exam in which all 7 CVH metrics 

were concurrently measured. Data were collected between March 25, 1985, and August 31, 

2016. This study was approved by the institutional review board at Northwestern University. 

Written informed consent was obtained from all participants for initial data collection in 

each original cohort. For this analysis of deidentified data, specific consent was not required.

The Cardiovascular Health Score

Tobacco smoking was defined as self-reported never, former, and current smoking. Body 

mass index was calculated as the weight in kilograms divided by height in meters squared. 

Physical activity was assessed according to cohort-specific quartiles of activity levels, 

constructed using z-scores estimated from the different physical activity questionnaires used 

within each cohort, according to ideal (quartile 4), intermediate (quartiles 2 and 3), and poor 

(quartile 1) categories.13 Healthy diet was assessed according to cohort-specific quintiles 

of the Alternate Healthy Eating Index 2010 (AHEI-2010; range, 0–110 points),25 based on 

self-reported diet composition according to ideal (quintile 5), intermediate (quintiles 3 and 

4), and poor (quintiles 1 and 2) categories.26 Total cholesterol, BP, and fasting glucose were 

measured according to standard protocols. The individual CVH metrics are each scored 

as ideal (2 points), intermediate (1 point), or poor (0 points), according to the definitions 

promulgated by the AHA4 and adapted to definitions feasible for harmonization within the 

LRPP (Supplemental Table 1). A composite CVH score was calculated, composed of the 

sum of individual CVH metric levels, ranging from 0 to 14. We stratified participants a 

priori into high (12–14), moderate (9–11), and low (0–8) CVH,9,12 which is supported by 

data on the association of the CVH score integers with the log hazard ratios of CVD events 

(Supplemental Figure 2).

Outcome Ascertainment

The primary outcome was major CVD events, defined as a composite of incident myocardial 

infarction, stroke, heart failure, or CVD death. Major CVD events were adjudicated using 

similar methods in each cohort included in the analysis.16 Participants with a prior CVD 

event were excluded from the analyses and follow-up time was censored at the time of a 

first CVD event, death from other cause, or end of follow-up data (i.e. last known date 

alive). We additionally included information on all-cause death for analyses accounting for 

the competing risk of death. Cohorts included in the LRPP include adjudication for death 

or linkage to the National Death Index, and vital status is nearly 100% complete among all 

cohorts.
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Statistical Analysis

All analyses were conducted separately by sex (men and women), race (white and black), 

and index age group (<40 years, 40–59 years, and ≥60 years); these groupings were 

chosen to maintain sufficient sample size within stratified groups for reliable lifetime 

risk estimation. Baseline characteristics of the participants are summarized as the mean 

(standard deviation [SD]) for continuous variables and percentages for categorical variables. 

Additionally, we report the proportions of participants characterized as having high, 

moderate, and low CVH. We used Poisson regression models to calculate crude incidence 

rates (95% confidence intervals [CIs]) of CVD.

A modified survival analysis approach14,27 was used to estimate the lifetime risks of 

CVD by categories of high, moderate, and low CVH. In brief, this approach accounts for 

the competing risk of non-cardiovascular death by treating non-cardiovascular death as a 

separate event rather than a withdrawal, which avoids overestimation of the lifetime risk for 

events.14,15 The incidence of CVD and of death free of the end point during follow-up is 

calculated for each year of age attained, with cumulative incidence calculated similarly to 

traditional Kaplan-Meier analysis. Lifetime risk estimates reflect the sum of the competing 

risk-adjusted incidences from study entry to age at oldest observation, up to 40 years after 

index age. Additionally, we report risk estimates for 5-year increments after index age. 

Analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC).

Results

A total of 30,447 participants were included from the 7 US cohorts in this analysis 

(mean [SD] age, 55.0 [13.9] years; 60.6% female; 31.8% black); they contributed 538,477 

person-years of follow-up (mean [SD] follow-up, 16.2 [7.2] years; maximum, 31.3 years for 

individual participants; Supplemental Table 2). The CVH score was approximately normally 

distributed (Supplemental Figure 3). The distribution of CVH score groups differed by sex, 

race, and index age group, characterized by a higher prevalence of high CVH in white 

women across all age groups and worse CVH in older age groups across all sex and race 

groups (Figure 1).

In general, men and women in the low CVH group were less likely to have a high school 

education, be physically active, and consume a healthier diet, and were more likely to use 

BP-lowering medications, lipid-lowering medications, and have diabetes mellitus, compared 

with those in moderate and high CVH groups (Table 1 and Supplemental Tables 3 and 4). 

On average, participants in low CVH groups had higher BMI, total cholesterol, systolic and 

diastolic BP, and fasting glucose compared with those in moderate and high CVH groups. 

The prevalence of participants in ideal CVH categories for individual metrics were higher 

for women compared with men, white compared with black participants, and those younger 

than 40 years of age (Supplemental Tables 5 and 6).

Table 2 shows the number of CVD events, person-years of follow-up, and incidence rates 

for CVD events stratified by sex, race, index age, and CVH score groups. A total of 6,546 

CVD events were documented (1.79 events per 1,000 person-years in high, 6.79 events 

per 1,000 person-years in moderate, and 17.94 events per 1,000 person-years in low CVH 
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categories). Men had higher incidence of CVD events compared with women across all race 

and age groups. Participants 60 years of age or older had higher incidence of CVD events 

compared with younger participants. Incidence rates were lower for those in high CVH 

groups compared with moderate and low groups, across all sex, race, and index age groups. 

For example, white women aged 40 to 59 years with high CVH had lower incidence of CVD 

(1.28 [95% CI, 0.74–2.21] events per 1,000 person-years) compared with moderate (3.64 

[95% CI, 3.12–4.25] events per 1,000 person-years) and low (10.19 [95% CI, 9.32–11.13] 

events per 1,000 person-years) CVH. Similarly, black women aged 40 to 59 years with 

high CVH had lower incidence of CVD (0 events per 1,000 person-years) compared with 

moderate (4.20 [95% CI, 3.21–5.50] events per 1,000 person-years) and low (11.95 [95% 

CI, 10.83–13.18] events per 1,000 person-years) CVH. Patterns were similar for men and 

individuals less than 40 and 60 or more years of age. However, black participants 60 years 

of age or older tended to have lower incidence of CVD compared with white participants. 

Across sex, race, and CVH groups, heart failure tended to account for a higher proportion of 

incident events with increasing index age (Supplemental Table 7).

Tables 3 and 4 and Figures 2 and 3 provide the lifetime risks of CVD events, adjusted for 

competing mortality risk, for men and women by race and index age groups. Across all sex, 

race, and index age groups, participants with high CVH had substantially lower lifetime risk 

of CVD events compared with moderate and low CVH groups. Men had higher lifetime 

risk of CVD than women across all CVH categories. Lifetime risks of CVD were similar 

between white and black participants. In women aged 40 to 59 years, those with high CVH 

had generally lower lifetime risk (95% CI) of CVD (white women, 12.6% [2.6%−22.6%]; 

black women, 0.0%) compared with moderate (white women, 16.6% [13.0%−20.2%]; black 

women, 12.7% [6.8–18.5%]) and low (white women, 33.8% [30.6%−37.1%]; black women, 

34.7% [30.4%−39.0%]) CVH. Patterns were similar for men and participants less than 

40 and 60 or more years of age, but overall lifetime risk estimates were higher, lower, 

and higher, respectively. Lifetime risks of CVD were comparable for white and black 

participants less than 60 years of age. However, black participants 60 years of age or older 

tended to have lower lifetime risk of CVD compared with white participants.

Discussion

In this analysis of more than 30,000 US adults, including more than 500,000 person-years 

of follow-up, those with high CVH had markedly lower lifetime risks for CVD events 

compared with individuals with moderate and low CVH. However, high CVH levels were 

uncommon in the included participants, especially among black participants and older 

index age groups. On average, and across index age groups, women tended to have higher 

prevalence of high CVH compared with men, and lower rates of CVD. Additionally, men in 

moderate and low CVH groups tended to have steeper slopes of increasing CVD event rates 

over time compared with women, indicating that individuals with low CVH accumulated 

events at younger ages. These results help to quantify the potential long-term implications 

of meeting high CVH recommendations across the age spectrum. Furthermore, our findings 

speak to the benefits of maintaining high CVH as long as possible across the life course 

and call attention to the need for comprehensive strategies to preserve, and restore when 

possible, high CVH to prevent associated morbidity and mortality.
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Cardiovascular health is a construct developed by the AHA to define the ideal state of 

the cardiovascular system and includes 7 of the most important modifiable risk factors 

and health behaviors for the prevention of CVD.4 Our results complement several previous 

analyses of CVH demonstrating the value of this construct in defining risk of CVD.5–13 A 

meta-analysis combining results from 13 prospective studies among 193,126 individuals, 

with follow-up duration ranging from 4.0 to 18.7 years, identified linear associations 

between CVH score and risk of CVD and all-cause mortality, finding that risk of CVD 

mortality was 19% (95% CI, 14%−24%) lower for each 1 point higher CVH score.11 Our 

findings build upon these previous results by estimating the lifetime risk for CVD in a 

large, pooled population with individual-level data and in the context of competing risks 

for non-CVD mortality. Our data suggest that those with high CVH maintain a low risk of 

CVD several decades after all index ages. Conversely, those with moderate and low CVH 

scores have substantially higher risk of CVD, especially in those greater than 40 years 

of age. Recently, Enserro et al. described temporal trends in CVH and associations with 

CVD among 3,460 participants from the Framingham Heart Study.13 Their results suggest 

a decreasing prevalence of high CVH over the past 20 years, resulting in higher risk of 

CVD and death, which is corroborated by our findings over a longer follow-up duration and 

among a larger, more diverse sample.

As expected, the prevalence of high CVH was lower at older ages. Aging is one of the most 

important risk factors in the development of CVD.28 However, our results reinforce the idea 

that aging, alone, does not explain the increasing risk of CVD over the life course. While 

physiologic risk factors like BP, cholesterol, and glucose were higher, on average, in older 

compared with younger age groups, ideal levels of behavioral factors like physical activity 

and diet were also less prevalent. It is attractive to consider the possibility that maintenance 

of high CVH in young and middle-age adults, especially in the presence of increasing age, 

may result in markedly lower rates of CVD in the population. Our analysis suggests that 

high CVH among those less than 40 years of age confers low risk of CVD (≤2.1% in all 

subgroups) up to 40 years after index age. Conversely, periods of very low risk among those 

with high CVH were apparent only for approximately 20 years after index age for those 

aged 40–59 years and approximately 10 years after index age for those 60 years or older. 

Furthermore, among older participants with high CVH, the lifetime risk of CVD was higher 

compared with younger participants who had worse CVH, suggesting that long-term benefits 

of maintaining high CVH may not overcome the aging process. This finding may be related 

to older participants having a higher risk specifically for heart failure, which constituted 

a larger proportion of CVD events among these participants. Future research to support 

lifestyle interventions in the aging population should be considered to maintain high CVH 

throughout adulthood.

Beyond age, our results highlight sex and race differences in CVD risk and shed light on 

potential explanations. Sex differences in CVD risk have been well-described, consistently 

showing higher CVD mortality among men compared with women, until old age.29 Women 

tended to have higher prevalence of high CVH across all index age groups compared with 

men, but especially in middle- and older-age groups, and tended to have lower rates of 

CVD. Our results also corroborate previous findings detailing persistent racial disparities in 

the prevalence of high CVH,30 which likely contribute to associated disparities in lifetime 
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risks of CVD. White adults tended to have higher prevalence of high CVH and lower 

rates of CVD compared with black adults. However, among black adults in older age 

groups, high CVH conferred a comparatively lower lifetime risk of CVD compared with 

white adults. While we cannot rule out the possibility of survival bias among older black 

vs. white participants owing to unmeasured factors, our results suggest that maintenance 

of high CVH may eliminate, or even reverse, race-associated disparities in CVD risk, 

which should be explored in future studies. There are several barriers to addressing these 

disparities, relating not only to the healthcare environment, but the social and cultural 

environment.31 Discussions of the mechanisms underpinning sex and race differences in 

CVD risk should consider differences in risk factor profiles across the life course, and 

multilevel interventions that also address the social determinants of health should be 

developed to support maintenance of high CVH as early as possible, while identifying best 

practices for disseminating such interventions to all adults.32

Limitations

Our analysis has several limitations. First, while efforts were made to harmonize data, 

different measurement methods used across cohorts may contribute to imprecision in 

quantification of individual CVH metrics. Second, by including data from a time period 

spanning more than 30 years, the potential for secular trends is unavoidable. However, 

the relative associations between these risk factors and CVD have been mostly consistent 

over time15 and our estimates are similar to data from the US National Health and 

Nutrition Examination Survey.33 Third, sample size was small in some analysis subgroups, 

particularly older black men and women with high CVH. Thus, estimates of absolute 

lifetime risk in these groups should be interpreted with caution, and we were unable to 

calculate estimates for additional, smaller age categories within strata. Fourth, we used CVH 

measures from only one time point. Thus, we cannot determine how changes in CVH over 

time may contribute to CVD risk. However, prior analyses suggest that improvement in 

CVH over time is associated with more favorable subclinical and clinical CVD outcomes 

in the shorter term.13,34 Finally, cohorts included in the LRPP are solely from the US, and 

we were able to analyze only white and black adults owing to insufficient data in other 

race/ethnicity groups. Thus, results may not be generalizable to international and global 

populations or other race/ethnicity groups.

Our results have potential clinical and public health importance. The attractiveness of the 

CVH framework resides in its simplicity, its positive framing around health rather than 

disease, and its comprehensive inclusion of levels of 7 of the most important risk factors 

for CVD, which is the leading cause of death and disability in the US. For the clinician, 

discussions with individual patients about the CVH score may be helpful. It is reasonable to 

expect that maintenance of high CVH throughout adulthood translates into decreased public 

health burden of CVD. Additionally, as a composite construct, CVH is a potential target 

for comprehensive interventions targeting dietary and lifestyle practices in addition to major 

risk factors like dyslipidemia, hypertension, diabetes mellitus, and cigarette smoking.35 

Furthermore, future research should continue to evaluate strategies for maintaining high 

CVH during critical periods in the life course, such as young age, before major divergences 

in CVH occur.34
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In conclusion, high CVH is associated with substantially lower lifetime risk for CVD in 

US men and women across the life course. However, the prevalence of high CVH is low, 

particularly in those 40 years of age or older. Further research is warranted to investigate 

strategies for maintaining and restoring high CVH throughout the life course to prevent 

associated risk of CVD and death.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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WHAT IS KNOWN

• The cardiovascular health (CVH) score integrates 7 of the most important 

risk factors for preventing cardiovascular disease (CVD), and previous studies 

show higher CVH is associated with lower risk of CVD.

• However, data are sparse regarding associations of CVH across the life course 

with longer-term risk of adverse health outcomes, particularly CVD, in broad, 

representative populations.
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WHAT THE STUDY ADDS

• In this pooled cohort analysis of 30,447 US adults, those with high CVH had 

markedly lower lifetime risks for CVD events compared with individuals with 

moderate and low CVH.

• The trend of lower lifetime risk for CVD among those with higher CVH was 

consistent across all age, sex, and race groups.

• Persistent sex and race disparities in lifetime risks of CVD were observed 

and may be explained, in part, by corresponding disparities in levels of CVH 

metrics.
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Figure 1. Percent of Participants in High, Moderate, and Low Cardiovascular Health Groups by 
Sex, Race, and Index Age Group
CVH indicates cardiovascular health

Bundy et al. Page 13

Circ Cardiovasc Qual Outcomes. Author manuscript; available in PMC 2021 December 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Plots of Lifetime Risks of Cardiovascular Disease Events among White and Black Men 
by Index Age Group and Adjusted for Competing Risks of Death
A, Lifetime risk of CVD in CVH score categories for white men aged <40 years. B, Lifetime 

risk of CVD in CVH score categories for white men aged 40–59 years. C, Lifetime risk 

of CVD in CVH score categories for white men aged ≥60 years. D, Lifetime risk of CVD 

in CVH score categories for black men aged <40 years. E, Lifetime risk of CVD in CVH 

score categories for black men aged 40–59 years. F, Lifetime risk of CVD in CVH score 

categories for black men aged ≥60 years.

CVD indicates cardiovascular disease; CVH, cardiovascular health
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Figure 3. Plots of Lifetime Risks of Cardiovascular Disease Events among White and Black 
Women by Index Age Group and Adjusted for Competing Risks of Death
A, Lifetime risk of CVD in CVH score categories for white women aged <40 years. 

B, Lifetime risk of CVD in CVH score categories for white women aged 40–59 years. 

C, Lifetime risk of CVD in CVH score categories for white women aged ≥60 years. D, 

Lifetime risk of CVD in CVH score categories for black women aged <40 years. E, Lifetime 

risk of CVD in CVH score categories for black women aged 40–59 years. F, Lifetime risk of 

CVD in CVH score categories for black women aged ≥60 years.

CVD indicates cardiovascular disease; CVH, cardiovascular health
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