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Abstract

The Coronary Artery Risk Development in Young Adults study (CARDIA) began in 1985-86 with
enrollment of 5,115 Black or White men and women ages 18 to 30 years from four U.S.
communities. Over 35 years, CARDIA has contributed fundamentally to our understanding of the
contemporary epidemiology and life course of cardiovascular health and disease, as well as
pulmonary, renal, neurologic, and other manifestations of aging. CARDIA has established
associations between the neighborhood environment and the evolution of lifestyle behaviors with
biological risk factors, subclinical disease, and early clinical events. CARDIA has also identified
the nature and major determinants of Black-White differences in the development of
cardiovascular risk. CARDIA will continue to be a unique resource for understanding
determinants, mechanisms, and outcomes of cardiovascular health and disease across the life
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course, leveraging ongoing pan-omics work from genomics to metabolomics that will define
mechanistic pathways involved in cardiometabolic aging.

CONDENSED ABSTRACT

The Coronary Artery Risk Development in Young Adults study (CARDIA) began in 1985-86 with
enrollment of 5,115 Black or White men and women ages 18 to 30 years from four U.S.
communities. Over 35 years, CARDIA has contributed fundamentally to our understanding of the
contemporary epidemiology and life course of cardiovascular health and disease, as well as
pulmonary, renal, and neurologic aging. CARDIA has also identified the nature and major
determinants of Black-White differences in the development of cardiovascular risk. CARDIA
continues to be a unique resource for understanding determinants, mechanisms, and outcomes of
cardiovascular health from young adulthood onwards.

Keywords

Cardiovascular risk factors; cardiovascular disease; cardiovascular health; race; social
determinants of health

INTRODUCTION

The Coronary Artery Risk Development in Young Adults (CARDIA) study(1) was begun in
1985-86. The study enrolled 5,115 Black and White men and women ages 18-30 years old at
four centers in Birmingham, AL; Chicago, IL; Minneapolis, MN; and Oakland, CA.
Originally conceived as a study to understand the contributing factors (behavioral,
environmental, and race- and sex-associated) underlying the transition from healthy young
adulthood to the development of cardiovascular disease (CVD) risk factors (RFs), CARDIA
has now become one of the premier studies of aging, cardiovascular health (CVH), and CVD
across the life course. It has also contributed substantially to our understanding of the effects
of the United States obesity epidemic (which had its inflection point in 1985) on
cardiovascular and overall health. This monograph describes the original goals and most
important contributions of the CARDIA study to date, as well as future research directions.

ORIGINAL GOALS, STUDY DESIGN, AND FOLLOW UP

The original aims of the CARDIA study were to examine the distribution of CVD RFs in
young adults; to identify associated lifestyle, psychosocial, and other factors; and to assess
longitudinal RF evolution in early adulthood. Recruitment strategies were designed to
achieve a representative sample of the underlying US Black and White populations at the
time from diverse geographic regions, and involved random-digit dialing or in-person
contact with households in selected areas and census tracts in Birmingham, Chicago, and
Minneapolis. Participants at the Oakland center were randomly selected from among
subscribers of the Kaiser Permanente Medical Care Program living in specific residential
areas around Oakland. Within each field center, attempts were made to achieve
approximately equal numbers balanced on age (over/under age 25 years), sex (male/female),
self-reported race (Black/White), and education status (high school or less/more than high
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school). Self-reported Hispanic (or other) ethnicity was not initially gathered but the
proportion of Hispanic individuals is low. The final cohort included 5,115 Black or White
men and women, whose baseline and follow up characteristics at each exam are shown in
Table 1.

Follow-up in-person examinations have been completed at Years 2 (1987-88), 5 (1990-91), 7
(1992-93), 10 (1995-96), 15 (2000-01), 20 (2005-06), 25 (2010-11), and 30 (2015-16).
Participation in the follow-up examinations is displayed in Figure 1; >71% of surviving
participants attended the Year 30 examination. The Year 35 exam is ongoing. Contact is
maintained with participants every 6 months, with annual interim medical history
ascertainment. Over the last 5 years, >90% of the surviving cohort members have been
directly contacted, and follow up for vital status is virtually complete.

Beyond standard anthropometric and laboratory measures, and collection of biospecimen
samples for storage, phenotypic assessments of attending CARDIA participants have
included: physical fitness at Years 0, 7, and 20; diet at Years 0, 7, and 20; pulmonary
function at Years 0, 2, 5, 10, 20, and 30; coronary artery calcium (CAC) at Years 10 (subset),
15, 20, and 25; carotid intima-media thickness at Year 20; echocardiography at Years 5, 10
(subset), 25, and 30; cognitive function at Years 25 and 30; brain magnetic resonance
imaging in a subset at Years 25 and 30; body composition including dual-energy X-ray
absorptiometry at Year 20 and abdominal computed tomography at Year 25; and repeated
assessment of genetic, psychosocial, neighborhood, environmental, lifestyle and behavioral
factors; prescription, recreational, and illicit drug use; and more. Hundreds of ancillary
studies have also been undertaken to collect additional data or leverage existing data. A full
list of data elements collected at each examination cycle is available at: https://
www.cardia.dopm.uab.edu/images/more/2021/CARDIA_Exam_Components---
AllYears2021-04-01.pdf.

Use of novel phenotyping methods (as they have developed over the course of the study) has
allowed observation of the evolution from high early life health status to development of
CVD RFs, to manifestations of subclinical and clinical CVD and other chronic diseases of
aging. The unique design of CARDIA with regard to its balance on race and sex has also
allowed for important potential insights into aging in demographic subgroups, and
associated upstream social determinants of health, including structural racism and
psychosocial and behavioral factors.

CARDIA has repeatedly measured biomarkers related to oxidative stress, inflammation,
endothelial function, and many other pathways over time. Extensive use of the biorepository
has enabled an increasing focus on systems biology, with studies of genetic, epigenetic,
transcriptomic, proteomic, and metabolomic patterns at multiple time points. As a biracial
cohort that follows diverse individuals from young adulthood to middle age, CARDIA is
also a critical linchpin in data sharing and harmonization across cohorts to define the life
course of CVH and CVD.
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TOP TEN MOST IMPORTANT CONTRIBUTIONS

CARDIA has defined key processes in the progression from healthy young adulthood to
middle age across diverse states of health and preclinical and clinical disease (Central
[llustration). As the cohort has entered middle age, the number of clinical events has started
to increase. Through 35 years of follow up, CARDIA participants have experienced 545
total deaths (106.5 deaths per 1000 participants since 1985), of which 17.3% were due to
CVD, 20.9% to cancer, 18.6% to homicide, suicide, or trauma, and 10.9% to human
immunodeficiency virus/acquired immunodeficiency syndrome. In addition, there have been
478 participants with adjudicated definite and probable incident CVD events, including 107
incident myocardial infarctions, 108 strokes, and 86 heart failure events. As shown in Figure
2, there are notable differences in incidence of death and CVD events across race/sex
subgroups.

The following sections summarize the top ten most important contributions to date from the
CARDIA study, as judged by consensus of longstanding study leadership.

1. Transition from Healthy Young Adulthood to Development of CVD Risk Factors

CARDIA'’s age range, long-term follow-up, and serial deep phenotyping make it uniquely
suited to answer important questions regarding the natural history of CVD RF development
before the onset of extensive comorbidities or use of drug therapies. CARDIA investigators
have been at the forefront of developing and applying novel techniques to exploit the
longitudinal, repeated measures data structure. These pioneering studies have provided
critical insights on disentangling aging from secular trends,(2) analyses of RF trajectories
and cumulative exposures,(3) elucidation of critical exposure periods and “points of no
return,”(4) analyses of highly correlated data, and missing data patterns.

Blood pressure (BP).—BP has been known to be a major RF for the development of
atherosclerosis for decades. However, most prospective analyses have examined a single
baseline BP measurement and its association with subsequent outcomes. In a novel analysis
of BP exposure patterns over the life course, Allen(3) examined repeated measures from
CARDIA participants collected from Years 0 to 25. Latent mixture modeling was used to
identify groups of participants with distinct BP trajectories, describing both the levels and
shape of change in BP over time. There were 5 distinct trajectories of BP (Figure 3), which
were described by their baseline levels and the shape of change over time as: “low-stable”
(representing 21.8% of participants), “moderate-stable” (42.3%), “moderate-increasing”
(12.2%), “elevated-stable” (19.0%), and “elevated-increasing” (4.8%).(3)

Groups with elevated BP levels at baseline, and those with increasing trajectories over time,
had greater odds of having a CAC score of 100 AU or greater at Year 25 (Figure 3). Of note,
associations with CAC were not altered after adjustment for baseline and year 25 BP levels,
or by cumulative BP exposure, indicating a unique contribution of the trajectory of BP rise
over time.(3) BP trajectory data, that may be increasingly available through electronic health
records, may thus assist in more accurate identification of individuals at risk for
atherosclerosis.
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Cholesterol concentrations.—In addition to trajectory analysis, RF exposure can also
be described by considering the cumulative exposure and the slope of exposure over time, or
by examining early age cumulative versus later age cumulative exposure, to understand
whether there may be critical age periods of exposure. Domanski(5) recently used novel
analytic methods to understand early exposure patterns to low-density lipoprotein
cholesterol, and their ultimate associations with CVD events. Using repeated measures, each
participant’s cumulative exposure prior to age 40 years was quantified in mg/dL times years;
in addition, the slope of change from baseline to age 40, as well as the cumulative exposure
from ages 18 to 30 versus 30 to 40 years, was quantified.(5)

Low-density lipoprotein cholesterol exposure prior to age 40 was associated with occurrence
of CVD events after age 40 years. Both cumulative exposure prior to age 40 (hazard ratio
[HR] 1.05 per 100 mg/dL x years; P<0.001) and the slope of exposure (HR 0.80 per mg/dL/
year; P=0.045) were significantly associated with CVD risk after age 40. The inverse
association for the slope indicates that higher earlier exposure was associated with greater
risk than was later exposure. Exclusion of participants taking lipid lowering medications did
not alter these findings, and they were confirmed with models showing that cumulative low-
density lipoprotein cholesterol exposure from age 18 to 30 was significantly associated with
CVD risk after age 40, whereas cumulative exposure from age 30 to 40 was not, when both
variables were in the model. These findings indicate that both cumulative exposure and
exposure that happens earlier in young adulthood are more important contributors to mid-life
CVD events than later concentrations, with potential implications for early life primordial
prevention strategies.(5)

Loss of CVH.—In 2010, the American Heart Association defined a novel construct of
CVH that relies on levels of seven health behaviors and health factors: diet, physical activity,
smoking status, body weight, BP, blood cholesterol, and blood glucose concentrations. Each
of the component metrics is classified as ideal (optimal levels), intermediate (treated and
controlled, or untreated/elevated), or poor (uncontrolled) using clinical thresholds. A
composite CVH score (range 0 to 14 points) can be created for an individual by assigning 2
points for each ideal metric, 1 point for each intermediate metric, and O points for each poor
metric.

CARDIA has produced key data on the evolution of CVH through young adulthood, and
antecedent health behaviors that are associated with maintenance of higher CVH. Among
CARDIA participants who attended the Year 0, 7, and 20 examinations, Liu(6) examined
pursuit of five healthy lifestyle indicators (lean BMI, low or no alcohol intake, healthy diet
score, higher levels of physical activity, and hon-smoking). For participants who followed 0
or1l,2, 3,4, orall 5 healthy lifestyle factors at baseline, the age-, sex-, and race-adjusted
prevalences of the ideal CVH profile at Year 25 were 3.0%, 14.6%, 29.5%, 39.2%, and
60.7%, respectively (Pgeng <0.001). Similar associations were observed for each race/sex
group. Whereas longer duration of healthy lifestyles was associated with the highest
prevalence of ideal mid-life CVH, those whose healthy lifestyle factors improved over time
were more likely to maintain ideal CVH than those whose lifestyles did not, indicating that
healthy change was an important predictor of mid-life ideal CVH, and the earlier that change
occurred, the better.(6)
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Women'’s reproductive health and RF changes.—CARDIA has contributed
substantially to our understanding of the associations between women’s reproductive health
and CVD RFs with measurement of RF levels before and after pregnancy, a unique design
feature. For example, among overweight women, 26.7% with 1 or more CVD RFs developed
gestational diabetes mellitus versus 7.4% with none.(7) Impaired fasting glucose and low
levels of high-density lipoprotein cholesterol before pregnancy were particularly strong RFs.
CARDIA investigators have also shown significant associations between longer duration of
post-partum lactation and lower incidence of diabetes or metabolic syndrome,(8,9) as well as
lower burden of subclinical atherosclerosis.(10)

CARDIA affords the opportunity to study landmark life events (e.g., menopause, which may
occur at diverse ages) and subsequent changes in RFs. Appiah(11) examined changes in
CVD RF levels before and after menopause (Figure 4). They observed significantly steeper
increases in low-density lipoprotein cholesterol after menopause in women with natural
menopause compared with surgical menopause with hysterectomy only or with bilateral
oophorectomy. Women with natural menopause also had a steeper slope of high-density
lipoprotein cholesterol increase compared with the other two groups prior to menopause, and
all three groups had similar rates of increase after menopause.(11)

2. Transitions from CVD RFs to Subclinical CVD and Clinical Events

Development of CAC and progression to clinical CVD events.—CARDIA was
one of the first population-based cohort studies to implement CAC measurement
systematically, and CARDIA data have been instrumental in shaping clinical practice
prevention guideline recommendations. CAC measurement was performed in the vast
majority of participants attending the Year 15, 20, and 25 examinations, spanning the age
range of 32 to 56 years, including large numbers of repeat measurements within individual
participants.

At Year 15 (mean age 40 years), 10% of CARDIA participants had any CAC, with a greater
prevalence among men than women (15.0% vs. 5.1%) and among White than Black men
(17.6% vs. 11.3%). CAC prevalence was also higher for those aged 40 to 45 years than 33 to
39 years (13.3% vs. 5.5%). RF levels measured at Year O (mean age 25 years) discriminated
CAC presence equally as well as average RF levels measured over exam Years 0, 2, 5, 7, 10,
and 15, and better than concurrent levels at Year 15. Multivariable-adjusted odds ratios
(ORs) of having CAC by ages 33 to 45 years were 1.5 (95% confidence interval, 1.3 - 1.7)
per 10 cigarettes, 1.5 (1.3 - 1.8) per 30 mg/dL low-density lipoprotein cholesterol, 1.3 (1.1 -
1.5) per 10 mm Hg systolic BP, and 1.2 (1.1 - 1.4) per 15 mg/dL glucose at baseline.(12)

The 5-year incidence of CAC was 11.9% between Years 15 and 20 (mean ages 40 and 45
years) and 14.4% between Years 20 and 25 (45 and 50 years). As expected, incidence of
CAC was highly associated with prior RF levels.(13)

After 12.5 years’ follow up, those with any CAC at Year 15 had a multivariable-adjusted HR
of 5.0 (2.8-8.7) for coronary heart disease events and 3.0 (1.9-4.7) for CVD events, even
after adjustment for demographics and RFs. Within CAC score strata of 1-19, 20-99, and
=100 AU, the HRs for coronary events were 2.6 (1.0-5.7), 5.8 (2.6-12.1), and 9.8 (4.5-20.5),
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respectively. Addition of CAC score information added significant value to the Framingham
risk score, particularly when 10-year predicted coronary risk was 5%-11%.(13)

Progression from early adult RFs to left ventricular (LV) structural and
functional abnormalities and clinical events.—CARDIA participants have
undergone echocardiographic examinations at Years 5, 25, and 30, with recent examinations
including tissue Doppler, speckle tracking, strain measurements, and 3D imaging.
Consequently, CARDIA is one of the few studies that has been able to document reference
ranges and normative findings(14-17) and changes throughout young adulthood, as well as
prevalence of abnormal findings and their antecedent RFs, in a non-referral setting.

Numerous investigations have documented antecedent RFs and risk markers for
development of adverse LV structure and function. Among those factors found to be
associated with echocardiographic outcomes in CARDIA are: self-identified race;(18)
obesity/adiposity,(19-21) duration of obesity and patterns of obesity and weight gain over
time; insulin resistance and glycemia patterns as well as diabetes and duration of diabetes;
(22,23) non-alcoholic fatty liver disease;(24) baseline and cumulative BP exposures,(25) as
well as long-term visit-to-visit BP variability;(26) renal function;(27) menopause;(28)
alcohol intake;(29) and level of composite CVH.(30,31)

Using echocardiographic data from Years 5, 25 and 30, CARDIA investigators recently
defined normative age-related changes.(32,33) With increasing age, LV relative wall
thickness, LV mass index, and indexed left atrial diameter all increased significantly and
monotonically over time, whereas the ratio of mitral early to late diastolic velocities (E/A)
decreased substantially and monotonically. LV ejection fraction tended to increase until the
mid-40s, followed by a decrease. The prevalence of any Stage B heart failure abnormality
(asymptomatic abnormal LV geometry such as concentric remodeling, concentric
hypertrophy, and eccentric hypertrophy; LV ejection fraction <50%; and/or presence of
diastolic dysfunction) rose from a mean of 10.5% (9.4 — 11.8%) at age 25 years to 45.0%
(42.0 — 48.1%) at age 60. Black participants had far higher prevalences than White
participants of all adverse LV outcomes. The most significant predictors of incident Stage B
abnormalities with aging were cumulative RF values from Year 5 to Year 30, rather than
baseline or change values. In turn, both Year 5 echo parameters and the cumulative RF levels
also were significantly associated with incident clinical heart failure.(32,33)

Using data from the Year 5 examination (mean age 23 to 35 years), severe diastolic
dysfunction was present in 1.1% and abnormal relaxation in 9.3% of CARDIA participants.
After multivariable adjustment, those with severe diastolic dysfunction and abnormal
relaxation had greater risk of a composite outcome of death, myocardial infarction, heart
failure, or stroke, with HRs of 4.3 (2.0-9.3) and 1.6 (1.1, 2.5), respectively, over 20 years.
(34)

3. Incidence and Predictors of Premature Cardiovascular Events

Premature heart failure and stroke events.—Whereas overall event incidence has
been relatively low to date due to the young cohort age at inception, nonetheless CARDIA
has provided key data on the incidence of premature CVD events. In one seminal analysis of
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CARDIA participants up to the age of 50 years, Bibbins-Domingo(35) observed that
incident heart failure developed in 27 participants with mean age at onset of 39+6 years.
Strikingly, 26 of the 27 participants with early-onset heart failure self-identified as being
Black (Figure 5). Cumulative incidence rates of heart failure before the age of 50 years were
1.1% (0.6 - 1.7%) in Black women, 0.9% (0.5 - 1.4%) in Black men, 0.08% (0.0 - 0.5%) in
White women, and 0% (0 - 0.4%) in White men (P=0.001 for Black versus White
participants). Among Black participants, baseline variables that were significantly associated
with incident heart failure included higher diastolic BP, higher BMI, lower high-density
lipoprotein cholesterol, and presence of kidney disease. Three-fourths of those in whom
heart failure developed had hypertension by the time they were 40 years of age, compared
with a hypertension prevalence of 12% among those who did not develop heart failure.
Depressed LV systolic function measured at CARDIA Year 5 was also independently
associated with incident heart failure. Thus, hypertension, obesity, and systolic dysfunction
that are present before 35 years of age, particularly in Black American individuals, appear to
be especially important antecedents that may be targets for the prevention of clinical heart
failure.(35)

Gerber also noted marked disparities in premature stroke events between Black and White
participants over 30 years’ follow up. Stroke incidence was four times higher in Black (120
per 100,000 person-years; 95-149) versus White (29; 18-46) participants. Blood pressure
was a key driver of stroke risk, even within levels below the threshold for diagnosing
hypertension. These findings further highlight the importance of primordial prevention
strategies to reduce population BP levels, particularly in young Black adults.(36)

Premature CVD events.—In a recent analysis, Perak(37) examined the incidence of all
premature CVD events (including CVD death and incident non-fatal myocardial infarction,
coronary revascularization, stroke, and heart failure) prior to approximately age 60 years
among CARDIA participants. They examined the association of CVH status measured at
ages 18 to 30 years with incident events and estimated population attributable fractions for
CVD events. Year 0 CVH was high in 28.8%, moderate in 65.0%, and low in 6.3%. There
were modest differences in the prevalence of high CVH status across subgroups by age and
sex, and notable differences by self-reported race (20.7% in Black participants compared
with 37.0% in White participants) and maximal educational attainment (13.6% among
participants with less than or equal to high school completion compared with 32.6% among
participants with more than high school education). The adjusted HR for high (vs. low) CVH
was 0.14 (0.99 — 0.22) for CVD events (Figure 6). The population attributable fractions for
combined moderate or low (versus high) CVH were 0.63 (0.47 to 0.74) for CVD, 0.81 (0.55
to 0.92) for CVD mortality, and 0.42 (0.26 — 0.54) for all-cause mortality. Among
individuals with high CVH, rates of premature events were very low in all sociodemographic
subgroups. Thus, maintenance of high CVH into late adolescence or early adulthood is
associated with markedly lower risk for premature onset CVD, and these data suggest that
maintenance of high CVH into young adulthood could prevent as much as 60% - 80% of
premature CVD events and mortality.(37)
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4. Health Disparities Associated with Self-identified Race and Discrimination

The CARDIA cohort was designed explicitly to understand differences in CVD RF
development in young adulthood by self-identified race and sex, and has matured to the
point of observing major disparities in premature CVD events (Figures 5 and 6), particularly
heart failure and stroke. Early CARDIA results documented disparities in RF levels, similar
to those seen in national data, among young Black or White men and women, but CARDIA
also provided critical insights into the reasons for those differences. For example, Greenlund
documented significant differences in prevalence of RFs (BP, obesity) and health behaviors
(such as smoking) across race and sex groups overall, with Black participants having more
unfavorable levels at the baseline examination. However, they also noted striking differences
in prevalence of RFs and health behaviors within individual race/sex strata (e.g., smoking
prevalence in Black women) depending on geography and education status. Race differences
in smoking rates were particularly apparent among those with less than or up to a high
school education. Wagenknecht provided further insight, noting that after adjustment for age
and education, race and sex differences in prevalence of smoking were no longer evident.
Smoking prevalence was lower with greater educational attainment, from 54% among
participants with less than a high school education to 12% among those with graduate
degrees (P< 0.001). These data were early indications of the strong underlying influence of
social determinants of health on apparent racial differences in cardiovascular risk.(38,39)

CARDIA has assessed participants’ self-reported lived experiences with racial/ethnic
discrimination using a validated instrument at Years 7, 15, 25, and 30. As early as Year 7,
associations of discriminatory experiences with RF levels were noted to be significant. For
example, at Year 7, 48% of Black women and 57% of Black men reported experiencing
three or more episodes of racial discrimination in life situations, compared with 5% and 4%
of White men and women, respectively. Observed Black-White differences in BP were
substantially reduced by taking into account reported experiences of racial discrimination
and responses to unfair treatment. These early data highlighted the complex nature of lived
experiences in association with physiologic CVD RFs.(40,41)

Subsequent analyses have examined self-reported discrimination and its associations with
Black-White differences in birth outcomes,(42) weight change,(43) and self-rated physical
and mental health,(44,45) among other outcomes. In one study using data from Year 7 and
15, an increase in self-reported experiences of racial/ethnic discrimination over time was
significantly associated with an increase in waist circumference and BMI among Black
women.(43) In another study, discrimination was statistically significantly associated with
worse physical and mental health in both men and women, even after adjustment for age,
education, income, and skin color.(44)

Weathering and psychosocial stress.—A number of recent CARDIA publications
have examined “weathering,” or the difference between chronological age and composite
measures of biological aging in Black and White participants.(46,47) In one study using
seven age-related biomarkers (including lipid levels, glucose, C-reactive protein, BMI,
pulmonary function and mean arterial pressure) to gauge accelerated biological vs.
chronological aging, Black participants on average had a biological age that was 2.6+11.8
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years older than their chronological age, whereas the average biological age among White
participants was 3.5+£10.0 years younger than their chronological age. In other words, Black
individuals weathered a mean of 6.1 years faster than White individuals. Belonging to more
social groups was associated with less weathering in Black but not White participants, and
lower socioeconomic position and more depressive symptoms were associated with more
weathering among Black than White individuals.(47) In a follow-up analysis examining
outcomes, a one-year greater difference in weathering (i.e., one year greater difference in
biological minus chronological age) was associated with greater odds of developing CVD
(OR 1.04 per year; 1.02 - 1.06), stroke (OR 1.12; 1.07 - 1.17), and all-cause mortality (OR
1.05; 1.02 - 1.08). There were no significant overall racial differences in associations, but
given the greater burden of weathering in Black participants, the implication is that these
measures of accelerated aging may indicate an important marker of risk for Black
individuals.(46)

Other measures, such as leukocyte telomere length and epigenetic age acceleration, also
provide evidence of accelerated biological aging in Black compared with White individuals.
For example, burden of racial discrimination reported at Year 15 was associated with more
rapid shortening of telomere length over the ensuing 10 years, adding to evidence that racial
discrimination contributes to accelerated physiologic weathering and health declines among
Black Americans through its impact on biological systems.(48)

5. Social Determinants of Health as Mediators of Racial Disparities

CARDIA has measured numerous metrics of social determinants and socioeconomic
position multiple times through young adulthood. Early reports identified racial disparities
in RF levels and health disparities; however, associations of more adverse RFs with Black
race were typically attenuated to non-significance with simple adjustment for socioeconomic
factors.(49)

Socioeconomic position, even at young ages, has been associated with adverse health
outcomes. Matthews used data from CARDIA Year 20, at which 19% of participants had
CAC, in association with reported early life socioeconomic position. They found that lower
paternal education in Black participants and lower maternal occupational status in all
participants were associated with higher risk of having CAC, independent of adult
socioeconomic position. Lower average adult education, occupation, and income were also
associated with higher risk of having CAC, with associations seen primarily in Black
individuals.(50) Elfassy examined income volatility in young adulthood and associations
with subsequent CVD events. Income status was assessed at exams from 1990 to 2005, and
CVD events were assessed from 2005 to 2015. Black participants were far more likely than
White ones to experience income volatility and income drops from mean ages 30 to 45
years. After adjustment for demographic, behavioral, and other CVD RFs, higher income
volatility (HR 2.07; 1.10 — 3.90) and more income drops (HR 2.54 for =2 versus 0 income
drops; 1.24 - 5.19) were associated with risk for CVD.(51)

Education has been associated consistently with health outcomes, and the differences in
education attainment between Black and White participants may account for some
disparities in health outcomes. For example, to date cancer and cardiovascular diseases have
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been the most common causes of death in this younger cohort, but homicide and AIDS,
which disproportionately affected Black participants, were associated with the most years of
potential life lost. In multivariable models, each higher level of education achieved (from
high school or less to some college to college degree or more) was associated with 1.37
fewer years of potential life lost (—2.37 - —0.37) whereas race was no longer independently
associated.(52)

Both White and Black participants in CARDIA have had worsening of health behaviors and
RF levels through young adulthood, although deterioration for Black participants has been
more significant.(53) Whitaker(54) examined whether socioeconomic, psychosocial, and
neighborhood environmental factors may mediate racial differences in CVH behaviors (as
represented by smoking, physical activity, and diet patterns). They found that Black
participants had significantly lower CVH behavior scores than White participants
consistently across 30 years of follow up. Individual socioeconomic factors mediated 49 to
70% of the association between race and health behavior score, psychosocial factors 20 to
30%, and neighborhood factors 22 to 41% (p<0.01 for all). Thus, racial disparities in health
behavior scores appeared to be mediated predominantly by large race-related differences in
socioeconomic factors, highlighting the profound impact of factors that are mostly not under
an individual’s control.(54)

The availability of geocoding has allowed for additional insights into social determinants of
health and the potential influence of neighborhood racial segregation patterns on CVD risk
and outcomes. For example, Kershaw(56) found that 81.6% of CARDIA participants were
living in a high-segregation, 12.2% in a medium-segregation, and 6.2% in a low-segregation
neighborhood. Systolic BP increased by a mean of 0.16 (0.06-0.26) mm Hg with each 1-SD
increase in segregation score after adjusting for interactions of time with age, sex, and field
center. Among those who lived in high-segregation neighborhoods at baseline, reductions in
exposure to segregation were associated with reductions in systolic BP.(55) Similarly, data
from the first 25 years of CARDIA follow up indicated that Black women living in highly
segregated neighborhoods were 30% more likely to become obese between exam periods
compared with women living in neighborhoods with low levels of segregation.(56)

6. Obesity Incidence as a Function of Young Adult Behaviors

Given the CARDIA study’s inception in 1985, the year in which US obesity prevalence
started to climb, investigators have been uniquely positioned to assess the upstream
determinants and correlates of weight gain in the CARDIA cohort.

Weight Gain in All Race/Sex Groups.—From Year 0 to Year 30 (mean ages 25 to 50
years), there have been significant mean weight gains in the cohort overall and in all 4
race/sex groups in CARDIA (Figure 7). There were larger gains noted early in CARDIA,
with some flattening of increases in weight in later years, but overall consistent patterns
across groups. The slope for time- related weight gain was consistent for those with normal
weight, overweight, and obesity at baseline in young adulthood. Thus, among groups
defined by baseline BMI in young adulthood, BMI tended to track and to increase
consistently across all groups.(57)
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Dietary Quality, Fast Food Availability, and Weight Change.—CARDIA has
administered a detailed dietary history at exam Years 0, 7, and 20 (and is doing so again at
Year 35). The diet history method obtains much more in depth information than a food
frequency questionnaire, obtaining all food items eaten in the past 28 days, named by the
participant, by brand name where possible, in response to over 100 open ended questions,
such as “Do you eat meat?” with in-depth follow up of answers. Diet quality was assessed as
a function of the proportion of plant-based whole foods. Diet quality was associated
differentially with weight gain in Black and White participants. Among White participants,
high vs. low diet quality was associated with less mean 20-year weight gain (+11.2 kg in
high vs. +13.9 kg in low-quality diet groups), whereas among Black participants high diet
quality was associated with greater weight gain (+19.4 kg vs. +17.8 kg).(58) Another
analysis assessed change in plant-centered diet quality. In multivariable analysis, each 1-SD
increment in plant-based diet quality over 20 years was associated with lower gains in BMI
(—0.39+0.14 kg/m?2; P=0.004), waist circumference (-0.90+0.27 cm; P< 0.001) and weight
(-1.14+0.33 kg; £<0.001) during the same period, as well as with lower risk for subsequent
diabetes.(59)

Geocoding of the CARDIA participants’ addresses at diverse exam cycles has also allowed
assessment of neighborhood food availability. In general, higher numbers of neighborhood
fast food restaurants and lower numbers of sit-down restaurants have been associated with
higher consumption of an obesogenic fast food-type diet and greater BMI gains.(60) Also,
there were inverse associations noted between fast food price and overall consumption, as
well as with BMI, with stronger inverse associations in more (vs. less) deprived
neighborhoods,(61) indicating that fast food availability and cheaper pricing in economically
vulnerable neighborhoods appear to be strong correlates of greater obesity prevalence in
participants living in those neighborhoods.

In CARDIA participants, frequency of fast-food dining was lowest for White women (1.3
times per week) compared with other race/sex groups (about twice weekly). Compared with
the average 15-year weight gain in participants with infrequent (less than once a week) fast-
food restaurant use at baseline and follow-up, those with frequent (more than twice weekly)
visits to fast-food restaurants at baseline and follow-up gained an extra 4.5 kg of bodyweight
and had a two-fold greater increase in insulin resistance.(62)

Physical and Sedentary Activity.—CARDIA has collected self-reported physical
activity at all examinations, as well as intermittent measures of sedentary activities (e.qg.,
television viewing), and objective measures of physical activity and sedentary behavior via
accelerometry and cardiorespiratory fitness based on graded treadmill tests. Using self-
reported activity level over 20 years, Hankinson et al, noted that CARDIA participants at all
levels of physical activity gained weight. However, maintaining high levels of activity was
associated with smaller gains in BMI and waist circumference compared with low activity
levels. Men and women maintaining high activity (compared with those maintaining the
lowest activity) gained 2.6 and 6.1 fewer kilograms, and 3.1 and 3.8 fewer centimeters in
waist circumference, respectively.(63)
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With regard to sedentary activity, television viewing was directly associated with size of
abdominal fat depots on CT imaging. For each 1 SD increment in television viewing (1.5
hours/day), visceral, subcutaneous, and intra-muscular adipose tissue depots were greater by
3.5, 3.4, and 3.9 cm, respectively. In the same study, for each 1 SD increment in physical
activity, visceral, subcutaneous and intra-muscular adipose tissue were lower by 7.6, 6.7, and
8.1 cm, respectively.(64) In further analyses, statistical replacement of sedentary time with
light-intensity physical activity or moderate-to-vigorous intensity physical activity was
associated with improved indices of adiposity and cardiometabolic health 10 years later.(65)

7. Metabolic Health through Young Adulthood — Metabolic Syndrome, Diabetes, and Non-
Alcoholic Fatty Liver Disease

Influence of Weight Gain on RF Levels and Development of Metabolic
Syndrome.—Through 15 years of follow up, 16.3% of CARDIA participants maintained a
stable BMI, 73.9% had an increasing BMI, and 9.8% had a fluctuating BMI. Participants
with stable BMI had essentially unchanged levels of cardiometabolic RFs, regardless of
baseline BMI, whereas those with increasing BMI had progressively worsening levels. For
example, among men with a baseline normal BMI, those who also had stable BMI during
follow-up had a mean increase of only 15 mg/dL in fasting triglycerides over 15 years,
compared with 65 mg/dL (A<0.001) in those whose BMI increased over time. Incidence of
metabolic syndrome at year 15 was lower in the stable BMI group (2.2%) compared with the
increased BMI group (18.8%; A<0.001). These data suggest that adverse progression of
cardiometabolic RFs with advancing age may not be inevitable. Young adults who
maintained stable BMI over time had minimal progression of RFs and lower incidence of
metabolic syndrome regardless of baseline BMI, indicating the importance of weight
stabilization as a clinical and public health strategy.(66,67)

Weight and Incident Diabetes.—Obesity and weight gain are significant RFs for
incident diabetes. Reis examined years of exposure to abdominal obesity (defined as waist
circumference >102 cm in men and >88 cm in women) over 25 years. HRs for 0, 1-5, 6-10,
11-15, 16-20, and >20 years of abdominal obesity were 1.00 (referent), 2.06 (1.43-2.98),
3.45 (2.28-5.22), 3.43 (2.28-5.22), 2.80 (1.73-4.54), and 2.91 (1.60-5.29), respectively
(P<0.001).(68)

8. Longitudinal Pulmonary Function and Lung and Cardiovascular Outcomes

Pulmonary function testing with spirometry has been obtained at Years 0, 2, 5, 10, 20, and
30. Evidence for airflow obstruction was present in 6.9% and 7.8% of participants at Years 0
and 20, respectively. Lung function declined in all groups with age, but the effect of cigarette
smoking on lung function decline was most evident in young adults with preexisting airflow
obstruction. The forced expiratory volume in 1 second/forced vital capacity ratio at Year 0
was highly predictive of airflow obstruction 20 years later.(69)

Trajectories of change in lung function in CARDIA participants over 30 years were
associated with emphysema identified on CT imaging. There were 5 distinct trajectories
describing peak and change in forced expiratory volume, denoted as "Preserved Ideal,"
"Preserved Good," "Preserved Impaired,” "Worsening," and "Persistently Poor." Ever
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smokers comprised part of all 5 trajectory groups. The prevalence of emphysema at mean
ages of 40, 45, and 50 years was 1.7%, 2.5%, and 7.1%, respectively. Baseline poor and
worsening lung health trajectories were associated with 5-fold higher odds of future
emphysema independent of chronic tobacco smoke exposure. Thus, lower peak and
accelerated decline in lung function were found to be significant RFs for future emphysema
independent of smoking status.(70)

Following the observation in CARDIA that decline in forced vital capacity from average age
at peak (29 years) to 35 years old predicted incident hypertension between average ages 35
and 45 years,(71) Cuttica examined 20-year changes in lung function and observed
significant associations with /eft-heart structure and function. Specifically, decline in forced
vital capacity from peak was associated with larger LV mass and greater cardiac output.
Decline in airflow was associated with smaller left atrial internal dimension and lower
cardiac output. Finally, decline in forced vital capacity was associated with diastolic
dysfunction. They concluded that decline in airflow is associated with underfilling of the left
heart and low cardiac output whereas decline in forced vital capacity with preserved airflow
is associated with LV hypertrophy and diastolic dysfunction. These cardiopulmonary
interactions appeared to evolve concurrently from early adulthood forward, but the precise
mechanisms remain obscure.(72)

Pulmonary function at baseline (mean age 25 years) was also found to be independently
associated with CVD events over 29 years’ follow up. Baseline forced expiratory volume in
1 second (HR 1.18 per 10- unit lower; 1.06-1.3) and forced vital capacity (HR 1.19 per 10-
unit lower; 1.06-1.33) were both associated with incident CVD events independent of
traditional RFs, including BMI. These associations were observed for outcomes of heart
failure and cerebrovascular events but not coronary events. These findings add to a growing
body of evidence that peak lung function in young adulthood has important implications for
future respiratory and overall health.(73)

9. Cognitive Function and Brain Health in Mid-Life

Cogpnitive function was first measured at Year 25 (mean age 50 years), and was repeated at
Year 30. State-of-the-art brain magnetic resonance imaging was obtained in a subset of
participants at Year 25 and repeated in the same participants at Year 30.

Higher quality dietary patterns at Year 0 and 20 were associated with better cognitive
function at Year 25 among apparently healthy middle-aged participants.(74) Specifically,
greater adherence to Mediterranean or more plant-based dietary patterns during young
adulthood were associated with better midlife cognitive performance.(75) Likewise, greater
cardiorespiratory fitness at baseline (Year 0) and maintenance of fitness from Year 0 to 20
were also associated with higher performance on diverse domains of cognitive function at
Year 25.(76)

Cumulative CVD RF exposures have also proven to be significantly associated with midlife
cognitive function. Higher cumulative systolic and diastolic BP and fasting blood glucose
across 25 years were significantly associated with worse cognition on all domains of testing.
Fewer significant associations were observed for cholesterol exposure.(77) Similarly, a
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greater number of ideal CVH metrics in young adulthood and middle age were
independently associated with better cognitive function in midlife. Participants who had =5
ideal metrics at a greater number of examinations over the 25-year period exhibited better
performance on each cognitive test in middle age.(78) Between Years 25 and 30 (mean ages
50 and 55, respectively), 5% of participants had accelerated cognitive decline. Midlife
smoking, hypertension, and diabetes mellitus were associated with greater likelihood of
accelerated decline in both Black and White participants.(79)

In parallel with cognitive function testing, longitudinal CVD RFs have been associated with
structural and functional findings on brain imaging. Current smoking, hypertension, and
higher BMI were significantly associated with lower gray matter cerebral blood flow;
current smoking, hypertension, and diabetes with lower total brain volume; higher BMI and
hypertension with more abnormal white matter lesions; and hypertension with white matter
fractional anisotropy. These findings suggest that worsening mid-life CVD RFs should be
considered for early intervention and as markers of future risk for cerebrovascular disease
and dementia.(80)

10. Effects of Chronic Marijuana Exposure on Health

CARDIA has ascertained drug and alcohol use patterns at all examinations through young
adulthood, allowing assessment of cumulative lifetime exposure. Over 84% of CARDIA
participants have reported a history of marijuana use at any point in time, although fewer
than 12% persisted with use in middle age.(81)

In an analysis after Year 15, although marijuana use was not independently associated with
presence of any of the traditional CVD RFs, it was associated with other unhealthy
behaviors, such as high energy intake, smoking, and other non-prescription drug use. With
regard to CVD events, compared with no marijuana use, cumulative lifetime and recent
marijuana use showed no association with incident CVD overall or in any subgroups.(82)
However, when analyzing cognitive function at Year 25, current daily use of marijuana was
associated with worse verbal memory and processing speed, and cumulative lifetime
exposure was associated with worse performance in all domains of cognitive function. After
excluding current users and adjusting for potential confounders, cumulative lifetime
exposure to marijuana remained significantly associated with worse verbal memory,
corresponding to participants remembering 1 word fewer from a list of 15 words for every 5
years of use.(81)

FUTURE RESEARCH DIRECTIONS

Future CARDIA research directions will incorporate data from the ongoing Year 35
examination in 2020-22, and leverage the expanding resource of multi-omics data across
young adulthood. For example, whole-genome sequencing and genome-wide DNA
methylation data (from 4 exams from Years 15 to 30) are available in approximately 4,000
CARDIA participants. Initial studies indicate the potential power and limitations of
polygenic risk scores,(83,84) and of epigenetic age acceleration,(85,86) for young adult
cardiometabolic phenotypes. In addition, RNA has been collected and stored at two exams.
Proteomic and metabolomic analyses are ongoing and are delineating the correlates and
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predictive utility of these platforms for cardiometabolic and other health outcomes. At Year
35, data collection will include first-time assessments of physical functioning (e.g., chair
stand, grip strength), hearing and vestibular dysfunction, and dedicated lung and abdominal
imaging, as well as repeat measures of RFs, sleep and accelerometry, cognitive function and
brain imaging, and dietary quality, among other measures.

As the CARDIA cohort ages toward retirement and later life, it will continue to be a unique
resource for understanding the determinants, mechanisms, and outcomes of CVH and CVD
across the life course from young adulthood on. Future exam cycles will continue to provide
opportunities for insight into the processes of aging.

CONCLUSIONS

In summary, CARDIA has become one of the premier US population-based cohort studies,
and has contributed fundamentally to our understanding of the life course of CVH and CVD,
as well as pulmonary, renal, neurologic, and other manifestations of aging (Central
Illustration; Table 2). Due to its inception in early adulthood, CARDIA has defined the
contemporary epidemiology of CVH/CVD in the first half of adult life in a cohort that has
experienced the obesity and diabetes epidemics. CARDIA has established associations
between the neighborhood environment and the life course evolution of lifestyle behaviors
with biological RFs, subclinical disease, and early clinical CVD events from early adulthood
on. CARDIA has also identified the nature and major determinants of Black-White
differences in the loss of CVH and development of CVD risk, studying the progression of
subclinical disease to clinical events during early to middle adulthood. Leveraging ongoing
pan-omics work from genomic to metabolics and the microbiome will allow CARDIA
investigators to make unique insights into the systems biology of cardiometabolic aging.
CARDIA investigators are eager to collaborate with new, and particularly early-stage,
investigators, and can be contacted through https://www.cardia.dopm.uab.edu/.
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LIST OF ABBREVIATIONS

BMI body mass index

BP blood pressure

CAC coronary artery calcium

CARDIA Coronary Artery Risk Development in Young Adults Study
CVH cardiovascular health

CVvD cardiovascular disease
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HR hazard ratio

LV left ventricular

OR odds ratio

RF risk factor
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HIGHLIGHTS
. Cardiovascular health is lost steadily through young adulthood, with
implications for long-term CVD risk
. Racial disparities in CVD risk arise largely from social determinants of health
and lived experiences
. The obesity epidemic has had major consequences on cardiac structure/
function and cardiometabolic risk
. The CARDIA Study continues to define the life course and mechanisms of

CVD and aging
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Figure 1. Numbers of participants attending each CARDIA examination cycle.
CARDIA participants have undergone in-person examinations at baseline (Year 0) and

follow up Years 2, 5, 7, 10, 15, 20, 25, and 30. Retention rates among surviving participants
at each in-person examination were 91%, 86%, 81%, 79%, 74%, 72%, 72%, and 71%,
respectively.
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Figure 2. Incidence rates of cardiovascular disease and all-cause mortality in the CARDIA
cohort.

Contact is maintained with CARDIA participants via telephone, mail, or email every 6
months, with annual interim medical history ascertainment. Over the last 5 years, >90% of
the surviving cohort members have been directly contacted, and follow up for vital status is
virtually complete through related contacts and intermittent National Death Index searches.
The figure shows incident event rates from 1985 through February, 2021 for cardiovascular
disease (light blue columns) and total mortality (dark blue columns) by sex and race groups.
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Figure 3. Blood pressure trajectories across young adulthood and coronary artery calcification.
Mid-blood pressure (mean of systolic and diastolic blood pressure) was recorded at each

CARDIA exam and participants were clustered using latent mixture modeling. Five unique
groups were identified based on trajectory patterns across 25 years. Groups with blood
pressure trajectories that were elevated at baseline with subsequent stable or increasing
values, and those with moderate levels at baseline and increasing trajectory, had significantly
higher odds of presence of coronary artery calcification at the Year 25 examination. Adapted
with permission from reference 3.
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Figure 4. Changes in cholesterol levels by time and type of menopause.
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Concentrations of high-density (HDL) and low-density (LDL) lipoprotein cholesterol were
measured over time in women in the CARDIA cohort and compared before and after onset
of menopause (Time 0), according to the type of menopause: surgical hysterectomy with
bilateral oophorectomy (dash-dot line), surgical hysterectomy only (dashed line), or natural
(solid line). Women with natural menopause had greater increases in LDL-cholesterol after
menopause, and in HDL-cholesterol before menopause. Adapted with permission from
reference 12.
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Figure 5. Heart failure incidence by race and sex groups.
By 20 years’ follow up in the CARDIA cohort (ages 18-30 at baseline), there were 27 cases

of incident heart failure. Strikingly, of the 27 participants affected, 26 self-identified as being
Black. Among Black participants, baseline variables significantly associated with incident
heart failure included higher diastolic blood pressure and body mass index, lower high-
density lipoprotein cholesterol, and presence of kidney disease. Three-fourths of those in
whom heart failure developed had hypertension by the time they were 40 years of age. From
reference 35 with permission.

JAm Coll Cardiol. Author manuscript; available in PMC 2022 July 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lloyd-Jones et al.

N

—_
N
1

—
A O 00 O
1 1 1 1

Incident CVD per 1,000 Person-Years
N

Page 28

Wihih

Overall 18-24y 25-30y Men  Women Black White <H
M High CYH ® Moderate CVH M Low CVH

Figure 6. Cardiovascular disease incidence by cardiovascular health (CVH) status at baseline.
Cardiovascular health status at ages 18-30 years was assessed and defined as high (12-14

points), moderate (8-11 points), or low (0-7 points) based on levels of 7 health behaviors and
factors. After 30 years’ follow up, cardiovascular event rates were very low in those with
high CVH at baseline, and significantly higher for those with moderate or poor CVH, overall
and by demographic subgroups. From reference 38.
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Figure 7. Trends in body mass index (BMI) by race and sex over 30 years.
BMI (weight in kilograms divided by the square of height in meters) has increased steadily

from baseline (Year 0; 1985-86) to the most recent exams in CARDIA. Rates of increase in
BMI have been similar across race/sex groups.
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Central Illustration. CARDIA and the Life Course of Cardiovascular Health
Schematic of the Coronary Artery Risk Development in Young Adults study (CARDIA) and

its contributions to understanding the life course of cardiovascular health and disease. CVD
= cardiovascular disease.
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