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The Framingham Heart Study is the longest-running cardiovascular epidemiological study, starting in 1948. This paper

gives an overview of the various cohorts, collected data, and most important research findings to date. In brief, the

Framingham Heart Study, funded by the National Institutes of Health and managed by Boston University, spans 3

generations of well phenotyped White persons and 2 cohorts comprised of racial and ethnic minority groups. These

cohorts are densely phenotyped, with extensive longitudinal follow-up, and they continue to provide us with important

information on human cardiovascular and noncardiovascular physiology over the lifespan, as well as to identify major risk

factors for cardiovascular disease. This paper also summarizes some of the more recent progress in molecular epidemi-

ology and discusses the future of the study. (J Am Coll Cardiol 2021;77:2680–92) © 2021 Published by Elsevier on behalf

of the American College of Cardiology Foundation.
B efore antibiotics and vaccines were developed
during the first half of the 20th century,
communicable diseases were the predomi-

nant cause of death in the United States. Indeed,
only one-fourth of all deaths in the United States
around the year 1900 were attributable to cancer,
renal disease, or cardiovascular disease combined
(1). However, by the 1940s, the national landscape
of cause-specific mortality patterns had changed
dramatically, with rapidly declining case-fatality
rates being noted for most infectious diseases, such
as tuberculosis, rheumatic fever, and pneumonia. By
the 1950s, chronic noncommunicable diseases, exem-
plified by cancer, renal disease, or cardiovascular
disease, had emerged as the leading causes of death
in the United States, with 68% of all deaths being
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attributable to these 3 diseases in 1950 (1). In partic-
ular, coronary heart disease (CHD) had become a com-
mon cause of morbidity and mortality in the mid
1900s, which motivated the U.S. Public Health Service
to set up a study aiming to investigate the etiology
and natural history of CHD in the community. At
that time, very little was understood about the origins
of heart diseases and its prevention (2). Given its prior
successful completion of public health programs
(particularly the 1917 to 1923 Framingham Health
and Tuberculosis Demonstration Study) and its prox-
imal location to the leading universities and hospitals
in Boston, Massachusetts, the town of Framingham,
located approximately 22 miles west of Boston, with
a population of approximately 28,000 individuals in
the 1940s, was selected for the first large
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HIGHLIGHTS

� The FHS is the longest-running cardio-
vascular epidemiological study, starting
in 1948.

� FHS spans 3 generations of well pheno-
typed White persons and 2 cohorts
comprised of racial and ethnic minority
groups.

� Major risk factors for cardiovascular
disease in the community have been
identified through the FHS.

ABBR E V I A T I ON S

AND ACRONYM S

CHD = coronary heart disease

CVD = cardiovascular disease

FHS = Framingham Heart Study

HFpEF = heart failure with

preserved ejection fraction

HFrEF = heart failure with reduced

ejection fraction

LV = left ventricular
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epidemiological study of cardiovascular disease (3).
Framingham represented a typical middle-class
American community at that time, with a stable pop-
ulation in terms of in- versus out-migration. In one of
their first publications describing the aims of the Fra-
mingham Heart Study (FHS), Dr. Thomas Royal
Dawber, the first FHS principal investigator, and his
colleagues stated, “of the epidemiology of
hypertensive or arteriosclerotic cardiovascular dis-
ease, almost nothing is known” (2). At that time,
Dawber et al. (2) hypothesized that there was not
one cause of CHD, but rather that multiple causes
work slowly within the individual to cause the dis-
ease over time, a premise that argued strongly for
designing an epidemiological study that is based on
“populations of normal composition, including both
the sick and the well as they are found in the commu-
nity.” The temporal trends in mortality rates due to
the main causes of death in the United States
throughout the 1900s and early 2000s, along with
examples of landmark scientific contributions from
the FHS, are depicted in the Central Illustration.
The landmark scientific contributions are also out-
lined in Table 1.

Beginning in 1948, 5,209 adult men and women
(approximately 19% of the entire population of the
town of Framingham) who were free from overt car-
diovascular disease (CVD) at study inclusion (termed
“normals” by the initial investigators) were invited
and agreed to participate in the FHS, with the first
individual entering the Heart Study building for a
comprehensive clinical examination on September
29, 1948. The age distribution of the study cohort at
the time of study entry and throughout follow-up can
be seen in Figure 1. An executive committee,
comprising 15 town residents, was assembled to
oversee the study and argued that families should not
be divided during sampling. Hence, the initial study
sample represented an oversampling of families (i.e.,
spouse pairs), which facilitated studies of
the familial aggregation of various risk
factors and diseases, as well as future ge-
netic association studies. Another note-
worthy advantage of this approach was
that more than 50% of all enrolled partic-
ipants were women, which was unusual at
that time for any scientific investigation of
chronic disease.

The original aim of the study was to
follow the enrolled participants for the

development of CHD for 20 years (i.e., until the end of
1960s). Information that was gained during this initial
20-year period resulted in the first description of the
4-year risk of developing CHD (published in 1957),
demonstrating that high blood pressure, high
cholesterol levels, and overweight were significantly
associated with the development of new-onset CHD
(4). Four years later, in 1961, Kannel et al. (5) pub-
lished a seminal paper on “factors of risk” for the
development of CHD, based on the first 6 years of
follow-up, showing that high blood pressure and
elevated cholesterol levels, as well as left ventricular
(LV) hypertrophy on an electrocardiogram, were
strong predictors of the risk for developing subse-
quent CHD (5). Shortly thereafter, smoking and
physical inactivity were reported to be strongly
associated with CHD risk prospectively (6–8). In 1967,
multivariable risk modeling was also applied for the
first time, which has several benefits over traditional
stratification approaches, including the ability to
investigate the relations between several variables
simultaneously in a large study cohort (9).

Beginning in 1971, funding for the Heart Study
beyond the initially planned 20-year period was
secured via a contract between the National Heart
Institute (later known as the National Heart, Lung,
and Blood Institute) and Boston University that pro-
vided the FHS with continued federal support for its
ongoing research program. At this point, the FHS was
expanded with the addition of an Offspring cohort
(established in 1971), comprising children whose
parents were enrolled in the Original cohort and the
spouses of the children (10). Further expansion of the
transgenerational FHS design was facilitated with the
recruitment of the Third Generation cohort in 2002,
comprising the children of the Offspring cohort par-
ticipants (i.e., enrollment of the grandchildren of
those in the Original cohort) (11). The goals of adding
the Offspring and Third Generation cohorts to the
FHS included studying temporal trends in CHD risk
factors (including birth cohort effects), investigating
familial aggregation patterns, and evaluating the



CENTRAL ILLUSTRATION Age-Adjusted Death Rates for the Leading Causes of Death in the United States and the
Framingham Heart Study
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Andersson, C. et al. J Am Coll Cardiol. 2021;77(21):2680–92.

Data are from the Centers for Disease Control and Prevention (156). The highlighted studies are described in Table 1. AF ¼ atrial fibrillation; BP ¼ blood pressure; CHD

¼ coronary heart disease; Chol ¼ cholesterol; DM ¼ diabetes mellitus; echo ¼ echocardiography; HF ¼ heart failure; HFpEF ¼ heart failure with preserved ejection

fraction; HFrEF ¼ heart failure with reduced ejection fraction; HTN ¼ hypertension; LVH ¼ left ventricular hypertrophy; LVM ¼ left ventricular mass.
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genetic determinants of CHD and its risk factors (10).
The age distributions at the time of inclusion of the
Offspring and Third Generation cohorts were similar
to that of the Original cohort (Figure 1). To reflect the
changing demographic characteristics of the greater
Framingham community, the FHS additionally
recruited and enrolled 2 cohorts comprised of racial
and ethnic minority groups, termed Omni-1 and
Omni-2, (n ¼ 506 and 410, respectively) in 1995 and
2002, respectively. These cohorts included in-
dividuals of African American, Hispanic, Asian, In-
dian, Native American, and Pacific Islander descent.

DATA COLLECTION

In-person visits at the FHS research center have taken
place every 2 years for the Original cohort and
approximately every 4 to 7 years for the Offspring,
Third Generation, and Omni cohorts. During each of
these participant visits, a comprehensive interview is
performed using standardized medical question-
naires, along with a cardiovascular-focused physical
examination, electrocardiogram, biosample collec-
tion (blood and urine), and lifestyle-related ques-
tionnaires. Additionally, examination-specific tests
have been performed at each FHS visit, as outlined in
Figure 1. The FHS cohorts are among the most densely
phenotyped contemporary cardiovascular epidemio-
logical cohorts. Ongoing surveillance of cardiovascu-
lar and noncardiovascular endpoints is accomplished
by ongoing review of medical records and participant
interviews to ensure timely updated data on key
outcome events that constitute FHS clinical end-
points. All potential endpoints are adjudicated by
review panels comprising internists and cardiologists
(for cardiovascular endpoints) and neurologists (for
stroke/dementia endpoints), which enhances their
validity.



TABLE 1 Description of the 10 Studies Outlined in Figure 1

Year
First Author

(Ref. #) Title Description

1957 Dawber et al. (4) “Coronary Heart Disease in the Framingham Study” An early paper reporting on the 4-year risk of developing coronary heart
disease. It demonstrated that high blood pressure, high cholesterol levels,
and being overweight were significantly associated with the development
of new-onset coronary heart disease.

1961 Kannel et al. (5) “Factors of Risk in the Development of Coronary Heart Disease—Six
Year Follow-Up Experience”

The term “factors of risk” for the development of coronary heart disease was
used in this follow-up paper, based on data from the first 6 years of follow-
up. High blood pressure and elevated cholesterol levels, as well as left
ventricular hypertrophy on the electrocardiogram, were strong predictors
of the risk for developing subsequent coronary heart disease.

1962 Doyle et al. (6) “Cigarette Smoking and Coronary Heart Disease. Combined Experience
of the Albany and Framingham Studies”

An early study showing that smoking increased the risk of coronary heart
disease.

1967 Kannel (8) “Habitual Level of Physical Activity and Risk of Coronary Heart
Disease: The Framingham Study”

Physical inactivity was shown to be a risk factor for coronary heart disease.

1972 Kannel et al. (14) “Role of Blood Pressure in the Development of Congestive
Heart Failure. The Framingham Study”

High blood pressure was reported to increase the risk of developing congestive
heart failure.

1974 Kannel et al. (35) “Role of Diabetes in Congestive Heart Failure: The Framingham Study” Diabetes was reported to increase the risk of developing congestive heart
failure.

1979 Kannel et al. (23) “Diabetes and Cardiovascular Disease. The Framingham Study” Diabetes was reported to increase the risk of clinical atherosclerotic events.

1990 Levy et al. (79) “Prognostic Implications of Echocardiographically Determined Left
Ventricular Mass in the Framingham Heart Study”

Increased left ventricular mass was reported to be a strong, independent risk
factor for incident cardiovascular disease in asymptomatic individuals.

1998 Wilson et al. (26) “Prediction of Coronary Heart Disease Using Risk Factor Categories” During a 12-year follow-up using risk factor categories for cholesterol
subfractions, blood pressures, age, sex, diabetes, and smoking, the 10-year
absolute risk of coronary heart disease could be effectively predicted
among 2,856 women and 2,489 men ages 30 to 74 years (of whom 227
[8%] of women and 383 [15%] of men developed coronary heart disease).

1999 Vasan et al. (40) “Congestive Heart Failure in Subjects With Normal Versus Reduced
Left Ventricular Ejection Fraction: Prevalence and Mortality in a
Population-Based Cohort”

One-half of all individuals with prevalent heart failure were reported to have
heart failure with a preserved left ventricular ejection fraction—and the
prognosis was poor for heart failure with reduced and preserved ejection
fraction, with adjusted hazards ratios (for mortality) of 4 for both heart
failure subtypes, compared with age- and sex-matched control individuals.
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THE 10 MOST IMPORTANT FINDINGS

The FHS has played an important role in several
scientific domains. First, it has contributed to the
identification and our current understanding of the
major risk factors for CHD, heart failure, atrial fibril-
lation, stroke and dementia, and vascular disease.
Second, the FHS has played an important role in the
development and application of modern statistical
and epidemiological approaches, including the
estimation of lifetime risk, risk prediction scores, and
risk reclassification metrics to elucidate the incre-
mental utility of risk factors. Third, the FHS cohorts
have undergone an in-depth phenotypic character-
ization that is unique and have facilitated our
understanding of human physiology, vascular
biology, and subclinical cardiovascular remodeling.
Fourth, the FHS has been at the forefront of cardio-
vascular and noncardiovascular molecular epidemi-
ology. In the next section, we describe some of the
seminal papers in each of 10 main cardiovascular
domains. It should be acknowledged, however, that
our description does not fully or adequately capture
the depth and breadth of the study’s legacy—there are
many more areas where the FHS has contributed
important insights such as environmental exposures;
endocrine, renal, and pulmonary health and disease;
bone and osteoarthritis; eye health; hearing; and
longevity and aging research, to name just a few.

HYPERTENSION. Hypertension, a critical risk factor
for CVD in the United States and worldwide (12), has
been a main focus for the FHS since its early days. At
the time of the initiation of the FHS, the conse-
quences of high blood pressure on adverse cardio-
vascular remodeling and CHD/CVD risk were not well
recognized. A common belief before the FHS was,
indeed, that higher blood pressure in the elderly
represented a compensatory mechanism to maintain
normal organ perfusion with aging. The FHS has
contributed several landmark papers that have
transformed our understanding of the development
and importance of hypertension. In one of the first
papers, hypertension was shown to be one of the
most important risk factors for the development of
CHD. During the early 1970s, data from the FHS
established the importance of hypertension as a pre-
mier risk factor for stroke and congestive heart failure
(13–15). Notably, FHS data from the very outset
identified the primacy of systolic blood pressure
(relative to diastolic blood pressure) in terms of con-
tributions to CVD risk; the recognition and wide-
spread acceptance of systolic pressure as a treatable
risk factor for CVD and stroke pathogenesis evolved



FIGURE 1 Age Span of the 3-Generation Cohorts of the Framingham Heart Study by Calendar Period and Examination Cycle
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over several subsequent decades. Factors for the
short-term risk of developing hypertension were later
outlined (16), and it was shown that the lifetime risk
of developing hypertension was exceedingly high
(90%) (17). Clinically important data from the FHS
have also shown that exaggerated blood pressure
response during exercise and higher serum aldoste-
rone levels are important risk factors for the devel-
opment of overt hypertension (18,19). Data from the
FHS have also provided important insights into the
rates of progression from optimal blood pressure
levels to hypertension in the community (20). More
recently, we clarified the long-term relations between
aortic stiffness and hypertension by demonstrating
that most often, higher arterial stiffness preceded the
onset of systolic hypertension rather than the other
way around (21). Such a temporal association (be-
tween arterial stiffness and elevated blood pressure)
was supported subsequently by observations
demonstrating that parental hypertension was asso-
ciated with increased vascular stiffness in their
nonhypertensive offspring (i.e., before the onset of
hypertension) (22).

CORONARY HEART DISEASE. Some of the first and
most impactful studies underlying our understanding
of the causes of CHD originated from the FHS. Early
reports established that habitual levels of physical
exercise (8), cigarette smoking (8), diabetes (23), blood
cholesterol levels (24), and obesity were risk factors for
CHD (25). The initial description of “factors of risk” for
CHD (5) that were later incorporated into 10- and 30-
year risk scores for the development of CHD also
emerged from the FHS (26,27). The FHS 10-year CHD
risk calculator was for many years incorporated into
the National Cholesterol for Education Adult Treat-
ment Panel III and determined recommendations for
lipid-lowering treatment in primary prevention set-
tings (28). The CHD risk equation was subsequently
expanded to a more general CVD risk equation (29).
The FHS cohort has also been part of the more recent
efforts of estimating the 10-year risk of developing
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atherosclerotic cardiovascular disease in the American
Heart Association/American College of Cardiology
pooled-cohort atherosclerotic cardiovascular disease
equation that is the basis of current national recom-
mendations for the initiation of lipid-lowering therapy
(30). One of the first studies to highlight the impor-
tance of parental CHD as an independent risk factor for
disease risk in Offspringwas conducted in the FHS (31).
Finally, the FHS has provided estimates on the lifetime
risk of CHD in the community (32).

HEART FAILURE. The FHS was one of the first studies
to illuminate the epidemiology of heart failure in the
community (33,34). Major risk factors for heart fail-
ure, that is, diabetes (34,35), obesity (36), hyperten-
sion (14,15), and parental heart failure (37), were
identified in the Original and Offspring FHS cohorts,
and later, integrated risk scores estimating the risk of
developing heart failure were published based on
serial observations (38). The lifetime risk of heart
failure in the FHS has been estimated at 20% (39). The
FHS has also contributed with seminal work to our
current understanding of the epidemiology of heart
failure with preserved (HFpEF) versus reduced
(HFrEF) LV ejection fraction. As one of the first
landmark papers on the topic, FHS data demonstrated
that approximately 50% of all individuals in the
community who developed clinical heart failure had a
preserved LV ejection fraction, and this group of
participants with HFpEF experienced a high long-
term mortality compared to age-matched control in-
dividuals (40). Over time, the proportion of all heart
failure cases with a preserved ejection fraction has
increased in the FHS, partly reflective of better
treatment of select risk factors for HFrEF, such as
coronary artery disease and hypertension (41,42).
More recently, FHS data demonstrated that heart
failure subtype (i.e., HFpEF vs. HFrEF) by itself was
not a good discriminant of the risk of hospitalizations
and causes of hospitalizations (43). In contrast,
among participants with overt heart failure, their
comorbidity burden and hospitalization for a specific
cause led to frequent recurrent hospitalizations due
to the same cause (43).

ATRIAL FIBRILLATION. The FHS was one of the first
studies to report the major risk factors for atrial
fibrillation (valvular heart disease, heart failure, dia-
betes, male sex, and advancing age) (34,44), and
later, an integrated risk function was developed to
estimate the risk of developing the condition
(variables included electrocardiographic PR interval,
age, sex, systolic blood pressure, treatment for hy-
pertension, valvular heart disease, and heart failure)
(45). The initial atrial fibrillation risk function has
been expanded more recently into the CHARGE-AF
(Cohorts for Heart and Aging Research in Genomic
Epidemiology-atrial fibrillation) risk score, in which
the FHS is one of many contributing studies (46). The
FHS was also one of the initial studies to show that
atrial fibrillation increases the risks of developing
stroke, heart failure, and all-cause mortality in the
community, with the first report being published in
1978 (47–49). Moreover, the FHS has contributed with
estimates of the lifetime risks of developing atrial
fibrillation (with most recent estimates ranging be-
tween 23% and 39%, depending on risk factor pro-
files) (50). FHS investigators have reported that atrial
fibrillation is associated not only with clinical stroke
but also with impaired cognitive performance and
longitudinal cognitive decline (51,52).

NEUROLOGICAL OUTCOMES (STROKE AND DEMENTIA).

The FHS has a comprehensive neuroepidemiology
program where all FHS participants are under active
surveillance for developing stroke, cognitive impair-
ment, and dementia (including Alzheimer’s disease).
Early reports from the FHS established hypertension
(13), smoking (53), atrial fibrillation (47), and LV hy-
pertrophy as key risk factors for stroke (54). These
risk factors were later shown to be related to smaller
brain volumes on magnetic resonance imaging and to
impaired cognitive function in individuals without a
history of stroke (55). The cumulative lifetime risks of
stroke and dementia was reported to be 1 in 3 in the
FHS (56), and having a parent with stroke was re-
ported to increase the risk of stroke by 3-fold (57). The
FHS was also the first study to demonstrate that the
risk of dementia increased longitudinally with higher
levels of serum homocysteine, which is now a well-
acknowledged risk factor for dementia (58,59). As
noted for trends in frequencies of heart failure and
asymptomatic LV systolic dysfunction, over the past 3
decades, the FHS participants have experienced a
decline in the incidence rates of stroke and dementia,
partly as a result of improvement of the cardiovas-
cular risk factor profiles over time among study
participants (60,61). More recently, because of the
generous donation of brains postmortem by partici-
pants (who consent when they are alive), the cumu-
lative burden of cardiovascular risk factors at midlife
was shown to be associated with cortical and
subcortical infarcts but not with overall Alzheimer
pathology at late life (62).

SUBCLINICAL AND CLINICAL VASCULAR DISEASE.

The FHS was one of the first studies to establish an
association of smoking with intermittent claudication
(63). In later decades, the FHS cohorts have under-
gone comprehensive, state-of the-art phenotyping for
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subclinical vascular disease and function in a variety
of vascular beds that have contributed to our under-
standing of the pathobiology of atherosclerosis,
arteriosclerosis, and endothelial dysfunction, as well
as the progression of subclinical vascular disease to
hard CVD events. Available measures include aortic
size and atherosclerotic and calcification burden
in the aorta and aortic and mitral valves; carotid
intimal-medial thickness on ultrasonography; and
coronary artery calcifications based on computed to-
mography, echocardiography, and cardiovascular
magnetic resonance, as well as tonometry-derived
measures of carotid-femoral pulse wave velocity and
ultrasound-guided measures of brachial artery flow–

mediated dilation. For instance, the FHS data
demonstrated that arterial stiffness is a strong, inde-
pendent risk factor for a first CVD event (64) and that
there is a residual risk of cardiovascular events even
with well-controlled hypertension because of persis-
tent increased vascular stiffness (65). Arterial stiff-
ness has also been shown to be associated with target
end-organ damage, including albuminuria and LV
hypertrophy (66), cognitive impairment, subclinical
brain damage, and dementia (67–70), as well as with
atrial fibrillation (71) and heart failure (72). The
prevalence of subclinical aortic atherosclerosis based
on cardiovascular magnetic resonance was reported
to be high (approximately 50%) in the FHS. Like other
population-based studies presented in this theme
issue of the Journal, data from the FHS have
confirmed the ability of coronary calcification scores
on computed tomography to reclassify individuals at
intermediate risk of CHD and have shown an inde-
pendent prognostic importance of calcification across
the different vascular beds for the future risk of CVD
(73). More recently, the FHS data also demonstrated
that increased aortic size, a precursor of aortic aneu-
rysms and a risk factor for aortic dissection, is a
heritable trait (74).

CARDIAC IMAGING. The FHS was an early adopter of
cardiac imaging modalities among community-based
cohort studies and introduced echocardiography to
its routine participant study visits in the late 1970s.
Normal ranges for ventricular mass and risk factors
for LV hypertrophy (i.e., advancing age, obesity, and
high blood pressure) were established shortly after
the introduction of cardiac ultrasonography (75,76),
along with normal reference values for LV wall
thickness, left atrial dimension, and aortic root size in
the community (77,78). The FHS has been important
for describing the prognostic importance of LV
hypertrophy and other abnormal sonographic find-
ings in asymptomatic individuals in the community
(79). The FHS also highlighted the adverse prognostic
significance of asymptomatic LV systolic dysfunction
and dilation by documenting an increased long-term
risk of developing overt heart failure (80,81). Given
its longitudinal design with repeated echocardio-
graphic measures, the FHS has also described how
cardiac remodeling occurs over the adult life course
and with normal aging. LV systolic ejection fraction,
aortic root, and left atrial size increase with age,
whereas the LV end-diastolic dimension decreases
(82). Further, LV diastolic function tends to worsen
with age, but the age-related decrements in LV
diastolic function can be partially attenuated by
favorable cardiometabolic risk profiles (83). The
prevalence of asymptomatic LV systolic dysfunction
declined between 1985 and 2014 in the FHS, partly as
a result of better risk factor control (lower preva-
lences of CHD and poorly controlled blood pressures)
(41). More recently, the FHS has also contributed
reference values for and clinical CVD risks associated
with myocardial strain (on speckled tracking echo-
cardiography), left atrial emptying fraction, and left
atrial function index (84–88). Finally, the FHS has
established normative values of ventricular mass,
cavity volumes, and systolic function measures in the
general population based on cardiac magnetic reso-
nance imaging (the current gold standard modality to
assess ventricular structure) (89).

BIOMARKERS. The FHS has been at the forefront of
biomarker research for risk prediction in the commu-
nity. For instance, some of the early biomarker
research showed that a multimarker panel of 10
proteins (plasma natriuretic peptides, C-reactive
protein, renin, aldosterone, fibrinogen, D-dimer,
plasminogen-activator inhibitor type 1, homocysteine,
and urinary albumin-to-creatinine ratio) was associ-
ated with the risk of developing major cardiovascular
events and deaths but contributed only minimally to
incremental prediction of these events beyond stan-
dard risk factors (90). Importantwork based on the FHS
also demonstrated a natriuretic handicap associated
with obesity and showed that blood natriuretic peptide
concentrations were suboptimal to screen for LV sys-
tolic dysfunction and LV hypertrophy in the commu-
nity (91,92).

GENETICS AND GENOMICS OF CVD AND ITS RISK

FACTORS. Genetic discovery in the FHS is facilitated
by the family-based sampling, which enables ana-
lyses of heritability, linkage, and genome-wide asso-
ciation studies for relevant clinical traits. Starting in
2007, FHS participants have been genotyped with
array-based genotyping platforms, initially with the
100K Project (100K Affymetrix [Santa Clara,
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California]) and, later, with more dense platforms
(500K Affymetrix plus 50K Affymetrix supplement),
exome sequencing, and whole-genome sequencing
platforms, the last of these through the TOP-Med
(Trans-Omics for Precision Medicine) project of the
National Heart, Lung, and Blood Institute. The FHS
cohorts have also undergone high-throughput assays
for whole-blood DNA methylation, microRNA, and
gene expression profiling. The majority of partici-
pants have consented for genetics and genomics an-
alyses, and the numbers of individuals with available
biomarkers are available elsewhere (93). These ge-
netic and genomic data have contributed to impor-
tant insights into the molecular epidemiology of CVD
(94,95), blood pressure (96,97), coronary artery dis-
ease (98–101), stroke (102), lipid levels (99,103), aortic
stenosis (104), atrial fibrillation (105), and body mass
index (106), and they have elucidated the genomic
architecture of echocardiographic traits and heart
failure (107–110). Many of the investigations have
been facilitated by multicohort collaborations,
including the CHARGE (Cohort of Heart and Aging
Research in Genomic Epidemiology), EchoGen (Echo
Genetics), DIAGRAM (Diabetes Genetics Replication
and Meta-analysis), MAGIC (Meta-analyses of Glucose
and Insulin-Related Traits Consortium), CARDIo-
GRAM (Coronary Artery Disease Genome-Wide
Replication and Meta-analysis), and HERMES
(Heart Failure Molecular Epidemiology for Thera-
peutic Targets) consortia (107,111–115). The summary
statistics estimates from these and other genome-
wide association studies (exemplified by the GRASP
[Genome-Wide Repository of Associations Between
SNPs and Phenotypes] database compiled by Johnson
et al. [116]) (117,118) continue to serve as important
tools for exploring causal inference studies based on
mendelian randomization principles (119–121).
MULTIOMICS STUDIES OF CVD AND ITS RISK FACTORS.

The FHS has implemented several initiatives in the
fields of molecular epidemiology and is at the fore-
front of discovering clinical correlates and disorders
associated with metabolomic, lipidomic, and proteo-
mic profiling. More recently, the FHS participants
have also contributed stool microbiome data, which
will be an important resource to understand the in-
fluence of the gut microbiome on health and disease
risks. Indeed, all of these multiomics data will yield
additional important insights into various patho-
physiological states in the years to come and have
already highlighted biological pathways involved in
the development of, for example, diabetes (122–124),
high body mass index (125), renal disease (126,127),
longevity (128), heart failure (129,130), atrial fibrilla-
tion (131), dyslipidemia (99), atherosclerotic disease
(132,133), and acute exercise (134). In addition, micro-
biome data recently solved a long unanswered ques-
tion, that is, why certain people absorb cholesterol
from the intestines,while others do not, by discovering
that certain bacteria subtypes metabolize cholesterol
to the unabsorbable coprostanol and that individuals
whose gut is rich with select bacterial species had
higher levels of fecal cholesterol and lower levels of
blood cholesterol in the FHS (with the magnitude of
variation being comparable to that carried by common
genetic variants of lipid homeostasis) (135).

FUTURE RESEARCH DIRECTIONS

FUTURE LEGACY AS AN EPIDEMIOLOGICAL COHORT

STUDY. The combination of deep phenotypic mea-
sures (many with serial measures over time), familial
and transgenerational enrollment structure, and
standardized adjudication of outcomes with long-
term follow-up over 3 separate generations make
the FHS a valuable resource for the scientific com-
munity worldwide. In this context, the FHS design is
optimal for studying temporal trends in risk factors
for CVD, given the standardized measurements of risk
factors and consistent use of stringent criteria for the
adjudication of key outcome events. However, the
advent of modern, large-scale epidemiological
studies that use big data, such as the UK Biobank
(136), Million Veteran Program (137), and All of Us
initiative (138), has complemented findings from
smaller-sized cohort studies like the FHS; these large
studies offer the ability to study rare diseases, can
provide more precise estimates of effect sizes for
various associations because of greater statistical
power, and may in many cases allow for more refined
statistical modeling (e.g., machine learning) because
of their larger sample size. However, the precise
assessment of risk factors and events is essential for
accurate descriptive epidemiology and risk predic-
tion, especially when the associations are modest,
and here, the FHS continues to have an important
role. In addition, the FHS offers a unique opportunity
to study the human physiome over the life course by
virtue of the dense phenotyping of its participants,
serial and transgenerational measurements, and the
use of standardized and reproducible epidemiological
methods (with longitudinal tracking of bias, drifts,
and intra- and interobserver variability of measure-
ments). The FHS has recently expanded its physio-
logic profiling even more with cardiopulmonary
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exercise testing (hemodynamic and ventilatory gas
exchange measures using a metabolic cart and exer-
cise bicycle ergometry) that will help identify clinical
correlates, risk factors, and the pathophysiology of
impaired exercise tolerance and the relations of these
factors to disease, for example, HFpEF risk (134,139).
The wealth of biomarker data, together with its rich
additional phenotyping, renders the cohort uniquely
suitable for refining analyses based on machine
learning principles to gain deeper insight into the
physiome. In this context, the FHS has a long tradi-
tion and will continue to contribute to the develop-
ment of statistical approaches for modern
epidemiological studies, with a focus on the efficient
processing of large amounts of data through dimen-
sionality reduction. The FHS will also continue to
play an important role in CVD epidemiology and will
complement larger-scale studies by providing mech-
anistic insights into the molecular pathophysiology of
subclinical and clinical CVD over the life course in
individuals, within families, and across generations.
The transgenerational design also makes it ideal to
perform several types of genetic and genomics
studies (e.g., heritability, family-based association
tests, and vertical segregation of disease variants).
The continued impact of the FHS in the latter setting
is exemplified by recent high-impact publica-
tions (74,140–142).

More recently, the FHS has been participating in
large collaborative consortia, such as MAGIC, DIA-
GRAM, and CHARGE; the last of these is a genetic
effort that has resulted in more than 700 publications
so far. In addition, the FHS is part of the cross-cohort
collaboration, which is predominantly for nongenetic
projects, and the TOPMed initiative, which is also a
National Institutes of Health–funded initiative to
enhance genetic and multiomic studies. These and
other cross-cohort collaborations will continue.

E-HEALTH. The FHS has begun to collect multiple
electronic health data, including continuously
measured physical activity levels by wearable
devices, and it has launched the e-FHS initiative in
which blood pressure, weight, heart rate, and ques-
tionnaires are linked to smartphone applications and
can be transmitted electronically to an FHS central
station. During the COVID-19 epidemic, such digital
initiatives were shown to be increasingly important,
and the FHS and other initiatives will be important
tools to understand how information and digital data
can be effectively used to risk stratify ambulatory
individuals and predict subclinical and clinical dis-
ease. Potential next steps in the digital program may
involve home monitoring of biomarkers (e.g., blood
biomarkers through finger sticks) and the use of
tele-examinations.

TRAINING THE NEXT GENERATION OF RESEARCHERS.

The FHS has trained countless epidemiologists and
clinical scientists throughout the years. It is an
important aim to continue to train and give oppor-
tunities for bioinformaticians, biostatisticians, epi-
demiologists, and clinician-researchers to grow and
become independent researchers moving forward.
Our current educational and training activities
include mentoring of medical residents (via an FHS
pathway and an R38 [STaRR (Stimulating Access to
Research in Residency)] grant), post-doctoral fellows
(T32), and externally funded national and interna-
tional researchers. Moving forward, we also hope that
more investigators from institutions across the
United States and worldwide will use the FHS data-
sets. For instance, there are more than 1.5 million
biosamples available in the FHS and thousands of
datasets. Importantly, the majority of these data can
be accessed at no cost for institutions with appro-
priate review board approvals and data storage safety
measures through dbGap for genetic and genomic
studies and BioLincc for nongenetic studies
respectively.

CONCLUSIONS

The FHS was the first and one of the most impactful
studies of CVD epidemiology in the United States and
worldwide. It has had a major impact on our under-
standing of the natural history of, risk factors for, and
temporal trends in CVD, and it has additionally
contributed as an inspiration for several other studies
in the United States and Europe that have yielded
complementary information on the epidemiology of
cardiovascular diseases (93,143–155). The FHS has also
significantly enhanced our understanding of cardio-
vascular physiology through its deeply phenotyped
participants and the multitude of mechanistic studies
that have been conducted. Through continuous sur-
veillance, its transgenerational design, multiple
functional and anatomic tests performed at several
timepoints, and high-throughput omics, it will
continue to serve as an important study in the field of
cardiovascular medicine in the years to come.
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