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Abstract

Background.—The remaining lifetime risk (RLR) is the probability of developing an outcome
over the remainder of one’s lifespan at any given age. The RLR for atherosclerotic cardiovascular
disease (ASCVD) in three 20-year periods were assessed using data from a single community-
based cohort study of predominantly White participants.

Methods.—Longitudinal data from the Framingham Study in three epochs (epoch 1, 1960-
1979; epoch 2, 1980-1999; epoch 3, 2000-2018) were evaluated. The RLR of a first ASCVD
event (myocardial infarction, coronary heart disease death, or stroke) from age 45 (adjusting for
competing risk of death) in the three epochs were compared overall, and in the following strata:
sex, body mass index (BMI), BP and cholesterol categories, diabetes, smoking, and Framingham
Risk Score (FRS) groups.
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Results: There were 317,849 person-years of observations over the three epochs (56% women,
94% White) and 4855 deaths occurred. Life expectancy rose by 10.1 (men) to 11.9 (women) years
across the three epochs. There were 1085 ASCVD events over 91,330 person-years in epoch 1,
1330 ASCVD events over 107,450 person-years in epoch 2, and 775 ASCVD events over 119, 069
person-years in epoch 3. The mean age at onset of a first ASCVD event was higher in the third
epoch by 8.1 (men) to 10.3 (women) years compared with the first epoch. The RLR of ASCVD
from age 45 declined from 43.7 percent in Epoch 1 to 28.1 percent in Epoch 3 (p<0.0001),

a finding that was consistent in both sexes (RLR Epoch 1 vs. Epoch 3: 36.3 vs. 26.5 percent
(women); 52.5 vs. 30.1 (men); p<0.001 for both). The lower RLR of ASCVD in the last two
epochs was observed consistently across BMI, BP, cholesterol, diabetes, smoking, and FRS strata
(p<0.001 for all). The RLR of coronary heart disease events and stroke declined over time in both
sexes (p<0.001).

Conclusions.—Over the last six decades, mean life expectancy increased and the RLR of
ASCVD decreased in the community-based, predominantly White Framingham Study. The
residual burden of ASCVD underscores the importance of continued and effective primary

prevention efforts with better screening for risk factors and their effective treatment.
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Introduction

Atherosclerotic cardiovascular disease (ASCVD) is a leading cause of morbidity and
mortality worldwide,1:2 affecting over 500 million individuals globally and accounting

for 19 million deaths annually.? In the United States, ASCVD afflicts about 26 million
people,# and results in 2 million hospitalizations and 400,000 deaths every year.® Therefore,
preventing ASCVD via effective risk assessment, communication, and management is a
public health priority.

An important ASCVD risk communication tool in this context is the remaining lifetime risk
(RLR) statistic, which is the probability that an individual at a given age will experience the
risk of a disease over the remainder of their life (until death), conditional on surviving up

to that age free of the disease of interest. The RLR metric provides quantitative information
to laypersons regarding the absolute risk of developing ASCVD over their life course in an
intuitive and relatable way in contrast with indicators such as disease incidence rates that
are often difficult for laypersons to understand.’~10 The RLR measure has been advocated
as a tool to motivate younger people with adverse risk factor profiles (who may have low
short-term ASCVD risk but greater long-term risk) to adopt healthier lifestyles and manage
their risk factors effectively.10 Therefore, several investigations have reported on the RLR of
ASCVD (and its subtypes: coronary heart disease [CHD] and stroke), typically using data
from one or more community-based cohorts or large administrative databases.11-22

However, data with regard to secular trends in the RLR of ASCVD are scanty,!8 possibly
because such data require serial longitudinal observations of community-based samples
over extended periods. Such data may be critical public health indicators for monitoring
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temporal changes in ASCVD burden and may serve as an indirect yardstick of the
effectiveness of primary prevention measures. Leveraging the continuous longitudinal
surveillance for ASCVD (defined using the same criteria consistently23) of the community-
based Framingham Heart Study (FHS) cohorts over six decades (1960-2018),24 the present
investigation evaluated the temporal trends in the RLR of a first ASCVD event from age
45. The following metrics were assessed: temporal changes in the RLR of ASCVD that
reflect the balance between factors that can increase (e.g., greater life expectancy, increasing
prevalence of high blood pressure [BP]2°, excess adiposity,28 and diabetes?”) versus those
that can reduce ASCVD risk (decline in smoking, and better control of high BP25 and
dyslipidemia?8); secular trends in RLR of CHD and stroke (components of atherosclerotic
ASCVD events) that might track with corresponding trends in the RLR of atherosclerotic
ASCVD.

All data and materials have been made publicly available at the National Heart, Lung,
and Blood Institute data repository (Biologic Specimen and Data Repositories Information
Coordinating Center) and can be accessed at https://biolincc.nhlbi.nih.gov/studies/fhs/

Study Samples

The FHS includes six different cohorts.2®-32 The Original (Generation 1, N=5209) cohort
was enrolled in 1948 and the Offspring (Generation 2, N=5124; children of the original
cohort and their spouses) cohort in 1971. In 1996, the multi-ethnic Omni-1 (N=507) cohort
was recruited. In 2002, the Third Generation (Generation 3, N=4095) cohort, the New
Offspring Spouse (NOS, N=103; spouses of the Offspring cohort participants not enrolled
in 1971) group, and the multi-ethnic Omni-2 (N=410) cohort were recruited. The three
FHS Generation cohorts and the NOS group are predominantly White. Data from all FHS
cohorts between 1960 and 2018 were used for the present investigation. The design and
sampling schema of the six FHS cohorts have been described.2%-32 The FHS cohorts are
examined every two (Original cohort) to four years (all other cohorts) when participants
undergo a detailed cardiovascular-focused medical history, a brief physical examination
(standardized anthropometry, electrocardiography, and BP measurements), and laboratory
testing for ASCVD risk factors. All FHS participants provided written informed consent to
participate in the core study protocols approved by the Institutional Review Board at the
Boston University Medical Center.

Time Windows (Epochs)

Three separate epochs, each bridging 20 years, were considered observation periods. The
first epoch spanned from January 1, 1960, to December 31, 1979; the second epoch
extended from January 1, 1980, to December 31, 1999; and the third epoch crossed

from January 1, 2000, through December 31, 2018, which reflects the maximum available
follow-up to date. Thus, Generations 1 and 2 contributed to observations in the first epoch,
Generations 1 and 2 and Omni-1 cohorts to observations in the second epoch and all six
cohorts contributed observations to the third epoch.
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Selection of Study Samples

For all three epochs, participants needed to be at least 45 years of age and no older than

94 to enter the observation period. Follow-up of participants in each epoch began either

on the first day of the epoch (for pre-enrolled participants age 45 or more), the date of

their first examination (if enrollment occurred during the epoch), or the date within the
epoch on which they reached age 45. Individuals with a history of atherosclerotic ASCVD
before entering their observation period were excluded. Participants without an ASCVD
event during the observation window were censored either at age 94 or at the end of the
epoch, whichever occurred first. The age 94 was chosen as the upper limit of follow-up
(consistent with previous reports16:17.19.33) hecause few participants survive beyond this age
threshold. Details of how participants provide observations in each epoch that contribute to
the estimation of RLR estimates of ASCVD are detailed in Online Expanded Methods and
Supplemental Figure 1. Thus, participants between age 45 and 94 contributed information
in each epoch; individuals could provide up to 50 years of follow-up for ASCVD incidence
after age 45 across serial epochs. For instance, a participant free of ASCVD at age 60 at the
beginning of an epoch could contribute up to 20 years of observation during that epoch. If
free of ASCVD at the end of that epoch (at age 80), the individual could contribute up to
an additional 14 years of observation in the next epoch. Thus, it is possible to estimate the
30-year and the 40-year incidence of ASCVD and the RLR of ASCVD from age 45 within
each epoch, even though each epoch is only 20-years long.

For the first epoch beginning in 1960, eligible participants included FHS participants

from the Generation 1 and Generation 2 cohorts. For the second epoch starting in 1980,
eligible participants were from the Generation 1, Generation 2, and Omni-1 cohorts. For
the third epoch beginning in 2000, eligible participants included all available FHS cohorts:
Generations 1 to 3, Omni-1, Omni-2, and NOS. For all epochs, individuals were required to
have participated in an FHS examination and have follow-up information available during
the observation period to be eligible for the present investigation.

Definitions of risk factor strata

RLR estimates for ASCVD vary based on the risk factor profile of individuals.11:16:33
Accordingly, participants were stratified according to levels of the following risk factors
(exposure ascertained between the ages of 40-49): sex, body mass index (BMI), BP, total
cholesterol (Tc), diabetes mellitus, current smoking, and the Framingham general ASCVD
risk score (FRS).34 To maximize sample sizes for these stratified analyses, participants
missing data for a single risk factor were excluded only from analyses of that specific
stratum. Still, they remained eligible for analyses of the remaining risk factors. The
derivation of sample sizes in the three epochs is displayed in Supplemental Figure 2.

BMI (kg/m?2) was graded as normal (18.52BMI<25), overweight (25>BMI1<30), and obese
(BMI1=30).35 BP was categorized as normal (untreated systolic [SBP]<130 and diastolic
[DBP]<80 mmHg), intermediate (130=untreated SBP<140 or 80=untreated DBP<90
mmHg), and hypertensive (SBP=140 or DBP=90 mmHg or receiving antihypertensive
therapy).36 This definition of hypertension was prevalent in the epochs evaluated, which
antedated current3” BP guidelines. Diabetes mellitus was defined as elevated blood glucose
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(fasting =126 or non-fasting =200 mg/dL) or the use of anti-hyperglycemic medications.38
Total cholesterol (Tc) was categorized as normal (untreated Tc<200 mg/dL), intermediate
(200 =untreated Tc<240 mg/d) and Aigh (Tc=240 mg/dL or use of lipid-lowering treatment).
Smoking status was defined as either current smoker or current non-smoker. FRS tertiles
were estimated only for White participants (Generations 1 to 3, and NOS). Blood high-
density lipoprotein cholesterol (HDL-C) concentrations were assayed infrequently in the
first epoch, so analyses of this lipid fraction were possible only in the second and third
epochs. For these secondary analyses, HDL-C was ranked as Aigh (=60 mg/dL), intermediate
(60<HDL-C<40 mg/dL), and low (<40 mg/dL).

ASCVD Outcomes

All FHS participants are under regular surveillance for new-onset ASCVD events, which
are adjudicated by an expert panel of three experienced physicians that reviews available
medical records from physician office visits, hospitals, and death certificates. The primary
analyses concentrated on trends in RLR of a first ASCVD event (myocardial infarction

or fatal coronary heart disease [CHD], and fatal or nonfatal atherothrombotic brain
infarction [stroke]); these events are the primary focus of ASCVD risk prediction using the
pooled cohort equations,3° and the cornerstone of national ASCVD prevention guidelines.
Additional analyses evaluated the trends in RLR of CHD events (myocardial infarction

or CHD death), strokes, and total ASCVD events (a composite outcome that includes
CHD [myocardial infarction, stable and unstable angina], stroke, transient ischemic attacks,
peripheral arterial disease [PAD] and heart failure [HF]). Criteria for atherosclerotic and
total ASCVD events have been published previously.23

Statistical Methods

The descriptive features of the study samples in the three epochs at the time of risk factor
ascertainment (age 45) were described with means (z standard deviations) for continuous
variables and frequencies (percentages) for categorical variables. The overall mean survival
(by sex) and the mean age at the onset of a first ASCVD event in each epoch were evaluated.
The 30-year and 40-year risk, and RLR of ASCVD in each epoch were estimated separately,
and the estimates were compared across the three epochs using z-tests.’

Subsets with available data on at least one risk factor were compiled within each epoch. The
30-, 40-year and RLR estimates were stratified by sex, BMI, BP and Tc categories, smoking
and diabetes status, and FRS tertiles in each epoch. The methods detailed by Beiser et al.’
for estimating the cumulative incidence (adjusted for competing risk of death; referred to as
adjusted cumulative incidence) of ASCVD at 30-, 40- and 50-years of follow-up (the latter
corresponds to the RLR from age 45) were used. Corresponding hazard ratios (HR) and P
values from Wald chi-square tests were estimated using Fine-Gray sub-distribution hazards
models, adjusted for competing risk of death.40 The HR estimates used age as the time scale
and left truncation at the age of entry into the risk set.

The main analyses were repeated using data only from the three generations of White FHS
participants to assess if the inclusion of minority groups (Omni cohorts) in the most recent
epoch might have influenced the results.
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Comparisons of the RLR of ASCVD and hazards ratios for ASCVD associated
with risk factor strata within and across epochs—RLR estimates of ASCVD from
age 45 within and across the three epochs (overall and by risk factor strata) were compared
using z tests.” Fine-Gray subdistribution hazards regression models were used for comparing
ASCVD risk among participants in risk factor strata within an epoch (e.g., risk of ASCVD
associated with overweight and obesity in epoch 2 relative to normal BMI in epoch 2),

and for comparing ASCVD risk associated with a specific risk factor stratum across the
three epochs (e.g., in men, risk of ASCVD in epoch 1 versus epoch 2, and risk in epoch 1
versus epoch 3). A sandwich estimator was used to control for some of the same participants
contributing information to more than one epoch. The assumption of proportionality of
hazards was met for all models.

Comparisons of 30-year, 40-year, and RLR of CHD, stroke, and total ASCVD
across the epochs—Analyses were repeated to assess temporal trends in long-term risk
of the components of ASCVD, i.e., CHD and stroke. Trends in long-term risk of total
ASCVD, an expanded composite outcome comprised of CHD, stroke, PAD, and HF, were
also evaluated.

To explore if a healthy survivor bias influenced the results, given that participants could
contribute to more than one epoch, sensitivity analyses evaluating the 15-year mortality-
adjusted cumulative incidence of ASCVD in each epoch (overall, and by sex and smoking
and BMI strata) were conducted with the constraints that participants between ages 45-50
could contribute observations only in one epoch. Trends in non-ASCVD mortality across the
epochs were examined to assess if a general improvement in overall health may influence
both trends in ASCVD incidence and non-ASCVD mortality.

Statistical significance—A two-tailed P value less than 0.05 was considered statistically
significant in all analyses. All analyses were performed using SAS v9.4 (Cary, NC).

Table 1 shows the midlife (at age 45) characteristics of participants followed for ASCVD
incidence in each epoch. All observation windows included more women (~56%) than men,
and 94% of the participants were White. Midlife (at age 45) values of mean BMI and fasting
blood glucose, the proportions with obesity, diabetes, and the percentage of participants
using antihypertensive, LDL cholesterol-lowering, and diabetes medications were higher in
the last two epochs relative to the first. The average midlife values of BP, Tc, Tc/HDL-C
ratio, FRS, and smoking prevalence were lower in participants contributing observations in
the recent epochs (Table 1).

RLR of ASCVD across the epochs

There were 91,330 person-years (53,215 in women), 107,450 person-years (62,264 in
women), and 119,069 person-years (68,122 in women) of follow-up (maximum of 20 years
in each epoch) during epochs 1, 2, and 3, respectively. Overall, 15.5%, 16.1%, and 8.3% of
eligible participants experienced a first ASCVD event in epochs 1, 2, and 3, respectively.
Corresponding ASCVD incidence rates (per 1000 person-years) in the at-risk samples were
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11.9, 12.4, and 6.5, respectively (data for pooled sexes). The ASCVD incidence rates (per
1000 person-years) were 17.9, 17.6, and 8.1, respectively, in men, and 7.8, 9.0, and 5.4,
respectively, in women (p<0.001 for men vs. women in each epoch). The mean age at onset
of ASCVD in the three epochs was 64.8, 71.1, and 72.9, respectively, in men and 69.4, 78.0,
and 79.7, respectively, in women. Mean life expectancy in the three epochs was 67.9, 75.6,
and 78.0 years, respectively, in men and 69.9, 80.0, and 81.8, respectively, in women.

Figure 1 shows the mortality-adjusted cumulative incidence of ASCVD overall (Panel A)
and by sex (Panels B—C) in the three epochs. It is evident from Figure 1 that the incidence
of ASCVD in the latest epoch peaks later in life in both sexes, extending into the ninth and
tenth decades.

Table 2 compares the adjusted cumulative incidence of ASCVD accounting for competing
risk of death on follow-up at 30 years, 40 years, and RLR for each epoch. Compared

with the first epoch, the 30-year, 40-year risks and RLR of ASCVD were lower across

the subsequent epochs overall and in both sexes (p<0.001 for all; Supplemental Table 1);

in women, the major decline in RLR of ASCVD occurred between the second and third
epochs. Overall, the RLR of ASCVD was 27 (women) to 43 (men) percent lower in the
last epoch compared with the first (Supplemental Table 1). The 30-year, 40-year, and RLR
of ASCVD remained essentially unchanged in analyses excluding Omni cohort participants
(Supplemental Table 2).

RLR of ASCVD across the epochs within risk factor strata

Association

Supplemental Figure 3 displays the mortality-adjusted cumulative incidence of ASCVD
according to categories of BMI (Panels A-C), BP (Panels D-F), diabetes (Panels G-I),
cholesterol (Panels J-L), smoking (Panels M-0), and FRS (Panels P-R) in each of the three
epochs. The incidence of ASCVD in the third epoch occurs later in life (shifts to the right) in
each risk factor stratum.

Table 3 shows the change in 30-year, 40-year, and RLR of ASCVD across the epochs
according to risk factor strata; 40-year and RLR estimates for the first epoch could not

be estimated because the study sample did not include any participants who lived up to

age 94 in that epoch. ASCVD risk estimates within each epoch were higher as the risk
factor levels increased (from normal to intermediate to high levels of any given risk factor).
Furthermore, compared with the first epoch, 30-year ASCVD risk estimates were lower in
all corresponding strata in the second and third epochs. In the third epoch, all three risk
estimates (30-year, 40-year, and RLR of ASCVD) were substantially lower (p<0.001 for
all) in every risk factor stratum evaluated compared with the second epoch (Table 3). In
secondary analyses of HDL-C categories, 30-year ASCVD risk estimates were lower in the
third epoch compared with the second epoch (Supplemental Table 3).

of risk factors with ASCVD incidence within and across the three epochs

Figure 2 Panel A demonstrates the results of Fine-Gray subdistribution hazards models
relating key risk factors to ASCVD incidence in each epoch. Within each epoch, male

sex, overweight or obesity, higher BP, diabetes, and smoking were associated with a higher
risk of ASCVD (relative to the referent groups, i.e., women, normal BMI, normal BP, no
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diabetes, and non-smokers, respectively). Figure 2 Panel B demonstrates that in each epoch,
the second and top tertiles of the FRS were associated with higher ASCVD risk relative

to the lowest FRS tertile, with point estimates of the hazards ratios being lower in the last
epoch.

Figure 2 Panel C compares ASCVD risk across epochs within each risk factor stratum (e.g.,
the risk associated with smoking in the first versus the second epoch or the second versus
the third epoch). The hazards ratios (for ASCVD) for different risk factor strata were similar
for the first and the second epochs. On the other hand, the risks of ASCVD associated with
specific strata were much lower (by 24-67%) in the third epoch compared with the second
epoch. Figure 2 Panel D demonstrates a similar pattern of observations for the associations
of FRS tertiles with ASCVD risk across the three epochs, i.e., no change in hazards ratios
between the first and the second epoch, but a much lower hazard in the third epoch (by
28-42%) compared with the second.

Comparisons of 30-year, 40-year risks and RLR of CHD, stroke, and total ASCVD across
the three epochs

Supplemental Figure 4 shows the mortality-adjusted sex-specific cumulative incidences of
CHD (Panels A-B), stroke (Panels C-D), and total ASCVD (Panels E-F) in each of the
three epochs. It is evident from the Figure panels that the incidences of CHD, stroke and
total ASCVD fell across the epochs, with the peaks occurring later in life (curves shift to the
right) in the third epoch.

Table 4 shows the results of analyses focusing on individual ASCVD events (i.e., CHD and
stroke) and total ASCVD (composite outcome defined above). There was a stepwise decline
in 30-year and 40-year risk estimates for all three outcomes across the epochs. Comparisons
of RLR estimates across the three epochs demonstrated that RLR of CHD (in both sexes),
stroke (in women), and total ASCVD (in women) did not change between the first and
second epochs. In contrast, RLR for stroke and total ASCVD fell in men from the first to
the second epoch (Supplemental Table 4). The RLR of all three outcomes was substantially
lower in the third epoch (by 18-52%) in both sexes than in the second epoch (Supplemental
Table 4).

Sensitivity analyses—In sensitivity analyses evaluating unique participants between ages
45-60 in each epoch (with the constraint that participants could not contribute to more than
one epoch), the 15-year mortality-adjusted cumulative incidence was lower in the second
and third epoch relative to the first, a finding that was consistent in both sexes and across
smoking and BMI strata (Supplemental Table 5). The incidence of non-CVD mortality was
lower in the first epoch (8.9/1000 person-years) compared with the second epoch (16.3/1000
person-years) and then fell modestly in the third epoch (13.1/1000 person-years). These data
indicate that a general improvement in overall health may not underlie the lower RLR of
ASCVD aobserved in the last two epochs.
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Discussion

The epidemiology of ASCVD has changed over the last five decades due to the escalating
burden of risk factors (such as hypertension, excess adiposity, and diabetes),2>-27 increasing
longevity,*! decline in smoking frequency, and major advances in treating high BP,
dyslipidemia, and dysglycemia. As such, the long-term risk of developing ASCVD among
individuals may have changed. This premise was examined by evaluating changes in RLR
of ASCVD from age 45 over the previous six decades, leveraging data from the community-
based FHS cohorts.

Principal Findings
The investigation has four principal findings. First, the RLR of ASCVD from age 45
decreased by 27 (women) to 43 (men) percent over the last six decades in the FHS cohorts.
In parallel, the 30-year and 40-year risks of ASCVD also fell markedly over this period
in both sexes. The mean age of onset of a first ASCVD event in the last epoch (2000-
2018) was approximately 73 years in men and 80 years in women, being about 8 (men)
to 10 (women) years higher compared with the first epoch (1960-1979). In parallel, life
expectancy rose to 78 (men) to 82 (women) years in the last epoch, an increase of about 10
(men) to 12 (women) years relative to the first epoch. These observations indicate a decrease
in the overall risk of ASCVD experienced over the life course and its postponement by
almost a decade (i.e., into the eighth decade of life).

Second, the lower 30-year, 40-year risks and the RLR of ASCVD in the most recent epoch
(relative to the first and second epochs) was consistent across every risk factor stratum

and across FRS tertiles. These observations were corroborated by the Fine-Gray analyses
that suggested that the relative risk of ASCVD associated with each risk factor stratum
diminished over time across the epochs. Thus, the absolute and the relative risks associated
with ASCVD risk factors have declined over the sixty-year observation period in FHS,
especially in the last epoch. A striking observation is a decline in the 30-year absolute
ASCVD risk associated with the top tertile of FRS (from 37% in the first epoch to 28.6%

in the second epoch, to 16% in the third epoch) along with a 42% decrement in the hazard
(for ASCVD) in the most recent epoch relative to the second epoch. It is likely that greater
use of medications for lowering BP and cholesterol, improvements in the control of diabetes,
and a major reduction in smoking prevalence across the three epochs may have contributed
to these findings; such a premise is supported by the lower midlife average BP and Tc levels
and mean FRS in the last two epochs (relative to the first epoch) in the at-risk samples.

Third, in each of the epochs (including the most recent one), the 30-year ASCVD risk
estimate in the stratum with an optimal level of a specific risk factor was up to 50%

lower than that for the suboptimal level of that risk factor; corresponding RLR of ASCVD
estimates were 10-30% lower for optimal levels of risk factors compared with their
suboptimal levels. These findings suggest that even with a lowering of overall RLR of
ASCVD in the most recent epoch, striving towards optimal levels of risk factors may further
mitigate ASCVD risk.
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Fourth, analyses of RLR trends for CHD and stroke demonstrated concomitant declines in
risk estimates for both outcomes and in both sexes; the most significant benefit (decrease
in RLR) was observed in the most recent epoch, with the relative lowering of RLR being
greater for men compared with women. Notably, in the most recent epoch, the RLR of CHD
was higher in men than women, but the converse was true for the RLR of stroke, which
was higher in women than men. These sex-related differences in ASCVD risk patterns
(presentation with CHD versus stroke) have also been reported in the Rotterdam Study.1>
There was a similar decrement in RLR of total ASCVD across the three epochs. However,
the lingering high estimates in the most recent epoch (42.4 and 45.6 for women and men,
respectively) underscore the need for continued and more effective efforts to mitigate the
residual risk of total ASCVD.

The decline in RLR of ASCVD over time in the FHS cohorts is likely multifactorial in
origin, representing the combined contributions of improved health care access, greater
awareness of ASCVD risk, behavioral and lifestyle changes (such as changes in nutrition
and smoking cessation), and better screening for and more effective lowering of key risk
factors such as high BP, elevated cholesterol and diabetes.*2 Additional follow-up studies are
warranted to examine if the increased burden of obesity and diabetes in recent decades may
offset some of the gains accruing from medical and technological advances that may have
lowered ASCVD risk.

Comparison with the literature

Several national and international studies have estimated the RLR of ASCVD and its
components (CHD and stroke); Supplemental Table 6 summarizes RLR estimates from these
reports.11-22 None of these reports assessed temporal trends in the RLR of ASCVD over the
sixty-year period that the current investigation examined. An earlier FHS report!8 evaluated
trends in RLR of stroke, but follow-up was limited up to 2004. In that report, the RLR of

a stroke at age 65 years decreased from 19.5% (1950-1977) to 14.5% (1990-2004) in men
and from 18.0% (1950-1977) to 16.1% (1990-2004) in women, but the decrease was not
statistically significant in either sex.18 The present report extends those observations into the
last two decades of the present century, spanning approximately 60 years.

Studies of temporal trends in the RLR of disease outcomes require extended follow-up of
population-based samples with minimal loss and consistent diagnostic criteria and protocols
to ascertain and adjudicate disease outcomes over time. These critical features of the FHS
cohorts were leveraged to assess trends in RLR of ASCVD from age 45 over the last six
decades. It is noteworthy, though, that the RLR estimates for the second epoch (1980-1999)
closely approximate those reported in the literature by other studies, including from the
Cardiovascular Lifetime Risk Pooling Project.11:1217 The higher RLR of ASCVD in men
than women corroborates prior reports summarized in eTable 5 and is likely multifactorial in
origin.2843 The lesser proportional decline in RLR of ASCVD in women may be related to
sex-related differences in presentation of ASCVD,** and less favorable trends in obesity and
cholesterol levels in women.28
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Strengths and Limitations

The longitudinal, consistent, and systematic surveillance of the community-based cohorts
over a sixty-year observation period (split across three epochs) with excellent long-term
follow-up and meticulous adjudication of endpoints are key strengths of the present
investigation.2* Additionally, the RLR estimates are based on direct observations of
individuals over their entire life course and not derived from modeling incidence rates over
shorter periods.

Nonetheless, several limitations of the present investigation must be acknowledged. The
utility of RLR estimates versus short-term age-conditional risks has been debated in

the literature, with some experts favoring the latter because a short-term time horizon

for risk prediction may be more helpful to individuals.*> However, RLR estimates
(including trends) are vital from a public health perspective and complement short-term

risk estimates. Others#® have emphasized the importance of RLR of total ASCVD (and

not just atherosclerotic ASCVD) because ‘soft” ASCVD outcomes may represent a greater
proportion of ASCVD events in women and younger people. The present investigation
provides estimates for both types of ASCVD events for this reason. Information regarding
some risk factors was missing during the first epoch, and the shorter life expectancy during
that period constrained accurate estimates of RLR for that time interval. Analyses of RLR
by risk factor strata were contingent on participants having attended an examination between
ages 40-49 years, which resulted in the exclusion of approximately a quarter of participants
in each epoch for this set of analyses; however, these exclusions did not extend to the overall
and the sex-specific RLR estimates that did not require risk factor values. The Fine-Gray
models did not adjust for risk factors as time-varying covariates because of methodological
challenges described elsewhere.#” Although the FHS used consistent diagnostic criteria
over the six decades, technological advances may have led to systematic trends in the
ascertainment of ASCVD outcomes in the more recent epochs, which might influence the
analysis of RLR trends over such a long period. The use of more sensitive diagnostic

tests may contribute to an underestimation of the decline in ASCVD risk over time.*8
Additionally, it may be challenging to separate calendar period effects from concomitant
birth cohort effects.49 Lastly, the FHS cohorts reside predominantly in the northeastern US,
are overwhelmingly White, and their risk factor profiles may not represent that of the entire
country or of other countries. RLR of ASCVD may vary with race/ethnicity and geographic
location. It is reassuring to note that several reports have emphasized the consistency in
estimates of RLR of ASCVD across Whites and Blacks in the United States.11:12.17

Conclusions

The 30-year and 40-year risks and the RLR for atherosclerotic ASCVD from age 45
decreased in community-based Framingham cohorts over the last sixty years. The RLR

of ASCVD fell from 1 in 2 in men and 1 in 3 in women during 1960-1979 to less than 1

in 3 in men and about 1 in 4 in women during 2000-2018. The lowering of the long-term
risk of ASCVD was observed within every risk factor stratum and consistent for both CHD
and stroke outcomes. The higher average age at onset of ASCVD observed across the six
decades is possibly the result of a greater life expectancy in recent decades (with a longer
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‘at risk’ period) and postponement of morbidity into the later decades of life. The residual
burden of total ASCVD risk of almost 4 in 10 men and women underscores the need for
continued preventive public health measures.
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Clinical Perspective
What is new?

. The present investigation provides new information regarding temporal trends
in remaining lifetime risk (RLR) of atherosclerotic cardiovascular disease
(ASCVD) over three twenty-year epochs (Epochs 1-3: 1960-1979, 1980—
1999, 2000-2018, respectively) in the community-based, predominantly
White Framingham Study cohorts.

. Life expectancy rose by 10.1 (men) to 11.9 (women) years across the epochs
while the RLR of ASCVD from age 45 declined from 43.7 percent in Epoch 1
to 28.1 percent in Epoch 3 (p<0.0001).

. The lower RLR of ASCVD in the last two epochs (compared with the
first epoch) was observed consistently across BMI, BP, cholesterol, diabetes,
smoking, and Framingham risk score strata.

What are the clinical implications?

. The RLR of total ASCVD in the most recent epoch remains high at 42.4 and
45.6 for women and men, respectively, underscoring the need for continued
and more effective primary prevention efforts with better screening for risk
factors and lowering them more effectively.

. Additional follow-up studies of multi-ethnic samples are warranted to confirm
these findings.
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Adjusted Cumulative Incidence in Women
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Adjusted Cumulative Incidence in Men

Adjusted Cumulative Incidence of ASCVD in Men by Epoch
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Figure 1.
Mortality-adjusted cumulative incidence (%) of ASCVD for participants from age 45 years

in each epoch: overall (Panel A) and by sex (Panel B, women; Panel C, men).
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(0.45-0.67)
(0.87-1.31
(0.51-0.67
(0.95-1.25

)
)
)
(0.66-0.88)

PValue

0.002
<0.001

0.07
<0.001

0.002
<0.001

0.41
<0.001
0.66
<0.001
0.48
<0.001

0.88
<0.001
0.19
<0.001
0.17
<0.001

0.83
<0.001
0.19
0.002

0.25
<0.001
0.63
<0.001
0.001
<0.001

0.54
<0.001
0.24
<0.001
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Subgroup

FHS Risk Score Tertiles

Low: E2 vs E1
Low: E3 vs E2
Intermediate: E2 vs E1
Intermediate: E3 vs E2
High: E2 vs E1

High: E3 vs E2

Adj-HR

0.62

0.89

0.58

95% CI

(0.82-1.56)
(0.57-0.90)
(0.90-1.40)
(0.52-0.75)
(0.76-1.03)

(0.50-0.67)

PValue

0.46

0.005

0.29

<0.001

0.12

<0.001

Adjusted Hazard Ratio for ASCVD
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Figure 2. Association of risk factors with ASCVD incidence using Fine-Gray subdistribution

hazards regression models in the three epochs.

Panel A represents comparisons of risk factor strata associations within each epoch. Panel B
represents comparisons of the incidence of ASCVD associated with FRS tertiles within each
epoch. Panel C represents comparisons of risk factor strata associations across epochs. Panel
D represents comparisons of the incidence of ASCVD associated with FRS tertile across

epochs (all expressed as hazards ratios)

Circulation. Author manuscript; available in PMC 2023 April 26.

1.75



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Vasan et al.

Table 1.

Characteristics at age 40-49 years of participants followed for CVD in the three epochs

Epoch 1(1960-1979) | Epoch 2 (1980-1999) | Epoch 3 (2000-2018) r
N=7014 N=8269 N=9331 p-value
Women 3824 (54.5) 4706 (57.0) 5272 (56.5) 0.007
Age at start of observation, years 52+7 57+12 57+13 <0.001
Women in largest risk factor sample * 2721 (55.0) 3673 (56.8) 3958 (56.9) 0.08
Age at time of risk factor collection, years 43+3 43+3 43+3 NS
Body mass index, kg/m? 25.7+4.2 25.8+4.6 26.5+5.2 <0.001
Body mass categories
Normal 2347 (48.1) 3073 (48.1) 3024 (44.0)
<0.001
Overweight 1885 (38.6) 2369 (37.1) 2491 (36.3)
Obese 649 (13.3) 948 (14.8) 1352 (19.7)
Systolic blood pressure, mmHg 128+18 123+16 119+15 <0.001
Diastolic blood pressure, mmHg 82+11 80+11 77+10 <0.001
Hypertensive medication use 95 (1.4) 265 (3.3) 483 (6.3) <0.001
Blood pressure categories
Normal 1768 (35.7) 2931 (45.3) 3813 (54.8)
<0.001
Pre-hypertensive 1710 (34.6) 2069 (32.0) 1878 (27.0)
Hypertensive 1469 (29.7) 1472 (22.7) 1264 (18.2)
Blood glucose, mg/dL 88+21 91+19 94+17 <0.001
Diabetes medication use 35(0.7) 45 (0.7) 65 (0.9) 0.22
Diabetes mellitus status
Normal/Pre-diabetes 4675 (99.1) 6215 (98.7) 6733 (98.2) <0.001
Diabetes mellitus 43 (0.9) 80 (1.3) 127 (1.8)
Total cholesterol, mg/dL 220+42 211+40 199+37 <0.001
Total cholesterol categories
Normal 1600 (33.8) 2668 (42.1) 3618 (52.3)
<0.001
Intermediate 1807 (38.1) 2289 (36.1) 2206 (31.9)
High 1332 (28.1) 1380 (21.8) 1091 (15.8)
HDL cholesterol, mg/dL 52+17 51+16 53+16 <0.001
HDL cholesterol categories
High 443 (28.5) 1041 (26.2) 1944 (31.5)
<0.001
Intermediate 713 (45.9) 1960 (49.4) 2978 (48.3)
Low 397 (25.6) 966 (24.4) 1245 (20.2)
Total/HDL cholesterol 45+1.8 4.4+1.7 4.1+15 <0.001
LDL cholesterol-lowering medication use 15(0.8) 36 (0.8) 246 (3.9) <0.001
Current smoker 2466 (53.4) 2643 (42.1) 1840 (26.5) <0.001
Framingham risk score (FRS)” 0.072+0.051 0.062+0.046 0.055+0.042 <0.001

Values are MeanSD or n (%). HDL, high-density lipoprotein cholesterol. LDL, low-density lipoprotein cholesterol.
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*

Some available risk factors are less than the total sample size due to a combination of data not collected at a particular exam cycle or participants
having missed exams during the eligible age period of 40-49 years. Thus, the largest sample sizes in the three epochs for risk factor analyses were
4947, 6473, and 6955, respectively (see eFigure 1). Of note, for participants age 50 years or older at the beginning of an epoch, the midlife values
of risk factors (at age 40-49) may be from examinations attended in an earlier epoch. Also, treatment frequencies for elevated blood pressure,
dyslipidemia and diabetes during an epoch may be higher than shown in the Table (which indicates frequencies at age 45) because such treatment
increases with age and participants can contribute information between ages 45 and 94 in a given epoch.

fFramingham risk score data excludes participants from Omni-1 and Omni-2 cohorts.

*
*ANOVA tests used for continuous variables and chi-squared tests used for categorical variables.
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