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Abstract

Hypertension is a major risk factor for cardiovascular disease, but previous studies have mostly 

been limited to a single exam, a single cohort, a short follow-up period, or a limited number of 

outcomes. This study aimed to assess the association of 10-year cumulative systolic blood pressure 

in middle age with long-term risk of any cardiovascular disease, coronary heart disease, stroke, 

heart failure, all-cause mortality, and healthy longevity.

Individuals (11,502) from 5 racially/ethnically diverse US community-based cohorts were 

included in this study once they met all the inclusion criteria: ≥10yr of observation in the included 

cohort, aged 45-60yr, free of cardiovascular disease, and had ≥3 visits with blood pressure exams 

over the preceding 10yr. For each participant, systolic blood pressure level was predicted for each 

year of the 10yr prior inclusion, based on the available exams (Median of 4.0, spread over 

9.1(range:7.2-10) years).

Lower 10-year cumulative systolic blood pressure was associated with 4.1yr longer survival and 

5.4yr later onset of cardiovascular disease, resulting in living longer life with a shorter period with 

morbidity. Models adjusted for sociodemographic characteristics, cardiovascular risk factors, and 

index systolic blood pressure demonstrated associations of 10-year cumulative systolic blood 

pressure (per 130 mmHg×yr change, the threshold for stage-1 hypertension) with cardiovascular 

disease (HR:1.28, 95%CI:1.20-1.36), coronary heart disease (HR:1.29, 95%CI:1.19-1.40), stroke 

(HR:1.33, 95%CI:1.20-1.47), heart failure (HR:1.12, 95%CI: 1.02-1.23), and all-cause mortality 

(HR:1.21, 95%CI:1.14-1.29).

These findings emphasize the importance of 10-year cumulative systolic blood pressure as a risk 

factor to cardiovascular disease, above and beyond current systolic blood pressure.
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Background

High blood pressure (BP) is a known risk factor for cardiovascular disease (CVD), with 

substantial population-attributable risk among White (21%)1 and Black (~35%)1, 2 adults. 

Many prior studies have predominantly focused on single measurements of BP measured at 

a single time point3 which may not adequately represent an individual’s long-term BP 

exposure. Some studies have assessed the association of BP level with CVD by using long-

term BP features, such as average of subsequent measurements4-6 or change in BP status 

over time7. Those features, however, while not ignoring historical BP measurements, do not 

take into account the exposure time of each BP level and the risk that those features may 

convey. The previous studies that have examined longitudinal BP as a cumulative exposure, 

a measure which incorporates both BP level and exposure time, have been mostly limited to 

a single cohort or single electronic health record dataset4-6, 8 or had a only short follow-up 

period with insufficient time to develop CVD.9
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Previous studies have demonstrated greater overall longevity among individuals with 

favorable BP.10, 11 However, the impact of BP on proportion of life lived free of disease, or 

healthspan, has been less well studied. An extended healthy life period represents an 

important goal as greater time spent with disease poses a tremendous burden on both 

individuals and the health system, with poor quality of life and greater expense. The 

association of cumulative exposure of systolic BP (SBP) with compression of CVD 

morbidity, that is, living longer and healthy life expectancy with a shorter period with 

morbidity, has not previously been examined.

This study aimed to assess the association of cumulative SBP in middle age with long-term 

risk of CVD and with healthy longevity, using individual-level pooled data from 5 racially 

and ethnically diverse US community-based CVD cohorts with an average of about 30 years 

of follow-up.

Methods

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

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

Source and study population

The current study was based on the Lifetime Risk Pooling Project (LRPP), which has been 

previously described in detail 12. Briefly, data from 20 US community-based 

epidemiological cohort studies were pooled to form one individual-level dataset. All cohorts 

that had at least 1 baseline direct measurement of physiological or anthropometric variables 

at the baseline examination and ≥5 years of follow-up for any CVD outcome were included 

in the LRPP. LRPP cohorts that had standardized and repeated measurements of BP levels as 

well as all the individual CV diseases of interest were included in the present study. These 

cohorts include the Framingham Heart Study (FHS), Framingham Offspring Study (FOS), 

Coronary Artery Risk Development in Young Adults (CARDIA) study, Atherosclerosis Risk 

in Communities (ARIC) Study, and the Multi-Ethnic Study of Atherosclerosis (MESA) 

study. Individuals were included in the present study based on the following inclusion 

criteria and data requirements: aged 45-60 years, no history of CVD, ≥10 years of 

observation in the included cohort, and ≥3 visits with SBP exams over the preceding 10 

years. Index-date was defined as the earliest exam that all these inclusion criteria are met.

Exposure variables

For all cohorts included, sitting SBP was defined for each visit as the mean of 2 or 3 manual 

mercury sphygmomanometer measurements taken by qualified personnel.

The main exposure variable, i.e. cumulative 10-year SBP (Cum10ySBP), was defined for the 

10 years before the index date (Exposure period, years 1-10) based on the predicted SBP 

level in each year (Figure 1). Specifically, by using a nonparametric quadratic spline-based 

mixed-effects model, we estimated the subject-specific SBP trajectories throughout the 

exposure period (years 1-10) for all participants. The area under the curve over 10 years was 

calculated as an overall cumulative exposure Cum10ySBP and expressed in mmHg x years. 

This unit integrates the SBP level with the exposure duration into one cumulative value, so 
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for example, the Cum10ySBP of individual who maintained 120 mmHg over the 10 years 

prior index date was calculated as 1200 mmHg x years. This method was selected due to its 

ability to tailor a nonlinear SBP curve over the exposure period13. Cumulative SBP was also 

defined for the early exposure period, that is, years 1 to 5 (CumSBP1-5y) and for the 

proximal exposure period, i.e. years 6 to 10 (CumSBP6-10y) and as a categorical variable 

based on quartiles (Figure 1).

Outcomes assessment

Incidence of any CVD (yes/no), coronary heart disease (CHD), stroke, congestive heart 

failure (CHF), all-cause mortality, and years of healthy longevity during the follow-up 

period were defined as the study outcomes. CVD diagnosis was defined as CHD death or 

non-fatal myocardial infarction, fatal or non-fatal stroke, CHF, or cardiovascular death. 

Diagnoses ascertainment were made by trained physician-adjudicators and have been used 

extensively in each of the cohorts7, 12. All outcomes were ascertained from index date until 

the end of observation in the included cohorts, with nearly-complete ascertainment of vital 

status in each of the cohorts12, 14-17.

Statistical analysis

Participants were categorized into four groups by their cohort-specific Cum10ySBP quartile 

ranking. Baseline characteristic were compared by Cum10ySBP quartiles status using 

generalized linear models for continuous variables and chi-square tests for categorical 

variables, as appropriate. The mean survival time or years lived free from CVD, with CVD, 

and overall were estimated using Irwin’s restricted mean by Cum10ySBP quartiles 

category18. Healthy longevity was evaluated based on overall survival; absolute CVD free 

survival, that is, the number of years between index age and the occurrence of first CVD 

event; absolute time spent with CVD, that is, the number of years and the proportion 

between occurrence of first CVD event and death or end of study; and the proportions of life 

lived free of CVD and spent with CVD.

To assess the association of cumulative SBP and any CVD, CHD, stroke, and CHF, Fine and 

Gray subdistribution hazard competing risk models were applied which account for the 

effect of competing risks of death19. Cox proportional hazards method was used for the 

association of cumulative SBP with all-cause mortality. Continuous Cum10ySBP scaled per 

130mmHg x years units (the threshold for stage 1 hypertension)20 and categorical 

cum10ySBP quartile were fitted in the model respectively, and the models were set as 

unadjusted and adjusted with age, sex, race, education, body mass index (BMI), smoking 

status, diabetes, total cholesterol level, and use of hypertensive medications. To evaluate the 

effect associated with cumulative BP above and beyond index SBP level (i.e. the level at 

index date), multivariate models, with and without index SBP, were used. To assess whether 

there are critical periods of exposure, that is, the effect associated with cumulative BP varies 

between early exposure and exposure levels more proximal to the end of follow-up, as well 

as whether early cumulative SBP associated with CVD and mortality even after several 

years, a model that includes two main exposure variables, one for the early exposure period 

(CumSBP1-5y) and the other for the proximal exposure period (CumSBP6-10y), was 

applied. Models for the association of Cum10ySBP with any CVD were also implemented 
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separately for race-sex subgroups and for age subgroups (45-55, >55), as well as after 

excluding individuals who reported taking antihypertensive medications any time prior index 

date.

Variance Inflation Factors (VIFs) were calculated to test for multicollinearity between the 

independent variables. All analyses were performed using SAS version 9.4 and R version 

3.6.1. A two-sided P value <0.05 denoted statistical significance.

Results

Of 38,054 individuals in FHS, FOS, CARDIA, ARIC, and MESA studies, 12,925 (34%) 

individuals were excluded from the study due to inappropriate age or history of CVD 

(Figure 2). An additional 13,627, who did not meet the data requirement of ≥10yr of 

observation in the included cohort with ≥3 visits with SBP exam over the 10 years before 

index date, were also excluded from the analysis. Non-fulfillment of the data requirement 

was mainly due to an inappropriate data structure (11,073 81.3%), that is, lack of ≥3 study 

visits due to study design, rather than the failure to reach the SBP measurements due to 

individual participant loss to follow-up. These 13,627 individuals were more likely to be 

Blacks and smokers and had lower level of education than those included in the study (table 

S1). The total study population included 11,502 individuals, aged 45 to 60 years, with no 

history of CVD, and with ≥3 visits with SBP exam over the 10 years prior to the index date 

(Figure 2). Main characteristics of the study cohort are summarized in Table 1. A median of 

4.0 visits with BP measurements (ranged from 3 to 6 visits) were available for each 

individual during the 10 years pre-index date. Theses available exams were spread over a 

median of 9.1 years (range: 7.2-10 years). The mean (SD) of the Cum10ySBP, calculated as 

the area under the 10-years SBP curve, was 1212 (154) mmHg x years, reflecting an average 

annual exposure of 121.2 mmHg per year. During a median of 12.9 years of follow-up, 1958 

(17.0%), 1058 (9.2%), 697 (6.1%), 759 (6.6%), and 2624 (22.8%) participants had incident 

CVD, CHD, stroke, CHF, or all-cause mortality, respectively. Absolute rate per 1000 person-

years was higher for all outcomes with higher Cum10ySBP level.

As illustrated in Figure 3, higher Cum10ySBP was associated with shorter overall survival in 

which participants died an average of 4.1 years earlier and also had an earlier onset of CVD 

by 5.4 years (yr). This means that in addition to a longer overall lifespan, the proportion of 

life lived free of disease was higher among those with lower Cum10ySBP resulting in 

compression of CVD morbidity and extension of CVD-free survival. Specifically, life 

expectancy was 82.2yr, 81.2yr, 80.1yr, and 78.1yr for quartiles 1, 2, 3, and 4 of Cum10ySBP, 

respectively. Individuals with the lowest Cum10ySBP (quartile 1) at index date lived, on 

average, an additional 24.5 years after the index age free of CVD and spent 2.2 yr (2.7%) on 

average with CVD. With higher Cum10ySBP, the CVD-free survival after index date was 

lower (22.6 yr, 21.1 yr, and 18.2 yr, P value for trend <0.001), and the absolute time (2.8, 

2.9, and 3.5 years for quartile 2, 3, and 4, respectively) and relative proportion of time 

(3.4%, 3.6%, and 4.5% for quartile 2, 3, and 4, respectively) spent with CVD after the index 

date was higher. When stratified by sex and race, the shorter average healthspan and longer 

average time spent with CVD remained consistent (figure S1).
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Table 2 shows the association of cumulative SBP measured on a continuous scale with long-

term risk of CVD. Unadjusted hazards models demonstrated significant associations 

between Cum10ySBP and incidence of CVD, CHD, stroke, CHF, and all-cause mortality, 

with higher risk as the cumulative SBP increased. These associations remained even after 

adjustment for age, sex, race, education, BMI, smoking status, diabetes, total cholesterol 

level, and use of hypertensive medications as well as when index SBP was included into the 

models.

Figure 4 shows significant association of Cum10ySBP quartiles with CVD incidence, with 

higher risk as the cumulative SBP increased [Cum10ySBP: HRquartile2: 1.32 (1.14-1.53), 

HRquartile3: 1.63 (1.41-1.88), and HRquartile4: 2.32 (1.93-2.58)] (Figure 2a Model B). 

This association remained even when index SBP was also incorporated into the model 

[Cum10ySBP: HRquartile2: 1.14 (0.97-1.32), HRquartile3: 1.21 (1.03-1.42), and 

HRquartile4: 1.33 (1.10-1.61)] (Figure 4 Model C). The greater risk associated with higher 

cumulative SBP quartiles was also observed when evaluating separately for CHD and CHF 

(Figures 4b and 4d, respectively).

The association of cumulative SBP measured on a continuous scale with long-term risk of 

CVD remained after excluding 3005 (26.5%) individuals who reported taking 

antihypertensive medications any time prior index date, as well as when models were 

applied separately for age and race-sex subgroups (table S2). Introduction the interaction 

term of age group by Cum10ySBP was statistically significant for the adjusted models, with 

and without the index SBP, with greater association of Cum10ySBP with any CVD among 

younger (45-55) than older (>55) participants. Multiplicative interaction term of race-sex 

group by Cum10ySBP was not statistically significant.

To assess whether there are critical periods of exposure, cumulative SBP exposure was split 

into early (CumSBP1-5y) and proximal (CumSBP6-10y) exposure windows (Table 2). 

Adjusted models, not including SBP measured at index date, demonstrated significant 

associations of CumSBP6-10y (i.e. proximal exposure) with any CVD (HR, 1.41 [95%CI, 

1.18-1.68]), CHD (HR, 1.26 [95%CI, 1.00-1.59]), stroke H(R, 1.54 [95%CI, 1.16-2.05]), 

CHF (HR, 1.63 [95%CI, 1.25-2.11], and mortality HR, 1.27 [95%CI, 1.09-1.48]. However, 

when index SBP was also included in the model, those associations were disappeared. As for 

CumSBP1-5y, early cumulative SBP was associated with any CVD, CHD, and mortality 

with adjustment for baseline characteristics except SBP (any CVD HR, 1.29 [95%CI, 

1.08-1.55]; CHD HR, 1.45 [95%CI, 1.15-1.82]; and mortality HR, 1.22 [95%CI, 

1.04-1.44]). These associations were all preserved when index SBP was also included in the 

model (any CVD HR, 1.37 [95%CI, 1.14-1.66]; CHD HR, 1.54 [95%CI, 1.20-1.96]; and 

mortality HR, 1.25 [95%CI, 1.06-1.48]).

All the models described above met the proportional hazards assumption.

Discussion

In this study, individuals in middle age from 5 US community-based CVD cohorts, who 

were exposed to lower levels of cumulative SBP over 10 years, had a lower risk for CVD 
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and death throughout follow-up. Ten years cumulative SBP remained associated with CVD 

incidence even after adjustment for index SBP, as well as when stratified the population by 

age and race-sex categories. In addition, lower levels of cumulative SBP over 10 years was 

associated with extended overall survival and later onset of CVD, resulting in a longer and 

healthier lifespan. A special report from the American Heart Association and American 

College of Cardiology recognized that the majority of the heart attacks and strokes among 

adults occur due to cumulative exposure to preventable causal risk factors 21, 22. Our 

findings confirm that cumulative exposure to high SBP is a major risk factor for CVD.

Previous studies have demonstrated the importance of long-term exposure to SBP on 

incident CVD and mortality. These studies support the life course approach to CVD, 

suggesting that CVD disease onset is associated with life course risk factors in addition to 

risk factors measured at a single point of time23. Since SBP level raises with age for most 

individuals24, the association of long-term exposure of SBP throughout lifetime with CVD 

outcomes is particularly of interest. As early as 2002, Vasan et al.4 demonstrated the 

independent association of time-averaged recent and remote antecedent BP measures with 

CVD, above and beyond current BP. In 2012, Allen et al 7 showed impact of BP change in 

middle age on the remaining lifetime risk for CVD. Compared with those studies, the 

present study benefitted from assessing the cumulative SBP as the area under the SBP curve, 

and was able to capture the impact of the exposure time of each BP level in addition to the 

impact of the exposure level. A study by Wang at al. 9 demonstrated higher CVD and 

mortality risk associated with cumulative BP among the Chinese population. The main 

limitation of that study was the short follow-up period of only three years for cardiovascular 

and cerebrovascular events and four years for all-cause mortality. This study assessed longer 

long-term risk, which is more clinically meaningful than short-term estimates, especially for 

those with low short-term risk 25, 26.

The additional information regarding longevity and compression of morbidity provided a 

more complete overview on the contribution of low level of cumulative SBP to prevention of 

CVD. In a major study on younger employees in the Chicago area 27, favorable 

cardiovascular health extended the survival of the participants by almost 4 years and 

postponed the onset of cardiovascular morbidity by 7 years. Favorable cardiovascular health 

was defined as having favorable levels of BP, cholesterol, diabetes, smoking, and BMI. In 

the present study, we demonstrated that lower cumulative level of SBP alone was associated 

with later onset of any CVD by >5 years and longer survival by 4 years. These findings 

highlight hypertension as a core health factor associated with CVD.

The association of cumulative SBP with CVD outcomes and mortality above and beyond a 

single BP level at index date demonstrates that Individuals with similar contemporary SBP 

may be at different long-term risks for CVD due to differences in their cumulative exposure 

to SBP, and therefore cumulative SBP may be used to stratify individuals based on their risk 

for CVD.

The observed associations of early cumulative SBP during mid-life with later any CVD, 

CHD, and mortality also demonstrate the importance of the life course approach by 

suggesting that early adulthood may be a critical period in the accumulation of 
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cardiovascular risk and that early cumulative SBP remembered by the body even after 

several years. These findings are consistent with a study by Zhang et al 28, which 

demonstrated association between cumulative exposure to high SBP during young adulthood 

and later life CVD risk, independent of later adult exposures. Our study was similar to that 

study with respect to the study population. Both studies pooled together US cohorts with 

information spanning the life course. While the primary outcomes of interest on Zhang et al 

study included incident CHD, heart failure, and stroke, our study incorporated any CVD, 

CHD, CHF, stroke, all-cause mortality, as well as healthy longevity. In addition, in Zhang et 

al’s study, many BP measures were imputed, especially for the early exposure (age 18 to 39 

years) where in-person exams were lacking in most cohorts included. In this study, the 

inclusion of individuals with at least 3 visits with BP exam during the 10 years before the 

index date allowed us to rely on a median of 4.0 visits with actual BP for each individual to 

define the exposure variable. Our analysis also accounted for the effects of competing risks 

of death; a substantial analysis when a long-term risk is evaluated29, 30. The greater risk for 

CVD observed among younger (45-55) than older (>55) participants is also suggests that 

early middle age is a critical period for future CVD event. This finding is consistent with 

previous studies which demonstrated greater risk for CVD and mortality with young-onset 

Hypertension31, 32.

Strengths of the present study include a comprehensive sample which was comprised from 5 

large diverse US cohorts with information spanning adulthood; long-term follow-up; 

assessment of any CVD, CHD, stroke, CHF, all-cause mortality, and healthy longevity in the 

same sample; and availability of longitudinal BP measurements which enabled us to define a 

longitudinal exposure to BP level over 10 years in the middle age and taking into account 

both the exposure level and the cumulative time under each level.

This study also has some limitations. The first limitation is the observational nature of the 

study and the limited ability to make causal inference. Second, while the study sample 

consisted of 11,502 individuals, 13,627 were excluded due to data requirements. Those 

individuals were more likely to be Blacks and smokers and had lower level of education than 

those included in the study, which may result in bias toward null. The relatively low 

representation of Blacks limited our ability to evaluate the compression of CVD morbidity 

among sex and race strata, as presented in figure S1, although a similar trend was found for 

the different subgroups. Third, although pooling five different cohort studies provided large-

scale data as necessary to evaluate long-term risk, there was a potential for birth cohort 

effects. To consider cohort impact, we defined Cum10ySBP quartiles separately for each 

cohort.

Conclusions

Ten-year cumulative exposure to SBP is a risk factor to CVD and all-cause mortality, above 

and beyond current SBP. High level of 10-year cumulative exposure to SBP is associated 

with greater CVD risk. Individuals with similar contemporary SBP may be at different long-

term risks for CVD due to differences in their cumulative exposure to SBP. Therefore, 

cumulative SBP may be used to stratify individuals based in their risk for CVD. In addition, 

lower level of 10-year cumulative exposure to SBP postpones the onset of CVD by 5.4 
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years, and extends the overall survival by 4.1 years (compared with almost 4 years extended 

survival associated with favorable cardiovascular health measured at one point of time).

Perspectives

BP is a known risk factor for CVD, but many prior studies have predominantly focused on 

BP measured at a single point of time and the cumulative exposure time for hypertension 

was not taken into account. By utilizing pooled data from 5 racially and ethnically diverse 

US community-based CVD cohorts (n=11502), we demonstrated greater risk for any CVD, 

CHD, stroke, CHF, and all-cause mortality, with greater 10-years cumulative exposure to 

SBP, above and beyond current BP. In addition, lower 10-years cumulative exposure to SBP 

extended the overall survival by 4.1 years and postponed the onset of CVD by 5.4 years.

The observed association of cumulative SBP with CVD outcomes and mortality above and 

beyond a single BP level at index date demonstrates that Individuals with similar 

contemporary SBP may be at different long-term risk for CVD due to differences in their 

cumulative exposure to SBP, and therefore cumulative SBP may be used to stratify 

individuals based in their risk for CVD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

1. What Is New?

• Lower levels of cumulative systolic blood pressure over 10 years is 

associated with lower ~13 years risk for cardiovascular disease and 

death and with extended overall survival and later onset of 

cardiovascular disease.

2. What Is Relevant?

• Primordial prevention of blood pressure elevation is particularly 

important to reduce the cumulative burden of systolic blood pressure 

and ultimately prevent cardiovascular disease outcomes.

3. Summary

• Lower 10 years cumulative systolic blood pressure level is 

associated with lower risk for cardiovascular disease and with 

significantly greater healthy longevity. The risk for any 

cardiovascular disease, coronary heart disease, stroke, congestive 

heart failure, and all-cause mortality increased with increases in 

cumulative systolic blood pressure, above and beyond current blood 

pressure level.
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Figure 1: Study Design and Definition of the Exposure Variables
This figure depicts the study periods and the definition of the variables across the study 

timeline
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Figure 2: Selection of Study Population
This flow chart shows the establishment of the study cohort according to the study inclusion 

and exclusion criterion

* 11,073 (81.3%) failed to fulfill the data requirement due to an inappropriate data structure.
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Figure 3: Overall Survival, CVD Free Survival and Time Spent With CVD After Index Date*,†
This flow chart shows the overall survival, CVD Free survival and time spent with CVD 

after the index date according to 10 years cumulative systolic blood pressure quartiles.

* Average age (years) at index date was 55.5yr, 55.8yr, 56.1yr, and 56.4yr for quartile 1, 

quartile 2, quartile 3, and quartile 4, respectively.

† Mean life expectancy was 82.2yr, 81.2yr, 80.1yr, and 78.1yr for quartile 1, quartile 2, 

quartile 3, and quartile 4, respectively.
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Figure 4: The Association of 10 Years Cumulative Systolic Blood Pressure Quartiles with 
Cardiovascular Disease and All-Cause Mortality*,†,‡
Five forest plots show adjusted HRs for any cardiovascular disease, coronary heart disease, 

stroke, congestive heart failure, and all-cause mortality

* Participants were categorized into four groups by their cohort-specific Cum10ySBP 

quartile ranking. The median Cum10ySBP level of quartile 1, quartile2, quartile 3, and 

quartile 4 was 990, 1103, 1197, and 1308 for MESA study; 1026, 1118, 1204, and 1328 for 

ARIC study; 1036, 1119, 1293, and 1305 for CARDIA study; 1081, 1182, 1269, and 1392 

for FOS; and 1152, 1261, 1361, and 1525 for FHS, respectively.

† For all models, quartile 1 (i.e. the quartile with the median Cum10ySBP in the normal 

range) was defined as the reference group.

‡ For CVD outcomes (Figures A to D), Fine & Gray's subdistribution method was used to 

account for the effects of competing risks of death. Cox proportional hazards method was 

used for the association of Cum10ySBP with all-cause mortality (Figure E).
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