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Abstract

Introduction: The optimum physical activity dose to achieve during young adulthood to 

prevent hypertension using the 2017 American College of Cardiology/American Heart Association 

guidelines remains undefined. This study aims to determine the association between level and 

change in physical activity through the adult life course and the onset of hypertension using these 

2017 definitions.

Methods: In 2020, prospective community-based cohort data of 5,115 Coronary Artery Risk 

Development in Young Adults study participants were analyzed. The cohort included Black and 

White men and women aged 18–30 years at baseline (1985–1986) at 4 urban sites, collected 

through 30 years of follow-up (2015–2016). Individualized physical activity trajectories were 

developed for each participant using linear mixed models.

Results: Black women reported the lowest physical activity levels from young adulthood through 

middle age. Lower physical activity score (per 100 units) at age 18 years was associated with 4% 

(95% CI=1, 7, p=0.002) higher odds of hypertension incidence. Each additional 1-unit reduction 

per year in physical activity score was associated with 2% (95% CI=1, 3, p=0.001) higher annual 
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odds of hypertension incidence. Meeting approximately the current minimum physical activity 

guideline levels at age 18 years and through follow-up was not protective of hypertension onset; 

however, meeting approximately twice the current minimum physical activity guideline level at 

age 18 years and through follow-up was protective of hypertension onset.

Conclusions: Moderate physical activity levels may need to exceed current minimum guidelines 

to prevent hypertension onset using 2017 American College of Cardiology/American Heart 

Association definitions.

INTRODUCTION

Hypertension is a major modifiable risk factor for cardiovascular disease, the leading cause 

of death in the U.S.1 Physical activity (PA) is an important nonpharmacological intervention 

recommended for the prevention of hypertension, as reinforced by the 2017 American 

College of Cardiology (ACC)/American Heart Association (AHA) guidelines for high blood 

pressure (BP) in adults. These guideline lowered the threshold for systolic and diastolic 

BP to define hypertension (130/80 mmHg from 140/90 mmHg), which expanded the 

number of adults with hypertension.2 Adequate PA is associated with lower odds of having 

hypertension,3–5 but there remains a need to better understand how PA affects hypertension 

through the entire life course, starting in young adulthood. Young adulthood may set PA 

trajectories (i.e., levels and slope over age and time) for the rest of adulthood and may, 

therefore, represent an important window for early intervention and primordial prevention.6,7

Data from national surveys estimate that two-thirds of adults aged 55–64 years in 

the U.S. have hypertension according to 2017 ACC/AHA definitions.2 The 2018 HHS 

Physical Activity Guidelines Scientific Report identified observational research examining 

the relationship between PA and BP using the 2017 ACC/AHA hypertension definitions 

as an important need for future research.8 Furthermore, few studies have examined the 

relationship between PA and hypertension starting in young adulthood through the life 

course given limited data on the young adult to older adult time periods. The Coronary 

Artery Risk Development in Young Adults (CARDIA) study is a cohort with data spanning 

the adult life course.9 A previous CARDIA study found an association between PA 

and hypertension in young adulthood;3 however, this study used older definitions of 

hypertension, was limited to 15 years of follow-up, and used the average of multiple PA 

measures rather than calculating slopes or trajectories. Previous studies in CARDIA have 

shown associations between PA and incident hypertension in young adulthood3 and middle 

age4 but have not conducted analyses spanning young adulthood through middle age. One 

study demonstrated the feasibility of PA trajectory analyses but used group-based rather than 

individualized trajectories and examined coronary artery calcium rather than hypertension 

as an outcome.10 Thus, the relationship between individual PA trajectories through the adult 

life course and hypertension using 2017 ACC/AHA definitions warrants examination.2

The objective of this study is to determine the associations between PA trajectories (level in 

young adulthood and slope through the adult lifespan) and the onset of hypertension defined 

by ACC/AHA through the adult life course. This study builds on previous literature by 

defining individualized longitudinal PA assessments for each participant, starting in young 
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adulthood with a 30-year follow-up, and applying 2017 ACC/AHA hypertension definitions 

toward identifying incident cases. A secondary objective of the study is to determine 

whether meeting the adult PA guidelines are differentially associated with hypertension 

onset. The hypothesis is that both PA level in young adulthood and slope through the adult 

life course are associated with hypertension onset and that meeting the PA guidelines is 

protective of hypertension onset.

METHODS

Study Population

The CARDIA study is a prospective community-based cohort study that included 5,115 

Black and White adults at the baseline examination (1985–1986). Participants were recruited 

from 4 urban sites (Birmingham, AL; Chicago, IL; Minneapolis, MN; and Oakland, CA) 

and have been followed for >30 years with high retention (90% in Year 2, 86% in Year 5, 

81% in Year 7, 77% in Year 10, 74% in Year 15, 72% in Year 20, 72% in Year 25, and 

71% in Year 30). The cohort was designed to be approximately balanced within center by 

sex, race (Black and White), age (18–24 years and 25–30 years at baseline), and educational 

level (high school or less and higher than high school). After the baseline examination, 1 

participant requested to be excluded from all further analyses. Further details about the study 

design have been previously published.9 The study was approved by the institutional review 

board at each site, and written informed consent was obtained from all participants.

Measures

Self-reported leisure-time PA was ascertained by the interviewer-administered CARDIA 

Physical Activity History Questionnaire at each of the 9 examinations.10,11 Participants were 

asked about the frequency of participation in 13 different activity categories (8 vigorous 

and 5 moderate intensity) of recreational sports, exercise, leisure, and occupational activities 

over the previous 12 months. Each activity’s intensity was expressed as METs, where 1 
MET is defined as the energy expended at rest (approximately an oxygen consumption of 

3.5 mL/1 kg of body weight/minute). Vigorous-intensity activities (≥6 METs) included 

running, racquet sports, bicycling faster than 10 miles per hour, swimming, vigorous 

exercise classes, sports (e.g., basketball, football), heavy lifting, carrying or digging on 

the job, and home activities such as snow shoveling and lifting heavy objects. Moderate­

intensity activities (3–5 METs) included nonstrenuous sports (e.g., softball), walking, 

bowling/golf, home maintenance (e.g., gardening, raking), and calisthenics.12 Each activity 

was assigned a frequency on the basis of whether it was performed for ≥1 hour or during 

any 1 month in the past year, the number of months it was performed at that level, and the 

number of months the activity was performed frequently. Intensity scores (3–8 METs) and 

duration thresholds (2–5 hours per week) were assigned to each activity; anything above 

these levels of participation was considered frequent.10 A moderate to vigorous–intensity 

PA score (referred to as PA score in the remaining part of this paper) was computed by 

multiplying the frequency (number of months) of participation by the intensity (METs) of 

the activity with a weighting factor for the months of more frequent participation.13 The 

total activity score was the sum of all activities expressed in exercise units (EUs). For 

reference, a PA score of 300 EUs approximates the HHS recommendations of approximately 
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150 minutes of moderate-intensity activity per week.14,15 The CARDIA PA questionnaire 

demonstrated a test–retest reliability of 0.77–0.84,13 similar to those of other activity 

questionnaires.11

BP was measured at each of the 9 CARDIA examinations. Resting systolic and diastolic 

BPs were measured 3 times at 1-minute intervals. Calibrated BP values were used to 

ensure the comparability of the measurements for Years 0–15 (random 0) and Years 20–30 

(Omron) (Appendix Methods, available online).16,17 The average of the second and third 

BP measurements was used. Hypertension was defined per 2017 ACC/AHA guidelines 

as systolic BP >130 mmHg, diastolic BP >80 mmHg,2 or participants’ report of taking 

antihypertensive medications.

Age (in years), race (Black or White), sex (male or female), smoking status (never, 

former, or current smoker), alcohol use (mL of alcohol consumed per day), educational 

attainment (the highest grade of school completed), family history of hypertension 

or cardiovascular disease (yes or no), medical history, and medications were reported 

through the questionnaire. The use of antihypertensive medications was assessed by self­

report at each examination. BMI was calculated on the basis of measured height and 

weight at each examination. Diabetes mellitus (yes/no) was defined as a self-reported 

physician diagnosis of diabetes, fasting glucose ≥126 mg/dL, or the use of hypoglycemic 

agents.9,10 Plasma concentrations of total cholesterol and triglycerides were measured 

using enzymatic methods.9 High-density lipoprotein cholesterol levels were measured after 

dextran-magnesium precipitation,18 and serum low-density lipoprotein cholesterol levels 

were calculated using the Friedewald equation.19

Statistical Analysis

PA trajectories were modeled among all CARDIA participants. A linear mixed model for 

repeated measures of PA to generate succinct summaries of exercise patterns was developed. 

The linear mixed model included fixed effects for a 4-level categorization of sex and race, 

age as continuous, and their interactions as well as random effects for participant and age, 

with unstructured covariance (age was included as both a fixed and random effect). From the 

fixed and random effects estimates provided by this model, the expected PA level at age 18 

years and annual change for each participant was calculated. For ease of interpretation, the 

sign of both summaries was changed to capture the associations of a lower-level and faster 

decline in PA with increased hypertension risk.

Unadjusted cumulative incidence of hypertension by sex and race/ethnicity was estimated 

using Kaplan–Meier methods. The data for each participant were then expanded to include a 

record for each age between study entry and either at hypertension onset, assumed to occur 

at the first visit at which it was detected, or at censoring by the end of the study of loss 

to follow-up. Pooled logistic models were used to estimate the independent associations of 

the expected PA at age 18 years and subsequent annual change with onset of hypertension, 

adjusting for potential confounders, including sex, race, family history of hypertension or 

cardiovascular disease, years of education, smoking status, alcohol use, and BMI (smoking 

status, alcohol use, and BMI were time varying, with the last observation carried forward).10 

A further model additionally adjusted for diabetes, low-density lipoprotein cholesterol, 
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high-density lipoprotein cholesterol, and triglycerides (all were time varying, with the 

last observation carried forward).3,10 Pooled logistic models estimated the associations of 

meeting approximately the minimum PA guideline (>300 EUs) or twice the minimum PA 

guideline (>600 EUs) at age 18 years and through follow-up with onset of hypertension, 

adjusting for potential confounders. Analyses used Stata, version 16.0, and were conducted 

in 2020. Additional sensitivity analyses are listed in the Appendix (Appendix Tables 1‒
3, available online, show the retention and loss to follow-up; Appendix Tables 4 and 5, 

available online, show the interactions of level and slope of PA with hypertension onset).

RESULTS

Of the 5,114 participants included in the sample, 51.6% were Black, and 45.5% were men. 

Demographic and health characteristics of the sample at baseline are shown in Table 1. 

Figure 1 shows the average of race- and sex-specific population trajectories using locally 

weighted scatterplot smoothing. From age 18 to 60 years, PA, on average, was lowest among 

Black women than among other groups. Black men, on average, reported high levels of PA 

at age 18 years; however, the levels declined considerably from young adulthood to the end 

of middle age. Figure 2 shows the cumulative incidence of hypertension by race and sex. By 

age 60 years, 73.1% of participants had developed hypertension. Black men had the highest 

incidence of hypertension from young adulthood through middle age.

Table 2 shows pooled logistic regression model estimates for the associations of the 2 PA 

summaries (level at age 18 years and slope) with hypertension onset. Model 1 adjusted for 

age only, Model 2 adjusted for demographics and health behaviors, and Model 3 additionally 

adjusted for diabetes and cholesterol. In the fully adjusted model including diabetes and 

cholesterol (Model 3), a lower total PA score (per 100 units) at age 18 years was associated 

with 4% (95% CI=1%, 7%, p=0.002) higher odds of hypertension onset. In addition, each 

additional 1-unit reduction in the total PA score per year was associated with 2% (95% 

CI=1, 3, p=0.001) higher annual odds of hypertension onset. In a sensitivity analysis, 

interactions between PA and race/sex or BMI categories were not statistically significant 

(p>0.05).

Meeting approximately twice the minimum HHS PA guidelines at age 18 years (OR=0.82, 

95% CI=0.71, 0.93, p=0.002) and through the course of the follow-up (OR=0.78, 95% 

CI=0.66, 0.91, p=0.002) was associated with lower odds of hypertension onset (Table 

2). Meeting approximately the minimum PA guidelines at age 18 years and through the 

course of the follow-up was not associated with lower odds of hypertension onset. Among 

participants with high levels of PA at age 18 years (>600 EUs), dramatic subsequent 

decreases (loss >2.5 EU/year) in PA compared with gains were associated with hypertension 

onset (AOR=4.11, 95% CI=2.58, 6.52) (Appendix Table 6, available online). Among 

participants with low levels of PA at age 18 years (<300 EU), subsequent increases in 

PA compared with rapid decreases (loss >2.5 EU/year) were not significantly protective of 

hypertension onset (AOR=1.08, 95% CI=0.89, 1.31).
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DISCUSSION

In this prospective observational study with 30-year follow-up, total PA level at age 18 

years and declines in PA over time were each independently associated with the onset of 

hypertension. On average, PA declined in all sex and race groups from age 18 to 40 years. 

However, after age 40 years, PA levels in Black participants continued to decline, whereas 

PA levels remained relatively constant in White participants. Recommended levels of PA 

may need to exceed current minimum guidelines to prevent hypertension onset using 2017 

ACC/AHA definitions.

These findings align with those of previous studies that have shown an association between 

PA and hypertension.3–5,10 This study adds to the literature by incorporating 30 years of 

follow-up data in the CARDIA cohort and using ACC/AHA 2017 hypertension definitions 

(130/80 mmHg).2 The prevalence of hypertension in CARDIA using 2017 ACC/AHA 

definitions is similar to national data from the National Health and Nutrition Examination 

Surveys, which found that two-thirds of adults aged 55–64 years have hypertension 

according to 2017 ACC/AHA definitions.20 It is notable that both PA level and slope 

were independently associated with hypertension onset, even after adjusting for potential 

confounders.

Nearly half of the participants had suboptimal PA levels at baseline, and PA levels at age 

18 years were significantly associated with hypertension onset. The annual reduction of PA 

is more strongly associated with hypertension onset than PA level at age 18 years. This 

suggests the need to emphasize, prioritize, and fund interventions to promote PA early in life 

to prevent the development of hypertension in later adulthood.

The findings also indicate that young adulthood is an important window when PA declines 

in all race and sex groups, and these declines are associated with hypertension onset. 

The HHS Physical Activity Guidelines Scientific Committee Report acknowledged that 

although young adults share growth and development features with adolescents, there was 

insufficient literature to confirm or support a change to the current approach for young 

adults.8 These findings indicate that a higher minimum threshold for PA than that of the 

current guidelines (150 minutes of moderate-intensity PA per week) may be beneficial for 

the prevention of hypertension onset and could inform future guidance. These findings 

may differ from previous literature owing to the use of the 2017 ACC/AHA hypertension 

definitions, which expanded the number of adults with hypertension.2 The HHS guidelines 

did not include studies using this newer hypertension definition and did not take into account 

additional health outcomes, including mortality and cardiovascular disease, to inform their 

recommendations.8 Young adulthood is associated with important economic, educational, 

and social transitions that may lead to less PA.21,22 For instance, after having a physical 

education or team sports requirements in high school, most young adults no longer have 

similar PA opportunities or requirements as they transition to college or the workforce.23 

Furthermore, the transition to parenthood and additional social and economic responsibilities 

may displace leisure time for PA.24
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Given the trends in declining PA and associated health consequences, young adulthood 

is also an important time period for interventions to prevent declines in PA. Clinicians 

and public health campaigns should focus messaging on maintaining adequate levels of 

PA. The AHA has developed Life’s Simple 7, consisting of 7 risk factors that people 

can improve through lifestyle changes to achieve ideal cardiovascular health, including BP 

and activity level.25 However, the AHA notes that although most of the Life’s Simple 

7 are evaluated routinely in clinical practice (BP, glucose and lipid profiles, obesity, and 

smoking), PA is typically not assessed despite evidence on the feasibility, validity, and 

effectiveness of assessing and promoting PA in clinical settings.26 Messaging that promotes 

optimizing health beyond just the need to avoid risk may be particularly salient for young 

adults.27 Furthermore, PA intervention programs at schools,28 colleges,29 workplaces,30 

churches,31 and community organizations32,33 may promote PA among young people and 

adults. Furthermore, digital interventions, including text messages, e-mails, social media, 

games, and multicomponent interventions, may promote PA in the short term among young 

people,34,35 but further development of digital interventions for PA promotion is needed.

This study identified notable PA patterns by race and sex through the life course. Black 

women have high rates of obesity and smoking and low levels of PA from age 18 to 60 years 

and thus may be an important group for early targeted interventions. Although Black men 

report the highest PA levels among all race/sex groups in young adulthood, they have the 

greatest declines through middle age, similar to accelerometer-based findings.36 Although 

1 previous CARDIA study did not find an association between geocoded neighborhood 

PA resources and PA,37 another study found that self-reported neighborhood cohesion and 

resources are associated with more PA, particularly in Black men.38 Racial disparities in PA 

may be related to neighborhood environments, SES, family responsibilities, smoking status, 

access to healthcare professionals, and health status.39,40

Black men have a higher burden of incident hypertension from young adulthood through the 

life course, similar to findings from other population-based studies in the U.S.20 By age 45 

years, Black women surpass White men in the incidence of hypertension, whereas White 

women have the lowest incidence of hypertension through the adult life course.

Limitations

Limitations of this study should be noted. The self-reported PA questionnaire may be subject 

to participant recall and social desirability and did not collect information regarding activity 

intensity. However, the strength is that the same measure was used across the 30-year 

follow-up period. The sampling design of CARDIA selected participants identifying as 

Black or White race9 but was not representative of all races or ethnicities in the U.S., which 

may limit generalizability. Although models adjusted for several potential confounders, there 

is the possibility of unmeasured confounders. Given the larger proportion of the sample with 

hypertension by age 60 years, the number of eligible participants in the analysis drops with 

age.
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CONCLUSIONS

These findings have clinical and public health implications. First, this study supports the 

2017 ACC/AHA guidelines, which recommend nonpharmacological interventions, such as 

increasing PA, for the prevention and management of high BP.2 This association is important 

to confirm using the new hypertension definition of 130/80 mmHg. Second, achieving 

at least twice the current minimum adult PA guidelines may be more beneficial for the 

prevention of hypertension than simply meeting the minimum guidelines. Public health 

interventions may emphasize longer durations of PA to prevent hypertension.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Average physical activity trajectories.
Note: A total physical activity score of 300 EUs approximates the HHS recommendations 

of approximately 150 minutes of moderate-intensity activity per week. The figure represents 

the group average of total physical activity score by race and sex groups using locally 

Weighted Scatterplot smoothing. Appendix Figure 1 (available online) shows the physical 

activity trajectories with 95% prediction intervals by race and sex. Appendix Figure 2 

(available online) shows the average physical activity trajectories when physical activity 

observations after hypertension onset do not contribute. EU, exercise unit.
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Figure 2. 
Hypertension incidence by race and sex.

No., number.
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