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Sex differences in the manifestations of clinical cardiovascular disease become more evident 

with advancing age and are likely related to sexual dimorphism in risk factors such as high 

blood pressure (BP).1 Accordingly, we and others have observed marked differences 

between females and males in trajectories of BP elevation, a surrogate of vascular aging, 

beginning early in life.2–4 In effect, previously reported evidence has shown that females 

tend to exhibit a more accelerated rise in BP in early-to-mid life such that their BP levels 

catch up to those of men by later life.2–4 Such overt sex differences in patterns of BP 

elevation are likely related to a variety of underlying mechanisms including variable 

associations with cardiometabolic risk factors, which are also known to differ between 

women and men. Therefore, we sought to examine sex differences in the extent to which 

cardiometabolic risk traits are related to BP elevation over the life course.

We used serially examined BP measurements collected longitudinally from participants of 

four community cohorts with study designs described previously:5 Framingham Heart Study 

(FHS) offspring cohort (Exams 1–9), Atherosclerosis Risk in Communities (ARIC) Study 

(Exams 1–4), Coronary Artery Risk Development in Young Adults (CARDIA) Study 

(Exams 1–8), and Multi-Ethnic Study of Atherosclerosis (MESA, Exams 1–4). Each 

participant provided informed consent, and institutional review boards approved the protocol 

at each study site. We excluded observations if concurrent data were missing for BP 

measures, antihypertensive medication, or key covariates: body mass index (BMI), smoking 

status, diabetes mellitus (DM) and total cholesterol (TC). Thus, our final study sample 

included N=32,833 unique participants who contributed 136,869 observations over a 43-year 

period (1971–2014) with ages spanning 5 to 98 years.
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As part of harmonizing data across cohort studies, we corrected systolic BP measures to 

readings from mercury column sphygmomanometer after adjusting for previously described 

between-method differences.6–8 To account for the effects of antihypertensive therapy,9 we 

imputed BP values to be 10 mm Hg higher in estimated systolic BP and 5 mm Hg higher in 

estimated diastolic BP for individuals on antihypertensive therapy.10,11 In secondary 

analyses, we applied alternate approaches to imputing effects of medication therapy and we 

also conducted analyses without imputation but with adjustment for medication use in 

multivariable modeling. Higher versus lower risk burden was defined as presence of ≥2 

versus <2 of the following cardiometabolic risk factors assessed at each visit: smoking status 

(current smoker), diabetes mellitus, obesity (BMI ≥30 kg/m2), or hypercholesterolemia (total 

cholesterol ≥200 mg/dL). We categorized participant-observations (N=136,869) into 4 

categories: (1) women with higher risk burden, (2) women with lower risk burden, (3) men 

with higher risk burden, (4) men with lower risk burden. For each category, we fit multilevel 

linear regression models to display longitudinal BP trajectories, with age used as the 

timescale for all analyses. Each model included age as a fixed effect, participant IDs as 

random intercepts, and BP measure as the outcome.

Given that the associations of the predictor variable (age) with the outcome variable (systolic 

BP) were non-linear, we used restricted cubic splines with 4 knots to allow for nonlinearity 

of relationships. Under the premise of sex-specific physiology,12,13 we then calculated BP 

change from the baseline BP level (i.e. mean BP level at 18 years of age) for each category. 

Differences between higher and lower risk burden in the relationships between BP measures 

and age were tested via likelihood ratio test between models with and without parameters 

representing the interaction between risk burden and the cubic spline variable representing 

age. Differences in systolic BP trajectories between higher and lower risk burden over time 

were shown as the area between the BP curves with higher and lower risk burden. 

Graphically quantitative difference were then plotted as area chart above x-axis. In all fitted 

splines, data were truncated over an age range of 18 (0.5th percentile) to 85 (99.5th 

percentile) years. We then categorized participant-observations according to age tertiles (i.e. 

18~49; 50~59; 60~85). To quantify the difference of BP trajectories between higher and 

lower risk burden, in each age tertile, we compared rates of BP increase with age (mmHg 

per decade) in the presence of higher versus lower risk burden using multilevel linear 

regression models adjusted for diabetes mellitus, smoking status, obesity, 

hypercholesterolemia, race, and cohort. We then compared differences by sex in the risk-

related differences in BP rate of increase (difference in difference). All analyses were 

performed using R v3.5.1 (R Foundation for Statistical Computing, Vienna) and STATA v15 

(StataCorp, College Station, TX).

In our multi-cohort sample, the mean age at baseline was 36.8±8.8 years in women and 

36.6±8.8 years in men; 36% of women and 32% of men were of non-white race/ethnicity. 

During the follow-up period, 29.0% of women and 39.2% of men died. To discern the risk 

profiles among the survived females and males, we compared and observed that older 

women versus older men (i.e. participant-observations in the 60–80 year age range) had 

greater body mass index, systolic BP (SBP), and total cholesterol; however, they also had 

lower frequency of current smoking and diabetes (P<0.001 for all).
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In analyses of systolic SBP trajectories over time, we observed that SBP levels increased 

with age to a greater extent in the higher than in the lower risk burden groups (Figure 1A), 

both in women and in men (P<0.001 for both). When trajectories of SBP elevation for both 

sexes and both risk groups are displayed in relation to adult baseline levels (i.e. from 18 

years of age, allowing for SBP comparisons in older individuals to their younger selves over 

time), differences in risk-related SBP elevation are further clarified (Figure 1B). In 

particular, risk-stratified analyses demonstrate that the presence of a greater risk factor 

burden was associated with more accentuated SBP elevation and greater overall SBP load in 

women than in men throughout the adult life course (Figures 1C and 1D). Accordingly, as 

shown in Figure 1E, presence of a greater risk factor burden was associated higher 

multivariable-adjusted rates of SBP increase (i.e. calculated as slopes of BP rise), especially 

in early adulthood. Notably, risk-related SBP elevation was more profound in women than in 

men especially in younger adulthood (P=0.014). In analyses using different approaches to 

accounting for the effects of antihypertensive medication use, results were similar (data not 

shown). In analyses of diastolic BP, mean arterial pressure, results were similar (data not 

shown).

In summary, we observed that a greater cardiometabolic risk factor burden was associated 

with more accentuated BP elevation and greater overall BP load in women than in men 

throughout the adult life course. Given that BP is one of the most accessible indices of 

vascular function, these results suggest possibly greater sensitivity of the arterial vasculature 

in women than men to risk exposures – particularly earlier rather than later in life – 

potentially due to intrinsic baseline differences in arterial anatomy or physiology or both. 

Our findings may also be related to previously reported sex variation in the manifestation 

and effects of cardiometabolic risk traits, particularly early in life, including but not limited 

to differences in the prevalence of dysglycemia (i.e. more impaired fasting glucose in 

women), metabolic syndrome subtype distribution (i.e. more clustering of lipid and 

anthropometric abnormalities in women), fat partitioning (i.e. greater subcutaneous adipose 

tissue in women), and adipocyte biology.14,15 As commonly seen in longer term cohort 

studies, a survival bias that generally favors healthier males to survive into older age may 

have influenced a slowing of the BP elevation rate in men with advancing age; notably, we 

did observe attenuation of the BP increase in older age in both sexes. Notwithstanding 

potential limitations for interpreting data available from our cohort in the later decades of 

life, we observed sex differences that were pronounced beginning in early life and persistent 

through at least middle age. Further studies are needed to determine whether more tailored 

interventions targeting modifiable risk factors could effectively alter sex-specific trajectories 

in BP elevation, particularly for young women at risk.
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Figure 1. Sex Differences in the Cardiometabolic Risk-Related Systolic Blood Pressure 
Elevations Over the Life Course.
Sex-specific systolic blood pressure (SBP) trajectories are displayed for all participants 

stratified by presence of higher versus lower risk factor burden (≥2 versus <2 of the 

following risk factors: obesity, diabetes mellitus, hypercholesterolemia, current smoker). In 

Panel A, trajectories of SBP in the presence of higher risk factor burden are displayed as 

bolder curves (with darker shading for error limits), overlaid with trajectories for lower risk 

factor burden displayed as less bold curves (with lighter shading for error limits). In Panel 
B, data was displayed with sex-specific values set to represent change from baseline SBP 

level (i.e. “elevation from baseline”), allowing comparison of older individuals to their 

younger selves over time. The presence of a greater risk factor burden was associated with 

steeper increase of SBP in women and men (P<0.001 for both). In Panel C, sex-specific 

differences in SBP load between having higher versus lower risk factor burden shown as the 

area between the curves. In Panel D, the relative difference in SBP load between having 

higher versus lower risk factor burden is shown as area between the curve and the x-axis. In 

Panel E, risk-related SBP elevation (i.e. calculated as difference in slopes of SBP rise 

between higher and lower risk burden) was greater in women than in men at young age. 

Overall findings demonstrate greater differences in both SBP trajectories and SBP load over 

time (i.e. with aging) in women versus men, particularly in the presence of higher risk at 

young age. The P values in Panel B denoted with an asterisk are for sex differences in SBP 

elevation rate shown for lower risk and higher risk participant observations, respectively. *P 

values are for differences in rate (i.e. slope) of BP increase in the setting of <2 versus ≥2 of 

the following risk factors: obesity, hypercholesterolemia, diabetes mellitus, and current 
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smoking status, in women and men respectively. †P values are for comparing risk factor 

burden associated differences between women and men.
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