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IMPORTANCE If we assume that women andmen exhibit variations of the same fundamental

vascular physiology, then conventional analyses of subclinical measures would suggest that

women catch up tomen bymidlife in the extent of potentially important vascular disease.

Alternatively, under the assumption that vascular physiologymay fundamentally differ

between women andmen, a sex-specific analysis of existing data could offer new insights and

augment our understanding of sex differences in cardiovascular diseases.

OBJECTIVE To evaluate whether longitudinal patterns of blood pressure (BP) elevation differ

between women andmen during the life course when considering baseline BP levels as the

reference.

DESIGN, SETTING, AND PARTICIPANTSWe conducted sex-specific analyses of longitudinal

BPmeasures (144 599 observations) collected for a period of 43 years (1971 to 2014) in

4 community-based US cohort studies. The combined total included 32 833 participants

(54% female) spanning ages 5 to 98 years. Data were analyzed betweenMay 4, 2019, and

August 5, 2019.

EXPOSURES Age and serially assessed longitudinal BPmeasures: systolic BP, diastolic BP,

mean arterial pressure (MAP), and pulse pressure (PP).

MAIN OUTCOMES ANDMEASURES Sex-specific change in each primary BPmeasure compared

with baseline BP levels, derived frommultilevel longitudinal models fitted over the age span,

and new-onset cardiovascular disease events.

RESULTS Of the 32 833 participants, 17 733 were women (54%). Women compared with men

exhibited a steeper increase in BP that began as early as in the third decade and continued

through the life course (likelihood ratio test χ2 = 531 for systolic BP; χ2 = 123 for diastolic BP;

χ2 = 325 for MAP; and χ2 = 572 for PP; P for all <.001). After adjustment for multiple

cardiovascular disease risk factors, these between-sex differences in all BP trajectories

persisted (likelihood ratio test χ2 = 314 for systolic BP; χ2 = 31 for diastolic BP; χ2 = 129 for

MAP; and χ2 = 485 for PP; P for all <.001).

CONCLUSIONS AND RELEVANCE In contrast with the notion that important vascular disease

processes in women lag behindmen by 10 to 20 years, sex-specific analyses indicate that BP

measures actually progress more rapidly in women than in men, beginning early in life. This

early-onset sexual dimorphismmay set the stage for later-life cardiovascular diseases that

tend to present differently, not simply later, in women compared with men.
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O
ver the last 2 decades, mounting evidence has high-

lighted differences between women and men in the

manifestation of common cardiovascular diseases

(CVDs). A prevailing perception is thatwomenare affected by

the same typesofCVD that affectmen, albeitwithdelayedon-

set andoften atypical symptoms.However,with respect to is-

chemic heart disease (IHD) andheart failure (HF), it is now in-

creasingly recognized that women are more likely than men

todevelopcoronarymicrovasculardysfunction (CMD)andHF

withpreservedejection fraction (HFpEF), especially in the set-

ting of vascular risk factors such as hypertension.1-3 In effect,

the broadening clinical experience of managing CVD condi-

tions thatmanifestdifferentlybetweenwomenandmen, com-

binedwith the accumulatingdata on sex-specific CVDpresen-

tations, suggest that cardiovascular pathophysiology is likely

to be fundamentally different between the sexes. If true, then

intrinsic sexual dimorphism in cardiovascular pathophysiol-

ogymust plausibly extend fromsexual dimorphism in cardio-

vascular physiology. To better understand how sex differ-

ences inearlier-life cardiovascularphysiologymayprecedesex

differences in later-life cardiovascular pathophysiology, we

used population-based multicohort data to conduct a com-

prehensive sex-specific analysis of bloodpressure (BP) trajec-

tories over the life course, given that measures of BP eleva-

tion in the community represent the single most accessible

metric of vascular aging as well as the largest contributor to

IHD and HF risk in both women andmen.4-7

Methods

Usingapprovedaccessdata fromtheNationalHeart, Lung, and

Blood InstituteBioLINCCrepository,weaggregatedseriallyex-

amined BPmeasurements collected longitudinally from par-

ticipants of 4 community cohorts whose study designs have

beendescribedpreviously: theFraminghamHeartStudy (FHS)

offspring cohort,4 the Atherosclerosis Risk in Communities

(ARIC)Study,8 theCoronaryArteryRiskDevelopment inYoung

Adults (CARDIA) Study,9 and the Multi-Ethnic Study of Ath-

erosclerosis (MESA).10 Each participant provided written in-

formedconsent, and institutional reviewboards approved the

study protocol at each site. A total of 32845 unique partici-

pants fromFHS (examinations 1-9), ARIC (visits 1-4), CARDIA

(examinations 1-8), and MESA (examinations 1-4) were eli-

gible for inclusion. We excluded individual-level observa-

tions from analyses if concurrent data were missing for BP

measures or antihypertensive medication (eFigure 1 in the

Supplement).

Systolic BP (SBP) anddiastolic BP (DBP)were assessed for

seated participants who had been resting for at least 5 min-

utes using a mercury column sphygmomanometer in FHS,

Hawksley random zero sphygmomanometer in ARIC and

CARDIA (examinations 1-6), Omronmodel HEM907XL oscil-

lometric BP monitor in CARDIA (examinations 7-8), and au-

tomated oscillometric device (Dinamap Monitor Pro 100) in

MESA. To adjust for between-methodheterogeneity,weused

themercury column sphygmomanometer (FHS) as reference

andadjustedBPmeasures inARICbySBPplus 2.6mmHgand

DBP plus 6.2 mm Hg and adjusted BP measures in MESA by

SBP plus 0.5mmHg and DBP plus 2.9mmHg based on a pre-

viouslydescribed correctionmethod.11,12ForCARDIA,we first

calibrated oscillometric values to Hawksley random zero

sphygmomanometermeasures (step 1)13 and thenadjustedBP

measures tomercurycolumnsphygmomanometerbySBPplus

2.6mmHg and DBP plus 6.2mmHg (step 2).11 To account for

the treatment effects of antihypertensive therapy on blood

pressure,14we imputeduntreatedvalues by adding 10mmHg

to SBP and 5 mmHg to DBP values observed in the setting of

antihypertensive therapy,15,16andmeanarterialpressure (MAP)

and pulse pressure (PP) were calculated based on these im-

putedvalues: PP = SBP−DBPandMAP = DBP+ (1/3) PP. In ad-

dition,we conducted a sensitivity analysis using alternate ap-

proaches to imputation, including (1) adding 15mmHg to SBP

and 10 mm Hg to DBP and (2) adding 15 mm Hg to SBP and

5 mmHg to DBP.

Mixed-effects regressionmodels were used to display BP

trajectories in women and men separately, with age used as

the common timescale for all analyses. We used repeated BP

measures to fit mixed-effects linear regression models with

each BP measure as the outcome, participant indentifica-

tions as random intercepts, and age as a fixed effect ex-

pressedusing restricted cubic splineswith4knots to allow for

nonlinear relationships.Meanvalueswere estimated for each

BP measure over an age range of 18 (0.5th percentile) to 85

(99.5thpercentile)years forwomenandmenseparately.Within

the premise of sex-specific physiology,we then calculatedBP

change from the baseline BP level aswell as the differences in

BP increment between women and men. Differences be-

tween sexes in the associations betweenBPmeasures and age

were tested via likelihood ratio test betweenmodelswith and

without parameters representing the interactionbetween sex

and the cubic spline variables representing age. Mixed-

effects regression models were further adjusted for covari-

ates including bodymass index (calculated as weight in kilo-

gramsdividedbyheight inmeters squared), total cholesterol,

diabetes mellitus, and current smoking status. In secondary

analyses, we repeated all models stratified by race/ethnicity

(white individualsvsblack individuals) aswell asbycohortand

antihypertensivemedication use (with vswithout antihyper-

tensive therapy).

Key Points

Question How do patterns of blood pressure (BP) change over

the life course and differ between sexes?

Findings In this analysis of 4 community cohort studies,

trajectories of BP elevation in 32 833 individuals (54%women)

were examined serially over 4 decades (age span, 5 to 98 years).

Women compared with men exhibited a steeper increase in BP

measures that began as early as in the third decade and continued

throughout the life course.

Meaning Sex differences in BP trajectories, which begin early and

persist with aging, may set the stage for later-life cardiovascular

diseases that frequently present differently in women vs men.
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Figure 1. Sex-Specific Trajectories of Blood Pressure (BP)
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To understand sex-specific BP trajectories in context,

we examined sex-specific CVD incidence in our multicohort

sample. We defined incident hard CVD as new-onset fatal

or nonfatal myocardial infarction, HF, or stroke, adjudicated

using established criteria that are known to be largely

similar across all cohorts.9,17,18 We estimated the Kaplan-

Meier cumulative incidence of hard CVD by sex. All analyses

were performed using R, version 3.5.1 (R Foundation for

Statistical Computing) and Stata, version 15 (StataCorp).

All P values were 2-sided, with a significance level

of .05.

Results

A total of 32 833 unique participants, each contributing at

least 1 observation with both BP and antihypertensive medi-

cation data available (eFigure 1 in the Supplement),

were included for analyses: 5120 participants from FHS

(after 4 were excluded), 15 786 from ARIC (6 excluded),

5113 from CARDIA (2 excluded), and 6814 from MESA

(0 excluded). These participants (32833 total; 17 733 women

[54%]) contributed 144 599 observations during a 43-year

period (1971-2014), with ages spanning 5 to 98 years. During

4 decades of follow-up, 8130 participants (24.8%) had

developed new-onset hard CVD events (eTable in the

Supplement).

Figure 1A displays BP values for both sexes on the

same vertical axis, with trends suggesting that BP levels in

women appear to catch up to BP levels in men by midlife.

When the data are displayed with sex-specific values set to

represent change from baseline BP level (ie, elevation

from baseline), allowing comparison of older individuals

with their younger selves over time, another pattern

emerges (Figure 1B). In effect, as early as the third decade of

life, women compared with men exhibited faster rates of

progressive BP elevation with aging (likelihood ratio test χ2

= 531 for systolic BP; χ2 = 123 for diastolic BP; χ2 = 325 for

MAP; and χ2 = 572 for PP; P for all <.001). When considering

women-to-men difference in BP change, as displayed in

Figure 2, all BP components, including systolic BP, diastolic

BP, PP, and MAP, increased more predominantly in women

compared with men over the life course.

In analyses adjusting for clinical covariates (including

BMI, total cholesterol, diabetes mellitus, and current smok-

ing), the rates of increase for all BP measures were expect-

edly attenuated for both sexes when compared with unad-

justed BP trajectories; notably, multivariable-adjusted BP

trajectories remained higher in women than in men over the

life course (Figure 3; likelihood ratio test χ2 = 314 for systolic

BP; χ2 = 31 for diastolic BP; χ2 = 129 for MAP; and χ2 = 485 for

PP; P for all <.001).

In secondary analyses stratified by race/ethnicity, co-

hort, andantihypertensivemedicationuse,weobserved simi-

lar trends (eFigures 2-6 in the Supplement). Ourmain results

were also unchanged when using alternative methods to im-

pute the potential effects of antihypertensive therapy (eFig-

ure 7 in the Supplement).

To further understand sex-specific BP trajectories in

context, we examined incidence of new-onset hard CVD

events in our study sample and observed the cumulative

incidence to be higher in men than in women over the adult

life course, as expected (Figure 4; 4486 of 15 100 men

[29.7%] vs 3644 of 17 733 women [20.5%] developed inci-

dent CVD; HR, 1.61; 95% CI, 1.54-1.69; P <.001; log-rank

P < .001).

Discussion

If we assume that women and men exhibit variations of the

same fundamental physiology, then conventional analyses

of longitudinal BP data would suggest that women catch up

to men by midlife in the extent of vascular disease manifest-

ing as age-related elevations in BP.4 However, if we suspend

this hypothesis, and consider the possibility that physiol-

ogy, including vascular physiology, is fundamentally differ-

ent between women and men, then sex-specific analyses of

the data can reveal new insights. In particular, when we per-

mit sex-stratified analyses of longitudinal data with serial

BP measures compared with baseline levels, women com-

pared with men clearly exhibit a steeper increase in BP that

begins as early as the third decade and continues through-

out the life course.

Despite multiple previous reports of age-related BP

trends observed in women and men,4,19 relatively little

work has been done to examine life course BP trajectories in

relation to sex-specific baseline values. In a study of more

than 30000 predominantly white adults enrolled in 8 UK

cohorts, Wills et al20 observed a steeper rise of SBP with

Figure 2. Differences BetweenWomen andMen in Incremental

Blood Pressure (BP) Elevation FromBaseline Levels
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Under the premise of sex-specific physiology, we calculated between-sex

differences (womenminus men) in the change of BP values from baseline, and

these data demonstrate faster rates of increase in women thanmen for all BP

measures, particularly for systolic BP and pulse pressure (PP). Fitted lines

denote mean sex differences in incremental BP (women vs men) from baseline,

calculated from restricted cubic spline of mixed-effects linear regressionmodels

(Figure 1B). Shaded regions denote 95% CI. DBP indicates diastolic blood

pressure; MAP, mean arterial pressure; SBP, systolic blood pressure.
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Figure 3. Multivariable-Adjusted Sex-Specific Trajectories of Blood Pressure (BP)With Aging
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The BP trajectories adjusted for multiple risk factors (bodymass index, total

cholesterol, diabetes, and smoking status) are displayed as bolder curves (with

shading for error limits). Although BP trajectories in both sexes were attenuated

with multivariable adjustment, consistent with the known contributions of risk

factors to age-related BP elevation, between-sex differences in all BP

trajectories persisted. P values are for sex differences in the BP trajectories.

DBP indicates diastolic blood pressure; MAP, mean arterial pressure; PP, pulse

pressure; SBP, systolic blood pressure.
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aging in women compared with men. Our analysis expands

from this prior work by comprehensively examining all BP

measures, including PP and MAP, in a multiracial sample

derived from several large US cohorts. Although our study

did not include children or young adults, Shen et al21 exam-

ined serial BP data from the Bogalusa Heart Study and

observed no sex differences from ages 5 to 14 years, but

then higher slopes of SBP and DBP rise in male individuals

than female individuals beginning at age 15 years (coincid-

ing with peripubertal growth) followed by steeper slopes of

SBP and DBP rise in women than men starting in the 20s to

30s. These findings are also consistent with our results,

indicating that the sex differences in BP trajectories seen

over adulthood begin early in life. Interestingly, when we

adjusted our analyses for cardiometabolic risk factors, we

found that the rates of increase for all BP measures were

similarly attenuated in both sexes, as expected and consis-

tent with the notion that risk factor exposures contribute

substantially to progressive age-related rise in BP. Notably,

BP trajectories of increase remained more pronounced in

women than men in these adjusted analyses.

Sexual dimorphism in age-related BP elevation may be

due to many causes, including differences in hormonal

factors, chromosomal factors, and sex-biased nonchromo-

somal gene expression.22 Importantly, complex social, eco-

nomic, and structural environmental factors lead to differ-

ences in the lived experience between women and men that

can also affect physiology as well as vascular biology.23

Nonetheless, still the most commonly considered contribu-

tors to biological sex differences remain those associated

with sex hormones (ie, type and timing of menarche, preg-

nancy, and menopause).24 However, the evidence to date

would suggest that episodes of hormonal variation or pertur-

bation are not sufficient to account for the sex differences in

cardiovascular phenotypes that are consistently seen during

the entire life course.25 Women compared with men have

not only smaller total body size on average but also smaller

organs, including the heart, and smaller vessel caliber,

including the coronary arteries, even after adjusting for body

surface area.26,27 These morphologic differences are likely

coupled with intrinsic physiologic differences that become

more evident as well as more persistent with aging and the

age-related accumulation of common risk exposures. This

construct is consistent with our finding that MAP (a measure

that grossly reflects small artery compliance) increases at a

higher rate in women than men over the life span. In turn,

the higher rate of MAP increase in women, potentially

indicative of small artery remodeling (media-to-lumen

ratio), may contribute to the greater prevalence of CMD in

women than men.28 The higher rate of PP increase in

women, reflecting accelerated arterial stiffening and coin-

ciding with greater concentric left ventricular remodeling,

may contribute to the excess risk of HFpEF in women.29

Alternatively, or in addition, sex differences in associations

of BP with systemic microvascular inflammation and oxida-

tive stress30 may also contribute to coronary microvascular

endothelial dysfunction and adverse myocardial remodel-

ing, the putative subclinical precursors to CMD and HFpEF.31

Limitations

Notwithstanding strengths of this analysis, including the

combined multicohort and multiethnic design, broad age

range, and serially standardized BP measurements collected

for up to 4 decades, certain limitations merit consideration.

The fitted splines are unable to completely explain variation

over the entire life course, especially at the individual level.

While imputing for differences in methods for assessing BP,

we could not account for all the heterogeneity existing

between or within cohort study settings. Although we stud-

ied individuals across the age range from multiple racial/

ethnic groups, generalizability to populations not repre-

sented herein remains unknown. Our findings could have

been influenced by relative undertreatment of hypertension

in women, which could not be fully captured by our analy-

ses despite imputing for presence vs absence of antihyper-

tensive medication use. It is known that less healthy men

tend to be survived by healthier men, and this survival bias

could have contributed to lower or more stable BP levels in

older men compared with older women.

Conclusions

In summary, we analyzed BP trajectories over the life course

in a sex-stratified fashionandobserved that progressiveBPel-

evation increasedmore rapidly inwomen than inmen, begin-

ning as early as in the third decade of life. In contrastwith the

notion that important vascular diseases inwomen lag behind

men by 10 to 20 years, our findings indicate that certain vas-

cular changesnot only develop earlier but also progress faster

in women than in men. In effect, sex differences in physiol-

ogy, starting in early life, may well set the stage for later-life

cardiac as well as vascular diseases that often present differ-

ently inwomencomparedwithmen.Additionalwork isneeded

to furtherunderstandsexualdimorphismincardiovascular risk

tooptimizepreventionandmanagementefforts inbothwomen

andmen.

Figure 4. Sex Differences in Cardiovascular Disease (CVD) Incidence
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