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Abstract

Background: Hypertensive disorders of pregnancy (HDP), including gestational hypertension 

and preeclampsia, are associated with an increased risk of CVD.

Objectives: To evaluate associations between HDP and long-term CVD and identify the 

proportion of the association mediated by established CVD risk factors.

Methods: Parous participants without CVD in the Nurses’ Health Study II (n=60,379) were 

followed for incident CVD from first birth through 2017. Cox proportional hazards models 

estimated hazard ratios (HR) and 95% confidence intervals (CI) for the relationship between 

HDP and CVD, adjusting for potential confounders, including pre-pregnancy body mass index, 

smoking, and parental history of CVD. To evaluate the proportion of the association jointly 
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accounted for by chronic hypertension, hypercholesterolemia, type 2 diabetes, and changes in 

BMI, we used the difference method.

Results: Women with HDP in first pregnancy had a 63% higher rate of CVD (CI:1.37–1.94) 

compared to women with normotensive pregnancies. This association was mediated by established 

CVD risk factors (proportion mediated=64%). The increased rate of CVD was higher for 

preeclampsia (HR=1.72, CI:1.42–2.10) than gestational hypertension (HR=1.41, CI:1.03–1.93). 

Established CVD risk factors accounted for 57% of the increased rate of CVD for preeclampsia 

but 84% for gestational hypertension (both p<0.0001).

Conclusions: Established CVD risk factors arising after pregnancy explained most (84%) of the 

increased risk of CVD conferred by gestational hypertension and 57% of the risk among women 

with preeclampsia. Screening for chronic hypertension, hypercholesterolemia, type 2 diabetes, and 

overweight/obesity after pregnancy may be especially helpful in CVD prevention among women 

with a history of HDP.

Condensed Abstract:

In this prospective cohort study of 60,379 women followed for a median of 34 years after 

first birth, hypertensive disorders of pregnancy (HDP), including gestational hypertension and 

preeclampsia, were associated with cardiovascular disease (CVD) events. This relationship 

persisted with adjustment for shared risk factors, including pre-pregnancy body mass index, 

smoking, and family history, and was largely accounted for by the subsequent development of 

established CVD risk factors. Screening for chronic hypertension, hypercholesterolemia, type 2 

diabetes, and overweight/obesity after pregnancy may be especially helpful in CVD prevention 

among women with a history of HDP.

Short tweet (paper summary):

Established risk factors (chronic HTN, elev chol, T2DM, BMI) accounted for the majority of the 

63% higher rate of CVD after a hypertensive pregnancy.
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INTRODUCTION

New-onset hypertensive disorders of pregnancy (HDP; gestational hypertension and 

preeclampsia) occur in approximately 15% of parous women and are consistently associated 

with a two-fold increased risk of cardiovascular disease (CVD) and premature CVD-related 

mortality, compared to women with a history of normotensive pregnancy (1,2). However, 

few studies of incident CVD after hypertensive pregnancies have adjusted for shared pre-

pregnancy risk factors, such as body mass index (BMI) (3–5), or had a mean/median 

follow-up of more than 30 years (4,6–9).

Women with a history of HDP have elevated risks of chronic hypertension, 

hypercholesterolemia, and type 2 diabetes mellitus (T2DM), and the American Heart 

Association (AHA) and American College of Cardiology endorse preeclampsia as a 
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risk-enhancing factor for hypercholesterolemia (10,11). However, the extent to which 

the relationship between HDP and CVD events is mediated by these established CVD 

risk factors remains less clear. Previous studies have examined the role of individual 

mediators but no study has examined the joint contribution of chronic hypertension, 

hypercholesterolemia, T2DM, and BMI in mediating the relationship between HDP and 

CVD (5,12,13). The AHA has recognized gestational hypertension and preeclampsia as 

risk factors for CVD and encouraged clinicians to evaluate cardiovascular risk by screening 

women for these adverse pregnancy outcomes since 2011 (14). Longitudinal investigation 

of CVD incidence after a hypertensive pregnancy that examines the role of intermediate 

CVD risk factors is essential to inform screening practices and clinical recommendations for 

women with a history of HDP.

With up to over 50 years of follow-up after first birth and longitudinal collection 

of health-related behaviors, reproductive history, and incident CVD risk factors and 

events, we examined the association between HDP and CVD, controlling for pre-

pregnancy confounders, and examined mediation by subsequent CVD risk factors—chronic 

hypertension, hypercholesterolemia, T2DM, and changes in BMI—in the Nurses’ Health 

Study II (NHSII).

METHODS

Cohort Description

The NHSII is an ongoing cohort of 116,429 female U.S. registered nurses aged 25–

42 at enrollment in 1989. Participants are followed prospectively through biennial 

questionnaires, which ascertain information on health-related behaviors, medication use, 

and incident disease. The average active follow-up rate for each questionnaire is over 90%. 

This study protocol was approved by the Institutional Review Boards of Brigham and 

Women’s Hospital and the Harvard T.H. Chan School of Public Health (protocol number: 

1999P003389).

Hypertensive Disorders of Pregnancy

The 2009 biennial questionnaire captured complete pregnancy history, including adverse 

pregnancy outcomes and gestation length. Participants self-reported HDP as “pregnancy-

related high blood pressure” (gestational hypertension) or “pre-eclampsia/toxemia.” 

Since this questionnaire did not ascertain chronic hypertension during pregnancy, the 

analysis focused on new-onset hypertension in pregnancy (gestational hypertension and 

preeclampsia). A validation study among 462 NHSII participants who self-reported 

preeclampsia on biennial questionnaires from 1991 to 2001 demonstrated that 89% had 

medical record evidence of preeclampsia (10). The primary analysis focused on HDP in 

first pregnancy (normotension [ref], gestational hypertension, preeclampsia) since HDP 

predominantly occurs during first pregnancies (15) and to avoid potential bias induced by 

selective fertility (wherein the decision to pursue subsequent pregnancies is dependent on 

previous pregnancy outcomes) (16). A secondary analysis examined HDP exposure across 

all lifetime pregnancies, including ever and recurrent HDP (see Supplemental Text for 

details).
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Cardiovascular Disease Events

Participants reported history of physician-diagnosed “myocardial infarction (MI) or 

angina” or “stroke (cerebrovascular accident) or transient ischemic attack” on the 1989 

baseline questionnaire. Subsequent biennial questionnaires captured incident CVD events. 

Participants or next of kin approved medical record access for validation of incident events. 

MI events were confirmed using the World Health Organization criteria of symptoms plus 

either diagnostic electrocardiographic results or elevated cardiac-specific enzymes (17,18). 

Fatal coronary artery disease (CAD) events were confirmed using hospital records, autopsy, 

or death certificates among individuals with evidence of prior CAD. Stroke was confirmed 

using National Survey of Stroke criteria, requiring neurological deficit with rapid or sudden 

onset that persisted for more than 24 hours or until death (19). Strokes discovered through 

radiologic imaging alone and cerebrovascular pathology resulting from infection, trauma, 

or malignancy (“silent” strokes) were not included. CVD events, including CAD (MI 

or fatal CAD) and stroke, that satisfied these criteria upon medical record review were 

considered definite. CVD events for which medical records could not be obtained or for 

which permission was not granted but were confirmed by the participant or a relative were 

considered probable. Definite and probable CVD cases comprised the outcome of interest.

Covariates

In 1989, participants reported race/ethnicity, current height and weight, weight at age 

18, physical activity, parental history of MI before age 60, medical history (including 

chronic hypertension and diabetes not during pregnancy), and history of smoking, alcohol 

consumption, and oral contraceptive use. Biennial questionnaires after 1989 updated health-

related behaviors and additionally ascertained diet, an expanded personal medical history 

(including hypercholesterolemia), and the nurse’s parents’ education level, history of stroke 

before age 60, and ages at and causes of death.

BMI (kg/m2) was calculated from height and weight at age 18 and at each biennial 

questionnaire. For ages at which weight was not reported, BMI was derived based on 

reported weights and incorporating somatograms at ages 20, 30, and 40 (10). Diet was 

summarized in quintiles using the 2010 Alternative Healthy Eating Index dietary quality 

score, derived from food frequency questionnaires (20). Self-reported weight at age 18, 

current height, diet, and physical activity have been shown to be reliable in previous 

validation studies (see Supplemental Methods). Pre-pregnancy information was drawn 

from the biennial questionnaire immediately before the first pregnancy. Since most first 

pregnancies (83%) occurred before NHSII enrollment, information about health-related 

behavior in high school and within varying age ranges from 13 through 42 years reported at 

baseline was used to assign pre-pregnancy values for women with first births before 1989.

Hypercholesterolemia was defined as self-report of hypercholesterolemia or cholesterol-

lowering medication use (collected since 1999). Incident diabetes was confirmed through 

a supplemental questionnaire, which collected information on symptoms, diagnostic tests, 

and treatment. Diabetes cases were classified into categories established by the National 

Diabetes Data Group and American Diabetes Association, as described elsewhere (21–23). 

Participants reported the year of diagnosis for incident physician-diagnosed conditions 
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within three categories. For chronic hypertension and hypercholesterolemia, the midpoint 

of each date range was used as the year of diagnosis. For T2DM, year of diagnosis came 

from the supplemental questionnaire. Medical record validation has previously demonstrated 

the accuracy of nurse participants’ self-report of chronic hypertension (sensitivity: 94%), 

hypercholesterolemia (confirmation: 86%), and T2DM (confirmation: ≥98%) (24–26).

Exclusions

Analyses were restricted to women who completed the 2009 biennial questionnaire, which 

permitted dating of first birth and assignment of HDP exposure (n=76,840). After applying 

additional exclusion criteria (Figure 1), 60,379 parous women free of CVD before first 

pregnancy were retained in the primary analysis. For the mediation analysis, we further 

restricted to 57,974 women at risk for the potential mediators of interest. The analysis of 

lifetime HDP started follow-up at age 40 (by which point 95% of women had experienced 

their final pregnancy) and was restricted to 57,137 parous women with their final pregnancy 

before age 40 and who remained free of CVD at age 40.

Statistical Analysis

Characteristics of the analytic population at first pregnancy and at 1989 NHSII enrollment 

were standardized to the age distribution of the population and summarized by HDP status 

in first pregnancy (Table 1). Cox proportional hazards models estimated hazard ratios (HR) 

and 95% confidence intervals (CI) for the association between HDP and CVD. Women 

contributed person-time to the analysis from first birth until confirmed CVD, death, last 

returned questionnaire, or 2017 (Figure 2).

We compared the distributions of age at and time to CVD development between HDP 

groups using log-rank tests. Multivariable models were adjusted for variables identified a 
priori as pre-pregnancy confounding variables: age at first birth, age at NHSII enrollment, 

race/ethnicity, parental education, strenuous physical activity at ages 18–22, parental history 

of CVD before age 60, and pre-pregnancy BMI, alcohol consumption, diet, smoking, oral 

contraceptive use, and hypercholesterolemia. (As only 11 women developed T2DM prior 

to first pregnancy, this was not included in multivariable adjustment.) Models for lifetime 

HDP additionally adjusted for final parity. Missing covariate data were addressed by missing 

indicators. To evaluate non-linear departures from proportional hazards, we used restricted 

cubic splines to conduct a non-parametric test of whether the HDP-CVD association was 

modified by time since first birth (27,28). As no non-linearity was revealed, we tested for 

linear departures through a likelihood ratio test, comparing nested models with and without 

multiplicative interaction terms between 1) gestational hypertension and time since first 

birth and 2) preeclampsia and time since first birth; no linear departures from proportional 

hazards were found (p=0.12). Multivariable-adjusted cumulative incidence curves for CVD 

were obtained at the mean and mode values of the continuous and categorical covariates, 

respectively, using the Breslow estimator.

To evaluate chronic hypertension, hypercholesterolemia, T2DM, and changes in BMI 

occurring after first pregnancy as potential mediators, we used the difference method, 

fitting models with and without these established CVD risk factors (29). Chronic 
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hypertension, hypercholesterolemia, and T2DM were treated as time-dependent binary 

mediators and, once a woman developed a mediator, she was considered to have the 

mediator through end of follow-up. BMI was treated as a time-varying continuous mediator, 

updated over follow-up according to self-reported changes in weight. Mediation analysis 

requires the following assumptions: 1) no unmeasured exposure-outcome confounding, 

2) no unmeasured mediator-outcome confounding, 3) no unmeasured exposure-mediator 

confounding, and 4) no mediator-outcome confounder affected by the exposure (30). 

To control for confounding of these relationships, we additionally adjusted for updated 

behaviors over follow-up in mediation models. We tested for the presence of interactions 

between each mediator and HDP using likelihood ratio tests of nested models with and 

without the interactions; no exposure-mediator interactions were found (all p-values>0.05). 

We used the SAS %mediate macro to calculate the proportion of the HDP-CVD jointly 

mediated by chronic hypertension, T2DM, hypercholesterolemia, and BMI (31,32). Several 

sensitivity analyses were conducted to examine the robustness of our findings (Supplemental 

Text). All analyses were conducted using SAS 9.4 (SAS Institute, Inc., Cary, NC).

RESULTS

Approximately 10% of women experienced HDP in their first pregnancy. First births 

occurred between 1964 and 2008 at an average age of 27.0 ± 4.7 years. Women with HDP 

in first pregnancy were similar to those with normotensive first pregnancies in demographics 

and health-related behaviors (Table 1). However, women with HDP were more than three 

times as likely to have a pre-pregnancy BMI ≥30 kg/m2 and were more likely to have a 

parent with a premature CVD event.

By the end of follow-up, when participants were a median age of 61 years (interquartile 

range [IQR]: 57, 64; range: 33–71) with a median follow-up of 34 years since first birth 

(IQR: 29, 40; range: 2–54), 1,074 (1.8%) women had experienced a first CVD event—560 

CAD events (554 MIs and 6 fatal CAD) and 515 strokes (n=1 woman had both an MI and 

stroke). In fully adjusted models, women with HDP in first pregnancy had a 63% increased 

rate of CVD, compared to women with a normotensive first pregnancy (CI: 1.4–1.9; Table 

2, Model 2). Adjustment for pre-pregnancy BMI, smoking, and parental history of CVD 

accounted for most of the modest attenuation between age, race/ethnicity, and parental 

education-adjusted and fully adjusted estimates. When we separately examined gestational 

hypertension and preeclampsia with CAD and stroke endpoints, there were significant 

associations between preeclampsia and CAD (HR=2.2, CI: 1.7, 2.8) and gestational 

hypertension and stroke (HR: 1.6, CI: 1.0–2.4) (Central Illustration). Further adjustment 

for updated smoking, diet, alcohol intake, physical activity, and oral contraceptive use after 

pregnancy, resulted in slight attenuation but did not alter conclusions (data not shown). 

Women with HDP in first pregnancy exhibited elevated rates of CVD, relative to women 

with normotensive first pregnancies, regardless of gestation length (Table 3).

Women with HDP in first pregnancy also developed CVD slightly younger and sooner after 

their first birth than women with normotensive first pregnancies (Table 2). The increased rate 

of CVD among women with HDP in first pregnancy became statistically significant between 
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40–49 years of age, ranging between a 41–81% increased rate through age 69 (Supplemental 

Table 1).

Women with HDP exhibited a higher cumulative incidence of CVD that emerged 

approximately 10 years after first birth for women with preeclampsia and 30 years after 

first birth for women with gestational hypertension (Figure 3).

Twelve percent of women experienced at least one lifetime pregnancy characterized by HDP 

and 2.2% (n=1,265) experienced recurrent HDP (Table 4). Ever experiencing HDP was 

associated with a 63% higher rate of CVD (CI: 1.4–1.9) compared with women without 

HDP (Table 4, Model 3). Women with one pregnancy complicated by HDP had a 48% 

higher rate of CVD (CI: 1.2–1.8) while women with two or more HDP pregnancies had a 

2.3-fold higher rate (CI: 1.7–3.1) compared to women with all normotensive pregnancies. 

Women with a history of one or more HDP pregnancies exhibited higher rates of CVD 

regardless of which pregnancies were complicated by HDP, although the highest relative risk 

was observed among women with recurrent HDP that impacted their first and then a second 

or later pregnancy (HR=2.5; CI: 1.8–3.3).

Comparing models for HDP and CVD with and without CVD risk factors developing 

after pregnancy, 63.8% (CI: 38.6–83.2; p<0.0001) of the association between HDP in 

first pregnancy and CVD was jointly mediated by the subsequent development of chronic 

hypertension, hypercholesterolemia, T2DM, and changes in BMI (Table 5). The proportion 

mediated (PM) by these factors was higher for gestational hypertension (PM=83.8%) than 

preeclampsia (PM=57.3%). All CVD risk factors contributed to mediation; however, chronic 

hypertension accounted for the largest individual proportion followed by changes in BMI, 

hypercholesterolemia, and T2DM. Chronic hypertension individually mediated 81% and 

48% of the associations between gestational hypertension and preeclampsia with CVD, 

respectively. Among women with CVD events, 95% of those with gestational hypertension 

(n=39 of 41) and 89% of those with preeclampsia (n=101 of 113) developed chronic 

hypertension between first pregnancy and their CVD event.

Sensitivity Analyses

Sensitivity analyses to address the potential for outcome misclassification, immortal person-

time bias, survival bias, and unmeasured confounding, and to examine an alternative method 

for handling missing data (multiple imputation by chained equations) did not materially alter 

results (Supplemental Text; Supplemental Tables 2 and 3).

DISCUSSION

Women with HDP in first pregnancy had a 63% higher rate of future CVD events 

compared to women with normotension, even after accounting for important shared risk 

factors, including pre-pregnancy BMI, smoking, and parental history of CVD. This elevated 

rate was largely explained by subsequent development of established CVD risk factors—

chronic hypertension, hypercholesterolemia, T2DM, and changes in BMI—in the years 

after a hypertensive first pregnancy. The HDP-CVD relationship appeared to be driven 
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by associations between preeclampsia and CAD and between gestational hypertension and 

stroke.

This study deepens our understanding of the relationship between HDP and long-term 

maternal CVD and highlights targets for potential risk reduction. Previous studies, largely 

unadjusted for pre-pregnancy cardiometabolic confounding factors, suggested an increased 

CVD risk of 1.7–2.7-fold in women with a history of HDP, depending on the specific 

exposure and outcome of interest, length of follow-up, and degree of adjustment (1). The 

longitudinal nature of the NHSII permitted thorough adjustment for pre-pregnancy risk 

factors, yet inclusion of pre-pregnancy demographic and behavioral variables only slightly 

attenuated hazard ratios for the relationship between HDP and CVD. We found that 64% 

of the increased CVD risk associated with HDP was explained by subsequent development 

of chronic hypertension, hypercholesterolemia, T2DM, and changes in BMI. The fact that 

chronic hypertension accounted for much of this association is consistent with previous 

mediation analyses (5,12,13). For example, an analysis among 220,024 women with a mean 

age of 57 years at baseline and followed for a median of 7 years in the UK Biobank found 

that chronic hypertension accounted for 64% of the increased risk of CAD among women 

with a history of HDP (13). The large degree of mediation observed in the HDP-CVD 

relationship may also partially explain why including HDP in an established CVD risk score 

does not appear to improve CVD prediction in women 40 years of age and older (33).

NHSII participants were followed for a median of 34 years after first birth and provided 

a complete reproductive history, which allowed examination of CVD risk associated with 

HDP exposure in any pregnancy. While history of HDP in any pregnancy increased a 

woman’s risk of CVD relative to women without HDP, recurrent HDP in two or more 

pregnancies was associated with a more than doubling of CVD risk—findings consistent 

with those from the Swedish Medical Birth Register (34).

Much of the previous literature has focused on preeclampsia or examined the hypertensive 

disorders jointly; with over 60,000 parous women, we were able to examine gestational 

hypertension and preeclampsia separately, yielding informative differential relationships. 

Women with a history of preeclampsia in first birth had an increased rate of CAD but not 

stroke whereas the opposite was true for women with a history of gestational hypertension, 

which conferred an increased rate of stroke but not CAD. This finding is consistent with a 

growing understanding that the HDP subtypes may represent different disease phenotypes 

rather than a spectrum of severity. The suggestion that gestational hypertension might be 

more strongly linked to stroke than preeclampsia in our data is consistent with findings from 

the Northern Finland Birth Cohort 1966 (4). Further, our mediation findings demonstrated 

that chronic hypertension accounted for a greater proportion of the association between 

gestational hypertension and CVD than that between preeclampsia and CVD, and we 

previously found women with gestational hypertension to have a higher risk of developing 

chronic hypertension than women with preeclampsia (10). Given these findings and the 

primacy of hypertension as a risk factor for stroke (35), it is not surprising to see the 

association between gestational hypertension and stroke in the current analysis.
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While gestational hypertension appears to be a pure hypertensive phenotype, the 

pathophysiology underlying preeclampsia is more heterogeneous, stemming from abnormal 

placentation that results in endothelial dysfunction, systemic vascular impairment, 

vasoconstriction, and end-organ ischemia during pregnancy (36). In the years and decades 

following delivery, women with a history of preeclampsia exhibit vascular endothelial 

dysfunction, changes to cardiac structure and function, and increased premature vascular 

aging and subclinical atherosclerosis (36–41). Endothelial dysfunction may serve as a shared 

risk factor for both preeclampsia and CAD via inadequate vascularization of the uterus 

during pregnancy and of the myocardium later in life (40).

The primary study limitation is the potential for exposure misclassification, given nurse 

participants self-reported HDP. However, a NHSII validation study confirmed medical 

record evidence of preeclampsia for the majority of women who reported it. While 

HDP additionally include chronic hypertension and superimposed preeclampsia (42), this 

analysis focused on new-onset hypertension during pregnancy (gestational hypertension 

and preeclampsia), which is consistent with existing HDP-CVD literature (1). While we 

cannot rule out the potential for residual or unmeasured confounding (such as by social 

determinants of health), this study provides the most complete pre-pregnancy covariate 

adjustment currently available. Further, based on the calculated E-values, an unmeasured 

confounder would need to be associated with both HDP and CVD by a magnitude of 

2.0–3.9-fold above and beyond the measured variables included in the model to explain 

away the observed associations. The only measured confounder within that range was 

pre-pregnancy obesity (HR=2.4, Model 2 for HDP-CVD), so it is unlikely that the observed 

associations were caused by an unmeasured confounder. Finally, NHSII participants are 

predominantly White nurses, and our findings should be generalized to other populations 

with some caution. In particular, non-Hispanic Black women have higher risks of HDP and 

CVD, relative to non-Hispanic White women, and rates of preeclampsia are increasing more 

rapidly among Black women than White women (43), yet it remains to be seen whether the 

magnitude of the HDP-CVD association differs among these and other women of color.

Women who develop HDP typically exhibit a subtle adverse cardiovascular risk profile 

before pregnancy, as demonstrated in this and previous studies (44). While this suggests 

the CVD risk trajectory precedes pregnancy, the experience of HDP itself may also induce 

vascular, endothelial, or organ damage that directly increases a woman’s risk of CVD 

(45,46). However, regardless of whether the HDP-CVD relationship is causal, HDP has the 

potential to be a powerful clinical risk marker. The “stress test” of pregnancy may help alert 

women and their providers to their underlying cardiovascular risk, creating an opportunity 

for primordial prevention of CVD risk factors (43,47,48). To leverage this window of 

opportunity, however, bridges need to be established between obstetric and primary care 

for risk communication, behavioral intervention, and follow-up; primary care providers and 

cardiologists should also be sure to obtain reproductive histories from their patients.

To our knowledge, this study presents the most complete control of pre-pregnancy 

confounding in the relationship between HDP and long-term CVD and is the first to 

estimate the proportion of this association jointly mediated by chronic hypertension, 

hypercholesterolemia, T2DM, and changes in BMI. Even after adjustment for pre-pregnancy 
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confounders, HDP in first pregnancy remained associated with a 63% higher rate of 

CVD later in life. Over 80% of the increased risk of CVD among women with gestation 

hypertension was accounted for by the development of chronic hypertension after pregnancy. 

Although the majority of the preeclampsia-CVD association was jointly explained by 

established CVD risk factors, approximately 40% of the association remained unexplained; 

this suggests that preeclampsia may increase the risk of CVD through non-traditional and/or 

underrecognized risk factors. Our findings suggest that screening for and treatment of 

chronic hypertension, hypercholesterolemia, T2DM, and overweight/obesity following a 

pregnancy may delay, or even prevent, cardiovascular disease among women with a history 

of HDP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Perspectives:

Competency in Medical Knowledge:

Hypertensive disorders of pregnancy, including gestational hypertension and pre-

eclampsia, are associated with an increased risk of cardiovascular events that is 

incompletely explained by shared risk factors, including obesity, smoking, and family 

history.

Translational Outlook:

Research is needed to establish strategies to reduce long-term cardiovascular risk 

following hypertensive pregnancy.
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Figure 1: Flow diagram for the primary, mediation, and secondary analyses.
* Women reporting chronic hypertension within one year after first birth (n=115) were 

excluded to prevent misclassification of exposure (undetected chronic hypertension before 

pregnancy may be incorrectly captured as incident chronic hypertension directly following 

pregnancy) and since the exact date of diagnosis was unknown, which prevented definitive 

determination as to whether the chronic hypertension arose before, during, or after 

pregnancy.
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Figure 2: Nurses’ Health Study II data collection timeline and analytic follow-up.
Ascertainment of exposure and assignment of pre-pregnancy covariate information for 

participants with their first birth before cohort enrollment and for those with their first 

birth during active follow-up.
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Figure 3: Multivariable-adjusted cumulative incidence of cardiovascular disease.
Curves were obtained at the mean and mode values of the following continuous and 

categorical covariates, respectively: age at first birth, age at NHSII enrollment, race/

ethnicity, parental education, physical activity at ages 18–22, parental history of CVD <60, 

and pre-pregnancy smoking, body mass index, alcohol consumption, Alternative Healthy 

Eating Index score, oral contraceptive use, and hypercholesterolemia.
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Central Illustration: Differential associations by hypertensive disorder of pregnancy and 
cardiovascular disease subtypes.
Hazard ratios and 95% confidence intervals (CI) were obtained from fully adjusted Cox 

proportional hazards models (Table 2, Model 2). The overall association between having 

a hypertensive disorder in first pregnancy and long-term maternal cardiovascular disease 

appeared to be driven by underlying associations between preeclampsia and coronary artery 

disease and between gestational hypertension and stroke.
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Table 1.

Age-standardized characteristics of Nurses’ Health Study II participants by hypertensive status at first 

pregnancy

Hypertensive Disorder in First Pregnancy Status

Normotensive 
Pregnancy n=54,756 

(90.7%)

Gestational 
Hypertension n=1,789 

(3.0%)
Preeclampsia n=3,834 

(6.4%)

Age at first birth, years, mean (SD)* 27.0 (4.6) 28.2 (4.9) 27.0 (4.8)

Age at NHSII enrollment (1989), years, mean (SD)* 35.1 (4.7) 34.3 (4.7) 34.5 (4.6)

Nulliparous at NHSII enrollment 16 18 16

Race/ethnicity

 White 94 95 94

 Black 1 1 1

 Hispanic/Latina 2 1 2

 Asian 1 1 1

 Other/Multi-racial 2 2 2

Participant mother’s years of education >12 years 32 32 32

Participant father’s years of education >12 years 38 35 38

Strenuous physical activity, at ages 18–22 years

 Never 28 29 27

 10–12 months/year 11 11 11

Pre-pregnancy body mass index, kg/m2, mean (SD) 21.8 (3.5) 23.3 (4.4) 22.9 (4.2)

Pre-pregnancy body mass index ≥30 kg/m2 2 7 6

Pre-pregnancy type 2 diabetes mellitus
† <1 0 0

Pre-pregnancy hypercholesterolemia 3 3 4

Parental history of MI/fatal CAD or stroke before age 60 20 24 24

Alternative Healthy Eating Index (AHEI) score
‡

 Lowest quintile (unhealthy) 20 23 22

 Highest quintile (healthy) 19 20 18

Pre-pregnancy smoking status

 Never 68 70 68

 Past 10 9 10

 Current 22 21 22

Pre-pregnancy alcohol intake

 None 26 27 28

 ≤1 drink/week 37 36 36

 2–6 drinks/week 29 29 28

 ≥1 drink/day 8 8 8

Pre-pregnancy oral contraceptive use

 Never 22 21 19

 <2 years 25 26 27

 2–<4 years 22 21 22
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Hypertensive Disorder in First Pregnancy Status

Normotensive 
Pregnancy n=54,756 

(90.7%)

Gestational 
Hypertension n=1,789 

(3.0%)
Preeclampsia n=3,834 

(6.4%)

 ≥4 years 31 32 32

Preterm delivery (<37 weeks) in first birth 8 8 16

Final parity
§

 1 birth 16 21 22

 2 births 49 48 49

 3 births 26 23 23

 ≥4 births 9 8 7

Percentages unless otherwise noted. Values are means (SD) or percentages and are standardized to the age distribution of the study population. 
Values of polytomous variables may not sum to 100% due to rounding.

Information for above characteristics was missing in n=6,934 for participant mother’s education, n=7,689 for participant father’s education, n=352 
for pre-pregnancy smoking, n=351 for strenuous physical activity at 18–22 y, n=255 for pre-pregnancy alcohol intake, n=27,460 for AHEI diet 
score, and n=974 for pre-pregnancy oral contraceptive use

*
Value is not age adjusted

†
n=11 women (0.02%) developed type 2 diabetes mellitus prior to first pregnancy (all of whom had a normotensive first pregnancy)

‡
Self-reported diet based on high school diet information (for women with first birth before 1991) or within 0–3 years before first birth if first birth 

was in 1991 or later

§
Final parity based on self-reported lifetime pregnancy history provided on the 2009 biennial questionnaire
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Table 2.

Hypertensive Disorders in First Pregnancy and Cardiovascular Disease

Hypertensive Disorder in First Pregnancy Status

Normotensive 
Pregnancy n=54,756 

(90.7%)

Gestational 
Hypertension n=1,789 

(3.0%)
Preeclampsia n=3,834 

(6.4%)

Hypertensive Disorders 
of Pregnancy n=5,623 

(9.3%)

CVD (CAD or Stroke)

 Cases/Person-Years 920/1,885,474 41/57,900 113/128,840 154/186,740

 Excess cases per 100,000 
person-years

--- 22 39 34

 Median age at event 

(IQR), years*
56 (50, 62) 58 (52, 63) 55 (47, 60) 56 (48, 62)

 Median time to event 

(IQR), years*
35 (29, 40) 32 (27, 37) 34 (29, 39) 33 (28, 38)

 Model 1 1.00 (ref) 1.55 (1.13, 2.12) 1.87 (1.54, 2.28) 1.78 (1.50, 2.11)

 Model 2 1.00 (ref) 1.41 (1.03, 1.93) 1.72 (1.42, 2.10) 1.63 (1.37, 1.94)

CAD

 Cases/Person-Years 467/1,831,185 19/56,130 74/125,080 93/181,210

 Excess cases per 100,000 
person-years

--- 8 34 26

 Median age at event 

(IQR), years*
56 (51, 61) 61 (55, 65) 55 (47, 61) 57 (50, 62)

 Median time to event 

(IQR), years*
34 (28, 39) 31 (26, 36) 33 (28, 38) 32 (27, 37)

 Model 1 1.00 (ref) 1.42 (0.90, 2.25) 2.42 (1.90, 3.10) 2.12 (1.70, 2.65)

 Model 2 1.00 (ref) 1.27 (0.80, 2.02) 2.21 (1.73, 2.84) 1.93 (1.54, 2.41)

Stroke

 Cases/Person-Years 454/1,831,172 22/56,133 39/125,045 61/181,178

 Excess cases per 100,000 
person-years

--- 14 6 9

 Median age at event 

(IQR), years
†

57 (50, 62) 56 (52, 62) 54 (48, 60) 55 (48, 61)

 Median time to event 

(IQR), years
†

34 (28, 39) 31 (26, 36) 33 (28, 38) 32 (27, 37)

 Model 1 1.00 (ref) 1.67 (1.09, 2.56) 1.29 (0.93, 1.80) 1.41 (1.08, 1.84)

 Model 2 1.00 (ref) 1.56 (1.01, 2.40) 1.21 (0.87, 1.68)
1.32 (1.00, 1.73)

‡

CAD: coronary artery disease; CVD: cardiovascular disease; IQR: interquartile range. Values are HR and 95% CI unless otherwise indicated. 
Excess cases (rate differences) were calculated by subtracting the incidence (cases/person-years) in the unexposed from the incidence in the 
exposed.

Model 1 is adjusted for age at first birth (years), age at NHSII enrollment (years), race/ethnicity (Black, Hispanic/Latina, Asian, White [ref], 
other/multi-race), and parental education (<9, 9–11, 12, 13–15, ≥16 years [ref]).

Model 2 is additionally adjusted for physical activity at ages 18–22 (never, 1–3 [ref], 4–6, 7–9, 10–12 mo/yr), pre-pregnancy smoking (never [ref], 

past, current), pre-pregnancy BMI (<18.5, 18.5–24.9 [ref], 25–29.9, ≥30 kg/m2), pre-pregnancy alcohol consumption (none [ref], ≤1 drink/week, 
2–6 drinks/week, ≥1 drink/day), pre-pregnancy Alternative Healthy Eating Index (AHEI) score (quintiles with the fifth quintile [ref] representing 
the healthiest diet category), pre-pregnancy oral contraceptive use (never [ref], <2, 2–<4, ≥4 years), pre-pregnancy hypercholesterolemia (no [ref], 
yes), and parental history of CAD and/or stroke before age 60 (CAD only for CAD model, stroke only for stroke model, CAD or stroke for CVD 
models; no [ref], yes)
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*
P-value <0.0001 from a global test of the difference in the distribution of age at/time to CVD event between hypertensive disorder in first 

pregnancy exposure groups

†
P-value <0.05 from a global test of the difference in the distribution of age at/time to CVD event between hypertensive disorder in first pregnancy 

exposure groups

‡
The hazard ratio for the association between stroke and hypertensive disorders of pregnancy was statistically significant (p=0.0467; CI: 1.004–

1.726)
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