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Abstract

IMPORTANCE Some prior evidence suggests that adverse pregnancy outcomes (APOs) may be

associated with heart failure (HF). Identifying unique factors associated with the risk of HF and

studying HF subtypes are important next steps.

OBJECTIVE To investigate the association of APOs with incident HF overall and stratified by HF

subtype (preserved vs reduced ejection fraction) among postmenopausal women in theWomen’s

Health Initiative (WHI).

DESIGN, SETTING, AND PARTICIPANTS In 2017, an APO history survey was administered in the

WHI study, a large multiethnic cohort of postmenopausal women. The associations of 5 APOs

(gestational diabetes, hypertensive disorders of pregnancy [HDP], low birth weight, high birth

weight, and preterm delivery) with incident adjudicated HFwere analyzed. In this cohort study, the

association of each APOwith HFwas assessed using logistic regressionmodels and with HF subtypes

using multinomial regression, adjusting for age, sociodemographic characteristics, smoking,

randomization status, reproductive history, and other APOs. Data analysis was performed from

January 2020 to September 2021.

EXPOSURES APOs (gestational diabetes, HDP, low birth weight, high birth weight, and preterm

delivery).

MAINOUTCOMES ANDMEASURES All confirmed cases of women hospitalized with HF and HF

subtype were adjudicated by trained physicians using standardizedmethods.

RESULTS Of 10 292 women (median [IQR] age, 60 [55-64] years), 3185 (31.0%) reported 1 or more

APO and 336 (3.3%) had a diagnosis of HF.Womenwith a history of any APOhad a higher prevalence

of hypertension, diabetes, coronary heart disease, or smoking. Of the APOs studied, only HDPwas

significantly associated with HF with a fully adjusted odds ratio (OR) of 1.75 (95% CI, 1.22-2.50), and

with HF with preserved ejection fraction in fully adjusted models (OR, 2.06; 95% CI, 1.29-3.27). In

mediation analyses, hypertension explained 24% (95% CI, 12%-73%), coronary heart disease 23%

(95% CI, 11%-68%), and bodymass index 20% (95% CI, 10%-64%) of the association between HDP

and HF.

CONCLUSIONS ANDRELEVANCE In this large cohort of postmenopausal women, HDPwas

independently associated with incident HF, particularly HF with preserved ejection fraction, and this

association wasmediated by subsequent hypertension, coronary heart disease, and obesity. These
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Abstract (continued)

findings suggest that monitoring andmodifying these factors early in women presenting with HDP

may be associated with reduced long-term risk of HF.
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Introduction

Women account for most cases of heart failure (HF) with preserved ejection fraction (HFpEF).1

Approximately 85% of US women experience pregnancy and childbirth, and up to 30% of

pregnancies are complicated by 1 or more adverse pregnancy outcomes (APOs).2 Several APOs have

been associatedwith a higher risk of developing cardiovascular disease (CVD), including gestational

diabetes (GD), hypertensive disorders of pregnancy (HDP), preterm delivery (PTD), low birth weight

(LBW), and high birth weight (HBW).3-6

Prior studies7-10 suggest that preeclampsia, gestational hypertension, and GDmay be

associated with an increased risk of developing HF. However, prior studies have neither jointly

considered the associations of multiple APOs with HF nor distinguished between HFpEF and HFwith

reduced ejection fraction (HFrEF) because of limited HF phenotyping.7,8,11,12 In addition, mediators

of these associations have not been robustly explored to date. Given the availability of both

reproductive data and adjudicated HF outcomes, theWomen’s Health Initiative (WHI) is a unique

resource to test the individual and joint associations between APOs and HF.

Methods

Study Population

TheWHI is a longitudinal study of ethnically diverse postmenopausal women aged 50 to 79 years at

entry, recruited from 40 US clinical centers between 1993 and 1998, and followed prospectively

since enrollment for multiple outcomes. Details of recruitment, baseline questionnaires, and

examinations performed have been described elsewhere.13,14 Briefly, women participated in 1 or

more of 3 clinical trials (of hormone therapy, dietary modification, and calcium or vitamin D

supplementation) or enrolled in an observational study.

This cohort study follows the Strengthening the Reporting of Observational Studies in

Epidemiology (STROBE) reporting guidelines and was approved by the University of California San

Francisco institutional review board. All participants gave written informed consent to participate in

WHI and its extension study.

Of the 161 808women in theWHI cohort, a subset of 44 174 participants were included in the

incident HF physician adjudication subcohort. The present study was based on women in the HF

subcohort who completed the APO survey and were free of HF at entry intoWHI (baseline)

(Figure 1).

In 2017, a follow-up survey was sent to all survivingWHI participants.3 The survey included 6

questions on APOs during any pregnancy, with possible responses of no, yes, and do not know

(eFigure 1 in the Supplement). APOs surveyed included GD, preeclampsia, gestational hypertension,

PTD (<37weeks gestation), LBW (<5.5 lb [2500 g]) or HBW (>9 lb 14 oz [4500 g]). More than 1 APO

may have occurred in the same woman, but not necessarily during the same pregnancy. Any history

of APO was defined as a participant reporting 1 or more APOs. Preeclampsia or eclampsia and

gestational hypertension were combined into a single HDP variable because of substantial overlap in

responses and similar point estimateswith respect to their associationwith the outcome (ie, HF), as

in prior published analyses.3

Participants in the HF subcohort were included in our study population if they completed the

APO survey, had a history of pregnancy lasting for more than 6 months, and were alive and still
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participating in theWHI at the time of the survey. Nonresponders were defined as eligible WHI

participants in the HF subcohort who did not answer the survey, had a history of pregnancy lasting

for more than 6 months, and were alive and still participating in the WHI at the time of the survey

(eFigure 2 in the Supplement).

Outcomes

The primary outcome was development of an HF diagnosis during the WHI study follow-up period

through 2018. Secondary outcomes included the development of HF subtypes HFrEF and HFpEF. All

confirmed cases of HF hospitalization and patient-reported development of HF, angina, or CVD

during hospitalization were adjudicated by trained physicians using standardizedmethods.15-17

Briefly, hospital records of suspected HFwere abstracted to include evidence of new onset of

symptoms, history of HF, general medical history, physical examination signs and symptoms,

diagnostic tests, biomarkers (brain natriuretic peptide, N-terminal prohormone brain natriuretic

peptide, and cardiac troponins), andmedications. Physician adjudicators reviewed this information

for evidence of HF. Subtypes of HFwere classified as HFrEF for patients with EF less than 50% and as

HFpEF for those with EF 50% or higher, consistent with American and European clinical practice

guidelines18-20

Covariates

Baseline characteristics were obtained by interviews and questionnaires at WHI study

enrollment.14,21 Factors associated with risk included age at enrollment and pack-years of smoking.

Reproductive factors included a history of breastfeeding (defined as breastfeeding for at least 1

month over the woman’s entire reproductive period), number of live births, stillbirths (defined as

number of stillbirths from a pregnancy lasting �6months), miscarriages (defined as number of

spontaneous miscarriages), age at first term pregnancy, menstrual cycle irregularity, age at

menopause, and history of oral contraceptive use. Sociodemographic factors included income

(defined as annual household income), education level, and race and ethnicity determined from the

questionnaire (non-Hispanic White, Black or African American, Hispanic or Latino, and other, which

refers to American Indian or Alaskan Native, Asian or Pacific Islander [Chinese, Indo-Chinese, Korean,

Japanese, Pacific Islander, Vietnamese], any other race or ethnicity, or not reported). Race and

ethnicity were assessed in this study to ensure the generalizability of findings and to be able to detect

any racial or ethnic disparities in associations. Randomization status indicates whether a participant

has been randomized to 1 or more of the clinical trial components. Potential mediators included

coronary heart disease (CHD) (defined by self-report of physician-diagnosed cardiovascular disease,

or adjudicated first occurrence of clinical myocardial infarction, definite silentmyocardial infarction,

or coronary revascularization before or at the same time as HF outcome was diagnosed),

Figure 1. Forest Plot of Associations of Adverse Pregnancy Outcomes (APOs)With Heart Failure
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hypertension (defined by self-report of physician-diagnosed hypertension, or systolic blood pressure

�140mmHg or diastolic blood pressure �90mmHg atWHI study enrollment), diabetes (defined

as not pregnancy related, self-reported physician diagnosis, or use of diabetes medication at study

enrollment), and body mass index (BMI; defined as weight in kilograms divided by height in meters

squared andmeasured by trained clinic staff at enrollment).

Statistical Analysis

Multivariable Regression Analyses

Logistic regression tested the association of each APOwith incident HF, adjusting for potential

confounders. In this model, each APO was coded using 3 categories (yes, no, or do not know). The

responses yes and do not know were compared with the reference category (no). In a secondary

analyses, we tested whether results were changed in models in which the do not know responses

were treated as missing and then imputed and amodel where they were combined with the yes

responses, as done previously3 (eTable 1 in the Supplement). For simplicity, we present these

secondary analyses only in the supplement because findings were similar to those in the primary

analysis.

The first model was unadjusted, and subsequent models were also adjusted for (1) age; (2)

sociodemographic factors (race and ethnicity, education, and income), smoking, and randomization

status; (3) other APOs and reproductive history (GD, HDP, LBW, HBW, PTD, live births, stillbirths,

miscarriages, history of any or ever breastfeeding, age at first birth, menstrual cycle irregularity, age

at menopause, and history of oral contraceptive use); and (4) a fully adjusted model including all

covariates in the precedingmodels. In addition to examining HF overall, we performedmultinomial

regression on HF subtypes (no HF vs HFpEF vs HFrEF) using the same adjustmentmodels. All models

were estimated using multivariate imputation by chained equations, pooling results from 10 data

sets using standardmethods to capture the inflation of SEs by the imputation22 to create 10

data sets.

We used themediation package in R23 to test potential mediation by hypertension, CHD,

diabetes, and BMI for the association of APOs with HF. In brief, this approach uses nestedmodels to

estimate the proportion of the total adjusted association of an exposure explained by its indirect

association via themediator, with 95% CIs estimated using a nonparametric bootstrappingmethod.

Eachmediation analysismodel was run using 1000 simulations.We applied full covariate adjustment

to both themediator and outcomemodel for consistency across mediation analyses.

Secondary Analyses

Tomake the questionnaire respondents more representative of the overall HF subcohort (eTable 2 in

the Supplement) and to address potential survival bias, we performed sensitivity analysis using

inverse probability of inclusion weights24 based on a logistic model for the association of baseline

WHI covariates with inclusion in the questionnaire sample. We assessedmodification of the

associations of APOs with HF by race and ethnicity, age, BMI, hypertension, diabetes, CHD, history of

breastfeeding, and by other APOs. Finally, we did a sensitivity analysis excluding womenwith CHD.

We considered 2-sided P < .05 to be statistically significant. Analyses were performed using R

statistical software version 3.5.1 (R Project for Statistical Computing) and SAS Enterprise statistical

software version 9.4 (SAS Institute). Data analysis was performed from January 2020 to

September 2021.

Results

Adverse PregnancyOutcomes: Characteristics

Of 44 174 women in theWHI HF subcohort, 27 204 had a history of pregnancy lasting for more than

6 months, were alive, and were still participating in the WHI at the time of the survey; 10 292

responded and formed the study population (eFigure 2 in the Supplement). Themedian (IQR) age of
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participants was 60 (55-64) years. In this study population, 3185 women (31.0%) reported a history

of 1 or more APOs. The most frequently reported APO was PTD in 1509 women (14.7%), followed

by LBW in 1424 (13.8%), HDP in 759 (7.4%), HBW in 644 (6.3%), and GD in 260 (2.5%) (Table 1). The

most common combination of APOs in the study population was PTD and LBW andwas reported by

732 women (7.1%).

Baseline characteristics of women at entry into the WHI differed by the presence and type of

APO (eTable 3 in the Supplement). Women with a history of any APO had a higher prevalence of

hypertension, diabetes, CHD, smoking (>20 pack-years), and stillbirth; lower levels of education and

household income; younger age at first birth and older age at menopause; higher BMI; were less

likely to have reported a history of breastfeeding, miscarriage, andmenstrual cycle irregularity; and

reported fewer live births. HDP was more prevalent among Black women compared with White

women. Hypertension at baselinewasmore prevalent amongwomenwho reportedHDP (68women

[62%]) than among women reporting any APO (1339 women [42%]) or no APO (2066women

[33%]). Diabetes at baseline was more prevalent among women reporting previous GD (56 women

[22%]) than among women reporting any other APO (168 women [5.3%]) or no APO (160 women

[2.5%]). Women who developed HF during follow-up were more likely to have hypertension,

diabetes, and a higher BMI than those who did not experience HF (Table 2).

APOs, HF, andMediation Analysis

Of our cohort of 10 292 participants, 336 (3.3%) had a diagnosis of HF, 180 (1.8%) had HFpEF, and 111

(1.1%) had HFrEF. Womenwith a history of APO had a higher rate of HF than those without a history

of APO (121 women [3.8%] vs 184 women [2.9%]). Women with HDP had the highest rate of HF (39

women [5.1%]), and women with GD had the lowest rate of HF (8 women [3.1%]) (eFigure 3 in the

Supplement). HDPwas the only APOwith a significant association with HF in univariate models, with

an odds ratio (OR) of 1.77 (95%CI, 1.25 to 2.50). HDP remained significantly associatedwith HF after

adjusting for age (OR, 1.87; 95% CI, 1.32 to 2.65), sociodemographic factors, smoking and

randomization status (OR, 1.76; 95% CI, 1.25 to 2.50), other subsequent APOs and reproductive

history (OR, 1.70; 95%CI, 1.19 to 2.42), and in amodel adjusting for all these factors (OR, 1.75; 95%CI,

1.22 to 2.50) (Figure 1). In analyses of HF subtypes, only HDPwas significantly associatedwith HFpEF

in a fully adjustedmodel (OR, 2.06; 95%CI, 1.29 to 3.27), but not with HFrEF (OR, 1.17; 95%CI, 0.59

to 2.30) (Figure 2). In mediation analysis, hypertension explained 24% (95% CI, 12% to 73%) of the

association of HDPwith HF, BMI explained 20% (95%CI, 10% to 64%), diabetes explained 1% (95%

CI, −3.6% to 7.3%), and CHD explained 23% (95% CI, 11% to 68%) (Figure 3).

Other Secondary Analyses

All results from the analysis were virtually unchanged in the complete case analysis (eTable 1 in the

Supplement) and in models with inverse probability of inclusion weights (eTable 4 in the

Supplement). We found no significant modification of the association of HDPwith HF by covariates

including other APOs. Upon excluding women with CHD, the association between HDP and HF was

similar (OR, 1.67; 95% CI, 1.01-2.76).

Table 1. Distribution of APO Survey Answers

APO

APO survey answer, participants, No. (%)a

No Yes Do not know Missing

Gestational diabetes 9699 (94.2) 260 (2.5) 265 (2.6) 68 (0.7)

Low birth weight 8667 (84.2) 1424 (13.8) 107 (1.0) 94 (0.9)

High birth weight 9496 (92.3) 644 (6.3) 59 (0.6) 93 (0.9)

Preterm delivery 8409 (81.7) 1509 (14.7) 239 (2.3) 135 (1.3)

Hypertension disorder of pregnancy 8611 (83.7) 759 (7.4) 893 (8.7) 29 (0.3)

Any APO 6325 (61.5) 3185 (30.9) 782 (7.6) 0

Abbreviation: APO, adverse pregnancy outcome.

a Womenwho answered yes to 1 or more APO are

included in the any APO row. The number of women

with any APOdoes not equal sumof yes responses,

because women could have hadmore than 1 APO.

JAMANetworkOpen | Cardiology Adverse Pregnancy Outcomes and Incident Heart Failure in theWomen’s Health Initiative

JAMA Network Open. 2021;4(12):e2138071. doi:10.1001/jamanetworkopen.2021.38071 (Reprinted) December 9, 2021 5/13

Downloaded From: https://jamanetwork.com/ by Lindsey Wimmer on 12/13/2021

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2021.38071&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2021.38071
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2021.38071&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2021.38071
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2021.38071&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2021.38071
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2021.38071&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2021.38071


Table 2. Baseline Characteristics According to HF Status

Variables

Participants, No. (%)

P valueTotal (N = 10 292) Without HF (n = 9956) With HF (n = 336)

Age at enrollment, median (IQR), y 60 (55-64) 59 (55-64) 63 (58-68) <.001

Pack-years of smoking

0 5451 (54.6) 5277 (54.6) 174 (52.7) Reference

<5 1619 (16.2) 1574 (16.3) 45 (13.6) .46

5-20 1502 (15.0) 1453 (15.0) 49 (14.8) .94

>20 1417 (14.2) 1355 (14.0) 62 (18.8) .04

Body mass index, median (IQR)a 27.8 (24.7-32.0) 27.8 (24.6-31.9) 30 (26.0-36.4) <.001

Randomization status

No 1756 (17.1) 1709 (17.2) 47 (13.9) Reference

Yes 8536 (82.9) 8244 (82.8) 292 (86.1) .13

Race or ethnicity

Black 2519 (24.5) 2446 (24.6) 73 (21.5) .04

Hispanic 1147 (11.2) 1131 (11.4) 16 (4.7) <.001

White 6387 (62.1) 6142 (61.8) 245 (72.3) Reference

Otherb 229 (2.2) 224 (2.3) 5 (1.5) .25

Education

Some college and above 6876 (67.3) 6665 (67.4) 211 (62.6) Reference

High school and below 3344 (32.7) 3218 (32.6) 126 (37.4) .09

Annual household income, $

≥75 000 1765 (17.9) 1730 (18.1) 35 (10.7) Reference

20 000-74 000 6727 (68.2) 6497 (68.1) 230 (70.3) .003

<20 000 1370 (13.9) 1308 (13.7) 62 (19.0) <.001

History of breastfeeding

No 4302 (42.1) 4158 (42.0) 144 (43.1) Reference

Yes 5926 (57.9) 5736 (58.0) 190 (56.9) .70

Age at first birth, y

<20 1938 (21.3) 1855 (21.1) 83 (27.7) Reference

≥20 7154 (78.7) 6937 (78.9) 217 (72.3) .007

Menstrual cycle irregularity

No 796 (7.8) 770 (7.8) 26 (7.7) Reference

Yes 8441 (82.5) 8159 (82.4) 282 (83.7) .92

Sometimes regular, sometimes irregular 999 (9.8) 970 (9.8) 29 (8.6) .76

Age at menopause, median (IQR), y 50 (45-52) 50 (45-52) 50 (45-52) .92

Oral contraceptive

No 4841 (47.0) 4647 (46.7) 194 (57.2) Reference

Yes 5451 (53.0) 5306 (53.3) 145 (42.8) <.001

Stillbirths

0 9673 (95.2) 9351 (95.2) 322 (95.8) Reference

1 485 (4.8) 471 (4.8) 14 (4.2) .63

Miscarriages

0 6753 (66.2) 6539 (66.3) 214 (63.9) Reference

1 2296 (22.5) 2223 (22.5) 73 (21.8) .99

≥2 1152 (11.3) 1104 (11.2) 48 (14.3) .10

Live births

0 148 (1.4) 145 (1.5) 3 (0.9) Reference

1 1120 (10.9) 1085 (11.0) 35 (10.4) .64

2 2724 (26.6) 2651 (26.8) 73 (21.7) .52

3 2755 (26.9) 2672 (27.0) 83 (24.7) .94

4 1803 (17.6) 1739 (17.6) 64 (19.0) .61

≥5 1689 (16.5) 1611 (16.3) 78 (23.2) .06

(continued)
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Discussion

In this large cohort study of postmenopausal women, a history of HDPwas independently associated

with a 1.75-fold odds of developing subsequent heart failure. This association was significant after

adjustment formultiple confounding factors, including other APOs, without evidence ofmodification

by sociodemographic or reproductive factors or comorbidities. HDPwas significantly associatedwith

developing HFpEF, but not HFrEF, amongwomen in latemidlife. Furthermore, the association of HDP

with HF was partially mediated by hypertension, BMI, and CHD. Our findings highlight that a subset

of womenwith HDPwill not develop hypertension before developing HF.

Several mechanismsmay explain the association between HDP and HF. They share several risk

factors, such as hypertension and obesity, which underlie this association.7 HDP is associated with

the development of hypertension,25 and having both is associated with persistent left ventricular

remodeling.26 Ameta-analysis revealed that HDP and HFpEF share several biomarkers, including

immune activation, myocardial stress, and autonomic function.27Womenwith a history of HDP have

persistent structural differences in the heart andmicrovasculature more than 25 years after their

pregnancy.28,29Womenwith a history of HDP have increased echocardiographic diastolic

parameters, including left ventricular mass index, increased relative wall thickness, lower impaired

relaxation (ie, lower transmitral Doppler E/A ratio), and higher left ventricular filling pressure (ie, E/e′

ratio) in comparison with those with a history of normotensive pregnancies, all of which are

Table 2. Baseline Characteristics According to HF Status (continued)

Variables

Participants, No. (%)

P valueTotal (N = 10 292) Without HF (n = 9956) With HF (n = 336)

Hypertension

No 6527 (63.4) 6365 (64.0) 162 (47.8) Reference

Yes 3765 (36.6) 3588 (36.0) 177 (52.2) <.001

Diabetes

No 9928 (96.5) 9618 (96.6) 310 (91.4) Reference

Yes 364 (3.5) 335 (3.4) 29 (8.6) <.001

Coronary heart disease

No 8588 (83.4) 8397 (84.4) 191 (56.3) Reference

Yes 1704 (16.6) 1556 (15.6) 148 (43.7) <.001

Abbreviation: HF, heart failure.

a Bodymass index is calculated as weight in kilograms divided by height in

meters squared.

b Other includes American Indian or Alaskan Native, Asian or Pacific Islander (ancestry is

Chinese, Indo-Chinese, Korean, Japanese, Pacific Islander, Vietnamese), any other race

or ethnicity, or not reported (from questionnaire).

Figure 2. Forest Plot of Association of Hypertensive Disorders of Pregnancy (HDP)With Heart Failure (HF) Subtypes

5.03.5 2.50.50 1.0 1.5
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failure subtype
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odds of heart 

failure subtype

OR (95% CI)

Adverse pregnancy outcome OR (95% CI)

Total HF 1.77 (1.25-2.50)

1.75 (1.22-2.50)

HFpEF 2.04 (1.30-3.19)

Unadjusted

Adjusted

2.06 (1.29-3.27)

HFrEF 1.24 (0.64-2.39)

1.17 (0.59-2.30)

Association between individual adverse pregnancy outcomes (APOs) and HF subtypes,

HF with preserved ejection fraction (HFpEF) and HF with reduced ejection fraction

(HFrEF). Each line displays the odds ratio (OR) and its 95% CIs from the comparison of

yes responses with no responses to HDP, based on multinomial logistic regression. The

top line for each APO shows the OR for HDP from the unadjustedmodel. The bottom line

of each APO shows the OR adjusted for age, pack-years of smoking, randomization

status, race and ethnicity, education, income, number of live births, history of

breastfeeding, age at first birth, menstrual cycle irregularity, age at menopause, oral

contraceptive use, stillbirths, miscarriages, and subsequent APOs.
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associated with HF.28,30,31Womenwith HDP also have impaired coronary flow reserve, which is a key

feature of HFpEF.32 Persistence of these changes may contribute preferentially to risk of HFpEF (vs

HFrEF).33

APOsmay also be associatedwith the development of CVD risk factors themselves, which could

mediate associations between APOs and future CVD.34Whether an APO uncovers a predisposition

to CVD, exacerbates a preexisting subclinical condition, or initiates a pathway that results in CVD is

unclear, although recent data may suggest all may be true.33,34

Ourmediation analysis showed large but incomplete mediations of the associations from

hypertension (24%), BMI (20%), and CHD (23%). These findings align with known factors associated

with the risk of HFpEF.35However, this also implies that CVD-related factors may not fully explain

the association between HDP and HF. Two previous studies4,36 found that hypertension mediated

49% of the association of HDPwith HF and cardiomyopathy.

HFpEF disproportionately affects elderly women, and hypertension is an important factor

associated with risk of HFpEF among women.37 Furthermore, HFrEF is less common in women than

in men.38 Our findings that HDP is independently associated with HFpEF and that hypertension is a

mediator of the association between HDP and HF suggest that both hypertension and novel

pathways likely explain the HDP and HFpEF association we found in our study. It has been unclear

whether some APOs are more closely related to HF and CVD risk, because different APOsmay share

some elements of underlying pathophysiology.2,39Our findings show that only a history of HDPwas

independently associated with HF in postmenopausal women and suggests that this APOmerits

particular scrutiny in future epidemiological andmechanistic studies.

Although prior studies demonstrated an association between GD and HF,8we did not confirm

this association. The women in our study, however, reported a relatively low prevalence of GD (2.5%,

vs the current US prevalence of 8%).40 This differencemay reflect evolving practices for GD

screening, which was not widely and routinely implemented in the US until the early 1980s, after

many women in the present data set would have completed their pregnancies, as well as an

increasing prevalence of factors associatedwith the risk of GD among reproductive-agedwomen (eg,

obesity or family history of diabetes).41 Therefore, wemay have both underestimated the prevalence

of GD in our study and had a cohort of women less likely to have GD. Contemporary studies assessing

the association between GD and HFwould be less likely to have these limitations.42,43

Figure 3. Mediation Analysis

Hypertension

HDP HF

24%

BMI

HDP HF

20%

CHD

HDP HF

23%

Diabetes

HDP HF

1%

Each rectangle consists of a variable associated with the risk of hypertensive disorders of

pregnancy (HDP), outcome variable heart failure (HF), andmediator (top rectangle). The

arrow going frommediator down toward the arrow between risk variable and outcome

variable shows the mediation of the association of HDP with HF. Our full model was

applied to all mediation analysis for more consistent, parsimonious models across all

mediation analyses. The association with diabetes was not significant. Themediation

and outcomemodel were adjusted for age, pack-years of smoking, randomization status,

race and ethnicity, education, income, number of live births, history of breastfeeding,

age at first birth, menstrual cycle irregularity, age at menopause, oral contraceptive use,

stillbirths, miscarriages, and subsequent adverse pregnancy outcomes.

BMI indicates bodymass index (calculated as weight in kilograms divided by height in

meters squared); CHD, coronary heart disease.
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Clinical Implications

History of HDP represents an opportunity for early, aggressive, preventive interventions for HF and

other CVD, possibly before development of the traditional risk factors (hypertension, diabetes, and

obesity). In fact, the recent Postnatal Enalapril to Improve Cardiovascular Function Following

Preterm Preeclampsia Study44 showed improved diastolic function and left ventricular remodeling

after 6months of postnatal enalapril treatment for womenwith preterm preeclampsia. The concept

of the fourth trimester has been introduced by the obstetric-gynecologic community to highlight

the need to retain focus on optimizing maternal health beyond the standard 6-week postdelivery

window to enablemore targeted and aggressive risk factormodification in womenwith APOs,45with

lifestyle interventions, earlier monitoring, and tighter control of traditional risk factors, such as

hypertension, diabetes, and obesity. Long-term studies are needed to assess to what extent earlier

cardiovascular prevention techniques will prove effective in womenwith a history of HDP.46

Strengths and Limitations

Strengths of this study include the unique availability of comprehensive baseline characteristics,

reproductive history, and adjudicated HF outcomes, which allowed us to comprehensively evaluate

the association between APOs and HF outcomes with long-term follow-up. This study also has

limitations. Survivorship bias among the included sample resulted from participants needing to

survive until the APO survey in 2017, be free of HF at baseline, and womenwith HDP (especially

severe and recurrent preeclampsia) having increasedmortality compared with other women.12,47

Therefore, our estimates would have been biased toward the null rather than leading to spuriously

high estimates. However, our sensitivity analysis using inverse probability of inclusion weights

demonstrated that the findingswere similar. TheWHI cohort is known to be representative regarding

race and ethnicity,48 but our substudy had fewer racial and ethnic minority women than the overall

WHI. The obstetric records were unavailable to us for validating the APO information, providingmore

specific APO phenotyping such as HDP severity. Therefore, we cannot confirm or deny the possibility

that recall bias affected our results.WHI did not have information on prepregnancy risk factors such

as BMI or gestational weight gain. We do not have information on when this cohort of

postmenopausal women had their deliveries, which presents a potential recall bias, and women’s

ability to recall APOs has only been validated previously in short-term studies, but not in long-term

studies.49Wewere unable to differentiate whether women had multiple APOs in the same

pregnancy or in recurrent pregnancies, nor did we have information on size for gestational age.

Conclusions

In this study, a history of HDP was associated with HF, particularly HFpEF, among postmenopausal

women, independently of conventional HF risk factors, other APOs, and sociodemographic and

reproductive factors. Close clinical monitoring of womenwith a history of HDPmay provide

opportunities for early prevention of HF and other CVD. Hypertension, BMI, and CHD played partial,

mediating roles in the associations demonstrated. Further research is needed to better understand

the potential mechanisms that link HDPwith later development of HF. Dedicated studies are needed

to establish effective interventions to mitigate long-term risk of HF and other CVD in women

with APOs.
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