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BACKGROUND: Hypertensive disorders of pregnancy (HDP) and pre-pregnancy hypertension are associated with increased
morbidity and mortality for the mother. Our aim was to investigate the relationships between HDP and pre-pregnancy hyper-
tension with maternal heart failure (HF) within 1 and 5 years of delivery and to examine racial/ethnic differences.

METHODS AND RESULTS: We conducted a retrospective cohort study in South Carolina (2004-2016) involving 425 649 women
aged 12 to 49 years (568.9% non-Hispanic White [NHW], 31.5% non-Hispanic Black [NHB], 9.6% Hispanic) with a live, singleton
birth. Incident HF was defined by hospital/emergency department visit and death certificate data. Pre-pregnancy hyperten-
sion and HDP (preeclampsia, eclampsia, or gestational hypertension) were based on hospitalization/emergency department
visit and birth certificate data (i.e., gestational hypertension for HDP). The 425 649 women had pre-pregnancy hypertension
without superimposed HDP (pre-pregnancy hypertension alone; 0.4%), HDP alone (15.7%), pre-pregnancy hypertension with
superimposed HDP (both conditions; 2.2%), or neither condition in any pregnancy (81.7%). Incident HF event rates per 1000
person-years were higher in NHB than NHW women with HDP (HDP: 2.28 versus 0.96; both conditions: 4.30 versus 1.22,
respectively). After adjustment, compared with women with neither condition, incident HF risk within 5 years of delivery was
increased for women with pre-pregnancy hypertension (HR,2.55, 95% ClI: 1.31-4.95), HDP (HR,4.20, 95% CI: 3.66-4.81), and
both conditions (HR,5.25, 95% ClI: 4.24-6.50).

CONCLUSIONS: Women with HDP and pre-pregnancy hypertension were at higher HF risk (highest for superimposed preec-
lampsia) within 5 years of delivery. NHB women with HDP had higher HF risk than NHW women, regardless of pre-pregnancy
hypertension.
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tensive disorders of pregnancy (HDP), which in-
clude gestational hypertension, preeclampsia, and
eclampsia.'? Pre-pregnancy hypertension occurs in
1% 1o 4% of pregnancies and is a well-known risk fac-
tor for preeclampsia.®=® HDP are of significant public

Five to 10% of pregnancies are impacted by hyper-

health concern given their associations with increased
maternal morbidity and mortality and potential long-
term risk for cardiovascular disease (CVD) and related
events,® including development of CVD risk factors,°
heart failure (HF), stroke, and myocardial infarc-
tion.®1"=13 While racial disparities in the development
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CLINICAL PERSPECTIVE

What is New?

e \Women with hypertensive disorders of pregnancy
and pre-pregnancy hypertension aged 12 to
49 years were at higher incident heart failure risk
within 5 years of delivery in a large, retrospective
cohort study conducted in South Carolina.

e Racial/ethnic differences were observed with
incident heart failure event rates highest among
non-Hispanic Black women who experienced
hypertensive disorders of pregnancy as well as
non-Hispanic Black women who experienced
both pre-pregnancy hypertension and hyper-
tensive disorders of pregnancy.

What Are the Clinical Implications?

e In women identified to be at high-risk of heart
failure subsequent to hypertensive disorders of
pregnancy and/or pre-pregnancy hypertension
exposure, clinical and public health prevention ef-
forts are needed to reduce maternal morbidity and
mortality.

Nonstandard Abbreviations and Acronyms

NHB non-Hispanic Black

NHW non-Hispanic White

R-GINDEX Revised-Graduated Prenatal Care
Utilization Index

RUCA Rural-Urban Commuting Area

SC DHEC South Carolina Department of
Health and Environmental Control

SC RFA South Carolina Revenue and Fiscal

Affairs Office

of HDP exist, less is known about disparities in HDP-
related outcomes.™*-'8

During pregnancy, pathological hemodynamic
changes associated with pre-pregnancy hypertension
and HDP can lead to the development of acquired heart
disease including HF, even when there is no history of
CVD. In a recent meta-analysis by Wu et al., an asso-
ciation between preeclampsia and subsequent HF risk
was reported (risk ratio [RR],3.62, 95% Cl. 2.25-5.85),
with even higher risk when limited to studies controlling
for potential confounders (RR,4.19, 95% Cl: 2.09-8.38).2
Additionally, in sensitivity analyses evaluating HF risk <1,
1 to 10, and >10 years after preeclampsia, the highest
HF risk was observed 1 to 10 years after preeclampsia.’

Racial disparities have been previously reported for
the risk of HF. The cumulative incidence of HF prior to
age 50 was higher among Black women (1.1%; 95% Cl:
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0.6-1.7) than White women (0.08%, 95% CI: 0.0-0.5) in
the Coronary Artery Risk Development in Young Adults
(CARDIA) study with a baseline age of 18 to 30 years
and 20 years of follow-up.'® Several factors including
hypertension are suspected to contribute to disparities
in HF in late pregnancy or postpartum although more
information is needed to better understand risk factors
for HF in women of different racial/ethnic groups.2°

A limitation of past studies evaluating the associa-
tion of preeclampsia and future HF is that many have
not had the ability to adjust for potential confounders
such as demographic factors (e.g., maternal age, eth-
nicity, education), socioeconomic status, smoking, and
clinical or pregnancy characteristics (e.g., body mass
index [BMI] or weight, parity, birth weight, gestational
diabetes mellitus) including established cardiovascular
risk factors such as diabetes mellitus and hyperten-
sion.® Further, 4 studies included in the meta-analysis
by Wu et al. that assessed HF risk controlled for three-
to-four established cardiovascular risk factors.® As re-
lationships exist for coronary artery disease and HF
and for HDP and coronary heart disease, unmeasured
confounders may be impacting HF risk subsequent to
HDP.2" Qur study had the ability to adjust for four car-
diovascular risk factors and a number of pregnancy-
related risk factors as well as to examine potential racial/
ethnic differences. In this study, we investigated the
relationships between HDP and pre-pregnancy hyper-
tension with incident maternal HF within 5 years after
pregnancy, with a focus on racial/ethnic differences.

METHODS

The data used for this study cannot be shared due to
policies of the South Carolina (SC) Revenue and Fiscal
Affairs (RFA) Office, Health and Demographics Section;
and the SC Department of Health and Environmental
Control (DHEC).

Study Design

We constructed a cohort from comprehensive statewide
hospital discharge records and emergency department
(ED) visit data available from the SC RFA Office, Health
and Demographics Section. SC collects statewide
administrative billing data on health information for in-
dividual encounters including inpatient discharges, ED
visits, and other outpatient services requiring certificate
of need. SC DHEC provided birth and death certificate
data. Institutional review board approval was received
and the requirement for consent was waived.

Study Population

Birth certificate data were used to identify live births
that occurred in SC hospitals. Hospitalization and ED
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visit data were used to obtain maternal procedure and
diagnosis codes, demographics, length of stay, and
patient disposition. Death certificate data included the
primary or underlying cause of death and comorbid
causes of death for mothers, and demographic, payer,
and clinical information related to current/previous
pregnancies. SC RFA provided a unique identifier al-
lowing for 97.5% linkage of birth certificate and mater-
nal hospitalization/ED visit data.

Inclusion and Exclusion Criteria

We included single, liveborn infant, hospital deliveries
in SC reported on birth certificates over a 13-year pe-
riod (2004-2016) with matched hospitalization/ED visit
data. To have at least 1 year (maximum of 14 years) of
follow-up through 2017, we obtained an additional year
of hospitalization/ED visit and mortality data. Figure 1
shows study inclusion and exclusion criteria. Because
the study involved liveborn infants and a 1-year mini-
mum follow-up, newborn deaths the day of delivery
were excluded as were mothers residing out-of-state
as they may not regularly seek care in SC. Women
with comorbidities and risk factors were excluded (i.e.,
kidney transplant, prior diagnosis with HF, or con-
genital heart defect). In addition, women with a pre-
pregnancy weight of <92 or >320 Ibs, pre-pregnancy
BMI of <16.0 or >52.8 kg/m?, or self-reported “other
race/ethnicity” were excluded from the study due to
small numbers and concerns about data accuracy.
We similarly excluded newborns with birth weights of
<500 or >6000 g and deliveries with implausible size
for gestational age.?'

HDP With Maternal Heart Failure

Definitions

Birth certificate data included information on maternal
self-reported race, ethnicity, education, primary payer,
pre-pregnancy smoking and BMI, smoking during
pregnancy, BMI at delivery, pre-pregnancy and ges-
tational hypertension, and pre-pregnancy and gesta-
tional diabetes mellitus. Women were categorized into
non-Hispanic White (NHW), non-Hispanic Black (NHB),
Hispanic, or other race, ethnicity based on self-report.
Prenatal care adequacy and utilization was measured
by the Revised-Graduated Prenatal Care Utilization
Index (R-GINDEX), which incorporates from the birth
certificate the: (1) trimester and (2) gestational age pre-
natal care began, and (3) the total number of prenatal
care visits.???3 The R-GINDEX does not incorporate
the quality of service received. Categories of the R-
GINDEX include: inadequate, intermediate, adequate,
intensive, no care, or not able to calculate due to miss-
ing information.

International Classification of Diseases, Ninth and
Tenth Revision, Clinical Modification (ICD-9-CM/ICD-
10-CM) diagnosis and procedure codes identified
the exposure, outcome, and covariates of interest
(Table S1). Women from 4 exposure groups were
included and referred to as: (1) superimposed pre-
eclampsia termed pre-pregnancy hypertension with
superimposed HDP (“both conditions”), (2) HDP with-
out pre-pregnancy hypertension (“HDP alone”), (3)
pre-pregnancy hypertension without superimposed
HDP (“pre-pregnancy hypertension alone”), and (4)
without pre-pregnancy hypertension or HDP (“neither
condition”). HDP was defined by diagnosis codes for

South Carolina (2004-2016), n=461,558

Women with liveborn, singleton births in hospitals in

A

- 462, newborn deaths the day of delivery

- 79, maternal kidney transplants

- 5071, mother residing out of state

- 29, age missing, <12, or >49 years

- 5770, pre-pregnancy weight <92 or >320 lbs

- 4952, pre-pregnancy BMI <16.0 or >52.8 kg/m’

- 220, newborn birth weight <500 or >6000 g

- 84, implausible size for gestational age at delivery
- 30, multiple death records or negative time to death
- 2, invalid data on previous other pregnancies

- 11,253, maternal other race/ethnicity

- 643, maternal prior diagnosis with heart failure

- 7314, maternal any congenital heart defect

Figure 1.
BMI indicates body mass index.

Study inclusion and exclusion criteria flowchart.
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gestational hypertension, preeclampsia, or eclampsia
at delivery (ICD-9-CM/ICD-10-CM: 642.3-642.7; O11,
013-015), or gestational hypertension as reported
on birth certificates which was also selected for pre-
eclampsia or eclampsia. Pre-pregnancy hypertension
was defined on birth certificates or by diagnosis codes
at delivery (ICD-9-CM/ICD-10-CM:  642.0-642.2.
642.9; 010, O16). Birth certificates and/or delivery
codes (ICD-9-CM/ICD-10-CM: 642.7; O11) defined
pre-pregnancy hypertension with superimposed HDP,
with the understanding that this refers to preeclamp-
sia. The index pregnancy was the first pregnancy in the
data set for women with neither condition, and the first
pregnancy with HDP and/or pre-pregnancy hyperten-
sion for exposed women.

Fatal and nonfatal incident HF was defined by /ICD-
9-CM/ICD-10-CM codes (402.01, 40211, 402.91, 404.
x1, 404.x3, 428; 11.0, 113.0, 113.2, 150.x) in the hospi-
talization/ED visit and death certificate data.

Statistical Analysis
Group differences for continuous variables were ana-
lyzed with analysis of variance (ANOVA). Categorical
variables were analyzed with a Chi-square test. Cox
proportional hazards models provided hazard ratios
(HRs) and corresponding 95% Cls to estimate inci-
dent HF events/deaths within the first year and up to
5 years after delivery. Models included time from de-
livery to the event/death. The proportional hazards
assumption was met and checked with Schoenfeld
residuals. Models controlled for sociodemographic
(maternal age at delivery, race, ethnicity, education,
urban/rural residence, median household income per
year, payer during pregnancy, WIC [Women, Infants,
and Children] eligibility during pregnancy), behavioral
(smoking during pregnancy), and clinical characteris-
tics (pre-pregnancy BMI, change in BMI after delivery,
pre-pregnancy or gestational diabetes mellitus, gesta-
tional age at delivery, mode of delivery [Cesarean sec-
tion, vaginal], induced labor, number of pregnancies
prior to index pregnancy, previous Cesarean section,
previous pre-term delivery, R-GINDEX). WIC is a U.S.
federal grant program that provides nutrition education
and counseling, supplemental nutritious foods, and
health and social services screening and referrals. The
models included a missing R-GINDEX category and
an unknown category for previous Cesarean section
as this was a category on the birth certificate. Table S2
shows the proportion of complete data for variables in-
cluded in the models overall and by race and ethnicity.
Because baseline rates of HF events differ across
racial/ethnic groups, a joint analysis of race and ethnic-
ity and exposure categories was performed with NHW
women with neither condition serving as the reference
group for comparison across groups. We also com-
pleted a secondary analysis which included interaction
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terms and provided results stratified by racial/ethnic
group (see Table S3). While the overall models included
Hispanic women, they were excluded from race- and
ethnicity-stratified models due to the small number of
incident HF events (n=24). Analyses were performed
using SAS Version 9.4 (SAS Institute Inc., Cary, NC).?
Graphs were created and the proportional hazards as-
sumption checked with Stata Version 13.%°

RESULTS

Our study included 425 649 eligible women (58.9% NHW,
31.5% NHB, 9.6% Hispanic) of the 461 558 women with
births from 2004 to 2016 in SC. Of those, 414 000 (97.3%)
complete cases were used in the Cox proportional haz-
ards analysis. In at least 1 pregnancy, some women were
diagnosed with pre-pregnancy hypertension without su-
perimposed HDP (pre-pregnancy hypertension; 0.4%),
no pre-pregnancy hypertension with HDP (HDP; 15.7%),
or pre-pregnancy hypertension with superimposed HDP
(both conditions; 2.2%). Women with neither condi-
tion throughout all pregnancies during the study period
served as the control group (81.7%).

Table 1 displays characteristics overall and by expo-
sure group. Compared with neither condition, women
with pre-pregnancy hypertension, HDP, or both condi-
tions were more likely to be NHB, WIC eligible during
pregnancy, diagnosed with pre-pregnancy/gestational
diabetes mellitus, and have a higher BMI pre-pregnancy.
Women with pre-pregnancy hypertension, with and
without HDP, were more likely to be older and have a
lower income than women with neither condition. The
R-GINDEX varied by exposure group as women with
pre-pregnancy hypertension, HDP, and both conditions
were less likely to receive inadequate prenatal care
and more likely to receive intensive prenatal care than
women with neither condition. Maternal characteristics
are shown by race and ethnicity in Table S4.

Figure 2 shows the cumulative hazard for incident
HF following delivery by year, race and ethnicity, and
exposure group. The hazard of incident HF was higher
among NHB women than NHW women in each ex-
posure group, with the highest hazards observed for
NHB women with both conditions and NHB women
with HDP.

Subsequent Risk of Incident Heart Failure
by HDP and Pre-Pregnancy Hypertension
Status

Compared with women with neither condition within
the first year of delivery, the risk of incident HF was
increased 4.39-fold for pre-pregnancy hypertension
(95% CI: 1.93-9.97), 5.41-fold for HDP (95% CI: 4.39—
6.65), and 6.02-fold for both conditions (95% CI: 4.38—
8.27). Up to 5 years after delivery, incident HF risk was



Malek et al

Table 1.

HDP With Maternal Heart Failure

Demographic, clinical characteristics of mothers at index pregnancy in South Carolina overall, by HDP and pre-
pregnancy hypertension status, 2004 to 2016*t+

Neither pre-preg
hypertension nor

Pre-preg

Both pre-preg
hypertension and

J Am Heart Assoc. 2021;10:e021616. DOI: 10.1161/JAHA.121.021616

Total HDP hypertension HDP HDP
Characteristic n
(%), mean+SD N=425 649 N=347 930 (81.7) N=1530 (0.4) N=66 833 (15.7) N=9356 (2.2) P-valuel
Maternal age at 27.2 +6.0 271 +6.0 29.9 +6.4 27.2 +6.1 3041 +6.2 <0.0001
delivery, y
<20 42 667 (10.0) 35434 (10.2) 4l 4.6) 6727 (10.1) 435 (4.6) <0.0001
20to 24 113 119 (26.6) 93 524 (26.9) 281 (18.4) 17 859 (26.7) 1455 (15.6)
251029 120988 (28.4) 99 455 (28.6) 388 (25.4) 18723 (28.0) 2422 (25.9)
30to 34 94 238 (22.1) 76 763 (22.1) 400 (26.1) 14 425 (21.6) 2650 (28.3)
35 to 39 44 560 (10.5) 35 181 (10.1) 292 (19.1) 7279 (10.9) 1808 (19.3)
40+ 10077 (2.4) 7573 2.2 98 6.4) 1820 @2.7) 586 6.3)
Race/ethnicity
Non-Hispanic 250 506 (58.9) 208 794 (60.0) 708 (46.3) 36 873 (65.2) 4131 (44.2) <0.0001
White
Non-Hispanic 134 220 (31.5) 102 676 (29.5) 715 (46.7) 25924 (38.8) 4905 (52.4)
Black
Hispanic 40923 (9.6) 36 460 (10.5) 107 (7.0) 4036 (6.0) 320 (3.4)
Education
Less than HS 76 830 (18.1) 63 894 (18.4) 252 (16.5) 11 450 (17.1) 1234 (13.2) <0.0001
HS graduate 104 552 (24.6) 84 261 (24.2) 400 (26.1) 17409 | (26.0) | 2482 (26.5)
Some college 108 511 (25.5) 87 383 (25.1) 435 (28.4) 18 068 (27.0) 2625 (28.1)
>College 135 756 (31.9) 112 392 (32.3) 443 (29.0) 19906 (29.8) 3015 (32.2)
graduate
Urban/rural (based on RUCA by zipcode of residence)
Urban 313 755 (73.7) 256 703 (73.7) 124 (73.5) 49 132 (73.5) 6796 (72.6) 0.05
Rural 111 894 (26.3) 91 227 (26.2) 406 (26.5) 17 701 (26.5) 2560 (27.4)
Annual household income
<$36 000 115 232 (27.1) 91 995 (26.4) 552 (36.1) 19 406 (29.0) 3279 (35.0) <0.0001
$36 000 to 200773 (47.2) 163 364 47.0) 565 (36.9) 32 607 (48.8) 4237 (45.3)
<$54 000
>$54 000 100 652 (23.6) 84 378 (24.39) 271 (17.7) 14 214 (21.3) 1789 (19.1)
Primary payer during pregnancy
Medicaid 204 964 (48.2) 164 939 (47.4) 755 (49.3) 34 584 (51.7) 4686 (50.1) <0.0001
Private 169 942 (39.9) 138778 (39.9) 643 (42.0) 26 566 (39.7) 3955 (42.3)
Self-pay 22 565 (5.9 20043 (5.8 56 (3.7) 2223 (3.9 243 (2.6)
Other 24 996 (5.9) 21489 6.2) 55 (3.6) 3043 (4.6) 409 4.4
WIC eligibility 218 525 (51.3) 179 592 (50.6) 842 (55.0) 36 506 (54.6) 5225 (65.8) <0.0001
during pregnancy
Pre-pregnancy 64 555 (156.2) 53 004 (15.2) 232 (15.2) 9986 (14.9) 1333 (14.2) 0.02
smoking
Smoking during 49 404 (11.6) 40 785 (11.7) 170 (11.1) 7444 (11.1) 1005 (10.7) <0.0001
pregnancy
Pre-pregnancy BMI 27.3 +6.8 26.5 +6.3 31.7 +8.0 301 +7.6 33.4 +7.9 <0.0001
(kg/m?)
Change in BMI at 4.9 +3.0 4.8 +2.9 4.4 +3.3 5.0 +3.3 4.5 +3.4 <0.0001
delivery
Gestational age at 38.4 +2.0 38.6 +1.8 37.8 +2.4 37.7 +2.4 37.0 +2.8 <0.0001
delivery
<28 wks 2,123 (0.5) 1536 (0.4) 18 (1.2 489 (0.7) 80 0.9 <0.0001
28 to <34 wks 7295 (1.7) 4374 (1.3) 65 4.2) 2400 (3.6) 456 4.9
(Continued)
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Table 1. Continued

Neither pre-preg Both pre-preg
hypertension nor Pre-preg hypertension and
Total HDP hypertension HDP HDP
Characteristic n
(%), mean=SD N=425 649 N=347 930 (81.7) N=1530 (0.4) N=66 833 (15.7) N=9356 (2.2) P-valuell
34 to <37 wks 27 359 (6.4) 19 375 (5.6) 157 (10.3) 6957 (10.4) 870 9.3
>37 wks 377 974 (88.8) 321 400 (92.4) 1245 (81.4) 50624 | (75.7) 4705 (50.3)
Mode of delivery

Cesarean 144 850 (34.0) 108 988 (31.3) 698 (45.6) 30 096 (45.0) 5068 (54.2) <0.0001

section

Vaginal 280 787 (66.0) 238 932 (68.7) 832 (54.4) 36 735 (55.0) 4288 (45.8)

Induced labor 62 259 (14.6) 46 373 (13.3) 240 (15.7) 13812 (20.7) 1834 (19.6) <0.0001
No. of pregnancies 0.8 +1.1 0.8 +1.1 1.2 +1.3 0.7 +1.0 0.9 +1.2 <0.0001
prior to index

pregnancy

Previous Cesarean section

Yes 23 562 (5.5 17 817 (5.1 133 (8.7) 4818 (7.2) 794 8.5 <0.0001

No 174 670 (41.0) 141 8183 (40.8) 568 (87.1) 28 632 (42.8) 3657 (89.1)

Unknown 227 417 (53.4) 188 300 (54.1) 829 (54.2) 33383 (49.9) 4905 (52.4)

Previous preterm 1116 (2.6) 8138 (2.3 92 (6.0) 2350 (3.5) 536 (5.7) <0.0001
birth
Prenatal care, measured by R-GINDEX

Inadequate 74 911 (17.6) 63 713 (18.3) 212 (13.9) 9918 (14.8) 1068 (11.4) <0.0001

Intermediate 96 313 (22.6) 80 747 23.2) 293 19.2) 13724 (20.5) 1549 (16.6)

Adequate 6912 (1.6) 5487 (1.6) 28 (1.8) 1253 (1.9) 144 (1.5)

Intensive 122 940 (28.9) 94 432 27.1) 545 (35.6) 23769 (35.6) 4194 (44.8)

No care 3650 (0.9 2973 0.9 12 (0.8 591 0.9 74 (0.8)

Missing 120 923 (28.4) 100 578 (28.9) 440 (28.8) 17 578 (26.3) 2327 (24.9)
Pre-pregnancy 27 999 (6.6) 18 270 (5.3) 315 (20.6) | 7377 (11.0) 2037 (21.8) <0.0001
or gestational
diabetes mellitus

BMI indicates body mass index; HDP, Hypertensive disorders of pregnancy; HS, high school; no., number; pre-preg, pre-pregnancy; R-GINDEX, Revised-
Graduated Prenatal Care Utilization Index; RUCA, Rural-Urban Commuting Area; WIC, Women, Infants, and Children; and y, years.

*Data include person-level diagnostic codes at time of discharge or birth certificate. Hypertensive disorders of pregnancy (HDP) were defined as pre-
eclampsia, eclampsia, or gestational hypertension (/CD-9/10-CM: 642.3-642.7; 011, 013-015) based on hospitalization/emergency department (ED) visit data,
or gestational hypertension as reported on the birth certificate. Pre-pregnancy hypertension was based on hospitalization/ED visit data (/CD-9/10-CM: 642.0—
642.2, 642.9; 010, O16) or birth certificates. Pre-pregnancy hypertension with superimposed HDP was based on hospitalization/ED visit data (/CD-9/10-CM:
642.7; O11) or a combination of the above diagnosis codes for HDP and pre-pregnancy hypertension.

TPre-pregnancy smoking, smoking during pregnancy, pre-pregnancy BMI, BMI at delivery, gestational age at delivery, mode of delivery, induced labor,
number of pregnancies prior to the index pregnancy, previous Cesarean section, pre-pregnancy diabetes, and gestational diabetes mellitus were available from
the birth certificate. Gestational diabetes mellitus was also defined using hospitalization/ED visit data based on /CD-9-CM and ICD-10-CM codes.

#Variables with >0.1% missing data included: annual household income, n=8992; prenatal care as measured by R-GINDEX, n=120 923; primary payer,
n=3182; and WIC eligibility in pregnancy, n=6449.

IAmong women in the 4 exposure groups, characteristics are compared using P-values calculated by chi-square tests for categorical variables and analysis
of variance (ANOVA) for continuous variables.

increased 2.55-fold for pre-pregnancy hypertension The event rates for incident HF differed by exposure
(95% ClI: 1.31-4.95), 4.20-fold for HDP (95% CI: 3.66—  status and race and ethnicity although the number of
4.81), and 5.25-fold for women with both conditions  events was small for some groups; thus, race- and
(95% CI: 4.24-6.50) compared with neither condition ethnicity-specific findings are only presented for NHW
after covariate adjustment (Table 2). and NHB women. Within 5 years of delivery, the inci-

dent HF event rate per 1000 person-years for women

. . : with pre-pregnancy hypertension was 0.85 (95% Cl:
Incident Heart Failure Among Women With 7 ¢ 00\ and 0.84 (95% CI: 0.27-2.61) for

HPP and/or Pre-Pregnancy Hyp_e_rtenS'on NHB women. The incident HF event rate for women
With a Focus on Race and Ethnicity with HDP was 0.96 (95% Cl: 0.83-1.11) for NHW and
Table 3 shows incident HF event rates and HF risk  2.28 (95% Cl: 2.03-2.56) for NHB women per 1000
within 5 years of delivery by race and ethnic group. person-years. Among women with both conditions,

J Am Heart Assoc. 2021;10:e021616. DOI: 10.1161/JAHA.121.021616 6



Malek et al

HDP With Maternal Heart Failure

©
S . .
| mesmseses Non-Hispanic Black Women
—_— Non-Hispanic White Women
0
O. T E "
Both pre-preg HTN an_cLHDE'
] <+ __a'—_‘ -
= O - ‘/—
£ . HOR.-~*
e _',¢-
o m Lot LT
20O ] ST et
- 55% e
= o
g(\l R ST Both pre-preg HTN and HDP — =
'4’ " - —
O QT =
» - P P i s,
R —— HDR_- —
» L // — T aae=mmT
o e — e — T e-m==="
P — P L Pre-preg HTN
R e - ————
= (ks e sezmem"T « =
o1 v —_— —— Neither pre-preg HTN_nor HOP- == -~
: TR T i D
.= emmmmmmmmmmeT T — —— —PrEPrGHIN -
L--_’_"—-—_-_-;—_'_' :_':_——_____—___ — — — — = —NGither pre-preg HTN nor HDP
o -
I I I I I I
0 1 4 5
Analysis time

Figure 2. Cumulative hazard of incident HF by years after delivery, race/ethnicity, and exposure

group.

HDP indicates hypertensive disorders of pregnancy; pre-preg HTN indicates pre-pregnancy hypertension;

and HF, heart failure.

the incident HF event rate was 1.22 (95% CI: 0.82—
1.80) for NWH and 4.30 (95% CI: 3.55-5.22) for NHB
women per 1000 person-years. Figure 3 displays rates
per 1000 person-years for maternal incident HF events
within 5 years of delivery among all women and by
race and ethnic group for NHW and NHB women.

Peripartum cardiomyopathy, defined by diagnosis
within 6 weeks of delivery, occurred among 14.4%
(n=252; n=91 NHW, n=159 NHB, n=<5 Hispanic) of
women with incident HF within 5 years of delivery
versus 0.1% (n=105; n=41 NHW, n=61 NHB, n=<5
Hispanic) of women without. No women with incident
HF within 5 years of delivery experienced peripartum
death; however, peripartum death occurred among <5
women without the outcome of interest.

In ajoint analysis of our 4 exposure categories and race
and ethnic group, differences in incident HF risk were also
observed (Table 3). Up to 5 years after delivery compared
with NHW women with neither condition, the HR for inci-
dent HF risk among women with pre-pregnancy hyper-
tension was 2.53 for NHB (95% CI: 0.82-8.11) and 3.22
for NHW women (95% ClI: 1.03-10.1). However, there were
few events for each racial/ethnic group. For HDP, the HR
for incident HF risk was 8.53 for NHB women (95% CI:
6.96-10.5) and 4.14 for NHW (95% Cl: 3.35-5.13) women
compared with NHW women with neither condition. For
women with both conditions, the HR for incident HF risk
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was 11.3 for NHB (95% ClI: 8.67-14.8) and 4.07 for NHW
women (95% Cl: 2.64-6.27) compared with NHW women
with neither condition. The HR for incident HF risk for NHB
women with neither condition was 2.30 (95% CI: 1.88—
2.82) compared with NHW counterparts.

We did not find evidence of a significant interaction
between the exposure and race and ethnic groups for
incident HF (P=0.3452), but elected to provide race and
ethnic-stratified results regardless (Table S3). Within
5 years of delivery, incident HF risk was increased
for women with HDP: NHW (HR,4.14; 95% CI: 3.31—
5.17) and NHB women (HR,3.74; 95% ClI: 3.12-4.49)
compared with counterparts with neither condition.
Similarly, among women with both conditions, incident
HF risk was increased 4.11-fold (95% ClI: 2.64-6.40)
for NHW and 4.88-fold (95% ClI: 3.78-6.29) for NHB
women compared with those with neither condition,
respectively. While race ethnicity- group specific HRs
may be similar for women of different racial and ethnic
groups, it is important to keep in mind that rates in the
unexposed category are more than twice as high in
NHB when compared with NHW women.

DISCUSSION

In this diverse cohort with a large population of NHB
women, we found significant associations between
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Table 2. Adjusted Hazard Ratios Comparing Women With
and Without HDP by Pre-Pregnancy Hypertension Status
for Fatal and Nonfatal Incident Heart Failure Within the
First Year of Delivery and Up to 5 Years Subsequent to
Delivery

Incident heart failure
Event rate (95%
Event | CI)* HR (95% CI)t
The first year of delivery
Neither pre-preg 172 0.49 (0.43-0.57) Referent
hypertension nor
HDP
Pre-pregnancy 6 3.94 (1.77-8.76) 4.39 (1.93-9.97)
hypertension
HDP 247 3.71(3.27-4.20) | 5.41 (4.39-6.65)
Both pre-pregnancy | 62 6.66 (5.19-8.55) 6.02 (4.38-8.27)
hypertension and
HDP
<5y of delivery
Neither pre-preg 442 0.25 (0.23-0.28) Referent
hypertension nor
HDP
Pre-pregnancy 9 1.18 (0.62-2.27) 2.55 (1.31-4.95)
hypertension
HDP 480 1.44 (1.32-1.58) 4.20 (3.66-4.81)
Both pre-pregnancy | 130 2.81 (2.36-3.33) 5.25 (4.24-6.50)
hypertension and
HDP

HDP indicatesHypertensive disorders of pregnancy; HR, hazard ratio; and
pre-preg, pre-pregnancy.

*Per 1000 person-years.

fAdjusted for sociodemographic (maternal age, race/ethnicity, education,
rural/urban residence, median income, payer, Women, Infants and Children
[WIC]), behavioral (smoking during pregnancy), and clinical characteristics
(pre-pregnancy body mass index [BMI], change in BMI after delivery, pre-
pregnancy or gestational diabetes mellitus, gestational age at delivery, mode
of delivery, induced labor, number of pregnancies prior to index pregnancy,
previous Cesarean section, previous pre-term delivery, Revised-Graduated
Prenatal Care Utilization Index [R-GINDEX]).

pre-pregnancy hypertension and HDP with maternal
incident HF (including both fatal and nonfatal) within
5 years of delivery. The highest risk was observed
among women with both pre-pregnancy hyperten-
sion and HDP (i.e., with superimposed preeclampsia),
followed by women with HDP and women with pre-
pregnancy hypertension. While HRs for incident HF risk
appeared higher during the first year after pregnancy,
the increased relative risk remained higher through
5 years of follow-up. In women with pre-pregnancy hy-
pertension as well as women with both pre-pregnancy
hypertension and HDP, there were a small number of
events from which the increases were seen.
Racial/ethnic differences were evident for incident
HF risk up to 5 years subsequent to delivery. In women
with HDP, HF rates were substantially higher in NHB
than NHW women (2.28 compared with 0.96 per 1000
person-years). In women with both pre-pregnancy hy-
pertension and HDP, HF rates were also substantially
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higher in NHB than NHW women (4.30 compared with
1.22 per 1000 person-years). We did not find evidence
of a significant interaction between the exposure and
racial and ethnic groups for incident HF (P=0.3452),
but it is important to remember that incident HF rates
in the unexposed category are more than twice as high
in NHB than in NHW women. The absence of an inter-
action indicates that this difference holds across the
4 exposure categories. These racial and ethnic differ-
ences are important as NHB women experience more
pregnancy-related morbidity and mortality than NHW
women. Clinical and public health prevention efforts
are needed to reduce maternal morbidity and mortality
in women at high risk of HF or HF death within 5 years
of HDP and/or pre-pregnancy hypertension.

While previous studies have investigated the relation-
ship between HDP and cardiovascular outcomes in-
cluding HF, definition of the exposure and/or outcome,
adjustment for covariates, and length of follow-up has
varied.®12-1526-31 Fyrther, evidence is lacking on potential
racial/ethnic disparities in HF and other CVD outcomes
among women with HDP. Many studies examining the
risk of CVD subsequent to preeclampsia have not been
able to adjust for multiple, established cardiovascular
risk factors and other confounders.® Four cardiovascu-
lar risk factors (i.e., maternal age, pre-pregnancy BMI,
smoking during pregnancy, pre-pregnancy or gesta-
tional diabetes mellitus) were adjusted for in our study in
addition to several pregnancy-related risk factors (e.g.,
number of pregnancies prior to index pregnancy, pre-
vious pre-term delivery, induced labor). Pre-pregnancy
hypertension was also considered by including 4 expo-
sure groups of women who experienced HDP and/or
pre-pregnancy hypertension as well as women who did
not experience either condition.

With regard to the duration between delivery and
maternal incident HF outcomes, studies that have
examined HF events up to 5 years after delivery in-
dicate elevated risk persists 5 years after pregnancy;
however, few studies have examined HF events more
than 5 years after delivery. A recent study by Garovic
et al. in Minnesota investigated the association of HDP
and several conditions including congestive HF with
36.2 (interquartile range [IQR]: 23.5 to 38.2 years) and
35.8 years median follow-up (IQR: 13.7 to 37.9 years)
for women with a history of HDP and referent women,
respectively.®? The risk of congestive HF was increased
among women with HDP compared with referent
women matched by age and parity (HR,2.11, 95% ClI:
1.19-3.76).%2 Similar cumulative hazards of conges-
tive HF were found for women with HDP and referent
women until around 13 years, after which the hazard
of congestive HF became higher among women with
HDP than referent women.3? In addition, Chen et al.
(2018) assessed the relationship between HDP and HF
within 5, 6 to 10, and more than 10 years after delivery
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Table 3. Adjusted Hazard Ratios Comparing Women With HDP With and Without and Pre-Pregnancy Hypertension , and
Those With Pre-Pregnancy Hypertension Without HDP to Women With Neither HDP nor Pre-Pregnancy Hypertension for
Incident Heart Failure Stratified by Racial/Ethnic Group Within 5 Years of Delivery

Non-Hispanic White Non-Hispanic Black
Incident heart failure Event Event rate (95% CI)* HR (95% CI)t Event Event rate (95% CI)* HR (95% CI)t
<6y of delivery
Neither pre-preg 189 0.18 (0.16-0.21) Referent 244 0.48 (0.42-0.54) 2.30 (1.88-2.82)
hypertension nor HDP
Pre-preg hypertension <5 0.85 (0.27-2.64) 3.22 (1.03-10.1) <5 0.84 (0.27-2.61) 2.53 (0.82-8.11)
HDP 176 0.96 (0.83-1.11) 414 (3.35-5.13) 293 2.28 (2.03-2.56) 8.53 (6.96-10.5)
Both pre-preg 25 1.22 (0.82-1.80) 4.07 (2.64-6.27) 104 4.30 (3.55-5.22) 11.3 (8.67-14.8)
hypertension and HDP

HDP indicates hypertensive disorders of pregnancy; HR, hazard ratio; and pre-preg, pre-pregnancy.

*Per 1000 person-years.

TAdjusted for sociodemographic (maternal age, education, rural/urban residence, median income, payer, Women, Infants and Children [WIC]), behavioral
(smoking during pregnancy), and clinical characteristics (pre-pregnancy body mass index [BMI], change in BMI after delivery, pre-pregnancy or gestational
diabetes mellitus, gestational age at delivery, mode of delivery, induced labor, number of pregnancies prior to index pregnancy, previous Cesarean section,
previous pre-term delivery, Revised-Graduated Prenatal Care Utilization Index [R-GINDEX].

in Taiwan (with a mean follow-up of 5.72 years).3® A
higher incidence rate ratio (IRR) for HF was observed
for women with HDP compared with the control cohort
that varied slightly by follow-up period with an IRR of
414 (95% Cl: 4.07-4.27) for 6 to 10 years and an IRR
of 5.32 (95% Cl: 5.21-5.43) for more than 10 years fol-
lowing delivery.3®

Our study provides more information on HF among
women with history of HDP or pre-pregnancy hyper-
tension and racial/ethnic differences. Women exposed
to HDP may have underlying risk factors such as hy-
pertension or overweight/obese BMI that could later

manifest as CVD. However, as preeclampsia and CVD
have common risk factors, more research is needed to
determine their temporality. Pathophysiologic changes
seen in preeclampsia include placental malperfusion,
hypoxia, and oxidative stress, which for the early-
onset type is associated with incomplete spiral artery
remodeling, although the heterogeneous pathogen-
esis is not completely understood.34-%¢ Endothelial
dysfunction and vasoconstriction can lead to hyper-
tension and end-organ hypoperfusion, with the result-
ing cardiovascular risk factors raising the risk of CVD
later in life.3”

mAll women *
Non-Hispanic White women
# Non-Hispanic Black women

Event rate per 1,000 person-years
w

0.48

Neither pre-pregnancy
hypertension nor HDP

Pre-pregnancy
hypertension

n=442 n=189 n=244 n=9 n=<5 n=<5

Number of events

2.81

Both pre-pregnancy
hypertension and HDP

n=480 n=176 n=293

n=130 n=25 n=104

Figure 3.
ethnicity and exposure group.*
HDP indicates hypertensive disorders of pregnancy.
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Even in the absence of hypertensive disease, NHB
women may not tolerate well the physiological cardio-
vascular changes of pregnancy predisposing them
to HF. Physiological effects may be present in NHB
women with racism exposure throughout their life,
such as dysfunctions in stress-response that can lead
to vascular changes during pregnancy.®82° The cardio-
vascular system is strained by an increased BMI, and in
pregnancy, obesity has been linked to elevated blood
pressure, dyslipidemia, hyperinsulinemia, and endo-
thelial impairment.*®*" Among non-pregnant women
in the U.S., NHB women have higher rates of obesity
than those of other racial/ethnic groups including NHW
women.*? The highest prevalence of pre-pregnancy
obesity has been observed among NHB women and
American Indian/Alaskan Native women.*344

Previous studies have described the associa-
tion of preeclampsia with CVD and specifically HF.
Associations were observed between preeclampsia
(OR=4.1, 95% CI: 2.9-5.8) and gestational hyperten-
sion (OR=2.6, 95% Cl: 1.5-4.5) with HF in the year fol-
lowing delivery by a NYC study.*® A UK prospective
study with a median of 7 years follow-up reported an
association between long-term HF risk and history of
HDP (HR,1.7, 95% CI. 1.04-2.60) following covariate
adjustment." The disparities identified in risk factors
for HDP and vascular disease among racial/ethnic
groups may also be evident for maternal outcomes.
This study provides evidence for such differences in
maternal pregnancy-related CVD outcomes with the
inclusion of 4 exposure groups focusing on HDP and
pre-pregnancy hypertension.

Strengths and Limitations

Limitations of our study include possible underestima-
tion of HF incidence as HF was captured by hospital/
ED visit and death certificate data given that many di-
agnoses are made as outpatients. As data were not
available on type of HDP (e.g., gestational hyperten-
sion, preeclampsia), severity, early onset, or duration,
we were unable to investigate relationships with sub-
sequent HF risk. However, we adjusted for continuous
gestational age at delivery, which potentially may be
correlated with severity of HDP. We also adjusted for
previous pre-term delivery. Due to the data sources,
we could not differentiate between HF with preserved
versus reduced ejection fraction, assess the potential
effect of residual hypertension after delivery, or dis-
criminate gestational hypertension from preeclampsia.
It was therefore not possible to individually examine the
effect of each disorder on maternal incident HF subse-
quent to delivery. The use of ICD-9/70-CM diagnosis
codes for preeclampsia and pre-pregnancy hyper-
tension has previously been reported to vary in accu-
racy,*® and the number of women with pre-pregnancy
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hypertension and/or preeclampsia may be underesti-
mated. The inability to identify women who may have
moved out of the state is also a limitation of our study
which assumed women were healthy and not lost to
follow-up unless an event occurred or they were seen
in the ED or hospital. Unfortunately, we were unable to
include Hispanic women in racial- and ethnic-specific
analyses due to small numbers of events. Finally,
power may be low for women in the pre-pregnancy
hypertension group, who had few events. There are
many strengths of our statewide study, which included
a diverse cohort of women with live, singleton births
over a 13-year period (2004-2016) and self-reported
race and ethnicity. NHB women, who made up a large
proportion of the cohort, are a critical population that
is currently understudied given their high maternal
morbidity and mortality. HF was measured in the short
term (within 1 year of delivery) and a longer term, within
5 years of delivery. This is critical because the data
support starting screening for CVD in high-risk women
soon after delivery. The index pregnancy was defined
as the first exposed (HDP and/or pre-pregnancy hyper-
tension) or unexposed (neither condition) pregnancy in
our data set. While diagnoses prior to the index preg-
nancy and pregnancy history were unknown, birth
certificate data included past birth information (e.g.,
previous Cesarean section), diagnoses at delivery (e.g.,
gestational hypertension, pre-pregnancy hyperten-
sion), and covariates (e.g., pre-pregnancy BMI, smok-
ing during pregnancy). Another strength is adjustment
of the receipt of prenatal care based on the R-GINDEX,
although the R-GINDEX could not be calculated due to
missing information for 28.4% of women.

CONCLUSIONS

In summary, our findings demonstrate strong associa-
tions between HDP and/or pre-pregnancy hyperten-
sion exposure with incident HF up to 5 years following
delivery, and the highest risk was found in the group
with superimposed preeclampsia. Differences in inci-
dent HF risk were also observed by racial/ethnic group.
Our study provides further evidence related to long-
term maternal effects of HDP and pre-pregnancy hy-
pertension, specifically for maternal HF including fatal
and nonfatal events. These findings fill an important
gap in the literature on racial/ethnic health differences
in HDP and related-maternal, long-term cardiovascu-
lar outcomes. Future studies are needed to further
examine racial/ethnic differences in maternal incident
HF subsequent to delivery with consideration of pre-
pregnancy hypertension and/or HDP, and in particular
the individual components of HDP as well as sever-
ity. Differentiation between HF with preserved versus
reduced ejection fraction should also be studied. In
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addition, development of a prediction model to predict
the risk of adverse maternal outcomes subsequent
to delivery in women with and without HDP or pre-
pregnancy hypertension is of interest and could help
guide intensified follow-up.

Clinical and public health implications of this re-
search could include motivation for screening for
adverse maternal outcomes in women identified as
high risk and prevention of maternal morbidity and
mortality through changes to clinical practice includ-
ing the reduction of modifiable cardiovascular risk
factors.
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SUPPLEMENTAL MATERIAL



Table S1. Hospitalization and emergency department International Classification of Diseases, Ninth and Tenth Revision,
Clinical Modification (ICD-9-CM) and (ICD-10-CM) codes or as reported on birth certificates or death certificates for the

exposure, covariates, and outcomes of interest

DIAGNOSIS

ICD-9-CM CODE

ICD-10-CM CODE

Outcome of delivery, birth *
Single liveborn, single live birth *
Congenital heart disease

Diabetes:
Maternal/Gestational diabetes

Pre-pregnancy and Gestational diabetes (birth certificate)
Heart failure:
Hypertensive heart disease with heart failure; Hypertensive heart and
chronic kidney disease with heart failure; Congestive heart failure
Hypertensive disorders of pregnancy (HDP):
Gestational hypertension; Pre-eclampsia; Eclampsia;
Pre-existing hypertension with pre-eclampsia;
Gestational hypertension (birth certificate)
Kidney transplant
Peripartum cardiomyopathy
Peripartum death
Pre-pregnancy hypertension:

Benign essential hypertension complicating pregnancy, childbirth, and the

puerperium; Hypertension secondary to renal disease complicating pregnancy,
childbirth, and the puerperium; Other pre-existing hypertension complicating
pregnancy, childbirth, and the puerperium; Pre-existing essential hypertension

complicating pregnancy, childbirth, and the puerperium, Pre-existing

hypertensive heart disease complicating pregnancy, childbirth and the

puerperium.

Pre-pregnancy hypertension (birth certificate)
Pre-pregnancy hypertension with superimposed HDP: *

Pre-eclampsia or eclampsia superimposed on pre-existing

hypertension; Pre-existing hypertension with pre-eclampsia

V27, V30, 640-649, 650-659, 660-669
V27.0,V30.0

745, 745.5, 746, 746.4, 746.8, 746.87,
746.9, 746.93, 746.99

250.00-250.92,

648.0, 648.8

402.01, 402.11, 402.91, 404.x1, 404.x3, 428

642.3-642.7

procedure code: 55.6, V42.0
674.5

642.0-642.2, 642.9

642.7

Z37x

Z37.0

Q20.x, Q21.X, Q22.x, Q23.x,
Q24.x

E10, E11, 024.3, 024.4,
024.9

111.0, 113.0, 113.2, 150.x
011, 013-015

794.0
093.0
093.0

010, 016

011

* Obtained from the mother’s hospitalization/emergency department visit record
T Based on Honigberg et al. 2019 *

* Also defined by a combination of the above diagnosis codes for hypertensive disorder of pregnancy and pre-pregnancy hypertension.
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Table S2. Data source(s) and completion of variables included in the models

Non-Hispanic | Non-Hispanic
Total White (NHW) | Black (NHB) Hispanic
N=425,649 N=250,506 N=134,220 N=40,923
Characteristic Data source(s) Proportion of complete data
Sociodemographic
Age (maternal) Birth certificate and/or 100% 100% 100% 100%
hospitalization
Education Birth certificate 100% 100% 100% 100%
Median household income per year Hospitalization/ED visit encounter 97.9% 97.6% 98.9% 96.5%
Payer during pregnancy Birth certificate 99.3% 99.4% 99.3% 98.2%
Race/ethnicity Birth certificate and/or 100% 100% 100% 100%
hospitalization/ED visit encounter
Rural/urban residence Hospitalization/ED visit encounter 100% 100% 100% 100%
WIC eligiblity during pregnancy Birth certificate 98.5% 98.6% 98.5% 98.0%
Behavioral
Smoking during pregnancy Birth certificate >99.9% >99.9% >99.9% >99.9%
Clinical
Change in BMI after delivery Birth certificate 99.6% 99.7% 99.5% 99.3%
Gestational age at delivery Birth certificate 99.9% >99.9% 99.9% 99.9%
Pre-pregnancy or gestational diabetes Birth certificate and/ 100% 100% 100% 100%
hospitalization/ED visit encounter
Induced labor Birth certificate 100% 100% 100% 100%
Mode of delivery Birth certificate >99.9% >99.9% >99.9% >99.9%
Number of pregnancies prior to index Birth certificate 100% 100% 100% 100%
pregnancy
Pre-pregnancy BMI Birth certificate 100% 100% 100% 100%
Previous cesarean section °' Birth certificate 100% 100% 100% 100%
Previous pre-term delivery Birth certificate 100% 100% 100% 100%
Prenatal care, measured by R-GINDEX * | Birth certificate 71.6% 77.3% 66.2% 54.5%

BMI, body mass index; ED, emergency department; R-GINDEX, Revised-Graduated Prenatal Care Utilization Index; WIC, Women, Infants, and Children.

*BMI at delivery was missing for 0.4% of women.

TPrevious cesarean section was reported as unknown on the birth certificate for 53.4% of women. These women were included in the model by including an unknown category for this variable.

*R-GINDEX was not able to be calculated due to missing information for 28.4% of women. These women were included in the model by including a missing category for this variable.




Table S3. Race/ethnic-specific adjusted hazard ratios for fatal and non-fatal heart failure
(HF) within 5 years of delivery among women with hypertensive disorders of pregnancy
(HDP) and/or pre-pregnancy hypertension (HTN) by exposure group, 2004-2017 *

Non-Hispanic White Non-Hispanic Black

Incident HF <5 years Event Event Rate HR Event Event Rate HR

(95% CI) (95% CI) * (95% CI)T  (95% CI) *
Neither pre-pregnancy 189 0.18 referent 244 0.48 referent
HTN nor HDP (0.16-0.21) (0.42-0.54)
Pre-pregnancy HTN <5 0.85 3.16 <5 0.84 1.11

(0.27-2.64) (1.00-9.95) (0.27-2.61)  (0.36-3.49)
HDP 176 0.96 4.14 293 2.28 3.74

(0.83-1.11) (3.31-5.17) (2.03-2.56) (3.12-4.49)
Both pre-pregnancy 25 1.22 411 104 4.30 4.88
HTN and HDP (0.82-1.80) (2.64-6.40) (3.55-5.22)  (3.78-6.29)

Abbreviations: Cl, confidence interval; HDP, hypertensive disorder of pregnancy; HF, heart failure; HR, hazard ratio; HTN, hypertension.

* p-value=0.3452 for interaction between HDP and pre-pregnancy hypertension and race-ethnic group.

T Per 1,000 person-years.

* Adjusted for sociodemographic (maternal age, education, rural/urban residence, median income, payer, Women, Infants, and Children [WIC]),
behavioral (smoking during pregnancy), and clinical characteristics (pre-pregnancy body mass index [BMI], change in BMI after delivery, pre-
pregnancy or gestational diabetes, gestational age at delivery, mode of delivery, induced labor, number of pregnancies prior to index pregnancy,
previous cesarean section, previous pre-term delivery, Revised-Graduated Prenatal Care Utilization Index [R-GINDEX]).



Table S4. Demographic and clinical characteristics of mothers at index pregnancy in South
Carolina by race/ethnic group, 2004-2016 ™" *

Non-Hispanic White  Non-Hispanic Black Hispanic
N=250,506 (58.9) N=134,220 (31.5) N=40,923 (9.6)

Characteristic n (%), mean £SD n (%), mean £SD n (%), mean +SD  p-value®

Neither pre-preg HTN nor HDP 208,794 (83.3) 102,676 (76.5) 36,460 (89.1) <0.0001

Pre-pregnancy HTN 708 (0.3) 715 (0.5) 107 (0.3)

HDP 36,873 (14.7) 25,924 (19.3) 4036 (9.9)

Both pre-preg HTN and HDP 4,131 (1.6) 4,905 (3.7) 320 (0.8)

Maternal age at delivery, y 27.9 5.9 259 6.0 27.1 6.0 <0.0001

<20 19,367 (7.7) 19,017 (14.2) 4,283 (10.5) <0.0001
20-24 57,940 (23.1) 44,201 (32.9) 10,978 (26.8)
25-29 74,010 (29.5) 35,091 (26.1) 11,887 (29.0)
30-34 63,121 (25.2) 22,539 (16.8) 8,578 (21.0)
35-39 29,641 (11.8) 10,711 (8.0) 4,208 (10.3)
40+ 6,427 (2.6) 2,661 (2.0 989 (2.4)

Education
Less than HS 29,360 (11.7) 25,058 (18.7) 22,412 (54.8) <0.0001
HS graduate 54,521 (21.8) 41,815 (31.2) 8,216 (20.1)

Some college 61,958 (24.7) 41,411 (30.9) 5,142 (12.6)
>College graduate 104,667 (41.8) 25,936 (19.3) 5,153 (12.6)

Urban/rural (based on RUCA by

zipcode of residence)

Urban 194,763 (77.7) 89,007 (66.3) 29,985 (73.3) <0.0001
Rural 55,743 (22.3) 45,213 (33.7) 10,938 (26.7)

Annual household income
<$36,000 45,936 (18.3) 59,624 (44.4) 9,672 (23.6) <0.0001
$36,000 to <$54,000 128,925 (51.5) 52,323 (39.0) 19,525 (47.7)
>$54,000 69,622 (27.8) 20,754 (15.5) 10,276 (25.1)

Primary payer during pregnancy
Medicaid 94,941 (37.9) 92,495 (68.9) 17,528 (42.8) <0.0001
Private 130,673 (52.2) 33,230 (24.8) 6,039 (14.8)

Self-pay 6,446 (2.6) 2,386 (1.8) 13,733 (33.6)
Other 16,950 (6.8) 5,166 (3.8) 2,880 (7.0)

WIC eligibility during 92,516 (36.9) 99,691 (74.3) 26,318 (64.3) <0.0001

pregnancy

Pre-pregnancy smoking 50,144 (20.0) 12,863 (9.6) 1,548 (3.8) <0.0001

Smoking during pregnancy 38,989 (15.6) 9,485 (7.1) 930 (2.3) <0.0001

Pre-pregnancy BMI (kg/m?) 26.3 6.4 29.1 7.4 26.7 55 <0.0001

Change in BMI at delivery 52 28 43 3.2 46 29 <0.0001

Gestational age at delivery 38.6 1.8 38.2 2.3 38.7 1.8 <0.0001
<28 weeks 761 (0.3) 1,418 (1.1) 145 (0.4) <0.0001
28 to <34 weeks 3,607 (1.4) 4,012 (3.0) 552 (1.3)

34 to <37 weeks 15,897 (6.3) 10,881 (8.1) 2,337 (5.7)
>37 weeks 230,125 (91.9) 117,808 (87.8) 37,861 (92.5)

Mode of delivery
Cesarean section 84,855 (33.9) 47,986 (35.8) 12,009 (29.3) <0.0001
Vaginal 165,644 (66.1) 86,230 (64.2) 28,913 (70.7)

Induced labor 39,640 (15.8) 18,470 (13.8) 4,149 (10.1) <0.0001

No. of pregnancies prior to index 0.7 1.0 09 1.1 11 +1.2 <0.0001

pregnancy

Previous cesarean section
Yes 12,869 (5.1) 7,953 (5.9 2,740 (6.7) <0.0001
No 104,415 (41.7) 54,585 (40.7) 15,670 (38.3)

Unknown 133,222 (53.2) 71,682 (53.4) 22,513 (55.0)




Non-Hispanic White  Non-Hispanic Black Hispanic

N=250,506 (58.9) N=134,220 (31.5) N=40,923 (9.6)

Characteristic n (%), mean £SD n (%), mean £SD n (%), mean +SD  p-value®
Previous preterm birth 5,429 (2.2) 4,746 (3.5) 941 (2.3) <0.0001
Prenatal care, measured by R-GINDEX

Inadequate 45,720 (18.3) 21,562 (16.1) 7,629 (18.6) <0.0001

Intermediate 65,365 (26.1) 24,741 (18.4) 6,207 (15.2)

Adequate 4,385 (1.8) 2,118 (1.6) 409 (1.0)

Intensive 76,850 (30.7) 38,912 (29.0) 7,178 (17.5)

No care 1,285 (0.5) 1,481 (1.1) 884 (2.2

Missing 56,901 (22.7) 45,406 (33.8) 18,616 (45.5)
Pre-pregnancy or gestational 15,596 (6.2) 9,486 (7.1) 2,917 (7.1) <0.0001

diabetes

Abbreviations: BMI, body mass index; HDP, Hypertensive disorders of pregnancy; HS, high school; HTN, hypertension; no., number; pre-preg,
pre-pregnancy; R-GINDEX, Revised-Graduated Prenatal Care Utilization Index; RUCA, Rural-Urban Commuting Area; SD, standard deviation;
WIC, Women, Infants, and Children; y, years.

* Data includes person-level diagnostic codes at time of discharge or birth certificate. Hypertensive disorders of pregnancy (HDP) were defined as
pre-eclampsia, eclampsia, or gestational hypertension (ICD-9/10-CM: 642.3-642.7; 011, 013-015) or based on hospitalization/emergency
department (ED) visit data, or gestational hypertension as reported on the birth certificate. Pre-pregnancy hypertension was based on
hospitalization/ED visit data (ICD-9/10-CM: 642.0-642.2, 642.9; 010, O16) or birth certificates. Pre-pregnancy hypertension with superimposed
HDP was based on hospitalization/ED visit data (ICD-9/10-CM: 642.7; O11) or a combination of the above diagnosis codes for HDP and pre-
pregnancy hypertension.

T Pre-pregnancy diabetes, gestational diabetes, pre-pregnancy BMI, BMI at delivery, pre-pregnancy smoking, smoking during pregnancy, and
primary payer during pregnancy were available from the birth certificate.

*Variables with >0.1% missing data included: annual household income, n=8,992; prenatal care as measured by R-GINDEX, n=120,923; primary
payer, n=3,182; and WIC eligibility in pregnancy, n=6,449.

§ Characteristics are compared by race/ethnic group using p-values calculated by chi-square tests for categorical variables and analysis of variance
(ANOVA) for continuous variables.



