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Recent studies reported the long-term cardiovascular risk of preeclampsia. However, only a few
studies have investigated the association between preeclampsia and long-term cardiovascular disease
in Asian populations, although there could be racial/ethnic differences in the risk of cardiovascular
diseases. Therefore, we aimed to evaluate the long-term effects of preeclampsia on cardiovascular
disease in an Asian population. This study included 68,658 parous women in the Health Examinees
Study (HEXA) cohort of South Korea and compared the risk of long-term cardiovascular disease,
including ischemic heart disease and stroke, according to the history of preeclampsia. We also
performed a meta-analysis combining current study data with data from existing literature in the
Asian population. Among the study population, 3413 (5.23%) women had a history of preeclampsia,
and 767 (1.12%) and 404 (0.59%) women developed ischemic heart disease and stroke for 22 years.
Women with a history of preeclampsia were at a higher risk for both ischemic heart disease (adjusted
hazard ratio 1.66 [1.19-2.04]) and stroke (adjusted hazard ratio 1.48 [1.02-2.16]) than those without.
In the meta-analysis, the pooled hazard ratio of ischemic heart disease and stroke were also increased
in women with a history of preeclampsia (ischemic heart disease 1.65 [1.51-1.82]; stroke 1.78
[1.52-2.10]).

Pregnancy becomes a window period to check the risk of cardiovascular disease after pregnancy because experi-
encing adverse pregnancy outcomes during pregnancy may accentuate cardiovascular or metabolic risk factor!-.
Inflammation, endothelial dysfunction, and impaired hemodynamic adaptation are possible mechanisms by
which adverse pregnancy outcomes progress as future cardiovascular risk factors’. Preeclampsia (PE) which
is one of the representative adverse pregnancy outcomes, occurs in 2-5% of all pregnancies globally, and its
incidence is increasing over the decades” !>, The mechanism by which preeclampsia occurs during pregnancy
remains unresolved. It is known to be some women with preexisting conditions associated with endothelial cell
activation or inflammation are more likely to develop preeclampsia'®. In women with these vulnerabilities, addi-
tional detrimental remodeling and accelerated vascular aging after delivery can result in chronic hypertension,
type 2 diabetes, hyperlipidemia, metabolic syndrome and obesity, all of which are risk factors for cardiovascular
disease!”!®. Some recent studies demonstrated that the long-term adverse effects of PE on women’s cardiovas-
cular health®>!7-%0,

PE prevalence differs according to race and ethnicity. Many studies have reported an increased risk of PE in
non-Hispanic Black women?!-%. According to data on PE and eclampsia among inpatient deliveries in 2014 in
the United States, Asian/Pacific Islanders were reported to have the lowest rate of PE compared to that in Black,
White, and Hispanic women?®*. Racial and ethnic differences also affect the risk of cardiovascular disease (CVD).
The rate of acute myocardial infarction was reported to be higher in black women aged 35-74 years than in
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Whites and Asian/Pacific Islander women?. The prevalence of coronary heart disease in the United States was
lower in Asian women than in White, Hispanic, and Black women®. In contrast, Asian Americans women were
more likely to have severe stroke than White women?’.

Based on these racial/ethnic differences in both PE and CVD, it is presumed that the long-term cardiovas-
cular risk of PE may also differ between races/ethnicities. However, most published studies were conducted in
predominantly White women in Western countries. To date, only a few studies have been conducted in Asian
populations, but the results have been conflicting. Cho et al. conducted study on 420,407 primigravid women
using the database of the Korea National Health Insurance Service and National Health Screening Examina-
tion in South Korea and found an association between preeclampsia and ischemic heart disease after delivery
(adjusted hazard ratio, aHR 1.66 [1.51-1.81])*. However, Wang et al. could not find this association (adjusted
odds ratio 0.96 [0.60-1.53]) in their large-scale cohort study including 5807 primigravid women aged 15-40
using the universal insurance claims data in Taiwan®. In addition, long-term follow-up studies for several dec-
ades are lacking, as most previous cohort studies followed up women for less than 20 years after delivery for the
occurrence of CVD.

In short, while there have been some studies targeting Asians, there hasn't been a study on a large-scale
population with a median follow-up duration of 22 years, focusing specifically on preeclampsia, like the one
conducted in this research. In this study, we assessed the long-term risk of ischemic heart disease (IHD) and
stroke in women with a history of PE using a large population-based cohort in South Korea. Furthermore, for
a comprehensive analysis of the cardiovascular risk of PE in the Asian population, we also conducted a meta-
analysis of published literature and the current study.

Results

HEXA cohort study in South Korea

This study included female participants who delivered between the ages of 18 and 45 years. Women with incom-
plete data and pre-existing IHD or stroke before delivery were excluded. In total, 68,658 women were included
in the final analysis (Fig. 1). Among the study population, 3413 (5.23%) women had a history of PE during preg-
nancy. Table 1 shows the demographic and clinical characteristics of the study population. The ages of women
at delivery with and without a history of PE were 30.4 and 30.1 years, respectively. Women with a history of PE
had higher rates of GDM and delivery of low birth weight and macrosomia newborns than women without a
history of PE (p<0.001).

The median follow-up duration was 22 years (range: 16-26 years). Among the study population, 767 (1.12%)
and 404 (0.59%) women experienced IHD and stroke after delivery, respectively. The incidence rates of both IHD
and stroke after delivery per 1000 person-years were higher in women with a history of PE than in those without
(IHD, 0.822 vs. 0.530, p <0.001; stroke, 0.434 vs. 0.279, p<0.001). In the Cox regression analysis, women with
a history of PE had a 1.558 times higher risk of IHD and a 2.042 times higher risk of stroke than those without
a history of PE (IHD adjusted hazard ratio [aHR] 1.558; 95% confidence interval [95% CI], 1.189-2.042; stroke
aHR 1.483; 95% CI, 1.020-2.155) (Table 2).

Meta-analysis

To comprehensively assess the long-term cardiovascular risk of hypertensive disorders of pregnancy among
Asian women, a meta-analysis, including the current study, was conducted. A total of 2223 studies were ini-
tially searched, and five studies, including three studies that were manually searched, met the inclusion criteria
(Fig. 2)**32. Among the five previous studies, three studies presented the cardiovascular risk of hypertensive

Total population of HEXA
(n=173,204) * 59,261 men excluded
* 45,248 women excluded
(Incomplete data or maternal age at delivery and
follow-up period that doesn’t meet the inclusion criteria)
Study population 1
(n=68,695)
» 37 women excluded
(cardiovascular event before delivery)

Study population 2
(n=68,658 )

No Preeclampsia Preeclampsia

(n=65,245) (n=3,413)

Figure 1. Flow diagram of the study population describing the inclusion and exclusion criteria of the HEXA
study population.
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Control group (n=65,245) | Preeclampsia group (n=3413) | p value
Baseline characteristics
Age at enrollment (years) 49.19+6.01 49.13+5.89 0.721
Duration between delivery and last follow up | 20.52+6.72 20.24+6.80 0.025
Family history of stroke 8356 (7.44%) 409 (11.98%) <0.001
Family history of IHD 5087 (7.80%) 325(9.52%) <0.001
Obstetric characteristics
Age at delivery (years) 30.1+3.9 30.4+4.1 0.001
Parity 2.2+0.8 2.2+0.8 0.230
GDM during pregnancy 609 (0.93%) 244 (7.15%) <0.001
Delivery of LBW 2827 (4.33%) 483 (14.15%) <0.001
Delivery of macrosomia 4851 (7.44%) 409 (11.98%) <0.001
Prevalent comorbidity before delivery
Diabetes 46 (0.07%) 4(0.12%) 0.314
Hypertension 61 (0.09%) 20(0.59%) <0.001
Dyslipidemia 24 (0.04%) 2 (0.06%) 0.373

Table 1. Demographic and clinical characteristics of the HEXA study population. BMI, body mass index;
GDM, gestational diabetes mellitus; IHD, ischemic heart diseases; LBW, low birth weight.

Crude incidence rate per
WD Lo person, veary Unadjusted HR (95% | Model 1 HR (95% | Model 2HR (95% | Model 3 HR (95%
Outcomes | Control History of PE Control | History of PE | CI) CI) CI) CI)
1.58%** 1.59%%* 1.59%%* 1.56**
IHD 710/65,245 (1.09%) | 57/3413 (1.67%) | 0.530 0.822%**
(1.21-2.07) (1.21-2.08) (1.21-2.08) (1.19-2.04)
1.57* 1.57* 1.54* 1.48*
Stroke 374/65,245 (0.57%) | 30/3413 (0.88%) | 0.279 0.434%%*
(1.08-2.28) (1.08-2.28) (1.06-2.24) (1.02-2.16)

Table 2. Incident diagnosis of cardiovascular outcomes in the HEXA study population. Data are presented as
proportion (%). CI, confidence interval; CVD, cardiovascular diseases; HR, hazard ratio; IHD, ischemic heart
diseases; PE, preeclampsia. Significant codes: ***’ <0.001; **’ <0.01; *’<0.05. Model 1, adjusted for age at
delivery and parity using Cox proportional hazards regression analysis. Model 2, adjusted for age at delivery,
parity, and prevalent diseases (hypertension, diabetes, or dyslipidemia) using Cox proportional hazards
regression analysis. Model 3, adjusted for age at delivery, parity, prevalent diseases (hypertension, diabetes, or
dyslipidemia), and family history (ischemic heart disease or stroke) using Cox proportional hazards regression
analysis.

disorders of pregnancy which was defined as gestational hypertension, PE, eclampsia, or superimposed PE**!32,
Two studies presented the cardiovascular risk of PE (Table 3)?%3,

Among the five previous studies, only one study®® assessed the risk of IHD, and all five studies?*~*? assessed
the risk of stroke among women with a history of hypertensive disorders of pregnancy.

Including the current study, the total study population of the meta-analysis for long-term risk of hyperten-
sive disorders of pregnancy on IHD was 489,065. Among them, 12,848 (2.63%) had a history of hypertensive
disorders of pregnancy. The meta-analysis showed that women with hypertensive disorders of pregnancy were
1.65 times more likely to have IHD after delivery than those without (aHR, 1.65; 95% CI 1.51-1.80) (Fig. 3a).

The total study population of the meta-analysis for the long-term risk of hypertensive disorders of pregnancy
on stroke was 736,912. Among them, 70,722 (9.60%) women had a history of hypertensive disorders of preg-
nancy. The results of the five previous studies were consistent with those of the current study, which showed an
increased risk of stroke in women with a history of hypertensive disorders of pregnancy?*-*2. The meta-analysis
also showed that women with a history of hypertensive disorders of pregnancy were 1.78 times more likely to
have a stroke after delivery than those without (aHR, 1.78; 95% CI 1.52-2.10) (Fig. 3b).

Discussion
The major findings of this study are as follows. (1) A history of PE increased the risk of both stroke and IHD in
the HEXA cohort of South Korea, which followed women over 20 years after delivery. (2) In a meta-analysis of
Asian populations, the risk of IHD and stroke after delivery was increased in women with a history of hyper-
tensive disorders of pregnancy.

To the best of our knowledge, the current study evaluated the hazard ratio of incident CVD after delivery
with the longest duration of follow-up in the Asian population. The median follow-up duration of the current
study was 22 years, whereas that of previous studies was less than 20 years?*~*2 In this study, we found that the
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Number of study Scope of hypertensive Follow-up duration
Study Study design population disorders of pregnancy | (years) aHR (95% CI) Adjusted variables
22 IHD; 1.56 (1.19-2.04) Age, parity, HTN, diabetes,
Current study | Retrospective cohort | 68,658 PE dyslipidemia, and family
(IQR, 16-26) Stroke; 1.48 (1.02-2.16) | history
Retrospective, Urbanization level,
Gestational hypertension, S(l)art;it:rs’ };mirhgilsg;:a’
Wang? 5807 eclampsia, PE or superim- | 6.64+1.57 Stroke; 2.04 (1.18-3.51) Y artery i
Case control osed PE preterm delivery, placental
p abruption, lupus, and
thrombophilia
Retrospective, 9.8
Kuo® 6324 PE Stroke, 3.47 (1.46-8.23) | None
Case control (IQR, 5.1-12.7)
Retrospective, gestational hypertension, -
Huang* 167,480 eclampsia, PE or superim- | 13 (maximum) Stroke; 2.13 (1.82-2.51) Urbaanatl(()in level,
Case control posed PE income, and season
Urbanization level, geo-
graphic region, income,
season, age, mode of
delivery, multiple gesta-
. . tion, multiple hypertensive
" Retrospective, gestational hypertension, ) disorders of pregnancy,
Hung’ 68,085 eclampsia, PE or superim- | 17 (maximum) Stroke; 1.71 (1.46-2.00) | hospital level, chronic
posed PE HTN, GDM, anemia,
antepartum hemorrhage,
and postpartum hemor-
rhage
Case control
IHD; 1.66 (1.51-1.82) Age, BMI, systolic BP,
diastolic BP, aspartate
Cho?® Retrospective cohort | 420,407 PE 10 (maximum) am%notransferase, alapme
Stroke; 1.54 (1.39-1.71) aminotransferase, fating
glucose, total cholesterol,
and smoking

Table 3. Previous studies on cardiovascular risk of hypertensive disorders of pregnancy. aHR, adjusted hazard
ratio; BMI, body mass index; BP, blood pressure; GDM, gestational diabetes mellitus; HTN, hypertension;
IHD, ischemic heart disease; IQR, interquartile range; PE, preeclampsia.

a

Hazard Ratio Hazard Ratio
Study or Subgroup __log[Hazard Ratio] SE_Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Cho, 2022 0.5068 0.0483 891% 1.66[1.51,1.82)
Current study 0.4434 01379 109% 1.56([1.19,2.04)
Total (95% CI) 100.0% 1.65[1.51, 1.80] <>
Heterogeneity: Chi*= 0.19, df= 1 (P = 0.66); F= 0% 0=5 0=7 3 1%5 2
Test for overall effect: Z=10.97 (P < 0.00001) ' ' Control History of.PreecIampsia

b
Hazard Ratio Hazard Ratio

Study or Subgroup __log[Hazard Ratio] SE_Weight IV, Random, 95% CI IV, Random, 95% CI
Cho, 2022 0.4318 0.0523 28.6% 1.54 [1.39,1.71] it
Current study 03941 0191 11.9% 1.48[1.02,2.16) [
Huang, 2020 0.758 0.082 246% 213[1.82, 2.51) -
Hung, 2022 0.5365 0.0806 24.8% 1.71 [1.46, 2.00] -
Kuo, 2018 1.2442 04417 3.2% 3.47 [1.46, 8.25)
Wang, 2011 0.7129 02793 6.9% 2.04[1.18,3.53] —
Total (95% CI) 100.0% 1.78 [1.52, 2.10] @
Heterogeneity: Tau®= 0.02; Chi*= 14.81, df= 5 (P = 0.01); F= 66% ; f f f t i
Test for overall effect: Z= 6.98 (P < 0.00001) 01 02 Oéf:mtrol1 Histonz/ of preeclsamp;ioa

Figure 3. Hazard ratios of (a) ischemic heart disease and (b) stroke in women with a history of hypertensive
disorders of pregnancy in the meta-analysis. (a) Hazard ratio of ischemic heart disease in women with a history
of hypertensive disorders of pregnancy. (b) Risk ratio for stroke in women with a history of hypertensive
disorders of pregnancy.
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CVD risk of PE persisted for more than 20 years after delivery and remained beyond the middle age of Asian
women. In contrast to a recent study in which the acute CVD risk of PE (during delivery hospitalization) was
higher in Asian women than in White or Black women (HR of IHD, Asian 6.74; White 3.87; Black 2.55)%, the
risk of long-term CVD of PE in Asian populations was similar to that of White women®*-?’.

The need to investigate the cardiovascular risk of PE in various races/ethnicities has been mentioned in
previous studies***. Several studies have reported that black women with a history of PE are at a higher risk of
CVD than other races; however, few studies have been conducted in the Asian population'”#*-*. In addition, as
it was mentioned before, results from previous studies in Asian women showed conflicting outcomes regarding
CVD risk during pregnancy or after delivery. The analytic methods of previous studies suggesting CVD risk
also varied, including odds ratio [OR], HR, or relative risk [RR]. Therefore, the evidence on long-term CVD
risk of PE in Asian women is non-uniform and insufficient. To ascertain the long-term cardiovascular risk of PE
in Asian women accurately, current study excluded studies which assessed CVD outcome during pregnancy or
presented CVD risk other than HR from meta-analysis. We finally included five studies with a total of 731,105
women. The results of our meta-analysis confirmed that a history of PE increases the risk of IHD and stroke,
even in Asian women.

Because adaptation to the physiologic changes of pregnancy is an advance warning of a woman’s risk of later
CVD, the American Heart Association has updated its guidelines for CVD prevention in women, recommending
consideration of a history of adverse pregnancy outcomes in the part of CVD risk assessment*!. With large-scale
prospective cohort (HEXA study) and meta-analysis in Asian women we were able to evaluate the risk of CVD
after PE in a clear manner. Based on these results women should be monitored closely for the development of
preeclampsia during pregnancy, and if it occurs, should expeditiously undergo comprehensive preventive screen-
ing and management for reducing CVD risk.

The strength of this study is that it has the longest follow-up period compared to other studies in the Asian
population. In addition, we also presented the result of a meta-analysis on CVD risk of PE in the Asian popu-
lation. Lastly, we adjusted for the risk factors of CVD that presented before delivery, thus reaffirming that the
cardiovascular risk of PE remains after adjusting for well-known risk factors. This study has several limitations.
First, we didn’t evaluate the impact of gestational hypertension, eclampsia, and superimposed PE while the
meta-analysis assessed the impact of hypertensive disorders of pregnancy including PE, gestational hyperten-
sion, eclampsia or superimposed PE. This study focused on the impact of PE because PE is potentially more
ominous and significant compared to gestational hypertension considering both disease severity and incidence.
In addition, HEXA cohort only provided the data regarding PE. In addition, due to the lack of data, we were
unable to stratify the subtypes of PE such as early-onset, late-onset or severe PE. Secondly, the main outcomes
of the study, which are the occurrence of stroke and ischemic heart disease were identified based on the par-
ticipants” interview-based questionnaires, thereby leading to information bias. Another limitation was that the
range of hypertensive disorder during pregnancy of each study included in the meta-analysis was heterogeneous.
Some studies targeted the impact of hypertensive disorders of pregnancy which included gestational hyperten-
sion, PE, eclampsia, and superimposed PE***!%2, While the current study, Kuo et al. and Cho et al. focused on
preeclampsia®®*°,

The current study presented the long-term cardiovascular risk of PE in Asian women. The long-term risk of
both THD and stroke in women with a history of preeclampsia lasted more than 20 years after delivery in Asian
women. Therefore, surveillance of CVD in women with a history of PE should be maintained lifelong and not
be limited to the postpartum period. Moreover, a large prospective cohort study on the long-term CVD of PE is
needed to reaffirm the cardiovascular risk of PE in the Asian population.

Methods
Health examinees cohort study in South Korea
Study population
The Health Examinees (HEXA) study is a large-scale prospective cohort study that enrolled 167,169 residents
of 14 urban and suburban areas in the Republic of Korea between January 2004 and December 2013*. For the
longitudinal follow-up, participants were invited to attend the assessment center for the new occurrence of
adverse outcomes between 2012 and 2016. The ethnicity of the participants was all Korean. The data regarding the
participants’ race was not investigated. The study population was followed up until the last visit to the assessment
center. The current study included female HEXA participants who delivered between the age of 18 and 45 years
and reported at least one birth. Participants were followed for up to 30 years after delivery.

The risks of IHD and stroke after delivery were compared according to history of PE during pregnancy. In
the current study, women with pre-existing IHD or stroke before delivery were excluded.

Data sources and definition of variables

At enrollment, the participants in the HEXA study provided informed consent and their information using an
interview-based questionnaire regarding demographic factors, family history, and medical history including
the diagnosis of disease and the age at first diagnosis, and obstetric history, including age at delivery and the
diagnosis of obstetric complications such as gestational diabetes (GDM) and PE by a doctor®. In addition, the
HEXA study followed participants until 2012-2016 regarding the new occurrence of medical diseases. Based on
this interview-based questionnaires, the occurrence of IHD and stroke was identified. The occurrence of IHD
was defined as the diagnosis of angina pectoris or myocardial infarction after the time of delivery. The occurrence
of stroke was defined as the diagnosis of a stroke after the time of delivery. Prevalent comorbidities, including
diabetes, hypertension, and dyslipidemia, were defined as those that occurred before the delivery.
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Statistical analysis

Continuous variables are presented as mean and standard deviation. The chi-square test or Fisher’s exact test was
used to analyze categorical variables, as appropriate. The Student’s t-test or Mann-Whitney U test was used for
continuous variables, as appropriate. The incidence rates of IHD and stroke after delivery were calculated per
1000 person-years. The Cox proportional hazards model was used to evaluate hazard ratios and 95% confidence
intervals for total IHD and stroke. The HRs for outcomes were adjusted for age at delivery, parity, prevalent
hypertension/diabetes/dyslipidemia before delivery, family history of IHD, and family history of stroke. p <0.05
was considered statistically significant. All statistical analyses were conducted using R Statistical Software (ver-
sion 4.0.5; R Foundation for Statistical Computing, Vienna, Austria).

Meta-analysis

Literature search

To evaluate the risk of IHD and stroke after hypertensive disease during pregnancy in an Asian population, we
performed a meta-analysis combining data from the current study with data from the existing literature. To
identify published studies, we searched with a trained librarian for all publications in English on the topic. We
searched the terms for hypertensive disease during pregnancy (e.g., preeclampsia, gestational hypertension,
or pregnancy-induced hypertension) and CVD (e.g., cardiovascular disease, stroke, myocardial ischemia, or
coronary artery disease) using MEDLINE, EMBASE, and Cochrane databases for original articles. Additional
studies were included in the manual search of the original articles (Supplementary Table 1; Supplementary Fig. 1).

Study selection

Original articles with two types of study design were included in the meta-analysis: cohort and case-control
studies. Studies that assessed the risk of subsequent stroke or IHD in women with a history of hypertension
during pregnancy were included. Studies that did not include Asian women in the study population or could not
extract the results from the Asian population were excluded. Studies that included total CVD occurring during
pregnancy as outcomes or those that did not present hazard ratios as outcomes were excluded. Three authors
(E-SC, DYK, and SEC) screened the articles by title and abstract. The full articles were reviewed by the same
reviewers, and the final study selection was performed by E-SC.

Data analysis

In the meta-analysis, the scope was expanded beyond PE and to analyze the impact of hypertensive disorders of
pregnancy which includes gestational hypertension, PE, eclampsia or superimposed PE. We analyzed the data
using RevMan version 5.4 (Nordic Cochrane Center) and used the inverse variance method to evaluate hazard
ratios. In analyzing the risk of subsequent stroke after hypertensive disease during pregnancy, a random effects
model was used, considering the heterogeneity of the study population of the included articles. However, in the
analysis of subsequent IHD after hypertensive disease during pregnancy, a fixed effect analysis was performed
because only two studies were available in this meta-analysis and variability between studies could not be esti-
mated reliably**”. We estimated the pooled hazard ratio using the adjusted risk from the selected original articles
and the current stud

Ethics approval and consent to participate

HEXA study followed a standard study protocol approved by the Ethics Committee of the Korean Health and
Genomic Study of the Korean National Institute of Health and institutional review boards from all participat-
ing centers. The current study was approved by the Institutional Review Board of the Seoul National University
Hospital approved this study. We confirm that all methods were performed in accordance with the relevant
guidelines and regulation.

Data availability

The data that support the findings of this study are available from National Biobank of Korea, the Korea Disease
Control and Prevention Agency, Republic of Korea, but restrictions apply to the availability of these data, which
were used under license for the current study, and so are not publicly available. Data are however available from
the corresponding authors upon reasonable request and with permission of National Biobank of Korea, the Korea
Disease Control and Prevention Agency, Republic of Korea.
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