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BACKGROUND: Pregnancy-related complications are linked to increased cardiovascular disease risk, but comprehensive evalu-
ations of diverse complications, particularly multiple or recurrent events, are limited.

METHODS: A national retrospective cohort study was conducted using the Secure Anonymised Information Linkage (SAIL)
Databank in Wales. Exposures were hypertensive disorders of pregnancy, gestational diabetes, placental abruption, stillbirth,
small for gestational age, fetal growth restriction, and preterm birth. Multiple complications were defined as >1 complica-
tion in the first pregnancy, and recurrent complications as the same complication in both the first and second pregnancies.
Outcomes were incident ischemic heart disease, stroke, heart failure, and atrial fibrillation. Cox regression estimated hazard
ratios (HRs).

RESULTS: A total of 298515 women (mean age 27.2years; SD 6.1) were included. Multiple pregnancy-related complications
were associated with increased risk of ischemic heart disease (hazard ratio HR, 2.88 [95% Cl, 2.27-3.67]), stroke (HR, 2.03
[95% ClI, 1.55-2.65]), heart failure (HR, 3.18 [95% Cl, 2.34-4.32]), and atrial fibrillation (HR, 1.80 [95% CI, 1.20-2.72]) compared
with no complications. A dose-response relationship was observed, with progressively higher cardiovascular disease risk
for multiple compared with single complications and elevated risk for both groups relative to women without complications.
Recurrent pregnancy-related complications increased the risk of ischemic heart disease (HR, 1.93 [95% Cl, 1.26-2.95]), stroke
(HR, 1.89 [95% Cl, 1.25-2.85]), heart failure (HR, 3.61 [95% Cl, 2.32-5.60]), and atrial fibrillation (HR, 2.45 [95% CI, 1.38-4.37])
compared with no complication.

CONCLUSIONS: Women experiencing pregnancy-related complications encounter higher risks of cardiovascular disease, es-
pecially with multiple or recurrent complications. Comprehensive cardiovascular risks assessment and targeted prevention
should be prioritized for this group.
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considered a predominantly male condition, this female mortality.? Although global mortality from isch-
misconception has led to the underestimation emic heart disease (IHD) has declined over time, these
of CVD risk in women.! CVD is the leading cause of reductions have been more substantial in men than

Although cardiovascular disease (CVD) is often death in women globally, accounting for ~35% of all

Correspondence to: Gregory Y. H. Lip, MD, Liverpool Centre for Cardiovascular Sciences, University of Liverpool, William Henry Duncan Building, 6 West
Derby Street, Liverpool L7 8TX, UK. Email: gregory.lip@liverpool.ac.uk

This article was sent to Monik C. Botero, SM, ScD, Associate Editor, for review by expert referees, editorial decision, and final disposition.
Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/JAHA.125.044953
For Sources of Funding and Disclosures, see page 12.

© 2026 The Author(s). Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use
is non-commercial and no modifications or adaptations are made.

JAHA is available at: www.ahajournals.org/journal/jaha

J Am Heart Assoc. 2026;15:e044953. DOI: 10.1161/JAHA.125.044953 1


https://orcid.org/0000-0003-3803-9691
https://orcid.org/0000-0002-5604-9378
https://orcid.org/0000-0003-2975-647X
https://orcid.org/0000-0003-3392-1650
https://orcid.org/0000-0003-3396-7464
https://orcid.org/0000-0002-9575-4758
https://orcid.org/0000-0003-0814-0801
https://orcid.org/0000-0002-5853-4625
https://orcid.org/0000-0001-6926-2947
https://orcid.org/0000-0003-0270-0150
https://orcid.org/0000-0002-7566-1626
mailto:
mailto:gregory.lip@liverpool.ac.uk
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.125.044953
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha
http://crossmark.crossref.org/dialog/?doi=10.1161%2FJAHA.125.044953&domain=pdf&date_stamp=2026-02-20

920z ‘¥T |1dy uo Aq Bio'sfeuinofeye//:diy wouy pspeojumoq

Al Bahhawi et al

CLINICAL PERSPECTIVE

What Is New?

e Multiple complications in the first pregnancy
and recurrent complications across first and
second pregnancies were associated with sub-
stantially increased long-term risks of ischemic
heart disease, stroke, heart failure, and atrial
fibrillation.

e A dose-response relationship was observed,
with progressively higher cardiovascular risk
in women with multiple compared with single
complications, and elevated risk for both groups
relative to women without complications.

What Are the Clinical Implications?

e Women with multiple or recurrent complica-
tions represent a particularly high-risk group
who may benefit from targeted cardiovascular
screening and preventive interventions.

Nonstandard Abbreviations and Acronyms

SAIL Secure Anonymised Information Linkage
Databank

WIMD Welsh Index of Multiple Deprivation

women, particularly in younger women under the age
of 55,34

Multiple systematic reviews of observational stud-
ies have indicated that pregnancy-related compli-
cations are associated with a higher risk of incident
CVD.5-8 Although studies have explored the asso-
ciations between pregnancy-related complications
and incident CVD,5® few have evaluated atrial fibril-
lation (AF), the commonest heart rhythm disorder, as
a CVD outcome.® Moreover, the association between
>1 pregnancy-related complication and incident CVD
has been insufficiently investigated. For example, a
recent large cohort study suggested that the coex-
istence of multiple pregnancy-related complications
was associated with a higher risk of IHD, with adjusted
hazard ratios (HR) linked with encountering 1, 2, or >3
pregnancy-related complications being 1.29 (95% ClI,
1.19-1.39), 1.80 (95% ClI, 1.59-2.03), and 2.26 (95% Cl,
1.89-2.70), respectively.'

In addition, recurrent pregnancy-related compli-
cations have been associated with a higher risk of
CVD compared with nonrecurrent pregnancy-related
complications."'?> However, there has been limited re-
search exploring the associations between the broad
spectrum of recurrent pregnancy-related complica-
tions and incident CVD.
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Using population-scale national-level data linkage
available in Wales, UK, the study aims to examine as-
sociations between single pregnancy-related compli-
cations, multiple pregnancy-related complications or
recurrent pregnancy-related complications and risk of
incident IHD, stroke, heart failure (HF), and AF.

METHODS

Data Sharing Statement

The data used in this study are available from the Secure
Anonymised Information Linkage (SAIL) Databank at
Swansea University, but access requires application to
SAIL due to data governance restrictions.

Data Sources

This project used data from the SAIL Databank, the
national trusted research environment for Wales, which
contains population-scale, individual-level anonymized
linkable data from various routinely-collected data
sources in Wales."® Within the SAIL Databank, each
individual is assigned a unique identifier for a particular
study using an anonymous linking field.'>'* Using the
anonymous linking field, individual-level health-related
information was linked from multiple sources, includ-
ing the Office for National Statistics birth and death
extracts, hospital admissions, outpatient attendances,
and emergency department and primary care records.
Further details about record linkage are given in the
Supplementary materials (Table S1). The study was ap-
proved by the SAIL Databank Information Governance
Review Panel (project 1136). The research used an-
onymized routinely collected health data; therefore,
individual informed consent was not required.

Study Population

The study population included all women who were
aged 16 to 45years at the time of their first childbirth,
with the first birth occurring in Wales between January
1, 2000 and December 31, 2018. Birth and maternity
records were identified using the National Community
Child Health data, Annual District Birth Extract, and
Maternity Indicators Data Set, which have collectively
recorded birth data in Wales since 1987.'° To establish
the cohort, women were excluded if they:

1. had a maternity or birth record between January
1, 1990 and December 31, 1999 to increase the
likelihood of capturing women'’s first recorded
births within the study period and approximate
a predominantly nulliparous baseline cohort,
as national and cohort data indicate median
birth intervals of ~3years, making unrecorded
earlier births unlikely;
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2. had <1 year recorded medical history, to ensure
adequate ascertainment of baseline comorbidi-
ties and exposures and reduce bias from incom-
plete or fragmented medical records;

3. were aged <16years or >45years at the time of
first birth;

4. had a history of IHD, AF, HF, or stroke before first
pregnancy;

5. had first birth after December 31, 2018; or

6. had missing gestational age (GA) or <20weeks
pregnancy at the first birth. GA was excluded
rather than imputed because it was central to
defining key exposures (preterm birth, small for
GA [SGA], and fetal growth restriction [FGR])
and to validate the timing of diagnostic codes.
Following the cohort creation, duplicate records
were checked. Details of the identification pro-
cess are available in Figure S1.

To evaluate the role of recurrent pregnancy-related
complications, a subset cohort was created, includ-
ing only women who had >1 birth during the study
period. The previous exclusion criteria were applied to
the second birth. Additionally, women with an implau-
sible birth interval, defined as a birth interval between
the first and second birth being shorter than the GA of
the second pregnhancy, were excluded. For consistency,
pregnancy complications were defined according to the
first recorded pregnancy, which served as the primary
exposure of interest. Subsequent pregnancies were not
included in the main analysis; however, in the recurrence
analysis, complications across both the first and sec-
ond pregnancies were considered. The time for data
extraction was determined from January 1, 2000 until
December 31, 2018 to maximize the data accuracy and
to allow for a minimum of 1-year follow-up. The study end
date was December 31, 2019 to exclude secular trends
of CVD morbidity and mortality related to the COVID-19
pandemic.'®

Exposures

The exposures of interest were the following
pregnancy-related complications: hypertensive disor-
ders of pregnancy (HDP), gestational diabetes, placen-
tal abruption, stillbirth, SGA, FGR and preterm birth.
HDP, gestational diabetes, placental abruption, and
stillbirth were defined using International Classification
of Diseases, Tenth Revision (ICD-10) and Read codes
from the Patient Episode Database for Wales and the
Wales Longitudinal General Practice data during the
pregnancy period (refer to Tables S2 and S3). Preterm
birth was defined as birth of a baby before 37+0weeks
of gestation. SGA and FGR were inferred from birth
weight and the GA data from the National Community
Child Health and the Maternity Indicators Data Set.

J Am Heart Assoc. 2026;15:e044953. DOI: 10.1161/JAHA.125.044953

Pregnancy Complications and CVD Risk in Wales

SGA was defined as birth weight <10th percentile for
sex and GA, and FGR was defined as a birth weight
below the third percentile for sex and GA."” The birth
weight percentiles were calculated using the ‘zan-
thro’ command in Stata 17, which computes Z scores
for anthropometric measures using the 1990 UK-
World Health Organization growth reference charts.'®
Z scores were then transformed to percentiles, which
were used to define SGA and FGR. External evalua-
tions have confirmed the accuracy of maternity and
birth data within Welsh national sources linked to the
SAIL Databank.'®20

History of any pregnancy-related complication was
defined as presence of any of the previously men-
tioned complications during the first pregnancy. Single
pregnancy-related complication was defined as pres-
ence of only 1 pregnancy-related complication during
the first pregnancy. Multiple pregnancy-related compli-
cations were defined as presence of >1 of the following
conditions: gestational diabetes, placental abruption,
stillbirth, SGA, or preterm birth during the first preg-
nancy. History of FGR was excluded from this definition
because all FGR cases are SGA by the study definition.
Recurrent pregnancy-related complications were de-
fined as presence of a history of occurrences of the
same pregnancy-related complication in the first and
second pregnancy. Nonrecurrent pregnancy-related
complications were defined as a history of occurrence
of any pregnancy-related complication in either the first
or second pregnancy only or a history of occurrence
of different pregnancy-related complications in the first
and second preghancy.

Outcomes

The outcomes of interest were incident IHD, stroke, HF,
and AF. The diagnosis of these outcomes was based
on related /ICD-70 and Read codes. A search for the
related codes, provided in Tables S2 and S3, was un-
dertaken in the Wales Longitudinal General Practice,
Patient Episode Database for Wales, the Outpatient
Dataset for Wales, the Emergency Department Data
Set, and the Annual District Death Extract data sources.
To accurately identify incident events, we selected the
first recorded instance of the outcome across any of
the available data sets. In cases where the same event
was recorded in >1 data set, the earliest occurrence
was retained. Algorithm and codes used in this study
have been validated in other UK electronic health re-
cord systems.?":22

Covariates

The variables included in this project were chosen
based on clinical knowledge regarding their associa-
tion with CVD (Figure S2). The list and definition of
variables, which included demographic characteristics
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and medical conditions, are summarized in (Table S4).
Covariates included prepregnancy maternal medical
conditions (hypertension, diabetes, hyperlipidemia,
congenital heart disease, and valvular heart disease),
quintiles of the Welsh Index of Multiple Deprivation
(WIMD2011 version), race/ethnicity, multifetal preg-
nancy (yes/no), maternal age at first delivery, and cal-
endar year of first birth categorized as 5-year interval.

Statistical Analysis

Descriptive statistics were provided to describe the
baseline characteristics of individuals with history of any
pregnancy-related complications, and no pregnancy-
related complication at the end of first pregnancy.

For analyses evaluating histories of any pregnancy
complication and multiple-single pregnancy complica-
tions, the follow-up period was taken from the first birth
date, whereas for recurrent pregnancy complications,
follow-up began at the second birth. Participants were
censored at the earliest date of the following: loss of
follow up, death, development of outcome of interest,
or the study end date. For recurrent pregnancy com-
plications, women were also censored if they reached
10years of follow-up. This restriction was applied be-
cause the recurrent cohort (limited to women with >2
births) became sparse at longer durations, leading to
instability in cumulative incidence estimates, partic-
ularly for rarer outcomes such as HF and AF. It also
ensured compliance with SAIL Databank disclosure
controls, which prohibit the export of results that could
risk reidentification of anonymized data. Survival anal-
yses were conducted using Cox proportional hazards
regression models to estimate HRs and 95% Cls for
each study outcome. The proportionality of hazards
was investigated using global Schoenfeld residuals test
and by assessing log—log survival plots. Competing risk
methods were not applied due to the very low mortality
rate in this young cohort, making informative censor-
ing by death was unlikely to affect results. Adjustment
for potential confounders were conducted by including
information regarding prior chronic conditions: prepreg-
nancy hypertension, pregestational diabetes, hyperlip-
idemia, maternal congenital heart disease, and valvular
heart disease, which were included as dichotomous
variables (yes/no). Race/ethnicity (White and not White
[race/ethnicity was analyzed as White versus combined
minoritized ethnic groups (Black/Black British, Asian/
Asian British, Mixed, and Other)]) and multifetal preg-
nancy (yes/no) were also included as dichotomous vari-
ables. WIMD quintiles (first—least deprived, fifth—most
deprived) and the calendar year of the first birth (2000—
2004, 2005-2009, 2010-2014, and 2015-2018) were
included as categorical variables. Maternal age at first
birth was included as a continuous variable. In anal-
yses evaluating recurrent pregnancy complications,
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the same set of confounders were used at the second
birth. Statistical analyses were conducted using Stata
(version 17; Stata Corp LLC, College Station, TX) and
R (version 4.0.2). Results are presented as main effects
with 95% Cls unless otherwise stated.

Secondary Analysis

Secondary analyses were undertaken to assess the
association between individual pregnancy-related
complications and incident IHD, stroke, HF, and AF.
Additionally, the analysis explored the influence of
hypertension, diabetes, and maternal age on the re-
lationship between a history of any pregnancy-related
complication and incident composite CVD.

To evaluate individual pregnancy-related complica-
tions with incident CVD, 3 Cox proportional hazards
models were employed. The first model compared
women with each specified pregnancy-related compli-
cation with women who did not experience that compli-
cation, while adjusting for covariates. The second model
further adjusted for a history of other pregnancy-related
complications. The third model compared women with
each specified pregnancy-related complication with
women who had no pregnancy-related complications,
while adjusting for covariates. Additional analyses ex-
plore the association between individual recurrent
pregnancy-related complications and incident CVD.

For hypertension, diabetes, and maternal age, inter-
action analyses were performed to examine whether
these factors modified the association between
pregnancy-related complication and incident com-
posite CVD. Prepregnancy hypertension was defined
as the presence of hypertension-related codes before
20weeks’ gestation, and pregestational diabetes as
the presence of diabetes-related codes before preg-
nancy. Incident postpartum hypertension was de-
fined as the presence of hypertension-related codes
after the first birth and before the diagnosis of CVD
and incident postpartum diabetes as the presence of
diabetes-related codes after the first birth and before
the diagnosis of CVD. The P value for interaction was
tested using the likelihood ratio test.

Further, mediation analyses were conducted to de-
termine the impact of incident postpartum hypertension
or diabetes on the association between pregnancy-
related complications and incident CVD using a 4-way
decomposition method.?® Based on this approach, the
effect of pregnancy-related complications on incident
CVD in relation with incident postpartum hypertension
or diabetes after birth, can be decomposed into 4 com-
ponents: (1) controlled direct effects (the direct effect of
pregnancy-related complications on incident CVD that
was not explained by incident postpartum hypertension
or diabetes); (2) reference interaction effect (the effect of
pregnancy-related complications on incident CVD due
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All maternity/pregnancy records in SAIL from January 1, 2000 to
December 31, 2019
(411 570 women and 725 327 records)

Exclusion criteria

411 570 women

724 476 records

’ Duplicated records removal (n=851)

<1 year of SAIL medical history follow-up (n=538)

Previous birth recorded between 1990 and 2000 (n= 64 347)
History of IHD, stroke, HF, or AF prior to first birth (n= 1182)
Age at first birth > 45 years or <16 years (n=2416)

Main cohort 298 515 women

First birth after December 31, 2018 (n= 13 082)
Gestational age <20 weeks at first birth (n=41)
Missing gestational age at first birth (n= 31 449)

History of only 1 birth between 2000 and 2018 (n= 124 371)
History of IHD, stroke, HF, or AF prior to second birth (n= 66)
Second birth after December 31, 2018 (n=9617)

Subset cohort of
women with at
least 2 births

162 041 women

Missing or gestational age <20 weeks at second birth (n=2345)
Implausible birth interval* (n=75)

v

Figure 1. Flow diagram depicting the cohort construction.

AF indicates atrial fibrillation; HF, heart failure; IHD, ischemic heart disease; and SAIL, Secure Anonymised Information Linkage
Databank. *Implausible birth interval: birth interval is lower than the gestational age of the second pregnancy.

to interaction with incident postpartum hypertension or
diabetes); (3) mediated interaction effect (the effect of
pregnancy-related complications on incident CVD due
to both interaction and mediation with incident post-
partum hypertension or diabetes); and (4) pure indirect
effect (the effect of pregnancy-related complications on
incident CVD through incident postpartum hyperten-
sion or diabetes). Stata command med4way was used
to compute the 4-way decompositions.?* Further de-
tails regarding the secondary analyses are provided in
the Supplementary materials.

Sensitivity Analysis

Four sensitivity analyses were conducted. First, women
with preexisting congenital or valvular heart diseases
were excluded. Second, the cohort entry was delayed
to 12 weeks postnatally to evaluate the impact of expo-
sure and outcome misclassification because HDP may
persist or manifest de novo after birth, and CVD devel-
oping during this period could be related to pregnancy
rather than pregnancy-related complications. Third,
the roles of missing data in the WIMD were evaluated
using multiple scenarios. Scenario 1: All missing in
WIMD are considered the lowest value and all miss-
ing in race/ethnicity are considered White; Scenario 2:
all missing in WIMD are considered the lowest value
and all missing in race/ethnicity are considered non-
White; Scenario 3: all missing in WIMD are considered
the highest value and all missing in race/ethnicity are
considered White; Scenario 4: all missing in WIMD are

J Am Heart Assoc. 2026;15:e044953. DOI: 10.1161/JAHA.125.044953

considered the highest value and all missing in race/
ethnicity are considered non-White.

RESULTS

Demographic Characteristics

The study cohort included 298515 women (mean+SD
age 27.2, [6.1]) with 541581 unique pregnancies
(Figure 1). The median follow-up time was 9.7 years
(interquartile range 4.4-14.9years). Maternal demo-
graphic and pregnancy characteristics are shown in
Table 1 for the entire cohort after the first birth. Any
pregnancy-related complications were present in
74832 (251%) women during the first pregnancy.
Compared with women with no pregnancy-related
complications, women with any pregnancy-related
complication tended to live in more deprived areas
(lowest quintile 25.1% versus 22.4%) and had higher
rates of multifetal pregnancy (4% versus 0.8%) and
chronic diseases including prepregnancy hyperten-
sion (1.4% versus 0.4%) and pregestational diabetes
(1% versus 0.3%). The incidence of various pregnancy-
related complications, including individual, single, and
multiple occurrences (individual pregnancy-related
complications refer to specific types of complications
[eg, gestational diabetes, preterm birth], each analyzed
separately as an exposure whereas single and multiple
pregnancy-related complications refer to the number
of complications experienced during the first preg-
nancy, irrespective of type), as well as recurrent and
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Table 1. Baseline Characteristics of Pregnant Women Who
Had Their First Birth in Wales During 2000 to 2018 Grouped
by a History of Any Pregnancy-Related Complication During

the First Pregnancy

Characteristic Any pregnancy No pregnancy
complication complication
No. (%) (n=74832) (n=223683)
Maternal age, y, mean+SD 27.29+6.2 2714159
Male sex infant* 37748 (52.6) 113598 (51.2)
Gestational age, wks 37.85 (3.5) 39.79 (1.9)
Race/ethnicity
White 62636 (83.7) 187816 (84.0)
Not White" 7907 (10.6) 21527 (9.6)
Unknown 4289 (5.7) 14340 (6.4)
Birth weight, g* mean+SD 2832+701 3483+428
Welsh index of multiple deprivation
1st (least deprived) 18745 (25.0) 50149 (22.4)
2nd 15885 (21.2) 45949 (20.5)
3rd 14330 (19.1) 43931 (19.6)
4th 12366 (16.5) 39760 (17.8)
5th (most deprived) 11305 (15.1) 37890 (16.9)
Unknown 2201 (2.9 5953 (2.7)
Multifetal pregnancy 3008 (4.0) 1700 (0.8)
Hypertension 1046 (1.4) 951 (0.4)
Diabetes 763 (1.0) 706 (0.3)
Hyperlipidemia 563 (0.8) 1144 (0.5)
Congenital heart disease 238 (0.3) 706 (0.3)
Valvular heart disease 166 (0.2) 420 (0.2)
Calendar birth year
2000-2004 19676 (26.3) 56859 (25.4)
2005-2009 21030 (28.1) 64070 (28.6)
2010-2014 20473 (27.4) 59438 (26.6)
2015-2018 13653 (18.2) 43316 (19.4)

All numbers are n (%), unless otherwise stated.
*Excluding multifetal pregnancy.

fRace/ethnicity was analyzed as White vs combined minoritized ethnic

groups (Black/Black British, Asian/Asian British, Mixed, and Other).

nonrecurrent cases, are presented in the Tables S5

through S7.

Any Pregnancy Complication, Single, and
Multiple Pregnancy Complications

After adjusting for potential confounders, women with
a history of any pregnancy-related complications at
their first pregnancy exhibited a higher risk of incident
HF (HR, 1.93 [95% ClI, 1.61-2.31]), IHD (HR, 1.82 [95%
Cl, 1.58-2.10]), stroke (HR, 1.39 [95% ClI, 1.20-1.61]),
and AF (HR, 1.33 [95% ClI, 1.08-1.65]), compared with
women with no history of any complications (Table 2).

Women with a history of multiple pregnancy-related
complications had the highest risk for incident HF com-
pared with women with no history of pregnancy-related
complications (HR, 3.18 [95% Cl, 2.34-4.32]). Although
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the association was attenuated, it remained statisti-
cally significant when comparing women with a single
pregnancy-related complication to those without compli-
cations (HR, 1.73 [95% Cl, 1.43-2.1Q]). Similar patterns
were observed for stroke, IHD, and AF, with women in
the multiple complications group having higher risks
compared with those in the single complications group
and those with no pregnancy-related complications.

A history of HDP alone was associated with a higher
risk of IHD, stroke, and HF. A history of gestational
diabetes alone was significantly associated with an
increased risk of IHD and HF. A history of preterm birth
alone was linked to elevated risks of IHD, stroke, HF,
and AF, whereas a history of SGA alone was primarily
associated with an increased risk of IHD (Figure 2). Due
to low event rates, placental abruption, FGR, and still-
birth were not analyzed independently.

Recurrent and Nonrecurrent Pregnancy
Complications

Compared with women with no history of pregnancy-
related complications, women with a history of recur-
rent pregnancy-related complications had a higher
risk of incident HF (HR, 3.61 [95% ClI, 2.32-5.60)), AF
(HR, 2.45 [95% CI, 1.38-4.37]), IHD (HR, 1.93 [95%
Cl, 1.26-2.95]), and stroke (HR, 1.89 [95% CI, 1.25-
2.85]) (Table 3). The associations were attenuated
but remained statistically significant when comparing
women with nonrecurrent pregnancy-related compli-
cations (defined as complications occurring in only 1
pregnancy or as different complications across preg-
nancies) to women without any history of pregnancy-
related complications (HR, 1.64 [95% ClI, 1.16-2.32] for
incident HF, 1.61, [95% ClI, 1.11-2.34] for incident AF,
1.59, [95% ClI, 1.24-2.04] for incident stroke, and 1.46,
[95% CI, 1.10-1.92] for incident IHD) (Table 3).

Secondary Analysis
Individual Pregnancy Complications

Women with a history of HDP and preterm birth had
elevated risks across all 4 CVD outcomes. Gestational
diabetes was associated with increased risks of IHD,
stroke, and HF, albeit with wide 95% Cls. FGR showed
significant associations with IHD and HF, but when ac-
counting for other pregnancy complications, the asso-
ciation with IHD was not statistically significant. SGA
was primarily associated with an increased risk of IHD
(Figure S3). Analysis of recurrent pregnancy-related
complications revealed that HDP increased the risk of
IHD, stroke, HF, and AF. Recurrent preterm birth was
associated with a higher risk of IHD and HF, whereas
recurrent FGR was linked to stroke. No significant as-
sociation was observed between recurrent gestational
diabetes and SGA (Figure S4).
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Table 2. The Association Between History of any Pregnancy Complication, Single or Multiple at the First Pregnancy and
Incident Cardiovascular Diseases Among 298515 Pregnant Women Who Have Their First Birth in Wales From 2000 to 2018:

Complete Cases Analysis

Events Incidence rate Unadjusted Adjusted*
Cardiovascular (95% CI) per 10000
diseases No. Person-years person-years HR (95% CI) P value HR (95% CI) P value
Ischemic heart disease
No pregnhancy 525 2183662 2.40 (2.20-2.61) 1 1
complication
Any pregnancy 363 742984 4.88 (4.40-5.41) 2.09 (1.82-2.40) <0.001 1.82 (1.58-2.10) <0.001
complication
Single pregnancy 274 644805 4.24 (3.77-4.78) 1.79 (1.54-2.09) <0.001 1.64 (1.41-1.92) <0.001
complication
Multiple pregnancy 89 98178 9.06 (7.36-11.15) 4.08 (3.24-5.14) <0.001 2.88 (2.27-3.67) <0.001
complications
Stroke
No pregnancy 581 2183526 2.66 (2.45-2.88) 1 1
complication
Any pregnancy 313 743200 4.21 (3.76-4.70) 1.57 (1.37-1.80) <0.001 1.39 (1.20-1.61) <0.001
complication
Single pregnancy 244 644986 3.78 (3.33-4.28) 1.38 (1.18-1.61) <0.001 1.29 (1.10-1.50) <0.001
complication
Multiple pregnancy 69 98214 7.02 (5.564-8.89) 2.56 (1.97-3.32) <0.001 2.08 (1.55-2.65) <0.001
complications
Heart failure
No pregnancy 313 2184761 1.43 (1.28-1.60) 1 1
complication
Any pregnancy 233 743705 3.13 (2.75-3.56) 213 (1.79-2.55) <0.001 1.93 (1.61-2.31) <0.001
complication
Single pregnancy 174 645352 2.69 (2.32-3.12) 1.86 (1.53-2.25) <0.001 1.73 (1.43-2.10) <0.001
complication
Multiple pregnancy 59 98352 5.99 (4.64-7.74) 3.99 (2.97-5.36) <0.001 3.18 (2.34-4.32) <0.001
complication
Atrial fibrillation
No pregnancy 286 2184721 1.30 (1.16-1.46) 1 1
complication
Any pregnancy 145 743957 1.94 (1.65-2.29) 1.43 (1.16-1.76) 0.001 1.33 (1.08-1.65) 0.007
complication
Single pregnancy 116 645512 1.79 (1.49-2.15) 1.32 (1.05-1.65) 0.014 1.26 (1.01-1.58) 0.044
complication
Multiple pregnancy 29 98444 2.94 (2.04-4.23) 215 (1.44-3.22) <0.001 1.80 (1.20-2.72) 0.005
complications

HR indicates hazard ratio.

*Adjusted for hypertension, diabetes, hyperlipidemia, congenital, and valvular heart disease and multifetal pregnancy (yes/no), race/ethnicity (White/not
White [race/ethnicity was analyzed as White vs combined minoritized ethnic groups (Black/Black British, Asian/Asian British, Mixed, and Other)]), maternal age,
calendar year of first birth categorized as 5-y interval, Welsh index of multiple deprivation: categorized as quintiles at first birth.

Role of Hypertension, Diabetes, and
Maternal Age

Incomparisonto women without a history of pregnancy-
related complications and without prepregnancy hy-
pertension or pregestational diabetes, women with
both conditions had the highest risk of incident CVD
(HR, 7.66 [95% Cl, 6.25-9.40]) followed by women with
prepregnancy hypertension or pregestational diabetes
only (HR, 4.36 [95% CI, 3.33-5.70]) and women with
pregnancy-related complications only (HR, 1.58 [95%
Cl, 1.45-1.73]) Table S8.

J Am Heart Assoc. 2026;15:e044953. DOI: 10.1161/JAHA.125.044953

A history of pregnancy-related complications was
associated with a higher risk of incident CVD (HR, 1.58
[95% Cl, 1.45-1.73]and 1.66 [95% Cl, 1.20-2.31])among
women with and without prepregnancy hypertension
or pregestational diabetes, respectively (Table S8).
There was no interaction between pregnancy-related
complications and prepregnancy hypertension or pre-
gestational diabetes (P eracion=0-55). Evaluating pre-
pregnancy hypertension or pregestational diabetes
separately revealed similar patterns (Tables S9 and
S10). When investigating the role of maternal age at the
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Ischaemic Heart Disease HR (95% CI) Stroke HR (95% CI)
HDP only . 1.49(1.17-1.88) _,_ 1.31(1.04-1.66)
GD only . e 322(1.97-5.29) __,_ 1.25 (0.62-2.52)
PTB only — 1.78 (1.38-2.30) —— 1.54 (1.18-1.99)
SGA only —— 1.58 (1.25-1.99) _.._ 1.10 (0.86-1.42)
Multiple complications —— 2.88(2.27-3.67) — e 2.03(1.55-2.65)

Heart Failure Atrial Fibrillation
HDP only : i P 2.18 (1.67-2.84) + 1.21(0.85-1.72)
GOt = 2.14(1.01-4.56) = 0.92 (0.29-2.90)
PTB only N "N 2.07 (1.51-2.84) e 1.76(1.23-2.50)
SGA only iy 1.09(0.77-1.53) _,_ 1.02 (0.70-1.49)
Multiple complications — e— 3.18(2.34-4.32) E — e 1.80(1.20-2.72)
0.5 1 2 3 5 0.5 1 2 3 5
Hazard Ratio (95% CI, log scale)

Figure 2. Adjusted hazard ratios for incident cardiovascular disease among women with a history of prespecified
single pregnancy-related complication at first pregnancy compared with women without a history of pregnancy-related

complication.

GD indicates gestational diabetes; HDP, hypertensive disorders of pregnancy; HR, hazard ratio; PTB, preterm birth; and SGA, small

for gestational age.

first birth there was a consistent trend toward a higher
risk of CVD with pregnancy-related complications and
older age (P ieraction=0-026) (Table S11).

Mediation analysis revealed that pregnancy-related
complications were associated with a higher risk of in-
cident CVD, even after accounting for incident post-
partum hypertension or diabetes (HR, 1.41 [95% ClI,
1.26-1.56)) (Table S12). A history of pregnancy-related
complications was associated with a higher risk of inci-
dent postpartum hypertension or diabetes (odds ratio
[OR], 2.91 ([95% ClI, 2.80-3.03]) (Table S13).

The 4-way decomposition demonstrated that 54.2%
(87%-71%) of the association between pregnancy-
related complications and incident CVD was due to the
direct effect of pregnancy-related complications. The
overall mediation of incident postpartum hypertension
or diabetes accounted for 43.9% (29.5%-58.3%) of
the observed association (Table S14). Similar patterns
were observed for incident postpartum hypertension
or diabetes individually.

Sensitivity Analysis

Sensitivity analysis, which excluded women with pre-
existing congenital or valvular heart diseases, did not
reveal any significant differences in the point estimate
or the 95% Cls when compared with the main analysis
(Tables S15 and S16). Similar results were observed
when the start of follow-up commenced 12 weeks post-
natally, rather than immediately after birth (Tables S15
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and S16), or when evaluating missing data on WIMD
and race/ethnicity (Tables S17 and S18).

DISCUSSION

In this retrospective analysis of 298515 women, any
pregnancy-related complication at the first pregnancy
was associated with a higher risk of IHD, stroke, AF,
and HF. This risk was further increased with coexist-
ence of multiple pregnancy-related complications.
Second, in women with >1 birth, recurrent pregnancy-
related complications were also associated with a
higher risk of incident IHD, stroke, AF, and HF. Third,
incident postpartum hypertension or diabetes may
partially mediate the relationship between pregnancy-
related complications and CVD. Finally, there was an
interaction between maternal age and pregnancy-
related complications in relation to the risk of incident
CVD.

Any Pregnancy-Related Complication and
CvD

The current findings align with previous research link-
ing pregnancy-related complications and CVD.?>26 For
example, a study used the Ontario Health Insurance
Plan reported that a history of any pregnancy-related
complications (HDP, FGR, and placental abruption)
during the first pregnancy was associated with double
the risk of IHD and cerebrovascular events.?® Another
study using the same data found a higher risk of HF
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Table 3. The Association Between History of Recurrent Pregnancy Complication at the Second Pregnancy and Incident
Cardiovascular Diseases Among 162041 Pregnant Women Who Have Their First Birth in Wales From 2000 to 2018: Complete

Cases Analysis

Events Incidence rate Unadjusted Adjusted*
Person- (95% CI) per 10000
Cardiovascular diseases No. years person-year HR (95% CI) P value HR (95% CI) P value
Ischemic heart disease
No pregnancy 133 758193 1.75 (1.47-2.08) 1 1
complication
Non-recurrent pregnancy 89 316715 2.89 (2.34-3.56) 1.65 (1.25-2.16) <0.001 1.46 (1.10-1.92) 0.007
complication
Recurrent pregnancy 29 63514 4.65 (3.21-6.74) 2.63 (1.756-3.97) <0.001 1.93 (1.26-2.95) 0.002
complication
Stroke
No pregnancy 160 758132 212 (1.81-2.48) 1 1
complication
Non-recurrent pregnancy 13 316603 3.58 (2.97-4.33) 1.69 (1.33-2.15) <0.001 1.59 (1.24-2.04) <0.001
complication
Recurrent pregnancy 33 63497 4.65 (3.21-6.74) 2.45 (1.68-3.56) <0.001 1.89 (1.25-2.85) 0.002
complication
Heart failure
No pregnancy 79 758387 1.07 (0.86-1.34) 1 1
complication
Non-recurrent pregnancy 64 316754 1.92 (1.48-2.49) 1.79 (1.27-2.51) 0.001 1.64 (1.16-2.32) 0.004
complication
Recurrent pregnancy 30 63526 4.98 (3.48-7.13) 4.62 (3.03-7.04) <0.001 3.61 (2.32-5.60) <0.001
complication
Atrial fibrillation
No pregnancy 73 758424 0.97 (0.77-1.23) 1 1
complication
Non-recurrent pregnancy 51 316802 1.59 (1.17-2.07) 1.59 (1.10-2.30) 0.013 1.61 (1.11-2.34) 0.011
complication
Recurrent pregnancy 17 63554 2.32 (1.37-3.92) 2.36 (1.33-4.19) 0.008 2.45 (1.38-4.37) 0.002
complication

HR indicates hazard ratio.

*Adjusted for hypertension, diabetes, hyperlipidemia, congenital, and valvular heart disease and multifetal pregnancy (yes/no), race/ethnicity (White/not
White [race/ethnicity was analyzed as White vs combined minoritized ethnic groups (Black/Black British, Asian/Asian British, Mixed, and Other)]), maternal age,
calendar year of first birth categorized as 5-y interval, Welsh index of multiple deprivation: categorized as quintiles at second birth.

(HR, 1.80 [95% ClI, 1.42-2.29)), and AF (HR, 1.48 [95%
Cl, 1.10-1.98]).26 However, these studies were limited
by their reliance on a single data source and defined in-
cident CVD based solely on hospital admissions.?>2¢ In
contrast, the current study used multisource, national-
level data for Wales.

Single and Multiple Pregnancy-Related
Complication and CVD

Although previous studies have primarily focused on
individual pregnancy-related complications,*® there is
a paucity of research that has comprehensively evalu-
ated a broad range of these complications and their as-
sociation with the risk of incident CVD.'%27-2% Consistent
with these studies, the current research suggests that
experiencing single or multiple pregnancy-related com-
plications is associated with a higher risk of incident
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CVD.?™2° For instance, a retrospective cohort study in
Florida involving 302 686 women with a median follow-
up of 4.9years found that any placental syndrome
(HDP, placental abruption, or infarction) was linked to
an increased risk of composite CVD outcomes (HR,
119 [95% ClI, 1.07-1.32)).%° The risk was further in-
creased among women with >1 placental syndrome
(HR, 1.43 [95% ClI, 1.20-1.70)).%° Interestingly, the pre-
sent study observed a potentially stronger association
between multiple pregnancy-related complications
and incident CVD compared with the previous study,
possibly due to a longer follow-up period (median 9.7
versus 4.9years).?°

Previous studies have shown a dose-response re-
lationship between the number of pregnancy-related
complications and the risk of IHD.'3° For instance,
data from the Scottish Morbidity Record indicated
that a single complication, such as preeclampsia, low
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birthweight, or preterm birth, doubled the risk of IHD.
This risk increased to 3.3 to 4.5 times with 2 com-
plications and up to 7 times with 3 complications.
These findings were reinforced, albeit with an atten-
uated association, by a recent large Swedish study
(n=2195266) with a 24.8-year follow-up.'® However, it
remains unclear whether multiple complications have
an additive effect on CVD.

Recurrent Pregnancy-Related
Complication and CVD
Although the current study evaluated recurrent
pregnancy-related complications as a composite,
most previous research has focused on specific com-
plications such as recurrent HDP,'2283182 preterm
birth,:33-35 or placental abruption®®®” and their indi-
vidual associations with incident CVD morbidity or
mortality. Consistent with earlier studies, our findings
suggest that recurrent pregnancy-related complica-
tions increase the risk of CVD,?83" |HD,%8% stroke,'
and HF."2

For example, a study using data from Norway’s
Medical Birth Registry, Cardiovascular Disease in
Norway project, and Cause of Death Registry, involv-
ing 508422 women demonstrated that compared with
women without history of preeclampsia, women with a
history of preeclampsia during the first pregnancy and
no HDP during the second pregnancy had no higher
risk of HF (HR, 1.46 [95% ClI, 0.90-2.39)).” However,
women with a history of preeclampsia during the first
pregnancy and HDP during the second pregnancy or
a subsequent pregnancies had a higher risk of HF (HR,
3.47 [95% ClI, 2.10-5.75])."2 Similarly, one UK study
(n=2359386) showed that the risk of incident CVD was
higher for those with multiple episodes of preeclampsia
(HR, 2.23 [95% ClI, 1.67-2.99]) compared with a single
episode (HR, 1.65 [95% CI, 1.51-1.79]), with consistent
trends for other CVD outcomes such as incident cor-
onary heart disease and stroke.®' However, no statisti-
cally significant association was found for incident AF,
likely due to the shorter follow-up period (2.3 years®?)
and the reliance on hospital admission data, which
may have excluded less severe cases managed in pri-
mary care.

Hypertension, Diabetes, and Maternal
Age

Previous studies have indicated no interaction be-
tween pregnancy-related complications and prepreg-
nancy hypertension or diabetes, which is supported by
the current study findings.*®4' However, there may be
interactions between smoking* or body mass index*3
and pregnancy-related complications in relation to the
risk of incident CVD. This study has also identified an
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interaction between maternal age and pregnancy-
related complications in the development of CVD.

Additionally, previous work has highlighted the me-
diating role of hypertension and diabetes in the asso-
ciation between pregnancy-related complications and
incident CVD.*344 For example, a Danish study using
multiple national registers found that 23.3% (15.4%—
32.8%) of the associations between gestational di-
abetes and incident CVD could be eliminated by the
hypothetical prevention of incident diabetes, consistent
with the current results.*® Another study from Norway
demonstrated that last recorded systolic blood pres-
sure and blood glucose levels mediated 60% and 25%
of the excess CVD risk associated with HDP.*® Overall,
these findings, along with those from the current study,
suggest that incident postpartum hypertension and di-
abetes play major mediating roles in the relationships
between pregnancy-related complications and inci-
dent CVD.

Nevertheless, the validity of mediation models de-
pends on strong assumptions that are difficult to ver-
ify using electronic health records from observational
studies. In the present study, residual confounding by
unmeasured or incompletely captured factors, such as
smoking and obesity, cannot be excluded. Accordingly,
the mediation results should be interpreted as explor-
atory and hypothesis generating rather than causal
estimates.

Mechanisms
The mechanisms linking pregnancy-related com-
plications and incident CVD are still debated, with 2
main theories proposed.*® One theory suggests that
pregnancy-related complications and CVD share com-
mon risk factors, such as hypertension and obesity.*647
This study supports this hypothesis, as prepregnancy
CVD risk factors, including hypertension, diabetes,
and maternal age, were associated with a higher
risk of pregnancy-related complications. Additionally,
pregnancy-related complications were linked to an in-
creased risk of developing hypertension and diabetes.
The second theory posits that de novo insults to
the circulatory system, such as endothelial dysfunction
or cardiac remodeling, promote an increased risk of
CVD.*64849 This study also supports this explanation,
as pregnancy-related complications were associated
with a higher risk of CVD, independent of traditional
CVD risk factors. Of note, we show that gestational di-
abetes was associated with significantly higher risks of
IHD, stroke, and HF compared with other pregnancy-
related complications. Further, HF was more strongly
associated with pregnancy-related complications than
other forms of CVD, possibly due to an underlying peri-
partum cardiomyopathy.

10
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Risk Prediction With Pregnancy-Related
Complications
Incorporating individual pregnancy-related compli-
cations into traditional CVD risk prediction tools has
generally failed to significantly enhance the prediction
of 10-year risk of CVD.5%-5% However, most studies in-
cluded histories of any pregnancy-related complica-
tion regardless of which pregnancy was affected. One
previous cohort study using data from Clinical Practice
Research Datalink and Hospital Episode Statistics (HES)
(n=502916) showed that including HDP from the first
birth provided statistically better but modest predictive
accuracy (C-statistic=0.68), compared with using a ran-
dom birth per or all births per woman (C-statistics=0.62
and 0.63, respectively).%* Only 1 study, which used data
from the Tehran Lipid and Glucose Study that evalu-
ated a wide range of pregnancy-related complications,
showed that reestimated CVD risk by adding adverse
pregnancy outcomes to the Framingham risk score im-
proved the accuracy of the risk estimation of CVD.%?
Our study findings suggest a higher risk of 4 dif-
ferent cardiovascular conditions examined with single,
multiple, and recurrent pregnancy-related complica-
tions, with a notable dose—response effect observed
with the coexistence and recurrence of complications.
Hence, a cumulative/adaptive risk prediction tool is
worth considering including any pregnancy-related
complication during the first pregnancy with risk strat-
ification based on a history of multiple complications
among young women. Furthermore, a history of re-
current pregnancy-related complications should be
considered throughout women’s subsequent pregnan-
cies. Indeed, the prevalence of any pregnancy-related
complication was significantly higher than that of single
complications during the first pregnancy (25.1% ver-
sus 10.1% for the most frequent single complication),
which could lead to the inclusion of women at higher
risk of CVD. Importantly, the first pregnancy typically
occurred at a young age (mean+SD 27.2 [6] years),
providing ample opportunity to implement primary
preventive measures. Finally, ~2.8% of women who
developed CVD did so before their second pregnancy.

STRENGTHS AND LIMITATIONS

A major strength of this study is that the data were
from linked nationwide data sources, which enabled
the inclusion of both mild and severe exposures/out-
comes, as well as access to all births in Welsh data.
Further, CVD was evaluated separately instead of col-
lectively, while including AF as a separate outcome.
Another strength is that associations between a wide
range of pregnancy-related complications and individ-
ual incident CVD were explored.
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The major limitation is the incomplete information
for important CVD-related risk factors, such as body
mass index and smoking. Additionally, relying on
codes to identify exposures and outcomes introduces
the possibility of misclassification. Some birth charac-
teristics, such as GA, were missing, and others, such
as the type of preterm birth (spontaneous versus med-
ically indicated), were unavailable. Moreover, the defi-
nitions of exposures and outcomes have evolved over
the 20-year period covered by this study. For instance,
the presence of proteinuria is no longer required for
the diagnosis of preeclampsia if specific symptoms
are present.®® The definition of FGR primarily relied
on GA and birthweight, which raises the possibility
of misclassification bias. Multiple imputation was not
performed. Missing data were modest (6.2% for race/
ethnicity and 2.7% for WIMD) and related to noncentral
covariates; therefore, the potential for bias is likely min-
imal. However, bias due to nonrandom missingness
cannot be entirely excluded. Although our confounder
selection was based on prior studies, adjustment for
variables such as coronary heart disease or chronic
hypertension may have introduced overadjustment
or collider stratification bias. Nevertheless, a sensi-
tivity analysis excluding women with coronary heart
disease showed that the effect estimates remained
materially unchanged, suggesting that collider bias
related to coronary heart disease inclusion is unlikely
to have influenced the findings. Another limitation is
that population-based studies with data ascertained
through registers are known to introduce misclassifi-
cation of covariates. Although excluding women with
previous births between 1990 and 1999 was used
to approximate a predominantly primiparous cohort,
true parity could not be fully verified for women who
may have had births outside Wales, and this limita-
tion should be considered when interpreting the find-
ings. In addition, because pregnancy complications
were defined based on the first recorded pregnancy,
complications occurring in later pregnancies were not
captured. This may introduce nondifferential exposure
misclassification if some women developed complica-
tions subsequently; however, such misclassification
would be expected to bias associations toward the null
rather than inflate the effect estimates. The mediation
analyses rely on the assumptions that all confounders
of the exposure—outcome, exposure—mediator, and
mediator—-outcome relationships—were accounted for
and that the exposure did not influence any confounder
of the mediator-outcome association. Accordingly,
these findings should be interpreted as exploratory
and hypothesis-generating rather than causal. Finally,
most women (~84%) were White, which limits the gen-
eralizability of the results to women from other racial or
ethnic groups.

11
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CONCLUSIONS

Women  experiencing pregnancy-related  compli-
cations encounter higher risks of CVD, especially
when they have multiple or recurrent complications.
Comprehensive assessment of their cardiovascular risk
and implementation of preventive measures to mitigate
this heightened risk are needed.

ARTICLE INFORMATION
Received July 8, 2025; accepted January 13, 2026.

Affiliations

Liverpool Centre for Cardiovascular Science at University of Liverpool,
Liverpool John Moores University & Liverpool Heart and Chest Hospital,
Liverpool, UK(T.A.B., S.L.H.,D.A.L., G.Y.L.); Department of Cardiovascular and
Metabolic Medicine, Institute of Life Course and Medical Sciences, University of
Liverpool, UK (T.A.B., S.L.H., D.A.L., G.Y.L.); Family and Community Medicine
Department, Faculty of Medicine, Jazan University, Jazan, Saudi Arabia
(T.A.B.); ; Caring Futures Institute, College of Nursing and Health Sciences,
Flinders University, Bedford Park, South Australia, Australia (S.L.H.); Registry
of Senior Australians, South Australian Health and Medical Research Institute
(SAHMRI), Adelaide, Australia (S.L.H.); Department of Clinical Medicine,
Faculty of Health, Aalborg University, Aalborg, Denmark (D.A.L., F.S., GYY.L);
Research Support Unit, Hospital Lillebaelt, University Hospitals of Southern
Denmark, Vejle, Denmark (F.S.); ; Department of Regional Health Research,
University of Southern Denmark, Odense, Denmark (F.S.); Department of
Public Health, Policy and Systems, Institute of Population Health (1.B.) and
Harris-Wellbeing Preterm Birth Research Centre, University of Liverpool, UK
(A.S.); Liverpool Women’s Hospital NHS Foundation Trust, Liverpool, UK
(A.S., D.K.H)); Department of Women’s and Children’s Health, Institute of
Life Course and Medical Sciences, University of Liverpool, UK (A.S., D.K.H.);
and Population Data Science, Swansea University Medical School, Faculty
of Medicine, Health & Life ScienceSwansea University, Swansea, UK (H.A.,
AA., FT, JH).

Sources of Funding

Tariq Al Bahhawi is supported by a PhD scholarship from Jazan University for
postgraduate studies. Gregory Y. H. Lip and lain Buchan (NIHR205131) are
supported by the National Institute for Health and Care Research as Senior
Investigators.

Disclosures

Deirdre A. Lane has received investigator-initiated quality improvement
grants from Bristol-Myers Squibb and Pfizer, outside the submitted work.

Supplemental Material
Data S1: Supplemental Methods
Supplemental Results

Tables S1-S18

Figures S1-S4

References 56-58

STROBE Checklist

REFERENCES

1. Maas AH, Appelman YE. Gender differences in coronary heart disease.
Neth Hear J. 2010;18:598-602.

2. Vervoort D, Wang R, Li G, Filbey L, Maduka O, Brewer LC, Mamas MA,
Bahit MC, Ahmed SB, Van Spall HGC. Addressing the global burden of
cardiovascular disease in women: JACC state-of-the-art review. J Am
Coll Cardiol. 2024;83:2690-2707. doi: 10.1016/j.jacc.2024.04.028

3. Bots SH, Peters SAE, Woodward M. Sex differences in coronary heart
disease and stroke mortality: a global assessment of the effect of age-
ing between 1980 and 2010. BMJ Glob Health. 2017;2:e000298. doi:
10.1136/bmjgh-2017-000298

4. Wilmot KA, O’Flaherty M, Capewell S, Ford ES, Vaccarino V. Coronary heart
disease mortality declines in the United States from 1979 through 2011:

J Am Heart Assoc. 2026;15:e044953. DOI: 10.1161/JAHA.125.044953

20.

21.

22,

Pregnancy Complications and CVD Risk in Wales

evidence for stagnation in young adults, especially women. Circulation.
2015;132:997-1002. doi: 10.1161/CIRCULATIONAHA.115.015293
Grandi SM, Filion KB, Yoon S, Ayele HT, Doyle CM, Hutcheon JA, Smith
GN, Gore GC, Ray JG, Nerenberg K, et al. Cardiovascular disease-
related morbidity and mortality in women with a history of preg-
nancy complications. Circulation. 2019;139:1069-1079. doi: 10.1161/
circulationaha.118.036748

Kramer CK, Campbell S, Retnakaran R. Gestational diabetes and
the risk of cardiovascular disease in women: a systematic review
and meta-analysis. Diabetologia. 2019;62:905-914. doi: 10.1007/
s00125-019-4840-2

Wu R, Wang T, Gu R, Xing D, Ye C, Chen'Y, Liu X, Chen L. Hypertensive
disorders of pregnancy and risk of cardiovascular disease-related mor-
bidity and mortality: a systematic review and meta-analysis. Cardiology.
2020;145:633-647. doi: 10.1159/000508036

Ananth CV, Patrick HS, Ananth S, Zhang Y, Kostis WJ, Schuster M.
Maternal cardiovascular and cerebrovascular health after placental
abruption: a systematic review and meta-analysis (CHAP-SR). Am J
Epidemiol. 2021;190:2718-2729. doi: 10.1093/aje/kwab206

Al Bahhawi T, Ageeli A, Harrison SL, Lane DA, Skjeth F, Buchan |, Sharp
A, Auger N, Lip GYH. Pregnancy-related complications and incidence
of atrial fibrillation: a systematic review. J Clin Med. 2023;12:1316. doi:
10.3390/jcm12041316

Crump C, Sundquist J, McLaughlin MA, Dolan SM, Govindarajulu U,
Sieh W, Sundquist K. Adverse pregnancy outcomes and long term risk
of ischemic heart disease in mothers: national cohort and co-sibling
study. BMJ. 2023;380:e072112.

Crump C, Sundquist J, Sundquist K. Preterm delivery and long-term risk
of stroke in women: a national cohort and cosibling study. Circulation.
2021;143:2032-2044. doi: 10.1161/circulationaha.120.052268
Honigberg MC, Riise HKR, Daltveit AK, Tell GS, Sulo G, Igland J,
Klungseyr K, Scott NS, Wood MJ, Natarajan P, et al. Heart failure in
women with hypertensive disorders of pregnancy. Hypertension.
2020;76:1506-1513. doi: 10.1161/hypertensionaha.120.15654

Jones KH, Ford DV, Thompson S, Lyons RA. A profile of the sail da-
tabank on the UK secure research platform. Int J Popul Data Sci.
2019;4:1134. doi: 10.23889/ijpds.v4i2.1134

Ford DV, Jones KH, Verplancke J-P, Lyons RA, John G, Brown
G, Brooks CJ, Thompson S, Bodger O, Couch T, et al. The
sail databank: building a national architecture for e-health re-
search and evaluation. BMC Health Serv Res. 2009;9:157. doi:
10.1186/1472-6963-9-157

Health Data Research Innovation Geteway. Sail Datasets Profiles. 2022.
Accessed April 8, 2022. https://web.www.healthdatagateway.org/
search?search=&datasetpublisher=sail&tab=datasets.

Xie Y, Xu E, Bowe B, Al-Aly Z. Long-term cardiovascular out-
comes of COVID-19. Nat Med. 2022;28:583-590. doi: 10.1038/
$41591-022-01689-3

Morris RK, Johnstone E, Lees C, Morton V, Smith G; the Royal
College of O, Gynaecologists. Investigation and care of a small-for-
gestational-age fetus and a growth restricted fetus (green-top guide-
line no. 31). BJOG Int J Obstet Gynaecol. 2024;131:e31-e80. doi:
10.1111/1471-0528.17814

Vidmar SI, Cole TJ, Pan H. Standardizing anthropometric measures
in children and adolescents with functions for egen: update. Stata J.
2013;13:366-378. doi: 10.1177/1536867x1301300211

Jones H, Seaborne MJ, Kennedy NL, James M, Dredge S,
Bandyopadhyay A, Battaglia A, Davies S, Brophy S. Cohort profile: born
in Wales—a birth cohort with maternity, parental and child data linkage
for life course research in Wales, UK. BMJ Open. 2024;14:e076711. doi:
10.1136/bmjopen-2023-076711

Welsh Government. Maternity and Birth Statistics: Quality Report.
2025. Accessed September 20, 2025. https://www.gov.wales/sites/
default/files/pdf-versions/2025/8/2/1754383675/maternity-and-birth
-statistics-quality-report.pdf.

Denaxas SC, George J, Herrett E, Shah AD, Kalra D, Hingorani AD,
Kivimaki M, Timmis AD, Smeeth L, Hemingway H. Data resource pro-
file: cardiovascular disease research using linked bespoke studies and
electronic health records (caliber). Int J Epidemiol. 2012;41:1625-1638.
doi: 10.1093/ije/dys188

Hammad TA, Margulis AV, Ding Y, Strazzeri MM, Epperly H. Determining
the predictive value of read codes to identify congenital cardiac malfor-
mations in the UK clinical practice research datalink. Pharmacoepidemiol
Drug Saf. 2013;22:1233-1238. doi: 10.1002/pds.3511

12


https://doi.org//10.1016/j.jacc.2024.04.028
https://doi.org//10.1136/bmjgh-2017-000298
https://doi.org//10.1161/CIRCULATIONAHA.115.015293
https://doi.org//10.1161/circulationaha.118.036748
https://doi.org//10.1161/circulationaha.118.036748
https://doi.org//10.1007/s00125-019-4840-2
https://doi.org//10.1007/s00125-019-4840-2
https://doi.org//10.1159/000508036
https://doi.org//10.1093/aje/kwab206
https://doi.org//10.3390/jcm12041316
https://doi.org//10.1161/circulationaha.120.052268
https://doi.org//10.1161/hypertensionaha.120.15654
https://doi.org//10.23889/ijpds.v4i2.1134
https://doi.org//10.1186/1472-6963-9-157
https://web.www.healthdatagateway.org/search?Search=&datasetpublisher=sail&tab=datasets
https://web.www.healthdatagateway.org/search?Search=&datasetpublisher=sail&tab=datasets
https://doi.org//10.1038/s41591-022-01689-3
https://doi.org//10.1038/s41591-022-01689-3
https://doi.org//10.1111/1471-0528.17814
https://doi.org//10.1177/1536867x1301300211
https://doi.org//10.1136/bmjopen-2023-076711
https://www.gov.wales/sites/default/files/pdf-versions/2025/8/2/1754383675/maternity-and-birth-statistics-quality-report.Pdf
https://www.gov.wales/sites/default/files/pdf-versions/2025/8/2/1754383675/maternity-and-birth-statistics-quality-report.Pdf
https://www.gov.wales/sites/default/files/pdf-versions/2025/8/2/1754383675/maternity-and-birth-statistics-quality-report.Pdf
https://doi.org//10.1093/ije/dys188
https://doi.org//10.1002/pds.3511

920z ‘¥T |1dy uo Aq Bio'sfeuinofeye//:diy wouy pspeojumoq

Al Bahhawi et al

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

J Am Heart Assoc. 2026;15:e044953. DOI: 10.1161/JAHA.125.044953

VanderWeele TJ. A unification of mediation and interaction: a 4-
way decomposition. Epidemiology. 2014;25:749-761. doi: 10.1097/
EDE.0000000000000121

Discacciati A, Bellavia A, Lee JJ, Mazumdar M, Valeri L. Med4way: a
Stata command to investigate mediating and interactive mechanisms
using the four-way effect decomposition. Int J Epidemiol. 2018;48:15—
20. doi: 10.1093/ije/dyy236

Ray JG, Vermeulen MJ, Schull MJ, Redelmeier DA. Cardiovascular
health after maternal placental syndromes (CHAMPS): population-
based retrospective cohort study. Lancet. 2005;366:1797-1803. doi:
10.1016/s0140-6736(05)67726-4

Ray JG, Schull MJ, Kingdom JC, Vermeulen MJ. Heart failure and dys-
rhythmias after maternal placental syndromes: had MPS study. Heart.
2012;98:1136-1141. doi: 10.1136/heartjnl-2011-301548

Cho GJ, Um JS, Kim SJ, Han SW, Lee SB, Oh M-J, Shin JE. Prior
pregnancy complications and maternal cardiovascular disease in
young Korean women within 10years after pregnancy. BMC Pregnancy
Childbirth. 2022;22:229. doi: 10.1186/s12884-022-04578-2

Riise HK, Sulo G, Tell GS, Igland J, Nygard O, Vollset SE, Iversen AC,
Austgulen R, Daltveit AK. Incident coronary heart disease after pre-
eclampsia: role of reduced fetal growth, preterm delivery, and parity. J
Am Heart Assoc. 2017;6:e004158. doi: 10.1161/JAHA.116.004158

Cain MA, Salemi JL, Tanner JP, Kirby RS, Salihu HM, Louis JM.
Pregnancy as a window to future health: maternal placental syndromes
and short-term cardiovascular outcomes. Am J Obstet Gynecol.
2016;215:484.6481-484.e414. doi: 10.1016/j.ajog.2016.05.047

Smith GCS, Pell JP, Walsh D. Pregnancy complications and ma-
ternal risk of ischaemic heart disease: a retrospective cohort study
of 129290 births. Lancet. 2001;357:2002-2006. doi: 10.1016/
s0140-6736(00)05112-6

Oliver-Williams C, Stevens D, Payne RA, Wilkinson IB, Smith GCS,
Wood A. Association between hypertensive disorders of pregnancy
and later risk of cardiovascular outcomes. BMC Med. 2022;20:19. doi:
10.1186/512916-021-02218-8

Auger N, Fraser WD, Schnitzer M, Leduc L, Healy-Profitos J, Paradis G.
Recurrent pre-eclampsia and subsequent cardiovascular risk. Heart.
2017;103:235-243. doi: 10.1136/heartjnl-2016-309671

Tanz LJ, Stuart JJ, Williams PL, Rimm EB, Missmer SA, Rexrode KM,
Mukamal KJ, Rich-Edwards JW. Preterm delivery and maternal cardio-
vascular disease in young and middle-aged adult women. Circulation.
2017;135:578-589. doi: 10.1161/CIRCULATIONAHA.116.025954

Ngo AD, Chen JS, Figtree G, Morris JM, Roberts CL. Preterm birth and
future risk of maternal cardiovascular disease—is the association in-
dependent of smoking during pregnancy? BMC Pregnancy Childbirth.
2015;15:144. doi: 10.1186/s12884-015-0571-7

Lykke JA, Paidas MJ, Damm P, Triche EW, Kuczynski E, Langhoff-Roos
J. Preterm delivery and risk of subsequent cardiovascular morbid-
ity and type-Il diabetes in the mother. BJOG. 2010;117:274-281. doi:
10.1111/1.1471-0528.2009.02448.x

Ananth CV, Hansen AV, Williams MA, Nybo Andersen AM. Cardiovascular
disease in relation to placental abruption: a population-based cohort
study from Denmark. Paediatr Perinat Epidemiol. 2017;31:209-218. doi:
10.1111/ppe.12347

DeRoo L, Skjaerven R, Wilcox A, Klungsoyr K, Wikstrom AK, Morken
NH, Cnattingius S. Placental abruption and long-term maternal car-
diovascular disease mortality: a population-based registry study in
Norway and Sweden. Eur J Epidemiol. 2016;31:501-511. doi: 10.1007/
510654-015-0067-9

Catov JM, Wu CS, Olsen J, Sutton-Tyrrell K, Li J, Nohr EA. Early or
recurrent preterm birth and maternal cardiovascular disease risk. Ann
Epidemiol. 2010;20:604-609. doi: 10.1016/j.annepidem.2010.05.007
Wikstrom AK, Haglund B, Olovsson M, Lindeberg SN. The risk of ma-
ternalischaemic heart disease after gestational hypertensive disease.
BJOG. 2005;112:1486-1491. doi: 10.1111/].1471-0528.2005.00733.x
Hu C, Zhang Y, Lin L, Wang S, Du R, Zhang J, Qi H, Li M, Zhu Y, Huo
Y, et al. Gestational hyperglycemia and the risk of cardiovascular dis-
eases among elderly Chinese women: findings from the reaction study.
J Diabetes. 2021;13:949-959. doi: 10.1111/1753-0407.13222

Riise HKR, Sulo G, Tell GS, Igland J, Egeland G, Nygard O, Selmer
R, Iversen AC, Daltveit AK. Hypertensive pregnancy disorders increase
the risk of maternal cardiovascular disease after adjustment for car-
diovascular risk factors. Int J Cardiol. 2019;282:81-87. doi: 10.1016/j.
jjcard.2019.01.097

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Pregnancy Complications and CVD Risk in Wales

Arnott C, Nelson M, Alfaro Ramirez M, Hyett J, Gale M, Henry A,
Celermajer DS, Taylor L, Woodward M. Maternal cardiovascular risk
after hypertensive disorder of pregnancy. Heart. 2020;106:1927-1933.
doi: 10.1136/heartjnl-2020-316541

Yu Y, Soohoo M, Sorensen HT, Li J, Arah OA. Gestational diabetes
mellitus and the risks of overall and type-specific cardiovascular dis-
eases: a population- and sibling-matched cohort study. Diabetes Care.
2022;45:151-159. doi: 10.2337/dc21-1018

Hansen AL, Sendergaard MM, Hiatky MA, Vittinghof E, Nah G,
Stefanick ML, Manson JE, Farland LV, Wells GL, Mongraw-Chaffin M,
et al. Adverse pregnancy outcomes and incident heart failure in the
Women’s Health Initiative. JAMA Netw Open. 2021;4:¢2138071. doi:
10.1001/jamanetworkopen.2021.38071

Haug EB, Horn J, Markovitz AR, Fraser A, Klykken B, Dalen H, Vatten
LJ, Romundstad PR, Rich-Edwards JW, Asvold BO. Association of
conventional cardiovascular risk factors with cardiovascular disease
after hypertensive disorders of pregnancy: analysis of the Nord-
Trondelag health study. JAMA Cardiol. 2019;4:628-635. doi: 10.1001/
jamacardio.2019.1746

Staff AC, Dechend R, Pijnenborg R. Learning from the placenta: acute
atherosis and vascular remodeling in preeclampsia-novel aspects
for atherosclerosis and future cardiovascular health. Hypertension.
2010;56:1026-1034. doi: 10.1161/HYPERTENSIONAHA.110.157743
Romundstad PR, Magnussen EB, Smith GD, Vatten LJ. Hypertension
in pregnancy and later cardiovascular risk. Circulation. 2010;122:579—
584. doi: 10.1161/CIRCULATIONAHA.110.943407

Hamad RR, Eriksson MJ, Berg E, Larsson A, Bremme K. Impaired
endothelial function and elevated levels of pentraxin 3 in early-onset
preeclampsia. Acta Obstet Gynecol Scand. 2012;91:50-56. doi:
10.1111/j.1600-0412.2011.01238.x

Melchiorre K, Sutherland GR, Liberati M, Thilaganathan B. Preeclampsia
is associated with persistent postpartum cardiovascular impairment.
Hypertension. 2011;58:709-715. doi: 10.1161/HYPERTENSIONAHA.111.
176537

Stuart JJ, Tanz LJ, Cook NR, Spiegelman D, Missmer SA, Rimm EB,
Rexrode KM, Mukamal KJ, Rich-Edwards JW. Hypertensive disorders
of pregnancy and 10-year cardiovascular risk prediction. J Am Coll
Cardiol. 2018;72:1252-1263. doi: 10.1016/j.jacc.2018.05.077

Timpka S, Fraser A, Schyman T, Stuart JJ, Asvold BO, Mogren |, Franks
PW, Rich-Edwards JW. The value of pregnancy complication history for
10-year cardiovascular disease risk prediction in middle-aged women.
Eur J Epidemiol. 2018;33:1003-1010. doi: 10.1007/s10654-018-0429-1
Naz MSG, Sheidaei A, Aflatounian A, Azizi F, Tehrani FR. Does adding
adverse pregnancy outcomes improve the Framingham cardiovascular
risk score in women? Data from the Tehran lipid and glucose study. J
Am Heart Assoc. 2022;11:e022349. doi: 10.1161/JAHA.121.022349
Markovitz AR, Stuart JJ, Horn J, Williams PL, Rimm EB, Missmer SA,
Tanz LJ, Haug EB, Fraser A, Timpka S, et al. Does pregnancy compli-
cation history improve cardiovascular disease risk prediction? Findings
from the Hunt study in Norway. Eur Heart J. 2018;40:1113-1120. doi:
10.1093/eurheartj/ehy863

Grandi SM, Filion KB, Hutcheon JA, Rosella LC, Platt RW. Accounting
for repeat pregnancies in risk prediction models. Epidemiology.
2021;32:560-568. doi: 10.1097/EDE.0000000000001349

Brown MA, Magee LA, Kenny LC, Karumanchi SA, McCarthy FP,
Saito S, Hall DR, Warren CE, Adoyi G, Ishaku S. The hypertensive dis-
orders of pregnancy: ISSHP classification, diagnosis & management
recommendations for international practice. Pregnancy Hypertens.
2018;13:291-310. doi: 10.1016/j.preghy.2018.05.004

Petersen |, McCrea RL, Sammon CJ, Osborn DPJ, Evans SJ, Cowen PJ,
Freemantle N, Nazareth |. Risks and benefits of psychotropic medication
in pregnancy: cohort studies based on UK electronic primary care health
records. Health Technol Assess. 2016;20:1-176. doi: 10.3310/hta20230
Sundaram V, Bloom C, Zakeri R, Halcox J, Cohen A, Bowrin K, Briere
J-B, Banerjee A, Simon DI, Cleland JGF, et al. Temporal trends in the
incidence, treatment patterns, and outcomes of coronary artery dis-
ease and peripheral artery disease in the UK, 2006-2015. Eur Heart J.
2019;41:1636-1649. doi: 10.1093/eurheartj/ehz880

Andrade SE, Harrold LR, Tjia J, Cutrona SL, Saczynski JS, Dodd KS,
Goldberg RJ, Gurwitz JH. A systematic review of validated methods for
identifying cerebrovascular accident or transient ischemic attack using
administrative data. Pharmacoepidemiol Drug Saf. 2012;21:100-128.
doi: 10.1002/pds.2312

13


https://doi.org//10.1097/EDE.0000000000000121
https://doi.org//10.1097/EDE.0000000000000121
https://doi.org//10.1093/ije/dyy236
https://doi.org//10.1016/s0140-6736(05)67726-4
https://doi.org//10.1136/heartjnl-2011-301548
https://doi.org//10.1186/s12884-022-04578-2
https://doi.org//10.1161/JAHA.116.004158
https://doi.org//10.1016/j.ajog.2016.05.047
https://doi.org//10.1016/s0140-6736(00)05112-6
https://doi.org//10.1016/s0140-6736(00)05112-6
https://doi.org//10.1186/s12916-021-02218-8
https://doi.org//10.1136/heartjnl-2016-309671
https://doi.org//10.1161/CIRCULATIONAHA.116.025954
https://doi.org//10.1186/s12884-015-0571-7
https://doi.org//10.1111/j.1471-0528.2009.02448.x
https://doi.org//10.1111/ppe.12347
https://doi.org//10.1007/s10654-015-0067-9
https://doi.org//10.1007/s10654-015-0067-9
https://doi.org//10.1016/j.annepidem.2010.05.007
https://doi.org//10.1111/j.1471-0528.2005.00733.x
https://doi.org//10.1111/1753-0407.13222
https://doi.org//10.1016/j.ijcard.2019.01.097
https://doi.org//10.1016/j.ijcard.2019.01.097
https://doi.org//10.1136/heartjnl-2020-316541
https://doi.org//10.2337/dc21-1018
https://doi.org//10.1001/jamanetworkopen.2021.38071
https://doi.org//10.1001/jamacardio.2019.1746
https://doi.org//10.1001/jamacardio.2019.1746
https://doi.org//10.1161/HYPERTENSIONAHA.110.157743
https://doi.org//10.1161/CIRCULATIONAHA.110.943407
https://doi.org//10.1111/j.1600-0412.2011.01238.x
https://doi.org//10.1161/HYPERTENSIONAHA.111.176537
https://doi.org//10.1161/HYPERTENSIONAHA.111.176537
https://doi.org//10.1016/j.jacc.2018.05.077
https://doi.org//10.1007/s10654-018-0429-1
https://doi.org//10.1161/JAHA.121.022349
https://doi.org//10.1093/eurheartj/ehy863
https://doi.org//10.1097/EDE.0000000000001349
https://doi.org//10.1016/j.preghy.2018.05.004
https://doi.org//10.3310/hta20230
https://doi.org//10.1093/eurheartj/ehz880
https://doi.org//10.1002/pds.2312

	Single-Multiple and Recurrent Pregnancy-Related Complications and Incident Cardiovascular Disease: A Nationwide Data Linkage Study in Wales, UK
	METHODS
	Data Sharing Statement
	Data Sources
	Study Population
	Exposures
	Outcomes
	Covariates
	Statistical Analysis
	Secondary Analysis
	Sensitivity Analysis


	RESULTS
	Demographic Characteristics
	Any Pregnancy Complication, Single, and Multiple Pregnancy Complications
	Recurrent and Nonrecurrent Pregnancy Complications

	Secondary Analysis
	Individual Pregnancy Complications
	Role of Hypertension, Diabetes, and Maternal Age
	Sensitivity Analysis


	DISCUSSION
	Any Pregnancy-Related Complication and CVD
	Single and Multiple Pregnancy-Related Complication and CVD
	Recurrent Pregnancy-Related Complication and CVD
	Hypertension, Diabetes, and Maternal Age
	Mechanisms
	Risk Prediction With Pregnancy-Related Complications

	STRENGTHS AND LIMITATIONS
	CONCLUSIONS
	Sources of Funding
	Disclosures
	REFERENCES


