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Summary

Background We tested whether COVID-19 vaccination affects the risk of preeclampsia (PE) given the well-
documented association between COVID-19 and PE, and their overlapping risk factors and pathophysiological
pathways.

Methods We analysed individual level data from pregnant women prospectively enrolled from 18 countries in two
consecutive cohorts between 2020 and 2022 during the COVID-19 pandemic using identical methodology. Pregnant
women were recruited either with a COVID-19 diagnosis or as concomitant, consecutive, non-diagnosed controls
from the same hospitals. Following vaccine availability, vaccination status was documented to define a vaccine-
exposed subgroup. Multivariable logistic regression models assessed the odds of PE adjusting for confounders
and cohort as a proxy for viral strain, stratifying by pre-existing morbidities and SARS-CoV-2 infection. Survival
analyses estimated PE incidence according to vaccination status and pre-existing morbidities.

Findings Of 6527 pregnant women, 2166 (33.2%) were diagnosed with COVID-19 and 3753 (57.5%) were
unvaccinated. Of the 2774 vaccinated women, 1795 (64.7%) received mRNA vaccines; 848 (30.6%) received the
initial regimen plus a booster dose, of whom 66.6% received a booster with an mRNA vaccine. We confirmed an
independent association between COVID-19 and PE (aOR: 1.45; 95% CI: 1.15-1.84), particularly in unvaccinated
women (aOR: 1.78; 95% CI: 1.31-2.42). Overall, after adjusting for confounders, any vaccination gave a protective
effect against PE during the index pregnancy (aOR: 0.85; 95% CI: 0.65-1.10), that was stronger with a booster
dose (aOR: 0.67; 95% CI: 0.45-0.99). Among women with pre-existing morbidities who received a booster dose
the odds were reduced by 58% (aOR: 0.42; 95% CI: 0.20-0.87) — an effect mainly observed in women diagnosed
with COVID-19. Adjustment for study site and cohort year did not alter the magnitude of the effect. Vaccination
amongst women who received a booster dose was also associated with decreased odds of maternal (aOR: 0.68;
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95% CI: 0.55-0.83) and perinatal (aOR: 0.71; 95% CI: 0.54-0.95) morbidity and mortality, and preterm birth (aOR:

0.67; 95% CI: 0.53-0.85).

Interpretation COVID-19 vaccination with a booster reduces the odds of PE by 30% approaching 60% reduction

among women with pre-existing morbidities.

Funding The original INTERCOVID study was supported in Oxford by the COVID-19 Research Response Fund from

the University of Oxford (Ref 0009083).

Copyright © 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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Research in context

Evidence before this study

Recent research has demonstrated a positive association
between COVID-19 and PE with an increased risk of more
than 60% in infected vs. non-infected pregnancies, according
to a comprehensive meta-analysis. Viral infections are linked
to PE through placental dysfunction, syncytiotrophoblast
stress and inflammation. SARS-CoV-2 infection typically
produces a cytokine storm with direct vascular endothelial
damage, leading to microvascular injury, thrombosis,
placental dysfunction and hypoxia. Moreover, dysregulation
of the angiotensin converting enzyme 2 leads to
vasoconstriction, hypertension, placental insufficiency and
PE.

Added value of this study

This study addresses key knowledge gaps regarding: 1) the
potential preventive effect of COVID-19 vaccination on the
risk of PE; 2) the impact of shared maternal risk factors that
may confound the association between COVID-19 and PE,
and 3) the possible role of viral infection, immune system
activation and their interplay in the aetiology of PE.

We confirmed the association between COVID-19 and PE,
showing a 45% increased risk in the cohort across the

Introduction

Previous evidence has suggested an association be-
tween maternal infection and preeclampsia (PE), sup-
ported by recent data showing that SARS-CoV-2
infection is significantly associated with an increased
risk of PE during the COVID-19 pandemic.”~* There is
also a consistent overlap between COVID-19 and PE in
terms of major risk factors, clinical outcomes, and un-
derlying pathophysiological pathways.” Concurrently,
extensive research has confirmed the effectiveness and
safety of COVID-19 vaccination®” in reducing the risk
of disease severity, preterm birth, perinatal mortality,
and adverse pregnancy outcomes, thereby supporting
recommendations for vaccination before or during
pregnancy.>'* However, whether vaccination may also
reduce the risk of PE, given the shared endothelial,
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pandemic and 78% among unvaccinated women after
multivariable adjustment (aOR: 1.45; 95% Cl: 1.15-1.84) and
1.78; 95% Cl: 1.31-2.42, respectively). COVID-19 vaccination
with a booster dose reduced PE risk by 33% in the overall
cohort and by 58% among women with pre-existing
morbidities (aOR: 0.67; 95% Cl: 0.45-0.99, and 0.42; 95% Cl:
0.20-0.87 respectively). Although the PE odds reduction
provided by vaccination remained significant after adjusting
for SARS-CoV-2 infection, it was greater among women
diagnosed with COVID-19.

Implications of all the available evidence

Firstly, the well-established benefits of COVID-19 vaccination
status during pregnancy are extended beyond disease
severity, to the potential reduction of PE, a condition of
uncertain aetiology. Therefore, efforts to vaccinate pregnant
women should be strengthened, with particular emphasis on
those with pre-existing morbidities. Secondly, a coordinated
programme to understand PE aetiology better should focus
on how the immune system interacts with infections in
general, alone and in combination, with vaccination.

inflammatory, and vascular dysfunction mechanisms
between COVID-19 and PE, remains uncertain.
Understanding this potential relationship is clinically
important. If vaccination mitigates the risk of PE, this
will not only reinforce current vaccination strategies in
pregnancy but also provide insight into shared patho-
genic mechanisms between infection-related inflamma-
tion and hypertensive disorders of pregnancy. Such
findings may also contribute to the broader under-
standing of PE pathophysiology beyond COVID-19.
Hence, the next logical step was to evaluate whether
COVID-19 vaccination during pregnancy reduces the
prevalence of PE, considering overall vaccine exposure,
timing of vaccination, and pre-existing maternal health
conditions. We aimed prospectively to 1) confirm the
association between PE and COVID-19 diagnosis across
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the pandemic, and 2) investigate the independent
impact of COVID-19 vaccination on the prevalence of
PE according to vaccine dose, maternal comorbidities,
and COVID-19 diagnosis.

Methods
Study design
This is an individual level combination of the two
INTERCOVID prospective cohorts, involving 40 hospitals
in 18 countries (Argentina, Brazil, Egypt, France,
Indonesia, Israel, Italy, Japan, Mexico, Nigeria, North
Macedonia, Pakistan, Spain, Switzerland, Turkey, UK,
Uruguay, and USA). These two cohorts were studied, by
the same research team with the primary focus on COVID-
19 during pregnancy, from the start of the pandemic, us-
ing the same standardised protocols, data management
and data collection strategy. Participating hospitals are part
of the Oxford Maternal and Perinatal Health Institute’s
(OMPHI) global research network and deliver routine care
to thousands of women and newborns annually using
standardised protocols. Hospitals were chosen to maximise
rapid enrolment of both diagnosed and non-diagnosed
pregnant women, not to represent the broader popula-
tion. Data management and analyses were conducted by
the original statistical unit across the whole period.
Patients were recruited from March 2, 2020, to
November 2, 2020 (INTERCOVID 2020) and from
November 27, 2021, to June 30, 2022 (INTERCOVID
2022). The flow of patient selection and recruitment is
presented in Supplemental Figure S1. The study is
presented in agreement with the STrengthening the
Reporting of OBservational studies in Epidemiology
(STROBE) guidelines." A detailed description of the
protocols and procedures is available at https://
intergrowth21.tghn.org/intercovid,/.

Participants

The diagnostic criteria for both a COVID-19 diagnosis
and non-diagnosis have been described in detail previ-
ously.”* Participants were enrolled at any time during
pregnancy or childbirth and most diagnosed cases had
laboratory evidence of SARS-CoV-2 infection by real time
PCR or rapid test. Two unmatched, consecutive, unaf-
fected women, at the same level of care (if possible), were
recruited after each case, at each study site, serving as the
control group. All live and stillborn singleton or multiple
births, including those with congenital anomalies, were
included. Maternal and neonatal outcomes were recor-
ded up to hospital discharge. Additional information on
inclusion and exclusion criteria can be found in the two
original publications.”* The studies were approved by the
Oxford Tropical Research Ethics Committee (OXTREC),
ref no 526-20, and local ethics boards, with no impact on
clinical care. Informed consent was obtained per local
regulations, unless waived. The studies followed the
Declaration of Helsinki and Good Clinical Practice, and

the full protocol, including laboratory methods, has
previously been published.”

Procedures

Individual patient data from the INTERCOVID 2020
and 2022 cohorts were aggregated to create a merged
database in which the study period was considered as
indicator variable. During recruitment, screening
occurred at any hospital admission, including for de-
livery, as well as when COVID-19 testing was per-
formed based on symptoms, exposure, occupation, or
risk status per local guidelines. To ensure consistency
in the present analysis, we applied the same proced-
ures, documentation, and data management system as
our previous analyses.' %1213

Gestational age was assessed using INTERGROWTH-
21st standards™ or the best available obstetric data (crown
rump length <14 weeks’ gestation and other ultrasound
or clinical data). Newborn size was assessed using
INTERGROWTH-21st standards for gestational age and
sex' or very preterm reference charts.'

Vaccination information was retrieved from verbal
or medical reports, primary medical files, vaccination
cards, vaccination registries and all other documenta-
tion systems and recorded immediately when vaccines
were available in the study sites with type of vaccine
(mRNA vs. non-mRNA), dates of vaccinations and
completion with a booster dose. Vaccines were cat-
egorised as mRNA (Moderna mRNA-1273 or Pfizer-
BioNTech BNT162b2) or non-mRNA (inactivated virus
or viral vector types).

Vaccination status definitions

Women were classified as “unvaccinated” (no doses or
unknown status), “vaccinated” (completely or partially
as per each vaccine company’s protocol) or “boosted”
(three doses or two of Ad26.COV2.S). Anyone who
received a vaccine or booster during pregnancy was
considered vaccinated or boosted for the analysis,
regardless of pre-pregnancy status. In the analyses,
completely and partially vaccinated were merged as
“any vaccination”.

Outcomes

The primary outcome of the study was PE. The diag-
nosis (obtained from pregnancy, antepartum admission
to any health institution and delivery records) was
defined as': 1) blood pressure >140/90 mm Hg or an
increase of at least 30 mm Hg systolic or 15 mm Hg
diastolic from baseline, recorded on at least two occa-
sions 6 or more hours apart, accompanied by protein-
uria, occurring after 20 weeks’ gestation in a previously
normotensive pregnancy; 2) blood pressure >160 mm
Hg systolic or >110 mm Hg diastolic recorded on two
occasions at least 4 h but no more than 168 h apart, or a
single elevated measurement followed by immediate
antihypertensive treatment, with either scenario
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accompanied by proteinuria; 3) eclampsia, charac-
terised by convulsions or coma not attributable to other
cerebral conditions, occurring in a patient with signs
and symptoms of preeclampsia; or 4) haemolysis,
elevated liver enzymes, and low platelet count (HELLP)
syndrome.

Secondary outcomes were the: 1) Maternal
morbidity and mortality index (MMMI) included at
least one complication during pregnancy (pregnancy-
induced hypertension, preeclampsia, eclampsia, hae-
molysis, elevated liver enzymes, vaginal bleeding, or
low platelet count), preterm delivery, infection
requiring antibiotics, maternal death, admission to an
intensive care unit (ICU), or referral to higher de-
pendency care. 2) Severe perinatal morbidity and mor-
tality index (SPMNI) included bronchopulmonary
dysplasia, hypoxic-ischaemic encephalopathy, sepsis,
anaemia requiring transfusion, patent ductus arterio-
sus, intraventricular haemorrhage, necrotising entero-
colitis, or retinopathy of prematurity, intrauterine or
neonatal death, or a stay in the neonatal ICU of >7
days.

As a secondary objective, to further assess the safety
of vaccination, we used logistic regression models to
assess preterm delivery, MMMI and SPMMI as the
outcomes with vaccination status (vaccinated any,
booster dose) compared to unvaccinated adjusting for
the same set of confounders included for PE.

Pre-existing maternal morbidities

For the stratified analysis, and to be consistent with our
previous publications, we considered pre-existing
maternal morbidities as: diabetes mellitus, thyroid or
any other endocrine disorders; cardiac disease; hyper-
tension; chronic respiratory disease; kidney disease; or
tuberculosis.’ Detailed definitions, standardised across
study sites, are available at https://intergrowth21.com.

Statistical methods
Our analytical strategy should be considered as a one-
stage model for merging data from cohorts of individ-
ual pregnant women across time following the same
study protocols. Comparisons between vaccinated and
unvaccinated participants were made based on the
“intention-to-treat” concept, i.e., if vaccinated, a preg-
nant woman remained in that group regardless of any
COVID-19 diagnosis or any other clinical or pregnancy-
related issue. We followed a pre-specified analysis for
the main hypothesis and imputed missing data in
sensitivity analyses. The sample size was justified a
priori for both of our previous studies; therefore, no
specific justification was required for this analysis as it
represents a summary of the dataset reassessing PE as
the primary outcome.

We enrolled 2242 and 4618 women during
INTERCOVID-2020 and INTERCOVID-2022, respec-
tively. We excluded women (n = 333) with missing data
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on overweight/obese, preeclampsia, previous pregnan-
cies, tobacco use or pre-existing morbidities from our
primary analyses. Thus, a total of 6527 women were
included in this analysis (INTERCOVID-2020 = 2139;
INTERCOVID-2022 = 4388), of whom 3753 (57.5%)
were unvaccinated and 2774 (42.5%) vaccinated. Of the
women who were vaccinated, 1926 (69.4%) received one
or two doses, as per specific protocols and 848 (30.6%)
received a booster dose. A COVID-19 diagnosis during
pregnancy was given to 2166/6527 (33.2%) women and
330/6527 (5.1%) women were diagnosed with PE
(Supplemental Figure S1).

Baseline characteristics, pregnancy history, pre-
existing morbidities, and infections and treatments
during pregnancy were described comparing: 1) unvac-
cinated women with women vaccinated with and without
a booster dose, and 2) INTERCOVID 2020 and INTER-
COVID 2022 cohorts (percentage or mean + SD).

As our primary analyses, we used individual multi-
variable logistic regression models with PE as the
outcome (dependent variable) to estimate the odds ratio
(OR) and 95% confidence intervals (95% CI). We
selected potential confounders a priori that were
considered on the causal pathway using a directed
acyclic graph (Supplemental Figure S2), described in
more detail previously.'?

We evaluated the association of PE with COVID-19
diagnosis during pregnancy compared to no diagnosis
as the reference group adjusting for maternal age, to-
bacco use, previous pregnancies, overweight/obese,
INTERCOVID 2020 or INTERCOVID 2022 cohort,
antenatal aspirin prophylaxis, non-steroidal anti-in-
flammatories (NSAIDs), history of cardiac disease, hy-
pertension, kidney disease and diabetes, and study site.
We also evaluated the association among the 3753 un-
vaccinated women.

We estimated the odds of PE based on COVID-19
vaccination status (vaccinated any or booster dose)
and timing of booster vaccination (vaccinated before
pregnancy, or during 1st, 2nd or 3rd trimester), with
unvaccinated as the reference group. In these models,
we adjusted for maternal age, tobacco use, previous
pregnancies, overweight or obese, antenatal aspirin
prophylaxis, NSAIDs, history of cardiac disease, hy-
pertension, kidney disease and diabetes. In secondary
analyses, we evaluated the relationship between PE and
vaccination status stratified by COVID-19 diagnosis
while adjusting for these same variables. We also esti-
mated the odds of PE with vaccination status among
only those with pre-existing morbidities (n = 1142)
adjusting for maternal age, tobacco use, previous
pregnancies, overweight/obese, antenatal aspirin pro-
phylaxis, and NSAIDs. Finally, we used a single
multivariable logistic regression model to estimate
adjusted odds ratios (aORs) of PE for all exposures and
confounders included in the previous models (except
for an interaction term for COVID-19 positive) to
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provide an overall assessment of the adjusted odds of
each potential predictor variable. We adjusted also for
year of cohort and included a category for partial
vaccination in models.

We adjusted for COVID-19 diagnosis, focusing on
the question of the protective effect of vaccination on
PE. An additional question is whether such a protective
effect is mediated by a false negative COVID-19 diag-
nosis, i.e., some women may have been less infected,
tested negative for COVID-19, and thereby assigned to
the non-diagnosed group. Alternatively, vaccination
may reduce COVID-19 complications among COVID-
19 positive women, including PE.

We used Kaplan-Meier estimates to graph the fail-
ure (incidence of PE) in relation to gestational age at
birth. This was done to compare unvaccinated, vacci-
nated or booster dose in the whole cohort visually and
in the sub-group with pre-existing morbidities. We
tested the equality of the failure functions, using the
log-rank test across vaccine groups after assessing the
proportional hazards assumptions, and did exploratory
analysis assessing the type of booster dose (mRNA vs.
non-mRNA).

We then conducted sensitivity analyses exploring
whether exclusion due to missing data influenced our
results. We also treated each country in sensitivity an-
alyses as if they were separate studies in a meta-
analysis. We imputed missing values and assumed
that if PE, pre-existing morbidities, previous pregnan-
cies, tobacco use and overweight/obese were not re-
ported they were not diagnosed.

Statistical significance for all main comparisons was
considered as p < 0.05 and p < 0.1 for interactions. All
analyses were performed with STATA 17.0.

Role of the funding source

The funding organization had no involvement in the
design and conduct of the study; collection, manage-
ment, analysis, and interpretation of the data; prepara-
tion, review, or approval of the manuscript, and
decision to submit the manuscript for publication. The
views expressed herein are those of the authors and not
necessarily those of the NHS, the NIHR the Depart-
ment of Health or any of the other funders.

Results

COVID-19 diagnosis and preeclampsia

Baseline characteristics, pregnancy history, pre-existing
morbidities, and infections and treatments during
pregnancy according to INTERCOVID cohort are pro-
vided in Supplemental Table S1. Although values were
similar, women enrolled in the INTERCOVID-2022
cohort were slightly older, heavier, less likely to work
outside the home, have a university education, smoke
and drink alcohol during pregnancy. Information about
timing of SARS-CoV-2 infection during pregnancy,

most likely variant, vaccine type and symptom severity
is available in the original publications.>* However, for
the two cohorts, the mean (+SD) gestational age at
COVID-19 diagnosis was 33.8 + 7.8 weeks. Among the
controls, 3897/4361 (89.2%) tested negative for SARS-
CoV-2 infection.

Table 1 presents the unadjusted and adjusted results
for the association between COVID-19 diagnosis and
PE. Similar results to the unadjusted analysis were
obtained with the adjusted analysis: aOR 1.45 (95% CI
1.15-1.84) in the full population, reaching aORs of 1.78
(95% CI 1.31-2.42) among unvaccinated women
(Table 1). The rate of severe COVID-19 was 0.1% in the
booster dose group vs. 2.7% among the unvaccinated
women (p < 0.001). Only six women reported COVID-
19 diagnosis before pregnancy, three of whom devel-
oped PE. We did not adjust for COVID-19 prior to
pregnancy in the complete analysis.

COVID-19 vaccination and preeclampsia

The baseline characteristics among women according
to vaccination status are shown in Table 2. In general,
vaccinated women with a booster dose were taller, more
educated, more likely to be married or cohabiting, and
worked less outside the home; none received more than
one booster. They had fewer non-SARS-CoV-2 in-
fections and took more multivitamins and aspirin,
factors that are both protective for PE and associated
with increased vaccination patterns. However, these
women were older, smoked less, drank more, had lower
parity, and took fewer calcium supplements, factors
that could affect risk for PE.

The mean (+SD) gestational age at the time of the
last vaccine dose was 20.2 + 13.7 weeks and the time
between the last vaccine dose and delivery was
18.5 + 13.2 weeks. Only six women had a pre-pregnancy
COVID-19 diagnosis and 9.4% of women had their last
vaccine dose before the start of pregnancy.

Among vaccinated women (n = 2774), 1796 (64.7%)
received an mRNA vaccine and 921 (33.2%) a non-
mRNA vaccine (we could not confirm the type of vac-
cine in 57 women). Among women having a booster
dose (n = 848), 565 received an mRNA vaccine (66.6%)
and 280 (33.0%) a non-mRNA vaccine. Finally, among
women with pre-existing morbidities that were vacci-
nated (n = 522), 364 (69.7%) received an mRNA vaccine;
among those having a booster dose (n = 173), 129
(74.6%) received an mRNA vaccine and 43 (24.8%) a
non-mRNA vaccine.

The prevalence of PE for all women showed a non-
statistically significant reduction from 5.3% among
the unvaccinated to 4.0% among those with a booster
dose (OR: 0.75; 95% CI: 0.52-1.09); this effect was
larger among women with pre-existing morbidities
from 10.5% to 5.2% for unvaccinated and booster dose,
respectively (OR: 0.47; 95% CI: 0.23-0.96) (Table 3). In
the adjusted model, there was a large protective effect
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Model Status N PE cases Unadjusted Adjusted®
OR (95% Cl) p value OR (95% Cl) p value
All pregnancies (n = 6527) COVID- 4361 192 (4.4) Ref. Ref.
COVID+ 2166 138 (6.4) 1.48 (1.18, 1.85) 0.001 1.45 (1.15, 1.84) 0.002
Unvaccinated (n = 3753) COVID- 2471 104 (4.2) Ref. Ref.
COoVID+ 1282 94 (7.3) 1.80 (1.35, 2.40) 0.00006 178 (1.31, 2.42) 0.0003
?Adjusted for maternal age, tobacco use, previous pregnancies, overweight or obese, INTERCOVID 2020 or INTERCOVID 2022 cohort, antenatal aspirin prophylaxis, non-
steroidal anti-inflammatories, history of cardiac disease, hypertension, kidney disease and diabetes, and study site.
Table 1: The association between COVID-19 diagnosis and preeclampsia (PE).
Unvaccinated Vaccinated, no Vaccinated with
(n =3753) booster (n = 1926) Booster (n = 848)
Demographic and socioeconomic characteristics
Maternal age (years) 303 + 6.1 313 £ 6.0 337 £+ 5.0
Maternal height (cm) 161.7 + 7.5 1625 + 7.9 163.6 + 6.9
Maternal pre-pregnancy or 1st trimester weight (kg) 67.5 + 16.2 68.7 + 18.6 66.2 + 14.2
Body mass index (kg/m?) 258 £ 5.8 26.0 6.5 24.8 + 52
Married or cohabitating (%) 871 873 90.6
University education (%) 30.3 34.9 59.5
Worked outside the home (%) 48.6 381 17.0
Smoker during index pregnancy (%) 53 6.7 37
Alcohol use during pregnancy (%) 1.8 35 4.4
Obstetric history
Previous pregnancy (%) 69.5 68.0 60.3
Previous miscarriage (%) 30.8 30.5 28.1
Previous birth (%) 57.9 55.2 46.4
Previous baby <2.5 kg or >4.5 kg (%) 7.8 6.8 4.9
Previous baby <37 weeks’ gestation (%) 5.9 5.9 47
Previous stillbirth or neonatal death (%) 33 3.0 2.6
Previous adverse pregnancy outcome (%) 36.9 36.0 323
Maternal pre-existing morbidities
Diabetes (%) 22 31 2.0
Thyroid or other endocrine disease (%) 9.4 10.4 13.9
Cardiac disease (%) 15 2.2 2.1
Hypertension (%) 25 33 2.7
Chronic respiratory disease (%) 13 0.7 1.8
Kidney disease (%) 0.8 1.1 0.5
Malaria (%) 0.9 0.0 0.0
Tuberculosis (%) 0.2 0.4 0.6
>2 of the above conditions (%) 1.8 27 27
Infections and treatments during pregnancy
Urinary tract infection (%) 5.5 7.4 4.0
Pyelonephritis (%) 0.4 0.4 0.0
Other infection requiring antibiotics (%) 35 5.0 2.7
Aspirin (%) 9.7 14.4 15.8
Antibiotics (except for PROM) (%) 13.0 12.9 9.8
Antibiotics for PROM (%) 6.6 73 5.4
Non-steroidal anti-inflammatories (%) 1.6 31 5.2
Insulin (%) 4.5 59 3.9
Steroids for PROM (%) 7.7 7.6 5.8
Calcium supplement (%) 20.0 125 8.4
Multivitamins (%) 49.9 46.9 57.5
PROM, premature rupture of membranes.
Table 2: Baseline characteristics among pregnant women according to vaccination status.
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Status N PE cases Unadjusted Adjusted
OR (95% Cl) p value OR (95% CI) p value
All pregnancies (n = 6527)
Vaccination status®
Unvaccinated 3753 198 (5.3) Ref Ref.
Vaccinated (any) 1926 98 (5.1) 0.96 (0.75, 1.23) 0.76 0.85 (0.65, 1.10) 0.21
Booster 848 34 (4.0) 0.75 (0.52, 1.09) 0.13 0.67 (0.45, 0.99) 0.04
Pregnancies with pre-existing morbidities® (n = 1142)
Vaccination status®
Unvaccinated 620 65 (10.5) Ref. Ref.

Vaccinated (any) 349 37 (10.6) 1.01 (0.66, 1.55) 0.95 0.94 (0.61, 1.46) 0.79
Booster 173 9 (5.2) 0.47 (0.23, 0.96)  0.04 0.42 (0.20,0.87)  0.02
“Models adjusted for maternal age, tobacco use, previous pregnancies, overweight or obese, antenatal aspirin prophylaxis, non-steroidal anti-inflammatories, and history

of cardiac disease, hypertension, kidney disease and diabetes. ®Pre-existing health conditions included as a binary variable (yes or no) any pre-existing maternal
morbidities (including diabetes, thyroid, and other endocrine disorders; cardiac disease; hypertension; chronic respiratory disease; kidney disease; or tuberculosis. “Models
adjusted for maternal age, tobacco use, previous pregnancies, antenatal aspirin prophylaxis, and non-steroidal anti-inflammatories.

Table 3: The association between COVID-19 vaccination status and preeclampsia (PE).

for booster dose (aOR: 0.67 (95% CI: 0.45-0.99) for the
association between COVID-19 vaccination and PE in
the total population. When only women with pre-
existing morbidities were considered, the odds of PE,
adjusted for possible confounding variables, were sub-
stantially reduced by 58% (aOR: 0.42; 95% CI:
0.20-0.87) for the booster dose (Table 3).

Although further adjustment for study site and
cohort year produced wider CI, it did not change the
magnitude of the reduced odds of PE among women
with a booster dose during pregnancy. Despite some
comparisons not reaching statistical significance, there
was a very consistent pattern of a protective effect of
vaccination on PE, with a similar substantial effect among
women with pre-existing morbidities (Supplemental
Table S2).

Exploring the timing of booster dose in relation to
the odds of PE seems to suggest vaccination’s protective
effect was predominant among those vaccinated during
the 2nd or 3rd trimester (Supplemental Table S3).

The Kaplan—Meier curves visually present the effect
of the boosted women with a lower cumulative inci-
dence of PE (log rank test: p value = 0.08), starting at
about 35 weeks’ gestation, as compared with the un-
vaccinated and any vaccination without a booster dose
(Fig. 1). This effect was more evident among women
with pre-existing morbidities, as shown in Table 3 (log
rank test: p value = 0.05) (Fig. 2). Stratified analyses
according to the type of vaccine (mRNA vs. non-mRNA)
used as a booster dose for all women or those with pre-
existing morbidities did not demonstrate any differen-
tial patterns between these two types of vaccine.

Table 4 shows the unadjusted and adjusted associa-
tions between vaccination status and PE according to
COVID-19 diagnosis status, as compared to unvaccinated.
Among COVID-19 diagnosed women in the adjusted

analysis, any vaccination (aOR: 0.58; 95% CI: 0.37-0.89)
was protective against PE and booster dose showed a non-
significant protection (aOR: 0.62; 95% CI: 0.31-1.23).
Among women not diagnosed with COVID-19 the effect
among women with a booster dose (aOR: 0.74; 95% CI:
0.45-1.20) did not reach statistical significance for either
vaccination group. However, we acknowledge the limita-
tions of over-stratification with very small numbers of PE
per cell, producing wide CI of the OR.

Overall, results were very similar in sensitivity ana-
lyses with imputation of missing values as negative
response for both PE and confounders. Unfortunately,
the number of PE cases was too small to assess differ-
ences in the type of booster vaccine in the stratified
analysis.

A summary of the independent effect of COVID-19
vaccination on PE, along with the independent effect of
the co-variants that we adjusted for, is presented in
multivariable logistic regression models in Table 5.
(Table 5 includes only co-variants that remained sig-
nificant at p < 0.05.) In these models, we found a non-
statistically significant (p = 0.06) reduction of the odds
for PE of 32% after a booster dose in the total popula-
tion and a 56% reduction in PE odds among women
with pre-existing morbidities after a booster dose
(p = 0.03; upper CI below the null hypothesis) when
compared with unvaccinated women (Table 5). These
summary models confirm the results presented in
Tables 3 and 4. Supplemental Table S4 shows the full
results including non-significant predictors.

Independent of vaccination status, confounding
variables were associated with an increased odds of PE:
history of hypertension, obesity/overweight, and
COVID-19 diagnosis among all women, and smoking
during pregnancy among women with pre-existing
morbidities (Table 5).
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Fig. 1: Kaplan-Meier curves of preeclampsia cumulative incidence by vaccination status (n = 6527).

Finally, logistic regression models with other in-
dicators of severe adverse maternal and neonatal out-
comes show that women with any vaccination had
an independent protective effect for these outcomes
(Table 6). Amongst women that had the booster dose,

the protective effect for preterm birth was aOR: 0.67;
95% CI: 0.53-0.85, for maternal morbidity and mor-
tality index was aOR: 0.68; 95% CI: 0.55-0.83, and for
severe perinatal morbidity and mortality index was
aOR: 0.71; 95% CI: 0.54-0.95. The protective effect of
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Fig. 2: Kaplan-Meier curves of preeclampsia cumulative incidence by vaccination status among pregnancies with pre-existing health con-

ditions (n = 1142).
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All pregnancies (n = 6527) Vaccination status COVID- COVID+ p value_interact
N PE cases OR (95% Cl) N PE cases OR (95% CI)
Unadjusted models Unvaccinated 2471 104 (4.2) Ref. 1282 94 (7.3) Ref.
Vaccinated (any) 1268 65 (5.1) 1.23 (0.90, 1.69) 658 33 (5.0) 0.67 (0.44, 1.00)# 0.02
Booster dose 622 23 (37) 0.87 (0.55, 1.38) 226 11 (4.9) 0.65 (0.34, 1.23) 0.45
Adjusted models® Unvaccinated 2479 104 (4.2) Ref. 1285 94 (7.3) Ref.
Vaccinated (any) 1268 65 (5.1) 1.08 (0.78, 1.50) 658 33 (5.0) 0.58 (0.37, 0.89)* 0.02
Booster dose 622 23 (37) 0.74 (0.45, 1.20) 226 11 (4.9) 0.62 (031, 1.23) 0.57

“Models adjusted for maternal age, tobacco use, previous pregnancies, overweight or obese, antenatal aspirin prophylaxis, non-steroidal anti-inflammatories, and history of cardiac disease, hypertension,

kidney disease and diabetes. *P < 0.05; #P < 0.1.

Table 4: The association between COVID-19 vaccination status and preeclampsia (PE) stratified according to COVID-19 diagnosis, all pregnancies in the study.

vaccination for these outcomes was largest among
COVID-19 diagnosed women (Table 6).

Sensitivity analysis

A sensitivity analysis exploring whether exclusion due
to missing data influenced our results was carried out
treating each country as if they were separate studies in
a meta-analysis. The pooled estimated ORs (95% CI)
were very similar for booster dose, but with wider
confidence intervals, as expected. For the adjusted
model of vaccination status and PE, the OR was 0.45
(0.13, 1.61) in the multivariable logistic regression
model among those with pre-existing conditions.

Discussion
This analysis confirms the association between SARS-
CoV-2 infection and PE with an increase of 45% risk

Predictor Adjusted® OR (95% ClI) p value

All pregnancies (n = 6527)
COVID-19 vaccination (any) 0.85 (0.65, 1.10) 0.21
Booster dose 0.68 (0.46, 1.01) 0.06
COVID-19 diagnosis positive 1.38 (1.09, 1.74) 0.007
Overweight 1.57 (1.19, 2.08) 0.001
Obesity 2.15 (1.61, 2.86) 1.7 x 107
Previous pregnancies 0.62 (0.49, 0.80) 2.0 x 1074
History of hypertension 5.53 (3.78, 8.08) 11x 1078

Pregnancies with pre-existing morbidities” (n = 1142) ¢
Vaccinated (any) 0.95 (0.61, 1.48) 0.82
Booster dose 0.44 (0.21, 0.92) 0.03
Smoking during pregnancy 2.16 (1.07, 4.39) 0.03
Previous pregnancies 0.62 (0.40, 0.96) 0.03

“Model includes, in addition to the presented variables, maternal age, smoking during pregnancy, history of
cardiac disease, history of kidney disease, history of diabetes, antenatal aspirin prophylaxis or non-steroidal
anti-inflammatory use during pregnancy. ®Pre-existing morbidities include at least one of the following:
diabetes, thyroid, and other endocrine disorders; cardiac disease; hypertension, chronic respiratory disease;
kidney disease; or tuberculosis. “Model includes, in addition to the presented variables, maternal age, antenatal
aspirin prophylaxis or non-steroidal anti-inflammatory use during pregnancy.

Table 5: Results from multivariable logistic regression analysis of the association between COVID-
19 vaccination status and preeclampsia diagnosis with potential predictors of risk identified in
the study population.

10

during the pandemic and 78% among unvaccinated
women during the same period, adjusted for major risk
factors. Importantly, for a disease of uncertain aetiology
such as PE, we have demonstrated that vaccination with
a booster dose, after adjusting for a comprehensive set
of possible confounding variables including COVID-19
diagnosis, study site and year of the pandemic, reduced
the odds of PE by over 30% in the complete cohort and
by about 58% among women with pre-existing mor-
bidities. This protective effect was consistently extended
to other severe maternal and perinatal morbidity and
mortality indicators.

Experimental and clinical studies have suggested
that viral infections during pregnancy could disrupt
several key steps in the shared pathway leading to the
clinical manifestations of PE. This process may be
initiated through mechanisms related to dysfunctional
placentation with perturbation of trophoblast invasion
with deep placentation, syncytiotrophoblast stress due
to vascular damage in placental vessels, and maternal
systemic inflammation."”*°

Several viruses have been associated with PE risk
including SARS-CoV-2, HIV, HHV6, parvovirus B19,
HSV, HPV, AAV-2, CMV, hepatitis viruses, influenza
and ZIKAV, each with their own different putative
mechanisms.”** Specifically, COVID-19 typically pro-
duces a cytokine storm paired with direct vascular
endothelial damage by the virus, leading to microvas-
cular injury, thrombosis, placental dysfunction and
hypoxia.* Moreover, dysregulation of the angiotensin
converting enzyme 2 resulting from different mecha-
nisms such as viral entry into host cells, inflammatory
responses, increased angiotensin II activity, endothelial
damage and hypoxia, can lead to vasoconstriction, hy-
pertension, placental insufficiency, and eventually PE.>

Although, the aetiology of PE remains uncertain,
immune system changes and vascular dysfunction are
consistently reported to play a role in its pathophysi-
ology, interacting with infective agents.”* To address
such complexity, a unified model integrating these
factors with the different phenotypes of PE has been
proposed.’**
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in the neonatal ICU of 7 days or longer.

Condition Vaccination N Cases Unadjusted Adjusted (all) OR COVID- OR COVID+ OR p value_int
status (all) OR (95% CI)  (95% CI)? (95% CI) (95% Cl)
Preterm delivery Unvaccinated 3744 601 (16.1) Ref. Ref. Ref. Ref.
Vaccinated 1921 248 (12.9) 0.78 (0.66, 0.91)* 0.75 (0.64, 0.88)* 0.84 (0.68, 1.03)# 0.63 (0.48, 0.82)* 0.07
(any)
Booster dose 848 94 (11.1) 0.65 (0.52, 0.82)* 0.67 (0.53, 0.85)* 0.87 (0.66, 1.14) 0.36 (0.21, 0.60)*  0.002
Maternal morbidity and mortality index” Unvaccinated 3753 829 (22.1) Ref. Ref. Ref. Ref.
Vaccinated 1926 370 (19.2) 0.84 (0.73, 0.96)* 0.79 (0.68, 0.90)* 0.99 (0.83, 1.18)  0.53 (0.41, 0.67)* <0.001
(any)
Booster dose 848 144 (17.0) 0.72 (0.59, 0.88)* 0.68 (0.55, 0.83)* 0.79 (0.62, 1.02)# 0.53 (0.36, 0.78)*  0.001
Severe perinatal morbidity and mortality index”  Unvaccinated 3833 391 (10.2) Ref. Ref. Ref. Ref.
Vaccinated 1962 171 (87) 0.84 (0.70, 1.02)# 0.81 (0.67, 0.99)* 0.99 (0.77, 1.27)  0.61 (0.45, 0.83)*  0.01
(any)
Booster dose 867 65 (7.5) 071(0.54,0.94)* 0.71 (0.54, 0.95)* 0.83 (0.59, 1.17)  0.61 (0.37, 1.00)*  0.32

*P < 0.05; *P < 0.1. *Models adjusted for maternal age, tobacco use, previous pregnancies, overweight or obese, antenatal aspirin prophylaxis, non-steroidal anti-inflammatories, and history of cardiac
disease, hypertension, kidney disease and diabetes. ®Maternal morbidity and mortality index includes at least one complication during pregnancy (pregnancy-induced hypertension, preeclampsia,

eclampsia, haemolysis, elevated liver enzymes, vaginal bleeding, or low platelet count), preterm delivery, infection requiring antibiotics, maternal death, admission to an intensive care unit (ICU), or
referral to higher dependency care. “Severe perinatal morbidity and mortality index includes any of the morbidities listed in the Severe neonatal morbidity index, intrauterine or neonatal death, or a stay

Table 6: Associations between COVID-19 vaccination status and adverse maternal and neonatal outcomes.

To elucidate the specific mechanisms responsible
for the observed results is beyond the scope of the
present report although some exploratory analyses were
done. The PE reduction observed could be partially
mediated by a direct effect of vaccines reducing overall
COVID-19 diagnoses (the rate of COVID-19 diagnosis
was 27% in the booster dose group vs. 34% among the
unvaccinated women) or the prevention of its more
severe forms (the rate of severe COVID-19 was 0.1% in
the booster dose group vs. 2.7% among the unvacci-
nated women). Also, vaccination’s protective effect
against PE was strongest among COVID-19 diagnosed
women; however, we have demonstrated that the pro-
tective effect of vaccination remains after adjusting for
COVID-19 diagnosis.

Alternatively, vaccination may enhance the immune
system through prevention of other infections or
reduced immune-mediated vascular maternal or
placental damage. There is evidence that live-attenuated
vaccines such as Bacille Calmette-Guerin, measles or
oral polio vaccine may reduce all-cause mortality
beyond their specific targets, perhaps via heterologous
immunity, i.e., antigen cross-reactivity through molec-
ular mimicry.”® Such immune system enhancement
may arise from broad immune responses including
cytokine signalling, bystander lymphocyte activation, or
innate immune memory via macrophages and NK cells,
driven by epigenetic reprogramming.*

The available literature is neither comprehensive
nor consistent. A population-based study from
Australia of 270,000 women with 3700 PE cases
assessed the rate of PE after vaccines for influenza,
pertussis or both. A small reduction in the rate of PE
was found among vaccinated vs. unvaccinated women
(influenza vaccine: 2.7% vs. 2.5%; aRR: 0.94; 0.87-1.00;
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pertussis vaccine: 2.7% vs. 2.5%; aRR: 0.93; 0.87-0.99;
both vaccines vs. neither: 2.7 vs. 2.5; aRR: 0.94;
0.87-1.00), with higher statistical significance achieved
when restricting the analysis to primiparous women
(influenza vaccine: 4.1% vs. 3.7%; aRR: 0.89; 0.82-0.98;
pertussis vaccine: 2.7% vs. 2.5%; aRR: 0.93; 0.87-0.99;
both vaccines vs. neither: 3.8% vs. 4.1%; aRR: 0.90;
0.82-0.98). The authors proposed that maternal vacci-
nation may be associated with improved pregnancy
outcomes via immunomodulatory effects, reducing
harmful systemic inflammation.”® Another study
showed that vaccination against Respiratory Syncytial
Virus during pregnancy had no statistically significant
effect on rates of PE and eclampsia in the vaccinated
group (PE: vaccine 2.4% vs. placebo 2.7%; eclampsia:
vaccine 0.2% vs. placebo 0.4%).”

A matched cohort study found no overall difference
in PE rates between COVID-19 vaccinated and unvac-
cinated groups but noted slightly higher PE risk with
1st trimester vaccination, suggesting a time-dependent
effect likely influenced by more high-risk women be-
ing vaccinated earlier.® Finally, vaccinated pregnant
women with hypertensive disorders who later became
infected with SARS-CoV-2 had similar maternal, peri-
natal outcomes and PE biomarker levels to uninfected
women.”!

Our prospective cohorts had adequate sample size
based on the original hypotheses; however, the current
results are from secondary analyses, limiting the sta-
tistical power for sub-group stratification particularly
when assessing vaccine types or covariates related to
possible mediating mechanisms (e.g., COVID-19 before
pregnancy). Selection bias to vaccination status is also
an area of concern for the evaluation of causality in a
non-randomised intervention. We made numerous
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comparisons increasing the chance of finding false
positive results; however, the effect estimates were large
and consistent across our different analyses increasing
confidence in our findings. Although there was some
risk of misclassification of COVID-19, especially early
in the pandemic, this would likely attenuate the re-
lationships and result in an underestimate of the effect.

We adjusted for known potential confounders in the
analysis, although residual and unmeasured confound-
ing remains a factor in the interpretation of the quanti-
tative effect. Importantly, some confounders exert
opposing influences, which may result in a net balancing
effect, e.g., low-dose antenatal aspirin (a preventative
measure to lower the risk of PE) was taken by 16% in the
booster dose group vs. 10% in the unvaccinated group;
conversely, women in the booster dose group were older,
smoked less, and had lower parity — all factors that in-
crease the risk of PE. While some risk factors (older age,
lower parity) may counterbalance, these factors intro-
duce residual confounding, potentially contributing to
the observed protective effect of vaccination on PE.
Lastly, we used the classical definition of PE and did not
consider organ dysfunction in the absence of protein-
uria.”>** Hence, we could not distinguish classical PE
from PE-like forms associated with COVID-19,* as
specific markers were not available in this large multi-
country collaboration.

Strengths include: 1) across the pandemic period we
have confirmed the association between COVID-19 and
PE in a large, multinational, prospective cohort of
pregnant women, specifically designed to study
COVID-19 during pregnancy; 2) the preventive effects
of vaccination are strong and consistent across sub-
groups, both in the crude and adjusted analyses; 3)
although the 95% CIs were not narrow in any sub-
group, nevertheless above 50% prevention was seen
among women with pre-existing morbidities, a magni-
tude seldom observed in any preventive strategies for
PE, and 4) even among the general pregnant population
prevention reached 30%, which was however not a
statistically significant reduction.

We have confirmed the independent association
between COVID-19 diagnosis and PE and documented
a robust effect of COVID-19 vaccination with a booster
dose for PE prevention, particularly among women with
pre-existing morbidities, for whom vaccination plays
the role of a leveller of the PE risk toward that of the
general population. However, caution should be exer-
cised because of the observational nature of the study,
the risk of selection bias related to vaccination uptake,
possible residual confounding, and the risk of over-
stating results without statistical significance with
reduced power in stratified analyses.
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