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Summary 9
Background The extent to which COVID-19 diagnosis and vaccination during pregnancy are associated with risks of :';::ZSE;’(;(I’E;
common and rare adverse pregnancy outcomes remains uncertain. We compared the incidence of adverse pregnancy e

outcomes in women with and without COVID-19 diagnosis and vaccination during pregnancy. Published Online xxx

https://doi.org/10.

. . . . . . .. 1016/j.lanepe.2024.
Methods We studied population-scale linked electronic health records for women with singleton pregnancies in 445,

England and Wales from 1 August 2019 to 31 December 2021. This time period was divided at 8th December
2020 into pre-vaccination and vaccination roll-out eras. We calculated adjusted hazard ratios (HRs) for common
and rare pregnancy outcomes according to the time since COVID-19 diagnosis and vaccination and by pregnancy
trimester and COVID-19 variant.

Findings Amongst 865,654 pregnant women, we recorded 60,134 (7%) COVID-19 diagnoses and 182,120 (21%)
adverse pregnancy outcomes. COVID-19 diagnosis was associated with a higher risk of gestational diabetes
(adjusted HR 1.22, 95% CI 1.18-1.26), gestational hypertension (1.16, 1.10-1.22), pre-eclampsia (1.20, 1.12-1.28),
preterm birth (1.63, 1.57-1.69, and 1.68, 1.61-1.75 for spontaneous preterm), very preterm birth (2.04, 1.86-2.23),
small for gestational age (1.12, 1.07-1.18), thrombotic venous events (1.85, 1.56-2.20) and stillbirth (only within
14-days since COVID-19 diagnosis, 3.39, 2.23-5.15). HRs were more pronounced in the pre-vaccination era,
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within 14-days since COVID-19 diagnosis, when COVID-19 diagnosis occurred in the 3rd trimester, and in the
original variant era. There was no evidence to suggest COVID-19 vaccination during pregnancy was associated
with a higher risk of adverse pregnancy outcomes. Instead, dose 1 of COVID-19 vaccine was associated with
lower risks of preterm birth (0.90, 0.86-0.95), very preterm birth (0.84, 0.76-0.94), small for gestational age (0.93,

0.88-0.99), and stillbirth (0.67, 0.49-0.92).

Interpretation Pregnant women with a COVID-19 diagnosis have higher risks of adverse pregnancy outcomes. These
findings support recommendations towards high-priority vaccination against COVID-19 in pregnant women.

Funding BHF, ESRC, Forte, HDR-UK, MRC, NIHR and VR.

Copyright © 2024 The Authors. 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

We searched for prospective epidemiological studies of
COVID-19 diagnosis and vaccination investigating adverse
pregnancy outcomes published in any language up until Dec
1, 2023 (with no specified earliest date), in MEDLINE,
Scientific Citation Index Expanded, and Embase using relevant
terms ((‘pregnan’* OR ‘gestation” OR 'birth’) AND (‘diabetes’
OR ‘hypertens' OR ‘preeclampsia’ OR ‘preterm’ OR
‘premature’ OR ‘pregnancy’ ‘complication’ OR (‘adverse’ AND
‘birth” AND ‘outcome*’) OR ‘stillbirth” OR (‘pregnan’ AND
‘loss’) OR ‘cardiovascular’ OR (‘venous’ AND ‘thrombo*’))
AND ('COVID’ OR 'SARS-CoV-2" OR ‘coronavirus’)) (n = 9309).
We found many primary reports and literature-based reviews
showing COVID-19 diagnosis was associated with higher risks
of common adverse pregnancy outcomes (e.g., gestational
hypertensive disorders in pregnancy and preterm) and COVID-
19 vaccination offered protection against adverse pregnancy
outcomes. However, there was conflicting evidence about
how COVID-19 diagnosis relates to more rare and serious
outcomes including stillbirth and venous thrombosis. Few
studies investigated how the risks are affected by the timing
of the COVID-19 diagnosis and vaccination during pregnancy.

Added value of this study
Our study used population-scale linked electronic health
records from 864,654 pregnant women in England and Wales

Introduction

The physiological maternal adaptations to pregnancy,
such as expansion of blood volume, increase of insulin
resistance, and immunological changes, can unmask a
latent predisposition in a woman to cardiovascular and
cardiometabolic complications, such as pre-eclampsia,
gestational hypertension, and gestational diabetes.
These complications can, in turn, affect fetal develop-
ment, leading to growth restriction (as for pre-eclampsia),
overgrowth (associated with gestational diabetes), and
preterm birth, often requiring medical intervention and

to reliably examine the relationships between timing of
COVID-19 diagnosis and vaccination and adverse pregnancy
outcomes. This study afforded several advantages. First, it is
the largest study to date, providing enhanced generalisabllity.
Second, we studied a wide range of common and rare
(including venous thrombosis and stillbirth) adverse
outcomes after both COVID-19 infection and vaccination.
Third, we conducted our analyses by pregnancy trimester,
time since COVID-19 diagnosis and vaccination, before and
after the vaccination rollout in England and Wales, and
COVID-19 variant. Fourth, we adjusted for a wide-range of
potential confounders available in electronic health records.

Implications of all the available evidence

The chief implication of this study for public policy is to
support recommendations towards high-priority vaccination
against COVID-19 in pregnant women to avoid high risks of
adverse pregnancy outcomes from COVID-19 especially in the
3rd trimester. The chief implication for scientific
understanding is the novel evidence about the associations
between timing of COVID-19 and common and rare adverse
pregnancy outcomes, which are stronger within 14-days since
COVID-19 infection, when COVID-19 occurs in the 3rd
trimester and which remain even in the vaccination roll-out
era.

increasing the risk of stillbirth." Additional viremia and
inflammatory phases of respiratory virus-related in-
fections such as HIN1 influenza, and more recently
COVID-19 may further hamper maternal adaptation
inducing pro-coagulation state, affecting uteroplacental
circulation and, consequently, fetal growth.”*

Studies investigating COVID-19 in pregnant women
have largely focused either on COVID-19 infected
women alone or on comparisons between COVID-19
infected and non-infected women at the time of
birth.'*"*** Few population-wide studies and multi-cohort
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studies, including a study from Denmark (n = 111,186)"
and Canada (n = 6012),” and a multi-national cohort study
involving 18 countries,” examined COVID-19 during
pregnancy. These studies showed that pregnant women
diagnosed with COVID-19 are more likely to experience
pre-eclampsia,*'>*> gestational hypertension’ and pre-
term Dbirth.#>4?¢ Whilst a meta-analysis of 117,552
vaccinated pregnant women underscores COVID-19
vaccine efficacy in preventing infection and hospitaliza-
tion,””* few studies have addressed the safety and effec-
tiveness of  COVID-19  vaccination  during
pregnancy.’>****3* Current studies also overlook, with few
exceptions,*'*"** the relationship between COVID-19
diagnosis and vaccination during pregnancy, including
the risks of rare outcomes (such as stillbirth and venous
thrombotic events), and how risks differ by time since
infection or vaccination, pregnancy trimester or secular
time period (e.g., accounting for changes in COVID-19
variants and vaccination rollouts).

To address these gaps, we leveraged population-wide
linked electronic health record (EHR) data sources from
England and Wales to build the largest population-wide
pregnancy cohort of women with a record of birth
during the COVID-19 pandemic period. In our study we
compared the incidence of adverse pregnancy outcomes
in women with and without COVID-19 diagnosis and
vaccination during pregnancy stages, accounting for a
wide range of potential confounding factors. Our aim
was to provide quantitative evidence for recommenda-
tions concerning antenatal care of women during their
pregnancy and their vaccination against current and
future COVID-19 outbreaks.

Methods
Study setting and population
A population-wide pregnancy cohort was defined using
Hospital Episode Statistics (HES) maternity information
in England and the Maternity Indicator Dataset (MIDS)
in Wales. We included 865,654 women with (i) a
singleton birth episode, (ii) estimated pregnancy start
date for the 1st record of birth after 1st August 2019 and
with a delivery date before 31st December 2021, and (iii)
registered with a primary care general practice in En-
gland or Wales at the estimated pregnancy start date. The
pregnancy cohort was linked with primary care events,
emergency events, hospital admissions, critical care ad-
missions, outpatient visits, COVID-19 test results, com-
munity dispensing records, and deaths. For women
without a recorded estimated gestational age at delivery
(n = 200,020, 23.1%), we considered a standard preg-
nancy duration of 280 days. See Supplementary Methods
for more detail in the definition of the pregnancy cohort.
The pregnancy cohort was divided at 8th December
2020 (the start of the vaccination programme in the UK)
into two subcohorts of pregnancies during pre-vaccination
and vaccination roll-out eras. The subcohort for the pre-
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vaccination era included women with an estimated preg-
nancy start date from 1st August 2019, and delivery date
up to 8th December 2020. The subcohort for the vacci-
nation era included women with an estimated pregnancy
start date after 8th December 2020 and delivery date up to
31st December 2021. Pregnancies that spanned across
both periods were excluded from the subcohorts.

We categorized the periods of the COVID-19
pandemic into original, alpha, and delta eras, based on
the prevalent strain: original variant: 1st July 2020 to 7th
December 2020; alpha variant: 8th December 2020 to
17th May 2021; delta variant: 18th May 2021 to 13th
December 2021.*

Data were accessed in National Health Service (NHS)
England’s Secure Data Environment (SDE) service for
England” and in the Secure Anonymised Information
Linkage (SAIL) Databank for Wales, via the British
Heart Foundation Data Science Centre’s CVD-COVID-
UK/COVID-IMPACT Consortium. The analysis was
performed according to a prespecified protocol. The
phenotypes and associated code is available at https://
github.com/BHFDSC/CCU018_01. The study is re-
ported in agreement with the RECORD and STROBE
statements for observational studies using routinely
collected health data.

COVID-19 diagnosis

COVID-19 diagnosis was defined at the earliest recorded
date of a positive COVID-19 polymerase chain reaction
(PCR) or antigen test or a confirmed COVID-19 diagnosis
found in either primary care event records or secondary
care hospital admission records, as defined in previous
analyses.” Hospitalisation related to COVID-19 was
defined as a hospital admission record with a COVID-19
diagnosis code in the primary position within 4 weeks of
from COVID-19 diagnosis as defined above.

COVID-19 vaccination

COVID-19 vaccination during pregnancy was defined as
having received dose 1 or dose 1 and dose 2 of ChA-
dOx1-S vaccine, BNT162b2 vaccine or a mix of these
vaccines during pregnancy.

Adverse pregnancy outcomes

We examined the following adverse pregnancy outcomes:
gestational diabetes, gestational hypertension, pre-
eclampsia, preterm birth (<37 weeks of pregnancy),
very preterm birth (<32 weeks of pregnancy), small-for-
gestational-age (<5th percentile), stillbirth and venous
thrombotic events. The definition of each condition was
based on rule-based phenotyping algorithms using
SNOMED-CT (Systematised Nomenclature of Medicine—
Clinical Terms), Read V2 (Read Coded Clinical Terms)
and ICD-10 (International Classification of Diseases 10th
Revision) (more details on the description of outcomes
and data-sources in Table S1 and https://github.com/
BHFDSC/CCU018_01).
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Confounders

We pre-specified the following as confounders based on
them being known or plausibly associated with COVID-
19 diagnosis/vaccination and adverse pregnancy out-
comes: age (years), deprivation at residential area level
(quintiles), calendar week, region (England only), ethnic
group (categories of White, other ethnic groups, un-
known ethnic group), previous pregnancy (yes/no),
smoking status (categories of smoker, former smoker,
non-smoker), history of hypertension (yes/no), history
of diabetes (yes/no), history of haematological and car-
diovascular diseases (yes/no), overweight/obesity (yes/
no), history of depression (yes/no) and other conditions
(ves/no, including at least one of chronic obstructive
pulmonary disease, liver disease, chronic kidney dis-
ease, cancer and surgical intervention). All confounders
were defined using primary and secondary care records
and occured before the estimated pregnancy start date.
Individuals with missing values for deprivation levels
(0.4%) and smoking status (6.1%) were excluded from
the analysis.

Statistical analysis

We estimated nation-specific hazard ratios (HRs) in
England and Wales, comparing the incidence of adverse
pregnancy outcomes after a diagnosis of COVID-19
during pregnancy with the incidence of these out-
comes in women before or without a diagnosis of
COVID-19 during pregnancy. We estimated HRs in
separate time periods (in days: [0,14), [14+,]) after diag-
nosis of COVID-19 and, separately, by pregnancy
trimester of diagnosis (Ist trimester <84 estimated
pregnancy duration in days, 2nd trimester >84 < days
<182, 3rd trimester >182) and by COVID-19 variants
(original, alpha and delta era). Analyses used Cox
regression models with estimated gestational age in
days as the time scale and the estimated pregnancy start
date as the time origin, fitted separately by nation.
Censoring was at the earliest of the date of the outcome,
delivery date or end of cohort follow-up date (i.e., 8th
December 2020 or 31st December 2021). Nation-specific
HRs for England and Wales were combined using
inverse-variance weighted meta-analyses with fixed ef-
fect models. We visually assessed the proportional haz-
ards assumption within each of these time periods for
the main outcomes using log-log plots (see
Supplementary Methods for more detail); there was no
evidence of strong violation. To quantify the effective-
ness of dose 1 of COVID-19 vaccine during pregnancy,
we estimated nation-specific HRs, comparing the inci-
dence of COVID-19 diagnosis in pregnant women after
dose 1 of COVID-19 vaccine during pregnancy with the
incidence of COVID-19 diagnosis in pregnant women
before or without dose 1 of COVID-19 vaccine during
pregnancy. Similarly, amongst pregnant women who
had received dose 1 of COVID-19 vaccine during preg-
nancy, we estimated nation-specific HRs, comparing the

incidence of COVID-19 diagnosis in women after dose 2
of COVID-19 vaccine during preghancy with the inci-
dence of COVID-19 diagnosis in women before or
without dose 2 of COVID-19 vaccine. To quantify the
association of dose 1 of COVID-19 vaccine during
pregnancy and adverse preghancy outcomes we esti-
mated nation-specific HRs, comparing the incidence of
adverse pregnancy outcomes after dose 1 of COVID-19
vaccine during pregnancy with the incidence of these
outcomes in pregnant women before or without dose 1
of COVID-19 vaccine during pregnancy. Similarly,
amongst pregnant women who had received dose 1 of
COVID-19 vaccine during pregnancy, we estimated
HRs comparing the incidence of adverse pregnancy
outcomes after dose 2 of COVID-19 vaccine during
pregnancy with the incidence of these outcomes in
pregnant women before or without dose 2 of COVID-19
vaccine. Analyses used Cox regression models as
described above, and were restricted to women with a
pregnancy start date from 9th December 2020 and a
delivery date up to 31st December 2021 and without a
COVID-19 vaccination before pregnancy. In analyses of
dose 2 of COVID-19 vaccine, the time origin was
defined as the date of receiving the dose 1 of COVID-19
vaccine.

HRs were adjusted for (i) age and deprivation and (ii)
age, deprivation, calendar week, region (England only)
and a propensity score (spline term with 3 knots, with
knots placed at the 25th, 50th, and 75th percentiles)
incorporating all other available confounders. In ana-
lyses of dose 2 of COVID-19 vaccine, we further
adjusted for the time between the estimated pregnancy
start date and date of receiving dose 1 of COVID-19
vaccine. The propensity scores were estimated using
logistic regression models; further details are provided
in the Supplementary Methods.

We conducted subgroup analyses by COVID-19
vaccination status, (receiving two or more vaccine
doses vs receiving fewer than 2 vaccine doses) age group
(18-29/30-39/40-55 years), ethnic group (six categories:
Black or Black British, Asian or Asian British, White,
Mixed, Ethnic minorities and Unknown ethnic group),
deprivation index, previous pregnancy, history of
COVID-19 diagnosis before pregnancy and existing
health conditions (i.e., at least one condition of haema-
tological diseases, cardiovascular disease, hypertensive
disorders, diabetes disorders, chronic obstructive pul-
monary disease, liver disease, chronic kidney disease,
cancer and surgical intervention during the last year
before pregnancy). We also conducted a series of
sensitivity analyses as specified in detail in Table S2.
These included analyses restricted to women with
known gestation age; with an estimated pregnancy start
date <11th March 2020; with an estimated pregnancy
start date >11th March 2020; who had not received any
doses of COVID-19 vaccine up to 31st December 2021;
who had received at least one dose of COVID-19 vaccine

www.thelancet.com Vol 45 October, 2024


http://www.thelancet.com

Articles

up to 31st December 2021 and who had received at least
one dose of COVID-19 vaccine from 18th June 2021 to
31st December 2021 and in analyses which included
outcomes occurring from day 1 (instead of day 0) of
follow-up, when follow-up was censored at the maximal
outcome week for preterm birth and very preterm birth
and for spontaneous preterm births (rather than plan-
ned and spontaneous).

Results from analyses involving subgroups with less
than ten incident cases are not reported, adhering to
policies and processes of the NHS England SDE and the
SAIL Databank.

Analyses used SQL, Python, and RStudio Version
1.3.1093.1 driven by R Version 4.0.3. Codelists used to
define phenotypes (for eligibility, outcome and confounder
information) are available at https://github.com/BHF
DSC/CCU018_01.

The North East-Newcastle and North Tyneside 2
research ethics committee provided ethical approval for
the CVD-COVID-UK research program (REC no. 20/
NE/0161) to access, within secure trusted research en-
vironments, unconsented, whole-population, de-identi-
fied data from EHRs collected as part of patients’
routine healthcare.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing
of the report.

Results

COVID-19 diagnosis analysis

Of the 865,654 pregnant women eligible for analysis
(829,180 in England and 36,474 in Wales, Figure S1),
60,134 (6.9%) women had a diagnosis of COVID-19
during pregnancy (Table 1). Median age was 30 years
and 551,787 (63.7%) had a previous pregnancy, 84,740
(9.8%) had a history of hypertension, 9590 (1.1%) had a
history of cardiovascular or haematological diseases and
44,549 (5.1%) had a history of diabetes. Characteristics
of pregnant women were similar in the pre-vaccination
and vaccination eras, and in those with and without
COVID-19 diagnosis during pregnancy with few excep-
tions (Table 1 and Table S3): in the vaccination era there
was a higher proportion of COVID-19 diagnosis than in
the pre-vaccination era. Characteristics were comparable
between Wales and England, with a few exceptions
(Table S4): pregnant women were generally younger,
more likely to be current smokers, have a history of
depression and less ethnically diverse in Wales than
England.

During follow-up, we identified 182,120 adverse
pregnancy outcomes as follows: gestational diabetes
(n = 66,595), gestational hypertension (n = 24,440),
pre-eclampsia (n = 13,655), preterm births
(n = 42,850, including n = 7985 very preterm), infants
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born small for gestational age (n = 32,170), stillbirths
(n = 1065) and venous thrombotic events (n = 1345)
(Table 2).

In the overall pregnancy cohort, COVID-19 diagnosis
during pregnancy was associated with a higher risk of
gestational diabetes (HR 1.22, 95% CI 1.18-1.26),
gestational hypertension (HR 1.16, 1.10-1.22), pre-
eclampsia (HR 1.20, 1.12-1.28), preterm birth (HR
1.63, 1.57-1.69; and HR 1.68, 1.61-1.75 for spontaneous
preterm), very preterm birth (HR 2.04, 1.86-2.23), small
for gestational age (HR 1.12, 1.07-1.18), and thrombotic
venous events (HR 1.85, 1.56-2.20) (Fig. 1). Risks were
higher within 14 days following COVID-19 diagnosis
and remained elevated, although weaker, after 14 days
with the exception of pre-eclampsia and small for
gestational age. Association with stillbirth was observed
only within 14 days following COVID-19 diagnosis (HR
3.39, 2.23-5.15). All associations were stronger in the
pre-vaccination era, and remained elevated but weaker
during the vaccination era for gestational diabetes (HR
1.09, 1.03-1.16), preterm birth (HR 1.31, 1.23-1.40),
very preterm birth (HR 1.72, 1.50-1.97). Associations
with hospitalised COVID-19 were generally stronger
than associations with non-hospitalized COVID-19
(Figure S2).

All associations between COVID-19 diagnosis and
adverse pregnancy outcomes were confirmed in the
3rd trimester and remained elevated in the 1st and
2nd trimesters for preterm, very preterm, and
thrombotic venous events (Fig. 2 and Figure S3).
Hazard ratios for associations between COVID-19
diagnosis in the 3rd trimester and adverse preg-
nancy outcomes were generally stronger in magnitude
during the pre-vaccination era, and remained elevated
for gestational diabetes, preterm, very preterm birth
and small for gestational age during the vaccination
era. All associations were stronger in the original
variant period, and remained elevated but weaker
during the alpha and delta eras for gestational diabetes
(Figure S4).

Associations between COVID-19 diagnosis and
adverse pregnancy outcomes were weaker in pregnant
women who were fully vaccinated compared those who
were not fully vaccinated for gestational diabetes, pre-
term and very preterm birth (Figure S5).

In subgroup analyses, having a previous COVID-19
diagnosis before pregnancy modified the association
between COVID-19 diagnosis during pregnancy
with gestational hypertension (HRs for women with
vs without a previous COVID-19 diagnosis: 1.57 (1.13,
2.20) vs 1.15 (1.09-1.21), p-valueineraction = 0.0129)
and pre-eclampsia (1.82 (1.19-2.80) vs 1.19
(1.11-1.27), p-valu€interaction = 0.0029). No significant
effect modifiers were observed on the multiplicative
scale (Figures S6-S11).

Results remained consistent in sensitivity analyses
(Figures S12 and S13).
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Characteristic Overall, Pre-vaccination era, Vaccination era,

N = 865,654 n (%) N = 318,192 n (%) N = 162,733 n (%)

Age (years)

Median (interquartile range) 0 (26-34) 30 (26-33) 0 (26-34)
<30 403, 318 (46.6) 152,268 (47.9) 73,590 (45.2)
30-39 434,849 (50.2) 156,033 (49) 83,577 (51.4)
>40 27,487 (3.2) 9891 (3.1) 5571 (3.4)

Deprivation
1 (least) 214,763 (24.8) 79,462 (25.5) 39,026 (24)
2 190,090 (22) 69,368 (22.3) 35,473 (21.8)
3 167,387 (19.3) 60,019 (19.3) 31,411 (19.3)
4 152,663 (17.6) 53,482 (17.2) 29,464 (18.1)
5 (most) 136,868 (15.8) 47,612 (15.3) 26,557 (16.3)
Unknown 3883 (0.4) 1428 (0.5) 807 (0.5)

Ethnic group
Black or Black British 40,784 (4.7) 15,018 (4.7) 7745 (4.8)
Asian or Asian British 105,156 (12.1) 38,979 (12.3) 19,624 (12.1)
White 647,493 (74.8) 236,290 (74.3) 122,260 (75.1)
Mixed 19,219 (2.2) 6885 (2.2) 3752 (2.3)
Ethnic minorities 39,968 (4.6) 15,593 (4.9) 6953 (4.3)
Unknown ethnic group 13,029 (1.5) 5427 (1.7) 2399 (1.5)

Previous pregnancy 551,787 (63.7) 201,725 (63.4) 102,611 (63.1)

COVID-19 diagnosis during pregnancy 60,134 (6.9) 6821 (2.1) 17,260 (10.6)

COVID-19 Hospitalization 3626 (0.4) 451 (0.1) 1292 (0.8)

Trimester of exposure
1st 11,250 (1.3) 175 (0.1) 3197 (2)
2nd 18,532 (2.1) 673 (0.2) 5558 (3.4)
3rd 30,352 (3.5) 5973 (1.9) 8505 (5.2)

Dose 1 of COVID-19 vaccine during pregnancy 62,478 (7.2) 70,614 (43.4)

Dose 2 of COVID-19 vaccine during pregnancy 98,977 (11.4) 50,133 (30.8)

Smoking status
Current 152,078 (17.6) 57,780 (18.2) 27,702 (17)
Ex 118,843 (13.7) 43,708 (13.7) 22,070 (13.6)
Never 542,178 (62.6) 196,999 (61.9) 102,486 (63)

History of cardiovascular and haematological diseases® 9590 (1.1) 3500 (1.1) 1822 (1.1)

History of hypertension® 84,740 (9.8) 28,661 (9) 17,558 (10.8)

History of diabetes” 44,549 (5.1) 15,966 (5) 8721 (5.4)

History of depression® 178,352 (20.6) 64,645 (20.3) 34,429 (21.2)

History of other conditions” 131,338 (15.2) 54,043 (17) 17,848 (11)

°In the year before pregnancy.
Table 1: Characteristics of the pregnancy cohort in the overall period, pre-vaccination era and vaccination era in England and Wales.

COVID-19 vaccination vaccine, HRs were 0.70 (0.60-0.81) in the first 4
Among 148,841 pregnant women unvaccinated before ~ weeks, 0.66 (0.59-0.73) during week 5-8, and 0.60

pregnancy, 60,875 (40.9%) women were vaccinated with
dose 1 of COVID-19 vaccine during pregnancy and
15,680 (10.5%) women were diagnosed with COVID-19
(Table SS). Compared to those vaccinated with dose 1,
unvaccinated women were generally younger, more likely
to be current smokers, from non-white ethnic groups and
resided in areas with higher deprivation level.
COVID-19 vaccination during pregnancy was asso-
ciated with a lower risk of COVID-19 diagnosis during
pregnancy (Figure S14). After dose 1 of COVID-19

(0.58-0.62) from 9 weeks. After dose 2, HRs declined
from 0.75 (0.68-0.84) in the first 4 weeks to 0.67
(0.60-0.73) and 0.55 (0.51-0.59) in subsequent periods.
We found similar patterns of associations in subgroup
and sensitivity analyses (Figures S15 and S16), with the
notable exception that there was not a clear benefit of
vaccination in pregnant women with a history of
COVID-19 diagnosis.

During follow-up, there were 11,920 records of
gestational diabetes, 4355 gestational hypertension,
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Adverse pregnancy  Overall Pre-vaccination era Vaccination era
outcomes Follow-up N IR Follow-up N IR Follow-up N IR
(person-years) events (person-years) events (person-years) events
Gestational diabetes  638,641.2 66,595 104.28 (103.49, 105.07) 234,839.1 23,030 98.07 (96.80, 99.34) 119,367.0 13,385 112.13 (110.24, 114.03)
Gestational 648,841.1 24,440  37.67 (37.20,38.14)  238,266.5 8705 36.53 (35.77, 37.30) 121,4383 4935  40.64 (39.51, 41.77)
hypertension
Pre-eclampsia 649,334.8 13,655  21.03 (20.68, 21.38) 238,435.0 4990 20.93 (20.35, 21.51)  121,538.9 2850  23.45 (22.59, 24.31)
Preterm birth® 496,260.9 42,850 86.35 (85.53, 87.16) 184,342.8 17,255  93.6 (92.21, 95.00)  94,892.1 10,090 106.33 (104.27, 108.41)
Very preterm birth? 496,261.0 7985  16.09 (15.74, 16.44) 184,342.8 3470 18.82 (18.20, 19.45)  94,892.1 2305 24.29 (23.30, 25.29)
Small for gestational 496,261.0 32,170  64.82 (64.12, 65.53) 184,342.8 12,215 66.26 (65.09, 67.44) 94,892.1 6360 67.02 (65.38, 68.68)
age”
Stillbirth® 469,647.7 1065 2.27 (2.13, 2.40) 174,644.7 395 226 (2.04, 2.49) 89,090.0 235 2.64 (230, 2.99)
Thrombotic venous 621,958.8 1345 2.16 (2.05, 2.28) 228,495.2 455 1.99 (1.81, 2.18) 115,535.9 285 2.47 (2.18, 2.76)
event
“Excluding women without a recorded estimated gestational age at delivery.
Table 2: Incidence of adverse pregnancy outcomes by pandemic period, follow-up, total number of events and incidence rate (IR) per 1000 person-years.

2470 pre-eclampsia, 250 venous thrombotic, 8605 pre-
term birth (including 1860 very preterm birth), 5830
small for gestational age and 215 stillbirth events

(Table S6).

Dose 1 of COVID-19 vaccine during pregnancy was
associated with lower risks of preterm birth (HR: 0.90,
0.86-0.95), very preterm birth (HR: 0.84, 0.76-0.94),
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small for gestational age (HR: 0.93, 0.88-0.99), and
stillbirth (HR: 0.67, 0.49-0.92) (Fig. 3). However, we did
observe a marginal higher incidence of gestational

diabetes in women after dose 1 of COVID-19 vaccine

Pre-vaccination era

HR and 95% CI

during pregnancy in comparison to women without
dose 1 of COVID-19 vaccine during pregnancy
(HR: 1.04, 1.00-1.08). This association appeared to be

Vaccination era
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Fig. 1: Fully adjusted hazard ratios (log scale) for adverse pregnancy outcomes after COVID-19 diagnosis by pandemic period (overall
n = 865,654, prevaccination era n = 318,192, vaccination era n = 162,733).
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Overall period Pre vaccination era Vaccination era

Gestational Diabetes

1st trimester 59,180 20,970 11,545
2nd trimester | 4 59,570 +o— 21,000 » 11,690
3rd trimester ° 59,020 o 21,040 ° 11,595
Gestational Hypertension
1st trimester 21,225 7,870 4,135
2nd trimester g 21,465 — 7,890 - 4,220
3rd trimester ° 21,470 - 7,930 R 3 4,215
Preeclampsia
1st trimester 11,800 4,460 2,370
2nd trimester » 11,925 —— 4,465 - 2,420
3rd trimester * 11,955 - 4,500 - 2,410
Preterm
1st trimester 35,615 14,915 8,055
2nd trimester ° 36,100 - 14,985 . 8,265
3rd trimester ° 36,540 L d 15,255 L 4 8,285
Very preterm
1st trimester 6,690 3,005 1,875
2nd trimester - 6,845 —— 3,040 - 1,935
3rd trimester - 6,760 —— 3,035 - 1,900
Small for gestation age
1st trimester 26,075 10,205 4,930
2nd trimester L 26,260 —e— 10,230 - 4,990
3rd trimester ° 26,740 - 10,405 - 5,100
Stillbirth
1st trimester
2nd trimester —e— 925 —_— 195
3rd trimester —— 950 — 365 —T— 200
Thrombotic venous event
1st trimester 1,225 435 260
2nd trimester —— 1,235 —_— 440 —— 260
3rd trimester - 1,225 —— 435 —— 260
0.5 1.0 2.0 4.0 8.0 0.5 1.0 2.0 4.0 8.0 0.5 1.0 2.0 4.0 8.0
HR and 95% CI HR and 95% ClI HR and 95% ClI

Fig. 2: Fully adjusted hazard ratios (log scale) for adverse pregnancy outcomes after COVID-19 diagnosis by pandemic period and trimester of

infection (n = 829,180, including only England).

restricted to women under 30 years of age or those in
the 3rd trimester of pregnancy (Figures S17-S19).
Similarly, we observed a slightly higher incidence of
gestational diabetes in women after dose 2 of COVID-19
vaccine during pregnancy in comparison to women

receiving only dose 1 of COVID-19 vaccine during
pregnancy (Fig. 3 and Table S7). Notably, in sensitivity
analyses, these associations attenuated to the null upon
censoring follow-up at incident COVID-19 diagnosis
(Figure S20). There was no evidence to suggest a higher
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COVID-19 vaccine dose 1 during pregnancy
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Fig. 3: Fully adjusted hazard ratios (log scale) for adverse pregnancy outcomes, after dose 1 and 2 of COVID-19 vaccine during pregnancy (dose 1
analysis n = 148,841, dose 2 analysis n = 57,885, dose 2 analysis includes only England).

incidence of other adverse pregnancy outcomes after
COVID-19 vaccination during pregnancy (Fig. 3), which
was consistent across subgroups and in sensitivity ana-
lyses (Figures S17-S21).

Discussion

The main finding of this analysis was that COVID-19
diagnosis during pregnancy was associated with
higher risk of common adverse pregnancy outcomes,
including gestational diabetes, hypertensive disorders,
preterm birth and small for gestational age, as well as
rare outcomes including very preterm, preeclampsia,
venous thrombosis and stillbirth (only within 14 days
after COVID-19 diagnosis). These risks were more
pronounced within 14 days of COVID-19 diagnosis and
when COVID-19 diagnosis occurred in the 3rd trimester
of pregnancy. These risks were less pronounced after
the vaccination rollout in England and Wales. There was
no evidence to suggest COVID-19 vaccination during

www.thelancet.com Vol 45 October, 2024

pregnancy was associated with higher risks of adverse
pregnancy outcomes. Our study’s findings are consis-
tent with previous research that indicate associations of
COVID-19 diagnosis during pregnancy with subsequent
risk of adverse pregnancy outcomes for pre-eclampsia
(HR 1.22 vs RRs in prior studies ranging from 1.31 to
1.76>'>1>*), gestational hypertension (HR 1.16 vs RR
1.46),” and preterm birth (HR 1.63 vs RRs in prior
studies ranging from 1.15 to 2.177%*%). This
population-wide study is the largest to date and adds
novel findings because we were able to quantify how the
risks of adverse pregnancy outcomes vary by time since
COVID-19, pregnancy trimester, variant era and before
and after vaccination roll-outs. Risks of adverse preg-
nancy outcomes were lower during the vaccination era
compared to the pre-vaccination era, as well as during
the alpha and delta eras compared to the original variant
period. Disentangling the potential role of the vaccina-
tion rollout from the emergence of new variants is
challenging due to overlapping time periods and also
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changes in testing strategies between 2020 and 2021,
which may influence the severity of reported COVID-19
diagnoses during these periods. Elevated risk of still-
birth was only observed within 14 days of a COVID-19
diagnosis and not beyond, whilst elevated risks for
other adverse pregnancy outcomes were highest within
14 days. This may reflect ascertainment bias, whereby
women presenting with a pregnancy complication are
more likely to have a COVID-19 test, or may reflect an
acute effect of COVID-19, which requires further
investigation.

Our study contributes towards the understanding of
the risk-benefit ratio of COVID-19 vaccination during
pregnancy. Specifically, we find that pregnant women
who received the vaccine had a lower risk of COVID-19
diagnosis after receiving a COVID-19 vaccine during
pregnancy as shown in studies in the general popula-
tion.”’?* We also observed a lower risk of gestational
diabetes, preterm birth, and very preterm birth
following COVID-19 in pregnant women who were
fully vaccinated compared to those who were not fully
vaccinated. Furthermore, we confirm the safety of the
vaccine even for rare and severe events such as still-
birth and venous thrombotic events.***! Vaccination
was also associated with a lower risk of preterm births,
small for gestational age and stillbirth, likely as a result
of fewer and less severe COVID-19. Whilst we
observed an association between COVID-19 vaccina-
tion and gestational diabetes, this attenuated to the null
on censoring for COVID-19 and on excluding pregnant
women with comorbidities and in priority groups for
COVID-19 vaccination, suggesting this may be due to
confounding. Specifically, COVID-19 or other comor-
bidities may increase the likelihood of gestational dia-
betes and being vaccinated. Alternatively, the positive
association may reflect a type 1 error arising from
multiple testing or may have been influenced by dif-
ferences in healthcare utilisation and outcome
recording Dbetween vaccinated and unvaccinated
women. For example, women with better access to care
are more likely to receive both the oral glucose toler-
ance test for gestational diabetes and the COVID-19
vaccination.

There are several key strengths to our study. To limit
reverse causality, we focused on COVID-19 diagnosis
during pregnancy and compared the magnitude of the
associations over the pregnancy and split the follow-up
time into 0-14 and 14+ days since COVID-19 diag-
nosis or vaccination. To limit confounding, we adjusted
for several potential confounders using non-linear pro-
pensity scores. To examine possible misclassification of
COVID-19 diagnosis during the 1st wave of COVID-19
pandemic, we performed analyses separately for the
pandemic period and the vaccination era. To minimise
possible misclassification of the outcomes, we inte-
grated primary care, secondary care, and maternity data.
Our results were robust to a variety of sensitivity

analyses, and the national nature of the pregnancy co-
horts supported the generalizability of the findings.

Our study has some potential limitations. First,
gestational week at birth was imputed for about 25% of
women in England. It is likely that missing gestational
week is independent of outcomes and does not affect
the time between exposure and the outcomes. Missing
data could have resulted in non-differential misclassifi-
cation of exposure early in pregnancy. However, sensi-
tivity analyses among women with known estimated
gestational week confirmed the findings. Second, preg-
nant women diagnosed with COVID-19 may have
received more intensive monitoring than those non-
diagnosed. This increased surveillance could lead to a
more rigorous case ascertainment, potentially biasing
associations away from the null. Third, our analyses
exclude home deliveries (about 2.5%) in England.”
Fourth, we used a stringent definition for small for
gestational age, employing the 5th percentile. This helps
in identifying the smallest babies, thereby increasing
specificity (i.e., the babies we pinpoint are more likely to
face health risks). However, this approach might
decrease sensitivity (i.e., we could overlook some babies
who have health risks due to their size). Fifth, this study
cannot exclude residual confounding, particularly since
we lacked data on body mass index and instead adjusted
for a history of overweight and obesity and measure-
ment errors in smoking behavior may have biased the
estimates toward the null, as smoking behavior is
negatively associated with the risk of COVID-19 infec-
tion.” Sixth, the potential for reverse causation remains
due to relative short pregnancy time periods. Seventh,
the results from this study are based on the whole
populations in England and Wales with singleton birth
and include, original, alpha, and delta variant periods
(up to 31st December 2021), but may not be general-
isable to other countries, non-singleton birth pregnan-
cies or other pandemic periods. Eighth, this study
cannot exclude the possibility of effect modification on
scales other than multiplicative ones.

In conclusion, our study provides evidence that
COVID-19 diagnosis during pregnancy was associated
with a higher risk of common and rare adverse preg-
nancy outcomes. These risks were more pronounced
within 14 days of COVID-19 diagnosis and when
COVID-19 diagnosis occurred in the 3rd trimester of
pregnancy, and before the vaccination rollout. Notably,
there was no evidence to suggest higher risks of adverse
pregnancy outcomes following vaccination. These find-
ings support recommendations towards high-priority
vaccination against COVID-19 in pregnant women to
avoid high risks of adverse pregnancy outcomes from
COVID-19 especially in the 3rd trimester.
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