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Abstract

Background

Antenatal corticosteroids (ACS) are widely prescribed to improve outcomes following pre-
term birth. Significant knowledge gaps surround their safety, long-term effects, optimal tim-
ing and dosage. Almost half of women given ACS give birth outside the “therapeutic
window” and have not delivered over 7 days later. Overtreatment with ACS is a concern, as
evidence accumulates of risks of unnecessary ACS exposure.

Methods

The Consortium for the Study of Pregnancy Treatments (Co-OPT) was established to
address research questions surrounding safety of medications in pregnancy. We created an
international birth cohort containing information on ACS exposure and pregnancy and neo-
natal outcomes by combining data from four national/provincial birth registers and one hos-
pital database, and follow-up through linked population-level data from death registers and
electronic health records.

Results and discussion

The Co-OPT ACS cohort contains 2.28 million pregnancies and babies, born in Finland, Ice-
land, Israel, Canada and Scotland, between 1990 and 2019. Births from 22 to 45 weeks’
gestation were included; 92.9% were at term (> 37 completed weeks). 3.6% of babies were
exposed to ACS (67.0% and 77.9% of singleton and multiple births before 34 weeks,
respectively). Rates of ACS exposure increased across the study period. Of all ACS-
exposed babies, 26.8% were born at term. Longitudinal childhood data were available for
1.64 million live births. Follow-up includes diagnoses of a range of physical and mental dis-
orders from the Finnish Hospital Register, diagnoses of mental, behavioural, and neurode-
velopmental disorders from the Icelandic Patient Registers, and preschool reviews from the
Scottish Child Health Surveillance Programme. The Co-OPT ACS cohort is the largest inter-
national birth cohort to date with data on ACS exposure and maternal, perinatal and child-
hood outcomes. Its large scale will enable assessment of important rare outcomes such as
perinatal mortality, and comprehensive evaluation of the short- and long-term safety and
efficacy of ACS.

Introduction

The Consortium for the Study of Pregnancy Treatments (Co-OPT) collaboration was created
in 2018 to address the major gaps in knowledge surrounding the safety of medications in preg-
nancy, with the first Co-OPT study focusing on antenatal corticosteroids (ACS). The Consor-
tium itself includes collaborators contributing data to the cohort, experts from complementary
disciplines with methodological skills, and public and stakeholder representation.

Opver the last 30 years, ACS have become an essential part of care for women considered
to be at risk of imminent preterm birth (PTB) [1]. Liggins’ and Howie’s landmark rando-
mised controlled trial (RCT) in 1972 demonstrated that ACS improved neonatal mortality
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and respiratory distress syndrome (RDS) from PTB [2]. The 2020 Cochrane systematic
review on ACS presented robust evidence that timely administration of ACS to women prior
to early PTB reduces the most significant complications of PTB (neonatal mortality, RDS,
and intraventricular haemorrhage), regardless of resource setting [1]. However, the majority
of RCTs in this review represent only a subset of women who are offered ACS in clinical
practice [1]. The population of women given ACS has expanded over time and ranges from
women at 22 to 38 weeks’ gestation [3, 4], with singleton or multiple pregnancies, even when
the absolute risk of impending delivery is relatively low [5, 6]. Additionally, 15 trials in this
Cochrane review were undertaken over 25 years ago [1], during a different era of neonatal
care. This limits extrapolation of results to the current context of modern neonatal respira-
tory care and the associated improved outcomes for preterm infants in high-income coun-
tries [7]. Further research is required to define the risks and benefits of ACS in different
obstetric populations.

Exposure to ACS is not without risk. Animal studies have shown a dose-dependent associa-
tion of corticosteroid administration in late pregnancy with reduced fetal brain growth and
delayed myelination [8]. Cohort studies in Finland and Canada demonstrated significant asso-
ciations between in utero corticosteroid exposure with increased risks of mental and beha-
vioural disorders [9], and increased healthcare utilisation for suspected neurodevelopmental
disorders in childhood for term-born infants [10]. Animal models and cohort studies have
also raised concerns regarding potential association of ACS exposure and adverse effects on
cardiovascular, metabolic, renal and immune systems [4, 11, 12], and, particularly in term-
born babies, reduced size at birth [13, 14]. As potential risks associated with ACS exposure
emerge, further research is needed to improve understanding of the safety and benefits of
ACS.

Furthermore, the impact of the treatment-to-delivery interval on the effects of ACS remains
uncertain, and studies have reported mixed findings [15]. Although the therapeutic benefit of
ACS is generally considered to be maximal in babies born within 24-48 hours after its admin-
istration [16], and likely dissipates after seven days [16-18], approximately 40-80% of women
given ACS remain undelivered after this putative therapeutic window [19-21]. Given that the
timing of ACS administration remains suboptimal, “overtreatment” with ACS is a concern.

The Co-OPT ACS cohort is a robust, international database of pregnant women and babies,
designed to address research questions surrounding the benefits and safety of ACS. Through
record linkage, Co-OPT amalgamates a variety of source data from birth and death registers,
prescription databases, and electronic health records, which will be used to evaluate the impact
of ACS on perinatal mortality and morbidity, maternal mortality and morbidity, and child
health outcomes, including markers of neurodevelopment. In addition, Co-OPT aims to iden-
tify clinical features that influence maternal and infant outcomes following ACS exposure, and
ultimately, to develop predictive models to optimise the prescription of ACS.

In this paper, we describe how we have linked population-based data sources from several
international regions to create the Co-OPT ACS cohort, which will enable us to examine the
effect of ACS exposure on maternal, perinatal and childhood outcomes. We also present the
characteristics of the cohort and we consider its strengths and limitations.

Materials and methods
Protocol and registration

The Co-OPT ACS study protocol was registered in advance with PROSPERO
(CRD42019137260) on 8™ August 2019 [22].
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Overview of the Co-OPT ACS cohort

The Co-OPT ACS cohort is an international cohort of births from four prospectively collected
national/provincial birth registers (Finland, Iceland, Nova Scotia (Canada) and Scotland) and
one retrospectively collected hospital database (Rabin Medical Center, Israel). Births from
1990 onwards are included, as global uptake of ACS use increased significantly during the
1990s [23]. Live births from 22 to 45 weeks of gestation are included in the cohort. Inclusion of
births from 22 completed weeks reflects recommendations from the World Health Organiza-
tion to include all fetuses and infants which reach a gestational age of 22 weeks in national sta-
tistics [24]. Global definitions for stillbirths (death of baby before or during labour) vary;
stillbirths are included in the cohort based on criteria used in the country of birth: the gesta-
tional threshold to record a stillbirth is 20 weeks in Israel and Nova Scotia, 22 weeks in Finland
and Iceland, and 24 weeks in Scotland.

All countries and regions included in the cohort are classified as having high-income econ-
omies by the World Bank [25], and all regions provide public-funded maternity care; in Israel,
approximately 20% of women opt for private antenatal care, although all births take place in
public hospitals, such as the Rabin Medical Center.

The clinical guidelines on ACS which were in use in each region during the years when
births in the cohort occurred are summarised in S2 Table. These were similar across countries
within the Co-OPT ACS cohort and were consistent with recommendations from the World
Health Organization [16].

Data sources

Table 1 provides detailed information on all data sources contributing to the Co-OPT ACS
cohort and includes information on annual numbers of live births and levels of neonatal care
provided within each region. Variables available in the Co-OPT ACS cohort, along with their
availability in the contributing datasets, are shown in Table 2. Further information on variables
available from all regions after harmonisation of datasets is available in S1 Table. Detailed
descriptions and definitions of all variables are provided in the Co-OPT ACS data dictionary,
which is located at https://datashare.ed.ac.uk/handle/10283/4768.

Maternity data. Finnish and Icelandic Medical Birth Registers include data on all hospital
births, planned home births (<0.2% of births in Finland [26] and 2% of births in Iceland [27]),
planned births at midwives’ clinics in Iceland (2% of Icelandic births), and unplanned births
outside of the hospital. The high quality of the registers and their virtually complete coverage
of all births has been described previously [28, 29]. The data in these registers are typically pro-
vided by midwives or physicians attending out-of-hospital births, or by the hospitals where
women have given birth or where women been treated after the birth. In Finland, neonatal
care for babies born before 32 weeks is centralised to five university hospitals. In Iceland, a
neonatal intensive care unit at the university hospital in Reykjavik provides care for babies
born after 22 weeks, and a special care unit in Akureyri also provides care for babies born after
34 weeks.

The Nova Scotia Atlee Perinatal Database contains data from all births in Nova Scotia and
includes out-of-hospital births (1% of births in Nova Scotia), both planned and unplanned.
Validation studies have demonstrated its high data quality [30]. The type of neonatal care pro-
vided for babies in Nova Scotia is region-dependent.

In Scotland, the Maternity Inpatient and Day Case Scottish Morbidity Records (SMR02)
include data from inpatient and outpatient hospital-based “episodes” (any interaction with
the health care system, irrespective of duration), which are submitted to Public Health Scot-
land (PHS) when a woman is discharged from that episode of care. Delivery data accounts
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Table 2. Variables in the Co-OPT ACS cohort and data availability from contributing regions.

Category

Variable

Data availability from regions

Pregnancy characteristics

Maternal age at delivery

All

Parity

All

Total previous stillbirths

Finland, Nova Scotia, Scotland
only

Total previous neonatal deaths

Finland, Nova Scotia, Scotland

only

Plurality All

Maternal Body Mass Index at booking All?

Maternal height at booking All?

Maternal weight at booking All?

Maternal diabetes mellitus (pre-existing) All

Maternal hypertension (pre-existing) All

Marital status Finland, Iceland, Nova Scotia,
Scotland only

Maternal ethnicity Nova Scotia, Scotland only

Maternal socioeconomic status

Scotland only

Maternal smoking status at booking

Finland, Nova Scotia, Scotland
only

Assisted conception

Finland, Iceland, Israel, Nova
Scotia only

Pre-eclampsia All

Gestational diabetes mellitus All

Antepartum Haemorrhage Finland, Iceland, Nova Scotia,
Scotland only

Chorioamnionitis (clinical and/or histological diagnosis) All

Antenatal hospital attendances

Finland, Nova Scotia only

Antenatal hospital admissions

Nova Scotia, Scotland only

Antenatal corticosteroids

Any ACS administration

All

Timing of ACS administration

Nova Scotia, Scotland (Aberdeen)
only ®

Labour and birth outcomes

Onset of labour All
Prelabour rupture of membranes All
Gestational age at birth All
Year of birth All
Month of birth All
Mode of birth All
Birthweight All
Birth length Finland, Iceland, Nova Scotia,

Scotland only

Baby head circumference

Finland, Iceland, Nova Scotia,

Scotland only
Baby sex All
Congenital anomaly All
Apgar score at 5 minutes All
Stillbirth All

Early neonatal death (0-6 days)

Finland, Iceland, Nova Scotia,
Scotland only

Late neonatal death (7-27 days)

Finland, Nova Scotia, Scotland

only
Neonatal unit admission All
Level of Neonatal care provided Scotland only

Duration of Neonatal unit admission

Finland, Scotland only

(Continued)
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Table 2. (Continued)

Category

Maternal outcomes

Child health & developmental
outcomes

See also S1 Table.

Variable Data availability from regions

Maternal mortality Finland, Nova Scotia, Scotland
only

Maternal admission to intensive/high dependency care Finland only

Infant death Finland, Iceland, Nova Scotia,
Scotland only

Newborn hearing screening failure Scotland only

Concern raised at first visit (undertaken at approximately 10 days old) Scotland only

Concern raised at various preschool developmental assessments undertaken at 6-8 weeks to | Scotland only

4-5 years old

Preschool orthoptic visual screening failure Scotland only

Diagnoses of childhood neurodevelopmental disorders © Finland, Iceland only

Diagnoses of childhood physical and mental disorders (from hospital inpatient admissions | Finland only
and outpatient attendances)

All = data for specific variable were available from all regions in the cohort (Finland, Iceland, Israel, Nova Scotia and Scotland). at booking = the first antenatal

appointment. ACS = Antenatal corticosteroids.

* For births in Iceland, maternal Body Mass Index, height, and weight at booking were only available from 2012 onwards.

" Date of ACS administration were provided by Iceland, but since only year and month of birth were provided, it was not possible to determine gestational age at ACS

administration or treatment-to-delivery interval.

© Diagnoses of childhood neurodevelopmental disorders were available up to 12 years old for births in Finland and up to 8 years old for births in Iceland.

https://doi.org/10.1371/journal.pone.0282477.t1002

for approximately half of all SMRO02 discharges [31]. Until 2019, SMRO02 did not include data
on homebirths (1% of births in Scotland [27]) or births at non-NHS hospitals, unless data
were subsequently recorded by an NHS hospital. However, SMR02 delivery records are
consistently reported to be 99% complete for all known births registered by the statutory
National Records of Scotland (NRS) per year [31]. The type of neonatal care provided in
Scotland is location-dependent.

The Rabin Medical Center Database contains data from all births within this tertiary hospi-
tal alone, which accounts for 5% of births in Israel, and provides neonatal intensive care for
babies from 23 weeks onwards.

ACS exposure. Details of any ACS exposure were provided in a basic nominal format
(Yes / No / Unknown) for births in Finland, Israel, and Scotland. Birth data from Iceland were
linked with hospital data on ACS administration, which included date of exposure, formula-
tion, and number of doses of ACS used. Of note, for births in Iceland, ACS exposure data were
only available from 2010 onwards, so births before 2010 were excluded from the Co-OPT ACS
cohort. Additionally, as only month and year of birth was provided for births in Iceland, it was
not possible to determine treatment-to-delivery time intervals for ACS administration, nor
gestational age at ACS exposure. Nova Scotia provided ACS data categorised as treatment-to-
delivery time intervals for ACS administration (first dose), and if known, specified whether
dexamethasone or betamethasone was administered. For a subset of 7.1% of ACS-exposed
births in Scotland, additional detail on gestational age at ACS administration (first dose, in
completed weeks) was supplied by the Aberdeen Maternity and Neonatal Databank, using
unique patient identifiers to enable linkage with SMR02.

Perinatal and neonatal data. Perinatal and neonatal data are provided by all four birth
registers and by the Rabin Medical Center hospital database. In addition, for Iceland and

PLOS ONE | https://doi.org/10.1371/journal.pone.0282477 March 2, 2023 8/27


https://doi.org/10.1371/journal.pone.0282477.t002
https://doi.org/10.1371/journal.pone.0282477

PLOS ONE

Cohort profile: The Co-OPT antenatal corticosteroids birth cohort

Scotland, national death records were linked with birth data to determine key perinatal out-
comes such as stillbirths and neonatal deaths and to provide information on the cause of
death. In Scotland, additional neonatal datasets (SMR11 and SBR) were linked with SMRO02 to
provide detailed information on neonatal conditions diagnosed and on durations of different
levels of neonatal care provided.

Further information on the linkage of birth and death registers and the methods used to
assign birth outcomes to babies based on information from multiple datasets are described in
S2 Text.

Childhood data. Data on infant deaths (within the first year of life) are provided within
birth registers for Finland and Nova Scotia. Data are available for deaths up to 12 years of age
in both Scotland and Iceland, by linkage of birth registers with national death registers. No
data on infant or child deaths were available from the Rabin Medical Center database.

In addition to comprehensive pregnancy, maternity and neonatal data provided by each
country, additional data on child health and development, and inpatient and outpatient hospi-
tal attendances, are available for Finland, Iceland, and Scotland, from various sources. Live
births in Finland were linked to hospital records of inpatient admissions and outpatient atten-
dances from 2006 to 2018, which provide information on a range of diagnoses, including neu-
rodevelopmental disorders and physical conditions. In Iceland, live births were linked with
childhood diagnoses of neurodevelopmental and behavioural disorders from 2010 to 2018,
provided by patient registers from specialised centres which provide care, counselling, and fol-
low-up for children with these conditions.

Scottish live births were linked with child health and development data up to 5 years old,
supplied by the records from the Child Health Systems Programme (CHSP) Pre-School infor-
mation system. The CHSP Pre-School system supports the delivery of the Child Health Pro-
gramme, a universal health promotion programme offered to all children and their families,
by facilitating the recording of health data obtained at a series of preschool reviews. These
assessments are undertaken at prespecified milestones to evaluate children’s health, growth,
and development, and are typically conducted by health visitors (nurses or midwives with spe-
cialist knowledge and training in community public health nursing, who provide support and
advice for all families until a child starts school). These record linkages will enable analysis of
long-term neurodevelopmental and behavioural outcomes for a significant subset of children
in the Co-OPT ACS cohort. In the future, Scottish Morbidity Records for episodes of care
(day-case and inpatient) within acute specialties (SMRO1), cancer services (SMR06) and men-
tal health services (SMR04) will be linked with live births in Scotland in the Co-OPT ACS
cohort, to enable evaluation of longer-term benefits and safety of ACS in children using ICD-
defined (International Statistical Classification of Diseases and Related Health Problems) out-
come criteria, such as childhood infection.

Data cleaning, harmonisation and quality assurance

Baseline maternity data from all five regions underwent standard data cleaning processes
which are described in detail in S1 Text. This included identification of birth episodes (SMR02
only), screening for data outliers and nonsensical values, application of inclusion criteria and
data cleaning rules (as defined by the Co-OPT collaborators), de-duplication of records,
assessment of data completeness, and quality assurance checks. These processes enabled our
successful “harmonisation” of the five datasets, which was essential to allow direct comparison
of data between countries and to unify the data into one robust cohort. S1 Table shows preg-
nancy and birth-related variables which were available across all datasets after data cleaning
and harmonisation.
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Datasets from Finland, Iceland, Nova Scotia and Scotland employed ICD-10 codes (Inter-
national Statistical Classification of Diseases and Related Health Problems, Tenth Revision
[41]), to record diagnoses of new and pre-existing maternal conditions and congenital anoma-
lies. Additionally, Iceland provided information on mode of birth as ICD-10 codes. Definitions
based on ICD-10 codes were created for maternal conditions, congenital anomalies, and
modes of birth; a consensus agreement was made by the Co-OPT collaborators on definitions,
which were then applied across the datasets. Detailed ICD-10 code definitions are provided in
Tables A-F in S1 File.

Data linkage

Linkage processes are described in detail in S2 Text. The linkage between all datasets contrib-
uting to the Co-OPT ACS cohort is illustrated in Fig 1, and S1 Fig outlines filtering, transfor-
mation, and linkage of the Scottish datasets.

FINLAND ICELAND Patient ICELAND
Hospital Register Registers Death Register

™ N v

P opulation-based birth registers including ACS data

Anonymised Anonymised Anonymised

extract from extract from extract from Hospital database
FINNISH Medical ICELANDIC NOVA SCOTIA

Birth Register Medical Birth Atlee Perinatal Anonymised extract from Rabin

Register Database Medical Center Database,
\ Helen Schneider Hospital for
Women, ISRAEL
ICELAND

Hospital Drugs l
\
NHS Scotland National Safe Haven

i

Pseudonymised matemity & neonatal data | _ National Records of Scotland
from Public Health Scotland Ic (Stillbitths, Child deaths,
: : Adult deaths)
SMRO2 Scottish B“I&ﬂh Record
(SestEn sty SMR11 (Neonatal) Scottish Stillbirth
L3 and Infant Death
f f ". Survey (SSBID)
Pseudonymised Child Health Systems Vag N
extract from Programme = Scottish Morbidity Records
ABERDEEN Maternity (Pre-school reviews) SMRO1 SMR04 SMRO6
& Ns";g"g‘i'n[;ang’a"k (Hospital (Mental (Cancer
il y) inpatient &day |  Health) Registry)

cases)

Fig 1. Data flow diagram for Co-OPT ACS cohort. ACS = Antenatal corticosteroids. NHS = National Health Service. SMR02 = Maternity Inpatient
and Day Case Scottish Morbidity Records. SMR11 = Neonatal Scottish Morbidity Records.

https://doi.org/10.1371/journal.pone.0282477.9001
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Ethics statement

This research has been conducted in accordance with the principles of the International Con-
ference on Harmonisation Tripartite Guideline for Good Clinical Practice (ICH GCP). We
obtained ethics approval from the ACCORD (Academic and Clinical Centre Office for
Research and Development) Medical Research Ethics Committee (AMREC), which gave a
favourable ethical opinion to the Co-OPT ACS study (“Benefits and Harms of Antenatal Corti-
costeroid Therapy (ACT)”) on 19" December 2019, REC reference: 19-HV-063. The study
was approved by the NHS Scotland Public Benefit and Privacy Panel (PBPP) for Health and
Social Care (Reference 1718-0054) on 16™ October 2019. PBPP approval includes access to
data from Public Health Scotland as well as regulatory approvals to access the Nova Scotia
Atlee Database, Icelandic Medical Birth Register, Finland Medical Birth Register, Israel Helen
Schneider Hospital for Women Birth Cohort, Rabin Medical Center (Tel Aviv University) and
Aberdeen Maternity & Neonatal databank (University of Aberdeen). Individual patient con-
sent was not required as the study used anonymised and pseudonymised data.

Results
Co-OPT ACS cohort: Data completeness and characteristics

Rates of data completeness for key maternal and neonatal variables in the Co-OPT ACS cohort
are shown in Table 3. Overall data completeness ranged from 85-100%, except for maternal
Body Mass Index (BMI) at time of first antenatal appointment (67.2% complete), and detail
surrounding timing of ACS administration (available for 15.5% ACS-exposed births).

There are 2,276,156 babies in the Co-OPT ACS cohort, from January 1990 to September
2019. Of all births, 2,210,368 (97.1%) were singleton pregnancies, and 92.9% were at term

Table 3. Data completeness for key maternal and neonatal variables within Co-OPT ACS cohort, per region, and in the whole cohort (%).

KEY VARIABLE Finland Iceland Israel Nova Scotia Scotland All births in Co-OPT ACS cohort
Maternal age at delivery 100.0 100.0 99.6 100.0 100.0 100.0
Parity 100.0 100.0 99.9 100.0 99.3 99.7
Maternal BMI at booking * 97.7 62.4 57.0 42.4 54.3 67.2
Maternal smoking at booking 97.1 N/A N/A 67.3 92.5 87.8
Maternal pre-existing diabetes 100.0 100.0 100.0 100.0 71.9 85.4
Maternal pre-existing hypertension 100.0 100.0 100.0 100.0 100.0 100.0
ACS exposure 100.0 100.0 100.0 100.0 78.8 89.0
Timing of ACS exposure > N/A N/A N/A 98.1 7.1 15.5
Gestational age at birth 100.0 100.0 100.0 100.0 100.0 100.0
Mode of birth 100.0 100.0 96.5 100.0 100.0 99.9
Apgar score at 5 minutes 87.4 100.0 99.9 99.1 98.2 94.8
Birthweight 100.0 100.0 100.0 99.9 99.9 99.9

N/A = Not available in dataset. BMI = Body Mass Index. “at booking” = the first antenatal appointment. ACS = Antenatal corticosteroids.

* For Nova Scotia, maternal BMI pre-pregnancy was provided.

® Timing of ACS administration for births in Scotland has been supplied by linkage of SMR02 data with data from Aberdeen Maternity and Neonatal Databank, on the
date the first dose of ACS was given (from which gestation at administration has been derived). For births in Nova Scotia, timing of ACS administration has been
provided in a categorical format (categories include given < 24 hours before delivery, given 24 to < 48 hours, > 48 hours but < 7 days before delivery, >7 days before
delivery, unknown when given). For births in Iceland, as only month and year of birth was provided, it was not possible to determine exact timing of ACS
administration in relation to gestational age at exposure, or interval between exposure and birth.

¢ Data completeness for timing of ACS exposure has been calculated as a percentage of ACS-exposed babies, for each region and the whole cohort.

https://doi.org/10.1371/journal.pone.0282477.t003
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(from 37 completed weeks onwards). The characteristics of the Co-OPT ACS cohort are pre-
sented in Table 4.

Quality assurance

For SMR02, published quality assurance literature and data completeness information pro-
vided by PHS confirmed that overall rates of data completeness were appropriate; this was
used to inform temporal patterns of missing data [42]. In addition, we compared numbers of
live births and stillbirths per year in Scotland within the Co-OPT ACS cohort (defined by rules
outlined in S2 Text) with published annual live birth and stillbirth statistics from PHS and
from NRS. These aligned closely, which confirmed high data quality for Scottish births in the
cohort and validated the rules we created to define stillbirths using both SMR02 and NRS.

Descriptive data: International and temporal trends

Gestational age at birth. The median gestational age at birth in the Co-OPT ACS cohort
was 40 (interquartile range 2.0) weeks. The overall PTB rate (as defined by the World Health
Organization: number of liveborn preterm births before 37 completed weeks of gestation
divided by total number of live births [43]) in the Co-OPT ACS cohort was 6.9%. Rates of PTB
across the countries ranged from 5.6% in Finland to 8.6% in Israel. Fig 2A and 2B show catego-
rised gestational ages at birth (live births and stillbirths) across regions in the Co-OPT ACS
cohort, for singleton and multiple births, respectively.

Mode of birth. Data on mode of birth were harmonised to enable classification into five
categories: vaginal, assisted vaginal, planned Caesarean birth, unscheduled Caesarean birth,
and other/unspecified. Fig 3 shows trends in mode of birth across time, and across regions in
the Co-OPT ACS cohort.

ACS exposure. Rates of ACS administration were determined for each region that con-
tributed to Co-OPT, and were evaluated over time, and by gestational age at birth, as shown in
Fig 4A-4D. Data on ACS exposure were complete for births from all countries except Scot-
land, where 21.2% of births had missing ACS data. When births with missing ACS data were
excluded, 3.6% (72,490) of births in the cohort had been exposed to ACS. Rates of ACS expo-
sure were highest in Scotland (4.3% of births) and lowest in Iceland and Israel (2.1% of births).
Of all babies in the cohort who received ACS, 26.8% were born at term. Sixty-seven percent of
singleton births before 34 weeks received ACS (19,239 births), compared to 77.9% of multiple
births (7945 births).

Further information on timing of ACS administration was only available for 15.5% of all
ACS-exposed births in the cohort (98.1% ACS-exposed births in Nova Scotia and 7.1% ACS-
exposed births in Scotland). ACS data from Nova Scotia were categorised based on time inter-
vals between ACS exposure (first dose) and birth, as shown in Fig 5. Almost two thirds of
ACS-exposed babies in Nova Scotia (5476 babies, 64.9%) were born over 7 days after ACS had
been administered.

Through linkage with data from the Aberdeen Maternity and Neonatal Databank, detail on
gestational age at administration of the first dose of ACS was available for births in Aberdeen,
as shown in Fig 6. Of the ACS-exposed babies, over one third of babies (n = 963, 34.1%)
received ACS at late preterm gestations (from 34 until 37 completed weeks), and 12.6% of
babies received ACS from 37 weeks onwards.

Longitudinal childhood data. For all births in Finland, follow-up data were available in
the form of 5.9 million linked outpatient hospital records for 604,876 (81.2%) babies and
525,099 linked inpatient hospital records for 263,947 (35.4%) babies. Hospital records included
arange of primary and secondary diagnoses, as well as dates of attendances, and duration of
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Table 4. Characteristics of the Co-OPT ACS cohort (n = 2,276,156).

Finland Iceland Israel Nova Scotia  Scotland Co-OPT ACS cohort (All babies)
Total number of babies (% of Co-OPT ACS 742,919 34,542 (1.5) | 43,826 (1.9) | 272,060 1,182,809 2,276,156
cohort) (32.6) (12.0) (52.0)
Total number of mothers 434,459 25,439 Unknown ? | 157,653 698,985 Unknown
Years of birth 2006-2018 2010-2017 | 2014-2019 | 1990-2018 1997-2018 1990-2019
Characteristic Number of babies, from region (%), unless specified Total number of babies (%), unless
specified
Maternal age” (years)
<20 15,049 (2.0) | 785 (2.3) 137 (0.3) 17,319 (6.4) | 77,732 (6.6) 111,022 (4.9)
20-24 109,062 5625 (16.3) | 3741 (8.6) 54,783 (20.1) | 206,887 (17.5) | 380,098 (16.7)
(14.7)
25-29 229,115 11,093 11,205 85,341 (31.4) | 320,161 (27.1) | 656,915 (28.9)
(30.8) (32.1) (25.7)
30-34 242,179 10,234 15,436 77,856 (28.6) | 352,587 (29.8) | 698,292 (30.7)
(32.6) (29.6) (35.3)
35-39 119,260 5514 (16.0) | 9985 (22.9) | 31,668 (11.6) | 187,411 (15.8) | 353,838 (15.5)
(16.1)
> 40 28,254 (3.8) | 1291 (3.7) 3168 (7.3) 5088 (1.9) 38,021 (3.2) 75,813 (3.3)
Missing 0 0 154 5 19 178
Plurality
Singleton 721,868 34,010 42,661 264,403 1,147,426 2,210,368 (97.1)
(97.2) (98.5) (97.3) (97.2) (97.0)
Twin 20,686 (2.8) | 524 (1.5) 1133 (2.6) 7443 (2.7) 34,638 (2.9) 64,424 (2.8)
Higher-order multiple 365 (0.0) 8(0.0) 32(0.1) 214 (0.1) 745 (0.1) 1364 (0.1)
Missing 0 0 0 0 0 0
Parity
Primiparous 309,145 13,740 14,117 122,353 527,452 (44.9) | 986,807 (43.5)
(41.6) (39.8) (32.2) (45.0)
Multiparous 433,653 20,802 29,687 149,683 647,574 (55.1) | 1,281,399 (56.5)
(58.4) (60.2) (67.8) (55.0)
Missing 121 0 22 24 7783 7950
Maternal BMI (kg/m?)°
Underweight (<18.5) 26,139 (3.6) | 603 (2.8) 2077 (8.3) 5435 (4.7) 17,766 (2.8) 52,020 (3.4)
Normal (18.5-24.9) 446,333 11,296 15,367 56,556 (49.1) | 308,944 (48.1) | 838,496 (54.8)
(61.5) (52.4) (61.5)
Overweight (25-29.9) 161,122 5267 (24.4) | 4991 (20.0) | 27,543 (23.9) | 180,326 (28.1) | 379,249 (24.8)
(22.2)
Obese (30-39.9) 83,081 (11.4) | 3497 (16.2) | 2380 (9.5) 21,151 (18.4) | 117,953 (18.4) | 228,062 (14.9)
Severely obese (>40) 9476 (1.3) 891 (4.1) 176 (0.7) 4569 (4.0) 16,884 (2.6) 31,996 (2.1)
Missing 16,768 12,988 18,835 156,806 540,936 746,333
Maternal smoking®
No 613,745 0 0 144,915 849,834 (77.6) | 1,608,494 (80.5)
(85.1) (79.1)
Yes 107,590 0 0 38,313 (20.9) | 244,813 (22.4) | 390,716 (19.5)
(14.9)
Missing 21,584 34,542 43,826 88,832 88,162 276,946
ACS exposure
No 720,451 33,806 42,908 263,462 892,258 (95.7) | 1,952,885 (96.4)
(97.0) (97.9) (97.9) (96.8)
Yes 22,468 (3.0) | 736 (2.1) 918 (2.1) 8598 (3.2) 39,770 (4.3) 72,490 (3.6)
Missing 0 0 0 0 250,781 250,781
Gestational age at birth (completed weeks)
(Continued)
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Table 4. (Continued)

Finland Iceland
<28 2559 (0.3) 117 (0.3)
28-31 4020 (0.5) 171 (0.5)
32-36 36,499 (4.9) | 1769 (5.1)
37-38 131,258 5568 (16.1)
(17.7)
39-41 536,083 26,208
(72.2) (75.9)
42-45 32,500 (4.4) | 709 (2.1)
Missing 0 0
Mode of birth
Vaginal 551,989 26,529
(74.3) (76.8)
Assisted vaginal 65,241 (8.8) | 3727 (10.8)
Planned Caesarean 49,500 (6.7) | 2107 (6.1)
Unscheduled Caesarean 76,180 (10.3) | 2177 (6.3)
Missing 9 2
Baby sex
Male 379,994 17,704
(51.2) (51.3)
Female 362,889 16,386
(48.8) (48.7)
Missing or undetermined 36 2
Stillbirth
No 740,700 34,456
(99.7) (99.8)
Yes 2219 (0.3) 86 (0.2)
Missing 0 0
Apgar score at 5 minutes
Median (IQR) 9.0 (1.0) 10.0 (1.0)
Missing 93,838 0
Birthweight (g)
Median (IQR) 3525 (660.0) | 3640
(694.0)
Missing 290 13

Israel Nova Scotia
284 (0.6) 1261 (0.5)
350 (0.8) 2006 (0.7)
3213 (7.3) 17,601 (6.5)

13,769 65,335 (24.0)
(31.4)

25,989 177,057
(59.3) (65.1)

221 (0.5) 8800 (3.2)

0 0

31,042 180,006
(73.4) (66.2)

3535 (8.4) 26,354 (9.7)
5883 (13.9) | 30,776 (11.3)
1843 (4.4) 34,879 (12.8)

1523 45

21,379 139,354
(48.8) (51.2)
22,446 132,688
(51.2) (48.8)

1 18

43,688 270,866
(99.7) (99.6)

138 (0.3) 1194 (0.4)
0 0

10.0 (0.0) 9.0 (1.0)
23 2427

3216 (621.0) | 3455 (700.0)

14 260

Scotland

5276 (0.4)
10,571 (0.9)
76,038 (6.4)
218,430 (18.5)

841,156 (71.1)

31,338 (2.6)
0

723,189 (61.2)

144,647 (12.2)
131,855 (11.2)
182,697 (15.5)
421

606,402 (51.3)

576,154 (48.7)

253

1,177,358
(99.5)

5451 (0.5)
0

9.0 (0.0)
21,752

3410 (720.0)

1647

Co-OPT ACS cohort (All babies)
9497 (0.4)

17,118 (0.8)

135,120 (5.9)

434,30 (19.1)

1,606,493 (70.6)

73,568 (3.2)
0

1,512,755 (66.5)

243,504 (10.7)
220,121 (9.7)
297,776 (13.1)
2000

1,164,833 (51.2)

1,111,013 (48.4)

310

2,267,068 (99.6)

9088 (0.4)
0

9.0 (1.0)
118,040

3455 (700.0)

2224

Data are presented as total numbers of babies (% of available data), except Apgar scores at 5 minutes and birthweights, which are presented as median values

(interquartile range). BMI = Body Mass Index. ACS = Antenatal corticosteroids. IQR = Interquartile range.

* No maternal identifiers available for Israel.
® Maternal age at delivery.

¢ Maternal BMI at time of booking (first antenatal appointment).

¢ Maternal smoking status at the time of booking (first antenatal appointment).

https://doi.org/10.1371/journal.pone.0282477 1004

inpatient admissions. Most babies could be linked with multiple hospital episodes (some chil-
dren had up to 19 outpatient attendances). The oldest age at follow-up for Finnish children

was 12 years.

In total, 859 (2.5%) Icelandic live births from the cohort were linked with diagnoses of men-
tal, behavioural, and neurodevelopmental disorders, made between 2010 to 2017, after referral
to specialist centres. For children born in Iceland, the oldest age at diagnosis was 8 years old.

A range of diagnoses were recorded in the form of 37 ICD-10 codes (F01-F99), and included
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Fig 2. Gestational age at birth in the Co-OPT ACS cohort. (A) Gestational age at birth in singletons births. (all) = All singleton babies in the Co-OPT
ACS cohort (live births and stillbirths). (wk) = completed weeks of gestation. (B) Gestational age at birth in multiple births. (all) = All multiple babies in

the Co-OPT ACS cohort (live births and stillbirths). (wk) = completed weeks of gestation.

https://doi.org/10.1371/journal.pone.0282477.9002

affective disorders, intellectual disabilities and behavioural or emotional disorders, such as
attention deficit hyperactivity disorder.

Of the 99% of Scottish live births in the SMR02 which were provided with a Child Index
(identifier necessary to enable linkage with further Scottish datasets), up to 88.9% (1.04 million
babies) were linked with at least one review from the CHSP Pre-School system, up to 5 years
old. This represents 45.8% of all live births in Co-OPT. Table 5 shows rates of CHSP Pre-
School review coverage for live born children from SMR02 with Child Indexes. As some
reviews at specific milestones were discontinued and replaced during the cohort period, we
grouped developmental reviews between 6-8 weeks to 2 years of age, and those over 2 years up
to 4-5 years of age, with the exclusion of the pre-orthoptic visual screening assessment, which

has been considered separately.
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Discussion

Key findings

In this large, international birth cohort, we have demonstrated that rates of ACS exposure
were reasonably similar across all five regions, ranging from 2.1% to 4.3% of all births, and, as
expected, the rates had gradually increased over the period studied. In births before 34 weeks,
rates of ACS exposure in Iceland (43.3%) and Israel (31.2%) were lower than in Scotland
(79.3%), Nova Scotia (63.3%) and Finland (62.2%). Given similar ACS prescribing practice
across countries in pregnancies below 34 weeks (see S2 Table), this variation in preterm ACS
exposure likely reflects differences in sources providing ACS data. For example, in Iceland,
ACS exposure was provided by the drug register from the sole hospital providing hospital-
level maternity care in Iceland (Landspitali University Hospital (LUH), see Table 1), where
women are transferred in the context of imminent PTB, but this will potentially miss cases
where the first dose of ACS has been administered elsewhere in Iceland and PTB occurs either
before arrival at LUH or before administration of the second dose, and data from Israel reflects
practice in a single hospital alone. This contrasts with the three other regions, where ACS data
reflect practice across several hospitals across each country/province. This variation in the
nature and context of ACS data provided across regions will need to be taken into consider-
ation in future studies when interpreting outcomes associated with ACS exposure between
countries. Importantly, most babies born before 34 weeks had received ACS (67.0% of single-
tons and 77.9% of multiples). While it is reassuring that rates of ACS exposure were reasonably
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Fig 4. Rates of ACS exposure in the ACS cohort. (A) Overall rates of ACS exposure in the Co-OPT ACS cohort. (B) Rates of ACS
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babies in the Co-OPT ACS cohort. ACS = exposed to antenatal corticosteroids.

https://doi.org/10.1371/journal.pone.0282477.9004
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high amongst preterm births, undoubtedly there is scope to improve the identification of preg-
nancies which would benefit most from ACS administration.

The Nova Scotia birth data on treatment-to-delivery intervals showed that almost two
thirds of ACS-exposed babies (64.9%, n = 5476) were born over 7 days after ACS administra-
tion, by which stage the therapeutic benefits have likely dissipated [16]. This particularly high
rate of babies undelivered more than 7 days after ACS exposure exceeds rates found in previ-
ous studies [21, 44], and is a cause for concern. The introduction of policy changes and imple-
mentation strategies, such as the British Association of Perinatal Medicine’s “Antenatal
Optimisation Toolkit”, will increase awareness of the need to optimise timing of ACS adminis-
tration [45].

The practice of ACS administration at late preterm and term gestations remains controversial
in view of its association with neonatal hypoglycaemia [46], and the paucity of data on its effects
on childhood and adult outcomes [47]; indeed, guidelines on the administration of ACS beyond
34 weeks gestation vary across countries contributing to the Co-OPT ACS cohort, and over
time, as shown in S2 Table. However, our findings indicate this has become common clinical
practice in Scotland: almost half of ACS-exposed babies born in Aberdeen (46.8%, n = 1320)
received ACS from 34 weeks onwards. In addition, of all term-born babies (from 37 weeks
onwards) in the Co-OPT ACS cohort with ACS data available, 19,410 babies (1.0%) had been
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exposed to ACS at some stage of the pregnancy, and 26.8% of all ACS-exposed babies in the
cohort were born at term. This is disconcerting, particularly as large cohort studies have found
associations in term-born infants between ACS exposure and increased risk of mental and
behavioural disorders [9], and increased childhood utilisation of healthcare for suspected

Table 5. Rates of Child Health Systems Programme Pre-School reviews for live births from SMR02 (with Child Indexes).

CHSP Pre-School Review Dates of available Number of live borns from SMR02 | % all live borns from SMR02 (with CIndex)
data reviewed reviewed

Neonatal Hearing screen 2001-2019 673,984 57.7

First visit (10 days of age) 2005-2019 1,037,657 88.9

At least one developmental review after First visit, 1997-2020 1,025,968 87.9
up to age 2°

At least one developmental review after age 2, up to 1997-2020 520,742 44.6

age 5°

Pre-orthoptic Visual Screening (aged 4-5 years, 2004-2019 507,317 43.5

preschool)

CIndex = Child Index. CHSP = Child Health Systems Programme.
* Includes reviews at 6-8 weeks, 8-9 months, 13-15 months, 21-24 months, and two years of age.

® Includes reviews at 27-30 months, 39-42 months, and 4-5 years of age.

https:/doi.org/10.1371/journal.pone.0282477.1005
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neurocognitive and neurosensory disorders [10]. Although data on timing of ACS were only
available for a minority of births in the cohort, the practice of routinely administering ACS
before planned, early-term (37 until 39 completed weeks) Caesarean birth applied only to Scot-
land, from 2010 onwards, after this was recommended in guidance by the Royal College of
Obstetricians and Gynaecologists in 2010 (“Green-top guideline No. 7, Antenatal corticosteroids
to reduce neonatal morbidity and mortality”, published in 2010 and archived in 2016 [15]). As
this has not been routine practice in any of the other regions studied (see S2 Table), we must
therefore assume that the majority of term-born, ACS-exposed babies in the Co-OPT ACS
cohort had received ACS earlier in pregnancy and did not deliver preterm: these babies had been
given unnecessary treatment. This reiterates the need to improve the targeted use of ACS. The
Co-OPT Consortium aims to develop predictive models to optimise timing of ACS prescription.
The rate of PTB within the Co-OPT ACS cohort was 6.9%, which is consistent with pub-
lished rates from developed countries [48]. The rates of early-term births were noticeably
higher in Israel and Nova Scotia than in other regions. With the exception of Finland, rates
of vaginal birth across countries had gradually decreased over time, and there was a steady
increase in planned Caesarean births in Israel, Nova Scotia and Scotland.

Longitudinal childhood data

Linkage of 1.64 million live births with longitudinal childhood data from Scotland, Iceland
and Finland, and associated details of ACS exposure, will enable robust evaluation of long-
term childhood outcomes associated with ACS exposure, with a key focus on neurodevelop-
ment. It is recognised that coverage of Scottish child health reviews gradually declines as the
age of children advances [49], which is reflected by data in the Co-OPT ACS cohort in Table 5.
Additionally, it is essential to recognise that rates of review coverage calculated in Table 5 do
not account for neonatal or infant deaths that occurred before scheduled reviews, nor for chil-
dren moving away from Scotland or outside regions that offered specific reviews at a certain
time (information about which was not available in the cohort). Therefore, while the coverage
of CHSP Pre-School reviews in the Co-OPT ACS cohort decreased with age, the overall review
rates in Table 5 may underestimate the rates of follow-up, as these have not been restricted to
eligible children alone.

Icelandic follow-up data on diagnoses of childhood neurodevelopmental disorders were
limited to children in the cohort who reached an age at which symptoms and signs of these dis-
orders had developed within the time studied (the oldest possible age of diagnosis being 8
years), yet several key neurodevelopmental disorders are typically diagnosed later in child-
hood. Additionally, diagnoses were limited to children who had not moved away from Iceland
since birth.

Follow-up data in the cohort for babies born in Finland were more extensive than Iceland
in terms of scale (81.2% and 35.4% babies linked with outpatient and inpatient records, respec-
tively), and breadth of both physical and mental diagnoses, but are similarly limited by dura-
tion of follow-up available, which decreased the later the babies entered the cohort. The oldest
possible age of diagnosis for children in Finland was 12 years. Furthermore, mental and neuro-
developmental disorders recorded in the Finnish Hospital Register represent the more severe
spectrum of cases which require treatment at specialised facilities, and milder forms of these
conditions will not be included.

Strengths and limitations of the Co-OPT ACS cohort

The Co-OPT ACS cohort has several unique strengths. To our knowledge, the Co-OPT ACS
cohort is the largest database of individual patient data on ACS use, containing 2.28 million
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pregnancies and births from five regions. The cohort has patient representation from three
continents, and its large scale enables robust evaluation of rarer outcomes, such as perinatal
mortality. The use of observational data allows closer generalisability to “real-life” practice,
particularly as RCTs on ACS are frequently restricted to specific subgroups of patients, with a
particular focus on babies born preterm. In total, 72.5% (1.64 million) live births in the Co-
OPT ACS cohort have longitudinal data available in the form of community preschool child
health reviews, or diagnoses of physical and mental conditions in outpatient and inpatient hos-
pital settings.

The Co-OPT ACS cohort benefits from regular consultation with cross-disciplinary
researchers in the Consortium to reach a consensus agreement on appropriate definitions of
variables, on the exclusion of data because of incompleteness or unreliability, and to determine
approaches to data analysis, thereby maximising the potential of the Co-OPT Collaboration.

As clinical guidelines on ACS administration between 24-34 weeks’ gestation were similar
across countries in the cohort (see S2 Table), and largely consistent with guidance from the
World Health Organization [16], these cohort findings can be generalised to other high-
income countries, which have comparable guidelines on use of ACS.

In contrast to the majority of trials included in the Cochrane systematic review on ACS
which recruited specific antenatal populations (particularly pregnant women with ruptured
membranes, at gestational ages above 26 weeks, without reporting discrete outcomes for
women with multiple pregnancies [1]), the Co-OPT ACS cohort includes births from 22
weeks onwards and reflects true clinical practice, without restriction to pregnancies with spe-
cific characteristics. Additionally, the Co-OPT ACS cohort includes 65,788 babies from multi-
ple pregnancies, which will enable stratification of outcomes from ACS based on plurality, and
robust subgroup analyses of the effects of ACS in singleton versus multiple pregnancies.

The 2020 Cochrane review on ACS presented a post-hoc analysis of ACS outcomes based
on gestational age at trial entry, but this was only stratified into two overlapping categories, <
35 weeks” and > 34 weeks’ gestation [1]. In contrast, the scale of the Co-OPT ACS cohort
enables stratification of perinatal outcomes associated with ACS exposure by different gesta-
tional ages at birth. This includes extremely preterm births (before 28 completed weeks),
which is particularly important given the lowering thresholds of perinatal viability and related
guidance that ACS administration can be considered as early as 22 weeks [9, 50], and term
births, which is pertinent given increasing evidence suggesting potential associations of ACS
exposure with adverse neurodevelopmental outcomes in term-born babies [9, 10].

Quality assurance undertaken by comparing published numbers of stillbirths in Scotland
from statutory NRS data with numbers of stillbirths in the Co-OPT ACS cohort (classified
from linked SMRO02 and NRS based on rules in S2 Text) was reassuring, as it demonstrated
high rates of concordance between the two sources, ranging from 72 to 96% coverage of all
statutory reported stillbirths.

The main limitation of the Co-OPT ACS cohort is missing data, particularly for ACS expo-
sure in Scotland, where 21.2% of births had missing ACS data. Information analysts at PHS
confirmed that ACS data completeness in SMRO02 ranged from 46.5% to 73.1% during the first
decade after the data field was introduced in 1997, after which it significantly improved, but
they were not aware of any reason for this trend. Of note, ACS exposure is not a mandatory
data field in SMRO02 and it includes the option to record ACS status as “unknown” [51]. Data
were limited for some other key variables, such as maternal ethnicity (available only for Scot-
tish data), BMI (data completeness only 67.2% overall), and smoking history, on which data
were unavailable for Iceland or Israel. It is likely these will be important covariates in analyses
of ACS exposure on key outcomes. Where appropriate, multiple imputation techniques will
be applied to missing variables within datasets in future analyses based on the Co-OPT ACS
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cohort. The impact of missing data on the robustness of conclusions drawn from the Co-OPT
ACS cohort will be carefully evaluated in attrition analyses. Finally, the lack of maternal identi-
fier data from Israel prevents the identification of babies born to the same mother and pre-
cludes our determination of the total number of pregnancies in the cohort; this information

is available for all other regions, however, which will enable important causal inference tech-
niques such as sibpair analyses.

Another limitation of the Co-OPT ACS cohort is the lack of information available on either
gestational age at exposure to ACS, or on time intervals between ACS administration and birth.
Only Nova Scotia provided data on treatment-to-delivery interval, which represents only 11.6%
of all ACS-exposed babies in the cohort, but information on treatment-to-delivery intervals is
required to make clinically meaningful comparisons of optimal and suboptimal timing of ACS
exposure. Data on gestational age at ACS administration were provided for over 90,000 Scottish
singleton births from the Aberdeen Maternity and Neonatal Databank, but this was provided as
completed weeks of gestation, which prevented determination of precise intervals between ACS
exposure and birth. Additionally, not all babies in the Aberdeen Databank had baby identifiers,
which prevented their linkage with data in SMRO02. In total, birth records with ACS timing data
from the Aberdeen Maternity and Neonatal Databank were linked with 7.1% of ACS-exposed
births in Scotland. Similarly, although Iceland provided dates of ACS administration, only
month and year of birth were available, precluding determination of clinically meaningful inter-
vals between ACS exposure and birth. Missing data on the timing of ACS exposure increases
likelihood of bias from residual confounding, as the effects of ACS exposure are intricately linked
with the timing of ACS administration. Finally, only Iceland provided the number of courses of
ACS given in each pregnancy. The increased use of electronic hospital prescribing systems, such
as the national implementation of “HEPMA” (Hospital Electronic Prescribing & Medicines
Administration) across NHS Scotland [52], should overcome these limitations by generating
rich sources of high quality data on ACS administration, including detail of doses, formulation
and timing. There will be potential for such data to be linked with maternity, neonatal and child-
hood data, which can be used to improve knowledge of the safety and benefits of ACS.

The scale of longitudinal follow-up data available in the Co-OPT ACS cohort is a major
strength of the cohort, as it will enable robust evaluation of associations between ACS exposure
and childhood outcomes, which will form the focus of future reports from Co-OPT. However,
the variation in follow-up data between regions is a study limitation, as this reduces the potential
to harmonise outcomes across datasets in the cohort. For example, the evaluation of neurodeve-
lopmental outcomes is limited to children of preschool age born in Scotland, and children born
in Iceland and Finland who have been formally diagnosed with neurodevelopmental diagnoses
in a hospital or specialist setting, up to the age of 8 and 12 years, respectively. This precludes the
evaluation of effects of ACS exposure on developmental or behavioural concerns which are
milder, more subtle, or which do not manifest until later in childhood / adolescence / adulthood,
and on educational outcomes. These are major areas of interest in the context of potentially
unnecessary ACS treatment [9, 53]. Furthermore, given the heterogeneity of neurodevelopmen-
tal outcome data from these countries, ongoing analyses of possible associations of ACS exposure
with early child neurodevelopment are limited to single centre analyses of data from Scotland
alone. The contribution of data from different regions in Co-OPT to analyses of long-term out-
comes will vary based on the availability and comparability of longitudinal data available for each
outcome. The Co-OPT ACS cohort contains data from birth registers, but health and gender
inequalities cause major disparities in birth registration worldwide [54], so there is a degree of
selection bias in the cohort as it only represents countries that are able to provide this high-qual-
ity data. All countries that contributed data to the cohort are within the top 20 countries globally
with the highest Human Development Index [55], yet the majority of preterm babies are born in
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low- and middle-income countries [56]. Therefore, caution should be exercised when making
inferences about the risks and benefits of ACS in lower- and middle-income countries.

In conclusion, through linkage and harmonisation of population-level individual patient
data, we have created the Co-OPT ACS cohort, which is the largest international birth cohort
to date comprising data on ACS exposure and on maternal, perinatal and childhood outcomes.
The Co-OPT ACS cohort contains 2.28 million pregnancies and births, from five regions in
three continents, and spans almost thirty years. Its use of routinely collected observational data
enables closer generalisability of findings to “real-life” clinical practice. We demonstrated that
3.6% of all babies in the cohort had been exposed to ACS at some stage during the pregnancy.
Concerningly, 26.8% of ACS-exposed babies had been born from 37 weeks onwards, underlin-
ing the urgent need to improve prediction of PTB and to design policies to highlight the need
to optimise timing of ACS administration. Optimal delivery of ACS to preterm infants signifi-
cantly improves perinatal outcomes. There is, however, rising concern about possible associa-
tions of potentially unnecessary ACS exposure with increased risk of adverse perinatal,
childhood and maternal outcomes [6, 15]. The large scale and international representation of
the Co-OPT ACS cohort will enable robust assessment of ACS exposure on rare outcomes,
such as perinatal mortality, and longitudinal follow-up will provide comprehensive evaluation
of the short- and long-term safety of ACS.
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S1 Text. Data cleaning processes.
(PDF)

$2 Text. Data linkage processes.
(PDF)

S1 Table. Key maternity and neonatal variables in Co-OPT ACS cohort available across all
contributing datasets after data cleaning and harmonisation. ACS = Antenatal corticoste-
roids. M = Main deciphering variable. C/E = Confounder/Effect Modifier. O = Outcome. /*
= available using ICD-10 codes and definitions agreed by Co-OPT collaborators (described in
Tables A-F in S1 File).

(PDF)

$2 Table. Overview of key recommendations on use of antenatal corticosteroids across
regions included in the Co-OPT ACS cohort. ACS = Antenatal Corticosteroids.

mg = milligrams. NICU = Neonatal Intensive Care Unit. NICE = National Institute for Health
and Care Excellence. SOGC = Society of Obstetricians and Gynaecologists of Canada.

SMEFM = Society for Maternal-Fetal Medicine. MDT = Multidisciplinary Team.

RCOG = Royal College of Obstetricians & Gynaecologists. ' The latest version of the relevant
guideline (“Primary source of guidelines”) published during the years when births in the
Co-OPT ACS cohort occurred in that region (region-dependent), has been cited for each dif-
ferent source of guidelines, for each region, and changes in guidance over the time studied has
been summarised in the table. Please note that some cited guidelines have been archived since
publication and have been superseded by updated versions, which were published after the last
birth in the Co-OPT ACS cohort from that region occurred.  if high risk of imminent medi-
cally indicated or spontaneous preterm birth within the subsequent 7 days. 1/ = routine use of
antenatal corticosteroids recommended. (/) = consider use of antenatal corticosteroids. X =
routine use of antenatal corticosteroids not recommended.

(PDF)
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S1 Fig. Filtering, transformation and linkage of Scottish datasets to create “linked Scottish
dataset”. SMR02 = Maternity Inpatient and Day Case Scottish Morbidity Records.

eDRIS = electronic Data Research and Innovation Service (Public Health Scotland).
MotherID / MIndex = unique mother identifier. CIndex = unique child identifier (child
ID). NRS = National Records of Scotland. SMR11 = Neonatal Scottish Morbidity Records.
SBR = Scottish Birth Record.

(TIF)

S1 File. ICD-10 code definitions. ICD-10 = International Classification of Diseases and
Related Health Problems, 10th Revision.
(PDF)
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