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Abstract

Background: Antenatal corticosteroids (ACS) are recommended in threatened pre-
term labour to improve short-term neonatal outcome. Preclinical animal studies
suggest detrimental effects of ACS exposure on offspring cardiac development; their
effects in humans are unknown.

Objectives: To systematically review the human clinical literature to determine the
effects of ACS on offspring cardiovascular function.

Search strategy: A systematic review was performed according to PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines in
MEDLINE, EMBASE and Cochrane databases.

Selection criteria: Offspring who had been exposed to ACS during fetal life, in com-
parison with those not receiving steroids, those receiving a placebo or population
data, were included. Studies not performed in humans or that did not assess cardio-
vascular function were excluded.

Data collection and analysis: Two authors independently screened the studies, ex-
tracted the data and assessed the quality of the studies. Results were combined de-
scriptively and analysed using a standardised Excel form.

Main results: Twenty-six studies including 1921 patients were included, most of
which were cohort studies of mixed quality. The type of ACS exposure, gestational
age at exposure, dose and number of administrations varied widely. Offspring car-
diovascular outcomes were assessed from 1day to 36years postnatally. The most
commonly assessed parameter was arterial blood pressure (18 studies), followed by
echocardiography (eight studies), heart rate (five studies), electrocardiogram (ECG,
three studies) and cardiac magnetic resonance imaging (MRI, one study). There
were no clinically significant effects of ACS exposure on offspring blood pressure.
However, there were insufficient studies assessing cardiac structure and function
using echocardiography or cardiac MRI to be able to determine an effect.
Conclusions: The administration of ACS is not associated with long-term effects
on blood pressure in exposed human offspring. The effects on cardiac structure

and other measures of cardiac function were unclear because of the small number,
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1 | INTRODUCTION

Over the last 40years, the administration of antenatal cor-
ticosteroids (ACS) has become routine practice in mothers
with threatened preterm labour between 24 and 34 weeks of
gestation.' In this circumstance, ACS are proven to reduce
short-term neonatal morbidity - especially that caused by
respiratory distress syndrome, intraventricular haemor-
rhage, necrotising enterocolitis and sepsis — and mortality.>
Prophylactic treatment with ACS is designed to mimic the
maturational effects of the normal endogenous, prepartum
increase in fetal plasma cortisol concentration that occurs
close to term in humans and other species.” Glucocorticoids
are known to switch tissue accretion to differentiation.
Therefore, ACS accelerate the maturation of many fetal or-
gans and systems, enhancing the preterm baby's successful
transition to neonatal life.*”

Despite the clear life-saving benefits of ACS, there is
an increasing awareness of possible adverse off-target ef-
fects.>®” A systematic review in humans showed improved
major neurodevelopmental outcomes (e.g. lower rates of ce-
rebral palsy) in children exposed to ACS,® but a large volume
of animal data have suggested an association between ACS
administration and a range of neuro-anatomical and neuro-
behavioural changes.””!’ The developing cardiovascular sys-
tem is also affected by glucocorticoid signalling. Preclinical
animal studies have suggested that ACS may have long-term
adverse effects on the heart and the circulation,”®”" but
much less is known about the cardiovascular consequences
of ACS exposure in humans. Therefore, the aim of this study
was to systematically review the human clinical literature
to determine the effects of ACS on offspring cardiovascular
function.

2 | METHODS

2.1 | Protocol and registration

This systematic review was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidance.'* The protocol was registered
with the International Prospective Register of Systematic
Reviews (PROSPERO, CRD42020178521). Patients were not
involved in the development of this review as no primary re-
search was conducted.

heterogeneity and mixed quality of the studies. Given the preclinical and human evi-
dence of potential harm following ACS exposure, there is a need for further research

to assess central cardiac function in human offspring exposed to ACS.

antenatal corticosteroids, blood pressure, cardiovascular, offspring

2.2 | Eligibility criteria

Eligible studies were those in which cardiovascular function
had been assessed in humans who had been exposed to ACS
during fetal life in comparison with those not receiving ster-
oids, those receiving a placebo or population data. Studies not
performed in humans or that did not assess cardiovascular
function were excluded. Randomised trials and observational
studies (cohort and case—control) were included, as were case
series with n > 3. There is no accepted numerical definition of
a case series."> We used an empirical cut-off of at least three
cases, however, because of the risk of publication bias with in-
dividual case reports. Systematic and narrative reviews were
excluded after checking reference lists for primary studies.
Publications from 1990 to January 2021 were considered eli-
gible and no language restrictions were applied.

2.3 | Search strategy

A systematic review was conducted in MEDLINE, EMBASE
and Cochrane databases using a combination of Medical
Subject Headings (MeSH) and free text, as follows:

antenatal corticosteroid OR antenatal glucocorticoid OR an-
tenatal steroid OR prenatal steroid OR dexamethasone OR
betamethasone

AND

cardiovascular OR heart OR echocardiography OR blood
pressure

Subsequently, a grey literature (first 100 hits in Google
Scholar and PubMed) search was performed, and reference lists
of relevant review articles were manually checked. Forward ci-
tation searching was also performed, whereby the key papers
identified were then located in Web of Science to identify other
work where they may have been subsequently cited; the refer-
ences of these papers were also checked. Covidence software
(Veritas Health Innovation Ltd, Melbourne, Australia) was used
to eliminate duplicate articles and to manage study screening.

2.4 | Study selection

Two authors (AS and EC) independently screened all
studies by title and abstract and subsequently assessed
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full-text articles. Disagreements were resolved by
consensus.

2.5 | Data extraction

Two authors (AS and EC) independently extracted the data
from all studies and entered them into a standardised Excel
(Microsoft, WA, USA) form. Data that did not match were
discussed, and the study was reviewed to reach a consensus.

2.6 | Quality assessment of studies

Two authors (ASand EC) assessed study quality and risk of bias
independently using a standardised Excel form. Randomised
trials were analysed using the Cochrane Collaboration's tool
for assessing risk of bias.'* Case-control and cohort studies
were analysed using the Newcastle-Ottawa scale for assess-
ing the quality of non-randomised studies.'” An adaptation
of the Murad tool was used for case series.'®

2.7 | Statistics

Results were combined descriptively and analysed using a
standardised Excel form. Owing to the anticipated rarity of
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the studies and heterogeneity of the parameters investigated,
meta-analysis was not planned.

3 | RESULTS

3.1 | Study selection

The electronic literature search identified 3938 studies
(Figure 1); the search of grey literature and reference lists iden-
tified a further 19 studies. Following the import of the litera-
ture search results, 1337 studies were immediately removed
as duplicates. Screening by title and abstract of 2620 studies
was performed and 2529 studies were excluded as irrelevant.
The full texts of the 69 remaining articles were reviewed and
43 studies were excluded, as shown in Figure 1. Eventually, 26
studies were included in this systematic review.

3.2 | Study characteristics

The characteristics of the included studies are shown in
Table 1. The majority of studies were cohort studies (19/26,
73.1%); the remainder were randomised controlled trials
(5/26, 19.2%), case-control studies (1/26, 3.8%) and case se-
ries (1/26, 3.8%). A total of 1921 patients were described in the
included studies.

S Identified for screening Duplicates excluded
'§ (n =3957) (n=1337)
£
()
=)
A
o Records screened by title and Excluded as irrelevant
= abstract (n = 2529)
'GEJ (n =2620)
(0]
3]
(2}
A4
Full-text articles assessed for
z eligibility * Full-text articles excluded
= (n=169) (n =43)
i)
] « Review article (n=18)
¢ Duplicate (n=8)
* Non-cardiovascular
outcomes (n=5)
* ACS not given/described
(n=4)
* Editorial or commentary
°
o) (n=4)
3 Included studies * Full text not available (n=3)
E (n = 26)  Fetal outcomes only (n=1)

FIGURE 1 Flow diagram of study selection, adapted from PRISMA 2009'
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TABLE 1 Included studies

First author and year Number of
of publication Study design patients
Batton 2009' Case-control 125
Chen 2008" Cohort 29
Cinar Yakar 2013' Cohort 80
Costa 2007" Cohort 170
Dalziel 2004%° Randomised controlled trial 121
Dalziel 2005* Randomised controlled trial 253
Davis 2006™ Cohort 14
Demarini 1999 Cohort 80
Dessens 2000%* Randomised controlled trial 48
DeVries 2008% Cohort 51
Dimitriou 2005°° Cohort 48
Doyle 2000%’ Cohort 89
Eronen 1993% Randomised controlled trial 28
Finken 2008> Cohort 84
Gwathmey 2013*° Cohort 22
Kari 1994°! Randomised controlled trial 91
Kelly 2012 Cohort 16
Moise 1995 Cohort 59
Nair 2009** Cohort 136
Nixon 2017% Cohort 79
Norberg 2013 Cohort 58
Savoy 2019”7 Cohort 28
Schaffer 2010 Cohort 23
South 2017* Cohort 92
Washburn 2017* Cohort 94
Yunis 1999*! Case series 3
TOTAL 1921

3.3 | Quality assessment

The quality assessment of the included studies is presented
in Figure 2. The majority of the studies were cohort studies of
mixed quality. Case representativeness, demonstration that
cardiac problems were not present before the intervention,
and both the duration and the completeness of the follow-up
were all areas of low quality. For randomised trials, there was
an unclear risk of bias for most parameters.

3.4 | Antenatal corticosteroid exposure

The gestational age of maternal ACS administration was
not stated in 11/26 studies (42.3%). The remaining 15 stud-
ies reported on the maternal administration of ACS be-
tween 22 and 36 weeks of gestation. ACS exposure in terms
of preparation of drug used, dose and number of doses var-
ied widely between studies (Table 2).

3.5 | Ageatdelivery and testing

The gestational age at delivery was given as a range in most
studies. Combining all studies gave a range of gestational age
at delivery of 23-41 weeks for the patients described. The age
at which cardiovascular testing was undertaken ranged from
1 day old to 36 years (Figure 3).

3.6 | Types of cardiovascular test

Figure 3 shows the types of cardiovascular test undertaken
according to age of participants at follow-up. Blood pres-
sure (either peripheral or central) was assessed in 18 studies,
echocardiography was assessed in eight studies, heart rate
was assessed in five studies, electrocardiogram (ECG) was
assessed in three studies and cardiac magnetic resonance
imaging (MRI) was assessed in one study. Several studies as-
sessed more than one outcome measure and/or determined
outcome measures at more than one time point.

3.7 | Blood pressure (BP)

Peripheral BP in offspring exposed to ACS was assessed in
18 studies.”* Three of the 18 studies also assessed cen-
tral BP.***"*? The findings of these studies are presented in
Table 3. Twelve studies found no difference in BP (peripheral
or central, systolic or diastolic) between offspring exposed to
ACS and controls. Six studies showed an increase in mean
arterial pressure (MAP) in offspring exposed to ACS, com-
pared with controls.!”!*?2283%! These studies were all per-
formed in the early neonatal period and reported an increase
in the MAP of the infant that was either clinically beneficial
(i.e. reducing the need for vasopressor BP support) or clini-
cally irrelevant (i.e. a small change that did not persist).

3.8 | Echocardiography

Offspring echocardiography following ACS exposure was
assessed in eight studies. Five of these studies assessed
only the presence or absence of patent ductus arteriosus
(PDA): three found no difference in offspring exposed
to ACS compared with controls;***"* and two found
that the incidence of PDA was reduced in infants who
had been exposed to ACS at specific time points or in
subgroup analyses.’®?” The remaining three studies as-
sessed cardiac structure and function using a wide range
of echocardiographic parameters. Two of these studies
found no difference between offspring exposed to ACS
and controls."®** One showed transient hypertrophic car-
diomyopathy in neonates exposed to multiple ACS doses
when comparing echocardiographic parameters with
population norms.’
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Cohort trials (n = 19)

Case representativeness
Selection of controls
Ascertainment of exposure
Outcome of interest not present
Comparability

Outcome assessment

Follow up length

Follow up adequacy

0% 20% 40% 60% 80% 100%

M High quality (one star; one or two stars for comparability)

M Low quality (no star)

Case-control trials (n = 1)

Case definition

Case representativeness
Selection of controls
Definition of controls
Comparability
Ascertainment of exposure
Method of ascertainment
Non-response rate
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X

20% 40% 60% 80%  100%

M High quality (one star; one or two stars for comparability)

M Low quality (no star)

FIGURE 2
control and cohort studies,'? and the Murad tool for case series '*

3.9 | Heartrate

Five studies determined changes in offspring heart rate fol-
lowing ACS exposure. Three of these studies showed no
difference in heart rate between ACS exposure and con-
trols."®*** Two studies found an increase in heart rate in
infants exposed to ACS. One found that in the first 72 hours
after birth, unexposed infants had a lower mean peak heart
rate than infants who had been exposed to ACS, which the
authors described as clinically irrelevant."” The other study
showed that infants exposed to ACS had a higher heart rate
response to a stress test (heel prick) than infants who had not
been exposed to ACS.*

310 | ECG

Electrocardiograms (ECGs) were assessed in three stud-
ies. Two studies showed no difference in ECG parameters
(respiratory sinus arrhythmia and heart rate variability)
between offspring exposed to ACS and offspring who were
not exposed.”*! One study showed in subgroup analysis
that non-black offspring exposed to ACS had lower heart
rate variability than offspring not exposed to ACS.** This
effect was greater in non-black females compared with
non-black males, and no difference was found in black
offspring.
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Randomised trials (n = 5)

Random sequence generation
Allocation concealment

Blinding of participants/personnel
Blinding of outcome

Incomplete outcome data
Selective reporting

Other sources of bias
0% 20% 40% 60% 80% 100%

M Low risk of bias  m High risk of bias  ® Unclear risk of bias

Case series (n=1)

Selection - representative
Ascertainment - exposure
Ascertainment - outcome
Cauasality - alternative causes
Causality - adequate follow up

Reporting - sufficient details
0% 20% 40% 60% 80% 100%

M High quality ™ Low quality

Quality assessment of studies using the Cochrane Collaboration tool for randomised trials," the Newcastle-Ottawa scale for case—

3.11 | Cardiac MRI

One study assessed cardiac MRL* This showed an increase
in aortic arch stiffness (decreased aortic arch distensibility
and increased aortic arch pulse wave velocity) in offspring
exposed to ACS compared with controls. Exposure to ACS
was associated with a localised increase in aortic arch stiff-
ness, similar in magnitude to term-born individuals who
were a decade older.”

4 | DISCUSSION

This systematic review identified 26 studies in humans
assessing cardiovascular function following ACS expo-
sure, where appropriate controls such as no exposure,
placebo or population norms were included. The major-
ity of these studies focused solely on the assessment of
arterial BP. Such studies reported either no effect or, in
the neonatal period specifically, an increase in the MAP
of the infant. This was seen as either clinically beneficial,
reducing the need for vasopressor BP support, or clini-
cally irrelevant. Comparatively fewer studies, however,
determined the effect of ACS exposure on cardiac func-
tion, using for example echocardiography or cardiac MRI.
We found eight human clinical studies in children that de-
termined the effects of ACS exposure on cardiac function
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by echocardiography. Of these, five focused on the pres-
ence or absence of PDA,***"?>3%37 ywhereas the other three
studies explored central cardiac function.'”*>*” One study
described a case series of three newborn infants exposed
to ACS who showed evidence of hypertrophic cardiomyo-
pathy when echocardiographic parameters such as left
ventricle end systolic/diastolic dimension, ventricular

TABLE 2 Antenatal corticosteroid exposure

Number of

ACS details studies (%)
Type of ACS

Not stated 4(15.4)

Betamethasone 15 (57.7)

Dexamethasone 4(15.4)

Betamethasone and dexamethasone 3(11.5)
Dose of ACS

Not stated 10 (38.5)

6 mg 3 (11.5)

8 mg 1(3.8)

12mg 9 (34.6)

6 mg short-acting + 6 mg long-acting 3 (11.5)
Number of doses

Not stated/variable within study 5(19.2)

1 dose 1(3.8)

2 doses 9 (34.6)

4 doses 3 (11.5)

1-5 doses 5(19.2)

5-15 doses 3 (11.5)

Number of studies

4
2
1
0

1-5 days

"Neonatal" 1-6 months

6-10 years

septum thickness in systole/diastole and posterior wall
thickness in systole/diastole were compared with popula-
tion norms.”® These changes were no longer present at the
follow-up at 6 months. The second study assessed 29 chil-
dren aged 6-10years whose mothers had received ACS,
compared with a cohort born at the same gestational age
who had not been exposed to ACS."® The Echocardiogram
parameters were not different between the two groups.
The third study assessed 51 children aged 7-10 years whose
mothers had received ACS, compared with a cohort born
at the same gestational age who had not been exposed to
ACS.** Again, the echocardiographic parameters assessing
systolic function, diastolic function and wall thickness did
not differ between the two groups. Another human clini-
cal study involved cardiac MRI in young men and women
whose mothers were treated with ACS.** This study re-
ported that inutero exposure to ACS was associated with
long-term localised changes in aortic stiffness and func-
tion, measured in offspring approximately 25years later.
Combined, therefore, the available human clinical data
show variable effects of ACS on cardiac and aortic struc-
ture and function, highlighting a significant knowledge
gap in this specific area.

Maternal ACS are administered to women at risk of
preterm birth so as to reduce the risk of serious illness and
death in newborns.*’ It is estimated that ACS reduce perina-
tal death by a risk ratio (RR) of 0.85 (95% CI 0.77-0.93), re-
duce neonatal death (RR 0.78, 95% CI 0.70-0.87) and reduce
respiratory distress syndrome (RR 0.71, 95% CI 0.65-0.78).
Importantly, the evidence demonstrates improved outcomes
in preterm infants (24-34 weeks) delivered between 1 and
7days after the administration of a single course of ACS.
Often women in threatened preterm labour do not deliver

"Adolescent" 14-19 years 20-29 years 30-36 years

Age at cardiovascular assessment

H Blood pressure M Echocardiography

Heart rate ECG m Cardiac MRI

FIGURE 3 Cardiovascular testing type and age of participants. Bars show number of studies (n). ECG, electrocardiogram; MRI, magnetic resonance

imaging

85UB0|1 SUOWILLID 3AITeRID) |qed!jdde 8L Aq peuenob a1e SapIe VO '8N JO S9N 104 Aiq1T8UIIUO AB]IM UO (SUOR PUOD-PUR-SWBIALIOD" A8 1M ATeIq 1 [eu1|UO//SAIY) SUORIPUOD PUe SW L 8U3 88S *[£202/80/T0] U0 Areiqi8uliuo Al ‘Se01nRs ArelqiT 10N uopuoafe| 0D AIsieAN A 9TELT '8250-TLYT/TTTT OT/I0p/wod A|1m Areiq 1 ul|uo uABqo/sdny wo.y papeojumoq ‘ ‘€202 ‘82G0TLYT



CARDIOVASCULAR EFFECTS OF ANTENATAL CORTICOSTEROIDS

331

TABLE 3  Effects of ACS on blood pressure

Effect in offspring exposed to ACS vs
controls (no. of studies)

BP parameter studied  Increased Decreased No difference
Peripheral BP
Systolic 1 1 1
Diastolic 0 0 0
Systolic + diastolic 1 0 10
MAP 6 0 2
Clinical hypertension 0 0 1
Central BP
Systolic 0 0 0
Diastolic 0 0 0
Systolic + diastolic 0 0 3

Note: Controls included those not receiving steroids, those receiving a placebo or
population data.

Abbreviations: ACS, antenatal corticosteroids; BP, blood pressure; MAP, mean
arterial pressure.

within this short time frame following ACS administration,
however, and more go on to deliver after 34 weeks of gesta-
tion, when ACS are not recommended.** The administration
of ACS to mature the fetal lung remains contentious, espe-
cially as treatment doses and regimens remain largely not op-
timised. The cluster-randomised Antenatal Corticosteroids
Trial (ACT) found that the use of ACS in low-birthweight
infants did not improve neonatal mortality in this group and
was associated with an increase in overall population mor-
tality.*> This study was not included in our systematic review
as it did not include the cardiovascular follow-up of infants,
but serves as an example of the difficulty in evaluating ACS
effects.

The absence of human clinical studies determining the
effects of ACS on offspring cardiovascular outcomes other
than the measurement of arterial BP is a significant gap
of knowledge in the literature, as accumulating evidence
derived from experimental animal models suggests that
synthetic glucocorticoids can have profound effects on
the cardiovascular system of offspring, without necessar-
ily inducing alterations in BP. Independent studies in sev-
eral laboratories in non-human primate, ovine, rodent and
avian model systems have all demonstrated that exposure
to antenatal glucocorticoids, such as dexamethasone or
betamethasone, administered in clinically relevant doses,
can affect cardiac morphology, metabolism and func-
tion, SO7464T4849.505152.83,54.55.5657 Ronrted effects include
a premature switch from tissue accretion to differentiation,
increased oxidative stress, alterations in mitochondrial fatty
acid oxidation and activation of cellular senescence in fetal
cardiomyocytes. Long-term adverse effects of synthetic ste-
roids on cardiac function in offspring reported in preclinical
experimental studies include weakened systolic function, an
impaired cardiac functional reserve and left ventricular hy-
pertrophy, >6746474849.50.5L52,5354.55,56 A 1 interesting study

2 0 An International Journal of
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by Kuo etal. reported that administration of the synthetic
glucocorticoid betamethasone to pregnant baboons, at doses
and stages of fetal life equivalent to human obstetric practice,
produced offspring that at 10years of adult life (the human
equivalent to 40 years of age) showed pericardial and hepatic
steatosis.”” These findings highlight that ACS can cause ab-
normal fat deposition and adult body composition in mid-
life primate offspring, raising concerns regarding future
cardiac lipid accumulation and lipotoxicity.”” Combined,
therefore, data derived from several preclinical animal mod-
els, including non-human primates, suggest potent effects of
the synthetic glucocorticoids that are used in human clinical
practice on cardiac function that are independent of changes
in arterial BP and independent of prematurity. The implica-
tion is that ACS can be a developmental programming stim-
ulus, giving rise to fetal origins of cardiac dysfunction that
may lie dormant for many years and emerge much later in
adult life, particularly in response to a ‘second hit’, such as an
increased risk of cardiac failure and myocardial infarction.
This systematic review is unable to determine if there is such
an effect in humans because of insufficiently available data.
However, our review highlights the importance of a focus on
human clinical studies to determine the effects of ACS on
offspring cardiac structure and function.

A strength of our study is that it was conducted using
validated systematic review methodologies and ensured that
appropriate controls were included in all eligible studies.
However, the eligible studies had wide variation in the type
or dose regimen of ACS used, the gestational age at admin-
istration, the gestational age at delivery, the age at follow-up
and the type of cardiovascular assessment performed.
Gestational age at delivery is a particular confounder, rang-
ing from 23 to 41 weeks in included studies. It is therefore
difficult to isolate any potential adverse effects of ACS on
cardiovascular outcomes in the offspring independently of
prematurity.

5 | CONCLUSION

This systematic review found that the administration of
ACS is not associated with long-term effects on BP in ex-
posed human offspring. The human data on other adverse
long-term cardiovascular consequences of ACS exposure
are insufficient to exclude important harmful effects. Given
the evidence from animal and human studies, the adminis-
tration of ACS should be limited to clinical settings where
there is a high degree of certainty that preterm birth is im-
minent, to reduce the risk that as yet poorly understood ad-
verse effects might outweigh the known clinical benefits.
Ascertaining the potential direct long-term effects of ACS
on cardiovascular function in exposed children should be
a clinical priority going forward. We would therefore rec-
ommend further clinical research on the effects of ACS spe-
cifically on cardiac structure and function in children born
both preterm and at term.
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