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Treatment with antenatal corticosteroids (ACS) is standard of care for women at risk of preterm birth between 24
and 34 weeks’ gestation. ACS are increasingly used for other indications, including threated or indicated late
preterm birth, elective cesarean, and in at-risk pregnancies for periviable gestations. However, the various drugs
and doses being used worldwide have not been rigorously evaluated to optimize clinical responses and to
minimize potential risks. Translational research in animal models indicate that a constant, low concentration
fetal exposure to ACS is sufficient for lung maturation, resulting in lower fetal exposures. Clinical trials to

develop dosing strategies with inexpensive and widely available drugs could promote greater use in low resource

environments.

1. Introduction

Maternal treatment with antenatal corticosteroids (ACS) is the
standard of care worldwide for fetuses at risk of adverse outcomes from
preterm birth. Liggins and Howie demonstrated by randomized con-
trolled trial (RCT) in the 1970s that ACS decrease the risk of respiratory
distress syndrome (RDS) and neonatal death [2]. More than 20 RCTs
were published before 1993 to evaluate a single course of ACS with
subsequent extensive meta-analyses [3]. The Declaration of Helsinki
quotation is relevant because ACS are an old therapy that must be re-
evaluated in the era of modern perinatal care to verify continued safety
and effectiveness [1]. Significant knowledge gaps continue to exist,
including the magnitude of benefit for periviable pregnancies and in
infants born prior to 28 weeks’ gestation, the risk-to-benefit ratio for
expanded uses of ACS such as late preterm birth and elective cesarean
at term, and the efficacy and safety of ACS in low resource environ-
ments [4].

Another major knowledge gap is the lack of information about op-
timization of corticosteroid drug regimens, which is in part explained
by the history of research into ACS. Liggins first demonstrated the lung
maturational effects of corticosteroids using infusions in fetal sheep in
1969 [5]. He selected for the initial clinical trial, the potent fluorinated
corticosteroid betamethasone that was available as a 1-1 prodrug
mixture of soluble betamethasone phosphate, and a slow release par-
ticulate, betamethasone acetate. This combination yielded

unconjugated betamethasone to cross the placenta and provide a rela-
tively long fetal exposure to betamethasone to replicate his fetal infu-
sion studies. His empiric selection of this drug combination at a dose of
12 mg (6 mg betamethasone phosphate and 6 mg betamethasone) given
by maternal intramuscular injection at recognition of a risk for preterm
birth, and a second dose 24 h later, proved to be effective and has be-
come the most-used and tested antenatal corticosteroid regimen [6].
Pharmacologic studies of drug type and dose were not performed, as the
therapy was not systematically evaluated or licensed by commercial
pharma. The other widely used antenatal corticosteroid treatment is
four 6 mg doses of dexamethasone phosphate given by maternal in-
tramuscular injection at 12h intervals to achieve a continuous fetal
exposure for about 48 h, based on estimates of maternal and fetal drug
levels (Fig. 1) [7]. Betamethasone and dexamethasone are generally
considered to have similar efficacy when used for preterm birth [6],
although they have distinct pharmacology. Dexamethasone is re-
commended by the World Health Organization as it is less expensive
and widely available in low resource environments [8]. Other drug and
dosing schedules such as two doses of either 12 mg betamethasone
phosphate or dexamethasone phosphate given at 24 h intervals are used
but not validated as to effectiveness by RCTs. Thus, there has not been
substantial clinical research to optimize treatment with ACS.
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Fig. 1. Sketch of fetal blood levels of Beta or Dex after treatment with 2 doses of 12 mg/kg Beta-P + Beta-Ac or 4 doses of 6 mg Dex-P. The shaded area represents the
concept of an ideal target range for minimizing fetal exposure (adapted from Ballard and Liggins) [7].

Table 1
Elements for an optimal antenatal corticosteroid treatment.

® An effective and durable maturational response — efficacy

® A treatment with the lowest fetal drug exposure — safety

® Convenient treatment routes and dosing intervals — ease of use

® Inexpensive and available drug for low resource environments — widespread use

® Treatment only of pregnancies that can benefit from antenatal corticosteroid —
targeted therapy

. What is the optimal antenatal corticosteroid treatment?

The clear goals of antenatal corticosteroid therapy are to decrease
the newborn diseases associated with preterm birth, including RDS,
intraventricular hemorrhage, necrotizing enterocolitis and late onset
sepsis, and mortality (Table 1). The fact that ACS decrease the rates of
all these adverse outcomes indicates pleotropic effects on the fetus that
are generalized organ maturational responses. These effects will differ
for expanded uses of ACS such as for late preterm birth [9]. The “gold
standard” for treatment with ACS is two doses of a combined pre-
paration of 6 mg betamethasone phosphate and 6 mg betamethasone
acetate, 24 h apart, as it has been the most tested. Higher doses, lower
doses and different treatment intervals have been minimally tested for
maturational responses [6]. An untested assumption is that the “gold
standard” actually provides the optimal fetal response. A critical ele-
ment of an optimal fetal response is a durable maturational response
that occurs as early as possible after the initial dose and that persists for
the longest period after treatment. The RCT data indicate that combi-
nation treatment with betamethasone phosphate and betamethasone
acetate causes a clinically significant maturational response within 24 h
that persists for about 7 days [3]. This response timing is based on
subgroup analysis of trial data and is consistent with clinical experience
but has not been rigorously tested [4]. Efficacy may differ for different
causes of prematurity or across gestational ages based on drug dose.
These variables have been minimally evaluated clinically. Thus, opti-
mization of efficacy remains to be carefully explored.

ACS seem to have very low risk of maternal or newborn adverse
effects. This is somewhat surprising as the dose of corticosteroid and the
fetal exposure is substantial. A large experimental literature in animal
models from rodents to primates has shown adverse developmental,
behavioral, and transgenerational effects of ACS [10]. ACS decrease
birth weight by a small amount and may increase the risk of hypogly-
cemia in late preterm infants [9].

A significant concern with fetal exposure to ACS is the potential for
adverse cardiovascular and metabolic effects in later life [11]. While
there are no strong indicators of such effects in follow up studies from
the initial RTCs [12], those studies were mostly in larger preterm in-
fants (birth weight of approximately 2.3kg), a population quite dif-
ferent from the very preterm infants exposed routinely to ACS today.
Thus, caution supports using the lowest possible effective dose to
minimize even theoretical risks that may occur later in life.
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ACS treatments should be convenient and easy to administer. The
goal of a continuous calibrated fetal exposure can be achieved with
maternal infusions, although this is an impractical and expensive option
[13]. The standard route of treatment since the 1970s has been ma-
ternal intramuscular injection. However, for most other medical in-
dications, betamethasone phosphate and dexamethasone phosphate are
normally given orally. One trial published in 1998 evaluated oral versus
intramuscular dexamethasone phosphate but was stopped early due to
increased rates of neonatal sepsis and intraventricular hemorrhage in
the oral treatment group [14], and there have been no further eva-
luations of oral dosing. There has also been little research on dosing
interval, and this remains to be refined based on information about the
pharmacokinetics of the drugs in pregnancy.

Although ACS were assumed to be effective in low resource en-
vironments, where most of the world's mortality from prematurity oc-
curs, they are used only sporadically and not in the environments with
the highest mortality from prematurity [15,16]. A recent large inter-
national trial of ACS in India, Africa, Pakistan, Guatemala and Argen-
tina found no mortality benefit from ACS for very low birth weight
infants [17]. Most concerning was an increase in mortality in larger and
more mature infants exposed to ACS, and a secondary analysis sug-
gested this was due to an increase in deaths from infection [18]. On-
going trials evaluating ACS in low resource environments will hopefully
identify if the benefits of ACS therapy can be achieved in these popu-
lations. Optimum treatment with inexpensive and readily available
corticosteorids and oral dosing would be desirable.

Ideally, ACS would only be used when there is a high probability of
achieving neonatal benefit. As the number of women exposed to ACS
increases with expanding indications, the benefit-to-risk ratio changes.
The risks may not be comparable across gestational ages or for different
modes of delivery. Since the NIH consensus conference in 1993 [19],
the use of ACS has been appropriately very high among women with
threatened or planned preterm birth at 24-34 weeks' gestation. How-
ever, neonatal morbidity and mortality related to preterm birth have
greatly decreased since 1993. The risk of RDS is low in infants born at
32-34 weeks', and many very preterm infants do not develop significant
RDS or other adverse outcomes. Neonatal complications in late preterm
infants are less severe than in very preterm infants and the incidences
are much lower. The best way to avoid any potential risks from ACS is
to avoid using ACS in pregnancies that will not benefit. Presently, more
than 50% of pregnancies treated with ACS do not deliver within the
presumed 1-7 day efficacy window, and many will deliver after 34
weeks' gestation or at term [20]. Thus, many women at 24-34 weeks’
gestation do not need treatment with ACS when first assessed. Efficient
and reliable tests to predict timing of delivery could decrease exposure
to ACS. Further, time of delivery assessments combined with assess-
ments of potential fetal benefit from ACS could further decrease ex-
posure to ACS. Fetal assessment of lung maturity using amniotic fluid is
seldom used today. However, fetal lung maturity can be predicted by
ultrasound, and analysis of maternal plasma for fetal mRNA or proteins
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associated with early maturation should be possible in the near future
[21-23]. Thus, combining new diagnostic tools and clinical data may
lead to better identification of women who will benefit from ACS.

3. Translational research to optimize antenatal corticosteroid
treatment

3.1. Corticosteroid treatment for lung maturation - sheep

Since Liggins’ original work with corticosteroid infusions in sheep,
researchers have utilized multiple animal models to verify the ma-
turational effects of ACS, including rodents, sheep, and primates [10].
Liggins and Howie demonstrated that a continuous fetal exposure of
corticosteroids induced lung maturation [5]. However, clinical dosing
with betamethasone phosphate (including as a combined preparation of
betamethasone phosphate and acetate) or dexamethasone phosphate
results in high early maternal blood levels because the drugs are rapidly
dephosphorylated to betamethasone or dexamethasone, respectively,
which in turn cross the placenta to expose the fetus to high peak drug
levels that then decrease over hours to low levels [24]. We investigated
whether the high early peak levels from phosphorylated betamethasone
or dexamethasone contribute to the fetal maturational response [25]. In
sheep, a single maternal dose of 0.5 mg/kg betamethasone phosphate
did not cause fetal lung maturation, while four doses of betamethasone
phosphate induced lung maturation comparable to two doses of beta-
methasone phosphate and acetate mixture. As two doses of 12 mg
dexamethasone phosphate or betamethasone phosphate given at 24-h
intervals are being used clinically, and this regimen of dexamethasone
phosphate is being compared to two doses of 11.4 mg betamethasone
(as Celestone Chronodose 7.8 mg betamethasone phosphate, 6 mg be-
tamethasone acetate) in the A*STEROID clinical trial [26], we tested
this 24-h dosing schedule in the sheep [27]. However, neither dex-
amethasone phosphate nor betamethasone phosphate alone were as
effective as a combined preparation of betamethasone phosphate and
acetate, although some lung maturation did occur [27].

These results suggest that betamethasone acetate is the critical
component of the standard antenatal corticosteroid treatment, and that
the phosphorylated drugs alone are less effective than the standard
combined betamethasone preparation unless given four times. We
tested this possibility by treating ewes with a single intramuscular dose
of 0.125 mg/kg betamethasone acetate, and fetuses were delivered 2
days after treatment to assess lung function [24]. This single maternal
dose was as effective as one or two doses of 0.25 mg/kg betamethasone
phosphate and acetate mixture. Further, a four-fold higher dose of be-
tamethasone acetate did not increase the fetal lung response (Fig. 2).
Therefore, in sheep, 25% of the standard clinical two-dose treatment,
when given as acetate, achieved the same lung maturation response. In
pharmacokinetic studies, the betamethasone phosphate and acetate
mixture increased maternal levels to almost 100 ng/mL at 30 min and
fetal levels to 10 ng/mL at 2-4h (Fig. 2). In contrast, the slowly dea-
cetylated betamethasone yielded peak maternal betamethasone levels
of about 20 ng/mL by 4 h, and fetal betamethasone levels of 1-4 ng/mL
for 24h. With maternal treatment of 0.125mg/kg betamethasone
phosphate, fetal levels were below 1 ng/mL by 24 h. Therefore, the fetal
exposure that was associated with optimal lung maturation was
achieved with a maternal dose of 0.125 mg/kg betamethasone acetate,
resulting in fetal blood levels of 1-4 ng/mL for at least 24 h. Note that
maternal and fetal blood levels with 0.25 mg/kg betamethasone phos-
phate and acetate mixture and 0.125mg/kg betamethasone acetate
were equivalent from about 8 to 24 h because levels during this period
reflect deacylated betamethasone once dephosphorylated betametha-
sone has been cleared.

3.2. Corticosteroid treatments for lung maturation — rhesus macaque

The slow release betamethasone acetate that achieved low fetal
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blood betamethasone levels for at least 24 h in fetal sheep was then
tested in rhesus macaques to verify that lower clinical exposures than
presently used are generalizable. Pregnant monkeys were given a single
intramuscular injection of 0.25mg/kg betamethasone phosphate and
acetate mixture, 0.125mg/kg betamethasone acetate or 0.06 mg/kg
betamethasone acetate, and lung maturation was evaluated 5 days later
at about 132 days' gestational age (term is 165 days’ gestational age).
The effect of 0.125 mg/kg betamethasone acetate on improving pres-
sure-volume curves was equivalent to two doses of 0.25 mg/kg of be-
tamethasone phosphate and acetate mixture, while a lower dose of
0.06 mg/kg betamethasone acetate yielded a partial maturational re-
sponse [28]. Saturated phosphatidylcholine in alveolar washes, a
measure of surfactant production, also was increased similarly by the
two treatments. Betamethasone levels in fetal blood samples from the
monkeys was about 5ng/mL at 8h and 4 ng/mL at 24 h after the ma-
ternal intramuscular treatment with 0.125mg/kg betamethasone
acetate. Thus, results are consistent between sheep and monkeys, de-
monstrating that a low continuous fetal exposure to betamethasone can
cause fetal maturation with avoidance of the high peak drug exposures
from the phosphorylated corticosteroid.

3.3. Testing of fetal dosing for maturation using maternal infusions of
betamethasone phosphate — sheep

Another approach to evaluating the fetal drug exposure required to
achieve a lung maturational response is to use maternal infusions of
betamethasone phosphate to achieve the desired fetal blood levels.
Infusions of betamethasone phosphate into ewes that included a loading
dose and constant infusions to achieve 2 ng/mL for 12 h caused no lung
maturation at 2 days, and less lung maturation at 10 ng/mL or 20 ng/
mL than with 2 doses of intramuscular 0.25mg/kg betamethasone
phosphate and acetate mixture [29]. In contrast, a 26-h maternal be-
tamethasone phosphate infusion to target a fetal plasma betamethasone
level of 2ng/mL caused equivalent lung maturation to two maternal
intramuscular doses of betamethasone phosphate and acetate mixture
[30]. These and the preceding experiments lead to the same conclusion
concerning betamethasone acetate: in sheep, a low fetal exposure for
26h is sufficient to achieve a lung maturational response and higher
peak fetal drug levels do not appear to have any additional benefit for
fetal lung maturation. Infusion studies have not been attempted in
rhesus macaque because of the difficulties using chronic catheters in
monkeys.

3.4. Durability of lung maturation responses — sheep

It is generally assumed that the fetal lung maturation response in-
volves a pleotropic change in maturational trajectory that persists.
Surfactant will increase and improve lung function in the preterm in-
fant. However, the lung maturational responses are far more complex
than simply an increase in surfactant. In sheep, fetal lung mechanics
and anatomy can change within 12h of ACS exposure due to decreases
in lung mesenchyme and decreased epithelial permeability but surfac-
tant lipids and proteins are not increased for several days [31]. Sur-
factant protein mRNAs increase in fetal lung explants exposed to cor-
ticosteroids, but the increases persist only with continued exposure to
corticosteroids [32,33]. Therefore, functional lung maturation may be
reversible in the fetus.

In the above fetal dose studies, lung maturation was initially as-
sessed at 2 days [24,34]. Treatment of ewes with a single dose of be-
tamethasone phosphate and acetate mixture (24-26 h of fetal exposure)
was equivalent to two doses 24 h apart (48 h of fetal exposure) when
assessed at 2 days. However, when the initiation from treatment to
delivery interval was 5 days, there were no lung maturation responses
to betamethasone acetate [35]. Therefore, another variable for opti-
mizing lung maturation is the period of exposure to achieve the max-
imal durability of the lung maturation, a treatment variable that has not
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Fig. 2. Maternal and fetal plasma concentrations of Beta and fetal lung responses in sheep. The maternal (A) and fetal (B) Beta levels were measured for timed paired
maternal and fetal blood sampling in chronically catheterized sheep given 0.125 mg/kg Beta-Ac or 0.25 mg/kg of a 1 to 1 mixture of Beta-Ac + Beta-P. The dynamic
compliance (C) and static pressure-volume curves (D) were measured 2 d after the initiation of treatments and 30 m after preterm delivery at 122 d gestational age.
Beta-Ac mediated improvements were comparable to the 2 dose treatment with Beta-P + Beta-Ac. Data redrawn from Schmidt et al. [24].

been explored experimentally.
3.5. Oral antenatal corticosteroid treatment

Oral ACS should be effective, and the pharmacokinetic profiles for
oral dexamethasone phosphate or betamethasone phosphate have
slower absorption with prolonged plasma levels compared to in-
tramuscular treatments. Thus, oral ACS will minimize the high peak
fetal drug levels from intramuscular treatments. As proof of principle,
in sheep oral dosing based on maternal and fetal betamethasone levels
caused two-day lung maturational responses equivalent to two doses of
combined betamethasone phosphate and acetate [36]. These early re-
sults need further evaluation for durability of responses and optimal
dosing to minimize fetal exposures, and to assess for any potential ad-
verse effects with oral betamethasone.

4. Optimizing dosing in humans

Several critical pieces of information from animal models can guide
considerations for new dosing strategies in humans. Assuming that the
corticosteroid exposure required for fetal maturation in humans is si-
milar to sheep and monkeys, the target fetal corticosteroid levels es-
tablished in these animals (range of 1-4 ng/mL) can be used to plan
new treatment strategies in humans [37]. Although reports of cord
blood betamethasone and dexamethasone levels in humans are limited,
data from several sources support the presumed target range of 1-4 mg/
mL (Fig. 3). The fetal plasma values from 12mg of betamethasone
phosphate and acetate mixture or 6.6 mg dexamethasone phosphate are
substantially above this target range in the early period after maternal
treatment. At 24h, cord blood levels appear to approach this target
range [38-40]. There is a pressing need to evaluate if current dosing is
excessive in humans.

There is no compelling information to suggest that antenatal treat-
ment with corticosteroids other than dexamethasone or betamethasone
would be beneficial. The decision about which drug to use will likely
depend on available formulations, results from awaited trials, and the
pharmacokinetics of intramuscular and oral treatment routes. An ideal
treatment would minimize the risk of high fetal plasma levels soon after
maternal treatment, maximize the period that fetal plasma levels are in
the target range (whatever that may be), and minimize the number of
doses needed to have a durable maturational response. A complete
model for selecting treatment options will require pharmacokinetic
data for bioavailability, the peak maternal blood levels achieved,
clearance rate for the drug, the protein binding in maternal and fetal
plasma, and the drug ratio of fetal to maternal blood levels. Although
there are some estimates of these variables for pregnant humans for the
drugs of interest, no integrated model for antenatal corticosteroid
dosing has been developed. The challenge to the field is to test lower
doses given at appropriate treatment intervals. The oral route may
provide convenient ways to keep fetal exposures low using the low cost
and the readily available betamethasone phosphate or dexamethasone
phosphate pills. However, the possible effects of body mass index or
meals on the bioavailability of orally administered drugs needs to be
considered. Betamethasone acetate is close to an ideal drug for an-
tenatal therapy. However, the drug is not available for intramuscular
use except as a component of the betamethasone phosphate and acetate
mixture. As pharma is most reluctant to develop drugs for preterm fe-
tuses, an industry sponsored drug development program for beta-
methasone acetate may be unrealistic.

In conclusion, although ACS have been used for almost 50 years,
fetal exposures to these potent agents are high, and potential risks could
be decreased by optimizing the dosing strategy. The current variations
in treatment worldwide appear to be largely empiric. New dosing
strategies will require pharmacokinetic modelling and non-inferiority
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Fig. 3. Maternal and fetal cord blood Beta levels for IM maternal steroids. A. Women in preterm labor received 12 mg Beta-P + Beta-Ac treatments and maternal, and
cord blood were collected at delivery at the times indicated on the X axis as reported by Ballabh et al. [38]. The 24 h value with the standard deviation is for 10
samples reported by Gyamfi et al. [39]. B. Maternal and cord blood values for 14 women given 6.6 mg Dex-P prior to C-section delivery at term as reported by Tsuei
et al. [40]. The shaded 1-4 ng/dL range indicates the Dex concentrations sufficient for lung maturation in sheep and monkey models.

testing against the current standard of care. The quotation from
Declaration of Helsinki provides justification for a search for a better
antenatal corticosteroid treatment strategy [1].

4.1

4.2.

. Research directions

Assess magnitude of benefits of ACS in contemporary populations.
Develop up to date pharmacology profile of corticosteroid drugs
used for antenatal therapy.

Test new treatment strategies to minimize fetal exposure to ACS.

Practice points

ACS save lives and improve outcomes when given to the right
women at the right time.

ACS efficacy is strongly impacted by the treatment-to-delivery in-
terval.

The use of repeat ACS, or ACS > 34 weeks' gestation should be
considered cautiously.

Data from animal studies confirm that additional work to optimize
ACS dosing strategies is warranted.

Disclosure statement

Merck provided betamethasone acetate for studies in animal models

reviewed in this report.

Financial Support

MWK is supported by the Women and Infants Research Foundation,

Perth, Western Australia, the Western Australian State Government
Department of Health, and the National Health and Medical Research
Council. MWK, AHJ, & AFS have grant support from the Bill and
Melinda Gates Foundation and GSK for research reviewed in this report.

References

[1]

[2]

[3]

[4]

World Medical A. World Medical Association Declaration of Helsinki: ethical prin-
ciples for medical research involving human subjects. J Am Med Assoc
2013;310(20):2191-4.

Liggins GC, Howie RN. A controlled trial of antepartum glucocorticoid treatment for
prevention of the respiratory distress syndrome in premature infants. Pediatrics
1972;50(4):515-25.

Roberts D, Brown J, Medley N, Dalziel SR. Antenatal corticosteroids for accelerating
fetal lung maturation for women at risk of preterm birth. Cochrane Database Syst
Rev 2017;3. CD004454.

Jobe AH, Goldenberg RL. Antenatal Corticosteroids: an assessment of anticipated

180

[5

[}

[6]

[7

—

[8]
[9]
[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

benefits and potential risks. Am J Obstet Gynecol July 2018;219(1):62-74.
Liggins GC. Premature delivery of foetal lambs infused with glucocorticoids.

J Endocrinol 1969;45(4):515-23.

Brownfoot FC, Gagliardi DI, Bain E, Middleton P, Crowther CA. Different corticos-
teroids and regimens for accelerating fetal lung maturation for women at risk of
preterm birth. Cochrane Database Syst Rev 2013(8). CD006764.

Ballard PL, Liggins GC. Glucocorticoid activity in cord serum: comparison of hy-
drocortisone and betamethasone regimens. J Pediatr 1982;101(3):468-70.

WHO. In: WHO recommendations on interventions to improve preterm birth out-
comes. Geneva: WHO Publication; 2015.

Gyamfi-Bannerman C, Thom EA, Blackwell SC, et al. Antenatal betamethasone for
women at risk for late preterm delivery. N Engl J Med 2016;374(14):1311-20.
Kemp MW, Jobe AH, Usuda H, et al. Efficacy and safety of antenatal steroids. Am J
Physiol Regul Integr Comp Physiol 2018 Oct 1;315(1):R825-39.

Moisiadis VG, Matthews SG. Glucocorticoids and fetal programming part 2:
Mechanisms. Nat Rev Endocrinol 2014;10(7):403-11.

Dalziel SR, Walker NK, Parag V, et al. Cardiovascular risk factors after antenatal
exposure to betamethasone: 30-year follow-up of a randomised controlled trial.
Lancet 2005;365(9474):1856-62.

Kemp MW, Saito M, Usuda H, et al. The efficacy of antenatal steroid therapy is
dependent on the duration of low-concentration fetal exposure: evidence from a
sheep model of pregnancy. Am J Obstet Gynecol September 2018;219(3). Pages
301.e1-301.el6.

Egerman RS, Walker RA, Mercer BM, Doss JL, Sibai BM, Andersen RA. Comparison
between oral and intramuscular dexamethasone in suppressing unconjugated estriol
levels during the third trimester. Am J Obstet Gynecol 1998;179(5):1234-6.
Vogel JP, Souza JP, Gulmezoglu AM, et al. Use of antenatal corticosteroids and
tocolytic drugs in preterm births in 29 countries: an analysis of the WHO
Multicountry Survey on Maternal and Newborn Health. Lancet
2014;384(9957):1869-77.

Glasziou P, Straus S, Brownlee S, et al. Evidence for underuse of effective medical
services around the world. Lancet 2017;390(10090):169-77.

Althabe F, Belizan JM, McClure EM, et al. A population-based, multifaceted strategy
to implement antenatal corticosteroid treatment versus standard care for the re-
duction of neonatal mortality due to preterm birth in low-income and middle-in-
come countries: the ACT cluster-randomised trial. Lancet 2015;385(9968):629-39.
Althabe F, Thorsten V, Klein K, et al. The Antenatal Corticosteroids Trial (ACT)'s
explanations for neonatal mortality - a secondary analysis. Reprod Health
2016;13(1):62.

Effect of corticosteroids for fetal maturation on perinatal outcomes. NIH Consens
Statement 1994;12(2):1-24.

Makhija NK, Tronnes AA, Dunlap BS, Schulkin J, Lannon SM. Antenatal corticos-
teroid timing: accuracy after the introduction of a rescue course protocol. Am J
Obstet Gynecol 2016;214(1):e121-6. 120.

Palacio M, Bonet-Carne E, Cobo T, et al. Prediction of neonatal respiratory mor-
bidity by quantitative ultrasound lung texture analysis: a multicenter study. Am J
Obstet Gynecol 2017;217(2):196. e191-196 el14.

Du Y, Kitzmiller JA, Sridharan A, et al. Lung Gene Expression Analysis (LGEA): an
integrative web portal for comprehensive gene expression data analysis in lung
development. Thorax 2017;72:481-4.

Ngo TTM, Moufarrej MN, Rasmussen MH, et al. Noninvasive blood tests for fetal
development predict gestational age and preterm delivery. Science
2018;360(6393):1133-6.

Schmidt AF, Kemp MW, Rittenschober-Bohm J, et al. Low-dose betamethasone-
acetate for fetal lung maturation in preterm sheep. Am J Obstet Gynecol
2018;218(1):132. e131-132 e139.

Jobe AH, Moss TJ, Nitsos I, Ikegami M, Kallapur SG, Newnham JP. Betamethasone
for lung maturation: testing dose and formulation in fetal sheep. Am J Obstet
Gynecol 2007;197(5):e521-6. 523.


http://refhub.elsevier.com/S1744-165X(19)30041-1/sref1
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref1
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref1
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref2
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref2
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref2
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref3
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref3
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref3
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref4
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref4
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref5
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref5
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref6
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref6
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref6
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref7
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref7
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref8
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref8
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref9
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref9
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref10
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref10
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref11
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref11
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref12
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref12
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref12
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref13
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref13
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref13
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref13
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref14
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref14
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref14
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref15
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref15
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref15
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref15
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref16
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref16
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref17
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref17
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref17
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref17
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref18
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref18
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref18
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref19
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref19
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref20
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref20
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref20
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref21
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref21
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref21
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref22
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref22
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref22
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref23
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref23
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref23
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref24
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref24
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref24
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref25
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref25
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref25

M.W. Kemp, et al.

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Crowther CA, Harding JE, Middleton PF, et al. Australasian randomised trial to
evaluate the role of maternal intramuscular dexamethasone versus betamethasone
prior to preterm birth to increase survival free of childhood neurosensory disability
(A*STEROID): study protocol. BMC Pregnancy Childbirth 2013;13:104.

Schmidt AF, Kemp MW, Kannan PS, et al. Antenatal dexamethasone vs. beta-
methasone dosing for lung maturation in fetal sheep. Pediatr Res
2017;81(3):496-503.

Schmidt AF KP, Miller L, Kallapur SG, Xu Y, Whitsett J, Jobe AH. Lung maturation
and transcriptional changes in preterm Rhesus macaques with two antenatal ster-
oids regimens. Pediatric Academic Societies Meeting, San Francisco.

Kemp MW, Saito M, Usuda H, et al. Maternofetal pharmacokinetics and fetal lung
responses in chronically catheterized sheep receiving constant, low-dose infusions
of betamethasone phosphate. Am J Obstet Gynecol 2016;215(6). 775 €771-775
e712.

Kemp MUH, Saito M, Eddershaw P, Schmidt A, Jobe A. Low-dose betamethasone
exposure for 26 hours optimises fetal exposure and lung maturation in a sheep
model of pregnancy. Reprod Sci 2018;25. 122A-122A.

Tkegami M, Polk D, Jobe A. Minimum interval from fetal betamethasone treatment
to postnatal lung responses in preterm lambs. Am J Obstet Gynecol
1996;174(5):1408-13.

Ballard PL, Ballard RA. Scientific basis and therapeutic regimens for use of an-
tenatal glucocorticoids. Am J Obstet Gynecol 1995;173(1):254-62.

Tan RC, Ikegami M, Jobe AH, Yao LY, Possmayer F, Ballard PL. Developmental and

181

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Seminars in Fetal and Neonatal Medicine 24 (2019) 176-181

glucocorticoid regulation of surfactant protein mRNAs in preterm lambs. Am J
Physiol 1999;277(6 Pt 1):L1142-8.

Jobe AH, Nitsos I, Pillow JJ, Polglase GR, Kallapur SG, Newnham JP.
Betamethasone dose and formulation for induced lung maturation in fetal sheep.
Am J Obstet Gynecol 2009;201(6):e611-7. 611.

Schmidt AFKM, Kannan PS, Kramer BW, Newnham JP, Jobe AH. Length of fetal
exposure to antenatal corticosteroids determines persistence of pulmonary ma-
turation. Toronto: Pediatric Academic Societies Meeting; 2018.

Kemp M, Schmidt A, Usuda H, Saito M, Eddershaw P, Jobe A. Oral steroids for
maturation of the preterm lung: pharmacokinetic and efficacy data from a sheep
model of pregnancy. Reprod Sci 2018;25. 59A-59A.

Ballard PL, Granberg P, Ballard RA. Glucocorticoid levels in maternal and cord
serum after prenatal betamethasone therapy to prevent respiratory distress syn-
drome. J Clin Investig 1975;56(6):1548-54.

Ballabh P, Lo ES, Kumari J, et al. Pharmacokinetics of betamethasone in twin and
singleton pregnancy. Clin Pharmacol Ther 2002;71(1):39-45.

Gyamfi C, Mele L, Wapner RJ, et al. The effect of plurality and obesity on beta-
methasone concentrations in women at risk for preterm delivery. Am J Obstet
Gynecol 2010;203(3):219 e211-215.

Tsuei SE, Moore RG, Ashley JJ, McBride WG. Disposition of synethetic glucocorti-
coids. I. Pharmacokinetics of dexamethasone in healthy adults. J Pharmacokinet
Biopharm 1979;7(3):249-64.


http://refhub.elsevier.com/S1744-165X(19)30041-1/sref26
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref26
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref26
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref26
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref27
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref27
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref27
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref29
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref29
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref29
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref29
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref30
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref30
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref30
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref31
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref31
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref31
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref32
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref32
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref33
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref33
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref33
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref34
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref34
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref34
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref35
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref35
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref35
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref36
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref36
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref36
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref37
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref37
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref37
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref38
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref38
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref39
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref39
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref39
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref40
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref40
http://refhub.elsevier.com/S1744-165X(19)30041-1/sref40

	Optimizing antenatal corticosteroid therapy
	Introduction
	What is the optimal antenatal corticosteroid treatment?
	Translational research to optimize antenatal corticosteroid treatment
	Corticosteroid treatment for lung maturation - sheep
	Corticosteroid treatments for lung maturation – rhesus macaque
	Testing of fetal dosing for maturation using maternal infusions of betamethasone phosphate – sheep
	Durability of lung maturation responses – sheep
	Oral antenatal corticosteroid treatment

	Optimizing dosing in humans
	Research directions
	Practice points

	Disclosure statement
	Financial Support
	References




