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Abstract 

 

Background: Between 5-15% of babies are born prematurely worldwide, with preterm birth 

defined as delivery before 37 completed weeks of pregnancy (term is at 40 weeks of gestation). 

Women at risk of preterm birth receive antenatal corticosteroids as part of standard care to 

accelerate fetal lung maturation and thus improve neonatal outcomes in the event of delivery. 

As a consequence of this treatment, the entire fetal organ system is exposed to the administered 

corticosteroids. The implications of this exposure, particularly the long-term impacts on 

offspring health, are poorly understood. 

 

Aim: This review will consider the origins of antenatal corticosteroid treatment and variations 

in current clinical practices surrounding the treatment. The limitations in the evidence base 

supporting the use of antenatal corticosteroids and the evidence of potential harm to offspring 

are also summarised.  

 

Results: Little has been done to optimise the dose and formulation of antenatal corticosteroid 

treatment since the first clinical trial in 1972. International guidelines for the use of the 

treatment lack clarity regarding the recommended type of corticosteroid and the gestational 

window of treatment administration. Furthermore, clinical trials cited in the most recent 

Cochrane Review have limitations which should be taken into account when considering the 

use of antenatal corticosteroids in clinical practice. Lastly, there is limited evidence regarding 

the long-term effects on the different fetal organ systems exposed in utero, particularly when 

the timing of corticosteroid administration is sub-optimal. 

 

Conclusion: Further investigations are urgently needed to determine the most safe and effective 

treatment regimen for antenatal corticosteroids, particularly regarding type of corticosteroid 

and optimal gestational window of administration. A clear consensus on the use of this common 

treatment could maximise the benefits and minimise potential harms to offspring. 
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Introduction 

 

Preterm birth is defined as birth occurring prior to 37 completed weeks of gestation (with term 

being 37-42 weeks gestation) and can subcategorised based on gestational age into extremely 

preterm birth (less than 28 weeks), very preterm birth (28 to 32 weeks) and moderate to late 

preterm birth(32 to 37 weeks). There is marked geographical variation in the rate of preterm 

birth, ranging from 5% to 15% worldwide, resulting in more than 15 million preterm babies 

born per annum globally (1). Approximately one third of preterm births are the result of 

delivery indicated by maternal medical or obstetric conditions such as pre-eclampsia or 

suspected fetal compromise such as fetal growth restriction, where the risks of continuing a 

pregnancy outweigh the risks of delivery.  The remaining two thirds follow the spontaneous 

onset of labour, which may be preceded by pre-labour rupture of membranes (one third of 

spontaneous preterm births), or may result from spontaneous onset of contractions (two thirds 

of preterm births) (2).  The risks of adverse outcomes associated with prematurity are higher 

the earlier in gestation delivery occurs. Even with advanced neonatal care, only a very small 

proportion of babies born at 22 weeks gestation survive until hospital discharge (2%), rising to 

around 40% of babies born at 24 weeks gestation and 77% of babies born at 26 weeks gestation 

(3). Such extreme preterm birth is comparatively rare (only 5% of all preterm births) but 

surviving babies are at high risk of significant morbidity (4). Outcomes are much better for late 

preterm babies born between 34-36 weeks of gestation. As late preterm births are much more 

common than extreme and early preterm births, they are overall the biggest contributor to 

burden of disease that results from prematurity (5). The cost of late preterm deliveries (34-36 

weeks gestation) on the health service from birth until 24 months has been estimated at £5823 

compared with £2056 for children born at term (6). Overall, the economic burden of preterm 

birth is considerable with the total cost to the public sector estimated to be £2.9 billion in the 

UK and $26 billion in the US (7, 8).  

Women at risk of preterm birth receive antenatal corticosteroids (ACS) as part of standard care 

to improve neonatal outcomes in case of delivery. ACS work by accelerating fetal lung 

maturation thereby reduce the number of babies that die or suffer from breathing problems. 

However, it is not solely fetal lungs which are exposed to corticosteroids during ACS treatment; 

the entire organ system is exposed. The implications of ACS treatment are not fully understood, 

with many questions still unanswered. In this article, we aim to review how the use of ACS 

began, what the current clinical practices are, the limitations of evidence regarding its benefits 

and the evidence of potential harms.  



4 

 

 

Endogenous corticosteroids and preparation for ex-utero life 

 

Towards the end of pregnancy a complex maturation process of multiple fetal organs occurs in 

preparation for the fetus to transition from the in utero environment to ex-utero upon birth 

(reviewed by (9)). This process is crucial for neonatal survival and key mediators include the 

adrenocortically produced corticosteroid hormones called glucocorticoids (cortisol in most 

mammals but corticosterone in mice and rats) (10). In the early and mid-stages of pregnancy 

the fetus is only exposed to low levels of glucocorticoids because fetal glucocorticoid synthesis 

is limited until late gestation and maternal glucocorticoids are inactivated by the enzyme 11β-

hydroxysteroid dehydrogynease-2 (11β-HSD-2). This enzyme converts the active 

glucocorticoid cortisol to inactive cortisone and is primarily produced by the placenta but is 

also present in fetal tissues (reviewed by (11, 12)). The fetus also actively transports 

glucocorticoids across to the maternal side further controlling the amount of fetal 

glucocorticoids exposure (13). In late gestation, both maternal and fetal glucocorticoid 

production increases substantially, whilst placental 11β-HSD-2 activity declines, resulting in a 

rise of glucocorticoids. This rise stimulates fetal maturation, promoting a switch from cell 

proliferation to differentiation (10). If the fetus is exposed to high levels of glucocorticoids in 

early to mid-pregnancy, due to for example stress or maternally administered ACS, it may be 

more apt to survive but the exposure may also have adverse implications for the natural 

development of different organs systems with potential consequences for health later in life 

(12).   

 

 

 

Exogenous antenatal corticosteroids (ACS) 

 

The discovery that maternally administered exogenous ACS mitigate the adverse effects of 

preterm birth is considered a milestone of antenatal care. In 1972 Liggins and Howie were the 

first to demonstrate the benefits of ACS treatment following the first randomised clinical trial 

(15). The basis for the clinical trial was Liggins’ previous work investigating the role of 

glucocorticoids in labour using an ovine model. Liggins was interested in discovering what 

triggers the process of labour with an intent to prevent preterm birth and found that in sheep 

labour is initiated by an increase in fetal glucocorticoid production but that this is not the case 
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in humans. However, Liggins noticed that in addition to triggering labour, the administration 

of glucocorticoids led to the survival of prematurely born lambs that would normally die soon 

after birth. When sacrificed, the lungs of prematurely born lambs remained partially expanded 

in contrast to controls (16-18). This observation was soon confirmed by DeLemos et al. in 1970 

who also provided direct evidence that glucocorticoids stimulate the production of lung 

surfactant (19). This then led to the hypothesis that synthetic glucocorticoids have the potential 

to prevent fetal respiratory distress syndrome (RDS) resulting from pulmonary immaturity in 

preterm born babies and a clinical trial followed. Between December 1969 and October 1971, 

282 women admitted in preterm labour between 24 to 36 weeks or in whom preterm delivery 

was planned, were randomised to receive either a mixture of 6 mg of betamethasone phosphate 

and 6mg betamethasone acetate or a control of 6 mg of cortisone acetate which has a much 

lower potency (a placebo control group was not included) (15). Unless delivery occurred, a 

second injection of the same material as the first was given 24 hours later. In the treatment 

group, neonatal mortality was 3.2% in contrast to 15% in the control group and RDS was less 

frequent (9%) than in controls (25.8%) (15). Following this initial trial others followed 

confirming improvements in neonatal outcomes, however, it wasn’t until two decades later, 

that clinical practice changed. This was largely due to a systematic review published by 

Crowley et al. in  1990  (20) which was considered so seminal that it’s meta-analysis plots 

were, and still are, used as the logo of the Cochrane Collaboration. This review was considered 

to be seminal, such that the forest plot of the meta-analysis was made the logo for the Cochrane 

Collaboration. The meta-analysis included data from 12 controlled trials, involving over 3000 

participants and showed a reduction in RDS, intraventricular haemorrhage (IVH) and 

necrotizing enterocolitis (NEC) (20).  The use of ACS further increased following the 

publication of the consensus reached by the National Institutes of Health Review in 1995, 

following an assessment of the available scientific evidence by a 16-member consensus panel, 

with the conclusion that “ACS therapy is indicated for women at risk of premature delivery 

with few exceptions and will result in a substantial decrease in neonatal morbidity and 

mortality, as well as substantial savings in health care costs” (21). The first Cochrane Review 

of ACS was published in 2000 which gathered and further supported the use of ACS based on 

evidence from 18 trials which included data on over 37000 babies and showed a significant 

reduction in neonatal mortality and morbidity associated with preterm birth in the first 48 hours 

of life of neonates (22). Since then, the Cochrane reviews have been regularly updated with the 

most recent published in 2017 (23).  
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Antenatal Corticosteroid Regimens 

 

It is striking that despite ACS being one of the most commonly used treatments in pregnancy, 

very little work has been done to optimise the dose and formulation since the initial trial in 

1972 (15). The optimal interval from treatment administration to delivery is widely considered 

to be 24 hours and up to 7 days, however, trials which have investigated the optimal time give 

differing reports (24-30). The most recent analysis by WHO in 2015 concluded that a 24 to 48 

hour treatment to delivery interval is most commonly associated with significant benefits and 

no benefits are observed when the interval exceeds 7 days (31).  

The most commonly used regimen of ACS is 12mg of betamethasone acetate/phosphate in a 

1:1 ratio mix, given intramuscularly in 2 doses 24 hours apart. This regimen is based on 

Liggins’ pre-clinical experiments, with no further modification and is commonly used in the 

USA, Australia and some European countries. In other countries, such as the UK and India, 

betamethasone is only available as the soluble form betamethasone phosphate.  

Betamethasone is a synthetic fluorinated corticosteroid which can cross the placenta from 

mother to fetus (32). The betamethasone phosphate component is soluble and rapidly released, 

whereas, the betamethasone acetate component is largely insoluble and de-acetylated more 

slowly (33). Intramuscular administration of betamethasone phosphate/acetate yields a peak 

concentration of 80-115 ng/mL of betamethasone in maternal plasma between 30 and 50 

minutes after dosing (34), with an initial half-life of approximately 6 hours. Betamethasone 

levels are then shown to return to baseline 48 hours after treatment (35). In cord blood, 

betamethasone is detectable as early as one hour after maternal administration, with a materno-

fetal steroid concentration gradient of approximately 1:3. Animal studies have suggested that 

the initial peak generated by betamethasone phosphate is not necessary for fetal lung 

maturation (36-39). Using an ovine model of pregnancy, it has been shown that maintaining a 

low fetal betamethasone exposure of 1-4ng/mL for ~26 hours, (either by constant maternal 

betamethasone phosphate infusion or by maternal injection of low-dose betamethasone acetate) 

achieves lung maturation equivalent to that given with a standard clinical course of ACS (2 x 

0.25mg/kg doses of betamethasone phosphate/acetate spaced by 24h). Earlier studies, also in 

pregnant sheep, have reported that brief (12h), high concentration fetal exposures do not 

improve fetal pulmonary gas exchange (36). Together these data suggest that the dose of 

betamethasone phosphate/acetate mix used clinically (6mg of each form) is several fold higher 

than necesary to achieve lung maturation, and if 12mg betamethasone phosphate alone is used, 

the degree of overtreatment is even greater. Only one trial to date has compared betamethasone 
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acetate/phosphate regimen versus betamethasone phosphate which found that there were no 

significant differences in infant outcomes (40). Khadelwal et al. investigated betamethasone 

dosing intervals using 12mg dose of betamethasone either 12 or 24 hours apart with no 

significance difference in RDS found (41). 

The alternative ACS to betamethasone is dexamethasone, often used as dexamethasone sodium 

phosphate. The recommended regimen for dexamethasone is four 6mg intramuscular injections 

given at 12 hour intervals (31). Like betamethasone, it is a fluorinated synthetic corticosteroid 

with a similar molecular structure and pharmacokinetic properties (33). Dexamethasone has a 

higher affinity for corticosteroid receptors than betamethasone (7.1 and 5.4 fold in comparison 

to endogenous cortisol respectively) but betamethasone has a longer half-life (42).  

Betamethasone is slightly cheaper and does not require refrigeration meaning it may be 

preferred in low income settings. It is unclear whether betamethasone or dexamethasone is a 

superior agent for lung maturation. A review of ten trials with 1159 women and 1213 infants 

comparing betamethasone to dexamethasone (with the betamethasone regimen type often not 

specified)  found no statistically significant difference with regards to neonatal mortality and 

the majority of morbidities associated with preterm birth (42). However, dexamethasone was 

associated with a decreased risk of IVH (RR 0.44, 95% CI 0.21 to 0.92; four trials) although 

no difference was seen for severe IVH (RR 0.40, 95% CI 0.13 to 1.24) (42). An investigation 

into the effect of ACS treatment on fetal heart rate, betamethasone showed an absence of impact 

whereas dexamethasone was associated with a reduced fetal heart rate variability but neonatal 

outcomes were similar in both(43). Another randomised controlled trial showed that both 

betamethasone and dexamethasone decreased baseline fetal heart rate and caused transient 

changes in fetal heart rate variability in the two days following administration (44). 

 

Baud and colleagues reported that betamethasone but not dexamethasone was associated with 

a reduced risk of cystic periventricular leukomalacia (a major cause of cerebral palsy)  in low 

birthweight (≤1.75 kg) infants (45) whereas another trial reported that both were associated 

with a reduced risk  (46).  

International guidelines for the use of antenatal corticosteroids vary and lack clarity regarding 

which corticosteroid drug should be used (Table 1.) (31, 47-50) . With the exception of the 

Royal Australian and New Zealand College of Obstetricians and Gynaecologists, most 

guidelines do not specify which betamethasone (betamethasone acetate/phosphate mix or 

betamethasone phosphate only) they recommend for use (31, 47-50). Systematic reviews also 

frequently lack clarity on the formulation used in trials. It is clear that further investigations are 
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urgently needed to determine the most efficient corticosteroid type and administration regimen 

to maximise benefits and minimise both short and long-term side effects. 

 

 

 

Table 1. International guidelines for antenatal corticosteroid treatment. Gestational 

window given as weeks+days where possible; WHO, RANZOG, SOGC and JSOG only specify 

weeks in their recommendations. 

 

Current Antenatal Corticosteroid Use and Limitations of Evidence 

 

The 2017 Cochrane Review by Roberts et al. provides strong evidence that ACS can be 

lifesaving (23). However, there are limitations to the trial data included in the review which 

need to be taken into account when considering ACS as used in current clinical practice (51). 

Firstly, the majority of trial evidence about ACS is based on data from women with singleton 

Recommended ACS treatment

Recommended gestational 

window of ACS 

administration

World Health 

Organization

(WHO) 

intramuscular dexamethasone or 

betamethasone (total 24mg in divided 

doses) 

 24 - 34 weeks

Royal College of 

Obstretricians and 

Gynaecologoists 

(RCOG) no specifications

26
+0

 -33
+6

 weeks  

(should be considered 

between 24
+0

 - 25
+6

 weeks 

and 34
+0

 - 35+6 weeks)

Royal Australian 

and New Zealand 

College of Obstetricians

 and Gynaecologists 

(RANZCOG)

two 11.4mg intramuscular 

betamethasone acetate and phosphate 

mix  24 hours apart 

or 

four 6mg intramuscular dexamethasone 

phosphate 12 hours apart 34+6 weeks or less

The American College 

of Obstetricians and 

Gynecologists

(ACOG)

two 12mg intramuscular betamethasone 

24 hours apart

or 

four 6mg intramuscular dexamethasone 

12 hours apart

24
+0

 - 33
+6

 weeks

(should be considered -

starting at 23+0 weeks)

The Society of 

Obstetricians and 

Gynaecologists

 of Canada

(SOGC)

two 12mg intramuscular  betamethasone 

24 hours apart 

or 

four 6mg intramuscular dexamethasone 

12 hours apart 24 - 34 weeks 

Japan Society of 

Obstretrics and 

Gynecology 

(JSOG)

two intramuscular betamethasone 

injections 24 hours apart 22-33 weeks
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pregnancies between 28 and 34 weeks gestation. Women with pregnancies complicated by 

conditions such as chorioamnionitis, diabetes or fetal growth restriction often excluded from 

trials. This is not representative of current clinical practice where ACS are commonly given to 

all women thought to be at risk of preterm delivery from the threshold of viability (~22 weeks 

of gestation) (52) to late preterm delivery (34-37 weeks of gestation), regardless of co-

morbidities (53). Since the 2017 Cochrane review, a large multicentre observational study 

showed that any exposure to ACS (partial or complete doses of either betamethasone or 

dexamethasone) is associated with lower mortality in extremely preterm infants (born between 

22-28 weeks of gestation) before discharge when compared to those not exposed to any ACS 

treatment(54). It is important to note that the majority of women which made up the group 

which did not receive any ACS treatment were admitted in advanced labour creating a risk for 

bias, which may have impacted the findings. Many of the trials included in the Cochrane review 

were carried out more than three decades ago, with the comparator being standard neonatal 

care at that time which has changes considerably over the years. Management of RDS has 

improved markedly and is no longer a major cause of neonatal mortality in high-income 

countries. Furthermore, surfactant treatment, less invasive approaches to respiratory support 

(such as continuous positive airway pressure ventilation) and improvements in neonatal care 

of low birthweight infants mean that the potential benefits of ACS may not be as great in the 

modern era of advanced neonatal care (55). Lastly, most of the trials included in the Cochrane 

Review had extremely high rates of delivery within seven days of treatment – either because 

trial recruitment was restricted to women with a very high-risk of early delivery or because of 

censoring if delivery in the ensuing weeks did not occur. This is not reflective of clinical 

practice, where preterm birth is notoriously difficult to predict.  Observational studies in high-

income settings show that up to 9% of pregnant women receive ACS treatment at some point 

in their pregnancy (56-58). At least half of these are inappropriately timed - in more than 50% 

of women given ACS, pregnancy continues for more than seven days (after which the benefits 

of ACS are thought to be minimal) (Figure 1.) or delivery is at term (when the benefits are less 

clear) (57). This overuse of ACS is acceptable only if they do not cause harm. However, it is 

biologically plausible that ACS could cause serious and long-term harms. 
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Figure 1. Chart summarising the percentage of women who receive ACS optimally (48hours- 

7 days prior to deliver) and the percentage who receive treatment sub-optimally (> 7 days or 

<48 hours prior to delivery). Based on data from Makhija et al. 2016 (58).  

 

ACS in low and middle income (LMIC) settings  

 

The Global Network Antenatal Corticosteroid Trial (ACT), a multi-country cluster randomized 

trial conducted across 7 research sites in 6 LMIC countries including India, Pakistan, Zambia, 

Kenya, Guatemala and Argentina) set out to determine whether a multicomponent intervention 

increased the administration of ACS in the women at risk of preterm birth and whether it 

reduced neonatal mortality among that group (59, 60). Surprisingly, the trial showed an absence 

of a positive effect on 28-day mortality in infants less than the 5th percentile for birthweight 

(used as a proxy for preterm birth because ultrasound wasn’t generally available and gestational 

age was sometimes unknown). Perhaps even more surprising was the finding that overall 

neonatal mortality in the intervention clusters increased with an excess of 3.5 neonatal deaths 

per 1000 live births. Furthermore, suspected maternal infection was marginally increased in 

comparison to the control group (60). Following these concerning results, the WHO are 

currently conducting further randomised trials in LMICs: The Antenatal Corticosteroids for 

Improving Outcomes in preterm Newborns I and II (ACTION-I and ACTION-II) trials. These 
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trials include centres in Bangladesh, India, Kenya, Nigeria and Pakistan and are comparing the 

effects of dexamethasone to placebo when given to women at risk if imminent preterm birth 

between either 26-33 weeks of gestation (ACTION-I) or 34-36 weeks of gestation (ACTION-

II). Primary outcomes include stillbirth and neonatal death/survival, severe neonatal respiratory 

distress and maternal bacterial infections. Although the findings of the ACT trial are yet to be 

confirmed by the ACTION-I and ACTION-II trials, it strongly suggests that benefits of ACS 

found in high-income settings do not necessarily translate to LMIC settings where the majority 

of facilities lack neonatal intensive care equipment and equipment to accurately determine 

gestational age thus potentially increasing sub optimally-timed ACS treatment. 

 

Potential Harms associated with Antenatal Corticosteroid Treatment 

 

In a recent review, Jobe et al. assessed the benefits and potential risk of ACS (61). Exposure 

of the fetus to excessive levels of glucocorticoids can result in adverse effects on the developing 

organs as well as long-term programming of the hypothalamic-pituitary-adrenal (HPA) axis 

function (62). Changes in the HPA function have been shown to be associated with altered 

brain growth, behavior and increased risk of metabolic and cardiovascular disease later in life 

(62-64). Outcomes are likely to vary depending on the gestational age at which the fetus is 

exposed as well as the regimens used.  

 

Renin-angiotensin-aldosterone and cardiovascular outcomes 

 

Animal studies 

In sheep and rats it has been shown that corticosteroid exposure during early development 

results in reduced nephron numbers and consequently hypertension in adulthood (65, 66). 

Furthermore, experimental work in sheep has shown that maternal exposure to high levels of 

cortisol in late gestation results in cardiac changes such as reduced cardiac mitochondrial 

number and function and this coincides with an increased incidence of perinatal stillbirth (67, 

68). A study investigating chronic maternal exposure to cortisol showed an increased 

proliferation of fetal cardiomyocytes and increased apoptosis of cardiac Purkinje fibers (69). 

These changes have the potential to impact long-term cardiovascular health. Furthermore, 

altered fetal electrocardiogram, heart rate and depressed aortic pressure readings were also 

observed just prior to delivery. The authors speculate that the chronic maternal exposure to 
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glucocorticoid in late gestation results in altered fetal cardiac features that contribute to cardiac 

dysfunction, creating vulnerability to death during the stressful event of labour. 

 

Clinical studies 

The effects of ACS on the heart have recently been reviewed by Agnew et al (70). Preterm 

birth itself is associated with an increased risk of cardiovascular disease later in life but there 

is evidence that ACS have independent effects on renin-angiotensin-aldosterone and 

cardiovascular outcomes. 

A follow up study of children at 2 years of age which were either repeatedly exposed to ACS 

or placebo, showed no effect on blood pressure (71). A single course of betamethasone at 6 

years of age also showed no differences in blood pressure measurements (72).  However, a 

follow up study at the age of 14 showed that ACS exposure leads higher systolic and diastolic 

pressure, although only a few of the children were in the hypertensive range (73). Follow up 

of adults at the age of 30 following a single course of ACS showed no differences in blood 

pressure, blood lipids or cortisol between those exposed to treatment versus placebo (74). 

However, most of the subjects in this study were born late preterm and therefore relatively 

mature compared to extremely early and early preterm babies. Other follow-up cohort studies 

focusing primarily on low birth weight babies showed that exposure to ACS led to higher 

systolic and diastolic pressure (73), decreased aortic distensibility (75) reduced heart rate 

variability which is associated with development of adverse cardiometabolic outcomes (76). 

The most recent cohort study of adolescents born prematurely showed that the use of ACS was 

associated with alterations in the renin-angiotensin-aldosterone system which over time could 

lead to renal inflammation and fibrosis and ultimately hypertension and renal disease (77).  

 

Metabolic outcomes 

 

Animal studies 

In 2007 studies in sheep showed that early exposure to ACS has sex specific effects on glucose 

homeostasis and induces hyperinsulinemia (78). However, a more recent study which also used 

sheep as a model of preterm birth and ACS exposure did not result in impaired insulin action 

in adulthood (79) other  

 

Clinical studies 
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ACS exposure has also been shown to be associated with neonatal hyperbilirubinemia and 

hypoglycemia (80). Fetal hypoglycemia could be a consequence of fetal adrenal gland 

suppression or ACS-induced maternal hyperglycemia that could cause fetal pancreatic beta cell 

hyperplasia/hyperinsulinemia (81). With regards to long-term outcomes there is evidence that 

ACS exposure can result in insulin resistance (74) and altered glucose metabolism (75). A 

follow up study of adults at the age of 30, ACS exposure did not result in any differences in 

body size, lipid levels or the incidence of diabetes (74). However, a slight increase in insulin 

following a glucose tolerance test was observed (74).  

 

Effect on growth 

 

Animal studies 

Investigations in mice have shown that multiple courses of ACS result in intrauterine growth 

restriction with subsequent reduced birth weight, body length and head width at birth (82, 83). 

In sheep, preterm lambs exposed to multiple courses of ACS were lighter from birth until 

adolescence than term lambs, with females gradually catching-up but males remaining lighter. 

However, preterm sheep remained smaller in stature than controls throughout life (84). 

 

Clinical studies 

A retrospective cohort study showed that betamethasone exposure reduces fetal weight gain in 

a dose-dependent manner without improving neonatal morbidity or mortality (85). Birthweight 

has been shown to be unaltered following a single course of ACS but repeated ACS exposure 

decreases birth weight where for each additional course of antenatal corticosteroids, there is a 

trend toward an incremental decrease in birth weight, length, and head circumference (86). 

Furthermore, in babies born at term rather than preterm ACS was associated with a reduction 

in birth length, weight and head circumference when compared with matched controls (87). A 

randomised controlled trial which investigated multiple courses of antenatal corticosteroids for 

preterm birth (MACS) in women who continued to be at high risk of preterm birth reported an 

association of the multiple courses with a decreased weight, length of infants at birth (88).  

 

Neurodevelopmental outcomes 

 

Animal studies 
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In primates maternal dexamethasone causes dose dependent morphological hippocampal injury 

and multiple injections induce more severe damage than single injections of the same total dose 

(89).  Studies in mice show that ACS has an effect on hippocampal volume, apoptosis and 

importantly proliferation all of which may have important implications for hippocampal 

network function later in life (90). In guinea pigs, ACS in late gestation alters developmental 

trajectories of transcription, glucocorticoid receptor DNA binding, and DNA methylation in 

the hippocampus and the authors suggest that this may be one potential mechanism by which 

ACS may lead to metabolic, endocrine, and behavioral phenotypes later in life (91). 

Interestingly, effects of ACS on the epigenome and gene expression in the brain appear to be 

transgenerational as shown in both guinea pigs and rats (91-94). Other rodent studies have 

shown that ACS exposure leads to alterations in brain morphology (blood-brain barrier, 

paraventricular nucleus of the hypothalamus) (95), gene expression (markers associated with 

brain vascularization and/or differentiation) (96), and inflammatory state (activation of the 

oligodendrocyte inflammasome) (97).  

 

Clinical studies 

Investigation of necropsy specimens from human neonates treated antenatally with ACS 

showed a lower density of neurons in the hippocampus (98). The use of repeat ACS leads to a 

decreased in head circumference (23, 88, 99) and although not significant, it was found to be 

associated with a higher rate in the incidence of cerebral palsy (100). A follow up study of 

children at 2 years of age which were at a high risk of preterm birth but were delivered at term, 

of which 100% received ACS treatment, showed that ACS exposure was associated with 

impaired cognitive development relative to children born at term with no ACS exposure (101). 

Liggins’ original trial follow-up at 4 and 7 years of age concluded that there was no hazardous 

effect on physical and neurocognitive function assessed by detailed tests of psychological 

development (102, 103). In contrast to this, follow up study published in 2012 showed that 

females exposed to but born at term ACS showed increased cortisol reactivity to acute 

psychosocial stress at the age of 6-11 years (104). The most recent study investigating 

children’s intelligence argues that it is conditions related to a threatening preterm delivery 

rather than ACS treatment itself responsible for the decrease in intelligence observed (105).  

 

Overall, there is a lot of contradictory evidence relating to the effects of ACS on the different 

organ systems. It would be useful if future clinical studies analysed different cohorts based on 

the type and dose of ACS used, whether the treatment was partial, complete and/or repeated 



15 

 

and gestational age at the time of delivery. These factors are likely impact the outcomes 

observed therefore ignoring these differences may mask significant effects.     

 

 

Future research directions  

 

Much of the research into the effects of ACS has focussed on outcomes in babies born preterm. 

Outcomes in babies born at term have been largely ignored. A new project, the Consortium for 

the study Of Pregnancy Treatments (Co-OPT) plans to address this.  This collaborative project 

will bring together data from 13 datasets (1.5 million women and their children who received 

ACS). The aim is to describe how antenatal corticosteroid treatment is used across a variety of 

setting and determine the short and long-term outcomes of ACS, particularly focussing on 

outcomes when ACS were given unnecessarily (did not deliver preterm) and or were 

inappropriately timed. Analysis of data at scale will allow exploration of influences maternal 

and infant outcomes and develop predictive models to help improve ACS prescribing.  

 

In conclusion, we need to be more sophisticated in how ACS are used, as  many of the questions 

raised by Liggins and Howie in 1972 still lack a clear and definite answer. The introduction of 

ACS into clinic has indeed been revolutionary and has saved millions of preterm babies 

worldwide. Ironically, this success may well be what has impeded further research and 

understanding of the treatment. 

 

 

Acknowledgements 

 

Lenka Hrabalkova and Sarah J Stock are supported by funding from Tommy’s charity 

(1060508) within the MRC Centre for Reproductive Health (MR/N022556/1). Sarah J Stock is 

funded by a Wellcome Trust Clinical Research Career Development Fellowship 

(209560/Z/17/Z). 

  



16 

 

List of abbreviations 

 

11β-HSD-2 11β-hydroxysteroid dehydrogynease  

ACS   Antenatal Corticosteroids 

HPA  Hypothalamic-pituitary-adrenal axis 

IVH  Intraventricular Hemorrhage 

NEC  Necrotizing Enterocolitis 

RDS  Respiratory Distress Syndrome 

  



17 

 

References 

 

1. Tielsch JM. Global Incidence of Preterm Birth. Nestle Nutrition Institute workshop 

series. 2015;81:9-15. 

2. Norman JE, Morris C, Chalmers J. The effect of changing patterns of obstetric care in 

Scotland (1980-2004) on rates of preterm birth and its neonatal consequences: perinatal 

database study. PLoS medicine. 2009;6(9):e1000153. 

3. Costeloe KL, Hennessy EM, Haider S, Stacey F, Marlow N, Draper ES. Short term 

outcomes after extreme preterm birth in England: comparison of two birth cohorts in 1995 and 

2006 (the EPICure studies). BMJ (Clinical research ed). 2012;345:e7976. 

4. Blencowe H, Cousens S, Oestergaard MZ, Chou D, Moller AB, Narwal R, et al. 

National, regional, and worldwide estimates of preterm birth rates in the year 2010 with time 

trends since 1990 for selected countries: a systematic analysis and implications. Lancet. 

2012;379(9832):2162-72. 

5. Blencowe H, Vos T, Lee AC, Philips R, Lozano R, Alvarado MR, et al. Estimates of 

neonatal morbidities and disabilities at regional and global levels for 2010: introduction, 

methods overview, and relevant findings from the Global Burden of Disease study. Pediatric 

research. 2013;74 Suppl 1:4-16. 

6. Khan KA, Petrou S, Dritsaki M, Johnson SJ, Manktelow B, Draper ES, et al. Economic 

costs associated with moderate and late preterm birth: a prospective population-based study. 

BJOG : an international journal of obstetrics and gynaecology. 2015;122(11):1495-505. 

7. Mangham LJ, Petrou S, Doyle LW, Draper ES, Marlow N. The cost of preterm birth 

throughout childhood in England and Wales. Pediatrics. 2009;123(2):e312-27. 

8. McCormick MC, Litt JS, Smith VC, Zupancic JA. Prematurity: an overview and public 

health implications. Annual review of public health. 2011;32:367-79. 

9. Hillman NH, Kallapur SG, Jobe AH. Physiology of transition from intrauterine to 

extrauterine life. Clinics in perinatology. 2012;39(4):769-83. 

10. Fowden AL, Li J, Forhead AJ. Glucocorticoids and the preparation for life after birth: 

are there long-term consequences of the life insurance? The Proceedings of the Nutrition 

Society. 1998;57(1):113-22. 

11. Chapman K, Holmes M, Seckl J. 11beta-hydroxysteroid dehydrogenases: intracellular 

gate-keepers of tissue glucocorticoid action. Physiological reviews. 2013;93(3):1139-206. 

12. Reynolds RM. Programming effects of glucocorticoids. Clinical obstetrics and 

gynecology. 2013;56(3):602-9. 

13. Walker N, Filis P, Soffientini U, Bellingham M, O'Shaughnessy PJ, Fowler PA. 

Placental transporter localization and expression in the Human: the importance of species, sex, 

and gestational age differencesdagger. Biology of reproduction. 2017;96(4):733-42. 

14. Boyle EM, Poulsen G, Field DJ, Kurinczuk JJ, Wolke D, Alfirevic Z, et al. Effects of 

gestational age at birth on health outcomes at 3 and 5 years of age: population based cohort 

study. BMJ (Clinical research ed). 2012;344:e896. 

15. 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. 

16. Liggins GC. Premature delivery of foetal lambs infused with glucocorticoids. The 

Journal of endocrinology. 1969;45(4):515-23. 

17. Liggins GC, Grieves S. Possible role for prostaglandin F 2 in parturition in sheep. 

Nature. 1971;232(5313):629-31. 

18. Liggins GC, Grieves SA, Kendall JZ, Knox BS. The physiological roles of 

progesterone, oestradiol-17 and prostaglandin F 2 in the control of ovine parturition. Journal 

of reproduction and fertility Supplement. 1972;16:Suppl 16:85-10. 



18 

 

19. DeLemos RA, Shermeta DW, Knelson JH, Kotas R, Avery ME. Acceleration of 

appearance of pulmonary surfactant in the fetal lamb by administration of corticosteroids. The 

American review of respiratory disease. 1970;102(3):459-61. 

20. Crowley P, Chalmers I, Keirse MJ. The effects of corticosteroid administration before 

preterm delivery: an overview of the evidence from controlled trials. British journal of 

obstetrics and gynaecology. 1990;97(1):11-25. 

21. Effect of corticosteroids for fetal maturation on perinatal outcomes. NIH Consensus 

Development Panel on the Effect of Corticosteroids for Fetal Maturation on Perinatal 

Outcomes. Jama. 1995;273(5):413-8. 

22. Crowley P. Prophylactic corticosteroids for preterm birth. The Cochrane database of 

systematic reviews. 2000(2):Cd000065. 

23. Roberts D, Brown J, Medley N, Dalziel SR. Antenatal corticosteroids for accelerating 

fetal lung maturation for women at risk of preterm birth. The Cochrane database of systematic 

reviews. 2017;3:Cd004454. 

24. Roberts D, Dalziel S. Antenatal corticosteroids for accelerating fetal lung maturation 

for women at risk of preterm birth. The Cochrane database of systematic reviews. 

2006(3):Cd004454. 

25. Morales WJ, Diebel ND, Lazar AJ, Zadrozny D. The effect of antenatal dexamethasone 

administration on the prevention of respiratory distress syndrome in preterm gestations with 

premature rupture of membranes. American journal of obstetrics and gynecology. 

1986;154(3):591-5. 

26. Kramer BW, Kallapur S, Newnham J, Jobe AH. Prenatal inflammation and lung 

development. Seminars in fetal & neonatal medicine. 2009;14(1):2-7. 

27. Sehdev HM, Abbasi S, Robertson P, Fisher L, Marchiano DA, Gerdes JS, et al. The 

effects of the time interval from antenatal corticosteroid exposure to delivery on neonatal 

outcome of very low birth weight infants. American journal of obstetrics and gynecology. 

2004;191(4):1409-13. 

28. Peaceman AM, Bajaj K, Kumar P, Grobman WA. The interval between a single course 

of antenatal steroids and delivery and its association with neonatal outcomes. American journal 

of obstetrics and gynecology. 2005;193(3 Pt 2):1165-9. 

29. Ring AM, Garland JS, Stafeil BR, Carr MH, Peckman GS, Pircon RA. The effect of a 

prolonged time interval between antenatal corticosteroid administration and delivery on 

outcomes in preterm neonates: a cohort study. American journal of obstetrics and gynecology. 

2007;196(5):457.e1-6. 

30. Kuk JY, An JJ, Cha HH, Choi SJ, Vargas JE, Oh SY, et al. Optimal time interval 

between a single course of antenatal corticosteroids and delivery for reduction of respiratory 

distress syndrome in preterm twins. American journal of obstetrics and gynecology. 

2013;209(3):256.e1-7. 

31. WHO Guidelines Approved by the Guidelines Review Committee.  WHO 

Recommendations on Interventions to Improve Preterm Birth Outcomes. Geneva: World 

Health Organization 

Copyright (c) World Health Organization 2015.; 2015. 

32. Kemp MW, Newnham JP, Challis JG, Jobe AH, Stock SJ. The clinical use of 

corticosteroids in pregnancy. Human reproduction update. 2016;22(2):240-59. 

33. Ballard PL, Ballard RA. Scientific basis and therapeutic regimens for use of antenatal 

glucocorticoids. American journal of obstetrics and gynecology. 1995;173(1):254-62. 

34. Petersen MC, Ashley JJ, McBride WG, Nation RL. Disposition of betamethasone in 

parturient women after intramuscular administration. British Journal of Clinical Pharmacology. 

1984;18(3):383-92. 



19 

 

35. Ballard PL, Granberg P, Ballard RA. Glucocorticoid levels in maternal and cord serum 

after prenatal betamethasone therapy to prevent respiratory distress syndrome. The Journal of 

Clinical Investigation. 1975;56(6):1548-54. 

36. Kemp MW, Saito M, Usuda H, Molloy TJ, Miura Y, Sato S, 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.e1-

.e12. 

37. Kemp MW, Saito M, Usuda H, Watanabe S, Sato S, Hanita T, 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. American Journal of Obstetrics and Gynecology. 

2018. 

38. Schmidt AF, Kemp MW, Kannan PS, Kramer BW, Newnham JP, Kallapur SG, et al. 

Antenatal dexamethasone vs. betamethasone dosing for lung maturation in fetal sheep. 

Pediatric research. 2016. 

39. Schmidt AF, Kemp MW, Rittenschober-Böhm J, Kannan PS, Usuda H, Saito M, et al. 

Low-dose betamethasone-acetate for fetal lung maturation in preterm sheep. American Journal 

of Obstetrics and Gynecology. 2018;218(1):132.e1-.e9. 

40. Subtil D, Tiberghien P, Devos P, Therby D, Leclerc G, Vaast P, et al. Immediate and 

delayed effects of antenatal corticosteroids on fetal heart rate: a randomized trial that compares 

betamethasone acetate and phosphate, betamethasone phosphate, and dexamethasone. 

American journal of obstetrics and gynecology. 2003;188(2):524-31. 

41. Khandelwal M, Chang E, Hansen C, Hunter K, Milcarek B. Betamethasone dosing 

interval: 12 or 24 hours apart? A randomized, noninferiority open trial. American journal of 

obstetrics and gynecology. 2012;206(3):201.e1-11. 

42. Brownfoot FC, Gagliardi DI, Bain E, Middleton P, Crowther CA. Different 

corticosteroids and regimens for accelerating fetal lung maturation for women at risk of preterm 

birth. The Cochrane database of systematic reviews. 2013(8):Cd006764. 

43. Senat MV, Minoui S, Multon O, Fernandez H, Frydman R, Ville Y. Effect of 

dexamethasone and betamethasone on fetal heart rate variability in preterm labour: a 

randomised study. British journal of obstetrics and gynaecology. 1998;105(7):749-55. 

44. Magee LA, Dawes GS, Moulden M, Redman CW. A randomised controlled 

comparison of betamethasone with dexamethasone: effects on the antenatal fetal heart rate. 

British journal of obstetrics and gynaecology. 1997;104(11):1233-8. 

45. Baud O, Foix-L'Helias L, Kaminski M, Audibert F, Jarreau PH, Papiernik E, et al. 

Antenatal glucocorticoid treatment and cystic periventricular leukomalacia in very premature 

infants. The New England journal of medicine. 1999;341(16):1190-6. 

46. Bar-Lev MR, Maayan-Metzger A, Matok I, Heyman Z, Sivan E, Kuint J. Short-term 

outcomes in low birth weight infants following antenatal exposure to betamethasone versus 

dexamethasone. Obstetrics and gynecology. 2004;104(3):484-8. 

47. Committee Opinion No. 713: Antenatal Corticosteroid Therapy for Fetal Maturation. 

Obstetrics and gynecology. 2017;130(2):e102-e9. 

48. Kfouri J, D'Souza R. Antenatal corticosteroids. CMAJ : Canadian Medical Association 

journal = journal de l'Association medicale canadienne. 2017;189(8):E319. 

49. Minakami H, Maeda T, Fujii T, Hamada H, Iitsuka Y, Itakura A, et al. Guidelines for 

obstetrical practice in Japan: Japan Society of Obstetrics and Gynecology (JSOG) and Japan 

Association of Obstetricians and Gynecologists (JAOG) 2014 edition. The journal of obstetrics 

and gynaecology research. 2014;40(6):1469-99. 

50. ACOG Committee Opinion No. 475: antenatal corticosteroid therapy for fetal 

maturation. Obstetrics and gynecology. 2011;117(2 Pt 1):422-4. 



20 

 

51. Kemp MW, Jobe AH, Usuda H, Nathanielsz PW, Li C, Kuo A, et al. Efficacy and 

Safety of Antenatal Steroids. American journal of physiology Regulatory, integrative and 

comparative physiology. 2018. 

52. Obstetric Care consensus No. 6: Periviable Birth. Obstetrics and gynecology. 

2017;130(4):e187-e99. 

53. Implementation of the use of antenatal corticosteroids in the late preterm birth period 

in women at risk for preterm delivery. American journal of obstetrics and gynecology. 

2016;215(2):B13-5. 

54. Travers CP, Carlo WA, McDonald SA, Das A, Bell EF, Ambalavanan N, et al. 

Mortality and pulmonary outcomes of extremely preterm infants exposed to antenatal 

corticosteroids. American journal of obstetrics and gynecology. 2018;218(1):130.e1-.e13. 

55. Requejo J, Merialdi M, Althabe F, Keller M, Katz J, Menon R. Born too soon: care 

during pregnancy and childbirth to reduce preterm deliveries and improve health outcomes of 

the preterm baby. Reproductive health. 2013;10 Suppl 1:S4. 

56. Grzeskowiak LE, Grivell RM, Mol BW. Trends in receipt of single and repeat courses 

of antenatal corticosteroid administration among preterm and term births: A retrospective 

cohort study. The Australian & New Zealand journal of obstetrics & gynaecology. 

2017;57(6):643-50. 

57. Razaz N, Skoll A, Fahey J, Allen VM, Joseph KS. Trends in optimal, suboptimal, and 

questionably appropriate receipt of antenatal corticosteroid prophylaxis. Obstetrics and 

gynecology. 2015;125(2):288-96. 

58. Makhija NK, Tronnes AA, Dunlap BS, Schulkin J, Lannon SM. Antenatal 

corticosteroid timing: accuracy after the introduction of a rescue course protocol. American 

journal of obstetrics and gynecology. 2016;214(1):120.e1-6. 

59. Althabe F, Belizan JM, Mazzoni A, Berrueta M, Hemingway-Foday J, Koso-Thomas 

M, et al. Antenatal corticosteroids trial in preterm births to increase neonatal survival in 

developing countries: study protocol. Reproductive health. 2012;9:22. 

60. Althabe F, Belizan JM, McClure EM, Hemingway-Foday J, Berrueta M, Mazzoni A, 

et al. A population-based, multifaceted strategy to implement antenatal corticosteroid treatment 

versus standard care for the reduction of neonatal mortality due to preterm birth in low-income 

and middle-income countries: the ACT cluster-randomised trial. Lancet. 2015;385(9968):629-

39. 

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

benefits and potential risks. American journal of obstetrics and gynecology. 2018;219(1):62-

74. 

62. Kapoor A, Petropoulos S, Matthews SG. Fetal programming of hypothalamic-pituitary-

adrenal (HPA) axis function and behavior by synthetic glucocorticoids. Brain research reviews. 

2008;57(2):586-95. 

63. Moisiadis VG, Matthews SG. Glucocorticoids and fetal programming part 1: 

Outcomes. Nature reviews Endocrinology. 2014;10(7):391-402. 

64. Moisiadis VG, Matthews SG. Glucocorticoids and fetal programming part 2: 

Mechanisms. Nature reviews Endocrinology. 2014;10(7):403-11. 

65. Wintour EM, Moritz KM, Johnson K, Ricardo S, Samuel CS, Dodic M. Reduced 

nephron number in adult sheep, hypertensive as a result of prenatal glucocorticoid treatment. 

The Journal of physiology. 2003;549(Pt 3):929-35. 

66. Ortiz LA, Quan A, Weinberg A, Baum M. Effect of prenatal dexamethasone on rat 

renal development. Kidney international. 2001;59(5):1663-9. 

67. Keller-Wood M, Feng X, Wood CE, Richards E, Anthony RV, Dahl GE, et al. Elevated 

maternal cortisol leads to relative maternal hyperglycemia and increased stillbirth in ovine 



21 

 

pregnancy. American journal of physiology Regulatory, integrative and comparative 

physiology. 2014;307(4):R405-13. 

68. Richards EM, Wood CE, Rabaglino MB, Antolic A, Keller-Wood M. Mechanisms for 

the adverse effects of late gestational increases in maternal cortisol on the heart revealed by 

transcriptomic analyses of the fetal septum. Physiological genomics. 2014;46(15):547-59. 

69. Antolic A, Wood CE, Keller-Wood M. Chronic maternal hypercortisolemia in late 

gestation alters fetal cardiac function at birth. American journal of physiology Regulatory, 

integrative and comparative physiology. 2018;314(3):R342-r52. 

70. Agnew EJ, Ivy JR, Stock SJ, Chapman KE. Glucocorticoids, antenatal corticosteroid 

therapy and fetal heart maturation. J Mol Endocrinol. 2018;61(1):R61-r73. 

71. Crowther CA, Doyle LW, Haslam RR, Hiller JE, Harding JE, Robinson JS. Outcomes 

at 2 years of age after repeat doses of antenatal corticosteroids. The New England journal of 

medicine. 2007;357(12):1179-89. 

72. Dalziel SR, Liang A, Parag V, Rodgers A, Harding JE. Blood pressure at 6 years of age 

after prenatal exposure to betamethasone: follow-up results of a randomized, controlled trial. 

Pediatrics. 2004;114(3):e373-7. 

73. Doyle LW, Ford GW, Davis NM, Callanan C. Antenatal corticosteroid therapy and 

blood pressure at 14 years of age in preterm children. Clinical science (London, England : 

1979). 2000;98(2):137-42. 

74. Dalziel SR, Walker NK, Parag V, Mantell C, Rea HH, Rodgers A, 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. 

75. Kelly BA, Lewandowski AJ, Worton SA, Davis EF, Lazdam M, Francis J, et al. 

Antenatal glucocorticoid exposure and long-term alterations in aortic function and glucose 

metabolism. Pediatrics. 2012;129(5):e1282-90. 

76. Nixon PA, Washburn LK, Michael O'Shea T, Shaltout HA, Russell GB, Snively BM, 

et al. Antenatal steroid exposure and heart rate variability in adolescents born with very low 

birth weight. Pediatric research. 2017;81(1-1):57-62. 

77. South AM, Nixon PA, Chappell MC, Diz DI, Russell GB, Snively BM, et al. Antenatal 

corticosteroids and the renin-angiotensin-aldosterone system in adolescents born preterm. 

Pediatric research. 2017;81(1-1):88-93. 

78. De Blasio MJ, Dodic M, Jefferies AJ, Moritz KM, Wintour EM, Owens JA. Maternal 

exposure to dexamethasone or cortisol in early pregnancy differentially alters insulin secretion 

and glucose homeostasis in adult male sheep offspring. American journal of physiology 

Endocrinology and metabolism. 2007;293(1):E75-82. 

79. De Matteo R, Hodgson DJ, Bianco-Miotto T, Nguyen V, Owens JA, Harding R, et al. 

Betamethasone-exposed preterm birth does not impair insulin action in adult sheep. The 

Journal of endocrinology. 2017;232(2):175-87. 

80. Pettit KE, Tran SH, Lee E, Caughey AB. The association of antenatal corticosteroids 

with neonatal hypoglycemia and hyperbilirubinemia. The journal of maternal-fetal & neonatal 

medicine : the official journal of the European Association of Perinatal Medicine, the 

Federation of Asia and Oceania Perinatal Societies, the International Society of Perinatal 

Obstet. 2014;27(7):683-6. 

81. Jolley JA, Rajan PV, Petersen R, Fong A, Wing DA. Effect of antenatal betamethasone 

on blood glucose levels in women with and without diabetes. Diabetes research and clinical 

practice. 2016;118:98-104. 

82. Christensen HD, Gonzalez CL, Stewart JD, Rayburn WF. Multiple courses of antenatal 

betamethasone and cognitive development of mice offspring. The Journal of maternal-fetal 

medicine. 2001;10(4):269-76. 



22 

 

83. Ozdemir H, Guvenal T, Cetin M, Kaya T, Cetin A. A placebo-controlled comparison 

of effects of repetitive doses of betamethasone and dexamethasone on lung maturation and 

lung, liver, and body weights of mouse pups. Pediatric research. 2003;53(1):98-103. 

84. Nguyen VB, De Matteo R, Harding R, Stefanidis A, Polglase GR, Black MJ. 

Experimentally Induced Preterm Birth in Sheep Following a Clinical Course of Antenatal 

Betamethasone: Effects on Growth and Long-Term Survival. Reproductive sciences 

(Thousand Oaks, Calif). 2017;24(8):1203-13. 

85. Braun T, Sloboda DM, Tutschek B, Harder T, Challis JR, Dudenhausen JW, et al. Fetal 

and neonatal outcomes after term and preterm delivery following betamethasone 

administration. International journal of gynaecology and obstetrics: the official organ of the 

International Federation of Gynaecology and Obstetrics. 2015;130(1):64-9. 

86. Murphy KE, Willan AR, Hannah ME, Ohlsson A, Kelly EN, Matthews SG, et al. Effect 

of antenatal corticosteroids on fetal growth and gestational age at birth. Obstetrics and 

gynecology. 2012;119(5):917-23. 

87. Davis EP, Waffarn F, Uy C, Hobel CJ, Glynn LM, Sandman CA. Effect of prenatal 

glucocorticoid treatment on size at birth among infants born at term gestation. Journal of 

perinatology : official journal of the California Perinatal Association. 2009;29(11):731-7. 

88. Murphy KE, Hannah ME, Willan AR, Hewson SA, Ohlsson A, Kelly EN, et al. 

Multiple courses of antenatal corticosteroids for preterm birth (MACS): a randomised 

controlled trial. Lancet. 2008;372(9656):2143-51. 

89. Uno H, Lohmiller L, Thieme C, Kemnitz JW, Engle MJ, Roecker EB, et al. Brain 

damage induced by prenatal exposure to dexamethasone in fetal rhesus macaques. I. 

Hippocampus. Brain research Developmental brain research. 1990;53(2):157-67. 

90. Noorlander CW, Tijsseling D, Hessel EV, de Vries WB, Derks JB, Visser GH, et al. 

Antenatal glucocorticoid treatment affects hippocampal development in mice. PloS one. 

2014;9(1):e85671. 

91. Crudo A, Petropoulos S, Suderman M, Moisiadis VG, Kostaki A, Hallett M, et al. 

Effects of antenatal synthetic glucocorticoid on glucocorticoid receptor binding, DNA 

methylation, and genome-wide mRNA levels in the fetal male hippocampus. Endocrinology. 

2013;154(11):4170-81. 

92. Moisiadis VG, Constantinof A, Kostaki A, Szyf M, Matthews SG. Prenatal 

Glucocorticoid Exposure Modifies Endocrine Function and Behaviour for 3 Generations 

Following Maternal and Paternal Transmission. Scientific reports. 2017;7(1):11814. 

93. Crudo A, Petropoulos S, Moisiadis VG, Iqbal M, Kostaki A, Machnes Z, et al. Prenatal 

synthetic glucocorticoid treatment changes DNA methylation states in male organ systems: 

multigenerational effects. Endocrinology. 2012;153(7):3269-83. 

94. Drake AJ, Walker BR, Seckl JR. Intergenerational consequences of fetal programming 

by in utero exposure to glucocorticoids in rats. American journal of physiology Regulatory, 

integrative and comparative physiology. 2005;288(1):R34-8. 

95. Frahm KA, Tobet SA. Development of the blood-brain barrier within the 

paraventricular nucleus of the hypothalamus: influence of fetal glucocorticoid excess. Brain 

structure & function. 2015;220(4):2225-34. 

96. Neuhaus W, Schlundt M, Fehrholz M, Ehrke A, Kunzmann S, Liebner S, et al. Multiple 

Antenatal Dexamethasone Treatment Alters Brain Vessel Differentiation in Newborn Mouse 

Pups. PloS one. 2015;10(8):e0136221. 

97. Maturana CJ, Aguirre A, Saez JC. High glucocorticoid levels during gestation activate 

the inflammasome in hippocampal oligodendrocytes of the offspring. Developmental 

neurobiology. 2017;77(5):625-42. 



23 

 

98. Tijsseling D, Wijnberger LD, Derks JB, van Velthoven CT, de Vries WB, van Bel F, 

et al. Effects of antenatal glucocorticoid therapy on hippocampal histology of preterm infants. 

PloS one. 2012;7(3):e33369. 

99. Crowther CA, McKinlay CJ, Middleton P, Harding JE. Repeat doses of prenatal 

corticosteroids for women at risk of preterm birth for improving neonatal health outcomes. The 

Cochrane database of systematic reviews. 2015(7):Cd003935. 

100. Wapner RJ, Sorokin Y, Mele L, Johnson F, Dudley DJ, Spong CY, et al. Long-term 

outcomes after repeat doses of antenatal corticosteroids. The New England journal of medicine. 

2007;357(12):1190-8. 

101. Paules C, Pueyo V, Marti E, de Vilchez S, Burd I, Calvo P, et al. Threatened preterm 

labor is a risk factor for impaired cognitive development in early childhood. American journal 

of obstetrics and gynecology. 2017;216(2):157.e1-.e7. 

102. MacArthur BA, Howie RN, Dezoete JA, Elkins J. Cognitive and psychosocial 

development of 4-year-old children whose mothers were treated antenatally with 

betamethasone. Pediatrics. 1981;68(5):638-43. 

103. MacArthur BA, Howie RN, Dezoete JA, Elkins J. School progress and cognitive 

development of 6-year-old children whose mothers were treated antenatally with 

betamethasone. Pediatrics. 1982;70(1):99-105. 

104. Alexander N, Rosenlocher F, Stalder T, Linke J, Distler W, Morgner J, et al. Impact of 

antenatal synthetic glucocorticoid exposure on endocrine stress reactivity in term-born 

children. The Journal of clinical endocrinology and metabolism. 2012;97(10):3538-44. 

105. Alexander N, Rosenlocher F, Dettenborn L, Stalder T, Linke J, Distler W, et al. Impact 

of Antenatal Glucocorticoid Therapy and Risk of Preterm Delivery on Intelligence in Term-

Born Children. The Journal of clinical endocrinology and metabolism. 2016;101(2):581-9. 

 


