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The present review considers some controversial management practices during
extremely premature perinatal transition. We focus on perinatal prevention and
treatment of respiratory distress syndrome (RDS) in immature infants. New concerns
regarding antenatal corticosteroid management have been raised. Many fetuses are
only exposed to potential adverse effects of the drug. Hence, the formulation and
the dosage may need to be modified. Another challenge is to increase the fraction
of the high-risk fetuses that benefit from the drug and to minimize the harmful
effects of the drug. On the other hand, boosting anti-inflammatory and anti-microbial
properties of surfactant requires further attention. Techniques of prophylactic surfactant
administration to extremely immature infants at birth may be further refined. Also, new
findings suggest that prophylactic treatment of patent ductus arteriosus (PDA) of a
high-risk population rather than later selective closure of PDA may be preferred. The
TREOCAPA trial (Prophylactic treatment of the ductus arteriosus in preterm infants
by acetaminophen) evaluates, whether early intravenous paracetamol decreases the
serious cardiorespiratory consequences following extremely premature birth. Lastly,
is inhaled nitric oxide (iNO) used in excess? According to current evidence, iNO
treatment of uncomplicated RDS is not indicated. Considerably less than 10% of all
very premature infants are affected by early persistence of pulmonary hypertension
(PPHN). According to observational studies, effective ventilation combined with early
iNO treatment are effective in management of this previously fatal disease. PPHN
is associated with prolonged rupture of fetal membranes and birth asphyxia. The
lipopolysaccharide (LPS)-induced immunotolerance and hypoxia-reperfusion-induced
oxidant stress may inactivate NO-synthetases in pulmonary arterioles and terminal
airways. Prospective trials on iNO in the management of PPHN are indicated. Other
pulmonary vasodilators may be considered as comparison drugs or adjunctive drugs.
The multidisciplinary challenge is to understand the regulation of pregnancy duration
and the factors participating the onset of extremely premature preterm deliveries and
respiratory adaptation. Basic research aims to identify deficiencies in maternal and fetal
tissues that predispose to very preterm births and deteriorate the respiratory adaptation
of immature infants. Better understanding on causes and prevention of extremely
preterm births would eventually provide effective antenatal and neonatal management
practices required for the intact survival.
Keywords: respiratory distress syndrome, spontaneous premature birth, prenatal steroid, surfactant therapy,
ductus arteriosus, paracetamol, persistence of pulmonary hypertension, inhaled nitric oxide
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therapy, and new, mostly non-invasive ventilation practices have
increased the neonatal survival without serious morbidities,
particularly BPD (12, 14). However, according to populationwide data, there has only been modest, if any, increase in survival
without serious morbidities during the present millennium
(15, 16).
Previously, nearly all VLGA infants used to receive surfactant
shortly after birth. Recently, surfactant treatment has become
more selective. The current aim to practice less invasive
surfactant administration does not require intubation and
improves survival without BPD (17–19). The objective is
to decrease intubation and mechanical ventilation, and to
increase continuous distending pressure ventilation. Meanwhile,
pharmacological or surgical closure of patent ductus arteriosus
(PDA) has failed to increase the survival of VLGA or ELGA
infants without BPD. According to current recommendations,
conservative treatment of PDA, i.e., continuous distending
pressures and limitation of liquid overload, is often preferred
during the first week, and the medicinal closure of PDA becomes
indicated after that (6). The other end of the spectrum of
RDS-associated cardiopulmonary disorders is the early persistent
pulmonary hypertension (PPHN), also called the persistence
of fetal circulation (PFC). According to meta-analysis of
randomized trials, inhaled nitric oxide (iNO) treatment of VLGA
infants did not improve the outcome. The indications of iNO
treatment in these trials varied from mild to severe respiratory
distress (20).
Very premature birth often triggers an inflammatory and
oxidant storm spreading to multiple organs. In many cases,
it is a continuation of the fetal inflammatory syndrome
(12, 21, 22). The premature labor and delivery and the treatment
of immature infant immediately after birth is a successive
collaboration of two different teams. Many mothers with
spontaneous premature delivery and their fetuses at birth are
basically healthy, but for mostly unknown causes, the onset of
premature labor results in a stressful neonatal adaptation that
often dramatically alters the life of the child and the family,
thereby needing support and guidance as an important part
of the team. As such, prematurity and the associated preand antenatal factors modify the incidence and severity of
RDS (23). Inflammation and toxic oxidants may both be early
precursors of premature birth and mediators that increase the
risk of multiple consequences of extremely premature births
(10, 21, 24).
Research on organ maturation and on regulation of the length
of pregnancy may lead to new drug discoveries for the prevention
and therapy of RDS. The new candidates include stem cell,
exosome, and growth factor therapies. Systematic research on
selective treatments toward increasing the defense functions of
premature children and very preterm pregnancies is crucial.
Progress in the management practices of early perinatal transition
will decrease the risk of severe RDS and improve the early
recovery from cardiopulmonary distress. This is expected to
decrease the risk of BPD, severe multiorgan consequences, and to
contribute toward improving neurosensory outcome. In present
review, we focus on a few key therapies that are available and
require further development.

INTRODUCTION
The preterm birth (PTB) before full 37 weeks duration of
pregnancy is the main underlying cause of neonatal deaths,
and the predominant risk factor of the respiratory distress
syndrome (RDS). Although the introduction of antenatal steroid,
surfactant supplementation and other management practices
have decreased both the incidence and the fatality of RDS,
major morbidities continue to threaten the intact survival
(1). The countries with middle and low incomes still do not
have the resources to organize the neonatal special care for
immature infants with RDS. However, the rate of premature
births and the chronic morbidities due to prematurity also
remains high in wealthier countries (2). Introduction of
surfactant supplementation and the common use of antenatal
glucocorticoid therapy led to survival of PTB infants and
those born at very low gestational ages (VLGA; <32 weeks of
pregnancy). Increasing numbers of infants born at extremely
low gestational age (ELGA: <28 weeks of pregnancy) survive
with advancing management practices (3). Extremely preterm
infants with RDS require supplemental oxygen and ventilation
for treatment of atelectasis and lung edema. In addition, they
have structural immaturity of the lungs and hemodynamic
problems, disturbing the gas exchange of lungs (4, 5). The
treatment practices of RDS are still evolving and continue to be
controversial (6).
The duration of pregnancy is the main factor influencing the
fetal maturity, including the differentiation of surfactant which
has dominant impact on RDS. Spontaneous premature births
(SPTB) associate with histologic or clinical chorioamnionitis
(CA) and prolonged rupture of fetal membranes (PPROM)
(7). Intrauterine growth restriction (IUGR), associating with
preeclampsia, twin or multiple pregnancies, and many other
rare conditions influence the neonatal disease profile. Histologic
CA without clinical maternal or fetal infection accelerates
fetal surfactant maturity, whereas fetal infection, clinical CA,
asphyxia, growth restriction, and, above all, extremely premature
births may influence the risk of severe RDS and complicate
the management of respiratory distress (8–10). Minimization
of postnatal supplementary oxygen and mechanical ventilation
requirements (11) protect the lung and other organs against
inflammatory and oxidant injury. However, antenatal risk factors,
particularly structural immaturity, complicate the management
of RDS and play a major role in the pathogenesis of long term
morbidities, particularly bronchopulmonary dysplasia (BPD)
(12). The new BPD was considered as a disease that gradually
developed after the first days of life. This drew the attention
to the management one to a few days after the birth.
However, the importance of the management of early perinatal
transition is essential.
During the 1990s, both antenatal corticosteroid (ACS)
therapy for acceleration of the organ maturity and surfactant
supplementation for treatment of RDS became common
management policy of very premature perinatal transition
(13). According to meta-analyses of randomized trials, certain
treatment practices, such as caffeine therapy, vitamin A, low dose
of steroid during early neonatal period, less invasive surfactant
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mothers (<18 years), short stature, very high pre-pregnancy body
mass index (BMI > 40), and stressful work in standing position
are reported risk factors. Previous SPTB is associated with a 3
to 5-fold increase in the recurrence rate being a prominent risk
factor of SPTB (7, 30).
Chorioamnionitis often presents as a non-infectious
inflammation in fetal membranes. Intrauterine infection/
inflammation spreads from the ascending route via maternal
blood or through the Fallopian tube, and it may manifest as
clinical CA with prominent maternal and fetal symptoms. CA is
present in 70–95% extremely premature (gestation < 28 weeks)
and in 5–15% of term births (31). Antibiotic prophylaxis delays
SPTB in PPROM, decreasing the need for surfactant and
supplemental oxygen therapies (32). By mid-pregnancy, certain
biomarkers of inflammation tend to increase, and this increase
edges even higher in premature pregnancies compared to full
length pregnancies. However, both the sensitivity and predictive
value of positive results in imminent early premature birth are
rather low even for the most accurate vaginal biomarkers, fetal
fibronectin, glycosylated IGFBP-1, or β-microglobulin (33).
Hereditary factors play significant roles in predisposing to
SPTB (30), and many gene variants influence the susceptibility
(34). According to epidemiologic studies, the maternal genome
contributes 15–30% of the SPTB risk, and the contribution of
the fetal genome is 7–14%. The overall genetic risk estimate of
SPTB is 25–40%. Human pregnancy appears to be linked to
the recent evolution of bipedalism, including having a narrow
pelvis, a burst in cognitive capacity, and increase in brain volume
and head size (35). The length of the human pregnancy has
an exceptionally large variation. Even the surfactant system is
often capable of supporting the lung function several weeks
before term. The medical practices have virtually eliminated
the obstructed labor syndrome and postmature deliveries. In
contrast, effective prevention of SPTB has failed thus far.

NEWBORN-ORIENTED RESEARCH
TOWARDS PROLONGING VERY SHORT
PREGNANCIES
Preterm Births Linked to RDS
The global risk of the premature birth ranges from 5 to 20%
with a mean risk of approximately 11%, or about 15 million
PTBs each year. The influence of premature birth to the loss
of disability-adjusted life years amounts to 80 million each year
(25). Multiple diseases or insults affecting the mother, fetus,
or placenta result in elective premature births, accounting for
30% of all preterm births. Of them, severe preeclampsia is
common, involving nearly half of elective preterm births. The
indications of early delivery include serious fetal circulatory stress
due to an increase in resistance of umbilical circulation, fetal
growth restriction associated with deficient placental oxygen and
nutrient intake, and serious maternal diseases.
The most common cause of prematurity is SPTB (24). The
SPTBs include about 70% of all preterm births, i.e., nearly 4% of
all births in Nordic countries and about 8% of all births globally
(26, 27).
According to the reported incidence figures, there are nearly
three million cases of RDS annually (28), and the gestation
adjusted mortality of RDS is several-fold higher than in the
controls (29). Among the ELGA infants born between 22 and
27 weeks, the incidence of RDS is above 50%. The deaths of the
most immature infants with the diagnosis of RDS or respiratory
failure are due to multiple diseases and deficiencies, and most
of them occur during the first week of life. Many survivors
requiring prolonged ventilation and supplemental oxygen will
end up having the diagnosis of BPD. The new diagnosis of BPD
still associates with the severity of RDS. Besides the surfactant
deficiency, the immaturity is generalized. It affects structures and
functions required for cardio-pulmonary adaptation and extends
to deficiencies in the defense functions (12).
Most of the preterm infants, born at 32–36 week, do not
develop RDS, apparently due to advanced structural maturity
and genetic predisposition to surfactant maturity (23), whereas
RDS is common among the VLGA infants. However, ACS
treatment, early surfactant therapy, and mostly non-invasive
continuous distending pressure ventilation techniques mitigate
the symptoms and improve the outcome. In the era of ACS and
early surfactant therapy, antenatal prediction of the risk of RDS
[lecithin/sphingomyelin (L/S) ratio, Lung Profile or Lamellar
bodies] before VLGA births is not indicated.

Molecular Medicine Linked to Epidemiology: Toward
Understanding Causes of SPTB
Several tissues may harbor “the clock” determining the
pregnancy duration. Proposed tissues include those of the uterus,
placenta, fetal membranes, and other intrauterine tissues, along
with endocrine and neuronal tissues. The increase in stress
and inflammation generally increases the risk of premature
labor and concomitantly influences fetal maturity (24, 36).
However, the immune system is complex, and individual
components are often multifunctional, compartmentalized, and
interactive, complicating the use of biological drugs. The studies
involving the whole genome, exome, proteome, and other omics
studies linked to epidemiologic information provide valuable
hypothesis-free data on possible causes of SPTB. Some of the
maternal candidate genes, pointed out by the genomic studies,
are already functionally active during the decidualization (WNT4, HSPA1L, and others) (34, 37–39). However, the tissues and
mediators that signal the onset of labor have not been accurately
identified (24). An active research focus is the highly organized
heterologous structures of placenta, fetal membranes, decidual
tissue, and the maternal blood perfusing the intervillous space.

Spontaneous Preterm Birth in Very
Premature Infants
In most cases of SPTB, the labor starts early, without identifiable
cause and progresses regardless of the tocolytic therapies. This
is by far the most common cause of births at weeks 22–25 (7).
PPROM predisposes or precedes very preterm SPTB in nearly
30% of all cases. Excessive uterine distension, typically in multiple
pregnancies, increases the risk of SPTB. Smoking, alcoholism, the
use of narcotic or euphoric drugs, and low socioeconomic status
are associated with increase in the risk of SPTB. Very young age of
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of P4, silencing the uterine musculature, while PGR-A isoform
silences the effect of PGR-B. In a uterine muscle cell line, the
labor-inducing contractile response of P4 is promoted by the
inflammatory mediator (IL1β) as it increases the expression of
PGR-A and decreases that of PGR-B (45). Certain variants that
influence the expression of PGR are unique in the modern human
species (46).
Several anti-inflammatory agents, as inhibitors of
proinflammatory mediators, have a potential in prevention
of SPTB. These drugs have multiple effects, and the inhibitors
of inflammation may perturb the balance of perinatal transition
and cause serious adverse effects to the fetus and newborn.
A desirable drug both prolongs the duration of a very short
pregnancy and promotes the respiratory adaptation without
adversely influencing growth or critical differentiation of the
brain and other organs. Investigation on causes, consequences,
and prevention of very premature birth is becoming a lucrative
area of neonatal-perinatal research.

They are intimately connected to the fetus and the laborproducing uterine corpus and cervix.
A recent prospective study compared the proteomes of
placentas from very preterm SPTB to the proteomes of placentas
from STB and those from elective very preterm deliveries
(EPTB) (40). Among some 10,000 identified proteins, six were
distinctly different in SPTB placentas. The exon sequences of
genes encoding these six proteins were studied for rare damaging
variants in both mothers and fetuses suffering from recurrent
SPTBs, and only the SERPINA1 gene, which encodes alpha1 antitrypsin (AAT), contained one of the three rare variants
in some individuals affected by SPTB. AAT was localized
and expressed in trophoblasts. It localizes within cytoplasmic
granules of syncytiotrophoblasts and is secreted to placental
intervillous space, potentially contributing to the known increase
in serum AAT concentration during pregnancy (41). AAT
is apparently also secreted from the decidua trophoblasts to
the fibrinoid tissue. In addition, within the decidua fibrinoid,
it is associated with specific collagens and is also located
around fetal fibronectin (Fe-FN1). SERPINA1 knockdown in
human trophoblast cell line-augmented genes regulating the
inflammatory response, inhibited the formation and organization
of the extracellular matrix components and increased synthesis
of Fe-FN1, a biomarker predicting SPTB (40). These findings
led us to propose that AAT/SERPINA1 within the internal lining
of the uterus contributes to the maintenance of pregnancy to
term. Both the AAT content and SERPINA1 expression are
significantly decreased in the placenta compared to those in
STB and EPTB placentas (40). According to SERPINA1 silencing
experiment, AAT-deficiency decreases the anti-inflammatory and
antiprotease capacities and the capacity to maintain the structural
integrity of extracellular matrix lining between the uterus and the
placenta/fetal membranes.
Alpha-1 antitrypsin treatment delays the progress hereditary
lung disease due to rare damaging variants of SERPINA1.
AAT deficiency is also evident in the airways of RDS infants
developing BPD (42). In addition, a therapeutic trial of AAT
supplementation of premature infants decreased the risk of
pulmonary hemorrhage (43). Further studies are required to
explore the potential benefits of AAT in the management of
very premature infants with respiratory distress. Studies are
in progress to further investigate the roles of AAT in SPTB
and, among others, to investigate whether the supplementation
of AAT has a capacity to prevent induced preterm birth in
experimental SPTB. Despite multiple failures to prevent SPTB
during past 80 years, recent findings point out that systematic
research may eventually provide new tools for prevention of very
premature births.
In humans and great apes, unlike other mammals, the decrease
in progesterone (P4) secretion does not induce labor. Instead, P4
secretion from villous syncytiotrophoblasts continues to increase
during the pregnancy and labor. P4 supplementation has a
capacity to prevent SPTB, but only in rare cases of the short
cervix syndrome (44). The activity of the progesterone receptor
(PGR) may have important role in the induction of human SPTB.
PGR, a nuclear transcription factor, is prominently expressed
in uterus. Human PGR-B mediates the anti-inflammatory effect
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MAJOR THERAPIES THAT CONTINUE
TO DEVELOP OR MAY STILL BE
CONTROVERSIAL
Antenatal Corticosteroid Treatment
Potential adverse long term consequences of ACS in imminent
preterm birth must be weighed against the benefits of advancing
the fetal maturity and prevention of serious diseases: survival
without RDS, intraventricular hemorrhage (IVH), necrotizing
enterocolitis (NEC), and possibly BPD. Unfortunately, the
follow-up results of ACS therapy in young adults are based
upon limited availability of data from randomized trials as they
mostly originate from retrospective population-based registers.
Increased risk of CP is reported after multiple repeat doses of
ACS (47). Some cohort studies later in childhood and young
adults have found evidence on neuropsychological and cognitive
disorders in children exposed to ACS (48, 49), whereas others fail
to observe similar abnormalities (50, 51). In randomized trials
using antenatal steroids in threatened very premature birth, the
continuation of pregnancy to term has occurred in 15–60% of
all fetuses exposed to ACS in threatened premature birth (52).
Thus, a significant proportion of these presumably high-risk
fetuses were only exposed to potentially harmful effects of the
steroid (49). However, the adverse effects found in the cohort
studies of ACS-exposed children may also be due to pregnancy
complications or circumstances unrelated to ACS.
Antenatal fluorinated steroids, betamethasone (BM), or
dexamethasone (DX) pass the uterine barrier and dosedependently decrease the growth of the preterm fetus (52).
Growth restriction at birth is a risk factor associating with
adverse cardiopulmonary effects during childhood and in later
life (53, 54). Besides retardation of the fetal growth, the ACS
programming associates with long term morbidities, including
the risk of cognitive and neuropsychiatric disorders, chronic
lung disease, hypertension, diabetes, coronary disease, and early
death (55).
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At present, the optimal ACS drug formulation, dosage, and
time of administration remain to be defined. Pharmacodynamic
reevaluation, including pharmacokinetic studies, model studies
of efficacy, and safety, are needed. An ACS drug formulation
with rather fast adsorption rate and a dosage allowing moderate
and continuous glucocorticoid exposure of the fetus for not
longer than 3–4 days appears desirable. Another challenge is to
define biomarkers that accurately predict the duration of the
remaining preterm pregnancy and minimize the unnecessary
ACS treatments. New randomized trials using a modified ACSformulation with long-term follow-up appears to be indicated.

The debate whether to repeat the ACS dosage continues as
more data accumulates (52). According to meta-analysis, the
only observed beneficial effect of the repeat ACS dosage is the
early treatment requirement of respiratory distress. However, this
may not be clinically relevant. The latest European consensus
report for RDS treatment states that the well-intended repeat
of ACS treatment is potentially harmful in the long term (6).
Obtaining the maximal benefit and minimizing the adverse
effects of ACS is in part dependent on how accurately the drug
can be targeted. The benefit of ACS may be optimal when the
fetus is born before 32 weeks of pregnancy and 1–7 days after
the first ACS dose. The high precision of the timing of ACS
is a challenge since the biomarkers predicting the time of the
delivery are not very accurate, and the efficacy of the tocolytic
therapies is variable.
Another evidence suggests that even the single ACS dosage
used may be excessive. Liggins and Howie used a single dosage
of BM (6 mg BM-phosphate, 6 mg BM-acetate × 2 q. 24 h
intramuscularly, i.m.) (56), and in the US trial, a single dosage
of DX (5–6 mg × 4, q. 12 h) was given (57). Similar ACS
dosages have been given in most subsequent single dosage
studies. According to a recent pharmacodynamic study utilizing
both maternal and cord blood levels of BM, injections of
5.7 mg i.m. 24 h apart may provide sufficient fetal BM for
optimal pharmacologic effect (58). In twin pregnancies, the
maternal clearance rate of BM was increased by a mean of
28% (58).
According to Jobe et al., the slow release of i.m. BMacetate leads to persistence of the drug in circulation (59).
On the other hand, the release of i.m. BM- or DX-phosphate
to blood proceeds within less than 5 or 2 h, respectively,
and both have high peak concentrations. BM and DX, unlike
cortisol, enter to the fetal blood. However, i.m.BM-acetate,
constituting 50% of the BM drug, is slowly released to the
blood. In addition, four days after 3 mg BM-acetate, the BM
serum levels are detectable by a sensitive detection method
and suppresses endogenous cortisol (Figure 1). Since the BMacetate treatment dosage of 6 mg × 2 q. 24 h i.m. (i.e.,
half of the ACS dosage) very slowly enters to the maternal
blood and spreads the fetal compartment, BM-acetate may
persist in the fetal blood for several days and contribute to
the suppression of endogenous cortisol secretion shortly after
premature birth (59). On the other hand, for the induction of
fetal maturity, a sustained glucocorticoid exposure of the fetus
appears necessary.
The beneficial effect of ACS after threatened premature
birth was not evident in a cluster-randomized trial within six
moderate-to-low income countries (Argentina, Guatemala,
India, Kenya, Pakistan, and Zambia) (60). ACS treatment
was associated with significant decrease in the survival rate
of infants and increase in infections. However, another
randomized trial in middle-to-low economy countries
revealed that i.m. DX increased the neonatal and perinatal
survival rates without detectable adverse effects. ACS was
given to mothers with well-defined length of pregnancy,
imminent preterm birth, and no evidence of intrauterine
infection (61).

Frontiers in Pediatrics | www.frontiersin.org

Surfactant Therapy
Surfactant supplementation, together with a combination of new
perinatal management practices, has virtually eliminated RDS
deaths in infants born around 26 weeks or later and allowed the
survival of preemies who are multiple weeks below the survival
limit of 28 weeks gestation during 1980s. Nowadays, a large
majority of ELGA infants survive in advanced perinatal centers.
However, many of them still die of generalized cardiorespiratory
failure during the first week despite maximal cardiopulmonary
treatment, including surfactant therapy, advanced ventilation
practice, and hemodynamic drugs. Insufficient gas exchange,
caused by the small surface of the respiratory bronchioles,
deficient capillary network, and the long distance between
terminal airspaces and capillaries, are factors limiting the survival
of extremely immature infants.

Surfactant Administration Without Intubation
A significant advance in management was extubation to
continuous distending pressure soon after the surfactant
administration (INtubation-SURfactant-Extubation, INSURE)
(62) rather than traditional mechanical ventilation. The next
innovation was the less invasive surfactant administration (LISA)
(17, 63) and similar techniques, i.e., minimally invasive surfactant
(MIST) (64). A thin catheter is introduced into the trachea,
followed by application of surfactant and removal of catheter,
while non-invasive ventilation continues. Meta-analysis of a total
of 2,164 infants in 16 trials comparing the outcome of LISA vs.
INSURE or LISA vs. non-invasive continuous airway pressure
revealed that LISA was associated with the lowered likelihood
of composite death or BPD at 36 weeks’ postmenstrual age (65).
According to a recent multicenter randomized trial comparison
of MIST treatment to placebo treatment of 488 infants born
during 25–28 postconceptional (PC) weeks, MIST is associated
with a decrease in the incidence of BPD (19). These results
leave some issues open, particularly on how early surfactant may
be administered and how effectively mechanical ventilation is
avoided. Surfactant administration via thin catheter may require
prophylactic pain treatment. Finally, these techniques require
sufficient efforts of spontaneous ventilation, excluding some
extremely immature and sick surfactant recipients.

Timing of Surfactant Therapy After Birth?
According to meta-analysis of randomized trials, prophylactic
surfactant treatment shortly after birth had no beneficial effects
on survival without BPD compared to early selective treatment
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FIGURE 1 | Measurements of plasma concentrations of cortisol and the synthetic steroids in non-pregnant female subjects. Cortisol concentrations are shown
starting 24 h before the intramuscular (IM) injections of the following synthetic glucocorticoids: Dexamethasone phosphate (6 mg), Betamethasone acetate
(3 mg) + Betamethasone phosphate (3 mg), or Betamethasone phosphate (6 mg). Betamethasone was only half of the single antenatal betamethasone dose. The
limit of the synthetic steroid (∼1 ng/ml) known to suppress the endogenous cortisol synthesis is shown by dashed line. As a result of the slow release of
intramuscular betamethasone acetate, its concentration in plasma exceeds 1 mg/ml even 4 days after the injection. This is likely to take place in pregnant mothers
and since the synthetic steroid passes to the fetal blood, suppression of cortisol synthesis of the fetus and the newborn infant shortly after the birth is anticipated.
The data shown is from the study by Jobe et al. (59, 141). Copyright from Springer Nature, and from Wiley Periodicals, Inc.

since the old ventilation technique was used. In addition, it is
difficult to deliver surfactant to an immature infant before the
first breath. Even a few breaths within the few minutes after
birth deteriorated the pressure-volume curves of animals (67).
Currently, non-invasive ventilation is dominant, but mechanical
ventilation is still required for many extremely preterm
infants. The respirators and the management techniques have
been extensively developed since the early experimental trials
(68, 69). High-frequency ventilation techniques are preferred for
the treatment of stiff lungs (70).
The delayed cord clamping has been recently re-introduced
in management of preterm infants at birth (71). The oxygen
is delivered from the mother through the functionally intact
placenta for several minutes after birth. During this grace period,
administration of surfactant to the lung liquid may be possible.
The pain associated with the application of surfactant can be
tolerated because the endorphin levels may be high at birth
(72). In case an acute invasive treatment is required during

(13). Trials in the 1990s preferred prophylactic surfactant, but
the definition of BPD back then is different from the new
applied BPD definition in the 2000s. The individualized early
surfactant treatment in RDS rather than prophylactic surfactant
after extremely premature birth became dominant. Prophylactic
surfactant treatment has also changed, i.e., up to 1 h after
birth rather than very shortly after birth, while the first rescue
surfactant during established respiratory distress is given within
2–6 h. In trials during the 2000s, the infants were often treated
with continuous distending pressures, whereas during the 1990s,
less-developed mechanical ventilation was used and therefore
likely influenced the outcome.
Direct prophylactic surfactant administration to the fetal
lung fluid after delivery and before the onset of air breathing
offered a striking benefit in experimental prophylactic surfactant
treatment of very premature sheep compared to early surfactant
administration within less than 1 h after birth in maximally
ventilated animals (66). This observation may no longer be valid
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containing human collectin further decreases the risk of BPD, as
suggested in original trials using human surfactant (75).
Budesonide, added to a commercial surfactant, has increased
the survival of immature infants without BPD. A somewhat
similar effect was obtained when budesonide was nebulized to
the airways or when a low-dose of parenteral hydrocortisone
was given during the first week (6). The indications, dosage,
the route, and the quality of corticosteroid administrated soon
after extremely premature births remain controversial. However,
surfactant, as a topical carrier of drugs for RDS and other
pulmonary diseases, may prove to be useful (84, 88, 90).

the first minutes after premature birth, a pharmacological pain
treatment for the mother using a drug with free access to the fetus
maybe considered.

Quality and Indications of Exogenous Surfactant
In a study reported in 1948, a detergent that lowered the surface
tension was introduced to airways at birth by Gruenwald (73).
After the discoveries of the function of alveolar surfactant by
Pattle and Clements in 1955/1956, Mary Ellen Avery reported
in 1959 that the lung effluent in hyaline membrane disease did
not contain surface active material. Soon after that, the main
surfactant component was identified and the supplementation
therapies followed: first, using dipalmitoyl phosphatidylcholine
(DPPC) and thereafter with mixture of DPPC and another
surfactant component, phosphatidylglycerol, or spreading agent,
hexadecanol. In 1980, Fujiwara reported the acute beneficial
surfactant effect in RDS using an extract of bovine surfactant (73).
Natural human surfactant, containing all surfactant proteins,
including species-specific SP-A, a collectin-family glycoprotein,
was an investigational drug in clinical trials from 1981 to
1991 (74–76). However, domestic animals were proven to be
a stable and adequate source of commercial surfactant for
treatment of RDS. As a result, animal surfactants containing
characteristic lipids and highly conserved hydrophobic SP-B and
SP-C devoid of potentially immunogenic heterologous collectins
became dominant surfactant drugs by 2000s (77).
The synthetic surfactants containing phospholipids and
peptides mimicking SP-B and/or SP-C have been mostly used
in trials (78, 79). The first commercial KL4 -peptide-containing
synthetic surfactant aims to capture the surface-adsorptionpromoting properties of SP-B (80, 81). The currently available
peptide-containing synthetic surfactants were nearly as beneficial
as animal surfactants (82). Effective natural surfactant is less
viscous, resistant against surfactant inhibitors, has very fast
surface adsorption, and is effective in treatment of experimental
lung immaturity. A commercial porcine surfactant, Curosurf,
does not have disturbing viscosity despite exceptionally high
concentration (80 mg/ml), allowing high dosage treatment using
a near-optimal carrier volume. Surfactant is added as one to few
boluses to the airways. Despite improved techniques, nebulized
surfactants are less effectively delivered to terminal airways than
the bolus of surfactant.
Will the quality of surfactant drugs continue to develop?
Natural surfactant contains collectins, principally SP-A and SPD, that are highly species-specific glycoprotein polymers. They
influence the immune properties of the complex and destroy
respiratory viruses (83, 84). In addition, collectins interact with
macrophages and increase the phagocytosis of Mycobacteria
and Streptococcus pneumonia by increasing the cell surface
localization of phagocytotic receptors (85). Both the low SP-A
content in the tracheal aspirate (86) and Ureaplasma pneumonia
(87) are associated with the risk of BPD. Collectins may provide
interesting properties to commercial surfactants (88). According
to a recent plan, recombinant human SP-D is intratracheally
supplemented to infants as nanoparticles, providing a sustainable
release (89). The aim is to first investigate the scientific validity
of this approach and eventually study whether a surfactant
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MANAGEMENT OF TRANSITIONAL
CIRCULATION
Transitional circulation of immature newborns is often
complicated by hemodynamically significant PDA with left-toright shunt or, more rarely, with early PPHN with right-to-left
shunt. A leaky pulmonary vascular bed and the limited cardiac
function further predispose immature newborns to severe lung
edema or ischemia. Early ultrasound diagnostics, excluding
cardiac malformations and the follow-up of developing
hemodynamics during the postnatal course, is required. The
reader is referred to the current treatment recommendations for
the management of RDS (6) and the advanced cardiopulmonary
management protocols (91). The resent brief review focuses
on the controversy of the indications, the quality of the
prostaglandin (PG) synthesis inhibitor drugs used for the PDA
closure, and the indications of iNO during abnormal early
neonatal circulatory transition.

Is Prophylactic Paracetamol Useful in
Management of Immature Infants?
During the early days of the discovery of the medical closure
of PDA, cardiorespiratory distress due to PDA was considered
by some to be a significant factor causing RDS (92). At
present, individualized treatment of PDA, mostly after the
first week, is recommended (6). According to meta-analyses of
clinical trials, medical closure of PDA does not decrease the
risk of serious neonatal morbidities, such as BPD, IVH, or
NEC, and is not associated with any long-term benefits (93).
The consensus statements in the United States and Europe
favor selective medical treatment of symptomatic PDA (6, 94).
Ligation using open surgery or intravascular device is indicated
when the medical treatment of symptomatic PDA fails or is
contraindicated. PDA surgery may rarely take place during the
first week. In addition, detailed diagnosis and treatment protocols
have improved the management of PDA (95).
Complex mechanisms regulate the patency, contraction, and
closure of PDA, and any medical treatment is expected to fail
at times. The advances in the diagnostics of hemodynamic stress
and the understanding of the pathogenetic role of a large left-toright shunt have improved the diagnostics and accuracy of the
indications of medical PDA closure (95). This may lead to more
favorable results for the management of PDA. Cohort studies
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term follow-up. The multicenter TREOCAPA trial (Prophylactic
treatment of the ductus arteriosus in preterm infants by
acetaminophen) is currently recruiting infants, born between
weeks 23 to 28 of pregnancy (114). The i.v. paracetamol dosage
resembles what was used previously: loading at 20 mg/kg and
maintenance at 7.5 mg/kg × 4 for five days. This randomized
phase 3 trial includes a nested pharmacodynamic study. The
aim of this phase 2 dose-escalation trial is to study whether
the increase in the dosage increases the efficacy of PDA closure
without affecting safety. This trial only includes infants born at
23–26 weeks of gestation since these infants had only a barely
detectable response to a standard dosage of paracetamol (115).
Left-to-right shunt across PDA and its complications are
suggested to increase the risk of BPD. Whether the early
paracetamol treatment increases survival without serious adverse
effects, such as Grade 2-3 BPD, grade 3–4 IVH, or stage 2–3 NEC,
remains to be shown. In addition, long term follow-up of the
participants of the TREOCAPA trial is required to demonstrate
the lack of adverse effects before prophylactic paracetamol may
become an accepted therapy.

demonstrate the benefits of early selective treatment of PDA
during the first neonatal week (96, 97).
Spontaneous closure of PDA takes place soon after birth
in some extremely immature infants, and this is an argument
against the prophylaxis of PDA closure. The side effects of nonsteroidal anti-inflammatory agents (NSAIDs), indomethacin
and ibuprofen, are prominent soon after birth. They cause
dose-dependent and non-specific inhibition of prostaglandin,
thromboxane, and prostacyclin synthesis (98, 99). Besides the
risk of bleeding, indomethacin use is particularly associated with
renal insufficiency. Bowel perforations have been particularly
associated with ibuprofen. NSAIDs also potentially complicate
the PDA closure, as they prevent adherence-promoting
thrombosis within the intima of the constricted PDA (100).
After the first evidence of paracetamol (acetaminophen)induced closure of PDA (101), multiple studies have affirmed
this finding (93, 102). Paracetamol is a specific inhibitor of
the peroxidase component of the PG synthase complex. It
has been suggested that the PG synthase complex, providing
substrate for prostaglandin E (PGE)-synthesis, contains low
quantities of arachidonate and peroxide substrates, allowing
dose-dependent inhibition of PGE synthesis by paracetamol
(98). The premature ductus ring is occupied with EP4 receptors
that are activated by PGE, maintaining PDA under conditions
of hypoxia (103). Paracetamol does not remarkably inhibit
the synthesis of thromboxane or prostacyclin (98). Excess of
peroxides during an inflammatory storm is expected to decrease
the efficacy of paracetamol in the inhibition of PGE synthesis.
Paracetamol has a narrow therapeutic window, and the serious
hepatic toxicity is a rather common self-inflicted event (98). The
polymorphic CYP450 enzyme activities are very low in infants.
Therefore, a very small quantity of the toxic metabolite is formed
(104, 105). The fetus is exposed to toxic paracetamol metabolites
from the mother, and the maternal use of paracetamol during
pregnancy has been associated with increased risk of several
diseases in childhood, including asthma, autism spectrum
disorders, and ADHD (106, 107). In a hospital register-based
follow-up study until the age of five, the newborn infants
receiving i.v. paracetamol had similar risk patterns of asthma or
neuropsychiatric disorders than the non-exposed sick newborn
(108). An observational study revealed a decrease in opioid use
among VLGA children after the introduction of i.v. paracetamol
for pain treatment (109). Currently, paracetamol is the preferred
treatment of symptomatic PDA in thrombocytopenia, bleeding
disorders, or when NSAIDs fail to close PDA. The placebocontrolled blinded trials of paracetamol treatment, starting
during the first day of life, increased the closure rate of PDA
(110). The effect on PDA closure was striking when a low
paracetamol dosage was given within 6 h after birth of infants
born before 27 weeks of gestation (111). The phase 2 trials using
paracetamol and other trials mostly after the 1st week revealed
no adverse effects. In one early trial, paracetamol tended to
decrease the early hemodynamic stress due to PDA closure (112),
and it decreased the levels of C-reactive proteins, suggesting
moderation of inflammation (113).
The studies on paracetamol for the prophylactic closure of
PDA justify further multicenter randomized trials with long
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Is Inhaled NO Indicated in Complicated
RDS of Very Premature Infants?
Onset of pulmonary oxygen uptake associates with an acute
decrease of high fetal pulmonary arterial resistance shortly
after birth. Several regulators, including bradykinin, prostacyclin,
and NO, decrease the fetal contractile state of the pulmonary
resistance vessels. The NO synthesis is catalyzed by endothelial
NO synthetase (eNOS). It activates membrane-bound guanylate
cyclase in smooth muscle cells of the resistance vessels, forming
the potent vasodilator cyclic GMP (cGMP) (Figure 2). The halflife of endogenous NO is a fraction of seconds as this molecular
chameleon reacts with a number of heme-proteins and other
reactive molecules (116).
In VLGA infants, dysfunctional cardiorespiratory adaptation
may manifest as early severe PPHN soon after birth (117).
It presents as right-to-left circulatory shunt across the fetal
channels of an anatomically normal heart and as severe hypoxia
requiring high fraction of inspired oxygen (FiO2 ) despite effective
ventilation. Many affected infants respond to surfactant very
shortly after birth. Once they develop PPHN, they fail to respond
to conventional treatments, often after a grace period for few
hours or more. In previous studies, in reporting the iNOtreatment of early PPHN of VLGA infants, nearly all were born
after PPROM (118, 119). At present, the population of the
VLGA infants with early PPHN treated with iNO has a more
diverse spectrum of antenatal complications than previously
(118). Besides PPROM, antenatal complications include maternal
diabetes, preeclampsia, and birth asphyxia. Despite an apparent
increase in incidence of early PPHN, only 3–8% of the VLGA
population is currently affected by PPHN. In most surveys of
VLGA infants, iNO treatment is considerably more common
(120), suggesting heterogeneity of indications for iNO therapy.
Several diseases simulate the manifestation of PPHN. In
extreme structural immaturity of the lung during the canalicular
stage, namely, those mostly born gestation weeks 22–23, the
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FIGURE 2 | Proposed mechanisms of suppression of nitric oxide (NO) synthesis in the lung as a sketch depicting macrophage (above), endothelial cell (middle),
and smooth muscle cell (below). The lack of NO synthesis is proposed to be due to (i) failure of iNOS synthesis due to immunotolerance, associated with
inflammatory insults by prolonged rupture of fetal membranes and (ii) oxidant-induced inactivation of endothelial NO synthase (eNOS) involving glutathionylation,
resulting in diversion of the NO synthetase (NOS)-catalyzed NO production to superoxide (O2 •− ) production (uncoupling). Superoxide converts NO to toxic
peroxynitrite (ONOO− ). Tetrahydrobiopterin (BH4), an essential co-factor of eNOS, may also be oxidized to BH2 upon inactivation of eNOS during
ischemia-reperfusion injury. Phosphodiesterase-5 (PDE5) inhibitors (sildenafil), hydrocortisone (HC; inhibits PDE5 synthesis and the formation of superoxide),
superoxide dismutase (SOD; breaks down superoxide), and N-acetylcysteine (NAC; source of cysteine and reduced glutathione) and L-arginine (substrate of NOS)
are augmenting the formation and the activity of NO.

small pulmonary vascular bed, long alveolar-capillary diffusion
pathway, and the small surface area of terminal airways
severely limits the gas exchange, and PPHN-simulating condition
develops right from the birth (120, 121). These infants likely fail
to survive. Some other infants may present with early severe
pneumonia or other acquired lung injuries (12). Furthermore,
lack of urination of the fetus results in deficient amniotic fluid
formation, early oligohydramnios, and lung hypoplasia. Likewise,
early PPHN is frequently diagnosed as lung hypoplasia based
on the small size of the lung and growth restriction during
prolonged oligohydramnios due to PPROM. Amnioinfusion
has been attempted for treatment of anuria and very early
PPROM without evidence of benefit (122). In some cases,
PPHN-like syndrome associates with metabolic defect, causing
deficiency in the arginine supply for NO synthesis (Lysinuric
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Protein Intolerance, LPI, as an example) (123). Alveolar-capillary
dysplasia (ACD) is a rare congenital fatal disease with misplaced
pulmonary capillaries (117). These and other congenital alveolar
dysplasia cases often have an established genetic defect (124).
Deficiency in left cardiac output, associating with large right-toleft shunt through PDA, mimics the symptoms of PPHN. The
most critical exclusion in early differential diagnosis of PPHN is
congenital cyanotic heart disease.
Besides dependence of high supplemental oxygen, a common
feature of early PPHN is remarkably low lung compliance
that does not respond to surfactant therapy. These symptoms
often indicate high-frequency ventilation and early onset of
iNO. Soon after the onset of iNO treatment in PPHN, there
is often an acute increase in lung compliance, necessitating
acute adjustment of the high airway pressures, along with the
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rupture or congenital cardiac malformation. In our practice, iNO
treatment is not attempted when an extremely immature infant
(21–23 weeks of gestation) fails to respond to resuscitation. On
the other hand, according to therapeutic trials, iNOS treatment
has no significant beneficial effects to VLGA infants with
uncomplicated respiratory distress (120, 130). The controversy
on the indications and potential beneficial effects of iNO will
likely continue. Besides the decrease in pulmonary vascular
resistance, NO may also decrease the excessive resistance of the
small airways, promote the antimicrobial defense, and maintain
surfactant function. The toxic effects of iNO in experimental
studies include the inactivation of surfactant and life-threatening
oxidative effects of toxic free radicals and peroxynitrite that
may damage DNA and proteins, including the mitochondrial
respiratory chain (116). Thus, minimizing the toxicity of NO and
maintaining the apparently life-saving effect of iNO on VLGA
infants with PPHN is a goal.
In the placebo-controlled iNO-trials involving the VLGAinfants, the indications have ranged from mild to moderatesevere respiratory distress, and only a small minority have
been identified as PPHN-like disease (131). According to metaanalysis, no increase in survival without BPD was observed,
with an apparent exception of infants with African-American
background. According to cohort studies, most patients with iNO
treatment of early PPHN have survived, whereas the untreated
historical controls almost exclusively died (118, 130).
Further clinical trials comparing iNO and alternative
vasodilator treatments in early PPHN of VLGA infants are
indicated. Randomized phase 2 trials involving iNO treatment
of the newborn with pulmonary hypertension and another
comparison drug include endothelin receptor antagonists
(Bosentan) (132, 133). Inhibitors of phosphodiesterase 3A
(Milrinone) (134) or of phosphodiesterase 5A (Sildenafil) (135)
may be used as an adjunctive therapy or as the comparison
treatment. Thus far, these trials have included term or near-term
infants with PPHN. In addition, experimental evidence on
HIF1α inhibition (136, 137), hydrocortisone (138), superoxide
dismutase (SOD) (139), NADPH oxidase inhibitor (Apocynin)
(140), and other agonists and antagonists that influence neonatal
PPHN (133) have been reported. In the future, randomized
trials on iNO may include dose-response, dose-escalation, and
drug comparison trials. An attractive comparison or adjunctive
drug would involve a supplementation that facilitates both
the pulmonary vascular adaption and the alveolar stability in
synergy with NO.

dramatic decrease of O2 requirements to avoid excessive lung
distention. The increase in lung compliance in early PPHN is
faster and more pronounced than in RDS following surfactant
supplementation, suggesting a different mechanism. It has been
proposed that in PPHN associated with PPROM, the immune
tolerance, i.e., failure of cytokine responses develops (118),
mimics the immune tolerance of the immature fetal lambs after
multiple LPS-treatments (125). As a result, the inflammatory NO
synthase (iNOS) enzyme is not induced, and contracted small
airways may fail to relax. The inhibition and uncoupling of
eNOS after hypoxia-reperfusion possibly affects all NOS enzymes
located within the very hypoxic lung compartments exposed
to hypoxia-hyperoxia injury (126). The proposed mechanism
of uncoupling of NOS is due to oxidative stress-induced
superoxide (O2 •− ) generation and oxidative depletion of cofactor
tetrahydropteridin (BH4 ) (Figure 2). The oxidative stress also
induces S-glutathionylation of NOS synthase at the critical
cysteine residue that serves as a redox switch influencing the
uncoupling of NO and induction of O2 •− generation. According
to experimental evidence, supplementation of BH4 or increasing
the availability of intracellularly reduced glutathione (GSH) by
supplementation of N-acetylcysteine (NAC) potentially increases
the NO synthesis (127, 128).
A study of nitrate/nitrite levels in airway specimens from
VLGA infants of mothers with severe preeclampsia revealed a
consistent deficiency, indicating lack of NO generation (118).
These VLGA infants had severe RDS, but were not treated with
iNO. The potential explanation of the lack of NO in the airway
specimens of these electively delivered infants of mothers with
severe preeclampsia is severe hypoxia followed by reoxygenation
injury at birth. Recently, a suppression of NO synthesis in
placental endothelial cells in preeclampsia was observed (129).
During the iNO treatment, the small lung volume in PPHN
expands as the contractile state decreases. The size of the lung
often remarkably expands during the treatment and appears
normal in size during the recovery. In most cases of early
PPHN, the duration of PPROM and oligohydramnios lasted
more than a week, and the fetal compression of the chest likely
restricted the lung growth. Severe early neonatal respiratory
insult, such as severe RDS or lung hypoplasia, are well-known
risk factors of BPD. In the previous study of the 17 iNOtreated VLGA-infants, two died and nine had grade 2 BPD (118).
We anticipate that the outcome may improve when the acute
management practices become established in Neonatal Intensive
Care Units (NICUs). The rapid adjustments in continuous
distending pressure requirements and a gradual decrease of the
maximum iNO concentration of 20 ppm soon after the acute
response to iNO are critical components in the management.
The aim to discontinue the iNO treatment within less than
24 h after the onset may not always be possible, suggesting a
heterogeneity of the underlying causes of early PPHN. Very early
discontinuation of iNO may result in relapse, and prolonged
treatment is likely associated with toxicity (Figure 2).
In some cases, the patient fails to respond to iNO (120).
The diffusion pathway of iNO may be too long due to extreme
immaturity, excessive edema, insufficient distending pressures,
or due to other causes of critical hypoxemia, such as acute lung
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CONCLUSION
New supplementation treatments or prophylactic treatments may
eventually prove to be safe and effective for improving the less
satisfactory outcome of the most immature infants. The best
scenario would be a drug that may be given to the mother for
prevention of extremely preterm labor and delivery and to an
extremely premature newborn for early treatment of respiratory
distress. Glucocorticoid supplementation is extensively used
before and after birth. Critical pharmacodynamic studies
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defenses throughout the very premature perinatal transition,
prolonging very premature pregnancies, and further decreasing
respiratory distress and serious multi-organ consequences may
provide the next leap in neonatal—perinatal medicine.

are required for defining the effective and least damaging dosage.
Respiratory distress in extremely preterm infants presents as
a multiorgan failure that requires integrated cardiopulmonary
management strategy. Less invasive surfactant treatment and
non-invasive ventilation with caffeine supplementation is a
preferred treatment strategy in most cases. However, it may
not be successful for the most immature infants and for the
rare cases of complicated and severe respiratory distress. For
the most immature infants, surfactant may be given as soon
as possible at birth, followed by fast and thoughtful weaning
from mechanical to non-invasive ventilation. Despite this, how to
further protect against injuries and promote healing and growth
remains a challenge. Failure of less invasive strategy requires
rapid diagnostics and modification of treatment. Establishing
the preferred ventilation mode and settings, management of
perfusion, avoiding excess of fluid intake, limiting excessive
left-to-right shunts, and, if necessary, establishing effective
pulmonary vasodilator treatment via the airways need to be
included in the strategy. Rapid weaning from effective and at
the same time damaging therapies is a priority. Lastly, new
medications that strengthen the immature or dysfunctional

AUTHOR CONTRIBUTIONS
MH conceptualized, discussed with collaborators and wrote the
manuscript. ER collected and analyzed the data and contributed
to conceptualization and writing. TS proposed and discussed
the topics contributed to the writing. RM contributed to the
conceptualization, discussion and writing of the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING
Sigrid Jusélius
present research.

REFERENCES

provided

support

to

the

13. Rojas-Reyes MX, Morley CJ, Soll R. Prophylactic versus selective use of
surfactant in preventing morbidity and mortality in preterm infants. Cochr
Database Syst Rev. (2012) 3:CD000510.
14. Poets CF, Lorenz L. Prevention of bronchopulmonary dysplasia in extremely
low gestational age neonates: current evidence. Arch Dis Child Fetal Neonatal
Edn. (2018) 103:F285–91. doi: 10.1136/archdischild-2017-314264
15. Cheong JLY, Olsen JE, Huang L, Dalziel KM, Boland RA, Burnett AC, et al.
Changing consumption of resources for respiratory support and short-term
outcomes in four consecutive geographical cohorts of infants born extremely
preterm over 25 years since the early 1990s. BMJ Open. (2020) 10:e037507.
doi: 10.1136/bmjopen-2020-037507
16. Thunqvist P, Tufvesson E, Bjermer L, Winberg A, Fellman V, Domellöf
M, et al. Lung function after extremely preterm birth—a population-based
cohort study (EXPRESS). Pediatr Pulmonol. (2018) 53:64–72. doi: 10.1002/
ppul.23919
17. Kribs A, Roll C, Göpel W, Wieg C, Groneck P, Laux R, et al. Nonintubated
surfactant application vs conventional therapy in extremely preterm infants:
a randomized clinical trial. JAMA Pediatr. (2015) 169:723–30. doi: 10.1001/
jamapediatrics.2015.0504
18. Aldana-Aguirre JC, Pinto M, Featherstone RM, Kumar M. Less invasive
surfactant administration versus intubation for surfactant delivery in preterm
infants with respiratory distress syndrome: a systematic review and metaanalysis. Arch Dis Child Fetal Neonatal Edn. (2017) 102:F17–23. doi: 10.1136/
archdischild-2015-310299
19. Dargaville PA, Kamlin COF, Orsini F, Wang X, de Paoli AG, Kanmaz Kutman
HG, et al. Effect of minimally invasive surfactant therapy vs sham treatment
on death or bronchopulmonary dysplasia in preterm infants with respiratory
distress syndrome. JAMA. (2021) 326:2478–87. doi: 10.1001/jama.2021.21892
20. Barrington KJ, Finer N, Pennaforte T. Inhaled nitric oxide for respiratory
failure in preterm infants. Cochr Database Syst Rev. (2017) 1:CD000509.
doi: 10.1002/14651858.CD000509.pub5
21. Paananen R, Husa AK, Vuolteenaho R, Herva R, Kaukola T, Hallman
M. Blood cytokines during the perinatal period in very preterm infants:
relationship of inflammatory response and bronchopulmonary dysplasia. J
Pediatr. (2009) 154:39–43.e3. doi: 10.1016/j.jpeds.2008.07.012
22. Karjalainen MK, Ojaniemi M, Haapalainen AM, Mahlman M, Salminen
A, Huusko JM, et al. CXCR3 polymorphism and expression associate with
spontaneous preterm birth. J Immunol. (2015) 195:2187–98. doi: 10.4049/
jimmunol.1501174
23. Marttila R, Haataja R, Guttentag S, Hallman M. Surfactant protein A and
B genetic variants in respiratory distress syndrome in singletons and twins.

1. Liu L, Oza S, Hogan D, Chu Y, Perin J, Zhu J, et al. Global, regional,
and national causes of under-5 mortality in 2000–15: an updated
systematic analysis with implications for the sustainable development
goals. Lancet. (2016) 388:3027–35. doi: 10.1016/S0140-6736(16)3
1593-8
2. Walani SR. Global burden of preterm birth. Int J Gynecol Obstet. (2020)
150:31–3. doi: 10.1002/ijgo.13195
3. Glass HC, Costarino AT, Stayer SA, Brett CM, Cladis F, Davis PJ. Outcomes
for extremely premature infants. Anesth Anal. (2015) 120:1337–51. doi: 10.
1213/ANE.0000000000000705
4. Bancalari EH, Jobe AH. The respiratory course of extremely preterm infants:
a dilemma for diagnosis and terminology. J Pediatr. (2012) 161:585–8. doi:
10.1016/j.jpeds.2012.05.054
5. Hallman M, Saarela T, Zimmermann LJI. Respiratory distress syndrome:
predisposing factors, pathophysiology, and diagnosis. In: Buonocore G,
Bracci R, Weindling M editors, Neonatology. A Practical Approach to
Neonatal Diseases. Berlin: Springer (2018). p. 823–42.
6. Sweet DG, Carnielli V, Greisen G, Hallman M, Ozek E, te Pas A, et al.
European consensus guidelines on the management of respiratory distress
syndrome – 2019 update. Neonatology. (2019) 115:432–50. doi: 10.1159/
000499361
7. Goldenberg RL, Culhane JF, Iams JD, Romero R. Epidemiology and causes
of preterm birth. Lancet. (2008) 371:75–84. doi: 10.1016/S0140-6736(08)60
074-4
8. Bry K, Lappalainen U, Hallman M. Intraamniotic interleukin-1 accelerates
surfactant protein synthesis in fetal rabbits and improves lung stability after
premature birth. J Clin Investig. (1997) 99:2992–9. doi: 10.1172/JCI119494
9. Been JV, Zimmermann LJI. Histological chorioamnionitis and respiratory
outcome in preterm infants. Arch Dis Child Fetal Neonatal Edn. (2009)
94:F218–25. doi: 10.1136/adc.2008.150458
10. Sahni M, Bhandari V. Patho-mechanisms of the origins of
bronchopulmonary dysplasia. Mol Cell Pediatr. (2021) 8:21. doi:
10.1186/s40348-021-00129-5
11. Wirbelauer J, Speer CP. The role of surfactant treatment in preterm infants
and term newborns with acute respiratory distress syndrome. J Perinatol.
(2009) 29:S18–22. doi: 10.1038/jp.2009.30
12. Thébaud B, Goss KN, Laughon M, Whitsett JA, Abman SH, Steinhorn RH,
et al. Bronchopulmonary dysplasia. Nat Rev Dis Primers. (2019) 5:78. doi:
10.1038/s41572-019-0127-7

Frontiers in Pediatrics | www.frontiersin.org

Foundation

11

May 2022 | Volume 10 | Article 862038

Hallman et al.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Immaturity and Respiratory Distress

Am J Respir Crit Care Med. (2003) 168:1216–22. doi: 10.1164/rccm.200304524OC
Romero R, Dey SK, Fisher SJ. Preterm labor: one syndrome, many causes.
Science. (2014) 345:760–5. doi: 10.1126/science.1251816
GBD 2016 DALYs and Hale Collaborators. Global, regional, and national
disability-adjusted life-years (DALYs) for 359 diseases and injuries and
healthy life expectancy (HALE) for 195 countries and territories, 1990-2017: a
systematic analysis for the global burden of disease study 2017. Lancet. (2018)
392:1859–922. doi: 10.1016/S0140-6736(18)32335-3
Jakobsson M, Gissler M, Paavonen J, Tapper AM. The incidence of preterm
deliveries decreases in Finland. BJOG. (2008) 115:38–43. doi: 10.1111/j.14710528.2007.01565.x
Saigal S, Doyle LW. An overview of mortality and sequelae of preterm birth
from infancy to adulthood. Lancet. (2008) 371:261–9. doi: 10.1016/S01406736(08)60136-1
Marttila R, Kaprio J, Hallman M. Respiratory distress syndrome in twin
infants compared with singletons. Am J Obstetr Gynecol. (2004) 191:271–6.
doi: 10.1016/j.ajog.2003.11.020
Shin JE, Yoon SJ, Lim J, Han J, Eun HS, Park MS, et al. Pulmonary
surfactant replacement therapy for respiratory distress syndrome in neonates:
a nationwide epidemiological study in Korea. J Korean Med Sci. (2020)
35:e253. doi: 10.3346/JKMS.2020.35.E253
Bezold KY, Karjalainen MK, Hallman M, Teramo K, Muglia LJ. The genomics
of preterm birth: from animal models to human studies. Genome Med. (2013)
5:34. doi: 10.1186/gm438
Kim CJ, Romero R, Chaemsaithong P, Chaiyasit N, Yoon BH, Kim YM. Acute
chorioamnionitis and funisitis: definition, pathologic features, and clinical
significance. Am J Obstet Gynecol. (2015) 213:S29–52. doi: 10.1016/j.ajog.
2015.08.040
Kenyon S, Boulvain M, Neilson JP. Antibiotics for preterm rupture of
membranes. Cochr Database Syst Rev. (2013) 2013:CD001058. doi: 10.1002/
14651858.CD001058
Melchor JC, Khalil A, Wing D, Schleussner E, Surbek D. Prediction of
preterm delivery in symptomatic women using PAMG-1, fetal fibronectin
and phIGFBP-1 tests: systematic review and meta-analysis. Ultrasound Obstet
Gynecol. (2018) 52:442–51. doi: 10.1002/uog.19119
Hallman M, Haapalainen A, Huusko JM, Karjalainen MK, Zhang G, Muglia
LJ, et al. Spontaneous premature birth as a target of genomic research. Pediatr
Res. (2019) 85:422–31. doi: 10.1038/s41390-018-0180-z
Plunkett J, Doniger S, Orabona G, Morgan T, Haataja R, Hallman M, et al.
An evolutionary genomic approach to identify genes involved in human
birth timing. PLoS Genet. (2011) 7:e1001365. doi: 10.1371/journal.pgen.100
1365
Jobe AH, Newnham JP, Willet KE, Sly P, Ervin MG, Bachurski C, et al.
Effects of antenatal endotoxin and glucocorticoids on the lungs of preterm
lambs. Am J Obstet Gynecol. (2000) 182:401–8. doi: 10.1016/s0002-9378(00)7
0231-6
Zhang G, Feenstra B, Bacelis J, Liu X, Muglia LM, Juodakis J, et al. Genetic
associations with gestational duration and spontaneous preterm birth. N Engl
J Med. (2017) 377:1156–67. doi: 10.1056/nejmoa1612665
Huusko JM, Karjalainen MK, Graham BE, Zhang G, Farrow EG, Miller NA,
et al. Whole exome sequencing reveals HSPA1L as a genetic risk factor for
spontaneous preterm birth. PLoS Genet. (2018) 14:e1007394. doi: 10.1371/
journal.pgen.1007394
Monangi N, Xu H, Khanam R, Khan W, Deb S, Pervin J, et al. Association of
maternal prenatal selenium concentration and preterm birth: a multicountry
meta-analysis. BMJ Glob Health. (2021) 6:e005856. doi: 10.1136/bmjgh2021-005856
Tiensuu H, Haapalainen AM, Tissarinen P, Pasanen A, Määttä TA, Huusko
JM, et al. Human placental proteomics and exon variant studies link
AAT/SERPINA1 with spontaneous preterm birth. Accepted for publication
(BMED-D-22-00178R2). BMC Med. (2022).
Lisowska-Myjak B, Sygitowicz G, Wolf B, Pachecka J. Serum alpha-1antitrypsin concentration during normal and diabetic pregnancy. Eur J Obstet
Gynecol Reprod Biol. (2001) 99:53–6. doi: 10.1016/s0301-2115(01)00356-6
Merritt TA, Cochrane CG, Holcomb K, Bohl B, Hallman M, Strayer D, et al.
Elastase and alpha 1-proteinase inhibitor activity in tracheal aspirates during
respiratory distress syndrome. Role of inflammation in the pathogenesis of

Frontiers in Pediatrics | www.frontiersin.org

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.
56.

57.

58.

59.

60.

12

bronchopulmonary dysplasia. J Clin Invest. (1983) 72:656–66. doi: 10.1172/
JCI111015
Stiskal JA, Dunn MS, Shennan AT, O’Brien KK, Kelly EN, Koppel RI, et al.
Alpha-1 proteinase inhibitor (a1PI) for preventing chronic lung disease of
prematurity: a randomized, controlled trial. Pediatrics. (1998) 101:89–94.
doi: 10.1542/peds.101.1.89
Romero R, Conde-Agudelo A, da Fonseca E, O’Brien JM, Cetingoz E, Creasy
GW, et al. Vaginal progesterone for preventing preterm birth and adverse
perinatal outcomes in singleton gestations with a short cervix: a meta-analysis
of individual patient data. Am J Obstet Gynecol. (2018) 218:161–80. doi:
10.1016/j.ajog.2017.11.576
Tan H, Yi L, Rote NS, Hurd WW, Mesiano S. Progesterone receptor-A
and -B have opposite effects on proinflammatory gene expression in human
myometrial cells: implications for progesterone actions in human pregnancy
and parturition. J Clin Endocrinol Metab. (2012) 97:E719–E730. doi: 10.1210/
jc.2011-3251
Li J, Hong X, Mesiano S, Muglia LJ, Wang X, Snyder M, et al. Natural selection
has differentiated the progesterone receptor among human populations. Am
J Hum Genet. (2018) 103:45–57. doi: 10.1016/j.ajhg.2018.05.009
Wapner RJ, Sorokin Y, Mele L, Johnson F, Dudley DJ, Spong CY, et al. Longterm outcomes after repeat doses of antenatal corticosteroids. N Engl J Med.
(2007) 357:1190–8. doi: 10.1056/nejmoa071453
Ilg L, Klados M, Alexander N, Kirschbaum C, Li SC. Long-term impacts of
prenatal synthetic glucocorticoids exposure on functional brain correlates of
cognitive monitoring in adolescence. Sci Rep. (2018) 8:7715. doi: 10.1038/
s41598-018-26067-3
Räikkönen K, Gissler M, Kajantie E. Associations between maternal antenatal
corticosteroid treatment and mental and behavioral disorders in children.
JAMA. (2020) 323:1924–33. doi: 10.1001/jama.2020.3937
Dessens AB, Haas HS, Koppe JG. Twenty-year follow-up of antenatal
corticosteroid treatment. Pediatrics. (2000) 105:E77. doi: 10.1542/peds.105.
6.e77
Dalziel SR, Lim VK, Lambert A, McCarthy D, Parag V, Rodgers A, et al.
Antenatal exposure to betamethasone: psychological functioning and health
related quality of life 31 years after inclusion in randomised controlled trial.
Br Med J. (2005) 331:665–8. doi: 10.1136/bmj.38576.494363.E0
Crowther CA, Middleton PF, Voysey M, Askie LM, Zhang S, Martlow TK,
et al. Effects of repeat prenatal corticosteroids given to women at risk of
preterm birth: an individual participant data meta-analysis. PLoS Med. (2019)
16:e1002771. doi: 10.1371/journal.pmed.1002771
Barker DJP. The developmental origins of chronic adult disease. Acta
Paediatr Suppl. (2004) 93:26–33. doi: 10.1080/08035320410022730
Ronkainen E, Dunder T, Kaukola T, Marttila R, Hallman M. Intrauterine
growth restriction predicts lower lung function at school age in children
born very preterm. Arch Dis Child Fetal Neonatal Edn. (2016) 101:F412–7.
doi: 10.1136/archdischild-2015-308922
Seckl JR. Prenatal glucocorticoids and long-term programming. Eur J
Endocrinol Suppl. (2004) 151:U49–62. doi: 10.1530/eje.0.151u049
Liggins GC, Howie RN. A controlled trial of antepartum glucocorticoid
treatment for prevention of the respiratory distress syndrome in premature
infants. Pediatrics. (1972) 50:515–25. doi: 10.1542/peds.50.4.515
Collaborative Group on Antenatal Steroid Therapy. Effect of antenatal
dexamethasone administration on the prevention of respiratory distress
syndrome. Am J Obstet Gynecol. (1981) 141:276–87. doi: 10.1016/S00029378(16)32633-3
Foissac F, Zheng Y, Hirt D, Lui G, Bouazza N, Ville Y, et al.
Maternal betamethasone for prevention of respiratory distress syndrome
in neonates: population pharmacokinetic and pharmacodynamic approach.
Clin Pharmacol Ther. (2020) 108:1026–35. doi: 10.1002/cpt.1887
Jobe AH, Kemp M, Schmidt A, Takahashi T, Newnham J, Milad M. Antenatal
corticosteroids: a reappraisal of the drug formulation and dose. Pediatr Res.
(2021) 89:318–25. doi: 10.1038/s41390-020-01249-w
Althabe F, Belizán 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) 385:629–39. doi:
10.1016/S0140-6736(14)61651-2

May 2022 | Volume 10 | Article 862038

Hallman et al.

Immaturity and Respiratory Distress

61. WHO Action Trials Collaborators. Antenatal dexamethasone for early
preterm birth in low-resource countries. N Engl J Med. (2020) 383:2514–25.
doi: 10.1056/NEJMoa2022398
62. de Bisschop B, Derriks F, Cools F. Early predictors for INtubationSURfactant-extubation failure in preterm infants with neonatal respiratory
distress syndrome: a systematic review. Neonatology. (2020) 117:33–45. doi:
10.1159/000501654
63. Kribs A. Early administration of surfactant in spontaneous breathing with
nCPAP through a thin endotracheal catheter – an option in the treatment of
RDS in ELBW infants? J Perinatol. (2009) 29:256. doi: 10.1038/jp.2008.245
64. Dargaville PA, Aiyappan A, de Paoli AG, Kuschel CA, Kamlin COF, Carlin JB,
et al. Minimally-invasive surfactant therapy in preterm infants on continuous
positive airway pressure. Arch Dis Child Fetal Neonatal Edn. (2013) 98:F122–
6. doi: 10.1136/archdischild-2011-301314
65. Abdel-Latif ME, Davis PG, Wheeler KI, de Paoli AG, Dargaville PA.
Surfactant therapy via thin catheter in preterm infants with or at risk of
respiratory distress syndrome. Cochr Database Syst Rev. (2021) 5:CD011672.
doi: 10.1002/14651858.CD011672.pub2
66. Jobe A, Ikegami M, Glatz T, Yoshida Y, Diakomanolis E, Padbury J. Duration
and characteristics of treatment of premature lambs with natural surfactant.
J Clin Investig. (1981) 67:370–5. doi: 10.1172/JCI110044
67. Ingimarsson J, Björklund LJ, Curstedt T, Gudmundsson S, Larsson A,
Robertson B, et al. Incomplete protection by prophylactic surfactant against
the adverse effects of large lung inflations at birth in immature lambs. Intens
Care Med. (2004) 30:1446–53. doi: 10.1007/s00134-004-2227-3
68. van Kaam AH, de Luca D, Hentschel R, Hutten J, Sindelar R, Thome U, et al.
Modes and strategies for providing conventional mechanical ventilation in
neonates. Pediatr Res. (2021) 90:957–62. doi: 10.1038/s41390-019-0704-1
69. Glaser K, Speer CP, Wright CJ. Fine tuning non-invasive respiratory support
to prevent lung injury in the extremely premature infant. Front Pediatr.
(2020) 7:544. doi: 10.3389/fped.2019.00544
70. Miedema M, McCall KE, Perkins EJ, Oakley RB, Pereira-Fantini PM,
Rajapaksa AE, et al. Lung recruitment strategies during high frequency
oscillatory ventilation in preterm lambs. Front Pediatr. (2018) 6:436. doi:
10.3389/fped.2018.00436
71. Fogarty M, Osborn DA, Askie L, Seidler AL, Hunter K, Lui K, et al. Delayed
vs early umbilical cord clamping for preterm infants: a systematic review
and meta-analysis. Am J Obstet Gynecol. (2018) 218:1–18. doi: 10.1016/j.ajog.
2017.10.231
72. Bacigalupo G, Langner K, Schmidt S, Saling E. Plasma immunoreactive betaendorphin, ACTH and cortisol concentrations in mothers and their neonates
immediately after delivery — their relationship to the duration of labor. J
Perinatal Med. (1987) 15:45–52. doi: 10.1515/jpme.1987.15.1.45
73. Obladen M. History of surfactant research. In: Robertson B, van Golde
LMG, Batenburg JJ editors, Pulmonary Surfactant. From Molecular Biology
to Clinical Practice. Amsterdam: Elsevier (1992). p. 1–18.
74. Hallman M, Merritt TA, Schneider H, Epstein BL, Mannino F, Edwards DK,
et al. Isolation of human surfactant from anniotic fluid and a pilot study
of its efficacy in respiratory distress syndrome. Pediatrics. (1983) 71:473–82.
doi: 10.1542/peds.71.4.473
75. Merritt TA, Hallman M, Bloom BT, Berry C, Benirschke K, Sahn D,
et al. Prophylactic treatment of very premature infants with human
surfactant. N Engl J Med. (1986) 315:785–90. doi: 10.1056/NEJM1986092531
51301
76. Kari MA, Hallman M, Eronen M, Teramo K, Virtanen M, Koivisto M,
et al. Prenatal dexamethasone treatment in conjunction with rescue therapy
of human surfactant: a randomized placebo-controlled multicenter study.
Pediatrics. (1994) 93:730–6.
77. Soll R, Blanco F. Natural surfactant extract versus synthetic surfactant for
neonatal respiratory distress syndrome. Cochr Database Syst Rev. (2001)
2:CD000144. doi: 10.1002/14651858.cd000144
78. Halliday HL. Surfactants: past, present and future. J Perinatol. (2008) 28
(Suppl. 1):S47–56. doi: 10.1038/jp.2008.50
79. Sweet DG, Turner MA, Stranák Z, Plavka R, Clarke P, Stenson BJ, et al. A firstin-human clinical study of a new SP-B and SP-C enriched synthetic surfactant
(CHF5633) in preterm babies with respiratory distress syndrome. Arch Dis
Child Fetal Neonatal Edn. (2017) 102:F497–503. doi: 10.1136/archdischild2017-312722

Frontiers in Pediatrics | www.frontiersin.org

80. Revak SD, Merritt TA, Hallman M, Heldt G, la Polla RJ, Hoey K, et al. The use
of synthetic peptides in the formation of biophysically and biologically active
pulmonary surfactants. Pediatr Res. (1991) 29:460–5. doi: 10.1203/00006450199105010-00010
81. Cochrane CG, Revak SD. Pulmonary surfactant protein B (SP-B): structurefunction relationships. Science. (1991) 254:566–8. doi: 10.1126/science.
1948032
82. Pfister R, Soll R, Wiswell T. Protein containing synthetic surfactant versus
animal derived surfactant extract for the prevention and treatment of
respiratory distress syndrome. Cochr Database Syst Rev. (2007) 3:CD006069.
83. Floros J, Thorenoor N, Tsotakos N, Phelps DS. Human surfactant protein SPA1 and SP-A2 variants differentially affect the alveolar microenvironment,
surfactant structure, regulation and function of the alveolar macrophage, and
animal and human survival under various conditions. Front Immunol. (2021)
12:681639. doi: 10.3389/fimmu.2021.681639
84. Watson A, Madsen J, Clark HW. SP-A and SP-D: dual functioning immune
molecules with antiviral and immunomodulatory properties. Front Immunol.
(2021) 11:622598. doi: 10.3389/fimmu.2020.622598
85. Kuroki Y, Takahashi M, Nishitani C. Pulmonary collectins in innate
immunity of the lung. Cell Microbiol. (2007) 9:1871–9. doi: 10.1111/j.14625822.2007.00953.x
86. Hallman M, Merritt TA, Akino T, Bry K. Surfactant protein A,
phosphatidylcholine, and surfactant inhibitors in epithelial lining fluid:
correlation with surface activity, severity of respiratory distress syndrome,
and outcome in small premature infants. Am Rev Respir Dis. (1991)
144:1376–84. doi: 10.1164/ajrccm/144.6.1376
87. Viscardi RM, Kallapur SG. Role of ureaplasma respiratory tract colonization
in bronchopulmonary dysplasia pathogenesis: current concepts and
update. Clin Perinatol. (2015) 42:719–38. doi: 10.1016/j.clp.2015.
08.003
88. Ghati A, Dam P, Tasdemir D, Kati A, Sellami H, Sezgin GC, et al. Exogenous
pulmonary surfactant: a review focused on adjunctive therapy for severe
acute respiratory syndrome coronavirus 2 including SP-A and SP-D as added
clinical marker. Curr Opin Colloid Interface Sci. (2021) 51:101413. doi: 10.
1016/j.cocis.2020.101413
89. Arroyo R, Kingma PS. Surfactant protein D and bronchopulmonary
dysplasia: a new way to approach an old problem. Respir Res. (2021) 22:141.
doi: 10.1186/s12931-021-01738-4
90. Hidalgo A, Cruz A, Pérez-Gil J. Barrier or carrier? Pulmonary surfactant and
drug delivery. Eur J Pharm Biopharm. (2015) 95:117–27. doi: 10.1016/j.ejpb.
2015.02.014
91. El-Khuffash A, McNamara PJ. Hemodynamic assessment and monitoring of
premature infants. Clin Perinatol. (2017) 44:377–93. doi: 10.1016/j.clp.2017.
02.001
92. Jacob J, Gluck L, DiSessa T, Edwards D, Kulovich M, Kurlinski J, et al.
The contribution of PDA in the neonate with severe RDS. J Pediatr. (1980)
96:79–87. doi: 10.1016/S0022-3476(80)80336-2
93. Mitra S, Florez ID, Tamayo ME, Mbuagbaw L, Vanniyasingam T,
Veroniki AA, et al. Association of placebo, indomethacin, ibuprofen, and
acetaminophen with closure of hemodynamically significant patent ductus
arteriosus in preterm infants a systematic review and meta-analysis. JAMA.
(2018) 319:1221–38. doi: 10.1001/jama.2018.1896
94. Benitz WE. Patent ductus arteriosus in preterm infants. Pediatrics. (2016)
137:e20153730. doi: 10.1542/peds.2015-3730
95. van Laere D, van Overmeire B, Gupta S, Savoia M, McNamara PJ,
Schwarz CE, et al. Application of NPE in the assessment of a patent
ductus arteriosus. Pediatr Res. (2018) 84:46–56. doi: 10.1038/s41390-0180077-x
96. Liebowitz M, Clyman RI. Prophylactic indomethacin compared with delayed
conservative management of the patent ductus arteriosus in extremely
preterm infants: effects on neonatal outcomes. J Pediatr. (2017) 187:119–
26.e1. doi: 10.1016/j.jpeds.2017.03.021
97. Rozé JC, Cambonie G, Marchand-Martin L, Gournay V, Durrmeyer X, Durox
M, et al. Association between early screening for patent ductus arteriosus
and in-hospital mortality among extremely preterm infants. JAMA. (2015)
313:2441–8. doi: 10.1001/jama.2015.6734
98. Anderson BJ. Paracetamol (acetaminophen): mechanisms of action. Paediatr
Anaesth. (2008) 18:915–21. doi: 10.1111/j.1460-9592.2008.02764.x

13

May 2022 | Volume 10 | Article 862038

Hallman et al.

Immaturity and Respiratory Distress

99. Aranda JV, Salomone F, Valencia GB, Beharry KD. Non-steroidal antiinflammatory drugs in newborns and infants. Pediatr Clin North Am. (2017)
64:1327–40. doi: 10.1016/j.pcl.2017.08.009
100. Hallman M, Treluyer JM, Aikio O, Rozé JC. Early closure mechanisms of the
ductus arteriosus in immature infants. Acta Paediatr Int J Paediatr. (2021)
110:1995–2007. doi: 10.1111/apa.15826
101. Hammerman C, Bin-Nun A, Markovitch E, Schimmel MS, Kaplan M, Fink
D. Ductal closure with paracetamol: a surprising new approach to patent
ductus arteriosus treatment. Pediatrics. (2011) 128:e1618-21. doi: 10.1542/
peds.2011-0359
102. Ohlsson A, Shah PS. Paracetamol (acetaminophen) for patent ductus
arteriosus in preterm or low birth weight infants. Cochr Database Syst Rev.
(2020) 4:CD010061. doi: 10.1002/14651858.CD010061.pub4
103. Fan FL, Zhu S, Chen LH, Zou YL, Fan LH, Kang JH, et al. Role of
prostaglandin E2 and its receptors in the process of ductus arteriosus
maturation and functional closure in the rabbit. Clin Exp Pharmacol Physiol.
(2010) 37:574–80. doi: 10.1111/j.1440-1681.2010.05354.x
104. Allegaert K, Palmer GM, Anderson BJ. The pharmacokinetics of intravenous
paracetamol in neonates: size matters most. Arch Dis Child. (2011) 96:575–80.
doi: 10.1136/adc.2010.204552
105. Flint RB, Roofthooft DW, van Rongen A, van Lingen RA, van den Anker JN,
van Dijk M, et al. Exposure to acetaminophen and all its metabolites upon
10, 15, and 20 mg/kg intravenous acetaminophen in very-preterm infants.
Pediatr Res. (2017) 82:678–84. doi: 10.1038/pr.2017.129
106. Ystrom E, Gustavson K, Brandlistuen RE, Knudsen GP, Magnus P, Susser
E, et al. Prenatal exposure to acetaminophen and risk of ADHD. Pediatrics.
(2017) 140:e20163840. doi: 10.1542/peds.2016-3840
107. Ji Y, Azuine RE, Zhang Y, Hou W, Hong X, Wang G, et al. Association
of cord plasma biomarkers of in utero acetaminophen exposure with risk
of attention-deficit/hyperactivity disorder and autism spectrum disorder in
childhood. JAMA Psychiatry. (2020) 77:180–9. doi: 10.1001/jamapsychiatry.
2019.3259
108. Juujärvi S, Saarela T, Pokka T, Hallman M, Aikio O. Intravenous paracetamol
for neonates: long-term diseases not escalated during 5 years of followup. Arch Dis Child Fetal Neonatal Edn. (2021) 106:178–83. doi: 10.1136/
archdischild-2020-319069
109. Härmä A, Aikio O, Hallman M, Saarela T. Intravenous paracetamol decreases
requirements of morphine in very preterm infants. J Pediatr. (2016) 168:36–
40. doi: 10.1016/j.jpeds.2015.08.003
110. Härkin P, Härmä A, Aikio O, Valkama M, Leskinen M, Saarela T, et al.
Paracetamol accelerates closure of the ductus arteriosus after premature
birth: a randomized trial. J Pediatr. (2016) 177:72–7.e2. doi: 10.1016/j.jpeds.
2016.04.066
111. Schindler T, Smyth J, Bolisetty S, Michalowski J, Mallitt KA, Singla A, et al.
Early PARacetamol (EPAR) trial: a randomized controlled trial of early
paracetamol to promote closure of the ductus arteriosus in preterm infants.
Neonatology. (2021) 118:274–81. doi: 10.1159/000515415
112. Härmä A, Aikio O, Härkin P, Leskinen M, Valkama M, Saarela T, et al.
Subgroup analysis of the early paracetamol trial to preterm infants found
haemodynamic changes and improved oxygenation. Early Hum Dev. (2020)
145:105042. doi: 10.1016/j.earlhumdev.2020.105042
113. Aikio O, Härmä A, Härkin P, Leskinen M, Valkama M, Saarela T, et al.
Inflammatory biomarkers in very preterm infants during early intravenous
paracetamol administration. Early Hum Dev. (2021) 161:105464. doi: 10.
1016/j.earlhumdev.2021.105464
114. Rozé J-C. Prophylactic treatment of the ductus arteriosus in preterm infants
by acetaminophen (TREOCAPA). NCT04459117. ClinicalTrials Gov. (2020).
Available online at: https://clinicaltrials.gov/ct2/show/NCT04459117.
115. Bouazza N, Treluyer JM, Foissac F, Urien S, Aikio O, Roze JC, et al.
Pharmacokinetics of intravenous paracetamol (acetaminophen) and ductus
arteriosus closure after premature birth. Clin Pharmacol Ther. (2021)
110:1087–95. doi: 10.1002/cpt.2380
116. Gao Y, Raj JU. Regulation of the pulmonary circulation in the fetus and
newborn. Physiol Rev. (2010) 90:1291–335. doi: 10.1152/physrev.00032.2009
117. Mandell E, Kinsella JP, Abman SH. Persistent pulmonary hypertension of the
newborn. Pediatr Pulmonol. (2021) 56:661–9. doi: 10.1002/ppul.25073
118. Aikio O, Metsola J, Vuolteenaho R, Perhomaa M, Hallman M. Transient
defect in nitric oxide generation after rupture of fetal membranes and

Frontiers in Pediatrics | www.frontiersin.org

119.
120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.
134.

135.

136.

14

responsiveness to inhaled nitric oxide in very preterm infants with hypoxic
respiratory failure. J Pediatr. (2012) 161:397–403.e1. doi: 10.1016/j.jpeds.
2012.03.008
Abman SH. Pulmonary hypertension: the hidden danger for newborns.
Neonatology. (2021) 118:211–7. doi: 10.1159/000516107
Lakshminrusimha S, Kinsella JP, Krishnan US, van Meurs K, Edwards EM,
Bhatt DR, et al. Just say no to iNO in preterms—really? J Pediatr. (2020)
218:243–52. doi: 10.1016/j.jpeds.2019.10.063
Lipsett J. Human fetal lung morphometry at autopsy with new modeling
to quantitate structural maturity. Pediatr Pulmonol. (2017) 52:771–8. doi:
10.1002/ppul.23675
O’hare EM, Jelin AC, Miller JL, Ruano R, Atkinson MA, Baschat AA,
et al. Amnioinfusions to treat early onset anhydramnios caused by renal
anomalies: background and rationale for the renal anhydramnios fetal
therapy trial. Fetal Diagn Ther. (2019) 45:365–72. doi: 10.1159/0004
97472
Nunes V, Niinikoski H. Lysinuric protein intolerance. 2006 Dec 21 [updated
2018 Apr 12]. In: Adam MP, Ardinger HH, Pagon RA, Wallace SE, Bean
LJH, Gripp KW editors, GeneReviews§[Internet]. Seattle, WA: University of
Washington (1993). 1993–2021∗∗∗ .
Bush A, Griese M, Seidl E, Kerem E, Reu S, Nicholson AG. Early onset
children’s interstitial lung diseases: discrete entities or manifestations of
pulmonary dysmaturity? Paediatr Respir Rev. (2019) 30:65–71. doi: 10.1016/
j.prrv.2018.09.004
Kallapur SG, Jobe AH, Ball MK, Nitsos I, Moss TJM, Hillman NH, et al.
Pulmonary and systemic endotoxin tolerance in preterm fetal sheep exposed
to chorioamnionitis. J Immunol. (2007) 179:8491–9. doi: 10.4049/jimmunol.
179.12.8491
de Pascali F, Hemann C, Samons K, Chen CA, Zweier JL. Hypoxia
and reoxygenation induce endothelial nitric oxide synthase uncoupling
in endothelial cells through tetrahydrobiopterin depletion and
S-glutathionylation. Biochemistry. (2014) 53:3679–88. doi: 10.1021/bi50
0076r
Channon KM. Tetrahydrobiopterin and nitric oxide synthase recouplers.
Handb Exp Pharmacol. (2021) 264:339–52. doi: 10.1007/164_20
20_390
Chen CA, Wang TY, Varadharaj S, Reyes LA, Hemann C, Talukder
MAH, et al. S-glutathionylation uncouples eNOS and regulates its cellular
and vascular function. Nature. (2010) 468:1115–20. doi: 10.1038/nature
09599
Guerby P, Tasta O, Swiader A, Pont F, Bujold E, Parant O, et al. Role of
oxidative stress in the dysfunction of the placental endothelial nitric oxide
synthase in preeclampsia. Redox Biol. (2021) 40:101861. doi: 10.1016/j.redox.
2021.101861
Vieira F, Makoni M, Szyld E, Sekar K. The controversy persists: is there a
qualification criterion to utilize inhaled nitric oxide in pre-term newborns?
Front Pediatr. (2021) 9:631765. doi: 10.3389/fped.2021.631765
Askie LM, Davies LC, Schreiber MD, Hibbs AM, Ballard PL, Ballard RA. Race
effects of inhaled nitric oxide in preterm infants: an individual participant
data meta-analysis. J Pediatr. (2018) 193:34–9.e2. doi: 10.1016/j.jpeds.2017.
10.004
Radicioni M, Bruni A, Camerini P. Combination therapy for lifethreatening pulmonary hypertension in a premature infant: first report on
bosentan use. Eur J Pediatr. (2011) 170:1075–8. doi: 10.1007/s00431-0111422-9
Steinhorn RH. Advances in neonatal pulmonary hypertension. Neonatology.
(2016) 109:334–44. doi: 10.1159/000444895
James AT, Corcoran JD, McNamara PJ, Franklin O, El-Khuffash AF. The
effect of milrinone on right and left ventricular function when used as a
rescue therapy for term infants with pulmonary hypertension. Cardiol Young.
(2014) 26:90–9. doi: 10.1017/S1047951114002698
Kelly LE, Ohlsson A, Shah PS. Sildenafil for pulmonary hypertension in
neonates. Cochr Database Syst Rev. (2017) 2017:CD005494. doi: 10.1002/
14651858.CD005494.pub4
Ball MK, Waypa GB, Mungai PT, Nielsen JM, Czech L, Dudley VJ, et al.
Regulation of hypoxia-induced pulmonary hypertension by vascular smooth
muscle hypoxia-inducible factor-1α. Am J Respir Crit Care Med. (2014)
189:314–24. doi: 10.1164/rccm.201302-0302OC

May 2022 | Volume 10 | Article 862038

Hallman et al.

Immaturity and Respiratory Distress

dexamethasone in reproductive age women in india. Clin Transl Sci.
(2020) 13:391–9. doi: 10.1111/cts.12724

137. Wedgwood S, Lakshminrusimha S, Schumacker PT, Steinhorn RH.
Hypoxia inducible factor signaling and experimental persistent pulmonary
hypertension of the newborn. Front Pharmacol. (2015) 6:47. doi: 10.3389/
fphar.2015.00047
138. Perez M, Lakshminrusimha S, Wedgwood S, Czech L, Gugino SF, Russell JA,
et al. Hydrocortisone normalizes oxygenation and cGMP regulation in lambs
with persistent pulmonary hypertension of the newborn. Am J Physiol Lung
Cell Mol Physiol. (2012) 302:L595–603. doi: 10.1152/ajplung.00145.2011
139. Farrow KN, Lakshminrusimha S, Reda WJ, Wedgwood S, Czech L, Gugino
SF, et al. Superoxide dismutase restores eNOS expression and function
in resistance pulmonary arteries from neonatal lambs with persistent
pulmonary hypertension. Am J Physiol Lung Cell Mol Physiol. (2008)
295:L979–87. doi: 10.1152/ajplung.90238.2008
140. Wedgwood S, Lakshminrusimha S, Farrow KN, Czech L, Gugino SF, Soares
F, et al. Apocynin improves oxygenation and increases eNOS in persistent
pulmonary hypertension of the newborn. Am J Physiol Lung Cell Mol Physiol.
(2012) 302:L616–26. doi: 10.1152/ajplung.00064.2011
141. Jobe AH, Milad MA, Peppard T, Jusko WJ. Pharmacokinetics and
pharmacodynamics of intramuscular and oral betamethasone and

Frontiers in Pediatrics | www.frontiersin.org

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
Copyright © 2022 Hallman, Ronkainen, Saarela and Marttila. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

15

May 2022 | Volume 10 | Article 862038

