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Respiratory disorders
in the neonates still remain
the reason for postnatal
hospitalization. Main rea-
sons for respiratory failure
in the term neonate include
transient tachypnea (TTN)
of the neonate; in pre-
terms, respiratory distress
syndrome(RDS) is a domi-
nating cause. The incidence
of TTN has increased dur-

ing the past two decades

due to an increased rate of
C-sections in western countries, whereas the rate of RDS could
be lowered, mainly due to improved perinatal care. Overall
prognosis in respiratory failure could be improved due to ad-
vanced ventilation techniques, systematic use of surfactant and
the establishment of systematic ECMO-support.
1 Introduction

In Western countries, postnatal respiratory failure is the
main cause of treatment in intensive care units in preterm and
term neonates. Due to the continuously high prevalence of neo-
natal respiratory distress,research on neonatal respiratory fail-
ure is one main stay in neonatology. During the past decades,
there was a reduction of respiratory distress syndrome (RDS)
regarding age-defined groups of very preterm neonates. On the
other hand, there had been an increase in respiratory distress in

term neonates due to an increased frequency of C-sections in
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Western countries and resulting transient tachypnea of the neo-
nate(TTN) ™,

As TTN is mainly caused by a delayed resorption of fetal
lung fluid, which is produced actively by type-[l -cells from
week 14 to 16 in utero; this active secretory process is slowed
before delivery at term and postnatally immediately switches to
a resorption of fetal lung fluid by the same cell system® . This
active process of resorption of fetal lung fluid is the main stay
of postnatal pulmonary adaptation along together with an ade-
quate surfactant concentration, mechanical forces at birth and at
the vascular end, a decrease of pulmonary artery pressure .
These components in concert work together that postnatal pul-
monary adaptation is undisturbed in most neonates. However,
they also explain the risk for respiratory distress syndrome in
preterms,as the capacity to secret surfactant by type- [[ -cells is
largely decreased in an anatomically immature lung and active
resorption of lung fluid may also be impaired-*!.

As to the complex pathophysiology of respiratory failure
in term neonates and preterms,the detailed description in both
age groups will be given and currently used therapeutic inter-
ventions will be discussed. Before further giving an overview,
some epidemiological figures will be mentioned in order to ad-
dress the magnitude of the whole problem of neonatal respira-
tory failure facing needs for respiratory support.

2 Epidemiology

In Germany, systematic registers on respiratory failure de-
pending on gestational age have been established more than two
decades ago and allow to give information on trends of main re-

spiratory disorders'’. Current data on TTN,i. e. delayed re-
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sorption of fetal lung fluid, is observed in 1 to 1.2 % of all
term neonates and increased by about 30 % during the last two
decades. This has been paralleled by an increase in the rate of
C-section, which was about 16 % by beginning of the 90 s and
is currently observed in about 32 % of all births"*!. On the oth-
er hand two decades ago,about 80 % of all preterms of a birth
weight below 1 500 g(very low birth weight infants) needed
mechanical ventilation, however currently, about only 50 % of
the same age group are on mechanical ventilation postnatal-
ly**). The same direction has been observed for neonates with
respiratory failure secondary to meconium aspiration syndrome

(MAS) , which currently is observed in about 1 to 5 000 neo-

Table 1
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nates, this had been in the range of 1 to 1 000 about 20 years
ago'™ . Decreased rates in these disorders had been reached by
sustained efforts in obstetrics by improved surveillance of preg-
nancies and possibly by an increased rate of C-section. In
parallel, the rate of term neonates, which needed extracorporeal
membrane oxygenation (ECMQO) secondary to MAS dropped
down during the last two decades from about 40 % of all term
neonates with ECMO to now about 5 to 8§ %1%,

An overview about the gestational age specific causes of
respiratory failure during the last five years in the German

federal states of Hesse and Saarland is given in table 1%,

Frequency of neonatal lung failure by gestational age and frequency of diagnosis

TTN

Gestational ages n

ARDS/MAS RDS

Conn. Pneumonia

GA:> 36 wks. =3 627(1.9%)

GA:32-36 wks. * n=2003(13%)
GA:28-31 wks * n=44(45.7%)
GA:26-27 wks. * n=114(69.3%) —

GA <25 wks. * n=85(76.4%) —

349(9.6%)
311(15.5%)

57(12.9%)

271(7.5%) 143(3.9%) —

194€9.7%) — 268(1.3%)
— 93(21.1%) 201(45.7%)
— 36(31.6%) 79(69.3%)

— 34(40%) 65(76.4%)

* each out of the 15 most frequently diagnoses of each gestational age group; %-data based on the frequency of the respective gestational age

group.

3 Respiratory failure in preterms

Respiratory distress syndrome[ RDS; surfactant deficiency
syndrome; hyaline membrane disease (HMD)] is the leading
cause of respiratory failure in very preterm neonates(preterms
with a gestational age below 32 completed weeks). Its patho-
physiology is characterized by a primary surfactant deficiency in
an anatomically immature lung'"’. The anatomical structure of
immature lungs is characterized by a lack of mature alveoli and
instead of this by terminal saccular structures, which during
transition to alveolarisation turn to be the terminal airways af-
ter development of mature alveoli. Due to a lack of pulmonary
surfactant at the water/air interphase and thus resulting high
surface tension, inadequately high pressures are necessary for
adequate postnatal lung aeration. As with an adequate surfac-
tant concentration, surface tension at the water/air interface is
below 1 mN/m,surface tension without any surfactant compo-
nents is in the range of 70 mN/m. As opening pressures are
proportionally to the surface tension at the air/water interface,
these inadequate high pressures lead to inadequate and
unphysiologic high aeration pressures, which in cause physical
trauma(volutrauma) of the lungs™’. Physical lung trauma in
turn leads to lesions in distal airways and terminal sacs and
thus causing entrance of plasma components into gas exchange
spaces, which in turn inactivate surfactant and form hyaline
membranes. Thus, histological findings in these lungs were the

[ The main

basis for the term hyaline membrane disease
pathophysiological features of RDS are given in figure 1.

The clinical course of RDS is characterized by tachy- and
dyspnea with inadaequate ventilation pressures, which may lead

4

to the viscous cycle mentioned above'), Diagnosis by chest x-

ray is necessary in order to describe lung pathology. RDS has
been graded by Couchard and co-workers in stages | to stage
IV. A typical chest X-ray of grade IV RDS is given in figure 2.
In most very preterm neonates, RDS is initially treated by
application of nasal or nasopharyngeal CPAP (continuous posi-
tive airway pressure), in order to maintain adequate gas ex-
change!'?, If CPAP therapy fails, intubation and administration
of surfactant preparations obtained from animal lungs(cow or
pig lungs) is indicated"®’. Natural surfactant preparations have
been obtained either lung lavage or by mincing of lung tissue,
both procedures followed by a two-step lipid extraction using
chloroform/methanol extraction. During the 80 s to the end of
the 90 s of the last century, natural surfactant preparations
from have been tested in a number of controlled clinical trials
enrolling more 5 000 preterm neonates. Main effects of surfac-
tant intratracheal administration of surfactant were described in
metaanalyses by reduction in oxygen requirements and ventila-
tion pressures as acute effects,a reduced rate of pneumothorax
and by an increased survival without bronchopulmonary dyspla-
sial’®!, Maximum pulmonary effects of surfactant are obtained
in case of combination with prenatal corticosteroids,e. g. beta-
methasone™'?!,

A new approach in administering surfactant, which had
been introduced in Germany recently,is the surfactant adminis-
tration via a gastric tube during continued CPAP therapy(avoid
mechanical ventilation trial- AMV-triaD"*). If further controlled
clinical trials will be in line with results from a German multi-
centre trial.this procedure may be an alternative to the conven-
tional surfactant administration via an intratracheal tube.

Contrary to previously published controlled clinical trials
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using either CPAP with brief intubation and immediate return
to CPAP(INSURE procedure) or intubation and surfactant ad-
ministration via the intratracheal tube(support trial, COIN tri-
al) , where no advantage of primary CPAP could be demonstra-
ted in extremely immature infants, the above-mentioned proce-
dure may offer the advantage of completely avoiding mechanical
ventilation with lowering the rate of bronchopulmonary dyspla-
sia(BPD)I# 1,
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Scheme on the pathogenesis of RDS

Figure 2

Chest X-ray of RDS

On the other hand.,if there is repetitive surfactant adminis-
tration is necessary,the preterm neonates require twice intuba-
tion,as the gastric tube of cause is not continuously positioned
in the trachea. Thus, further studies will be necessary to judge
on whether this method becomes alternative for the classical
surfactant administration.

Thus, the typical therapy up to now is an early surfactant
administration following intratracheal intubation either follow-
ing birth in infants needing immediate respiratory support or
later in the course of respiratory failure in case of unsuccessful
CPAP therapy'®. Currently, most natural surfactant prepara-
tions in are given at a dose of 100 mg/kg. A second surfactant
dose is scheduled if fraction of inspired oxygen(FiQ,) is further
increased to 30% to 40% mostly 12 to 24 hours after the first
dose [ As best effects of surfactant have been demonstrated
in lungs, which have been conditioned by prenatal administra-
tion of corticosteroids, all pregnant women with threatening
preterm delivery before 34 weeks of gestation should receive
one or two courses with betamethasone at 12 mgt'*. There now

is a discussion ongoing,if late preterms,e. g. infants of 34 to 36
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+6/7 weeks of gestation,should also receive prenatal steroids,
as a substantial number also in this age group develops respira-
tory failure. However, trials are on the way to answer this
question. Apart from the effects of prenatal corticosteroids on
lung failure, the administration of betamethasone or alternative-
ly dexamethasone also leads to a reduced rate of intraventricular
hemorrhage and necrotizing enterocolitis (NEC) by reduction
the relative risk of about 50%. Thus, apart from its beneficial
effects on lung failure, prenatal corticosteroids also reduce fur-
ther severe postnatal complications, which might be the cause
of long-term developmental outcome impairments''’-,

New development in surfactant preparations for therapy of
neonatal RDS have been introduced among others in the USA.,
where a mixture of phospholipids was added a surfactant pro-
tein B ( SP-B)-like acting polypeptide ( KL4-surfactant ).
However, up to now,no superiority of the specific surfactant on
short- and long-term outcome has been demonstrated ™. The
problem in this substance might be that, this specific protein
has not the full biological activity of SP-B, thus, the KLL4-sur-
factant(Surfaxin?) needs further critical evaluation"**’.

In several countries,surfactant preparations obtained from
animal lungs have been developed,among others Brazil, China,
Cuba,South Korea.

During the last 20 years, more than 1 million preterm and
term neonates have been treated with surfactant preparations
from different origin. Out of these 5 000 had been enrolled in
controlled clinical trial.

Thus, surfactant therapy for neonatal RDS is the best con-
trolled intervention in neonatal intensive care. Despite this, no
universal final consensus on initial dosing, dosing intervals and
indications for surfactant re-administration have been adapted.
However, the above-mentioned dose and time schedules are
used in the most countries™® .

3.1 Further respiratory disorders in very preterm neonates

In about 1/4 of all ventilated preterm neonates below 32 weeks
of gestation,clinical or lab evidence for the presence of a neo-
natal pulmonary or systemic infection can be found. Thus, neo-
natal pneumonia ( classified according to the suggestions by
Sherman *) is observed in a considerable part of preterm neo-
nates. These neonates show a different pattern of response to
natural surfactant treatment, The effect of surfactant on lower-
ing oxygen requirements is reduced and the effect is lasting less
long. Main factors for this difference with the response in RDS
are an increased leakage of the alveolar-capillary membrane,
which is in part secondary to prematurity and in the other part
secondary to the systemic inflammatory response in the lung
and hemodynamic factors. In affected patients,early diagnostics
on specific causative germs, especially in case of preterm pre-
mature rupture of membranes(PPROM) and an adequate anti-
biotic treatment is mandatory. During the last decades in
Western countries, the most prevalent germs were group B
streptococci and E. coli'*". Apart from classical microbiological
approach and measuring C-reactive protein and white blood cell

counts, nowadays, molecular recovery of bacteria, e. g. using
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16S-ribosomal subunit and molecular markers of infections in
the host,is able to extend our diagnostic repertoire'?*’.

A number of studies are on the way to describe neonatal
response to early onset infections using molecular signature
taken from leukocytes of newborns with chorioamnionitis and
other causes of prenatal infections'?!, However, up to now, no
valid biomarker has been identified in order to stratify therapy
with respect to modulation of inflammation.
3.2 Bronchopulmonary dysplasia(BPD) BPD is a complica-
tion of RDS or neonatal pneumonia observed in mostly in very
preterm neonates. The current definition of moderate to severe
BPD includes the necessity for oxygen supplements at week 36

[24]

postmenstrual age to obtain an adequate oxygenation-*’, Typi-

cal changes in X-ray include a milk-glass like appearance of the

a typical example is given in figure 3.

lungs

Figure 3

Chest X-ray of BPD

The main risk factor for BPD is the degree of immaturity
i. e. low gestational age. Further modifying factors are intrau-
terine growth restriction, male gender, postnatal asphyxia and
genetic factors'™®!. The latter factors may account for about 1/3
of pathogenesis of BPD and up to now, mainly include polymor-
phisms in genes coding for surfactant proteins, modulators of

23 A scheme on the

inflammatory response and growth factorst
pathogenesis of BPD is given in figure 4 including above men-

tioned pre- and post-natal factors.
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Scheme on the pathogenesis of BPD

About 15% to 20% of preterms below 32 weeks of gesta-
tion develop a BPD,which is characterized on long-terms by an
increased risk for recurrent airway infections and bronchial
asthma'®’, Furthermore, it has been shown that BPD is associ-
ated with an increased risk for spastic paresis and cognitive im-

pairment**’, Thus, BPD has to be seen as a systemic disorder,
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which does not only affect the lungs,but also possibly due to an
inflammatory response, central nervous system. Thus,a number
of studies have been performed during the last decades in order
to prevent or cure BPD. During the 80s,dexamethasone was in-
troduced into BPD-therapy. The pathophysiological rationale
was the observation,that BPD is characterized by an inflamma-
tory reaction. However,it turned out that long-term results in-
cluded an impaired cognitive outcome after systemic high-dose
dexamethasone® . Therefore, low-dose hydrocortisone became
a therapeutic option. Dexamethasone should only be used in
very specific situation in week 2 or 3, when none of the men-
tioned treatment options are able to wean the babies from the
ventilators. The basis to prevent BPD is a critical indication for
mechanical ventilation and adequate surfactant usage.

Furthermore, early caffeine has been shown to reduce the
rate of BPD""!, However,as caffeine is given as a routine, these
data did not indicate a breakthrough in BPD-therapy. Studies
currently are on the way to evaluate the effect of vitamin A
given early,e. g. during the first days of life in order to prevent
BPD.

Very current experimental therapeutic options for BPD in-
clude regenerative therapeutic measures including growth fac-
tors and stem cell administration in experimentally induced

28] Up to now,it is too early to clearly state on the clin-

disease
ical relevance of regenerative therapies for BPD.

4 Respiratory disorders in term neonates

4.1 Transient tachypnea of the neonate (TTN)  Transient
tachypnea of the neonate has been observed during the past
decade with an increased frequency. This might be explained by
the fact that in Western countries, there was an increase of C-
section on demand. Thus, actual rates of C-section are in the
rage of 30% to 32% in Germany currently'?’. TTN is observed
in about 1 out of 100 term neonates, e. g. neonates of > 37
weeks of gestation.

The pathogenesis of TTN is mainly explained by a delayed
resorption of fetal lung fluid"***!, Relevant mechanisms of re-
sorption of fetal lung fluids mainly include mechanical chest
compression during spontaneous delivery (about 30% of fetal
lung fluid). However, the largest part of fetal lung fluid is re-
sorbed by an active process, which has been described to be
mainly dependant on the activation of sodium channels in the
epithelium ( ENaC ). ENaC-activity is regulated by cate-
cholamines ( beta-2-receptors and vasopressin)®'#?, As both
substances increase during the spontaneous parturition, one
central factor for resorption of fetal lung fluid is lacking in C-
section without previous labor. Thus the lack of labor and the
absence of chest compressions are the pathophysiological cause
for an increased risk for TTN after primary C-section at 37 to
38 weeks of gestation. Further mechanisms for the resorption
of fetal lung fluid following birth include an adequate surfactant
concentration at the air-liquid-interface and high transpulmo-
nary pressures during the first tidal breathings!'®. A typical
chest X-ray is given in figure 5.

In a currently published study, pathophysiology of TTN
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further could be described in part by a reduced number of lami-
nar bodies, e. g. extracellular particles of surfactant released
from type- |l -cells. This might indicate that apart from above-
mentioned pathogenetic factors a borderline surfactant deficien-

cy also might be operativel®/,

Chest x-ray of TTN

Figure 5

As described above, TTN in neonates with C-section with-
out previous labor below 39 weeks of gestation is a considerable
risk. Thus, recommendations now tend towards a later C-sec-

tion,e. g. at 39 weeks,in order to lower the risk of TTN®,
However, pharmacological studies also focused on the affect of
prenatal steroids given in case of delivery via C-section before
39 weeks of gestation. It could be shown that after prenatal be-
tamethsone, the rate of TTN could be lowered. However, it has
to be taken into account that corticosteroids may show long-
term effects, which are not clearly excluded until now. Thus
prenatal corticosteroid therapy has not been adapted as
standard in perinatal care for prevention of TTN in term neo-
nates. The postnatal therapy of TTN includes the maintenance
of an adequate oxygenation and haemodynamics. In case of more
severe courses of TTN,administration of CPAP and mechanical
ventilation might be necessary. It has to be mentioned that in
case of severe courses of TTN leading to hypoxic respiratory
failure, a high rate of pulmonary hypertension might occur.
Thus, echocardiographic controls to rule out persistent pulmo-
nary hypertension are mandatory in severely affected neo-
nates"*J,

In case of a regular course of TTN,clinical signs of respi-
ratory distress will disappear during the first 24 to 48 hours. A-
part from above-mentioned respiratory therapy, some groups
administered furosemide to lower oxygen requirements and
minimized respiratory distress, however, without clear-cut suc-

B4 As an alternative, beta-2-mimetics have been

cess until now
administered systemically during the past decades, however,al-
so without success. A recently published studying showed that
inhalative administration of salbutamol resulted in an improved
gas exchange in term neonates with TTNF, Towards the
same direction a study using restricted fluid administration for
TTN can be interpreted™®’. Thus,due to an increased incidence

of TTN, further studies currently are on the way to confirm a

bove-mentioned data on beta-2-agonists and fluid restriction.
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4, 2 Meconium aspiration syndrome ( MAS) Meconium
stained amniotic fluid is observed in about 10% to 20% of
births at term. In post-term neonates, the frequency even may
be higher®”**) If fetal distress occurs,meconium stained amni-
otic fluid may enter the airways and lungs,leading to the below-
mentioned pathophysiology™* .

As meconium contains bile acids, albumin and other pro-
inflammatory and surfactant inactivating components, the typi-
cal sequence after inhalation of meconium stained amniotic fluid
is a respiratory failure. This may be further be aggravated by
fetal distress, which in turn may lead to meconium passage
from the infant’s colon to the amniotic fluid. As meconium ad-
ditionally has a viscous property, inflammation and surfactant
inactivation are further complicated by atelectasis due to occlu-
sion of small airways. Overall in turn, this leads to a severe re-
spiratory failure potentially accompanied by hypoxic-pulmonary

)F39.4I'\

vasoconstriction ( Euler-Liljestrand-reflex An overview

on pathophysiology of MAS is given in figure 6.

Figure 6

[Physiologic meconiur passage Pathologic meconium passage at |
of post-temn neonates ‘perinatal asphyxia

~ e
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/
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Figure 7 Scheme on the pathogenesis of MAS

Thus, the typical history of a neonate with severe
meconium aspiration syndrome includes the presence of meconi-
um in amniotic fluid,a typical X-ray with atelectasis and hyper-
inflation and inflammatory infiltrates. In most severe cases, the
chest X-ray shows atelectasis or RDS-like changes. An example
for this is given in figure 7.

As MAS frequently is complicated by a bacterial superin-

fection, this fact should be considered on diagnosis and treat-
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ment.

Severe causes lead to a severe respiratory failure necessita-
ting mechanical ventilation. In case of pulmonary hypertension,
the administration of nitric oxide is indicated™*'. Furthermore,
surfactant saline lavage may be used to remove meconium from
the airways and therapeutic surfactant administration can be
considered in most severe cases. If the above-mentioned therapy
is not successful,i. e. gas exchange cannot be maintained.extra-
corporeal membrane oxygenation(ECMO) is indicated™,

Overall, prognosis due to improved perinatal care and post-
natal neonatal intensive care has been improved, thus,mortality
in Western countries currently is below 1%/,

4.3 Congenital anomalies of the lung and disorders in surfac-
tant proteins  Neonatal respiratory failure due to congenital
anomalies of the lung is most often observed to occur secondary
to congenital diaphragmatic hernia(CDH). CDH is observed at
a rate of about 1 3 4 000 to 1 ¢ 5 000 and is seen at rate of 4 :
1 on the left-hand side with most frequently in the postero-lat-
eral position'™®), About 20% of the neonates with congenital di-
aphragmatic hernia have other malformations, among others of
the central-nervous system and the heart ',

The diagnosis can be verified by chest X-ray, demonstra-
ting an eventeration of abdominal cavity contents into the
chest. Clinically, neonates present with an “empty abdomen”,
which is accompanied in case of left side diaphragmatic hernia

“pseudo-dextrocardia”. In case of lung hypoplasia, which

by a
frequently occurs in case of congenital diaphragmatic hernia,an
early and severe respiratory failure is observed, which in most
cases, is accompanied by persistent pulmonary hypertension
(PPHN)™™,

For cases of severe congenital diaphragmatic hernia, prena-
tal diagnosis offers a main stay for improving prognosis: If
postnatal hypoxia, persistent pulmonary hypertension and se-
vere acidosis can be avoided by early intubation, gentle ventila-
tion and treatment of pulmonary hypertension,a stabilization of
the neonate can be achieved until surgery, which only should be
performed in case of stable gas exchange. In most cases. this is
observed 12 to 48 hours following birth"!, If surgery can be
performed successfully, again the risk of relapse of persistent
pulmonary hypertension may be anticipated. In cases of intrac-
table respiratory failure or most severe forms of persistent pul-
monary hypertension, extracorporeal membrane oxygenation
(ECMO) should be considered. Current data show that even
severe cases of pulmonary hypoplasia and following respiratory
failure, ECMO-therapy increases survival up to 60%"". Long-
term consequences of congenital diaphragmatic hernia include
gastro-esophageal reflux disease with secondary pulmonary in-
volvement. In case of severe postnatal hypoxia due to severely
impaired gas exchange, hypoxic-ischemic injury must be
considered™*®).

Disorders of the lung surfactant system as a further cause
of congenital anomalies leading to respiratory failure mainly in-
clude genetic variations of genes encoding for surfactant pro-

teins mainly for SP-B'®), These neonates present with the clini-
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cal picture of pulmonary alveolar proteinosis, which represents
life-threatening neonatal respiratory disorder. Affected neonates
present with severe postnatal respiratory failure requiring me-
chanical ventilation early following birth and exhibit high
volumes of tracheal secretions, which contain all surfactant
components apart from SP-B"7. As this distinct protein is es-
sential for surfactant function and thus for maintenance of lung
mechanics,an adequate therapy could not have been established
yet. Few neonates with SP-B deficiency have been given lung
transplants, however, without favorable long-term results-*®.
Apart from SP-B deficiency, neonatal alveolar proteinosis
further may be caused by granulocyte macrophage colony
stimulating factor(GM-CSF)-receptor defects and ATP-binding
cassette(ABCA) 3 deficiency'*). Prognosis is as poor as stated
for SP-B deficiency. Diagnosis in all aforementioned disorders
can be established by biochemical analysis of tracheal aspirates

and genetic analyses of the respective genes.
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