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ABSTRACT: Administration of drugs directly into the respiratory tree first was proposed a long

time ago. Surfactant is the paradigmatic example of such therapies. Many other drugs have been

used in the same way and further compounds are under investigation for this aim. In the last two

decades, despite the wide number of drugs available for direct lung administration in critical care

patients, few controlled data exist regarding their use in neonates and infants.

This review will focus on drugs clinically available in a critical care setting for neonates and

infants, including bronchodilators, pulmonary vasodilators, anti-inflammatory agents, mucolytics,

resuscitative anti-infective agents, surfactants and other drugs.

We provide an evidence-based comprehensive review of drugs available for intratracheal

administration in paediatric and neonatal critical care and we examine possible advantages and

risks for each proposed indication.
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T
he administration of drugs directly into the
respiratory tree has been used since early
1950s to reach the target organ or when

other routes are unavailable [1]. Delivering drugs
into the lung is generally useful in the intensive
care setting, in which a prompt response is often
needed. Ventilatory support is a cornerstone of
treatment in paediatric, and especially neonatal,
intensive care, due to the high prevalence of
respiratory diseases in these settings [2]. This
may explain the numerous data on existing drugs
and the current development of new studies
specifically targeted for direct lung administra-
tion in such populations by nebulisation, direct
tracheal instillation or as a gas mixture via a
ventilator.

This review will focus on drugs already available
or in advanced clinical research for critically ill
neonates and infants, while many drugs which are
under development (i.e. phospholipase A2 inhibi-
tors, phosphodiesterase inhibitors, endothelin-1
antagonists, carbon monoxide, new surfactants
and xenon) will not be reviewed. We propose a
classification of presently available drugs in eight
classes, according to their main mechanism of
action, as shown in table 1.

BRONCHODILATORS

b2-agonists
Historically, b2-agonists were considered of little
efficacy in children ,2 yrs of age, because of the
lack of b2-receptors on the bronchial mucosa [3]. A
Cochrane meta-analysis does not encourage further
studies in this population [3]. However, no study
included in the meta-analysis had been performed
in intensive care units (ICUs). Prolonged oxygen
therapy is often needed in ICU patients and may
induce smooth muscle hypertrophy; thus, venti-
lated babies could be more responsive to b2 ago-
nists than less critical infants [4]. This is especially
true for neonates with bronchopulmonary dyspla-
sia (BPD) or for infants with oxygen dependent-
heart diseases. The response to b2-agonists in
children with severe asthma appears influenced
by its receptor gene polymorphisms and is more
evident in babies homozygous for Gly at amino
acid position 16 [5]. Therefore, the potential
benefits arising from their use should be weighted
against the risks in each case [6].

b2-agonists were studied in the early 1980s for the
prevention or early treatment of BPD in pre-term
infants [7, 8]. However, a Cochrane review demon-
strated no significant effect on any major outcomes
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[9]. Despite these findings, several b2-agonists are still widely
used in neonatal ICUs with different administration schedules
[10]. Aerosolisation of bronchodilators during mechanical venti-
lation transiently reduces airway resistance (,30%) and
improves lung compliance and forced vital capacity [9]. The
use of b2-agonists should be restricted to certain ventilated
neonates with signs of bronchial obstruction (BPD spells) or
increased work of breathing [9]. Moreover, BPD infants may
experience an increased airway instability after the b2-agonists
administration and this should be also taken into account [11]. No
recommendations can be provided in support of specific
molecules, because of the lack of specific comparative trials.

b2-agonists have also been used for neonatal hyperkalaemia,
since in vitro studies showed an increasing potassium flux after
salbutamol activation of the sodium/potassium adenosine
triphosphatase (Na+/K+-ATPase) [12]. A randomised, con-
trolled trial of nebulised albuterol versus saline in 19 preterm
neonates showed a significant reduction in serum potassium at
4 h and 8 h in the treatment group [13]. Albuterol appears to
be well tolerated by pre-term infants but side-effects include
tachycardia, tremor and hyperglycaemia. A 2007 Cochrane
meta-analysis of interventions for hyperkalaemia identified
only three trials for inclusion in the review and did not provide
definite recommendations. Specific trials comparing b2-ago-
nists against insulin/dextrose infusion are needed [14].

Anticholinergics
Ipratropium bromide is the most common anticholinergic
drug. When added to b2-agonists, it is effective in reducing
hospital admission and improving lung mechanics in severe
paediatric asthma exacerbation [15, 16]. Nevertheless, no data
are available in ICU patients and the drug had no effect for the
treatment of children already admitted to the hospital [17].
Scanty data are available for babies ,2 yrs old and a recent

Cochrane review showed no clear benefits in terms of duration
of hospitalisation or oxygenation improvement [18]. Therefore,
the use of anticholinergics in paediatric ICU does not appear to
be justified over the standard therapies, on the basis of
evidence available to date [19].

Ipratropium administered to neonates on mechanical ventila-
tion beyond the acute phase of respiratory distress syndrome
(iRDS) induced short term improvements of pulmonary
mechanics [20], similar to b2-agonists [8]. Recently, a crossover
trial of ipratropium against b2-agonists in neonates ventilated
for .5 days showed a slightly greater reduction of airway
resistance with ipratropium compared with terbutaline [21].
Targeted studies are needed to verify the effect of ipratropium
on major neonatal outcomes.

Adrenaline
Adrenaline has been widely used and investigated for the
treatment of bronchiolitis and croup in infancy. A meta-
analysis of 14 trials demonstrated the superiority of adrenaline
over b2-agonists for acute bronchiolitis, in terms of oxygena-
tion, clinical improvement and reduction of heart and
respiratory rate [22]. Five randomised clinical trials published
after this meta-analysis reported on the inferiority of adrena-
line versus other bronchodilators: these findings include a lack
of benefit for any outcome in acute bronchiolitis [23, 24], no
difference in outcomes [25, 26] or slower recovery [27]
compared to treatment with b2-agonists.

Nonetheless, none of the previously mentioned studies
included ICU patients. Theoretically, adrenaline could be useful
for croup or bronchiolitis [28], since mucosal oedema is an
important component of airway obstruction in these conditions,
the combined a/b effect of adrenaline might cause bronchiolar
vasoconstriction and reduce mucous production [29].

TABLE 1 Classification of drugs available for direct administration into the respiratory tree in paediatric and neonatal critical care
and indications proposed in the literature

Available drugs Proposed indications

Bronchodilators b2-agonists, adrenaline, anticholinergics Bronchiolitis, croup, asthma, TTN, bronchospam, post-extubation

respiratory failure

Pulmonary vasodilators iNO, prostacyclin and analogues, ENO PPHN, ARDS, bronchiolitis

Anti-inflammatory drugs Pentoxifylline, steroids, cromolyn, Clara Cell secretory protein Bronchiolitis, croup, BPD, PPHN, sepsis, NEC, meconium

aspiration sydrome

Mucolytics Hypertonic saline, acetylcysteine, dornase-a Atelectasis, mucus plugging, cystic fibrosis, status

asthmaticus, long-term mechanical ventilation, bronchiolitis,

smoke inhalation acute lung injury, BPD

Resuscitative drugs Lidocaine, epinephrine, atropine, naloxone, vasopressin Cardiopulmonary resuscitation, refractory shock

Anti-infective Ribavirine, antibiotics, amphotericine, zanamivir Bronchiolitis, bacterial and fungine respiratory infections,

ventilator-associated pneumonia, influenza

Surfactant iRDS, meconium aspiration syndrome, congenital

diaphragmatic hernia, infection-related respiratory failure,

aspiration syndrome, ARDS

Miscellaneous Heliox, furosemide, superoxide dismutase Asthma, bronchiolitis, croup, post-extubation stridor, ARDS,

air leaks, upper airway obstruction, BPD

iNO: inhaled nitric oxide; ENO: inhaled O-nitrosoethanol; TTN: transient tachipnoea of the neonate; PPHN: persistent pulmonary hypertension of the neonate; ARDS:

acute respiratory distress syndrome; BPD: bronchopulmonary dysplasia; NEC: necrotising entero-colitis; iRDS: infant respiratory distress syndrome.
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LEVIN et al. [30] recently published the only trial in an ICU
setting, comparing b2-agonists and adrenaline in 22 bronchio-
litis infants on mechanical ventilation. Both drugs significantly
decreased respiratory system resistance and peak inspiratory
pressure but their clinical relevance was questionable. ARGENT

et al. [31] enrolled infants with severe croup, showing that
adrenaline improved respiratory mechanics but the effect was
small and transient, requiring repeated or continuous drug
administrations.

In neonates, adrenaline has been used for several indications.
Given its role in fetal lung fluid absorption, adrenaline was
proposed for the treatment of transient tachypnoea of the
neonate (TTN). However, neither side-effects nor clear benefits
were demonstrated in 20 neonates with TTN [32]. Adrenaline
has also been used for the prevention of post-extubation
respiratory failure or stridor and, empirically, for BPD spells
[33]. Only one trial studied adrenaline in this context: COURTNEY

et al. [33] randomised 45 long-term ventilated neonates to post-
extubation racemic adrenaline or placebo and reported no effect
on ventilatory function. A Cochrane meta-analysis recently
concluded that there is no evidence to support or refute the use
of nebulised adrenaline in neonates [34].

PULMONARY VASODILATORS
Inhaled nitric oxide
Nitric oxide (NO) is synthesised in the vascular endothelium
by NO synthase and causes smooth muscle relaxation by
increasing the intracellular cyclic guanosine monophosphate
(cGMP). Inhaled (i)NO is the first-choice drug for persistent
pulmonary hypertension of the neonate (PPHN) [35]. Its
overall response rate is ,75%, depending on the definition,
the underlying disease, the type of ventilation and genetics
[35]. A Cochrane meta-analysis [36] confirmed that iNO
achieves oxygenation improvement and significant reduction
in the combined outcome of extracorporeal membrane oxygen-
ation (ECMO) or mortality (relative risk (RR) 0.63, 95% CI
0.54–0.75; number needing treatment (NNT) 5.3). Based on
these trials, iNO therapy was approved for the use in neonates
o34 weeks gestation with hypoxaemic respiratory failure [37]
using a dose of 20 ppm, although lower doses may be
successful in a significant number of patients and may
facilitate the weaning [35]. The response can reach 50% and
65% in PPHN secondary to meconium aspiration and iRDS,
respectively, but is quite poor in PPHN due to congenital
diaphragmatic hernia [38]. Concomitant parenchymal diseases
may worsen oxygenation, hiding the clinical response, and
iNO seems more effective during high frequency oscillatory
ventilation (HFOV) than in conventional modalities [39].
Decreasing pulmonary pressures with iNO administration
may be detrimental in neonates with patent ductus arteriosus
or heart defects with a right-to-left shunt and right ventricle-
dependent systemic circulation [40]. Finally, pulmonary
vascular abnormalities of the NO–cGMP pathway might lessen
iNO efficacy or PPHN may be mainly due to other biochemical
pathways [39].

Doses .20 ppm have no benefit in patients unresponsive to
the standard dosage [35, 41]. Based on initial trials, iNO is
generally instituted when the oxygenation index (OI) is .25.
Nevertheless, two trials indicate that earlier use of iNO in
respiratory failure might be useful [42, 43]. GONZÁLES et al. [42]

randomised 56 neonates to early (when OI .10) or standard
iNO and found oxygenation improvement and reduction in
oxygen therapy duration. KONDURI GANESH et al. [43], reported
similar oxygenation improvement, but neither survival, nor
need for ECMO or their combined outcome improved.
Weaning from iNO may sometimes be problematic, especially
in case of long-lasting administration, because iNO may
suppress endogenous NO production with a negative feedback
on NO synthase [44]: OI,5 predicted successful withdrawal
(sensitivity 75%) [45].

The use of iNO in pre-term neonates is still debated. It has been
tested as early rescue for pulmonary hypertension and
respiratory failure, and for treatment and prevention of BPD.
A recent systematic review [46] of the 11 trials undertaken to
date showed that routine iNO administration for BPD
prevention led to slight but significant reduction in death or
BPD (RR 0.9, 95% CI 0.84–0.99) and brain injury (RR 0.70, 95%
CI 0.53–0.91). Rescue use did not result in the same advantages
and was even associated with a trend towards increased
incidence of severe brain injury. It is possible that babies sick
enough to fulfill the criteria for a ‘‘rescue’’ administration may
already have lung damage that is too severe to be improved
with iNO. The European Nitric Oxide (EUNO) trial rando-
mised 800 neonates to receive early (within the first 24 h)
5 ppm iNO or placebo, if they presented with mild-to-
moderate respiratory failure. This is a more recent trial and
was targeted also to deliver iNO after the extubation. iNO was
administered through endotracheal tubes or continuous
positive airway pressure (CPAP) for an average of 16 days.
The results were recently presented at the European Academy
of Paediatrics meeting and no improvement was found in
survival, BPD rate or any other outcomes [47]. A 1-yr follow-
up study of pre-term babies who received iNO gave an
improved quality-adjusted survival, but the difference was
marginal [48].

Experience with iNO in paediatric intensive care is more
limited than in the neonatal critical care setting. Only one
clinical trial tested iNO for adult and paediatric acute
respiratory distress syndrome (ARDS), showing a transient
improvement in oxygenation with no effect on mortality [49].
A larger paediatric experience with iNO comes from the
perioperative care of congenital heart diseases, including
numerous anecdotal reports [45]. The only randomised
controlled trial [50] concluded that 10 ppm iNO prophylactic
administration reduced hypertensive events and ventilation
time, without affecting mortality. iNO has been also studied as
a bronchodilator in infants with severe respiratory syncytial
virus (RSV) bronchiolitis without significant effect [51].

The European Society for Paediatric and Neonatal Intensive
Care and the European Society for Paediatric Research [45]
recommended iNO use for term and late pre-term neonates
with respiratory failure and suggested a short iNO trial in
congenital heart disease infants at risk of pulmonary hyperten-
sion. iNO should be continued only if there is documented
evidence of haemodynamic improvement.

Prostacycline and analogues
Prostacycline (prostaglandin (PG)I2) is a natural pulmonary
vasodilator synthesised in endothelial cells and it stimulates
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adenylate cyclase-mediated conversion of adenosine triphos-
phate to cyclic adenosine monophosphate, which relaxes the
vascular smooth muscle [52]. Since PGI2 and iNO pursue the
same goal through two different messengers, a synergistic
effect has been observed in preclinical studies and in some
uncontrolled clinical observations [53, 54]. Epoprostenol (the
clinically available synthetic PGI2) has been given intratracheally
as a bolus or continuous infusion for PPHN in five pre-term
infants with iRDS or sepsis-related respiratory failure [54, 55] and
in four term infants affected by intractable PPHN [56]. All babies
survived except for one with alveolar capillary dysplasia.
Epoprostenol is provided in an alkaline buffer that could
theoretically harm the lung epithelium [57]. A synthetic PGE1

has also been used in 20 neonates with promising results [58].
Iloprost is a synthetic carbacyclin analogue which has a longer
half-life than epoprostenol with fewer rebounds after the
administration and is available in a neutral solution [59]. Iloprost
has been used in six term and pre-term babies, alone or together
with iNO, and significantly improved oxygenation [57, 60].

Few data are available on the use of prostacyclines in
paediatric critical care. In children with congenital heart
diseases, both epoprostenol and iloprost are powerful vasodi-
lators [61, 62]. In particular, iloprost was as efficacious as iNO
for infants with pulmonary hypertension and congenital heart
defects but was not synergistic with iNO [61]. 14 infants and
children with acute lung injury received nebulised epoproste-
nol and oxygenation improved with NNT 51.8 [63]. Since all
these molecules are liquid, nebulisation is needed. The
effectiveness of nebulisation during HFOV is unknown and,
hence, some prefer to use the direct instillation or continuous
tracheal infusion [55, 56].

Inhaled O-nitrosoethanol gas
Endogenous NO concentrations are low and most NO present
in airways is bound in complexes called S-nitrosothiols
(SNOs), which are the natural mediators of the matching
between ventilation and perfusion [64]. Airway SNOs are
resistant to toxic reactions with oxygen and their concentra-
tions cannot adequately be restored with iNO [65]. The use of
such molecules should therefore provide potent pulmonary
vasodilation without the possible side-effects of iNO because
they cannot react with oxygen. In a pilot study, O-nitrosoetha-
nol (ENO) was used to restore SNOs and efficaciously
improved both oxygenation and haemodynamics in PPHN
neonates. ENO produced no side-effects and its sudden
discontinuation did not impair oxygenation, as it usually
happens with iNO [64].

ANTI-INFLAMMATORY DRUGS

Pentoxifylline
Nebulised pentoxifylline was used initially by LAUTERBACH

and LAUTERBACH [66], for the prevention of BPD. Pentoxifylline
may have diuretic, bronchodilator, fibrin reduction and anti-
inflammatory effects [67, 68]. Pentoxifylline, administered to
150 very low birth-weight infants during mechanical ventila-
tion or CPAP, reduced BPD (-27%; OR 0.32, 95% CI 0.11–0.94;
p50.039) with no apparent side-effects [69]. Intravenously
administered pentoxifylline may reduce mortality in neonatal
sepsis [70] and has been proposed for PPHN and necrotising

enterocolitis [67, 71], but no data are available about its
intratracheal use in such conditions.

Steroids
Inhaled steroids have been extensively studied in neonatal
critical care for prevention or treatment of BPD. In the last
decade, .10 studies have been published with wide differ-
ences regarding populations, dosages, preparations and way of
delivering. Two recent Cochrane reviews found no significant
effects on mortality or BPD, either at 28 days or 36 weeks post-
menstrual age [72, 73]. Moreover, no differences in effective-
ness between inhaled and systemic steroids were found and
concerns have been raised about the amount that actually
reaches the lung during nebulisation [73]. A newly EU-funded
clinical trial, NEUROSIS (Neonatal European Study of Inhaled
Steroids) [74], should clarify the effect of inhaled budesonide
against placebo in babies between 23 and 27 weeks’ gestation,
the population at highest risk for developing BPD. Recently,
YEH et al. [75] studied the administration of budesonide,
vehicled by exogenous surfactant to 116 neonates with severe
iRDS [75]. In this randomised pilot trial they found a
significant reduction in death or BPD (-29%; p50.003) and
fewer days on oxygen (-7.1%; p50.047). No systemic effects
were found, with only 4% of the instilled dose being found in
the blood. Further studies are needed on this interesting
approach, which is likely to effectively deliver steroids into the
peripheral lung.

Inhaled steroids have also been studied in term neonates for
meconium aspiration syndrome. They suppressed tumour
necrosis factor-a in tracheal aspirates and treated neonates
showed earlier radiological improvement and earlier full
enteral feeding, shorter hospital stay and oxygen dependence
[76, 77]. These results were confirmed in another randomised
trial of 99 neonates, in which drug efficacy was similar for both
intratracheal and intravenous steroids [78].

Cromolyn
Cromolyn is a well known anti-inflammatory agent inhibiting
neutrophil migration and superoxide radical release [79].
During the 1990s, two randomised trials [80, 81] gave conflicting
results regarding inhaled cromolyn efficacy to reduce mortality
and BPD rate in pre-term neonates. A Cochrane meta-analysis of
the pooled data showed no beneficial effect for cromolyn
treatment. Current evidence does not support the use cromolyn
in pre-term neonates for BPD prevention [82].

Clara cell secretory protein
Clara cell secretory protein (CC10) is the natural inhibitor of
phospholipase A2, the enzyme responsible for surfactant
catabolism [83] and has various anti-inflammatory properties
[79]. Several basic studies suggested a role for CC10 in the
pathophysiology of lung diseases such as BPD [84], bronchio-
litis [85], asthma [86], and ARDS [87]. A randomised phase I/II
trial in 22 pre-term neonates showed recombinant human
(r-hu-)CC10 to be safe and able to decrease lung inflammatory
markers [88]. No other data are available and r-hu-CC10
remains to be tested in a specifically designed trial.

RESUSCITATIVE DRUGS
This category includes lipid-soluble drugs comprised under the
LEAN acronym (lidocaine, adrenaline, atropine and naloxone),

D. DE LUCA ET AL. REVIEW: INTRAPULMONARY DRUG ADMINISTRATION

c
EUROPEAN RESPIRATORY JOURNAL VOLUME 37 NUMBER 3 681



which can be used during advanced resuscitation when venous
or intraosseous lines are unavailable [89]. Following installation,
these drugs should be followed by a flush of isotonic saline and
a minimum of five ventilations. Chest compressions should be
temporarily held during the administration, to prevent expel-
ling the drugs in a simulated cough.

These drugs are recommended by resuscitation guidelines
issued by scientific societies, but few controlled data have been
published [89, 90]. Vasopressin may also be given intratrache-
ally; however, its clinical utility has been questioned, even if
administered intravenously [89, 91]. Administration of resus-
citative drugs into the trachea may result in lower systemic
concentrations, as compared to the intravascular routes [89,
92]. Neonatal Resuscitation Program guidelines recommend
endotracheal adrenaline at doses (up to 10 times) higher than
the intravenous ones [90].

MUCOLYTICS

Hypertonic saline
Inhaled hypertonic saline, because of its high osmolarity,
which attracts submucosal water, may reduce the airway
oedema and decrease the mucous thickness [93]. Hypertonic
saline improves clinical score and shortens hospital stay
(-0.94 days, 95% CI -1.48–0.40 days; p50.0006) in bronchiolitis
[94], while it improves respiratory mechanics and reduces
pulmonary exacerbations in cystic fibrosis children [95].
Hypertonic saline could theoretically be useful during neonatal
respiratory diseases characterised by high mucous production
and inflammation, but no data are available.

Dornase-a
Dornase-a is a recombinant enzyme well known for the
treatment of cystic fibrosis: it reduces viscosity of airway
secretions, breaking bonds between extracellular DNA mole-
cules derived from leukocytes and infectious agents [79]. In the
ICU setting, dornase-a was efficacious for resolving atelectasis
in children without cystic fibrosis ventilated long-term [96].
Dornase-a also reduced ventilation days, while there was a
trend towards shorter ICU stay and less atelectasis in
congenital heart disease children [97]. Treatment seems as
more efficacious, as more bacteria or neutrophil are present in
tracheal aspirate fluid [98]. In four children, dornase-a [99–102]
also allowed a quick resolution of refractory status asthmati-
cus, in which other conventional therapies or bronchoscopic
lavage failed to resolve airway obstruction.

Finally, nebulised or instilled dornase-a has a dramatic effect
in resolving atelectasis and tracheal tube plugging in term and
pre-term neonates [103, 104].

Acetylcysteine
Acetylcysteine is a well known sulfhydryl mucolytic agent
[79]. In a paediatric ICU, a retrospective cohort study
investigated the joint nebulisation of heparin and acetylcys-
teine in 90 children affected by burns and smoke inhalation
lung injury. Treatment reduced extubation failure, atelectasis
and mortality [105].

Only one randomised crossover trial studied intratracheal
acetylcysteine in pre-term neonates to treat BPD. Acetylcysteine

failed to cause any benefit and even increases airway resistances
and bradycardia episodes [106].

ANTI-INFECTIVE AGENTS
Ribavirin
Nebulised ribavirin has been used in severe RSV bronchiolitis
because of its antiproliferative effect. Its use has decreased
overtime and it appears to have limited clinical usefulness
[107]. Meta-analyses of three ribavirin studies in paediatric
critical care settings showed a significant decrease in ventilator
days and length of hospital stay [108, 109]. A recent retro-
spective cohort study examined the effect of ribavirine
combined with intramuscular anti-RSV monoclonal antibodies
(palivizumab) and found a decreased mortality compared to
historical data [110]. No data are available regarding the use of
ribavirin in neonates.

Antibiotics
Inhaled antibiotics have been frequently used during infec-
tious episodes in cystic fibrosis patients or for gram-negative
and P. carinii infections in immunocompromised patients [111].
As for other drugs, the majority of data are coming from non-
ICU patients and, since the early 1970s, several small studies
have been published on the use of nebulised antibiotics, such
as gentamycin, ceftazidim and colistin, or other anti-infective
agents, such as pentamidine [112].

In the last 2 yrs, inhaled tobramycin has been investigated in
paediatric populations. The first trial randomised 247 cystic
fibrosis children to receive tobramycin or placebo for 20 weeks
and improvement in lung mechanics, microbiological status
and lost school days was demonstrated [113]. RATJEN et al. [114]
randomised 88 cystic fibrosis children to receive either 28 or
56 days of inhaled tobramycin demonstrating the usefulness of
this therapy, but no differences due to its duration. Very
recently, inhaled aztreonam has been also investigated and
gained approval for its use in cystic fibrosis [115]. In
randomised clinical trials, aztreonam demonstrated significant
improvement in lung mechanics, and microbiological and
clinical status [116].

Despite these intriguing results, inhaled antibiotics clear
bacteria but do not seem to reduce inflammation in cystic
fibrosis [117]. In fact, another recent trial comparing systemic
versus inhaled therapy showed less cellular infiltrate in patients
treated systemically [118]. Mucus obstruction has been
indicated as a possible cause, and the joint administration of
antibiotics and dornase-a has been recently proposed to
address this issue [119]. Given these lines of evidence, a 2004
European consensus was reached that the optimal form of
therapy is still not established [120] and a Cochrane review
found insufficient evidence to recommend specific treatment
strategies [121]. Notably, none of the previously mentioned
data came from an ICU setting.

Very recently, intrapulmonary antibiotic administration has
also been proposed for the treatment of tuberculosis in order to
reduce the exposure of Mycobacteria to subtherapeutic levels
[122]. Specific trials are needed for the inhaled treatment of
tuberculosis in paediatric and neonatal critical care.

With similar aims, in the ICU setting, inhaled antibiotics have
been proposed for the management of ventilator-associated
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pneumonia (VAP). No data are available in paediatric and
neonatal critical care settings, but a meta-analysis of available
trials in adults demonstrated a reduced incidence of VAP for
patients receiving inhaled prophylaxis [123], while less
evidence is available for the VAP treatment [124]. However,
there is growing evidence in favour of inhaled antibiotics for
multidrug-resistant respiratory infections in adults admitted to
ICU [125]. Specific trials are needed to verify possible benefits
in paediatric and neonatal critical care.

Amphotericin B
Inhaled amphotericin B has been proposed for both treatment
and prophylaxis of fungal infections since 1959 [126]. It is
available in pure, lipidic or liposomal preparations and might
have a role in transplant recipient and immunocompromised
patients [127]. In some of these cases, amphotericin B has also
been directly instilled under fibre-optic bronchoscopy [128].
Nevertheless, no data are available either in paediatric or in
neonatal critical care.

Zanamivir
Zanamivir is a micronised, dry-powder inhaled antiviral agent
that inhibits the neuraminidase active site on the surface of
influenza viruses A and B. Zanamivir has been approved for
treatment and prophylaxis of influenza in children .5 yrs of
age [129]. At present, no study has been published regarding
its use in the ICU and doubts have been raised about effective
powder delivery during ventilation and in smaller children,
although in this case, the help of parents should ensure correct
administration [130]. Specific studies about the ICU use of
zanamivir on infants and neonates are needed.

SURFACTANT
Surfactant is a cornerstone of neonatal intensive care. Recently,
both the American Academy of Paediatrics and a European
consensus conference issued specific guidelines for the
management of iRDS [131, 132]. Surfactant should be given
as prophylaxis or treatment, as early as possible, to all pre-term
infants with worsening respiratory distress. Natural surfac-
tants should be preferred, as they reduce pulmonary air leaks
and mortality. In particular, porcine surfactant (poractant-a)
leads to improved survival compared to the others [131, 132].
Multiple doses, rather than a single one, in babies with
ongoing respiratory failure further improved clinical outcomes
in terms of survival, air leaks, mechanical ventilation require-
ments and necrotising enterocolitis incidence [133].

A Cochrane meta-analysis of four trials of surfactant therapy in
meconium aspiration syndrome found no difference in
mortality or in other outcomes [134]. A subgroup analysis
demonstrated a significant reduction of the need for ECMO in
babies treated with surfactant (RR0.64, 95% CI 0.46–0.91; NNT
6). Given these unsatisfactory results, bronchoalveolar lavage
with diluted surfactant has been studied and seems promis-
ing [135]. Very recently, an international multicentre study
randomised 66 neonates with meconium aspiration syndrome
to receive either bronchoalveolar lavage with diluted surfac-
tant in two large aliquots of 15 mL?kg-1 or standard care.
Lavage led to a significant reduction (-21%) in mortality or
need for ECMO (OR 0.24, 95% CI 0.06–0.97) and to a more
rapid decrease in mean airway pressure, with no substantial
adverse effects [136].

Since surfactant inactivation has been reported in pneumonia
or sepsis with respiratory failure, replacement therapy has
been tried: improvement in gas exchange and reduction in the
need for ECMO has been demonstrated, although only in small
populations [131].

Similar data in the literature suggest the use of surfactant for
pulmonary haemorrhage, but only a few retrospective and
observational reports have documented a beneficial effect and
its magnitude is unclear [131]. Surfactant replacement therapy
is practically useless in congenital diaphragmatic hernia [137].

Experience with surfactant beyond the neonatal age is more
limited. In 2007, six trials has been published and their meta-
analysis showed reduced mortality (RR 0.7, 95% CI 0.4–0.97;
p50.04), increased ventilator-free days (+2.5 days, 95% CI 0.3–4.6;
p50.02) and reduced duration of ventilation (-2.3 days,
95% CI 0.1–4.4; p50.04) [138]. Nevertheless, populations
enrolled in these trials were not homogeneous; moreover,
surfactant dosing and administration varied considerably
[138]. In particular, three trials enrolled babies with RSV-
related respiratory failure and, in this subgroup, a recent
Cochrane meta-analysis found a reduced ICU length of
stay and confirmed the decrease in ventilator days [139].
Nevertheless, no recommendations are provided, as questions
are still open about surfactant preparation, appropriate dose
and administration interval, and the ventilator strategy to
choice. Moreover, since surfactant replacement therapy is not
efficacious in adults with ARDS, it remains to be clarified
whether an age cut-off can predict the outcome. ARDS
pathophysiology is not homogeneous [83] and more basic
research must be conducted to identify babies who can possibly
benefit from surfactant therapy.

Bronchoalveolar lavage with diluted surfactant has been
attempted in children with severe aspiration syndrome and
respiratory failure: oxygenation improvement and reduced
duration of ventilation were observed [140] but this is a
preliminary study needing further investigation.

MISCELLANEOUS

Heliox
Many anecdotical reports describe the use of a mixture of
helium and oxygen during obstructive respiratory diseases of
various origin [141]. Heliox is most effective during conditions
involving density-dependent increases in airway resistance,
especially when used early. Any therapeutic effect of heliox on
gas exchange and work of breathing should be evident soon
after the treatment commences [141].

In a recent crossover trial, enrolling only 13 ventilated infants
with RSV bronchiolitis, heliox reduced respiratory system
resistance without an effect on gas exchange [142]. Heliox has
also regained interest in the literature because of its possible
use during noninvasive ventilation. A short-term crossover
study in infants with RSV bronchiolitis treated with CPAP
demonstrated a better CO2 clearance and clinical improvement
using heliox instead of air/oxygen [143]. A recent review of
treatment options for bronchiolitis highlights that heliox failed
to improve major clinical outcomes [144].

A recent systematic review of heliox during severe croup gave
no improvements in major outcomes [145]. This was mainly
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due to the paucity of data (only two trials) and to the
significant heterogeneity in the trial methodologies. An
expanded review of 50 studies other than randomised
trialsregarding the use of heliox for croup in the emergency
department concludes that there is no evidence to support this
intervention [146].

Nonetheless, because of its physical properties (viscosity lower
than air) heliox may overcome high airway resistances,
improving CO2 clearance and enhance drug delivery by
nebulisation [147, 148]. A recent Cochrane meta-analysis of
10 trials in children with severe asthma found heliox useless in
nonintubated patients, but showed some benefits in the more
critically ill patients [149].

Heliox has also been anedoctically successful in treating some
children and neonates with acquired or congenital upper
airway obstruction [150–152]. An early trial on children with
post-extubation stridor compared heliox against the usual gas
mixture and found heliox to cause a 38% reduction in
respiratory distress score [153].

Heliox may improve iNO delivery in interstitial emphysema
[154] and improve respiratory mechanics in ventilator depen-
dent neonates at high risk for BPD [155]. In this population,
MIGLIORI et al. [155] found that the use of heliox improved CO2

elimination, increased minute ventilation and reduced patient
work of breathing in ventilated infants with BPD.

Furosemide
Nebulised furosemide has been used for its theoretical
bronchodilator and anti-inflammatory effects, which are
mainly due to the inhibition of the Na+/K+-ATPase across
airway cell membranes [79]. However, a clinical trial of inhaled
furosemide in pre-term infants with established or evolving
BPD yielded inconclusive findings [156, 157]. Furosemide
improves compliance and tidal volume transiently, f6 h from
administration [79]. It is also free from any adverse effects on
electrolyte and fluid balance compared to the intravenous
route [158]. Nonetheless, these studies enrolled small popula-
tions, did not address any major outcomes, have not been
replicated more recently and effective drug delivery to the

TABLE 2 Evidence-based clinical indications for intrapulmonary drug delivery

Drugs Practice points

b2-agonists and

ipratropium bromide

May transiently improve lung mechanics in neonates (B). Routine use for BPD prevention is not recommended but they may be

useful in bronchial obstruction or increased work of breathing (A). In neonates, ipratropium may cause transient improvements of

bronchial obstruction similarly to b2-agonists (C). Albuterol may decrease serum potassium in pre-term infants with hyperkalaemia (B)

but its use as a first-line treatment for hyperkalemia cannot be recommended (A)

Adrenaline May improve respiratory mechanics during bronchiolitis (A) or croup (C) but its clinical effect is questionable. When given for neonatal

resuscitation, adrenaline may need to be given at dose 10 times higher than the intravenous one (D)

iNO A 30-min iNO trial at 10 ppm is advisable in congenital heart disease children at risk for pulmonary hypertension: iNO may reduce

ventilation time and hypertensive events (B). There are no adequate data to recommend its use in paediatric ARDS. iNO is the

first-choice therapy for PPHN in term and late pre-term babies at a standard dosage of 20 ppm, although lower doses may be

effective (A). In pre-term neonates, risks and benefits should be weighted in each case (B)

Epoprostenol and iloprost May lower pulmonary pressure in congenital heart disease children (B). Epoprostenol could be useful in severe ARDS unresponsive

to conventional therapies (B). In neonates, epoprostenol or iloprost could resolve PPHN in case of iNO unavailability or failure and

iloprost is probably more suitable in this setting (D)

Pentoxifylline May reduce BPD incidence (,27%) (B)

Steroids Might be useful to prevent BPD but there is not enough evidence to recommend them (A). Surfactant-vehicled steroids may be

considered for this aim (B). Inhaled steroids may achieve a faster recovery in term neonates with meconium aspiration syndrome (B)

Cromolyn Not useful and should not be given to neonates to prevent BPD (A)

Hypertonic saline May allow faster clinical improvement and shorter hospitalisation in bronchiolitis (A). It may also improve lung mechanics in cystic fibrosis (A).

Dornase-a May resolve atelectasis in long-term ventilated children (B). It also allows shorter ICU stay and ventilation time in congenital heart

diseases children (B). It could be useful for refractory status asthmaticus, severe atelectasis or tube plugging in children/neonates

when conventional therapies failed (D)

Acetylcysteine Nebulised heparin/acetylcysteine is able to reduce mortality in children with burns and smoke inhalation lung injury (C). Acetylcysteine

might worsen respiratory mechanics and should not be used in neonates (B)

Ribavirin May allow shorter hospital stay and ventilation time in severe bronchiolitis (B).Ribavirine coupled with palivizumab may increase survival (C)

Heliox No definite data are available to support or refute the use of heliox in severe obstructive diseases. It could be tried, as early as possible,

in intractable cases (D). Heliox may ameliorate respiratory distress symptoms due to post-extubation stridor in children (B)

Furosemide May cause transient lung mechanics improvement in neonates with established or pending BPD but its routine use is not recommended (A)

Superoxide dismutase May improve long-term respiratory status in pre-term neonates (B)

Letters in parentheses represent levels of evidence and grades of recommendations modified from the Scottish Intercollegiate Guidelines Network (SIGN) guidelines

[163] as follows. A: at least one high-quality meta-analysis of randomised controlled trials (RCT) or a sufficiently powered high-quality RCT. B: other meta-analysis of RCTs

or a high quality systematic review of case–control studies or a low grade RCT, but with high probability that the relationship is causal. C: a well conducted case–control or

cohort study with a low risk of confounding bias. D: evidence from case series, case reports or expert opinion. iNO: inhaled nitric oxide; BPD: bronchopulmonary

dysplasia; ARDS: acute respiratory distress syndrome; PPHN: persistent pulmonary hypertension of the neonate; ICU: intensive cure unit.
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alveoli has never been studied [79]. Therefore, a recent
Cochrane meta-analysis, pooling data from all studies, does
not recommend the routine furosemide nebulisation in pre-
term infants [159].

Superoxide dismutase
Copper–zinc superoxide dismutase (CuZnSOD) is a natural
potent antioxidant enzyme. It has been administered to pre-
term neonates in two trials, but a meta-analysis failed to
demonstrate improvements in terms of BPD reduction or other
major outcomes [160]. However, treated infants had lower
incidence of wheezing, asthma and other respiratory problems
after hospital discharge [160]. These findings have been
confirmed by a subsequent trial in which 302 pre-term infants
were randomised to receive recombinant human (r-hu-)
CuZnSOD every 48 h until their weaning from mechanical
ventilation. The treatment reduced respiratory problems and
hospitalisations at 1 yr of age [161].

CONCLUSIONS
Direct lung administration allows immediate drug availability
and this is potentially helpful in many critical situations in
paediatric and neonatal ICUs. Nevertheless, pharmacokinetic
data and controlled studies are lacking and the experience is
often anecdotal. Some other issues also demand further
attention. For instance, devices used for aerosolised delivery
have not been subjected to the same rigorous regulation of
medications. Moreover, both delivery devices and ventilators
continue to evolve towards an increasingly complex technology
and, finally, factors influencing drug delivery during noninva-
sive ventilation are not fully understood [162] This makes it
even more difficult to provide definite recommendations for all
circumstances. The evidence for or against each drug is
summarised in table 2 with practical advice for readers [163].
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