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Meconium aspiration syndrome (MAS) is an important cause of respiratoryAbstract
distress in the term infant. Therapy for the disease remains problematic, and newer
treatments such as high-frequency ventilation and inhaled nitric oxide are being
applied with increasing frequency. There is a significant disturbance of the
pulmonary surfactant system in MAS, with a wealth of experimental data indicat-
ing that inhibition of surfactant function in the alveolar space is an important
element of the pathophysiology of the disease. This inhibition may be mediated by
meconium, plasma proteins, haemoglobin and oedema fluid, and, at least in vitro,
can be overcome by increasing surfactant phospholipid concentration. These
observations have served as the rationale for administration of exogenous
surfactant preparations in MAS, initially as standard bolus therapy and, more
recently, in association with therapeutic lung lavage.

Bolus surfactant therapy in ventilated infants with MAS has been found to
improve oxygenation in most studies, although there are a significant proportion
of nonresponders and in many cases the effect is transient. Pooled data from
randomised controlled trials of surfactant therapy suggest a benefit in terms of a
reduction in the requirement for extracorporeal membrane oxygenation (relative
risk 0.48 in surfactant-treated infants) but no diminution of air leak or ventilator
days. Current evidence would support the use of bolus surfactant therapy on a case
by case basis in nurseries with a relatively high mortality associated with MAS, or
the lack of availability of other forms of respiratory support such as high-
frequency ventilation or nitric oxide. If used, bolus surfactant should be adminis-
tered as early as practicable to infants who exhibit significant parenchymal
disease, at a phospholipid dose of at least 100 mg/kg, rapidly instilled into the
trachea. Natural surfactant or a third-generation synthetic surfactant should be
used and the dosage repeated every 6 hours until oxygenation has improved.

Lung lavage with dilute surfactant has recently emerged as an alternative to
bolus therapy in MAS, which has the advantage of removing surfactant inhibitors
from the alveolar space in addition to augmenting surfactant phospholipid concen-
tration. Combined animal and human data suggest that lung lavage can remove
significant amounts of meconium and alveolar debris, and thereby improve
oxygenation and pulmonary mechanics. Arterial oxygen saturation inevitably falls
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during lavage but has been noted to recover relatively rapidly, even in infants with
severe disease. Several randomised controlled trials of surfactant lavage in MAS
are underway, and until the results are known, lavage must be considered an
unproven and experimental therapy.

Meconium aspiration syndrome (MAS) is an im- neither specific to meconium aspiration[10,11] nor
portant cause of respiratory distress in the mature present in all cases.[12]

infant, which in the developed world accounts for Approximately one-third of infants with MAS
approximately 10% of all cases of respiratory failure require intubation and mechanical ventilation.[4]

requiring intubation at or near full term. MAS is a Those that do usually exhibit hypoxaemic respirato-
disease of many elements, which coalesce into a ry failure, frequently accompanied by respiratory
problematic respiratory syndrome that is frequently acidosis, persistent pulmonary hypertension or both.
difficult to treat by conventional means. For this Management of such infants remains a significant
reason, numerous adjunctive or alternative therapies challenge for the neonatologist, and is one in which
have been applied in MAS, including, in the newer technologies and therapies for newborn re-
surfactant era, exogenous surfactant either by bolus spiratory failure are frequently brought into play,
administration or in the form of lung lavage. The including high-frequency ventilation, inhaled nitric
role of exogenous surfactant therapy in MAS is the oxide and bolus surfactant therapy. Mortality for
subject of this review. We seek to establish the main this condition is estimated to be at least 4%,[4] and
pathophysiological disturbances in MAS, in particu- approximately 10% of ventilated infants have an air
lar those involving the surfactant system, the scien- leak.[6] Infants with significant MAS frequently re-
tific basis for the use of exogenous surfactant, the quire oxygen for relatively long time periods, and a
outcomes of clinical application of bolus surfactant small proportion are discharged home still receiving
therapy in MAS, and the evidence in support of oxygen and have ongoing respiratory morbidity in
surfactant lavage therapy in MAS. infancy.[13]

1. Meconium Aspiration Syndrome 2. Pathogenesis and Pathophysiology
(MAS): the Disease of MAS

The lung dysfunction of MAS is a variable inter-The epidemiology, clinical features, convention-
play of several elements, chief amongst which areal therapy and outcome of MAS have been exten-
airflow obstruction, decreased alveolar gas ex-sively reviewed,[1-5] and are only briefly discussed
change, impaired pulmonary mechanics, surfactanthere. MAS is a disease of the term and post-term
inhibition and persistent pulmonary hypertension.infant, and is rare before 37 weeks gestation. The
Figure 1 shows a proposed pathogenesis of MAS,incidence of MAS in the developed world currently
indicating the antecedents to these physiologicalstands around 2 per 1000 live births,[2,6] and may be
disturbances, the critical one being entry of meconi-considerably higher in under-served inner urban
um into the lung.populations[7,8] and in the developing world.[9] Clini-

cally, MAS presents a relatively stereotypical pic- Meconium is the viscid, pigmented secretion of
ture, with early onset of respiratory distress in the the fetal gastrointestinal tract, to which is added
context of meconium-stained amniotic fluid and, elements derived from swallowed amniotic fluid,
usually, fetal compromise of some degree. Radio- including fetal squames and lanugo hair. It is a
graphically the features of aspiration are regional noxious substance when inhaled, producing one of
atelectasis and/or hyperinflation, with widespread the worst forms of aspiration pneumonitis encoun-
patchy opacification, although these appearances are tered in humans. In vitro, meconium exhibits several
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Fig. 1. A proposed pathogenesis of meconium aspiration syndrome. Shaded boxes with bolded text denote obligatory elements, shaded
boxes with normal text denote usual elements, and no shading denotes occasional elements.[5]

adverse biophysical properties, including high te- The universal disturbances of lung function in
MAS are hypoxaemia and decreased lung compli-nacity (stickiness),[14] extremely high surface ten-
ance. Poor oxygenation is attributable to a combina-sion (215 mN/m)[14] and potent inhibition of
tion of ventilation-perfusion mismatching, intrapul-surfactant function (see section 3.3). It is directly
monary shunting related to regional atelectasis, andtoxic to type II pneumocytes,[15,16] chemotactic to
extrapulmonary shunting related to pulmonary hy-

neutrophils[17] and possibly vasoactive.[18,19] These
pertension. Many infants exhibit regional hyperin-

adverse properties of meconium are reflected in flation related to increased expiratory resistance in
many of the known pathophysiological features of meconium-plugged airways, and a smaller subgroup
MAS (figure 1), supporting the notion that the pres- have global hyperinflation and a high functional
ence of meconium in the lung is crucial in the residual capacity secondary to extensive gas trap-
pathogenesis of the disease. ping.[20]
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3. Disturbances of the Surfactant System 3.1 Airspace Concentration of Surfactant
in MAS Phospholipid in MAS

Pulmonary surfactant is a mixture of phospholip- In direct contrast to HMD, the available data
id and protein vital for the normal function of the suggest that MAS may not involve significant defi-
lungs.[21-24] The major phospholipid component, ciency of surfactant phospholipid. Indeed, at least in
dipalmitoyl phosphatidylcholine (DPPC) forms a vitro, exposure of cultured alveolar type II cells to
monolayer on the alveolar surface that lowers sur- meconium leads to a dose-dependent increase in
face tension, thereby maintaining alveolar volume in phosphatidylcholine secretion.[15] At concentrations
expiration and conferring favourable pulmonary >1% meconium becomes directly toxic to type II
mechanics during inspiration from low lung vol- cells,[15] at least in part related to the increased
ume.[21] Several other components of surfactant as- cellular permeability and intracellular calcium ac-
sist in the formation of the DPPC monolayer, includ- cumulation induced by bile salts.[16] Data from
ing other phospholipids (e.g. phosphatidylglycerol)

animal models of MAS are conflicting regarding
and surfactant-associated proteins A, B and C (SP-

alveolar concentration of surfactant phospholipid,
A, SP-B, SP-C). All elements of surfactant are

with several studies showing total phospholipid and/
synthesised, stored, secreted and recycled by the

or DPPC content similar to controls for up to 72
alveolar type II cell.[24]

hours after initiation of meconium injury,[41,42] and
The physiological importance of surfactant is

yet others finding a lower concentration of total
highlighted by the plight of the premature newborn

phospholipid[43] or DPPC[44] in the meconium-in-
infant with hyaline membrane disease (HMD),

jured lung. Variations in the amount of meconiumwhere primary surfactant deficiency is associated
instilled, the duration of the experiment, and thewith low end-expiratory lung volume and decreased
method of obtaining and analysing lung fluid maypulmonary compliance.[22] All elements of surfac-
explain the differences in the findings of these stud-tant are known to be deficient in this condition, with
ies.a much reduced surfactant pool size[25] and measura-

Information regarding surfactant phospholipidble deficiency of DPPC,[26] SP-A,[27,28] SP-B[27,28]

status in human infants with MAS comes entirelyand SP-C[28] in the airspaces. The introduction of
from analysis of lung fluid retrieved using one orexogenous surfactant therapy for HMD, in which
other method of diagnostic bronchoalveolar lavage,animal-derived or synthetic surfactant mixtures are
where small aliquots of saline are instilled into theinstilled into the trachea, has led to a considerable
lung and then recovered by suction.[45] Analysis ofreduction in mortality and risk of pneumotho-
tracheal aspirate fluid from infants with severe MASrax.[29,30] The rapid improvement in oxygenation and
requiring extracorporeal membrane oxygenationpulmonary mechanics frequently noted soon after
(ECMO) found an apparent increase in phospholipidsurfactant administration in these infants reinforces
and/or DPPC concentration during the course of thehow critically important an intact surfactant system
ECMO support, suggesting that there may haveis to the normal function of the lung. A summary of
been a deficiency of surfactant phospholipid at thethe commercially available surfactant preparations
outset.[46,47] Interpretation of these results is limitedis presented in table I.
in both cases by the lack of pre-ECMO samples orThere is good evidence that the function of pul-
data from controls with normal lungs. In a group ofmonary surfactant is also perturbed during MAS.
ventilated infants with MAS not requiring ECMO,Such evidence comes from in vitro studies of
our research group noted no difference in total phos-surfactant-meconium mixtures, and from in vivo
pholipid or DPPC concentration in bronchoalveolarstudies of various aspects of surfactant in animal
lavage fluid compared with samples from the nor-models of MAS and in human infants with the
mal lung.[48]disease.
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Table I. Commercially available exogenous surfactant preparations

Generic name Trade name; parent Product derivation PL content PL composition SP-B content SP-C content PL concentration Usual PL dose
company (% dry (% total PL) per mg PL (% per mg PL in full-strength in HMD

weight) weight/weight) (% weight/ preparation
weight) (mg/mL)

Natural surfactants: lung mince extracts

Beractant Survanta®; Ross Cow lung mince extract 84[31] PC 79,[32] 87[33] <0.1[33] 2.1[32] 25 100 mg/kg
Laboratories, fortified with DPPC, DPPC 59[32] 0.17[32]

Chicago, IL, USA palmitic acid and PG 3.2[33]

tripalmitin

Poractant alfa Curosurf®; Chiesi Pig lung mince extract, 99[34] PC 68,[34] 75[33] 0.2[33] 1.3[32] 80 100–200 mg/kg
Farmaceutici SpA, chromatographically DPPC 38,[34] 0.4[32,34]

Parma, Italy purified by removal of 43[32]

neutral lipids PG 1.2[33]

Surfacten-TA Surfacten®; Tokyo- Cow lung mince extract 84 PC 79,[32] 87[33] <0.1[33] 2.1%[32] 25a 100 mg/kg
Tanabe Co., Tokyo, fortified with DPPC, DPPC 59[32] 0.17[32]

Japan palmitic acid and PG 3.2[33]

tripalmitin

Natural surfactants: lung lavage extracts

Bovactant Alveofact®; Cow lung lavage extract 90[31] PC 84[32] 0.7[32] 1.7[32] 42 50–100 mg/kg
Boehringer, DPPC 33[32] 1.7[33]

Ingelheim, Germany PG 9[33]

Bovine lung bLES®; bLES Cow lung lavage extract, 98[35] PC 82[35] NDb NDb 27 135 mg/kg
extract surfactant Biochemicals Inc., acetone precipitated DPPC 45[35]

(bLES) London, ONT, PG 12[35]

Canada

Calfactant Infasurf®; Forest Calf lung lavage extract 91[36] PC 74[37] 0.74[37] 1.3[38] 35 105 mg/kg
Pharmaceuticals, DPPC 46[37] 1.7[33]

Inc., St Louis, MO, PG 3.6[33]

USA

Synthetic surfactants: third generation

Sinapultide Surfaxin®; Discovery Synthetic phospholipid 82[31] PC 75[31]  3c Nil 30 175 mg/kg
(lucinactant) Laboratories, mixture supplemented DPPC 75[31]

Doylestown, PA, with KL4 peptide PG 25[31]

USA (sinapultide)

Lusupultide (rSP- Venticute®; Altana Synthetic phospholipid 92[31] PC69[31] Nil rSP-C 2[31] 46a 50 mg/kg
C-surfactant) Pharma, Konstanz, mixture supplemented DPPC 69[31]

Germany with recombinant SP-C PG 31[31]

(lusupultide)

Continued next page



2574 Dargaville & Mills

3.2 Airspace Concentration of Surfactant
Protein in MAS

The available evidence suggests that the concen-
tration of surfactant proteins, in particular SP-A and
SP-B, may be reduced in MAS. In the rat model of
MAS, Cleary et al.[41] demonstrated a time-depen-
dent decrease in SP-A and SP-B in large surfactant
aggregates from whole lung lavage (maximum ef-
fect at 24–48 hours), although the lung tissue con-
centration of SP-B was normal throughout. In
human infants with MAS requiring ECMO, sequen-
tial tracheal aspirate samples have shown a progres-
sive increase in SP-A concentration during resolu-
tion of lung disease, suggesting recovery of
surfactant synthesis.[46,49] In contrast, we found no
difference in the airspace concentration of SP-A in
ventilated infants with MAS compared with that in
healthy infants with no lung disease.[48]

3.3 Surfactant Inhibition in MAS

Apart from the actual concentration of surfactant
components within the alveolus, there is evidence
that the biophysical function of surfactant is signifi-
cantly affected in MAS. In vitro, meconium causes
concentration-dependent inhibition of surfactant
function,[31,50-52] which can be overcome by increas-
ing surfactant concentration in the mixture under
study.[31,50,52] Moses and co-workers[50] found that
meconium, even at a 1 : 6500 dilution (20 μg/mL),
caused significant inhibition of a surfactant prepara-
tion with phospholipid concentration 1.5 mg/mL,
with an increase in the minimum surface tension
achievable by the mixture. In contrast, Bae et al.[52]

found that a meconium concentration of at least
1 mg/mL was necessary to cause significant inhibi-
tion of a 1.5 mg/mL surfactant mixture. At phospho-
lipid concentrations >5 mg/mL, surfactant appears
to be resistant to meconium-related inhibi-
tion.[31,50,52] Clark and co-workers[53] found that in-
hibitory activity of meconium resided in the ether-
extractable fraction of meconium, and hypothesised
that it was related to the high proportion of oleic and
stearic acids known to be present.[54] More recently,
several studies have identified inhibitory activity in
both the water- and chloroform-soluble fractions of

© 2005 Adis Data Information BV. All rights reserved. Drugs 2005; 65 (18)
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meconium,[50,51] with the chloroform fraction, con- vivo functional studies that do suggest a significant
taining free fatty acids, triglycerides and cholesterol, component of surfactant inhibition in MAS. Instilla-
having greater inhibitory potency.[51] The inhibitory tion of meconium solutions into isolated canine
effect of meconium is associated with a marked lungs results in significant and immediate changes
alteration in the morphology of surfactant phospho- to static pressure volume deflation curves, sugges-
lipid ultrastructure, with the loosely stacked layers tive of a change in surfactant function.[66] Using a
of natural surfactant changed to a spherical lamellar different approach, Lu and co-workers demonstrated
structure.[52] improvement in lung function in the rat MAS model

by addition of polyethylene glycol,[67] an agent withSurfactant inhibition in MAS may also come
known anti-inhibitory properties.[68,69] These studiesabout through mechanisms other than a direct effect
give credence to the notion that surfactant inhibitionof meconium. Both in experimental animals and in
makes an important contribution to the lung dys-human infants, MAS is associated with a marked
function that occurs in MAS.exudation of plasma protein,[42-44,46,55] alveolar oede-

ma[55,56] and accumulation of debris including hy- Evidence for a functional disturbance of the
aline membranes.[55,56] Additionally, MAS is associ- surfactant system in MAS also comes from animal
ated with haemorrhagic alveolitis[45] and occasional- and human data regarding physiological responses
ly results in overt pulmonary haemorrhage.[57,58] to exogenous surfactant administration. In animal
Accumulation of any or all of these elements within models, bolus surfactant administration has been
the alveolar space may result in surfactant inhibi- seen to improve oxygenation in most studies (see
tion. Surfactant function is demonstrably compro- section 4.1) but the effect is often transient,[70] with
mised by serum proteins,[59-61] in particular fibrino- gradual return to the baseline state within 3–4 hours,
gen,[33,59] and, to a lesser extent, albumin.[59,62,63] As and persistence of pulmonary atelectasis and inflam-
with meconium, plasma protein-induced inhibition matory changes both macroscopically and histologi-
is dependent on the concentration of both inhibitor cally.[55,70] These observations suggest that the main
and surfactant, and can be largely overcome by effect of exogenous surfactant therapy is a tempora-
increasing the phospholipid concentration to >5 mg/ ry alleviation of surfactant inhibition.
mL.[59] Apart from plasma proteins, both
haemoglobin and cell membrane phospholipids also 3.4 Inhibition of Exogenous
impair the biophysical activity of surfactant,[64] as Surfactant Preparations
do the breakdown products of hyaline mem-
branes.[65] Commercially available surfactant preparations

While inhibition of surfactant preparations by show variable resistance to inhibition by meconium
meconium, plasma proteins and other alveolar deb- and plasma protein. Even in the absence of inhibi-
ris is clearly demonstrable in vitro, the degree to tors, synthetic surfactants lacking SP-B or SP-C
which endogenous surfactant function is impaired in (pumactant [ALEC® {artificial lung expanding
vivo is more difficult to ascertain. The concentra- compound}]1, colfosceril palmitate [Exosurf®])
tions of either inhibitor or surfactant in the alveolar have inferior biophysical properties in vitro,[31,71]

space are not known with any great precision. Even and the few data examining their susceptibility to
if they were, the degree of surfactant dysfunction inhibition are conflicting and relatively meaningless
may be difficult to predict because much of the in given the difficulty of testing for inactivation when
vitro data examining the stoichiometry of inhibition the surfactant is already comparatively inactive.[31]

come from studies using surfactant preparations that Several investigators have examined the relative
are much more susceptible to inhibition than endog- resistance of natural and third-generation synthetic
enous surfactant.[31] However, there are several in surfactants to inhibition by protein and meconium.

1 The use of trade names is for product identification purposes only and does not imply endorsement.
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Natural surfactant preparations derived from whole lation,[78] nitric oxide[80,82] or polyethylene glycol.[67]

lung lavage (bovactant [Alveofact®], calfactant [In- In several cases the oxygenation effect was tran-
fasurf®]) have been found more resistant than lung sient[55,70] or absent.[43] A more pronounced physio-
mince surfactants (beractant [Survanta®], poractant logical response was noted with a 200 mg/kg
alfa [Curosurf®]) to the inhibitory effects of fibrino- surfactant dose (compared with 100 mg/kg) in the
gen and albumin,[33] almost certainly related to their rat MAS model[55] but not in the rabbit model.[81]

higher concentration of SP-B.[72] Lung lavage The improvements in gas exchange have been asso-
surfactant (bovactant) was also noted to be more ciated with concomitant improvements in pulmona-
resistant to meconium-related inactivation than ber- ry mechanics[55,70,77-80,85,86] and, where measured,
actant in one study[73] but not another,[31] with the epithelial injury and proteinaceous exuda-
disparity being at least in part explicable by different tion.[55,78,80]

phospholipid : meconium ratios used in the two Several reports of bolus surfactant therapy in
studies (2 : 1 vs 1 : 1). Both studies found that at a animal models of MAS have emphasised the hetero-
phospholipid concentration of 5 mg/mL, bovactant geneity of distribution of surfactant in this condi-
achieved a lower minimum surface tension than tion.[87,88] Hudson and co-workers[87] noted a more
beractant in the presence of meconium 2.5 mg/mL. uneven distribution of surfactant phospholipid after
The third-generation synthetic surfactants, sinapul- intratracheal instillation of a standard dose of
tide (lucinactant) [Surfaxin®] and lusupultide (rSP- surfactant in the meconium-injured piglet lung than
C-surfactant) [Venticute®], have some protection in the normal lung. Another study in the rat MAS
against inactivation related to the presence of SP-B- model found that the maldistribution of surfactant
like activity and recombinant SP-C, respectively. could be improved using partial liquid ventila-
Sinapultide appears to be more resistant to the ef- tion.[88] Most investigators have noted that more
fects of fibrinogen than beractant in vitro[74] but rapid administration of surfactant to animals with
more susceptible to albumin-induced inhibition in MAS produces more even phospholipid distribu-
vivo.[75] Lusupultide also resists fibrinogen-related tion,[89,90] particularly when compared with a slow
inhibition, but not to the same degree as infusion over 45 minutes.[89] At odds with these
calfactant.[76] Where tested, both synthetic prepara- findings is a single report in the rabbit MAS model
tions show considerable resistance to meconium, where better pulmonary mechanics were noted after
with better biophysical function than beractant, an infusion of beractant over 60 minutes than with
poractant alfa or bovactant at a phospholip- standard bolus administration.[83]

id : meconium ratio of 1 : 1. This difference became
less evident with a doubling of the phospholipid 4.2 Bolus Surfactant Administration
concentration to 5 mg/mL. in Humans

4. Bolus Surfactant Therapy in MAS Initial uncontrolled studies suggested that bolus
surfactant therapy may be of benefit in MAS. Auten
and co-workers[91] were the first to report on a small4.1 Animal Studies
series of seven infants with MAS treated with

The physiological effect of exogenous surfactant calfactant 90 mg/kg, all of whom demonstrated im-
therapy using a variety of different surfactant prepa- provements in oxygenation after administration. In
rations has been investigated in animal models of another cohort of 20 infants with MAS receiving
MAS.[43,55,67,70,77-86] Better oxygenation has been 100 mg/kg of bovine lung extract surfactant, im-
noted after bolus surfactant administration in most provement in arterial/alveolar oxygen ratio within 6
studies,[55,67,70,77-86] with the maximal effect in some hours was noted in 75% of cases, and none of the
cases requiring the application of another therapy in treated infants required ECMO.[92] Other groups
addition to surfactant, such as high-frequency venti- have documented more modest benefits, with a sur-
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Table II. Randomised controlled trials of bolus surfactant therapy in ventilated infants with meconium aspiration syndrome (MAS)a

Study Subjects: Random- Age at Surfactant Mode of Repeat Total Immediate Effect on Effect on Air Need Death Duration of
(year) inclusion isation enrolment treatment admin- dosing surfactant effect of oxygen- PAW leak for mechanical

criteria groups (planned: (mg/kg) istration (planned: dose dosing ation ECMO ventilation
actual) [h] actual) (mg/kg) (d)

Findlay Term infants (i) 20 <6h Beractant Infusion via Up to four 450 Not stated Marked Decrease 0/20b 1/20b 0/20 vs (i) 7.7 ± 0.7b

et al.[97] ventilated with surfactant- 150 ETT doses 6h improve- in PAW vs vs 6/20 0/20 (ii) 11 ± 1.3

(1996) MAS: PAW treated sideport apart ment in after 5/20

>7cm H2O, (ii) 20 over 20 min OI and second

aApO2 ratio controls aApO2 dose

<0.22 ratio after

second

dose

Lotze et Term infants (i) 87 <120: Beractant Instillation Four 400 (more 33% of Not stated Not stated 5/87 32/87b 4/87 vs (i) 8

al.[98] with hypoxic surfactant- (i) 31 ± 22 100 in small doses 6h if ECMO surfactant- vs vs 2/81 (1–207)c

(1998) respiratory treated (ii) 29 ± 21 boluses apart; required) treated 2/81 42/81 (ii) 7 (1–39)c

failure: FiO2 (ii) 81 via ETT 72% of group had

1.0, OI controls sideport infants hypoxia or

between 15 received brady-

and 40 four doses cardia

before during

ECMO, if admini-

required stration

a Continuous data expressed as mean ± SD, unless otherwise stated.

b Significant difference between groups, p < 0.05.

c Median (range).

aApO2 = alveolar-arterial oxygen ratio; ECMO = extracorporeal membrane oxygenation; ETT = endotracheal tube; FiO2 = fraction of inspired oxygen; OI = oxygenation index;

PAW = mean airway pressure.
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vey of European neonatologists reporting no re-
sponse to treatment in 44% of 54 infants treated with
a median dose of poractant alfa 100 mg/kg,[93] and a
similar proportion of nonresponders noted by
Blanke and Jorch.[94] in a further 10 infants. The
uncontrolled use of bolus surfactant therapy in com-
bination with other rescue treatments in MAS has
also been documented, including infants treated
while receiving ECMO,[95] and infants receiving
high-frequency jet ventilation,[96] with the sugges-
tion of physiological improvement in both cases.

Two randomised trials of bolus surfactant ther-
apy have been conducted in patients with MAS (see
table II),[97,98] and the pooled trial data have been
subjected to meta-analysis.[99] Findlay and co-work-
ers[97] conducted a single-centre randomised con-
trolled trial of surfactant therapy in 40 ventilated
infants with MAS. Entry criteria included a mean
airway pressure (PAW) >7cm H2O, and an alveolar-
arterial oxygen ratio of <0.22, with enrolment occur-
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Fig. 2. Change in oxygenation after exogenous surfactant therapy
in ventilated infants with meconium aspiration syndrome. Mean and
standard error for oxygenation index (OI) over time in infants treat-
ed with repeat doses of beractant 150 mg/kg delivered as an infu-
sion over 20 minutes, and controls receiving standard care (repro-
duced from Findlay et al.,[97] with permission). * Denotes a
significant difference in OI between the two groups. A clear im-
provement is noted in oxygenation after the second surfactant
dose. OI = (PAW × FiO2 × 100)/PaO2 (where FiO2 = fraction of
inspired oxygen and PaO2 = arterial partial pressure of oxygen).

ring in all cases by 6 hours of age. A large dose of
beractant 150 mg/kg was administered as an infu- and 40 (OI = [PAW × FiO2 × 100]/PaO2) [where
sion into the lung over 20 minutes via a sideport on FiO2 = fraction of inspired oxygen and PaO2 =
the endotracheal tube. This mode of administration arterial partial pressure of oxygen]. Of the 328 in-
was chosen to avoid the deleterious effects associat- fants enrolled, 168 had a primary diagnosis of MAS.
ed with rapid instillation of the relatively large fluid Infants randomised to surfactant therapy received
volume required for each dose (6 mL/kg). All in- four bolus doses of beractant 100 mg/kg, adminis-
fants received three surfactant doses 6 hours apart. tered in the conventional manner as mini-boluses
Compared with controls, treated infants showed a instilled down the endotracheal tube. Compared
marked and sustained improvement in oxygenation with controls, surfactant-treated infants showed a
after administration of the second surfactant dose decrease in the requirement for ECMO (37% vs
(figure 2), in association with echocardiographic 52%), but no reduction in pulmonary complications,
evidence of resolution of pulmonary hypertension. and no difference in ventilator days, duration of
Surfactant-treated infants had a reduced risk of air oxygen therapy or length of hospital stay. Endotra-
leak (0% vs 25%) and a reduction in the need for cheal tube obstruction and/or hypoxia were noted in
ECMO support (5% vs 30%). There were no deaths 33% of surfactant-treated infants compared with 8%
in either arm of the trial. Duration of ventilation was in the sham-treated control group. In no case was
29% less in the surfactant-treated infants than in there precipitous deterioration causing death or im-
controls. There were no reported deleterious effects mediate transition to ECMO after administration of
during or immediately after the infusion of surfactant.
surfactant. Pooled together, the data from these trials suggest

In a methodologically distinct trial, Lotze et al.[98] that repeated dose administration with exogenous
studied ventilated term infants up to 120 hours of surfactant in ventilated infants with MAS may be
age with respiratory failure needing 100% oxygen associated with a reduction in the need for ECMO,
and having an oxygenation index (OI) of between 15 with a relative risk of 0.48 (95% CI 0.27, 0.84).[99]
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However, in other respects the trials showed rather the proposition that bolus surfactant therapy can
disparate outcomes, with infants in the trial of Lotze help reduce the requirement for ECMO but are
et al.[98] showing no benefit in terms of air leak or equivocal regarding air leak and duration of ventila-
duration of ventilation. These differences may best tion. ECMO is now required very infrequently in
be explained by the timing of surfactant administra- infants with MAS,[101] and at this time accounts for a
tion – surfactant was given in all cases within 6 much smaller proportion of neonatal ECMO candi-
hours of delivery in the trial by Findlay et al.,[97] dates.[102,103] It is unlikely that this is a direct result
whereas in that of Lotze et al.[98] the mean age of of the use of bolus surfactant therapy; more likely, it
first surfactant therapy was 31 hours. Clearly, in- is related to general improvements in care, and the
fants in the latter study would have had greater application of a number of newer therapies, includ-
opportunity for development of lung injury and pro- ing high-frequency ventilation and inhaled nitric
teinaceous oedema, thus rendering them less likely oxide, in addition to surfactant.[103] For an individual
to respond favourably to exogenous surfactant ther- nursery, the decision to use surfactant in MAS
apy. should be taken with the full knowledge of local

While the pooled controlled trial data are some- outcomes for this condition, in particular the fre-
what equivocal, bolus surfactant therapy has found a quency of ECMO therapy, if available.
place in the treatment of MAS in many newborn
intensive care units. In Australia and New Zealand,

5.2 Which Infants with MAS Should Receiveup to 45% of ventilated newborns with the disease
Surfactant Therapy?receive at least one dose of surfactant.[6] In a cohort

of 34 outborn infants with severe MAS managed at
Given the relatively high cost of bolus surfactantthe Royal Children’s Hospital, Melbourne, Austra-

therapy in term infants with MAS, we consider thatlia, 14 (41%) were treated with surfactant, although
it should be used selectively, targeting those whothe timing and dosage varied considerably.[100] The
stand to gain the most benefit. Some ventilatedtreatment was generally used as ‘late rescue’ ther-
infants with MAS pose no real managementapy, and in some cases the dose was restricted to one
problems and are easily stabilised by conventionalvial of surfactant, that is, a lower dose per kg
means. Bolus surfactant administration in these in-bodyweight than is used in HMD. Repeat dose ad-
fants is difficult to justify, as the benefit ofministration was unusual.
surfactant therapy in terms of reductions in risk of
air leak or duration of ventilation may be minimal in5. Practical Considerations Regarding
this group. It would seem appropriate to reserveBolus Surfactant Therapy in MAS
surfactant therapy for infants in whom there is evi-
dence of substantial aspiration of meconium, withThe following sections are a synthesis of the
marked impairment of gas exchange. Such infantsevidence in relation to important questions of prac-
would be expected to have an OI >15, and antice in the use of bolus surfactant therapy in MAS.
alveolar-arterial oxygen difference (AaDO2)
>450mm Hg (AaDO2 = PiO2 – PaCO2/0.8 – PaO2)5.1 Should Surfactant Therapy Be Used
[where PiO2 = partial pressure of inspired oxygenin MAS?
and PaCO2 = arterial partial pressure of carbon
dioxide]. These infants usually have coexistent pul-Mortality risk in MAS is low, and the justifica-
monary hypertension, and often receive newer ther-tion for the use of bolus surfactant therapy lies in the
apies such as high-frequency ventilation and/or in-potential to stabilise the condition of the infant and
haled nitric oxide. Our experience is that this groupthereby avoid ECMO, reduce the risk of air leak and
represents around one-half of all infants who aredecrease the duration of all forms of respiratory

support. As has been seen, the available data support intubated and ventilated with MAS.
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5.3 When Should Surfactant greater than the dose used in HMD).[97] We contend
Be Administered? that the improvements in gas exchange in surfactant-

treated infants in this trial were much more related to
MAS is a progressive lung disease evolving over the repeated dose administration than the amount of

time after the initial inhalation. Given this, if phospholipid in any one dose. Furthermore, the rela-
surfactant is to be used in MAS it should be given as tively large volume of surfactant (6 mL/kg) was
early as possible after intubation and stabilisation of administered as an infusion over 20 minutes; admin-
the infant. The available clinical trial data support istration of surfactant by infusion may be associated
this view, with the trial in which surfactant was with relatively poor distribution of surfactant,[89]

given early (always before 6 hours) being the one in already known to be suboptimal in MAS.[87] Admin-
which the therapy resulted in the most benefit.[97]

istration of a standard dose of surfactant (i.e.
Conversely, it is doubtful whether there is much to 100 mg/kg) as small boluses in the usual manner
be gained by administration of surfactant beyond the may be a more effective way of distributing the drug
first 24 hours of life. As with HMD, measures to in this condition.
stabilise the infant take precedence over surfactant
administration, and in MAS the time period for

5.6 Should Repeated Surfactant Doses Bestabilisation may be relatively long, particularly
Used and, If So, How Frequently?where there is severe parenchymal disease or pul-

monary hypertension.
In both randomised controlled trials, repeated

5.4 Which Surfactant Should Be Used? doses of surfactant were administered every 6 hours
as long as oxygenation criteria were continually

There is good evidence that the currently availa- met. In the trial conducted by Findlay et al.,[97]

ble surfactant preparations have variable resistance improvement in oxygenation was seen only after the
to inhibition by meconium and plasma protein (see second surfactant dose, which was necessary in all
sections 3.3 and 3.4). Artificial preparations con- cases. All infants in the trial of Lotze et al.[98]

taining no proteolipids are highly susceptible to received four doses. Both these investigations,
inactivation and should not be used in MAS. There and the transient oxygenation improvements seen in
are differences in resistance to inhibition induced by other cases, support the use of repeated doses of
meconium and plasma protein among the other surfactant 6 hours apart until oxygenation has im-
surfactant preparations, which are apparent in vitro proved and FiO2 can be reduced.
but may be of lesser importance in vivo. To date, These findings can be synthesised into the fol-
there have been few comparative studies of lowing recommendations about bolus surfactant
surfactant preparations in animal models of MAS therapy in MAS.
and none in human infants. More data are needed 1. A decision to use surfactant should be made based
before any further recommendations can be made. around knowledge of local outcomes and availabili-

ty of newer therapies, including high-frequency ven-
5.5 What Dose of Surfactant Should Be Used

tilation and inhaled nitric oxide.
and How Should it Be Administered?

2. If it is to be used, surfactant therapy should be
administered selectively to infants with severe dis-In the preliminary reports of surfactant therapy in
ease, with OI >15 and/or AaDO2 >450mm Hg.MAS[91-96] and the clinical trial of Lotze et al.,[98]

3. Dose administration should begin as soon assurfactant phospholipid dose was generally
practicable after intubation and stabilisation.equivalent to that used in HMD (i.e. around

80–100 mg/kg). The trial showing the greatest bene- 4. A surfactant known to have some anti-inhibitory
fit from surfactant therapy used a very large properties should be used, either a natural surfactant
surfactant phospholipid dose (150 mg/kg, i.e. 50% or a third-generation artificial surfactant.
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5. The surfactant dose should be equivalent to that different lavage fluids have been used, including
used in HMD, delivered as small boluses directly saline,[70,84,112,115,117-119,121,123] perfluoro-
instilled into the trachea. carbon,[44,111,113,115,120,122,123] and full-strength[119] or
6. Repeated doses should be used while oxygenation diluted[44,70,84,110,114,116-118,120,121,123] exogenous sur-
remains compromised. factant. Total lavage volume (the amount of fluid

instilled into the lung during the entire lavage proce-
6. Therapeutic Lung Lavage in MAS dure) has varied from 5 to 80 mL/kg, with aliquot

volume (the amount of fluid instilled into the lung atTherapeutic lung lavage may be defined as any
one time) ranging from as little as 2mL up to 15 mL/procedure in which fluid is instilled into the lung,
kg. The therapeutic lavage has been undertakenfollowed by an attempt to remove it by suctioning
between 10 minutes and 3 hours after introductionand/or postural drainage. It has been applied in a
of meconium into the lung to create the MAS model.number of lung diseases in humans, including pul-
In all cases, recovery of lavage fluid during suction-monary alveolar proteinosis,[104] acute respiratory
ing was incomplete, being anywhere from 31% todistress syndrome,[105] cystic fibrosis[106] and lipoid
75% of the amount of the total lavage fluid volumepneumonia,[107] as well as MAS. Lung lavage using
instilled into the lung.dilute surfactant is now emerging as a promising

Several important conclusions can be drawn fromnew treatment for MAS, which may well overcome
the studies of lavage in animals with MAS. Lungmany of the shortcomings of conventionally admin-
lavage using surfactant has been found to produceistered surfactant.[1] By virtue of removing meconi-
better gas exchange and/or pulmonary mechanicsum from the airspaces, lung lavage has the potential

to alter the natural history of MAS in a way other than either no lavage[44,70,114,116-120,123] or bolus sur-
therapies, including bolus surfactant administration, factant therapy.[70] Both surfactant[70,84,114,117-119,123]

do not. and perfluorocarbon[115] have been found to be bet-
ter lavage fluids than saline. Despite considerableLavage therapy of one form or another has been
enthusiasm for perfluorocarbon as a lavage fluid inused in MAS for >30 years, with the earliest reports

documenting the use of saline lavage in the delivery MAS, neither pure[120,123] nor emulsified[44] per-
room to improve clearance of meconium from the fluorocarbon have shown any advantage over dilute
airways of meconium-stained babies.[108] This tech- surfactant. This may be due to the relatively high
nique was largely abandoned as a result of the density of perfluorocarbon and/or the relative im-
increased number of infants with transient miscibility of meconium with perfluorochemicals.
tachypnoea after saline lavage, ascribed to lavage Where measured, lung lavage has been found to
fluid retention in the lung.[109] More recently there recover a significant proportion of the meconium
has been renewed interest in the possibility of introduced into the lung in the creation of the model
cleansing the lung with fluids with more favourable of MAS.[44,70,114,117,118] Ohama and co-workers[117]

biophysical properties than saline, including recovered 57% of the introduced meconium solids
surfactant and perfluorocarbon. Evidence for the using a 10 mL/kg total lavage volume, Cochrane et
potential efficacy of lavage therapy in MAS comes al.[70] recovered around 40% of meconium pigment
from animal experimentation, case reports and case with a 48 mL/kg lavage and Dargaville et al.[44]

series in humans, and from two small randomised recovered 35% and 37% of solids and pigment,
controlled trials. respectively, using a 30 mL/kg dilute surfactant lav-

age. Proteinaceous exudate was also recovered from6.1 Lung Lavage in Animal Models of MAS
the lung in the return fluid and alveolar protein
content was lower after dilute surfactant lavage.[44]The potential therapeutic benefits of various
Compared with saline-lavaged controls, indices offorms of lung lavage have been investigated

in animal models of MAS.[44,70,84,110-123] Several inflammation (e.g. interleukin-8) were reduced in
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the surfactant-lavaged animals, and the function of
surfactant lavaged from the lungs at postmortem
was improved.[70]

Animal experimentation has also allowed inves-
tigation of the fluid volumes that should be used for
lavage in MAS. Our group found that a total lavage
volume of 30 mL/kg achieved an acceptable balance
between recovery of meconium from the airspaces
and retention of lavage fluid in the lung.[44] Total
lavage volumes >30 mL/kg were not associated with
significantly greater meconium recovery but did
result in unacceptably high deposition of aqueous
fluid in the lung (figure 3). We then examined
whether this volume of 30 mL/kg should be admin-
istered in large or small aliquots, and found that
aliquots of 15 mL/kg recovered considerably more
meconium than aliquots of 3mL (43% vs 18%) and
deposited less aqueous fluid (8.3 vs 12 mL/kg). Gas
exchange and pulmonary mechanics were consider-
ably better in the large aliquot group as a result. Our
conclusion was that, during lavage, effective cleans-
ing of the lung is best achieved by instillation of a
relatively large amount of fluid into the lung at one
time, and we have therefore targeted an aliquot
volume of 15 mL/kg for our subsequent studies in
human infants.

6.2 Lung Lavage in Human Infants with MAS

In human infants, the available data on lav-
age therapy in MAS include case reports,[124-126]

larger uncontrolled studies[108,127,128] and controlled
studies in which lavage is compared with no lav-
age in historical controls,[109,129-132] concurrent
controls[100,133,134] or, in two studies, infants allo-
cated to the control arm of a randomised tri-
al[135,136] (table III). These studies have used both
saline[109,124,126-128,134,135] and dilute surfac-
tant[100,125,129-133,135-137] as lavage fluids, with the
combined evidence pointing to deleterious effects
with saline lavage unless followed by bolus
surfactant administration. The total lavage volume
used in these investigations has ranged from 3 to
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Fig. 3. Meconium recovery and fluid deposition with increasing total
lavage volume. (a) Mean and standard error for recovery of cen-
trifugeable meconium solids and meconium pigment, graphed in
relation to total lavage volume. Meconium recovery is expressed as
a proportion of the amount of meconium instilled into the lung in the
creation of the meconium aspiration syndrome model. Proportional
meconium recovery rises with each 15 mL/kg increment in total
lavage volume (p < 0.05, paired t-test), although beyond 30 mL/kg
relatively little extra meconium is recovered. (b) Mean and standard
error for fluid deposition (mL of residual lavage fluid per kg
bodyweight) expressed relative to total lavage volume. Values for
fluid deposition differ significantly with each 15 mL/kg increase in
total lavage volume (p < 0.05, paired t-test), with no apparent taper-
ing beyond 30 mL/kg. Error bars represent SD (reproduced from
Dargaville et al.,[44] with permission; © 2003 American Thoracic
Society).

48 mL/kg, in aliquots of between 1mL and 15 mL/
kg. Where used, the surfactant phospholipid concen- 12 mg/mL, with most investigators using concentra-
tration in the lavage fluid has ranged from 2.5 to tions of around 5 mg/mL.[100,130-133,135,137] The lavage
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Table III. Therapeutic lung lavage in ventilated infants with meconium aspiration syndrome (MAS)a

Study Study Subjects Inclusion Time of Baseline Total Aliquot Lavage Return Therapy Apparent effect Duration of Air leak
(year) type criteria lavage OI lavage volume fluid % following of lavage mechanical

(h after volume concentration lavage ventilation
birth) (d)

Rosegger CS (but (i) 41 infants (i) meconium Early NS 5–10mL 5–10mL Saline NS Nil Lavaged infants (i) 0.2b 2/41 vs
et al.[134] controls lavaged with beyond cords, more likely to (ii) 2.9b 1/109
(1987) not saline in NICU tachypnoea, require

unwell) (ii) 109 CO2 ventilation, but
concurrent >70mm Hg, for shorter time
controls: routine FiO2 1.0 with
suction only cyanosis

Ibara et Case 2 infants Ventilated (i) 2 (i) 12 (i) 2 × 10 10 mL/kg Saline NS S-TA Oxygenation (i) 4 0
al.[124] series with severe (ii) 6 (ii) 17 mL/kg 120 mg/kg improved in (ii) 8
(1995) MAS (ii) 4 × 10 both

mL/kg

Mosca et Case 2 infants Ventilated, (i) 3 and NS 30 mL/kg 15 mL/kg Saline (i) 87 Alveofact Oxygenation (i) 7 0
al.[126] series severe MAS 20 (ii) 66 100 mg/kg improved in (ii) 3
(1996) requiring (ii) 7 both by 2h

HFOV

Ogawa[135] RCT (i) 6 infants Ventilated Intended NS 10 mL/kg 2 mL/kg (i) S-TA NS Nil VI and aApO2 NS 0/6 vs 2/4
(1997) lavaged with with MAS, <12h, 6 mg/mL ratio differed

S-TA FiO2 ≥0.4 actual (ii) Saline between
(ii) 4 infants NS surfactant- and
lavaged with saline-lavaged
saline groups at 3h

Su et Case 10 infants Ventilated 3.8 ± 1.0 25 ± 7.3 Mean 5 mL/kg Saline NS Beractant OI lower by 12h 7.7 1/10
al.[127] series with MAS, 16.7 mL/kg 100 mg/kg
(1998) AaDO2 >400

and OI >20

Lam and CS (i) 6 lavaged Ventilated 3 (i) 18 ± 5.7 15 mL/kg 2mL Beractant 34 Nil FiO2, PAW and (i) 2.3 ± 0/6c vs 4/6
Yeung[130] infants with MAS, (ii) 21 ± 8.3 5 mg/mL aApO2 ratio 0.2c

(1999) (ii) 6 historical OI >15 lower at 48h in (ii) 5.5 ±
controls lavaged infants 2.5

vs controls

Möller et Case 12 infants Ventilated NS 49 ± 13 Mean 3 mL/kg Saline NS Alveofact Oxygenation NS NS
al.[128] series with MAS, 7.7 ± 1.6 100 mg/kg improved in 9
(1999) OI >40 infants,

remaining 3
required ECMO

Kaneko et Case 2 infants MAS with (i) 3 NS 3 mL/kg 1mL S-TA NS S-TA Oxygenation (i) 1.9 0
al.[125] series pulmonary (ii) 2 12 mg/mL 40 mg/kg improved in (ii) 2.6
(2001) haemorrhage both

Continued next page
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Table III. Contd

Study Study Subjects Inclusion Time of Baseline Total Aliquot Lavage Return Therapy Apparent effect Duration of Air leak
(year) type criteria lavage OI lavage volume fluid % following of lavage mechanical

(h after volume concentration lavage ventilation
birth) (d)

Dargaville CS (i) 8 lavaged Ventilated, 29.5 (i) 40 ± 27 9–30 3–15 Beractant 38 Nil Significant (i) 5.7 ± 1/8 vs 6/34
et al.[100] infants severe MAS (ii) 34 ± 23 mL/kg mL/kg 5 mg/mL reduction in 3.5
(2002) (ii) 34 requiring PAW over 48h (ii) 5.7 ±

concurrent HFOV in infants 8.3
controls lavaged with

>25 mL/kg vs
controls, trend
in reduction in
AaDO2

Schlösser CS (i) 11 lavaged Ventilated NS (i) 22 20mL 5mL Beractant NS Nil OI lower by (i) 5.9 ± 13 3/11 vs 2/7
et al.[137] infants with MAS (ii) 16 5 mg/mL 24h in lavaged (ii) 7.3 ±
(2002) (ii) 7 concurrent infants vs 6.4

controls baseline, no
significant
differences
from controls

Wiswell et RCT (i) 15 lavaged Ventilated 14 ± 12 (i) 12 48 mL/kg 8 mL/kg Sinapultide 51 Nil OI trended (i) 6.3 ± 3/15 vs 0/7
al.[136] infants with MAS, OI (ii) 13 (lucinactant): lower over first 5.7
(2002) (ii) 7 controls between 8 2.5 mg/mL × 96h after (ii) 9.9 ±

and 25 4 followed randomisation 10.4
by 10 mg/ in the lavaged
mL × 2 infants

Chang et CS (i) 6 infants: low Ventilated (i) 4.2 (i) and (ii) (i) 6–7 mL/ 2mL Beractant: NS Nil OI trended (i) and (ii) 1/12c [(i)
al.[133] volume lavage with MAS, ± 2.7 33 kg (i) 10 mg/mL lower at 48h in 10 ± 4.9 and (ii)
(2003) (ii) 6 infants: OI >20 (ii) 5.2 (iii) 31 (ii) 12–14 (ii) 5 mg/mL lavaged infants (iii) 10.4 ± combined]

high volume ± 2.9 mL/kg [groups (i) and 7.8 vs 7/10
lavage (ii)] vs controls
(iii) 10
concurrent
controls

Salvia- CS (i) 11 infants Ventilated (i) 5 (i) 24 15 mL/kg 3.75 Beractant 20 Nil OI lower in (i) 3 (1–5)c 0/18 [(i)
Roiges et lavaged and with MAS, (2–6) (21–32) mL/kg 5 mg/mL group (iii) at (ii) 7 and (ii)
al.[131] given OI ≥15 (ii) 6 (ii) 31 48h (5–10) combined]
(2004)d dexamethasone (5–8) (27–31) (iii) 7 (4–8) vs 2/6

0.5 mg/kg × 1 (iii) 27
(ii) 7 lavaged (15–33)
infants
(iii) 6 historical
controls

Continued next page
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procedure has been performed using a variety of
different instillation and suctioning techniques, with
some investigators interrupting ventilation for one
or both of these components of the lavage.

Considerable amounts of meconium appear to be
removed by lavage in human infants, although only
one study has examined this in a quantitative sense,
finding on average 12.3% meconium solids (weight/
volume) in the lavage return fluid.[130] Others have
noted the return fluid to be meconium
stained,[100,127,131,136] in some cases with identifiable
meconium ‘clots’.[131] The lavage return fluid has
also shown variable degrees of blood-staining in
some studies,[100,130,131,133,136] reflecting the haemor-
rhagic alveolitis that is known to occur in MAS.[45]

There has been no suggestion of new pulmonary
haemorrhage as a result of lavage therapy. Volume
of return fluid has been anywhere between 20% and
100% of the instilled volume, meaning that up to
24 mL/kg of aqueous fluid has been deposited into
the lung during the lavage. This fluid would appear
to clear rapidly from the alveolar space, both
through the application of high ventilatory pressures
and possibly through upregulation of epithelial sodi-
um transport channels,[138] already known to be
highly active in the neonatal lung.[139]

As would be expected given the nature of the
procedure, lung lavage in ventilated human infants
has been associated with transient hypoxaemia, with
arterial oxygen saturation falling to fetal levels
(60–70%) in several reports.[100,130,133,136] For the
most part this hypoxaemia has not been accompa-
nied by bradycardia or other cardiovascular distur-
bance, except where sedation was not adequate.[136]

Time for recovery in oxygenation has generally
been short, leading most investigators to conclude
that it is possible to perform lung lavage safely in
MAS, although other commentators have expressed
concern that pulmonary hypertension will be irre-
trievably exacerbated.[140,141] Clearly, this question
of safety must remain a focus of future studies of
lung lavage in MAS.

Outcomes for lavaged infants in the studies re-
ported to date have generally been favourable,
with most investigators reporting better oxygena-
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tion after lavage than the pre-lavage base- of 8 mL/kg of sinapultide. The concentration of
line,[100,124-128,130,131,133,136,137] and also compared surfactant phospholipid was 2.5 mg/mL for the first
with oxygenation trends noted in historical or con- four aliquots and 10 mg/mL for the last two. There
current controls.[100,130,131,136] In some instances lung were no clear differences between lavaged individu-
lavage appears to have averted the need for als and controls in terms of requirement for ECMO
ECMO.[100,128] or other rescue therapies, air leak or duration of

ventilation. There was a nonsignificant trend to-The improvement in gas exchange after lung
wards improved oxygenation in the lavaged infantslavage in MAS appears to translate into somewhat
(figure 4).earlier extubation, with pooled data from seven con-

trolled studies reporting ventilatory outcome (77 The results of the preliminary studies cited in this
lavaged infants, 79 controls) showing a weighted section have encouraged further randomised con-
mean reduction of 2.4 ventilator days (95% CI 1.3, trolled trials of surfactant lavage therapy, two of
3.4 days) in infants receiving lavage compared with which are currently underway. Wiswell and co-
controls.[100,130-133,136,137] Similarly, the overall rate workers are engaged in a phase III trial of lavage
of pneumothorax in six controlled studies reporting using sinapultide,[142] using the same surfactant lav-
this ventilatory outcome (70 lavaged infants, 70 age protocol as in their phase I/II trial.[136] Our
controls) was 8.5% in lavaged infants versus 30% in research group has commenced a multicentre inter-
controls, with an odds ratio of 0.24 (95% CI 0.09, national collaborative trial (the lessMAS [Lavage
0.61).[100,130,131,133,136,137]

with Exogenous Surfactant Suspension in Meconi-
Only two prospective, randomised controlled tri- um Aspiration Syndrome] trial),[143] which aims to

als of lavage therapy in MAS have been reported to recruit a total of 66 infants. The lavage details for
date. Ogawa[135] initiated a randomised controlled this trial are a total lavage volume of 30 mL/kg in
trial comparing surfactant lavage, saline lavage and two aliquots of 15 mL/kg using dilute beractant at a
no lavage in ventilated infants <12 hours of age with concentration of 5 mg/mL. The primary outcome
an FiO2 of at least 0.4. Total lavage volume was measure is duration of respiratory support. Further
10 mL/kg in five aliquots, using surfacten-TA 6 mg/
mL or saline as the lavage fluid. This trial recruited
15 infants from 11 participating centres over 2 years,
and the only existing report of the trial supplies data
on 10 of the 15 enrollees (6 surfactant lavage, 4
saline lavage and 0 controls). Significant differences
in ventilatory index and oxygenation were noted
between the surfactant and saline lavage groups at 3
hours, reinforcing the limitations of saline as a lav-
age fluid. No comparisons with the non-lavaged
control group were made in the report, and with the
death of Professor Ogawa further data are unlikely
to be forthcoming from this trial (Dr Tsutomo Kon-
do, personal communication, 2005).

Wiswell and co-workers[136] performed a phase I/
II randomised controlled trial of surfactant lavage in
conventionally ventilated infants with MAS who
were at least 35 weeks gestation, <72 hours of age
and had an OI between 8 and 25 inclusive.
Surfactant lavage was performed using six aliquots
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Fig. 4. Improvement in oxygenation after surfactant lavage therapy
in ventilated infants with meconium aspiration syndrome. Mean and
standard error for oxygenation index over time in infants undergo-
ing 6 × 8 mL/kg sinapultide (lucinactant) lavage, and controls re-
ceiving standard care (see table III for further details of the lavage
treatment). A trend is noted towards improvement in oxygenation
after surfactant lavage, which is not statistically significant (repro-
duced from Wiswell et al.,[136] with permission).
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details of the trial and a video of the lavage proce- with respect to duration of ventilation, indicidence
dure can be viewed at www.rch.org.au/ne- of pneumothorax or mortality.
onatal_rch/lessmas.
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120. Schlösser RL, Veldman A, Fischer D, et al. Comparison of2003; 70: 421-7
effects of perflubron and surfactant lung lavage on pulmonary

102. Wilson JM, Bower LK, Thompson JE, et al. ECMO in evolu-
gas exchange in a piglet model of meconium aspiration. Biol

tion: the impact of changing patient demographics and alterna-
Neonate 2002; 81: 126-31

tive therapies on ECMO. J Pediatr Surg 1996; 31: 1116-22
121. Sevecova D, Calkovska A, Drgova A, et al. Lung lavage using

103. Hintz SR, Suttner DM, Sheehan AM, et al. Decreased use of high-frequency jet ventilation in rabbits with meconium aspi-
neonatal extracorporeal membrane oxygenation (ECMO): how ration. Acta Paediatr 2003; 92: 314-9
new treatment modalities have affected ECMO utilization.

122. Shaffer TH, Lowe CA, Bhutani VK, et al. Liquid ventilation:Pediatrics 2000; 106: 1339-43
effects on pulmonary function in distressed meconium-stained

104. Selecky PA, Wasserman K, Benfield JR, et al. The clinical and lambs. Pediatr Res 1984; 18: 47-52
physiological effect of whole-lung lavage in pulmonary alveo-

123. Tanveer A, Antunes MJ, Cleary GM, et al. Lung mechanics andlar proteinosis: a ten-year experience. Ann Thorac Surg 1977;
inflammatory response in meconium injured rats following24: 451-61
lung lavage with perfluorochemical or KL4 surfactant [ab-

105. Wiswell TE, Smith RM, Katz LB, et al. Bronchopulmonary stract]. Pediatr Res 1998; 43: 299A
segmental lavage with Surfaxin (KL(4)-surfactant) for acute

124. Ibara S, Ikenoue T, Murata Y, et al. Management of meconiumrespiratory distress syndrome. Am J Respir Crit Care Med
aspiration syndrome by tracheobronchial lavage and replace-1999; 160: 1188-95
ment of Surfactant-TA. Acta Paediatr Jpn 1995; 37: 64-7

106. Lober CW, Saltzman HA, Kylstra JA. Volume-controlled lung 125. Kaneko M, Watanabe J, Ueno E. Surfactant lavage and replace-
lavage in a woman with cystic fibrosis. Chest 1975; 68: 382-3 ment in meconium aspiration syndrome with pulmonary hem-

107. Ciravegna B, Sacco O, Moroni C, et al. Mineral oil lipoid orrhage. J Perinat Med 2001; 29: 351-6
pneumonia in a child with anoxic encephalopathy: treatment 126. Mosca F, Colnaghi M, Castoldi F. Lung lavage with a saline
by whole lung lavage. Pediatr Pulmonol 1997; 23: 233-7 volume similar to functional residual capacity followed by

108. Burke-Strickland M, Edwards NB. Meconium aspiration in the surfactant administration in newborns with severe meconium
newborn. Minn Med 1973; 56: 1031-5 aspiration syndrome. Intensive Care Med 1996; 22: 1412-3

109. Carson BS, Losey RW, Bowes WAJ, et al. Combined obstetric 127. Su BH, Hu PS, Peng CT, et al. The effect of bronchial lavage
and pediatric approach to prevent meconium aspiration syn- and surfactant supplement on severe meconium aspiration
drome. Am J Obstet Gynecol 1976; 126: 712-5 syndrome. M Taiwan J Med 1998; 3: 191-7

110. Barrington KJ, Henderson CR, Cochrane CG, et al. Lung lavage 128. Möller JC, Kohl M, Reiss I, et al. Saline lavage with substitution
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