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Mechanical ventilation was
first introduced during the
polio epidemics of the
1950s and since then has

been of undoubted value in improving the
survival of many patients, including new-
borns and children. However, problems can
stem from its use, particularly if inappro-
priate ventilatory modes are chosen. This
can result in pressure and volume damage
to the lungs, hemodynamic instability, ox-
ygen toxicity, and nosocomial infection.

Ventilation-Induced Lung Injury

Ventilatory modes should be carefully
selected to minimize ventilator-induced

lung injury. The recognition that alveolar
overdistension rather than high proximal
airway pressure is the primary determi-
nant of lung injury (i.e., volutrauma
rather than barotrauma) has constituted
a substantial shift in the pathogenesis of
ventilator-induced side effects (1–6).

Mechanical ventilation with high pres-
sure and volume induces changes in endo-
thelial and epithelial permeability, forma-
tion of pulmonary edema, and alterations
in pulmonary microvascular permeability.
Severe alveolar damage, alveolar hemor-
rhage, and hyaline membranes have been
noted in animals that die after lung over-
inflation injury (4, 7–9) and in a series of
ventilated adult patients (10). The most im-
portant factors that have been proposed as
being responsible for ventilation-induced
lung injury are, first, high lung volume
associated with elevated transpulmonary
pressure and alveolar overdistension, and
second, repeated alveolar collapse and re-
opening because of low end-expiratory vol-
ume. Other factors that contribute to in-
jury include preexisting lung damage
and/or inflammation, high inspired oxygen

concentration, the level of blood flow, and
the local production and systemic release of
inflammatory mediators (11–13).

Innovative and protective lung strate-
gies are proposed to avoid alveolar overdis-
tension by limiting tidal volume and/or pla-
teau pressure. Lung overstretching and
overdistension are significant in causing
lung injury rather than high pressures
alone; volume trauma is at least as impor-
tant as barotrauma (14). Acute respiratory
distress syndrome (ARDS) (15–19), asthma
(20), acute lung injury (21), and severe air
flow obstruction (20, 21) should be taken
into account, with tidal volumes and peak
pressures reduced to a minimum.

Positive end-expiratory pressure
(PEEP) should be used appropriately to
maintain alveolar recruitment through-
out the respiratory cycle (2, 3, 22), and
complementary therapies such as nitric
oxide and surfactant should be used to
improve ventilation and oxygenation.
Lower end points for ventilation may be
accepted, e.g., a PaO2 of 50–60 mm Hg
and moderate hypercapnia (45–50 mm
Hg). Ventilation should be adapted to
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Objectives: The recognition that alveolar overdistension rather
than peak inspiratory airway pressure is the primary determinant
of lung injury has shifted our understanding of the pathogenesis
of ventilator-induced side effects. In this review, contemporary
ventilatory methods, supportive treatments, and future develop-
ments relevant to pediatric critical care are reviewed.

Data Synthesis: A strategy combining recruitment maneuvers,
low-tidal volume, and higher positive end-expiratory pressure
(PEEP) decreases barotrauma and volutrauma. Given that appro-
priate tidal volumes are critical in determining adequate alveolar
ventilation and avoiding lung injury, volume-control ventilation
with high PEEP levels has been proposed as the preferable pro-
tective ventilatory mode. Pressure-related volume control venti-
lation and high-frequency oscillatory ventilation (HFOV) have
taken on an important role as protective lung strategies. Further
data are required in the treatment of children, confirming the
preliminary results in specific lung pathologies. Spontaneous
breathing supported artificially during inspiration (pressure sup-
port ventilation) is widely used to maintain or reactivate sponta-
neous breathing and to avoid hemodynamic variation. Volume
support ventilation reduces the need for manual adaptation to

maintain stable tidal and minute volume and can be useful in
weaning. Prone positioning and permissive hypercapnia have
taken on an important role in the treatment of patients undergoing
artificial ventilation. Surfactant and nitric oxide have been pro-
posed in specific lung pathologies to facilitate ventilation and gas
exchange and to reduce inspired oxygen concentration. Investi-
gation of lung ventilation using a liquid instead of gas has opened
new vistas on several lung pathologies with high mortality rates.

Results: The conviction emerges that the best ventilatory treat-
ment may be obtained by applying a combination of types of
ventilation and supportive treatments as outlined above. Early
treatment is important for the overall positive final result. Lung
recruitment maneuvers followed by maintaining an open lung
favor rapid resolution of pathology and reduce side effects.

Conclusions: The methods proposed require confirmation
through large controlled clinical trials that can assess the efficacy
reported in pilot studies and case reports and define the optimal
method(s) to treat individual pathologies in the various pediatric
age groups. (Pediatr Crit Care Med 2003; 4:8–20)
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changing lung pathology and supportive
treatments, such as physiotherapy and
prone positioning, nitric oxide, and sur-
factant, used to improve the lung pathol-
ogy and to reduce the duration of me-
chanical ventilation (23–25).

CONTROLLED VENTILATION

Small Tidal Volume—High
Respiratory Rate: Continuous
Positive Volume-Controlled
Ventilation

Local inhomogeneities of ventilation re-
sult in large shear forces applied to lung
units undergoing cyclic opening and
closing. The repeated collapse and re-
opening of the lung units at low lung
volume may contribute to ventilation-
induced lung injury. A strategy combin-
ing recruitment maneuvers, low-tidal
volume, and higher PEEP have been
demonstrated to decrease the incidence
of barotrauma (6, 9, 26–30).

Given that appropriate tidal volumes
are critical in determining adequate alve-
olar ventilation and also in avoiding lung
injury, volume-control ventilation is the
safer and preferable ventilatory mode.
Pressure-limited ventilation is not highly
indicated in pediatric patients and for
neonatal ventilation because the tidal vol-
ume cannot be controlled in every breath
and reduced tidal volume (hypoventila-
tion) can be alternated to large tidal vol-
ume (hyperdistention). This method is
widely applied in neonatology because of
the simplicity of use and because lung
barotrauma is supposed to be connected
with peak inspiratory pressure.

In volume-controlled ventilation, the
target tidal volumes (6–8 mL/kg or 5
mL/kg, if necessary) are selected based on
ideal body weight and lung pathology
while minute volume remains stable. It is
adjusted to maintain the pressure-
volume curve below the upper inflection
point. It should be noted that tidal vol-
ume less than or close to total deadspace
can produce an insufficient exchange of
alveolar gases (hypercapnia). By using
uncuffed endotracheal tubes, a large dis-
crepancy between set and delivered tidal
volumes is present. To avoid hypoventi-
lation, this discrepancy and poor compli-
ance of infant lung compared with the
ventilatory circuit compliance must be
evaluated.

Respiratory rate can be adapted to main-
tain normocarbia in case of contraindica-

tion of permissive hypercapnia (human im-
munodeficiency virus in premature babies,
brain hemorrhage, pulmonary hyperten-
sion). Generally, the respiratory rate for a
specific patient is increased by 20% to 25%
of the normal range.

PEEP has to be adjusted to maintain
the pressure-volume curve above the
lower inflection point, to avoid repeated
alveolar collapse and reopening resulting
from low end-expiratory volume, and to
maintain alveolar recruitment through-
out the respiratory cycle. Hemodynamic
implications can be reduced by maintain-
ing an euvolemia and avoiding high
PEEP levels.

Pressure-Regulated Volume
Control (PRVC) Ventilation

PRVC ventilation is a mode of ventilation
now available in newer ventilators. This
method delivers a controlled tidal and
minute volume in a pressure-limited
manner, using the lowest possible pres-
sure, which is constant during the in-
spiratory phase. The gas flow is deceler-
ated and pressure and flow constantly
vary, breath by breath, to achieve the
preset tidal volume at a minimum peak
inspiratory pressure. It is particularly
useful in patients ventilated when there
are rapid changes in lung compliance and
airway resistance, for instance, when sur-
factant and bronchodilators are used (31–
34).

Methodology. The ventilator tests the
first breath at 5 cm H2O above PEEP and
calculates the compliance. The inspira-
tory pressure changes breath by breath
until the preset tidal volume is reached at
a maximum of 5 cm H2O below the set
upper pressure limit. At this stage, the
measured tidal volume corresponds to
the preset value and the pressure remains
constant. If the measured tidal volume
increases above the preset level, inspira-
tory pressure is reduced until the set tidal
volume is reached.

Indications. This mode of ventilation
appears to be indicated: a) if within the
lung compliance and resistance vary rap-
idly; b) if there is an initial requirement
of high flow to reopen closed pulmonary
areas (e.g., atelectasis, etc.); c) to reduce
high ventilatory peak pressure (e.g., in
premature infants, interstitial emphyse-
ma); d) to control ventilatory pressures
from the moment nonventilated alveoli
and bronchioles are reopened (e.g., sur-
factant, theophylline, or nitric oxide ad-
ministration); e) in the presence of bron-

chospasms and bronchiole spasms (e.g.,
asthma, bronchiolitis); f) in all patients in
whom PEEP levels must be reduced to
avoid hemodynamic complications.

Advantages of PRVC Ventilation. This
method appears to be useful in improving
respiratory mechanics and gas exchange,
in reducing the barotrauma caused by
peak inspiratory pressure, in limiting ox-
ygen toxicity because of the possibility of
using reduced FIO2 to maintain adequate
gas exchange compared with conven-
tional mechanical ventilation (34 –36).
The use of decelerating gas flows favors
opening of closed areas of the lung and
laminar flow, which allows the reduction
of PEEP levels in case of hemodynamic
implications (37–40). It also appears to
be beneficial when drugs, such as surfac-
tant, bronchodilators, and nitric oxide,
which bring about a rapid change in com-
pliance and airway resistance, are used.

Clinical controlled trials are required
to evaluate the benefits of PRVC ventila-
tion in acute lung pathology, in ventila-
tion of healthy lungs (i.e., neurosurgical
patients), and during weaning from the
ventilator, in which this method appears
to be indicated.

High-Frequency Oscillatory
Ventilation (HFOV)

High-frequency ventilation has been one
of the most studied ventilation tech-
niques during the past two decades. De-
spite its theoretical benefits, it has not
received unanimous consensus and has
not been widely used.

The most fundamental difference be-
tween high-frequency ventilation and in-
termittent positive-pressure ventilation is
that with high-frequency ventilation, the
tidal volume required is approximately
1–3 mL/kg/body weight compared with
6 –10 mL with intermittent positive-
pressure ventilation. During high-fre-
quency ventilation, minute ventilation is
proportional to ventilator frequency �
the square of the tidal volume. The in-
crease in the ventilation rate to frequen-
cies of 60 bpm or more in high-frequency
ventilation is obviously mandatory if even
comparable minute volume ventilation is
to result (41, 42).

Three models are currently under in-
vestigation: high-frequency positive-
pressure ventilation, high-frequency jet
ventilation, and HFOV (43, 44). The first
two are no longer used in intensive care
therapy because of their poor results in
trials compared with conventional me-
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chanical ventilation. High-frequency jet
ventilation has found an important place
in tracheobronchial surgery. HFOV is
proving to be highly successful, mainly
because adequate equipment capable of
solving the problem of humidification of
ventilated gases is now available.

High-Frequency Positive-Pressure
Ventilation. Tidal volume is delivered via
a normal sized tracheal tube, with inspi-
ration being the only active part of the
ventilatory cycle (i.e., expiration achieved
by passive lung recoil). Frequencies are
usually in the range of 60–120 cpm (1–2
Hz).

High-Frequency Jet Ventilation. Tidal
volume is delivered via a narrow cannula
or injector, resulting in a jet of high ve-
locity gas, normally at frequencies of 60–
600 cpm (1–10 Hz).

High-Frequency Oscillation. Tidal
volume is delivered via normal sized tra-
cheal tubes, and both inspiration and ex-
piration are active and of approximate
equal power, such as would occur with an
oscillating piston or loudspeaker-based
ventilator. Frequencies range from 2 Hz
to 50 Hz (300–3000 cpm). Prototype ven-
tilators with a frequency range of 100 Hz
(6000 cpm) have been described (45).

High-Frequency Oscillation

High-frequency oscillation differs in sev-
eral respects from the other two tech-
niques. Cyclic pressure changes are ap-
plied to the trachea by connecting a
piston pump or the cone of a loudspeaker
system driven by an electronic oscillator,
directly to the patient’s endotracheal tube
to generate approximately a sinusoidal
flow waveform. The pump is used to pro-
duce a reciprocating flow in the airways,
whereas an auxiliary gas flow (bias flow)
is used to clear the extracted carbon di-
oxide and to provide fresh gases to the
system. These systems behave as a T-
piece circuit, and the efficiency of carbon
dioxide removal is a function of the mag-
nitude of the bias flow.

Both inspiration and expiration are ac-
tive, in contrast to high-frequency jet
ventilation and high-frequency positive-
pressure ventilation, in which expiration
is passive and the flow profiles have a
square or triangular waveform, respec-
tively. From this, it follows that the in-
spiratory/expiratory ratio is usually fixed
at 1:1, but pumps with variable ratios are
now available.

There are a number of mechanisms
proposed to explain the gas exchange in

HFOV. Direct alveolar ventilation,
asymmetric velocity profiles, Taylor dis-
persion, pendelluft, cardiogenic mix-
ing, accelerated diffusion, and acoustic
resonance appear to participate in gas
exchanges both individually and/or to-
gether (42, 46).

Clinical Considerations

Gas Trapping. Tidal volume amplifica-
tion resulting from pressure swings in
the alveoli, delivering a larger tidal vol-
ume than the one generated by the oscil-
lator, may contribute to gas trapping. Air
trapping may occur if the ventilatory fre-
quency increases and if the expiratory
time is reduced to �250 msec.

Gas trapping is less likely to occur in
HFOV systems in which expiration is as-
sisted. The shorter the expiratory period
and the greater the respiratory time con-
stants, the lower the frequency at which
gas trapping becomes a problem.

A modest degree of gas trapping is not
always undesirable, and the term “auto-
PEEP” may give a more balanced view of
this effect. The proximal airway pressure
is not a real indicator of true intratho-
racic pressure during HFOV, and esoph-
ageal pressure may be a better index for
clinical use.

Humidification During HFOV. The
need for good humidification (90% rela-
tive humidity) in HFOV is essential to
avoid severe irreversible damage to the
trachea. On one hand, viscous secretions
can obstruct alveoli and one bronchi, de-
teriorating ventilation; on the other
hand, excessive humidification can lead
to condensation in the child’s circuit, the
endotracheal tube, and the airways, re-
ducing the effect of HFOV. At present, the
most advanced humidifiers available
(e.g., Fischer Paykel) are able to solve the
majority of HFOV-related humidification
problems, avoiding those difficulties that
were seen with high-frequency jet venti-
lation use.

Cooling Effects of High-Frequency
Ventilation. There is no documented ev-
idence for such a claim, provided that
adequate humidification is provided. The
gas flows used in HFOV may be high, but
the thermal capacity of gases is very low.
In contrast, the latent heat of vaporiza-
tion of water is considerable. In high-
frequency jet ventilation, for example, at
typical clinically used minute volumes,
the cooling effect from the gas alone is
the equivalent of about 250 kcal�1 (about
7% to 10%) of the daily calorie require-

ment. The cooling effect that would re-
sult from the use of dry gas, with the
consequent latent heat losses from evap-
oration, would be approximately 3000–
3500 kcal/day�1. Thus, simple warming
of the inspired gas would produce little
clinical benefit.

Prevention of Aspiration. In paralyzed,
deeply sedated children, HFOV can pre-
vent aspiration of pharyngeal contents by
its auto-PEEP effect, so described for
high-frequency ventilation (47). Patients
who are capable of voluntary inspiration
or coughing can generate a negative tra-
cheal pressure, which could favor aspira-
tion of regurgitated gastric material.

The theoretical advantages of HFOV
include maintaining open airways,
smaller phasic volume and pressure
change, gas exchange at significantly
lower airway pressures, less involvement
of the cardiovascular system, and less de-
pression of endogenous surfactant pro-
duction. HFOV is recommended to re-
duce lung barotrauma and the
consequent lung injury in nonhomoge-
neous lung pathology, in air leaks, in
persistent pulmonary hypertension of the
newborn (PPHN), and in ventilation of
premature babies (41, 48–50).

Contraindications of HFOV are in
cases of pulmonary obstruction from
fresh meconium aspiration (danger of
overinflating the more compliant lung
units), bronchopulmonary dysplasia with
clinical evidence of increased expiratory
resistance and respiratory syncytial virus
bronchiolitis, and intracranial hemor-
rhage.

There are a limited number of pub-
lished large clinical trials on the use of
HFOV in pediatric patients (41, 46, 50),
but from them, the benefits deriving
from the reopening of the closed alveoli
and maintaining them open, as well as
reduction of airleak, have still to be fully
demonstrated. Even though in several
studies bronchiolitis is excluded from
possible treatment (51), recently pub-
lished cases have shown a reasonable pos-
sibility of successful treatment (52, 53).

The described complications of HFOV
are connected with overinflation in ob-
structive lung diseases, intracranial hem-
orrhages, reduction in heart rate attrib-
uted to increased vagal activity,
bronchopulmonary dysplasia, necrotizing
tracheobronchitis, increased permeabil-
ity of lung epithelium, and insufficient
humidification of tracheobronchial secre-
tions (48, 54 –56). Adverse neurologic
events have been demonstrated to be con-
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nected with ventilatory strategies more
than with high-frequency devices (57).

Although HFOV can maintain ade-
quate gas exchange for prolonged periods
in many situations, there is as yet no
clearly defined clinical role for this mode
of ventilation. Recent studies in prema-
ture babies with hyaline-membrane dis-
ease and in term or near-term hypoxemic
newborns have demonstrated an impor-
tant improvement in oxygenation and a
reduced incidence of airleak with HFOV.

There are no data from randomized,
controlled trials supporting the routine
use of rescue HFOV in term or near-term
infants with severe pulmonary dysfunc-
tion. Cochrane Review (58) shows no ev-
idence of a reduction in mortality at 28
days, in the number of patients requiring
extracorporeal membrane oxygenation,
days on a ventilator, days receiving oxy-
gen, or days in the hospital.

Until a large-scale trial demonstrates
the certain benefits deriving from HFOV
compared with conventional ventilation
and excludes a greater possible incidence
of pulmonary airleak caused by the con-
tinuous expansion of the lung, the use of
HFOV must be considered an interesting
but not confirmed new mode of ventila-
tion for specific types of respiratory fail-
ure in pediatric patients (59), including
respiratory distress syndrome (RDS) of
premature babies in which more experi-
ence has been gained and better results
have been described.

Independent Lung Ventilation
(ILV)

The possibility of independent ventilation
of the two lungs of newborn and young
children by means of selective intubation
was first reported in 1984, using two sin-
gle tubes (60). Despite favorable results,
the method itself was complicated and
difficult to apply. In newborns and in-
fants, a notable change occurred with the
testing and clinical use of a prototype
double-lumen tube, later manufactured
by Portex as special equipment. The ar-
rival of this tube, in addition to simplify-
ing the intubation maneuver and facili-
tating nursing, has made it possible to
apply independent lung ventilation to the
treatment of unilateral lung disease in
pediatric patients (60–62).

Selective Bronchial Intubation. Older
than 6–8 yrs of age, selective bronchial
intubation is possible using a cuffed dou-
ble-lumen tube similar to that used in
adults (26- to 28-Fr Bronchocath

Mallinckrodt, Bronchoport Rusch). The
Marraro Paediatric Endobronchial Bilu-
men Tube, produced by SIMS-Portex,
may be used in neonates and children 2–3
yrs of age. It is uncuffed to maximize the
internal diameter of the tube and has no
carinal hook, thus minimizing tracheal
trauma (62–64).

Ventilators. ILV requires two ventila-
tors that permit the application of differ-
ent modes of ventilation and different
PEEP levels for each lung. Synchroniza-
tion of the beginning of the inspiratory
phase can avoid mediastinal shifts that
impede venous return and reduce cardiac
output (61, 65). Nonsynchronous ventila-
tion of the lungs, tested essentially in
animals and adult patients, may create
serious ventilation disorders (66, 67).
These complications occur in pediatric
patients mainly at respiratory frequencies
�30 breaths per minute (68).

Hemodynamic Impact of ILV. The he-
modynamic changes with ILV are similar
to those encountered with intermittent
positive-pressure ventilation with 5 cm
H2O PEEP. If the levels of PEEP are too
high or the tidal volume is too great,
central venous pressure rises and cardiac
output and arterial blood pressure fall.
Higher levels of PEEP may be maintained
without hemodynamic changes in the
more affected lung than the normal lung
(61, 69, 70).

Gas Exchange. Application of ILV
leads to a rapid improvement in PaO2,
because of the recruitment of lung areas
to ventilation. This improvement is en-
hanced when better PEEP is applied in-
dependent of each lung.

Elimination of CO2 in the more patho-
logic lung is lower than in the less patho-
logic lung because of the smaller venti-
lating lung volume. Applying ILV and
using a selective PEEP for each lung, a
progressive increase in the elimination of
CO2 is noted because of the recruitment
to ventilation of new lung areas.

Indications for ILV. At present, ILV
can be generally indicated in the treat-
ment of unilateral lung pathology, such
as monolateral atelectasis, emphysema,
pneumonia, pneumothorax, and bron-
chopulmonary fistula. In postoperative
care, ILV can be used for lung re-
expansion after thoracic surgery, for cor-
rection of V/Q mismatch in the lung re-
maining dependent during surgery, and
for the treatment of pulmonary compli-
cations arising during anesthesia and
surgery, e.g., pneumothorax or aspiration
syndrome (69, 71, 72).

A new possible indication for ILV can
be the selective administration of drugs
to one lung, such as antibiotics or sur-
factant (73). Unsolved problems with ILV
application are as follows: large air leaks
with the use of the uncuffed double-
lumen tube (possible hypoventilation);
the lumens of the double tube can be
easily blocked by secretions deriving from
insufficient humidification and warming
of inspired gases; high costs of treatment
because two ventilators are required.

SUPPORTED SPONTANEOUS
BREATHING

Pressure Support Ventilation

Pressure support ventilation is designed
to support spontaneous ventilation dur-
ing the inspiratory phase (74, 75). The
patient triggers each breath by opening
the demand valve of the ventilator. There
are different types of triggers that reduce
the work of breathing in the patient. The
oldest is the pressure trigger. By using
this trigger, the patient must create in-
trapulmonary negative pressure to acti-
vate ventilatory support. Obtaining this
negative pressure requires demanding
work of breathing from the patient, in-
versely proportional to the sensitivity of
the preset trigger.

In the volume trigger, the patient
must inspire a volume equivalent to the
preset trigger sensitivity to activate
breathing. It is necessary to create a flow
and to maintain it until a preset volume
is inspired.

In the flow trigger, without bias flow,
the work of breathing is required from
the patient. To activate the system, it is
necessary that the patient inspire all the
gas present in the inspiratory circuit and
create a flow equal to the preset sensitiv-
ity. Recently, in more technically ad-
vanced ventilators, a flow trigger with
“bias flow” highly sensitive to minimal
flow variations in the circuit is incorpo-
rated and requires a minimal work of
breathing to activate the beginning of the
inspiratory phase. In all types of flow trig-
ger, sensitivity must be correctly assessed
to avoid auto-trigger activation. A supple-
mentary gas flow is delivered to the in-
spiratory circuit to produce a positive in-
spiratory pressure at a preset value. The
cycles are pressure limited, and there is
no preset tidal volume. The patient trig-
gers the assisted breathing according to
the trigger mode and regulates the respi-
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ratory rate, inspiratory and expiratory
time, and tidal volume.

Advantages of this method of ventila-
tion are that it reduces the work of
breathing and reduces respiratory muscle
fatigue and oxygen consumption (76–
78). Hemodynamic stability is favored be-
cause breathing is triggered spontane-
ously (79).

There are some disadvantages to pres-
sure support ventilation. If the pressure
support is high, the patient tends to re-
duce the respiratory rate and tidal vol-
ume. The risk of barotrauma is increased,
and accordingly, gases of large tidal vol-
ume may not be adequately warmed and
humidified. If the pressure support is low,
patients tend to increase their respiratory
rate and to reduce the tidal volume. Ox-
ygen consumption and the work of
breathing are increased. In the presence
of inhomogeneous lung pathology, pres-
sure support ventilation tends to favor
ventilation of better aerated areas with-
out affecting the collapsed lung areas.

Volume Support Ventilation

Volume support ventilation is a new
means of assisting spontaneous breathing
that can be correctly applied when lung
pathology is improved and the ventilatory
setting is near the normal value for the
specific patient under normal conditions.
The ventilator, breath by breath, adapts
the inspiratory pressure support to the
changes in the mechanical properties of
the lung and the thorax to ensure that
the lowest possible pressure is used to
deliver the preset tidal and minute vol-
ume that remain constant. The inspira-
tory pressure is constant, and the flow is
decelerated. The initial values for ex-
pected tidal and minute volume should
be set, as should all parameters to be used
in PRVC that can be activated in the pres-
ence of apnea. When the patient is able to
ventilate at the preset tidal volume, the
ventilator does not support the single
breath. At this stage, extubation may be
performed with safety (31, 33, 79–82).

This method avoids the pressure sup-
port ventilation disadvantages of contin-
uous manual adaptation of pressure to
the improving lung pathology and of vo-
lutrauma connected with high preset in-
spiratory pressure and nullifies the risk of
apnea. In this case, the new ventilators,
e.g., Siemens Servo 300, Servo 300A, and
Servo I, automatically switch to PRVC.

Pressure support ventilation and vol-
ume support ventilation are indicated

when weaning from ventilation (33, 83)
and in patients with chronic obstructive
pulmonary disease. It is useful to pro-
mote respiratory muscle training and to
compensate for the high resistance of en-
dotracheal tubes during spontaneous res-
piration with continuous positive airway
pressure. During postoperative care,
pressure support ventilation may pre-
serve or reactivate spontaneous breathing
and reinflate areas of atelectasis after sur-
gery. Both methods are contraindicated
using deep sedation and muscle relaxants
in central neurologic disorders and in
hypoventilation syndromes (83–85).

SUPPORTIVE TREATMENTS

Permissive Hypercapnia

A lung protective strategy may lead to
CO2 retention. Tidal volume can be lim-
ited so that the physiologic deadspace
fraction for each breath rises to the point
at which frequency cannot be increased
to normalize effective alveolar minute
volume. Moderate CO2 retention, if com-
pensated for and allowed to develop grad-
ually, can be well tolerated. It has been
suggested that hypercapnia be limited to
a degree that allows arterial pH to be
maintained at �7.2 (86, 87). Hypercapnia
is generally regarded as an undesirable
consequence of limiting alveolar stress,
and it has been suggested to avoid hyper-
capnic acidosis because acidosis can be
associated with decreased myocardial
contractility, cerebral vasodilation, de-
creased seizure threshold, and hyperkale-
mia.

In recent studies in animals (88), hy-
percapnic acidosis per se has been dis-
cussed because it may contribute to the
benefits of lung-protective ventilation.
Respiratory acidosis can protect the lung
from ischemia-reperfusion injury (89),
whereas respiratory alkalosis potentiated
lung injury (90).

The protective effect of respiratory ac-
idosis has been associated with the inhi-
bition of xanthine oxidase and was pre-
vented by buffering the acidosis. If “lung
protective ventilation” does reduce pul-
monary and systemic inflammation (91)
and perhaps multiple organ dysfunction
(92, 93), hypercapnic acidosis per se
could be partly responsible, perhaps by
down-regulating inflammatory cells (94,
95) and possible other mechanisms, as
well as by inhibition of xanthine oxidase.
Permissive hypercapnia is contraindi-
cated in intracranial hypertension, in

pulmonary hypertension, and in severe
cardiac disease because acidosis can in-
duce myocardial depression (96–98).

Acute hypercapnia causes complex
physiologic changes, probably affecting
all cells and organ systems. Although
these are poorly understood, some (in-
cluding possible down-regulation of in-
flammatory cells) could be detrimental,
and the degree of harm or benefit could
vary in different clinical circumstances. A
clinical trial intentionally elevating PaCO2

can be considered when we have a better
understanding of the cellular and sys-
temic effects of hypercapnia and acidosis
(99). Further definition of patient groups
in whom hypercapnia is poorly tolerated
will be important in the formulation of
general recommendations regarding the
use of these ventilatory strategies, partic-
ularly in neonates and premature babies
(96, 100–103).

Prone Positioning

In acute lung injury, a gradient in re-
gional compliance develops, favoring
nondependent lung. In addition, because
of an increase in lung mass, there is an
accentuation of the normal gradient in
pleural pressure that increases as one ap-
proaches dependent lung.

In the supine position, the lowest
regional end-expiratory volumes and
the greatest frequency of cyclic airspace
collapse and recruitment are found in
the dorsal lung. By rotating the patient
to the prone position, the least compli-
ant lung with the most favorable
transalveolar pressure excursion and
limited tidal transalveolar pressure
change are present in ventral lung re-
gions (104 –106).

The increased dorsal lung recruitment
and ventilation, rather than a significant
redistribution of regional blood flow, im-
prove oxygenation and ventilation/perfu-
sion matching and reduce shunt in pa-
tients with lung injury in several
uncontrolled studies (107–111). The im-
provement in compliance that occurs in
the prone position may allow reductions
in FIO2 and PEEP and augment drainage
of secretions from the dependent lung.
Safety concerns, including accidental ex-
tubation and catheter removal, hemody-
namic instability, and pressure necrosis
can limit the application of the prone
position.
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DRUGS FOR SUPPORTING
VENTILATION TREATMENTS

Surfactant

The utility of surfactant treatment was
demonstrated in premature animal mod-
els by Enhorning and Robertson (112)
and confirmed in the premature infant by
Fujiwara and his colleagues in 1980
(113). These reports resulted in an explo-
sion in interest in surfactant for the treat-
ment of RDS and possibly for other lung
diseases in which surfactant deficiency
can be suspected.

Natural and Artificial Surfactant. Pul-
monary surfactant is a complex mixture
of lipids and specific apoproteins, 80%
phospholipid, 8% neutral lipids, and 10%
to 12% proteins. The phospholipid com-
ponent consists of 60% saturated phos-
phatidylcholine, 20% unsaturated phos-
phatidylcholine, anionic phospholipids,
phosphatidylglycerol, and phosphatidyl-
inositol. The main active component is
dipalmitoyl phosphatidylcholine, which
is responsible for reducing surface ten-
sion and maintaining alveolar stability.

The protein part of the surfactant sys-
tem includes two major categories differ-
ing in structure and hydrophobicity. Nat-
ural SP-A is a collagen-like, hydrophilic
glycoprotein. This protein has no direct
surface tension-lowering capability but
interacts with phospholipids, carbohy-
drates, calcium, and cell membrane re-
ceptors. It accelerates adsorption of phos-
pholipids to an air-liquid interface,
regulates secretion and reuptake of sur-
factant by alveolar type II pneumocytes as
well as the extracellular transformation
of lamellar bodies to tubular myelin (this
latter process also requires calcium and
SP-B), stimulates phagocytosis of bacte-
ria and viruses by alveolar macrophages,
and increases the resistance of surfactant
to inhibition by serum proteins. SP-D is
another collagen-like hydrophilic protein
present in the airspaces, which stimu-
lates the production of free oxygen radi-
cals by alveolar macrophages, but its bio-
physical role in the surfactant system has
not been defined. SP-B and SP-C are two
hydrophobic proteins and enhance the
adsorption of surfactant phospholipids to
an air-liquid interface. SP-B is an essen-
tial constituent of tubular myelin, the
extracellular reservoir of surfactant gen-
erating the surface film in terminal air-
spaces. Surfactant is synthesized by type
II pneumocytes and by Clara cells in the
bronchiolar epithelium.

Both animal and artificial surfactants
are available on the market. The former,
derived from bovine and porcine lungs,
contains surfactant proteins B and C. It is
more effective than artificial surfactant,
which lacks these surfactant proteins.

Administration of Surfactant. There
are two different modes of administration
of surfactant, either direct instillation
into the distal end of the tracheal tube via
a suctioning catheter or via a nebulizer in
the ventilated gases. The most uniform
distribution of surfactant after instilla-
tion is obtained during a brief period of
manual ventilation (2–3 mins), with re-
spiratory physiotherapy and postural
drainage. Administration of surfactant in
two to four divided doses avoids early
deterioration in gas exchange and un-
wanted vagal reflexes. The airways should
not be suctioned for the first hour after
surfactant administration to avoid the
elimination of surfactant.

Aerosol enables continuous uniform
administration of surfactant over a long
period, reducing possible barotrauma on
the lung. The aerosolized microparticles
must be �5 micron in diameter to reach
the alveoli. Larger particles remain in the
tubes and in trachea and bronchi (114,
115). In inhomogeneous lung pathology,
aerosolized surfactant reaches the better
ventilated areas, without benefiting
pathologic areas (116).

Several disadvantages are connected
with aerosol administration. First, the re-
duced dose delivered can be rapidly inac-
tivated by proteinaceous edema in the
lung. Furthermore, an insufficient quan-
tity of surfactant reaches the lung be-
cause of excessive dispersion in the ven-
tilator circuit and tracheal tube. Finally,
the aerosolization process can alter the
structure of surfactant, inactivating it.
Special equipment has been created to
administer the drug directly close to the
main bronchi, thereby solving to some
extent the first two problems.

Selective bronchial instillation of sur-
factant has been suggested using a con-
ventional tube introduced in one main
bronchus, using a double-lumen tube
(73), or via a bronchoscope (117, 118).
The advantages deriving from this
method are the delivery of large doses to
distal regions of the lung and the reduc-
tion of the instilled dose (lowered costs).
The disadvantages are connected with the
complexity of procedures and long-time
treatment.

Several studies are being performed
using surfactant bronchoalveolar lavage

to remove the extraneous material from
the lung and to enable a more uniform
distribution of the surfactant (119–122).
The disadvantage of this procedure is
connected with its complexity.

Adverse Effects of Surfactant. Tran-
sient airway obstruction (correlated with
transient hypoxemia and hypotension)
has been demonstrated in premature ba-
bies and in newborns, and the risk of
pulmonary trauma and hemorrhage from
dramatically increased tidal volumes
from improved compliance has been sug-
gested immediately after surfactant sup-
plementation. Changes in cerebral perfu-
sion from rapid redistribution of
pulmonary blood flow into cerebral cir-
culation can be present in very premature
babies but have not been demonstrated in
children and adults.

After impressive results in the treat-
ment of neonatal RDS (123–126), the use
of surfactant has been proposed in several
forms of lung pathology in infants and
children, such as congenital diaphrag-
matic hernia (73, 127, 128), meconium
aspiration syndrome, inhalation syn-
drome, pneumonia (129 –134), ARDS
from different origins, and bronchiolitis.

Exogenous surfactant may be benefi-
cial, and bronchoalveolar lavage using di-
luted doses of surfactant has been very
promising in meconium aspiration syn-
drome and inhalation syndrome (135,
136). The place of surfactant in relation
to other interventions, such as extracor-
poreal membrane oxygenation, high-
frequency oscillatory ventilation, and in-
haled nitric oxide, remains unclear. In
particular, the real efficacy of surfactant
supplementation compared with the suc-
cessful treatment with the combined use
of nitric oxide and high-frequency oscil-
latory ventilation in severe, persistent
pulmonary hypertension of the newborn
must be assessed (137).

Response to surfactant treatment is
unpredictable and ranges from no re-
sponse to a variable response or a good
response in ARDS (138–141). A poor re-
sponse may be caused by rapid inhibition
and inactivation of administered surfac-
tant by plasma components filling the
alveolar space, to reduced doses, and to
delay in supplementation (lung pathology
that has become untreatable). Good re-
sults have been obtained using higher or
multiple doses of surfactant.

Surfactant has also been used with
success in the treatment of severe bron-
chiolitis (142–144) because of stabilizing
surface tension into alveoli and terminal
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bronchioles. Surfactant instillation was
generally well tolerated, and no safety
concerns were identified in the above-
mentioned studies. More rapid improve-
ment in oxygenation and moderation of
ventilatory support was demonstrated in
two studies (142, 143), probably because
the surfactant was instilled after open-
lung strategies and a high PEEP level to
keep the lung open were applied. The
studies also showed that surfactant sup-
plementation allows reduction of the du-
ration of intubation and the length of
PICU stay.

Surfactant instillation has been pro-
posed in the treatment of pediatric acute
hypoxemic respiratory failure (145) and
subsequently positive preliminary results
have been confirmed from members of
the Mid-Atlantic Pediatric Critical Care
Network (146). Children who received
surfactant demonstrated rapid improve-
ment in oxygenation and, on average,
were extubated sooner and spent fewer
days in the PICU than control patients.

Several questions on its use remain
unsolved. Given that the efficacy of the sur-
factant appears closely related to the dose
used as well as the severity of the lung
pathology, a definition of optimal dosage
is probably required for each specific patho-
logy. The effect of surfactant can diminish
over time in some lung pathologies;
therefore, the frequency and the neces-
sity of supplementary doses and quanti-
ties need to be defined. Two important
aspects of surfactant efficacy appear con-
nected with ventilatory strategy applied
before and after treatment and the possi-
bility of removing from the lung inhibit-
ing and inactivating factors using bron-
choalveolar lavage before surfactant
supplementation. Finally, the possible
immunologic response should be investi-
gated because of the presence of specific
proteins in the natural surfactant, even
though no adverse reactions have been
noted to date.

Nitric Oxide

Pulmonary hypertension and severe hy-
poxemia are the common end points of
many conditions, including ARDS, meco-
nium aspiration, and PPHN. Various pul-
monary vasodilator therapies have been
tested but are limited by systemic vasodi-
lation, hypotension, worsening right-to-
left shunt, or cardiac dysrhythmias.

Nitric oxide (NO) was described in
1987 as the “endothelium-derived relax-
ing factor” that acted exclusively on vas-

cular smooth muscle of the lung and did
not have any systemic effects (147). NO is
produced by the endothelium from argi-
nine and acts as a local vasodilator, dif-
fusing into subjacent vascular smooth
muscle and combining intracellularly
with the heme present in guanylate cy-
clase. The resulting nitrosyl-heme acti-
vates guanylate cyclase, stimulating the
production of cyclic guanosine 3'5'-
monophosphate and subsequently relax-
ing vascular smooth muscle. When NO
diffuses into the intravascular space, its
biological activity is limited by rapid and
avid binding to hemoglobin. Several va-
sodilators, such as nitroglycerine and ni-
troprusside, act by releasing NO (148–
150). A large quantity of research has
been dedicated to the selective effect on
pulmonary vessels, but the use of inhaled
NO should be tempered by concerns over
its possible toxicity (151). In fact, NO may
form several toxic products and is oxi-
dized to nitrogen dioxide (NO2) in oxygen
mixtures. The rate of oxidation is depen-
dent on oxygen concentration and the
square of the NO concentration. Other
highly cytotoxic compounds may be pro-
duced, and the combination of NO with
hemoglobin forms nitrosyl Fe-hemoglo-
bin and then methemoglobin. The follow-
ing recommendations have been made
for the safe use of inhaled NO (151–153):
a) specific circuits must be used to ensure
accurate continuous delivery of NO,
while minimizing levels of NO2; b) cali-
brated tanks of NO in nitrogen should be
used, and concentrations of the undiluted
gas should be limited to 1000 ppm to
reduce any effects of leakage or overdose;
c) the smallest effective dose of NO
should be used because the long-term
toxicity of NO is not known; d) exhaust
gases from the breathing circuit must be
scavenged to minimize environmental
pollution; e) NO and NO2 concentrations
must be monitored, either continuously
or intermittently; f) the blood methemo-
globin concentration should be measured
regularly in every patient; g) lesions of
the skin and gastrointestinal tract can be
demonstrated in zinc deficiency (154).

The dose of NO varies, but in general,
as low a dose as possible is used (6–20
ppm) (151, 153). Higher doses are used
initially and reduced to maintenance
doses of between 5 and 10 ppm after 4–6
hrs.

Use of NO in Persistent Pulmonary
Hypertension of the Newborn. NO has
been used successfully in term neonates
with PPHN, including in specific condi-

tions such a congenital diaphragmatic
hernia, meconium aspiration syndrome,
and sepsis (155–158). Neonates who do
not have echocardiographic confirmation
of PPHN tend not to respond as well to
inhaled NO as those with a definite diag-
nosis of PPHN. High-frequency oscilla-
tory ventilation is a useful adjunct to
inhaled NO. However, the response to NO
in PPHN may be incomplete or only tran-
sient.

NO has been shown to be useful in
ARDS (159, 160). It acts primarily by re-
ducing pulmonary vascular resistance
and improving oxygenation. It also re-
duces right ventricular afterload and im-
proves right ventricular contractility and
thus cardiac output. It reduces microvas-
cular pressure to attenuate fluid filtra-
tion. Multicenter studies are required to
assess the place of NO in the treatment of
ARDS.

NO is used in the assessment of pul-
monary reactivity during cardiac cathe-
terization and the treatment of pulmo-
nary hypertension after cardiac surgery
with controversial results (161). It is use-
ful to determine operability before heart
or heart-lung transplantation (162, 163).
Several multicenter studies are in
progress to investigate which patients are
likely to benefit from NO, the role of NO
in relation to other therapy, and optimal
delivery approaches to improve safety and
efficacy (164, 165).

Perfluorocarbons

The possibilities of using liquid instead of
air in the exchange of gases became a
reality with the discovery of the proper-
ties of perfluorocarbons (PFC). In 1966,
Clark and Gollan (166) demonstrated that
mice, rats, and other animals can survive
after immersion in oxygenated PFC and
thus opened the way to current clinical
research and applications.

Characteristics of Perfluorocarbons.
PFCs are derived from common organic
compounds, such as benzene. They are
colorless and odorless and can be stored
indefinitely at room temperature. They
are resistant to autoclaving. They are in-
soluble in water or in lipids, and water or
lipids do not dissolve in them. Oxygen,
carbon dioxide, and many other gases are
very easily dissolved in them. All PFCs
have a low surface tension and rapidly
evaporate at body temperature from the
lung and the skin. The mechanisms for
uptake, distribution, and elimination in
the body are not clearly defined but are
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correlated to lipid tissue composition, or-
gan perfusion, and the ventilation-
perfusion ratio in the lung. The physio-
chemical characteristics of the PFC, i.e.,
molecular structure and vapor pressure,
and lung pathophysiology play an impor-
tant role. Small quantities of PFC can be
absorbed in the blood and distributed to
the tissues with preference for lipids and
fats. The absorbed PFC can remain in the
tissues for long periods but do not seem
to exert any toxic effects. The persistence
in the body and the predilection for fatty
tissue warrant further investigation, par-
ticularly with respect to the developing
central nervous system of neonates and
premature babies (167).

At present, there are two methods of
administration of PFCs under research.
Total liquid ventilation, developed by
Shaffer et al. (168–171), and partial liq-
uid ventilation or perfluorocarbon-
associated gas exchange proposed by Fu-
hrman et al. (172) and Lachmann et al
(173).

Total liquid ventilation is a ventilatory
technique using PFCs instead of gas to
obtain gas exchange. It requires complex
equipment (pump, membrane oxygen-
ator, CO2 removal) and is applied after a
short period of partial liquid ventilation.
Partial liquid ventilation is a ventilatory
technique using PFCs to fill the func-
tional residual capacity of the lungs,
while gas tidal volumes are delivered by a
conventional volume-regulated ventila-
tor.

Indications for Liquid Ventilation. It
has been supposed that liquid ventilation
eliminates the air-liquid interface and re-
duces surface tension. For this reason,
liquid ventilation has been tested in RDS
in premature babies. It has been shown
that partial liquid ventilation leads to
clinical improvement and survival in in-
fants who are not predicted to survive
(174). Partial liquid ventilation has been
tested in uncontrolled clinical studies
and in case reports of ARDS in children
and adults.

Unfortunately, despite encouraging
initial results in uncontrolled clinical
studies, a preliminary large clinical trial
of infants and children affected by life-
threatening respiratory failure and out-
side extracorporeal membrane oxygen-
ation criteria was interrupted because of
an incorrect protocol of treatment (pa-
tients presented with severe advanced pa-
thology and were probably untreatable in
any case) and disappointing initial re-
sults. A clinical trial conducted in the

United States and Europe, involving 56
centers, on 311 adult patients affected by
ARDS from different origins was disap-
pointing on the beneficial effects of par-
tial liquid ventilation vs. conventional
ventilation. Two different dosages of PFC
were tested. Mortality was higher in pa-
tients treated with partial liquid ventila-
tion. Moreover, severe hypoxemia devel-
oped in the presence of inhomogeneous
lung pathology because of the compres-
sion of pathologic areas and normal aer-
ated lung units. The incidence of pneu-
mothorax was higher and return to
conventional ventilation was more diffi-
cult than previously supposed. However,
the PFC used was demonstrated to be safe
(175).

Even though the results of a previous
study of ARDS were disappointing, prob-
ably largely due to incorrect protocol and
criteria of access to treatment, other
fields of research remain open and are
being thoroughly investigated. For exam-
ple, PFC-bronchoalveolar lavage may be
useful in meconium aspiration and inha-
lation syndromes in which it facilitates
the removal of the meconium or other
material present in the lung, supports gas
exchanges, and eliminates inhomoge-
neous lung ventilation (176–178). Future
applications could be in the treatment of
cystic fibrosis and proteinosis. In both
cases, PFC could remove the material
present in the lungs, improve gas ex-
change, reduce the tendency to atelecta-
sis, and prevent the loss of surface activ-
ity, should the aforementioned be
confirmed by large clinical trials.

PFC has also been investigated for the
study of the lung structure, in radiology
(179), for topical administration of drugs
(e.g., antibiotics and chemotherapies
(180–183)), for heating pulmonary lobi
to increase blood flow in the treatment of
lung cancer, and as a ventilatory support
for unusual types of treatment (184).

Several problems remain to be solved
regarding optimal clinical use of partial
liquid breathing: a) physical chemical
properties of the ideal perfluorochemical
compounds and proper dose to use; b) the
management of ventilation during partial
liquid ventilation, particularly regarding
PEEP and tidal volume and the return to
conventional gas ventilation over pro-
longed periods of time; c) the hemody-
namic effects in the presence of pulmo-
nary hypertension; d) the significant
degree of lactic acidosis and the increase
in hypoxemia in inhomogeneous lung pa-
thology; e) the uptake and metabolism of

PFC with regard to damage from long-
term persistence in the tissues.

PFC use remains a fascinating and
stimulating area requiring further study.
To avoid disappointment after the initial
enthusiasm, widespread clinical trials
must confirm its applicability and posi-
tive results in humans.

SUMMARY

The recognition that alveolar overdis-
tension rather than peak inspiratory air-
way pressure is the primary determinant
of lung injury (i.e., volutrauma rather
than barotrauma) has constituted a sub-
stantial shift in the understanding of the
pathogenesis of ventilator-induced side
effects and has led to new research of
possible innovative ventilatory treatment.

The necessity of protecting the lung
appeared more clearly when independent
lung ventilation began to be more deeply
studied and widely used. In cases of lung
pathology with unilateral prevalence, in
conventional mechanical ventilation, the
less pathologic lung supports all ventila-
tion to maintain adequate gas exchange
leading to possible overdistention and
barotrauma, whereas independent lung
ventilation enables more aggressive ven-
tilation of the more pathologic lung, pro-
tecting the less damaged lung at the same
time.

A strategy combining recruitment ma-
neuvers, low tidal volume, and higher
PEEP has been demonstrated to decrease
the incidence of barotrauma and vo-
lutrauma. Given that appropriate tidal
volumes are critical in determining ade-
quate alveolar ventilation and also in
avoiding lung injury, volume-control
ventilation with high PEEP levels has
been proposed as the preferable protec-
tive ventilatory mode.

PRVC ventilation and HFOV have
taken on an important role as protective
lung strategies. The former delivers a
controlled tidal and minute volume in a
pressure-limited manner using the low-
est possible inspiratory pressure. It ap-
pears particularly useful in patients with
normal ventilated lung and in homoge-
neous lung pathology. Moreover, the
method appears suitable in cases of rapid
changes in lung compliance and airway
resistance (e.g., surfactant supplementa-
tion, nitric oxide, aminophylline) avoid-
ing manual adaptation of ventilation.

HFOV presents theoretical advantages
that include maintaining open airways,
smaller phasic volume and pressure
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change, gas exchange at significantly
lower airway pressures, less involvement
of the cardiovascular system, and less de-
pression of endogenous surfactant pro-
duction. The method is widely used in
neonatal RDS but does not appear to find
an application in inhomogeneous lung
pathology. Further data are required for
the treatment of children, confirming the
encouraging preliminary results in spe-
cific lung pathologies.

Spontaneous breathing ventilation
supported artificially in the inspiratory
phase (pressure support ventilation) has
been widely used to maintain or reacti-
vate spontaneous breathing and to avoid
hemodynamic variations connected with
controlled ventilation. Pressure support
ventilation uses preset inspiratory pres-
sure support but is not able to control
tidal volume spontaneously. Depending
on resistance and compliance, use of a
cuffed or uncuffed tube, an involuntary
increase or reduction in tidal volume can
create hypo- or hyperventilation. Volume
support ventilation reduces the need for
manual adaptation to maintain a stable
tidal and minute volume. When the pa-
tient is able to ventilate a prefixed tidal
volume, the ventilator does not support
any pressure, and therefore, the patient
can be extubated without risk. Both
methods are useful in weaning the pa-
tient from a ventilator but need the co-
operation of the patient and sufficient
respiratory drive.

Supportive treatments (e.g., prone po-
sitioning and permissive hypercapnia)
have taken on an important role in the
treatment of patients undergoing artifi-
cial ventilation. Prone positioning is used
to recruit dependent lung areas and per-
missive hypercapnia to limit tidal vol-
ume.

Beneficial effects deriving from per-
missive hypercapnia are not limited only
to the reduction of tidal volume but also
to the probable protective effects of aci-
dosis on the lung (animal studies). Sur-
factant and nitric oxide have been pro-
posed in specific lung pathologies to
make the lung easier to ventilate, to re-
duce oxygen concentration in ventilated
gases, and to facilitate gas exchange.

More recently, the investigation of the
possibility of ventilating the lung using a
liquid instead of gas to effectuate gas ex-
change has opened new vistas on several
lung pathologies with high mortality
rates requiring elimination of air-liquid
interface and reduction in surface ten-
sion. This method could lead to the cre-
ation of an ideal ventilatory mode in
which lung opening forces would be re-
duced or eliminated, thus reducing lung
trauma significantly.

From an analysis of the various meth-
ods proposed, the conviction emerges
that the best ventilatory treatment may
be obtained by applying a combination of
types of treatment, including the factors
outlined above. The literature and ac-
quired experience show that early treat-
ment is extremely important for the over-
all positive final result. Lung recruitment
maneuvers followed by maintaining an
open lung after reopening not only favor
more rapid resolution of the lung pathol-
ogy but also reduce the side effects of
ventilation (volutrauma, barotrauma,
biotrauma).

All the methods proposed still require
further confirmation through large con-
trolled clinical trials that can assess the
real efficacy demonstrated by pilot stud-
ies and case reports and define specifi-
cally the most suitable method or associ-
ated methods to treat individual
pathologies in the various pediatric age
groups.

REFERENCES

1. Rotta AT, Gunnarsson B, Fuhrman BP, et
al: Comparison of lung protective ventila-
tion strategies in a rabbit model of acute
lung injury. Crit Care Med 2001; 29:
2176–2184

2. Amato MB, Barbas CS, Medeiros DM: Effect
of a protective-ventilation strategy on mor-
tality in the acute respiratory distress syn-
drome. N Engl J Med 1998; 338:347–354

3. Brochard L, Roudot-Thoraval E, et al: Tidal
volume reduction for prevention of ventila-
tor-induced lung injury in the acute respi-
ratory distress syndrome. Am J Respir Crit
Care Med 1998; 158:1831–1838

4. Chambers HM, van Velzen D: Ventilator-
related pathology in the extremely imma-
ture lung. Pathology 1989; 21:79–83

5. International Consensus Conference in In-
tensive Care Medicine: Ventilator-associ-
ated lung injury in ARDS. Intensive Care
Med 1999; 25:1444–1452

6. Dreyfuss D, Saumon G: Barotrauma is vo-
lutrauma, but which volume is the one re-
sponsible? Intensive Care Med 1992; 18:
139–141

7. Nilsson R, Grossmann G, Robertson B:
Pathogenesis of neonatal lung lesions in-
duced by artificial ventilation: Evidence
against the role of barotrauma. Respiration
1980; 40:218–225

8. Holm BA, Matalon S, Finkelstein JH, et al:
Type II pneumocyte changes during hyper-
oxic lung injury and recovery. J Appl
Physiol 1988; 65:2672–2678

9. Dreyfuss D, Saumon G: Role of tidal vol-
ume, FRC and end-inspiratory volume in
the development of pulmonary edema fol-
lowing mechanical ventilation. Am Rev
Respir Dis 1993; 148:1194 –1203

10. Gammon RB, Shin MS, Groves RH, et al:
Clinical risk factors by pulmonary baro-
trauma: A multivariate analysis. Am J Re-
spir Crit Care Med 1995; 152:1235–1240

11. Ranieri VM, Suter PM, Tortorella C, et al:
Effect of mechanical ventilation on inflam-
matory mediators in patients with acute
respiratory distress syndrome: A random-
ized controlled trial. JAMA 1999 282:54–61

12. Tremblay LN, Valenza R, Ribeiro SP, et al:
Injurious ventilatory strategies increase cy-
tokines and c-fos mRNA expression in an
isolated rat lung model. J Clin Invest 1997;
99:944–952

13. Saugstad OD: Mechanisms of tissue injury
by oxygen radicals: Implications for neona-
tal disease. Acta Paediatr 1996; 85:1–4

14. Dreyfuss D, Saumon G: Ventilator-induced
lung injury: Lessons from experimental
studies [state of the art]. Am J Respir Crit
Care Med 1998; 157:294–330

15. Bone RC, Francis PB, Pierce AK: Pulmonary
barotrauma complicating positive end-
expiratory pressure. Abstr. Am Rev Respir
Dis 1973; 111:921

16. Hickling KG: Ventilatory management of
ARDS: Can it affect the outcome? Intensive
Care Med 1990; 16:219–226

17. Lee PC, Helsmoortel CM, Cohn SM, et al:
Are low tidal volumes safe? Chest 1990;
97:425–429

18. Kiiski R, Takala J, Fari A, et al: Effect of tidal
volume on gas exchange and oxygen trans-
port in the adult respiratory distress syn-

T he recognition

that alveolar over-

distension rather

than peak inspiratory airway

pressure is the primary de-

terminant of lung injury has

constituted a substantial

shift in the understanding of

the pathogenesis of ventila-

tor-induced side effects and

has led to new research of

possible innovative ventila-

tory treatment.

16 Pediatr Crit Care Med 2003 Vol. 4, No. 1



drome. Am Rev Respir Dis 1992; 146:
1131–1135

19. Dreyfuss D, Soler P, Basset G, et al: High
inflation pressure pulmonary edema: Re-
spective effects of high airway pressure,
high tidal volume, and positive end-
expiratory pressure. Am Rev Respir Dis
1988; 137:1159–1164

20. Williams TJ, Tuxen DV, Scheinkestel CD, et
al: Risk factor for morbidity in mechanically
ventilated patients with acute severe
asthma. Am Rev Respir Dis 1992; 146:
607–615

21. Tuxen DV, Lane S: The effects of ventilatory
pattern on hyperinflation, airway pressures,
and circulation in mechanical ventilation of
patients with severe air-flow obstruction.
Am Rev Respir Dis 1987; 136:872–879

22. Mergoni M, Martelli A, Volpi A, et al: Impact
of positive end-expiratory pressure on chest
wall and lung pressure volume curve in
acute respiratory failure. Am J Respir Crit
Care Med 1997; 156:846–854

23. Rimensberger PC, Pache JC, McKerlie C, et
al: Lung recruitment and lung volume
maintenance: A strategy for improving ox-
ygenation and preventing lung injury dur-
ing both conventional mechanical ventila-
tion and high-frequency oscillation.
Intensive Care Med 2000; 26:745–755

24. Matthews BD, Noviski N: Management of
oxygenation in pediatric acute hypoxemic
respiratory failure. Pediatr Pulmonol 2001;
32:459–470

25. Bateman ST, Arnold JH: Acute respiratory
failure in children. Curr Opin Pediatr 2000;
12:233–237

26. Hernandez LA, Coker PJ, May S, et al: Me-
chanical ventilation increases microvascu-
lar permeability in oleic acid injured lungs.
J Appl Physiol 1990; 69:2057–2061

27. Lachmann B: Open the lung and keep the
lung open. Intensive Care Med 1992; 18:
319–321

28. Meredith KS, deLemos RA, Coalson JJ, et al:
Role of the lung injury in the pathogenesis
of hyaline membrane disease in premature
baboons. J Appl Physiol 1989; 66:
2150–2158

29. Slutsky AS: Lung injury caused by mechan-
ical ventilation. Chest 1999; 116(Suppl):
9S–15S

30. Clark RH, Slutsky AS, Gerstmann DR: Lung
protective strategy of ventilation in the ne-
onate: What are they? Pediatrics 2000; 105:
112–114

31. Marraro G, Mannucci F, Galbiati AM, et al:
The advantages of a new mode of artificial
ventilation: Pressure regulated volume con-
trolled (PRVC) ventilation. Ped Res 1994;
35(4 Suppl):344A, 2047

32. Marraro G, Casiraghi G, Galbiati AM: A
study of pressure regulated volume control
ventilation in natural surfactant treated in-
fants with RDS. Ped Res 1995; 4(Suppl):
223A, 1321

33. Esteban A, Frutos F, Tobin MJ, et al: A
comparison of four methods of weaning

from mechanical ventilation. N Engl J Med
1995; 332:345–350

34. Hazelzet JA, Petru R, Ouden CD, et al: New
modes of mechanical ventilation for severe
respiratory failure. Crit Care Med 1993;
21(9 Suppl):S366–S367

35. Kocis KC, Dekeon MK, Rosen HK, et al:
Pressure-regulated volume control vs vol-
ume control ventilation in infants after sur-
gery for congenital heart disease. Pediatr
Cardiol 2001; 22:233–237

36. McIntyre NR, Gropper C, Westfall T: Com-
bining pressure-limiting and volume-
cycling features in a patient-interactive
breath. Crit Care Med 1994; 22:353–357

37. Markstrom A, Hedlund A, Lichtwarck-
Aschoff M, et al: Impact of different inspira-
tory flow patterns on arterial CO2-tension.
Ups J Med Sci 2000; 105:17–29

38. Polese G, Lubli P, Poggi R, et al: Effects of
inspiratory flow waveforms on arterial
blood gases and respiratory mechanics after
open heart surgery. Eur Respir J 1997; 10:
2820–2824

39. Burns SM: Understanding, applying, and
evaluating pressure modes of ventilation.
AACN Clin Issues 1996; 7:495–506

40. Markstrom AM, Lichtwarck-Aschoff M,
Svensson BA, et al: Ventilation with con-
stant versus decelerating inspiratory flow in
experimentally induced acute respiratory
failure. Anesthesiology 1996; 84:882–889

41. Arnold J, Truog R, Thompson J, et al: High
frequency oscillatory ventilation in pediat-
ric respiratory failure. Crit Care Med 1993;
21:272–278

42. Arnold JH: High frequency oscillatory ven-
tilation: Theory and practice in paediatric
patients. Paediatr Anaesth 1996; 6:437–441

43. Carlo W, Siner B, Chatburn RE, et al: Early
randomized intervention with high-fre-
quency jet ventilation in respiratory distress
syndrome. J Pediatr 1990; 117:765–770

44. Keszler M, Donn SM, Bucciarelli RE, et al:
Multicenter controlled trial comparing
high-frequency jet ventilation and conven-
tional mechanical ventilation in newborn
infants with pulmonary interstitial emphy-
sema. J Pediatr 1991; 119:85–93

45. Smith BE: High frequency ventilation: Past,
present and future? BJA 1990; 65:130–138

46. Kinsella JP, Clark RH: High-frequency os-
cillatory ventilation in paediatric critical
care. Crit Care Med 1993; 21:174–175

47. Beamer WC, Prough DS, Royster RL, et al:
High frequency jet ventilation produces au-
to-PEEP. Crit Care Med 1984; 12:734–735

48. Clark RH, Wiswell TE, Null DM, et al: Tra-
cheal and bronchial injury in high-fre-
quency oscillatory ventilation compared
with conventional positive pressure ventila-
tion. J Pediatr 1987; 111:114–118

49. Ogawa Y, Miyasaka K, Kawano T, et al: A
multicenter randomized trial of high-
frequency oscillatory ventilation as com-
pared with conventional mechanical venti-
lation in preterm infants with respiratory
failure. Early Hum Dev 1993; 32:1–10

50. HIFO Study Group: Randomized study at
high-frequency oscillatory ventilation in in-
fants with severe respiratory distress syn-
drome. J Pediatr 1993; 122:609–619

51. Arnold JH, Hanson JH, Toro-Figuero LO, et
al: Prospective, randomized comparison of
high-frequency oscillatory ventilation and
conventional mechanical ventilation in pe-
diatric respiratory failure. Crit Care Med
1994; 22:1530–1539

52. Medbo S, Finne PH, Hansen TW: Respira-
tory syncytial virus pneumonia ventilated
with high-frequency oscillatory ventilation.
Acta Paediatr 1997; 86:766–768

53. Duval EL, Leroy PL, Gemke RJ, et al: High-
frequency oscillatory ventilation in RSV
bronchiolitis patients. Respir Med 1999; 93:
435–440

54. Mammel MC, Ophoven JP, Lewallen PK, et
al: Acute airway injury during high-
frequency jet ventilation and high-fre-
quency oscillatory ventilation. Crit Care
Med 1991; 19:394–398

55. Man GCW, Ahmed IH, Logus JW, et al:
High-frequency oscillatory ventilation in-
creases canine pulmonary epithelial perme-
ability. J Appl Physiol 1987; 63:1871–1876

56. The HIFI Study Group: High-frequency os-
cillatory ventilation compared with conven-
tional mechanical ventilation in the treat-
ment of respiratory failure in preterm
infants. N Engl J Med 1989; 320:88–93

57. Clark R, Dukes F, Bachman T, et al: Intra-
ventricular hemorrhage and high frequency
ventilation: A meta-analysis of prospective
clinical trials. Pediatrics 1996; 98:
1058–1061

58. Butha T, Clark RH, Henderson-Smart DJ:
HFOV vs conventional ventilation. Co-
chrane Review, The Cochrane Library,
2001, Issue 2

59. Krishnan JA, Brower RG: High-frequency
ventilation for acute lung injury and ARDS.
Chest 2000; 118:795–807

60. Marraro G: Synchronized independent lung
ventilation in pediatric age. ACP Appl
Cardiopulm Pathophys 1987; 2:283–288

61. Marraro G: Simultaneous independent lung
ventilation in pediatric patients. Crit Care
Clin 1992; 8:131–145

62. Marraro G: Selective endobronchial intuba-
tion in paediatrics: the Marraro paediatric
bilumen tube. Paediatr Anaesth 1994;
4:255–258

63. Turner MWH, Buchanan CCR, Brown SW:
Paediatric one lung ventilation in the prone
position. Paediatr Anaesth 1997; 7:427–429

64. Hammer GB, Engel TP: Single lung venti-
lation in children. http://gasnet.med.
yale.edu/slvc/index.php

65. Marraro G: New modes of pulmonary ven-
tilation. In: Advances in Paediatric Anaes-
thesia. Dalens B, Murat I, Bush G (Eds).
Paris, ADARPEF, 1997, pp 57–88

66. East TP, Pace NL, Westenskow DR: Syn-
chronous versus asynchronous differential
lung ventilation with PEEP after unilateral

17Pediatr Crit Care Med 2003 Vol. 4, No. 1



acid aspiration in the dog. Crit Care Med
1983; 11:441

67. Frostell C, Hedenstierna G, Cronestrand R:
Asynchronous ventilation in the dogs: Ef-
fects on lung blood flow and gas exchange.
Clin Physiol 1995; 5(Suppl 3):59–64

68. Marraro G: Airway management. In: Princi-
ple and Practice of Pediatric Anesthesia.
Bissonnete B, Dalens BJ (Eds). New York,
McGraw-Hill, 2001, pp 778–814

69. Marraro G: Intraoperative ventilation in
paediatrics. Paediatr Anaesth 1998;
8:372–382

70. Marraro GA, Luchetti M, Galassini EM, et
al: Haemodynamic variations during inde-
pendent lung ventilation in paediatrics.
J Biocybernetics Biomedical Engineering
2002, In Press

71. Craig DB: Postoperative recovery of pulmo-
nary function. Anesth Analg 1981; 60:46

72. Marraro G, Ottolenghi A, Galbiati AM: La-
ryngotracheoesophageal cleft: Role of syn-
chronized independent lung ventilation.
Ped Res 1993; 33:336A

73. Marraro G, Galassini EM, Padovani EM: In-
dependent lung ventilation and exogenous
surfactant in congenital diaphragmatic her-
nia complicated by unilateral lung pathol-
ogy. Biol Neonate 1998; 74(Suppl 1):43–56

74. Nielsen JB, Sjostrand UH, Edgren EL, et al:
An experimental study of different ventila-
tory modes in piglets in severe respiratory
distress induced by surfactant depletion.
Intensive Care Med 1991; 17:225–233

75. Tokioka H, Kinjo M, Hirakawa M: The ef-
fectiveness of pressure support ventilation
for mechanical ventilatory support in chil-
dren. Anesthesiology 1993; 78:880–884

76. Bonmarchand G, Chevron V, Chopin C, et
al: Increased initial flow rate reduces in-
spiratory work of breathing during pressure
support ventilation in patients with exacer-
bation of chronic obstructive pulmonary
disease. Intensive Care Med 1996; 22:
1147–1154

77. Brochard L, Harf A, Lorino H, et al: Inspira-
tory pressure support prevents diaphrag-
matic fatigue during weaning from me-
chanical ventilation. Am Rev Respir Dis
1989; 139:513–521

78. Kacmarek RM: The role of pressure support
ventilation in reducing work of breathing.
Respir Care 1988; 33:99–120

79. Gullberg N, Wimberg P, Sellde’n H: Pres-
sure support ventilation increase cardiac
output in neonates and infants. Paediatr
Anaesth 1996; 6:311–315

80. Doctor A, Arnold J: Mechanical support of
acute lung injury: Options for strategic ven-
tilation. Crit Care Med 1999; 7:359–373

81. Hird MF, Greenough A: Patient triggered
ventilation in chronically ventilator-depen-
dent infants. Eur J Pediatr 1991; 150:
732–734

82. Sjostrand UH, Lichtwarck-Aschoff M,
Nielsen JB, et al: Different ventilatory ap-
proaches to keep the lung open. Intensive
Care Med 1995; 21:310–318

83. Mancebo J, Amaro P, Mollo JL, et al: Com-
parison of the effects of pressure support
ventilation delivered by three different ven-
tilators during weaning from mechanical
ventilation. Intensive Care Med 1995; 21:
913–919

84. Mori N, Suzuki M: Trigger sensitivity of
Servo 300 (Siemens Elema) for pressure
support ventilation in an infant. Paediatr
Anaesth 1994; 4:27–34

85. MacIntyre NR, Li-Ing H: Effects of initial
flow rate and breath termination criteria on
pressure support ventilation. Chest 1991;
99:134–138

86. Brower R, Shanholtz C, Fessler HE, et al:
Prospective, randomized, controlled clinical
trial comparing traditional versus reduced
tidal volume ventilation in acute respiratory
distress syndrome patients. Crit Care Med
1999; 27:1492–1498

87. Sheridan RL, Kacmarek RM, McEttrick MM,
et al: Permissive hypercapnia as a ventila-
tory strategy in burned children: Effect on
barotrauma, pneumonia, and mortality.
J Trauma 1995; 39:854–859

88. Laffey JG, Ranaka M, Engelberts D, et al:
Therapeutic hypercapnia reduces pulmo-
nary and systemic injury following in vivo
lung reperfusion. Am J Respir Crit Care
Med 2000; 162:2287–2294

89. Shibata K, Cregg N, Engelberts D, et al:
Hypercapnic acidosis may attenuate acute
lung injury by inhibition of endogenous
xanthine oxidase. Am J Respir Crit Care
Med 1998; 158:1578–1584

90. Laffey JG, Engelberts D, Kavanagh BP: In-
jurious effects of hypocapnic alkalosis in the
isolated lung. Am J Respir Crit Care Med
2000; 162:399–405

91. Ranieri VM, Suter PM, Tortorella C, et al:
Effect of mechanical ventilation on inflam-
matory mediators in patients with acute
respiratory distress syndrome. JAMA 1999;
282:54–61

92. Slutsky AS, Tremblay LN: Multiple system
organ failure: Is mechanical ventilation a
contributing factor? Am J Respir Crit Care
Med 1998; 157:1721–1725

93. Ranieri VM, Suter PM, Slutsky AS: Mechan-
ical ventilation as a mediator of multisys-
tem organ failure in acute respiratory dis-
tress syndrome. JAMA 2000; 284:43–44

94. Swallow CJ, Grinstein S, Sudsbury RA:
Modulation of the macrophage respiratory
burst by an acidic environment: The critical
role of cytoplasmatic pH regulation by pro-
ton extrusion pumps. Surgery 1990; 108:
363–369

95. Zelikoff JT, Schlesinger RB: Modulation of
pulmonary immune defense mechanisms
by sulfuric acid: Effects on macrophage-
derived tumor necrosis factor and superox-
ide. Toxicology 1992; 76:271–281

96. Goldstein B, Shannon D, Todres D: Super-
carbia in children: Clinical course and out-
come. Crit Care Med 1990; 18:166–168

97. Hickling K, Joyce C: Permissive hypercap-
nia in ARDS and its effect on tissue oxygen-

ation. Acta Anaesthesiol Scand 1995; 39:
201–208

98. Thorens J, Chopard P, Joillet J, et al: Effect
of permissive hypercapnia on tissue oxygen-
ation in acute respiratory failure. Am J
Respir Crit Care Med 1994; 149:A68

99. Hickling KG: Lung protective ventilation in
acute respiratory distress syndrome. Am J
Respir Crit Care Med 2000; 162:2021–2022

100. Woodgate PG, Davies MV: Permissive hyper-
capnia for the prevention of morbidity and
mortality in mechanically ventilated new-
born infants. Cochrane Review, Cochrane
Database Syst Rev 2001; 2:CD002061

101. Feihl F, Perret C: Permissive hypercapnia:
How permissive should we be? Am J Respir
Crit Care Med 1994; 150:1722–1737

102. Tuxen D: Permissive hypercapnic ventila-
tion. Am J Respir Crit Care Med 1994; 150:
870–874

103. Sheridan RL, Kacmarek RM, McEttrick MM:
Permissive hypercapnia as a ventilatory
strategy in burned children: Effect on baro-
trauma, pneumonia, and mortality.
J Trauma 1995; 39:854–859

104. Lamm W, Graham M, Albert R: Mechanism
by which the prone position improves oxy-
genation in acute lung injury. Am J Respir
Crit Care Med 1994; 150:184–193

105. Mure M, Martling C, Lindahl S: Dramatic
effect on oxygenation in patients with se-
vere acute lung insufficiency treated in the
prone position. Crit Care Med 1997; 25:
1539–1544

106. Pelosi P, Tubiolo D, Mascheroni D, et al:
Effects of the prone position on respiratory
mechanics and gas exchange during acute
lung injury. Am J Respir Crit Care Med
1998; 157:387–393

107. Matthews BD, Noviski N: Management of
oxygenation in pediatric acute hypoxemic
respiratory failure. Pediatr Pulmonol 2001;
32:459–470

108. Kornecki A, Frndova H, Coates AL, et al: A
randomized trial of prolonged prone posi-
tioning in children with acute respiratory
failure. Chest 2001; 119:211–218

109. Curley MA, Thompson JE, Arnold JH: The
effects of early and repeated prone position-
ing in pediatric patients with acute lung
injury. Chest 2000; 118:156–163

110. Numa AH, Hammer J, Newth CJ: Effect of
prone and supine positions on functional
residual capacity, oxygenation, and respira-
tory mechanics in ventilated infants and
children. Am J Respir Crit Care Med 1997;
156(4 Pt 1):1185–1189

111. Shen XM, Zhoa W, Huang DS, et al: Effect
of positioning on pulmonary function of
newborns: Comparison of supine and prone
position. Pediatr Pulmonol 1996; 21:
167–170

112. Enhorning G, Robertson B: Lung expansion
in the premature rabbit fetus after tracheal
desposition of surfactant. Pediatrics 1972;
50:58–66

113. Fujiwara T, Maeta H, Chida S, et al: Artifi-

18 Pediatr Crit Care Med 2003 Vol. 4, No. 1



cial surfactant therapy in hyaline mem-
brane disease. Lancet 1980; 1:55–59

114. MacIntyre NR, Coleman RE, Schuller FS, et
al: Efficiency of the delivery of aerosolized
surfactant to intubated patients with ARDS.
Am Rev Resp Dis 1994; 149:A125

115. American Association for Respiratory Care:
Aerosol consensus statement. Respir Care
1991; 36:916–921

116. Lewis JF, Ikegami M, Jobe AH, et al: Phys-
iologic responses and distribution of aero-
solized surfactant (Survanta) in a non-
uniform pattern of lung injury. Am Rev
Respir Dis 1993; 147:1364–1370

117. Walmrath D, Gunther A, Ghofrani HA, et al:
Bronchoscopic surfactant administration in
patients with severe adult respiratory dis-
tress syndrome and sepsis. Am J Respir Crit
Care Med 1996; 154:57–62

118. Nakamura CT, Ripka JF, McVeigh K, et al:
Bronchoscopic instillation of surfactant
in acute respiratory distress syndrome.
Pediatr Pulmonol 2001; 31:317–320

119. Lam BCC: Surfactant lavage for the man-
agement of severe meconium aspiration
syndrome. Biol Neonate 1999; 76(Suppl 1):
10–14

120. Lewis JF, Tabor B, Ikegami M, et al: Lung
function and surfactant distribution in sa-
line-lavaged sheep given instilled vs. nebu-
lized surfactant. J Appl Physiol 1993; 74:
1256–1264

121. Cochrane CG, Revak SD: Surfactant lavage
treatment in a model of respiratory distress
syndrome. Chest 1999; 116:85S–87S

122. Wiswell TE, Smith RM, Katz LB, et al: Bron-
chopulmonary segmental lavage with Sur-
faxin (KL4): Surfactant for acute respiratory
distress syndrome. Am J Respir Crit Care
Med 1999; 160:1188–1195

123. Shapiro DL, Notter RH, Morin FC, et al:
Double-blind, randomised trial of a calf
lung surfactant extract administered at
birth to very premature infants for preven-
tion of respiratory distress syndrome. Pedi-
atrics 1985; 76:593

124. Hallman M, Merritt TA, Javernpaa AL, et al:
Exogenous human surfactant for treatment
of severe respiratory distress syndrome:
A randomized prospective clinical trial.
J Pediatr 1985; 106:963

125. Raju TNK, Vidyasagar D, Bhat R, et al: Dou-
ble-blind controlled trial of single dose treat-
ment with bovine surfactant in severe hyaline
membrane disease. Lancet 1987; 1:651

126. Collaborative Europ Multicenter Study
Group: Surfactant replacement therapy for
severe neonatal respiratory distress syn-
drome: An international randomized clini-
cal trial. Pediatrics 1988; 82:683

127. Bos AP, Tibboel D, Hazebroek FW, et al:
Surfactant replacement in high-risk con-
genital diaphragmatic hernia. Lancet 1991;
338:1279

128. Valls i Soler A, Fernandez-Raunova B, Rob-
ertson B et al: Treatment of congenital di-
aphragmatic hernia with surfactant: A mul-

ticenter retrospective study. Biol Neonate
1998; 74(Suppl 1):54

129. Sherman MP, Campbell LA, Merritt TA, et
al: Effects of different surfactants on pulmo-
nary group B streptococcal infection in pre-
mature rabbits. J Pediatric 1994; 125:
939–947

130. Herting E, Gan XZ, Rauprich P, et al: Com-
bined treatment with surfactant and spe-
cific immunoglobuliner reduces bacterial
proliferation in experimental neonatal
group B-streptococcal pneumonia. Am J
Respr Crit Care Med 1999; 159:1862–1867

131. Herting E, Gefeller O, Land M, et al: Sur-
factant treatment of neonates with respira-
tory failure and group B streptococcal in-
fection. Pediatrics 2000; 106:957–964

132. Slater AJ, Nichani SH, Macrae D, et al: Sur-
factant adjunctive therapy for Pneumocystis
carinii pneumonitis in an infant with acute
lymphoblastic leukemia. Intensive Care
Med 1995; 21:261–263

133. Creery WD, Hashmi A, Hutchison JS, et al:
Surfactant therapy improves pulmonary
function in infants with Pneumocystis cari-
nii pneumonia and acquired immunodefi-
ciency syndrome. Pediatr Pulmonol 1997;
24:370–373

134. Westport CT: Surfactant protein A impor-
tant in host defence against Pneumocystis
carinii. J Infect Dis 2001; 183:943–952

135. Halliday HL, Speer CP, Robertson B, et al:
Treatment of severe meconium aspiration
syndrome with porcine surfactant. Eur
J Pediatr 1996; 155:1047

136. Khammash H, Pearlman M, Wojtulewicz J,
et al: Surfactant therapy in full-term
neonates with severe respiratory failure.
Pediatrics 1993; 92:135

137. Kinsella JP, Truog WE, Walsh WF, et al:
Randomized, multicenter trial of inhaled
nitric oxide and high-frequency oscillatory
ventilation in severe, persistent pulmonary
hypertension of the newborn. J Pediatr
1997; 131:55–62

138. Marraro G: Natural surfactant supplemen-
tation in ARDS in paediatric age. Minerva
Anestesiol 1999; 65(Suppl 1):92

139. Taeusch HW: Treatment of acute (adult)
respiratory distress syndrome. Biol Neonate
2000; 77(Suppl 1):2–8

140. Spragg RG: Surfactant therapy in acute re-
spiratory distress syndrome. Biol Neonate
1998; 74(Suppl 1):15–20

141. Gregory TJ, Steinberg KP, Spragg R, et al:
Bovine surfactant therapy for patients with
acute respiratory distress syndrome. Am J
Respir Crit Care Med 1997; 155:1309–1315

142. Luchetti M, Casiraghi G, Valsecchi R, et al:
Porcine-derived surfactant treatment of se-
vere bronchiolitis. Acta Anesthesiol Scand
1998; 42:805

143. Luchetti M, Ferrero F, Gallini C, et al: Mul-
ticenter, randomized, controlled study of
porcine surfactant in severe respiratory syn-
cytial virus-induced respiratory failure.
Pediatr Crit Care Med 2002; 3:261–268

144. Tibby SM, Hatherill M, Wright SM, et al:

Exogenous surfactant supplementation in
infants with respiratory syncytial virus
bronchiolitis. Am J Respir Crit Care Med
2000; 162:1251–1256

145. Willson DF, Jiao JH, Bauman LA, et al:
Calf’s lung surfactant extract in acute hy-
poxemic respiratory failure in children. Crit
Care Med 1996; 24:1281–1282

146. Willson DF, Zaritsky A, Bauman LA, et al:
Instillation of calf lung surfactant extract
(calfactant) is beneficial in pediatric acute
hypoxemic respiratory failure. Crit Care
Med 1999; 27:188–195

147. Ignarro LJ, Buga GM, Wood KS, et al: En-
dothelium-derived relaxing factor produced
and reliased from artery and vein is nitric
oxide. Proc Natl Acad Sci U S A 1987; 84:
9265–9269

148. Frostell CG, Blomqvist H, Hedenstierna G,
et al: Inhaled nitric oxide selectively re-
verses human hypoxic pulmonary vasocon-
striction without causing systemic vasodi-
lation. Anesthesiology 1993; 3:427–435

149. Morris GN, Rich GF, Johns RA: Exogenous
inhaled nitric oxide as a selective pulmo-
nary vasodilator. Semin Anesthesiol 1996;
15:47–60

150. Abman SH: Inhaled nitric oxide therapy in
neonatal and pediatric cardiorespiratory
disease. In: Intensive Care in Childhood.
Tibboel D, van der Voort E (Eds). Springer
Verlag, 1996, 322–336

151. Foubert L, Fleming B, Latimer R: Safety
guidelines for use of nitric oxide. Lancet
1992; 339:1615–1616

152. Zapol WM: Minidose inhaled nitric oxide:
Less is better. Intensive Care Med 1993;
19:433–434

153. Gerlach H, Rossaint R, Pappert D, et al:
Time course and dose response of nitric
oxide inhalation for systemic oxygenation
and pulmonary hypertension in patients
with adult respiratory distress syndrome.
Eur J Clin Invest 1993; 23:449–502

154. Cui L, Okada A: Nitric oxide and manifesta-
tions of lesions of skin and gastrointestinal
tract in zinc deficiency. Curr Opin Clin
Nutr Metab Care 2000; 3:247–252

155. Kinsella JP, Neish SR, Dunbar Ivy D, et al:
Clinical responses to prolonged treatment
of persistent pulmonary hypertension of the
newborn with low doses of inhaled nitric
oxide. J Pediatr 1993; 123:103–108

156. Kinsella JP, Dunbar Ivy D, Abman SH: In-
haled nitric oxide improves gas exchange
and lowers pulmonary vascular resistance
in severe experimental hyaline membrane
disease. Pediatr Res 1994; 36:402–408

157. Roberts JD, Polander DM, Lang P: Inhaled
NO in PPHN. Lancet 1992; 340:818–819

158. Lonnqvist PA: Inhaled nitric oxide in the
management of congenital diaphragmatic
hernia. Paediatr Anaesth 1993; 3:388–389

159. Bigatello LM, Hurford WE, Kacmarek RM,
et al: Prolonged inhalation of low concen-
trations of nitric oxide in patients with se-
vere adult respiratory distress syndrome.
Anesthesiology 1994; 80:761–770

19Pediatr Crit Care Med 2003 Vol. 4, No. 1



160. Rossaint R, Falke KJ, Lopez F, et al: Inhaled
nitric oxide for the adult respiratory distress
syndrome. N Engl J Med 1993; 328:
399–405

161. Day RW, Hawkins JA, McGough EC, et al:
Randomized controlled study of inhaled ni-
tric oxide after operation for congenital
heart disease. Ann Thorac Surg 2000; 69:
1907–1912

162. Roberts JD Jr, Lang P, Bigatello LM: In-
haled nitric oxide in congenital heart dis-
ease. Circulation 1993; 87:447–453

163. Haydar A, Mahlere T, Mauriat P: Inhaled
nitric oxide for postoperative pulmonary
hypertension in patients with congenital
heart defects. Lancet 1992; 340:1545

164. Barrington KJ, Finer NN: Inhaled nitric ox-
ide for respiratory failure in preterm infants
(Cochrane Review). Cochrane Database
Syst Rev 2001; 4:CD000509

165. Payen DM: Inhaled nitric oxide and acute
lung injury. Clin Chest Med 2000; 21:
519–529

166. Clark LC, Gollan F: Survival of mammals
breathing organic liquids equilibrated with
oxygen at atmosphere pressure. Science
1966; 152:1755–1756

167. Modell JH, Tham MK, Calderwood HW, et
al: Distribution and retention of fluorocar-
bon in mice and dogs after injection or
liquid ventilation. Toxicol Appl Pharmacol
1973; 26:86–92

168. Shaffer TH: A brief review: Liquid ventila-
tion. Undersea Biom Res 1987; 14:169–179

169. Shaffer TH, Lowe CA, Bhutani VK, et al:

Liquid ventilation: Effects on pulmonary
function in meconium stained lambs.
Pediatr Res 1983; 19:49 –53

170. Shaffer TH, Douglas PR, Lowe CA, et al:
Liquid ventilation: Improved gas exchange
and lung compliance in preterm lambs.
Pediatr Res 1983; 17:303–306

171. Shaffer TH, Wolfson MR, Clark LC: Liquid
ventilation. Pediatr Pulmonol 1992; 14:
102–109

172. Fuhrman BP, Paczan PR, De Franciscis M:
Perfluorocarbon-associated gas-exchange.
Crit Care Med 1991; 19:712–722

173. Lachmann B, Tutuncu AS, Bos JA, et al:
Intratracheal Perfluoroocytylbromide
(PFOB) in Combination with Mechanical
Ventilation. Willemstand, Curacao, Interna-
tional Society for Oxygen Transport to Tis-
sues, 1991

174. Leach CL, Greenspan JS, Rubenstein SD, et
al: Partial liquid ventilation with perflubron
in premature infants with severe respiratory
distress syndrome. N Engl J Med 1996; 335:
761–767

175. Alliance Pharmaceutical Corp Announces
Preliminary Results of LiquiVent Phase 2–3
Clinical Study. May 21, 2001. http://
www.allp.com/press/press.exe?@B0521

176. Foust III R, Tran NN, Cox C, et al: Liquid
assisted ventilation: An alternative strategy
for acute meconium aspiration injury.
Pediatr Pulmonol 1996; 21:316–322

177. Marraro G, Bonati M, Ferrari A, et al: Per-
fluorocarbon broncho-alveolar lavage and
liquid ventilation versus saline bronchoal-

veolar lavage in adult guinea pig experi-
mental model of meconium inhalation.
Intensive Care Med 1998; 24:501–508

178. Richmond PS, Wolfson MR, Shaffer TH:
Lung lavage with oxygenated fluorocarbon
improves gas exchange and lung compli-
ance in cats with acute lung injury. Crit
Care Med 1993; 21:768–774

179. Stern RG, Wolfson MR, McGuckin JF, et al:
High resolution computed tomographic
bronchiolography using perfluorooctylbro-
mide (PFOB): An experimental model.
J Thoracic Imag 1993; 8:300–304

180. Wolfson MR, Greenspan JS, Shaffer TH:
Pulmonary administration of vasoactive
substances by perfluorochemical liquid ven-
tilation in neonatal lambs. Pediatrics 1996;
97:449–455

181. Zelinka MA, Wolfson MR, Calligaro I, et al: A
comparison of intratracheal and intrave-
nous administration of gentamicin during
liquid ventilation. Eur J Pediatr 1997; 156:
401–404

182. Cullen AB, Cox CA, Hipp SJ, et al: Intra-
tracheal delivery strategy of gentamicin
with partial liquid ventilation. Respir Med
1999; 93:770–778

183. Franz AR, Rohlke W, Franke RP, et al: Pul-
monary administration of perfluorodeca-
line-gentamicin and perfluorodecaline-
vancomycin emulsions. Am J Respir Crit
Care Med 2001; 164:1595–1600

184. Kimless-Gaber DB, Wolfson MR, Shaffer
TH: Halothane administration during liquid
ventilation. Respir Med 1997; 91:255–262

20 Pediatr Crit Care Med 2003 Vol. 4, No. 1


