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Both invasive and noninvasive mechanical ventilation techniques are inherent to the care of
most patients admitted to intensive care units. Despite the everyday use of mechanical venti-
lation for thousands of patients and the availability of thousands of reports in the medical
literature, there are no clear and consistent guidelines for the use of mechanical ventilation for
pediatric patients. In many areas data are lacking, and in other areas data are extrapolated
from studies performed with adult subjects. Despite the variability in views about mechanical
ventilation, 2 themes are consistent. First, modern pediatric respiratory care requires a sub-
stantial institutional commitment for state-of-the-art management of the mechanically venti-
lated patient. Second, a team approach involving physicians, nurses, and respiratory therapists
is essential. This review highlights some of the major issues affecting the pediatric patient who
requires invasive or noninvasive mechanical ventilation. These issues are pertinent to critical
care clinicians because one of the most common reasons for admission to an intensive care unit
is the need for mechanical ventilation. Furthermore, the duration of mechanical ventilation is
one of the major determinants of the duration and cost of an intensive care unit stay. Key
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Introduction

Artificial ventilation for respiratory failure is not a new
concept. Galen was the first scientist to describe ventila-
tion of an animal.1 As early as the 16th century the concept
of artificial ventilation for humans was presented. Vesalius
believed that people could be artificially ventilated with
air blown through a tube passed from the mouth into the
trachea.2 The use of mechanical devices to assist ventila-
tion became a clinical reality in the late 19th century. Most
of these early ventilators functioned through the use of
negative pressure and not positive pressure. At the begin-
ning of the 20th century, Emerson first used artificial pos-
itive-pressure mechanical ventilation in the operating room
with anesthesia.3 Subsequently, the use of prolonged me-
chanical ventilation to maintain life became widely ac-
cepted during the polio epidemic of the 1950s.4–5 Today
mechanical ventilation plays an important role in most
intensive care units (ICUs) on a daily basis.

Artificial ventilation techniques are among the most im-
portant clinical skills for any pediatric intensivist. Artifi-
cial mechanical ventilation has substantially improved out-
comes of children suffering respiratory failure, by
maintaining adequate oxygenation and ventilation until the
underlying pathologic process resolves. It must be appre-
ciated that (1) mechanical ventilation is supportive (not
therapeutic) and (2) positive-pressure mechanical ventila-
tion inherently causes secondary lung injury of various
degrees, depending on the ventilatory strategies employed
and the clinical condition of the patient.

Mechanical ventilation can be delivered via positive-pres-
sure breaths or negative-pressure breaths. Additionally, the
positive-pressure breaths may be delivered noninvasively or
invasively. This review will focus on positive-pressure ven-
tilation, both noninvasive and invasive.

Although artificial ventilation techniques have dramat-
ically improved over recent years, many questions remain
unanswered, especially in relationship to the appropriate
strategy for weaning and extubating patients from me-
chanical ventilation. Considering the wide range of disease
entities encountered daily in clinical practice, it is impor-
tant to note that the medical literature does not provide a
consensus concerning which ventilatory modes or strate-
gies are best applied to pediatric patients.

Indications for Mechanical Ventilation

Mechanical ventilation refers to the use of life-support
technology to perform the work of breathing for patients
who are unable to do so on their own. One of the most
common reasons for ICU admission is the need for me-
chanical ventilation. Patients most commonly require me-
chanical ventilation for respiratory failure or impending

respiratory failure. Respiratory failure occurs during con-
ditions of inadequate gas exchange of oxygen and/or car-
bon dioxide. This failure of adequate oxygenation or ven-
tilation can occur as a result of lung disease, cardiac
dysfunction, neurologic abnormalities, multi-organ system
dysfunction/failure, and/or secondary to the effects of sur-
gery or cardiopulmonary bypass. Primary lung injury can
occur from a multitude of causes, including pneumonia,
inhalation injury, chest trauma, near-drowning, hemor-
rhage, and aspiration. Patients with cardiovascular dys-
function may require mechanical ventilation to minimize
the work of breathing, which, if excessive, could cause
lactic acidosis by increasing oxygen consumption at a time
when oxygen delivery may be limited.6 Patients with neu-
rologic injury may require mechanical ventilation for air-
way protection and/or for hyperventilation to improve in-
tracranial hypertension. Thus, the overall goals of
mechanical ventilation are to optimize gas exchange, pa-
tient work of breathing, and patient comfort while mini-
mizing ventilator-induced lung injury.

Noninvasive Mechanical Ventilation

Noninvasive ventilation (NIV) is defined as the use of a
mask or nasal prongs to provide ventilatory support through
a patient’s nose and/or mouth. By definition this technique
is distinguished from those ventilatory techniques that by-
pass the patient’s upper airway with an artificial airway
(endotracheal tube [ETT], laryngeal mask airway, or tra-
cheostomy tube). NIV was first introduced in the late 1980s,
for patients with nocturnal hypoventilation.7– 8 Subse-
quently, NIV has seen increasing popularity for pediatric
patients with both chronic and acute respiratory failure of
numerous etiologies.9–12

The primary advantage of NIV is the avoidance of en-
dotracheal intubation or tracheostomy. The secondary ad-
vantages of not requiring an invasive airway include: de-
creased risk of nosocomial pneumonia; ability to manage
many of these patients outside of the ICU (which may
decrease hospital costs); decreased sedation requirement
(including many patients who require no pharmacologic
sedation); improved ability to tolerate enteral feeds (in-
cluding a regular diet for some patients); and NIV allows
the patient to ambulate more easily. The ability to care for
patients who require NIV outside of the ICU setting differs
from one hospital to the next. When patients requiring
NIV are managed outside the ICU setting, close monitor-
ing is required, and protocols should be in place to help the
clinician determine when transfer to an ICU is warranted.

Noninvasive ventilation may be provided by either bi-
level pressure support or continuous positive airway pres-
sure. Bi-level support provides an inspiratory positive
airway pressure for ventilatory assistance and lung recruit-
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ment, and an expiratory positive airway pressure to help
recruit lung volume and, more importantly, to maintain
adequate lung expansion. Continuous positive airway pres-
sure provides only a single level of airway pressure, which
is maintained above atmospheric pressure throughout the
respiratory cycle.

A partial list of the clinical entities that might be suc-
cessfully treated with NIV includes impending acute re-
spiratory failure of almost any etiology, cystic fibrosis,
neuromuscular weakness, airway obstruction (including la-
ryngotracheal malacia), postextubation atelectasis, and
chronic respiratory failure. The vast majority of the liter-
ature concerning NIV concentrates on the adult patient
population. However, a growing number of studies sup-
port the use of NIV with pediatric patients suffering chronic
respiratory failure and impending acute respiratory fail-
ure.9–12

Serra et al studied the effects of NIV in a series of adult
patients with cystic fibrosis and chronic respiratory failure.
Bi-level NIV improved ventilation by 30%, delivered tidal
volume (VT) by 30%, transcutaneously-measured carbon
dioxide level by 7%, and diaphragmatic activity by 20–
30%, depending on the NIV mode used.13 Fortenberry et al
reported an 11% incidence of intubation in a retrospective
review of pediatric patients who presented with impending
respiratory failure and were treated with NIV (mean 72 h,
range 20–840 h).10 The remaining 89% of the patients
demonstrated improved respiratory rates and gas exchange.
Padman et al prospectively studied a series of children and
adolescents (6 mo to 20 years of age) with impending
respiratory failure, among whom only 8% required intu-
bation for failure of noninvasive respiratory support.9

Increased use of NIV in the ICU setting may be war-
ranted for pediatric patients with impending respiratory
failure in an attempt to decrease the need for intubation
and invasive mechanical ventilation. The difficulty remains
in determining which individual patients might be pre-
dicted to benefit from NIV. Additionally, the role of NIV
to facilitate extubation and shorten the duration of invasive
ventilation is promising but has largely been reported via
case reports and case series.11–12 Large-scale, prospective,
randomized pediatric studies are needed to help address
the optimal role of NIV for the pediatric patient suffering
impeding respiratory failure. If NIV can be proven to help
decrease the duration of invasive mechanical ventilation,
then the adverse effects and the cost associated with in-
vasive ventilation may be decreased.

Invasive Mechanical Ventilation

Although it is reasonable to attempt NIV in certain pa-
tient populations, the vast majority of patients who require
ventilatory support need invasive, positive-pressure me-

chanical ventilation, either conventional or high-frequency.
In 1997 an estimated 100,000 positive-pressure ventilators
were utilized around the world, and approximately half
were in use in North America.14 Approximately 1.5 mil-
lion patients in the United States receive mechanical ven-
tilation outside of operating rooms and recovery rooms
every year.14

Mortality among patients who require mechanical ven-
tilation is widely variable and dependent on the underlying
clinical condition that necessitated the ventilatory support.
For pediatric patients with rapidly reversing conditions
and who are otherwise healthy, mortality rates approach
0%. Patients with severe acute respiratory distress syn-
drome (ARDS) suffer 30–60% mortality. Ventilated pa-
tients with severe multi-organ system failure and/or severe
immunodeficiency suffer 90–100% mortality.

Conventional Mechanical Ventilation

Multiple mechanical ventilation modes are currently used
in clinical practice to provide respiratory support for a
wide spectrum of patients, ranging from no lung disease to
acute lung injury (ALI) to ARDS. To date no data exist to
determine the ventilatory mode that provides the greatest
benefit with the least risk to an individual pediatric patient.

Each new generation of conventional mechanical ven-
tilators brings new ventilation modes and new features.
However, despite a multitude of new modes, no study has
shown that any mode is better than another in improving
survival rates for ALI patients. It should be noted that in
reality it might not be possible to demonstrate a significant
change in mortality based only on changes in ventilator
mode, because of the extremely low baseline mortality rate
for intubated infants and children in pediatric ICUs.

However, 4 important ventilation concepts have sur-
faced that might significantly affect mortality, morbidity,
and patient comfort. First, the inspiratory gas flow pattern
has important clinical implications. Second, optimal pa-
tient-ventilator interaction is essential for patient comfort
and for minimizing the duration of ventilation. Third, the
data that have demonstrated that low-VT ventilation im-
proves mortality in adult patients are probably also appli-
cable to pediatric patients. Lastly, if low-VT ventilation is
to be accurately applied to infants and small children, an
accurate VT measurement must be obtained.

Inspiratory Flow Pattern

Various inspiratory gas flow patterns are available on
conventional ventilators. Regardless of the inspiratory flow
pattern chosen, gas flow will always follow the path of
least resistance. Variations in the inspiratory flow pattern
will affect the distribution of inspired gas flow based on
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the patient’s underlying clinical pathophysiology. Accel-
erating-flow patterns deliver the highest gas flow at end
inspiration, when the effects of resistance and elastance
are increased. Thus, accelerating-flow patterns typically
produce higher peak inspiratory pressure (PIP) than other
flow patterns and are rarely used in current clinical prac-
tice. In contrast, decelerating-flow patterns deliver maxi-
mum flow at the initiation of inspiration, when resistance
and elastance are decreased. Inspiratory flow then decreases
during inspiration as delivered gas volume increases. Peak
airway pressures are lower but mean airway pressures are
higher with a decelerating-flow pattern than with a con-
stant-flow pattern.15 In general, as the maximum inspira-
tory flow changes from the start to the end of the inspira-
tory cycle, mean airway pressure will decrease and PIP
will increase, for the same positive end-expiratory pres-
sure (PEEP), inspiratory time, and delivered VT. Thus,
decelerating-flow patterns have a theoretical advantage over
accelerating-flow patterns, especially with ALI patients. A
square wave, constant inspiratory flow pattern will typi-
cally have peak and mean airway pressures somewhere
between the values seen with accelerating and decelerating
patterns (Fig. 1).

Variable-flow ventilation (ie, pressure-controlled, or
pressure-regulated volume-controlled) uses a decelerating-
flow pattern.16–18 The rapid increase in inspiratory flow
that occurs with variable, decelerating-flow ventilation
leads to early filling of alveoli and sustains alveolar pres-
sure longer than in a constant-flow pattern. Thus, variable,
decelerating-flow ventilation potentially provides better al-
veolar recruitment19 and should improve gas distribution
throughout the lungs.15 By improving gas distribution the
desired VT can be delivered at a lower PIP than with a
constant inspiratory flow, corresponding to improved lung
compliance.15

The rapid increase in airway pressure in decelerating-
flow ventilation can also lead to an increase in the overall
mean airway pressure, and, thus, better arterial oxygen-

ation and oxygen delivery.16–18,20–22 In adults the increase
in mean airway pressure associated with decelerating-flow
ventilation is not associated with hemodynamic abnormal-
ities.23 Thus, respiratory pathology characterized by low
pulmonary compliance (ie, ALI and ARDS) may benefit
from a decelerating-flow inspiratory pattern, in which PIP
is reduced but the mean airway pressure is increased.

The clinician should attempt to match the inspiratory
flow pattern to the patient’s clinical condition. In contrast
to the case of ALI, in diseases that cause high airway
resistance (asthma, bronchiolitis, airway obstruction) peak
airway pressure may, theoretically, be reduced by avoid-
ing flow patterns that have high peak inspiratory flows. In
high-airway-resistance patients a square-wave constant-
flow pattern may generate a lower PIP than a decelerating-
flow pattern, as a result of the lower peak inspiratory flow.
However, conclusive data are lacking in support of this
speculation.

In summary, the single most important aspect of the
ventilation mode chosen for an individual patient may be
the inspiratory flow pattern associated with the mode. Be-
yond the issue of inspiratory flow patterns, the optimal
mode of ventilation for infants and children remains un-
clear.

Optimal Patient-Ventilator Interaction

Optimizing patient-ventilator interaction is essential to
providing the best possible care for any intubated patient.
Optimal patient-ventilator interaction will improve patient
comfort while potentially decreasing the requirement for
pharmacologic sedation and thereby may help to minimize
the duration of mechanical ventilation. Graphic analysis of
ventilation and respiratory mechanics monitoring has be-
come an integral part of conventional ventilator manage-
ment and is an important tool in assessing and changing
ventilation strategy. This technology incorporates moni-
toring the patient, the ventilator, and patient-ventilator in-
teraction. Effective respiratory monitoring of a conven-
tionally ventilated patient should assist the clinician in
assessing adverse patient-ventilator interactions and pro-
vide important information to help clinicians intervene pro-
spectively.24 If ventilated infants and children are to be
comfortable, ventilated for the shortest possible time, and
optimally use the nutritional support provided, the patient
and ventilator system must interact synchronously.25 Re-
cent advances in ventilator technology allow the clinician
to customize the patient-ventilator interface, resulting in a
more optimal interaction. Rosen et al demonstrated a re-
duction in ventilator-induced lung injury when respiratory
mechanics measurements (at the ETT) were used in the
care of neonates.26

Thus, with the numerous ventilator modes, inspiratory
flow patterns, and patient-triggering options available for

Fig. 1. Inspiratory flow patterns. The top panels show 2 of the most
common inspiratory flow patterns: variable, decelerating-flow and
constant, square-wave flow. The lower panels show the relation-
ship of inspiratory flow to the change in airway pressure.
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neonatal and pediatric ventilation, graphic analysis of ven-
tilation has become an important tool for determining the
most beneficial ventilatory strategy for each patient and
for identifying the presence of adverse patient-ventilator
interactions.

An integrated graphic display that reflects patient re-
sponse and ventilator performance. This information may
improve detection and identification of critical events, en-
abling the practitioner to rapidly determine the presence of
respiratory pathophysiology by evaluating VT, airway pres-
sures, gas flow, and pressure/volume and flow/volume re-
lationships. The primary adverse patient-ventilator inter-
actions that can impact the medical management of patients
include pulmonary overdistention, intrinsic PEEP, and pa-
tient-ventilator asynchrony (Figs. 2-4.)25

Pulmonary overdistention can cause volutrauma and ven-
tilator-induced lung injury. Clinically important intrinsic
PEEP may cause gas trapping, impaired gas exchange,

pulmonary overdistention, and elevated mean intrathoracic
pressure. Patient-ventilator asynchrony can cause the pa-
tient to become uncomfortable with the ventilator. If pa-
tient-ventilator asynchrony is not appreciated by the clini-
cian, unnecessary pharmacologic sedation may be
administered, prolonging the mechanical ventilation. Pa-
tient-ventilator asynchrony most commonly results from

Fig. 3. Intrinsic positive end-expiratory pressure. The top curve
shows airway pressure (Paw) versus time. The lower curve shows
airway flow (V̇) versus time. Intrinsic positive airway pressure oc-
curs when inspiratory flow begins before expiratory flow from the
prior breath returns to zero. The arrows indicate the initiation of a
positive-pressure breath from a point beneath the horizontal axis.

Fig. 2. Pulmonary overdistention. This pressure-volume curve dem-
onstrates overdistention. The upper inflection point and the start
of overdistention are indicated by the arrow. Paw � airway pres-
sure. VT � tidal volume.

Fig. 4. A: Patient-ventilator asynchrony caused by trigger insensi-
tivity. The top curve shows airway pressure (Paw) versus time. The
lower curve shows airway flow (V̇) versus time. The arrows labeled
“a” indicate spontaneous breaths, during which the patient is mov-
ing gas flow but is unable to trigger the ventilator to initiate a
ventilator-assisted breath. The arrow labeled “b” indicates a me-
chanical breath that has been triggered by time. After this point the
patient is asynchronous with the ventilator, as shown by the very
irregular flow pattern. Improving the trigger sensitivity enables the
patient to interact with the ventilator and improve the patient-
ventilator interaction. B: Patient-ventilator asynchrony caused by
inadequate inspiratory flow. The top curve shows airway pressure
versus time. The lower curve shows airway flow versus time. This
patient was being ventilated with a synchronized intermittent man-
datory ventilation (SIMV)/volume-limited/pressure support ap-
proach. Each SIMV/volume-limited mechanical breath includes a
depression (arrows) in the middle of inspiration. At that point the
patient is “double breathing” in an attempt to obtain greater flow
at a certain point during inspiration. This situation can often be
corrected by changing the inspiratory flow to a variable, deceler-
ating-flow pattern.
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an inappropriately set inspiratory trigger or inadequate in-
spiratory flow.

Inadequate trigger sensitivity is the most common cause
of patient-ventilator asynchrony with infants. The fre-
quency of this type of asynchrony has decreased as more
ventilators have provided flow-triggering, regardless of
the ventilation mode. A spontaneously breathing patient
who is unable to trigger a mechanical breath will appear
agitated and will “fight the ventilator.” If this patient is
treated with increased pharmacologic sedation, the patient
will appear more comfortable as the spontaneous respira-
tory drive is suppressed, but the patient will probably re-
quire a more prolonged mechanical ventilation. The ideal
therapeutic option is to improve the trigger sensitivity to
allow the patient to freely interact with the ventilator.

Flow asynchrony results when a patient does not receive
the inspiratory flow he or she desires at any point during
inspiration. Flow asynchrony is most commonly seen in
modes that have a square wave, constant inspiratory flow
pattern. Although the synchrony may be improved by in-
creasing the set inspiratory flow in a constant-flow mode,
this most commonly results in increased PIP. A better
option to treat flow asynchrony is to change to a mode that
uses a variable, decelerating inspiratory flow pattern. With
a variable flow pattern the inspiratory flow is better matched
with the patient’s demand throughout the breath.

In summary, it is important to optimize the patient-
ventilator interaction by optimizing the ventilator settings
before resorting to sedation. Sedative use in the first 24
hours of weaning from mechanical ventilation influences
the duration of mechanical ventilation and extubation fail-
ure in infants and children.27

Low Tidal Volume Ventilation

The ARDS Network reported in 2000 that with ALI/
ARDS patients, mechanical ventilation with a VT of ap-
proximately 6 mL/kg resulted in lower mortality and fewer
ventilator days than a more traditional VT of 12 mL/kg.28

The mortality rate was 31.0% in the low-VT group and
39.8% in the high-VT group (p � 0.007). Additionally, the
plateau pressure was significantly lower in the low-VT

group on days 1, 3, and 7. This study was limited to adult
patients (average age approximately 51 years). However,
the results are very likely to be applicable to pediatric ALI
patients. Until a similar large-scale, prospective, random-
ized trial is performed with infants and children, it seems
reasonable to follow the low-VT guidelines. It should be
emphasized that the low-VT data were obtained from ALI
patients, and it remains uncertain whether larger VT can be
safely used in patients with normal lung function (ie, those
intubated for nonpulmonary reasons).

Tidal Volume Determination

To successfully accomplish low-VT ventilation it is es-
sential to know the exact VT that is delivered to the lungs.
Conventional ventilator displays of exhaled VT are clini-
cally used to indicate the delivered VT. Some ventilators
use a pneumotachometer to measure expired VT at the
ETT, whereas others measure VT at the ventilator’s expi-
ratory valve. VT measurements at the ventilator’s expira-
tory valve might not be able to compensate for the com-
pliance of the ventilator circuit nor for uncontrolled clinical
variables, including secretions, changes in humidification,
changes in temperature, condensation, in-line suction de-
vices, and end-tidal carbon dioxide monitor adapters. The-
oretically, a VT measured with a pneumotachometer posi-
tioned at the ETT is a more accurate and reliable
measurement of the VT actually delivered to the patient’s
lungs than is a VT measured at the ventilator expiratory
valve. This issue may not be clinically important for large
pediatric patients and adult patients, but may be very im-
portant for infants and small children.

An alternative to placing a pneumotachometer at the
ETT is to use a mathematical model to estimate the vol-
ume of gas delivered to the ETT (calculated effective VT).
Theoretically, the effect of the circuit compliance on the
accuracy of the VT measurement made at the ventilator
expiratory valve can be mathematically eliminated without
requiring a pneumotachometer. Effective VT is calculated
by subtracting the VT “lost” to the ventilator circuit from
the VT displayed by the ventilator.29 The effective VT has
traditionally been defined as the ventilator-measured VT

minus the volume “lost” because of the distensibility of
the ventilator circuit. That is:

EffectiveVT � ventilator expired V T

� [circuit compliance � (PIP � PEEP)]

The compliance of a ventilator circuit can be obtained
from the manufacturer or calculated from pressure and VT

measurements at both ends of the circuit. However, more
elaborate equations are required to estimate the effects of
the other variables in the ventilator circuit (eg, tempera-
ture, condensation, secretions, in-line suction devices).

The difference between the ventilator-determined VT,
the pneumotachometer-determined VT, and the calculated
effective VT may be clinically important. The ventilator
circuit compliance is particularly relevant in determining
the actual volume that enters the lungs of neonates, in-
fants, and small children, given the overall small VT. Know-
ing the exact delivered VT is essential when ventilating
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infants, because the volume “lost” to the distensibility of
the circuit can be equal to the desired VT.

Cannon et al reported that with infants ventilated using
a neonatal ventilator circuit the expiratory VT measured at
the ETT is on average only 56% of that measured at the
ventilator.30 Somewhat better correlation was seen in pe-
diatric patients ventilated with a pediatric circuit: the av-
erage VT measured at the ETT was 73% of that measured
at the ventilator expiratory valve.

Additionally, Cannon et al demonstrated that the basic
correction equation listed above is not sufficient.30 The
study found a poor correlation between the calculated ef-
fective VT and the exhaled VT measured by the pneumo-
tachometer at the ETT. All of the ventilator circuit vari-
ables listed above can compromise the accuracy of the
calculation by adding uncontrolled and variable dead space
to the circuit. However, it must be noted that some new-
generation ventilators include more advanced calculations
that might calculate VT delivery more accurately and ob-
viate the pneumotachometer at the ETT. The accuracy of
these advanced software calculations has not yet been fully
tested in the clinical setting.

Especially with infants and small children, inaccuracies
in VT measurement may have important adverse clinical
consequences. The young patient may be at high risk for
ventilator-induced lung injury, hypoxia, and hypercapnia
if the actual volume entering the lungs is not accurately
measured.31–36 If the VT is inappropriately small, atelec-
tasis and ventilation-perfusion mismatching may occur.34

If atelectasis develops, increased mean and/or peak airway
pressures may be required to recruit the collapsed lung
regions, potentially leading to increased shear injury and
barotrauma.34–35 Although atelectasis can be overcome by
“simply” increasing the VT and/or the PEEP, the VT that
must be set on the ventilator to deliver the appropriate
volume remains unknown.

Additionally, even before atelectasis develops, the cli-
nician may attempt to compensate for the discrepancy in
the VT measured in the ventilator by increasing the set
limit for each breath (VT or PIP), as determined by chest
auscultation. However, overcompensation may occur, caus-
ing excessive delivered VT and ventilator-induced, iatro-
genic lung injury.31,32,34,36,37 Ventilation with excessive VT

results in disruption of the pulmonary architecture.33,38

A pneumotachometer placed at the ETT (either con-
nected to the ventilator or a stand-alone respiratory me-
chanics monitor) offers a reliable measurement of the de-
livered VT and may help to minimize iatrogenic lung injury
in infants and small children.39,40 Additionally, optimizing
the actual delivered VT may help to limit intrathoracic
pressure and potentially minimize secondary cardiovascu-
lar and neurologic adverse sequelae.26,39–41

High-Frequency Ventilation

High-frequency ventilation is defined as ventilation that
delivers a VT that is less than the dead space volume.
Additionally, the respiratory rate in pediatric HFV is de-
fined as � 150 breaths/min. The concept of HFV is not
new. In 1915 Henderson and Chillingworth described the
theoretical effects of a rapid ventilatory rate on gas ex-
change.42 In 1952 Emerson patented the first high-fre-
quency device for clinical use,42 and in 1972 the first
high-frequency oscillator was described by Lunkenhei-
mer.43 The theoretical advantage of HFV is that it main-
tains an open lung with the use of relatively high mean
airway pressure but low phasic volume and pressure
changes. This concept was well demonstrated over a de-
cade ago by Kinsella et al, who reported that optimizing
functional residual capacity in a manner that promotes
lung inflation and minimizes cyclical stretch of the lungs
attenuates ventilator-induced lung injury.44

Although most ALI patients are adequately oxygenated
and ventilated with conventional mechanical ventilation,
there is a subset of ALI patients who require “excessive”
PIPs with conventional ventilation to maintain lung re-
cruitment. With these patients HFV may prevent or min-
imize ventilator-induced lung injury.45,46 Arnold et al dem-
onstrated in a multicenter, prospective, randomized study
that despite the higher mean airway pressure, high-fre-
quency oscillatory ventilation (HFOV) was associated with
less chronic lung disease, as indicated by less need for
supplemental oxygen at 30 days and better outcome than
with conventional ventilation.45 This study additionally
demonstrated that among patients who were ventilated with
HFOV and survived, the risk of chronic lung disease was
associated with the duration of conventional ventilation
before initiation of HFOV. However, although this impor-
tant study demonstrates the potential benefit of HFOV for
pediatric ALI and ARDS, it should be noted that the study
analyzed a limited number of patients (n � 58).

The pressure-volume curve in Figure 5 illustrates the
potential lung-protective advantage of HFV.47 Below the
lower inflection point, low lung volumes, derecruitment,
and atelectasis result in ventilator-induced lung injury with
every breath, as the lung is opened by the delivered VT and
then allowed to collapse (atelectrauma). Above the upper
inflection point, ventilator-induced lung injury occurs as
alveoli become overdistended (volutrauma). HFV allows
gas exchange to occur between the upper and lower in-
flection points and, theoretically, minimizes ventilator-in-
duced lung injury.

Although various high-frequency devices are used with
neonates, the most frequently used device for pediatric
ALI and ARDS is the SensorMedics 3100A oscillator,
which was the first such device approved (1995) by the
United States Food and Drug Administration (FDA) for
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early intervention in pediatric respiratory failure. For pe-
diatric ALI and ARDS patients who weigh � 35 kg, the
SensorMedics 3100B oscillator (which received FDA ap-
proval in 2001) can generate a greater power output and
can function at a higher bias flow to allow for more effi-
cient ventilation in these larger patients.

One of the more difficult clinical decisions concerning
HFOV is when to initiate it. Although there are no clear
guidelines, a recent publication reviewed the use of HFOV
in 290 pediatric patients over 18 months at 10 tertiary care
pediatric ICUs.48 On average, HFOV was initiated in pa-
tients who did not have prior lung disease when the PIP on
conventional ventilation was 34.2 � 7.9 cm H2O, and the
oxygenation index (OI) was 27.5 � 14.1. The OI was
calculated as:

OI � (Paw � FIO2
� 100)/PaO2

in which P� aw is mean airway pressure and FIO2
is fraction

of inspired oxygen. For patients who had prior lung dis-
ease PIP was 34.2 � 7.5 cm H2O, and OI was 28.7 � 16.1.
These relatively high oxygenation indices for initiation of
HFOV are in contrast to the FDA approval of the oscillator as
an early intervention device. Based on the previous study by
Arnold et al, earlier use of HFOV may improve outcome for
pediatric ALI patients by minimizing ventilator-induced lung
injury.45 However, it must be noted that no study has been
done with pediatric patients to compare HFOV to conven-
tional ventilation with an “open lung strategy” and low VT.

The most recent HFOV study by Arnold et al represents
the largest series of pediatric patients receiving HFOV,
and, thus, the results help to define the current utilization
patterns of HFOV and to predict outcome for subgroups of
patients.48 In this study immunocompromise was associ-

ated with a significantly higher mortality risk. Patients with
sepsis and ALI had a higher risk of chronic lung disease than
nonseptic ALI patients. Overall, patients who demonstrated a
minimal therapeutic response within the first 24 hours of
HFOV had an extremely high mortality risk.

With the growing use of HFV the term “nonconven-
tional ventilation” is becoming a misnomer. There is no
longer anything nonconventional about HFV. HFOV has
been an FDA-approved mode of ventilation for more than
a decade and thus should now be considered another con-
ventional ventilation mode.

Weaning from Mechanical Ventilation

A major difficulty involving definitions continues to
exist with regard to weaning from mechanical ventilation.
Some clinicians define weaning as the decrease of venti-
latory support in preparation for imminent extubation; other
clinicians state that weaning should be initiated as soon as
a patient is intubated. The current, generally accepted phi-
losophy is that it is necessary to gradually wean the patient
from mechanical ventilation implemented because of re-
spiratory failure, to retrain their respiratory muscles.
Whether this philosophy is actually supported by scientific
data remains controversial. In 1987 Hall and Wood dis-
agreed with the traditional view and suggested the term
“liberation from mechanical ventilation.”49 It is becoming
more evident that many patients who have been tradition-
ally weaned over the course of days can be rapidly extu-
bated without complication.50 Thus, the traditional view of
a gradual weaning process is being questioned.

Regardless of whether a patient is “weaned” or “liber-
ated” from mechanical ventilation, the goal should be to
minimize the duration of ventilation for every patient. Pro-
longed mechanical ventilation is associated with prolonged
ICU stay, prolonged hospital stay, higher costs, higher risk
of nosocomial pneumonia, progressive ventilator-induced
lung injury, airway injury, excessive pharmacologic seda-
tion, and possibly higher mortality.51–54 Thus, minimizing
the duration of ventilation is clinically important. On the
other hand, discontinuing ventilation prematurely can ne-
cessitate reintubation, which is associated with similar com-
plications.

The optimal weaning process can be a clinically diffi-
cult balance between minimizing the duration of mechan-
ical ventilation and decreasing the risk of reintubation.
This clinical balance plays a very important role in the
management of critically ill infants and children in ICUs
every day.

Protocol Versus No Protocol

Despite the use of mechanical ventilators in ICUs every
day, the ideal method to wean infants and children from

Fig. 5. Pressure-volume relationships of acute lung injury. The goal
of mechanical ventilation is to avoid the 2 regions of lung injury:
the zone of overdistention and the zone of derecruitment and
atelectasis. Ideally, the full breath should be accomplished in the
“safe” window. (From Reference 47, with permission.)
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respiratory support has only recently been studied.27,55 Tra-
ditionally, weaning methods for children have been ex-
trapolated from studies with adults and premature neo-
nates. The unique aspects of pulmonary physiology,
respiratory mechanics, and the epidemiology of ALI in
infants and children make it unlikely that strategies ex-
trapolated from other populations will be effective.56 The
duration of weaning is usually shorter with infants and
children because they have healthier baseline lung func-
tion than adults, so recovery from a pulmonary insult is
usually more rapid.

Studies with adult patients have demonstrated that when
protocols are used to guide ventilator weaning, the dura-
tion of ventilation is significantly less than when care is
guided by individual clinician practice.57,58 However, cur-
rently there are no generally accepted weaning protocols
for children, and the lack of evidence on optimal use of
weaning techniques results in great variability in the way
they are clinically utilized.

A recent randomized, prospective study by the Pediatric
Acute Lung Injury and Sepsis Investigators (PALISI) Net-
work was designed to study protocol weaning versus non-
protocol weaning in a population of children with ALI.27

The use of weaning protocols in the population of infants
and children studied had no impact on the duration of
mechanical ventilation. This is in direct contrast to the
available data from the adult population.57,58 An important
difference between adult and pediatric patients is the shorter
duration of weaning with infants and children. In the PALISI
study the mean duration of weaning was only 2.9 days
(median 1.7 d) in the protocol groups and 3.2 days (me-
dian 2.0 d) in the control group.

Extubation

Similar to the situation with weaning, the ideal extuba-
tion timing for the ALI patient has been elusive, and the
techniques used have traditionally been more art than sci-
ence. As with weaning, extubation involves substantial
risks; failed extubation increases the risk of pneumonia,
prolongs ICU stay, increases the risk of death, and in-
creases costs.59–65 Over the last several years increased
interest in this issue has led to important scientific results.

Predicting successful extubation of infants and children
presents unique challenges to pediatric intensive care cli-
nicians. Currently there are no widely accepted methods
for predicting successful extubation in pediatric patients.
Methods used to predict extubation in adults, such as the
ratio of respiratory frequency to VT, the CROP (compli-
ance, rate, oxygenation, and pressure) index, T-piece trial,
and negative inspiratory effort measurements are either
unreliable or not easily performed with children.66–68

As discussed above, it is often difficult to obtain the
ideal balance between minimizing the duration of ventila-
tion and minimizing the risk of reintubation. Although the
appropriate balance is often discussed with various an-
swers, the largest series of pediatric patients studied to
determine an expected failure rate for planned extubation
was by Edmunds et al.69 The study was a retrospective
chart review of 632 patients. The overall failure rate of
planned extubations in that pediatric population was 4.9%.
As expected, younger patients who underwent longer du-
ration of ventilation were at higher risk for extubation
failure.69

A pediatric clinical study by Khan et al characterized
multiple predictors of extubation failure.70 Unfortunately,
these authors were unable to identify a single variable or
formula for predicting the success of extubation with chil-
dren and concluded that a combination of factors should
influence any extubation decision.

Hubble et al evaluated the usefulness of pulmonary
dead space measurements in predicting pediatric extu-
bation outcomes.71 Dead space represents the portion of
the pulmonary system that is not involved in gas ex-
change, including both airway dead space and alveolar
dead space. Dead space is often expressed as the ratio of
dead space to VT (VD/VT), also known as the physio-
logic dead space ratio.

During the past 2 decades intensivists have identified
several clinical applications for VD/VT. In adult patients
VD/VT has been used to reliably and quickly identify pul-
monary embolism, monitor the effects of fluid infusion in
intubated asthmatic patients, and measure the effects of
bronchodilators in patients with chronic obstructive pul-
monary disease.72–76 VD/VT has been identified as a pre-
dictor of mortality among neonates suffering congenital
diaphragmatic hernia,77 and it has been used to detect pul-
monary shunt in congenital heart patients78 and to deter-
mine pulmonary improvement in patients supported with
extracorporeal membrane oxygenation.79 Since VD/VT has
proven reliable in assessing the progression of lung dis-
ease, it would also be expected to correlate with the re-
gression of lung disease.

Traditionally, VD/VT was measured by collecting ex-
pired gas. Recent advances in computer and capnography
technology simplified the calculation of VD/VT from sin-
gle-breath carbon dioxide waveforms. Hubble et al71 suc-
cessfully identified VD/VT values predictive of extubation
success and failure for infants and children, using single-
breath carbon dioxide measurements. VD/VT values � 0.50
at the time of extubation were associated with extubation
success, and VD/VT values � 0.65 were associated with
the need for additional respiratory support following ex-
tubation.

A recent multicenter pediatric ALI trial used objective
criteria to determine extubation readiness by protocol ver-
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sus by physician judgment in the no-protocol arm of the
study. Objective criteria did no better than physician judg-
ment in determining which patients could be successfully
extubated.27 The average extubation failure rate was 19%
using an extubation readiness test and 17% using physi-
cian judgment. These failure rates are consistent with some
previously reported rates in the literature.70,80,81 However,
other reports quote reintubation rates as low as 5%.69,71

Differences between inclusion and exclusion criteria in
these clinical studies, specifically the issues of upper air-
way obstruction and minimal duration of ventilation, make
comparison of these reports difficult. Additional difficul-
ties are the somewhat subjective nature of the decision as
to whether a patient has failed extubation, the variable use
of NIV to help avoid reintubation, and the variable time
frame that patients are followed after extubation. Pub-
lished extubation failure rates in adult studies range from
1.8 to 18.6%.61,82–84

It should be noted that all of the extubation readiness
tests presented above for the pediatric and adult popula-
tions test only the patient’s pulmonary status. The patient’s
overall clinical status must be considered before a patient
is extubated. Neurologic considerations include the pa-
tient’s sedation status, ability to protect the airway, and
acceptable intracranial pressure. Cardiovascular consider-
ations include the degree of inotropic support, the presence
of hemodynamic stability, and the anticipated effects of
increased respiratory effort on cardiac function. Additional
considerations include the presence of an air leak around
the ETT and the resolution of the underlying process that
necessitated intubation.

Summary

The field of pediatric mechanical ventilation has ad-
vanced dramatically over the last decade. During this pe-
riod many changes have occurred and continue to occur.
Noninvasive ventilation is being used at an increasing rate
to obviate invasive ventilation in a subgroup of patients
with impending respiratory failure. More data are needed
to help define which acute respiratory failure patients are
most likely to benefit from noninvasive ventilation.

The importance of monitoring the patient-ventilator in-
terface is more fully appreciated today than ever before.
Optimizing patient-ventilator interaction is essential to min-
imizing adverse effects. The use of HFOV for pediatric
ALI is now commonplace. However, HFOV is still often
started late in the course of pediatric ALI, and earlier
initiation of HFOV may help minimize ventilator-induced
lung injury and improve outcomes. As the use of HFV
continues to increase, this mode of ventilation should be
considered another form of conventional ventilation, as its
use is no longer “nonconventional.”

Many pediatric patients can be “liberated” from me-
chanical ventilation without a long weaning process. Al-
though protocol-guided weaning has been successful with
adults, this has not been demonstrated to be true for pe-
diatric ALI patients. Recent data support the view that
there may be objective extubation predictors and criteria
for pediatric patients.

The most important issue affecting the field of pediatric
mechanical ventilation is the need for multicenter, ran-
domized, prospective studies. In the past decade the field
of pediatric mechanical ventilation has progressed dramat-
ically. With increasing research efforts this progress should
be anticipated to continue.
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Discussion

Donn: Very nice presentation, Ira. I
would mirror your comments about
weaning and extubation as they apply
to neonatal and mechanical ventila-
tion. I think if you look in the index of
either of the 2 leading textbooks on
neonatal/perinatal medicine, you don’t
find the word “weaning” appearing at
all. Maybe part of the issue with the
big trial that you presented is that it
was a trial.

What I have found is a parallel with
what we were all taught as pediatric
residents—if you think about a spinal

tap, you ought to do it. Weaning is the
same way. You have to think about it.
What we try to convey to our pediat-
ric trainees is that weaning begins im-
mediately after intubation. The idea is
to get the patient off the ventilator as
rapidly as possible, but, obviously, with-
out jeopardizing well-being in the post-
extubation phase.

We’ve seen a very dramatic change
in our very-low-birth-weight babies;
in the past there was enormous reluc-
tance to extubate a baby who was �
1,000 g, for reasons that totally baffle
me. But now we’re seeing 600–800 g
babies extubated very earlyin the-

course of the disease and maintained
on continuous positive airway pres-
sure or nasal cannula oxygen, with sur-
prisingly good success, so I think it’s
still our last frontier. But the take-home
message is, you’ve got to think about
it to do it.

Cheifetz: I fully agree with you. In
the weaning study by Randolph et al1

no difference was found between pro-
tocol weaning and non-protocol wean-
ing. Your point is excellent. There
were a substantial number of inclu-
sion and exclusion criteria, and the
subgroup of patients studied might be
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a relatively small subset of the total
group of patients. Additionally, upon
entry into the study the patients al-
ready had resolution of the acute phase
of the illness. So, I agree, the results
of any study really depend on the de-
tails of the specific population you are
investigating, how you are studying
the question, and how you extrapolate
data from one study to all of pediat-
rics.
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Kercsmar: You mentioned the im-
portance of using NIV, or at least try-
ing it, and that one advantage is the
possibility of using NIV outside of the
ICU; it might be less expensive, more
comfortable for the patient, and offer
more options. One difficulty we’ve had
is that that’s often easier said than
done. At our institution the rules re-
quire that patients who might need var-
ious forms of noninvasive mechanical
ventilation must go to the ICU unless
they are at the chronic and stable stage.
Would you expand a bit about NIV
criteria and what you mean by “sites
outside of the ICU” that would permit
safe and effective use of NIV?

Cheifetz: It is difficult to set exact
criteria of what can be done in the
various clinical care locations within
a hospital. Early in our NIV program
we did all of our NIV in the ICUs.
Now we also use NIV in our step-
down unit, our pediatric wards, and in
our bone marrow transplant ward. So
we’ve expanded NIV out of the ICU
to more effectively utilize our re-
sources.

And we do have objective criteria
for the use of NIV in these various
settings. Patients outside the ICU must
be clinically stable. They cannot be
requiring increasing noninvasive sup-

port. Any increase in support beyond
minimal titrations warrants a trip to
the ICU. We also have FIO2

require-
ments. Any patient who has an esca-
lating FIO2

requirement or an FIO2
� 50%

must be moved into the ICU. Beyond
the ICU, noninvasive ventilation must
be used as a respiratory assistance de-
vice and not as a life support device.
Or stated differently, the non-ICU pa-
tient receiving NIV must be able to
tolerate disconnection from the venti-
lator for a reasonable period of time.
The use of NIV outside the ICU re-
quires protocols and guidelines to pro-
vide safe and effective care.

Black: Regarding weaning criteria,
the rapid shallow breathing index
that’s commonly used with adults
seems to work very well with all dif-
ferent situations where intubation and
mechanical ventilation are required,
including lung disease, trauma, closed
head injury, and others conditions. The
majority of intubated patients in our
pediatric ICU have closed head inju-
ries from motor vehicle accidents. Do
you think VD/VT will work with those
patients?

Cheifetz: With adult patients the
rapid shallow breathing index works
extremely well for predicting success-
ful extubation. In pediatrics it fails
miserably because there are so many
additional variables that affect respi-
ratory rate, including the patient’s fear
when awakening in a strange setting.
So I don’t think the rapid shallow
breathing index is useful in pediatrics.

In terms of the VD/VT one of the
key points concerning predicting the
success of extubation is that it only
considers the pulmonary process.
VD/VT simply provides an indication
of the resolution of the pulmonary dis-
ease. In a trauma patient with a severe
pulmonary contusion, I believe VD/VT

will be an excellent marker for the
likelihood of extubation success.1

However, in a patient with a closed

head injury, in which the primary is-
sue is neurologic, the VD/VT will not
be useful at all.
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Myers: Referring to the measure-
ment of pressure, volume, and flow,
in some of the studies that we’ve done,
pumping gas from a calibrated syringe
through a pneumotachograph, adult
pneumotachographs seem to be fairly
accurate and have good precision. The
smaller, infant pneumotachographs,
while they’re very precise, they all
seem to have a built-in inaccuracy to
them, which scares me about using
volume-targeted ventilation in the neo-
natal ICU.

The second issue is that in the ma-
jority of our patients we’re using un-
cuffed ETTs, so there is an air leak
between the ETT and trachea. Where
is the cutoff point at which we should
stop believing all the pulmonary me-
chanics measurements (compliance
and resistance) with which we’re try-
ing to make treatment decisions? We
often have patients who look much
better from the perspective of pulmo-
nary mechanics, but if the system has
a 35% leak, then the pulmonary me-
chanics monitor is practically a ran-
dom number generator!

Cheifetz: Those are important clin-
ical issues. The clinician must con-
sider the detailed specifications and
accuracy of the monitoring device.
Most of the pneumotachometers that
we use in the pediatric ICU have ac-
curacy and precision well within clin-
ical acceptability. With neonates and
small premature infants I don’t have
enough experience to comment on
whether the devices are accurate or
precise enough. In terms of air leak it
is a difficult question, a huge ques-
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tion. The data I presented about VT

measurements specifically repre-
sented exhaled volumes, to avoid the
issue of air leak. The underlying ques-
tion is, what is an acceptable air leak?
I think if we ask everyone in this room,
“what is an acceptable air leak?” we
would probably have 20 different an-
swers concerning (1) clinical manage-
ment and (2) respiratory mechanics
measurements.

A question you did not mention is,
when do you monitor respiratory me-
chanics in small neonates? When you
consider some of the variables in this
population, it becomes apparent that
the compliance of the ventilator cir-
cuit can be greater than the compli-
ance of the patient’s lungs, so it be-
comes a difficult question. There are a
huge number of questions and research
projects that need to be answered be-
fore we can come to any kind of con-
clusion.

Hansell: With HFOV, especially
with larger patients, when we get into
high distending pressures, we increase
the potential to damage the lungs,
which releases many mediators that
actually increase the negative effect
of being septic. In septic patients we
may actually be increasing the mor-
bidity and mortality if we use HFOV
improperly. I think that is another rea-
son we ought to consider implement-
ing HFOV very early in the course of
disease.

The other factor is that �P (the
change in pressure) is less attenuated
as we get into larger ETTs. The larger
the ETT, the more like conventional
ventilation HFOV becomes. Whether
that is important and whether we
should put them on HFOV, I don’t
know. Nevertheless, I think we need
to be aware that when we use large
�P and high mean airway pressure we
may actually be closer to ventilating
them as we would if they were on a
conventional ventilator at a high res-
piration rate.

Cheifetz: That is an important point.
You can’t really compare a large adult
patient who’s using a large ETT to a
small infant who’s using a small ETT,
because the changes in pressure can
be attenuated much more dramatically
in a smaller patient. I would say, and
we have investigated this in bench
studies, that even with large ETTs and
large amplitudes on HFOV, pressure
amplitude is still dramatically attenu-
ated. Although �P is larger than in
very small patients, the �P that is de-
livered to the adult ARDS patient is
still going to be dramatically less than
the �P on a conventional ventilator,
any way you look at it. So I still think
HFOV is a lung-protective strategy in
all patient populations—all sizes and
all ages.

Salyer: I think there is compelling
evidence from animal tests and grow-
ing evidence from tests with humans
that what causes ventilator-induced
lung injury, at least the mechanical
injury, as opposed to biochemical in-
jury, is overdistention of the lung,
which is a volume-related phenome-
non. If you give the same VT with 2
different flow patterns, at the end of
inspiration you have the same volume
in the lung, and the differences in air-
way pressure between the 2 flow pat-
terns are just a result of the resistance
to flow during the breath. So it’s un-
clear to me why such a reduction in
peak pressure would offer any benefit
to the patient.

Cheifetz: There are a couple of is-
sues here. Yes, I agree that if you over-
distend the lungs, you can cause vo-
lutrauma. But if you are attempting to
compare 2 different flow patterns at
the same VT, and that VT is within
acceptable limits (ie, the lungs are not
overdistended), then the issue is prob-
ably different. If you can deliver the
same 6 mL/kg VT at a lower peak
inspiratory pressure, I think you are
less likely to cause barotrauma and
secondary lung injury. I must admit,

though, that I don’t have convincing
data to support this theoretical point,
and I do not know if there are data in
the literature that address the issue. It
begs further study.

Rotta: I second your enthusiasm for
HFOV for pediatric ARDS patients.
HFOV is not a fad and it is not a
nonconventional strategy. Centers that
have used HFOV for a while are com-
fortable with it and are using it earlier
and earlier in the course of disease,
and are seeing good results, as you
see in your service at Duke and as I
see in Buffalo. I think the problem we
are seeing now in gaining more ac-
ceptance of HFOV is that centers that
are just beginning to use it are going
through the problems of learning and
mastering the new technology—tech-
nology that when not used properly
can give results that are interpreted as
bad outcomes, such as hypoxemia. In
addition, centers that are reluctant to
start HFOV until the patient is mori-
bund will continue to see bad results
because HFOV will not resurrect
someone who is near death.

Now, addressing the previous com-
ment on whether you still have lung
protection during HFOV with the big-
ger patient, who has lower respiratory
rate and a larger ETT, there are now
good data suggesting that lung protec-
tion persists in adult ARDS patients
ventilated with the SensorMedics
3100B ventilator.1 These adult patients
are being ventilated using the same
principles that have been applied to
neonatal and pediatric patients for
years.
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Cheifetz: I agree. The important
point, as you mentioned, is education.
The SensorMedics 3100B is not a new
device: it was originally FDA-ap-
proved in 1991. However, with any
device new to a specific institution
there will be a learning curve. I would
say again that I think HFOV is today
a conventional ventilation mode, but
centers that don’t have substantial ex-
perience with HFOV will have to learn
to apply it most efficiently.

Wagener: I totally agree that high-
frequency should be considered con-
ventional ventilation now; about the
terminology we could argue one way
or another. But I’d point out that it’s
not appropriate to extrapolate from a
limited-size study in a limited number
of centers and with a select popula-
tion and make the statement that no
further randomized, controlled study
needs to be done, especially knowing
that in the adult studies of HFOV there
has not been the success that we’ve
seen with babies. And in pediatrics
we’re covering the whole spectrum of
patients in between. It may be that we
have certain situations that were se-
lected for in that reasonably planned
study in which HFOV was effective,
and we also have other situations that
were not included in that study for
which it’s not going to be proven as
effective. So HFOV, whether you call
it conventional or something else, it’s
one standard form of ventilation.

Cheifetz: I need to clarify some-
thing I said. I do believe it is impor-
tant to have another larger, multi-
center, randomized, prospective,
controlled trial investigating HFOV
for pediatric ARDS. I think such a
study would be important, especially
if both the intervention and control
groups used alveolar recruitment ma-
neuvers. My point is that I don’t be-
lieve that will ever occur. I do not
think that there will be enough centers
with expertise in HFOV that would
agree to participate in a randomized,

controlled trial, without crossover. I
am not sure if a crossover trial would
fully address your concerns. Some cen-
ters might raise ethical concerns with
randomizing patients away from a
technique (ie, HFOV) that in clinical
practice and in the medical literature
is an approved, established therapy.
Whether that is right or wrong I do
not know.

Wiswell: The other side of the eth-
ical issue is that if we don’t do that
trial, many centers are not going to
start using HFOV, because they will
not believe there is adequate evidence
that it works, and so their patients will
not receive the benefit of our knowl-
edge that HFOV does work and ought
to be the standard of care. Though I’m
a firm believer in HFOV, I’m not sure
the existing data are going to convince
a lot of people that HFOV works. Steve
Donn and I are long-time New York
Yankee fans and remember the saying
of Yogi Berra, “It’s déjà vu all over
again.” I say that because embracing
new treatment technologies, such as
high frequency oscillation, without
validation by randomized, controlled
trials has happened all too frequently
in neonatology.

Cheifetz: This is a hard issue. How
do you perform a study with a tech-
nique that has become an accepted
standard clinical practice? I am not
saying it is correct that it is an ac-
cepted, standard clinical practice. But
once a technique is widely accepted,
it is hard to convince enough centers
to go back and study it.

Wagener: Maybe at your center that
is true, but remember that there are
other centers at which it’s not stan-
dard practice and a study could be per-
formed.

Donn: Aren’t we lucky that Alex-
ander Fleming’s first patient didn’t de-
velop anaphylaxis to penicillin?

Rotta: I think this is going to be
one of those cases when we pediatri-
cians are going to follow the results of
adult studies that learned from tech-
niques that were applied in pediatrics
first.

Cheifetz: Let me go out on a limb
here and ask a question of everyone in
the room. If there were a proposed
randomized, controlled, prospective
trial of HFOV versus conventional
ventilation in pediatric ALI/ARDS
without crossover (which is what the
study design probably would need),
who here would enroll patients, know-
ing that your patient might be ran-
domized to the control group (ie, could
not use HFOV)? Who here would do
that?

Wiswell: If I were a pulmonologist
and not a neonatologist, I would.

Cheifetz: Who would like to answer
my question? One hand. Two? Just a
couple. It is a small minority of the
people in the room.

Wiswell: I’ve been involved in a lot
of large randomized, controlled trials
that have examined therapies that my
colleagues and I truly believed in,
but— damn!—the randomized, con-
trolled trial showed there was no dif-
ference between the “magical” new
therapy and controls! The marvel-
ous thing about a large, randomized,
controlled trial is that if there is a
difference, you’re going to see it.
But if there’s not, you’re going to
see that there’s not. Equally impor-
tant is that potential complications
are going to rear their ugly heads
too. I was in Texas in 1984, in the
baboon lab helping develop the first-
generation high-frequency oscilla-
tor, and I’m a firm believer in it as
an effective therapy. But you’ve got
to prove it is effective, and you’ve
got to prove it on a large scale.
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Cheifetz: Fine. But for HFOV there
are randomized, controlled, prospective
studies. There are studies in the neona-
tal population. In John Arnold’s study,
admittedly, the number of patients was
relatively small, but it is a good, ran-
domized, controlled trial.1,2 And re-
cently published adult studies support
the use of HFOV in adults.3–6 It’s not as
if oscillation is being used without any
randomized, controlled studies. There
just has not been a large pediatric study.
The published pediatric investigation
was smaller, and we may have to ex-
trapolate data for pediatrics from the
neonatal and adult populations, as Dr
Rotta mentioned earlier.
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Rotta: Once you start studying the
effect of more than one lung-protec-
tive strategy in a clinical trial, it is
even harder to show that one strategy
is better than another. That’s why, for
instance, liquid ventilation is not ap-
proved and probably will not be ap-
proved, since it has been studied in
the era of lung-protective conventional
ventilation. It is very hard to show
separation between 2 groups in clini-
cal trials when both are subjected to
some form of lung protection.

Just for illustration, in the success-
ful ARDS Network trial,1 although the
entry VT was approximately 10 mL/
kg, the low-VT group received 6 mL/
kg, whereas the VT in the conventional
treatment group was increased to 12
mL/kg. This was not done by chance,
but to provide separation between the
2 groups,1 which had not occurred in
a previous trial.2

In the laboratory HFOV does not
appear to be superior (purely from a
lung-injury standpoint3,4) to a conven-
tional ventilation strategy using the
open-lung approach used by Dr Amato
in Brazil,5 although animals treated
with HFOV have more stable hemo-
dynamics.3,4 Throw these 2 strategies
into a clinical trial and your differ-
ences get even more diluted. Compare
HFOV with the conventional ventila-
tion (control) group of the Amato tri-
al5 and HFOV would probably look
really good. But no one would do that
study now. It is all a matter of timing.
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Wagener: But you can’t say that
there’s one approach that has a clear
advantage over another until you have
tested your hypothesis.

Cheifetz: That’s correct, but what
I’m saying is that HFOV should be
considered as another mode of me-
chanical ventilation. I think everyone
in the room would agree that there has
not been any published study that dem-
onstrates that a particular mode of ven-
tilation, whether it be volume-control,
pressure-support, pressure-regulated
volume-controlled, or pressure-con-
trol, significantly affects outcome for
a given patient population. My point
is that the oscillator should be viewed
as another mode of standard ventila-
tion, not a nonconventional “rescue”
or “heroic” therapy. It should be
viewed as a conventional ventilation
therapy. You are correct, Dr Rotta: if
we performed a head-to-head compar-
ison of HFOV and the open-lung con-
ventional strategy, no one knows what
the results would reveal. But from the
available published studies and clini-
cal experience, I do not believe there
are any important adverse effects as-
sociated with HFOV. There is obvi-
ously a fair amount of debate and con-
troversy in this room, and I would then
go out on another limb and challenge
someone in this room to coordinate
the study. I am a little skeptical about
how many centers would participate and
how many patients would be enrolled.
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Donn: Maybe what we need to do
is just expunge the word “conven-
tional.” In the past it was used to
talk about things that were done con-
ventionally. What we need to do is
just talk about tidal ventilation versus
nontidal ventilation, and then we get
away from what’s conventional and
what isn’t.

Cheifetz: I guess the biggest prob-
lem I have with the whole discus-
sion is the use of that term “noncon-
ventional.” The take-home message
I want to send is that HFOV is no
longer nonconventional ventilation.
It is conventional ventilation.

Black: I don’t think you’re ever
going to get away from the use of
the term “nonconventional” because,
let’s face it, when you use what we

call “conventional” ventilation, we
do everything we can to make that
conventional ventilation mimic our
own natural spontaneous ventilation.
And there is nothing about HFOV
(unless you want to talk about pant-
ing dogs) that mimics normal spon-
taneous ventilation. But that’s not to
say that it isn’t a superior therapeu-
tic technique in certain clinical sit-
uations. I’m a very strong believer
in early use of HFV.

Cheifetz: Let me comment on that
point before you continue. My com-
ment is, if you think about sponta-
neous normal breathing, everyone in
this room is breathing using what?
Negative-pressure ventilation! So, to
use your definition, positive-pres-
sure “conventional” ventilation is re-
ally nonconventional!

Black: Well, you’re right—abso-
lutely correct! But it’s closer to con-
ventional ventilation than HFV. I
think a clinical trial of that nature,
without the potential for crossover,
may border on unethical today. The
study that you showed, even with
the crossovers, showed very clear
statistically significant results. My
point is that with sophisticated sta-
tistical techniques, things like cross-
overs, which obviously do muddy
the waters, can be gotten around.
There are also statistical techniques
that allow you to continuously ana-
lyze the data as they are being gath-
ered, and when you reach the point
of significance, you can stop the
study. These techniques were widely
used by the pharmaceutical indus-
try, but they haven’t really made their
way into testing of ventilators.
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