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Pediatric practitioners face unique challenges when attempting to
translate or adapt adult-derived evidence regarding ventilation
practices for acute lung injury or acute respiratory distress syndrome
into pediatric practice. Fortunately or unfortunately, there appears
to be selective adoption of adult practices for pediatric mechanical
ventilation, many of which pose considerable challenges or un-
certaintywhentranslatedtopediatrics.Thesedifferences, combined
with heterogeneous management strategies within pediatric critical
care, can complicate clinical practice and make designing robust
clinical trials in pediatric acute respiratory failure particularly diffi-
cult. These issues surround the lack of explicit ventilator protocols in
pediatrics, either computer or paper based; differences in modes of
conventional ventilation and perceived marked differences in the
approach to high-frequency oscillatory ventilation; challenges with
patient recruitment; the shortcomings of the definition of acute lung
injury and acute respiratory distress syndrome; the more reliable yet
still somewhat unpredictable relationship between lung injury
severity and outcome; and the reliance on potentially biased surro-
gate outcome measures, such as ventilator-free days, for all pediatric
trials. The purpose of this review is to highlight these challenges,
discuss pertinent work that has begun to address them, and propose
potential solutions or future investigations that may help facilitate
comprehensive trials on pediatric mechanical ventilation and define
clinical practice standards.
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By the end of the 20th century, pediatric intensivists had learned
limited but important insights about mechanical ventilation.
There was a philosophical shift in mechanical ventilation from
normalizing arterial blood gases at any cost to embracing per-
missive hypercapnia (and hence the first part of lung-protective
ventilation strategies) for the management of acute respiratory
distress syndrome (ARDS) in adults (1). At about the same time,
high-frequency oscillatory ventilation (HFOV) became a reality
in pediatrics, as did further minimizing ventilator-induced lung

injury by titrating conventional ventilator support to avoid
atelectasis and inflammation by keeping positive end-expiratory
pressure (PEEP) above the lower inflection point of the
pressure–volume curve (2) and limiting tidal volume (VT) or
pressure to avoid overdistention above the upper inflection
point (3). By the end of the century, the concept of breath-by-
breath matching of the ventilator to the patient and the po-
tential importance of different mechanical ventilation strategies
(volume control vs. pressure control, high vs. low VTs, high vs.
low PEEP) had become topics of urgent discussion. It had also
become clear that children with ARDS had lower mortality
than adults, and that the cause of lung injury affected outcome
(e.g., lung-injured children with respiratory syncytial virus had
much lower mortality than lung-injured immunosuppressed
children).

Although it remains a catch phrase among pediatricians that
‘‘children are not little adults,’’ it has also become clear that
medical care for children is often based on what works in adults.
There are many reasons for this, not the least of which is that there
are small numbers of pediatric intensive care unit (PICU)
patients actually afflicted by any specific life-threatening disease.
Hence, pediatric intensivists have selectively adopted practices
from adult critical care. The reasons for this selective ‘‘cherry
picking’’ are unclear. Interestingly, pediatric intensivists have
adopted very few practices from neonatology regarding the
management of acute lung injury (ALI) and ARDS, despite the
original description of ARDS that noted similarities to infantile
respiratory distress syndrome (4). The distinct pathophysiology
related to prematurity and infantile respiratory distress syndrome
makes extrapolating neonatal evidence particularly difficult.
Given these distinctions, a detailed discussion of neonatal
evidence for ventilator management is beyond the scope of this
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Scientific Knowledge on the Subject

Although many practices regarding mechanical ventilation
of children with acute respiratory failure have been adop-
ted from adult evidence, key differences between children
and adults must be considered before adult-based practices
are universally accepted in pediatric critical care.

What This Study Adds to the Field

This study reviews key differences between adult and
pediatric mechanical ventilation practices for children with
respiratory failure and acute lung injury, summarizes
current evidence regarding these differences, and proposes
a series of investigations to derive pediatric evidence and
improve clinical practice.
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article. However, lessons from neonatology, particularly regard-
ing fraction of inspired oxygen titration, may be relevant for
pediatric ALI/ARDS.

With respect to ALI/ARDS, outcomes over the past 2 decades
have improved for adults managed with lung-protective conven-
tional mechanical ventilation (CMV). Specifically, the ARDS
Network VT study demonstrated that VTs of 6 ml/kg with limited
plateau pressures were better than 12 ml/kg predicted body
weight for adults with lung injury, using a volume-control
(assist-control) mode of ventilation (5). In addition, for adults
the application of PEEP for lung recruitment has improved
outcomes (6–9), and specific ventilator protocols have helped
standardize decision making (10), reduced practice variability
(10), and improved outcomes (11, 12).

Much less is known about pediatric mechanical ventila-
tion practice in ALI/ARDS, but the recent prospective, cross-
sectional, observational Pediatric Acute Lung Injury VEntilation
(PALIVE) study (13) highlights European and North American
practices. In this point prevalence study, only 165 (4.3%) of 3,823
PICU patients met invasive (14) or noninvasive (15–17) blood gas
criteria for ALI or ARDS, consistent with previous estimates (18–
20). If conducting an interventional trial, it could be anticipated
that only about 60% of these patients would be enrolled (20–23).
Pediatric practitioners from 59 PICUs have embraced a ‘‘low’’ VT

(median 7 ml/kg; interquartile range [IQR], 6–9) strategy,
although there was significant variability in management, with
VTs available on less than half of the patients (Figure 1).
Ventilator practices varied, with 44% of patients on pressure-
control (PC) and 28% on pressure-regulated volume-control
(PRVC) modes of ventilation. Almost 27% reported using the
volume-control mode popular in adult ARDS management. The
median VT of 7 ml/kg was based on actual body weight rather
than predicted body weight used in the ARDS Network study (5),
and the site of measurement was not specified (vide infra).
Attempts at creating a PEEP/FIO2

titration grid similar to the
ARDS Network model were unsuccessful, as routine pediatric
practice demonstrated great variability in the application of
PEEP in relation to FIO2

.
Although it is likely that future trials and practice for pediatric

ALI/ARDS will embrace a ‘‘higher PEEP and lower VT (or peak
inspiratory pressure)’’ strategy, there are many unanswered
questions in pediatric ALI, with key differences between adults
and children, and unique challenges for pediatric critical care
practitioners. These issues surround the lack of explicit ventilator
protocols in pediatrics, either computer or paper based; the
differences in modes of conventional ventilation; perceived
marked differences in the approach to HFOV (24–26); challenges
with patient recruitment; the shortcomings of the definition of
ALI and ARDS; the more reliable yet still unpredictable re-
lationship between lung injury severity and outcome; and the
reliance on potentially biased composite outcome measures such
as ventilator-free days (VFD).

KEY CONSIDERATIONS FOR THE DEVELOPMENT OF
EXPLICIT VENTILATOR PROTOCOLS FOR PEDIATRIC ALI

Although some management protocols have been developed
for pediatric mechanical ventilation (22, 27, 28), they have not
been extensively validated, nor have they gained wide accep-
tance. Most have been translated from the adult-based ARDS
Network guidelines for VT (5, 22) without considering key
differences between adult and pediatric practice. Given the
variability in modes of ventilation (13, 18) not only between
adult and pediatric practice but also within pediatrics, explicit
protocols should be developed for different modes of venti-
lation.

Conventional Modes of Ventilation

Although there is limited evidence to support that one mode of
ventilation is superior to another for ALI (29, 30), the ARDS
Network volume-control, assist-control mode is infrequently
used in pediatrics, with most pediatricians preferring the de-
celerating flow pattern of PC or PRVC (18). Despite its name,
PRVC is volume targeted but still pressure limited. Although the
benefits and drawbacks of PC versus PRVC can certainly be
debated, there has been no pediatric study showing a benefit of
one mode of ventilation over another, provided lung-protective
techniques are used. For PC, this means limiting peak inspiratory
pressures to 35 or 40 cm H2O and ventilator rates to less than
35/min (31). In PRVC, this means limiting VTs to be lower rather
than higher, although no study in pediatrics has determined
which VT is optimal. In fact, even the ARDS Network lung-
protective 6 ml/kg volume-control strategy would recommend
decreasing VT below 6 ml/kg if needed to limit plateau pressure to
30 cm H2O.

We recently addressed this issue with respect to PC ventilation
(31). In a single institution, we demonstrated the association
between oxygenation index (OI), pediatric lung injury score
(LIS), dynamic compliance of the respiratory system, and PaO2

/
FIO2

(PF) ratio and mortality, for 398 patients with hypoxemic
respiratory failure, of whom 192 met all ALI/ARDS criteria. The
pediatric lung injury score (vide infra) is a modification (32) of the
Murray lung injury score used in adults (33). All four measure-
ments (OI, LIS, dynamic compliance of the respiratory system,
PF ratio) were associated with mortality and the strength of
association improved with each subsequent day of mechanical
ventilation. There was a trend for higher mortality and fewer
VFD with lower VTs throughout the first 3 days of ventilation.
Most patients were ventilated with VTs measured at the mechan-
ical ventilator of between 6 and 10 ml/kg actual body weight.
Furthermore, patients with more severe lung disease, as mea-
sured by the lung injury score, had lower median VTs. In other
words, using lung-protective pressure-control ventilation, pa-
tients with the sickest lungs received the lowest VTs, and patients
with less sick lungs had better outcomes even when mechanically
ventilated with VTs as high as 10 ml/kg. Advocates of a pressure-
control strategy argue this approach is more physiologic, as the
generated VT will be a function of lung disease severity (Figure 2).
In contrast, a ‘‘one VT fits all’’ approach for ALI has met with

Figure 1. Distribution of VT in ml/kg of actual body weight from 75
patients with acute lung injury/acute respiratory distress syndrome

across 59 pediatric intensive care units in Europe and North America.

There was significant variability in management, with VT available on

less than half of the 165 patients. Pediatric intensivists embraced
a ‘‘low’’ VT (median, 7 ml/kg; interquartile range, 6–9) strategy.

Reprinted by permission from Reference 12.
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previous controversy (34, 35) most notably in the aftermath of the
ARDS Network VT study (36, 37).

HFOV

HFOV is used widely for pediatric ALI/ARDS. With the cur-
rent understanding that excessive lung stretch, repeated opening
and closing of distal bronchi and alveoli, and inadequate end-
expiratory ventilator volume may be injurious to the lungs,
HFOV would appear to be the ideal form of lung-protective
ventilation in pediatric patients, and possibly adults, with tiny VT

excursions and high frequency at modest mean airway pressures.
Animal studies have suggested that early institution of HFOV
could limit ventilator-induced lung injury. Nonetheless, it ap-
pears that HFOV has largely become a rescue therapy when
conventional management fails (38, 39). A decade ago, a report of
10 pediatric ICUs showed patients were started on HFOV after
a mean of 3.3 days of ventilation at a mean OI of 30 (40). Our
approach to HFOV appears to have changed little over the past 10
years. In our own institution, for children with severe ARDS or
acute hypoxemic respiratory failure (AHRF), HFOV was imple-
mented at a median of 3.5 (IQR, 1.25–7.5) days into the course of
mechanical ventilation at a median OI of 26 (IQR, 16.5–40),
similar to the multicenter experience. There was an initial
increase in OI shortly after HFOV initiation, followed by a
decrease in OI 24 hours later to pre-HFOV levels (Figure 3).
Similar ‘‘rescue’’ use of HFOV has been reported in adults from
the OSCILLATE pilot study (41). There has been only one
randomized controlled trial of the efficacy of HFOV against
conventional ventilation in children with predominantly ARDS
(26) and two in adult ARDS (42, 43). All studies were un-
derpowered to detect differences in important clinical outcomes,
and the results were inconclusive. Moreover, the pediatric HFOV
study enrolled patients 3 to 6 days into their course of mechanical
ventilation, long after ventilator-induced lung injury could have
developed. Patients were not analyzed in the group to which they
were initially randomized using an intention-to-treat algorithm;
66% of patients in the conventional ventilation group were
crossed over to HFOV, and 38% in the HFOV group were
crossed over to the conventional group.

Erickson and coworkers (44) reported that 29% of children
with ALI were ventilated with HFOV during the course of their
disease, and Randolph and colleagues (27) reported the use of
HFOV in 52% of children with physician-assessed severe ARDS.
However, evidence supporting the use of HFOV in patients with
ALI or ARDS is still scarce. A systematic review on HFOV for

ALI and ARDS in both adults and children concluded there is not
enough evidence that HFOV reduces mortality or long-term
morbidity (45). Similar inconclusive results have been seen in
neonates, although the pathophysiology for neonatal respiratory
distress syndrome is quite unique from adult and pediatric ALI/
ARDS (46). However, Hager and associates have made impor-
tant observations concerning the relative contributions of oscil-
lator frequency and amplitude (47) and argue that HFOV can be
made even more lung protective if larger amplitudes are used for
CO2 removal while prioritizing increases in frequency (and thus
reducing the often considerable delivered VT at lower hertz) (25).
Adult intensivists have designed protocols incorporating these
priorities (24) that are quite different from pediatric practice in
which amplitude is limited and frequency is reduced with
consequent larger VTs (48).

Other Modes of Ventilation

Other modes of ventilation have been applied to subpopulations
of children but have failed to gain wide-scale acceptance in
pediatric ALI/ARDS management. The Volume Diffusive Res-
pirator (VDR) shares some theoretical benefits with HFOV. It is
a high-frequency time-cycled pressure ventilator that allows for
pneumatic control over the pressure/flow/volume relationship to
optimize intrapulmonary gas distribution with a percussive burst,
theoretically limiting barotrauma and overdistention. Unlike
high-frequency oscillatory ventilation, wherein amplitude oscil-
lates around a mean airway pressure, in VDR a high flow
interrupter stacks oscillatory breaths on top of PEEP to a selected
inspiratory pressure, followed by passive exhalation. The in-
terrupter has also been reported to help with endobronchial
secretion removal. This mode has primarily been applied to adults
and children with burns, and there has only been one pediatric
randomized control trial. Most children did not meet ALI or
ARDS criteria, with mean PF ratios greater than 500. Ventilator
support was targeted daily to maintain SpO2

greater than 90% and
PaCO2

less than 55 mm Hg. PEEP was kept between 4 and 6 cm
H2O in both groups. Children who received VDR had lower peak
inspiratory pressures than those in the pressure-control group,
and achieved higher PF ratios, although mean PF ratios were
greater than 500 for both groups. There was no difference in
survival, barotrauma, or ventilator days, although the study was
underpowered for these outcomes (49).

Neurally adjusted ventilatory assist (NAVA) is a partial
ventilator support mode wherein positive pressure is provided
in response to diaphragmatic electrical activity, resulting in

Figure 2. VT based on lung disease severity, using a lung-
protective pressure-control strategy. As lung injury sever-

ity increases (as measured by increasing lung injury score),

VT is naturally limited, with patients with the most severe

lung injury achieving median VT just under 6 ml/kg. Data
expressed as median, interquartile range, and actual

range. Reprinted by permission from Reference 30.
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a variable breathing pattern. Animal models of ARDS have
demonstrated similar degrees of ventilator-induced lung injury
between NAVA and lung-protective volume-control ventilation
(6 ml/kg with adequate PEEP) (50). NAVA’s human clinical
applications have to date revolved around ventilator weaning
with comparison to supported modes of ventilation, such as
pressure support (51). Compared with more conventional modes
of ventilation, patients supported on NAVA typically achieve
lower VTs with faster respiratory rates and more respiratory
variation (52). There has yet to be a pediatric trial using NAVA
for ALI or ARDS.

Airway pressure release ventilation (APRV) has theoretical
advantages in improving short-term outcomes, such as length of
mechanical ventilation, by preserving spontaneous breathing and
requiring less sedation than more conventional modes of venti-
lation or HFOV. Of course, these theoretical advantages are
challenging with noncooperative infants and children, for whom

higher levels of sedation are often needed to guarantee patient
safety. Although there have been several descriptions of APRV
for adults with acute respiratory failure, the largest published
randomized controlled trial (53) comparing APRV to conven-
tional management failed to show a difference in ventilator-free
days or mortality and was stopped for futility. This trial was
conducted before the publication of the ARDS Network VT

study, so both groups had targeted VTs between 8 and 10 ml/kg.
There have been no randomized controlled trials in children.
More detailed reviews of APRV in ARDS have been previously
published (54). Adjunctive therapies, such as heliox, nitric oxide,
corticosteroids, fluid management, surfactant, and noninvasive
ventilation have been described previously, with little new
pediatric evidence for benefit in ALI/ARDS (55).

Oxygenation and Ventilation Targets

In addition to modes of ventilation, pediatric practitioners may
behave differently than their adult counterparts regarding the
management of PEEP and FIO2

, their comfort with acceptable
levels of permissive hypercapnia, and the frequency and degree of
changes to parameters of mechanical ventilation (56). Data from
a single institution of more than 6,000 blood gases and ventilator
settings from more than 400 children with AHRF have demon-
strated that pediatric practitioners make smaller changes in FIO2

(0.05 vs. 0.1) with higher target ranges for SpO2
and PaO2

than
advocated in the adult ARDS Network management protocol
(56) (Figure 4). Although this may be the reality of practice,
pediatric practitioners may be willing to make larger changes
to FIO2

and target lower ranges of SpO2
and PaO2

, but this is un-
known and is currently under investigation. This may be an area in
which pediatricians can learn from neonatology, wherein nurse,
respiratory therapist (RT), or closed-loop oxygen targeting pro-
tocols (57, 58) help minimize FIO2

exposure, largely to reduce the
incidence of retinopathy of prematurity. Furthermore, it appears
that pediatric intensivists may be more uncomfortable with the
degree of permissive hypercapnia recommended in the ARDS
Network management protocol, advocating tighter control of pH
for children with ARDS. Single-institution data reinforce that
without a protocol, practitioners are unlikely to behave in any
consistent lung-protective manner with respect to pH/PaCO2

management (56).

VT Measurements

Key physiologic and developmental considerations of children
compared with adults make assessments of the impact of VT on

Figure 3. Oxygenation index before initiation of high-frequency
oscillatory ventilation (HFOV ), shortly after initiation, and then 24

hours later. Data presented as median and interquartile range (IQR).

Overall difference by Kruskal-Wallis analysis of variance, P 5 0.009.

Multiple comparisons by mean ranks. Pre and 24-hour post P 5 0.67.
Unpublished data from a single institution (Children’s Hospital Los

Angeles). HFOV implemented at a median of 3.5 (IQR, 1.25–7.5) days

into mechanical ventilation for acute hypoxemic respiratory failure.

Figure 4. For 6,017 charted ventilator settings from 402 children with acute hypoxemic respiratory failure, FIO2
was changed 1,869 times. When

practitioners change FIO2
they frequently make changes at intervals of 0.05, both for increases and decreases of FIO2

. This is in contrast to the Acute

Respiratory Distress Syndrome Network protocol, which implements changes in FIO2
at intervals of 0.1. Reprinted with permission from Reference

56.
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outcome challenging. Adult practice is to calculate VT from
predicted body weight for age, height, and sex using a set of
readily available tables. The rationale is that although obesity is
a major problem in adults, it is unlikely that the lungs are obese
(i.e., larger), and therefore the predicted body weight should be
the one used for calculation of VT. Although pediatric practice is
not entirely clear, it seems that actual body weight is most
commonly used to calculate VT. Obesity is also a large problem
in pediatric practice, but so is failure to thrive, with low weight for
age and height. In addition, contractures and spinal deformities
are common in children, making direct measurement of length, or
its usual surrogate, arm span, irrelevant. Formulae are now
available using ulna length to determine height to predict body
weight from birth to 18 years (59, 60). From growth grids, this
height is used to find the ideal body weight to which VT can be
targeted.

Nonetheless, it is not known if the lungs fail to grow appro-
priately if the child fails to thrive (probable); nor is it known if the
lung volumes are larger in obese children (unlikely). To approx-
imate the ‘‘correct’’ VT for mechanical ventilation, the best
compromise at this time may be to use the actual body weight if
the child’s weight is less than the 50th percentile and ideal body
weight (i.e., predicted from height or ulna length) if above the
50th percentile. Prospective investigation of measured lung
volume compared with that predicted from actual versus ideal
body weight in children is ongoing and should provide a more
definitive answer to this question.

In addition to determining whether predicted or actual body
weight should be used, the location of measurement of flow and
VT is important. Although most modern ventilators have built-in
software to adjust for mechanical ventilator tubing compliance,
VTs measured at the proximal airway with a pneumotachograph
are still remarkably different from those measured at the
mechanical ventilator. This problem is magnified with infants
and smaller children, even when allowing for tubing compliance
(61, 62), with VTs measured at the ventilator often being con-
siderably higher than those at the endotracheal tube (ETT). In
addition, the shape of the expiratory portion of the tidal flow–
volume curve is often distorted to an obstructive pattern when
acquired in the ventilator rather than at the ETT (Figure 5), which
may lead to incorrect ventilator management choices. Future
mechanical ventilation protocols must consider the location of
the VT measuring device. Furthermore, given the common use of
uncuffed tubes in children, volume, resistance, and compliance
measurements will not be accurate if there is a leak greater than
18% around the ETT (63).

Given the theoretical potential of HFOV to be more lung
protective than CMV in both children and adults, and the current
predilection to use it as rescue therapy (20, 41), it would appear
logical to undertake a study of early institution of HFOV. This is
likely feasible in children given that most pediatric intensivists
are comfortable with the mode and have experience using it, and
it has been demonstrated to be possible in adults by the
OSCILLATE pilot study (64). Because of the previously dis-
cussed difficulties in VT assessment and targeting, a lung pro-
tective pressure-control strategy may be the most logical choice
for the CMV arm. Given the current use role of HFOV in ALI/
ARDS, key consideration must be given to its use as rescue
therapy for the conventional ventilation arm in a clinical trial. As
has recently been demonstrated, a trial incorporating rescue
therapy cannot definitively asses the overall efficacy of a therapy
but can only assess the effects of delayed versus immediate
provision of the treatment (65). Although less commonly used
modes of ventilation (VDR, APRV, NAVA) should be com-
pared with conventional therapies, more early-stage evidence
regarding their use in pediatric ALI and ARDS is needed.

RECRUITMENT OF PATIENTS FOR PEDIATRIC ALI TRIALS

Pediatric ALI trials have suffered from poor recruitment and
enrollment. The relative infrequency of ALI/ARDS in pediatrics
(13, 18, 27, 44) has meant that meaningful ALI trials have
required 12 to 16 different performance sites, oftentimes enroll-
ing patients over a 4- to 5-year period (22, 23). Given the
importance of standardization and the relative infrequency of
ALI at any site, maintaining equal study standards across in-
stitutions is challenging. This is compounded by the 4 to 5 years
needed to complete a study, making fatigue and drift in clinical
practice over the study period legitimate challenges that will
likely impact results. The use of computerized decision support
tools may help minimize some of this variability and drift by
standardizing decisions about mechanical ventilation for similar
clinical states and recording protocol adherence in an automated
fashion.

As is evident from PALIVE (13) and also from investiga-
tions by Curley and colleagues (21), Thomas and colleagues
(17), and our group (66), pediatric ALI/ARDS trials have been
hampered by requiring invasive arterial blood gas criteria (PF
ratio) for patient inclusion. The SpO2

/FIO2
(SF) ratio and

oxygenation saturation index (OSI), rather than their invasive
counterparts of PF ratio and OI, have been developed and
validated for pediatrics. This has not yet been done for the
pediatric LIS (which includes the PF ratio) but is ongoing. By
using noninvasive criteria rather than arterial blood gases,
patient screening and eligibility for studies can be improved
by nearly 35% (66), which is particularly important given the
relatively low (typically z 60%) enrollment in such trials (20).

We have retrospectively validated the SF ratio using blood
gas data banks at two children’s hospitals (15). There were 3,143
observations in the derivation and validation samples. The
relevant ARDS and ALI definition values for the SF ratio were
201 and 263, respectively, when using linear regression. Thomas
and colleagues have demonstrated similar results with second-
ary analysis of the calfactant and prone positioning studies,
showing ARDS and ALI PF ratio equivalent values of 212 and
253, respectively (17). Prospective validation is ongoing in a mul-
ticenter trial. These values can be compared with those obtained

Figure 5. Measurement from a 4.0-kg infant with a cuffed endotra-

cheal tube in pressure-control mode with tube compensation active.
On the left, flow-volume measurements are made at the ventilator with

compensation for tubing compliance. There is ‘‘overshoot’’ of flow

measurements causing volumes to be larger and giving the expiratory

portion of the flow-volume curve (below the horizontal axis) a pattern
of obstructive airways disease. VT is 12.3 ml/kg. On the right,

measurements are made at the endotracheal tube connector within

a minute of the left panel. Here, the flows and volumes are much lower
with VT now one-third at 4.1 ml/kg. The flow pattern on the expiratory

limb now resembles that of normal airways. ETT 5 endotracheal tube;

VTE = exhaled tidal volume.
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by Rice and coworkers (16) in adults. From secondary analysis
of more than 5,000 observations from two ARDS Network
studies, they found ARDS and ALI comparable SF values of
235 and 315, considerably higher than those reported in both
pediatric studies. Potential reasons for this difference may
include the presence of fetal hemoglobin, a difference in
saturation probes based on age, and more children in the higher
(96–97%) SpO2

range, where there is more variability in the
relationship between PaO2

and SpO2
.

Enrollment in pediatric trials is frequently hampered by high
parental refusal rates, generally ranging from 27 to 53% (21).
Although there may be some institutional variability based on
ICU or investigator-specific characteristics, this poor enrollment
combined with the infrequent occurrence of many diseases in
pediatric critical care makes many clinical trials impossible to
conduct in a timely manner before interventions undergo natural
selection in the PICU. In and of itself, this area is worthy of
focused research within the pediatric community. We must learn
from past studies in pediatric critical care, understand the reasons
for parental refusal (including the roles of how and by whom
consent is approached), and address these concerns in a system-
atic and thorough fashion (67).

DEFINITION OF ALI/ARDS

The Murray Lung Injury score (33) was initially created to gauge
the severity of ALI in adults. A score of 2.5 or higher (out of
a possible 4) was defined as severe ARDS and intended to
characterize a particularly high-risk group appropriate for inter-
ventional trials. The American-European Consensus Conference
(AECC) definitions (14) sought to simplify the diagnosis of ALI
for bedside clinicians and create a distinction, albeit arbitrary,
between ALI and ARDS for clinical trials. The AECC definitions
for ALI/ARDS are now widely embraced in both adult and
pediatric critical care, but they are limited by their simplicity and
imprecision. Distinct disadvantages of the guidelines revolve
around the potential manipulation of the PF ratio, which can be
‘‘artificially’’ lowered if a patient has inadequate lung recruit-
ment. This limitation can be lessened by incorporating some
measure of ventilator support into the predictive equation,
a concept that was embraced early on by pediatric researchers
(68). For this reason, OI and the LIS incorporate mean airway
pressure (MAP) and PEEP, respectively, to define lung injury
severity. In addition, the requirement for an arterial PaO2

greatly
hampers the recognition of the disease, as many patients without
arterial blood gases would fulfill the oxygenation criteria for ALI or
ARDS. Embracing noninvasive oxygenation criteria can overcome
this.

Second, the AECC requirement for ‘‘bilateral pulmonary
infiltrates’’ on chest radiograph is open to considerable interpre-
tation and has very poor interobserver variability in both
pediatric and adult critical care (69, 70). The presence of such
infiltrates was meant to help distinguish the distinct pathophys-
iologic processes of ALI/ARDS from lobar pneumonia, atelec-
tasis, or simply radiographic technique. However, the lack of
bilateral infiltrates can exclude close to half of all eligible patients
for ALI studies (31, 66). Although the characteristic pathology
and pathophysiology of ALI is distinct from, for example, lobar
pneumonia, distinguishing these two entities based on the non-
standardized interpretation of a chest radiograph seems an over-
simplification. The LIS may perform better in this realm, as
quadrants of alveolar consolidation are equally weighted with PF
ratio, PEEP, and compliance of the respiratory system, as part of
a four-point scale.

Finally, given the heterogeneous conditions that lead to ALI/
ARDS, the AECC criteria do not distinguish the cause of ALI.

Although this may not be necessary for the definition of the
syndrome, the cause of ALI certainly affects outcome, as has been
noted by Willson and colleagues (23) and by our group (31).
Clearly, we would like to examine lung injury severity measures
that exhibit the potential for generalizability to a large cohort of
ICU patients. Nonetheless, given the importance of a multitude
of other factors on outcome for ALI, we must ensure an equal
distribution of these high-risk confounding variables in a random-
ized trial.

LUNG INJURY SEVERITY MEASURES

The performance of meaningful interventional studies on
mechanically ventilated children requires that the interventions
proposed have a sound basis for benefit on a defined cohort of
children. For this reason, many have viewed children with ALI/
ARDS differently than those with AHRF. Nevertheless, the
response to a particular intervention or therapy, such as HFOV,
may be more reliant on the severity of lung disease, rather than
the presence or absence of bilateral pulmonary infiltrates. In our
examination of the course of 398 children with AHRF, 192 of
whom had bilateral infiltrates on chest radiograph, severity of
lung injury markers such as OI, dynamic compliance, PF ratio, or
LIS performed equally well in predicting VFD or mortality,
regardless of the presence or absence of such infiltrates. More-
over, it is clear that the risk for mortality increases in a near linear
fashion based on further impairments in PF ratio, OI, or LIS
(Figure 6). As such, it may be more beneficial to stratify the
enrollment in a multicenter trial based on the degree of lung
injury severity, rather than the absence or presence of ALI
criteria. Unfortunately, although the association between mea-
sures of lung disease severity and outcome are stronger in
pediatrics than adults, they are by no means perfect. Even at
their best, the area under the receiver operator curve plots for OI,
PF ratio, LIS, and mortality are approximately 0.7, which most
would deem an acceptable but not outstanding way to character-
ize risk (31). This is likely explained by the fact that mortality and
VFD are clearly influenced by other metrics, such as other organ
dysfunction, the cause of lung injury, and other comorbidities
including immunosuppression and bone marrow transplantation.
Even further, the inciting cause of lung injury impacts outcomes,
as evident by numerous investigations on RSV showing that not
only is it important to discriminate between RSV-induced
bronchiolitis and RSV-induced pneumonia, but RSV-induced
ALI/ARDS has much lower mortality than other causes of
ARDS (32).

ALTERNATIVE OUTCOME MEASURES

In contrast to the debatably unchanging (71, 72) high mortality
rate in adult ARDS (35–45%) (73) over the past decade,
mortality for pediatric ALI/ARDS has fallen to close to 20%
(19, 23, 31). Although some estimates are higher (44), with
explicit protocols in certain populations of children with ALI/
ARDS mortality can be as low as 8% (22). Nonetheless, patients
with ALI and ARDS continue to be among those at the highest
risk in PICUs, with longer lengths of mechanical ventilation,
higher risk for nosocomial infections, and unknown long-term
neurodevelopmental and respiratory morbidity.

Following adult examples, most pediatric mechanical ventila-
tion trials now have primary outcome measures related to a com-
bined mortality and length of mechanical ventilation metric, such
as VFD. Although most pediatric mechanical ventilation trials
would not be feasible without some similar outcome measure,
they have limited objectivity. Any variable that prolongs the
length of mechanical ventilation may impact VFD: sedation, fluid
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balance, post-extubation subglottic edema requiring reintuba-
tion, institutional practices regarding weaning, and the use of
noninvasive ventilation after extubation. As such, trials that use
VFD as an outcome must be adequately explicit to control for
these potential confounding variables. Although one would hope
that these variables equalize with adequate randomization, in-
dividual ICU management practices can potentially have a large
impact on VFD. There are randomization strategies to minimize
this effect. However, with the infrequency of ALI, some partici-
pating institutions may enroll only a handful of patients over the
study period. Under these circumstances, such pediatric center-
specific clustering would be very challenging to control for
prospectively with a block randomization design or post hoc with
center-specific multivariable modeling.

Creation of an explicit protocol for all aspects of care related
to a study would certainly benefit from a comprehensive
computer-based decision support tool. Nonetheless, it is un-
realistic to protocolize everything to guarantee equal practice
across multiple institutions. As such, for the sake of a study it
may be beneficial to select a more specific outcome measure,
subject to less bias. This might include marking the end of
mechanical ventilation (for the purposes of analysis) at success-
ful passage of an extubation readiness test (ERT), regardless of
whether extubation was successful. Unfortunately, even this is
not perfect, as readiness for such a trial depends on sedation,
fluid status, and neuromuscular strength, and there must be an
explicit weaning protocol to trigger initial evaluation with an
extubation readiness test (74).

Aside from the imprecision of the estimate of length of
mechanical ventilation, composite outcome metrics such as
VFDs require relatively equal importance for each of the
components of the outcome (75)—in this case mortality and
length of mechanical ventilation. Although the length of ventila-
tion may affect ICU length of stay, cost, and additional morbid-
ities, these are clearly not as important as mortality. As has been
previously demonstrated, trials that show differences (increases
or decreases) in mortality may not demonstrate differences in
VFDs (23). Therefore, pediatric studies on ALI/ARDS should
not strictly rely on VFDs as an outcome, but must also report
mortality and other outcomes that measure morbidity. Unfortu-
nately, given the low incidence of mortality, sample size calcula-
tions for these outcomes will be extremely disparate.

Given overall improvements in mortality, the imprecision of
composite outcome measures, and impressions of high morbidity
for many children in the PICUs of children’s hospitals, longer-
term measures of function should be considered as primary
outcome measures of pediatric clinical trials. Although this adds
complexity and significant cost to a study because of the need for
long-term follow-up, it is imperative that we not only determine
whether our therapies allow a child to be liberated from the
mechanical ventilator a day or two earlier than anticipated but
also assess whether a child returns to his or her pre-ICU cognitive
and pulmonary function in a reasonably timely fashion. Follow-
up studies have demonstrated diminished functional outcome
and quality of life after PICU admission (76), and several studies
have demonstrated persistent impairments in pulmonary func-
tion of unknown long-term significance for children who required
mechanical ventilation in PICUs for respiratory failure (77–81).

Unfortunately, no tool has been specifically validated to assess
long-term neurodevelopmental or pulmonary outcome for chil-
dren admitted to PICUs with ALI or ARDS. This is complicated
by the fact that many children in ALI/ARDS trials have signif-
icant preexisting morbidities, so outcomes must be adjusted for
baseline dysfunction. Already developed tools (82) and tele-
phone questionnaires may adequately characterize quality of life
(83) or respiratory symptoms (84), and this methodology is
currently being used in pediatric critical care trials such as the
Therapeutic Hypothermia after Pediatric Cardiac Arrest trials,
and has been proposed for others (85, 86). However, deficits in
performance IQ, memory, motor, attention, language, academic
achievement, and pulmonary function will require more exten-
sive testing and follow-up. Such studies can be extraordinarily
expensive to conduct. Unfortunately, without tools that charac-
terize quality of life and long-term morbidity, other outcomes
(such as economic ones) cannot be considered. As such, valida-
tion of long-term quality-of-life measures deserve extensive
scrutiny as outcome measures for pediatric critical care investi-
gations (87).

CONCLUSIONS

Differences between adult and pediatric mechanical ventilation
practices for ALI/ARDS, as well as heterogeneous practices
within pediatric critical care, pose significant challenges for de-

Figure 6. Mortality stratified by

time-weighted average oxygena-

tion index (OI) on the first day of
mechanical ventilation after meet-

ing criteria for acute lung injury

(n 5 156 children). Note the step-

wise increase in mortality as
oxygenation index increases. Un-

published data from a single in-

stitution (Children’s Hospital Los
Angeles).
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signing pediatric mechanical ventilation trials and patient manage-
ment. Future comprehensive ventilation trials for pediatric AHRF
and its subsets of ALI and ARDS will need explicit management
protocols. Given historical problems with protocol adherence,
particularly for more complicated algorithms, computer-based
interfaces are a natural fit for clinical trials. However, clinical
trials using algorithms for ventilation management must also
address the different modes of ventilation and granularity of
ventilator changes in pediatric practice, overcome challenges
with patient recruitment, address the shortcomings of the AECC
definitions of ALI and ARDS, and consider enrollment based on
the more reliable yet still unpredictable relationship between
lung injury severity and outcome. Finally, we must find ways for
more objective assessment of potentially biased alternative out-
come measures and validate existing or develop new measures of
long-term morbidity, given improvements in mortality (Table 1).
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