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Although variation of position is innate to healthy sub-
jects, practitioners usually orient critically ill patients in a
supine, semirecumbent posture for days to weeks, with
only periodic, side-to-side repositioning through a rela-
tively shallow 30-60° arc. Experimental data [1] and
clinical observations [2-4] demonstrate physiologic ben-
efit from prone positioning during acute lung injury
(ALI), but recent large clinical trials have been unable to
confirm survival benefit in diverse populations of patients
labeled as having ALI/acute respiratory distress syndrome
(ARDS) [5-7]. However, posttrial subgroup analyses hint
that certain patient subgroups may indeed benefit from
prone orientation. Severely ill patients, those experiencing
improved CO, exchange, and those ventilated with large
tidal volumes appear more likely to benefit than other
members of the general cohort [5]. A superb meta-anal-
ysis of pooled data appears in this issue, focusing on those
relative few with the worst oxygen exchange [8]. This
analysis shows convincingly that, while proning cannot be
recommended for all patients with acute lung injury, it
does hold therapeutic value for some.

With the ascendance of evidence-based approaches to
medical practice, clinicians have come to depend on
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Prone positioning for ARDS: defining the target

randomized clinical trials (RCTs) to confirm or refute the
value of therapeutic options used in medical practice.
Although RCTs are of unquestioned benefit when realistic
outcome variables and mechanistically sound trial design
are applied to an appropriate population, numerous failed
trials conducted in critical care settings demonstrate how
vulnerable RCTs are to imprecise definitions, loose
selection criteria, incomplete physiological understand-
ing, and restricted availability of suitable subjects. In the
wake of an RCT that fails to demonstrate outcome benefit,
an intervention of life-saving value for a well-selected
few may be shelved due to the lack of definitional pre-
cision and sufficient numbers.

Prone positioning (PP) provides an illuminating
example. There is little question that PP can be expected
to redistribute trans-lung forces, reduce the supine gra-
dient of trans-lung pressure [2], recruit and stabilize
dorsal lung units, relieve cardiac compression of lung
tissue [4], and favor mouthward migration of retained
airway secretions [3]. Such actions—on average—reli-
ably improve oxygenation and airway drainage,
particularly in the earlier stages of the injury process.
However, currently we know neither the optimal daily
duration of prone positioning nor when to initiate PP, nor
once applied how many days to persist with it.

While many nursing units are now proficient in
effecting PP when indicated [9], experience has shown
that proning holds the potential for harm as well as good.
Stringent precautions must be observed to prevent pres-
sure ulcers and inadvertent misadventures with displaced
or kinked tubes and catheters. Such problems are likely to
parallel the duration of prone positioning. In theory,
mobile and gravity-driven biofluids (infected secretions,
inflammatory edema) migrating along the airway have the
potential to propagate initially focal injury or infection
from dorsal to more ventral zones [10].

Clues from the first large Italian trial of PP suggested
that, with mortality reduction as the objective, only
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restricted subsets of patients—those with the most severe
disease and those who are recruitable—are good candi-
dates [5, 11]. At first glance, the just published
prospective follow-up RCT of PP conducted in ARDS
patients with moderate to severe hypoxemia both disap-
points in not showing overall benefit and affirms that
potential benefits are most likely to accrue in those most
severely affected [12]. The signal, while clearly present,
is not overwhelmingly strong and would have required
enrolment of many more patients for the trend to reach
statistical significance. To achieve sufficiently large
sample size in such a low-incidence disease state would
have required additional years of data collection. Exactly
why the signal from the severity-targeted study was not
stronger is debatable, but one attractive possibility is that
ventilator-induced lung injury (VILI) is strongly influ-
enced by tidal volume and plateau pressure, which were
more closely regulated in the prospective follow-up study.
This lung-protective measure would dampen VILI risk
and mask any benefit from proning maneuvers.

The novel contribution of the report by Sud et al. [8],
which included studies regardless of proning duration and
timing, is that the meta-analysis pools the collective
published experience with patients with uncommonly
severe disease and thereby helps define the subpopulation
likely to benefit from an inconsistently life-saving inter-
vention. Even severe hypoxemia, however, may itself be
too inclusive a category to identify those most amenable
to PP. The key to survival benefit may not be improved
oxygen exchange—which occurs in most proned subjects
and can be achieved by redistributing perfusion without
increasing the number of functional lung units or relieving
stress and strain, As suggested by Gattinoni’s earlier
analysis [11], recruitment may be the characteristic that
determines PP’s value, and “recruitable” patients are only
a subset of those with severe hypoxemia. Quantitating

recruitment at the bedside remains elusive in today’s
medical practice, but techniques that are just now coming
on line, such as electrical impedance tomography (EIT)
and gas dilution functional residual capacity (FRC), raise
hopes for better precision and logistical feasibility.
Failed RCTs do not invalidate PP as a tool for ARDS
management. The work by Sud et al. [8] clearly demon-
strates that PP can be life-saving if the patients are well
selected and the timing of the intervention is appropriate.
How then to best utilize this tool, and in whom? In the
absence of unassailable RCT guidance, there are no
absolute mandates or prohibitions; the decision to
implement PP remains a matter of individual judgment,
tempered by empiricism. My own approach is as follows:
Unless otherwise contraindicated, an empirical trial of
proning should be attempted in those receiving ventilatory
support whose severely impaired oxygenation fails to
respond to usual measures, including sedation, recruiting
maneuvers, and high positive end-expiratory pressure
(PEEP). Because misadventures may arise during PP,
proning should be limited to those with severe ARDS (as
indicated by PaO,/FiO, /<100 mmHg) who show con-
vincingly positive recruiting responses within a few hours
of being turned. Even when successful, PP is continued no
longer than 3—4 days, or until dramatic improvement in
the underlying process is documented. Though PaO, may
adequately classify disease severity, PaCO, better tracks
gas exchange efficiency and perhaps better reflects the
recruitment that appears to be central to PP benefit [11].
Recruiting maneuvers are employed after PP, both for
their potential to reopen refractory units as well as to set
the appropriate level of PEEP. In my view, proning
clearly is not to be used in every patient with acute lung
injury, but remains a valuable, even life-saving, option for
those most likely to succumb to this devastating problem.
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Abstract Background: Prone
position ventilation for acute hypox-
emic respiratory failure (AHRF)
improves oxygenation but not sur-
vival, except possibly when AHREF is
severe. Objective: To determine
effects of prone versus supine venti-
lation in AHRF and severe
hypoxemia [partial pressure of arte-
rial oxygen (PaO,)/inspired fraction
of oxygen (FiO,) <100 mmHg]
compared with moderate hypoxemia
(100 mmHg < PaO,/
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FiO, < 300 mmHg). Design: Sys-
tematic review and meta-analysis.
Data Sources: Electronic databases
(to November 2009) and conference
proceedings. Methods: Two authors
independently selected and extracted
data from parallel-group randomized
controlled trials comparing prone
with supine ventilation in mechani-
cally ventilated adults or children
with AHRF. Trialists provided sub-
group data. The primary outcome was
hospital mortality in patients with

patients with PaO,/

FiO, <100 mmHg [risk ratio (RR)
0.84, 95% confidence interval (CI)
0.74-0.96; p = 0.01; seven trials,

N = 555] but not in patients with
Pa0O,/FiO, =100 mmHg (RR 1.07,
95% CI 0.93-1.22; p = 0.36; seven
trials, N = 1,169). Risk ratios dif-
fered significantly between subgroups
(interaction p = 0.012). Post hoc
analysis demonstrated statistically
significant improved mortality in the
more hypoxemic subgroup and sig-

endotracheal tube obstruction (RR
1.58, 95% CI 1.24-2.01), and chest
tube dislodgement (RR 3.14, 95% CI
1.02-9.69). There was no statistical
between-trial heterogeneity for most
clinical outcomes. Conclu-

sions: Prone ventilation reduces
mortality in patients with severe
hypoxemia. Given associated risks,
this approach should not be routine in
all patients with AHRF, but may be
considered for severely hypoxemic
patients.

AHRF and PaO,/FiO, <100 mmHg.
Meta-analyses used study-level ran-
dom-effects models. Results: Ten
trials (N = 1,867 patients) met
inclusion criteria; most patients had
acute lung injury. Methodological
quality was relatively high. Prone
ventilation reduced mortality in

Introduction

Acute lung injury (ALI) and the more hypoxemic sub-
group of acute respiratory distress syndrome (ARDS) may
occur after many primary or secondary pulmonary inju-
ries, leading to a common syndrome characterized by
hypoxemia, pulmonary congestion, and decreased pul-
monary compliance. This syndrome is associated with
substantial mortality [1, 2], morbidity [3, 4], and costs [5].
Mechanical ventilation usually corrects tissue hypoxemia
[6] but also may be complicated by ventilator-induced
lung injury. Although lower tidal volume [7] reduces
ventilator-induced lung injury, mortality in patients with
ARDS remains high [1, 2].

Mechanical ventilation of patients with ALI in the
prone position, first suggested in 1974 [8], optimizes both
lung recruitment and ventilation—perfusion matching [9].
Collapse due to gravity of ventral lung segments in the
prone position is less than that of dorsal lung segments in
the supine position [10, 11], while lung perfusion in the
prone position is more evenly distributed [12]. Other
potentially important improvements include enhanced
postural drainage of secretions [13] and decreased alve-
olar overdistension [14], cyclic alveolar collapse, and
ventilator-induced lung injury [15].

Multicenter randomized trials [16—18] and systematic
reviews [19-23] have failed to demonstrate that prone
ventilation improves overall mortality in patients with
acute hypoxemic respiratory failure, despite the strong
physiological rationale. Subgroup analyses have sug-
gested a mortality benefit in patients with severe

nificant differences between
subgroups using a range of PaO,/FiO,
thresholds up to approximately

140 mmHg. Prone ventilation
improved oxygenation by 27-39%
over the first 3 days of therapy but
increased the risks of pressure ulcers
(RR 1.29, 95% CI 1.16-1.44),

Keywords Acute lung injury -
Prone position - Hypoxia -
Randomized controlled trial -
Systematic review - Meta-analysis

hypoxemia [16] or with higher severity of illness [16, 21,
22]. However, these analyses are limited by reporting bias
due to lack of subgroup data from most trials [21, 22],
limited numbers of patients and events [16, 21, 22], and
omission of appropriate statistical tests to detect subgroup
differences [24].

The objective of this systematic review, performed in
collaboration with prone ventilation trialists, was to
determine whether prone ventilation reduces mortality
compared with supine ventilation in patients with acute
hypoxemic respiratory failure and severe hypoxemia.
We reasoned that patients with severe hypoxemia would
be the most likely to benefit from prone ventilation
because the main effect of prone ventilation is to
improve oxygenation [19], and clinicians use this tech-
nique primarily for refractory hypoxemia [25].
Furthermore, the proposed protective effects of prone
ventilation occur due to lung recruitment, and patients
with more severe hypoxia have more recruitable lung
[26]. A priori, we hypothesized that prone ventilation
would reduce mortality in severely hypoxemic patients,
defined by baseline ratio of partial pressure of arterial
oxygen (PaO,) to inspired fraction of oxygen
(FiO,) <100 mmHg, but not in patients with moderate
hypoxemia (100 mmHg < PaO,/FiO, < 300 mmHg).
We chose a threshold PaO,/FiO, of 100 mmHg to
identify severe hypoxemia because this value was used
to stratify patients in the most recent randomized con-
trolled trial (RCT) of prone ventilation [27] and because
bedside clinicians can readily determine whether a
patient’s PaO,/FiO, is above or below this threshold.


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel



587

Methods
Study identification

We updated our previous search [19] using systematic
methods (Appendix) to identify RCTs of mechanical
ventilation in the prone compared with supine position in
patients with ALI, ARDS, and acute hypoxemic respira-
tory failure [28]. We identified all relevant trials using the
following techniques: electronic searches of MEDLINE,
EMBASE, and CENTRAL (from inception to November
2009); manual searches of reference lists from included
studies and review articles; manual and electronic sear-
ches of conference proceedings of the American Thoracic
Society (1994-2009), Society of Critical Care Medicine
(1994-2009), European Society of Intensive Care Medi-
cine (1994-2009), American College of Chest Physicians
(1994-2009), and the International Symposium on
Intensive Care and Emergency Medicine (1997-2009);
and contact with primary investigators. Finally, we sear-
ched for unpublished and ongoing trials in
clinicaltrials.gov and controlled-trials.com [29]. No lan-
guage restrictions were applied [30].

Study eligibility

Two investigators independently evaluated retrieved
studies for possible inclusion and resolved differences by
consensus [31]. We included studies if they (1) enrolled
mechanically ventilated adults or postneonatal children
with acute hypoxemic respiratory failure (defined by
PaO,/FiO, <300 mmHg); (2) randomly assigned patients
to two or more groups, including a treatment group ven-
tilated at least once in the prone position and a control
group ventilated in the supine position, with an inter-
vention period of at least 48 h in duration; and (3)
reported any of our primary or secondary outcomes (see
below).

Trials allocating patients in alternating fashion or by
hospital registry number (quasirandomization) or trials
with co-interventions (such as high-frequency oscillation
or nitric oxide) specified as part of the intervention and
applied equally to both groups were also eligible. We
excluded randomized crossover trials in which patients
received both treatment and control interventions in ran-
dom order. We also excluded short-term trials in which
the intervention was applied for <48 h, because we
believed that outcomes would be minimally affected by
applying the intervention for such a short duration.

We included trials in which prone positioning was
used early (within 72 h after initiation of mechanical
ventilation for acute hypoxemic respiratory failure) and as
late or rescue therapy (72 h after initiation of mechanical
ventilation), and trials in which prone ventilation was
applied intermittently (for a predefined period of time

each day) or continuously (without interruption for the
duration of the study period).

Data extraction and study quality

Two reviewers independently abstracted data on study
methods, details of prone ventilation (including duration
of prone ventilation per day and total duration of the
intervention period) and general mechanical ventilation,
and study outcomes. Disagreements were resolved by
consensus.

We abstracted data on: method of randomization and
allocation concealment, number of postrandomization
withdrawals and losses to follow-up, and crossovers
between assigned groups [32]. Allocation concealment
was assessed according to the criteria of the Cochrane
Collaboration [33]. We also determined whether studies
were stopped early for benefit [34] or for other reasons
such as harm or futility. Since blinding of caregivers,
patients, and family members is impossible in a trial
evaluating prone ventilation, we determined whether
outcome assessors were blinded to the diagnosis of
ventilator-associated pneumonia (VAP) and whether
important co-interventions such as weaning, sedation and
paralysis, steroids, and use of rescue therapies for hyp-
oxemia (inhaled nitric oxide, high-frequency oscillation,
extracorporeal oxygenation) were standardized or equally
applied in treatment and control groups.

The authors of included trials collaborated in this
systematic review by reviewing original trial data, pro-
viding previously unpublished data for subgroups of
patients, and clarifying data and methods.

Outcomes

The primary outcome was mortality in the subgroup of
patients with severe acute hypoxemic respiratory failure,
defined by baseline PaO,/FiO, <100 mmHg, compared
with mortality in patients with 100 mmHg < PaO,/
FiO, < 300 mmHg. For each study, mortality was
determined at hospital discharge or, if not available, at the
longest duration of follow-up. Secondary outcomes
included mortality stratified according to the same
threshold PaO,/FiO, but limited to patients with ALI/
ARDS; and in all patients, duration of mechanical venti-
lation, ventilator-free days to day 28, and adverse events
(VAP, pressure ulcers, endotracheal tube obstruction,
unplanned extubation, unplanned removal of central
venous catheters or arterial lines, unplanned removal of
chest tubes, pneumothoraces, and cardiac arrests). We
also considered the effect on PaO,/FiO, ratio on the first,
second, and third calendar day after randomization in all
patients. We measured the oxygenation effect of prone
positioning by comparing the mean PaO,/FiO, ratio
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measured in the prone group with the closest available
recorded measurement in the supine group. Where more
than one measurement was taken we chose the measure-
ment closest to the end of the proning session on that day.

We analyzed patients according to assigned group for
all outcomes.

Statistical analysis

We aggregated outcome data at the trial level and per-
formed statistical calculations with Review Manager
(RevMan) 5.0 (2009; The Cochrane Collaboration,
Oxford, UK) and STATA 9.2 (2006; StataCorp, TX,
USA) using random-effects models. Random-effects
models incorporate both within-study and between-study
variation and provide more conservative treatment esti-
mates when heterogeneity is present. We reported
continuous outcomes using mean differences (a measure
of absolute change) and ratios of means (a measure of
relative change [35]), and binary outcomes as risk ratios
(RR). For the primary outcome, we performed a z test of

interaction between the RR for mortality in the subgroup
of patients with PaO,/FiO, <100 mmHg and the RR in
the subgroup of patients with PaO,/FiO, >100 mmHg,
which tests the null hypothesis that the treatment effect in
each subgroup is the same. In a post hoc analysis, we
conducted similar comparisons of the more versus less
hypoxemic subgroups using PaO,/FiO, thresholds rang-
ing from 80 to 200 mmHg, in increments of 10 mmHg.
All statistical tests were two sided. We considered
p < 0.05 as statistically significant in all analyses and
report individual trial and summary results with 95%
confidence intervals (CIs).

We assessed between-study heterogeneity for each
outcome using the I? measure [36, 37]. We considered
statistical heterogeneity to be low for I* = 25-49%,
moderate for I° = 50-74%, and high for I’ > 75% [37].

To assess publication bias we examined funnel plots of
treatment effect versus study precision and assessed sta-
tistically using Begg’s rank correlation test [38] and
modified Macaskill’s regression test [39]. Given the low
power of these tests, we assumed a more liberal level of
significance (p < 0.10) to indicate publication bias.

Fig. 1 Flow diagram for
studies included in this review.
ALI acute lung injury, ARDS
acute respiratory distress
syndrome, RCT randomized
controlled trial

other sources, n=18

Records identified and screened from
electronic databases, n=2683; and

Excluded, n = 2649

e Duplicate citations, n = 813

e Did not meet screening criteria
(not randomized, enrolled
neonates or preterm infants,

A

wrong intervention, not ALI or
ARDS), n = 1836

evaluation, n=52

Records retrieved for more detailed

Excluded, n = 42
e Duplicate studies, n=8

e Ongoing RCT, n=1

e Outcomes data not provided or
unavailable after author contact,
n=2

A

\4
L]

Enrolled neonates, n=2

e All patients received ventilation
in the prone position, n=4

e Non-supine control group, n=3

e Crossover randomized design,

Trials included in this review, n=10

n=11
e Determined to be non-
randomized after author contact,

n=3
e Not confirmed to be randomized
after author contact, n=2
e RCT of <48 hours duration, n=5
e Planned RCT, n=1
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Results

Literature search

We identified 2,683 citations from searches of electronic
bibliographic databases and 18 citations from other sour-
ces. We retrieved 52 records for detailed evaluation, of
which 10 trials [16-18, 27, 40—45] met criteria for inclu-
sion in our review (Fig. 1). One study [40] was verified to
be randomized after contacting authors [46, 47]. We
identified eight publications [46-53] whose authors pro-
vided duplicate or supplementary data. We excluded five
trials [54-58] in which the intervention period was less
than 48 h and identified one ongoing study that would
meet inclusion criteria [59]. Reviewers had perfect
agreement for study inclusion. The largest trial (n = 802)
[17] enrolled patients with acute hypoxemic respiratory
failure (PaO,/FiO, <300 mmHg), including ALI/ARDS
(n = 413). One other trial [45] enrolled patients requiring
mechanical ventilation with Glasgow coma score <9,
for which we included only patients with PaO,/
FiO, <300 mmHg at baseline. All other trials reporting
mortality enrolled exclusively patients with ALI/ARDS.

Study characteristics and methodological quality

The ten included trials (Table 1) [16-18, 27, 40-45]
enrolled 1,867 patients (median 77 per trial, range 16—
802). One trial (n = 102) enrolled children [41]. Most
trials enrolled patients within 72 h after the development
of hypoxemic respiratory failure [18, 27, 40-43, 45], but
two studies did not limit the duration of acute hypoxemic
respiratory failure prior to enrolment [16, 17]. The median
PaO,/FiO, at baseline was 122 (range 100-243) mmHg.
Patients in the included trials were ventilated in the prone
position for a median of 14 h per day (range 4-24 h), and
prone ventilation was continued either for a prespecified
duration [40, 44] or until prespecified clinical improve-
ments [16—18, 27, 41-43, 45] (median duration of proning
4.7 days, range 4-10 days).

The included trials had relatively high methodological
quality (Table 1). Eight trials concealed allocation [16—
18, 27, 41-43, 45], one trial [40] did not conceal alloca-
tion [46, 47], and another enrolled alternating patients
[44]. All trials analyzed outcomes for patients by assigned
group. Seven studies were terminated prematurely after
meeting prespecified criteria for futility [41] or because of
slow recruitment [16, 18, 40, 42, 43, 45]. For the trials
that reported mortality, vital status was known at the end
of follow-up for all patients in three trials [40, 41, 43] and
losses were less than 5% of those randomized in six trials
(12/802 [17], 6/142 [18], 6/344 [27], 2/42 [42], 2/53 [45],
7/304 [16]). Seven trials reported crossovers between
groups; these involved <6% of randomized patients for
five trials (12/304 [16], 4/102 [41], 5/136 [18], 2/40 [42],

20/342 [27]), and 12% (6/51[45]) and 32% (251/791[17])
in two trials. Five trials mandated low-tidal-volume ven-
tilation (6-8 ml/kg body weight) [27, 40-43], and five
trials [18, 27, 40, 41, 43] used mechanical ventilation
guidelines or protocols during the study period. Protocols
for sedation [18, 41, 42, 44] and for weaning from
mechanical ventilation [17, 18, 41, 42] were used in four
trials each. Blinded assessment [45] or independent
adjudication [17] for VAP was used in two of seven trials
that reported this outcome [17, 18, 40, 42-45].

Quantitative data synthesis

Mortality

Seven [16-18, 27, 40-42] of ten trials provided mortality
stratified by baseline PaO,/FiO, and were included in the
primary analysis. Two trials [43, 45] could not be included
in the analysis because only one patient [43] or no patients
[45] had PaO,/FiO, <100 mmHg, and one trial did not
report mortality [44]. The seven trials [16-18, 27, 40-42]
in the primary analysis had the lowest baseline PaO,/FiO,
(median 113 mmHg, range 100-152 mmHg), and all but
one trial [41] followed patients to hospital discharge [18,
40, 42, 43, 45] or at least 90 days [16, 17, 27]. Prone
ventilation significantly reduced all-cause mortality
(Fig. 2) in patients with baseline PaO,/FiO, <100 mmHg
(RR 0.84, 95% C1 0.74-0.96; p = 0.01; N = 555) but not
in patients with baseline PaO,/FiO, >100 mmHg (RR
1.07, 95% CI 0.93-1.22; p = 0.36; N = 1,169). The test
for interaction between these subgroups was statistically
significant (p = 0.012), indicating that treatment effects
differed significantly in subgroups with severe and mod-
erate baseline hypoxemia.! Considering all patients
together, regardless of severity of hypoxemia, there was no
effect on mortality (RR 0.97, 95% CI 0.88-1.07;
p = 0.54; N =1,786). In the severely hypoxemic sub-
group, the number of patients needed to prone to prevent
one death was 11 (95% CI 6-50, calculated from a ran-
dom-effects risk difference model).

Since two trials [17, 45] included patients with acute
hypoxemic respiratory failure but without ALI/ARDS, we
also analyzed mortality limited to patients with ALI/
ARDS. Results were similar, although the interaction p
value (0.06) was not statistically significant: RR 0.85,
95% CI 0.74-0.98, p = 0.02 in patients with baseline
PaO,/FiO, <100 mmHg (N = 495), and RR 1.04, 95%
CI 0.89-1.22, p = 0.60 in patients with baseline PaO,/
FiO, =100 mmHg (N = 852).

"Two trials were excluded from this subgroup analysis because only
one patient [43] or no patients [45] had PaO,/FiO, <100 mmHg.
Adding data from these two trials to the PaO,/FiO, >100 mmHg
subgroup caused small changes to the pooled effect estimate for this
subgroup (RR 1.05, 95% CI 0.92-1.20, p = 0.44; N = 1,230) and
test for subgroup interaction (p = 0.019).
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Study Prone Supine Risk Ratio Weight Risk Ratio

or sub-category n/N n/N 95% Cl % 95% Cl

All Patients

Gattinoni 2001 92/148 87/149 27.67 1.06 [0.88, 1.28]
Beuret 2002 4/12 4/9 0.81 0.75 [0.25, 2.22]
Guerin 2004 179/413 159/377 —L— 36.18 1.03 [0.87, 1.21]
Curley 2005 4/51 4/51 0.53 1.00 [0.26, 3.78]
Voggenreiter 2005 1/21 3/19 < 0.20 0.30 [0.03, 2.66]
Mancebo 2006 38/76 37/60 — 10.47 0.81 [0.60, 1.10]
Chan 2007 5/11 6/11 — 1.33 0.83 [0.36, 1.94]
Fernandez 2008 8/21 10/19 — 1.97 0.72 [0.36, 1.45]
Taccone 2009 79/166 91/172 — 20.84 0.90 [0.73, 1.11]
Subtotal (95% Cl) 410/919 401/867 X 3 100.00 0.97 [0.88, 1.07]
Test for Overall Effect: p=0.54

Heterogeneity: 12 =0%

PaO,/FiO, > 100 Subgroup

Gattinoni 2001 57/95 52/103 4+ 28.45 1.19 [0.92, 1.53]
Guerin 2004 126/323 110/302 —-— 44.31 1.07 [0.88, 1.31]
Curley 2005 3/30 2/28 » 0.62 1.40 [0.25, 7.77]
Mancebo 2006 16/33 16/31 —_— 7.54 0.94 [0.58, 1.53]
Chan 2007 3/4 0/4 » 0.25 7.00 [0.47, 103.27]
Fernandez 2008 3/12 7/14 —— 1.46 0.50 [0.16, 1.52]
Taccone 2009 40/93 43/96 —_— 17.37 0.96 [0.70, 1.33]
Subtotal (95% Cl) 248/590 230/578 » 100.00 1.07 [0.93, 1.22]
Test for Overall Effect: p=0.35

Heterogeneity: 12 =0%
PaO,/FiO, < 100 Subgroup

Gattinoni 2001 35/53 35/46 —a 28.31 0.87 [0.67, 1.12]
Guerin 2004 53/90 49/75 —= 31.56 0.90 [0.71, 1.14]
Curley 2005 1/21 2/23 ¢ » 0.33 0.55 [0.05, 5.61]
Mancebo 2006 22/43 21/29 — 13.25 0.71 [0.49, 1.02]
Chan 2007 2/6 6/7 — 1.31 0.39 [0.12, 1.25]
Fernandez 2008 5/9 2/4 1.38 1.11 [0.36, 3.48]
Taccone 2009 39/73 48/76 —s 23.86 0.85 [0.64, 1.11]
Subtotal (95% CI) 157/295 163/260 <@ 100.00 0.84 [0.74, 0.96]
Test for Overall Effect: p=0.01

Heterogeneity: 12 =0%

0.2 0.5 1 2 5

Fig. 2 Effect of prone ventilation on mortality (at hospital
discharge or longest duration of follow-up). The z test for subgroup
interaction was statistically significant (p = 0.012). Trialists ver-
ified all overall and subgroup mortality data; overall mortality data
differed from the original publication in one case [16]. Patients lost
to follow-up were removed from the denominator. Results are
unchanged if these patients are retained in the denominator and
assumed to be alive at the end of the follow-up period, as done in

We found no evidence of statistical heterogeneity for
all mortality analyses (I* = 0%). Neither Begg’s rank
correlation test (p = 0.52) nor the modified Macaskill’s
regression test (p = 0.37) suggested publication bias.

Post hoc analyses using varying PaO,/FiO, thresholds
(Fig. 3) suggested improved mortality in the more
severely hypoxemic subgroup using PaO,/FiO, thresholds
up to approximately 140 mmHg to define this subgroup.

Oxygenation and nonmortality clinical endpoints

On days 1-3 after randomization, prone ventilation
increased PaO,/FiO, ratio in seven trials [16, 18, 27, 40—
42, 44], by 27-39% (Fig. 4). Prone ventilation also
reduced VAP (RR 0.81, 95% CI 0.67-1.00, p = 0.05;

Favors prone Favors supine

two trials that followed up patients for 6 months [16, 27]. Baseline
PaO,/FiO, values were unavailable for one patient in the prone
group in one trial [40] and one patient in the supine group in
another trial [42]. Weight is the contribution of each study to the
overall risk ratio. CI confidence interval, I* percentage of total
variation across studies from between-study heterogeneity rather
than chance, »n/N = number of deaths/number of patients
randomized

eight trials [17, 18, 40, 42—45], N = 1,066). Despite these
improvements, there was no effect on duration of
mechanical ventilation (mean difference —0.70 days,
95% CI —2.01 to +0.62 days, p = 0.30; eight trials [16,
17, 27, 41-45], N = 1,588) or ventilator-free days to
day 28 (mean difference —0.88 days, 95% CI —2.14 to
+0.37 days, p = 0.17; five trials [16, 27, 41, 42, 45],
N = 771). Statistical heterogeneity was low to moderate
for physiologic and clinical endpoints (I* = 0-35%).

Adverse events (Table 2)
Prone positioning increased the risk of pressure ulcers (RR

1.29,95% CI 1.16-1.44, p < 0.00001; seven trials [16, 18,
40, 41, 43, 451, N = 1,279), endotracheal tube obstruction
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Fig. 3 Effect of prone ventilation on mortality in severe and
moderate baseline hypoxemic subgroups for a range of PaO,/FiO,
threshold values. Error bars indicate width of 95% confidence
interval of relative risk in the severe (black squares) and moderate
(white squares) baseline hypoxemic subgroups. * Interaction p
value <0.05, indicating that treatment effects differed significantly
in subgroups with severe and moderate baseline hypoxemia at the
PaO,/FiO, threshold. * Treatment effect p value <0.05, indicating
that prone ventilation significantly decreased mortality in the
subgroup with severe baseline hypoxemia defined using the PaO,/

FiO, threshold. p-Values were not corrected for multiple compar-
isons. Trials with no or all patients with events (i.e., risk ratio not
calculable) in either the severe or moderate baseline hypoxemia
subgroup were excluded from both subgroups at each PaO,/FiO,
threshold. If the data from these trials are included in the subgroup
in which the trial has some patients with events, there are no
significant changes to the results. CI confidence interval, N number
of randomized patients included for each subgroup at the PaO,/
FiO, threshold

Study Prone Supine Ratio of Means Weight Ratio of Means
or sub-category N N 95% ClI % 95% ClI

Day 1

Gattinoni 2001 147 148 —— 25.70 1.53 [1.40, 1.69]
Watanabe 2002 8 8 _— 12.50 1.39 [1.16, 1.66]
Curley 2005 48 51 —_— 12.82 1.50 [1.26, 1.79]
Mancebo 2006 73 59 _ 14.71 1.25 [1.07, 1.47]
Chan 2007 11 11 —+=—% 2.89 1.53 [1.00, 2.34]
Fernandez 2008 21 15 — 6.41 1.22 [0.93, 1.61]
Taccone 2009 160 169 _— 24.97 1.31 [1.19, 1.44]
Subtotal (95% CI) 468 461 < 100.00 1.39 [1.29, 1.50]
Test for Overall Effect: p=<0.00001
Heterogeneity: 12 =35%

Day 2

Gattinoni 2001 121 148 —-— 24.21 1.35 [1.21, 1.50]
Watanabe 2002 8 8 _— 12.90 1.38 [1.16, 1.65]
Curley 2005 45 49 s 12.47 1.14 [0.95, 1.37]
Mancebo 2006 71 59 —_— 15.60 1.27 [1.09, 1.49]
Chan 2007 8 7 —_—) 2.16 2.09 [1.26, 3.46]
Fernandez 2008 21 18 — 7.40 1.18 [0.91, 1.53]
Taccone 2009 159 167 —— 25.26 1.20 [1.09, 1.33]
Subtotal (95% Cl) 433 456 < 100.00 1.27 [1.18, 1.37]
Test for Overall Effect: p=<0.00001
Heterogeneity: 12 =30%

Day 3

Gattinoni 2001 95 139 — 29.04 1.26 [1.13, 1.40]
Watanabe 2002 8 8 _— 14.59 1.46 [1.21, 1.76]
Curley 2005 41 47 —— 16.16 1.19 [1.00, 1.42]
Chan 2007 8 7 2.74 1.08 [0.66, 1.77]
Fernandez 2008 20 17 7.58 1.47 [1.10, 1.94]
Taccone 2009 153 161 —a— 29.90 1.23 [1.11, 1.37]
Subtotal (95% CI) 379 <& 100.00 1.27 [1.19, 1.35]
Test for Overall Effect: p=<0.00001

Heterogeneity: 12=0%

0.5 0.7 1 1.5 2

Fig. 4 Effect of prone ventilation on PaO, (partial pressure of
arterial oxygen)/FiO, (inspired fraction of oxygen) on postrandom-
ization calendar days 1-3. Ratio of means = mean PaO,/FiO, in
the prone group (in the prone position)/mean PaO,/FiO, in the

Supine Higher Prone Higher

supine group (at the closest available time). Weight is the
contribution of each study to the overall ratio of means. CI
confidence interval, I? percentage of total variation across studies
due to between-study heterogeneity rather than chance
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Table 2 Adverse events

Adverse events Trials (patients, events) Treatment effect Heterogeneity
Risk ratio [95% CI] p-Value P (%)

Ventilator-associated pneumonia 7 (1,066, 242) 0.81 [0.67, 1.00] 0.05 0
Pressure ulcers 6 (1,279, 620) 1.29 [1.16, 1.44] <0.00001 0
Endotracheal tube obstruction 7 (1,351, 184) 1.58 [1.24, 2.01] <0.001 0
Unplanned extubation or endotracheal 10 (1,813, 155) 1.07 [0.69, 1.65] 0.77 25

tube dislodgement®
Unplanned removal of central or arterial lines 8 (886, 59) 1.49 [0.42, 5.27] 0.54 67
Thoracostomy tube dislodgement 8 (886, 17) 3.14 [1.02, 9.69] 0.05 0
Pneumothorax 7 (1,167, 67) 0.75 [0.47, 1.20] 0.23 0
Cardiac arrests 7 (1,031, 164) 0.96 [0.73, 1.26] 0.77 Not alpplicableb

Random-effects models were used for all analyses

CI confidence interval, I* percentage of total variation across studies from between-study heterogeneity rather than chance
? One trial [27] included all endotracheal tube dislodgement events (not just unplanned extubations). Excludlng the results of this trial
from the meta-analysis changes the risk ratio for unplanned extubation to 0.86 (95% CI 0.62-1.20, p = 0.38, I* = 0%, nine trials, 1,471

atients, 129 events)

Meta-analysis was not performed because all events occurred in the same trial

(RR 1.58,95% CI 1.24-2.01, p = 0.0002; seven trials [17,
27, 41-45], N = 1,351), and inadvertent chest tube
removal (RR 3.14, 95% CI 1.02-9.69, p = 0.05; eight
trials [16, 27, 40-45], N = 886, of which only two trials
[16, 27] reported any events). We found no significant
differences in the risk of unplanned extubation, unplanned
removal of central venous or arterial lines, pneumotho-
races, and cardiac arrests. There was no statistical
heterogeneity for adverse event analyses (I* = 0%),
except for the outcomes of unplanned extubations or
endotracheal tube dislodgements (I* = 25%) and unplan-
ned removal of central venous or arterial lines (> = 67%).
For both of these latter two adverse events, the most recent
trial [27] found statistically significantly increased risks.

Post hoc mortality analysis comparing short versus long
duration of prone ventilation

In another post hoc analysis, we compared mortality in
trials with a mean duration of prone ventilation above the
median of 14 h per day (RR 0.86, 95% CI 0.73-1.01;
p = 0.07; five trials [18, 27, 40-42], published in 2005 or
later, N = 638) with trials with duration of prone venti-
lation below the median (RR 1.04, 95% CI 0.92-1.17;
p = 0.57; four trials [16, 17, 43, 45], published in 2005 or
earlier, N = 529). There was a trend to different treat-
ment effects between these longer- versus shorter-
duration trials, but the interaction p value was not statis-
tically significant (0.06).

Discussion

The main finding of our systematic review is that
mechanical ventilation in the prone position has a

different impact on mortality in patients with acute hyp-
oxemic respiratory failure depending on the extent of
hypoxemia: it reduces mortality in those with severe
hypoxemia, defined by baseline PaO,/FiO, <100 mmHg,
but not in those with less severe hypoxemia. Post hoc
analysis demonstrated that the statistically significant
difference between the relative risk of death in the more
severely hypoxemic subgroup compared with the less
severely hypoxemic subgroup was robust across several
Pa0,/FiO, thresholds up to approximately 140 mmHg.
Other benefits of prone ventilation included significant
improvements in oxygenation on days 1-3 and reduced
VAP, although there was no decrease in duration of
ventilation. The risks of pressure ulcers, endotracheal tube
obstruction, and possibly line and tube dislodgement were
increased. Results were consistent among trials for mor-
tality and most other clinical outcomes, with low to
moderate between-trial differences for oxygenation out-
comes, strengthening our findings.

The 16% reduction in the relative risk of death among
patients with PaO,/FiO, <100 mmHg was consistent with
our a priori hypothesis that improved oxygenation during
prone ventilation would be clinically important in patients
at high risk of death from profound hypoxemia. In a
post hoc analysis, the first multicenter RCT of prone
ventilation [16] showed improved mortality in the quartile
of patients with the most severe hypoxemia. The treat-
ment effect, however, did not significantly differ from that
in less hypoxemic patients, possibly due to inadequate
statistical power. In our meta-analysis, we analyzed
mortality stratified by severity of hypoxemia for all trials
of prone ventilation which measured this outcome,
thereby providing a more robust and powerful analysis.

A physiologic explanation for our finding is that
ventilation in the prone position recruits collapsed regions

[10, 11] of the lung without increasing airway pressure
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[16, 18, 41, 42] or hyperinflation [14]. Thus, the delivered
tidal volume and peak pressure are dispersed to more
alveoli, decreasing the risk of alveolar injury from stretch
and strain forces [15]. This lung-protective effect of prone
ventilation may be less important in patients with less
severe hypoxemic respiratory failure, but appears to be
highly relevant for patients with severe hypoxemia
(mostly due to ARDS) who are most at risk for alveolar
injury from shear and strain forces due to the low ratig of
normal to collapsed lung [60]. In severely hypoxemic
patients, prone ventilation may provide additive benefit to
the lung-protective strategy of lowering delivered tidal
volumes [7].

A practical question facing clinicians using this
intervention is the optimal duration of prone positioning.
This issue is difficult to address with the available data.
Our post hoc analysis did not show a significant differ-
ence in effect on mortality between trials implementing
longer versus shorter daily duration of prone ventilation.
Furthermore, the analysis was based on subgroups of
trials rather than subgroups of patients within trials, and
these subgroups differed in several other important ways.
Trials using shorter-duration prone ventilation were
published earlier (up to 2005), whereas trials using
longer-duration prone ventilation were published since
2005. Consequently, the longer-duration trials were more
likely to implement treatments such as low-tidal-volume
mechanical ventilation [7] that may have contributed to a
reduction in mortality. In addition, the more recently
completed trials attempted to enrol patients with more
severe hypoxemia and earlier in the course of ARDS [18,
27, 40-42]. Finally, performing trial-level subgroup
analysis using the mean overall duration of daily prone
ventilation in each trial may lead to ecological bias [61],
since it cannot be ascertained whether individuals within
each trial who received longer durations of prone venti-
lation actually benefited more than individuals with
shorter durations. In contrast, in the primary subgroup
comparison of hypoxemia severity, groups of patients
with severe and moderate hypoxemia within each trial
were analyzed, limiting the potential for ecological bias.

Prone ventilation tended to reduce VAP, possibly
through improved drainage of secretions [ 13]. Nonetheless,
the observed reduction in VAP did not hasten weaning from
mechanical ventilation. Moreover, as discussed previously
[19], most trials did not blind outcome assessors or mandate
duplicate independent VAP adjudication [18, 40, 42-44],
and did not use protocols for sedation [16, 17,27,40, 43, 45]
or ventilator weaning [16, 27, 40, 43—45]. Thus, the finding
of reduced VAP must be interpreted cautiously.

Unlike other interventions for ARDS, such as high-
frequency oscillation [62] and inhaled nitric oxide [63],
prone ventilation is readily implemented in any intensive
care unit. However, we found that prone ventilation was
not without harm, significantly increasing the risks of
pressure ulcers, endotracheal tube obstruction, and chest

tube dislodgement. Although we did not find differences in
pooled outcomes of other adverse events, one multicenter
trial [27] found significantly increased rates of endotra-
cheal tube and intravenous line dislodgements. Such
events can have catastrophic effects in such critically ill
patients. For example, in another trial [18] cardiac arrest
resulted from dislodgement of a pulmonary artery cathe-
ter, which was directly attributed to a prone manoeuvre,
highlighting that great care and experienced personnel are
required when performing this intervention. Indeed, some
ICU personnel remain reluctant to use this technique given
its risks and perceived effects on other care practices, such
as increased sedation needs and reduced enteral feeding
[25, 64]. Our finding that prone ventilation benefits pri-
marily the most severely hypoxemic patients, who are
uncommonly cared for in many ICUs, challenges care-
givers to implement this infrequently performed technique
safely [64]. Such patients might be optimally served in
higher-volume centres with more experience [65].

Our review has several strengths, including methods to
reduce bias and a comprehensive set of relevant clinical and
physiological outcomes. Trialists confirmed the primary
data, which were analyzed using a predefined statistical
plan. The primary hypothesis, that prone ventilation would
be of benefit to patients with more severe hypoxemia, was
prespecified, biologically plausible, and analyzed using
appropriate tests for subgroup effects [66, 67]. However,
subgroup analysis should, in general, be hypothesis-gen-
erating and confirmed in adequately powered randomized
trials, and an ongoing trial targeting the enrolment of 500
patients with PaO,/FiO, <150 mmHg [59] may provide
more definitive data. Unfortunately, over half of the
included trials to date were terminated due to slow enrol-
ment. The trials included in this meta-analysis exhibited
some methodological diversity (different inclusion criteria,
different intervention intensity, etc.); however, for our
primary comparison we used patient-level subgroup data,
which helps balance out this diversity by producing similar
distributions of these trial-specific characteristics in the
severe and moderate hypoxemic subgroups. In some trials,
some of the patients crossed over from the supine to the
prone ventilation group or from the prone to the supine
group (either missing one or more prone ventilation ses-
sions or discontinuing prone ventilation prior to meeting
prone weaning criteria). For example, in the largest trial
[17] many patients randomized to the supine ventilation
group whose PaO,/FiO, decreased to <100 mmHg were
treated with prone position ventilation. With our intention-
to-treat analysis (i.e., analyzing patients by the group to
which they were randomized), such crossovers would tend
to reduce measured treatment effects, particularly in the
severely hypoxic subgroup. Despite this type of analysis,
we still found a significant treatment effect in this subgroup,
which strengthens the findings.

Our review has other limitations. First, most trials
reported PaO,/FiO, ratio, which is influenced by ventilator
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settings and many other factors that are difficult to stan-
dardize. An alternative measure, oxygenation index,
which incorporates mean airway pressure as a marker of
the intensity of mechanical ventilation, was not measured
in most trials. However, the finding that a PaO,/FiO,
threshold identifies patients whose survival improves with
prone ventilation provides predictive validity to this
measure and at a minimum demonstrates that prone ven-
tilation may have different effects on patients with more
severe hypoxemia compared with less severe hypoxemia.
Our post hoc analysis suggested a PaO,/FiO, threshold at
which prone ventilation begins to be beneficial of
approximately 140 mmHg. However, individual patient
data meta-analysis [68] would be a more robust method for
identifying such a threshold, since it can adjust for patient-
level confounders. Individual patient data meta-analytic
techniques would also permit the conduct of time-to-event
analyses and exploratory analyses of the optimal inter-
vention duration for prone ventilation. Finally, the small
number of available trials, many of which accrued fewer
than 30 events, reduced the precision of our pooled effect
estimates and may have underestimated heterogeneity.

In summary, our systematic review and meta-analysis
found that prone ventilation significantly reduced mor-
tality in patients with severe acute hypoxemic respiratory
failure but not in patients with less severe hypoxemia.
Prone ventilation improved oxygenation but also
increased the risk of adverse events. Although the finding
of improved mortality in severely hypoxemic patients is
based on a subgroup analysis, clinicians may justifiably
consider prone ventilation in these patients.
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Appendix: Literature search

The following databases were searched in OVID on
November 14, 2009: MEDLINE (1950 to present), EM-
BASE (1980 to week 46, 2009), and Cochrane Central
Register of Controlled Trials (fourth quarter 2009).

MEDLINE

[u—

(pron$ adj4 position$).mp.

2. clinical trial.mp. or clinical trial.pt. or random:.mp. or
tu.xs.

3. 1and 2

EMBASE

(pron$ adj4 position$).mp.

. random:.tw. or clinical trial:.mp. or exp health care
quality/

6. 1 and 2

S

Cochrane Central Register of Controlled Trials

7. (pron$ adj4 position$).mp.

MEDLINE, 1,491 records

EMBASE, 807 records

CENTRAL, 385 records

Total records retrieved, 2,683

Number after duplicates manually removed, 1,870
Retrieved for more detailed evaluation, 52

Notes: “$” retrieves unlimited suffix variations. The
“.mp.” extension includes the title, original title, and
abstract fields in all databases, in addition to the subject
heading of “prone position” in MEDLINE. Filters for
MEDLINE [70] (line 2) and EMBASE [71] (line 5) are
based on published sensitive strategies for retrieving
randomized trials.
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