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Prone positioning for ARDS: debPning the target

randomized clinical trials (RCTs) to conbrm or refute the
value of therapeutic options used in medical practice.
Although RCTs are of unquestioned benebt 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 dePnitions, loose
selection criteria, incomplete physiological understand-
ing, and restricted availability of suitable subjects. In the
wake of an RCT that fails to demonstrate outcome benebt,
an intervention of life-saving value for a well-selected
few may be shelved due to the lack of debnitional pre-
cision and sufpcient numbers.

Prone positioning (PP) provides an illuminating
example. There is little question that PP can be expected

Although variation of position is innate to healthy suhe redistribute trans-lung forces, reduce the supine gra-
jects, practitioners usually orient critically ill patients in dient of trans-lung pressure?][ recruit and stabilize
supine, semirecumbent posture for days to weeks, wdtirsal lung units/ relieve cardiac compression of lung
only periodic, side-to-side repositioning through a reléssue ], and favor mouthward migration of retained
tively shallow 30D60 arc. Experimental datal] and airway |secretions 3. Such actionsNon averageNreli-
clinical observations4P4] demonstrate physiologic benably improve oxygenation and airway drainage,
ebt from prone positioning during acute lung injurparticularly in the earlier stages of the injury process.
(ALI), but recent large clinical trials have been unable tdowever, currently we know neither the optimal daily
conbrm survival benebt in diverse populations of patiedigration of prone positioning nar when to initiate PP, nor
labeled as having ALl/acute respiratory distress syndroagree applied how many days to persist with it.

(ARDS) [5B7]. However,[postirial subgroup analyses hint While many nursing units are now probcient in
that certain patient subgroups may indeed benept freffecting PP when indicated®], experience has shown
prone orientation. Severely ill patients, those experiencithgit proning holds the potential for harm as well as good.

improved CQ exchange, and those ventilated with larggtringent precautions must be observed to prevent pres-
tidal volumes appear more likely to benebt than othaure ulcers and inadvertent misadventures with displaced
members of the general cohof][ A superb meta-anal-or kinked tubes and catheters. Such problems are likely to
ysis of pooled data appears in this issue, focusing on thpaeallel the duration of prone positioning. In theory,
relative few with the worst oxygen exchang8].[ This mobile and gravity-driven bioRuids (infected secretions,
analysis shows convincingly that, while proning cannot i8ammatory edema) migrating along the airway have the
recommended for all patients with acute lung injury, fiiotential to propagate initially focal injury or infection
does hold therapeutic value for some. from dorsal to more ventral zone&(.

With the ascendance of evidence-based approaches ©lues from the brst large ltalian trial of PP suggested
medical practice, clinicians have come to depend that, with mortality reduction as the objective, only
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restricted subsets of patientsNthose with the most sevegeruitment at the bedside remains elusive in todayOs
disease and those who are recruitableNare good candedical practice, but techniques that are just now coming
dates p, 11]. At brst glance, the just publishedn line, such as electrical impedance tomography (EIT)
prospective follow-up RCT of PP conducted in ARD&nd gas dilution functional residual capacity (FRC), raise
patients with moderate to severe hypoxemia both dishppes for better precision and logistical feasibility.
points in not showing overall benebt and afprms thatFailed RCTs do not invalidate PP as a tool for ARDS
potential benebts are most likely to accrue in those mosinagement. The work by Sud et &] Elearly demon-
severely affectedl2]. The signal, while clearly presentstrates that PP can he life-saving if the patients are well
is not overwhelmingly strong and would have requirgglected and the timing of the intervention is appropriate.
enrolment of many more patients for the trend to reaklow then to best utilize this tool, and in whom? In the
statistical signibcance. To achieve sufpbciently largbsence of unassailable RCT guidance, there are no
sample size in such a low-incidence disease state waalddolute mandates or prohibitions; the decision to
have required additional years of data collection. Exactlgplement PP remains a matter of individual judgment,
why the signal from the severity-targeted study was rntempered by empiricism. My own approach is as follows:
stronger is debatable, but one attractive possibility is thatless otherwise contraindicated, an empirical trial of
ventilator-induced lung injury (VILI) is strongly inf3u-proning should be attempted in those receiving ventilatory
enced by tidal volume and plateau pressure, which wetgpport whose severely impaired oxygenation fails to
more closely regulated in the prospective follow-up studespond to usual measures, including sedation; recruiting
This lung-protective measure would dampen VILI rigkaneuvers, and high positive end-expiratory pressure
and mask any benebt from proning maneuvers. (PEEP). Because misadventures may arise during PP,
The novel contribution of the report by Sud et &],[ proning should be limited to those with severe ARDS (as
which included studies regardless of proning duration andicated by Pa@FiO,\ 100 mmHg) who show con-
timing, is that the meta-analysis pools the collectiméncingly positive/recruiting responses within a few hours
published experience with patients with uncommonbyf beingturned. Even when successful, PP’is continued no
severe disease and thereby helps debne the subpopulbtiayer than 3D4 days, or until dramatic improvement in
likely to benebt from an inconsistently life-saving intethe underlying process is documented. Though Pa@y
vention. Even severe hypoxemia, however, may itself dgequately classify disease severity, Pa®@etter tracks
too inclusive a category to identify those most amenalgjas [exchange efbciency and perhaps better refl3ects the
to PP. The key to_survival benebt may not/be improvegtruitment that appears to be central to PP benght [
oxygen exchangeNwhich occurs in most proned subje®gcruiting maneuvers are employed after PP, both for
and can be achieved hy redistributing perfusion withateir potential to'reopen refractory units as well as to set
increasing the number of functional lung units orrelievirtge ‘appropriate level of PEEP. In my view, proning
stress and strain. As suggested by GattinoniOs ealearly is not to be used in every patient with acute lung
analysis 1], recruitment may be the characteristic thatjury, but remains a valuable, even life-saving, option for
determines PPQs value, and OOrecruitable OO patientsthosemhpost likely to succumb to this devastating problem.
a [subset of those with severe hypoxemia. Quantitating
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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 AHRF is
severeObjective: To determine
effects of prone versus supine venti-
lation in AHRF and severe
hypoxemia [partial pressure of arte-
rial oxygen (Pa®)/inspired fraction

of oxygen (FiQ)\ 100 mmHg]
compared with moderate hypoxemia
(100 mmHgB PaQ/
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FiO, B 300 mmHg).Design: Sys- patients with Pag endotracheal tube obstruction (RR
tematic review and meta-analysis. FiO,\ 100 mmHg [risk ratio (RR) 1.58, 95% CI 1.24D2.01), and chest
Data Sources: Electronic databases0.84, 95% conbdence interval (Cl) tube dislodgement (RR 3.14, 95% CI
(to November 2009) and conferenced.74D0.96p = 0.01; seven trials, 1.02D9.69). There was no statistical
proceedingsMethods: Two authors N = 555] but[not in patients with  between-trial heterogeneity for most
independently selected and extracteBaQ/FiO, C100 mmHg (RR 1.07, clinical outcomesConclu-

data from parallel-group randomized®5% CI 0.93D1.22 = 0.36; seven sions: Prone ventilation reduces
controlled trials comparing prone trials, N = 1,169). Risk ratios dif- mortality in patients with'severe
with supine ventilation in mechani- fered signibcantly between subgroufgg/poxemia. Given associated risks,
cally ventilated adults or children (interactionp = 0.012). Post hoc  this approach should not be routine in
with AHRF. Trialists provided sub- analysis demonstrated statistically all patients with AHRF, but may be
group data. The primary outcome wasignibcant improved mortality in theconsidered for severely hypoxemic
hospital mortality in patients with more hypoxemic subgroup and sig- patients.

AHRF and Pa@FiO,\ 100 mmHg. nibcant differences between

Meta-analyses used study-level ransubgroups using a range of P4EiO, Keywords Acute lung injury!
dom-effects modelsResults: Ten thresholds up to approximately Prone position Hypoxia!

trials (N = 1,867 patients) met 140 mmHg. Prone ventilation Randomized controlled tridl
inclusion criteria; most patients had improved oxygenation by 27D39% Systematic review Meta-analysis
acute lung injury. Methodological over the[Prst 3'days of therapy but

quality was relatively high.'Prone increased the risks of pressure ulcers

ventilation reduced mortality in (RR 1.29, 95% CI 1.16D1.44),

Introduction hypoxemia [L6] or with higher severity of illnessie, 21,
22]. However, these analyses are limited by reporting bias

Acute lung injury (ALI) and the more hypoxemic subdue to lack of subgroup data from most triadl] 22],
group of acute respiratory distress syndrome (ARDS) nlawited numbers of patients and eventi[ 21, 22], and
occur after many primary or secondary pulmonary injamission of appropriate statistical tests to detect subgroup
ries, leading to a common syndrome characterized differences 24].
hypoxemia, pulmonary congestion, and decreased pul-The objective of this systematic review, performed in
monary compliance. This syndrome is associated witbllaboration with prone ventilation trialists, was to
substantial mortalityq, 2], morbidity [3, 4], and costs%]. determine whether prone ventilation reduces mortality
Mechanical ventilation usually corrects tissue hypoxemiampared with supine ventilation in patients with acute
[6] but also may be complicated by ventilator-induced/poxemic respiratory failure and Severe hypoxemia.
lung injury. Although lower tidal volume 7] reduces We reasoned that patients with ' severe hypoxemia would
ventilator-induced lung injury, mortality in patients wittbe the most likely to benebt from prone ventilation
ARDS remains high1, 2]. because the main effect of prone ventilation is to

Mechanical ventilation of patients with ALl in themprove oxygenation19], and clinicians use this tech-
prone position, brst suggested’in 198} pptimizes both nique primarily for refractory hypoxemia 2§).
lung recruitment and ventilationBperfusion matchi@ly [ Furthermore, the proposed protective effects of prone
Collapse due to gravity of ventral lung segments in thentilation occur due to lung recruitment, and patients
prone position is’less than that of dorsal lung segmentsiith more [Severe hypoxia have more recruitable lung
the [supine position1[0, 11], while lung [perfusion in the [26]. A priori, we hypothesized that prone ventilation
prone position is more evenly distributed?]. Other would reduce mortality in severely hypoxemic patients,
potentially important improvements include enhanceébned by baseline ratio of partial pressure of arterial
postural drainage of secretiont3 and [decreased alveoxygen (Pa@ to inspired fraction of oxygen
olar loverdistension 14], cyclic alveolar collapse, and(FiO,)\ 100 mmHg, but not in patients with moderate
ventilator-induced lung injury 15]. hypoxemia (100 mmH@ PaG/FiO, B 300 mmHg).

Multicenter randomized trialslpbl8] and systematic We chose a threshold Pa®iO, of 100 mmHg to
reviews [L9ER3] have [failed to demonstrate that pronielentify severe hypoxemia because this value was used
ventilation improves overall mortality in patients witho stratify patients in the most recent randomized con-
acute hypoxemic respiratory failure, despite the strotrglled trial (RCT) of prone ventilationd7] and because
physiological rationale.” Subgroup analyses have sbgdside clinicians can readily determine whether a
gested a| mortality benebt in patients with™ sevepatientOs PaFiO, is above or below this threshold.
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Methods each day) or continuously (without interruption for the

Study identibcation duration of the study period).

We updated our previous search9[ using systematic Data extraction and study quality
methods Appendi®y to identify RCTs of mechanical
ventilation in the prone compared with supine position frwo reviewers independently abstracted data on study
patients with ALI, ARDS, and acute hypoxemic respiraaethods, details of prone ventilation (including duration
tory failure [28]. We identiPed all relevant trials using thef prone ventilation per day and total duration of the
following techniques: electronic searches of MEDLINHE)tervention period) and general mechanical ventilation,
EMBASE, and CENTRAL (from inception to Novembeand study outcomes. Disagreements were resolved by
2009); manual searches of reference lists from includgzhsensus.
studies and review articles; manual and electronic sear-We abstracted data on: method of randomization and
ches of conference proceedings of the American Thoragllocation concealment, number of postrandomization
Society (1994D2009), Society of Critical Care Medicimgthdrawals and losses to follow-up, and crossovers
(1994D2009), European Society of Intensive Care Meuktween assigned group8Z]. Allocation concealment
cine (1994D2009), American College of Chest Physiciavgs assessed according to the criteria of the Cochrane
(1994D2009), and the International Symposium ©nllaboration B3]. We also determined whether studies
Intensive Care and Emergency Medicine (1997D2008¢re stopped early for benek84] or for other reasons
and contact with primary investigators. Finally, we seauch as harm or futility. Since blinding of caregivers,
ched for wunpublished and ongoing trials ipatients, and family members is impossible in a trial
clinicaltrials.gov and controlled-trials.con29]. No lan- evaluating prone ventilation, we determined whether
guage restrictions were appliedd. outcome assessors were blinded to the diagnosis of
ventilator-associated pneumonia (VAP) and whether
important co-interventions such as weaning, sedation and
Study eligibility paralysis, steroids, and use of rescue therapies for hyp-
oxemia (inhaled nitric oxide, high-frequency oscillation,
Two investigators independently evaluated retrievedtracorporeal oxygenation) were standardized or equally
studies for possible inclusion and resolved differencesdgplied in treatment and control groups.
consensusdl]. We included studies if they (1) enrolled The authors of included trials collaborated in this
mechanically ventilated adults or postneonatal childreystematic review by reviewing original trial data, pro-
with acute hypoxemic respiratory failure (dePned byding previously unpublished data for subgroups of
PaQ/FiO, B300 mmHg); (2) randomly assigned patiengstients, and clarifying data and methods.
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 inte@utcomes
vention period of at least 48 h in duration; and (3)
reported any of our primary or secondary outcomes (Sdee primary outcome was mortality in the subgroup of
below). patients with severe acute hypoxemic respiratory failure,
Trials allocating patients in alternating fashion or byePned by baseline PaBiO,\ 100 mmHg, compared
hospital registry number (quasirandomization) or trialth mortality in patients with 100 mmH® PaG/
with co-interventions (such as high-frequency oscillatiénO, B 300 mmHg. For each study, mortality was
or nitric oxide) specibed as part of the intervention adétermined at hospital discharge or, if not available, at the
applied equally to both groups were also eligible. Wengest duration of follow-up. Secondary outcomes
excluded randomized crossover trials in which patieftsluded mortality stratiped according to the same
received both treatment and control interventions in rahreshold PagFiO, but limited to patients with ALI/
dom order. We also excluded short-term trials in whidRDS; and in all patients, duration of mechanical venti-
the intervention was applied foB48 h, because welation, ventilator-free days to day 28, and adverse events
believed that outcomes would be minimally affected Yy AP, pressure ulcers, endotracheal tube obstruction,
applying the intervention for such a short duration.  unplanned extubation, unplanned removal of central
We lincluded trials in which prone positioning wagenous catheters or arterial lines, unplanned removal of
used [early [(within 72 h after initiation of mechanicalhest tubes, pneumothoraces, and cardiac arrests). We
ventilation for acute hypoxemic respiratory failure) and a¢so considered the effect on P4BIO, ratio on the brst,
late or/rescue therapy (72 h after initiation of mechanicgicond, and third calendar day after randomization in all
ventilation), and trials in which prone ventilation wapatients. We measured the oxygenation effect of prone
applied [intermittently (for a predebned period of timgositioning by comparing the mean P#BO, ratio
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measured in the prone group with the closest availabiteraction between the RR for mortality in the subgroup
recorded measurement in the supine group. Where mafr@atients with PaglFiO,\ 100 mmHg and the RR in
than one measurement was taken we chose the meashessubgroup of patients with PatBiO, C100 mmHg,
ment closest to the end of the proning session on that dalyich tests the null hypothesis that the treatment effect in
We analyzed patients according to assigned group éaich subgroup is the same. In a post hoc analysis, we
all outcomes. conducted similar comparisons of the more versus less
hypoxemic subgroups using PgBiO, thresholds rang-
ing from 80 to 200 mmHg, in increments of 10 mmHg.
Statistical analysis All statistical tests were two sided. We considered
p\ 0.05 as statistically signibcant in all analyses and
We aggregated outcome data at the trial level and pesport individual trial and summary results with 95%
formed statistical calculations with Review Manageonbdence intervals (CIs).
(RevMan) 5.0 (2009; The Cochrane Collaboration, We assessed between-study heterogeneity for each
Oxford, UK) and STATA 9.2 (2006; StataCorp, TXoutcome using thé? measure 36, 37]. We considered
USA) using random-effects models. Random-effectatistical heterogeneity to be low fo® = 25D49%,
models incorporate both within-study and between-stutipderate foi? = 50D74%, and high fd? C 75% [37).
variation and provide more conservative treatment esti- To assess publication bias we examined funnel plots of
mates when heterogeneity is present. We reportezhtment effect versus study precision and assessed sta-
continuous outcomes using mean differences (a meadgistecally using BeggOs rank correlation te88][and
of absolute change) and ratios of means (a measurenofliped MacaskillOs regression t&§].[ Given the low
relative changed?s]), and binary outcomes as risk ratiopower of these tests, we assumed a more liberal level of
(RR). For the primary outcome, we performed test of signibcancef\ 0.10) to indicate publication bias.

Fig. 1 Flow diagram for

studies included in this review. Records identified and screened from

ALl acute lung injury ARDS electronic databases=2683 and
acute respiratory distress other sources)=18
syndrome RCTrandomized Excluded,n = 2649

controlled trial

¥ Duplicate citationsn = 813

¥ Did not meet screening criteria
(not randomized, enrolled
neonates or preterm infants,
wrong intervention, not ALI or
ARDS),n = 1836

A
Records retrieved for more detailed
evaluationn=52

Excludedn =42
¥ Duplicate studiesp=8
¥ Ongoing RCTh=1
¥ Outcomes data not provided or
unavailable after author contact
n=2
Enrolled neonatefi=2
¥ All patients received ventilation
in the prone positiom=4
¥ Non-supine control groum=3
¥ Crossover randomized design,
n=11
Determined to be non-
randomized after author contact,
n=3
¥ Not confirmed to be randomized
after author contach=2
¥ RCT of <48 hours duratiom=5
¥ Planned RCTn=1

\4
w

A
Trials included in this reviewn=10 v
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Results 20/342 p7)), and 12% (6/5145]) and 32% (251/791[7])
Literat h in two trials. Five trials mandated low-tidal-volume ven-
lterature searc tilation (6D8 ml/kg body weight)2[7, 40M43], and bve

We identibed 2,683 citations from searches of eIectroér!')[(?aIS [18 27, 40, 41, 43 used mechanical ventilation

bibliographic databases and 18 citations from other so —'d:(lelggtsio(;r pi?tozlclolsdrgurﬂ? g]r? dst%?yvsggg%gP;(r);?ﬁols
ces. We retrieved 52 records for detailed evaluation,rﬂ X ' ,

> : L . chanical ventilation7, 18, 41, 42] were used in four
which 10 trials L6D18, 27, 40D45] met criteria for inclu- trials each. Blinded assessmemd5[ or independent

sion in our review (Figl). One study40] was veribed to _ 4 4. . ; ;
be randomized after contacting autho6,[ 47]. We &d;ltjcriécpaglr?gdﬂ.;]]il;o(r)tl/tﬁ(F)’mwaa? lizeic')n jvz\‘/&g]f seven trials
identibed eight publicationsApEb3] whose authors pro- RS '

vided duplicate or supplementary data. We excluded pve
trials [54E68] in which the intervention period was les oo ;
than 48 h and identibed one ongoing study that Woggél antitative data synthesis

meet inclusion criteria §9). Reviewers had perfectMortality

agreement for study inclusion. The largest trial5 802)

[17] enrolled patients with acute hypoxemic respiratof§even L6P18, 27, 40B42] of ten trials provided mortality
failure (PaQ/FiO, B300 mmHg), including ALI/ARDS stratibed by baseline PatBiO, and were included in the

(n = 413). One other trial45] enrolled patients requiringprimary analysis. Two trials43, 45] could not be included
mechanical ventilation with Glasgow coma scdB®, inthe analysis because only one patietd]for no patients

for which we included only patients with PaO [45] had Pa@Q/FiO,\ 100 mmHg, and one trial did not
FiO, B300 mmHg at baseline. All other trials reportingeport mortality B4]. The seven trials]6P18, 27, 40042]
mortality enrolled exclusively patients with ALI/ARDS. in the primary analysis had the lowest baseline PR,
(median 113 mmHg, range 100152 mmHg), and all but
one trial {41] followed patients to hospital discharg#§,

40, 42, 43, 45] or at least 90 days1p, 17, 27]. Prone
ventilation signibpcantly reduced all-cause mortality
(Fig. 2) in patients with baseline PafFiO,\ 100 mmHg
%ﬁ 0.84, 95% CI 0.74D0.96;= 0.01;N = 555) but not

Study characteristics and methodological quality

The ten included trials (Tabl&) [16B18, 27, 40£45]

enrolled 1,867 patients (median 77 per trial, range 1 . ; ; ;
802). One trial § = 102) enrolled children41]. Most ' Patients with baseline PaiO, C100 mmHg (RR

s et pte i 72 1 afer e devcepme . 7% € OTOLZE = 09911~ 110 The et
of hypoxemic respiratory failurelB, 27, 4043, 45, but group y

two studies did not limit the duration of acute hypoxem ?fnlbgant p.; 0'0|12.)' mdtl)catlng tha.thtreatment eéfectsa
respiratory failure prior to enrolment§, 17]. The median ' ered signipcantly in su]rgroups_ with severe and mog-
PaQ/FiO, at baseline was 122 (range 100D243) mmifate baseline hypoxemia.Considering all patients
Patients in the included trials were ventilated in the pro etther, regardtleﬁ{s of ;%/e%tyégf hggg)/xeglla, 8h8eéeD\1v%s7po
position for a median of 14 h per day (range 4b24 h), and CO SZ?NW—]OE?ES% (I h DN | Oh Oe=- b’
prone ventilation was continued either for a prespeciH%d’ -54; N = 1,786). In the severely hypoxemic sub-
duration B0, 44] or until prespecibed clinical improve—grouD’ the number of p())atlents needed to prone to prevent
ments [L6DL8, 27, 41943, 45] (median duration of proningone death was 11 (95% CI 6D50, calculated from a ran-
4.7 days, rar11ge14E)10 Hays). dom-effects risk difference model).

; ; ; ; . Since two trials 17, 45] included patients with acute
The included trials had relatively high methodological . ; X :
quality (Tablel). Eight trials concealed allocatiorl$b %ypoxemlc respiratory failure but without ALI/ARDS, we

. : Iso analyzed mortality limited to patients with ALl/
18, 27, 41043, 45], one trial [4Q] did not conceal alloca-2 Y i :
; ; ; RDS. Results were similar, although the interactipn
tion [46, 47], and another enrolled alternating pat_|ené lue (0.06) was not statistically si%nibcant' RR g.SS
[44]. All trials analyzed outcomes for patients by assign goo Cl 0.74D0.98p = 0.02 in patients With. R D8 )
group. Seven studies were terminated prematurely a a'é/FiO \ 100 'mmH (\i— 495), and RR 1.04, 95%
meeting prespecibed criteria for futilitgI] or because ofCI 0 89E)21 29p = 0 609 in _atienté with basel'ine’ PQIOO
slow recruitment 16, 18, 40, 42, 43, 45]. For the trials . 'C100.mrlr[1)I—T (\1 _ 852p)
that reported mortality, vital status was known at the eﬁbo2 g = :
of follow-up for all patients in three trialsAp, 41, 43)and ———
losses Wer% less tr?an 5% of those randopr)nized ?r]1 six trgll‘gopgit?e'sn X\f{lesf]eoerxﬁgjiﬁigr?t? ‘igliShSaL:jb%rg(gf’lz?o“a\'yiigobfncri”;ge only

2 .

(12/802 [L7], 6/142 [18].’ 6/344 [27], 2/42 [42], 2/53 |43, Adding data from these two trials to the PAEIO, C100 mmHg
7/304 [16]). Seven trials reported crossovers bewve@urbgroup caused small changes to the pooled effect estimate for this

groups; these involved 6% of randomized patients folsubgroup (RR 1.05, 95% CI 0.92D1.p0; 0.44:N = 1,230) and
bve trials (12/30416], 4/102 [41], 5/136 [18], 2/40 [42], test for subgroup interactiop (= 0.019).
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Study Prone Supine Risk Ratio Weight Risk Ratio

or sub-category n/N n/IN 95% ClI % 95% CI

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 179/413 159/3717 —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 3 100.00 0.97 [0.88, 1.07]
Test for Overall Effect: p=0.54

Heterogeneity: 12 = 0%
Pa0O,/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 —e 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%
Pa0,/FiO, < 100 Subgroup

Gattinoni 2001 35/53 35/46 —= 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 —s—1 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 —=1 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

Favors prone Favors supine

Fig. 2 Effect of [prone ventilation on[ mortality (at hospitatwo trials that followed up patients for 6 monthsg 27]. Baseline
discharge or longest duration of follow-up). Théest for subgroup PaQ/FiO, values were unavailable for one patient in the prone
interaction was statistically signibcanp € 0.012). Trialists ver- group in one trial 40] and one patient in the supine group in
ibed all overall and subgroup mortality data; overall mortality dagmother trial #2]. Weight is the contribution of each study to the
differed from the original publication in one caskf]. Patients lost overall risk ratio. Cl conpdence intervall?> percentage of total

to follow-up were removed from the denominator. Results arariation across studies from between-study heterogeneity rather
unchanged if these patients are retained in the denominator @wach chance, /N = number of deaths/number of patients
assumed to be alive at the end of the follow-up period, as doneandomized

We found no evidence of statistical heterogeneity ferght trials [L7, 18, 40, 42P45], N = 1,066). Despite these
all mortality analyses I€ = 0%). Neither BeggOs ranknprovements, there was no effect on duration of
correlation testf = 0.52) nor the modibed MacaskillQmechanical [ ventilation (mean difference 0.70 days,
regression testp(= 0.37) suggested publication bias. 95% CI- 2.01 to? 0.62 daysp = 0.30; eight trials 16,

Post hoc analyses using varying B#00O, thresholds 17, 27, 41P45], N = 1,588) or ventilator-free days to
(Fig. 3) suggested improved mortality in the morday 28 (mean difference 0.88 days, 95% Ct 2.14 to
severely hypoxemic subgroup using RB#00O, thresholds ? 0.37 days,p = 0.17; bve trials 16, 27, 41, 42, 45],
up to approximately 140 mmHg to debne this subgroug.= 771). Statistical heterogeneity was low to moderate

for physiologic and clinical endpoints(= 0D35%).

Oxygenation and nonmortality clinical endpoints

Adverse events (Tab®
On days 1b3 after randomization, prone ventilation
increased PagFiO; ratio in seven trials16, 18, 27, 40D Prone positioningincreased the risk of pressure ulcers (RR
42, 44], by 27P39% (Fig4). Prone ventilation also1.29,95% Cl11.16D1.4p\ 0.00001; seven trialdp, 18,
reduced VAP (RR 0.81, 95% CI 0.67P1.GO& 0.05; 40,41, 43,45, N = 1,279), endotracheal tube obstruction
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Fig. 3 Effect of prone ventilation on mortality in severe an&iO, threshold.p-Values were not corrected for multiple compar-
moderate baseline hypoxemic subgroups for a range obF&Q isons. Trials with no or all patients with events (i.e., risk ratio not
threshold valuesError bars indicate width of 95% conbdencecalculable) in either the severe or moderate baseline hypoxemia
interval of relative risk in the severdlack squaresand moderate subgroup were excluded from both subgroups at each,/F&®
(white squarek baseline hypoxemic subgroups. * Interactipn threshold. If the data from these trials are included in the subgroup
value\ 0.05, indicating that treatment effects differed signibcantly which the trial has some patients with events, there are no
in subgroups with severe and moderate baseline hypoxemia atstgribcant changes to the resuld.conbdence intervaN number
PaQ/FiO, threshold.” Treatment effecp value\ 0.05, indicating of randomized patients included for each subgroup at the,PaO
that prone ventilation signibpcantly decreased mortality in tR&O, threshold

subgroup with severe baseline hypoxemia debned using thg/ PaO

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 0.4285 (0.0 —— 25.70 1.53[1.40, 1.69]
Watanabe 2002 8 8 0.3301 (0.090 _ 12.50 1.39[1.16, 1.66]
Curley 2005 48 51 0.4086 (0.08 _— 12.82 1.50 [1.26, 1.79]
Mancebo 2006 73 59 0.2244 (0.08 —a 14.71 1.25[1.07, 1.47]
Chan 2007 11 11 0.4259 (0.21 ————=—) 2.89 1.53[1.00, 2.34]
Fernandez 2008 21 15 0.2023 (0.13 —_1 6.41 1.22[0.93, 1.61]
Taccone 2009 160 169 0.2699 (0.0 —— 24.97 1.31[1.19, 1.44]
Subtotal (95% CI) 468 461 <o 100.00  1.39[1.29, 1.50]
Test for Overall Effect: p=<0.00001
Heterogeneity: 12 = 35%
Day 2
Gattinoni 2001 121 148 0.2989 (0.0 —a— 24.21 1.35[1.21, 1.50]
Watanabe 2002 8 8 0.3237 (0.091 _— 12.90 1.38[1.16, 1.65]
Curley 2005 45 49 0.1311 (0.0 4 12.47 1.14[0.95, 1.37]
Mancebo 2006 71 59 0.2428 (0.07 _— 15.60 1.27[1.09, 1.49]
Chan 2007 8 7 0.7356 (0.258 —» 216 2.09 [1.26, 3.46]
Fernandez 2008 21 18 0.1661 (0.13 — 7.40 1.18[0.91, 1.53]
Taccone 2009 159 167 0.1842 (0.0 _— 25.26 1.20[1.09, 1.33]
Subtotal (95% CI) 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 0.2291 (0.0 —— 29.04 1.26 [1.13, 1.40]
Watanabe 2002 8 8 0.3782 (0.095 _— 14.59 1.46[1.21, 1.76]
Curley 2005 41 a7 0.1763 (0.08 —s— 16.16 1.19[1.00, 1.42]
Chan 2007 8 7 0.0782 (0.252 2.74 1.08[0.66, 1.77]
Fernandez 2008 20 17 0.3821 (0.14 7.58 1.47 [1.10, 1.94]
Taccone 2009 153 161 0.2108 (0.0 —— 29.90 1.23[1.11, 1.37]
Subtotal (95% CI) 325 379 ’ 100.00 1.27 [1.19, 1.35]
Test for Overall Effect: p=<0.00001
Heterogeneity: 12 = 0%
0.5 0.7 1 2

Supine Higher

Prone Higher

Fig. 4 Effect of prone ventilation on PaO(partial pressure of supine group (at the closest available time). Weight is the
arterial oxygen)/FiQ (inspired fraction of oxygen) on postrandomeontribution of each study to the overall ratio of mear@l.
ization calendar days 1D3. Ratio of meansnean Pa@FiO, in conbdence interval? percentage of total variation across studies
the prone group (in the prone position)/mean B&, in the 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 12 (%)
Ventilator-associated pneumonia 7 (1,066, 242) 0.81[0.67,1.000 [ 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 dislodgemefit
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 appliBable

Random-effects models were used for all analyses
CI conbdence interval? percentage of total variation across studies from between-study heterogeneity rather than chance
& One trial R7] included all endotracheal tube dislodgement events (not just unplanned extubations). Excluding the results of this trial
from the meta-analysis changes the risk ratio for unplanned extubation to 0.86 (95% CI 0.62:D:l.QCB8,I2 = 0%, nine trials, 1,471
Eatients, 129 events)

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

(RR 1.58,95% CI 1.24Db2.0d= 0.0002; seven trialdl]7, different impact on mortality in patients with acute hyp-
27, 4145, N = 1,351), and inadvertent chest tubexemic respiratory failure depending on the extent of
removal (RR 3.14, 95% CI 1.02D9.69= 0.05; eight hypoxemia: it reduces mortality in those with severe
trials [16, 27, 40D45], N = 886, of which only two trials hypoxemia, debned by baseline B&00,\ 100 mmHg,
[16, 27] reported any events). We found no signhibcabtit [not in those with'less severe hypoxemia. Post hoc
differences in the risk of unplanned extubation, unplannaadalysis demonstrated that the statistically signibcant
removal of central venous or arterial lines, pneumothdifference between the relative risk of death in the more
races, and cardiac arrests. There was no statistgmlerely hypoxemic subgroup compared with the less
heterogeneity for adverse event analysé$=(0%), severely hypoxemic subgroup was robust across several
except for the outcomes of unplanned extubations RaG/FiO, thresholds/ up to approximately 140 mmHg.
endotracheal tube dislodgement$£ 25%) and unplan- Other benebts of prone ventilation included signibcant
ned removal of central venous or arterial lin€s$ 67%). improvements in oxygenation on days 193 and reduced
For both of these latter two adverse events, the most red&fP,; although there was no decrease [in duration of
trial [27] found statistically signibcantly increased risksventilation. The risks of pressure ulcers, endotracheal tube
obstruction, and possibly line and tube dislodgement were
creased. Results were consistent among trials for mor-

Post hoc mortality analysis comparing short versus IonJI]

duration of prone ventilation

In another post hoc analysis, we compared mortality
trials with a mean duration of prone ventilation above

t
median of 14 h per day (RR 0.86, 95% CI 0.7391.%%

p = 0.07; bve trials 18, 27, 40042], published in 2005 or
later, N = 638) with trials with duration of prone venti
lation below the median (RR 1.04, 95% CI 0.92b1.
p = 0.57; four trials L6, 17, 43, 45], published in 2005 or

ment effects between these longer- versus shor
duration trials, but the interactiop value was not statis-
tically signibcant (0.06).

earlier, N = 529). There was a trend to different treaE—:

Discussion

lity and most other clinical outcomes, with low to
moderate between-trial differences for oxygenation out-
cames, strengthening our Pndings.
The[16% reduction in the relative risk of death among

itients with Pa@FiO,\ 100 mmHg was consistent with
r a priori hypothesis that improved oxygenation during
prone ventilation would be clinically important in patients

. high risk of death from profound hypoxemia. In a

ost hoc analysis, the brst multicenter RCT of prone
ntilation [L6] showed improved mortality in the quartile
r_patients with the most severe hypoxemia. The treat-
ent effect, however, did not signibcantly differ from that
in less hypoxemic patients, possibly due to inadequate
statistical power. In our meta-analysis, we analyzed
mortality stratiPed 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 Pnding is that

f

The Imain [Pnding of our systematic review is thsentilation in the prone position recruits collapsed regions

mechanical ventilation in the prone position has

[40, 11] of the lung withoutlincreasing airway pressure
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[16, 18, 41, 42] or hyperinRation 14]. Thus, the deliveredtube dislodgement. Although we did not Pnd differences in
tidal volume and peak pressure dre dispersed to- mpoeled outcomes of other adverse events, one multicenter
alveoli, decreasing the risk of alveolar injury from stretdhial [27] found signibcantly increased rates of endotra-
and_strain forceslp]. This lung-protective effect of pronecheal tube and intravenous line dislodgements. Such
ventilation may be less important in patients with legwvents can have catastrophic effects in such critically ill
severe hypoxemic respiratory failure, but appears to fients. For example, in another tridlg cardiac arrest
highly relevant for patients with[ 'severe hypoxemr@sulted from dislodgement of a pulmonary artery cathe-
(mostly due to ARDS) who are most at risk for alveolaer, which was directly attributed to a prone manoeuvre,
injury from shear and strain forces due to the'low ratio bighlighting that great care and experienced personnel are
normal to collapsed lung6p]. In severely hypoxemicrequired when performing this intervention. Indeed, some
patients, prone ventilation may provide additive benebtl@U personnel remainreluctant to use this technique given
the lung-protective strategy of lowering delivered tid#k risks and perceived effects on other care practices, such
volumes []. aslincreased sedation needs and reduced enteral feeding
A practical question facing clinicians using thig25, 64]. Our bnding that prone ventilation benebpts pri-
intervention is the optimal duration of prone positioningarily the most severely hypoxemic patients, who are
This issue is difpcult to address with the available dateacommonly cared for in many ICUs, challenges care-
Our post hoc analysis did not show a signibcant diffgivers to implement this infrequently performed technique
ence in effect on mortality between trials implementirgafely [64]. Such patients might be optimally served in
longer versus shorter daily duration of prone ventilatiomigher-volume centres with more experienég][
Furthermore, the analysis was based on subgroups ofOur review has several strengths, including methods to
trials rather than subgroups of patients within trials, anelluce bias and a comprehensive set of relevant clinical and
these subgroups differed in several other important waglysiological outcomes. Trialists conbrmed the primary
Trials using shorter-duration prone ventilation wedata, which were analyzed using a predebned statistical
published earlier (up to 2005), whereas trials usiptan. The primary hypothesis, that prone ventilation would
longer-duration prone ventilation were published Sinbe of benebt to patients with more severe hypoxemia, was
2005. Consequently, the longer-duration trials were mgmespecibed, biologically plausible, and analyzed using
likely to implement treatments such as low-tidal-voluneppropriate tests for subgroup effect,[67]. However,
mechanical ventilation7] that may have contributed to asubgroup analysis should, in general, be hypothesis-gen-
reduction in mortality. In addition, the more recentlgrating and conbrmed in adequately powered randomized
completed trials attempted to enrol patients with matréals, and an‘ongoing trial targeting the enrolment of 500
severe hypoxemia and earlier in the course of ARD§ [ patients withPa@FiO; <150 mmHg b9 may provide
27, 4042]. Finally, performing trial-level subgroupmore debnitive data. Unfortunately, over half of the
analysis using the mean overall duration of daily proimeluded trials to date were terminated due to slow enrol-
ventilation in each trial may lead to ecological bigl], ment. The trials included in this meta-analysis exhibited
since it cannot be ascertained whether individuals witliame methodological diversity (differentinclusion criteria,
each trial who received longer durations of prone ventifferent intervention intensity, etc.); however, for our
lation actually benebted more than individuals wittrimary comparison we used patient-level subgroup data,
shorter durations. In contrast, in the primary subgrowhich helps balance out this diversity by producing similar
comparison of hypoxemia severity, groups of patiertistributions of these trial-specibc characteristics in the
with severe and moderate hypoxemia within each tredvere and moderate hypoxemic subgroups. In some trials,
were analyzed, limiting the potential for ecological biasome of the patients crossed over from the supine to the
Prone ventilation tended to reduce VAP, possibbyone ventilation group or from the prone to the supine
through improveddrainage of secretioa8]} Nonetheless, group (either missing one or more prone ventilation ses-
the observed reduction in VAP did not hastenweaning fraons or discontinuing prone ventilation prior to meeting
mechanical ventilation. Moreover, as discussed previougtpne weaning criteria). For example, in the largest trial
[19], most trials did not blind outcome assessors or mandgité many patients randomized to the supine ventilation
duplicate independent VAP adjudicatiobd 40, 42044], group whose PagFiO, decreased tec100 mmHg were
and did not use protocols for sedatid®[17, 27, 40,43,45] treated with prone position ventilation. With our intention-
or ventilator weaning16, 27, 40, 4345]. Thus, the Pnding to-treat analysis (i.e., analyzing patients by the group to
of reduced VAP must be interpreted cautiously. which they were randomized), such crossovers would tend
Unlike other interventions for ARDS, such as highie reduce measured treatment effects, particularly in the
frequencyl oscillation §2] and inhaled nitric oxide §3], severely hypoxic subgroup. Despite this type of analysis,
prone ventilation is readily implemented in any intensiwee still found a signibPcant treatment effect in this subgroup,
care unit. However, we found that prone ventilation wagich strengthens the Pndings.
not without 'harm, signibcantly increasing the risks of Our review has other limitations. First, most trials
pressure ulcers, endotracheal tube obstruction, and chebrted PagFiO, ratio, which is inBuenced by ventilator
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settings and many other factors that are difbcult to st@hthe funding agencies had any involvement in the study. The
dardize. An alternative measure, oxygenation ind ;hohrs declare that they had full control of all primary data and
which incorporates mean airway pressure as a marker o%t ey agree to allow the journal to review their data if requested.
the intensity of mechanical ventilation, was not measured

in most trials. However, the bnding that a R#O,

threshold identibes patients whose survival improves with

prone ventilation prOVideS predictive Val|d|ty to th|% pend|x Literature search

measure and at a minimum demonstrates that prone veﬂ-

tilation may have different effects on patients with mofghe following databases were searched in OVID on
severe hypoxemia compared with less severe hypoxerigyember 14, 2009: MEDLINE (1950 to present), EM-

Our post hoc analysis suggested a B&; threshold at pAsE (1980 to week 46, 2009), and Cochrane Central

which ' prone " ventilation begins to be benebcial fagister of Controlled Trials (fourth quarter 2009).
approximately 140 mmHg. However, individual patient

data meta-analysi$B] would be a more robust method for MEDLINE

identifying such a threshold, since it can adjust for patient- ) »

level confounders. Individual patient data meta-analyfie (Pron$ adj4 position$).mp.

techniques would also permit the conduct of time-to-eveht clinical trial.mp. or clinical trial.pt. or random:.mp. or
analyses and exploratory analyses of the optimal inter-tu.xs.

vention duration for prone ventilation. Finally, the smafl- 1 and 2

number of available trials, many of which accrued fewer EMBASE

than 30 events, reduced the precision of our pooled effect

estimates and may have underestimated heterogeneit)é (pron$ adj4 positions).mp

In summary, our systematic review and meta-analysis i o o
found that prone ventilation signibcantly reduced mot- rancli!?r?..tw. or clinical trial:.mp. or exp health care
tality in patients with severe acute hypoxemic respiratoty (iua ' dy2
failure but not in patients with less severe hypoxemia. an
Prone ventilation improved oxygenation but also cochrane Central Register of Controlled Trials
increased the risk of adverse events. Although the bnding
of improved mortality in severely hypoxemic patients i8 (pron$ adj4 position$).mp.
based on a subgroup analysis, clinicians may justibably
consider prone ventilation in these patients. MEDLINE, 1,491 records

EMBASE, 807 records
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