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Abstract 

Background:  The acute respiratory distress syndrome (ARDS) has high morbidity and mortality. Positive end-
expiratory pressure (PEEP) is commonly used in patients with ARDS but the best method to select the optimal PEEP 
level and reduce all-cause mortality is unclear. The primary objective of this network meta-analysis is to summarize 
the available evidence and to compare the effect of different PEEP selection strategies on all-cause mortality in adult 
patients with ARDS.

Methods:  We will search MEDLINE, Cochrane Central Register of Controlled Trials, PubMed, EMBASE, and LILACS from 
inception onwards for randomized controlled trials assessing the effect of PEEP selection strategies in adult patients 
with moderate to severe ARDS. We will exclude studies that did not use a lung-protective ventilation approach as 
part of the comparator or intervention strategy. The primary outcome will be all-cause mortality (at the longest avail-
able follow-up and up to 90 days). Secondary outcomes will include barotrauma, ventilator-free days, intensive care 
unit and hospital length of stay, and changes in oxygenation. Two reviewers will independently screen all citations, 
full-text articles, and extract study-data. We will assess the risk of bias for each of the outcomes using version 2 of the 
Cochrane risk of bias tool for randomized controlled trials. If feasible, Bayesian network meta-analyses will be con-
ducted to obtain pooled estimates of all potential head-to-head comparisons. We will report pairwise and network 
meta-analysis treatment effect estimates as risk ratios and risk differences, together with the associated 95% credible 
intervals. We will assess certainty in effect estimates using GRADE methodology.

Discussion:  The present study will inform clinical decision-making for adult patients with ARDS and will improve our 
understanding of the limitations of the available literature assessing PEEP selection strategies. Finally, this information 
may also inform the design of future randomized trials, including the selection of interventions, comparators, and 
predictive enrichment strategies.
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Background
The acute respiratory distress syndrome (ARDS) is a life-
threatening form of noncardiogenic pulmonary edema 
that leads to hypoxemia, hypercapnia, and a decrease 
in lung compliance, due to a direct or indirect insult to 
the lungs [1–3]. Despite 50  years of research, hospital 
mortality in patients with ARDS remains as high as 40% 
[4]. Since the initial description of this syndrome, posi-
tive end-expiratory pressure (PEEP) has been used to 
improve ventilation-perfusion matching and oxygena-
tion by increasing the number of alveoli available for gas 
exchange, and to reduce the risk of ventilator-induced 
lung injury (VILI) [5, 6].

Mechanical ventilation may cause or exacerbate acute 
lung injury by applying excessive stress and strain to 
the lung parenchyma (i.e., volutrauma) and by induc-
ing cyclic opening and closing of lung units (i.e., atelec-
trauma) [7, 8]. This injury further reduces the volume 
of the aerated lung, increasing stress and strain in the 
remaining aerated lung regions [6]. Setting adequate 
levels of PEEP may prevent lung de-recruitment and 
cyclic opening and closing, potentially preventing VILI 
as shown in experimental models [9, 10]. However, 
increased PEEP may also lead to increased alveolar dead 
space and alveolar overdistention [11, 12]. Multiple PEEP 
selection strategies have been described, each based on 
different physiologic considerations. It is uncertain, how-
ever, the degree to which specific PEEP selection strate-
gies are more effective in preventing ventilator-induced 
lung injury and reducing mortality in adult patients with 
ARDS [13].

PEEP titration strategies based on oxygenation
Several previous studies have addressed this question 
without consistent findings. In 2004, a landmark trial 
compared ventilation with a low PEEP:FiO2 table to a 
higher PEEP:FiO2 table [14]. Although PaO2:FiO2 dur-
ing the first 7  days was higher in the high PEEP:FiO2 
table group, no significant difference in mortality rates 
was found. Mercat et al. conducted a randomized clinical 
trial that compared a minimal distention strategy (PEEP 
set at 5–9  cm H2O) to a high PEEP strategy (level of 
PEEP set to reach a plateau pressure of 28–30 cm H2O) 
[15]. The strategy was defined by a PEEP level aiming to 
increase alveolar recruitment while limiting hyperinfla-
tion but failed to significantly reduce mortality. However, 

a statistically significant reduction in the duration of both 
mechanical ventilation and organ failure was evident.

PEEP titration strategies based on esophageal manometry
An alternative approach of titrating PEEP based on meas-
urements of esophageal pressure has also been evalu-
ated by Talmor and colleagues [16, 17]. Specifically, in 
the esophageal-pressure-guided group, PEEP was set 
to achieve an end-expiratory transpulmonary pressure 
between 0 and 10  cm H2O, while in the control group 
PEEP was adjusted according to the lower PEEP:FiO2 
table used by the aforementioned ARDS Network study 
[16]. The trial was underpowered to show a difference in 
mortality between the two groups, but oxygenation and 
compliance were significantly increased in the esopha-
geal pressure-guided group. However, the mortality ben-
efit was not demonstrated in a subsequent much larger 
trial reported by Beitler et al. [18].

PEEP titration strategies based on lung mechanics 
or following recruitment
Pintado and colleagues published a randomized con-
trolled trial testing the hypothesis that setting PEEP based 
on the highest compliance compared to setting PEEP 
based on the ARDS Network study lower PEEP:FiO2 
table would improve oxygenation [19]. The authors found 
no significant improvement in oxygenation and the study 
was not powered to assess mortality differences between 
groups. Also using static compliance to titrate PEEP, Kac-
marek et  al. proposed an open lung approach by which 
a recruitment maneuver (pressure control ventilation to 
a peak pressure between 50 and 60  cm H2O and PEEP 
35 to 45  cm H2O depending on patient’s response) was 
followed by a decremental PEEP trial, and PEEP was set 
3  cm H20 above the maximum compliance [20]. In the 
control group, PEEP was set according to the low ARDS 
Network protocol table. The study did not find a signifi-
cant difference in all-cause mortality at 60 days. Finally, 
the Alveolar Recruitment for Acute Respiratory Distress 
Syndrome Trial used a similar approach to determine if 
lung recruitment associated with PEEP titration based 
on the best respiratory system compliance decreased 
28-days mortality [12]. The authors found that this strat-
egy was associated with significantly higher 28-day and 
6-month mortality rates, and a higher rate of barotrauma 
compared to the low PEEP:FiO2 table.

Trial registration:  PROSPERO 2020 CRD42​02019​3302.

Keywords:  ARDS, Acute respiratory distress syndrome, PEEP, Positive end-expiratory pressure, Hypoxemic respiratory 
failure, Barotrauma, Lung recruitment maneuver
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The need for a network meta‑analysis
Limiting tidal volume (VT) and plateau pressure are the 
key components of lung-protective ventilation [3], and 
although PEEP has been used since the first description 
of ARDS, it remains unclear which is the best method to 
adjust it in order to improve patients’ outcomes [7, 21, 
22]. In clinical practice, and as a result of the multiple 
PEEP selection strategies used in randomized trials to 
date, different strategies are applied and preferences are 
largely based on local practice and physician’s expertise 
[4, 23]. Hence, there is a need to define which strategy for 
PEEP selection, if any, is best at improving clinically rel-
evant outcomes in critically ill adults with ARDS. Several 
meta-analyses have evaluated whether high PEEP (with 
or without a lung recruitment maneuver) improves clini-
cally relevant outcomes when compared to a lower PEEP 
strategy in adult patients with ARDS [24–27]. However, 
these have been hindered by several limitations, most 
notably the lack of differentiation of the distinct physi-
ologic mechanisms used for PEEP titration, generally 
considering high PEEP as a single strategy rather than as 
multiple discrete interventions.

To this end, network meta-analysis represents a tool 
to generate pooled effect estimates for comparisons 
between multiple treatments and comparators [28]. Spe-
cifically, network meta-analysis incorporates estimates 
from both direct and indirect comparisons to estimate 
treatment effects where head-to-head comparisons are 
insufficient. This not only provides new information (e.g., 
estimates for comparisons that are not available based 
on direct evidence) but also reduces the imprecision in 
pooled treatment effects even when head-to-head com-
parisons are available. To our knowledge, no previous 
network meta-analyses have been conducted to com-
pare the relative effectiveness of multiple PEEP selection 
strategies examined in randomized controlled trials that 
included adult patients with ARDS.

The primary objective of this study is to assess the 
association between PEEP selection strategies and all-
cause mortality in adult patients with moderate to severe 
ARDS. The secondary objective is to assess the asso-
ciation between different PEEP selection strategies and 
barotrauma, response in oxygenation, ventilator-free 
days and intensive care unit and hospital length of stay in 
adult patients with ARDS.

Methods
This protocol is reported in accordance with the Pre-
ferred Reporting Items for Systematic Review and Meta-
Analysis Protocols 2015 statement (PRISMA-P) [29] (see 
checklist in Additional file 1), and its extension for net-
work meta-analysis [30]. This protocol is registered in the 

International Prospective Register of Systematic Reviews 
(PROSPERO, CRD42020193302).

Criteria for included studies
Study design and publication types
We will only include randomized controlled trials. Cross-
over trials will be excluded.

Participants and settings
Studies will be selected according to the following cri-
teria: study design, participants and settings, interven-
tions and comparators, and outcomes of interest. We 
will include all randomized controlled trials that enrolled 
adult patients (18  years of age or older) with ARDS, 
defined by either the American-European Consensus 
Conference or the Berlin criteria [31, 32]. Trials will be 
eligible for inclusion if a lung protective ventilation strat-
egy (i.e., VT less than 6–8 ml/kg of predicted body weight 
(PBW); plateau pressure ≤ 30  cm H2O) was employed 
in both arms. Studies that employed ventilation strate-
gies with VT greater than 6–8 ml/kg PBW in either arm 
will be excluded. This exclusion is justified by the proven 
superiority and widespread use of low VT ventilation 
strategies for ARDS [33]. Specifically, including studies 
that compared a lung-protective ventilation approach 
with a specific PEEP titration strategy to a non-protec-
tive VT strategy (i.e., VT > 8 ml/kg PBW) would render the 
resulting effect confounded by the effects of both lung-
protective ventilation and PEEP. For the primary analysis, 
we will only include data on patients with moderate to 
severe ARDS as defined by PaO2:FIO2 < 200 [31].

Interventions and comparators
All interventions considered in this review are PEEP 
selection strategies that either result in higher PEEP lev-
els or have a different physiological basis for PEEP selec-
tion compared to the control strategy in each study. 
First, we will consider strategies that adjust PEEP based 
on FiO2 levels. The traditional lower PEEP strategy 
employs a PEEP:FiO2 table as used by the Acute Respira-
tory Distress Syndrome Network [34]. Of note, the low 
PEEP:FiO2 table is the most frequently used strategy in 
control groups for trials assessing PEEP selection strat-
egies. The higher PEEP strategy will refer to tables with 
higher PEEP for each FiO2 level than the one originally 
used in the ARDS Network trials [14]. The higher PEEP 
strategy will also be comprised, for the primary analysis, 
of additional approaches to select higher PEEP such as 
those based on lung mechanics (i.e., targeting a specific 
plateau pressure or the best static compliance) or other 
measurements reflective of lung recruitment (e.g., lung 
ultrasound). Second, we will identify a separate category 
of trials that employed a lung recruitment maneuver 
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(i.e., open lung strategies). For this review, a lung recruit-
ment maneuver will be defined as any form of transient 
elevation in mean airway pressure undertaken to reduce 
atelectasis (which may be either brief or prolonged) 
[25]. Third, studies employing esophageal manome-
try—a technique that guides PEEP selection according 
to transpulmonary pressure (PL)—will be considered a 
separate strategy. Esophageal manometry techniques 
may increase PEEP in some patients and lower PEEP in 
others; consequently, they represent a qualitatively dif-
ferent category than other higher PEEP titration strate-
gies. Table 1 provides a description of the potential PEEP 
selection strategies that will be included in our network 
meta-analysis.

Outcomes measures
The primary outcome of this study will be all-cause mor-
tality, defined as the longest available in the first 90 days 
after randomization. Whenever necessary, 90-day mor-
tality will be substituted by 60-day mortality, hospital 
mortality, 28- or 30-day mortality, or ICU mortality, in 
decreasing order of preference. The secondary outcomes 
will include barotrauma (defined as radiographic pneu-
mothorax or chest tube insertion), oxygenation response 
(defined as an increase in oxygenation in response to a 
change from the initial PEEP level), ventilator-free days 
to day 28 [35], and length of intensive care unit and hos-
pital stay.

Information sources and search strategy
The following five electronic bibliographic databases 
will be searched using a comprehensive search strategy 
developed by an information specialist: (1) MEDLINE, 
(2) Cochrane Central Register of Controlled Trials, (3) 
PubMed (non-MEDLINE records only), (4) EMBASE, 

and (5) LILACS. A draft search strategy for MEDLINE is 
provided in Additional file 2. Databases will be searched 
from inception onwards, with no language restrictions. 
We will manage all references and duplicates using End-
Note X8 citation management software.

Study selection
Two reviewers (JD, MT, or FA) will independently screen 
the titles and abstracts retrieved from the search strat-
egy and the additional sources in order to identify those 
meeting the mentioned eligibility criteria. Subsequently, 
we will obtain full texts of the articles meeting these pre-
specified criteria and review again in a second stage. Any 
disagreement between the reviewers will be discussed 
and referred to final decision by a third investigator 
(ECG).

Data extraction
Two reviewers (JD, MT, or FA) will perform data extrac-
tion independently in a preformatted form. Any differ-
ences will be resolved by consensus or discussion with 
a third author (ECG). Abstracted data will include study 
characteristics (trial design, size, and funding source), 
patients’ characteristics (age, sex, cause, and severity of 
ARDS), details of the interventions (type of PEEP selec-
tion strategy, PEEP levels in the first 7 days and adjunc-
tive interventions), duration of follow-up, publication 
status, and outcome data for each endpoint of interest.

Risk of bias assessment
Two reviewers (JD, MT, or FA) will independently assess 
the risk of bias, at the study level, using the version 2 of 
the Cochrane risk of bias tool for randomized trials (RoB 
2) [36]. The following domains will be assessed: (1) ran-
domization process, (2) deviations from the intended 

Table 1  Different available positive-end-expiratory pressure (PEEP) titration strategies for adult patients with acute respiratory distress 
syndrome

a This arm will also include low PEEP strategies without a specific PEEP:FiO2 table such in Mercat 2008
b Different recruitment maneuvers will be considered (e.g., brief maneuvers including higher pressures for less than 60 s vs. the use of staircase maneuvers)

Strategy Landmark study Description

Low PEEP:FiO2 table Brower, 2004
Meade, 2008

PEEP depends on level of required oxygenation (i.e., 10 cmH2O for a required 
FiO2 = 60%)a

High PEEP:FiO2 table Brower, 2004 PEEP depends on level of required oxygenation (i.e., 16 cmH2O for a required 
FiO2 = 40%)

Higher PEEP based on lung mechanics Mercat, 2008
Pintado, 2013
Salem, 2020

PEEP depends on a specific measure:
- Plateau pressure < 30 cmH2O
- Highest static compliance
- PEEP depends on the classification of patients using lung ultrasound

PEEP titration based on esophageal manometry Talmor, 2008
Beitler, 2019

PEEP depends on the transpulmonary pressure measured by esophageal 
manometry

PEEP titration following a recruitment maneuverb Meade, 2008
Cavalcanti, 2017

PEEP titration (either based on FiO2 or lung mechanics) following a recruitment 
maneuver
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interventions, (3) missing outcome data, (4) measure-
ment of the outcome, (5) selection of the reported result, 
and (6) overall risk of bias. Overall rating will be incorpo-
rated in the data synthesis as one of the key domains in 
the GRADE assessment (see below).

Patient and public involvement
This research will be done without patient involvement. 
Patients will not be invited to comment on the proto-
col design nor consulted to develop patient-relevant 
outcomes.

Data synthesis and analysis
We will summarize the included studies based on study 
and patient characteristics, outcome measures, and risk 
of bias. If feasible, we will perform a series of pairwise 
meta-analyses with a random-effects model, followed by 
a network meta-analysis using a Bayesian framework to 
derive head-to-head treatment effect estimates compar-
ing all interventions. We will graphically represent the 
evidence using a network plot that incorporates nodes 
as treatment strategies, with connections representing 
direct head-to-head comparisons. Network geometry 
will thus show nodes as interventions and each head-to-
head direct comparison as lines connecting these nodes. 
The size of the nodes will be proportional to the number 
of participants in each node. The thickness of the con-
necting line will be proportional to the number of ran-
domized clinical trials in each comparison (depicted by 
the number beside line connecting nodes). We will depict 
the total number of participants by treatment strategy. 
In detail, we will also depict the total number of nodes, 
number of edges, common comparators, and average 
degree.

Analyses will be based on Markov chain Monte Carlo 
methods using minimally informative treatment effect 
estimates, and informative prior distributions for het-
erogeneity estimates derived from external evidence for 
each of the study outcomes [37]. Specifically, for all-cause 
mortality, the parameters of the predictive log-normal 
distribution for heterogeneity used as prior information 
will be μ =  − 3.50 and σ = 1.26. These prior distribu-
tions for heterogeneity have been previously derived for 
binary outcomes for a range of specific research settings 
by Turner et al. [37]. We will report pairwise and network 
treatment effect estimates as risk ratios and risk differ-
ences, estimating summary treatment effect estimates 
from the median and corresponding 95% credible inter-
vals (CrIs) from the 2.5th and 97.5th percentile of the 
posterior distribution. For continuous outcomes, we will 
report mean differences with corresponding 95% Crls. 
We will also rank interventions according to their appar-
ent effectiveness using the GRADE approach (see below).

We will quantify heterogeneity in treatment effects 
between studies using the posterior distribution τ. 
Inconsistency (incoherence) between direct and indirect 
comparisons will be estimated using the node-splitting 
approach [38]. We will visually assess model convergence 
using the Brooks-Gelman-Rubin diagnostic, trace plots, 
and auto-correlation plots. We will assess the good-
ness-of-fit of our final models by comparing the mean 
residual deviance with the number of contributing data 
points. We will perform all analyses in R v3.6 (packages 
meta, gemtc, pcnetmeta) using Just Another Gibbs Sam-
pler (JAGS). Code and data will be made available upon 
request to the corresponding author.

Assessment of publication bias
We will assess for the presence of publication bias by 
examining the comparison-adjusted funnel plot. We will 
examine the shape of the funnel plot and assume that 
there is a risk of publication bias if its shape is asymmet-
rical. We will formally test for asymmetry in the funnel 
plot by performing Beggs’s test [39].

Additional analyses
Several a priori sensitivity analyses will be performed. 
First, to assess the potential impact of individual study 
quality in the observed effect estimates, a sensitivity 
analysis excluding studies with high risk of bias will be 
performed. Second, to show the impact of varying prior 
beliefs on the effect of a higher PEEP with lung recruit-
ment maneuvers, we will update the network effect 
estimates for this group compared to the other catego-
ries using enthusiastic, skeptical, and pessimistic priors. 
Third, a sensitivity analysis recategorizing the strategies 
using a different and more granular grouping criteria will 
be performed. To this end, the higher PEEP category will 
be further divided into (1) studies that used a PEEP:FiO2 
table or studies that used a plateau pressure limit (below 
28–30  cm H2O), (2) studies that used best respiratory 
system compliance, and (3) studies that used lung ultra-
sound. Fourth, we will refit our network estimates using 
non-informative priors for the heterogeneity.

Grading of recommendations
We will rate the certainty of each direct, indirect, and 
network estimates based on the approach suggested by 
the Grading of Recommendations Assessment, Develop-
ment and Evaluation (GRADE) Working Group [40].

Assessments of certainty in estimates of direct 
comparisons
We will use GRADE guidance to determine whether to 
rate down confidence for risk of bias, publication bias, 
and inconsistency for the body of evidence bearing on 
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each direct estimate. In accordance with the GRADE 
approach for network meta-analysis [41], we will not 
rate down confidence for imprecision for direct compari-
sons. Instead, we will use GRADE guidance to determine 
whether to rate down the network comparison for impre-
cision (see below).

Assessments of certainty in indirect comparisons
Indirect comparisons infer the relative effects of two 
interventions based on comparisons with other inter-
ventions. We will call them first order loops when the 
comparisons involve only a single additional interven-
tion and higher order loops when comparisons involve 
two or more additional interventions. Confidence assess-
ment for any given indirect comparison will focus on the 
associated first order loop with the lowest variance (i.e., 
the loop that contributes most to the estimate of effect). 
The confidence in estimates will be the lower of the con-
fidence in each of the contributing direct comparisons. 
For instance, if A versus B warrants high confidence and 
B versus C warrants moderate confidence, we will judge 
the indirect estimate of A versus C as warranting mod-
erate confidence. We may further rate down confidence 
in the indirect comparisons of the A versus B and B ver-
sus C comparison trials enrolled substantially different 
patients, or if the B intervention was implemented very 
differently (intransitivity).

Assessments of confidence in the network estimates 
of effect
The judgment of confidence in the network estimate for 
any paired comparison will be the most dominant of 
the contributing direct and indirect comparisons. We 
will then rate down for serious imprecision or, if we find 
important differences between the direct and indirect 
estimates, for incoherence.

Rating of interventions using GRADE approach
Because SUCRA and probabilistic ranking methods can 
generate erroneous inferences, we will use, in addition, 
the GRADE approach to rate interventions in the net-
work [42]. First, we will choose lower PEEP as the refer-
ence strategy because it will likely be the most connected 
strategy (i.e., the most common comparator) in the net-
work and because it is the PEEP level that most closely 
resembles clinical practice. Second, we will identify strat-
egies that are at least ten times more likely to be benefi-
cial than harmful compared against the reference, which 
we will categorize as likely superior. This threshold is 
based on the notion that changing PEEP levels represents 
a simple bedside procedure with no additional cost, so 
evidentiary burden required for action should be lower 
than for other more complex interventions used for the 

management of patients with ARDS such as extracorpor-
eal life support. Next, we will repeat this procedure look-
ing for strategies that are at least 10 times more likely to 
be beneficial than harmful when compared to at least one 
other effective strategy. Finally, we divided these catego-
ries into two groups according to certainty of evidence 
(high and moderate certainty vs. low and very low cer-
tainty). We will then check the accuracy of the categori-
zations by examining the associated SUCRA values.

Finally, protocol deviations from our PROSPERO regis-
tration and present protocol will be reported in a system-
atic fashion giving detailed explanations and reasoning.

Discussion
The optimal PEEP selection strategy for adult patients 
with ARDS remains unknown. This Bayesian network 
meta-analysis will summarize the direct and indirect evi-
dence on the efficacy of different available PEEP selection 
strategies to reduce all-cause mortality in adult patients 
with ARDS.

The present study may present several limitations, both 
at the individual-study and pooled levels. First, given the 
nature of the intervention at hand, individual studies are 
not expected to be blinded which may introduce bias 
mainly through the differential use of cointerventions. 
Second, we expect that individual studies included vary-
ing degrees of illness severity, thus representing a poten-
tial source of treatment heterogeneity. Finally, we will not 
have access to individual patient data, thus precluding us 
from further understanding the individual determinants 
for an optimal PEEP selection strategy.

Overall, this study may help identify, on average, an 
optimal PEEP selection strategy, adding new informa-
tion to help clinicians during the daily decision-making 
process when caring for adult patients with ARDS. Fur-
thermore, this information may also inform the design of 
future randomized controlled trials and aid in the identi-
fication of adequate interventions.
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