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Purpose: To determine if recruitment manoeuvres (RMs) would decrease 28-day mortality of patients with acute
respiratory distress syndrome (ARDS) compared with standard care.

Materials and methods: Relevant randomized controlled trials (RCTs) published prior to April 26, 2018 were sys-
tematically searched. The primary outcome was mortality. The secondary outcomes were oxygenation, baro-
trauma or pneumothorax, the need for rescue therapies. Data were pooled using the random effects model.
And the quality of evidence was assessed by the GRADE system.

Results: Of 3180 identified studies, 15 were eligibly included in our analysis (N = 2755 participants). In the pri-
mary outcome, RMs were not associated with reducing 28-day mortality (RR 0.90; 95% CI 0.74-1.09), ICU mor-
tality (RR 0.92; 95% CI 0.74-1.1), and the in-hospital mortaliy (RR 1.02; 95% CI 0.93-1.12). In the secondary
outcomes, RMs could improve oxygenation (MD 37.85; 95% CI 11.08-64.61), the rates of barotrauma (RR 1.42;
95% CI 0.83-2.42) and the need for rescue therapies (RR 0.69; 95% CI 0.42-1.12) did not show any difference
in the ARDS patients with RMs.

Conclusions: Earlier meta-analyses found decreased mortality with RMs, in the contrary, our results indicate that

RMs could improve oxygenation without detrimental effects, but it does not appear to reduce mortality.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

ARDS represents a life-threatening form of respiratory failure that
affects >3 million patients with ARDS each year, accounting for 10% of
intensive care unit (ICU) admissions, and resulting in a high mortality
ranging from 35% to 46% [1]. ARDS is an acute, diffuse, inflammatory
lung injury [2]. Bellani G et al. reported that 24% of patients with ARDS
had received mechanical ventilation in the ICU, which suggests that me-
chanical ventilation are feasible in the ARDS's therapy [1], by
minimising further pulmonary insult while providing acceptable oxy-
genation and carbon dioxide clearance [3]. Nowadays, various forms
of mechanical ventilation are used, however, among those major
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mechanical ventilation strategies, only the low tidal volume strategy
and positive end expiratory pressure (PEEP) are associated with re-
duced mortality [4]. In addition, mechanical ventilation may bring
about ventilator-induced lung injury due to alveolar overdistension, re-
petitive alveolar opening and collapse (atelectrauma), biotrauma, and
oxygen toxicity, which may result in a lung inflammatory response
and develop the multiple system organ failure [5,6]. Therefore, it is
very imperative to find the optimal mechanical ventilation strategy for
ARDS.

During the past decades, RMs have been increasingly concerned,
which have been widely used in ARDS, acute lung injury (ALI), and pa-
tients under general anesthesia [7,8]. RMs refer to any technique that
transiently raise the transpulmonary pressure above regular tidal venti-
lation to re-open previously collapsed lung tissue [9]. Here, a variety of
RMs have been described, including continuous positive airway pres-
sure (CPAP), stepwise RMs, and extended sigh manoeuvres, etc. [10].

Given that RMs are helpful in openning collapsed lung tissue and de-
creasing strain and tidal recruitment [11], RMs have received much at-
tention in the treatment for ARDS and become a feasible ventilatory
strategy, which are used as an isolated intervention or as a part of
some ventilatory strategies. Furthermore, some previous systematic re-
views and meta-analyses showed that RMs might decrease mortality of
patients with ARDS without increasing the risk of main adverse events
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[12,13]. However, RMs may increase intrathoracic pressure, cause baro-
trauma, reduce venous return and impair cardiac function [14,15],
which may have detrimental effects on mortality. As a result, the appli-
cation of RMs remains controversial.

Thus, we systematically reviewed the current trials and performed a
meta-analysis to assess whether RMs can better improve clinical out-
comes of patients with ARDS than standard care.

2. Methods
2.1. Search strategy

We systematically searched for relevant studies published prior to
April 26, 2018 in the Pubmed, Embase, Web of science, Cochrane Li-
brary. The search terms were as follows: (“recruitment maneuver” or
“lung recruitment maneuver”or“Pulmonary reexpansion” or “lung
recruitment”or“recruitment manoeuvres”) and (“Respiratory Distress
Syndrome, Adult”or“Shock Lung”or“Lung, Shock” or “ARDS, Human”
or “ARDSs, Human” or “Human ARDS” or “Respiratory Distress Syn-
drome, Acute”or“Acute Respiratory Distress Syndrome” or “Adult Respi-
ratory Distress Syndrome”or“adult respiratory distress” or “ARDS” or
“posttraumatic lung failure” or “posttraumatic pulmonary insufficiency”
or “shock lung” or “respiratory distress, adult”). We applied no language
restrictions and screened manually the reference lists from included
studies to identify other relevant articles. Two reviewers (Hanyujie
Kang, Huqgin Yang) independently searched and evaluated the quality
of the studies. Any disagreement was resolved by a third person.

2.2. Study selection

The inclusion criteria were as follows: 1) patients who were diag-
nosed with ARDS as defined by disease definition consensus at the
time of study publication (the best is the patients with moderate or se-
vere hypoxemia (Pa02/Fa02 <200 mmHg)); 2) adults (at least 18 years
old of age) who were mechanically ventilated; 3) studies that compared
RMs with standard care; 4) studies that reported the primary outcome
of mortality (28-day mortality, ICU mortality and in-hospital mortality)
or the secondary outcomes (oxygenation, barotrauma or pneumotho-
rax, the need for rescue therapies) which could be directly extracted
or calculated; 5) randomized controlled trial studies.

The exclusion criteria were as follows: 1) reviews, meta-analyses,
case reports, letters, or expert opinions; 2) not related to ARDS or
RMs; 3) not reported the primary outcome of mortality or the secondary
outcomes; 4) studies that enrolled patients younger than 18 years old or
animals; 5) not RCTs; 6) cross-over trials; 7) duplicates; 8) insufficient
data; 9) experimental group did not receive RMs; 10) control group re-
ceived RMs; 11) control group did not receive standard care ventilaion;
12) multiple publication.

We defined RMs as any technique that transiently increased the al-
veolar pressure above regular tidal ventilation to re-expand previously
collapsed lung tissue in ARDS. And we defined standard care as a low
tidal volume strategy.

2.3. Data extraction and risk of bias assessment

Two reviewers (Hanyujie Kang, Huqin Yang) independently ex-
tracted data from included trials and assessed the risk of bias. Any dis-
agreement was resolved by discussion. We extracted the following
data from the eligible studies: first author, publication year, total number
of participants, criteria for enrollment, characteristics of the patients, in-
tervention description, hospital environment, outcomes, study methods.
If any of these data were inadequate, we contacted the corresponding
authors by e-mail. The risk of bias of the included studies was assesed
by the Cochrane Collaboration Risk of Bias tool [16] and rated as “low,”
“unclear,” or “high” in several domains. We did not assess the sections re-
lated to blinding of participants and personnel, or blinding of outcome

assessment for the following reasons: Firstly, it may be impossible to
blind healthcare personnel to group allocation; secondly, we assumed
that participants were unaware of group allocation because of critical
ill, and consent for participation was got from the next of kin; Thirdly,
blinding of outcome assessment would not influence the bias because
the primary outcome was mortality.

2.4. Outcomes

The primary outcome was mortality (28-day mortality, ICU mortal-
ity and in-hospital mortality).

Secondary outcomes were oxygenation (partial pressure of oxygen
(Pa02)/fraction of inspired oxygen (FiO2 ratio), barotrauma or pneu-
mothorax, the need for rescue therapies (prone position, nitric oxide,
high-frequency oscillatory ventilation, or extra-corporeal membrane
oxygenation).

2.5. Statistical analysis

We presented the risk ratios (RR) with 95% confidence intervals (CI)
for dichotomous outcomes. Values for continuous outcomes were given
as the mean (standard deviation). Meta-analysis was performed using
the Mantel-Haenszel random effects model. Statistical heterogeneity
across trials or subgroups were tested by I testing, with values >50%
regarded as being indicative of moderate-to-high heterogeneity [17].
Subgroup analysis and sensitivity analyses were used to explore sources
of heterogeneity. Four prespecified subgroup analyses were conducted
for the main outcomes: (1)trials with higher risk of bias versus trials
with lower risk of bias; (2)different types of RMs; (3)RMs achieving a
peak pressure of <40 cmH20 versus a peak pressure of >40 cmH20;
(4)RMs alone versus RMs co-intervention with higher PEEP or other
therapies. In the meta-analyses of main outcomes, we also did sensitiv-
ity analyses by sequentially omitting one study each time or excluded
studies with co-intervention (e.g. higher PEEP) in the experimental
group to identify the potential influence. We evaluated the possibility
of publication bias by constructing a funnel plot when more than
seven studies were included in the meta-analysis. We assessed funnel
plot asymmetry using Egger tests [18], and defined significant publica-
tion bias as a p value <.05. The quality of evidence for important out-
comes was evaluated by the principles of GRADE system. Statistical
analyses were conducted using Review Manager Version 5.2 (Cochrane
IMS, Oxford, UK), Stata version 12.0 (Stata Corporation, College Station,
TX, USA), and GRADE Pro version 3.6 (GRADE Working Group).

3. Results

We identified 3180 studies, from which 827 were duplicates (Sup-
plemental Fig. 1). After screening titles and abstracts, 2316 trials were
excluded because of not meeting the inclusion criteria. Then, we ob-
tained full-text articles for 37 citations, of which 22 were excluded for
reasons described in the Supplemental Fig. 1. Ultimately, 15 articles in-
volving a total of 2755 participants were included in the systematic re-
view and meta-analysis [19-33], all studies cited did in fact get informed
consent from each study participant and that each study was approved
by an ethics committee or institutional review board.

3.1. Study characteristics

The included studies were published between 2003 and 2017. The
sample size varied from 17 in. a single-centre randomized controlled
trial (RCT) [33] to 1010 in a multi-centre RCT [19]. Study characteristics
are shown in Table 1.

All included studies except two enrolled patients with moderate or
severe hypoxemia (Pa02/Fa02 < 200 mmHg). Most defined ARDS ac-
cording to American-European consensus conference (AECC) criteria



Table 1
Characteristics of included studies.

Source Centers Criteria for enrollment Eligibility Methods Group Number Type of RMs Frequency PEEP titration Target Mean Mode Plateau
of of RMs strategy tidal PEEP pressure
patients volume after RM

Cavalcanti/2017 120 AECC Patients with ~ Prospective RMs 501 PCV NS Decremental PEEP 5.8 ml/kg NS ACPC 258

ICUs definition ARDS study titration: The PEEP cmH,0
<72hP/F< associated with the
200 best compliance plus 2

cmH,0 was considered the
optimal PEEP

Control 509 NA NA ARDSnet: low PEEP, low 5.8 ml/kg NS ACVC 262
tidal volume cmH,0
Chung/ 1 AECC Patients with  Prospective RMs 12 PEEP increment method: Only once on PEEP titration phase: the 6-8 13.8 ACPC 25.5
2017 definition ARDS study (Under pressure-controlled mode, day 1 PEEP was adjusted to 25 ml/kg cmH,0 cmH,0
<48 h,P/F < driving pressure was set to 15cm  when the cm H,0, and it was
200 H,0 above PEEP. The level of PEEP patients reduced by increments of
was increased to a maximum of 40 enrolled 5 cmH,0 each time

cm H,0 in increments of 5 cmH,0
from 10 cm H,0, and the level was
fixed to 40 s in each increment.)

Control 12 NA NA PEEP titration to keep 6-8 135 ACPC 245
Sa02 > 90% ml/kg cmH,0 cmH,0
Yu/2017 1 Berlin Patients with ~ Prospective RMs 36 PEEP increment method: Every 8 h After PEEP reached the 6-7 15cmH,0 SIMV <30
definition ARDS study Lung recruitment was performed peak value, it was then ml/kg cmH,0
(duration not in condition of SIMV mode reduced by 5 cmH,0 every
specified),P/F (pressure control and pressure time, and maintained at 15
<300 support). PEEP was increased by 5 c¢cmH,0 for 10 min.

cmH,0 every time and maintained

for 40-50 s before entering the

next increasing circle, and the

peak airway pressure was always

kept below 45 cmH,0

Control 38 NA NA The minimum PEEP level  6-7 8.2 SIMV <30

to maintain the target ml/kg cmH,0 cmH,0
oxygenation with the
fraction of inspired oxygen
(FiO2) less than

60%
Kacmarek/2016 20 AECC Patients with ~ Prospective RMs 99 PCV 15 cmH,0, At Decremental PEEP trial: 6ml/kg 15.8 ACPC <30
ICUs definition ARDS study PEEP 35-45 cmH,0 to achieve randomization  PEEP at which compliance cmH,0 cmH,0
<48 h,P/F < Ppeak of 50-60 cmH,0 is maximized during
200 decremental trial
+3cmH,0
Control 101 NA NA ARDSnet 6ml/kg 11.6 ACVC <30
PEEP/FiO2 cmH,0 cmH,0
Zhou/2014 1 Berlin Patients with  Prospective RMs 56 “Prone position ventilation Not clear Decremental PEEP trial <6 ml/kg 12cmH,0 ACPC <30
definition ARDS study combined with PEEP cmH,0
(duration not incremental method”
specified),P/F
<100
Control 60 NA NA Lung Protective <6 ml/kg 13 cmH,0 ACPC <30
ventilation: PEEP cmH,0

20cmH20 Fi0239100%
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Table 1 (continued)

Source Centers Criteria for enrollment Eligibility Methods Group Number Type of RMs Frequency PEEP titration Target Mean Mode Plateau
of of RMs strategy tidal PEEP pressure
patients volume after RM

Yang/2011 1 AECC Patients with  Prospective RMs 19 Sustained inflation Every8 hfora  Similar to control group 350-450 NS ACPC <30

definition ARDS study (CPAP 40 cmH-0 for 30s) total of 5days  (PEEP titration to keep ml cmH,0
(duration Pa02 > 60, Fi02 < 0.6)
not
specified),P/F
<200
Control 19 NA NA PEEP titration to keep 350-450 NS ACPC <30
Pa02 > 60, ml cmH,0
Fi02 < 0.6
Zhang/2011 1 AECC Patients with  Prospective RMs 15 Increasing the PEEP in a stepwise ~ Once every 12 h  Similar to control group 6-8 NS ACPC <30
definition ARDS study fashion, first to 10 cmH,0 (3 and lasted 3 ml/kg cmH,0
(duration breaths), days
not then to 15 cmH,0 (3 breaths),and
specified),P/F finally to 20 cmH,0 (10 breaths)
<200
Control 15 NA NA PEEP was adjusted 6-8 NS ACPC <30
according to inspired ml/kg cmH,0
oxygen concentration,
which was to maintain
PEEP at a minimum level
Hodgson/2011 1 AECC Patients with ~ Prospective RMs 10 Staircase recruitment to Ppeak 55  Daily,oxygen Decremental reduction in <6 ml/kg 17.4 PCV <30
definition ARDS study cmH,0: the high pressure was set desaturation PEEP titration from 25 to cmH,0 cmH,0
<72hP/F< to 15 cmH,0 above the PEEP, or diconnection 15 every 30s until a
200 which was increased in a stepwise decrease in Sa02 > 1%.
manner to 20, then 30 and then 40 PEEP was then increased
cmH,0 every two minutes to 40cmH,0 for 1 min.
Optimal PEEP was
2.5cmH,0 above the
derecruitment point
Control 10 NA NA ARDSnet 6ml/kg NS ACVC <30
PEEP/Fi02 c¢mH,0
Xi/2010 14 AECC Patients with ~ Prospective RMs 55 Sustained inflation Every 8 h for Similar to control group 6-8 10.5 CPAP <30
ICUs definition ARDS study (CPAP 40 cmH,0 for 40s) the ml/kg cmH,0 c¢mH,0
(duration not first 5 days
specified),P/F
<200
Control 55 NA NA PEEP to obtain Sa02 of 6-8 9.7 ACVC <30
90%-95% or Pa02 of 60-80 ml/kg cmH,0 or cmH,0
mmHg, with FiO2 < 0.60 ACPC
for
first
24 h
Wang/2009 1 AECC Patients with  Prospective RMs 10 BIPAP Every 8 h per Similar to control group 6-8 NS BIPAP <30
definition ARDS study day ml/kg c¢mH,0
(duration not until on the 7th
specified),P/F day
<200 or before
weaning of
mechanical
ventilation
Control 10 NA NA Lung Protective ventilation 6-8 NS SIMV <30
(PEEP was adjusted ml/kg + cmH,0
according to inspired ACPC

oxygen concentration,
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which was to maintain
PEEP at a minimum level)

Huh/2009 1 AECC Patients with ~ Prospective RMs 30 Extended sigh,Vt 25% of Maneuver Decremental PEEP 6ml/kg 10cmH,O0 ACVC NS
definition ARDS study baseline,PEEP up to 25 was repeated titration: in the
(duration not c¢mH,0,Ppeak maximum once a day or decremental phase of
specified),P/F 55 cmH,0 when ventilator the second ARM,PEEP was
<200 was set 2cmH,0 above the
disconnected or PEEP that leads to 2% drop
if Fi02 in SpO2 or drop of static
requirement compliance
was
increasing,for 1
week
Control 27 NA NA ARDSnet 6ml/kg 9.5 ACPC NS
PEEP/Fi02 c¢mH,0
Meade/2008 30 Onset of new respiratory Patients with  Prospective RMs 475 Sustained inflation Up to 4 times High PEEP: 6ml/kg 14.6 ACPC <40
ICUs symptoms within 28 ARDS study (CPAP 40 cmH,0 for 40s after daily, until FiO2 Standardized PEEP/Fi02 cmH,0 cmH,0
days and bilateral <48 h,P/F< ventilator disconnection) <040 table to Pa02 55-80 mmHg
opacifications on chest 250 or Sa02 88-93%, with
radiograph,and higher PEEP levels than
requiring PaO2/FIO2 < the control group
250 during invasive
mechanical ventilation
Control 508 NA NA ARDSnet low 6ml/kg 10.1 ACVC <30
PEEP-FiO2 table cmH,0 cmH,0
Wang/2007 1 AECC Patients with  Prospective 14 Sustained inflation NS According to ARDSnet 6ml/kg 9.8 NS <30
definition ARDS study (CPAP 35 cmH,0 for 35 s) table cmH,0 cmH,0
(duration not
specified),P/F
<200
Control 14 NA NA According to ARDSnet 6ml/kg 116 NS <25-30
table cmH,0 cmH,0
Yi/2005 1 AECC Patients with ~ Prospective RMs 14 Sustained inflation Every 8 h for Similar to control group 6ml/kg 9.6 CPAP <30
definition ARDS study (CPAP 40 cmH0 for 40s) a total of 5 cmH,0 cmH20
(duration not days
specified),P/F
<200
Control 14 NA NA PEEP titrated to keep 6ml/kg 85 ACVC <30
Pa02 > 60,Fi02 < 0.6 cmH,0 cmH,0
Park/2003 1 AECC Patients with ~ Prospective RMs 11 NO combined with sustained Twice daily Similar to control group 6ml/kg 104 CPAP NS
definition ARDS study inflation c¢mH,0
<48 h,P/F < (CPAP 30-35 cmH,0 for 30s)
200
Control 6 NA NA PEEP was set before ARM 6 ml/kg  82cmH,0 ACVC NS

performing stepwise
increase

from 8 to 15 cmH,0(in
increments of 2cmH,0)
and set based on best
oxygenation.PEEP was
kept after ARM

01-1 (610Z) 05 240D 21t Jo jpunof / v 33 Sub) ‘H

RMs, recruitment maneuves; PEEP, positive end-expiratory pressure; ICU, intensive care unit; AECC, American-European consensus conference; ARDS, acute respiratory distress syndrome; NS, not stated; VT, tidal volume; P/F, partial pressure of
oxygen in arterial blood/fraction inspired oxygen; Pa02, partial pressure of oxygen in arterial blood; FiO2, fraction inspired oxygen; Ppeak, peak inspiratory pressure; ACVC, assist control volume control mode; ACPC assist control pressure control
mode; CPAP, continuous positive airway pressure; Sa02, arterial oxygen saturation; ARDSNet, The Acute Respiratory Distress Syndrome Network; BiPAP, Bilevel Positive Airway Pressure; PCV, pressure-controlled ventilation; SIMV, synchronized
intermittent mandatory ventilation; NO, nitric oxide; NA, not applicable.
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[34]. Only two of included trials [21,23] used the definition of ARDS pro-
vided by the Berlin definition [35].

RMs varied across studies. Five studies used a PEEP incremental
method [20,21,23,25,26], six studies used the CPAP method [24,27,30-
33], one studies used a extended sigh method [29], two studies per-
formed RMs by pressure control ventilation [19,22], and one trial per-
formed RMs by BiPAP (Bi-Level Positive Airway Pressure) [28]. Eight
studies included a ventilation strategy that combined a higher PEEP
ventilation with RMs [19-22,26,29-31]. Zhou et al. also used the same
ventilation strategy, but participants in the experimental group were
managed in the prone position [23]. Five studies applied RMs as an iso-
lated intervention [24,25,27,28,32]. One study included nitric oxide
therapy as a co-intervention with RMs [33].

3.2. Risk of bias

The assessment of risk of bias are shown in Supplemental Fig. 2 and
Supplemental Fig. 3. Four trials [19,26,30,32] had a lower risk of bias be-
cause they showed a low risk of bias in nearly all of the items. Most stud-
ies were rated as having a moderate risk of bias. Only one studies has
high risk of bias in selective reporting biases because of not analysing
these patients as intention-to-treat [27].

3.3. Primary outcomes

3.3.1. 28-Day mortality

Eight studies [19,21-23,27-31] that included 1266 patients from the
experimental group and 1312 patients from the control group exam-
ined 28-day mortality. The details are presented in Fig. 1.

RMs were not associated with reducing 28-day mortality in the
random-effects model (RR 0.90; 95% CI 0.74-1.09; P = .27), with mild
heterogeneity among the studies (%* = 13.44, I> = 48%), we therefore
investigated the source of the heterogeneity.

Experimental Control

Study or Subgroup Events

Total Events Total Weight M-H. Random. 95% CI

3.3.2. ICU mortality

Six studies [19,20-22,27,29] that included 732 patients from the ex-
perimental group and 742 patients from the control group assessed the
effect of RMs on the ICU mortality of patients with ARDS (Supplemental
Fig. 4). There were no differences in ICU mortality between RMs group
and control group (RR 0.92; 95% CI 0.74-1.14; P = .43), with low het-
erogeneity among the studies (y? = 7.45, I = 33%).

3.3.3. In-hospital mortality

Six studies [19,20-22,26,27] that included 712 patients from the ex-
perimental group and 724 patients from the control group examined in-
hospital mortality (Supplemental Fig. 5). The experimental group that
included RMs did not appear to reduce in-hospital mortaliy (RR 1.02;
95%C10.93-1.12; P = .65). There was no heterogeneity among the stud-
ies (¥* = 5.15, I> = 3%).

3.3.4. Subgroup analysis of mortality

Potential heterogeneity in 28-day mortality was explored with sub-
group analysis (Fig. 1, Supplemental Fig. 6, Supplemental Fig. 7, Supple-
mental Fig. 8). Four studies were enrolled to analyze 28-day mortality
among the RMs achieving a peak pressure of <40cmH20 subgroup
[23,27,30,31], pool analysis showed that the RMs group reduced 28-
day mortality in comparison to control group (RR 0.79; 95% CI
0.62-0.99; I> = 12%); there were four studies in the RMs achieving
peak pressure of >40 cmH20 subgroup [19,21,22,29], RMs did not ap-
pear to reduce 28-day mortality (RR 1.10; 95% CI 0.98-1.23; I> = 0%);
the P value for subgroup differences was 0.01. The effect of RMs on
28-day mortality was similar in the subgroup of studies in which RMs
combined with higher PEEP [12,17,18,25-27] (RR 1.00, 95% CI
0.88-1.15; I> = 18%) compared to the subgroup with RMs alone [27]
(RR 0.67; 95% CI 0.40-1.11), ventilatory strategies that included RMs
and prone-positioning [23]showed a pronouced effect on 28-day mor-
tality (RR 0.48; 95% CI 0.24-0.97); the P for subgroup differences
was 0.05. Pooled analysis of the studies with higher risk of bias

Risk Ratio
M-H. Random. 95% CI

Risk Ratio

1.4.1 RMs + Higher PEEP

1.12[1.00, 1.26]
1.20 [0.60, 2.39]
0.83 [0.51, 1.36]
0.88 [0.73, 1.06]

¥

—

Cavalcanti 2017 277 501 251 509 31.0%
Huh 2009 12 30 9 27  6.2%
Kacmarek 2016 22 99 27 101 10.5%
Meade 2008 135 475 164 508 26.0%
Wang 2007 6 14 7 14 49%
Yu 2017 9 36 11 38 5.4%
Subtotal (95% CI) 1155 1197 84%
Total events 461 469

Heterogeneity: Tau? = 0.01; Chi>=6.11, df =5 (P = 0.30); > = 18%
Test for overall effect: Z =0.07 (P = 0.95)

1.4.2 RMs

Xi2010 16 55 24 55 9.9%
Subtotal (95% CI) 55 55  9.9%
Total events 16 24

Heterogeneity: Not applicable

Test for overall effect: Z=1.56 (P = 0.12)

1.4.3 RMs + Prone-positioning

Zhou 2014 9 56 20 60  6.1%
Subtotal (95% CI) 56 60 6.1%
Total events 9 20

Heterogeneity: Not applicable
Test for overall effect: Z=2.05 (P =0.04)

Total (95% CI) 1266 1312 100.0%
Total events 486 513

Heterogeneity: Tau? = 0.03; Chi*> = 13.44, df =7 (P = 0.06); I* = 48%
Test for overall effect: Z=1.10 (P =0.27)

0.86 [0.39, 1.91]
0.86 [0.41, 1.84]
1.00 [0.88, 1.15]

0.67 [0.40, 1.11]
0.67 [0.40, 1.11]

0.48 [0.24, 0.97]
0.48 [0.24, 0.97]

|y

0.90 [0.74, 1.09]

0.2 0.5 1 2 5

Favours [experimental] Favours [control]

Test for subgroup differences: Chi? = 6.14, df =2 (P = 0.05), I* = 67.4%

Fig. 1. Forest plot for 28-day mortality associated with recruitment manoeuvres in ARDS.
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Experimental Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H. Random. 95% CI M-H. Random. 95% CI
Cavalcanti 2017 44 501 14 509 26.4% 3.40[1.84, 6.29]
Huh 2009 3 30 3 27 8.0% 0.89 [0.16, 4.83]
Kacmarek 2016 6 99 8 101 14.9% 0.75[0.25, 2.25]
Meade 2008 53 475 47 508 32.6% 1.23[0.81, 1.86] —_—
Wang 2007 1 14 1 14 32% 1.00 [0.06, 17.75] ™
Yu 2017 4 36 5 38 10.7% 0.82[0.20, 3.35] I
Zhou 2014 2 56 1 60 4.3% 2.19[0.19, 24.79]
Total (95% CI) 1211 1257 100.0% 1.42 [0.83, 2.42] -
Total events 113 79 ' : ; .
Heterogeneity: Tau® = 0.18; Chi?=10.51, df =6 (P =0.10); 2 =43% 0.01 0.1 1 10 100

Test for overall effect: Z =1.29 (P = 0.20)

Favours [experimental] Favours [control]

Fig. 2. Forest plot showing the recruitment manoeuvres' effect on barotrauma or pneumothorax of ARDS patients.

[23,27,29,31] showed a larger effect on mortality (RR 0.76; 95% CI
0.58-1.00; I> = 0%) than the pooled analysis of studies with lower risk
of bias [19,21,30] (RR 1.00; 95% CI 0.81-1.23; I> = 59%); the P for sub-
group differences was 0.12. Effects on 28-day mortality were not differ-
ent for trials used different types of RMs, there were no differences in
28-day mortality between all experimental group and control group.
Two studies [19,22] performed RMs by pressure control ventilation
(RR 1.06; 95% CI 0.85-1.33; I = 27%), two studies [21,23] performed
RMs by PEEP incremental method (RR 0.63; 95% CI 0.36-1.12; I2 =
20%), three studies [27,30,31] performed RMs by CPAP (RR 0.85; 95%
C1 0.72-1.01; I?> = 0%), one study [29] performed RMs by extended
sigh (RR 1.20; 95% CI 0.60-2.39); the P for subgroup differences was
0.21. As shown in Supplemental Fig. 6 and Fig. 1, subgroup analysis by
the level of Ppeak or employing co-interventions could explain the het-
erogeneity (p <.1).

3.3.5. Sensitivity analyses of mortality

We also did sensitivity analyses by sequentially omitting one study
each time to identify the potential influence on 28-day mortality. We
found that the result changed after omitting the latest study [19](Sup-
plemental Fig. 9). RMs reduced 28-day mortality (RR 0.84; 95% CI
0.72-0.98; P = .03), and there was no heterogeneity among the studies
(x? = 4.50, 1> = 0%).

3.4. Secondary outcomes

3.4.1. Barotrauma or pneumothorax

Seven trials [19,21-23,29-31] reported rates of barotrauma or pneu-
mothorax (Fig. 2). RMs did not increase risk of barotrauma or pneumo-
thorax (RR 1.42; 95%CI 0.83-2.42; P = .20), with low heterogeneity
among the studies (y? = 10.51, > = 43%).

3.4.2. Rescue therapies

Only three trials [26,29,30] assessed use of rescue therapies for pa-
tients with ARDS (Fig. 3). Ventilatory strategies that included RMs had
no pronouced effect on the use of rescue therapies for participants
with ARDS (RR 0.69; 95% CI 0.42-1.12; P = .13), with no heterogeneity
among the studies (x* = 2.21, > = 10%).

3.4.3. Oxygenation

Oxygenation (Pa02/FiO2 ratio at 24 to 48 h after randomiztion) was
reported by eleven studies [20-22,24,26-29,31-33], while details are
presented in Fig. 4. The results showed that RMs improved PaO2/Fi02
ratio at 24 to 48 h after randomiztion compared with standard care
(MD 37.85; 95% C1 11.08-64.61; P = .006). The statistical heterogeneity
was high (x> = 138.59, I> = 93%), so we investigated the source of the
heterogeneity.

3.4.4. Sensitivity analyses of oxygenation

Potential heterogeneity in oxygenation was explored with sensitiv-
ity analyses. We did sensitivity analyses by excluding trials with co-
interventions (e.g. higher PEEP or NO) which had potential influence
on outcomes. Then, the result changed after omitting these trials [20-
22,26,29,31,33] The results showed that RMs for the patients with
ARDS did not have obvious effect on improving the oxygenation (MD
12.24; 95% ClI, —1.62 t026.10; P = .08). There was no statistical hetero-
geneity (x*> = 0.57, I> = 0%) (Supplemental Fig. 10).

3.4.5. Publication bias

More than seven studies reported 28-day mortality and oxygena-
tion, so we used funnel plot analysis to assess publication bias. As
shown in Supplemental Fig. 11 and Supplemental Fig. 12, there were
no obvious evidence of publication bias for 28-day mortality and oxy-
genation by funnel plots and Egger's test (P values for 28-day mortality
and oxygenation were 0.079 and 0.301, respectively).

3.4.6. Quality of the meta-analysis evidence
The principles of GRADE system indicated that the quality of evi-
dence for primary outcomes were of low quality (Table 2)

4. Discussion

ARDS represents a serious problem which is associated with a high
mortality ranging from 35% to 46% [1]. RMs are a feasible strategy that
can be simply used at bedside on patients with ARDS, which are charac-
terized by transiently raising the transpulmonary pressure to re-open
collapsed lung tissue [9]. However, the re-opening process could lead

Experimental Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H. Random. 95% CI M-H. Random. 95% CI
Hodgson 2011 0 10 2 10 24% 0.16 [0.01, 3.85] ¢
Huh 2009 16 30 13 27 19.8% 1.23[0.43, 3.49] e B —
Meade 2008 37 475 61 508 77.9% 0.62 [0.40, 0.95] n
Total (95% CI) 515 545 100.0% 0.69 [0.42, 1.12] el
Total events 53 76
Het ity: Tau? =0.03; Chi?=2.21, df = 2(P = 0.33); I> = 10? t t t t + t
eterogeneity: Tau? =0.03; Chi ,d (P =0.33); 0% ol 02 0s ] 5 5 10

Test for overall effect: Z=1.50 (P =0.13)

Favours [experimental] ~ Favours [control]

Fig. 3. Forest plot showing the effect of recruitment manoeuvres on rescue therapies of patients with ARDS.
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Experimental Control
Study or Subgroup Mean SD Total Mean  SD Total Weight

2.3.1 RMs + Higher PEEP

Chung 2017 1323 435 12 140.5 47.1 12 9.0%
Hodgson 2011 230 36.1 10 140 28 10 9.6%
Huh 2009 160.9 65.2 30 1373 493 27 95%
Kacmarek 2016 1985 78.6 94 1356 435 101 10.3%
Wang 2007 298 16 14 212 12 14 10.6%
Yu 2017 129.5 373 36 131.9 374 38 10.3%
Subtotal (95% CI) 196 202 59.2%

Heterogeneity: Tau? = 1874.69; Chi> =98.85, df = 5 (P < 0.00001); > = 95%

Test for overall effect: Z =2.33 (P =0.02)

2.3.2 RMs + NO
Park 2003 254.2 109.5 11 1155 49.1 6 58%
Subtotal (95% CI) 11 6 58%

Heterogeneity: Not applicable
Test for overall effect: Z = 3.59 (P = 0.0003)

2.3.3 RMs

Wang 2009 2064 114.1 10 183 493 10 57%
Xi 2010 142 61 55 125 46 55 10.1%
Yang 2011 1412 414 19 1342 40.1 19 9.8%
Yi 2005 1394 404 14 132.4 41.1 14 9.5%
Subtotal (95% CI) 98 98 35.0%

Heterogeneity: Tau? = 0.00; Chi*> = 0.57, df =3 (P = 0.90); > = 0%
Test for overall effect: Z=1.73 (P =0.08)
Total (95% CI) 305 306 100.0%

Heterogeneity: Tau? = 1734.46; Chi> = 138.59, df = 10 (P < 0.00001); I> = 93%

Test for overall effect: Z =2.77 (P = 0.006)

Mean Difference Mean Difference
IV. Random. 95% CI IV. Random. 95% CI
-8.20 [-44.48, 28.08]
90.00 [62.68, 118.32] R
23.60 [-6.24, 53.44] S
62.90 [44.89, 80.91] ™
86.00 [75.52, 96.48] -
-2.40 [-19.43, 14.63] L -
42.91 [6.85, 78.97] -

138.70 [63.00, 214.40] _
138.70 [63.00, 214.40] ———
23.40 [-53.64, 100.44] —_—

17.00 [-3.19, 37.19]
7.00 [-18.92, 32.92]

BE

7.00 [-23.19, 37.19] o
12.24 [-1.62, 26.10]

-
37.85 [11.08, 64.61]—F——t—¢ —t

Favours [experimental] Favours [control]

Test for subgroup differences: Chi = 12.20, df =2 (P = 0.002), I = 83.6%

Fig. 4. Forest plot showing the effect of recruitment manoeuvres on oxygenation of patients with ARDS.

to overdistention and hemodynamic impairment [36-38]. Therefore,
the application of RMs on ARDS patients is still controversial.

Our systematic review and meta-analysis indicates that RMs did not
reduce the mortality (28-day mortality, ICU mortality, and the in-
hospital mortaliy) of patients with moderate or severe ARDS. Neverthe-
less, RMs could improve oxygenation, while not raising the risk of

Table 2
GRADE summary of Fingdings comparing RMs to standard care for patients with ARDS.

barotrauma or pneumothorax and increasing the use of rescue thera-
pies. Overall, the results demonstrated that it is safe to use RMs on
ARDS patients.

Potential heterogeneity could be detected in 28-day mortality and
oxygenation. Subgroup analysis and sensitivity analyses were used to
explore the sources of heterogeneity. The results showed that subgroup

Recruitment manoeuvres compared with standard care for adults with acute respiratory distress syndrome who were mechanically ventilated

Patient or population: patients with acute respiratory distress syndrome (ARDS)
Settings: Intensive care units

Intervention: Recruitment manoeuvres (RMs)

Ilustrative comparative risks* (95% CI)

Assumed risk Corresponding risk

Control Recruitment manoeuvres (RMs)
28-day mortality 391 per 1000 352 per 1000 RR 0.9 2578 P00
(289 to 422) (0.74t0 1.08) (8 studies) low'?
rescue therapies 139 per 1000 100 per 1000 RR 0.72 1060 EXISIS)
(64 to 153) (0.46 to 1.1) (3 studies) low™?
ICU mortaliy 501 per 1000 466 per 1000 RR 0.93 1474 ERASIC]
(376 to 556) (0.75t0 1.11) (6 studies) low'?
in-hospital mortality 541 per 1000 541 per 1000 RR1 1436 EISIS)
(476 to 606) (0.88t0 1.12) (6 studies) low'?
barotrauma or pneumothorax 63 per 1000 87 per 1000 RR 1.38 2468 SHBO
(53 to 140) (0.84t02.22) (7 studies) moderate’
Pa02/FiO2 ratio at 24 to 48 hours after randomiztion The mean pao2/fio2 ratio at 24 to 48 hours after randomiztion in the intervention groups was 581 CISISIS]
37.85 higher (11 studies) very low"

(11.08 to 64.61 higher)

*The basis for the assumed risk (c.g. the median control group risk across studies) is provided in footnotes. The corresponding risk (and its 95% confidence interval) is based on the assumed risk in the comparison group and the relative effect of the

intervention (and its 95% CI).

CI: Confidence interval; RR: Risk ratio;

GRADE Working Group grades of evidence
High quality: Further research is very unlikely to change our confidence in the estimate of effect.

Moderate quality: Further research is likely to have an important impact on our confidence in the estimate of effect and may change the estimate.

Low quality: Further research is very likely to have an important impact on our confidence in the estimate of effect and is likely to change the estimate.

Very low quality: We are very uncertain about the estimate.

! Serious risk of bias: results were not assessed by intention-to-treat principle.

? Indirect effects: many studies with co-interventions (e.g. higher PEEP or NO)were included, and did not consider RMs as an isolated intervention.

* Imprecise effects: confidence intervals of the summary effect do not exclude clinically significant benefit or harm; the number of studies and sample size was not big enough.

# Inconsistent effects: the statistical heterogeneity was high.
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analyses couldn't explain the heterogeneity. The possible reason may be
the small number of trials and the high risk of bias in some trials. Hence,
we cannot confidently conclude that the effect of RMs on 28-day mor-
tality was similar in these subgroups. However, in our subgroup analysis
of RMs achieving a peak pressure of <40cmH20 versus RMs achieving
peak pressure of >40 cmH20, the effect was different between the sub-
groups. In the RMs achieving peak pressure of >40 cmH20 subgroup,
RMs did not appear to reduce 28-day mortality. It is possible that higher
PEEP can prevent alveolar collapse at end expiration, but it may also
cause ventilator-induced lung injury through alveolar overdistention
[39]. As for the significant heterogeneity in oxygenation in this study,
we performed sensitivity analyses by excluding trials with co-
interventions (e.g. higher PEEP or NO). Then, the result changed and
the statistical heterogeneity could not be detected, which suggested
that the co-interventions had potential impact on the outcomes. Apply-
ing adequate positive end-expiratory pressure (PEEP) after RMs could
prevent alveolar derecruitment [40], this may account for the result. Ac-
cordingly, RMs and PEEP titration are interdependent strategies for the
success of treatment. But the number of these trials that did not employ
co-interventions was small and the sample size was not big enough.
Thus, we cannot confidently conclude that RMs employed in isolation
did not have obvious effect on improving the oxygenation in patients
with ARDS. Nevetheless, in clinical practice, RMs and PEEP are usually
combined to open collapsed lung alveolar and keep them opened. So,
applying RMs without PEEP makes little sense.

Our findings were different from the latest systematic review and
meta-analysis published in 2017 [12], which reported that RMs were as-
sociated with the reduced 28-day mortality of patients with ARDS. We
supposed that the main reason for the difference is that we have in-
cluded a latest large-scale trial with high quality done by Cavalcanti,
A.B. et al. [19]. Therefore, a sensitivity analysis was conducted by omit-
ting that study and the result changed, which suggests that the trial
done by Cavalcanti, A.B. et al. has a potential influence on the result of
28-day mortality. In the latest large-scale trial done by Cavalcanti, A.B.
et al., we found that RMs were associated with the increased 28-day
mortality. We supposed that the following reasons could account for
it. Firstly, in the control group, the lung protective characteristics of a
low tidal volume strategy may reduce the atelectrauma. To some extent,
the potential physiological advantages of the lung recruitment and PEEP
titration strategy have been partly cancelled out. Secondly, the increas-
ing in overdistention and hemodynamic impairment may have offset
the potential strengths of the lung recruitment strategy [36-38].

Several limitations should be considered. Firstly, although we have
searched all the related literatures, some unpublished trials might be
missed. Secondly, the sample size of eight included studies was not
big enough, in which the enrolled patients were <50. Thirdly, due to
the risk of the included studies and the indirectness of evidence, the
quality of evidence for primary outcome was low. We classified the ev-
idence as indirect because many studies with co-interventions (e.g.
higher PEEP or NO) were included, and did not consider RMs as an iso-
lated intervention. This may be caused by the routine that RMs and PEEP
titration are the most common strategies in clinical practice. Fourthly,
some studies did not provide information on the main outcomes. Fi-
nally, as not all studies had available individual patient data, we were
unable to assess the effects of RMs in some important subgroups, such
as patients with early ARDS (<4-5 days) or later ARDS (>4-5 days)
and patients with pulmonary ARDS or extrapulmonary ARDS.

Although our study did not support the opinion that the RMs were of
great benefit to mortality, RMs are desirable if it can be used appropri-
ately. Thus, it is very promising in the future to have individualized
treatments to reduce lung injury and get the best curative effect. First
of all, since patients with different lung recruitability had different re-
sponse to RMs, assessing patients' lung recruitability before RMs appli-
cation could guide individualized ventilation strategies to prevent
ventilator-associated lung injuries and keep the lungs open [41]. Ac-
cordingly, it is necessary to strengthen the surveillance of the response

to RMs and/or lung recruitability during the lung recruitment period, es-
pecially for patients with hemodynamic instability and high risk factors
for barotrauma. Now, more and more physiological variables and tech-
niques with relatively high sensitivity and specificity have emerged to
estimate lung recruitability, such as static lung compliance, esophageal
pressure monitoring, computed tomography, the use of lung ultraso-
nography (LUS), electrical impedance tomography (EIT) [41]. Secondly,
itis also essential to explore the optimal RMs strategies for different pa-
tients with regards to type, duration, frequency, peak pressure and titra-
tion of PEEP. Types of RMs should be chosen on the basis of
hemodynamics, oxygenation, barotrauma episodes, and lung
recruitability through physiological variables and imaging techniques
[41]. During recruitment maneuver, we could dynamically adjust our
ventilation procedure based on information from the monitoring of
the pulmonary function and respiratory mechanics to minimize possi-
ble deleterious effects [42]. The optimal PEEP should be determined by
the PEEP/FIO2 tables of the ARDS Network or best compliance on the
basis of a balance between alveolar recruitment and overdistention. Be-
yond that, many other advanced methods, such as stress index, esoph-
ageal manometry, ultrasound, and electrical impedance tomography,
can be also used for PEEP selection if permitted [43]. Last but not least,
it is important to guide the treatment according to the severity of the
disease. Many studies have revealed that patients with moderate or se-
vere hypoxemia, early ARDS and/or extrapulmonary ARDS are associ-
ated with greater lung recruitability [36,44-47]. So, further research
should focus on individual participants'features to find whether effects
of RMs vary with severity, different stages, and cause of ARDS, which
may help to give better individualized treatment.

5. Conclusion

In summary, compared with standard care, RMs did not appear to
reduce mortality (28-day mortality, ICU mortality, and the in-hospital
mortaliy), but could improve oxygenation for patients with ARDS, with-
out detrimental effects on barotraumas and rescue therapies. Since
there are some limitations in this meta-analysis, further prospective
studies should be performed to confirm the effects of RMs on patients
with ARDS.
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