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Effect of lung recruitment maneuver

on oxygenation, physiological parameters
and mortality in acute respiratory distress
syndrome patients: a systematic review
and meta-analysis

Joris Pensier!, Audrey de Jong?, Zied Hajjej?, Nicolas Molinari?, Julie Carr', Fouad Belafia', Gérald Chanques?,
Emmanuel Futier’, Elie Azoulay® and Samir Jaber?”

Abstract

Purpose: Among acute respiratory distress syndrome (ARDS) patients in intensive care units, the efficacy of lung
recruitment maneuver (LRM) use is uncertain taking into account the most recent randomized controlled trials (RCTs).
We aimed to estimate the effect of LRMs on mortality from ARDS.

Methods: In this systematic review and meta-analysis, we searched for RCTs comparing mechanical ventilation with
and without LRMs in adults with ARDS. We generated pooled relative risks (RR), mean difference, performed trial-
sequential-analysis and cumulative meta-analysis. The primary outcome was 28-day mortality. The secondary out-
comes were oxygenation evaluated by PaO,/FiO, ratio, rate of rescue therapy and rate of hemodynamic compromise.

Results: In 14 RCTs including 3185 patients, LRMs were not associated with reduced 28-day mortality (RR=0.92,
95% confidence interval (95% Cl) 0.82-1.04, P=0.21), compared to no-LRM. Trial-sequential-analysis showed that the
required information size has been accrued. PaO,/FiO, ratio was significantly higher in the LRMs group in compari-
son to the no-LRM group (mean difference =47.6 mmHg, 95% Cl 33.4-61.8, P<0.001). LRMs were associated with

a decreased rate of rescue therapy (RR=0.69 95% Cl 0.56-0.84, P<0.001), and an increased rate of hemodynamic
compromise (RR=1.19, 95% Cl 1.06-1.33, P=10.002), compared to no-LRM group. Using cumulative meta-analysis, a
significant change for effect on mortality was observed after 2017.

Conclusions: The results suggest that in ARDS patients, systematic use of LRMs does not significantly improve
28-day mortality. However, LRM use was associated with positive effects such as an oxygenation improvement and
a less frequent use of rescue therapy. Nevertheless, LRM use was associated with negative effects such as hemody-
namic impairment.
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Introduction

Acute respiratory distress syndrome (ARDS) is a com-
mon life-threatening condition in critically ill patients,
associated with a high mortality [1, 2]. Atelectasis for-
mation in patients with ARDS can reduce the propor-
tion of aerated lung available for ventilation and further
exacerbate ventilation-induced lung injury (VILI) by
amplifying stretching forces at margins between aerated
and atelectatic regions [3]. The nonaerated lung volume
can be separated in recruitable lung volume, which can
be aerated, applying an appropriate level of pressure to
the lung, and consolidated lung volume, which remains
unrecruitable no matter the applied pressure [4]. Lung
recruitment maneuver (LRM), which involves transient
increase in transpulmonary pressure, aims to reopen
recruitable lung units [5]. Along with the positive end-
expiratory pressure (PEEP), which helps to keep the
lung units recruited and to reduce the outset of atelec-
tasis, LRM has been used to manage ARDS by opening
alveoli and keeping them open [6]. Different LRMs have
been described, from high continuous positive airway
pressure (CPAP) to increases in PEEP at constant driv-
ing pressure (Pdrive), or high Pdrive at constant PEEP [7].
LRMs are low-cost, simple and feasible bedside interven-
tions. However, if LRM might be associated with posi-
tive effect on oxygenation and lung compliance [5], as
well as reduced use of rescue therapies [8], it may result
in hemodynamic risks [5]. Higher intrathoracic pressure
implies lower cardiac output, increase of pulmonary vas-
cular resistance, which might alter right ventricular ejec-
tion, and increased barotrauma [4, 5]. Studies have shown
that the increase mechanical power corresponding to an
increased pressure (as applied during a LRM) is associ-
ated with higher risks of VILI [9]. Moreover, discrepan-
cies in the response to LRM from one patient to another
are described [10, 11], with responders and nonrespond-
ers to LRMs and positive or negative effects on oxygena-
tion and lung compliance (Fig. 1la, b). Clinical practice
guidelines have provided conditional recommendation
suggesting the use of LRM in adult patients with ARDS
[12, 13] while others did not recommend LRM [14]. Two
recent meta-analyses [15, 16] have shown discrepancies,
one [15] suggesting a positive effect of LRM on mortality
in ARDS patients, while the other [16] did not find a sig-
nificant difference on mortality between a LRM strategy
and a no-LRM strategy. However, since the publication of
the two last meta-analyses, additional recent randomized
controlled trials (RCTs) (including ART, PHARLAP and
LIVE Studies) [17-19] have been published in 2017 and
2019. Moreover, Trial Sequential Analysis (TSA) [20] and
cumulative meta-analyses have never been performed in
the previous systematic reviews and meta-analyses.

The present meta-analysis involving a total of 3185 patients suggest
that in ARDS patients, systematic use of lung recruitment maneuver
(LRMs) does not significantly improve 28-day mortality. However,
LRM use was associated with positive effects such as an oxygena-
tion improvement, decreased driving pressure and less use of
rescue therapy; and LRM use was associated with negative effects
such as hemodynamic impairment.

We designed this systematic review and meta-analysis
of RCTs to assess the effect of LRMs on the mortality in
ARDS patients. We hypothesized that, in ARDS patients,
systematic use of LRMs was not associated with a reduc-
tion of mortality. We also aimed to assess the effect of
LRMs on oxygenation, use of rescue therapy, rates of
hemodynamic impairment and barotrauma.

Materials and methods

We conducted a systematic review and meta-analysis of
RCTs comparing mortality rates between a LRMs group
and a no-LRM group, in accordance with the Preferred
Reporting Items for Systematic reviews and Meta-Analy-
ses (PRISMA) statement [21]. The meta-analysis was reg-
istered on the PROSPERO register of systematic review
(CRD42018108694).

Search strategy, selection criteria and outcome measures

The search strategy is detailed in the electronic supple-
mentary material. We screened for relevant RCTs that
enrolled adult patients with ARDS, defined as in the Ber-
lin Definition [22], as an acute (less than 7 days) hypox-
emia based on a PaO,/FiO, lower than 300 mmHg, with
lung edema assessed by chest X-ray, not due or only
partially due to a left heart failure. Those studies had to
compare a LRMs group with a no-LRM group and to
report mortality among the patients. Then we made a
quantitative synthesis performing a meta-analysis and
systematic review. The main outcome was 28-day mor-
tality. Whenever 28-day mortality was not available, we
selected 30-day mortality, and then ICU mortality, as
endpoint. The secondary outcomes were respiratory val-
ues (PaO,/FiO, ratio (Pa/Fi) at day 1 and day 7, plateau
pressure (Pplat) at day 1 and day 7, PEEP at day 1 and day
7, driving pressure (Pdrive) at day 1 and day 7, PaCO,
at day 1 and day 7), use of rescue therapies (defined as
use of nitric oxide inhalation, extracorporeal membrane
oxygenation, high frequency oscillatory ventilation, jet
ventilation, intravenous almitrin or prone positioning if
not considered as first-line treatment), incidence of baro-
trauma, rate of hemodynamic compromise, other end-
points of mortality (ICU mortality, hospital mortality,
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Fig. 1 Physiological effects of LRM and study flow diagram. a Effects of lung recruitment on oxygenation and lung compliance among ARDS
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diagram

60-day mortality), duration of ICU stay and duration of
hospital stay.

Data collection and analysis

First, two authors (JP and AD]J) independently screened
the retrieved studies by title and then by abstract for
exclusion. They assessed the full text of the possible rel-
evant studies for inclusion and exclusion criteria. Disa-
greement was resolved by discussion and arbitrated, if

necessary, by a third author (S]). Data were then added
to an excel database, specifically designed for this review
and analyzed in RevMan 5.3 software and Trial Sequen-
tial Analysis viewer version 0.9.5.10 Beta.

Statistical analysis

Data were extracted as they were reported in the origi-
nal paper or based on the answers of the authors to our
queries. Included studies were appraised for their risk



of bias by two independent authors (JP, AD]J) using the
Cochrane Collaboration’s tool for assessing risk of bias
in RCTs. Statistical heterogeneity was quantified by the
Q-Cochrane heterogeneity test [Q statistic with degree
of freedom (df)] and the I* statistic [21]. A random-
effect model was performed. In case of heterogeneity,
the cause was explored in sensitivity analyses. A pri-
ori, we decided to perform subgroups analysis (PaO,/
FiO, ratio <100 mmHg and PaO,/FiO,>100 mmHg).
A priori, we decided to perform sensitivity analyses on
mortality and Pplat outcomes, excluding studies which
did not use a protective lung protocol in control group,
defined as a setting of tidal volume lower than 8 ml/kg
of ideal theoretic weight (ITW). A priori, we decided
to perform more focused sensitivity analyses on 28-day
mortality, excluding studies which did not use a pro-
tective lung protocol in control group, according to
the type of the LRM used in the intervention groups
(CPAP or other type of LRM). To further explore heter-
ogeneity, post hoc sensitivity analyses were performed
according to the first results reported. A funnel plot
(plot of treatment effect against trial precision) was
also created to determine the presence of publication
bias and other possible biases (English language, cita-
tion and multiple publication), true heterogeneity, data
irregularities and choice of effect measure in the meta-
analysis. In the presence of bias that usually leads to an
overestimate of the treatment effect, the funnel plot is
skewed and asymmetrical.

We conducted a cumulative meta-analysis according to
publication year, by updating the pooled risk ratio each
time a result of a new trial was published for the primary
outcome [23]. This statistical method is used to detect
the dynamic trend of the association result or further
stabilize the meta-analysis conclusion. To explore more
thoroughly the primary end point, we used TSA to assess
the risk of random errors due to sparse data and multi-
ple testing of accumulating data [20] and to calculate the
required information size. The calculated required infor-
mation size takes into account the control event propor-
tion, the anticipated heterogeneity variance (D?) of the
meta-analysis, and the assumption of a plausible relative
risk reduction (RRR) or relative risk increase (RRI). We
used an alpha risk of 5%, a beta risk of 10%, and a D? as
suggested by the trials in the meta-analysis. As antici-
pated intervention effects for the primary outcome in
the TSA, we used a realistic a priori RRR or RRI of 20%.
All tests were two-sided and p values less than 0.05 were
considered statistically significant.

Results

Study selection

We identified 747 articles using the search strategy. We
excluded 180 citations because of duplications and 542
citations on the initial abstract screen because inclusion
criteria were not met. After examination of the full text of
the 25 selected papers, we included 14 RCTs [6, 8, 17-19,
24-32] for the meta-analysis. Figure 1c shows the study
selection flowchart.

Study description

The fourteen studies [6, 8, 17-19, 24-32] involved a
total of 3185 patients from seven countries (China=4,
Taiwan=3, Australia n=2, Brazil n=2, Canada n=1,
France n=1, Spain n=1), 1517 patients were analyzed
in the LRMs group and 1668 in the no-LRM group
(Table 1).

Risk of bias and quality assessment

All RCTs were identified with low to moderate risk of bias
according to the Cochrane collaboration’s tool. Figures S1
and S2 present the risk of bias assessment of included
studies. The 28-day mortality outcome was reported in
all 14 studies. Pa/Fi at day 1, Pa/Fi at day 7, PEEP at day
1 and PEEP at day 7 were reported in nine studies. Pplat
at day 1, Pplat at day 7, Pdrive at day 1, Pdrive at day 7
were reported in, respectively, eight, seven, three and
three studies. PaCO, at day 1 and PaCO, at day 7 were,
respectively, reported in eight and seven studies. Use of
rescue therapy was reported in five studies. Incidences
of barotrauma and hemodynamic compromise were
reported, respectively, in twelve and four studies. ICU
mortality, hospital mortality and 60-day mortality were
reported, respectively, in ten, eleven and three studies.
Duration of ICU stay and duration of hospital stay were
reported, respectively, in seven and five studies. Details
of the described studies for each item are reported in the
Electronic Supplemental Material.

Primary outcome: 28-day mortality
Fourteen studies presented results for the 28-day mortal-
ity. The pooled RR across all studies was 0.92 (95% Con-
fidence Interval (CI) 0.82-1.04, P=0.21), indicating no
significant difference in 28-day mortality in the LRMs
group when compared to the no-LRM group (Fig. 2a).
There was no significant heterogeneity for this outcome
(df=13, P=0.25) with a corresponding I* statistic of 18%.
A cumulative meta-analysis was conducted to assess
changes over time (Fig. 2b). A statistically significant
reduction in 28-day mortality was first observed in the
studies performed from 1998 to 2017 (RR=10.83 95% CI



Table 1 Characteristics of included studies

Amato 1998 Brazil 2
[22]

Wang 2007 China 1
[29]

Meade Canada 30
2008 [7]

Huh 2009 China 1
[23]

Xi2010[24] China 14

Hodgson  Australia 1
2011 [25]

Liu 2011 Taiwan 1
[30]

Kacmarek  USA 20
2016 [5]

Chung 2017 Taiwan 1
[271

Yu 2017 [28] China 1

ART 2017  Brazil 120
[15]

Kung 2019 Taiwan 4
[26]

123

210

144

112

Not
stated

152

Not

stated

17

130

173

118

131

LIS>2.5,
PCWP <16, ven-
tilation for less
than 1 week

Patients with
ARDS, Pa/
Fi <200 mmHg

Patients with
ARDS <48 h, Pa/
Fi<250 mmHg

Patients with
ARDS, Pa/
Fi <200 mmHg

Patients with
ARDS, Pa/
Fi <200 mmHg

Patients with
ARDS <72 h, Pa/
Fi <200 mmHg

Patients with
ARDS, Pa/
Fi<250 mmHg

Patients with
ARDS <48 h, Pa/
Fi <200 mmHg

Patients with
ARDS <48 h, Pa/
Fi <200 mmHg

Patients with
ARDS

Patients with
ARDS <72 h, Pa/
Fi<200 mmHg

Patients with
ARDS <72 h, Pa/
Fi<250 mmHg

29

14

475

30

55

10

50

99

12

36

501

60

CPAP Atventilator Yes
35-40 cmH,0  discon-
for40s nec-

tions or
desatura-
tion

CPAP 35cmH20 Not stated  Yes
for35s

CPAP 40cmH20 At ventilator Yes
for40s discon-
nections

Extended sigh, Daily Yes
VT set up at
25% of base-
line, PEEP up
to 25cmH20

CPAP 40cmH20 Every8h  Yes
for40s during
5 days

Driving pressure Daily, at Yes
set up at desatura-
15 cmH20, tion or
incremential ventilator
PEEP to discon-
40cmH20 nections

Driving pressure Not stated  Yes
setup at
15 cmH20,
incremential
PEEP to
35cmH20

Driving pressure At randomi- Yes
set up at zation
15 cmH20,
PEEP set up
between
35cmH20 and
45cmH20

Driving pressure At randomi- Yes
set up at zation
15 cmH20,
incremential
PEEP to
40cmH20

Driving pressure Every8h  Yes
setup to during
15 cmH20, 7 days
incremential
PEEP to
40cmH20

Driving pressure Twice at Yes
setup at randomi-
15 cmH20, zation
incremential
PEEP from
25cmH20 to
35-45cmH20

Driving pressure Every8h  Yes
setup to
15 cmH20,
incremential
PEEP to
peak airway
pressure at
50cmH20

Yes

No

Yes

Yes

No

Yes

Yes

Yes

Yes

No

Yes

Yes

24

508

27

55

50

101

38

509

60

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

PEEP titrated for
PaO,>60 mmHg
and Fi0, <06

ARDSNet PEEP/FIO,

ARDSNet PEEP/FIO,

ARDSNet PEEP/FIO,

PEEP titrated for
PaO,>60 mmHg
and Fi0, <06

ARDSNet PEEP/FIO,

Not stated

ARDSNet PEEP/FIO,

ARDSNet PEEP/FIO,

ARDSNet PEEP/FIO,

ARDSNet PEEP/FIO,

ARDSNet PEEP/FIO,




Table 1 (continued)

Hodgson  Australia 35 129 Patients with 57 Driving pressure Everyday — Yes Yes 56 Yes ARDSNet PEEP/FIO,
2019 [16] ARDS< 72 h, Pa/ setup at during
Fi <200 mmHg 15 cmH20, 5 days
incremential
PEEP from
20cmH20 to
40cmH20
Constantin  France 20 116 Patients with 89 CPAP 40cmH20 At randomi- Yes Yes 204 Yes ALVEOLI PEEP/FIO,
2019 [17] ARDS< 12 h, Pa/ for40s zation, at
Fi<200 mmHg desatura-
tion or at
clinician’s
discre-
tion

ARDSNet NHLBI acute respiratory distress syndrome network, CPAP continuous positive airway pressure, LIS lung injury score, PCWP pulmonary capillary wedge pressure

0.72-0.95). After adding the additional recent RCTs [17—
19], no more significant reduction in 28-day mortality
was observed (RR=10.92 95% CI 0.82-1.04).

TSA showed that the required information size to
reject a RRR/RRI of at least 20% had been accrued. The
certainty of evidence was high (Fig. 2c).

A first sensitivity analysis was performed, excluding
one study [24] that did not use a protective ventilation
protocol in control group (Figure S3). It showed no sig-
nificant difference in 28-day mortality (13 studies, 3132
patients, RR=1.00 95% CI 0.92-1.09, P=0.99). There
was no significant heterogeneity. The second sensitivity
analysis (Figure S4) including only studies using CPAP
LRM:s, excluding studies with no protective ventilation in
control group, showed no significant difference in 28-day
mortality (four studies, 1414 patients, RR=0.87 95% CI
0.74-1.01, P=0.07), without heterogeneity. The sensi-
tivity analysis (Figure S4) including only studies using
other LRMs showed no significant difference in 28-day
mortality (nine studies, 1605 patients, RR=1.07 95% CI
0.96-1.18, P=0.23) without heterogeneity. A subgroup
analysis was performed, according to the severity of
ARDS at baseline. It showed no significant difference in
28-day mortality neither in patients with a PaFi lower or
equal than 100 mmHg nor in patients with a PaFi higher
than 100 mmHg (Figure S5).

Secondary outcomes

Oxygenation and ventilation parameters

Nine studies presented results on PaFi at day 1 (Fig. 3a).
PaFi at day 1 was found significantly higher in the
LRMs group when compared to the no-LRM group
(MD=47.6 mmHg (95% CI 33.4-61.8, P<0.001),

indicating better oxygenation. Nine studies presented
results on PaFi at day 7 (Figure S6). The MD was
34.2 mmHg (95% CI 8.0-60.4, P=0.01), indicating better
oxygenation at day 7 in the LRMs group when compared
to the no-LRM group.

The results on PEEP, Pplat and Pdrive, at day 1 and day
7 after randomization, are presented on electronic sup-
plemental material (Table S1, Figures S7-S15). Sensitivity
analyses were performed on Pplat outcomes, excluding
one RCT [24] which did not use lung-protective ventila-
tion in the control group. A post hoc sensitivity analysis
was performed on the Pdrive at day 1 outcome, excluding
one study [19] which contained significant difference in
Pdrive at baseline characteristics between groups.

Use of rescue therapy

Five studies presented results for the use of rescue ther-
apy (Fig. 3b). There was a significantly lower rate of res-
cue therapy in the LRMs group, when compared to the
no-LRM group (2013 patients, RR=0.69 95% CI 0.56—
0.84, P<0.001).

Adverse events: incidence of barotrauma

Twelve studies presented results for the incidence of
barotrauma (Fig. 4a). The pooled RR across all stud-
ies was 0.99 (3133 patients, 95% CI 0.60-1.63, P=0.96),
indicating no significant difference concerning the inci-
dence of barotrauma whether LRMs were applied or not.
A sensitivity analysis was performed excluding one study
[24] which did not use protective ventilation in the con-
trol group (Figure S16). It showed no significant differ-
ence in barotrauma (11 studies, 3080 patients, RR=1.21
95% CI 0.80-1.83, P=0.36).



(See figure on next page.)

Fig. 2 The effect of LRMs on 28-day mortality in ARDS patients, compared to a no-LRM group. a Forest plot. b Cumulative meta-analysis. Pooled
risk ratios are updated each time a new study was published. ¢ Trial Sequential Analysis of all trials of the effect of LRMs on 28-day mortality. Control
event proportion of 38.6%, diversity (D2) of 39%, alpha of 5%, power of 90% and relative risk reduction of 20%. As the cumulative Z-curve reached
the trial sequential monitoring boundary for futility, we may reject a 20% RRR with high level of certainty. LRM lung recruitment maneuver, C/ confi-
dence interval, df degrees of freedom, & heterogeneity statistic, M-H Mantel-Haenszel

Adverse events: rate of hemodynamic compromise
Four studies reported rate of hemodynamic compromise
(Fig. 4b). The pooled RR was 1.19 (95% CI 1.06—1.33,
P=0.002), indicating higher rate of hemodynamic com-
promise in the LRMs group when compared to the no-
LRM group.

Other secondary results are available in the electronic
supplementary material (Table S1-S3, Figures S1-S27).

Discussion

The present systematic review and meta-analysis of four-
teen RCTs showed that systematic LRMs do not reduce
mortality in ARDS patients compared to no-LRM, with a
high certainty of evidence using TSA. The analysis of sec-
ondary outcomes brought out opposite effects, depend-
ing on the studied outcome. Higher Pa/Fi ratios and a
less frequent use of rescue therapy for hypoxemia were
reported in the LRMs group, compared to the no-LRM
group. A significantly higher risk of hemodynamic insta-
bility in the LRMs group compared to the no-LRM group
was found. Using cumulative meta-analysis, a significant
change for effect on mortality was observed after adding
the additional recent RCTs (ART, PHARLAP and LIVE
Studies) [17-19].

In comparison to the results reported in the meta-anal-
ysis of Goligher et al. [15] which showed an improvement
on 28-day mortality with the use of LRMs, the present
meta-analysis including the most recent RCT showed
that systematic LRMs do not reduce mortality in ARDS
patients compared to no-LRM, with a high certainty of
evidence using TSA. Only six trials were included in the
meta-analysis of Goligher et al. [15], which could explain
that it had not reached the Required Information Size to
conclude with a high level of certainty, unlike our analy-
sis (Fig. 2c) and the meta-analysis of Bhattacharjee et al.
[16]. Contrary to the meta-analysis of Bhattacharjee et al.
[16] in which the studies performed without protective
ventilation were excluded, we aimed to perform a global
overview of LRM in ARDS management (Table 1), even if
standards of care for ARDS have changed since the earli-
est trials. To overcome this bias, we conducted a cumu-
lative meta-analysis for the primary outcome, 28-day
mortality (Fig. 2b). Even if the oldest RCT [24] showed
a significant effect of the intervention group, it is worth
noting that a lung-protective ventilation strategy was not
used in the control group. Since lung protective strategy

has become the standard of care in the last decade [33]
the ventilatory settings might be an important confusion
bias. When considering the studies performed between
2008 and 2017, a statistically significant reduction in
28-day mortality was first found (RR=0.83 95% CI 0.72—
0.95). After adding the more recent RCTs published after
2017, no more significant reduction in 28-day mortality
was observed (RR=0.96; 95% CI 0.88-1.05).

One explanation of the discrepancies over time could
be the rate of adverse events, such as hemodynamic
instability. In the ART study [17], LRMs were associ-
ated with an increased rate of hemodynamic compro-
mise. The differences in levels of pressure applied to the
lungs might explain this higher rate of hemodynamic
compromise in the four studies reporting this outcome
[6, 17-19]. In addition, pooling the studies describing
the adverse events during the LRM (Table S2), we found
that only 69% of the patients randomized in the inter-
vention groups received LRM to its completion accord-
ing to the protocol. In 17% of the patients, the LRM was
stopped before its completion due to an adverse event
(hypotension, desaturation, cardiac arrythmia or cardiac
arrest). The remaining 14% of the patients did not receive
LRM because of a contraindication (at clinician’s deci-
sion). Moreover, even if barotrauma was not significantly
different between the LRMs group and the no-LRM
group, significantly higher Pplat was found at day 1 in
the LRMs group, when excluding in a sensitivity analy-
sis the study that did not use lung-protective ventilation
in the control group [24], thus increasing the mechanical
power applied to the lung [9]. However, recent data sug-
gest that more importantly than the Pplat, the Pdrive is
strongly and independently associated with mortality in
ARDS patients [1, 34, 35]. In the present meta-analysis,
Pdrive was found significantly lower in the LRMs group
at day 1 (sensitivity analysis) and day 7 (primary analy-
sis) in comparison to the no-LRM group. These results
are consistent with the positive effects of LRMs observed
on oxygenation (Fig. 3a), accompanied by reduced use of
rescue therapies (Fig. 3b).

One of the strengths of the present systematic review
and meta-analysis is the high sample size, which allowed
to reach a high level of certainty, as demonstrated by TSA
analysis when assessing that LRMs-based strategies do
not improve 28-day mortality (Fig. 2c). Moreover, sen-
sitivity analysis did not show any significant differences
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Fig. 3 The effect of LRMs on oxygenation, compared to a no-LRM group. a Forest plot of the effect of LRMs on Pa/Fi at day 1 in ARDS patients,
compared to a no-LRM group. b Forest plot of the effect of LRMs on use of rescue therapy for hypoxemia in ARDS patients, compared to a no-LRM
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between groups for mortality endpoints, suggesting that
the absence of benefit of mortality using LRMs is not
biased depending upon the type of LRM used.

Our systematic review and meta-analysis has some
limitations. First of all, eleven trials used high PEEP as
a systematic co-intervention with LRM. Nevertheless,
one might argue that LRMs and higher PEEP act syn-
ergistically to prevent ventilator-induced lung injury,
which is consistent with the ventilatory strategy used
by the authors. Second, a high statistical heterogene-
ity was found throughout different secondary outcomes,
reflecting the clinical heterogeneity of the LRMs proto-
cols. Indeed, Table 1 shows a high clinical heterogeneity
in the type of LRM (CPAP or incremental PEEP) used,

the maximum airway pressure applied (from 35 to 65
c¢cmH,0) and the indications of LRM (at randomization
only, systematically during several days or at desaturation
or ventilator disconnections). Those differences between
protocols of LRM might imply different consequences
on oxygenation, ventilation efficiency or adverse events.
Moreover, the existence of responders and nonrespond-
ers to LRM [10, 11] might also explain discrepancies
between studies (Fig. 1a, b). Lung recruitability is known
to vary widely from one patient to another [4]. For the
same amount of nonaerated lung tissue prior to LRM, the
proportion of recruitable and consolidated lung volume
might explain the discrepancies in the response to LRM.
To overcome this bias, we performed several sensitivity
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Fig. 4 The effect of LRMs on adverse events, compared to a no-LRM group. a Forest plot of the effect of LRMs on incidence of barotrauma in ARDS
patients, compared to a no-LRM group. b Forest plot of the effect of LRMs on the rate of hemodynamic compromise in ARDS patients, compared to
a no-LRM group. LRM lung recruitment maneuver, C/ confidence interval, df degrees of freedom; P heterogeneity statistic, M-H Mantel-Haenszel

analyses to decrease the observed heterogeneity. Third,
various types of LRM were used. However, after sepa-
rating CPAP LRMs from other LRMs, no significant
difference was found regarding the mortality outcome.
Last, even if prone positioning has been strongly rec-
ommended in the recent guidelines [13, 14] and can be
considered as a standard of care, only six studies stated
its place in the protocol (Table S3). Most of them placed
prone positioning as a rescue therapy, and its overall use
in those studies concerned less than 20% of the patients.
When looking at the lower use of rescue therapy in the
LRM group, that we identified in this meta-analysis, the
place of prone positioning must be considered.

Those considerations invite physicians to be extremely
careful regarding the use of LRMs in all ARDS patients,
in particular among patients with hemodynamic impair-
ment. Applying too high airway pressures to a patient
with low vascular filling might result in a post-maneuver
cardiorespiratory arrest, as reported in the ART study
applying airway pressures up to 60 cmH,O [17]. Among
all the ARDS patients, some patients could present a
favorable balance between positive effects (improvement
in oxygenation and lung compliance) and negative con-
sequences (lung overdistension and hemodynamic risks)
of LRMs. One strategy may not fit all, especially a strat-
egy with such important downsides as LRMs (Fig. 1a,



b). A personalized rather than systematic use of LRM
must be further investigated and could explain discrep-
ancies between studies. Alveolar recruitability is known
to vary widely between patients with ARDS. The LIVE
study [19] aimed to explore this theory, differentiating
ARDS according to lung morphology [36]: focal ARDS,
exposed to overdistension of the already opened lung
areas, and non-focal ARDS, with more collapsed tissue
and higher potential oxygenation benefit, in which LRMs
could occupy a useful place. Although the study [19] did
not find a significant difference between personalized
group and control group, secondary outcomes suggest a
high rate of misclassification and a both statistically and
clinically significant difference was found when analyzing
only rightly classified patients.

Conclusions

The results of the present meta-analysis suggest that in
ARDS patients, systematic use of LRMs does not signifi-
cantly improve 28-day mortality, or hospital mortality, or
duration of ICU stay or duration of hospital stay. How-
ever, LRM use was associated with positive effects such
as an oxygenation improvement, decreased Pdrive and a
less frequent use of rescue therapy. Nevertheless, LRM
use was associated with negative effects such as hemody-
namic impairment. One strategy may not fit all. Consid-
ering the numerous physiological and clinical downsides
of systematic LRM, and the lack of evidence on clinical
outcomes in spite of 20 years of studies, these results sup-
port an individualized rather than a systematic use of
LRMs. Further studies are needed to evaluate whether
selected groups of ARDS patients might benefit from
LRMs.
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