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Abstract

Background: Mortality in patients with acute respiratory distress syndrome (ARDS) remains high. These patients
require mechanical ventilation strategies that include high positive end-expiratory pressure (PEEP). It remains
controversial whether high PEEP can improve outcomes for ARDS patients, especially patients who show
improvement in oxygenation in response to PEEP. In this meta-analysis, we aimed to evaluate the effects of high
PEEP on ARDS patients.

Methods: We electronically searched randomized controlled trials (RCTs) reported in the MEDLINE, CENTRAL,
EMBASE, CINAHL and Web of Science databases from January 1990 to December 2017. Meta-analyses of the effects
of PEEP on survival in adults with ARDS were conducted using the methods recommended by the Cochrane
Collaboration.

Results: A total of 3612 patients from nine randomized controlled trials (RCTs) were included. There were 1794 and 1818
patients in the high and low PEEP groups, respectively. Hospital mortality showed no significant difference between the
high and low PEEP groups (RR =0.92; 95% Cl, 0.79 to 1.07; P =0.26). Similar results were found for 28-d mortality (RR=0.
88;95% Cl,0.72 to 1.07; P=0.19) and ICU mortality (RR =0.83; 95% Cl, 0.65 to 1.07; P=0.15). The risk of clinically objectified
barotrauma was not significantly different between the high and low PEEP groups (RR = 1.24; 95% Cl, 0.74 to 2.09, P=0.
41). In the subgroup of ARDS patients who responded to increased PEEP by improved oxygenation (from 6 RCTs), high
PEEP significantly reduced hospital mortality (RR =0.83; 95% CI 0.69 to 0.98; P=0.03), ICU mortality (RR=0.74; 95% Cl, 0.56
to 0.98; P=0.04),but the 28-d mortality was not decreased(RR = 0.83; 95% Cl, 0.67 to 1.01; P=0.07). For ARDS patients in
the low PEEP group who received a PEEP level lower than 10 cmH,O (from 6 RCTs), ICU mortality was lower in the high
PEEP group than the low PEEP group (RR=0.65; 95% Cl, 045 to 0.94; P=0.02).

Conclusions: For ARDS patients who responded to increased PEEP by improved oxygenation, high PEEP could reduce
hospital mortality, ICU mortality and 28-d mortality. High PEEP does not increase the risk of clinically objectified
barotrauma.
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Background

Acute respiratory distress syndrome (ARDS) is a com-
mon clinical syndrome that has significant morbidity
and mortality [1]. In patients with acute respiratory dis-
tress syndrome, mechanical ventilation with a lower tidal
volume could decrease mortality [2]. Numerous ap-
proaches had been adopted to improve lung-protective
ventilation strategies, but the mortality of ARDS remains
high. Three large RCTs were performed to assess if
higher PEEP could improve outcomes in patients with
ARDS [3-5]. All of the trials failed to find that higher
PEEP could improve the survival of ARDS patients.
However, higher PEEP showed benefits in severe ARDS
patients in subgroup analysis.

High PEEP can improve the PaO,/FiO, compared with
low PEEP. PEEP is an easily implemented intervention
that is primarily used to prevent atelectasis and to cor-
rect hypoxemia caused by alveolar hypoventilation. Bor-
ges et al. showed that recruitment manoeuvres with
PEEP and subsequent maintenance of a high level of
PEEP reversed the collapse of alveoli and improved oxy-
genation [6]. Putensen’s study showed better outcomes
with routine use of low tidal volume but not high PEEP
ventilation in unselected patients with ARDS [7]. Re-
cently, the Alveolar Recruitment for ARDS Trial found
that in patients with moderate to severe ARDS, a strat-
egy of lung recruitment and titrated PEEP compared
with low PEEP decreased 28-day all-cause mortality [8].
A meta-analysis showed that higher PEEP could improve
survival in ARDS patients with a PaO,/FiO, less than
200 mmHg [9]. These findings indicated that higher
PEEP needed to be used in patients who potentially
benefit from it.

PEEP is a double-edged sword when it is used in
ARDS patients. PEEP could open the collapsed alveoli in
the dependent lung and may induce hyperinflation in
the nondependent lung. Therefore, higher PEEP could
improve outcomes based on lung recruitablity in ARDS
patients [2]. According to the findings from Goligher’s
study [10], patients who responded to increased PEEP
by improved oxygenation, defined as positive oxygen-
ation response to PEEP, might benefit more from higher
PEEP. Thus, we speculated that PEEP could have differ-
ent effects on clinical outcomes according to the nature
of the clinical response to PEEP itself. Therefore, we
conducted this meta-analysis to establish whether higher
PEEP could improve survival among specific subgroups
of ARDS patients who show improvement in oxygen-
ation as a response to increased PEEP.

Methods

Eligibility criteria and information sources

We electronically searched randomized controlled trials
(RCTs) published in the MEDLINE, EMBASE, CINAHL
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and Web of Science databases from January 1990 to De-
cember 2017. Additional files 1, 2, 3, 4, 5, 6, 7, 8, and 9
and supplementary appendices of the relevant articles
were also reviewed.

Search and study selection

To avoid bias, two investigators assessed the appropriate-
ness of retrieved studies by considering the titles, abstracts
and citations independently. The following keywords were
used: “ALI” or “acute lung injury”, or “ARDS”, or “acute
respiratory distress syndrome”, or “ARF”, or “acute re-
spiratory failure”, and “PEEP”, or “positive end-expiratory
pressure”, mortality, ICU mortality and barotrauma. The
reviewers evaluated the studies based on the inclusion and
exclusion criteria, and they worked out any differences by
consensus. The study subjects were limited to “human”.
Because a meta-analysis has as its research material previ-
ously published data, this research required no ethical ap-
proval or patient consent. We only included randomized
controlled clinical trials that compared high PEEP with low
PEEP in acute respiratory failure, acute lung injury or acute
respiratory distress syndrome, whether to ventilate with low
tidal volume, that provided the numbers of patients with
high PEEP and low PEEP, and that reported patient mortal-
ity. We excluded retrospective studies and studies in which
previously published data were re-analysed. We also ex-
cluded studies involving children and infants.

Data items

Clinically objectified barotrauma was defined as the
presence of pneumothorax on chest radiograph or chest
tube insertion for any new pneumothorax, pneumome-
diastinum, subcutaneous emphysema, or pneumatocele
after random assignment. The hospital mortality, ICU
mortality and 28-day mortality and the incidence of clin-
ically objectified barotrauma were extracted.

Quality assessment

Two reviewers independently assessed the quality of
RCTs, extracted data, and cross-checked the results. Any
disagreements were resolved by a third party. The quality
evaluation criteria were assessed by the 5-point scale Jadad
scale [5]. The total score was 1-5 (1-2: low-quality re-
search; 3-5: high-quality research). This instrument
grades (a) the use of randomization, (b) the use of blind-
ing, (c) the handling of withdrawals and dropouts, (d) the
comparability of baselines between groups, and (e) the
similarity to other treatment interventions and the accur-
acy of intervention. The other method to assess the qual-
ity of RCTs was assessing the randomization method
according to the criteria from the Cochrane Collaboration

(Fig. 1).
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Fig. 1 Cochrane risk of bias assessment for mortality outcome

Sub-group analysis

According to Goligher’s study [10], we defined positive
oxygenation response to PEEP as APaO,/FiO, >0 mmHg
when compared mean PaO,/FiO, at baseline (lower PEEP)
and after PEEP increased to a higher PEEP level in the
high PEEP group. However, in the low PEEP group, oxy-
genation response to PEEP was unavailable because the
baseline PEEP did not increase to a high level during the
study period. We analysed the sub-groups according to
whether patients in the high PEEP group had positive oxy-
genation response to PEEP to determine whether high
PEEP could improve outcomes in patients who respond to
increased PEEP by improved oxygenation. In addition, the
PEEP value in the low PEEP group and the severity of
ARDS also affected whether high PEEP reduced mortality.
Therefore, we also performed sub-group analysis to deter-
mine whether PEEP greater than 10 cmH,O in the low
PEEP group or baseline PaO,/FiO, equal to or less than
150 mmHg could have some effect on mortality between
the high and low PEEP groups.

Summary measures

The meta-analysis was performed according to the
Cochrane Collaboration guidelines. All statistical analyses
were performed with Review Manager, version 5.3 (the
Nordic Cochrane Centre, Copenhagen, Denmark), the
Cochrane Collaboration’s software for preparing and main-
taining Cochrane systematic reviews. The pooled-effects es-
timates for binary variables are expressed as risk ratios with
95% Cls, whereas continuous variables are expressed as
weighted mean differences with 95% Cls.

Synthesis of results

We tested the difference in the estimated value of the
treatment effect between the experimental and control
groups with a 2-sided z-test. Statistical significance was
defined as P < 0.05. We predefined heterogeneity as low,
moderate, and high with I° statistics greater than 25, 50,
and 75%, respectively [11]. A meta-analysis with a

random-effects model was applied with F° statistics
greater than 50%. For other I values, a fixed-effects
model was selected. Funnel plot were used to analyse
publication bias.

Results

Study selection

Our initial electronic and manual search identified 8124
studies. Ultimately, nine RCTs fulfilled the inclusion cri-
teria and were included in the cumulative meta-analysis
(Fig. 2). The characteristics of the included studies are

812.4 trials __[Duplicate articles: 3852
retrieved

4184 of full-text
articles
4272 trials excluded, with
screened — *|reasons
Non RCT:47
No compared with high and
88 of stu(_jies low PEEP:24
included in Review:4
qualitative
synthesis Intervention not relevant:4

9 RCTs included
in quantitative
synthesis
(meta-analysis)

6 RCTs with positive
oxygenation response to
PEEP

3 RCTs without positive
oxygenation response to
PEEP

Fig. 2 Study flow diagram
A\
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Study or Subgroup Events Total Events Total

Risk Ratio
Weight M-H, Random, 95% CI

Risk Ratio
M-H, Random, 95% ClI

Test for overall effect: 2 = 1.13 (P = 0.2€)

3.1.1 with positive oxygenation response to PEEP
Amato 1998 13 29 17 24 7.5% 0.63 [0.39, 1.02] 4
Meade 2008 1732 475 205 508 22.5% 0.90 [0.77, 1.06] —
Mercat 2008 136 385 149 382 20.7% 0.91[0.75, 1.09] e
Villar 2006 17 53 28 50 7.9% 057 [0.26, 0.91] +
Subtotal (95% CI) 942 964 58.6% 0.83 [0.69, 0.98] e -
Total events 339 399
Heterogeneity, Tau? = 0.01; Chi? = 5.21, df = 3 (P = 0.16); I = 42%
Test for overall effect: Z = 2.17 (P = 0.03)
3.1.2 without positive oxygenation response to PEEP
ART 2017 218 500 301 508 26.7% 1.08 [0.98, 1.19] T
Brower 2004 76 276 68 273 14.7% 1.11[0.83, 1.46] —_— T
Subtotal (95% CI) 776 781 41.4% 1.08 [0.98, 1.18] e
Total events 395 369
Heterogeneity, Tau? = 0.00; Chi® = 0.03, df = 1 (P = 0.86); I = 0%
Test for overall effect: Z = 1.63 (P = 0.10)
Total (95% CI) 1718 1745 100.0% 0.92 [0.79, 1.07] -l
Tatal events 734 768
i 2 . i2 2 Il Il Il I
Heterogeneity, Tau® = 0.02; Chi® = 14.56, df = 5 (P = 0.01); I = 66% o's o7 G 3

Test for subgroup differences: Chi2 = 7.20, df = 1 (P = 0.007), I? = 86.1%
Fig. 3 Effect of high PEEP on hospital mortality in ARDS patients with or without positive oxygenation response to PEEP

Favours [experimental] Favours [control]

shown in Table 1. A total of 3612 patients, including 1794
patients in the high PEEP group and 1818 patients in the
low PEEP group, were included in our meta-analysis.

Effect of high PEEP on hospital mortality in ARDS patients
There was no difference in hospital mortality between the
high PEEP and low PEEP groups (RR =0.92; 95% CI, 0.79
to 1.07; P=0.26) (Fig. 3). In ARDS with positive oxygen-
ation response to PEEP (from 4 RCTs), hospital mortality
was lower in the high PEEP group than the low PEEP

group (RR=10.83; 95% CI, 0.69 to 0.98; P =0.03) (Fig. 3).
However, hospital mortality was comparable between
groups in patients without positive oxygenation re-
sponse to PEEP (RR =1.08; 95% CI, 0.98 to 1.18; P =
0.1) (Fig. 3).

For ARDS patients in the low PEEP group who re-
ceived a PEEP level lower than 10 cmH,O (from 4
RCTs), hospital mortality was no different in the high
and low PEEP groups (RR =0.83; 95% CI, 0.64 to 1.08;
P =0.16) (Fig. 4). There was no significant difference in

HP LP
Study or Subgroup

Risk Ratio
Events Total Events Total Weight M-H, Random, 95% CI

Risk Ratio
M-H, Random, 95% CI

Test for overall effect: 2 = 1.13 (P = 0.26)

4.1.1 PEEP 210cmH20

ART 2017 219 500 201 508 26.7% 1.08[0.98, 1.19] T
Meade 2008 173 475 205 508 225% 0.90 [0.77, 1.06] ——
Subtotal (95% CI) 975 1016 49.2% 1.00 [0.84, 1.19] -

Total events 492 506

Heterogeneity. Tau? = 0.01; Chi® = 3.62, df = 1 (P = 0.06); > = 72%

Test for overall effect: 2 = 0.04 (P = 0.97)

4.1.2 PEEP <10cmH20

Amato 1998 13 29 17 24 7.5% 0.63 [0.39, 1.02]

Brower 2004 76 276 68 273 14.7% 1.11[0.83, 1.4¢6] S
Mercat 2008 126 385 149 282 20.7% 0.91[0.75, 1.09] e

Yillar 2006 17 53 28 50 7.9% 0.57 [0.36, 0.91] ¢

Subtotal (95% CI) 743 729 50.8% 0.83 [0.64, 1.08] -’-—

Total events 242 262

Heterogeneity. Tau? = 0.04; Chi® = 7.82, df = 3 (P = 0.05); I = 62%

Test for overall effect: 2 = 1.42 (P = 0.16)

Total (95% CI) 1718 1745 100.0% 0.92 [0.79, 1.07] o

Total events 734 768

Heterogeneity. Tau? = 0.02; Chi® = 14.56, df = 5 (P = 0.01); I* = 66% 015 0:7 1:5 jl

Test for subgroup differences: Chiz = 1.33, df = 1 (P = 0.25), I* = 24.9%
Fig. 4 Effect of high PEEP on hospital mortality while the PEEP level of patients in low PEEP group was different

Favours [experimental] Favours [control]
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HP LP Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
5.1.1 PaO2/Fi02>150mmHg
Brower 2004 76 276 68 273 14.7% 1.11[0.83, 1.46] —
Subtotal (95% CI) 276 273 14.7% 1.11 [0.83, 1.46] ——=agiies—
Total events 76 68

Heterogeneity. Not applicable
Test for overall effect: 2 = 0.70 (P = 0.48)

5.1.2 PaO2/Fi02<150mmHg

Amato 1998 13 29 17 24 7.5% 0.63[0.39, 1.02]

ART 2017 319 500 301 508 26.7% 1.08 [0.98, 1.19] T
Meade 2008 173 475 205 508 22.5% 0.90[0.77, 1.06] —
Mercat 2008 136 385 149 382 20.7% 0.91[0.75, 1.09] ——
Yillar 2006 17 53 28 50 7.9% 0.57 [0.36, 0.91]

Subtotal (95% CI) 1442 1472 85.3% 0.88 [0.74, 1.05] e
Total events 658 700

Heterogeneity. Tau? = 0.02; Chi® = 14.05, df = 4 (P = 0.007); I* = 72%
Test for overall effect: Z = 1.43 (P = 0.15)

Total (95% CI) 1718 1745 100.0% 0.92 [0.79, 1.07] ’
Total events 734 768

Heterogeneity, Tau? = 0.02; Chi® = 14.56, df = 5 (P = 0.01); I* = 66%
Test for overall effect: 2 = 1.13 (P = 0.26)

Test for subgroup differences: Chi® = 1.82, df = 1 (P = 0.18), I* = 45.2%

0.5 0.7 15 )
Favours [experimental] Favours [control]

Fig. 5 Effect of high PEEP on hospital mortality of moderate and severe ARDS patients between high and low PEEP groups

hospital mortality between high and low PEEP groups Effect of high PEEP on 28-day mortality in ARDS patients

(RR=1.0; 95% CI, 0.84 to 1.19; P=0.97) for ARDS pa- Twenty-eight-day mortality was reported in seven RCTs
tients in the low PEEP group who received a PEEP level and was similar in the high and low PEEP groups (RR =
equal or higher than 10 cmH,O (Fig. 4). For ARDS pa-  0.88; 95% CI,0.72 to 1.07; P=0.19) (Fig. 6). In ARDS pa-
tients with baseline PaO,/FiO, <150 mmHg (from 5 tients with positive oxygenation response to PEEP (5
RCTs), there was no significant difference in hospital ~RCTs), 28-day mortality was lower in the high PEEP
mortality between high and low PEEP groups (RR=  group than the low PEEP group (RR =0.83; 95% CI, 0.67

0.88; 95% CI, 0.74 to 1.05; P =0.15) (Fig. 5). to 1.01; P =0.07) (Fig. 6).
HP LP Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% ClI
6.1.1 with positive oxygenation response to PEEP
Amato 1998 11 29 17 24 9.7% 0.54[0.31, 0.81] ——
Huh 2008 12 30 9 27 6.6% 1.20[0.60, 2.329]
Meade 2008 135 475 164 508 23.7% 0.88 [0.73, 1.06] —
Mercat 2008 107 385 118 382 22.1% 0.89[0.72, 1.11] —
Talmor 2008 5 20 12 321 4.1% 0.43 [0.17, 1.07] #
Subtotal (95% CI) 949 972 66.2% 0.83 [0.67, 1.01] o |
Total events 270 321

Heterogeneity, Tau® = 0.02; Chi* = 6.30, df = 4 (P = 0.18); I? = 37%
Test for owverall effect: Z = 1.83 (P = 0.07)

6.1.2 without positive oxygenation response to PEEP

ART 2017 277 501 251 509 27.3% 1.12 [1.00, 1.26] B
Ranieri 1999 7 18 11 19 6.5% 0.67 [0.34, 1.35] +

Subtotal (95% CI) 519 528 33.8% 0.98 [0.63, 1.53] ——eeSiie——
Total events 284 262

Heterogeneity, Tau® = 0.07; Chi* = 2.03, df = 1 (P = 0.15); I? = 51%
Test for overall effect: 2 = 0.10 (P = 0.92)

Total (95% CI) 1468 1500 100.0% 0.88 [0.72, 1.07] —eaglififae

Total events 554 583

Heterogeneity. Tau® = 0.03; Chi® = 16.65, df = 6 (P = 0.01); I’ = 64% 0:5 0:7 I 1:5 jl
Test for owverall effect: Z = 1.20 (P = 0.19) ’ ’ HP LP ’

Test for subgroup differences: Chi? = 0.46, df = 1 (P = 0.50), I = 0%
Fig. 6 Effect of high PEEP on 28-day mortality in ARDS patients
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PR PN Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
7.1.1 PEEP 210cmH20
ART 2017 277 501 251 509 27.3% 1.12 [1.00, 1.26] e
Meade 2008 135 475 164 508 23.7% 0.88 [0.73, 1.06] ——
Talmor 2008 5 30 12 31 4.1% 0.43 [0.17, 1.07] +
Subtotal (95% CI) 1006 1048 55.1% 0.93 [0.70, 1.24] ".—‘
Total events 417 427

Heterogeneity. Tau? = 0.04; Chi? = 8.33, df = 2 (P = 0.02); I* = 76%
Test for overall effect: 2 = 0.47 (P = 0.64)

7.1.2 PEEP <10cmH20

Amato 1998 11 29 17 24 9.7% 0.54[0.21, 0.91] #

Huh 2008 12 20 9 27 6.6% 1.20[0.60, 2.29] +
Mercat 2008 107 385 119 382 22.1% 0.89[0.72, 1.11] —

Ranieri 1999 7 18 11 18 6.5% 0.67 [0.24, 1.35] 4

Subtotal (95% CI) 462 452 44.9% 0.80 [0.60, 1.07] o

Total events 137 156

Heterogeneity. Tau? = 0.03; Chi? = 4.50, df = 3 (P = 0.21); I? = 33%

Test for overall effect: 2 = 1.48 (P = 0.14)

Total (95% CI) 1468 1500 100.0% 0.88 [0.72, 1.07] -.»

Total events 554 583

Heterogeneity. Tau? = 0.03; Chi? = 16.65, df = 6 (P = 0.01); I* = 64%
Test for overall effect: 2 = 1.30 (P = 0.19)
Test for subgroup differences: Chi? = 0.53, df = 1 (P = 0.47), I’ = 0%

[
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Fig. 7 Effect of high PEEP on 28-day mortality while the PEEP level of patients in low PEEP group was different

There was no difference in 28-day mortality between  PEEP strategy (RR=0.83; 95% CI, 0.65 to 1.07; P=0.15)
the high and low PEEP groups, regardless of the PEEP  (Fig. 8). In ARDS with positive oxygenation response to
level used in the low PEEP group (For PEEP less than 10  PEEP (4 RCTs), ICU mortality was lower in the high PEEP
cmH,O, RR =0.80; 95% CI, 0.60 to 1.07; P=0.14) (For  group than the low PEEP group (RR =0.74; 95% CI, 0.56 to
PEEP equal and more thanl0 cmH,O, RR=0.93; 95%  0.98; P=0.04) (Fig. 8). However, ICU mortality was not dif-

CI, 0.70 to 1.24; P = 0.64) (Fig. 7). ferent between the high and low PEEP groups among ARDS
patients without a positive oxygenation response to PEEP.
Effect of high PEEP on ICU mortality in ARDS patients For ARDS patients in the low PEEP group who re-

ICU mortality was reported in five RCTs. A high PEEP strat- ceived a PEEP level lower than 10 ¢cmH,O (from 3
egy did not decrease the ICU mortality compared to the low  RCTs), ICU mortality was lower in the high PEEP group

HP LP Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
8.1.1 with positive oxygenation response to PEEP
Amato 1998 11 29 17 24 13.2% 0.54[0.21, 0.91] —m—
Huh 2008 14 320 13 27 12.7% 0.97 [0.56, 1.68]
Meade 2008 145 475 178 508 28.2% 0.87 [0.73, 1.04] ——
Yillar 2006 16 53 27 50 14.7% 0.56[0.24, 0.9]] —m—
Subtotal (95% CI) 587 609 68.8% 0.74 [0.56, 0.98] e
Total events 186 235

Heterogeneity. Tau® = 0.04; Chi® = 5.64, df = 3 (P = 0.13); I° = 47%
Test for overall effect: Z = 2.10 (P = 0.04)

8.1.2 without positive oxygenation response to PEEP

ART 2017 303 500 284 509 31.2% 1.09[0.98, 1.21) T
Subtotal (95% CI) 500 509 31.2% 1.09 [0.98, 1.21] -
Total events 303 284

Heterogeneity. Not applicable
Test for overall effect: Z = 1.55 (P = 0.12)

Total (95% CI) 1087 1118 100.0% 0.83 [0.65, 1.07] e

Total events 489 519

Heterogeneity. Tau? = 0.05; Chi? = 15.82, df = 4 (P = 0.003); 1> = 75% 015 0%? T 1}5 _i'
Test for overall effect: Z = 1.46 (P = 0.15) ’ ’ HP LP ’

Test for subgroup differences: Chi® = 6.32, df = 1 (P = 0.01), I’ = 84.2%
Fig. 8 Effect of high PEEP on ICU mortality in ARDS patients
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HP LP

Study or Subgroup Events Total Events Total Weight M-H,

9.1.1 PEEP=10cmH20

ART 2017 203 500 284 509 312%
Meade 2008 145 475 178 508 282%
Subtotal (95% CI) 975 1017 59.4%
Total events 448 462

Heterogeneity. Tau? = 0.02; Chi® = 4.54, df = 1 (P = 0.03); I? = 78%
Test for overall effect: Z = 0.14 (P = 0.89)

9.1.2 PEEP<10cmH20

Amato 1998 11 29 17 24 13.2%
Huh 2009 14 30 13 27 12.7%
Yillar 2006 16 53 27 50 14.7%
Subtotal (95% CI) 112 101 40.6%
Total events 41 57

Heterogeneity, Tau? = 0.03; Chi? = 2.93, df = 2 (P = 0.23); I?
Test for overall effect: Z = 2.29 (P = 0.02)

32%

Total (95% CI)
Total events 489 519

Heterogeneity. Tau? = 0.05; Chi? = 15.82, df = 4 (P = 0.003); I = 7
Test for overall effect: 2 = 1.46 (P = 0.15)

1087 1118 100.0%

Fig. 9 Effect of high PEEP on ICU mortality while the PEEP level of pati

Test for subgroup differences: Chi2 = 3.56, df = 1 (P = 0.06), I? = 71.9%

Risk Ratio Risk Ratio
Random, 95% CI M-H, Random, 95% CI
1.09[0.98, 1.21] +u—
0.87 [0.73, 1.04] —e—
0.98 [0.79, 1.23] .
0.54[0.31, 0.91] *
0.97 [0.56, 1.68]
0.56 [0.34, 0.91] +
0.65 [0.45, 0.94) ——ealE——
0.83 [0.65, 1.07) ——cnfiiine-
1 1 1 I
A% 0’5 0.7 15 2
Favours [experimental] Favours [control]
ents in low PEEP group was different

than the low PEEP group (RR=0.65; 95% CI, 0.45 to
0.94; P=0.02) (Fig. 9). In contrast, there was no signifi-
cant difference in ICU mortality between the high and
low PEEP groups if the PEEP level was equal and more
than 10 cmH,O in the low PEEP group (RR = 0.98; 95%
CL, 0.79 to 1.23; P =0.89) (Fig. 9).

Effect of high PEEP on clinically objectified barotrauma in
ARDS patients

Seven RCTs reported data on clinically objectified baro-
trauma, including 1746 patients in the high PEEP group

and 1768 patients in the low PEEP group. A
meta-analysis with a random-effects model showed that
the incidence of clinically objectified barotrauma in the
high and low PEEP groups were 9.97% (174/1746) and
6.8% (120/1768), respectively. High PEEP did not in-
crease the incidence of clinically objectified barotrauma
(RR =1.24; 95% CI, 0.74 to 2.09, P =0.41) (Fig. 10). How-
ever, in ARDS patients without positive oxygenation re-
sponse to PEEP, high PEEP increased the incidence of
clinically objectified barotrauma (RR = 2.50; 95% CI, 1.64
to 3.79, P <0.0001) (Fig. 10).

HP LP
Study or Subgroup Events Total Events Total Weight M-H,

10.1.1 with positive oxygenation response to PEEP

Amato 1998 2 29 10 24 8.6%
Huh 2009 3 30 3 27 7.9%
Meade 2008 53 475 46 508 21.4%
Mercat 2008 26 385 22 382 18.9%
Yillar 2006 2 50 4 45 7.0%
Subtotal (95% CI) 969 986 63.7%
Total events 86 85

Heterogeneity. Tau? = 0.18; Chi® = 8.48, df = 4 (P = 0.08); ?
Test for overall effect: 2 = 0.58 (P = 0.57)

=53%

10.1.2 without positive oxygenation response to PEEP

ART 2017 28 501 8 509 15.6%
Brower 2004 60 276 27 273 20.7%
Subtotal (95% CI) 777 782 36.3%
Total events 88 35

Heterogeneity. Tau? = 0.02; Chi? = 1.15, df = 1 (P = 0.28); I? = 13%
Test for overall effect: 2 = 4.29 (P < 0.0001)

Total (95% CI)
Total events 174 120

Heterogeneity. Tau? = 0.29; Chi® = 21.46, df = 6 (P = 0.002); 1 = 7
Test for overall effect: 2 = 0.82 (P = 0.41)

1746 1768 100.0%

Test for subgroup differences: Chiz = 9.16, df = 1 (P = 0.002), I? = 89.1%
Fig. 10 Effect of high PEEP on clinically objectified barotrauma in ARDS patients

Risk Ratio Risk Ratio

Random, 95% CI M-H, Random, 95% CI
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1.23 [0.85, 1.79] N
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Discussion
Our meta-analysis showed that high PEEP did not im-
prove outcomes in patients with ARDS. However, sub-
group analysis showed that it may decrease hospital
mortality as well as ICU and 28-d mortality in ARDS pa-
tients with clinically positive oxygenation response to
PEEP. In addition, in ARDS patients without positive
oxygenation response to PEEP, high PEEP increased the
incidence of clinically objectified barotrauma. The re-
sults were different from Goligher’s study [18], which
found that recruitment manoeuvres in combination with
higher PEEP could reduce mortality in ARDS patients.

Evidence from previous studies showed that high PEEP
does not decrease mortality in patients with ARDS [7, 8,
19, 20], which is in line with our results. However, sev-
eral issues must be considered when interpreting this re-
sult. First, there was a large variation in the PEEP level
between the different studies. For example, Huh et al.
[17] set a high PEEP of 10 cmH,O, while the high PEEP
was 16.3 cmH,0O in Amato’s study [12]. Similarly, the
PEEP level varied from 6.5 to 13 cmH,O in the low
PEEP groups among the included studies. Therefore, the
different PEEP levels may have led to the different re-
sults. Subgroup results showed that the PEEP level in
the low PEEP group greatly impacted the effect of PEEP
on ICU mortality. Second, patient characteristics also
impacted the effect of PEEP. Among these studies, the
severity of ARDS in patients varied widely. For example,
baseline PaO,/FiO, ranged from 110.8+6.3 to 165+
77 mmHg. Oxygenation response to PEEP was also sig-
nificantly associated with the severity of ARDS. The po-
tential lung with response to PEEP was considerably
stronger in more severe ARDS patients than in less
severe individuals. A previous meta-analysis showed
that a high PEEP reduced mortality in patients with
ARDS but not ALI [8] However, in the present study,
there was no difference of hospital mortality between
groups of ARDS patients with a baseline PaO,/FiO,
less than 150 mmHg.

The purpose of PEEP is to recruit collapsed alveoli in
a gravity-dependent lung but not to induce the alveoli
to overdistend in the non-dependent lung. Patients with
ARDS exhibit significant dependent atelectasis due to
increased lung weight resulting from interstitial and
alveolar edema. Both higher PEEP and recruitment
manoeuvres can reduce atelectasis and increase
end-expiratory lung volume. Physically, we need higher
pressure to open alveoli and only need a relative lower
PEEP to keep the lung open. Therefore, it was noted
that higher PEEP should follow the recruitment ma-
noeuvres. Goligher et al. showed that combine with re-
cruitment manoeuvres and higher PEEP could reduce
mortality of patients with ARDS [18]. The results were
also demonstrated in the study by Constantin et al.
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[21]. However, the study by Goligher et al. [10] indi-
cated that the percentage of potentially respond to
PEEP was extremely variable. Our results demonstrated
the hypothesis that only patients who respond to in-
creased PEEP by improved oxygenation benefitted more
from higher PEEP. PEEP could have different effects on
clinical outcomes based on the nature of the clinical re-
sponse to PEEP itself. In ARDS patients with clinically
positive oxygenation response to PEEP, the main effect
of a high PEEP might be recruiting the collapsed lung,
which may reduce ventilation-induced lung injury
(VILI). In contrast, a high PEEP might result in alveolar
overdistension, which induces lung injury in ARDS pa-
tients without positive oxygenation response to PEEP.
These reasons could help to explain why our subgroup
analysis showed that high PEEP reduced mortality in
ARDS patients with clinically positive oxygenation re-
sponse to PEEP.

The severity of ARDS can be used to titrate PEEP.
There are many methods for PEEP titration, such as
oxygenation, stress index and transpulmonary pressure.
Chiumello et al. found that oxygenation-guided PEEP
provided PEEP levels related to oxygenation response to
PEEP in the lung that progressively increased from mild
to moderate and severe ARDS [19]. In assessing the oxy-
genation response to PEEP at 5 cmH,O PEEP based on
the Berlin definition [6, 22], a simple Friday-night venti-
lation strategy can be used in patients with ARDS [23].
Therefore, while we only included studies in which the
PEEP level was lower than 10 cmH,O in the low PEEP
group, decreased ICU mortality was found in the high
PEEP group.

There are many methods that can be used with
ARDS patients at present. To date, prolonged sessions
of prone positioning has not only been shown to be
efficient at significantly increasing oxygenation and
decreasing driving pressure in severe ARDS in the
APRONET study [24], but the PROSEVA trial also
showed that prone positioning was associated with
improved patient survival [25]. However, the LUNG
SAFE study showed that the rate of prone positioning
was low because of selection bias or the clinician’s
perception [26]. On the other hand, neuromuscular
blockers could be used in severe ARDS, but they are
controversial. Many previous studies found that the
mortality of ARDS treated with neuromuscular
blockers was not decreased. However, neuromuscular
blockers could exert beneficial effects in patients with
moderate ARDS, at least in part, by limiting expira-
tory efforts as shown in Guervilly’s study [27]. In our
study, there were 3 RCTs that included prone pos-
ition or neuromuscular blockers. Unfortunately, due
to the lack of prognostic data, statistical analysis was
not possible.
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We did not find a significant difference in clinically
objectified barotrauma between high PEEP and low
PEEP groups. Lung-protective strategies were used in all
of the included studies, which decreased the incidence
of clinically objectified barotrauma [28, 29]. In addition,
most patients in these studies had moderate or severe
ARDS, which indicates that more lung area was respon-
sive to increased PEEP. However, in ARDS patients with-
out positive oxygenation response to PEEP, high PEEP
increased the incidence of clinically objectified baro-
trauma. It was shown in a recent study that an exceed-
ingly high pressure was used to recruit the lung,
especially in ARDS patients without positive oxygenation
response to PEEP, and mortality may increase [8].

Some limitations of our analysis should be noted. First,
we were unable to obtain patient-level data despite ask-
ing for these data from the authors of the included stud-
ies. The lung oxygenation response to PEEP was
evaluated based on the mean PaO,/FiO, values reported
in each study but not the individual patient data. That
finding means most of the patients in the study with
positive oxygenation response to increased PEEP were in
their respective groups.

Second, the definition of positive oxygenation response
to PEEP based on Goligher’s study is not highly precise
[10]. We also did not assess other factors that may affect
the oxygenation response to PEEP. These factors may
have affected the accuracy of our results. In this
meta-analysis, we only included the data from the in-
cluded studies. In addition, we did not used the data on
SpO,, PaCO, and respiratory compliance at the two dif-
ferent PEEP levels. We only used the PaO,/FiO, data at
higher and lower PEEP levels. Therefore, we defined the
groups as positive oxygenation response to PEEP if the
mean PaO,/FiO, was higher in the high PEEP group
than at baseline. Based on this definition, we found that
patients with clinically positive oxygenation response to
PEEP benefitted from high PEEP.

Third, the methods of PEEP titration were different
between the included studies, which may have induced
bias in our study. Oxygenation response to PEEP should
be considered during PEEP titration in patients with
ARDS. However, no clinical trial has shown that oxygen-
ation response to PEEP using assessment—guided PEEP
titration could improve the outcomes in patients with
ARDS, which indicates further studies are needed.

Conclusion

In this study, high PEEP did not improve outcomes in
patients with ARDS as a whole. However, subgroup ana-
lysis showed that high PEEP decreased hospital and ICU
mortality in ARDS patients with a clinically objective
positive oxygenation response to PEEP.
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