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ABSTRACT

Background: Recent studies show that intraoperative mechanical ventilation using low tidal volumes (VT) can prevent post-
operative pulmonary complications (PPCs). The aim of this individual patient data meta-analysis is to evaluate the individual 
associations between VT size and positive end–expiratory pressure (PEEP) level and occurrence of PPC.
Methods: Randomized controlled trials comparing protective ventilation (low VT with or without high levels of PEEP) and 
conventional ventilation (high VT with low PEEP) in patients undergoing general surgery. The primary outcome was develop-
ment of PPC. Predefined prognostic factors were tested using multivariate logistic regression.
Results: Fifteen randomized controlled trials were included (2,127 patients). There were 97 cases of PPC in 1,118 patients 
(8.7%) assigned to protective ventilation and 148 cases in 1,009 patients (14.7%) assigned to conventional ventilation 
(adjusted relative risk, 0.64; 95% CI, 0.46 to 0.88; P < 0.01). There were 85 cases of PPC in 957 patients (8.9%) assigned 
to ventilation with low VT and high PEEP levels and 63 cases in 525 patients (12%) assigned to ventilation with low VT 
and low PEEP levels (adjusted relative risk, 0.93; 95% CI, 0.64 to 1.37; P = 0.72). A dose–response relationship was found 
between the appearance of PPC and VT size (R2 = 0.39) but not between the appearance of PPC and PEEP level (R2 = 0.08).
Conclusions: These data support the beneficial effects of ventilation with use of low VT in patients undergoing surgery. Fur-
ther trials are necessary to define the role of intraoperative higher PEEP to prevent PPC during nonopen abdominal surgery. 
(ANESTHESIOLOGY 2015; 123:66-78)
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What We Already Know about This Topic

Postoperative pulmonary complications (PPC) are suggested 
to have a strong impact on the morbidity and mortality of major 
surgical patients
Although recent systematic review suggests benefit of intraopera-
tive protective ventilation with low tidal volume either with or with-
out high positive end–expiratory pressure (PEEP) for reducing the 
PPC, independent role of the tidal volume and PEEP is not clarified

What This Article Tells Us That Is New

This individual patient meta-analysis of 2,127 patients venti-
lated under general anesthesia for surgery from 15 randomized 
controlled trials shows that intraoperative ventilation with low 
tidal volume protects against postoperative pulmonary com-
plications (PPC), but further trials are necessary to define the 
role of intraoperative higher positive end–expiratory pressure to 
prevent PPC after major abdominal surgery

M ORE than 230 million major surgical procedures 
are undertaken worldwide each year.1 Postoperative 

complications after major surgery increase resource use and 
are an important cause of death.2 Postoperative pulmonary 
complications (PPCs) are suggested to have a strong impact 
on the morbidity and mortality of patients who need major 
surgery.2

A systematic review and meta-analysis of investigations in 
patients receiving ventilation during general anesthesia for 
surgery suggests benefit from so-called protective ventilator 
strategies that use low tidal volumes (VT) with or without 
high positive end–expiratory pressure (PEEP) levels.3 Two 
randomized controlled trials of intraoperative ventilation, 
published after this meta-analysis, confirm benefit from the 
combination of low VT and high PEEP levels.4,5 Another 
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recent trial demonstrates no benefit from high PEEP levels 
with the use of low VT but shows use of high PEEP levels to 
be associated with the appearance of intraoperative hypoten-
sion and increased need for vasoactive drugs.6 Contrary, a 
large retrospective study showed that use of low VT during 
general anesthesia for surgery is associated with increased 
30-day mortality, and the investigators suggest that this neg-
ative effect was due to the use of low PEEP.7

To gain a better understanding of the independent role 
of VT and PEEP on protective mechanical ventilation during 
surgery, we performed a systematic review and meta-analysis 
of individual patient data. We aimed to investigate the indi-
vidual associations between ventilation settings, including 
VT size and PEEP level, and the appearance of PPCs. We 
hypothesize (1) intraoperative ventilation with low VT to 

protect against PPCs and (2) use of high PEEP to add to the 
beneficial effects of intraoperative ventilation with low VT.

Materials and Methods
The full methodology of this meta-analysis, the predefined 
protocol, and the statistical analysis plan have been pub-
lished previously.8 Due to the high number of patients from 
randomized controlled trials, we decided to deviate from the 
original protocol and chose to exclude observational studies 
(i.e., we used only individual patient data from the random-
ized controlled trials).

Search Strategy
We identified eligible randomized controlled trials by a blind 
electronic search by two authors of MEDLINE, Cumulative 
Index to Nursing and Allied Health Literature, Web of Sci-
ence, and Cochrane Central Register of Controlled Trials up 
to April 2014. The sensitive search strategy combined the 
following Medical Subject Headings and Keywords (protec-
tive ventilation OR lower tidal volume OR low tidal volume 
OR positive end-expiratory pressure OR positive end expi-
ratory pressure OR PEEP). All reviewed articles and cross-
referenced studies from retrieved articles were screened for 
pertinent information.

Selection of Studies
Randomized controlled trials eligible for this review compared 
protective with conventional ventilation in adult patients 
undergoing general anesthesia for surgery. Protective ventila-
tion was defined as ventilation using low VT (defined as a VT ≤ 
8 ml/kg predicted body weight [PBW]) with or without high 
levels of PEEP (defined as PEEP ≥ 5 cm H2O) and with or 
without recruitment maneuvers. Conventional ventilation was 
defined as ventilation using high VT (> 8 ml/kg PBW) with or 
without low levels of PEEP (< 5 cm H2O) and without recruit-
ment maneuvers. The definition of protective and conventional 
ventilation was made based on several reports in the literature 
and according to the previously published protocol.3,4,6,8

Authors independently assessed trial eligibility based on 
titles, abstracts, full-text reports, and further information 
from investigators as needed. Corresponding authors of 
retrieved trials were asked to fill a datasheet with ventilation 
parameters obtained hourly during the surgical procedure. 
Data from each trial were checked against reported results, 
and queries were resolved with the principal investigator. 
Some of the outcomes in this report may differ slightly from 
those in published original study reports because we stan-
dardized outcome definitions and data analyses.

To identify potential sources of bias, we examined conceal-
ment of treatment allocation, blinding of clinical outcome 
assessments and data analyses, the proportion of patients lost 
to follow-up, and early stopping prior to enrolment of the 
target sample. We used the Grading of Recommendations 
Assessment, Development and Evaluation system to rate the 

Heart Institute (INCOR), Hospital das Clínicas da Faculdade de Medic-
ina da Universidade de São Paulo, São Paulo, Brazil (A.S.N., C.S.V.B.); 
Department of Critical Care Medicine, Hospital Israelita Albert Einstein, 
São Paulo, Brazil (A.S.N., C.S.V.B.); Department of Anaesthesiology, 
Düsseldorf University Hospital, Düsseldorf, Germany (M. Beiderlin-
den, T.T.); Department of Anaesthesiology, Marienhospital Osnabrück, 
Osnabrück, Germany (M. Beiderlinden); Division of Pulmonary and 
Critical Care Medicine, Mayo Clinic, Rochester, Minnesota (M. Biehl, 
O.G., J.S.); Department of Anesthesiology, Hospital Universitar I 
Germans Trias I Pujol, Barcelona, Spain (J.C.); Department of Anes-
thesiology, University of Colorado, Aurora, Colorado (A.F.-B., P.M.); 
Department of Anesthesiology and Critical Care Medicine, Estaing 
University Hospital, Clermont-Ferrand, France (E.F.); Department 
of Medical Sciences, Section of Clinical Physiology, University Hos-
pital, Uppsala, Sweden (G.H.); Department of Critical Care Medicine 
and Anesthesiology (SAR B), Saint Eloi University Hospital, Montpel-
lier, France (S.J.); Department of Anesthesiology and Intensive Care 
Medicine, Otto-von-Guericke-University Magdeburg, Magdeburg, Ger-
many (A.K., T.S.); Department of Anaesthesiology, Pharmacology and 
Intensive Care, Faculty of Medicine, University Hospital of Geneva, 
Geneva, Switzerland (M.L.); State Key Laboratory of Oncology of South 
China, Sun Yat-sen University Cancer Center, Guangzhou, Guangdong, 
People’s Republic of China (W.-Q.L.); Department of Anesthesiology, 
The Warren Alpert School of Brown University, Providence, Rhode 
Island (A.D.M.); Department of Anesthesiology, Hospital for Special 
Surgery, Weill Medical College of Cornell University, New York, New 
York (S.G.M.); Department of Intensive Care, Erasmus MC, Rotterdam, 
The Netherlands (D.R.M.); Department of Surgery, The Warren Alpert 
School of Brown University, Providence, Rhode Island (T.N.); Division 
of Cardiac Surgery, Department of Emergency and Organ Transplant, 
University of Bari Aldo Moro, Bari, Italy (D.P.); Department of Anes-
thesiology, University of Bonn, Bonn, Germany (C.P.); Anestesiologia 
e Rianimazione, Dipartimento di Discipline Medico-Chirurgiche, Uni-
versità di Torino, Turin, Italy (M.R.); Department of Anesthesiology 
and Anesthesia Clinical Research Unit, Mayo Clinic College of Medi-
cine, Mayo Clinic, Rochester, Minnesota (F.S., T.N.W.); Department of 
Cardiothoracic and Vascular Anesthesia and Intensive Care, Medical 
University, Vienna, Austria (W.S.); Department of Environment, Health 
and Safety, University of Insubria, Varese, Italy (G.S., P.S.); Department 
of Anesthesia, Critical Care and Pain Medicine, Beth Israel Deaconess 
Medical Center and Harvard Medical School, Boston, Massachusetts 
(S.S., D.T.); Department of Anaesthesiology, Hospital de Sant Pau, Bar-
celona, Spain (C.U.); Department Anesthesiology and Intensive Care 
Medicine, University of Leipzig, Leipzig, Germany (H.W.); Department 
of Anesthesiology and Intensive Care Medicine, University Hospital 
Carl Gustav Carus, Technische Universität Dresden, Dresden, Germany 
(M.G.d.A.); Department of Surgical Sciences and Integrated Diagnos-
tics, IRCCS San Martino IST, University of Genoa, Genoa, Italy (P.P.); 
and Laboratory of Experimental Intensive Care and Anesthesiology, 
Academic Medical Center, University of Amsterdam, Amsterdam, The 
Netherlands (M.J.S.).

 

Downloaded From: http://anesthesiology.pubs.asahq.org/pdfaccess.ashx?url=/data/Journals/JASA/934156/ by John Vogel on 08/13/2015

John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel




Copyright © 2015, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2015; 123:66-78 68 Serpa Neto et al.

Protective versus Conventional Ventilation for Surgery

overall quality of the evidence. In this system, randomized 
clinical trials provide high-quality evidence unless limited by 
important risk of bias, imprecision, inconsistency, indirect-
ness, or high risk of publication bias.

Outcomes
The predefined primary outcome was development of PPCs 
during follow-up (composite of postoperative lung injury, 
pulmonary infection, or barotrauma, as defined by the 
authors in the original studies). Predefined secondary out-
comes included in-hospital mortality, intensive care unit 
(ICU) length of stay, and hospital length of stay.

Statistical Analysis
All patients were analyzed in the study group to which they 
were randomized in the original study (intention-to-treat 
principle). We used 2-sided t tests to compare respiratory 
variables during follow-up and likelihood ratio tests to com-
pare statistical models.

For the primary analysis of development of PPCs, we cal-
culated relative risks (RRs) and 95% CIs using logistic regres-
sion. The initial model included age, sex, body mass index, 
type of surgery, American Society of Anesthesiologists score 
(ASA), type of ventilation, highest PEEP used during surgery, 
highest plateau pressure achieved during surgery, highest com-
pliance achieved during surgery, and presence of risk factor for 
PPCs (defined as shock, pneumonia, blood transfusion, and/
or sepsis). Variables with P value of less than 0.2 in the uni-
variate analysis are included in the multivariate regression. The 
final model was developed by dropping each variable in turn 
from the model and conducting a likelihood-ratio test to com-
pare the full and the nested models. We used a significance 
level of 0.05 as the cutoff to exclude a variable from the model.

To compare in-hospital time to development of PPCs 
and in-hospital time to death for the groups under pro-
tective or conventional ventilation, we fitted Cox regres-
sion models with the same covariables. Time-to-event was 
defined as time from the day of surgery to the event in days. 
Cox proportional-hazards regression models were used to 
examine simultaneous effects of multiple covariates on 
outcomes, censoring a patient’s data at the time of death, 
hospital discharge, or after 30 days. In all models, the cat-
egorical outcome variables were tested for trend with the 
conventional ventilation group as reference. Kaplan–Meier 
curves were constructed, and log-rank tests were used to 
determine the univariate significance of the study variables.

A priori subgroup analyses were used to assess the effect 
of VT in the following predefined subgroups: (1) ASA score 
(< 3 vs. ≥ 3); (2) presence of risk factors for PPCs (yes or 
no, defined as pneumonia, shock, transfusion, or sepsis); (3) 
type of ventilation (volume or pressure controlled); (4) type 
of surgery (cardiac, abdominal, thoracic, or orthopedic); (5) 
body mass index (< 17, 18 to 25, 26 to 30, 31 to 35, or > 
35 kg/m2); (6) age (< 65 or ≥ 65 yr); and (7) sex (male or 
female).

To assess the individual effects of PEEP on outcome, all 
analyses were reassessed post hoc in patients ventilated with 
low VT (≤ 8 ml/kg PBW) and stratified between those using 
low (< 5 cm H2O) and high PEEP levels (≥ 5 cm H2O).4 
Also, Kaplan–Meier curves of patients ventilated with 
PEEP at least 5 cm H2O were constructed to compare ven-
tilation with VT up to 7 ml/kg PBW versus 8 to 10 ml/kg 
PBW versus more than 10 ml/kg PBW. These cutoffs were 
chosen based on the cutoffs usually used in the literature 
for low (6 ml/kg PBW) and high VT (10 to 12 ml/kg PBW) 
and the level between them.4–7 Also, in a post hoc analysis, 
we analyzed the relationship between four cutoffs of PEEP 
(0 to 2, 3 to 5, 6 to 8, and ≥ 9 cm H2O, with 0 to 2 cm 
H2O as the reference) and VT (3 to 5, 6 to 8, 9 to 11, and 
≥ 12 ml/kg PBW with ≥ 12 ml/kg PBW as the reference) 
with the primary outcome. Finally, in a post hoc analysis, we 
analyzed recruitment maneuvers as a dichotomous variable 
in the regression model, using nonrecruitment as reference, 
and adjusted by the same set of covariables described in the 
second paragraph of this section.

PROBIT regression analysis was used to characterize the 
dose–response relationship between the intraoperative VT size 
and PEEP level and the probability of PPCs, while adjusting 
for the same set of covariates used in the final Cox model. A 
quadratic term was used in the final model for PEEP and VT. 
The quadratic term was chosen because we hypothesize that 
the relationship between PEEP, VT, and PPC is curvilinear 
and the highest-degree term is the second degree. This was 
confirmed by the inspection of the residuals.

All analyses were conducted with SPSS v.20 (IBM SPSS 
Statistics for Windows, Version 20.0.; IBM Corp., USA) 
or R v.2.12.0 (version 2.12.0; R Foundation for Statistical 
Computing, Austria). For all analyses, two-sided P values of 
less than 0.05 were considered significant.

Results

Search Results and Collection of Individual Patient Data
The search identified 21 randomized controlled trials of intra-
operative ventilation comparing different VT size and PEEP 
levels. We were not able to collect data from six trials due to 
the following reasons: the corresponding author could not 
provide data of interest or had no longer access to the com-
plete database (n = 3)9–11 or the corresponding author could 
not be contacted (n = 3).12–14 The total enrolment based 
on 15 trial trials for which individual patient data could be 
collected was 2,127 patients (fig. 1; table 1).4,6,15–26 In one 
trial, the difference between the two groups was restricted to 
use of recruitment maneuvers,25 in one trial use of recruit-
ment maneuvers and PEEP level6 and in three trials the VT 
size.18,22,23 In the other trials, both VT size and PEEP level 
differed between the two arms of the trial. The methodologi-
cal quality of included trials was high, with 13 trials using 
concealed randomization, six trials using blind data analysis, 
and only three trials having minimal lost to follow-up.
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Patient Characteristics and Ventilator Settings
Patient characteristics and ventilator settings are shown in 
tables 2 and 3. Patients receiving protective ventilation were 
ventilated with higher PEEP levels, respiratory rates, pla-
teau pressure, and higher PaCO2 levels during intraoperative 
ventilation, as compared with those receiving conventional 
ventilation. VT was higher in patients who received conven-
tional ventilation during the whole period of ventilation, 
as compared with patients receiving protective ventilation.

Associations between Intraoperative Ventilator Settings 
and the Primary and Secondary Endpoints
The appearance of PPCs was lower in patients receiving 
protective ventilation compared with patients receiving 
conventional ventilation (adjusted RR, 0.64; 95% CI, 
0.46 to 0.88; P < 0.01) (table 4; fig. 2). In-hospital mor-
tality and length of stay in ICU and hospital were similar 

between the two groups, although patients who developed 
a PPC had a higher ICU length of stay (6.3 vs. 1.1 days; 
P < 0.01), a higher hospital length of stay (20.6 vs. 17.1 
days; P = 0.011), and died more frequently (6.8 vs. 1.5%;  
P < 0.01). There was no significant interaction for the 
effects of protective ventilation on primary outcome accord-
ing to predefined subgroup analyses, like the ASA score  
(P = 0.96 for interaction), type of surgery (P = 0.44 for inter-
action), body mass index (P = 0.77 for interaction), and sex  
(P = 0.85 for interaction) (fig. 3).

Associations between PEEP Levels and the Primary and 
Secondary Endpoints in Patients Ventilated with Low VT
Tables  5 and 6 present characteristics and outcome for 
patients ventilated with low VT and high or low PEEP 
levels. The appearance of PPCs was not different for 
patients receiving high or low PEEP levels in these patients 

Fig. 1. Trial flow. ARDS = acute respiratory distress syndrome.
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(adjusted RR, 0.93; 95% CI, 0.64 to 1.37; P = 0.72) 
(table 7; fig. 4). In-hospital mortality and length of stay 
in ICU and hospital were also similar between these two 
groups. There was no association between higher cutoffs 
of PEEP and the incidence of PPC compared to 0 to 2 cm 
H2O of PEEP (fig. 5). There was no significant interaction 
for the effects of PEEP on primary outcome according to 
predefined subgroup analyses (fig. 6). Also, the appearance 
of PPCs was not different for patients receiving recruit-
ment maneuvers (adjusted RR for the whole cohort, 0.72; 
95% CI, 0.49 to 1.05; P = 0.09 and adjusted RR for 
patients ventilated with VT, ≤ 8 ml/kg; PBW, 0.84; 95% 
CI, 0.54 to 1.29; P = 0.84).

Associations between VT Size and the Primary and 
Secondary Endpoints in Patients Ventilated with High 
PEEP
In patients ventilated with PEEP at least 5 cm H2O, the 
appearance of PPCs was lower only in patients receiving VT 
up to 7 ml/kg PBW compared with patients ventilated with 
VT more than 10 ml/kg PBW (adjusted RR, 0.40; 95% CI, 
0.21 to 0.78; P < 0.01) (fig. 7). Compared with VT at least 
12 ml/kg PBW, patients ventilated with VT between 6 and 
8 ml/kg and 3 and 5 ml/kg PBW presented a lower incidence 
of PPC (fig. 8). In-hospital mortality was similar between 
the groups. There was no significant interaction for the 
effects of VT on primary outcome according to predefined 
subgroup analyses (fig. 9). Ta
bl

e 
3.

 
R

es
pi

ra
to

ry
 V

ar
ia

bl
es

 d
ur

in
g 

S
ur

ge
ry

Va
ria

bl
e

B
eg

in
ni

ng
 o

f P
ro

ce
du

re
M

id
dl

e 
of

 P
ro

ce
du

re
En

d 
of

 P
ro

ce
du

re

P
ro

te
ct

iv
e

C
on

ve
nt

io
na

l
P

 
Va

lu
e

P
ro

te
ct

iv
e

C
on

ve
nt

io
na

l
P

 
Va

lu
e

P
ro

te
ct

iv
e

C
on

ve
nt

io
na

l
P

 
Va

lu
e

Ti
da

l v
ol

um
e,

 m
l/k

g 
P

B
W

7.
3 

± 
1.

0 
(1

,1
14

)
10

.8
 ±

 1
.5

 (9
18

)
< 

0.
01

7.
8 

± 
1.

3 
(7

39
)

10
.0

 ±
 1

.9
 (6

71
)

< 
0.

01
7.

1 
± 

1.
1 

(1
,0

15
)

10
.3

 ±
 1

.2
 (9

01
)

< 
0.

01
P

la
te

au
 p

re
ss

ur
e,

 c
m

 H
2O

18
.8

 ±
 5

.9
 (9

50
)

15
.9

 ±
 4

.8
 (8

25
)

< 
0.

01
21

.3
 ±

 6
.0

 (5
27

)
16

.5
 ±

 5
.1

 (4
66

)
< 

0.
01

18
.4

 ±
 5

.4
 (7

56
)

16
.8

 ±
 4

.8
 (6

40
)

< 
0.

01
P

EE
P,

 c
m

 H
2O

8.
6 

± 
3.

4 
(1

,0
11

)
1.

3 
± 

1.
8 

(9
11

)
< 

0.
01

7.
3 

± 
5.

0 
(7

23
)

1.
1 

± 
1.

6 
(6

20
)

< 
0.

01
6.

0 
± 

4.
6 

(1
,0

86
)

1.
1 

± 
1.

9 
(9

77
)

< 
0.

01
R

es
pi

ra
to

ry
 ra

te
, m

pm
12

.4
 ±

 2
.8

 (9
46

)
9.

9 
± 

2.
2 

(8
36

)
< 

0.
01

13
.0

 ±
 3

.5
 (5

69
)

10
.3

 ±
 2

.4
 (4

73
)

< 
0.

01
15

.1
 ±

 5
.6

 (7
96

)
10

.3
 ±

 2
.8

 (7
15

)
< 

0.
01

P
aO

2/
FI

O
2,

 m
m

H
g

40
4.

4 
± 

14
8.

0 
(3

21
)

41
5.

2 
± 

16
0.

3 
(2

33
)

0.
41

16
9.

1 
± 

19
4.

1 
(2

49
)

19
7.

9 
± 

22
3.

7 
(2

03
)

0.
14

33
0.

0 
± 

14
8.

5 
(3

71
)

30
3.

7 
± 

13
5.

9 
(2

81
)

0.
02

P
aC

O
2,

 m
m

H
g

42
.4

 ±
 6

.0
 (3

21
)

38
.5

 ±
 7

.1
 (2

33
)

< 
0.

01
43

.5
 ±

 6
.8

 (2
49

)
38

.7
 ±

 8
.0

 (2
03

)
< 

0.
01

43
.7

 ±
 7

.9
 (3

71
)

39
.1

 ±
 6

.3
 (2

81
)

< 
0.

01
A

rt
er

ia
l p

H
7.

39
 ±

 0
.0

6 
(3

21
)

7.
41

 ±
 0

.0
5 

(2
33

)
< 

0.
01

7.
34

 ±
 0

.0
6 

(2
49

)
7.

37
 ±

 0
.0

6 
(2

03
)

< 
0.

01
7.

33
 ±

 0
.0

8 
(3

71
)

7.
34

 ±
 0

.1
0 

(2
81

)
0.

17

m
pm

 =
 m

ov
em

en
ts

 p
er

 m
in

ut
e;

 P
B

W
 =

 p
re

di
ct

ed
 b

od
y 

w
ei

gh
t; 

P
EE

P
 =

 p
os

iti
ve

 e
nd

–e
xp

ira
to

ry
 p

re
ss

ur
e.

Table 2. Baseline Characteristics of Included Patients

Characteristics

Protective  
Ventilation  
(n = 1,118)

Conventional  
Ventilation  
(n = 1,009)

Age, yr 63.2 ± 12.8 64.7 ± 11.9
Female, no. (%) 423 (38) 383 (38)
Body mass index, kg/m2 25.7 ± 4.4 25.7 ± 4.4
ASA, no. (%)
    Median (IQR) 2.0 (2–3) 2.0 (2–3)
     1 110 (10) 109 (11)
     2 557 (50) 500 (50)
     3 429 (38) 379 (37)
     4 22 (2) 21 (2)
Type of surgery, no. (%)
    Cardiac 119 (11) 107 (11)
    Thoracic 196 (17) 119 (12)
    Abdominal 793 (71) 769 (76)
    Spine 10 (1) 14 (1)
Risk factor for PPC, no. (%)*
    Yes 143 (13) 149 (15)
    Pneumonia 5 (0.5) 10 (1)
    Sepsis 5 (0.5) 10 (1)
    Transfusion 89 (8) 89 (9)
    Shock 44 (4) 40 (4)

* Individual patients could have more than one risk factor.
ASA = American Society of Anesthesiologists; IQR = interquartile range; 
PPC = postoperative pulmonary complications.
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Table 4. Clinical Outcomes in Patients Undergoing General Anesthesia for Surgery

Outcomes
Protective Ventilation  

(n = 1,118)
Conventional Ventilation 

(n = 1,009) Adjusted RR (95% CI)*
P 

Value

Postoperative pulmonary  
complications

97 (8.7) 148 (14.7) 0.64 (0.46–0.88) < 0.01

Acute respiratory distress  
syndrome

20 (1.8) 51 (5.1) 0.45 (0.24–0.83) 0.01

Barotrauma 12 (1.1) 29 (2.9) 0.39 (0.17–0.92) 0.03
Suspected pulmonary infection 79 (7.1) 101 (10.0) 0.83 (0.58–1.20) 0.33
In-hospital mortality 22 (2.0) 20 (2.1) 1.17 (0.52–2.62) 0.70
Length of ICU stay, days 1 (0–2) 1 (0–2) –0.20 (–1.41 to 1.00)† 0.73
Length of hospital stay, days 10 (7–18) 11 (7–18) –0.61 (–2.80 to 1.57)† 0.58

* Multivariate regression with the outcome of interest as dependent variable; ventilation group, age, American Society of Anesthesiologists, and presence of 
risk factor as independent variables. † Coefficient from a corresponding linear regression model using the same independent variables and random effect 
as the above-described model.
ICU = intensive care unit; RR = relative risk.

Fig. 2. Time to postoperative pulmonary complications, composite endpoint, and in-hospital mortality for protective and con-
ventional ventilation. Cox regression models adjusted for age, American Society of Anesthesiologists, and presence of risk fac-
tor for postoperative pulmonary complications. HR = hazard ratio.

Fig. 3. Relative risk for study outcomes according to subgroups (protective vs. conventional ventilation). The size of the squares 
is proportional to the number of patients in the subgroup. ASA = American Society of Anesthesiologists.
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Dose–Response Relationship between PEEP Level and VT 
Size and PPCs
Dose–response relationship curves between intraopera-
tive VT size and PEEP levels and appearance of PPCs are 
shown in figure 10. A dose–response relationship was found 
between the appearance of PPC and VT size (R2 for mean 
quadratic term = 0.39) but not between the appearance of 
PPC and PEEP level (R2 = 0.08).

Discussion
This individual patient meta-analysis of 2,127 patients venti-
lated under general anesthesia for surgery from 15 random-
ized controlled trials shows that intraoperative protective 
ventilation protects the lung from PPCs. We found that 
intraoperative low VT was associated with reduced PPC.

In the ICU, following the publication of Acute Respi-
ratory Distress Syndrome Network low VT trial in patients 
with the acute respiratory distress syndrome (ARDS),27 
there has been a progressive decrease in VT size over the last 
decade from more than 12 ml/kg to less than 9 ml/kg.28–30 
These changes were supported by numerous preclinical 
studies in animals showing that ventilation with high VT 
was associated with lung inflammation and injury,31 worse 
oxygenation,32 and vascular dysfunction,33 even in healthy 
lungs. In the operating room, VT size remained unchanged, 
despite numerous randomized controlled trials suggest-
ing benefit of low VT during intraoperative ventilation.34,35 

Table 5. Baseline Characteristics of Included Patients 
Ventilated with Low Tidal Volumes

Characteristics
High PEEP  
(n = 957)

Low PEEP  
(n = 525)

Age, yr 63.6 ± 12.8 64.2 ± 12.8
Female, no. (%) 350 (37) 200 (38)
Body mass index, kg/m2 25.9 ± 4.4 25.1 ± 4.3
ASA, no. (%)
    Median (IQR) 2.0 (2–3) 2.0 (2–3)
     1 86 (9) 63 (12)
     2 488 (51) 241 (46)
     3 344 (36) 205 (39)
     4 29 (3) 16 (3)
Type of surgery, no. (%)
    Cardiac 139 (14) 77 (15)
    Thoracic 70 (8) 53 (10)
    Abdominal 738 (77) 395 (75)
    Spine 10 (1) 0 (0)
Risk factor for PPC, no. (%)*
    Yes 124 (13) 37 (7)
    Pneumonia 10 (1) 10 (2)
    Sepsis 5 (0.5) 3 (0.5)
    Transfusion 71 (7) 19 (4)
    Shock 38 (4) 5 (1)

* Individual patients could have more than one risk factor.
ASA = American Society of Anesthesiologists; IQR = interquartile 
range; PEEP = positive end–expiratory pressure; PPC = postoperative 
 pulmonary complication.
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Lack of knowledge of the existence and underrecognition of 
PPCs, as well as the idea that shorter duration of intraopera-
tive ventilation may be less injurious than longer duration 
of ventilation in the ICU, may explain the absence of venti-
lation practice changes in the operating room.2–4 The pres-
ent analysis is in accordance with the findings of a previous 
systematic review and meta-analysis,3 and three randomized 
controlled trials showing the benefits of protective ventila-
tion during general anesthesia for surgery.4–6 This meta-anal-
ysis helps further in the interpretation and understanding of 
the individual effects of VT and PEEP.

Experimental studies suggest that high PEEP levels mini-
mize cyclical alveolar collapse and corresponding shear injury 
to the lungs in patients with ARDS.36,37 Based on this obser-
vation, it has been suggested that high PEEP levels could 
benefit patients with ARDS.38 Randomized controlled trials 
comparing high PEEP levels with low PEEP levels and one 
meta-analysis, however, suggest only benefit of high PEEP 
levels in patients who suffered from severe ARDS.38 Ventila-
tion strategies that use high PEEP levels are associated with 
potentially dangerous side effects, including hemodynamic 
depression and lung overdistention, which could further 
outweigh the potential benefits.39,40 This was also found in 
the last randomized controlled trial comparing high with 

low PEEP levels in patients under intraoperative ventilation 
with low VT.6 The results of this meta-analysis suggest no 
benefit from high PEEP levels with use of low VT. Thus, high 
PEEP should not be standard practice, despite the sugges-
tions of an earlier observational study.7

Recently, a large and well-powered randomized con-
trolled trial in France4 confirmed the beneficial effects of 
protective ventilation in intermediate-risk and high-risk 
patients undergoing major surgery. However, protection in 

Table 7. Clinical Outcomes in Patients Undergoing General Anesthesia for Surgery Ventilated with Lower Tidal Volumes

Outcomes
High PEEP  
(n = 957)

Low PEEP  
(n = 525)

Adjusted RR  
(95% CI)*

P 
Value

Postoperative pulmonary  
complications

85 (8.9) 63 (12) 0.93 (0.64–1.37) 0.72

Acute respiratory distress syndrome 20 (2.1) 15 (2.8) 0.82 (0.38–1.74) 0.60
Barotrauma 12 (1.3) 9 (1.8) 0.66 (0.25–1.77) 0.41
Suspected pulmonary infection 66 (6.9) 55 (10.4) 0.81 (0.54–1.23) 0.33
In-hospital mortality 18 (1.9) 7 (1.3) 1.34 (0.47–3.78) 0.57
Length of ICU stay, days 0 (0–1) 1 (1–2) –0.31 (–1.91 to 1.27)† 0.69
Length of hospital stay, days 10 (7–18) 11 (8–18) –0.48 (–3.04 to 2.07)† 0.71

* Multivariate regression with the outcome of interest as dependent variable; ventilation group, age, American Society of Anesthesiologists, and presence of 
risk factor as independent variables. † Coefficient from a corresponding linear regression model using the same independent variables and random effect 
as the above-described model.
ICU = intensive care unit; PEEP = positive end-expiratory pressure; RR = relative risk.

Fig. 4. Time to postoperative pulmonary complications, composite endpoint, and in-hospital mortality for patients ventilated 
with low tidal volumes and high or low levels of positive end–expiratory pressure (PEEP). Cox regression models adjusted for 
age, American Society of Anesthesiologists, and presence of risk factor for postoperative pulmonary complications. HR = haz-
ard ratio.

Fig. 5. Relative risk of postoperative pulmonary complica-
tions according to different levels of positive end–expiratory 
pressure and using 0 to 2 cm H2O as reference.
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this trial could have come from low VT, intermediate levels of 
PEEP, recruitment maneuvers, or combination of the three. 
Indeed, the use of high VT in the conventional arm could 
be associated with more harm than beneficial of low VT in 
protective arm. In an attempt to understand the individual 
effect of PEEP, an international randomized controlled trial 
evaluated the effects of high PEEP levels with use of low VT.6 
High PEEP levels did not prevent PPCs but were associated 
with more hemodynamic compromise.6

The absence of an association between a protective venti-
lation strategy and a lower mortality rate could be expected, 
since mortality of surgical patients is very low in general, 
and only 1.2% in the cohort of patients included in the 
present analysis. However, although we did no found differ-
ences in mortality and hospital length of stay in the different 

Fig. 6. Relative risk for study outcomes according to subgroups (high vs. low positive end–expiratory pressure [PEEP]). The size 
of the squares is proportional to the number of patients in the subgroup. ASA = American Society of Anesthesiologists.

Fig. 7. Time to postoperative pulmonary complications, composite endpoint, and in-hospital mortality for patients ventilated 
with positive end–expiratory pressure at least 5 cm H2O and tidal volume up to 7 ml/kg vs. 8 to 10 ml/kg vs. more than 10 ml/kg 
predicted body weight (PBW). Cox regression models adjusted for age, American Society of Anesthesiologists, and presence of 
risk factor for postoperative pulmonary complications. HR = hazard ratio.

Fig. 8. Relative risk of postoperative pulmonary complica-
tions according to different tidal volumes and using at least 
12 ml/kg predicted body weight (PBW) of tidal volume as 
reference.
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ventilation groups, patients who developed a PPC had a 
higher ICU length of stay, a higher hospital length of stay, 
and died more frequently.

In this meta-analysis, variability in treatment over time 
was overcome by conducting a pooled analysis of data on 
individual patients. The use of these data allowed us to 
update the number of patients and follow-up after the origi-
nal published reports. With individual patient data, we have 
enough power to study different subgroups and also to assess 
the individual effects of PEEP and VT. Also, to date, this 

study included data on the largest population available for 
comparison of the benefits of protective ventilation in the 
surgical setting and postoperative outcome.41

This meta-analysis knows limitations. First, not all inves-
tigators could provide the data, and therefore, data from six 
identified studies were not included.9–14 However, the results 
of a classical meta-analysis including all but one study14 are 
in agreement with those found in the present analysis. Thus, 
the assumption can be made that the included studies are 
reliable representatives of all studies of protective ventilation 

Fig. 9. Relative risk for study outcomes according to subgroups (≤ 7 ml/kg predicted body weight [PBW] vs. > 10 ml/kg PBW). 
The size of the squares is proportional to the number of patients in the subgroup. ASA = American Society of Anesthesiologists.

Fig. 10. PROBIT logistic regression showing the dose–response relationship curve between the mean tidal volume (ml/kg pre-
dicted body weight) (A) and mean positive end–expiratory pressure (PEEP) (cm H2O) (B) used in surgery and the probability of 
postoperative pulmonary complications. Solid line = mean quadratic term; dashed line = 95% CI. The line represents the qua-
dratic term fitting all the points. The flat line in the PEEP graph suggests that there is neither a positive nor a negative association 
between a higher level of PEEP and the development of postoperative pulmonary complications.
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during surgery.5 Second, since the diagnosis of postoperative 
lung injury is based on clinical criteria, misclassification of 
patients might underestimate the observed effect, but this 
factor should have equally affect the different groups ana-
lyzed. Third, we do not have information on some important 
factors that could contribute to the development of post-
operative complications, including but not limited to fluid 
balance, use of colloids, recruitment maneuvers, and postop-
erative analgesia. Fourth, since we collected sufficient data 
on other PPCs, we deviate from the primary outcome stated 
in the preliminary protocol (development of ARDS)8 to a 
stronger outcome (development of any PPC), as PPCs were 
reported in the majority of retrieved studies. Fifth, different 
types of surgery were analyzed and can be a confounding 
factor. However, no interaction was found between type of 
surgery and primary outcome according to the predefined 
subgroup analyses. Finally, due to the variability between the 
effects on primary outcome, our analysis on PEEP could be 
underpowered. In fact, the highest PEEP quartile was lower 
than 1 compared with 0 to 2 cm H2O PEEP. However, the 
moderate PEEP group 6 to 8 cm H2O showed a nonsignifi-
cant increase, and not decrease, in the risk of PPC. Higher 
PEEP was found not effective to reduce PPC when protec-
tive VT were used during open abdominal surgery.6 Also, 
most of the studies included in the analysis were not a priori 
conducted to evaluate PEEP effects. Additional studies are 
required to test the hypothesis that high levels of PEEP dur-
ing different type of surgery can protect our patients from 
postoperative respiratory complications.

In conclusion, this individual patient data meta-analysis 
shows that intraoperative ventilation with low VT protects 
against PPCs. Further trials are necessary to define the role of 
intraoperative higher PEEP to prevent PPC during nonopen 
abdominal surgery.
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