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Abstract

Background. The role of positive end–expiratory pressure (PEEP) in mechanical ventilation 
during general anaesthesia for surgery remains uncertain. Higher PEEP levels may protect 
against postoperative pulmonary complications (PPCs), but could also cause intra–operative 
circulatory depression and lung injury from overdistension. We tested the hypothesis that higher 
PEEP plus recruitment manoeuvres protects against PPCs in patients at risk for PPCs receiving 
mechanical ventilation with lower tidal volumes during general anaesthesia for open abdominal 
surgery.

Methods. In this international, randomized controlled trial in 30 centres we allocated 900 
patients at risk for PPCs planned for open abdominal surgery under general anaesthesia and 
ventilation at tidal volumes of 8 ml/kg to higher PEEP (12 cmH2O) with recruitment manoeuvres 
or lower PEEP (≤ 2 cmH2O) without recruitment manoeuvres, using a centralized computer-
generated randomization system. Patients and outcome assessors were blinded for the 
intervention. Primary endpoint was a composite of PPCs by postoperative day five. The study 
is registered at Controlled-Trials.gov, number ISRCTN70332574.

Findings. From February 2011 through January 2013, 447 patients were randomized to the 
higher PEEP and 453 to the lower PEEP group. Six patients were excluded from analysis: 4 
withdrew consent, 2 violated inclusion criteria. Median PEEP levels were 12 [12–12] and 2 
[0–2] cmH2O in the higher and lower PEEP group, respectively. PPCs occurred in 174 of 445 
patients (40%) in the higher PEEP group and in 172 of 449 patients (39%) in the lower PEEP group 
(relative risk, 1.01; 95% CI 0.86–1.20; P = 0.86). In the higher PEEP group, patients developed 
intraoperative hypotension and needed more vasoactive drugs.

Interpretation. A strategy with higher PEEP plus recruitment manoeuvres during open 
abdominal surgery does not protect against PPCs.

Funding. Funded by the Academic Medical Center, Amsterdam, The Netherlands, and the 
European Society of Anaesthesiology.
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Introduction

Postoperative pulmonary complications (PPCs) are at least as frequent as cardiac complications 
during non–cardiac surgery.1 PPCs increase mortality after open abdominal surgery.2,3 It is 
gradually more recognized that mechanical ventilation may influence the incidence of PPCs4 
and even distal organ dysfunction.5 Different mechanisms have been proposed to explain the 
injurious effects of ventilation. Both hyperinflation and repetitive tidal recruitment of lung units 
can induce the release of pro–inflammatory mediators, leading to lung and distal organ injury.6

Prevention of hyperinflation by use of lower tidal volumes (VTs) reduces mortality in patients with 
the acute respiratory distress syndrome (ARDS).7 Prevention of repetitive tidal recruitment by 
use of higher positive end–expiratory pressure (PEEP) is also associated with reduced mortality 
in these patients, but only when ARDS is severe.8 Several studies suggest that use of lower VTs in 
patients without lung injury under general anaesthesia may also reduce the incidence of PPCs.4 
This hypothesis was recently confirmed in one single–centre9 and one national multicentre 
trial.10 However, in both trials, the use of lower VTs was combined with higher PEEP, thus it is 
unclear whether beneficial effects came from prevention of hyperinflation or prevention of 
repetitive tidal recruitment. While it is argued that use of too low PEEP could lead to atelectasis 
with ventilation strategies that use lower VTs,6,11 higher PEEP could also provoke complications 
including intraoperative circulatory depression12 and even promote hyperinflation.13

We conducted the PROtective Ventilation using HIgh versus LOw PEEP (PROVHILO) trial to test 
the hypothesis that a ventilation strategy with higher levels of PEEP plus recruitment manoeuvres 
during general anaesthesia for open abdominal surgery protects against PPCs in patients at risk 
for PPCs.

Methods

The PROVHILO trial was an investigator–initiated, international, multicentre, double–blind, 
parallel randomized controlled two–arm trial. The study protocol and the statistical analysis 
plan were approved by the Institutional Review Boards of the Academic Medical Center (AMC), 
Amsterdam, The Netherlands, as well as of all participating centres and published both in TRIALS14 
and Controlled Trials.gov, number ISRCTN70332574. The steering committee was responsible 
for accuracy and completeness of fidelity of the study to the protocol, the collected data and 
data analyses. The writing committee drafted the manuscript without editorial assistance and 
all authors provided revisions and comments.

An independent data safety and monitoring board oversaw conduct of the trial, safety of the 
participants, and interpreted blind interim analysis results. A random sample of 6 centres was 
visited on site by an independent monitor to assess protocol adherence. There was no industry 
support or involvement for the PROVHILO trial.
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Patients
Patients were screened and randomized from February 2011 to January 2013 at 30 hospitals in 
ten countries. Participating hospitals are listed in the Supplementary Appendix. Written informed 
consent was obtained from all participating patients before randomization. We considered adults 
scheduled for open abdominal surgery under general anaesthesia. Enrolment was restricted to 
patients who had an intermediate or high risk of experiencing PPCs.3 Patients who were planned 
for laparoscopic surgery, were pregnant (excluded by laboratory analysis), had a body mass index 
> 40 kg/m2, had severe cardio– or pulmonary comorbidities or another condition that may have 
compromised safe trial procedure, or who had consented for another interventional study or 
declined to participate, were excluded from study participation. The full inclusion and exclusion 
criteria are presented in tables S1 and S2 in the Supplementary Appendix.

Randomization and masking
Patients were assigned to their study group in random blocks of four and stratified per centre. 
Local investigators randomized patients after inclusion of the patients, using a secured, 
centralized, computer–generated and web–based, randomization system. In each centre at 
least two investigators were involved: one who was aware of the allocated intervention and 
collected intraoperative data; the other remained blinded to the intraoperative interventions and 
evaluated the outcomes, scoring postoperative pulmonary and extrapulmonary complications. 
The allocation was also concealed from patients, research staff, the independent statistician, 
and the data safety and monitoring board. Data were collected on paper case report forms 
and transcribed by local investigators onto secure web–based electronic case report forms 
(OpenClinica, Boston, MA, USA).

Interventions
Patients were randomized to receive intraoperative ventilation using either a higher PEEP strategy, 
with PEEP of 12 cmH2O plus recruitment manoeuvres, or a lower PEEP strategy, with PEEP of ≤ 
2 cmH2O without recruitment manoeuvres. In the higher PEEP group, recruitment manoeuvres 
with an incremental tidal volume strategy were performed directly after induction of anaesthesia, 
after any disconnection from the ventilator, and just before tracheal extubation (see table S3 for 
details). A rescue strategy was designated for patients in whom pulse oximetry (SpO2) decreased 
to < 90% without evidence of airway problems, severe hemodynamic impairment, or ventilator 
malfunction. The strategy included a stepwise increase of inspired oxygen (FIO2), progressive 
increase in PEEP and recruitment manoeuvres (table S3). It was sequentially implemented to 
return SpO2 to ≥ 92%.

Patients were ventilated using a volume–assist mode during surgery, and optionally switched to 
pressure support mode near the end of surgery. VTs were set at 8 ml/kg predicted body weight. 
FIO2 was set at 0.40 or higher to a target SpO2 ≥ 92%. The respiratory rate was adjusted to 
maintain end–tidal CO2 (FE’CO2) between 35 and 45 mmHg. The inspiration–to–expiration ratio 
was 1:2. Anaesthesiologists were allowed to change the ventilator settings upon the surgeon’s 
request, or if there was any concern about patient’s safety. Safety concerns potentially included 
low systemic blood pressure unresponsive to intravenous fluids and/or vasoactive drugs, new 
arrhythmias not responding to treatment, or a need for massive transfusion. Other aspects of 
general anaesthesia, fluid administration, and pain management were per routine.
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Outcomes
A collapsed composite of PPCs was chosen as the primary endpoint. PPCs occurring within the 
first five postoperative days included hypoxemia, severe hypoxemia, bronchospasm, suspected 
pulmonary infection, pulmonary infiltrate, aspiration pneumonitis, development of ARDS, 
atelectasis, pleural effusion, pulmonary oedema caused by cardiac failure and pneumothorax. 
Definitions are presented in table S4.

Intraoperative complications served as secondary and safety endpoints, and included SpO2 < 
90% requiring rescue, hypotension (systolic arterial blood pressure < 90 mmHg for more than 
3 minutes), any need for vasoactive medication, any new arrhythmias requiring intervention, 
massive transfusion (> 5 units of packed red blood cells during one hour), and any surgical 
complication. Postoperative extrapulmonary complications included development of systemic 
inflammatory response syndrome (SIRS), sepsis, severe sepsis or septic shock, extrapulmonary 
infection, coma, acute myocardial infarction, acute renal failure, disseminated intravascular 
coagulation, hepatic failure, gastro–intestinal bleeding, gastro–intestinal failure, and impaired 
wound healing (definitions are presented in table S5).

Patients were assessed daily, scoring clinical data, the presence of the predefined outcomes, 
and need for intensive care unit admission or readmission until the fifth postoperative day, 
and shortly before hospital discharge. Ninety days after surgery, we determined the number of 
hospital–free days (including admissions to other hospitals) and vital status.

Statistical analysis
We calculated that a sample size of 900 patients would provide a power of 80% to detect a 
difference between the incidences of PPCs with lower PEEP (24%) and higher PEEP (16.5%).1,3,9,15,16 
An independent data safety and monitoring board conducted an interim analysis after enrolment 
of the first 300 and 600 patients, according to the a priori statistical analysis plan. The Board 
did not recommend trial discontinuation after either interim analysis and 900 patients were 
therefore included. All patients were analysed under intention–to–treat rules.

Postoperative variables were compared using Student’s t–test or Mann–Whitney U test for 
continuous variables depending on the characteristics of the variables and chi-square test 
for categorical variables. The composite primary outcome, total occurrence of PPCs, and the 
secondary outcome of total occurrence of extrapulmonary complications, both in the first 
five postoperative days, were compared using an unadjusted chi–square test weighing each 
individual complication equally. The primary endpoint was not adjusted for baseline imbalance. 
Due to the two interim analyses a two–sided alpha level of 0.045 was considered statistically 
significant for the primary endpoint. Statistical significance for other variables was accepted at 
a P–value < 0.05. Where appropriate, statistical uncertainty was expressed by 95% confidence 
levels. Kaplan–Meier estimates of survival curves were calculated; log–rank tests were used to 
compare survival distributions between the lower and higher PEEP group. Data used for the 
Kaplan–Meier estimates was censored when patients did not experience a PPC during the study 
period, or when patients were lost to follow up before the end of day five. A post–hoc analysis 
was performed on the primary endpoint, discarding hypoxemia from the composite endpoint of 
PPCs. Further exploratory post–hoc analyses included a per–protocol analysis in which patients 
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of the higher PEEP group who did not receive higher PEEP throughout the procedure and all RMs 
as indicated by the study protocol were analysed as patients in the lower PEEP group, and the 
association between the incidence of postoperative complications was analysed; intra–operative 
use of medication (anaesthetics, neuromuscular blocking agents, and opioids); the net effect 
of the treatment group (higher PEEP) on the primary endpoint (PPCs), controlling for centre; 
and a multiple logistic regression analysis to identify baseline and intra–operative covariates 
associated with PPCs.

Analyses were performed using R (version 2.3; R Foundation for Statistical Computing, Vienna, 
Austria).

Role of funding source
The European Society of Anaesthesiology (ESA) and the Academic Medical Center (AMC), 
Amsterdam, The Netherlands financially supported and endorsed the trial. They had no influence 
on trial design, conduct of the trial, data analysis, or reporting.

Results

From February 2011 through January 2013, we enrolled 900 patients in 30 centres in Europe and 
the U.S.A. Randomization of patients was balanced within centres; 447 patients were assigned 
to ventilation with higher PEEP; 453 patients were assigned to ventilation with lower PEEP. Six 
randomized patients were excluded from analysis. Six patients receiving other treatment than 
allocated were kept in their original randomization arms (figure 1). Data for the primary endpoint 
could be analysed for 445 patients in the higher PEEP group and 449 patients in the lower PEEP 
group. Surgery was for cancer in 268 (61%) of the higher PEEP patients and 281 (63%) in the 
lower PEEP patients.

Median VT was similar between groups and remained within target throughout intra-operative 
mechanical ventilation. Median PEEP levels were 12 [12–12] cmH2O in the higher PEEP group 
and 2 [0–2] cmH2O in the lower PEEP group. The percentage of patients receiving recruitment 
manoeuvres following intubation was 99% in the higher PEEP group and 1% in the lower PEEP 
group; 85% of patients in the higher PEEP group and 0.7% in the lower PEEP group received 
recruitment manoeuvres before extubation (for details, see table S6). Peak pressures and dynamic 
respiratory compliance were significantly higher in the higher PEEP group. SpO2 levels were 
only marginally but statistically significantly higher in the higher PEEP group. In the higher PEEP 
group 2% of the patients needed a rescue for desaturation versus 8% of patients in the lower 
PEEP group (P < 0.0008, table 3). Details on the duration of the rescue strategy and highest step 
reached are described in table S7. In 34 patients in the higher PEEP group, PEEP was decreased 
on request of the surgeon (5 cases) or the attending anaesthesiologist (3 cases); because of 
hypotension (14 cases), massive surgical bleeding (10 cases), or for other reasons (2 cases).

Hemodynamic compromise and use of vasopressors occurred more frequently during the 
higher PEEP strategy (table 3), and these patients received more fluids (table 2). There were 
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Figure 2. The probability of the composite primary endpoint of postoperative pulmonary
complications by postoperative day five between the higher PEEP group (straight line) and the lower PEEP group (dotted 
line) as presented by a Kaplan–Meier graph (P = 0.89, log–rank test)

Figure 1. Randomization and follow–up of study patients
Nine hundred patients were randomly assigned to a study group to obtain the full sample size. Four patients withdrew 
informed consent for the use of their data after the end of the study intervention. One patient was randomized twice and 
therefore violated the exclusion criteria. One patient was randomized, but did not receive study intervention
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Table 1. Baseline characteristics of patients 

Variable Higher PEEP  
N = 445

Lower PEEP  
N = 449

Male sex – % (n/N)  58 (259/445)  57 (255/449)

Age – year, median [IQR] 65 [54 - 73] 66 [56 - 74]

BMI m2, mean (sd) 25.5 (4.2) 25.6 (4.4) 

Body Weight – kg, mean (sd) 72.5 (14.3) 72.7 (14.8)

ARISCAT score – median [IQR] 41 [34 - 43] 41 [34 - 47]

   Intermediate (26 - 44) – % (n/N) 78 (346/442) 74 (331/447)

   High (> 44) – % (n/N)  22 (98/442) 27 (119/447) 

Smoking status – % (n/N)

   never 55 (245/445)  54 (242/447) 

   former  25 (111/445) 26 (119/449) 

   current 20 (91/445)  20 (91/449) 

Alcohol status (past 2 weeks) – % (n/N)

   none 68 (301/445) 69 (307/447)

   0 - 2 units of alcohol 29 (130/445)  28 (125/447) 

   > 2 units of alcohol  4 (16/445) 4 (18/447)

ASA physical status classification system – % (n/N)

   1 12 (55/445) 12 (54/448) 

   2  55 (246/445) 52 (233/448)  

   3 32 (142/445) 35 (156/448)

   4 1 (3/445) 2 (8/448) 

      5 (1/445) 0

New York Heart Association Classification – % (n/N)

I 80 (347/435)  77 (339/439) 

   II 20 (87/435) 23 (99/439)

   III  1 (3/435)  1 (4/439) 

   IV 0 0

Functional status – % (n/N)

   non dependent 96 (427/445) 95 (426/449) 

   partially dependent 4 (18/445) 5 (24/449) 

   totally dependent  0.5 (2/445) 0.5 (2/449)

History of active cancer – % (n/N) 61 (268/441) 63 (281/448)

History of chronic renal failure – % (n/N) 6 (25/445) 5 (22/449)

COPD – % (n/N)  8 (37/445) 7 (30/449)

   with inhalation therapy 3 (15/444) 3 (15/448)

   with systemic steroids 2 (8/444) 2 (7/448)
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Diabetes mellitus – % (n/N) 13 (56/445) 18 (79/449) 

   with oral medication 70 (38/54) 70 (51/73)

   with insulin therapy  30 (16/54)  31 (23/74) 

Use of systemic steroids – % (n/N)  2 (10/445)  2 (8/448)

Use of statins – % (n/N) 18 (82/445) 18 (80/449)

Preoperative transfusion – % (n/N) 2 (7/445) 2 (10/448) 

Preoperative tests

Haemoglobin – g/L, mean (sd) 119 (26) 119 (26)

Creatinine –  µmol/L, median [IQR] 61 [53 - 76] 61 [53 - 76]

Urea – mmol/L, median [IQR] 9.3 [5.7 - 13] 9.6 [5.7 - 14]

White blood cells – x109/L, median [IQR] 7 [5.7 – 8.6] 7 [5.7 – 8.7]

Pre–operative SpO2 – %, median [IQR] 97 [96 - 98] 97 [96 - 98]

Abnormalities on chest X-ray – % (n/N)  7 (23/329) 5 (18/360) 

Perioperative variables

Duration of surgery† – minutes, median [IQR] 200 [140 - 300] 190 [140 - 262]

Surgical procedure – % (n/N)

   gastric  9 (42/445) 9 (42/449)

   pancreatic 13 (60/445) 13 (60/449) 

   biliary 3 (15/445) 2 (11/449) 

   liver 7 (31/445) 7 (31/449) 

   colonic 22 (100/445)  22 (98/449)

   rectal 11 (50/445) 11 (48/449)

   bladder 9 (39/445) 10 (47/449) 

   kidney 2 (10/445) 3 (12/449)

   vascular 4 (16/445) 4 (18/449)

   other  18 (82/445) 18 (82/449)

Antibiotic prophylaxis – % (n/N) 93 (409/440) 91 (411/449)

Type of anaesthesia – % (n/N)

   total intravenous 9 (41/445)  9 (41/449)

   mixed (volatile and intravenous) 91 (404/444) 91 (408/448)

Epidural – % (n/N) 49 (219/445) 50 (226/449)

   thoracic 79 (173/218) 77 (174/226) 

   lumbar 21 (46/219) 23 (52/226)

Data is presented as: means (sd), median [IQR] or proportion % (n/N); n: number of patients; N: total patients; 
BMI: Body Mass Index, calculated as weight (kg)/ height (m)2 = kg/m2; kg: kilogram; m: meters; ASA: American 
Society of Anesthesiology; COPD: Chronic Obstructive Pulmonary Disease; Inhalation therapy for COPD: inhaled 
bronchodilators and/or steroids’ SpO2: oxyhaemoglobin saturation measured by pulse oximeter; †Duration of 
surgery is the time between skin incision and closure of the incision
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no differences in duration of surgery, administered anaesthetics, use of epidural anaesthesia, 
intra–operative blood loss, transfusion of blood products, arrhythmias, surgical complications, 
or urine output (table 1, 2, 3, S8 and S9).

PPCs within the initial five postoperative days occurred in 174 (40%) patients in the higher PEEP 
group versus 172 (39%) patients in the lower PEEP group (relative risk, 1.01; 95% confidence 
interval 0.85–1.20; P = 0.84) (table 3 and figure 2). The need for continued or new postoperative 
mechanical ventilation did not differ significantly between groups: 18 (4%) patients in the higher 
PEEP group versus 24 (5%) patients in the lower PEEP group. Hypoxemia was relatively common 
at 24% in the higher PEEP group and 21% in the lower PEEP group. Discarding hypoxemia from 
the composite endpoint of PPCs did not result in a difference between groups (table 3). There 
was no heterogeneity in PPCs across centres.

In the higher PEEP group, 244 (55%) patients developed extrapulmonary complications versus 
242 (54%) patients in the lower PEEP group (P = 0.78) (table 3 and figure S2). Gastro–intestinal 
failure was the most common extrapulmonary complication, followed by SIRS and acute renal 
failure, but distributed equally between randomization groups (table 3).

There was no difference in the need for intensive care unit admission, number of hospital free 
days at postoperative day 90, nor in hospital mortality (table 3).

The results of a per–protocol analysis were not different from the intention–to–treat analysis 
(table S10). The results of the post–hoc analysis of the association between the incidence of 
postoperative pulmonary complications and intra–operative use of medication (anaesthetics, 
neuromuscular blocking agents, and opioids), and a multiple logistic regression analysis to 
identify baseline and intra–operative covariates, which are associated with PPCs are shown in 
the Supplementary Appendix (tables S9 and S11).

Discussion

PROVHILO is the first trial in which identical lower VTs were used in both study arms, making 
it possible to isolate the effects of higher PEEP levels from the known effects of VT size. In 
900 patients at risk for PPCs after mechanical ventilation under general anaesthesia for open 
abdominal surgery, the incidence of PPCs within the first five postoperative days was comparable 
between patients receiving higher PEEP with recruitment manoeuvres and lower PEEP without 
recruitment manoeuvres.

Our composite endpoint of PPCs included hypoxemia, which was the most common PPC. 
Restricting our analysis to more severe PPCs did not change the study results, suggesting that 
PEEP level does not alter the risk of more severe pulmonary complications. The incidence of PPCs 
in the present trial was substantially higher than in these previous investigations,1,3,9,15,16 which 
could have been caused by the much higher risk of developing PPC’s as compared to patients in 
previous studies. Because the observed incidence was so high, our trial had sufficient statistical 
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Table 2. Intraoperative ventilation characteristics

Variable Higher PEEP 
N = 445

Lower PEEP 
N = 449 p-value

Tidal volumes – mL, median [IQR] 500 [450 – 560] 500 [450 – 550]

Tidal volumes – mL/kg PBW, mean (sd) 7.2 (1.5) 7.1 (1.2)

   Tidal volumes, after 1 hour 7.11 (1.32) 7.09 (1.23)

   Tidal volumes, directly before extubation 6.96 (1.50) 7.07 (1.23)

PEEP – cmH2O, median [IQR] 12 [12 – 12] 2 [0 – 2]

   PEEP, after 1 hour 12 [12 – 12] 2 [0 – 2]

   PEEP, directly before extubation 12 [12 – 12] 2 [0 – 2]

Peak pressure – mL/cmH2O, mean (sd) 23 (3.7) 17 (4.1)

   Peak pressure – mL/cmH2O, after 1 hour 23.1 (4.1) 16.8 (4.4)

   Peak pressure – mL/cmH2O,  
   directly before extubation 22.7 (4.2) 16.7 (4.1)

Cdyn (calculated) – cmH2O, median [IQR] 44 [35 – 54] 34 [27 – 41] < 0.0001

   Cdyn, begin# 45 [36 – 57] 33 [27 – 43] < 0.0001

   Cdyn, end# 44 [36 – 54] 35 [27 – 42] < 0.0001

Respiratory rate – breaths/min, mean (sd) 11 (2.1) 11 (1.9) 0.13

Minute ventilation – mL/min, mean (sd) 5681 (1267) 5545 (1162) 0.10

FiO2 – %, median [IQR] 40 [40 – 49] 41 [40 – 50] 0.06

   < 40% – % (n/N)* 50 (222/445) 45 (202/449) 0.14

   40 – 60 43 (190/445) 46 (206/449) 0.34

   60 – 80  4 (18/445) 5 (22/449) 0.54

   > 80% 3 (15/445)  4 (19/449) 0.50

SpO2 –  %, median [IQR] 99 [98.5 – 100] 99 [98 – 99.8] < 0.0001

FE’CO2 – mmHg, mean (sd) 35.2 (3.7) 34.5 (3.4) < 0.0007

BP mean – mmHg, mean (sd) 77.8 (9.8) 77.9 (10) 0.28

   > 70 – % (n/N)* 61 (270/445) 60 (269/449) 0.82

   60 – 70 31 (137/445) 30 (134/449) 0.76

   < 60  9 (38/445) 10 (46/449) 0.38

HR – bpm, mean (sd) 70.7 (12.7) 68.8 (10.9) 0.0121

Patients receiving RM after intubation – % 
(n/N) 99 (438/442) 1 (6/452)
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power to detect a difference in the incidence of PPCs of 7.5%. We made efforts to minimize 
the risk of bias through centralized randomization, and blinding of study group assignment for 
outcome assessors. We used a relevant composite outcome at a meaningful interval in this 
surgical population. In addition, we published the statistical analysis plan before unblinding 
study group assignments.14

The chosen PEEP level in the higher PEEP group is supported by the literature.17,18 Previous studies 
tested PEEP levels of 10 cmH2O during intra–operative ventilation,19-21 but atelectasis persisted 
during anaesthesia in some patients, especially when higher FIO2 was used.21 Notably, these 
atelectasis may also persist in the first postoperative days, especially after abdominal surgery.22 

Variable Higher PEEP 
N = 445

Lower PEEP 
N = 449 p-value

Patients receiving RM before extubation – % 
(n/N) 85 (378/444) 0.7 (3/429) 

Crystalloids, median [IQR] 2200 2000 0.0229

[1500 - 3100] [1400 - 3000]

Colloids, median [IQR] 500 [0 - 1000] 500 [0 - 1000] 0.30

Total fluids – % (n/N)$

   < 1000 mL 5 (22/436) 9 (41/435) 0.0126

   1000 – 3000 mL 54 (236/436) 56 (245/435) 0.52

   3000 – 5000 mL 30 (131/436) 26 (111/435) 0.14

> 5000 mL 11 (47/436) 9 (38/435) 0.31

Urine output – mL, median [IQR] 300 [187 - 560] 340 [200 - 600] 0.32

PRBC transfused – % (n/N) 14 (62/443) 17 (78/ 449) 0.24

FFP transfused – % (n/N) 5 (21/420) 5 (24/449) 0.82

Platelets transfused – % (n/N) 1 (3/429) 2 (10/449) 0.0559

Blood loss – mL, median [IQR] 500 [200 - 1000] 400 [200 - 800] 0.38

Massive transfusion – % (n/N) 2.7 (12/444) 1.1 (5/445) 0.09

Temperature at end of surgery – ⁰C, mean (sd) 36 (0.6) 36 (0.6) 0.58

Perforation organ – % (n/N) 0.9 (4/444) 0.9 (4/444) 1

Data is presented as means (sd); median [IQR] or proportion % (n/N); n: number of patients; N: total patients; PBW: predicted 
body weight, calculated as: 50 + 0.91 x (centimetres of height – 152.4) for males and 45.5 + 0.91 x (centimetres of height 
– 152.4) for females; #Begin: during the first hour of mechanical ventilation; End: during the last hour before extubation; 
PEEP: positive end-expiratory pressure; Cdyn: calculated dynamic respiratory compliance, calculated as VT/ (Ppeak – PEEP) 
= mL/cmH2O; Ppeak: peak pressure; FiO2: fraction inspired oxygen; SpO2: Oxyhaemoglobin saturation measured by pulse 
oximeter; FE’CO2: expiratory carbon dioxide partial pressure; BP: blood pressure; HR: heart rate; bpm: beats per minute; 
RM: recruitment manoeuvre; PRBC: packed red blood cells; FFP: fresh frozen plasma; ⁰C = degrees Celsius; *Categories of 
FiO2 and BPmean are scored upon occurrence of worst clinical parameter (no., %) $Total fluids are crystalloids and colloids
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Table 3. Primary and Secondary Outcomes 

Variable Higher PEEP 
N = 445

Lower PEEP 
N = 449 p-value RR (95% CI)

Postoperative Pulmonary Complications* – % (n/N)

Combined PPCs 40 (174/437) 39 (172/443) 0.84 1.01 (0.85 – 1.20)

Combined PPCs (excluding hypoxemia) 32 (142/437) 34 (149/443) 0.66 0.96 (0.78 – 1.17)

Hypoxemia 24 (105/437) 21 (95/443) 0.36 1.08 (0.92 – 1.25)

Severe hypoxemia 7 (29/437) 8 (34/443) 0.55 0.92 (0.70 – 1.21)

Bronchospasm 4 (18/437) 4 (18/443) 0.97 1.01 (0.72 – 1.41)

Suspected pulmonary infection 16 (68/437) 17 (75/443) 0.58 0.95 (0.79 – 1.14)

Pulmonary infiltrate 8 (35/437) 7 (32/443) 0.66 1.06 (0.83 – 1.34)

Aspiration pneumonitis 0.2 (1/437) 1 (4/443) 0.18 0.40 (0.07 – 2.32)

ARDS 1 (5/437) 2 (8/443) 0.41 0.77 (0.39 – 1.54)

Atelectasis 12 (53/437) 12 (55/443) 0.90 0.99 (0.80 – 1.21)

Pleural effusion 21 (90/437) 21 (92/443) 0.95 0.99 (0.84 – 1.17)

Pulmonary oedema caused by  
cardiac failure 4.3 (19/437) 4.5 (20/443) 0.90 0.98 (0.71 – 1.36)

Pneumothorax 3.4 (15/437) 2.7 (12/443) 0.53 1.12 (0.80 – 1.58)

Postoperative Extrapulmonary Complications* – % (n/N)

Combined extrapulmonary 
complications 55 (244/445) 54 (242/449) 0.78 1.02 (0.90 – 1.15)

SIRS 14 (62/437) 14 (64/443) 0.91 0.97 (0.70 – 1.35)

Sepsis 4 (18/437) 4 (18/443) 0.96 1.01 (0.53 – 1.91)

Severe sepsis 1 (5/437) 1 (4/443) 0.72 1.26 (0.34 – 4.67)

Septic shock 1 (3/437) 1 (3/443) 0.98 1.01 (0.20 – 4.97)

Extrapulmonary infections 8 (34/437) 7 (31/443) 0.66 1.11 (0.69 – 1.77)

Coma 0 (1/437) 0 (1/443) 0.49 1.01 (0.06 – 16)

Acute myocardial infarction 1 (6/437) 1 (5/443) 0.74 1.21 (0.37 – 3.94)

Acute renal failure (RIFLE criteria)** 0.60

   No 87 (342/391) 86 (341/397) 0.52 1.02 (0.96 – 1.08)

   Risk 9 (34/391) 8 (33/397) 0.85 1.05 (0.66 – 1.65)

   Injury 2 (8/391) 4 (14/397) 0.21 0.58 (0.25 – 1.37)

   Failure 2 (7/391) 2 (9/397) 0.64 0.79 (0.30 – 2.10)

   Loss 0.2 (1/391)
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Variable Higher PEEP 
N = 445

Lower PEEP 
N = 449 p-value RR (95% CI)

Disseminated intravascular coagulation 0.2 (1/437) 0 0.16 0.14 (0.02 –1.17)

Hepatic Failure 7 (32/445) 8 (34/449) 0.84 0.95 (0.60 – 1.52)

Gastro-intestinal bleeding 1 (3/ 437) 1 (6/443) 0.32 0.51 (0.13 – 2.03)

Gastro-intestinal failure** 0.94

   Score 0 50 (197/394) 48 (193/399) 0.79 1.03 (0.89 – 1.20)

   Score 1 41 (162/394) 42 (168/399) 0.86 0.98 (0.82 – 1.18)

   Score 2 8 (33/394) 9 (35/399) 0.85 0.96 (0.61 – 1.51)

   Score 3 0.5 (2/394) 1 (3/399) 0.66 0.68 (0.11 – 4.03)

   Score 4 0 0

Intra-operative complications – % (n/N)Ŧ

Rescue strategy for de–saturation 2 (11/442) 8 (34/445) < 0.0008 0.34 (0.18 – 0.67)

Hypotension 46 (205/441) 36 (162/449) 0.0016 1.29 (1.10 – 1.51)

Vasoactive drugs 62 (274/444) 51 (228/445) 0.0016 1.20 (1.07 – 1.35)

New arrhythmias 3 (12/442) 1 (5/445) 0.09 2.38 (0.84 – 6.70)

Follow–up

Impaired wound healing – % (n/N) 16 (71/444) 13 (58/446) 0.21 1.23 (0.89 – 1.70)

Need for new or continued MV – % 
(n/N) 4 (18/437) 5 (24/443) 0.74 0.77 (0.42 – 1.40)

ICU admission – % (n/N) 24 (106/442) 23 (104/452) 0.79 1.03 (0.81 – 1.32)

Length of hospital stay – days, median 
[IQR] 10 [7 – 14] 10 [7 – 14] 0.24 1.01 (0.42 – 2.40)

Hospital free days at day 90, median 
[IQR] 79 [71 – 83] 79 [70 – 82] 0.33

Mortality by day 5 – % (n/N) 0.4 (2/443) 0.2 (1/448) 0.56 2.02 (0.18 – 22)

In hospital mortality – % (n/N) 2 (7/ 438) 2 (7/442) 0.99 1.01 (0.36 – 2.85)

Data is presented as means  ± (sd), median [IQR] or proportion % (n/N); n: number of patients; N: total patients and relative 
risk with 95% Confidence Intervals; PPCs: postoperative pulmonary complications; ARDS: acute respiratory distress syndrome; 
SIRS: systemic inflammatory response syndrome; Renal failure documented as follows: Risk: increased creatinine x1.5 or 
glomerular filtration rate (GFR) decrease > 25% or urine output (UO) < 0.5 ml/kg/h x 6 h; Injury: increased creatinine x2 
or GFR decrease > 50% or UO < 0.5 ml/kg/h x 12 hr; Failure: increase creatinine x3 or GFR decrease > 75% or UO < 0.3 ml/
kg/h x 24 hr or anuria x 12 hrs; Loss: persistent ARF = complete loss of kidney function > 4 weeks; Gastro-intestinal failure 
score: 0 = normal gastrointestinal function; 1 = enteral feeding with under 50% of calculated needs or no feeding 3 days 
after abdominal surgery; 2 = food intolerance (FI) or intra–abdominal hypertension (IAH); 3 = FI and IAH; and 4 = abdominal 
compartment syndrome; Impaired wound healing is defined as an interruption in the timely and predictable recovery of 
mechanical integrity in the injured tissue; MV: mechanical ventilation; ICU: intensive care unit
*Pulmonary complications, and extrapulmonary complications and impaired wound healing on day 1 to 5 were scored 
YES as soon as an event occurred; **Acute Renal failure & Gastro-intestinal failure; highest value occurring in day 1 to 5 is 
scored; ŦIntra-operative complications were scored YES as soon as complication occurred; Rescue strategy for desaturation 
(SpO2 < 90%) performed as described in methods; Hypotension defined as systolic arterial blood pressure < 90 mmHg for 
more than 3 minutes; Vasoactive drugs defined as need for vasoactive medication; New arrhythmias requiring intervention  
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We chose a PEEP level of 12 cmH2O to maximize lung opening throughout mechanical ventilation, 
irrespective of FIO2. The higher PEEP strategy resulted in improved dynamic compliance of the 
respiratory system compared to the lower PEEP group, suggesting higher alveolar recruitment.

The results of the present trial expand the understanding of findings of two recently published 
trials comparing a conventional ventilation strategy with higher VTs and no PEEP with a protective 
strategy using lower VTs and higher levels of PEEP in similar patient populations.9,10 It is suggested 
that benefit of protective ventilation in those trials must have come from the higher levels of 
PEEP.23 However, the design of those trials does not allow identifying whether lower VTs, higher 
levels of PEEP, or both, are responsible for the beneficial effects. The results of the present trial 
challenge the hypothesis that higher PEEP is responsible for the beneficial effects of protective 
ventilation. However, it must be kept in mind that trials are not completely comparable, as the 
levels of higher PEEP in the previous trials9,10 were approximately 4 – 6 cmH2O lower than those 
in the present trial.

Perhaps in our trial, higher PEEP stabilized the lungs and protected against lung injury from 
tidal recruitment, but the adverse effects counteracted the possible beneficial effects. Peak 
airway pressures were increased in the higher PEEP group, possibly causing hyperinflation in 
non–dependent lung zones. Furthermore, higher PEEP further impaired the hemodynamics. 
Thus, our findings suggest that levels of PEEP higher than recommended in previous trials,9,10 
although improving the elastic properties of the respiratory system does not enhance lung 
protection in general anaesthesia.

Several drugs used for general anaesthesia induce peripheral vascular smooth muscle relaxation, 
decrease the arterial pressure, and even impair cardiac contractility.24,25 Also, epidural anaesthesia, 
which is frequently used in combination with general anaesthesia during open abdominal surgery 
in up to 50% of cases, may contribute to reduce the peripheral vascular smooth muscle tonus and 
promote peripheral blood pooling.26 However, there was neither difference in the administration 
of drugs for general anaesthesia, nor in use of epidural anaesthesia between the groups. The 
increased incidence of intra–operative hemodynamic adverse events in the higher PEEP group, 
especially arterial hypotension, thus may have been associated with a reduction of the venous 
return due to increased intrathoracic with higher PEEP and/or recruitment manoeuvres. Even 
though those events were limited and responded to increased intravascular volume expansion, 
as well as use of vasoactive drugs, they might be threatening in presence of ischemic cardiac 
disease.27

We did not include patients having laparoscopic surgery or morbidly obese patients, both 
groups that may have especially benefited from higher intra–operative PEEP. Furthermore, we 
recommended but did not reinforce use of international guidelines and standards for intra–
operative and postoperative fluid administration, use of inotropes and/or vasopressors, and use 
and/or reversal of neuromuscular blocking agents. Our study was pragmatic in its design, rather 
than tightly controlled. As randomization was balanced within the centres, thus we consider it 
unlikely that this affected the trial results. As randomization was balanced within the centres, it 
is unlikely to have affected our results. A corollary is that our results are relatively generalizable 
to a broad range of practice styles. A corollary is that our results are relatively generalizable 
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to a broad range of practice styles. The use of an equally weighed composite endpoint could 
be seen as a limitation as well, but we have given insight into the distribution of the events by 
presenting the incidence of each complication separately.

In conclusion, during mechanical ventilation with protective lower VT in patients undergoing 
open abdominal surgery, the use of higher levels of PEEP and recruitment manoeuvres does 
not reduce the incidence of PPCs, and more frequently results in hemodynamic instability, as 
compared to lower PEEP without recruitment manoeuvres.

Panel: Research in context

Systematic review
Approximately 234 million major surgical procedures are performed worldwide every year, 
with major impact on the global economy. Among these interventions, around 2.6 million 
represent high–risk procedures, with 1.3 million patients developing complications that result 
in 315,000 in–hospital deaths.28 Postoperative pulmonary complications (PPCs) are frequent 
during non-cardiac surgery and associated with increased risk of in-hospital death, especially 
after open abdominal surgery.2,3 Notably, the ventilatory strategy applied to these patients may 
impact outcomes. A recent metaanalysis showed namely that lower tidal volume ventilation is 
associated with reduced pulmonary and extrapulmonary complications, as well as lower mortality 
in patients without previous lung injury.4 Also, another metaanalysis showed that mechanical 
ventilation during general anaesthesia with lower tidal volume and higher positive end-expiratory 
pressure (PEEP) plus recruitment manoeuvres are associated with lower incidence of PPCs 
and improved respiratory function when compared to higher tidal volumes and lower PEEP.29 
Two recently published trials showed that using lower tidal volumes and higher levels of PEEP 
with recruitment manoeuvres prevents PPCs and reduces healthcare resources in abdominal 
surgery.9,10 Nevertheless, clinical evidence so far does not allow determining whether intra-
operative use of higher levels of PEEP or use of lower tidal volumes or both are responsible for 
protection against PPCs. We thus investigated the potential of higher PEEP with recruitment 
manoeuvres versus lower PEEP to protect against PPCs in 900 patients undergoing general 
anaesthesia for open abdominal surgery and mechanical ventilation with low tidal volume. 

Interpretation
As far as we are aware, this is the largest multicentre, international, randomized controlled trial 
of mechanical ventilation during general anaesthesia for open abdominal surgery investigating 
the isolated role of higher PEEP plus recruitment manoeuvres against PPCs. We found that a 
strategy using higher levels of PEEP and recruitment manoeuvres as compared to lower levels of 
PEEP without recruitment manoeuvres does not reduce the incidence of PPCs, while increasing 
intra-operative circulatory impairment. These findings may change current practice of mechanical 
ventilation during general anaesthesia for open abdominal surgery. 
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Analysis treatment group (high peep) on the postoperative pulmonary complications, controlling 
for center
We analysed the net effect of the treatment group (high peep) on the postoperative pulmonary complications, controlling 
for center. Therefore we explored the interaction (effect modification) and confounding. We first focussed on the crude 
(uncorrected) effect of the treatment group (independent variable) on postoperative pulmonary complications (dependent 
variable): Odds Ratio 1.04 (95% CI 0.80 - 1.37), p 0.76.  Then the variable ‘center’ was added as an interaction term. If the 
interaction terms appeared to be significant (p<0.05), this would indicate that the relation between the treatment group 
and pulmonary complications could be different for various levels of the covariate (the centers). This would indicate the 
need for separate models to explore the levels of the covariate. A significant interaction was not found, so the model was 
examined for confounding: Odds Ratio 1.05 (95% CI 0.78 - 1.42). This concludes that there is no indication that heterogeneity 
between participating centers is of any significant influence. In conclusion ‘center’ as covariate is not an interaction term 
or a confounding term on the treatment effect: postoperative pulmonary complications 

Figure S1. Kaplan-Meier curve for postoperative pulmonary complications: all patients
The probability of the composite primary endpoint of postoperative pulmonary complications by postoperative day five 
as presented by a Kaplan–Meier and the 95% confidence interval
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Figure S2. Kaplan-Meier curve for extrapulmonary complications 
The probability of the composite endpoint of extrapulmonary complications by postoperative day five between the higher 
PEEP group (straight line) and the lower PEEP group (dotted line) as presented by a Kaplan–Meier graph (P = 0.83, log–rank test)
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Table S1. Inclusion and exclusion criteria 

Inclusion criteria

Planned open abdominal surgery

General anaesthesia

High or intermediate risk for postoperative pulmonary complications following abdominal surgery, according to 
the ARISCAT risk score1 (higher or equal than 26) (table S2)

Exclusion criteria

Age < 18 years

Body mass index > 40 kg/m2

Laparoscopic surgery

Previous lung surgery (any)

Persistent hemodynamic instability, intractable shock (considered hemodynamic unsuitable for the study by 
the patient’s managing physician)

History of previous severe chronic obstructive pulmonary disease (COPD); non–invasive ventilation, and/or 
oxygen therapy at home or repeated systemic corticosteroid therapy for acute exacerbations of COPD

Recent immunosuppressive medication (receiving chemotherapy or radiation therapy within last 2 months)

Severe cardiac disease (New York Heart Association class III or IV, or acute coronary syndrome, or persistent 
ventricular tachyarrhythmia’s)

Mechanical ventilation > than 30 minutes (e.g., in cases of general anaesthesia because of surgery) within last 
30 days

Pregnancy (excluded by laboratory analysis)

Acute lung injury or acute respiratory distress syndrome expected to require prolonged postoperative 
mechanical ventilation

Neuromuscular disease (any)

Consented for another interventional study or refusal to participate in the study
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Table S2. ARISCAT risk score 
Independent predictors of risk for post-operative pulmonary complications identified in the 
logistic regression model 

Multivariate Model
OR (95% CI)
n = 1,624

β Coefficient Risk Score†

Age (years)

≤ 50 1

51 – 80 1.4 (0.6 – 3.3) 0.331 3

> 80 5.1 (1.9 – 13.3) 1.619 16

Pre-operative (SpO2, %)

≥ 96 1

91 – 95 2.2 (1.2 – 4.2) 0.802 8

≤ 90 10.7 (4.1 – 28.1) 2.375 24

Respiratory infection 5.5 (2.6 – 11.5) 1.698 17

in the last month

Pre-operative anaemia (≤ 10 g/dl) 3.0 (1.4 – 6.5) 1.105 11

Surgical incision

Peripheral 1

Upper abdominal 4.4 (2.3 – 8.5) 1.480 15

Intra-thoracic 11.4 (4.9 – 26.0) 2.431 24

Duration of surgery (hours)

≤ 2 1

2 – 3 4.9 (2.4 – 10.1) 1.593 16

> 3 9.7 (4.7 – 19.9) 2.268 23

Emergency procedure 2.2 (1.0 – 4.5) 0.768 8

High or intermediate risk for postoperative pulmonary complications ≥ 26

CI: confidence interval; OR: odds ratio; SpO2: oxyhemoglobin saturation by pulse oximetry breathing air in supine position; 
g/dL: gram per decilitre
†The simplified risk score was the sum of each logistic regression coefficient multiplied by 10, after rounding off its value
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Table S3. Mechanical ventilation protocol for higher and lower PEEP groups

Mechanical ventilation settings Value

Ventilator Mode Volume controlled; just before tracheal extubation pressure support 
was allowed

Tidal Volume 8 ml/kg of predicted body weight

Inspiration : Expiration time 1:2

Respiratory Rate goal adjusted to achieve FE’CO2 between 35–45 mmHg

Fractional Inspired Oxygen 0.40 or higher to reach target SpO2  ≥ 92%

Rescue strategy with higher PEEP group 

Step 1 2 3 4 5 6 7 8

FIO2 0.5 0.5 0.5 0.5 0.6 0.7 0.8 0.8

PEEP 12 10 8 6 6 6 6 4 or lower

Rescue strategy with lower PEEP group

Step 1 2 3 4 5 6 7 8 9

FIO2 0.5 0.6 0.6 0.6 0.6 0.7 0.8 0.8 RM

PEEP 2 2 3 4 5 5 5 6 6

Recruitment manoeuvre in higher 
PEEP group

Set peak inspiratory pressure limit at 45 cmH2O
Keep tidal volume at 8 ml/kg PBW, PEEP at 12 cmH2O and inspiration : 
expiration time unchanged
Set RR to 6–8 breaths/min, or lowest RR that ventilator allows 
Increase tidal volume in steps of 4 ml/kg of PBW, continue until plateau 
pressure = 30–35 cmH2O, and hold mechanical ventilation settings for 
3 breaths
Set RR and tidal volume back to values preceding the recruitment 
maneuver, keep PEEP at 12 cmH2O

FE’CO2: end–tidal carbon dioxide partial pressure; mmHg: millimetre of mercury; SpO2: oxyhaemoglobin saturation measured 
by pulse oximeter; FIO2: fraction inspired oxygen; RM: recruitment manoeuvre; PBW: predicted body weight, calculated 
according to a predefined formula: 50 + 0.91 x (centimetres of height – 152.4) for males and 45.5 + 0.91 x (centimetres of 
height – 152.4) for females; PEEP: positive end-expiratory pressure; RR: Respiratory Rate



202

Table S4. Definitions of pulmonary postoperative complications

Postoperative pulmonary complications

Hypoxemia

    PaO2 < 60 mmHg or SpO2 < 90% in room air, but responding to supplemental oxygen  
(excluding hypoventilation)

Severe hypoxemia

    Need for non–invasive or invasive mechanical ventilation or a PaO2 < 60 mmHg or SpO2 < 90%  
despite supplemental oxygen (excluding hypoventilation)

Bronchospasm

   Defined as newly detected expiratory wheezing treated with bronchodilators

Suspected pulmonary infection

    In case patient receives antibiotics and meets at least one of the following criteria: new or changed sputum, 
new or changed lung opacities on chest X–ray when clinically indicated, tympanic temperature > 38.3°C, WBC 
count > 12 x109/L

Pulmonary infiltrate

   Chest X–ray demonstrating monolateral or bilateral infiltrate

Aspiration pneumonitis

   Defined as respiratory failure after the inhalation of regurgitated gastric contents

Acute Respiratory Distress Syndrome

   By the consensus criteria (only in case of non–invasive or invasive mechanical ventilation)2

Atelectasis

    Suggested by lung opacification with shift of the mediastinum, hilum, or hemidiaphragm towards the affected 
area, and compensatory overinflation in the adjacent nonatelectatic lung

Pleural effusion

    Chest X–ray demonstrating blunting of the costophrenic angle, loss of the sharp silhouette of the ipsilateral 
hemidiaphragm in upright position, evidence of displacement of adjacent anatomical structures, or (in supine 
position) a hazy opacity in one hemi–thorax with preserved vascular shadows

Pulmonary oedema caused by cardiac failure

    Defined as clinical signs of congestion, including dyspnoea, oedema, rales and jugular venous distention, with 
the chest X–ray demonstrating increase in vascular markings and diffuse alveolar interstitial infiltrates

Pneumothorax

   Defined as air in the pleural space with no vascular bed surrounding the visceral pleura
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Table S5. Definitions of extra-pulmonary postoperative complications

Extra-pulmonary postoperative complications

Systemic inflammatory response syndrome (SIRS)3

    Presence of two or more of the following findings: body temperature < 360C or > 380C; heart rate > 90 beats 
per minute; respiratory rate > 20 breaths per minute or on blood gas PaCO2 < 32 mmHg (4.3 kPa); WBC count  
< 4 x109/L or  >12 x109/L, or > 10% band forms

Sepsis

    SIRS in response to a confirmed infectious process; infection can be suspected or proven (by culture, stain, 
or polymerase chain reaction (PCR)), or a clinical syndrome pathognomonic for infection. Specific evidence 
for infection includes WBCs in normally sterile fluid (such as urine or cerebrospinal fluid), evidence of a 
perforated viscus (free air on abdominal X–ray or CT scan, signs of acute peritonitis), abnormal chest X–ray 
consistent with pneumonia (with focal opacification), or petechiae, purpura, or purpura fulminans

Severe sepsis

   Sepsis with organ dysfunction, hypoperfusion, or hypotension

Septic shock

    Sepsis with refractory arterial hypotension or hypoperfusion abnormalities in spite of adequate fluid 
resuscitation; signs of systemic hypoperfusion may be either end-organ dysfunction or serum lactate greater 
than 4 mmol/L. Other signs include oliguria and altered mental status. Patients are defined as having septic 
shock if they have sepsis plus hypotension after aggressive fluid resuscitation, typically upwards of 6 litres or 
40 ml/kg of crystalloid

Extrapulmonary infection

   Wound infection or any other infection

Coma

   Glasgow Coma Score < 8 in the absence of therapeutic coma or sedation

Acute myocardial infarction4

    Detection of rise and/or fall of cardiac markers (preferably troponin) with at least one value above the 99th 
percentile of the upper reference limit, together with: symptoms of ischemia, ECG changes indicative of new 
ischemia, development of pathological Q-waves, or imaging evidence of  new loss of viable myocardium or 
new regional wall motion abnormality, or: sudden unexpected cardiac death, involving cardiac arrest with 
symptoms suggestive of cardiac ischemia (but death occurring before the appearance of cardiac markers in 
blood)

Acute renal failure (ARF)5

    Renal failure documented as follows: Risk: increased creatinine x1.5 or glomerular filtration rate (GFR) 
decrease > 25% or urine output (UO) < 0.5 ml/kg/h x 6 h; Injury: increased creatinine x2 or GFR decrease > 
50% or UO < 0.5 ml/kg/h x 12 hr; Failure: increase creatinine x3 or GFR decrease > 75% or UO < 0.3 ml/kg/h x 
24 hr or anuria x 12 hrs; Loss: persistent ARF = complete loss of kidney function > 4 weeks
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Disseminated intravascular coagulation (DIC)6

    DIC score documented as follows: Platelet count < 50 (2 points), < 100 (1 point), or ≥ 100 (0 points); D–dimer 
> 4 µg/ml (2 points), > 0.39 µg/ml (1 point) or ≤ 0.39 µg/ml (0 points); Prothrombin time > 20.5 seconds (2 
points), > 17.5 seconds (1 point) or ≤ 17.5 seconds (0 points); if ≥ 5 points: overt DIC

Hepatic failure

    Serum bilirubin level  > 34 µmol/L with elevation of the transaminase and lactic dehydrogenase levels above 
twice normal values

Gastro–intestinal failure7

    Gastro–intestinal bleeding

    Gastro–intestinal failure (GIF) score documented as follows: 0 = normal gastrointestinal function; 1 = 
enteral feeding with under 50% of calculated needs or no feeding 3 days after abdominal surgery; 2 = food 
intolerance (FI) or intra–abdominal hypertension (IAH); 3 = FI and IAH; and 4 = abdominal compartment 
syndrome (ACS)

Impaired wound healing

Interruption in the timely and predictable recovery of mechanical integrity in the injured tissue

Table S6. Specification recruitment manoeuvres in the higher PEEP group

Condition % (n/N) Reasons

All RM as indicated by the protocol 86 (378/442)

Neither RMs after intubation nor before 
extubation 1  (6/442)

Misunderstanding of the study protocol by the 
local investigator (n = 3), RM after intubation 
not performed because of hypotension, RM 
before extubation not performed because of 
massive bleeding (n = 1); reason not recorded 
(n = 2)

No RM before extubation, but RM after 
intubation performed 13 (58/442)

Forgotten (n = 3), logistic reasons (n = 2), 
misunderstanding of the study protocol by the 
local investigator (n = 17), reason not recorded 
(n = 36)

RM: recruitment manoeuvre 
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Table S7a. Specification of rescue strategy for desaturation 

Total subjects Maintained PEEP/FiO2

modification
Short
PEEP/FiO2 modification

Lower PEEP 34 23 11

Higher PEEP 11 7 4

Table S7b. Highest step of rescue strategy for desaturation 

Step n

Lower PEEP 1 5

N = 34 2 8

3 1

4 0

5 9

6 4

7 0

8 1

9 0

Not recorded 6

Higher PEEP 1 4

N = 11 2 2

3 1

4 1

5 1

6 0

7 0

8 0

Not recorded 2

The duration modification of FiO2 and/or PEEP was left to the discretion of to the attending anaesthesiologist. 

In the lower PEEP group 11 out of 34 patients received short FiO2 and/or PEEP modifications, after which the ventilator 
settings were resumed according to the protocol: 

- 5 patients received modification during less than 1 hour 
- 3 patients received modification during one hour 
- 3 patients received modification during two hours

In the higher PEEP group 3 out of 11 patients received short FiO2 and/or PEEP modifications: 
- 3 patients received modification during less than 1 hour 
- 1 patient received modification during one hour
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Table S8.  Postoperative surgical complications* 

Variable – % (n/N) Higher PEEP
n=445

Lower PEEP
n=449 p value

Bleeding surgical site 16 (71/444) 13 (58/58446) 0.21

Anastomosis bleeding 2 (8 /400) 1 (5/449) 0.29

Anastomosis leakage 0.7 (3/429) 0.4 (2/449) 0.62

Anastomosis necrosis 4 (18/445) 4 (20/449) 0.76

Fistulation 0.2 (1/445) 0.2 (1/449) 1.0

Other 2 (11/445) 1.7 (8/449) 0.47

*Reported surgical complications on postoperative day one to day of discharge 

Table S9. Intraoperative medication

Higher PEEP
n=445

Lower PEEP
n=449 p value

Anaesthetic drug – % (n/N)

     Desflurane inhalation 18 (74/403) 20 (83/406) 0.45

     Sevoflurane inhalation 79 (318/403) 78 (318/406) 0.95

     Isoflurane inhalation 8 (33/403) 7 (27/406) 0.40

Neuromuscular blocking agent – % (n/N)

     Atracurium 29 (116/403) 29 (126/428) 0.84

     Cis-atracurium 39 (159/403) 37 (160/428) 0.54

     Rocuronium 34 (135/403) 34 (144/428) 0.96

Intravenous opioid –% (n/N)

     Fentanil 48 (208/437) 50 (219/437) 0.46

     Sufentanil 43 (186/437) 43 (186/437) 1

     Remifentanil 35 (154/437) 33 (145/437) 0.52
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Table S10a. Per protocol analysis of patients receiving complete higher PEEP strategy

Higher PEEP
N=445

Lower PEEP
N=449 Total

Received complete higher PEEP 
strategy 368 2* 370

All other patients 77$ 447 524

Two patients in the lower PEEP group were ventilated with the complete higher PEEP strategy 

$Protocol deviation from higher PEEP strategy was defined as ventilation with PEEP <10 cmH2O during 2 or more subsequent 
time points and/or missing 1 or more recruitment manoeuvres

Table S10b. Per protocol analysis of postoperative pulmonary complications

Higher PEEP strategy
% (n/N)

All other patients
% (n/N) p- value RR (95% CI)

Overall 41.4% (370/894) 58.6% (524/894)

Postoperative 
pulmonary 
complications

40% (147/366) 39% (199/514) 0.66 1.04 (0.88 – 1.22)
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Table S11. Univariate analysis of factors associated with the primary outcome

Characteristics PPC = 0
n = 534

PPC = 1
n=346

Odds Ratio
(95% CI) p value

Randomization: PEEP (263/534) (174/346) 0.96 (0.73 /1.26) 0.76

Age - year 64 [53-72] 68 [59 - 74] 1.02 (1.01/1.03) <0.0001

ARISCAT score 21 (114/531) 28 (97/344) 1.44 (1.05/1.96) 0.0234

Diabetes Mellitus 12 (66/534) 19 (65/346) 1.64 (1.13/2.38) 0.0093

Duration of surgery, minutes 175 [130 - 240] 250 [180 - 335] 1 (1.005/1.008) <0.0001

Respiratory rate, breaths/min 11 (1.9) 12 (2) 1.16 (1.08/1.24) < 0.0001

Minute ventilation, ml/min 5484 (1136) 5822 (1319) 1 (1/1)* <0.0001

FiO2 

    ≤ 40% (reference) 10 (54/533) 8 (29/344) 1.22 (0.76/1.97) 0.40

    40 - 60% 86 (459/533) 86 (297/344) 1.20 (0.76/1.96) 0.44

    60 - 80% 3.6 (19/533) 4.7 (16/344) 1.57 (0.69/3.51) 0.27

    ≥ 80% 0.2 (1/533) 0.6 (2/344) 3.72 (0.34/82) 0.29

SpO2, 99 [98 - 100] 99 [98 -100] 1.02 (0.94/1.12) 0.61

etCO2 35 (3.5) 35 (3.6) 0.98 (0.95/1.02) 0.37

HR - bpm 70 (11.4) 70 (11.8) 1 (0.99/1.01) 0.65

Total fluids

    < 1000 mL 6.5 (34/524) 1.8 (6/338) 3.83 (1.59/9.24) 0.0013

    1000 - 3000 mL 56 (294/524) 40 (135/338) 2.60 (1.14/7) 0.0355

    3000 - 5000 30 (157/524) 39 (131/338) 4.72 (2.06/12) 0.0007

    > 5000 mL 7.4 (39/524) 20 (66/338) 9.59 (3.92/27) <0.0001

Platelet transfused, no.  0 (0/534) 3.8 (13/345) NA NA

Blood loss 300 [200 - 600] 600 [300 - 1200] 1 (1/1)** <0.0001

Data is presented as means  ± (sd), median [IQR] or proportion % (n/N); n: number of patients; N: total patients and relative 
risk with 95% Confidence Intervals; PPCs: postoperative pulmonary complications; PPC = 0: no development of PPCs; PPC 
= 1: development of 1 or more PPCs.
Variables tested in the model were selected if the p value was <0.20 and were clinically relevant parameters 
* actual values  are OR 1.0002278  (1.00011586/1.000342) Odds Ratio for one change in unit (ml) minute ventilation 
**actual values are OR 1.0008824   (1.000546/1.0012656) Odds Ratio for one change in unit (ml) bloodloss
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CONSORT 2010 checklist of information to include when reporting a randomised trial

Section/Topic Item 
No Checklist item Reported on page 

No

Title and abstract

1a Identification as a randomized trial in the title 235

1b Structured summary of trial design, methods, results, and 
conclusions (for specific guidance see CONSORT for abstracts) 236

Introduction

Background and 
objectives

2a Scientific background and explanation of rationale 237

2b Specific objectives or hypotheses 237

Methods

Trial design
3a Description of trial design (such as parallel, factorial) including 

allocation ratio 238

3b Important changes to methods after trial commencement 
(such as eligibility criteria), with reasons n.a.

Participants
4a Eligibility criteria for participants 238, 239 & 

Appendix p.268, 269

4b Settings and locations where the data were collected 238 & 
Appendix p.263, 264

Interventions 5
The interventions for each group with sufficient details to 
allow replication, including how and when they were actually 
administered

239, 240 & 
Appendix p.270

Outcomes
6a

Completely defined pre-specified primary and secondary 
outcome measures, including how and when they were 
assessed

240 & 
Appendix p. 271 
– 273

6b Any changes to trial outcomes after the trial commenced, with 
reasons n.a.

Sample size
7a How sample size was determined 240, 241

7b When applicable, explanation of any interim analyses and 
stopping guidelines 241

Randomisation

Sequence
generation

8a Method used to generate the random allocation sequence 239

8b Type of randomisation; details of any restriction (such as 
blocking and block size) 239

Allocation
concealment
mechanism

9

Mechanism used to implement the random allocation 
sequence (such as sequentially numbered containers), 
describing any steps taken to conceal the sequence until 
interventions were assigned

239

Implementation 10 Who generated the random allocation sequence, who enrolled 
participants, and who assigned participants to interventions 239
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Section/Topic Item 
No Checklist item Reported on page 

No

Blinding
11a

If done, who was blinded after assignment to interventions 
(for example, participants, care providers, those assessing 
outcomes) and how

239

11b If relevant, description of the similarity of interventions n.a.

Statistical 
methods

12a Statistical methods used to compare groups for primary and 
secondary outcomes 241

12b Methods for additional analyses, such as subgroup analyses 
and adjusted analyses 241

Results

Participant flow 
(a diagram 
is strongly 
recommended)

13a
For each group, the numbers of participants who were 
randomly assigned, received intended treatment, and were 
analysed for the primary outcome

242, 256, 257

13b For each group, losses and exclusions after randomisation, 
together with reasons 242, 256, 257

Recruitment
14a Dates defining the periods of recruitment and follow-up 242

14b Why the trial ended or was stopped n.a. 

Baseline data 15 A table showing baseline demographic and clinical 
characteristics for each group 249 - 251

Numbers 
analysed 16

For each group, number of participants (denominator) 
included in each analysis and whether the analysis was by 
original assigned groups

242, 249-258

Outcomes and 
estimation

17a
For each primary and secondary outcome, results for each 
group, and the estimated effect size and its precision (such as 
95% confidence interval)

242, 254, 255

17b For binary outcomes, presentation of both absolute and 
relative effect sizes is recommended n.a.

Ancillary analyses 18
Results of any other analyses performed, including subgroup 
analyses and adjusted analyses, distinguishing pre-specified 
from exploratory 

238, 242 – 246, 276 
& Appendix p. 274 
– 279

Harms 19 All important harms or unintended effects in each group (for 
specific guidance see CONSORT for harms)

242, 243, 254,255 & 
Appendix p.275, 276

Discussion

Limitations 20 Trial limitations, addressing sources of potential bias, 
imprecision, and, if relevant, multiplicity of analyses 245, 246

Generalizability 21 Generalizability (external validity, applicability) of the trial 
findings 244 – 246

Interpretation 22 Interpretation consistent with results, balancing benefits and 
harms, and considering other relevant evidence 245, 246
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Other information

Registration 23 Registration number and name of trial registry 236, 238

Protocol 24 Where the full trial protocol can be accessed, if available 238

Funding 25 Sources of funding and other support (such as supply of 
drugs), role of funders 236, 242

CONSORT Checklist for Reporting Randomized Controlled Trials in Journal and Conference 
Abstracts*

Item Description Reported on line number

Title Identification of the study as randomized p.235

Authors * Contact details for the corresponding author p.235

Trial design Description of the trial design (e.g. parallel, cluster, 
non-inferiority) p.236, line 9, 10

Methods

  Participants Eligibility criteria for participants and the settings 
where the data were collected p. 236, line 9 - 13

  Interventions Interventions intended for each group p. 236, line 11 - 12

  Objective Specific objective or hypothesis p. 236, line 6 – 8

  Outcome Clearly defined primary outcome for this report p. 236, line 14 - 15

  Randomization How participants were allocated to interventions p. 236, line 13

  Blinding (masking)
Whether or not participants, care givers, and those 
assessing the outcomes were blinded to group 
assignment

p. 236, line 14

Results

  Numbers randomized Number of participants randomized to each group p. 236, line 17 - 18

  Recruitment Trial status n.a.

  Numbers analysed Number of participants analysed in each group p. 236, line 21 - 22

  Outcome For the primary outcome, a result for each group and 
the estimated effect size and its precision p. 236, line 21 - 22

  Harms Important adverse events or side effects p. 236, line 23 - 24

Conclusions General interpretation of the results p. 236, line 1 – 2

Trial registration Registration number and name of trial register p. 236, line 15, 16

Funding Source of funding p. 236, line 26, 27

*This item is specific to conference abstracts
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