
Supplemental file 2. IMPROVE-2 trial statistical analysis plan 

Populations 
Intention-to treat (ITT) population: All randomised patients except those who 
withdrew their consent for the use of data. 

Per-protocol populations: 

- Per-protocol #1:  All randomised patients except patients having one or more
major protocol violations defined as:
1. High PEEP level and/or recruitment manoeuvres not given in patients

randomly allocated to the increased alveolar recruitment strategy

OR 

2. High PEEP level and/or recruitment manoeuvres were applied in patients
randomly allocated to the minimal alveolar distension strategy

OR 

3. Monitoring revealed that a tidal volume higher than 8 ml/kg PBW was applied

OR

4. Monitoring revealed that one or more inclusion or exclusion criteria were
violated

OR 

5. Patients withdrawn from the protocol because the patient (or the patient’s next
of kin or his/her legally authorized surrogate) would have withdrew consent

- Per-protocol #2: All randomised patients except patients having one or more
major protocol violations defined as:

1. High PEEP level and/or recruitment manoeuvres not given in patients
randomly allocated to the increased alveolar recruitment strategy

OR 

2. High PEEP level and/or recruitment manoeuvres were applied in patients
randomly allocated to the minimal alveolar distension strategy
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Analyses 
All analyses will be performed with the use of Stata software (version 13, StataCorp, 
College Station, USA) before the breaking of the randomization code, according to 
International Conference on Harmonization-Good Clinical Practice guidelines.  
 
The primary analysis will be by intention-to-treat (ITT) on the primary composite 
endpoint (postoperative respiratory failure and all-cause mortality by day 30 or hospital 
discharge). In addition, each component of the composite primary outcome will be 
analysed separately. With the exception of components of the composite primary 
outcome, no adjustment will be made for multiple comparisons. Because of the 
potential for type 1 error due to multiple comparisons, findings for analyses of 
secondary and tertiary endpoints will be interpreted as exploratory. 
 
We will perform per-protocol and subgroup analyses on the primary endpoint and the 
most important secondary outcomes. The criteria for including patients in the ITT and 
in the per-protocol populations, respectively, are provided below. 
 
Primary analysis: 
Unadjusted Chi-square test (or Fisher’s exact test as appropriate) for binary outcome. 
Result will be expressed as absolute difference, relative risk and 95% confidence 
intervals. 
 
Secondary analyses: 
Adjusted analyses for the primary outcome will be performed with the use of random-
effects (to take into account within and between centre variability, with centre as 
random-effect) robust Poisson generalized linear model: 

- Model #1: using stratification variables (shock at randomisation, hypoxaemia at 
randomisation) as covariates in addition to centre as random-effect; 

- Model#2: using the same covariates in addition to variables with anticipated 
relationship with outcome. Multiple logistic mixed regression will be conducted 
with the following covariates (criterion for entering variables tested in the model 
will be selected if P<0.10 and according to clinically relevant covariates with 
anticipated relationship with outcome): 

• Categorical variable 
o Trial centre (stratification variable, treated as random-effect) 

• Binary covariates 
o Shock (vasopressor use) at randomisation (stratification variable) Y/N 
o Hypoxemia (PaO2/FiO2 <300) at randomisation (stratification variable) 

Y/N 
o Presence of mechanical ventilation at randomisation Y/N 
o Sepsis at randomisation Y/N 
o Active smoking Y/N 
o BMI>35kg/m² Y/N 
o Cancer Y/N 
o ASA class ≥3 Y/N 
o Surgical technique (laparotomy Y/N) 
o Reoperation procedure (previous elective surgery during current 

hospital stay, but prior to randomization) Y/N 

• Ordinal covariates 
o SOFA score at randomisation 
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• Continuous covariates (treated first step as continuous, and then if 
appropriate, as categorical data) 

o Age 
o Duration of surgery 
o Volume of intraoperative fluids 

 
Multicollinearity between variables will be assessed by computing the variance inflation 
factor and using the Farrar-Glauber test. The Akaike information criterion and Bayesian 
information criterion will be calculated and used as model diagnostics to determine 
how well the model fit improved following addition of covariates. Results will be 
presented as relative risks and 95% confidence intervals. 
 
Each component of the composite primary outcome measure (key secondary 
endpoints) will be analysed separately using similar methods as described for the 
primary analysis. A chi-square test (or Fisher’s test, as appropriate) will be used for 
secondary binary outcomes. Results will be expressed as absolute differences, relative 
risks and 95% confidence intervals. The Hochberg procedure will be used to adjust for 
multiple testing of components of the composite primary outcome. Adjusted analyses 
will be performed using the same models described above.  
 
Continuous variables will be presented as mean and standard deviations (as median 
and quartiles, otherwise) and will be compared with the use of the unpaired t test or 
the Mann- Whitney U test when appropriate. The Shapiro-Wilk test will be used will be 
used to assess normality, and the Fisher-Snedecor test to assess homoscedasticity. 
Results will be expressed as effect-sizes and 95% confidence intervals. For non-
Gaussian data, results will be presented using median difference and 95% confidence 
intervals estimated using quantile regression model. For secondary efficacy endpoints 
and tertiary endpoints, adjusted analyses will be conducted using variables described 
in model #1. According to the statistical nature of dependant variable (continuous), 
linear mixed models will be performed including centre as random-effect. For 
ventilator-free days to day 30, generalized linear models will initially use Poisson 
distribution or alternatively negative binomial distribution. If assumptions for these 
distributions are not met, we will analyse the data using the nonparametric Van Elteren 
test adjusted for center, only. 
 
Time-to-event curves will be calculated with the use of the Kaplan-Meier method and 
will be compared using log-rank test in univariate context and marginal Cox 
proportional hazards model in multivariate analysis. Centre will be considered as 
random-effect. The proportional-hazard hypothesis will be verified using Schoenfeld’s 
test and plotting residuals. Results will be expressed as hazard ratios and 95% 
confidence interval. Adjusted analyses will be conducted using variables described in 
model #1. 
 
Level of statistical significance for all analyses: P = 0.05. 
 
 
Pre-planned subgroup analyses: 
Planned subgroup analyses will assess heterogeneity of treatment effects of the 
primary endpoint across BMI categories (defined as underweight <18.5, normal 18.5-
25, overweight 25-30, obese 30-35), ASA physical status (1 or 2, 3, 4), hypoxemia at 
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randomisation (Y/N), shock (vasopressor use) at randomisation (Y/N), sepsis at 
randomisation (Y/N), surgical procedure (laparoscopy or laparotomy), duration of 
surgery (approximate quartiles), volume of intraoperative fluids (approximate quartiles), 
preventive NIV after extubation (Y/N). 
According to usual recommendations, the interactions between group randomization 
and subgroups will be evaluated in regression models (i.e., random-effects models, 
linear or generalized linear).  
The primary outcome will be evaluated in the subgroup analyses without adjustments 
for multiplicity. 
 
 
Interim analysis: 
The DSMC will conduct two interim analyses, after data from 170 patients (25%) and 
340 patients (50%) have been obtained, to evaluate whether the conduct of the trial 
may compromise patient safety (a between-group difference in mortality). Both interim 
analyses will use the same stopping criteria. Recommendations for pausing or 
stopping the study will be made by the DMSC if the P value is less than 0.00001 (first 
interim analysis) or less than 0.003 (second interim analysis) for the between-group 
difference in the incidence of mortality (O’Brien-Fleming spending function). The 
steering committee will be responsible to continue, hold or stop the study based on the 
DMSC recommendations. As even small between-groups differences would be 
clinically meaningful, and given the importance of determining with as much certainty 
as possible whether a ventilation strategy is superior to the other one, a futility stopping 
boundary will not be employed. Use of the conservative O'Brien-Fleming boundaries 
(P < 0.00001 and P < 0.003) will allow the final analysis to be performed using an 
unchanged level of significance (P = 0.05). 
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Endpoints 
Primary endpoint: 
A composite of postoperative respiratory failure (defined as failure to wean from the 
ventilator after surgery or requiring unplanned reintubation or curative non-invasive 
ventilation once extubated postoperatively) and all-cause mortality by day 30 or 
hospital discharge 
 
Secondary Endpoints: 

- Key secondary endpoints: 
o Postoperative respiratory failure within 30 days 
o All-cause mortality within 30 days 

- Secondary efficacy endpoints 
o Severity of postoperative pulmonary complications within 30 days 

following surgery. Pulmonary complications will be scored on a grade 
scale ranging from 0 to 4, with grade 0 representing the absence of any 
pulmonary complication and grades 1 through 4 representing 
successively the worse forms of pulmonary complications 

o Renal dysfunction (defined as KDIGO stage 1 or higher) within 30 days 
following surgery 

o Sepsis and septic shock within 30 days following surgery 
o Sepsis-related Organ Failure Assessment score (excluding Glasgow 

Coma Score) from postoperative Day 1 to Day 7 
o Ventilator-free days (VFDs) to Day 30. A ventilator-free day is defined as 

the receipt as <2 hours of invasive mechanical ventilation or non-invasive 
mechanical ventilation (as curative therapy) within a 24-hour period 

o Duration of invasive mechanical ventilation from randomization to first 
tracheal extubation  

o Total duration of mechanical ventilation (additive, for all episodes up to 
30 days after surgery) 

o Time to successful tracheal extubation 
o Intensive care unit (ICU)-free days (censored at 30 days following 

surgery) 
o Duration of ICU and hospital stay (patients who will be outside the 

hospital but in other types of health care facilities at day 30 will be 
considered to have been discharged home)  

o Time to death (or censoring) 
 
Tertiary Endpoints: 

- Postoperative hypoxemia 
- Postoperative pneumonia 
- Acute respiratory distress syndrome (ARDS) 
- Amount of intravenous fluids (crystalloids and colloids) during surgery 
- Amount of vasopressor (norepinephrine, phenylephrine, ephedrine) during 

surgery 
- Mechanical power 
- Ventilatory-related adverse events: hemodynamic instability (defined as a drop 

of arterial systolic pressure below 80 mmHg for more than 5 minutes not 
responding to intravenous fluids and/or vasopressors), pneumothorax. 

- Rescue therapy for intraoperative hypoxemia 
- All-cause mortality to day 90 
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Missing data 
Initially, a complete case-analysis will be performed. Supplementary analyses using 
imputed data will be also performed as described below: 
 
Missing baseline data: 
The SOFA score does not depend on when the patient is admitted to the hospital but 
we register SOFA at baseline including values from the first hours prior to 
randomisation. Patients randomised in a few hours after hospital admission may thus 
have missing values If the frequency of missing data is >5%, an additional analysis will 
be performed using the multiple imputation method (STATA command mi). 
 
Missing primary outcome data: 
We do not expect missing data on the primary outcome measure and only complete 
case-analysis will be performed. 
 
Missing secondary outcomes data: 
Only complete case analysis will be made. 
To put significant results into perspective the following sensitivity analysis will be 
conducted: We define a worst-case scenario as one where patients with missing data 
do not react on the treatment (whatever it may be). Missing data will be imputed 
according to this scenario. Let P be the estimate of the parameter reflecting the effect 
of the intervention calculated from the complete case analysis and P-imp be the 
corresponding estimate calculated from the analysis of the imputed data. 
[(P-imp – P)/P-imp]*100% then a ball park figure of the bias is to be expected were the 
worst-case scenario true. P-imp/ (standard error of P-imp) is calculated and the 
corresponding p value found to assess the potential impact of this bias on the 
significance level. 
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