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« La vie sans musique est tout simplement une erreur, une fatigue, un exil »  

F. Nietzsche 
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file://///Users/Laurent/Dropbox/Projet%20VFD/Documents%20thèse/Manuscrit/Thèse_LRT.docx%23_Toc112271749
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1. INTRODUCTION 

1.1. Background and rationale 

Between a quarter and half of the patients admitted to the intensive care unit will present 

with respiratory failure, requiring invasive mechanical ventilation (MV) (1). These patients are at risk 

of several complications, such as infection and death, with related health-care costs (2,3). 

Mortality is a strong primary endpoint that has long been used in several studies (4). 

However, since the improvement of therapeutics, mortality has decreased (5). Hence, the sample 

size needed to show a difference has also increased, and so, most published randomized clinical 

trials (RCT) that aim to reduce mortality have produced negative results (6,7). For this reason, other 

outcomes, such as ventilator-free days (VFD), have been developed. 

Ventilator-free days are an outcome measure increasingly used in critical care (8). First 

proposed in 1994 (9), it was developed in studies focusing on acute respiratory distress syndrome 

(ARDS). The number of VFD is defined as the number of days from the last day of mechanical 

ventilation to day 28. If a patient dies during the first 28 days, their number of VFD is equal to zero. 

This composite outcome measure (i.e., combining survival and the duration of ventilation) is more 

appropriate than only the duration of ventilation because the latter disregards the mortality rate 

(10). 

Determining the sample size can be imprecise and difficult and represents a trade-off 

between cost effectiveness and statistical power. Calculating this sample size involves the 

employment of formulae designed to obtain significant results in studies that compare several 

groups based on the primary endpoint. The test chosen to analyze the primary endpoint will depend 

on its distribution (11). The number of VFD does not follow a Gaussian distribution (12); therefore, 

we cannot use parametric tests. Indeed, it is a skewed distribution with inflations, especially 0s (i.e., 

zero-inflation), and represents a rather time-dependent event. Hence, initially, Shoenfeld et al. 
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proposed using the Wilcoxon test rather than Student’s t-test (10). However, to use the Wilcoxon 

test, there should be no need to adjust to covariates or to have interim monitoring, which is quite 

rare in RCT. In their last review, Yehya et al. (8) recommended using competing risk regression for 

the VFD analysis, such as the Fine and Gray competing risk regression (13), which considers 

extubation as the event of interest and death as the competing risk. 

1.2. Hypotheses and objectives 

We conducted a systematic review of RCT using VFD as their primary outcome. Our principal 

objective was to investigate whether the statistical analysis of RCT evaluating VFD as the primary 

outcome was congruent with the distribution of this measure. Our secondary objective was to 

review the definitions of VFD and tried to draw guidelines for future trials using an appropriate 

methodology for the analysis of VFD. 

2. MATERIAL AND METHODS 

Our study protocol was registered on PROSPERO in December 2021 (ID: CRD42021282304). 

2.1.  Study selection 

The search strategies were developed with the help of two university librarians (MdC and 

NPD). We searched through two databases: MEDLINE via the PubMed and Embase. The search 

strategies used a combination of keywords related to VFD, the names of journals with a 2021 impact 

factor greater than 5, and study type, from inception to December 2021. The complete list of search 

terms is available in the Appendix I. Two investigators (LRT and MJ) independently screened the 

titles and abstracts of the search results. The full text of all potentially eligible studies was retrieved 

and reviewed for eligibility. Any disagreements between reviewers were resolved by consensus or 

by a third member (BP). First, we removed the duplicates between the databases. Then, we 
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excluded all trials that were not RCT in adults and those with a primary endpoint that was not VFD. 

A narrative synthesis supporting the Preferred Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) flow diagram was included as part of this systematic review (14). 

The references for the selected studies were imported from Zotero for review, and the data 

were extracted independently by three investigators (LRT and, MJ for the first half and BP for the 

second half) and collected into standardized, pilot-tested forms using the Research Electronic Data 

Capture (REDCap) tools hosted at CHU Clermont-Ferrand (15,16). The data were extracted from the 

text when possible; otherwise, we used the supplements if they were available. The extracted data 

were cross-checked, and any disagreements were resolved by discussion, with the involvement of 

a third reviewer, if required. For each selected article, we recorded several items, as detailed in the 

Appendix II. 

2.2. Outcomes 

Our primary outcome was the sample size, as estimated in RCT evaluating VFD as the primary 

outcome. To assess this, we extracted the sample sizes estimated and observed of the selected RCT, 

and simulated other sample sizes through alternative statistical approaches. Our secondary 

outcomes were to review the definitions of VFD, mortality rates, statistical methods, and statistical 

distribution of VFD in each trial.  

2.3. Risk of bias 

To assess the risk of bias in each study and across studies, we used Version 2 of the Cochrane 

risk of bias tool (RoB2) for RCT (17). The studies were assessed using five fixed domains, as outlined 

in RoB2. Each of these studies was classified by two reviewers (LRT and MJ) as low-concern, high-

concern, or with some concerns. 

2.4. Statistical analysis 
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The different statistical approaches were as follows: the Student t-test and the Mann–

Whitney–Wilcoxon rank-sum test since these are standard tests used in several studies; the Mann–

Whitney–Wilcoxon rank-sum test using the Noether formula to compare if the result differ from the 

previous one; the Cox regression since the VFD are a time-dependent event; the zero-inflated 

negative binomial negative since the VFD involve a zero-inflation; and finally, the Fine and Gray 

regression since the VFD involve a competitive risk. The corresponding formulae are available in the 

Appendix III. To evaluate the distribution of VFD, we used Shapiro-Wilk normality test and also 

Hartigan’s dip test (18) to assess the probability of VFD following a unimodal distribution. All 

statistical analyses were performed using R Core Version 4.2 (19). All packages used are listed in the 

Appendix IV. 

3. RESULTS 

3.1. Study selection and characteristics 

We identified 425 studies from 2004 to 2021. After removing duplicates, we assessed 269 

studies. First, we excluded 136 studies that were not randomized. Second, we excluded 2 animal 

studies and 29 child studies. Third, we excluded 76 studies in which the primary outcome was not 

the VFD. In the end, 26 studies were included in our systematic review (20, 21, 22, 23, 24, 25, 26, 

27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45) (Figure 1). These are mainly 

superiority studies (92%) comparing two groups (92%) with several centers (89%) and included 

interim analysis in most cases (58%). A significant proportion of the selected studies had to be 

stopped early (38%). Finally, the patients included were heterogeneous between the studies: a third 

of the target population were patients with ARDS, and the others had other different syndromes 

(Table I). 

3.2. Risk of bias and disagreements 
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Using the Excel spreadsheet provided by the RoB2 tool, we assessed the risk of bias, as 

synthesized in the Figure 2. 73% of the studies assessed found some concerns, mainly for the 

randomization process and the deviations from the intended interventions. 

Among all the collected items, the median number of disagreements between the two 

reviewers was 1 (IQR 0–2) out of the 26 selected studies, for a total of 23 disagreements out of 769 

items (3%). All disagreements were resolved by consensus. In addition, the opinion of the third 

reviewer was not necessary. 

3.3. Definitions of ventilator-free days 

Figure 1. PRISMA flow diagram from search in December 2021. 
This diagram was generated with the R package DiagrammeR (14). 
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In Table II, we report the definitions of VFD in the considered studies. Almost all studies 

counted whole days without support ventilation (92%) and collected the VFD at day 28. In the rest  

Figure 2. Risk-of-bias summary: review authors’ judgments about each risk of bias item 
for each included study based on the Revised Cochrane risk-of bias tools for randomized 
trials (RoB2) (17). 
D: domain; D1: randomisation process; D2: Deviations from the intended interventions; D3: Missing 
outcome data; D4: Measurement of the outcome; D5: Selection of the reported result. 
 low risk; some concerns; high risk. 
 

+ ! - 
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Variable Proportion: n/N (%) 

Onset 

 no limit 9/26 (35) 

 > 4h 1/26 (4) 

 > 24h 3/26 (11) 

 > 48h 10/26 (38) 

 > 72h 1/26 (4) 

 portion with no limit 2/26 (8) 

Respiratory support 

 invasive ventilation 13/26 (50) 

 tracheostomy 12/26 (46) 

 ECMO 2/26 (8) 

 NIV 6/26 (23) 

 HFNO 1/26 (4) 

 no specification 13/26 (50) 

Reintubation 

 possible 7/26 (27) 

 reset 9/26 (35) 

 no specification 10/26 (38) 

Day 

 28 24/26 (92) 

 30 1/26 (4) 

 60 1/26 (4) 

Table II. Definitions of ventilator-free days. 
ECMO: extracorporeal membrane oxygenation; NIV: non-invasive ventilation; HFNO: high-flow nasal oxygen. 
n: number of events; N: total number of studies. 

of the definitions, there was heterogeneity. The onset (i.e., the beginning of the period without 

support ventilation) was not the same across the studies: 35% considered the onset at extubation, 

and 38% at 48 hours after extubation. If a patient was intubated again after a period of extubation, 

35% of the studies reset the VFD (i.e., considered the VFD equal to 0), and 27% of the studies 
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counted the different periods during which the patient was extubated; the remaining studies did 

not specify this point. Finally, half of the studies did not specify the type of respiratory support 

counted as not free of ventilation. 

3.4. Statistical methods to analyze ventilator-free days 

In Table III, we report the statistical analysis methods used to assess the VFD, along with the 

expected and observed effect sizes. About one-third used the Mann–Whitney–Wilcoxon rank-sum 

test, one-third did not specify the test used, and a little less than a third used parametric tests. A 

minority used complex models, such as generalized linear models and generalized additive models, 

for location, scale, and shape. Furthermore, the main effect size used in the results of the studies 

was the absolute mean difference (69%). 

3.5. Sample size estimation 

As a first step, we extracted the estimated and the observed sample size reported in the 

selected studies. We subsequently calculated the sample size with the parameters (e.g., 𝛼 risk, 

power, mean difference) reported in two ways: using the expected parameters displayed in the 

Material and Methods section or the observed parameters displayed in the Results section. 

The proper estimation of sample size necessitates the correct estimation of the VFD 

distribution. Thus, in Table III, we report the VFD distributions defined by the authors. Half of the 

studies did not explicitly state the type of assumed distribution, while the other half did not consider 

the VFD as normally distributed. A more precise description was available for some studies, with 8% 

assuming a zero-inflated 𝛽 binomial distribution and 4% assuming a bimodal distribution. However, 

two recently published studies (29,32) considered the number of VFD as normally distributed. 

3.5.1. Expected parameters 
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In the supplement Table SI (Appendix V), we report the expected parameters proposed by 

the authors for the sample size estimation in the Material and Methods sections of the selected 

studies. The absolute mean difference ranged from 0.5 to 7.0. In one non-inferiority study (27) the 

authors considered 1.6 as the non-inferiority margin, while in one superiority study (26) the authors 

considered 1 as the superiority margin. The standard deviation was not always reported (23%), but 

when it was available, it was high (median 10.0, IQR 6.8–10.5). Mortality was considered only in one 

study (23), who used Markov chains in considering the probabilities of death, getting off ventilation 

alive, and receiving ventilation. Finally, the expected drop-out rate expected was quite different 

between studies (0%–25%). 

Using these parameters, we calculated the different sample sizes depending on different 

tests: the Student t-test, the Mann–Whitney–Wilcoxon rank-sum test using the Noether formula or 

not, the Cox regression, the zero-inflated negative binomial regression, and the Fine and Gray 

regression (supplement Table SII, Appendix V). Several tests could not be estimated because of the 

lack of expected parameters, such as the VFD in the control group and the standard deviation. 

Moreover, it was not possible to estimate the sample size using the Fine and Gray regression 

because we did not have the probability of extubation or the incidence of mortality. Consequently, 

we simulated different incidences of extubation and mortality (Figure 3). The size of the difference 

in the incidence of extubation and the incidence mortality both had a significant impact on the 

sample size. For the estimation using the Cox and zero-inflated negative binomial regressions, in 

most cases, the sample size was greater than for the other models. 

3.5.2. Observed parameters 

In the same way as above, we reported the observed parameters needed to estimate the 

sample size (supplement Table SIII, Appendix V). The standard deviations were almost the same as 

in the supplement Table SI (Appendix V) (median 11.2, IQR 9.6–16.3), without missing parameters. 

Furthermore, the dropout rate observed was very low (0%–2%). 
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Using these parameters, we calculated the different sample sizes using the same tests as 

above (supplement Table SIV, Appendix V). Sample sizes could not be estimated using the Fine and 

Gray regression model because for some studies the VFD and incidence of mortality had different 

timeframes, and we did not have the incidence of extubation for any study. For about half of the 

studies, the sample sizes were much larger than those estimated, mainly because the observed 

mean difference was sometimes very low. 

3.5.3. Simulation 

Finally, we estimated the sample size using the simulation carried out by Bodet-Contentin et 

al. (46) and the same tests as above (supplement Table SV, Appendix V). Only the estimation using 

the Fine and Gray regression model provided a realistic sample size. 

3.6. Ventilator-free days: a bimodal distribution? 

Figure 3. Sample size estimation based on the Fine and Gray regression. 
Absolute difference of extubation incidence (experimental/control group): strong 0.60/0.45 – moderate 0.60/0.51 – 
weak 0.60/0.56 – no difference 0.60/0.60. 
Absolute difference of mortality incidence (experimental/control group): strong 0.20/0.30 – moderate 0.20/0.25 – 
weak 0.20/0.21 – no difference 0.20/0.20. 
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We used different tests to estimate the sample size, including the zero-inflated negative 

binomial regression. For this model, we need to know the overdispersion of the distribution of the 

data. To this end, we used two datasets: the simulation carried out by Bodet-Contentin et al. (46) 

and the data from the meta-analysis by Jabaudon et al. (47). In both studies, the distribution of VFD 

looked more like a bimodal distribution than a negative binomial distribution. To prove this, we used 

first the Shapiro-Wilk normality test, rejecting the normality for the two data frames (W = 0.8148, 

p-value < 0.0001 for the simulation and W = 0.8163, p-value < 0.0001 for the meta-analysis). Second, 

we used Hartigan’s' dip test, rejecting the unimodality for the two data frames (D = 0.0826, p-value 

< 0.0001 for the simulation and D = 0.1007, p-value < 0.0001 for the meta-analysis). The first mode 

was 0 and the second was around 24 for both the simulation (Figure 4A) and the meta-analysis (not 

shown). We modelled a normal distribution with the same parameters as in the simulation (Figure 

4B), since some studies assumed this type of distribution for the VFD, to visually compare the 

unsuitability of this model to estimate the distribution of the VFD. 

3.7. Other characteristics 

As exploratory endpoints, we were also interested in other statistical parameters. The power 

ranged from 80% to 90%, the 𝛼 risk ranged from 2.5% to 10% (for one study (34)), and the most 

common 𝛼 risk chosen was 5% (supplement Table SI, Appendix V). As shown in the supplement 

Table SI (Appendix V), the reported 𝛼 risk was one-sided in four studies (two were a non-inferiority 

studies (27,30), while the other two were superiority studies (32,34)). The most used frame for 

mortality was 28 days corresponding to the same frame as the VFD. The frame was reported in days 

in 92% of the studies, the remaining two used hospital or intensive care unit mortality. Finally, the 

incidence was quite different across the studies but similar within studies, with a median of 24.9 

days (IQR 19.2–30.9) for the control group and a median of 24.3 days (IQR 19.8–30.7) for the 
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experimental group (supplement Table SIII). A significant result was obtained in only a few studies 

(35%), but when a complex model was used, the result was significant (supplement Table SIV, 

Appendix V). 

A 

B 

Figure 4. Distribution of ventilator-free days. 
Histograms representing the Bodet-Contentin (46) simulated distribution of ventilator free days (VFD) (A) (mean of 10.6 
days with two modes) and the corresponding Gaussian distribution (B) (mean of 10.6 days, standard deviation of 10.5) 
used in some studies for sample size estimation. The red bars correspond to the theoretical data that should be seen if 
the distribution was normal. 
We represented the densities and not the frequencies corresponding to the average number of VFD for a given class. 
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4. DISCUSSION 

To our knowledge, this is the first systematic review to report on the sample size estimation 

and the parameters needed for VFD. The number of VFD provides greater statistical power for 

detecting a treatment effect than the binary outcome measure of mortality (8,10). However, there 

are several limitations (discussed in the previous section) to the use of this criterion; hence, we 

suggest several adjustments. 

4.1. Heterogeneity of the definitions 

Following Contentin et al. (48) and Yehya et al. (8), we found important differences regarding 

the definitions of VFD and the methods for the analysis, such as the effect size and the test used, 

thus making it difficult to conduct meta-analyses. We did not detect significant changes in the 

definitions and methods since the publication of these two reviews, which might be because they 

were recently published. 

Several recommendations were made by Yehya et al., including on how to define VFD 

explicitly: the start time, the time frame, the time of successful extubation, extubation interval, non-

invasive support, tracheostomy, and value for the extubated decedent. Hence, we should use a core 

outcome set, such as the Core Outcomes in Ventilation Trials (49), which included standardized 

definitions and measures, particularly for extubation, reintubation, duration of mechanical 

ventilation, and mortality. 

4.2. Sample size estimation 

4.2.1. Parameters 

We need several parameters to estimate the sample size. First, we need the tail of the 𝛼 risk 

(one or two). In most of the superiority studies considered, the authors used a two-tailed test. 
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However, if we want to show a specific and unidirectional difference (e.g., treatment versus 

placebo), a one-sided 𝛼 risk should be used to test the null hypothesis (H0) for the two groups (50). 

We also need the margin (i.e., the mean difference) to show the difference between two 

groups in a superiority study or the loss of efficacity in a non-inferiority study. Some studies used a 

superiority margin smaller than the non-inferiority margin, which is hardly justifiable. We advocate 

for a clear consensus on these margins according to the context. 

Finally, we need the effect size more than the p-value, which provides information only on 

the statistically significance of the dichotomy and can be misinterpreted (51,52). Indeed, the effect 

size corresponds to the magnitude of the effect, and its precision is given by the confidence interval, 

which is also useful for a meta-analysis. Most of the time, the studies considered standardized 

differences (such as Cohen’s d) (53), which imply a normal distribution. Furthermore, some studies 

used the absolute mean difference despite the use of the Mann–Whitney–Wilcoxon rank-sum test 

when they should use the absolute median difference. 

4.2.2. Tests and distribution 

There are two concepts to consider when describing VFD: the presence of competitive risks 

and the distribution required in complex models. 

First, regarding the presence of competitive risks, Yehya et al. (8) recommended reporting 

the mortality, since the number of VFD combines mortality and ventilator duration. Because 

mortality is a competitive event of extubation, competing risk regression using the Fine and Gray 

regression is more appropriate than usual tests such as Student t-test and Mann–Whitney–Wilcoxon 

rank-sum test (13). Moreover, this test allows for the adjustment of the covariate and stratification 

variables and interim monitoring, which are common in RCT. For this model, it is recommended to 

report the overall effect size (subdistribution hazard ratio) and the components of this composite 

outcome—that is, the incidence of mortality and the incidence of extubation—which are useful for 

sample size estimation. Nevertheless, the cumulative incidence function provided by the Fine and 



 36 

Gray regression does not have a natural interpretation (54,55) and it does not take the zero inflation 

into account; but, it is the best way to distinguish between extubation and mortality. 

Second, the distribution of the VFD renders the statistical analysis more arduous. On one 

hand, using the Bodet-Contentin simulation (46), we obtained a bimodal distribution that is 

consistent with those in other studies: a type U distribution according to Galtung’s classification 

(56). In contrast, we may categorize the VFD into several classes, such as the three groups of 

weaning (short weaning, difficult weaning, and prolonged weaning) (12). These distributions require 

mixture models corresponding to a mixture of two or more distributions, models available in the 

mixtools R package (57). On the other hand, some articles reported a beta distribution (27,28). For 

this distribution, we can use the generalized linear mixed model (GLMM) or the generalized additive 

model for location, scale, and shape (GAMLSS) (27)). Moreover, using complex models allow for 

adjusting covariates even in RCT, which may reduce the sample size and increase the power (58). 

Therefore, there is heterogeneity in the distributions and tests used, which warrants further 

investigation. 

In conclusion, the use of parametric tests and the Mann–Whitney–Wilcoxon rank-sum test 

should be discouraged for VFD. We advocate for the use of complex models considering competitive 

risks, the distribution of VFD, and any covariates. 

4.2.3. Recent approaches 

To estimate the sample size, we used commonly applied formulae (11). In contrast, some 

authors have recently explored simulations. Indeed, for complex models, such as the GLMM and 

GAMLSS, these formulae cannot be employed; hence, simulation-based power analyses were 

developed (59). Instead of the frequentist approach with null hypothesis significance testing, 

Bayesian approaches are increasingly used to simulate the sample size (60) without arbitrarily fixing 

the power (61). 
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On the other hand, the Markov chain model is an interesting approach. This stochastic model 

describes a sequence of possible events in which the probability of each event depends only on the 

state attained in the previous event (62). For VFD, there are three possible states: intubated, 

extubated, or dead. Based on this model, there is the Monte Carlo simulation method can be used 

to estimate the sample size (63). This type of simulation allows the modelling of a range of 

intervention effects and the calculation of the corresponding sample sizes required to detect the 

significance at a specific power (e.g., 80%). 

In conclusion, we discourage the use of simplistic formulae but instead advocate for 

simulations to estimate the sample size, especially for VFD, given their complex probability 

distribution, in the continuity of Yehya et al. (8) who also applied simulations. 

4.3. Strengths 

We followed all the guidelines from the PRISMA 2020 statement (64). Two authors 

independently reviewed the studies, and in case of a disagreement, a third author intervened. We 

used two databases (PubMed and Embase), to be as comprehensive as possible. In addition, we did 

not place any limit on the publication year: all the studies referenced since the creation of the 

database were included. Finally, we used the RoB2 tool to evaluate any potential biases. 

4.4. Limitations 

On the one hand, we chose only studies involving adults to focus on one type of population 

and reduce the heterogeneity of the populations. On the other hand, we included only RCT. Indeed, 

these studies specify the sample size estimation and are less prone to bias. Moreover, since we 

knew there was heterogeneity in how VFD are defined, we selected the studies published only in 

journals with a 2021 impact factor greater than 5 in the hope of a more rigorous methodology. 
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The selected studies had different populations, mainly since the inclusion criteria of the 

reported studies were quite different, thus reducing the possibility of generalizing our results. 

However, we were interested in the sample size estimation, so this limitation did not impact our 

conclusions. Next, several studies had missing data, which did not allow us to estimate the sample 

size in these cases. Hence, the dataset was not comprehensive enough for us to draw conclusions 

with more certainty. Harhay et al. (6) also found that 63% of the power parameters were missing 

for the selected RCT. Then, the overdispersion parameter was not available for the use of the zero-

inflated negative binomial regression. Consequently, we chose to estimate it with one large 

database and a simulation. Finally, some studies had to stop early the inclusion, resulting in a very 

low absolute mean difference in VFD between the two study groups. As a result, the sample size 

estimation was very high and, therefore, unrealistic. 

Other outcomes should be evaluated and compared to VFD to better assess a potential 

treatment effect. For instance, alive and ventilator-free is a recent hierarchical composite outcome 

that does not treat mortality as equivalent to prolonged intubation (7).  
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CONCLUSION 

We conducted a systematic review of ventilator-free days as a primary outcome in randomized 

controlled studies. First, we observed heterogeneity in the definitions of VFD, making it difficult for 

us to perform meta-analyses of such studies. Novel approaches, such as a core outcome set, may 

be more appropriate as they ensure standardization of the outcome. Second, we observed a 

particular distribution regarding the number of VFD, which warrants further investigation. Finally, 

like other authors before us, we recommend using a complex model combining the distribution of 

VFD and the competitive risk event of mortality. To estimate the corresponding sample size, we 

encourage simulating it using a Monte Carlo Markov chain model. 

Le Doyen de l’UFR de Médecine,      Le Président du Jury de Thèse, 

CLAVELOU Pierre       FUTIER Emmanuel  
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APPENDICES 

Appendix I: Searching terms used for reviewing 

MEDLINE 

("Ventilator free days"[TW] OR "Ventilator free day"[TW] OR "Ventilation free days"[TW] OR "MV-
free days"[TW] OR (Ventilat*[Title] AND free[Title] AND (days[Title] OR day[Title])))  

AND 

("the new england journal of medicine"[Journal] OR "Lancet (London, England)"[Journal] OR 
"Nature"[Journal] OR "Nature medicine"[Journal] OR "Science (New York, N.Y.)"[Journal] OR 
"JAMA"[Journal] OR "Annals of internal medicine"[Journal] OR "plos medicine"[Journal] OR "BMJ 
(Clinical research ed.)"[Journal] OR "BMJ"[journal] OR "american journal of respiratory and critical 
care medicine"[Journal] OR "Chest"[Journal] OR "Critical care (London, England)"[Journal] OR 
"Critical care medicine"[Journal] OR "Intensive care medicine"[Journal] OR "The Lancet. Respiratory 
medicine"[Journal] OR "Nature immunology"[Journal] OR "Nature reviews. Immunology"[Journal]) 

AND 

(randomized controlled trial[pt] OR controlled clinical trial[pt] OR randomized[TW] OR placebo[TW] 
OR clinical trials as topic[mesh:noexp] OR randomly[TW] OR trial[TW]) 

Embase 

(('ventilator free days' OR 'ventilator-free days' OR 'ventilator free day' OR 'ventilation free days' OR 
'mv-free days' OR (ventilat*:ti AND free:ti AND (days:ti OR day:ti))) AND ('new england journal of 
medicine':jt OR 'nature'/jt OR 'lancet (london, england)'/jt OR 'the lancet'/jt OR 'nature medicine':jt 
OR 'science'/jt OR 'science (new york, n.y.)'/jt OR 'jama'/jt OR 'jama - journal of the american medical 
association'/jt OR 'jama : the journal of the american medical association'/jt OR 'annals of internal 
medicine':jt OR 'plos medicine'/jt OR 'bmj'/jt OR 'bmj (clinical research ed.)'/jt OR 'bmj (online)'/jt 
OR 'the bmj'/jt OR 'american journal of respiratory and critical care medicine'/jt OR 'chest'/jt OR 
'critical care'/jt OR 'critical care (london, england)'/jt OR 'critical care medicine'/jt OR 'intensive care 
medicine'/jt OR 'the lancet respiratory medicine'/jt OR 'nature immunology':jt OR 'nature reviews 
immunology'/jt)) AND ('article'/it OR 'article in press'/it)  
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Appendix II: Extracted data 

Features 

PMID (PubMed IDentifier) if available, year of publication, design, definition of ventilator-free days 
(VFD), type of ventilation, onset of VFD, length of VFD, PaO2/FiO2 ratio. 

Methods 

Power, 𝛼 risk, inflation 𝛼 risk, type of study (superiority/non-inferiority/equivalence), type of test 
(unilateral/bilateral), type of analysis (intention-to-treat/per-protocol), margin of non-inferiority if 
applicable, VFD expected in control and experimental groups, distribution of VFD and correction if 
applicable, mortality rate expected in control and experimental groups, expected difference 
between groups and justification, expected drop-out patients, management of missing values, 
statistical method for sample size estimation and for analysis of the primary outcome of VFD, sample 
size estimation. 

Results 

Sample size, missing values, premature cessation, drop-out patients, VFD in control and 
experimental groups, mortality rate in control and experimental groups, difference between groups 
and confidence interval, effect size, p-value. 

Research Electronic Data Capture (REDCap) 

REDCap is a secure, web-based software platform designed to support data capture for research 
studies, providing 1) an intuitive interface for validated data capture, 2) audit trails for tracking data 
manipulation and export procedures, 3) automated export procedures for seamless data downloads 
to common statistical packages, and 4) procedures for data integration and interoperability with 
external sources.  
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Appendix III: Statistical analysis plan 

All sample size estimation were achieved with R version 4.2.0 using the following equations with 𝛼: 
type I error, (1 − 𝛽): statistical power, 𝑛: size of one group and 𝑁: size of all groups. 

For these estimations, we used the DaCCoTA Project (E1) and the Sample Size Calculations in Clinical 
Research (E2). 

When the mean is missing, we estimated it from the median, the interquartile range, and the sample 
size (E3). 

First, we calculated the sample size with the expected parameters displayed in the Material and 
Methods section (corresponding to the estimated sample size), with the different statistical tests 
presented below. Second, we calculated the sample size with the observed parameters displayed in 
the Results section (corresponding to the observed sample size), with the same statistical tests. 

Student t-test based on Gaussian distribution 

For the sample size estimation based on expected parameters, we used the standard deviation of 
the control group when it was available, displayed in the Material and Methods section. 

For the sample size estimation based on observed parameters, we used the pooled standard 
deviation 𝜎 : 

√(
𝜎1

2+𝜎2
2

2
) , where 𝜎1 is the standard deviation of the control group and 𝜎2 the standard deviation 

of the interventional group, given that the two 𝜎 are available in the Results section. 

For the sample size estimation, we used the following equation: 

𝑛 =  
2 𝜎2

Δ2 (𝑍1− 
𝛼

2
+ 𝑍1− 𝛽)

2
, with 𝜎 the standard deviation and Δ the absolute difference 

between groups. 

We used the pwr package to estimate the sample size for the Student t-test for the superiority 
studies. 

For the non-inferiority study, we used the following equation according to one group: 

𝑛 =  
2 𝜎2

(Δ − 𝛿)2
(𝑍1− 

𝛼

2
+ 𝑍1− 𝛽)

2
, with 𝛿 the margin of the non-inferiority. 

We used the TrialSize package to estimate the sample size for the Student t-test for the non-
inferiority studies. 

Mann–Whitney–Wilcoxon 

This non-parametric test uses the sample size estimation of the student t-test. We therefore simply 
multiplied the sample size estimated according to the student t-test by 1.15 to have an increase of 
15% in the sample size (E4). 

Noether formula (E5)  
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First, we estimated the effect size  
δ

𝜎
=  

𝜇1− 𝜇2

𝜎
 , where 𝛿 is the absolute difference between groups, 

𝜎 the standard deviation, 𝜇1 the mean of the control group and 𝜇2 the standard deviation of the 
interventional group.  

Then, we calculated the relative effect: there is a relation between the corresponding relative effect 
𝑝 and the effect size for a normal distribution (E6). 

Finally, for the sample size estimation, we used the following equation: 

𝑁 =  
(𝑍𝛼+𝑍𝛽)

2

12𝑐(1−𝑐)(𝑝 − 
1

2
)2

  , where c is the proportion of subjects in the control group and p the relative 

effect. 

We used the rankFD package to estimate the sample size for the Mann–Whitney–Wilcoxon rank-
sum test using the Noether formula. 

One-way ANOVA (ANalysis Of VAriance) 

We used ANOVA when there were 3 or more groups in the selected studies. 

We estimated first the Cohen’s 𝑓 effect size: 

𝑓 =  
𝜎𝑚

𝜎
 , where 𝜎𝑚 = √∑ ((𝑚𝑖 − 𝑚)2)𝑘

𝑖=1

𝑘
 , with 𝑘 the number of groups, 𝑚𝑖 the mean of each 

group and 𝑚 the grand mean corresponding to the mean of the means, and 𝜎 the pooled standard 
deviation. 

Then, for the sample size estimation, we used the following equation: 

𝑛 =  
𝑛.05

400 ×(𝑓2)
+ 1 , where 𝑛.05 is the necessary sample size for the given 𝛼 risk, 𝑢 (the degree of 

freedom i.e., 𝑘 − 1) and desired power 𝛽 at 𝑓 = 0.5 read from the Table (E7). 

We used the pwr package to estimate the sample size for the one-way ANOVA. 

Kruskal-Wallis 

We used Kruskal-Wallis when there were 3 or more groups in the selected studies. This non-
parametric test uses the sample size estimation of the ANOVA. Like above, we multiply the sample 
size estimated according to the ANOVA test by 1.15 to have an increase of 15% in the sample size 
(E4). 

Cox regression 

We did not use the log-rank test because testing superiority or non-inferiority is difficult to be 
carried out (E2). 

For the sample size estimation, we used the following equation: 
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𝑁 =  
(𝑍

1− 
𝛼
2

+𝑍1− 𝛽)

2

(log(𝐻𝑅)− 𝛿)2× 𝑝𝑒× 𝑝𝑐 × 𝑑
 , where 𝐻𝑅 is the Hazard Ratio of the VFD, 𝛿 the margin of the non-

inferiority if applicable, 𝑝𝑒 the proportion of patients within the experimental group, 𝑝𝑐 the 
proportion of patients within the control group and 𝑑 the probability of observing an event. 

We used the TrialSize package to estimate the sample size for the Cox regression. 

When the HR isn’t available, we estimated it as follows: 

𝜇(𝑉𝐹𝐷𝑒)

𝜇(𝑉𝐹𝐷𝑐)
 , where 𝜇(𝑉𝐹𝐷𝑒) is the mean of the VFD in the experimental group and 𝜇(𝑉𝐹𝐷𝑐) the mean 

of the VFD in the control group, as described by Zhu and Lakkis (E8). 

Zero-inflated negative binomial regression (E8) 

First, we calculated the mean rates of events ratio: 

𝑟 =  
𝜇(𝑉𝐹𝐷𝐸)

𝜇(𝑉𝐹𝐷𝐶)
 , where 𝜇(𝑉𝐹𝐷𝐸) is the mean of the VFD in the experimental group and 𝜇(𝑉𝐹𝐷𝐶) 

the mean of the VFD in the control group. 

Then, we estimated the overdispersion 𝜅 by using the simulation of Bodet-Contentin et al. (E9) and 
the meta-analysis of Jabaudon et al. (E10) with a generalized linear mixed model. The parameters 
of this model were the negative binomial family with a link logit and a zero inflation. The center was 
considered as random effect. We found the same overdispersion in the two studies: 𝜅 = 0.057. 

For the sample size estimation, we used the “approach 2” as recommended in their article: 

𝑛 =  
(𝑍𝛼

2
 √𝑉0|2+ 𝑍𝛽√𝑉𝐴)

2

(log 𝑟)2  ,  

𝑉𝐴 is the variance estimated under the alternative hypothesis: 

𝑉𝐴 =  
1

𝜇𝑡
(

1

𝜆𝐶
+  

1

𝜆𝐸𝜃
) +  

(1+𝜃)𝜅

𝜃
 , where 𝜇𝑡 is the average subject exposure time (same unit as the 

one used for the mean event rate per time (𝜆)), 𝜆𝐶  the mean event rate per time in the control 

group, 𝜆𝐸  the mean event rate per time in the interventional group and Θ =
𝑛𝐸

𝑛𝐶
⁄  the allocation 

ratio with 𝑛𝐸  the sample size in the interventional group and 𝑛𝐶  the sample size in the control group. 

𝑉0|2 is the variance estimated under the null hypothesis according to the method 2 using the true 

event rates ( 𝜆𝐶 =  𝜇(𝑉𝐹𝐷𝐶) and 𝜆𝐸 =  𝜇(𝑉𝐹𝐷𝐸) ): 

𝑉𝑂|2 = 𝑉𝐴  

We used the MKmisc package to estimate the sample size for the zero-inflated negative binomial 
regression. 

Fine and Gray regression (E11) 

First, we estimated the Ξ corresponding of: 

Ξ =  
𝜆1𝐸(𝑡) + 𝜆2𝐸(𝑡)

𝜆1𝐶(𝑡) + 𝜆2𝐶(𝑡)
 , where 𝜆1𝐸 is the proportion of patients within the experimental group with 

the event of interest (i.e. extubation), 𝜆2𝐸  is the proportion of patients within the experimental 
group with the competing event (i.e. death), 𝜆1𝐶  is the proportion of patients within the control 
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group with the event of interest and  𝜆2𝐶  is the proportion of patients within the control group with 
the competing event. 

Then, for the sample size estimation, we used the following equation: 

𝑁 =  
(𝑍

1− 
𝛼
2

+𝑍1− 𝛽)

2

(log(Ξ)− 𝛿)2× 𝑝𝐸× 𝑝𝐶 × 𝑑
 , where 𝛿 is the margin of the non-inferiority if applicable, 𝑝𝐸  the 

proportion of patients within the experimental group, 𝑝𝐶  the proportion of patients within the 
control group and 𝑑 the probability of observing an event. 

Since the package to estimate the sample size for a Fine and Gray regression is not available in R, 
we built it. 
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Appendix IV: Packages R 

Hmisc for label and describe. 

Harrell FEJ. Hmisc: Harrell Miscellaneous. 2022 R package version 4.7-0. Available from: 
https://CRAN.R-project.org/package=Hmisc. 

pwr for the sample size estimation of the superiority study using Student. 

Champely S. pwr: Basic Functions for Power Analysis. 2020 R package version 1.3-0. Available from: 
https://CRAN.R-project.org/package=pwr. 

TrialSize for the sample size estimation of the non-inferiority studies using Student t-test or the Cox 
regression. 

Zhang E, Wu VQ, Chow SC, Zhang HG. TrialSize: R Functions for Chapter 3, 4, 6, 7, 9, 10, 11, 12, 14, 
15 of Sample Size Calculation in Clinical Research. 2020 R package version 1.4. Available from: 
https://CRAN.R-project.org/package=TrialSize. 

rankFD for the sample size estimation using Noether formula. 

Konietschke F, Friedrich S, Brunner E, Pauly M. rankFD: Rank-Based Tests for General Factorial 
Designs. 2022 R package version 0.1.1. Available from: 
https://CRAN.R-project.org/package=rankFD. 

MKmisc for the sample size estimation using the zero-inflated negative binomial regression. 

Kohl M. MKmisc: Miscellaneous functions from M. Kohl. 2021 R package version 1.8. Available from: 
https://www.stamats.de. 

readxl to read Excel files. 

Wickham H, Bryan J. readxl: Read Excel Files. 2022 R package version 1.4.0. Available from: 
https://CRAN.R-project.org/package=readxl. 

glmmTMB to use a GLMM (Generalized Linear Mixed Model). 

Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, Nielsen A, et al. glmmTMB 
Balances Speed and Flexibility Among Packages for Zero-inflated Generalized Linear Mixed 
Modeling. The R Journal. 2017 Dec;9(2):378-400. 

PRISMA2020 for the DiagrammeR. 

Haddaway NR, Page MJ, Pritchard CC, McGuinness LA. PRISMA2020: An R package and Shiny app 
for producing PRISMA 2020-compliant flow diagrams, with interactivity for optimised digital 
transparency and Open Synthesis. Campbell Syst Rev. 2022 Jun;18(2):e1230. 

diptest and multimode for the bimodal distribution. 

Maechler M. diptest: Hartigan's Dip Test Statistic for Unimodality - Corrected. 2021 R package 
version 0.76-0. Available from: https://CRAN.R-project.org/package=diptest. 
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Appendix V: supplement tables  
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 Ctrl. Group Exp. group 

𝜶 risk (%) 5 

Power (%) 80 

VFD 10.8 10.4 

Mean difference 0.46 

Standard deviation 10.8 10.2 

Extubation rate 0.572 0.596 

Mortality rate 0.28 0.15 

SS Student 16519 

SS Wilcoxon 18997 

SS Noether 26478 

SS Cox 13339 

SS ZINB 21437 

SS FG 1777 

Table SV. Sample size estimation of the simulation from Bodet-Contentin et al. (48) according to the 
statistical test analysis. 
Ctrl.: control; exp.: experimental; F&G: Fine and Gray; SS: sample size; VFD: ventilator-free days; ZINB: zero-inflated 
negative binomial regression.  
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VENTILATOR-FREE DAYS AS AN OUTCOME: APPROACHES  
ON SAMPLE SIZE ESTIMATION FROM A SYSTEMATIC REVIEW. 

Abstract: 

RATIONALE Ventilator-free days are a composite endpoint increasingly used as primary outcome 

in critical care trials. Its distribution is skewed and involves competitive risk, which complexifies 

the sample size estimation. 

OBJECTIVES To investigate whether the sample size estimation on ventilator-free days was 

congruent with its distribution, to review its definition and to propose an appropriate 

methodology for its analysis. 

METHODS We conducted a systematic review with the databases PubMed and Embase, in adult 

randomized trials with ventilator-free days as primary outcome. After reviewing its definitions, 

we extracted the sample size and parameters to estimate it in each study and simulated it 

through alternative statistical approaches. We assessed the risk of bias with Cochrane risk of bias 

tool. 

MEASUREMENTS AND MAIN RESULTS We included 26 studies from 2004 to 2021, mainly 

superiority studies comparing two groups with several centers. When assessing the risk of bias, 

most studies were classified as ‘some concerns’. The definitions of ventilator-free days were 

heterogeneous, such as the onset and the respiratory support. Sample size estimation methods 

were also heterogeneous in most studies. Moreover, they did not take the specific parameters 

about ventilator-free days into account such as the bimodal distribution and the death as 

competitive risk. Simulations studies highlighted the need for complex models that few studies 

used. 

CONCLUSION We recommend a standardization of both the definition and the methodology of 

ventilator-free days. Further investigations are also required to choose the best statistical 

approaches given its distribution and the competitive risk event of mortality. Moreover, the 

sample size estimation by simulation should be encouraged. 

Systematic review registration: PROSPERO (ID: CRD42021282304) 

Keywords: 

- respiration, artificial    -     respiratory insufficiency 

- time factors     -     treatment outcome 

- ventilators, mechanical  
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LES VENTILATOR-FREE DAYS COMME CRITERE DE JUGEMENT PRINCIPAL : 
APPROCHES POUR L’ESTIMATION  DU NOMBRE DE SUJETS NECESSAIRES  

A PARTIR D’UNE REVUE SYSTEMATIQUE. 

Résumé : 

CONTEXTE Les ventilator-free days (VFD) sont de plus en plus utilisés dans les essais cliniques de 

réanimation comme critère de jugement principal. Leur distribution asymétrique et l’implication 

de risques compétitifs complexifient le calcul du nombre de sujets nécessaires (NSN). 

OBJECTIFS Vérifier si l’analyse statistique des essais mesurant les VFD était conforme à leur 

distribution, examiner leurs définitions et proposer des recommandations sur la méthodologie la 

plus appropriée à employer pour leur analyse. 

METHODES Nous avons conduit une revue systématique à l’aide de deux bases de données 

(PubMed et Embase), d’essais contrôlés randomisés ayant pour critère de jugement principal les 

VFD, chez les adultes. Après avoir examiné leurs définitions, nous avons extrait le nombre de 

sujets inclus dans chaque étude ainsi que les paramètres permettant de l’estimer, et nous avons 

simulé le NSN à travers différentes approches statistiques. Enfin, nous avons évalué le risque de 

biais à l’aide d’un outil de la Cochrane (RoB2). 

PRINCIPAUX RESULTATS Nous avons inclus 26 études de 2004 à 2021, principalement des essais 

de supériorité, multicentriques, avec deux groupes de comparaison. Concernant l’évaluation du 

risque de biais, la plupart des études ont été classées comme préoccupantes. Les définitions des 

VFD étaient hétérogènes, notamment pour le début et le support ventilatoire. Les méthodes 

pour le calcul du NSN étaient également hétérogènes dans la plupart des études. De plus, ils ne 

prenaient pas en compte les paramètres spécifiques des VFD comme la distribution bimodale et 

la mortalité en risque compétitif. Enfin, les simulations ont mis en évidence la nécessité de 

modèles complexes n’ayant à ce jour pas fait l’objet d’études approfondies. 

CONCLUSION Nous recommandons une standardisation de la définition et de la méthodologie 

des VFD. Sélectionner la meilleure approche statistique, étant donné la distribution particulière 

des VFD et la mortalité comme évènement compétitif, nécessite des investigations 

supplémentaires. Par ailleurs, l’estimation du NSN à l’aide de simulations devrait être 

encouragée. 

Mots-clés : 

- facteurs temps    -    insuffisance respiratoire 

- respirateurs artificiels   -    résultat thérapeutique 

- ventilation artificielle 
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