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Hurtado, Ed Bajwa, Gabriel Démpaire, Guy M Francois, Hektor Sula, Lordian Nunci, Alma Cani, Alan Zazu, Christian Dellera, Carolina S Insaurralde, Risso V Alejandro, 
Julio Daldin, Mauricio Vinzio, Ruben O Fernandez, Luis P Cardonnet, Lisandro R Bettini, Mariano Carboni Bisso, Emilio M Osman, Mariano G Setten, Pablo Lovazzano, 
Javier Alvarez, Veronica Villar, Cesar Milstein, Norberto C Pozo, Nicolas Grubissich, Gustavo A Plotnikow, Daniela N Vasquez, Santiago Ilutovich, Norberto Tiribelli, 
Ariel Chena, Carlos A Pellegrini, María G Saenz, Elisa Estenssoro, Matias Brizuela, Hernan Gianinetto, Pablo E Gomez, Valeria I Cerrato, Marco G Bezzi, Silvina A Borello, 
Flavia A Loiacono, Adriana M Fernandez, Serena Knowles, Claire Reynolds, Deborah M Inskip, Jennene J Miller, Jing Kong, Christina Whitehead, Shailesh Bihari, Aylin 
Seven, Amanda Krstevski, Helen J Rodgers, Rebecca T Millar, Toni E Mckenna, Irene M Bailey, Gabrielle C Hanlon, Anders Aneman, Joan M Lynch, Raman Azad, John 
Neal, Paul W Woods, Brigit L Roberts, Mark R Kol, Helen S Wong, Katharina C Riss, Thomas Staudinger, Xavier Wittebole, Caroline Berghe, Pierre A Bulpa, Alain M Dive, 
Rik Verstraete, Herve Lebbinck, Pieter Depuydt, Joris Vermassen, Philippe Meersseman, Helga Ceunen, Jonas I Rosa, Daniel O Beraldo, Claudio Piras, Adenilton MR 
Ampinelli, Antonio P Nassar, Jr., Sergio Mataloun, Marcelo Moock, Marlus M Thompson, Claudio H Gonçalves, Ana Carolina P Antônio, Aline Ascoli, Rodrigo S Biondi, 
Danielle C Fontenele, Danielle Nobrega, Vanessa M Sales, Suresh Shindhe, Dk Maizatul Aiman BPg Hj Ismail, John Laffey, Francois Beloncle, Kyle G Davies, Rob Cirone, 
Venika Manoharan, Mehvish Ismail, Ewan C Goligher, Mandeep Jassal, Erin Nishikawa, Areej Javeed, Gerard Curley, Nuttapol Rittayamai, Matteo Parotto, Niall D 
Ferguson, Sangeeta Mehta, Jenny Knoll, Antoine Pronovost, Sergio Canestrini, Alejandro R Bruhn, Patricio H Garcia, Felipe A Aliaga, Pamela A Farías, Jacob S Yumha, 

Contents lists available at ScienceDirect

Journal of Clinical Anesthesia

journal homepage: www.elsevier.com/locate/jclinane

https://doi.org/10.1016/j.jclinane.2025.112120
Received 23 September 2025; Received in revised form 24 November 2025; Accepted 27 December 2025  

Journal of Clinical Anesthesia 110 (2026) 112120 

Available online 17 February 2026 
0952-8180/© 2026 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:g.dorland@amsterdamumc.nl
www.sciencedirect.com/science/journal/09528180
https://www.elsevier.com/locate/jclinane
https://doi.org/10.1016/j.jclinane.2025.112120
https://doi.org/10.1016/j.jclinane.2025.112120
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclinane.2025.112120&domain=pdf
http://creativecommons.org/licenses/by/4.0/


a Department of Intensive Care, Amsterdam University Medical Centers, Amsterdam, the Netherlands
b Department of Anaesthesiology, Amsterdam University 

Medical Centers, Amsterdam, the Netherlands

c Laboratory of Experimental Intensive Care & Anaesthesiology 
(LEICA), Amsterdam University Medical Centers, Amsterdam, the 
Netherlands

2 Claudia A Ortiz, Javier E Salas, Alejandro A Saez, Luis D Vega, Eduardo F Labarca, Felipe T Martinez, Nicolás G Carreño, Pilar Lora, Haitao Liu, Haibo Qiu, Ling 
Liu, Rui Tang, Xiaoming Luo, Youzhong An, Huiying Zhao, Yan Gao, Zhe Zhai, Zheng L Ye, Wei Wang, Wenwen Li, Qingdong Li, Ruiqiang Zheng, Wenkui Yu, 
Juanhong Shen, Xinyu Li, Tao Yu, Weihua Lu, Ya Q Wu, Xiao B Huang, Zhenyang He, Yuanhua Lu, Hui Han, Fan Zhang, Renhua Sun, Hua X Wang, Shu H Qin, Bao H 
Zhu, Jun Zhao, Jian Liu, Bin Li, Jing L Liu, Fa C Zhou, Qiong J Li, Xing Y Zhang, Zhou Li-Xin, Qiang Xin-Hua, Liangyan Jiang, Yuan N Gao, Xian Y Zhao, Yuan Y Li, 
Xiao L Li, Chunting Wang, Qingchun Yao, Rongguo Yu, Kai Chen, Huanzhang Shao, Bingyu Qin, Qing Q Huang, Wei H Zhu, Ai Y Hang, Ma X Hua, Yimin Li, Yonghao 
Xu, Yu D Di, Long L Ling, Tie H Qin, Shou H Wang, Junping Qin, Yi Han, Suming Zhou, Monica P Vargas, Juan I Silesky Jimenez, Manuel A González Rojas, Jaime E 
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Gordo, Miryam Prieto-González, Juan B López-Messa, Manuel P Perez, Cesar P Pere, Raquel Montoiro Allue, Ferran Roche-Campo, Marcos Ibañez-Santacruz, Susana 
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Andrade, Mariana Moreira Santos, Matheus Pereira Bateloche, Mayra Akimi Suiama, Mayron Faria de Oliveira, Mayson Laercio Sousa, Michelle Louvaes, Natassja 
Huemer, Pedro Mendes, Paulo Ricardo Gessolo Lins, Pedro Gaspar Dos Santos, Pedro Ferreira Paiva Moreira, Renata Mello Guazzelli, Renato Batista Dos Reis, Renato 
Daltro De Oliveira, Roberta Muriel Longo Roepke, Rodolpho Augusto De Moura Pedro, Rodrigo Kondo, Samia Zahi Rached, Sergio Roberto Silveira Da Fonseca, Thais 
Sousa Borges, Thalissa Ferreira, Vilson Cobello Junior, Vivian Vieira Tenório Sales, and Willaby Serafim Cassa Ferreira.
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t Equipe d'Epidémiologie Respiratoire Integrative, Université Paris-Saclay, Paris, France
u Department of Intensive Care, Hôpital de Bicêtre, Paris, France
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H I G H L I G H T S

• ΔP was associated with 60-day mortality in pulmonary and extrapulmonary ARDS.
• The association between ΔP and 60-day mortality differed by ARDS subphenotypes.
• RR was associated with 60-day mortality, with no difference between ARDS subphenotypes.
• Tidal volume was not associated with 60-day mortality.

A R T I C L E  I N F O

Keywords:
Acute respiratory distress syndrome
ARDS
Mechanical ventilation
Tidal volume
Respiratory rate
Positive end–expiratory pressure
Driving pressure
Mortality

A B S T R A C T

Background: Previous studies have identified potentially modifiable factors associated with mortality from acute 
respiratory stress syndrome (ARDS), however these studies did not differentiate between underlying causes of 
ARDS. As the etiology of ARDS may influence patient outcomes, we aimed to identify potentially modifiable 
factors associated with 60-day mortality from pulmonary and extrapulmonary ARDS.
Methods: Secondary pooled analysis of six observational studies studies on mechanical ventilation in patients 
with pulmonary and extrapulmonary ARDS. The primary endpoint was mortality at day 60 after inclusion. 
Exploratory outcomes included length of stay in hospital and ICU, duration of ventilation and ventilator-free days 
at day 28.
Results: Out of 7934 patients with pulmonary or extrapulmonary ARDS, 3402 (43%) did not survive. Potentially 
modifiable factors associated with 60-day mortality included high driving pressure (ΔP) and high respiratory rate 
(RR). There was an interaction between etiology of ARDS and ΔP on 60-day mortality, with ΔP showing a 
stronger association in pulmonary ARDS compared with extrapulmonary ARDS (p < 0.001). In a sensitivity 
analysis excluding COVID-19 patients, RR was no longer associated with 60-day mortality, whereas ΔP remained 
associated. Tidal volume was not associated with 60-day mortality in either pulmonary or extrapulmonary ARDS. 
No interaction was found between ARDS etiology and RR or tidal volume on 60-day mortality.
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G. Dorland et al.                                                                                                                                                                                                                                Journal of Clinical Anesthesia 110 (2026) 112120 

4 



Conclusion: High ΔP and high RR were associated with 60-day mortality in patients with pulmonary and 
extrapulmonary ARDS receiving mechanical ventilation, with ΔP showing a stronger association in pulmonary 
ARDS compared with extrapulmonary ARDS.
Registration: The pooled database was registered at ClinicalTrials.gov (identifier NCT05650957).

1. Introduction

While ventilatory variables are associated with acute respiratory 
distress syndrome (ARDS) outcomes, including mortality and duration 
of ventilation [1–4], the role of the underlying cause of ARDS in these 
associations has been less well studied [5]. ARDS represents a major 
clinical challenge among critically ill patients. Despite advances in 
critical care, ARDS remains associated with high morbidity and mor
tality rates worldwide [6,7]. ARDS is recognized as a clinically and 
biologically heterogenous syndrome and can be triggered by various 
pulmonary and extrapulmonary conditions. Pulmonary ARDS results 
from direct lung injury, typically caused by conditions such as pneu
monia, aspiration or lung contusion, where the lungs are directly 
affected leading to more localized damage. In contrast, extrapulmonary 
ARDS typically involves more diffuse lung injury secondary to systemic 
conditions such as sepsis, pancreatitis, trauma or blood transfusion [8]. 
It has been suggested that different subtypes of ARDS may respond 
differently to management strategies [9].

Recent perspectives in critical care research have highlighted the 
importance of identifying modifiable factors as a strategy to improve 
patient outcomes [10]. While certain factors that affect ARDS outcomes, 
such as age and comorbidities are non-modifiable [11], there are also 
potentially modifiable factors. In particular, ventilatory variables play 
an important role in influencing outcomes. High airway pressures and 
high respiratory rate (RR) have been associated with worse outcomes in 
patients with ARDS, as these factors can exacerbate lung injury 
[2,4,12–15].

Therefore, the aim of this analysis was to assess whether the asso
ciation between ventilatory variables and outcomes differs between 
pulmonary and extrapulmonary ARDS. We hypothesized that the asso
ciation between ventilatory variables and mortality may be modified by 
the underlying etiology of ARDS, using pooled individual data of ARDS 
patients in six observational invasive ventilation studies.

2. Methods

2.1. Study design

For this analysis, we used pooled individual data of patients with 
ARDS included in six observational studies on invasive ventilation. This 
database included ‘ERICC – Epidemiology of Respiratory Insufficiency in 
Critical Care’ [16], ‘LUNG -SAFE - Large Observational Study to UN
derstand the Global Impact of Severe Acute Respiratory FailurE’ study 
[7], ‘Practice of VENTilation in COVID-19 patients’ (PRoVENT-COVID) 
[17], ‘Epidemiology of COVID-19 patients in the ICU’ (EPICCoV) [18], 
‘SATI-COVID-19 - Clinical Characteristics and Outcomes of Patients 
With COVID-19 on Mechanical Ventilation in Argentina: a Prospective, 
Multicenter Cohort Study’ [19] and CIBERESUCICOVID - Personalized 
Risk and Prognosis Factors and Follow-up at One Year of the Patients 
Hospitalized in the Spanish Intensive Care Units Infected with COVID- 
19′ [20]. The studies included in the pooled database adhered to local 
legislation. The study protocols of the original studies were approved by 
Institutional Review Boards when applicable, and the need for individ
ual patient informed consent was waived for all studies due to their 
observational designs. Details of all studies can be found in the original 
publications. The creation of the pooled database did not require addi
tional ethical approval. This study was conducted and reported in 
accordance with the STROBE statement for observational studies [21].

2.2. Patients

The inclusion and exclusion criteria from the original studies are 
detailed in the original publications. For the current analysis, patients 
were eligible if they: (1) were >18 years old; (2) received invasive 
mechanical ventilation; and (3) met the Berlin definition of ARDS at the 
start of ventilation [6]. We limited the analysis to patients with evidence 
of absence of spontaneous ventilation.

2.3. Data collected

The pooled database included baseline characteristics such as sex, 
age, weight and height, Sequential Organ Failure Assessment (SOFA) 
score; comorbidities including heart failure, chronic obstructive pul
monary disease (COPD), diabetes mellitus, chronic kidney disease, liver 
failure and active neoplasm, ARDS risk factor including COVID–19, 
pneumonia from another infection, aspiration, inhalation injury, 
contusion, vasculitis, sepsis, trauma, pancreatitis, burns, non-cardiac 
shock, drug overdose, transfusion-related acute lung injury (TRALI) or 
unknown; ventilation variables were collected shortly after study in
clusion and included tidal volume (VT), maximum airway pressure in 
pressure-controlled ventilation, plateau pressure (Plat) in volume- 
controlled ventilation, positive end–expiratory pressure (PEEP), frac
tion of inspired oxygen (FiO2), RR and arterial blood gas analyses re
sults; rescue strategies and therapy including prone positioning, 
neuromuscular blockade, recruitment maneuvers, extracorporeal 
membrane oxygenation (ECMO), continuous sedation, vasopressor use, 
tracheostomy, renal replacement therapy; and mortality at day 60.

2.4. Endpoint

The primary endpoint was 60-day mortality, defined as mortality at 
60 days after study inclusion. Exploratory endpoints were length of stay 
in hospital and ICU, duration of ventilation and ventilator-free days at 
day 28 (VFD-28).

2.5. Definitions

ARDS severity was defined according to the Berlin definition of 
ARDS: mild (PaO2/FiO2 ratio 201–300 mmHg), moderate (PaO2/FiO2 
ratio 101–200 mmHg), and severe (PaO2/FiO2 ratio ≤100 mmHg). Pa
tients were categorized as having either pulmonary or extrapulmonary 
ARDS. Pulmonary ARDS was defined by the presence of one or more 
lung-related risk factors (e.g., COVID-19, pneumonia from another 
infection, aspiration, lung contusion) and extrapulmonary was defined 
by the presence of one or more extrapulmonary risk factors (e.g., sepsis, 
trauma, TRALI) [8]. Patients with both types of risk factors were 
considered as pulmonary. We stratified the study sample according to VT 
(≤8 vs. >8 mL/kg PBW), PEEP (≤12 vs. >12 cmH2O), ΔP (≤14 vs. >14 
cmH2O) and RR (≤20 vs. >20 breaths/min) as measured on the first day 
of ventilation at study inclusion. The VT cut-off of 8 mL/kg PBW was 
selected based on its common use as a threshold for lung-protective 
ventilation [22]. The thresholds for PEEP, RR and ΔP were chosen 
based on previous studies [12,23]. Pmax was defined as maximum 
airway in pressure-controlled assist modes and Pplat in volume- 
controlled assist modes, when available [24]. Ventilator-free days at 
day 28 (VFD-28) were defined as the number of calendar days alive and 
free from invasive mechanical ventilation between intubation and day 
28 after study inclusion.
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2.6. Calculations

VT was expressed per predicted body weight (PBW). The PBW of 
male patients was calculated using the following formula: 50 + 0.91 
(centimeters of height—152.4); in females: 45.5 + 0.91(centimeters of 
height—152.4). Driving pressure (ΔP) was calculated by subtracting 
PEEP from Pmax. Mechanical power (MP) was calculated using the 
following formula: 0.098 * VT * RR * (Pmax− 0.5 * ΔP). Minute venti
lation was calculated as the product of VT and RR. The ventilatory ratio 
was calculated using the formula [minute ventilation (mL/min) ×
PaCO2 (mmHg)]/(predicted body weight × 100 × 37.5).

2.7. Sample analysis

No sample size calculation was performed for this analysis, the 
number of available patients served as the sample size.

2.8. Statistical analysis

Baseline demographics were compared using the Fisher's exact test 
for categorical variables and the Wilcoxon rank-sum test for continuous 
variables. Continuous variables were expressed as medians and inter
quartile ranges and categorical variables were expressed as frequencies 
and proportions.

In all descriptive analyses, patients were stratified into survivors and 
non-survivors according to mortality at day 60. In univariate analyses, 
the impact of single ventilatory variables was assessed by estimating the 
relative risk of mortality at day 60 in pulmonary and extrapulmonary 
ARDS patients. Additionally, we used locally estimated scatterplot 
smoothing (LOESS) to visualize the relationship between the proportion 
of in-hospital deaths and respiratory variables including VT per PBW, 
RR, PEEP and ΔP.

To identify whether VT per PBW, PEEP, RR and ΔP were associated 
with mortality at day 60, a multivariable model was built with study 

treated as random effect. These ventilatory variables were included as 
continuous variables in the model. We adjusted for the following vari
ables, based on clinical relevance: SOFA score, comorbidities including 
heart failure, chronic obstructive pulmonary disease, diabetes mellitus, 
chronic kidney disease, liver failure, active neoplasm, PaO2/FiO2 and 
ARDS risk factor. To assess whether ARDS subphenotype modified the 
association between ventilatory variables and 60-day mortality, each 
model was repeated with an interaction term between ARDS sub
phenotype (pulmonary vs. extrapulmonary) and the ventilatory variable 
of interest (VT per PBW; PEEP; RR and ΔP) on the outcome. Missing data 
in covariates were imputed by multiple imputation. Results are shown as 
odds ratios (ORs) with 95% confidence interval (CI). One sensitivity 
analysis was performed in which patients with COVID-19 were 
excluded.

We performed post hoc Kaplan-Meier survival analyses for 60-day 
survival, stratified by main causes of ARDS (COVID-19, pneumonia 
from other infections, pancreatitis, aspiration pneumonia, inhalation 
injury, lung contusion, sepsis, and trauma), and compared the curves 
using the log-rank test. Survival in pulmonary versus extrapulmonary 
ARDS was also analyzed. Additionally, a post hoc mediation analysis 
was conducted to explore whether the association between ΔP and 
mortality was driven by PEEP, Pmax, or the direct effect of ΔP itself. For 
each mediator, we fitted a linear mixed-effects model with Pmax or 
PEEP as the dependent variable, ΔP as the fixed effect, and a random 
intercept for study. We then fitted logistic regression models for 60-day 
mortality including ΔP and the mediator, adjusting for SOFA score, P/F 
ratio, age, sex, ARDS cause, RR, VT per PBW, and including a random 
intercept for study. Mediation effects were estimated, with the average 
causal mediation effect (ACME) representing the part of the ΔP effect 
transmitted through PEEP or Pmax, the average direct effect (ADE) 
representing the remaining effect not explained by the mediator, and the 
total effect defined as the sum of these components.

All analyses were conducted in R v.4.2.1 (Vienna, Austria). A p-value 
<0.05 was considered statistically significant.

Fig. 1. CONSORT flow chart.
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3. Results

3.1. Patients

A total of 12,169 patients were included in the database (Fig. 1). 
Main reasons for exclusion were not fulfilling the Berlin definition of 
ARDS at start of ventilation and lacking evidence of absence of spon
taneous ventilation. For the current analysis, we included 7934 fully 
analyzable pulmonary or extrapulmonary ARDS patients. Among these, 
3402 (43%) did not survive. Survivors were older and more often female 
(Table 1). The severity of illness, as indicated by the SOFA score, was 
lower in survivors. Comorbidities were less prevalent among survivors. 
Specifically, survivors had lower rates of heart failure, COPD, diabetes 
mellitus, chronic kidney disease, liver failure and active neoplasm. 
ARDS was more often classified as ‘mild’ or ‘moderate’ in survivors than 
in non-survivors. Regarding ARDS causes, COVID-19 was the most 
common cause of ARDS in both survivors and non-survivors. Trauma 
and drug overdose were more common in survivors, whereas vasculitis 
and non-cardiac shock were more prevalent in non-survivors.

3.2. Ventilation characteristics, adjunctive therapies and arterial blood 
gas results

The median VT per PBW was slightly higher in survivors (Table 2). 
Survivors were ventilated with a higher PEEP and lower median RR, 
FiO2 and ΔP compared to non-survivors. Prone positioning, neuromus
cular blockade and recruitment maneuvers were used less often in sur
vivors. In survivors, vasopressor use and renal replacement therapy 

were lower, while tracheostomy rates were higher. PaO2/FiO2, PaO2 and 
pH were higher in patients who survived, while PaCO2 levels were 
lower.

3.3. Factors associated with outcome from pulmonary and 
extrapulmonary ARDS

The unadjusted association of single ventilatory variables on 60-day 
mortality in pulmonary and extrapulmonary ARDS are shown in Fig. 2. 
Mortality was similar between patients receiving a low VT (≤8 mL/kg 
PBW) and those receiving a high VT (>8 mL/kg PBW) in both pulmonary 
and extrapulmonary ARDS. For both pulmonary and extrapulmonary 
ARDS, a high RR (>20 breaths/min) was associated with an increased 
risk of hospital mortality. In pulmonary ARDS patients, a high PEEP 
(>12 cmH2O) was associated with decreased mortality. However, this 
was not seen in extrapulmonary ARDS patients. Regarding high ΔP (>14 
cmH2O), the 60 day-mortality risk was increased in pulmonary ARDS 
patients but not in extrapulmonary ARDS patients. In the LOESS plots, 
both an increase in driving pressure and RR show an association with 60- 
day mortality (eFigure 1). After multivariable adjustment, RR and ΔP 
were the only ventilatory variables associated with mortality at day 60 
in the entire cohort (eTable 2). There was an interaction between ARDS 
subphenotype (pulmonary vs. extrapulmonary) and ΔP on 60-day 
mortality, with ΔP demonstrating a stronger association with mortal
ity in pulmonary ARDS compared with extrapulmonary ARDS (p <
0.001).

Table 1 
Baseline characteristics of patients with pulmonary and extrapulmonary ARDS.

Survivors Non-survivors p-value

N = 4532 N = 3402

Age, years, median [IQR] 61 [51–69] 67 [58–74] <0.001
Male sex n (%) 2948 (66.4) 2408 (68.9) 0.02
BMI, kg/m2, median [IQR] 28.3 [25.1–32.4] 28.0 [25.0–31.9] 0.03
<18.5, n (%) 38 (0.9) 44 (1.4)
18.5–24.9, n (%) 928 (22.6) 721 (22.7)
25.0–29.9, n (%) 1481 (36.1) 1242 (39.1) 0.01
30.0–39.9, n (%) 1366 (33.3) 962 (30.3)
≥40.0, n (%) 294 (7.2) 205 (6.5)

SOFA score, median [IQR] 7 [4–9] 8 [5–10] <0.001
Comorbidities, n (%)

Heart failure 333 (7.5) 427 (12.2) <0.001
COPD 487 (11.0) 498 (14.2) <0.001
Diabetes mellitus 1046 (23.6) 1117 (32.0) <0.001
Chronic kidney disease 235 (5.3) 323 (9.2) <0.001
Liver failure 72 (1.6) 124 (3.5) <0.001
Active neoplasm 170 (3.8) 254 (7.3) <0.001

ARDS cause*, n (%)
COVID-19 3310 (74.5) 2782 (79.6) <0.001
Pneumonia from another infection 627 (14.1) 387 (11.1) 0.66
Sepsis 167 (3.8) 140 (4.0) 0.008
Aspiration 163 (3.6) 117 (3.3) 0.27
Non-cardiac shock 74 (1.7) 66 (1.9) 0.01
TRALI 39 (0.9) 31 (0.9) 0.39
Trauma 67 (1.5) 25 (0.7) 0.03
Inhalation injury 34 (0.8) 17 (0.5) 0.66
Pulmonary contusion 38 (0.9) 17 (0.5) 0.29
Pulmonary vasculitis 11 (0.2) 16 (0.5) 0.03
Pancreatitis 16 (0.4) 13 (0.4) 0.62
Drug overdose 29 (0.7) 7 (0.2) 0.03
Burns 5 (0.1) 1 (0.0) 0.49
Unknown 80 (1.8) 45 (1.3) 0.59

ARDS severity category, n (%) <0.001
Mild 1023 (23.0) 647 (18.5)
Moderate 2250 (50.7) 1732 (49.6)
Severe 1168 (26.3) 1116 (31.9)

Abbreviations: IQR: Interquartile Range; BMI: Body Mass Index; SOFA: Sequential Organ Failure Assessment; COPD; Chronic Obstructive Pulmonary Disease: ARDS: 
Acute Respiratory Distress Syndrome; COVID-19: Coronavirus Disease 2019; TRALI: Transfusion-Related Acute Lung Injury.

* An individual patient may have multiple causes.
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3.4. Other outcomes

Survivors had a longer stay in hospital and ICU, longer duration of 
ventilation and more ventilator-free days at day 28 compared to non- 
survivors (Table 2).

3.5. Pulmonary versus extrapulmonary ARDS

60-day survival differed across ARDS causes, with the highest fatality 
rates in COVID-19, pancreatitis and sepsis. There was no difference in 
survival between pulmonary and extrapulmonary ARDS (Fig. 3). There 
was an interaction between ARDS etiology (pulmonary vs. extrap
ulmonary) and ΔP on 60-day mortality, with ΔP showing a stronger 
association with 60-day mortality in pulmonary ARDS compared with 
extrapulmonary ARDS (p < 0.001).

3.6. Sensitivity analysis

In a sensitivity analysis excluding COVID-19 patients, ΔP remained 
significantly associated with 60-day mortality (p < 0.001) whereas the 
association with RR was no longer statistically significant (p = 0.49). An 
interaction between ARDS etiology and ΔP on 60-day mortality 

persisted (p < 0.001).

3.7. Post hoc mediation analysis of ΔP

For Pmax, the ACME was − 0.070 (95% CI –0.091 to − 0.049), and the 
ADE was 0.109 (95% CI 0.083–0.133), resulting in a total effect of 0.038 
(95% CI 0.024–0.052). For PEEP, the ACME was 0.008 (95% CI 
0.006–0.011), with an ADE of 0.030 (95% CI 0.015–0.044), resulting in 
a total effect of 0.038 (95% CI 0.023–0.052). When expressed as nor
malised proportions of the total effect, 37.5% was mediated through 
Pmax, 4.7% through PEEP, and 57.9% reflected the direct effect of ΔP 
(Fig. 4).

4. Discussion

The findings of this secondary pooled analysis of six observational 
studies of ventilation in ARDS patients can be summarized as follows. 
(1) ΔP was associated with 60-day mortality in pulmonary and extrap
ulmonary ARDS. (2) The association between ΔP and 60-day mortality 
differed by ARDS subphenotype, with a stronger effect observed in 
pulmonary ARDS compared with extrapulmonary ARDS. (3) RR was 
associated with 60-day mortality in the overall cohort, and this 

Table 2 
Ventilation characteristics, adjunctive therapies, arterial blood gas results and outcomes.

Survivors Non-survivors p-value

N = 4532 N = 3402

Ventilation characteristics
Tidal volume, mL/kg/PBW, median [IQR] 6.8 [6.1–7.7] 6.6 [6.0–7.5] <0.001
<6, n (%) 815 (21.0) 736 (24.4)
6–8, n (%) 2333 (60.2) 1799 (59.6) 0.001
8–10, n (%) 601 (15.5) 404 (13.4)
>10, n (%) 128 (3.3) 80 (2.6)

PEEP, cm H2O, median [IQR] 12 [10–14] 10 [8–14] <0.001
≤5, n (%) 312 (7.0) 239 (6.8)
6–8, n (%) 696 (15.7) 696 (19.9) <0.001
8–10, n (%) 1036 (23.3) 866 (24.8)
>10, n (%) 2397 (54.0) 1694 (48.5)

Maximum airway pressure*, median [IQR] 25 [21–28] 25 [22–28] 0.05
Driving pressure, cm H2O, median [IQR] 13 [10–16] 14 [11–17] <0.001
Mechanical power, J/min, median [IQR] 16 [13− 20] 16 [13–20] 0.13
FiO2, median [IQR] 0.6 [0.5–0.9] 0.7 [0.5–1.0] <0.001
Respiratory rate, breaths/min, median [IQR] 22 [18–25] 22 [19–26] <0.001
Minute ventilation, L/min, median [IQR] 9.4 [8.0–10.9] 9.5 [8.0–11.1] 0.12
Ventilatory ratio, median [IQR] 1.7 [1.4–2.1] 1.8 [1.5–2.3] <0.001

Adjunctive therapies
Prone positioning, n/N (%) 2338/4426 (52.8) 2126/3478 (61.1) <0.001
Use of neuromuscular blockade, n/N (%) 2348/3856 (60.9) 1680/2589 (64.9) 0.001
Recruitment maneuvers, n/N (%) 1264/3683 (34.3) 961/2516 (38.2) 0.002
ECMO, n/N (%) 112/4042 (2.8) 84/2798 (3.0) 0.62
Continuous sedation, n/N (%) 1661/1826 (91.0) 1208/1336 (90.4) 0.65
Vasopressor use, n/N (%) 3054/3850 (79.3) 2317/2590 (89.5) <0.001
Tracheostomy, n/N (%) 1434/4423 (32.4) 764/3481 (21.9) <0.001
Renal replacement therapy, n/N (%) 500/4431 (11.3) 1049/3492 (30.0) <0.001

Arterial blood gas results
pH, median [IQR] 7.36 [7.30–7.42] 7.32 [7.24–7.38] <0.001
PaO2, mm Hg, median [IQR] 83 [69–103] 82 [68–100] 0.02
PaCO2, mm Hg, median [IQR] 43 [37–51] 45 [38–54] <0.001
PaO2/FiO2, median [IQR] 142 [99–196] 130 [90–181] <0.001

Outcomes
Hospital length of stay, days, median [IQR] 33 [21–53] 17 [10–26] <0.001
ICU length of stay, days, median [IQR] 18 [10− 33] 13 [7–22] <0.001
Duration of ventilation, days, median [IQR] 13 [7–25] 12 [6–21] <0.001
Ventilator-free days at day 28, days, median [IQR] 12 [0− 20] 0 [0–0] <0.001

Abbreviations: PBW: Predicted Body Weight; PEEP: Positive End-Expiratory Pressure; FiO2: Fraction of Inspired Oxygen; ECMO: Extracorporeal Membrane 
Oxygenation; PaO2: Partial Arterial Oxygen Pressure; PaCO2: Partial Arterial Carbon Dioxide Pressure; ICU: Intensive Care Unit.

* Pmax was defined as maximum airway pressure in pressure-controlled assist modes and plateau pressure in volume-controlled assist modes.
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association did not differ between ARDS subphenotypes. (4) VT was not 
associated with 60-day mortality in either pulmonary or extrapulmo
nary ARDS.

Our study has several strengths. First, we used data from six large 
observational studies on ventilation management and outcomes of 
invasively ventilated ARDS patients from pulmonary and 

extrapulmonary causes. The included studies were conducted in 
different hospitals across various countries, which increases the gener
alizability of our findings. Second, the datasets were comprehensive, 
capturing baseline and demographic data, detailed ventilator settings 
and variables, as well as key clinical outcomes. Third, we had an analysis 
plan before opening of the database that was strictly followed.

Fig. 3. Kaplan-Meier survival curves for 60-day mortality in ARDS patients.

Fig. 2. Unadjusted relative risks of 60-day mortality in pulmonary and extrapulmonary ARDS patients.
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Consistent with previous studies, we found that high RR and ΔP were 
associated with worse outcomes in ARDS patients [2,4,12–15]. Costa 
et al. demonstrated that both ΔP and RR were associated with mortality 
in ARDS patients and the effect of ΔP was not modified by the RR. 
Indicating that both the stress during each breath, reflected by ΔP, and 
how frequently this stress occurs, reflected by the RR, are important 
variables factors in ARDS outcome [4]. While lung-protective ventila
tion traditionally involves limiting VT [22], increasing the RR is often 
necessary to maintain adequate gas exchange. However, several studies 
have shown that a high RR increases the MP delivered to the lungs, 
making them more susceptible to ventilator-induced lung injury 
[25–27]. In a recent post-hoc analysis of three randomized clinical trials 
in critically ill patients without ARDS, an increase in MP was mainly 
driven by a rise in peak inspiratory pressure (Ppeak) and RR. Addi
tionally, both RR and Ppeak were associated with mortality [28]. Prior 
studies have also demonstrated that MP itself is associated with mor
tality in ARDS patients [4,29–31]. Since both high ΔP and RR contribute 
to MP [29], this could explain the observed associations between these 
ventilatory variables and 60-day mortality in our cohort. Although we 
did not directly assess MP in this study, the relationship between ΔP, RR, 
and mortality suggests that optimizing these ventilatory variables aimed 
at reducing MP may represent a modifiable target in future ARDS 
ventilation studies. However, in our sensitivity analysis excluding 
COVID-19 patients, the association between RR and 60-day mortality 
disappeared. Since patients were not spontaneously breathing in our 
cohort, this suggests that the RR more likely reflected clinician-set 
ventilator settings, which were determined according to institutional 
protocols, VT targets, and the patient's condition, rather than repre
senting a truly modifiable factor.

To examine whether the association between ΔP and 60-day mor
tality was driven by PEEP, Pmax, or by the direct effect of ΔP itself, we 
conducted a post hoc mediation analysis. The results indicated that the 
mortality associated with ΔP was explained predominantly by its direct 
effect (57.9%), with Pmax accounting for 37.5% of the total effect and 
PEEP contributing for 4.7%. This aligns with previous studies demon
strating that ΔP is a stronger predictor of outcome than its individual 
components [2,31]. Taken together, these findings underscore the 
importance of ΔP in relation to clinical outcomes.

Our analysis did not find an association between VT and 60-day 
mortality. VT was within the lung-protective range in the majority of 
both survivors and non-survivors and only a small proportion received 
higher VT. This may explain why VT was not associated with 60-day 
mortality in our analysis, as most patients were ventilated within the 
recommended lung-protective ventilation range [22]. However, recent 
studies indicate that a uniform low VT strategy may not always be 
beneficial, particularly in patients with preserved lung compliance [32].

We found that survivors were ventilated with higher PEEP levels 
than non-survivors, with median values of 12 cmH2O in survivors and 10 
cmH2O in non-survivors. This is in line with a previous study where high 
PEEP was associated with better outcomes in COVID-ARDS patients 
[33]. While the difference in PEEP in our cohort is modest, survivors 

were generally healthier and therefore possibly more hemodynamically 
stable, and might have better able to tolerate higher PEEP levels. Studies 
have suggested that ARDS subphenotypes may respond differently to 
PEEP, highlighting the need for an individualized approach in PEEP 
settings to improve outcomes [34,35].

With regard to differences between pulmonary and extrapulmonary 
ARDS, there was an interaction between ΔP and ARDS subphenotype on 
60-day mortality, with ΔP showing a stronger association in pulmonary 
ARDS compared with extrapulmonary ARDS. This finding may be 
explained by the differing pathophysiology of ARDS subphenotypes. 
Pulmonary ARDS is typically characterized by more focal, consolidated, 
and less recruitable lung injury with predominant alveolar epithelial 
injury and inflammation, making the lungs potentially more susceptible 
to additional damage from higher airway pressures. In contrast, in 
extrapulmonary ARDS there is an increase in endothelial dysfunction 
and systemic inflammation, resulting in a more diffuse injury pattern, 
potentially making the lung tissue less sensitive to ventilatory pressures 
and recruitment strategies [8,34,36]. No interaction was found between 
ARDS subphenotype and RR or VT. Our findings regarding differences in 
survival across individual ARDS causes are consistent with previous 
studies. In particular, causes such as sepsis, and pancreatitis have been 
associated with higher mortality rates, whereas trauma-related ARDS is 
associated with more favorable outcomes [5,37]. However, when these 
risk factors were grouped into pulmonary versus extrapulmonary cate
gories, overall survival did not differ between these two subphenotypes 
in our cohort. Prior work has also reported no mortality differences 
between pulmonary and extrapulmonary ARDS [38]. These findings 
suggest that such a classification may not adequately reflect the un
derlying prognostic differences among ARDS risk factors and could 
overlook clinically relevant heterogeneity [8,39].

Our analysis has several limitations. First, since the database was 
derived from observational studies, our findings can only imply associ
ations rather than causation. Second, the willingness of certain hospitals 
in the original studies to share data may have led to selection bias, 
resulting in the inclusion of ICUs with a specific interest in invasive 
ventilation and ARDS management. Third, while we classified 
ventilator-related variables as potentially modifiable, it is important to 
acknowledge that non-modifiable factors, such as disease severity, also 
partly influence ventilator settings. Fourth, there is a temporal gap be
tween the cohorts, with the majority of included patients from the 
COVID-19 pandemic, which may have influenced clinical decisions. 
Nevertheless, previous studies have shown mortality not to be different 
between ARDS patients from COVID-19 and non-COVID-19 ARDS 
[40,41]. Fifth, we used maximum airway pressure in pressure-controlled 
assist mode to calculate ΔP as a surrogate for the plateau pressure, 
although this was only done when there was no proof of spontaneous 
breathing efforts to minimize erroneous measurements. However, we 
cannot rule out the possibility that some patients with spontaneous 
breathing were included, which may have led to an underestimation of 
driving pressure and could affect the ΔP-PEEP interplay. Last, the 
thresholds used for ventilatory variables were based on previously 
published studies and may not represent true physiological cut-offs. The 
relationship between ventilatory variables and outcomes likely follows a 
continuous scale rather than discrete cut-off values. Consequently, 
ventilatory variables were included as continuous variables in our 
multivariate analysis and showed similar results.

In conclusion, the present secondary pooled analysis from six large 
prospective observational studies on mechanical ventilation, un
derscores that ΔP is a potentially modifiable factor associated with 60- 
day mortality in patients with pulmonary and extrapulmonary ARDS. 
The interaction between ARDS subphenotype ΔP and highlights the 
importance of a personalized approach in mechanical ventilation. While 
RR was also associated with mortality in the overall cohort, it should be 
noted that RR may primarily reflect disease severity and ventilatory 
demand rather than representing a truly modifiable factor. By opti
mizing ventilatory variables, ventilation management can be better 

Fig. 4. Mediation analysis of the relationship between driving pressure ΔP and 
60-day mortality.
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tailored to individual patient needs, ultimately improving outcomes in 
ARDS patients.

Accountability and author declaration

The authors confirm that the manuscript represents valid work, that 
all authors have contributed to the research and writing, and that they 
agree to be held accountable for the accuracy and integrity of the entire 
work.

Author contribution

All authors have approved the final manuscript and are responsible 
for the integrity and accuracy of the work.

CRediT authorship contribution statement

Galina Dorland: Writing – original draft, Methodology, Formal 
analysis, Data curation, Conceptualization. Siebe G. Blok: Writing – 
original draft. Pien Swart: Writing – original draft. Fleur-Stefanie L.I. 
M. van der Ven: Writing – original draft. M.W. Hollmann: Writing – 
original draft, Supervision. Luciano C. Azevedo: Writing – original 
draft. Giacomo Bellani: Writing – original draft. Michela Botta: 
Writing – original draft. Elisa Estenssoro: Writing – original draft. Eddy 
Fan: Writing – original draft. Juliana Carvalho Ferreira: Writing – 
original draft. John G. Laffey: Writing – original draft. Ignacio Martin- 
Loeches: Writing – original draft. Ana Motos: Writing – original draft. 
Tai Pham: Writing – original draft. Oscar Peñuelas: Writing – original 
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