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kidney injury development in patients 
with COVID‑19‑associated acute respiratory 
distress syndrome: an ancillary analysis 
of the COVID‑ICU study
Léo Poirot1, Lionel Tchatat Wangueu2, Isaure Breteau3, Matthieu Petit4, Matthieu Schmidt5, 
Florent Bavozet1* and COVID ICU Group on behalf of the REVA Network and the COVID-ICU Investigators 

Abstract 

Background  Acute Kidney Injury (AKI) is common in patients admitted to the intensive care unit (ICU) for severe 
SARS-CoV-2 pneumonia and is associated with a worse prognosis. Mechanical ventilation has been identified as a risk 
factor for renal damage in COVID-19. However, few studies have examined the specific ventilatory settings involved. 
We hypothesized that positive end-expiratory pressure (PEEP) may contribute to the onset of AKI. Our primary 
objective was to assess the relationship between PEEP levels and the development of AKI in critically ill patients 
with COVID-19-related ARDS.

Methods  We conducted an ancillary analysis of the international, prospective, multicenter COVID-ICU study, which 
included 4244 COVID-19 ICU patients across 149 intensive care units. For our study, only patients who underwent 
mechanical ventilation for at least 48 h and had normal renal function before intubation were included. The primary 
outcome was AKI, defined according to Kidney Disease Improving Global Outcomes (KDIGO) criteria. A multivariable 
logistic regression model was used to evaluate the association between PEEP levels and the development of AKI 
(KDIGO score > 1).

Results  A total of 1,066 patients were included in the analysis. Among them, 510 (48%) developed AKI within the first 
5 days after intubation. After multivariable adjustment, higher daily mean PEEP levels, averaged over the first 3 days 
of mechanical ventilation and treated as a continuous variable, were independently associated with the development 
of AKI (odds ratio [OR] 1.10; 95% confidence interval [CI] 1.05–1.16). A PEEP level exceeding 15.2 cmH2O was signifi-
cantly associated with the occurrence of AKI.
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Background
Coronavirus disease 2019 (COVID-19) profoundly 
impacted ICUs worldwide between 2020 and 2021, 
mainly through its severe form characterized by acute 
respiratory distress syndrome (ARDS) [1]. Acute kid-
ney injury (AKI) is the most frequent organ failure 
associated with ARDS, occuring in 30–40% of patients 
[2] and in more than 50% of those with COVID-19 [3]. 
The onset of renal dysfunction is a well-established risk 
factor for mortality in ARDS, whether linked to SARS-
CoV-2 [4] or not [2]. Moreover, AKI contributes to 
greater morbidity by prolonging mechanical ventilation 
[2], extending ICU and hospital stays, and increasing 
the risk of chronic kidney disease and end-stage renal 
disease [5].

The pathophysiology of renal damage in ARDS 
remains incompletely understood [3]. Several stud-
ies have identified mechanical ventilation as an inde-
pendent risk factor for AKI in ARDS [6], particularly in 
COVID-19 cases [7]. PEEP may contribute to renal dys-
function through hemodynamics mechanisms: elevated 
intrathoracic pressure can reduce venous return and 
cardiac output [3, 8, 9] while increased transpulmo-
nary pressure may raise pulmonary vascular resistance 
and right-ventricular afterload [8, 10], promote venous 
congestion, and lower renal perfusion pressure [11]. In 
parallel, neurohormonal activation [12] and systemic 
inflammation [13] may disturb renal physiology.

Despite these pathophysiological concerns, PEEP 
also provides pulmonary benefits, including alveolar 
recruitment (counteracting derecruitment induced by 
low tidal volume protective ventilation), improved oxy-
genation and lung mechanics [14], and reduced cyclic 
opening/closing (atelectrauma) [15]. These benefits 
form the rationale for high-PEEP strategies in ARDS 
and may partly offset the potential risk of renal dys-
function. However, as highlighted by Gattinoni and 
Grasselli [16, 17], COVID-19–related ARDS shows 
marked heterogeneity in respiratory mechanics, with 
a non-negligible subset of patients retaining respir-
atory-system compliance > 50  mL·cmH2O⁻1 despite 
severe hypoxemia. In these less-recruitable pheno-
types, increasing PEEP may provide limited ventilatory 
benefit while imposing greater hemodynamic burden 
and, potentially, harmful inflammatory effects [18]. A 

few small observational studies in COVID-19 reported 
inconsistent associations between PEEP and renal func-
tion [19–22].

We therefore hypothesized that higher PEEP levels 
may have a deleterious effect on renal function. The pri-
mary objective of this study was to determine whether 
PEEP levels were associated with the occurrence of AKI 
in patients with COVID-19–related ARDS. The sec-
ondary objectives were (i) to identify factors associated 
with 28-day mortality, and (ii) to perform a sensitiv-
ity analysis of the association between PEEP and AKI 
restricted to KDIGO stage 2–3, which are less prone to 
misclassification.

Methods
Study design, data source and patients
This study is an ancillary analysis of the COVID-ICU 
cohort [23], conducted between February 25, 2020 and 
May 4, 2020 during the first wave of the COVID-19 pan-
demic. The COVID-ICU cohort is a multicenter, pro-
spective study conducted across 149 intensive care units 
(ICUs) in 138 hospitals across 3 countries (France, Swit-
zerland and Belgium). It includes 4,244 patients aged over 
16 years admitted to the ICU with laboratory-confirmed 
SARS-CoV-2 infection.

In this analysis, Day 1 was defined as the first day of 
mechanical ventilation for each patient. Only those 
requiring invasive mechanical ventilation for at least 48 h 
were included. Exclusion criteria comprised: patients 
who had received RRT or extracorporeal membrane oxy-
genation (ECMO) on Day 1 or earlier; those without daily 
PEEP values during the first 3 days of mechanical ventila-
tion; patients mechanically ventilated for more than 24 h 
before ICU admission; those without creatinine data on 
Day 1; patients with chronic kidney disease; and those 
with renal dysfunction as indicated by the Sequential 
Organ Failure Assessment (SOFA) score on Day 1.

Case definition
Renal function was assessed using the KDIGO classifica-
tion [24] based solely on biological and RRT criteria, as 
daily urine output and prior creatinine values were not 
collected. Baseline creatinine was estimated, in accord-
ance with guidelines [24], by back-calculation [25] of the 
Modification of Diet in Renal Disease (MDRD) formula, 

Conclusion  In patients with COVID-19-related ARDS patients, higher PEEP levels within the first 5 days after intuba-
tion were independently associated with AKI. These findings underscore the importance of ventilatory strategies 
to balance oxygenation and kidney protection.

Keywords  Acute kidney injury, Positive end-expiratory pressure, Mechanical ventilation, COVID-19, Acute respiratory 
distress syndrome



Page 3 of 15Poirot et al. Journal of Intensive Care           (2025) 13:59 	

assuming a baseline glomerular filtration rate (GFR) 
of 75  ml/min/1.73  m2 for patients without chronic kid-
ney disease (CKD). The maximum creatinine value and/
or the use of RRT within the first 5 days following intu-
bation (i.e., from Day 2 to Day 6) were used to define 
patients into two groups, using the KDIGO criteria for 
AKI: those who developed AKI within the first 5 days fol-
lowing intubation, and those who retained normal renal 
function. Patients who died before Day 6 without meet-
ing KDIGO criteria for AKI were classified as not hav-
ing AKI. The severity of renal dysfunction was further 
categorized according to the KDIGO stages. The severity 
of ARDS was assessed using the PaO2/FiO2 ratio and the 
Berlin criteria [1]. Ventilator-free days were calculated by 
taking into account the date of intubation and the date 
of successful extubation, excluding periods of temporary 
weaning. In the case of death within 28 days, the patient 
was considered to have no ventilator-free days.

Outcomes
The primary outcome was the occurrence of acute kid-
ney injury (AKI) within the first 5 days following intuba-
tion, defined according to the KDIGO classification (any 
stage ≥ 1). Secondary outcomes included: (i) 28-day mor-
tality, evaluated using a multivariable logistic regression 
model with prespecified adjustment covariates; (ii) a sen-
sitivity analysis, in which AKI was redefined as KDIGO 
stage 2–3 only, as these stages are less prone to diagnostic 
uncertainty. This allowed us to test the robustness of the 
observed association between PEEP and renal outcomes.

Data collection
All data were recorded daily at 10 a.m. by the study inves-
tigators using a standardized electronic form. Patient 
characteristics collected at ICU admission included sex, 
age, ethnicity, body mass index (BMI), active smoking 
status, Simplified Acute Physiology Score II (SAPS II), 
Sequential Organ Failure Assessment (SOFA) score, bac-
terial co-infection, and comorbidities, including chronic 
kidney disease. Ventilator settings (FiO2, tidal volume, 
total PEEP, plateau pressure, and PaO2/FiO2 ratio); res-
piratory biomarkers (arterial blood gases, lactate levels); 
hemodynamic parameters (cumulative fluid balance, 
number of days on vasopressors, presence of right ven-
tricular dysfunction) and rescue therapies (number of 
days in prone positioning and on inhaled nitric oxide) 
were collected and averaged across Days 1–3. Prognos-
tic data included ARDS severity on Day 1, renal function 
and/or use of renal replacement therapy within the first 
5  days, 28-day mortality, ventilator-free days, and ICU 
length of stay.

Ethical approval
The ethics committees of Switzerland (BASEC #: 2020-
00704), the French Intensive Care Society (CE-SRLF 
20–23), and Belgium (2020-294) approved the data 
collection protocol. Written informed consent was 
obtained from all participants before their inclusion in 
the study.

Statistical analysis
Data imputation
To account for missing values, we performed multiple 
imputation using the Multiple Imputation by Chained 
Equations (MICE) algorithm. This approach generates 
multiple plausible datasets by imputing missing data 
based on observed values while incorporating uncer-
tainty through iterative regression modeling. Predictive 
mean matching (PMM) was used for continuous varia-
bles, and logistic or polytomous regression was applied 
for categorical variables. We generated five imputed 
datasets, a number commonly used in clinical research 
and adequate given moderate proportion of missing 
data. Although a larger number of imputations (e.g., 20) 
may further reduce Monte Carlo error, the results were 
stable across imputations, and combining five datasets 
using Rubin’s rules ensured valid statistical inference.

Multivariable logistic regression for acute kidney injury
A multivariable logistic regression model was con-
structed to identify factors associated with the devel-
opment of acute kidney injury (AKI). The explanatory 
variables were selected a priori based on clinical rele-
vance and previous literature [3, 26–28] and included: 
(i) Demographics (age, sex, body mass index); (ii) 
Comorbidities notably cardiovascular history (hyper-
tension, ischemic heart disease, congestive heart failure 
or diabetes); (iii) Organ support and severity markers 
during the first 3  days (PEEP, vasopressor use, lactate, 
tidal volume per predicted body weight, PaO₂/FiO₂ 
ratio, driving pressure (ΔP), and Fluid balance).

Multivariable logistic regression for 28‑day mortality
A second logistic regression model was built with 
28-day mortality as the dependent variable. Adjust-
ment covariates included: PEEP (day 1–3), age, sex, 
BMI, cardiovascular history, vasopressor use (day 1–3), 
initial ARDS severity, and the presence of AKI (within 
the first 5  days following intubation). Nonlinear asso-
ciations with PEEP were similarly tested and visualized 
using restricted cubic splines.
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Assessment of linearity and nonlinear modeling and visual 
representation of nonlinear effects
The linearity assumption of PEEP in the logit scale was 
formally evaluated in the multivariable logistic regres-
sion models for both acute kidney injury and 28-day 
mortality. Model fit was assessed by comparing linear 
and spline-based specifications using likelihood ratio 
tests, the Akaike Information Criterion (AIC), and the 
Bayesian Information Criterion (BIC). To illustrate the 
nonlinear effect of PEEP, adjusted odds ratios (ORs) 
with 95% confidence intervals were estimated across 
the full range of PEEP values based on spline-predicted 
models. For graphical representation, all other covari-
ates were fixed at their median (continuous variables) 
or most frequent category (categorical variables). The 
threshold was defined as the PEEP level at which the 
lower bound of the 95% confidence interval for the 
adjusted odds ratio exceeded 1, indicating a statisti-
cally significant increase in AKI or 28-day mortality.

Sensitivity analysis using severe AKI definition
To minimize potential misclassification bias related 
to mild AKI, a sensitivity analysis was conducted by 
restricting the AKI definition to KDIGO stages 2–3. 
The multivariable logistic regression was rerun with 
this outcome definition.

Sensitivity analysis excluding patients dying early 
after intubation
To ensure that our classification of patients who died 
within 5 days after intubation as not having acute kidney 
injury did not introduce bias, we performed a sensitivity 
analysis restricted to patients who survived at least 5 days 
after intubation. The multivariable logistic regression was 
then repeated with this revised outcome definition.

Software and data representation
Continuous variables are expressed as mean (standard 
deviation), while categorical variables are presented as 
numbers (percentages). Group comparisons were per-
formed using the Student’s t-test for continuous variables 
and the Chi-square test for categorical variables. All anal-
yses were performed using R v.4.3.0.

Results
Study population
Of 3583 patients ventilated for at least 48 h, 1066 met the 
inclusion criteria (Fig. 1).

Patients were predominantly male (73%), overweight 
(mean BMI 29 ± 6), with a mean age of 61 ± 12 years. The 
most common comorbidity was hypertension (Table 1).

Acute kidney injury: incidence, morbidity and mortality
Of the 1066 patients, 510 (48%) developed acute kidney 
injury within the first 5  days after intubation. Diabetes 
was more prevalent in the AKI group (26 vs 20% in the 
non-AKI group, p = 0.037) (Table 1). The majority (61%) 

Fig. 1  Flow chart
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Table 1  Characteristics at admission

The data are presented in numbers and percentages (%) or as mean ± standard deviation

AKI acute kidney injury failure, BMI body mass index, COPD chronic obstructive pulmonary disease, SAPS II simplified acute physiology score II
a includes: long-term immunosuppressive medications and/or corticosteroids, HIV infection, solid organ transplantation, active solid or hematological cancer

Total population With AKI (n = 510) Without AKI (n = 556) p value

Age 61 ± 12 62 ± 12 61 ± 12 0.307

Male sex 780 (73) 369 (72) 411 (74) 0.611

BMI 29 ± 6 29 ± 6 29 ± 6 0.927

SAPS II 40 ± 15 41 ± 16 39 ± 15 0.029

No antecedents 217 (20) 93 (18) 124 (22) 0.116

Active smoking 29 (3) 15 (3) 14 (3) 0.814

Respiratory history 202 (19) 106 (21) 96 (17) 0.166

 COPD 53 (5) 27 (5) 26 (5) 0.747

 Asthma 76 (7) 40 (8) 36 (6) 0.454

Cardiovascular history 586 (55) 288 (56) 298 (54) 0.379

 Hypertension 454 (43) 230 (45) 224 (40) 0.127

 Ischemic heart disease 95 (9) 42 (8) 53 (9) 0.525

 Congestive heart failure 22 (2) 14 (3) 9 (2) 0.292

 Diabetes 249 (23) 134 (26) 115 (20) 0.037

Immunodepressiona 91 (9) 49 (10) 42 (8) 0.276

Bacterial co-infection 62 (6) 28 (6) 34 (6) 0.761

Table 2  Prognosis and severity of acute kidney injury

Data are presented in numbers and percentages (%) or mean ± standard deviation

AKI acute kidney injury, ARDS acute respiratory distress syndrome, ICU Intensive Care Unit, MV mechanical ventilation, RRT​ renal replacement therapy
a according to Berlin criteria
b calculated with static compliance = tidal volume / driving pressure
c calculated using the formula:Baseline creatinine in mg/l = 75/(186× âge

−0.203
× 0.742iffemalesex × 1.21ifAfro− Americanorigin)

−0887

d 31 lost to follow-up not included in this table
e time between date of intubation and last successful extubation

Total population With AKI (n = 510) Without AKI (n = 556) p value

Initial severity of ARDS at day 1a 0.069

 Mild 304 (29) 140 (28) 164 (30) –

 Moderate 475 (45) 216 (42) 259 (47) –

 Severe 287 (27) 154 (30) 133 (24) –

Tidal volume, ml/kg of IBW at day 1 6 (1) 6 (1) 6 (1) 0.644

Static compliance, ml/cmH20 at day 1b 36 (18) 36 (17) 36 (19) 0.838

Kidney function:

 Basal creatininec 54 ± 15 53 ± 17 55 ± 14 0.105

 Severity of AKI from day 2 to 6

 KDIGO 1 314 (29) 314 (61) – –

 KDIGO 2 98 (9) 98 (19) – –

 KDIGO 3 98 (9) 98 (19) – –

 RRT from day 2 to 6 54 (5) 54 (10) – –

Prognosis:

 Mortality at 28 dayd 252 (24) 144 (28) 108 (19) 0.001

 Ventilator-free dayse 10 ± 9 7 ± 8 12 ± 9  < 0.001

 ICU length of stay 26 ± 18 30 ± 18 24 ± 18  < 0.001
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of AKI cases remained at KDIGO stage 1, while 19% pro-
gressed to stage 3, and 10% required RRT. Patients with 
AKI had higher 28-day mortality (28% vs. 19%, p = 0.001), 
a longer ICU stay (30 ± 18 vs. 24 ± 18 days, p < 0.001), and 
fewer ventilator-free days (7 ± 8 vs. 12 ± 9, p < 0.001) com-
pared to those without AKI (Table 2).

Respiratory and hemodynamic parameters
Compared to patients without AKI, PEEP was signifi-
cantly higher in the AKI group (11.4 ± 2.7 vs 10.8 ± 2.6 
cmH2O, p < 0.001). Static lung compliance was simi-
lar in both groups (36.7 ± 17.4 vs 37.6 ± 18.4  ml/
cmH2O, p = 0.413) while pH was lower (7.39 ± 0.06 vs 
7.40 ± 0.05, p < 0.001) and lactate was higher (1.6 ± 0.9 
vs 1.4 ± 0.7 mmol/L, p < 0.001) in the AKI group. From a 
hemodynamic perspective, patients with AKI required 
more days on vasopressors (1.8 ± 1.2 vs 1.6 ± 1.2  days, 
p < 0.03) (Table 3).

Risk factors associated with acute kidney injury
After adjusting for confounding factors, PEEP was 
significantly associated with the development of AKI 
within the first 5 days following intubation (odds ratio 
[OR] 1.10; 95% confidence interval [95% CI] 1.05–1.16). 
The elevated lactate levels (OR 1.47; 95% CI 1.19–1.87) 
and ΔP (OR 1.03; 95% CI 1.00–1.07) were also signifi-
cantly associated with AKI (Fig. 2).

Risk factors associated with mortality at 28 days
In a multivariable analysis adjusted for mortality risk 
factors, the level of PEEP was not associated with 
28-day mortality (OR 1.00; 95% CI 0.94–1.06). However, 
the occurrence of AKI within the first 5 days following 
intubation was associated with increased mortality at 
28 days (OR 1.55; 95% CI 1.16–2.09), as well as the age 
(OR 1.04; 95% CI 1.02–1.05) and a “severe” ARDS at 
day 1 (OR 1.63; 95% CI 1.11–2.40) (Fig. 3).

Assessment of linearity and nonlinear modeling and visual 
representation of nonlinear effects
In the analysis of risks factors associated with AKI, the 
linear logistic regression model provided the best bal-
ance between fit and parsimony, with lower AIC (1453 
vs. 1465) and BIC (1513 vs. 1605) values, although the 
spline model achieved a slightly higher log-likelihood 
(− 704 vs. − 715). However, the spline-based graphi-
cal representation suggested that beyond a PEEP level 
of 15.2 cmH₂O, there was a significant association 
between higher PEEP exposure and the occurrence of 
AKI (Fig. 4). For 28-day mortality, the linear model was 
again favored over the spline model, with lower AIC 
(1128.9 vs. 1130.4) and BIC (1178.6 vs. 1209.9), despite 
a marginally higher log-likelihood for the spline model 
(− 549 vs. − 554). Unlike in the AKI analysis, spline-
based graphical representation did not show any signif-
icant association between PEEP exposure and mortality 
(Fig. 5).

Sensitivity analysis using severe AKI definition
When AKI was defined as KDIGO stage 2 or 3 and mod-
els were adjusted for confounding factors, PEEP was 
associated with the development of AKI, although this 
association did not reach statistical significance (odds 
ratio [OR] 1.06; 95% confidence interval [CI], 1.00–1.13) 
(Supplementary Fig. 1). Likewise, the spline-based graph-
ical analysis indicated an increased risk of AKI with 
higher PEEP levels, but without identifying a significant 
threshold (Supplementary Fig.  2). In contrast, elevated 
lactate levels (OR 1.19; 95% CI 1.01–1.42) and increased 

Table 3  Mean respiratory and hemodynamic parameters from 
day 1 to day 3

Data are presented as mean ± standard deviation or numbers and percentages 
(%)

AKI acute kidney injury, PEEP positive expiratory pressure, IBW ideal body weight, 
PaO2/FiO2 arterial partial pressure of oxygen on fraction inspired in oxygen, 
PaCO2 arterial partial pressure of carbon dioxide, PP prone position, NO inhaled 
nitric oxide, RV right ventricle
a  calculated with driving pressure = plateau pressure—total PEEP
b  calculated with static compliance = tidal volume/driving pressure
c  a Student’s t test has been performed here
d  if trans-thoracic ultrasound was performed

With AKI Without AKI p value

Respiratory parameters

 PEEP, cmH20 11.4 ± 2.7 10.8 ± 2.6  < 0.001

 Tidal volume, ml/kg of IBW 6.4 ± 1.2 6.3 ± 0.9 0.387

 Plateau pressure, cmH20 24.4 ± 4.3 23.8 ± 34.2 0.021

 Driving pressure, cmH20a 13.1 ± 4.0 12. ± 3.8 0.097

 Static compliance, ml/cmH20b 36.7 ± 17.4 37.6 ± 18.4 0.413

Blood gases

 PaO2/FiO2 176 ± 66 180 ± 67 0.255

 pH 7.39 ± 0.06 7.40 ± 0.05  < 0.001

 PaCO2, mmHg 45.0 ± 10.0 44.3 ± 8.3 0.169

 Bicarbonates, mmol/l 26.3 ± 3.6 26.9 ± 3.3 0.002c

 Lactate, mmol/l 1.6 ± 0.9 1.4 ± 0.7  < 0.001

Rescue therapy

 Number of days in PP 0.8 ± 0.9 0.7 ± 0.9 0.427

 Number of days NO 0.1 ± 0.5 0.1 ± 0.4 0.740

Hemodynamic parameters

 Number of days vasopressorsc 1.8 ± 1.2 1.6 ± 1.2 0.003

 RV dysfunction over 3 days, N 
(%)d

22 (4) 13 (2) 0.102

 24-h fluid balance (ml) 1295 ± 903 1163 ± 768 0.010
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ΔP (OR 1.07; 95% CI 1.03–1.11) were both significantly 
associated with AKI (Supplementary Fig. 1).

Sensitivity analysis excluding patients dying early 
after intubation
When restricting the analysis to patients who survived at 
least 5 days after intubation, PEEP remained statistically 
significantly associated with the development of AKI 
within the first 5 days (odds ratio [OR] 1.11; 95% confi-
dence interval [CI] 1.05–1.16) after adjustment for con-
founders. Elevated lactate levels were also independently 
associated with AKI (OR 1.47; 95% CI 1.18–1.90) (Sup-
plementary Fig.  3). The spline-based graphical analysis 
also indicated that PEEP levels above 14.8 cmH₂O were 
significantly associated with an increased risk of AKI 
(Supplementary Fig. 4).

Discussion
In this ancillary study from a large international cohort 
of critically ill COVID-19 patients, 48% of mechanically 
ventilated patients developed de novo AKI within the 

first 5  days after intubation. Higher PEEP levels during 
the first 72  h were independently associated with AKI 
onset (OR 1.10; 95% CI 1.05–1.16). PEEP > 15.2 cmH₂O 
was significantly associated with increased odds of AKI. 
Elevated lactate levels also associated with renal dys-
function. AKI was independently associated with higher 
28-day mortality (OR 1.55; 95% CI 1.16–2.09), but no sig-
nificant link was found between PEEP levels and mortal-
ity (OR 1.00; 95% CI 0.94–1.06).

PEEP has traditionally been set at a high level in 
patients with ARDS. In our cohort of COVID-19-re-
lated ARDS, mean PEEP levels during the early days of 
mechanical ventilation were 11.4 ± 2.7 cmH2O, reflecting 
standard clinical practice. While three major randomized 
trials have shown that high PEEP enhances oxygena-
tion in ARDS patients [14, 29, 30], none—including our 
study—have demonstrated a mortality benefit. This dis-
crepancy may be due to the underexplored adverse effects 
of high PEEP on extrapulmonary organs.

In this large cohort, after adjustment for multiple con-
founders, each 1 cmH₂O increase in PEEP was associated 

Fig. 2  Multivariable analyse of factors associated with AKI assessed within the first five days following intubation– PEEP in continuous variable
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with a 10% higher odds of AKI. Given the high incidence 
of AKI (48%), odds ratios may overestimate risk ratios; 
thus, our estimates should be interpreted as odds, not 
risk. Using a spline-based graphical representation, we 
found that beyond a PEEP level of 15.2 cmH₂O, the risk 
of developing AKI was significantly increased. Our find-
ings reinforce and extend prior literature on COVID-
19, such as a secondary analysis of a Dutch multicenter 
cohort involving 468 patients [22] and an Italian case–
control study involving 101 patients [19], both of which 
reported an association between PEEP and AKI with 1.5 
to fivefold higher AKI in the high PEEP groups, respec-
tively. Observational studies, including before-and-after 
observational studies [21, 31], have also suggested a posi-
tive relationship between PEEP and AKI. In the context of 
ARDS unrelated to COVID-19, only a retrospective study 
involving 27,248 patients from the MIMIC-III cohort 
[32] has demonstrated a similar association between 
increased PEEP and AKI, with each 1 cmH20 increase in 
PEEP associated with a roughly 1.2-fold increased risk of 
AKI. However, this result contrasts with other large-scale 
observational studies that failed to demonstrate this asso-
ciation in ARDS unrelated to COVID-19 [2, 27, 33].

Several factors may explain this discrepancy between 
COVID-19 and non-COVID-19 ARDS studies. First, 
non-COVID-19 cohorts often include a heterogeneous 

range of ARDS etiologies and phenotypes [34]. Depend-
ing on the phenotype, patients respond differently to 
PEEP in terms of pulmonary recruitability [34–36]. The 
hemodynamic consequences of PEEP are inversely cor-
related with this recruitability [10, 37]. Some patients 
with higher pulmonary recruitability experience little or 
no hemodynamic effects from PEEP. Consequently, the 
association between PEEP and AKI is less pronounced in 
studies involving heterogeneous populations. In the con-
text of COVID-19, although different ARDS phenotypes 
have been described [38], the study populations remain 
relatively homogeneous. Secondly, it has been noted that 
patients with COVID-19-related ARDS tend to have pre-
served pulmonary compliance [16, 17]. This may amplify 
the hemodynamic effects of high PEEP in this popula-
tion as suggested by Grasso et al. [18] potentially leading 
to impaired renal blood flow [39] and reduced oxygen 
delivery to renal tissues [40]. Again according to Grasso 
et Al. [18] high PEEP in the context of preserved com-
pliance could generate greater alveolar overdistension, 
thus increasing the systemic release of inflammatory 
mediators, which also affect renal physiology [13]. How-
ever, our study did not find any significant difference in 
pulmonary compliance between patients with and with-
out AKI. Furthermore, the average compliance (36.6 ml/
cmH20) was consistent with values observed in both 

Fig. 3  Multivariable analyse of factors associated with mortality at day 28
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non-COVID ARDS and other studies involving COVID-
19-related ARDS [41, 42].

From a pathophysiological standpoint, it is noteworthy 
that right ventricular dysfunction, a potential mecha-
nism linking PEEP and AKI in COVID-19, was observed 
less frequently in our cohort (3.2%) compared to non-
COVID-19-related ARDS [43]. This almost certainly 
reflects under-ascertainment due to the lack of system-
atic echocardiographic screening and the limited time 
available during the epidemic surge, rather than a truly 
low prevalence in this critically ill population.

Elevated blood lactate levels were also independent 
predictors of AKI. This finding reflects overall severity of 
illness and have been identified as risk factor for AKI in 
other studies [2, 44]. Consistent with previous reports in 
the literature [4, 23, 26, 45] our analysis also underscores 
that AKI is a strong predictor of increased mortality in 
COVID-19 patients requiring mechanical ventilation.

To our knowledge, this is the first study to establish an 
independent and temporal association between PEEP and 
AKI in COVID-19. We specifically observed the effect of 

PEEP during the first 72 h, as most studies on the topic 
[14, 29, 30]. Additionally, to account for other confound-
ing factors that might arise between the exposure period 
and the occurrence or non-occurrence of AKI, we limited 
the observation of AKI to the period between day 2 and 
day 6. This approach ensured sufficient PEEP exposure 
for the potential development of AKI, while avoiding the 
misclassification of later AKI (after day 6) that is unlikely 
to be physiologically related to early PEEP levels. Thus, 
our study introduces a critical temporal element, which 
is often missing in other observational studies. This find-
ing reinforces the association, as highlighted in previ-
ous editorials [46, 47]. Only Géri et  al. in 2021 [7] have 
conducted a similar analysis with comparable results, 
albeit with a much smaller sample of non-COVID-related 
ARDS.

However, the positive association between PEEP and 
AKI should be interpreted with caution. Interestingly, 
while higher PEEP levels were independently associ-
ated with AKI, and AKI was strongly associated with 
increased 28-day mortality, PEEP itself was not directly 

Fig. 4  Nonlinear graphical depiction of the association between PEEP and AKI
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related to mortality. Although AKI may partially mediate 
the relationship between PEEP and death, we included it 
in the mortality model because of its multifactorial deter-
minants and strong association with mortality, to reduce 
residual confounding. Several explanations may account 
for this apparent paradox. First, the beneficial pulmonary 
effects of higher PEEP on lung mechanics and oxygena-
tion—which may reduce mortality—may have been off-
set by renal adverse effects, yielding a neutral net effect 
on survival. Second, residual confounding by indica-
tion cannot be excluded: patients receiving higher PEEP 
were often those with more severe ARDS, which may 
have masked a direct effect of PEEP on mortality despite 
adjustment. Finally, it should be noted that in our cohort 
the majority of AKI cases were mild (61% at KDIGO stage 
1) and therefore potentially reversible [48]. Such minor 
forms of AKI may increase incidence but not necessarily 
translate into excess mortality [49]. This interpretation is 
further supported by our sensitivity analysis (Supplemen-
tary Fig. 1), which showed that the association between 
higher PEEP levels and AKI was no longer significant 
when restricting the outcome to KDIGO stage 2–3, the 

stages more likely to contribute to excess mortality. Addi-
tionally, insufficient PEEP may lead to significant lung 
derecruitment and atelectasis, increasing pulmonary 
arterial pressure, as demonstrated in both animal models 
[50] and clinical studies [37]. Taken together, these find-
ings highlight the complexity of the relationship between 
PEEP, AKI, and outcomes. Therefore, an individualized 
PEEP and driving pressure strategy is crucial to balance 
its beneficial effects on ventilation while minimizing 
the risk of AKI. Nevertheless, our study highlights the 
importance of individualized monitoring and adjustment 
of driving pressure to reduce the risk of severe AKI in 
certain patients. While PEEP represents the applied end-
expiratory pressure, ΔP directly reflects the interaction 
between tidal volume and respiratory system compliance. 
As previously demonstrated, driving pressure is a more 
accurate marker of lung stress and strain than PEEP, par-
ticularly in patients with reduced compliance and high 
mortality risk [51–53]. In our cohort, the association of 
ΔP—but not PEEP—with severe AKI (KDIGO stage 2–3) 
suggests that ΔP is likely a better indicator of injurious 
mechanical load on renal function in these patients.

Fig. 5  Nonlinear graphical depiction of the association between PEEP and mortality at day 28
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Our study has several limitations that must be under-
lined. First, being an observational study causality can-
not be conclusively established. Second, the large sample 
size and high clinical activity during the COVID-19 crisis 
led to missing data, which may have obscured additional 
confounding factors. Although data imputation methods 
were employed, these limitations should be considered. 
Despite prespecified adjustment for clinically relevant 
covariates, our multivariable logistic regression can-
not account for unmeasured or unknown confounders. 
In addition, to minimize overadjustment and multicol-
linearity, we deliberately did not include pairs of closely 
related ventilatory variables in the same model (e.g., driv-
ing pressure and plateau pressure or PaO2/FiO2 ratio; 
vasopressors use and SOFA score), opting instead for a 
parsimonious specification centered on PEEP with core 
mechanics surrogates. This approach reduces variance 
inflation but may leave residual confounding by venti-
latory mechanics or hemodynamic factors. Third, the 
mortality rate in our cohort (23%) was lower than that 
reported in the original COVID-ICU study or in the large 
"Lung Safe" study [54] partly to the exclusion of patients 
on ECMO, those with chronic kidney disease or with 
pre-existing renal dysfunction. These exclusions were 
made to focus on de novo AKI and to limit confounding 
factors. While this approach improves internal validity 
for the specific question of AKI, it may have introduced 
selection bias and therefore limits the generalizability of 
our findings. In particular, by excluding patients at high-
est baseline risk for both severe ARDS and AKI, it is plau-
sible that the association we observed between PEEP and 
AKI actually underestimates the true effect in a broader, 
more heterogeneous ICU population. Consequently, the 
reported odds ratios should be interpreted as applying to 
a selected population without baseline renal dysfunction; 
extrapolation to all mechanically ventilated ICU patients 
should be done with caution.

Fourth, baseline creatinine was imputed using the 
MDRD back-calculation method, which, although vali-
dated [25], remains controversial and may have overes-
timated AKI incidence by about 10% [55]. Conversely, 
the non-use of the urine output criterion in the KDIGO 
classification, although also validated [56], may under-
estimate the incidence of AKI by approximately 15% [3, 
57]. This bidirectional misclassification is particularly rel-
evant for KDIGO stage 1 AKI, where small variations in 
creatinine or urine output largely drive classification. As 
a result, some patients may have been incorrectly classi-
fied as having or not having mild AKI, introducing uncer-
tainty into the precise incidence of AKI. When restricting 
the outcome definition to more severe forms of AKI 
(KDIGO stages 2 and 3 only), which are less subject to 
misclassification, the association between higher PEEP 

levels and AKI was no longer statistically significant 
(Supplementary Fig.  1). This finding further underlines 
the severe limitation related to potential misclassifica-
tion. However, this result should be interpreted with cau-
tion, as the sensitivity analysis was underpowered due to 
the relatively small number of patients who developed 
severe AKI: n = 196 (38.4%). Fifth, classifying patients 
who died within 5  days after intubation as not having 
AKI may have introduced a misclassification bias. To 
address this concern, we performed a sensitivity analysis 
restricted to patients who survived at least 5 days, which 
produced results in line with the main analysis. These 
consistent findings support our methodological choice, 
as it minimizes the risk of overestimating the incidence 
of AKI.

Finally, only one daily PEEP measurement was recorded 
at 10 am and averaged over the first 3 days. Since PEEP 
is frequently adjusted throughout the day in response to 
oxygenation, hemodynamics, or prone positioning, this 
snapshot may not fully capture cumulative PEEP expo-
sure over 72 h. This limitation may have introduced bias 
in the assessment of exposure. More dynamic or continu-
ous PEEP measurements would be preferable to better 
capture the true exposure.

Conclusion
Our findings indicate that higher PEEP levels are inde-
pendently associated with AKI in patients with COVID-
19–related ARDS. This highlights the need for clinicians 
to carefully balance the renal risks of elevated PEEP 
against its benefits for oxygenation. Prospective clini-
cal trials are now required to validate these results and 
to establish evidence-based recommendations for PEEP 
management in COVID-19-related ARDS.
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