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Abstract

mortality in ARDS patients.

Purpose: The development of acute kidney injury (AKI) after the acute respiratory distress syndrome (ARDS) reduces
the chance of organ recovery and survival. The purpose of this study was to examine the AKl rate and attributable

Methods: We performed an individual patient-data analysis including 10 multicenter randomized controlled trials
conducted over 20 years. We employed a Super Learner ensemble technique, including a time-dependent analysis, to
estimate the adjusted risk of AKI. We calculated the mortality attributable to AKI using an inverse probability of treat-
ment weighting estimator integrated with the Super Learner.

Results: There were 5148 patients included in this study. The overall incidence of AKl was 43.7% (n=2251). The
adjusted risk of AKI ranged from 38.8% (95% confidence interval [Cl], 35.7 to 41.9%) in ARMA, to 55.8% in ROSE (95%
Cl, 51.9 to 59.6%). 37.1% recovered rapidly from AKI, with a significantly lower recovery rate in recent trials (P <0.001).
The 90-day excess in mortality attributable to AKI was 15.4% (95% Cl, 12.8 to 17.9%). It decreased from 25.4% in
ARMA (95% Cl, 18.7 to 32%), to 11.8% in FACTT (95% Cl, 5.5 to 18%) and then remained rather stable over time. The
90-day overall excess in mortality attributable to acute kidney disease was 28.4% (95% Cl, 25.3 to 31.5%).

Conclusions: The incidence of AKl appears to be stable over time in patients with ARDS enrolled in randomized
trials. The development of AKI remains a significant contributing factor to mortality. These estimates are essential for
designing future clinical trials for AKI prevention or treatment.

Keywords: Acute kidney injury, Acute respiratory distress syndrome, Attributable mortality, Predictive enrichment
.

Introduction

Acute kidney injury (AKI) is a common complication of
critical illness, including acute respiratory distress syn-
drome (ARDS) [1]. Mortality is higher in patients with
ARDS who develop AKI [2, 3].
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Mortality directly attributable to ARDS has been
reported to be between 21% and 38% [4], suggesting an
important contribution from other factors, most likely
comorbidities, and extra-pulmonary organ injury. The
attributable mortality from AKI in ARDS patients has
however not been reported.

Strategies to prevent new episodes of AKI or improve
recovery from AKI therefore carry the promise to
decrease mortality in patients with ARDS [5]. Designing
trials to prevent or treat ARDS-associated AKI requires a
good understanding of both the incidence and attribut-
able mortality of AKI in this population.
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An accurate estimate of the attributable mortality of
AKI is mandatory when calculating the effect size of an
intervention targeting AKI In other words, calculating
a sample size on the overall mortality of ARDS with an
intervention targeting AKI would likely overestimate the
effect size of the intervention and decrease the power of
the trial relative to the attributable mortality of AKI [6].

Therefore, the objective of this study is to assess the
incidence of AKI and estimate the attributable mortal-
ity from AKI in the population of patients with ARDS,
using prospectively collected data from clinical trials over
20 years.

Materials and methods

Study population

We performed a secondary individual patient-data
analysis including subjects enrolled in 10 multicenter
randomized controlled trials conducted by the ARDS
Network and the Prevention and Early Treatment of
Acute Lung Injury Network. These trials investigated
various supportive and pharmacological interventions for
ARDS patients, supplementary Table 1 [7-16].

Because some trials employed a factorial design, this
analysis incorporated participants from KARMA [8]
and LARMA [9] into ARMA [7], and participants from
OMEGA [13] into EDEN [14]. The LASRS trial [17] was
excluded due to its enrollment of patients with persistent
ARDS, which exceeded the timeline of our primary out-
come. The patients with end-stage renal disease, defined
as chronic maintenance dialysis requirements, were
excluded.

Declarations

Each trial received approval from the local (ARDS Net-
work) or central (PETAL) Institutional Review Board,
and informed consent was obtained or waived.

Access to the data was authorized via the Biologic
Specimen and Data Repository Information Coordi-
nating Center, under the National Heart, Lung, and
Blood Institute. Because the data was provided in a de-
identified format and the observational nature of this
investigation implied no risk exposure for the subjects,
the Institutional Review Board at the University of Cali-
fornia San Francisco deemed this study exempt from
review (Certification #23-38490). Data from each of the
included Randomized Controlled Trials is accessible by
submitting an application to the Biologic Specimen and
Data Repository Information Coordinating Center as per
their data sharing policies.

Take-home message

This individual-patient analysis of randomized controlled trials
shows that the adjusted risk of acute kidney injury (AKI) in patients
with acute respiratory distress syndrome ranged from 38.8% to
55.8%, with a significantly lower recovery rate in recent trials.
The 90-day excess in mortality attributable to AKI was 15.4% and
remained rather stable over time after.

Variables definitions

Demographic data

We report age, sex, comorbidities, and primary risk fac-
tors for ARDS at randomization. Malignancy was defined
as the presence of a solid tumor, non-Hodgkin lym-
phoma, or leukemia. Baseline data were collected captur-
ing the most recent values at enrollment.

Potential chronic kidney disease at baseline

Baseline serum creatinine was established as the lowest
among the measurements obtained during the 24 h pre-
ceding randomization or, if not available, before initiating
study procedures.

The glomerular filtration rate (GFR) was estimated per
the 2021 CKD-EPI formula, without the race variable
[18]. A patient was defined as having potential chronic
kidney disease (CKD) at baseline when GFR<60 ml/
kg/1.73 m.?

Respiratory system and mechanical ventilation

We report tidal volume, positive end-expiratory pressure
(PEEP), plateau end-inspiratory airway pressure (Pplat),
inspired fraction of oxygen (FiO,), and arterial oxygen
partial pressure (PaO,) at baseline. The driving pressure
was calculated as the difference between Pplat and PEEP.
The compliance of the respiratory system was calculated
as the ratio of tidal volume to driving pressure. The ven-
tilatory ratio was calculated as [minute ventilation (mL/
min) x arterial CO, partial pressure (mmHg)] / (pre-
dicted body weight x 100 x 37.5) [19].

ARDS severity was defined per the Berlin definition
[20] and the New Global Definition [21]: mild ARDS
when PaO,/FiO, ratio<300 mmHg and PaO,/FiO,
ratio>200 mmHg; moderate ARDS when PaO,/ FiO,
ratio <200 mmHg and PaO,/FiO, ratio>100 mmHg;
severe ARDS when PaO,/FiO, ratio <100 mmHg.

Rapidly-improving ARDS was defined as meeting
one or both of the following conditions: a PaO,/FiO,
ratio > 300 on the first study day after enrollment and/or
achieving unassisted breathing on the first study day fol-
lowing enrollment and maintaining independence from
assisted breathing for a minimum of 48 h [22, 23].
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Organ failure at baseline

Circulatory failure was defined as the use of vaso-
pressor and/or inotropes at enrollment. Vasopres-
sor use was defined as the administration of dopamine
at>6 pg~l<g’1~min’1, or norepinephrine, phenylephrine,
or vasopressin at any dose. Inotropes use was defined as
the administration of dobutamine or epinephrine at any
dose.

Coagulation failure was defined as a platelet
count<100-10%/uL. at enrollment. Hepatic failure was
defined as bilirubin>2 mg/dL at enrollment. Neuro-
logic failure was defined as a Glasgow Coma Score <12
at enrollment.

Outcomes

The primary outcome was the incidence of AKI. AKI was
defined by the creatinine criteria per Kidney Disease:
Improving Global Outcomes (KDIGO) [24], character-
ized by either a minimum increase in serum creatinine of
0.3 mg/dL from baseline within the first 48 h of the study,
or an increase in serum creatinine to at least 1.5 times
the baseline, or the initiation of renal replacement ther-
apy (RRT) within the first 7 days of the study. Baseline
serum creatinine was established as the lowest among
the measurements obtained during the 24 h preceding
randomization or, if not available, before initiating study
procedures.

When RRT data were missing, we defined AKI inci-
dence according solely to the serum creatinine lev-
els. Data regarding the use of RRT was not available
for ARMA and ALVEOLI trials (27.2%, 1401 of 5148
patients).

Secondary outcomes included AKI stages, severe AKI,
rapidly-improving AKI, acute kidney disease (AKD),
mortality at 28 and 90 days, attributable mortality of AKI,
attributable mortality of rapidly-improving AKI, attribut-
able mortality of AKD, and population-attributable frac-
tion of mortality from AKI (population-AF ).

Stages of AKI were defined according to the serum cre-
atinine and RRT criteria per KDIGO definition [24], with
severe AKI as AKI Stage 2 or 3.

Rapidly-improving AKI was defined as achieving a
serum creatinine < 1.5 times the baseline and not requir-
ing RRT at 48 h after AKI onset. AKD was defined as not
achieving a serum creatinine <1.5 times the baseline or
requiring RRT at 7 days after AKI onset [25]. The closest
available observed creatinine value to the 48 h or 7 days
timepoint was used for this determination.

Statistical analysis

Continuous data are described as median values (inter-
quartile range [IQR]) and categorical data as numbers
and percentages. Continuous variables were compared
using the Wilcoxon rank-sum test and categorical varia-
bles with Pearson’s chi-squared test or Fisher’s exact test,
as appropriate.

To flexibly estimate the conditional trial-specific risks
of AKI without relying on strict model assumptions, we
used a Super Learner cross-validated stacked ensem-
ble [26] using a library of logistic regression and Bayes-
ian logistic regression, adjusting for both baseline and
time-varying confounders. The marginal trial-specific
risks were estimated by averaging the cumulative 7-day
AKI risks over the observed distribution of a set of base-
line covariates agreed upon by the investigators based
on a priori clinical reasoning, supplementary Table 2, as
well as time-varying covariates, supplementary Table 3,
to account for the outcome dependency on discharge
and mortality over the study period and for the variabil-
ity related to gas exchanges, respiratory mechanics, fluid
balance, and vasopressors use during the time on-study
preceding AKI occurrence.

We defined mortality attributable to AKI as the dif-
ference between the mortality risk in a pseudo-pop-
ulation where all subjects developed AKI and the
mortality risk in a pseudo-population where none of
the subjects developed AKI and estimated this quan-
tity using the Hajek inverse probability of treatment
weighting (IPTW) estimator [27]. IPTW estimates this
excess mortality by weighting each individual’s mortal-
ity status by the inverse of their probability of experi-
encing AKI, resulting in a pseudo-population in which
baseline covariates are independent of AKI status [28].

We defined the population-AF,y; as the proportion
of deaths attributable to AKI among all the deaths in
the accessible population (patients with ARDS). We
calculated the population-AF,y; as the difference
between the observed mortality risk and the mortality
risk in a pseudo-population where none of the subjects
developed AKI, divided by the observed mortality risk.

The propensity score calculation was performed using
the Super Learner method; adjusting for the same sets
of baseline and time-varying covariates. To evaluate the
Super Learner algorithm’s performance, we computed
cross-validated negative log loss and cross-validated
area under the receiver operating curve, supplementary
Table 4.

95% confidence intervals were computed using stand-
ard errors estimated by non-parametric bootstrap. We
utilized the Multiple Imputation by Chained Equa-
tions method to address missingness, supplementary
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Tables 2 and 3 display the percentage of data imputed
in covariates used in the analysis.

For sensitivity analyses, we employed a multivariable
logistic regression to assess the association between the
development of AKI and 90-day mortality.

We used the IPTW approach previously described
to calculate the mortality attributable to severe AKI
and to AKD. The same method was applied to estimate
trial-specific mortality attributable to AKI, and the
trial-specific population-AF ;. The distribution of the

Table 1 Baseline characteristics. Demographics, comorbidities, and respiratory mechanics

Age, years 52 (40, 65)
Sex, male 2,780 (54%)
Race, white 3,771 (73.2%)
Body Mass Index (kg/m?) 28(23,34)
Enrollment after surgery 244 (4.7%)
Comorbidities
Diabetes 1,112 (21.6%)
Immune suppression 618 (12%)
Malignancy 343 (6.7%)
Cirrhosis 264 (5.1%)
AIDS 206 (4%)
ARDS risk factor
Pneumonia 2,683 (52.1%)
Non-pulmonary sepsis 1,029 (20%)
Aspiration 683 (13.3%)
Trauma 302 (5.9%)
Multiple transfusions 104 (2%)
Other 351 (6.8%)
Days from ARDS diagnosis to enrollment 1(1,0)
Number of radiological quadrants involved
2 574 (11.1%)
3 1,157 (22.5%)
4 3,399 (66%)
PaO,/FiO, Ratio (mmHg) 125 (90, 175)
Ventilatory Ratio 1.85(1.48,2.32)
ARDS severity
Mild 862 (16.7%)
Moderate 2,613 (50.8%)
Severe 1,673 (32.5%)
Respiratory system mechanics
Tidal volume (mL/PBW Kg) 6.7 (6.00, 8.38)
PEEP (cmH,0) 0(7,12)
Mean airway pressure (cmH,0) ( 2,19)
Peak airway pressure (cmH,0) 0(25,37)
Pplat (cmH,0) (21 30)
Driving pressure (cmH,0) 5(12, 20)
Compliance (mL/cmH,0) 30(23,471)

52 (40, 64) 54 (41, 65) 0.005
1,539 (53.1%) 1,241 (55.1%) 0.2
2,169 (74.8%) 1,602 (71.2%) 0.001
27 (23,33) 29 (24, 34) <0.001
136 (4.7%) 108 (4.8%) 0.9
548 (18.9%) 564 (25.1%) <0.001
308 (10.6%) 310 (13.8%) <0.001
150 (5.2%) 193 (8.6%) <0.001
115 (4%) 149 (6.6%) <0.001
8 (4.1%) 88 (3.9%) 0.7

1,472 (50.8%) 1,211 (53.8%) 0.036

567 (19.6%) 462 (20.5%) 04

407 (14.1%) 276 (12.3%) 0.06

202 (7%) 100 (4.4%) <0.001

50 (1.7%) 54 (2.4%) 0.089

202 (7%) 149 (6.6%) 06

1(1,0) 0(1,0 <0.001

0.6

326 (11.3%) 248 (11%)

665 (23%) 492 (21.9%)

1,895 (65.4%) 1,504 (66.8%)

134 (98, 185) 115 (83, 160) <0.001

1.80 (1.44, 2.26) 1.92 (1.54,242) <0.001

<0.001

559 (19.3%) 303 (13.5%)

1,553 (53.6%) 1,060 (47.1%)

785 (27.1%) 888 (39.4%)

69(601 8.69) 66(5 99, 8.05) <0.001
0(512) 0814 <0.001
( 2,18) ( 3,20) <0.001
0 (24, 36) 1(26,37) <0.001
(20 29) (22 30) <0.001
5(12,20) 5(12,20) 0.3
31(24,42) 30(22,39) <0.001

AKl acute kidney injury, OR odds ratio, C/ confidence interval, ARDS acute respiratory distress syndrome, AIDS acquired immune deficiency syndrome, PBW predicted
body weight; PEEP positive end-expiratory pressure, Pplat end-inspiratory plateau-pressure
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propensity scores is depicted in supplementary Figs. 2
and 3.

A data analysis and statistical plan was written and
filed with the local Institutional Review Board and the
Biologic Specimen and Data Repository Information
Coordinating Center before data were accessed. All
statistical analyses were performed using the R soft-
ware (The R Foundation; R version 4.2.2). The sample
size was determined solely based on data availabil-
ity, without a pre-established effect size, and statisti-
cal power calculation. All tests were two-tailed and a
p-value <0.05 was considered statistically significant.

This study followed Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE)
recommendations.

Results

Patient characteristics

After merging single-patient observations and exclud-
ing patients with end-stage renal disease before enroll-
ment (n=132), this study included 5148 patients
enrolled between 1996 and 2018. Baseline character-
istics, including demographics, comorbidities, ARDS
risk factors, respiratory system variables, and non-renal
organ failure were statistically different among patients
with and without AKI, and across trials, Table 1, and
supplementary Tables 5, 6, and 7.

36.6% of patients were identified as having potential
CKD at baseline. The prevalence of potential CKD at
baseline differed across trials, supplementary Table 8.

Patients who developed AKI were significantly older,
with higher body mass index, had a higher prevalence of
comorbidities, and had more commonly ARDS related
to pneumonia, Table 1. Moreover, patients who experi-
enced AKI had worse oxygenation levels (PaO,/FiO, ratio
and ARDS severity), lower compliance of the respiratory

Table 2 Primary and secondary outcomes

system, and higher ventilatory pressures, Table 1, and a
higher prevalence of organ failure at baseline, supple-
mentary Table 6. Notably, the ROSE trial [16] included
patients with more severe ARDS, distinguished by sig-
nificantly older age, higher body mass index (BMI), and
a more prevalent history of diabetes and organs failure,
supplementary Tables 5 and 7.

The overall percentage of patients identified as having
Rapidly-improving ARDS was 9.5% (490 out of 5148),
supplementary Table 9.

Acute kidney injury

Overall, 2251 out of 5148 patients (43.7%) developed
AKI, with an unadjusted incidence of AKI increasing
from 37.9% (332 of 876) in the first trial, to 63.1% (587 of
930) in the latest trial, with statistically significant differ-
ence between the trials (P<0.001, Table 2).

The unadjusted incidence of AKI and the median
cumulative fluid balance at 72 h after enrollment were
significantly different between the intervention and con-
trol groups in the FACTT trial, but not in other trials,
supplementary Fig. 1 and supplementary Table 10.

The adjusted conditional risk of AKI ranged from 38.8%
(95% CI, 35.7 to 41.9%) in ARMA, to 39.2% (95% CI, 35.7
to 42.7%) in SAILS, and was higher in ROSE (conditional
risk of AKI 55.8%; 95% CI, 51.9 to 59.6%), Fig. 1.

1422 of 5148 patients (27.6%) developed Severe AKI.
Out of the 2251 patients with AKI, 829 (36.8%) were clas-
sified as Stage 1, 357 (15.9%) as Stage 2, and 1065 (47.3%)
as Stage 3, with statistically significant differences across
the trials (P<0.001), Table 2.

Across the 2251 patients with AKI, 834 (37.1%) met
the criteria for rapidly-improving AKI, and 1041 (46.2%)
met the criteria for AKD, with a significant difference in
the recovery pattern among trials (P<0.001), supplemen-
tary Table 11, Fig. 3. Rapidly-improving AKI was more

AKI 2,251 (437%)  332(379%) 160(30.5%) 392 (40.6%) 98(41.7%) 434 (44.8%) 248(382%) 587 (63.1%)  <0.001
AKI stage <0.001
Stage 1 829 (16.1%) 134 (15.3%) 67 (12.8%) 170 (17.6%) 44 (187%) 158 (16.3%)  85(13.1%) 171 (18.4%)

Stage 2 357 (6.9%) 61 (7%) 28 (5.3%) 66 (6.8%) 13 (5.5%) 74 (7.6%) 41 (6.3%) 74 (8%)

Stage 3 1,065 (20.7%) 137 (15.6%) 65 (12.4%) 156 (16.2%) 41 (174%) 202 (20.9%) 122(18.8%) 342 (36.8%)

Severe AKI 1422 (27.6%) 198 (22.6%) 93 (17.7%) 2222 54 (23%) 276 (285%) 163 (251%) 416 (44.7%)  <0.001
28-day mortality 1,331 (25.9%) 262 (29.9%) 121 (23%) 228 (23.6%) 44 (18.7%) 184 (19%) 153 (23.6%) 339(36.5%)  <0.001
90-day mortality 1,573 (30.6%) 302 (34.5%) 141 (26.9%) 279 (28.9%) 55(234%) 223 (23%) 177 (27.3%) 396 (42.6%)  <0.001

AKl acute kidney injury
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Fig. 1 Conditional risks for AKI and severe AKI. The bright red plot represents the adjusted trial-specific risks of AKI over time. The dark red plot
represents the adjusted trial-specific risks of severe AKI over time. The adjusted trial-specific risks are estimated with Super Learner, by averaging the
estimated conditional AKI risks over the observed distribution of the baseline and time-varying covariates included in the model, supplementary
Tables 2 and 3. The dates on the x-axis refer to the enrollment period of each trial
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2016-2018

common in patients with milder stages of AKI; while
AKD was more common in patients with more severe
stages of AKI, supplementary Table 12.

Attributable mortality of AKI

In the overall population, 1,331 of 5148 patients died by
day 28 (25.9%) and 1,573 (30.6%) died by day 90, Table 2.
The unadjusted 90-day mortality varied significantly over
time across different trials, ranging from 34.5% in ARMA
to 27.3% in SAILS (P<0.001). Notably, we observed
a higher 90-day mortality (42.6%) in ROSE, the more
recent trial (P<0.001, Table 2).

Multivariable logistic regression revealed a significant
association between AKI occurrence and 90-day mortal-
ity (adjusted odds ratio [OR] 2.30, 95% confidence inter-
val [CI] 2.00 to 2.65), with the risk increasing with the
severity of AKI (adjusted OR for severe AKI 2.76, 95% CI
2.37 to 3.21), supplementary Tables 13 and 14-.

The excess in 28-day mortality attributable to AKI
was 14.1% (95% CI, 11.7 to 16.5%); the excess in 90-day
mortality attributable to AKI was 15.4% (95% CI, 12.8 to
17.9%), Fig. 2A.

The excess in mortality attributable to severe AKI was
18.6% at 28 days (95% CI, 15.4 to 21.7%); and 20.3% at
90 days (95% CI, 17 to 23.6%), Fig. 2B.

The excess in mortality attributable to rapidly-improv-
ing AKI was 4.2% at 28 days (95% CI, 1.3 to 7%) and 4.7%
at 90 days (95% CI, 1.4 to 7.8%); while the excess in mor-
tality attributable to AKD was 25.3% at 28 days (95%
CI, 22.3 to 28.3%) and 28.4% at 90 days (95% CI, 25.3 to
31.5%), Fig. 2C.

The excess in 90-day mortality varied from 25.4% in
ARMA (95% CI, 18.7 to 32%), to 11.2% in FACTT (95%
CI, 5.5 to 18%) and then remained stable over time,
reaching 14.4% in the ROSE trial (95% CI, 7.7 to 21%),
Fig. 2D. The overall population-AF,;; was 24.8% at
90 days (95% CI, 20.7 to 28.9%); Fig. 2E shows the popu-
lation-AF i for each trial.

Discussion

This individual patient analysis among 5148 patients with
ARDS, enrolled over 20 years in 10 multicenter rand-
omized clinical trials, shows a 43.7% crude incidence of
AKI. The risk of developing AKI remained stable over
time across the trials, after adjusting for risk factors. The
excess mortality attributable to AKI was estimated to be
15.4% at 90 days, highlighting a substantial impact on the
clinical outcomes of ARDS patients. Of note, the tim-
ing of AKI onset aligns with previous studies, with AKI
occurring predominantly during the first days of critical
illness [29-31].



1246

>
n @ N o
S S S S

Mortality risk difference (%)
>

28-day

=)

50

40

30

20

90-day mortality risk difference (%)

ARMA
1996-1999

m
8

90-day mortality risk difference (%)

ARMA
1996-1999

AKI

H

90-day

ALVEOLI
1999-2002

ALVEOLI
1999-2002

Mortality risk difference (%)

FACTT
2000-2005

FACTT
2000-2005

(9]

1 Severe AKI

n (&) N o
o o o o

B

Mortality risk difference (%)
>

28-day 90-day

ALTA EDEN
2007-2008 2007-2011

ITEY

ALTA EDEN
2007-2008 2007-2011

Rapidly-improving AKI @ AKD

|

28-day

SAILS
2010-2013

SAILS
2010-2013

90-day

ROSE
2016-2018

ROSE
2016-2018

Fig. 2 Excess in mortality attributable to AKI and Severe AKl and population-attributable mortality from AKI. In panels A-C, the depicted mortality
risk difference is between the mortality risk if hypothetically all patients were to have experienced AKI compared to the mortality risk if hypotheti-
cally no patients were to have experienced AKI. panel A depicts the excess in mortality attributable to AKI at 28 and 90 days; panel B depicts the
excess in mortality attributable to severe AKl at 28 and 90 days; panel C depicts the excess in mortality attributable to different patterns of renal
recovery at 28 and 90 days; panel D depicts the excess in 90-day mortality attributable to AKI when calculated separately for each trial; panel

E depicts the trial-specific population-attributable fraction of mortality from AKI (population-AF ) at 90 days. Given the model assumptions,
population-AF , represents the proportion of deaths attributable to AKI among all deaths in the population of patients with ARDS that constitute
the population of this study. The dates on the x-axis refer to the enrollment period of each trial

We observed a high incidence of AKI and higher attrib-
utable mortality compared to the overall critically ill
patients. In patients with ARDS, AKI may result from a
combination of mechanisms [32, 33] including systemic
release of pro-inflammatory mediators and biotrauma

[33], as well as endothelial injury and increased capillary

permeability. Furthermore, hypoxemia may reduce renal
blood flow and lead to altered renal function [34]. Eleva-
tion of central venous pressure under mechanical venti-
lation may translate into elevated renal venous pressure
and reduced renal perfusion pressure [35, 36].
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defined as having acute kidney disease (AKD) when the serum creatinine level was > 1.5 times the baseline value or required RRT after 7 days after
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We estimated the conditional risk of AKI by adjust-
ing for multiple baseline and time-dependent covariates
associated with an increased risk of kidney injury. To
account for differences between the studies in individual
confounders, we used the Super Learner model to com-
pute trial-specific AKI incidences, all marginalized over
the full set of observed individual confounders, with dif-
ferent hypothetical trial assignments. We considered the
chronological order of the trials to be a corse capture of
the trend over time (Fig. 1). Our observation aligns with
other large studies in high-resource countries show-
ing a stable trend in the incidence of AKI in critically ill
patients [37, 38]. While critical care processes and over-
all prognosis of patients admitted to intensive care units
have improved over the last two decades [39], this does
not appear to apply to the prevention of AKI. AKI inci-
dence was found higher in the ROSE trial. The isolated
higher risk of AKI in ROSE is likely due to the sicker
population enrolled in the trial (ROSE included patients
with a PaO,/FiO, ratio <150 mmHg) with higher sever-
ity score. This is reflected by the higher mortality in the
ROSE trial (42.6% 90-day mortality in ROSE, 27.3% in
SAILS, for instance). Similar findings were observed in
the ACURASYS trial [40] in which RRT was needed in

33% and 36% in the patients randomized in the neuro-
muscular agent and placebo groups, respectively.

We also observed no improvement in renal recovery
(and a trend toward increased incidence of AKD, Fig. 3).
This observation is alarming as non-recovery from AKI is
associated with a higher risk of adverse outcomes such as
death, cardiovascular diseases, or CKD [41, 42].

In this line, the lack of interventions to prevent or treat
AKI among critically ill patients has been, and continues
to be, a major concern. Recent efforts have highlighted
the need for changes to improve the chances of success in
trials to prevent and treat AKI in the critically ill [5].

A crosstalk between the lung and kidney has long been
reported, with lung injury being a risk factor for AKI,
and AKI being a trigger for lung injury [43]. AKI could
therefore drive mortality through remote organ injury
[41]. It is believed that the occurrence of AKI in patients
with lung injury contributes to a vicious circle of damage
compromising the chances of recovery and survival [32].
In critically ill patients, the excess in 90-day mortality
attributable to AKI has been estimated to be 8.6% (95%
CI 2.6-17.6) [44]. Another prospective study estimated
the excess 30-day mortality linked to early AKI in gen-
eral intensive care unit (ICU) patients to be 8.1% (95% CI
4.1-12.1%) [45].
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We observed an excess in 90-day mortality attribut-
able to AKI of 15.4%, which increased to 20.3% when
considering severe AKI (Fig. 2). The excess in 90 days
mortality appeared to decrease after the ALVEOLI trial
(i.e. lower or higher PEEP levels) and remained sta-
ble since then. Nonetheless, the multivariable logistic
regression model used for sensitivity analysis showed
that ALTA, SAILS, and EDEN trials were associated
with a significantly lower risk of mortality when com-
pared to ARMA. The reduction of mortality attrib-
utable to AKI after the implementation of the first
interventions introduced by the ARDS network might
be due to the use of protective ventilation, mediated by
a reduction in venous congestion or systemic inflam-
mation [46] (Fig. 2). The differences in AKI incidence
between the intervention and control groups in the
FACTT trial could be related to chance or to the inter-
vention itself. The FACTT trial investigated the impact
of a restrictive versus liberal fluid strategy in patients
with ARDS. This resulted in more negative fluid bal-
ance in the intervention group. The intervention group
also showed a higher incidence of AKI. This could be
explained by hypovolemia or hemoconcentration in
the intervention group. After adjustment of creatinine
for fluid balance, Liu et al. reported that the incidence
of AKI was greater in those managed with the liberal
fluid protocol (66 versus 58%, P =0.007) [1]. Cumula-
tive fluid balance at 72 h after enrollment was mostly
similar between the intervention and control groups in
other trials.

The overall stable attributable mortality highlights the
needs for developing preventive and curative interven-
tions for AKI in ARDS patients.

The results of our study have several strengths and
implications. We used Super Learner for AKI inci-
dence estimation, accounting for variations in AKI rates
between trials, across treatment groups and individual
characteristics, which minimized the contribution of
coufounding factors.

Furthermore, we introduced factors previously linked
to mortality in patients with AKI and adjusted for them
in a time-dependent analysis to account for covariates
trajectories effect on the development of AKI. Death
and ICU discharge within the first 7 days were treated as
competing risks to avoid immortal time bias.

Finally we integrated the Super Learner with the IPTW
analysis to estimate the attributable mortality during
ARDS management.

The estimated attributable mortality will serve to design
future trials with mortality as the primary endpoint. The
observed attributable mortality of AKI could guide calcu-
lating the appropriate sample size with the effect size in
future trials. Unrealistic effect size estimations are one of

the reasons for the multiple so-called “negative trials” in
critically ill patients [6, 47].

Our study has several limitations. First, we included
only patients enrolled in randomized trials performed in
the United States which may limit the generalizability of
our findings, as the accessible population may not be rep-
resentative of the broader population of ARDS patients.
Of note, the trials included in the study were not origi-
nally designed for the purpose of evaluating the incidence
and attributable mortality of AKI in ARDS patients. The
limited amount of data available influenced the develop-
ment of the most effective model for testing our hypoth-
esis. The definition of ARDS varied during the timeline
in which the trials we included were performed, supple-
mentary Table 1. Nonetheless, all of them used the Amer-
ican-European Consensus Conference on ARDS (1994)
[48], except for SAILS, which included only patients hav-
ing sepsis-related ARDS, and ROSE, which only included
patients with a PaO,/FiO, ratio <150 mmHg.

However, this cohort is likely to be very close to the
population eligible for many future trials in ARDS,
although the New Global Definition of ARDS recom-
mends including patients who are being treated with high
flow nasal oxygen or continuous positive airway pressure
[21].

Second, some unmeasured confounders (e.g. chronic
cardiovascular, respiratory, and metabolic conditions)
persist in the estimation of the risk of AKI and the attrib-
utable mortality to AKI. Inflammatory, immunologic,
or genetic factors, measures of venous congestion (e.g.
central venous pressure), and other surrogate markers of
renal function (e.g. cystatin C) were not included in the
models and should be considered for future studies.

The study did not explore the mechanisms of AKI in
ARDS patients. AKI in ARDS is multifactorial, including
inflammation, hemodynamic factors, hypoxia, drug tox-
icity or strategies of mechanical ventilation and it is likely
that some episodes of AKI were not directly caused by
ARDS. The cause of death was not available for the obser-
vations included in our original dataset. A direct cause of
death is most often difficult to identify in ICU patients
as several contributing factors are at play (e.g. cardiovas-
cular dysfunction, sepsis), and respiratory failure is rarely
the sole or primary contributor [49, 50].

AKI was defined by an increase in serum creatinine
from baseline, as all positive delta in serum creatinine
reflects a change in GFR and meets the definition of AKL
Therefore, patients who had an elevation of serum creati-
nine prior to admission and a decline before randomiza-
tion were not considered to have developed AKI during
their ICU stay for ARDS. Unavailability of serum creati-
nine prior to admission may have misclassified patients
with underlying CKD or patients who had AKI with peak
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serum creatinine before admission and did not recover.
We consider this scenario unlikely for the majority of
patients. Then, we estimated potential CKD upon base-
line serum creatinine levels and excluded patients with
chronic dialysis. Nonetheless, using the acute variation
of serum creatinine from baseline would identify patients
with AKI, regardless of their CKD status, including de
novo and acute-on-chronic injury [51]. Furthermore, we
provided results of a sensitivity analysis on Severe AKI,
to reduce the risk of misclassification.

Finally, urine output was unavailable in most trials. The
specificity of urine output as a sole biomarker of AKI (i.e.
without elevation of serum creatinine) has however been
challenged given the multiple factors affecting urine out-
put in mechanically ventilated patients.

In conclusion, the incidence of AKI appears to be sta-
ble over time in the population of patients with ARDS
enrolled in randomized trials in the United States, and
the development of AKI is a significant contributing fac-
tor to mortality. These findings can be used to inform the
design of future clinical trials of AKI prevention or treat-
ment in this high-risk subpopulation.
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