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A. GENERAL PART - INTRODUCTION

Al. Acute Respiratory Distress Syndrome - Definition

Acute Respiratory Distress Syndrome (ARDS) was initially defined in 1967 by Ashbaugh
et al (1). Since then, several attempts have been made to revise the diagnostic criteria. Berlin
definition, published in 2012 has been up until very recently the globally accepted definition
(2). According to the above, ARDS has been defined as: a syndrome with acute onset (< 1
week), bilateral lung infiltrates on imaging, hypoxemia, and absence of features that suggest
that lung edema is of cardiogenic origin.

ARDS is a syndrome that describes a clinical condition that has several causes grossly
categorized in two categories as direct (due to direct lung injury) or indirect (cause of injury is
extrapulmonary). Most common causes are pneumonia and sepsis followed by aspiration,

trauma, transfusion and pancreatitis (Table 1).

Table 1. Most common causes of ARDS.

ARDS causes
Direct Indirect
Pneumonia Extrapulmonary sepsis
Aspiration Pancreatitis
Near drowning Transfusion
Toxic inhalation Severe trauma
Lung contusion Cardiopulmonary bypass
Ischemic reperfusion injury Eclampsia
Fat embolism Burns

Epidemiology of ARDS

ARDS is not a rare entity. In fact, it is more common than initially considered and it

appears that up to 23% of mechanically ventilated patients match the Berlin definition criteria
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(3, 4). The very recent pandemic due to severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) led to overwhelming of Intensive Care Units (ICUs) with ARDS patients, higher
mortality, and mandated an increased need for research on ARDS mechanism of disease and

management.

Outcomes of ARDS

Mortality

Mortality in ARDS is significant. In a multicenter trial involving 459 ICUs from 50
countries, overall hospital mortality in ARDS was 40% (3). Disease severity appears to affect
hospital mortality as patients with severe ARDS have a higher mortality estimated to 46.1% in
the same study. Interestingly, ARDS appears to have an attributable mortality of 15% in ICU
patients when compared to non-ARDS ICU patients (5). Apart from disease severity several
factors appear to affect mortality in ARDS patients such as severity scores, non-pulmonary
organ failure on admission, age, comorbidities, sociogeographic variations, lung mechanics as
well as trajectory of disease with rapidly improving ARDS having a better prognosis from other

ARDS cases (6-10).

Cost

The cost of ARDS appears to be significant. In a recent systematic review of 22 studies,
patients with ARDS had a higher inpatient cost compared to other causes of ICU admission

(112). Also, outpatient cost after hospital discharge is not negligible.

Long Term Sequalae

Apart from a significant mortality, ARDS patients are considered of high risk for Post
Intensive Care Syndrome (PICS)(12). Six months after the discharge from hospital they

continue to suffer from physical disability, mental health impairment, a significant percentage
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is jobless and have reduced functional autonomy that is even worse than non-ARDS patients

(13).

Pathophysiology of ARDS

ARDS pathophysiology is complex, heterogeneous and our knowledge of it is
incomplete. Cornerstones of the syndrome appear to be the injury in the endothelial and
alveolar barrier. Such an injury causes increased fluid permeability leading to injury alveoli to
be filled with protein-rich edema. This fluid accumulation causes both an impairment in gas
exchange and a reduction in lung compliance. Impairments in oxygenation and mechanics are

thought to coincide and reflect the severity of ARDS (Figure 1) (14).

Heterogeneity of ARDS

ARDS is heterogeneous. First of all, there are several causes that lead to ARDS and
based on these etiologies pathophysiology can significantly vary. Pathological specimens vary
significantly whether the cause of ARDS is due to direct acute lung injury (ALl) or indirect
(15). Histopathological specimens from patients with ARDS of direct acute lung injury (ALI)
show a predominance in epithelial damage, have thicker and more heterogeneously
distributed hyaline membranes, more oedema and more fibrosis while specimens from non-
direct ALl show predominance of endothelial damage, thinner and more evenly distributed
layers of hyaline deposits and less edema (Figure 2)(16, 17).

Second, trajectory of the syndrome is very heterogenous as some patients may recover
rapidly while others can have a more prolonged trajectory of disease (18).

Third, while hypoxemia is universal, lung mechanics can significantly vary, and lung
compliance can vary from being essentially normal up to significantly impaired. Due to this
great heterogeneity, the observed mortality rate in ARDS patients varies significantly as well
as the response to specific treatments with a characteristic example being dexamethasone’s
effectiveness in Coronavirus disease 2019 (COVID-19) associated ARDS (19). As a result of the
above, the cause, timing of interventions, and underlying pathophysiology can significantly

affect the outcome and treatment effectiveness.
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Figure 1. Endothelial and alveolar injury in ARDS among different severity stages. In normal lungs
endothelial and epithelial tight junctions as well as glycocalyx are intact, production of surfactant is
normal and there is absence of inflammation. In mild ARDS injury, tight junctions become disrupted,
sodium and chloride pumps are dysregulated, glycocalyx is injured and mild edema is formed as well
there is presence of inflammation with expression of adhesion molecules. In severe ARDS injury, there
is severe disruption of epithelial and endothelial tight junctions, loss of glycocalyx, epithelial cell
necrosis and hyaline membrane formation, severe edema and inflammation as well as formation of

microthrombi [image reprinted from (14) with permission from Elsevier].
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Figure 2. Differences in pathophysiology among direct and indirect ARDS. Specimens from direct ARDS
have thicker hyaline membranes in H&E (arrows) and SP-A (brown color) stains, lack pan-cytokeratin
staining (AE1-AE3) suggesting epithelial injury, while indirect ARDS shows absence of VIl factor an
endothelial cell marker suggestive of endothelial injury [image reprinted from (17) with permission

from Elsevier].

In terms of heterogeneity and lung mechanics, it was observed that several patients
with ARDS due to the COVID-19 presented a dissociation between severe hypoxemia and
relatively well-preserved compliance (20, 21). A subsequent secondary analysis of the LUNG
SAFE study revealed that approximately one in eight patients meeting the hypoxemia criterion
of ARDS exhibited preserved compliance, confirming this dissociation between oxygenation
and compliance in patients presenting with ARDS regardless of etiology (22). The above

observations were limited to the first days after the onset of ARDS, i.e., at early stages.



17

The number of ARDS patients dramatically increased during the COVID-19 pandemic,
as did patients who required prolonged mechanical ventilation (23). During the pandemic, it
was observed that many patients after several days of mechanical ventilation exhibited an
‘opposite’ dissociation between oxygenation and compliance, characterized by mild-moderate
hypoxemia but significantly reduced compliance. Again, differences in compliance and
oxygenation show the significant heterogeneity of ARDS but raise also the issue of different
clinical trajectories and outcomes among ARDS patients. Clinical experience suggests that
initial presentation cannot accurately predict ARDS outcome and the heterogeneity of the
trajectory of disease requires studying of clinical characteristics in subsequent days following

admission.

ARDS and Clinical Studies

The publication of the Acute Respiratory Management in ARDS (ARMA) study in 2000
was a cornerstone study by showing that patients ventilated with high tidal volumes (VT) (12
ml/kg |deal Body Weight) have increased mortality compared to patients ventilated with a low
VT (6 ml/kg) and a plateau pressure < 30 cm H,0 (24). This study has shifted the management
of ARDS to what we nowadays refer to as lung protective ventilation.

After the publication of the ARMA study, ARDS network pursued whether the
utilization of higher positive end-expiratory pressure (PEEP) [Assessment of Low tidal Volume
and elevated End-expiratory volume to Obviate Lung Injury, (ALVEOLI) Study], different
feeding protocols [Early Versus Delayed Enteral Nutrition, (EDEN) Study], the use of b-agonists
[Albuterol to Treat Acute Lung Injury, (ALTA) Study] or statin [Statins for Acutely Injured Lungs
from Sepsis (SAILS) Study] had any positive effect on patients, but all studies were negative
(25-28).

The Fluids and Catheter Treatment Trial (FACTT) trial did indeed show that the use of
a conservative fluid balance approach resulted in a reduction in the duration of mechanical
ventilation and improvement of the lung function (29). The Prevention and Early Treatment of
Acute Lung Injury (PETAL) network succeeded ARDS network consortium and pursued with
further trials on ARDS management such as the use of neuromuscular blockage [Reevaluation

of Systemic Early Neuromuscular Blockade (ROSE Trial)] or Vitamin-D replacement [Vitamin D



18

to Improve Outcomes by Leveraging Early Treatment (VIOLET) Trial] (30, 31). These studies
also failed to show a statistically significant benefit from the intervention.

To summarize, while ARDS and PETAL network succeeded in organizing large,
randomized control trials (RCTs), the great majority of these studies showed no benefit from
the intervention despite reasonable pre-trial hypotheses. A key factor for RCTs on ARDS not
showing any benefit from pharmacological interventions is the heterogeneity of ARDS

population involved in these studies.

A2. Prolonged Mechanical Ventilation in ARDS

Definition and Risk Factors of ARDS in ICU

A proportion of ICU patients will require mechanical ventilation for several days.
Therefore, these patients are defined as requiring prolonged mechanical ventilation (PMV)
and may be considered as “difficult to wean”. Thus far several definitions have been used for
PMV with the most commonly used cut-off points being 96 hours, 7, 14 and 21 days (32). Long
term outcome of these patients is significantly affected and these patients are associated with
worse mortality, higher healthcare utilization scores and higher readmission rates (33).

Several risk factors for PMV have been proposed, including age, comorbidities, severity
of disease and cause of admission. Nevertheless, due to great heterogeneity among studies

the available evidence is not strong and the list of factors is incomplete (32).

Prolonged Mechanical Ventilation Specifically in ARDS Patients

As mentioned earlier, trajectory of ARDS is heterogenous. Indeed, there are patients
whose hypoxemia improves rapidly (i.e., within 24 hours), others whose severe hypoxemia
persists for several days , and still others who receive PMV (7, 9, 34). Patients with ARDS, as
opposed to those without ARDS, are indeed four times more likely to receive PMV (35). In a
retrospective study performed in three cohorts of ARDS patients out of 1574 patients that

were alive and under mechanical ventilation in day 3, 995 patients were either dead or
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required mechanical ventilation at day 14; of these patients only 31.4% (312/995) survived to
exit the mortality, suggesting a significant mortality of patients requiring more than 14 days
of mechanical ventilation (36).

Based on studies involving unselected critically ill patients (i.e., not specifically patients
with ARDS), PMV poses a constant challenge for the treating clinicians as it is associated with
poor outcomes (37, 38). Also, it is very costly as, for example, patients with PMV occupy 30%
of general ICU beds (33, 35). Given its immense clinical and financial burden on health-care
systems, PMV has emerged as an important research priority (39). PMV was indeed
recognized as an important research priority as early as 2005 at a National Association for
Medical Direction of Respiratory Care (NAMDRC) Consensus Conference. That Consensus
Conference report stated that “the number of patients meeting the definition of PMV will
likely continue to increase” over time and that “predicting mortality outcomes is vital” (40).
Nevertheless, subsequent relevant evidence specifically involving patients with ARDS is
limited and there is scarce data on the prevalence and risk factors for mortality, as well as the

trajectory of lung mechanics in these ARDS patients.

A3. ARDS Prolonged Mechanical Ventilation and Acute Kidney Injury

ARDS is associated with non-negligible attributable mortality (5, 41)(42,43). Mortality
of patients with ARDS significantly increases with the development of acute kidney injury
(AKI1)(42). The prevalence of AKI, which is around 30% in unselected critically ill patients,
further increases to around 45% in patients with ARDS (43-45). This increase in prevalence of
AKI in patients with ARDS has been attributed, at least partially, to injurious mechanical
ventilation leading to ventilator-induced lung injury (46). According to the concept of
biotrauma, ventilator-induced lung injury may propagate an inflammatory response, which in
turn may mediate injury of multiple organs, including kidney (47-50).

Preclinical and limited clinical data suggest that acute lung injury mediates AKI through
multiple pathophysiological pathways that involve not only release of inflammatory mediators
(as noted above), but also vasoconstriction of renal vessels, activation of the renin-
angiotensin-aldosterone system and reduction in the renal blood flow by reduction of the

cardiac output (51, 52). In addition, an increase in the afterload of right ventricle, as it is often
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the case in patients with ARDS, is associated with higher central venous pressure and
therefore a higher risk for AKI (48).

Conversely, AKI may lead to increased fluid accumulation in the lung, which in turn
worsens lung compliance and increases driving pressure (48). In other words, high driving
pressure may not be a contributor (as a marker of ventilator-induced lung injury) to but rather
a consequence of AKI in patients with ARDS. The latter nuance (‘was high driving pressure a
contributor to or a consequence of AKI?’') could not be assessed in previous meticulous large
observational studies involving patients with ARDS, because they focused on AKI which was
already present at the time of onset of ARDS (53-56).

Whether AKI is a risk factor for prolonged mechanical ventilation or whether

prolonged mechanical ventilation is a risk factor for AKI remains to be addressed.
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B. SPECIFIC PART

B1. Introduction

In the general part of the thesis, we presented the general knowledge of ARDS. We
highlighted its high prevalence in ICUs as well as its association with significant heterogeneity,
morbidity and mortality. In addition, we focused on the subgroup of patients that require
prolonged mechanical ventilation. We identified gaps in our knowledge of patients with ARDS
who require prolonged mechanical ventilation in terms of prevalence, mortality, risk factors
as well as the trajectory of lung mechanics and the role of extrapulmonary organ dysfunction,

such as AKI.

Purpose of Thesis

As a consequence of the lack of current evidence on prevalence, outcome and clinical
characteristics of patients with ARDS that require PMV, we pursued with investigating the

characteristics of this subgroup of patients.

Research Hypothesis

Having the above considerations into mind, we endeavored to take advantage of the
large high-quality databases of randomized controlled trials conducted by the ARDS Network

and assess three hypotheses/questions:

e First question to address was to estimate temporal trends of prevalence and mortality of
PMV and to identify risk factors associated with mortality of patients with ARDS receiving
PMV. This knowledge is important to understand the burden of PMV on ARDS patients and
identify potentially modifiable risk factors.

e Second, whether the dissociation between oxygenation and compliance becomes

prevalent in persistent ARDS regardless of etiology, or rather it is a particular feature of
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COVID-19 related ARDS. This knowledge may be important given that a nonnegligible
proportion of patients with ARDS require prolonged mechanical ventilation; i.e., they
remain under ventilation more than 21 days after intubation(40). Based on our
observation, we endeavored to systematically examine the presence of this combination
of mild-moderate hypoxemia and significantly impaired compliance, focusing specifically
on patients with ARDS requiring prolonged mechanical ventilation.

e Third, we endeavored to study the association of ARDS, PMV and the development of AKI.
In order to achieve that, we focused on examining whether high driving pressure is

associated with subsequent development of AKI.

B2. Methods

Thesis Design and Study Population

To address the above hypotheses we used data from two cohorts. The first cohort
included all patients enrolled in seven ARDS and PETAL network trials: ARMA, ALVEOLI, FACTT,
ALTA, EDEN , SAILS and ROSE trials (24-30). The second cohort consisted of patients with ARDS
related to COVID-19 (CARDS) admitted between October 2020 and January 2022 (i.e., when
the alpha and delta SARS-CoV-2 variants were prominent) in two academic ICUs at tertiary
hospitals in Crete and loannina, Greece.

For each hypothesis the study populations were defined by the specific parameters of
the research question.

In order to investigate the temporal trend and prevalence of PMV in ARDS patients as
well as to identify potential risk factors for mortality, we performed a secondary analysis by
obtaining individual patient data from subjects enrolled in the following six randomized
controlled trials conducted by the ARDS Network: ARMA, ALVEOLI, FACTT, ALTA, EDEN, and
SAILS trial (24-29).

To investigate the prevalence of oxygenation-compliance dissociation observed in
CARDS patients with persistent ARDS as well as its prevalence in non-COVID-19 associated

ARDS we utilized data from two cohorts: The first cohort of our study (“ARDSNet” cohort)
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consisted of patients with ARDS enrolled in four prospective therapeutic clinical trials
conducted by the ARDS Network, namely FACTT, ALTA, EDEN, and SAILS (26-29). The second
cohort for our study consisted of patients with CARDS in the two academic ICUs at tertiary
hospitals in Crete and loannina, Greece.

To investigate the role of persistent ARDS and mechanical ventilation in the
development of AKI we used individual patient-level data from seven ARDS Network and
Prevention and Early Treatment of Acute Lung Injury (PETAL) Network randomized controlled
clinical trials; namely, ARMA, ALVEOLI, FACTT, ALTA, EDEN, SAILS and ROSE trials (24-30).

We were granted access to data after submitting a prospective protocol to the Biologic
Specimen and Data Repository Information Coordinating Center (BioLINCC) of the National
Heart, Lung, and Blood Institute (NHLBI). Because the data would be received in de-identified
form (non-human subjects research), the Institutional Review Board of Evangelismos Hospital
waived the need of informed consent and approved the study (protocol number 140/5-5-
2022). For the CARDS cohort, the Institutional Review Board at each participating study site
(loannina: University Hospital of loannina, and Crete: University Hospital of Heraklion)
approved of the data collection and waived the need for informed consent owing to the

observational study design and the collection of de-identified data.

Study Definitions

With regard to the definition of PMV, we used the NAMDRC Consensus Conference
report, we used a threshold of 21 days which is the one most commonly use(39, 40).
Accordingly, PMV was defined as the requirement for invasive mechanical ventilation for more
than 21 consecutive days after trial enrollment.

We used a threshold for low PaO;:FiO, a value below 150, which has been used to
identify patients with significant hypoxemia likely to benefit from prone position, and for low
compliance a value below 30 mL/cm H,0, which has been shown to be associated with
sustained high driving pressure and weaning failure (57-59). Accordingly, we considered four

combinations of oxygenation and compliance in our study:

e mild-moderate hypoxemia/low compliance,

e mild-moderate hypoxemia/high compliance,
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e severe hypoxemia/high compliance, and

e severe hypoxemia/low compliance.

We defined AKI according to the Kidney Disease Improving Global Outcome (KDIGO)
criteria (60, 61). Because of unavailability of hourly urine output data, we only used the serum
creatinine criterion as per previous similar studies (53). We defined baseline creatinine as the
lowest value of creatinine on the day of onset of ARDS (day 1). After exclusion of patients with
early AKI (i.e., those who met the AKI criteria within the first two days following onset of
ARDS), we classified the study population into two groups: “late AKI” and “no AKI”. The “late
AKI” group included patients who developed AKI more than two days but no longer than seven
days following onset of ARDS. This threshold of two days to define late AKI has been previously
used in the literature (62). The “no AKI” category included patients who did not develop AKI

during index stay in the ICU.

Collection of Data

From the seven included ARDS Network and PETAL Network randomized controlled
trials, we extracted data on demographics (age, sex, body mass index and race), comorbidities
(data on hypertension, chronic pulmonary disease and cardiovascular disease were not
available for ARMA and ALVEOLI trials), risk factors of ARDS, organ failure (namely
cardiovascular, coagulation and hepatic) at baseline, fluid balance, creatinine (up to day 7 after
ARDS onset) and respiratory variables. We collected data on 90-day mortality, organ failure-
free days, ventilator-free days and ICU-free days. Organ failures were defined according to the
various components of Sequential Organ Failure Assessment (SOFA) score. Specifically,
cardiovascular failure was defined as a systolic blood pressure < 90 mm Hg or the requirement
for vasopressors, coagulation failure as platelet concentration < 80,000/uL, and hepatic failure
as the concentration of bilirubin > 2 mg/dL. Regarding respiratory system mechanics, we
retrieved data on PEEP, plateau pressure (Ppl), tidal volume per predicted body weight
(VT/PBW) and driving pressure (defined as Ppl minus PEEP). Data on driving pressure were
available for consecutive days 2 to 6 following onset of ARDS. As baseline values for these
parameters, we used the data of day 2, due to their unavailability on day 1. Their mean values

were estimated by dividing the sum of values (up to day 6 or day of development of AKI
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whatever came first) with the total number of measurements. The mean value was used as a
surrogate of the trajectory of each parameter across time.

To investigate the dissociation of hypoxemia-compliance in ARDS, we first analyzed all
patients at baseline and evaluated the prevalence of each of the four above-described
combinations. Data from all patients were included in this analysis (no exclusion criteria). We
subsequently focused on patients who were on mechanical ventilation and had available data

on oxygenation (as assessed by Pa0;:FiO) and respiratory system compliance on day 21.

Main Outcomes

Primary end point for the first hypothesis investigating the prevalence, mortality and
clinical characteristics of the study was 90-day mortality and secondary end points were risk
factors for mortality among ARDS patients requiring prolonged mechanical ventilation.

In order to investigate the dissociation of compliance and hypoxemia in ARDS patients,
primary endpoint was the change in prevalence of the combination of mild-moderate
hypoxemia/low compliance over time from baseline to day 21. Secondary endpoints included
the difference in the prevalence of the combination of mild-moderate hypoxemia and low
compliance between the ARDSNet cohort and the CARDS cohort; the trajectory of
oxygenation among patients with either low or high compliance (using the abovementioned
threshold of 30 mL/cm H>0) from baseline to day 21; the mortality at day 21 based on the
oxygenation-compliance combination at baseline, and the 60-day mortality based on the
oxygenation-compliance combination on day 21.

The primary endpoint in the study investigating the role of ARDS and mechanical
ventilation in the development of AKIl was the development of late AKI. Secondary outcomes
were 90-day mortality, organ failure-free days, ventilator-free days, and ICU-free days; the

latter were defined as previously in the literature (7, 63).

Statistical Analysis

We presented continuous variables as median with interquartile range (IQR) and

compared them using the non-parametric Mann-Whitney U test (for 2 groups) or the Kruskal-
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Wallis test (for multiple groups). We presented categorical variables as percentages and
compared them using the Chi-squared or Fisher’s exact test, as appropriate. We estimated the
prevalence and mortality of PMV across time via a simple linear regression model, with time
as the independent variable and within-study prevalence of PMV (or, respectively, mortality
of patients with PMV) as the dependent variable. To identify risk factors associated with
mortality of patients with ARDS receiving PMV, we utilized a multivariate binary logistic
regression model with 90-day mortality (i.e., the primary outcome of the present analysis) as
the dependent variable, using all available information on mortality and risk factors. In the
light of previous contributions involving the general ICU population, we considered the
following risk factors for inclusion in the model: age, baseline severity of illness [as assessed
by the Acute Physiology and Chronic Health Evaluation (APACHE IIl) score], malignancy,
pneumonia as the cause of ARDS, persistent severe ARDS (defined as previously), coagulation
failure and hepatic failure during the first 21 days after trial enrolment, and tracheostomy (33,
34,38, 64, 65). We presented relevant results as odds ratio (OR) and 95% confidence intervals
(c.

For the study investigating late AKI development in ARDS patients, we estimated the
association between driving pressure and development of late AKI via binary logistic
regression analyses, with driving pressure as the independent variable and the development
of late AKI as the dependent variable. We used multivariable logistic regression analyses to
adjust for confounding factors known to be associated with development of AKI, such as age,
sex, body mass index, presence of diabetes mellitus, organ failures (namely, cardiovascular,
coagulation, and hepatic) and fluid balance (29). We also adjusted for respiratory variables
other than driving pressure, such as Pa0;:FiO;, respiratory rate, tidal volume, respiratory
system compliance and PEEP. We tested for collinearity between variables by calculating
variance inflation factor (VIF); a VIF < 5 was considered to rule out collinearity (66). We also
assessed the linearity of the relationship between baseline driving pressure and late AKl using
cubic splines. We performed repeated measurements using two-way repeated measures
ANOVA. We performed and compared three multivariate regressions to delineate which of
the following remains a significant factor for late AKI prediction: Ppl, PEEP or both, expressed
as a difference, namely driving pressure. Firstly, we defined a reference clinical model
including the same baseline variables used in the previous logistic regressions. Then, three

separate multivariate logistic regression analyses were conducted to assess the performance
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of the predictive models, after adding the individual risk factors to the reference model
individually. Improvements in the model were evaluated by difference in the area under the
curves (AUCs) (AAUC) and Delong test. We also quantified the improvement of each factor on
late AKI risk prediction with the net reclassification improvement (NRI), which measures how
much a new model improves the classification of individuals compared to a reference model.
It assesses whether the new model more accurately reclassifies individuals into appropriate
risk categories. A positive NRI indicates that the new model improves classification compared
to the reference model. We considered statistical significance at a level of 0.05; all P values
were two-sided.

All p values were two-sided and thought to denote statistical significance if equal to or
less than 0.05. We performed statistical analyses using SPSS software version 28.0 (SPSS, Inc.,
Chicago, IL), R software version 4.2.1 (R Foundation for Statistical Computing) and GraphPad

Prism version 9.0.0, (GraphPad Software, La Jolla, California, USA).
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B3. Results

Temporal Trends of Prevalence and Mortality of PMV

Out of 4216 patients with ARDS enrolled in six ARDS Network trials, 646 (15.3%)
patients received PMV(24-29). Figure 3 presents temporal trends of prevalence of PMV in
clinical trials of ARDS. Prevalence of PMV gradually declined from 18.4% in the ARMA
(published in 2000) trial to 10.9% in the SAILS (2014) trial (R2=0.728, p=0.031). During the
same time period, prevalence of patients with ARDS who were discharged alive without
receiving PMV gradually increased from 52.3% in the ARMA trial to 65.6% in the SAILS trial
(R2=0.780, p=0.020; Figure 3).
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Figure 3. Temporal trends of prevalence of prolonged mechanical ventilation (PMV) in clinical trials of
ARDS. Prevalence of PMV gradually declined from the ARMA to the SAILS trial. During the same time
period, prevalence of patients with ARDS who were discharged alive without receiving PMV gradually

increased.
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This was also the case (i.e., prevalence of PMV gradually declined, while percentage of
patients with ARDS who discharged alive without receiving PMV gradually increased) in the
subgroup analyses involving only medical patients or only patients with pulmonary causes of
ARDS, but not in the subgroup analyses involving only surgical patients or only patients with
extrapulmonary causes of ARDS (Figure 4).

Figure 5 presents temporal trends of 90-day mortality of patients with ARDS receiving
PMV. Mortality of patients receiving PMV did not change over time in clinical trials of ARDS
(R2=0.271, p=0.290) and remained as high as 36.8% (Figure 5).

This was also the case (i.e., mortality of patients receiving PMV did not change over
time) in the subgroup analyses involving only medical patients or only surgical patients or only
patients with pulmonary causes of ARDS or only patients with extrapulmonary causes of ARDS

(Figure 6).
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Figure 4. Temporal trends of prevalence of prolonged mechanical ventilation (PMV) in subgroup
analyses involving (A) only medical patients; (B) only surgical patients; (C) only patients with pulmonary
causes of acute respiratory distress syndrome (ARDS); and (D) only patients with extrapulmonary
causes of ARDS. In the subgroup analysis involving only medical patients (i.e., after exclusion of
patients with ARDS following trauma or elective surgery), prevalence of PMV gradually declined
(R2=0.828, p=0.012), while percentage of patients with ARDS who were discharged alive without
receiving PMV gradually increased (R2=0.862, p=0.008). (B) In the subgroup analysis involving only
surgical patients (i.e., patients with ARDS following trauma or elective surgery), neither prevalence of
PMV declined (R2=0.038, p=0.713) nor percentage of patients with ARDS who were discharged alive
without receiving PMV increased (R2=0.032, p=0.734). (C) In the subgroup analysis involving only
patients with pulmonary causes (namely, pneumonia and aspiration) of ARDS, prevalence of PMV
gradually declined (R2=0.794, p=0.017), while percentage of patients with ARDS who were discharged
alive without receiving PMV gradually increased (R2=0.695, p=0.039). (D) In the subgroup analysis
involving only patients with extrapulmonary causes of ARDS, prevalence of PMV did not decline
(R2=0.241, p=0.322), while percentage of patients with ARDS who were discharged alive without
receiving PMV gradually increased (R2=0.760, p=0.024).
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Figure 5. Temporal trends of 90-day mortality of patients with acute respiratory distress syndrome
receiving prolonged mechanical ventilation. Mortality of patients with ARDS receiving PMV did not

change over time in clinical trials conducted by the ARDS Network.



A. Medical

80+
70
60
50
ALVEOLI .
404 e O
©® ARMA

BALTA
eNENE . o esars

ortality (%)

‘@EDEN
= 304

204
10

2005 2010 2015

Year of Publication

2000

C. Pulmonary cause
80+

704

60+

o
rd

ALVEOL| OALTA _ ®SALS

. B
_eFACTT

®ARMA

Mortality (%)
s

W b
o

~“@EDEN

N
o
1

-
o
1

o

2005 2010 2015

Year of Publication

2000

32

B. Surgical

® FACTT
__ALVEOLI

01 ———
@®ARMA e

20'05 20'10
Year of Publication

2000
D. Extrapulmonary cause

80+
704
60+

o
o o
1 I

®ALTA
@EDEN

®FACTT™
ALVEOLI
® ARMA L

Mortality (%)

w B
e

N
o
1

® SAILS

=3
o
1

2005 2010 2015

Year of Publication

2000

Figure 6. Temporal trends of 90-day mortality of patients with acute respiratory distress syndrome

(ARDS) receiving prolonged mechanical ventilation (PMV) in subgroup analyses involving (A) only

medical patients; (B) only surgical patients; (C) only patients with pulmonary causes of ARDS; and (D)

only patients with extrapulmonary causes of ARDS. Mortality of patients receiving PMV did not change

over time in the subgroup analyses involving (A) only medical patients (i.e., after exclusion of patients

with ARDS following trauma or elective surgery) (R2=0.197, p=0.379) or (B) only surgical patients (i.e.,

patients with ARDS following trauma or elective surgery) (R2=0.081, p=0.585) or (C) only patients with

pulmonary causes (namely, pneumonia and aspiration) of ARDS (R2=0.210, p=0.360) or (D) only

patients with extrapulmonary causes of ARDS (R2=0.016, p=0.813).
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Baseline Characteristics and Clinical Course of Patients with PMV

To better reflect modern clinical practice, the remainder of our analyses considered
only data from the three most recently published ARDS Network trials; namely, ALTA, EDEN,
and SAILS (all published after 2010) (26-28). Of the 1853 patients with ARDS enrolled in these
trials, 250 (13.5%) patients received PMV (26-28).

Table 2 presents baseline characteristics and initial management of the 250 patients
with ARDS receiving PMV. Out of those 250 patients, 92 (36.8%) died by day 90. Non-survivors,
as opposed to survivors, were older [59.0 (44.3-69.0) vs 51.5 (42.0-63.0) years; p=0.012], had
higher APACHE 11l score [102.0 (83.5-123.3) vs 93.0 (78.0-106.0); p=0.006], were more likely
to have malignancy [12 (13.0%) vs 3 (3.9%); p<0.001], were more likely to have pneumonia as
a cause of ARDS [65 (70.7%) vs 91 (57.6%); p=0.040] and had higher baseline partial pressure
of arterial oxygen to fraction of inspired oxygen ratio (PaO,:FiO;) [157.8 (106.5-192.4) vs 118.1
(89.7-160.0); p<0.001]. There was no difference between non-survivors and survivors in terms
of initial management, such as ventilator settings and cumulative fluid balance (Table 2).

Table 3 presents the clinical course of the 250 patients with ARDS receiving PMV. Non-
survivors, as opposed to survivors, were more likely to experience coagulation failure
dysfunction [64 (69.6%) vs 60 (38.0%); p<0.001] and hepatic failure dysfunction [35 (38.0%)
vs 39 (24.7%); p=0.026] during the first 21 days after trial enroliment. Also, non-survivors, as
opposed to survivors, were less likely to receive tracheostomy [30 (32.6%) vs 88 (55.7%);

p<0.001] during the first 21 days after trial enrolment (Table 3).

Risk Factors Associated with Mortality of Patients with ARDS Receiving PMV

Table 4 presents a multivariable binary logistic regression analysis to identify risk
factors associated with 90-day mortality of patients with ARDS receiving PMV. Risk factors
independently associated with mortality were age (OR 1.03, 95% Cl 1.01-1.0605), malignancy
(OR 6.35, 95% CI 1.55-26.08 5.77, 95% Cl 1.45-22.95), pneumonia as the cause of ARDS (OR
2.48,95% Cl 1.26-4.89 2.56, 95% Cl 1.32- 4.97), coagulation failure dysfunction (OR 4.02, 95%
Cl 2.05-7.90R 4.17, 95% Cl 2.17-8.01) and hepatic failure dysfunction (OR 2.12, 95% Cl 1.08-
4.17 2.07, 95% ClI 1.07-4.00) during the first 21 days after trial enrollment. Tracheostomy
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during the first 21 days after trial enrollment was negatively associated with mortality (OR

0.34, 95% Cl 0.18-0.64) (Table 4).

Table 2. Baseline characteristics and initial management of 250 patients with ARDS receiving PMV.

Total Non-survivors Survivors
Variable® p value
(n=250) (n=92) (n=158)
Age (years) 55.0 (42.0-65.0) 59.0 (44.3-69.0) 51.5 (42.0-63.0) 0.012
Female sex 119 (47.6%) 46 (50.0%) 73 (46.2%) 0.562
Race 0.613
White 161 (64.4%) 61 (66.3%) 100 (63.3%)
Black 42 (16.8%) 17 (18.5%) 25 (15.8%)
Hispanic or Latino 38 (15.2%) 11 (12.0%) 27 (17.1%)
Other 8(3.2%) 2 (2.2%) 6 (3.8%)
Body Mass Index (kg/m?) 29.2 (23.3-35.6) 28.0(22.9-34.6) 30.2 (23.7-36.3) 0.149
APACHE Ill score | 96.0(79.0-114.0) 102.0 (83.5-123.3) 93.0(78.0-106.0) 0.006
Usage of vasopressors
within 24 hours 154 (61.6%) 60 (65.2%) 94 (59.5%) 0.370
prior to trial enroliment
Comorbidity
Any comorbidity 162 (64.8%) 67 (72.8%) 95 (60.1%) 0.043
Malignancy® 15 (6.0%) 12 (13.0%) 3 (1.9%) <0.001
Cardiovascular disease® 120 (48.0%) 46 (50.0%) 74 (46.8%) 0.629
Liver disease® 16 (6.4%) 8 (8.7%) 8 (5.1%) 0.258
Chronic pulmonary disease 36 (14.4%) 17 (18.5%) 19 (12.0%) 0.161
Immunosuppression® 37 (14.8%) 23 (25.0%) 14 (8.9%) <0.001
Cause of ARDS
Pneumonia 156 (62.4%) 65 (70.7%) 91 (57.6%) 0.040
Sepsis 48 (19.2%) 15 (16.3%) 33 (20.9%) 0.375
Trauma 13 (5.2%) 4 (4.3%) 9 (5.7%) 0.773
Aspiration 19 (7.6%) 4 (4.3%) 15 (9.5%) 0.139

Physiological parameters on

the day of trial enrolment’
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VT (ml/kg) 6.2 [6.0-7.4] 6.4[6.0-7.8] 6.1(5.9-7.1) 0.220
RR (breaths/ minute) 26.0 (20.0-31.0) 26.0 (20.0-31.0) 26.0(21.0-32.0) 0.474
PEEP (cm H,0) 10.0 (5.0-12.0) 10.0 [5.0-12.0] 10.0 [5.3-14.0] 0.143
Pdriving (cm H,0) 15.0 (12.0-20.0) 15.0 (12.0-18.0) 16.0 (12.0-20.0) 0.310
PaO,:FiO, | 129.5[94.7-176.0] 157.8 [106.5-192.4] 118.1 [89.7-160.0] <0.001

Cumulative fluid balance
365 (503-7290) 3934.0 (503.0-7652.0) | 3581.5(395.5-7123.5) 0.359

(ml, days 0-2)

Abbreviations: ARDS, acute respiratory distress syndrome; PMV, prolonged mechanical ventilation; APACHE, Acute Physiology
and Chronic Health Evaluation; VT, tidal volume; RR, respiratory rate; PEEP, positive end-expiratory pressure; Pdriving, driving
pressure; Pa02: FiO2, partial pressure of arterial oxygen to fraction of inspired oxygen ratio.

a Data are presented as number (percentage) or median [interquartile range].

b Malignancy includes solid tumor with metastasis, leukemia and lymphoma.

¢ Cardiovascular disease includes prior myocardial infarction, hypertension, congestive heart failure, peripheral vascular
disease and prior stroke with sequelae.

d Liver disease includes cirrhosis and hepatic failure with coma or encephalopathy.

e Immunosuppression refers to radiation, chemotherapy or administration of systemic steroids (greater than or equal to 0.3
mg/kg/day prednisone or equivalent) within the past six months.

fTrial enrollment (specifically, randomization) occurred a median of 1.0 day [1.0-2.0] after intubation and a median of 1.0 day
[0.0-1.0] after diagnosis of ARDS. There were no statistically significant differences regarding the median time from intubation
to trial enrollment (p=0.772) or regarding the median time from diagnosis of ARDS to trial enrollment (p=0.860) between the

three randomized controlled trials (14-16).




Table 3. Clinical course during the first 21 days after trial enrollment of the 250 patients with ARDS

receiving PMV.
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Variable® Total Non-survivors | Survivors | p value
(n=250) (n=92) (n=158)
Persistent severe ARDS® | 50 (20.0%) 18 (19.6%) 32(20.3%) | 0.982
Non-pulmonary organ dysfunction® | 231 (92.4%) 91 (9.9%) 140 (88.6%) | 0.003
Coagulation dysfunction | 124 (49.6%) 64 (69.6%) 60 (38.0%) | <0.001
Renal dysfunction | 139 (55.6%) 56 (60.9%) 83(52.5%) | 0.201
Cardiovascular dysfunction | 207 (82.8%) 82 (89.1%) 125(79.1%) | 0.043
Hepatic dysfunction | 74 (29.6%) 35 (38.0%) 39(24.7%) | 0.026

Abbreviations: ARDS, acute respiratory distress syndrome; @ Data are presented as number (percentage).  Persistent severe
ARDS was defined as partial pressure of arterial oxygen to fraction of inspired oxygen ratio <100 mmHg on the second day
after trial enrollment(34). If that value was not available, then the next available value up to day 7 after trial enrollment was
considered. ¢ Non-pulmonary organ dysfunctions were defined as follows: coagulation dysfunction as platelets <100
1073/mm*3; hepatic dysfunction as bilirubin =2 mg/dL; cardiovascular dysfunction as usage of vasopressors, and renal

dysfunction as creatinine 22 mg/dL at any time up to day 21 after trial enroliment.

Table 4. Multivariable binary logistic regression analysis to identify risk factors associated with 90-day

mortality of patients with ARDS receiving PMV.

Risk factor | OR 95% ClI p value
Age (increments of 1year) | 1.03 | 1.01-1.05 | 0.005
APACHE Il (increments of 1) | 1.00 | 0.99-1.01 0.708
Malignancy | 5.77 | 1.45-22.95 | 0.013
Pneumonia as the cause of ARDS | 2.56 | 1.32-4.97 | 0.005
Persistent severe ARDS® | 1.19 | 0.56-2.53 | 0.656
Coagulation dysfunction® | 4.17 | 2.17-8.01 | <0.001
Hepatic dysfunction® | 2.07 | 1.07-4.00 | 0.030

Abbreviations: ARDS, acute respiratory distress syndrome; OR, odds ratio; Cl, confidence intervals; APACHE, Acute Physiology
and Chronic Health Evaluation. 2 Persistent severe ARDS was defined as partial pressure of arterial oxygen to fraction of
inspired oxygen ratio < 100 mm Hg on the second day after trial enroliment (34). If that value was not available, then the next
available value up to day 7 after trial enrollment was considered. P Coagulation dysfunction was defined as platelets <100
1073/mm”3 at any time up to day 21 after trial enrollment. ¢ Hepatic dysfunction was defined as bilirubin 22 mg/dL at any

time up to day 21 after trial enroliment.
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Oxygenation and Compliance Subphenotypes

Characteristics of Included Patients in the Two Cohorts

Figure 7 and figure 8 present the patient flow diagram for both cohorts (ARDSNet and
CARDS). In the ARDSNet cohort, out of the 2909 patients with ARDS, the majority of patients
(67%) were liberated from mechanical ventilation (“extubated” group) by day 21, 19% of
patients had died (“deceased” group) by day 21, 10% remained on mechanical ventilation but
did not have data on compliance, mostly because they were ventilated on assisted or partially
assisted modes (“ventilated in assisted modes” group) by day 21, and 4% of patients were on
mechanical ventilation and had available data on oxygenation and compliance (“ventilated in
control modes” group) on day 21. In the CARDS cohort, out of the 349 patients, 17% were in
the “extubated” group, 41% in the “deceased”, 15% in the “ventilated in assisted modes” and

28% were in the “ventilated in control modes” group.

A. ARDSNet cohort B. CARDS cohort
Total cohort at baseline Total cohort at baseline
(n=2909) (n=349)
1937 extubated 58 extubated
546 deceased 144 deceased
302 ventilated in assisted modes 51 ventilated in assisted modes
Patients ventilated in control modes Patients ventilated in control modes
(n=124) (n=96)

Figure 7. Patient flow diagram.




ARDSNet cohort
(n=2909)

CARDS cohort
(n=7349)

Total number of patients in

Total number of patients in

Total number of patients in

Total number of patients in

Total number of patients in

Total number of patients in

FACTT ALTA EDEN SAILS CRETE TOANNINA
{(n = 1000) (n=245) {n=1000) (n=1664) {n=149) {n=200)
1937 extubated at day 21
546 deceased at day 21

58 extubated at day 21
144 deceased at day 21

Patients on mechanical
ventilation on day 21 in
FACTT
(n= 165, 16.5%)

Patients on mechanical
ventilation on day 21 in
ALTA
(n=42, 17.1%)

Patients on mechanical
ventilation on day 21 in
EDEN
(n= 143, 14.3%)

Patients on mechanical
ventilation on day 21 in
SAILS
(n=176, 11.4%)

Patients on mechanical
ventilation on day 21 in
CRETE
(n =80, 53.7%)

Patients on mechanical
ventilation on day 21 in
TOANNINA
(n =67, 33.5%)

302 ventilated in assisted modes or
had missing data on lung mechanics

51 ventilated in assisted modes or
had missing data on lung mechanics

Patients with available
compliance on day 21 in
FACTT
(n =60, 36.4%)

Patients with available
compliance on day 21 in
ALTA
(n =13, 31.0%)

Patients with available
compliance on day 21 in
EDEN
(n =39, 27.3%)

Patients with available
compliance on day 21 in
SAILS
(n=12, 15.8%)

Patients with available
compliance on day 21 in
CRETE
(n= 56, 70.0%)

Patients with available
compliance on day 21 in
TOANNINA
(n = 40, 59.7%)

Patients with ARDS related to COVID-19 on
mechanical ventilation and available data on mechanical ventilation and available data on
oxygenation and compliance on day 21 oxygenation and compliance on day 21
(n=124) (n=96)

Patients with ARDS on

Figure 8. Detailed patient flow diagram for both study cohorts. The “extubated” group consisted of patients who were liberated from mechanical ventilation
by day 21; the “deceased” group consisted of patients who died by day 21; and the “ventilated in assisted modes” group consisted of patients who remained
on mechanical ventilation but did not have data on compliance, mostly because they were ventilated on assisted or partially assisted modes by day 21 (details
on the modes of ventilation are not available for patients in the FACTT ARDSNet trial). The “ventilated in control modes” group consisted of patients who were

on mechanical ventilation and had available data on oxygenation and compliance on day 21.
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Table 5 presents the baseline characteristics of patients categorized based on their status
on day 21 (i.e., ventilated in control or assisted modes, extubated, or deceased) in the ARDSNet
and CARDS cohorts. The combination of mild-moderate hypoxemia and low compliance at
baseline was less common among patients ventilated in control modes compared to other groups
in the ARDSNet cohort but not in the CARDS cohort (Table 5).

Table 6 presents the comparison of baseline characteristics of patients included in the
ARDSNet versus the CARDS cohort. Regardless of their status on day 21, patients in the ARDSNet
cohort were younger, had higher total SOFA score, higher non-respiratory SOFA score and lower
respiratory system compliance at baseline compared to patients in the CARDS cohort. The
combination of mild-moderate hypoxemia but low compliance at baseline was more common in

the ARDSNet cohort than in the CARDS cohort (Table 6).
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Table 5. Baseline characteristics of patients according to status on day 21 of ARDSNet and CARDS cohort.

ARDSNet cohort

CARDS cohort

Ventilated Ventilated Ventilated Ventilated
in Control In Assisted Extubated Deceased in Control in Assisted Extubated Deceased
modes? modes? (n=1937) (n=546) modes? modes? (n=58) (n=144)
(n=124) (n=302) (n=96) (n=51)
Age | 52.5(41.0-65.8) | 54.0(42.0-65.0) | 50.0(39.0-60.0)* | 58.0(45.0-71.0)* | 71.0(61.0-75.8) | 69.0 (61.0-74.0) | 63.5(53.0-75.0)** | 72.0 (64.0-77.0)
Female sex n (%) 50 (40.3) 138 (45.7) 975 (50.3) 246 (45.1) 32 (33.3) 20(39.2) 23 (39.7) 45 (31.5)
Baseline SOFA score 7 (5-9) 7 (5-9) 6 (4-8)" 8 (6-10)" 4 (4-6) 4 (4-8) 4 (4-6)H 5 (4 -7)"
Non-respiratory SOFA 3 (1-6) 4(2-6)$ 3(1-5) 5(3-7)$ 1(0-3) 1(0-4) 1(0-2) 1(0-3)

Pa0,:FiO; at baseline

103 (81-147)°

146 (107-195)

50 (106-200)

127 (89-177)°

120 (88-153)

131 (110-181)

118 (101-158)

101 (76-147)°

Crs at baseline

27 (22-35)

28 (21-36)

30 (23-40)"

28 (21-38)

36 (30-45)

40 (35-48)

38 (33-45)

32(26-39)"

MH-LoC at baseline?

13/108 (12.0)°

56/223 (25.1)

357/1527 (23.4)

76/405 (18.8)

2/94 (2.1)

0/43 (0.0)

2/55 (3.6)

6/128 (4.7)

Age, baseline SOFA, non-respiratory SOFA and lung mechanics at baseline are presented as median with interquartile range (IQR) and compared using the Kruskal-Wallis test. Sex
is presented as percentage and compared using the chi-squared test. Pairwise comparisons were corrected using the Bonferroni method, and statistical significance was considered
at an a level of 0.05. Abbreviations: ARDS, acute respiratory distress syndrome; CARDS, COVID-19-related acute respiratory distress syndrome; n, number; SOFA, sequential organ
failure assessment; Pa0,:FiO,, partial pressure of arterial oxygen to fraction of inspired oxygen ratio; Crs, compliance; MH-LoC, mild-moderate hypoxemia and low compliance. !
The “ventilated in control modes” group consisted of patients who were on mechanical ventilation and had available data on oxygenation and compliance on day 21; the “ventilated

in assisted modes” group consisted of patients who remained on mechanical ventilation but did not have data on compliance, mostly because they were ventilated on assisted or
partially assisted modes by day 21; the “extubated” group consisted of patients who were liberated from mechanical ventilation by day 21; and the “deceased” group consisted of

patients who died by day 21. 2 Due to missing data on respiratory system compliance at baseline, the total number of patients is less for this variable (shown as denominator). *
Deceased vs. all other groups p<0.05, and extubated vs. ventilated in assisted modes p<0.001; # Deceased vs. all other groups, and extubated vs. ventilated in control, assisted
modes p<0.05; $ Deceased vs. extubated, ventilated in control modes, and ventilated in assisted modes vs. extubated p<0.001; °*Deceased vs. all other groups p<0.05, and ventilated

in control modes vs. ventilated in assisted modes, extubated p<0.001; “ Extubated vs. deceased, ventilated in assisted modes p<0.05; * Ventilated in control modes vs. ventilated
in assisted modes, extubated p<0.05.** Extubated vs. ventilated in control modes, deceased p<0.05; ## Deceased vs. extubated p<0.05; °° Deceased vs. ventilated in assisted modes

p<0.01; " Deceased vs. all other groups p<0.01.




Table 6. Baseline characteristics of patients according to status on day 21.

Ventilated in Control modes? Ventilated in Assisted modes? Extubated Deceased
ARDSNet CARDS ARDSNet CARDS ARDSNet CARDS ARDSNet CARDS
p value p value p value p value
(n=124) (n=96) (n=302) (n=51) (n=1937) (n=58) (n=546) (n=144)
52.5 71.0 54.0 69.0 50.0 63.5 58.0 72.0
Age <0.001 <0.001 <0.001 <0.001
(41.0-65.8) | (61.0-75.8) (42.0-65.0) | (61.0-74.0) (39.0-60.0) | (53.0-75.0) (45.0-71.0) | (64.0-77.0)
Female sex % (n) 50 (40.3) 32 (33.3) 0.288 138 (45.7) 20 (39.2) 0.389 975 (50.3) 23 (39.7) 0.109 246 (45.1) 45 (31.5) 0.003
Total SOFA score 7 (5-9) 4 (4-6) <0.001 7 (5-9) 4 (4-8) <0.001 6 (4-8) 4 (4-6) <0.001 8 (6-10) 5(4-7) <0.001
Non-respiratory
3 (1-6) 1(0-3) <0.001 4 (2-6) 1(0-4) <0.001 3(1-5) 1(0-2) <0.001 5(3-7) 1(0-3) <0.001
SOFA score
Pa0:FiO2 103 120 146 131 150 118 127 101
0.266 0.289 0.003 <0.001
at baseline (81-147) (88-153) (107-195) (110-181) (106-200) (101-158) (89-177) (76-147)
Crs 27 36 28 40 30 38 28 32
<0.001 <0.001 <0.001 0.001
at baseline? (22-35) (30-45) (21-36) (35-48) (23-40) (33-45) (21-38) (26-39)
MH-LoC 13/108 2/94 56/223 0/43 357/1527 76/405 6/128
0.007 <0.001 2/55(3.6) | <0.001 <0.001
at baseline? (12.0) (2.1) (25.1) (0.0) (23.4) (18.8) (4.7)

Abbreviations: ARDS, acute respiratory distress syndrome; CARDS, COVID-19-related ARDS; n, number; SOFA, sequential organ failure assessment; PaO2:FiO2, partial pressure of

arterial oxygen to  fraction of  inspired oxygen ratio; Crs, compliance; MH-LoC, mild-moderate hypoxemia and low compliance.

1 Study population consisted of patients who were ventilated in control modes and had available data on oxygenation and Crs on day 21. Most of the patients on mechanical
ventilation without available data on mechanics were on assisted modes (details on the modes of ventilation are not available for patients in the FACTT ARDSNet trial). 2 Due to

missing data on respiratory system compliance at baseline, the total number of patients is less for this variable (shown as denominator).
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Trajectory of Oxygenation and Compliance from Baseline to Day 21

In the ARDSNet cohort, the combination of mild-moderate hypoxemia but low compliance
increased among patients ventilated in control mode from a prevalence of 22.2% at baseline to
42.7% on day 21 (p<0.001). A sensitivity analysis including only patients who were randomized to
the control group showed similar results, specifically the combination of mild-moderate
hypoxemia but low compliance increased from a prevalence of 23.1% at baseline to 47.8% on day
21 (p<0.001). Likewise, in the CARDS cohort, the combination of mild-moderate hypoxemia but
low compliance increased from a prevalence of 3.1% at baseline to 33.3% on day 21 (p<0.001).
The prevalence of the combination of mild-moderate hypoxemia but low compliance on day 21
was similar in both the ARDSNet and CARDS cohorts (p=0.155).

After limiting our analysis to only those patients ventilated in control modes on day 21,
the combination of mild-moderate hypoxemia but low compliance increased from a prevalence
of 7.4% (12.0% and 2.1% in the ARDSNet and CARDS cohort, respectively) at baseline to 38.6%
(42.7% and 33.3% in the ARDSNet and CARDS cohort, respectively) on day 21 (p<0.001 for all
comparisons). Alluvial plots to depict the change in prevalence of the different combinations over
time from baseline to day 21 are shown in Figure 9.

In the sensitivity analysis including only patients from the ARDSNet cohort with
pneumonia as the primary risk factor of ARDS (Table 7), the combination of mild-moderate
hypoxemia but low compliance increased from a prevalence of 5.4% at baseline to 34.6% on day
21 (p<0.001).

Among patients who had low compliance, in whom the underlying pathophysiology,
edema or atelectasis causing the impairment in mechanics, would be expected to affect
oxygenation, oxygenation appeared to improve over time (Figure 10A-B). This was also the case

for patients who had high compliance (Figure 10C-D).
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A. ARDSNet cohort B. CARDS cohort

Baseline Day 21 Baseline Day 21

Figure 9. Alluvial plot of changes in prevalence of different combinations of oxygenation and compliance
over time from baseline to day 21, among patients who remained on controlled ventilation and had
available data on oxygenation and compliance, in (A) the ARDSNet cohort, and (B) the CARDS cohort. Each
block represents a different combination, and the height of a block represents the number of patients in
this combination. Combinations at baseline are illustrated with different colors. Each stream field between
two blocks represents the change in the number of patients in the respective combinations from baseline
to day 21, and the height of a stream field is proportionate to this number of patients. A total of 108 and
94 patients with available data on oxygenation and compliance on both baseline and day 21 are included
in the alluvial plot of the ARDSNet and CARDS cohort, respectively. (MH-HiC: mild-moderate
hypoxemia/high compliance; MH-LoC: mild-moderate hypoxemia/low compliance; SH-HIiC: severe

hypoxemia/high compliance; and SH-LoC: severe hypoxemia/low compliance).
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Figure 10. (A) Trajectory of oxygenation, as assessed by the partial pressure of arterial oxygen to fraction

of inspired oxygen ratio (Pa02:Fi02), (line at median), and (B) percent of patients with mild-moderate

hypoxemia, among patients with low compliance at baseline and on days 7, 14 and 21 in the two

independent cohorts (ARDSNet and CARDS). (C) Trajectory of oxygenation, as assessed by the partial

pressure of arterial oxygen to fraction of inspired oxygen ratio (Pa0,:FiO,), and (D) percent of patients with

mild-moderate hypoxemia, among patients with high compliance at baseline and on days 7, 14 and 21 in

the two independent cohorts.



Table 7. Baseline characteristics and lung mechanics of patients with pneumonia as primary risk factors

for ARDS.
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ARDSNet cohort | CARDS cohort
Variable p value
(n=66) (n=96)

Age | 51.5(42.0-63.3) |71.0(61.0-75.8) <0.001

Female sex % (n) 31(47.0) 32(33.3) 0.080
Baseline SOFA score 6 (5-8) 4.0 (4.0-6.0) <0.001
Baseline non-respiratory SOFA score 3(1-5) 1.0 (0.0-3.0) <0.001

PaO,:FiO, | 99 (76-130) 120 (88-153) 0.058

Crs 27 (21-35) 36 (30-45) <0.001

MH-LoC |  6/55 (10.9) 2/94 (2.1) 0.052

60-day mortality 22 (33.3) 59 (61.5) <0.001

Abbreviations: ARDS, acute respiratory distress syndrome; CARDS, COVID-19-related ARDS; n, number; SOFA, sequential organ
failure assessment; Pa0,:FiO,, partial pressure of arterial oxygen to fraction of inspired oxygen ratio; Crs, compliance; MH-LoC,

mild-moderate hypoxemia and low compliance.

Outcome

Table 8 presents data on outcomes (i.e., extubated or dead) on day 21 of patients
categorized by their oxygenation-compliance combination at baseline in both cohorts.

Table 9 presents data on 60-day mortality of patients categorized by their oxygenation-
compliance combination on day 21 in both cohorts. In the ARDSNet cohort, 60-day mortality was
28% in the mild-moderate hypoxemia/low compliance and 20% in the mild-moderate
hypoxemia/high compliance combination, 67% in the severe hypoxemia/high compliance
combination, and 32% in the severe hypoxemia/low compliance combination. In the CARDS
cohort, 60-day mortality was 56% and 50% in the mild-moderate hypoxemia/low compliance and
the mild-moderate hypoxemia/high compliance groups, and 82-83% in the severe hypoxemia

with low and high compliance, respectively.



Table 8. Outcomes on day 21 of patients categorized by their oxygenation-compliance combination at baseline.

ARDSNet cohort (n=2909) CARDS cohort (n=349)
Variable MH-LoC MH-HiC SH-HiC SH-LoC Missing MH-LoC MH-HiC SH-HiC SH-LoC Missing
p value p value
(n=502) | (n=548) | (n=561) | (n=652) | (n=646) (n=10) | (n=96) | (n=140) | (hn=74) | (n=29)
Extubated | 359 (71.5) | 421(76.8) | 367 (65.4) | 382 (58.6) | 411 (63.6) 0.001 2 (20.0) 17 (17.7) 31(22.1) 5(6.8) 3(10.3) 0.055
21-day mortality | 76 (15.1) | 69(12.6) | 110(19.6) | 153 (23.5) | 141(21.8) | 0.001 | 6(60.0) | 32(33.3) | 46(32.9) | 44(59.5) | 16(55.2) | <0.001

Abbreviations: ARDS, acute respiratory distress syndrome; CARDS, COVID-19-related ARDS; MH-LoC, mild-moderate hypoxemia and low compliance; MH-HiC, mild-moderate

hypoxemia and high compliance; SH-HiC, severe hypoxemia and high compliance; SH-LoC, severe hypoxemia and low compliance; n, number. Baseline was day 0 or, if missing, day

1.

Table 9. Data on 60-day mortality of patients categorized by their oxygenation-compliance combination on day 21.

ARDSNet cohort (n=124) CARDS cohort (n=96)
Variable | MH-LoC | MH-HiC SH-HiC SH-LoC MH-LoC | MH-HIiC | SH-HiC SH-LoC
p value p value
(n=53) | (h=25) | (n=15) (n=31) (n=32) | (n=36) | (n=6) | (n=22)
60-day mortality | 15(28.3) | 5(20.0) | 10(66.7)* | 10(32.3) | 0.017 | 18(56.3) | 18(50.0) | 5(83.3) | 18 (81.8) | 0.056

Abbreviations: ARDS, acute respiratory distress syndrome; CARDS, COVID-19-related ARDS; MH-LoC, mild-moderate hypoxemia and low compliance; MH-HiC, mild-moderate

hypoxemia and high compliance; SH-HiC, severe hypoxemia and high compliance; SH-LoC, severe hypoxemia and low compliance; n, number. Baseline was day 0 or, if missing, day

1. * SH-HiC vs MH-LoC, MH-HiC, p<0.05.
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Mechanical Ventilation and AKI

Baseline Characteristics

Of 5367 patients with ARDS initially enrolled in the seven randomized controlled trials,
2960 patients were included in the main analysis (24-27, 29, 30, 32). Reasons for exclusion are
depicted in Figure 11. Of the 2960 included patients, late AKI developed in 1000 (33.8%)
patients; specifically, 62.4% developed AKI stage |, 21.8% stage |l and 15.8% stage IlI.

5367 patients with ARDS enrolled

2407 patients were excluded:

- 11 without available creatinine at baseline
——» | - 47 without available creatinine after day 2

- 132 on chronic dialysis or peritoneal dialysis
- 2217 with early AKI

2960 patients were included for analysis:
- 1000 with late AKI
- 1960 without AKI

Figure 11. Study flow diagram (AKI, acute kidney injury; ARDS, acute respiratory distress syndrome).

Table 10 presents the baseline characteristics and table 11 the outcomes of patients

I”

included in the “late AKI” versus “no AKI” groups. Compared groups differed in terms of age,
presence of diabetes mellitus, organ failures (namely, cardiovascular, coagulation, and

hepatic), Pa0,:FiO,, respiratory rate, tidal volume, respiratory system compliance and PEEP,
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but not in terms of sex. Driving pressure at baseline was not significantly different between

the two groups. Crude 90-day mortality was significantly higher in the “late AKI” compared

with the “no AKI” group (39% versus 17%; p<0.001). Consistently, organ failure-free days,

ventilator-free days and ICU-free days were significantly lower in the “late AKI” compared with

the “no AKI” group (Table 10, Table 11).

Table 10. Baseline characteristics of patients included in the compared groups.

All patients Late AKI
Variable No AKI (n=1960) p value
(n=2960) (n=1000)
Age, years 51 (39-63) 50 (39-62) 52 (40-65) 0.001
Female sex, n (%) 1475 (50) 978 (50) 497 (50) 0.919
BMI, kg/m2 27 (23-33) 27 (23-32) 28 (23-34) 0.010
Race, n (%) <0.001
White 2118 (72) 1450 (74) 668 (67)
Black 425 (14) 251 (13) 174 (17)
Hispanic 164(6) 87 (4) 77 (8)
Other 212 (7) 141 (7) 71(7)
Comorbidities, n (%)
Hypertension 743 (25) 446 (23) 297 (30) 0.016
Diabetes mellitus 470 (16) 290 (15) 180 (18) 0.030
Cardiovascular disease 217 (7) 138 (7) 79 (8) 0.951
Chronic pulmonary disease 266 (9) 164 (8) 102 (10) 0.524
Malignancies 168 (6) 89 (5) 79 (8) <0.001
Risk factors of ARDS, n (%)
Pneumonia 1609 (54) 1008 (51) 601 (60) <0.001
Sepsis 459 (16) 328 (17) 131 (13) 0.009
Aspiration 400 (14) 266 (14) 134 (13) 0.893
Trauma 225 (8) 175 (9) 50 (5) <0.001
Multiple transfusions 53 (2) 36 (2) 17 (2) 0.788
Organ failure at baseline, n (%)
Cardiovascular 1729 (58) 1094 (56) 635 (64) <0.001
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Coagulation 441 (15) 265 (14) 176 (18) 0.003
Hepatic 349 (12) 200 (10) 149 (15) <0.001
Creatinine at baseline, mg/dL 0.8 (0.6-1.0) 0.8 (0.6-1.0) 0.8 (0.6-1.1) <0.001
Fluid balance on day 1, mL | 1350 (90-3063) | 1261 (16-3025) | 1496 (233-3160) | 0.047
Cumulative fluid balance
2938 (-66-6511) | 2618 (-470-5984) | 3792 (590-7881) | < 0.001
of the first 3 days, mL
Respiratory variables
at baseline
Pa0,:Fi0;, mm Hg | 134 (100-180) 138 (105-186) 124 (91-173) <0.001
RR, breaths/min 24 (18-29) 23 (18-28) 24 (20-30) <0.001
VT/PBW, mL/Kg 6.8 (6.0-8.4) 6.9 (6.0-8.5) 6.6 (6.0-8.1) 0.017
Arterial pH | 7.39(7.34-7.44) | 7.40(7.35-7.44) | 7.37(7.32-7.43) | <0.001
PaCO,, mm Hg 40 (35-45) 39 (34-45) 40 (35-46) 0.257
Plateau pressure, cm H;0 25 (21-30) 25 (21-30) 26 (22-31) <0.001
Crs, mL/cm H,0 30 (23-40) 31 (24-41) 28 (22-38) <0.001
PEEP, cm H,0 10 (5-12) 10 (5-12) 10 (8-12) <0.001
Pdriving, cm H,0 16 (12-20) 15 (12-20) 16 (12-21) 0.056

Abbreviations: AKI, acute kidney injury; n, number; BMI, body mass index; ARDS, acute respiratory distress syndrome;

Pa02:Fi02, partial pressure of arterial oxygen to fraction of inspired oxygen ratio; RR, respiratory rate ; VT, tidal volume; PBW,

predicted body weight; Crs, respiratory system compliance; PEEP, positive end-expiratory pressure; Pdriving, driving pressure;

ICU, intensive care unit. Data are expressed as median (IQR), unless otherwise indicated.

Table 11. Outcomes of patients included in the compared groups.

All patients No AKI Late AKI
Variable p value

(n=2960) | (n=1960) | (n=1000)
90-day mortality, n (%) 728 (25) 338 (17) 390 (39) <0.001
Organ failure-free days 22 (6-26) 23 (14-27) | 12(0-24) | <0.001
Ventilator-free days 19 (0-24) 21 (4-25) 7 (0-22) <0.001
ICU-free days 17 (0-23) 19 (7-23) 6 (0-20) <0.001

Abbreviations: AKI, acute kidney injury; ICU, intensive care unit.
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Association Between Baseline Driving Pressure and Development of Late AKI

Table 12 depicts a multivariable logistic regression analysis to isolate the contribution
of age, sex, body mass index, diabetes mellitus, organ failures (namely, cardiovascular,
coagulation, and hepatic) at baseline, fluid balance, baseline PaO,:FiO; ratio, respiratory rate,
tidal volume, respiratory system compliance, PEEP and driving pressure (independent
variables) to the development of late AKI (dependent variable). In our multivariable regression
model, we did not include plateau pressure due to collinearity with driving pressure. Instead,
we included both PEEP and driving pressure because we found no collinearity between them

(VIF= 1.049).

Table 12. Multivariable logistic regression analysis to explore the contribution of baseline driving

pressure (independent variable) to the development of late AKI (dependent variable).

Univariable analysis Multivariable analysis*
Variable

OR 95% Cl pvalue | OR 95% Cl p value

Baseline Pdriving
1.12 | 1.024-1.23 | 0.014 | 1.35| 1.15-1.58 | <0.001
(increments of 1 SD)

Abbreviations: AKI, acute kidney injury; OR, odds ratio; Cl, confidence interval; SD, standard deviation (1 SD of driving pressure
=6.6 cm H,0), Pdriving, driving pressure. *Multivariable model was adjusted for: age, sex, body mass index, diabetes mellitus,
circulatory failure, coagulation failure, hepatic failure, fluid balance, partial pressure of arterial oxygen to fraction of inspired

oxygen ratio (Pa0,/FiO,) ratio, respiratory ratio, tidal volume, respiratory system compliance and PEEP.

After controlling for confounders, driving pressure at baseline was independently
associated with development of late AKI [odds ratio (OR) 1.046, 95% confidence intervals (Cl):
1.021-1.072; p<0.001]. The predicted probabilities of the model were then plotted against
driving pressure quintiles. The results indicate that the probability of late AKI increases with
higher driving pressure quintiles (p for trend over quintiles=0.011) (Figure 12). We also
assessed the linearity of the relationship between baseline driving pressure and late AKl using
cubic splines. A likelihood ratio test comparing a linear model to a spline model (4 degrees of

freedom) - created by employing a multivariate logistic regression with cubic splines - showed
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no significant improvement in fit (p=0.312). This suggests that the association between

baseline driving pressure and late AKl is adequately described by a linear term.

035
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Figure 12. Plot of predicted probabilities for late AKI against driving pressure quintiles. Each bar

represents mean value with 95% Cl (abbreviations: AKI, acute kidney injury; Cl, confidence interval).

Reclassification Tests

Table 13 shows the performance of driving pressure and its components for late AKI
prediction. Driving pressure and Ppl, when added to the reference model, resulted in
significantly higher AAUCs (DeLong p=0.026 and p=0.007, respectively), as well as in better
reclassification of patients (Total NRI=0.07, P=0.023, and 0.16, p<0.001), respectively). The
model including driving pressure and that including Ppl did not differ significantly (DeLong
p=0.09). Figure 13 depicts the ROC curves, as well as the AUCs of the reference and the other

three models.

Sensitivity Analyses

We repeated our main analysis by not excluding patients with early AKI. After adjusting

for age, sex, body mass index, diabetes mellitus, organ failures (namely, cardiovascular,
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coagulation, and hepatic) at baseline, fluid balance, baseline Pa0;:FiO; ratio, respiratory rate,
tidal volume, respiratory system compliance and PEEP, baseline driving pressure remained
independently associated with development of AKI (OR 1.038, 95% Cl: 1.020-1.056; p<0.001)
(Table 14).

Table 13. Performance of DP and its components for late AKI prediction.

AUC
Added Delong
of the Total NRI p value
Reference model | baseline AAUC test
new (95% Cl)
variable p value*
model
Age + sex + BMI + DM + 0.07
DP 0.615 | 0.015 0.026a 0.02
circulatory failure + (0.007-0.12)
coagulation failure + hepatic 0.04
PEEP 0.612 0.012 0.12 0.16
failure + FB + Pa0O,/FiO; ratio (-0.01-0.10)
+ RR + VT + Crs, AUC (95% 0.16
Ppl 0.625 | 0.025 0.007 0.001
Cl): 0.600 (0.570-0.631) (0.08-0.22)

*New model vs reference model. The model including DP and that including Ppl did not differ significantly (DeLong p=0.09).
Abbreviations: DP, driving pressure; AUC, area under curve; Cl, confidence interval; A, difference; NRI, net reclassification
improvement; BMI, body mass index; DM, diabetes mellitus; Crs, respiratory system compliance; RR, respiratory rate; VT,

tidal volume; PEEP, positive end-expiratory pressure; Ppl, plateau pressure.

Table 14. Multivariable logistic regression analysis to explore the contribution of baseline driving
pressure (independent variable) to the development of AKI (dependent variable) in a sensitivity

analysis which does not exclude patients with early AKI.

Univariable analyses Multivariable analysis
Variable

OR 95% CI p value OR 95% ClI p value

Age
1.012 | 1.009-1.016 | <0.001 | 1.013 | 1.007-1.018 <0.001
(increments of 1 year)

Female sex | 0.768 | 0.686-0.859 | <0.001 | 0.718 | 0.604-0.853 | <0.001

BMI
1.022 | 1.014-1.029 | <0.001 | 1.013 | 1.003-1.024 0.015

(increments of 1 kg/cm?)
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Diabetes mellitus | 1.940 | 1.673-2.250 | <0.001 | 1.964 | 1.579-2.443 | <0.001

Cardiovascular failure | 1.760 | 1.567-1.977 | <0.001 | 1.466 | 1.220-1.761 | <0.001

Coagulation failure | 1.978 | 1.698-2.305 | <0.001 | 2.114 | 1.666-2.681 | <0.001

Hepatic failure | 2.076 | 1.750-2.462 | <0.001 | 1.781 | 1.376-2.305 | <0.001

Fluid balance on day 1
1.009 | 1.007-1.011 | <0.001 | 1.007 | 1.005-1.010 | <0.001
(increment of 100 ml)

Baseline Pa0,:FiO;
0.979 | 0.970-0.987 | <0.001 | 1.005 | 0.992-1.020 0.443
(increments of 10 mmHg)

Baseline RR
1.033 | 1.025-1.040 | <0.001 | 1.028 | 1.015-1.041 | <0.001
(increments of 1 breath/min)

Baseline VT/PBW
0.980 | 0.953-1.008 0.161 0.997 | 0.979-1.015 0.733
(increments of 1 ml/Kg)

Baseline Crs
0.998 | 0.995-1.001 0.159 1.001 | 0.997-1.005 0.715
(increments of 1 ml/cm H,0)

Baseline PEEP
1.050 | 1.036-1.065 | <0.001 | 1.056 | 1.029-1.083 <0.001
(increments of 1 cm H,0)

Baseline Pdriving
1.010 | 0.999-1.020 0.064 | 1.038 | 1.020-1.056 | <0.001

(increments of 1 cm H,0)

Abbreviations: AKI, acute kidney injury; OR, odds ratio; Cl, confidence interval; BMI, body mass index; PaO,:FiO,, partial
pressure of arterial oxygen to fraction of inspired oxygen ratio; RR, respiratory rate; VT, tidal volume; PBW, predicted body
weight; Crs, respiratory system compliance; PEEP, positive end-expiratory pressure; Pdriving, driving pressure. The present
sensitivity analysis included a total of 5177 patients; namely, 3217 patients with AKI (both patients with early AKI and patients
with late AKI) and 1960 patients with no AKI.

Also, we repeated our main analysis by including patients who developed AKI later
than seven days following onset of ARDS; i.e., the “late AKI” group included patients who
developed AKI from day 3 to day 28 following onset of ARDS. After adjusting for age, sex, body
mass index, diabetes mellitus, organ failures (namely, cardiovascular, coagulation, and
hepatic) at baseline, fluid balance, baseline PaO:FiO; ratio, respiratory rate, tidal volume,
respiratory system compliance and PEEP, baseline driving pressure remained independently
associated with development of late AKI (OR 1.060, 95% Cl: 1.036-1.084; p<0.001) (Table 15).

To explore how the survival status affected the relationship between late AKI and

driving pressure, given the close association between AKI and mortality, we performed two
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separate multivariate logistic regressions in survivors and non-survivors, respectively. Driving

pressure was a predictor of late AKl in survivors only (Table 16).
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Figure 13. Receiver operating characteristic (ROC) curves and the area under the curves (AUCs) of the
four models for late acute kidney injury prediction. The reference model included: age, sex, body mass
index, diabetes mellitus, circulatory failure, coagulation failure, hepatic failure, fluid balance,
Pa02/FiO2 ratio, respiratory rate, tidal volume, and respiratory system compliance (PEEP, positive end-

expiratory pressure).
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Table 15. Multivariable logistic regression analysis to explore the contribution of baseline driving

pressure (independent variable) to the development of late AKI (dependent variable) in a sensitivity

analysis which included patients who developed AKI later than seven days following onset of ARDS.

Univariable analyses

Multivariable analysis

(increments of 1 ml/cm H,0)

Variable
OR 95% CI p value OR 95% CI p value
Age
1.012 1.008-1.017 <0.001 1.018 1.011-1.025 <0.001
(increments of 1 year)
Female sex | 0.859 0.744-0.992 0.039 0.795 0.638-0.991 0.041
BMI
1.007 0.997-1.016 0.163 1.004 0.990-1.018 0.558
(increments of 1 kg/cm?)
Diabetes mellitus | 1.199 0.984-1.462 0.071 1.140 0.858-1.516 0.366
Cardiovascular failure | 1.340 1.157-1.552 <0.001 1.273 1.014-1.598 0.038
Coagulation failure | 1.233 1.007-1.510 0.043 1.171 0.855-1.603 0.325
Hepatic failure | 1.410 1.126-1.766 0.003 1.654 1.179-2.320 0.004
Fluid balance on day 1
1.004 1.001-1.006 0.010 1.001 0.998-1.005 0.548
(increment of 100 ml)
Baseline Pa0,:FiO;
0.980 0.969-0.991 <0.001 1.005 0.988-1.023 0.554
(increments of 10 mmHg)
Baseline RR
1.009 1.0-1.019 0.054 1.002 0.986-1.018 0.826
(increments of 1 breath/min)
Baseline VT/PBW
0.996 0.979-1.014 0.687 0.984 0.940-1.032 0.511
(increments of 1 ml/Kg)
Baseline Crs
0.992 0.987-0.997 <0.001 0.999 0.994-1.004 0.672
(increments of 1 ml/cm H,0)
Baseline PEEP
1.034 1.015-1.052 <0.001 1.048 1.015-1.081 0.004
(increments of 1 cm H,0 0)
Baseline Pdriving
1.033 1.020-1.047 < 0.001 1.060 1.036-1.084 | <0.001

Abbreviations: AKI, acute kidney injury; OR, odds ratio; Cl, confidence interval; BMI, body mass index; PaO2:FiO2, partial

pressure of arterial oxygen to fraction of inspired oxygen ratio; RR, respiratory rate; VT, tidal volume; PBW, predicted body

weight; Crs, respiratory system compliance ; PEEP, positive end-expiratory pressure; Pdriving, driving pressure. The present

sensitivity analysis included patients who developed AKI later than seven days following onset of ARDS; i.e., the “late AKI”

group included 3217 patients who developed AKI from day 3 to day 28 following onset of ARDS. The “no AKI group” included

1960 patients.
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Table 16. Adjusted logistic regressions for late AKI prediction in survivors and non-survivors.

B SE Wald | pvalue | OR 95% CI

*Driving pressure (non-survivors), SD | 0.153 | 0.138 | 1.229 | 0.268 | 1.166 | 0.889-1.529

*Driving pressure (survivors), SD | 0.269 | 0.110 | 5.999 | 0.014 | 1.309 | 1.055-1.624

Abbreviations: AKI, acute kidney injury; OR, odds ratio; Cl, confidence interval; SD, standard deviation.*Both analyses were
adjusted for: age, sex, body mass index, diabetes mellitus, organ failures (namely, cardiovascular, coagulation, and hepatic)

at baseline, fluid balance, baseline PaO2:FiO2 ratio, respiratory rate, tidal volume, respiratory system compliance and PEEP.

We also conducted a sensitivity analysis with baseline creatinine back calculated from
the Modification of Diet in Renal Disease (MDRD) equation, assuming an estimated glomerular
filtration rate equal to 75 mL/Kg/1.73m?, as suggested by KDIGO guidelines(61).The results
were similar to those of the main analysis. In another sensitivity analysis, a declining course
in the driving pressure during the first week of their ICU stay was not associated with less risk
of late AKI. We further explored the association of cumulative fluid balance with driving
pressure change in late AKl and no AKI patients (Table 17, Table 18, Figure 14). Lastly, we
performed sensitivity analyses, which showed that driving pressure was independently

associated with both persistent and severe late AKI.

Table 17. Differences in cumulative fluid balance and driving pressure between patients with and

without late AKI.

No AKI Late AKI

dFB, mL | 2475 (-1366 - 6567) | 3340 (588 - 6828)*

dDP, cm H,0 | -2 (-6 - 3) -2 (-6-3)

*P<0.001, Mann-Whitney test.

Abbreviations: AKI, acute kidney injury; dDP, difference in driving pressure; dFB, difference in cumulative fluid balance.
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Table 18. Linear regressions, with dDP as dependent and dFB as independent variable.

B SE Beta T p value 95% ClI

dFB (late AKI) | 0.000077 | 0.000059 0.069 1.308 0.192 -.000039 0.000194

dFB (no AKI) | 0.000173 | 0.000043 0.170 3.980 0.001 0.000087 | 0.000258

Abbreviations: AKI, acute kidney injury; Cl, confidence interval; dDP, difference in driving pressure; dFB, difference in

cumulative fluid balance.
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Figure 14. Dot plot between dDP and DFB with regression lines fitted for both groups, late AKI and no
AKI (Abbreviations: AKI, acute kidney injury; dDP, difference in driving pressure; dFB, difference in

cumulative fluid balance).

Association Between Mean Driving Pressure and Development of Late AKI

In order to ascertain whether the continuing exposure of patients with ARDS to high

driving pressure during the first days following onset of ARDS was associated with



58

development of late AKI, we performed another multivariable analysis, in which baseline
driving pressure was replaced by mean driving pressure (i.e., the mean of daily values of
driving pressure from onset of ARDS up to day 6 or day of development of AKI, whatever came
first). Consistently, mean driving pressure was independently associated with development of

late AKI (OR 1.054, 95% Cl: 1.030-1.078; p<0.001) (Table 19).

Table 19. Multivariable logistic regression analysis to explore the contribution of mean driving pressure

(independent variable) to the development of late AKI (dependent variable).

Univariable analyses Multivariable analysis
Variable
OR 95% ClI p value OR 95% CI p value
Age (increments of 1 year) | 1.008 | 1.003-1.013 | <0.001 | 1.012 | 1.005-1.018 | <0.001
Female sex | 0.992 | 0.852-1.155 0.919 | 0.927 | 0.757-1.135 | 0.462
BMI (increments of 1 kg/cm?) | 1.013 | 1.003-1.023 0.010 | 1.001 | 0.988-1.013 | 0.937
Diabetes mellitus | 1.254 | 1.022-1.538 0.030 | 1.322 | 1.018-1.717 | 0.036
Cardiovascular failure | 1.377 | 1.178-1.611 | <0.001 | 1.181 | 0.959-1.455 | 0.118
Coagulation failure | 1.366 | 1.110-1.682 0.003 | 1.311 | 0.997-1.723 | 0.053
Hepatic failure | 1.541 | 1.227-1.934 | <0.001 | 1.625 | 1.204-2.193 | 0.001
Fluid balance on day 1
1.003 1.0-1.006 0.041 | 1.002 | 0.998-1.005 | 0.358
(increment of 100 mL)
Baseline Pa0,:FiO,
0.965 | 0.953-0.977 | <0.001 | 1.024 | 1.007-1.042 | 0.005
(increments of 10 mm Hg)
Mean RR (increments of 1 breath/min) | 1.039 | 1.026-1.052 | <0.001 | 1.011 | 0.993-1.028 | 0.235
Mean VT/PBW (increments of 1 ml/Kg) | 0.964 | 0.922-1.009 0.119 | 0.982 | 0.927-1.039 | 0.529
Mean Crs (increments of 1 ml/cm H,0) | 0.994 | 0.989-0.999 0.013 1.0 | 0.994-1.007 | 0.878
Mean PEEP (increments of 1 cm H,0) | 1.174 | 1.148-1.202 | <0.001 | 1.210 | 1.170-1.252 | <0.001
Mean Pdriving (increments of 1 cm H,0) | 1.025 | 1.011-1.040 | <0.001 | 1.054 | 1.030-1.078 | <0.001

Abbreviations: AKI, acute kidney injury; OR, odds ratio; Cl, confidence interval; BMI, body mass index; PaO2:FiO2, partial

pressure of arterial oxygen to fraction of inspired oxygen ratio; RR, respiratory rate; VT, tidal volume; PBW, predicted body

weight; Crs, respiratory system compliance; PEEP, positive end-expiratory pressure; Pdriving, driving pressure.

Driving pressure during the first six days following onset of ARDS in both compared

groups was significantly higher in the “late AKI” than the “no AK

III

group across time (between-
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groups repeated measures ANOVA p=0.014) (Figure 15). The association between driving
pressure and development of late AKI was consistent across time, i.e., there was no interaction

between compared groups and time (p=0.283).
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Figure 15. Trajectory of driving pressure during the first 6 days following onset of acute respiratory
distress syndrome (ARDS) in both compared groups. Driving pressure was significantly higher in the
“late acute kidney injury (AKI)” than the “no AKI” group across time (between-groups repeated
measures analysis of variance p=0.014). The association between driving pressure and development
of late AKI was consistent across time; that is, there was no interaction between compared groups and

time (p = 0.283). The diagram represents mean + sem of driving pressure values for each group of

patients at each time point.

Given that a threshold of driving pressure equal to 15 cm H,O has been associated
with injurious mechanical ventilation (3), we used this threshold to explore the association
between driving pressure and development of late AKI. As shown in Figure 16, among patients
with a mean driving pressure lower than 15 cm H,0, mean driving pressure was not associated
with development of late AKI in both unadjusted and adjusted analyses [i.e., after again taking
into consideration age, sex, body mass index, diabetes mellitus, organ failures (namely,
cardiovascular, coagulation, and hepatic) at baseline, fluid balance, baseline PaO,:FiO; ratio,

respiratory rate, tidal volume, respiratory system compliance and PEEP]. On the contrary,
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among patients with a mean driving pressure of 15 cm H,0 or greater, mean driving pressure
was independently associated with the development of late AKI (for adjusted analysis OR

1.049, 95% Cl:1.022-1.078; p<0.001).

Unadjusted analysis
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driving pressure:
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Figure 16. Forest plot exploring the association between driving pressure and development of late
acute kidney injury (AKI) by taking into consideration a threshold of 15 cm H20. Among patients with
a mean driving pressure of 15 cm H20 or greater, mean driving pressure was independently associated
with the development of late AKI (for adjusted analysis: odds ratio [OR], 1.049; 95% Cl, 1.022—-
1.078; p < 0.001).
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B4. Discussion

Our analysis from individual patient data involving more than 4200 patients in total
showed that the average prevalence of PMV in ARDS patients has been 15.3% and it has been
declining over the last two decades. While the prevalence of PMV appears to be declining, the
results of our study showed that mortality has remained unchanged over time and high as
36.8%. Age, malignancy, pneumonia as the cause of ARDS, coagulation dysfunction and
hepatic dysfunction during the first 21 days after trial enrollment were identified as risk factors
for mortality in ARDS patients that require prolonged mechanical ventilation. In addition, in
terms of physiological parameters and their trajectory in ARDS patients requiring PMV we
identified a dissociation between oxygenation and compliance during the late stages of ARDS,
as a combination of mild-moderate hypoxemia but severely impaired compliance that
becomes increasingly prevalent over time, regardless of ARDS etiology. Finally, by focus on AKI
in particular, we identified that late AKI is common among ARDS patients and is associated
with worse outcome and prolonged mechanical ventilation. Driving pressure was associated
with subsequent development of AKI in patients with ARDS, suggesting that injurious
mechanical ventilation may lead to AKI. In the subsequent sections, we will provide a more

comprehensive analysis of our results.

PMV Study

By incorporating individual patient data from over 4200 subjects with ARDS enrolled
in six high-quality randomized controlled trials conducted by the ARDS Network, this
secondary analysis showed that prevalence of PMV gradually declined from 18.4% (in 2000)
t0 10.9% (in 2014). 90-day mortality of patients receiving PMV did not change over the same
time period and remained as high as 36.8%. Finally, age, malignancy, pneumonia as the cause
of ARDS, coagulation dysfunction and hepatic dysfunction during the first 21 days after trial
enrollment were risk factors associated with mortality among patients with ARDS receiving
PMV.

We found that prevalence of PMV in trials of ARDS significantly declined over time.

This decline in prevalence of PMV was also accompanied by an increase in the percentage of
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patients discharged alive without receiving PMV. Indeed, as shown in Figure 3, the percentage
of patients with ARDS who were discharged alive without receiving PMV gradually increased
from 52.3% in the ARMA trial to 65.6% in the SAILS trial. Taken together, these findings may
reflect advances in supportive care of such patients, including lung protective ventilation,
conservative fluid management, and protocolized weaning strategies that were required or
recommended in later phase ARDS Network trials (24, 29). Interestingly, as shown in our
subgroup analyses, improvement in prevalence of PMV mostly involved medical rather than
surgical patients with ARDS (Figure 4). This finding may justify ongoing research on ARDS
following trauma or elective surgery (64, 65, 67).

Improvement in prevalence of PMV was not found to be accompanied by a decrease
in mortality of patients with ARDS receiving PMV. Indeed, as shown in Figure 5, 90-day
mortality of patients receiving PMV did not change over time in trials of ARDS, and this was
consistent across various subgroups (Figure 6). These findings, taken together, suggest that
contemporary management of ARDS may be successfully reducing the number of episodes of
PMV, but that work remains to be done to identify practices that lower mortality when
recovery is prolonged.

To advance management of patients with PMV, it may be reasonable to first identify
risk factors associated with mortality among patients receiving PMV. Considerable relevant
research (which identified age and coagulation dysfunction as important risk factors) has been
previously done in the general ICU population, not limited to patients with ARDS (68). In the
present analysis, we focused on patients with ARDS, and we identified, apart from age and
coagulation dysfunction, malignancy, pneumonia as the cause of ARDS, and hepatic
dysfunction. This finding may have important implications for clinical trialists as it highlights a
challenge. Any intervention to lower mortality in clinical trials of ARDS should target patients
with prolonged mechanical ventilation (given that they constitute an increasingly larger
proportion of total deaths); yet, mortality of those patients is mostly affected by non-
modifiable risk factors.

We found that, among patients with ARDS receiving PMV, non-survivors had higher
oxygenation (as assessed by Pa0,:FiO;) at baseline than survivors by day 90 (Table 3). This
seemingly counterintuitive finding might be explained by selection bias. Our study population
of 250 patients receiving PMV might include selectively the most vulnerable patients among

those with high oxygenation at baseline (as the remaining were discharged alive before day
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21) and the most resilient patients among those with low oxygenation at baseline (as the
remaining died before day 21). Briefly, in the selected group of patients who are alive but still
receive mechanical ventilation on day 21, oxygenation at baseline may not predict long-term

survival.

Oxygenation and Compliance Subphenotypes Study

The results of this study highlight the dissociation between oxygenation and
compliance during the late stages of ARDS, as a combination of mild-moderate hypoxemia but
severely impaired compliance, becomes increasingly prevalent over time, regardless of ARDS
etiology.

The dissociation between oxygenation and compliance in ARDS has recently gained
attention (20). Impairment of both oxygenation and lung compliance typically characterizes
ARDS, and is the result of lung inflammation, impaired hypoxic pulmonary vasoconstriction
and alveolar flooding (14, 69, 70). The recently described dissociation between oxygenation
and compliance in early ARDS patients is attributed to increased shunt due to vasculopathy,
and impaired hypoxic pulmonary vasoconstriction (20-22, 71).

To our knowledge, this is the first systematic examination of an “opposite” dissociation
of oxygenation and compliance, observed in persistent ARDS, and characterized by mild-
moderate hypoxemia but severely impaired compliance. This dissociation was indicated, but
not systematically examined by previous studies, which were mostly limited to the first week
from the onset of the syndrome (72-74). Rather, the present analysis took advantage of
longitudinal data on oxygenation-compliance for three weeks from the onset of ARDS, for
both traditional ARDS and COVID-19-related ARDS. Specifically, our analysis showed that,
although the combination of mild-moderate hypoxemia but low compliance was not as rare
in early ARDS due to etiologies other than COVID-19 compared to COVID-19 (Table 6), the
combination became prominent among patients with persistent ARDS requiring controlled
ventilation, regardless of etiology.

It may be worth attempting an explanation why this combination of mild-moderate
hypoxemia and low compliance becomes increasingly prevalent over the course of ARDS

among patients who remain under controlled mechanical ventilation. In persistent ARDS, the
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resolution of pulmonary inflammation may lead to restoration of hypoxic pulmonary
vasoconstriction, which in turn may optimize the distribution of perfusion and thus attenuate
hypoxemia (70, 75). In spite of the attenuation of hypoxemia, compliance may be reduced due
to the progressive development of some degree of fibrosis, known to occur in persistent ARDS
(76). Therefore, concurrent improvement in ventilation-perfusion matching and development
of fibrosis over time may underlie the pathophysiology of improved oxygenation despite
severely impaired compliance in persistent ARDS. The impaired compliance is likely the reason
these patients could not be liberated from controlled ventilation, thus resulting in the
increased prevalence of the combination of low compliance and mild-moderate hypoxemia
among patients requiring prolonged controlled ventilation.

Recognizing this dissociation among patients with persistent ARDS may have
important clinical implications. Hypoxemia dominates all diagnostic and management
algorithms of ARDS, such as the Berlin definition, indication for prone position or ECMO, and
for a good reason: it is a cardinal symptom of ARDS at presentation, and lethal if not managed
(2, 57, 77). The impairment in lung compliance is caused by the same underlying pathology
and commonly correlates with the severity of hypoxemia. As a result, resolution of hypoxemia
over time is considered an adequate indicator of resolution of ARDS, and included in weaning
protocols, while improvement in lung mechanics is not (26-29, 78). Indeed, during the first
couple of weeks of ARDS, in the majority of patients who improve, both oxygenation and
compliance improve. However, as highlighted in this analysis, in a significant fraction of
patients requiring prolonged controlled mechanical ventilation, the improvement of
hypoxemia is dissociated from that of lung compliance at late stages of ARDS. Weaning
attempts when lung compliance is severely impaired might fail and place patients at risk of
self-inflicted lung injury (79-81). Indeed, strong inspiratory efforts may promote lung injury in
ARDS, and sustained high driving pressures have been shown to occur during assisted
ventilation only in patients with low compliance (58, 82). Therefore, acknowledging this
common dissociation between oxygenation and compliance in persistent ARDS, rather than
relying solely on improvement of oxygenation to characterize a patient’s condition as
improved, may have implications for patient management. For example, in patients with
persistent ARDS, attempts for assisted ventilation could be complemented by close

monitoring of effort and driving pressure, to minimize the risk of ventilator or self-inflicted
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lung injury (33, 34). Studies on weaning focused on this specific group of patients are lacking

and urgently needed.

Mechanical Ventilation and AKI Study

This secondary analysis of individual patient-level data from 2960 participants with
ARDS included in seven ARDS Network and PETAL Network randomized controlled trials found
that driving pressure was independently associated with subsequent development of AKI.
Given that driving pressure may be a marker of injurious mechanical ventilation, our finding
renders support to the concept that injurious mechanical ventilation may lead to AKI (83, 84).

In our attempt to comprehensively examine the association between driving pressure
and development of late AKI, we took various approaches. In specific, we initially considered
the baseline driving pressure (i.e., driving pressure on the day of onset of ARDS) and
performed both unadjusted and adjusted analyses (Table 12). Then, we performed a
sensitivity analysis which did not exclude patients with early AKI and a sensitivity analysis
which included patients who developed AKI later than seven days following ARDS onset. In
both sensitivity analyses we found similar results as in the main analysis. Finally, keeping into
mind that snapshot measurements may be less informative than repeated measurements, we
considered the mean driving pressure (i.e., the mean of daily values of driving pressure from
onset of ARDS up to day 6 or day of development of AKI, whatever came first) and again
performed both unadjusted and adjusted analyses (Table 19)(85). We found that the
association between driving pressure and development of late AKI was consistent across time
(Figure 15). To link our findings with previous literature indicating that a threshold of driving
pressure equal to 15 cm H,0 is associated with injurious mechanical ventilation, we then used
this threshold to explore the association between driving pressure and development of late
AKI (3). We found that among patients with a mean driving pressure of 15 cm H,0 or greater,
mean driving pressure was independently associated with the development of late AKI (Figure
16); a result with possible implications for clinical practice. Finally, we performed and
compared three multivariate logistic regression models in order to delineate which of the
following remains a significant factor for late AKI prediction; driving pressure or its

components, namely plateau pressure (Ppl) and PEEP. Driving pressure, when added to the
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reference model, resulted in significantly higher AAUC, as well as in better reclassification of
patients, as shown by Delong test and NRI, respectively, Table 13 and Figure 13. Taken
together, the variety of our approaches may indicate the robustness of our main finding (i.e.,
driving pressure is associated with subsequent development of AKI).

Our analysis may complement the findings of previous meticulous contributions on
the association between ARDS and AKI, which focused on early AKI Indeed, large
observational studies involving patients with ARDS focused on AKI which was already present
at the time of onset of ARDS (53-56). Similarly, early AKI (specifically, AKI of stage 2 or 3
occurring less than 48 hours since ICU admission) was the focus of a retrospective causal
inference study which showed that respiratory variables had a direct causal association with
early AKI (86). On top of the above contributions, by focusing on patients who met the AKI
criteria more than two (or even three) days following onset of ARDS (i.e., late AKI), our analysis
may ensure that injurious mechanical ventilation (as indicated by high driving pressure) could
be a contributor to rather than a consequence of AKI (53-56, 86).

Our analysis may also complement the findings of previous meticulous contributions
examining the association between invasive mechanical ventilation and AKI in unselected
critically ill patients (62, 87, 88). Those contributions did not reveal an association between
injurious mechanical ventilation (as indicated by tidal volume) and occurrence of AKI (62, 87,
88). That finding might have two potential explanations. Firstly, there is evidence that tidal
volume may not be as reliable a marker of injurious mechanical ventilation as driving pressure
(89). Secondly, injurious mechanical ventilation may be more consequential in patients with
ARDS compared to those without ARDS and, therefore, studies including exclusively patients
with ARDS (such as ours) may have sufficient discriminative power to reveal the association
between injurious mechanical ventilation and occurrence of AKI (90).

Our main finding that driving pressure (as a marker of injurious mechanical ventilation)
is associated with subsequent development of AKI may have pathophysiological rationale.
Indeed, a link between injurious mechanical ventilation (leading to ventilator-induced lung
injury) and multi-organ dysfunction has long been established, with mechanisms such as
barotrauma, volutrauma, atelectrauma, and biotrauma playing key roles. Among these,
biotrauma is particularly relevant, as it extends beyond the lungs: the release of inflammatory
cytokines contributes to extrapulmonary organ damage, including kidney injury (46).

Experimental models of injurious mechanical ventilation have shown that ventilator-induced
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lung injury can trigger renal cell apoptosis and kidney damage (49). Furthermore, subsequent
studies have demonstrated that ventilator-induced lung injury is linked to renal endothelial
inflammation and microvascular dysfunction (90, 91). Considering these prior observations,
our findings align with the expected pathophysiology: in the clinical setting of ARDS, injurious
mechanical ventilation, reflected by elevated driving pressure, is associated with the
development of AKI. This reinforces the hypothesis that protecting the lungs may also

contribute to preserving kidney function in critically ill patients.

Limitations

Limitations of the PMV study

The current analysis has several limitations. First, it is subject to the inherent
limitations (such as residual confounding) of retrospective analyses. However, the analysis was
based on meticulously collected data from six high-quality randomized controlled trials (24-
29).

Second, given that even the most recent three randomized controlled trials (that
provided data from the 250 subjects analyzed in Tables 2-4) were published between 2011
and 2014, one may question their relevance with current clinical practice of mechanical
ventilation (26-28). However, current clinical practice is based on principles, which were
known and widely appreciated by 2011; namely lung protective ventilation, conservative fluid
management and personalized weaning strategies (24, 29).

Thirdly, although the principles of mechanical ventilation remain the same, we
acknowledge that the pandemic of coronavirus disease (COVID-19) led to changes in care of
patients with respiratory failure/ARDS, such as increase in implementation of high-flow nasal
oxygen (before intubation) and prone positioning (before and after intubation)(92, 93). We
lacked data to examine whether such changes in care of patients triggered by COVID-19 might
affected the epidemiology of PMV.

Fourth, not only our clinical practice but also our perception of syndromes, such as
ARDS or sepsis, may have been changed since 2014 (i.e., when the most recent ARDSnet trial

was published) (28). Indeed, definition of sepsis was modified in 2016 to emphasize the critical
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presence of organ failure, while a modification of definition of ARDS was recently proposed
(94, 95). Both syndromes are perceived as heterogenous entities with distinct phenotypes (96,
97).

Fifth, while the inclusion criteria were similar across the trials analyzed, exclusion
criteria differed such that study cohorts may not be directly comparable. Also, exclusion of a
considerable proportion of patients due to very restrictive exclusion criteria of randomized
controlled trials might negatively affect both extrapolation of findings in real world and
accurate estimations of prevalence of PMV (67). Even so, estimates of trends of prevalence of
PMV over time (i.e., the main purpose of this project) should be accurate.

Sixth, although we selected variables to be included in the regression model based on
previous contributions and our own clinical expertise, we still acknowledge that other
variables (such as pre-ICU comorbidities other than malignancy) could also have been used
(33, 38, 64, 65).

Seventh, we lacked data to explore whether outcomes of patients with ARDS receiving
PMV might have been influenced by nosocomial infections and patient/surrogate decision
making. The latter has been found to be often characterized by unreasonably optimistic
expectations (68). Finally, we acknowledge that prolonged mechanical ventilation is just a

feature (albeit the cardinal one) of the broad syndrome of chronic critical illness (98).

Limitations of the Oxygenation and Compliance Subphenotypes Study

The findings of this study should be interpreted in the context of the limitations
imposed by its retrospective nature. First, although the ARDSNet cohort consisted of patients
enrolled in multiple ICUs from one continent (North America), the CARDS cohort consisted of
patients enrolled in only two ICUs from one European country. Second, the sample size is
limited by missing data on compliance from patients who remained on mechanical ventilation
on day 21, mainly because mechanics were not monitored on assisted modes. However, an
exploratory analysis of CARDS patients indicated that both compliance and oxygenation had
improved prior to assisted ventilation (data not shown). Third, to facilitate the analysis, we
had to use thresholds for oxygenation and compliance, acknowledging the inherent

limitations of using thresholds to create classes in the continuum of a disease spectrum. We
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also had to use the Pa03:FiO; ratio at different levels of FiO, as an index of oxygenation,
despite its nonlinear behavior, as this is what is currently used in clinical practice. Finally, we
cannot provide information on the underlying cause of impaired compliance, to what extent
it contributed to the need for prolonged ventilation, or its management in the surviving

patients.

Limitations of the Mechanical Ventilation and AKI Study

Our analysis has certain limitations. First, given that it is an observational study;, it could
not establish causality. However, our approach to focus on development of late AKI may
ensure that high driving pressure could only be a potential contributor to rather than a
consequence of AKI. Second, AKI definition was based only on the serum creatinine criterion.
However, this reliance on creatinine criterion (due to unavailability of hourly urine output
data) seems not uncommon in the literature (45, 53, 54, 56, 62). Third, it was based on data
from randomized controlled with strict exclusion criteria (24-30). However, such data have
already been valuable to reveal both the importance of driving pressure and the attributive
mortality of AKI (83, 85, 99). Finally, it represented a North American population and,
therefore, it may lack generalizability. However, our analysis included a large sample size,
provided by multiple centers, and focused on late AKI, which seems, so far, an underestimated

subgroup of the AKI population.
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B5. Conclusions

Our analysis has reached the following 3 conclusions:

First, the analysis of 4216 patients enrolled in six ARDS Network trials showed that
prevalence of PMV among patients with ARDS gradually declined, while their mortality did
not change. Risk factors associated with mortality were mostly non-modifiable.

Second, in persistent ARDS regardless of etiology, a combination of mild-moderate
hypoxemia but low compliance becomes prevalent among patients who require PMV under
controlled modes of mechanical ventilation.

Third, late AKI is prevalent in ARDS patients and associated with PMV, while driving
pressure was associated with subsequent development of AKl in patients with ARDS.

The above findings may have important implications for clinical trialists to design and
undertake clinical trials focusing on ARDS patients that require PMV. In addition,
acknowledging that improvement in oxygenation is not always associated with restoration of
lung integrity in persistent ARDS, adds to the increasingly recognized importance of
monitoring lung mechanics in mechanically ventilated patients, throughout the course of
ARDS in order to provide protective ventilation. Finally, our study suggests that injurious
mechanical ventilation may lead to AKI and, therefore, approaches used to reduce driving

pressure could potentially have protective renal effects.
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B6. Scientific Impact and International Recognition

Results of our research have been published in three internationally recognized peer

reviewed journals:

1. Andrianopoulos |, Kremmydas P, Papoutsi E, Sertaridou EN, Parisi K, Vavouraki EA, Siempos
I, Kokkoris S. Association Between Driving Pressure and Subsequent Development of
Acute Kidney Injury in Acute Respiratory Distress Syndrome. Crit Care Med. 2025 Sep
1;53(9):e1770-e1780. doi: 10.1097/CCM.0000000000006772. Epub 2025 Jul 2. PMID:
40601361.

2. Andrianopoulos |, Giannakoulis VG, Papoutsi E, Papathanakos G, Koulouras V, Thompson
BT, Siempos Il. PROLONGED MECHANICAL VENTILATION IN ACUTE RESPIRATORY DISTRESS
SYNDROME. Shock. 2024 Feb 1;61(2):240-245. doi: 10.1097/SHK.0000000000002248.
Epub 2023 Nov 15. PMID: 38010051.

3. [Papoutsi E*, Andrianopoulos I]*, Mavrikaki V, Bolaki M, Stamatopoulou V, Toli E,
Papathanakos G, Koulouras V, Kondili E, Siempos Il, Vaporidi K. A combination of mild-
moderate hypoxemia and low compliance is highly prevalent in persistent ARDS: a
retrospective study. Respir Res. 2024 Jan 3;25(1):1. doi: 10.1186/s12931-023-02626-9.
PMID: 38173002; PMCID: PMC10765810. *co-first author with equal contribution.

In addition, part of the findings has been presented in two international Critical Care
congresses (American Thoracic Society's 2023 International Conference, ATS and

44 International Symposium on Intensive Care on Emergency Medicine 2025, ISICEM 2025).
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ABSTRACT

Objective: Although preclinical evidence indicates that injurious mechanical ventilation may
lead to acute kidney injury (AKI), relevant clinical evidence is limited. We aimed to investigate
the association of driving pressure (a marker of injurious mechanical ventilation) with
subsequent development of AKI in patients with acute respiratory distress syndrome (ARDS).
Design: Secondary analysis of individual patient-level data from seven ARDS Network and
PETAL Network randomized controlled clinical trials.

Setting: Adult intensive care units participating in the ARDS Network and PETAL Network trials.
Patients: After exclusion of patients with early AKI (i.e., those who met AKI criteria within the
first two days following ARDS onset), we classified the study population into two groups: “late
AKI” and “no AKI”. The “late AKI” group included patients who developed AKI more than two
days but no longer than seven days following ARDS onset.

Interventions: None.

Measurements and Main Results: Of 5367 patients with ARDS initially enrolled in trials, 2960
patients were included in the main analysis. Late AKI developed in 1000 (33.8%) patients. After
controlling for confounders, baseline driving pressure was independently associated with
development of late AKI [each 1 standard deviation increase in driving pressure was
associated with a 35% increase in the odds of late AKI (OR=1.35, 95% Cl: 1.15-1.58)]. This
result persisted in the sensitivity analysis which did not exclude patients with early AKl and in
the sensitivity analysis which included patients who developed AKI later than seven days
following ARDS onset. There was a threshold of driving pressure equal to 15 cmH;0 for its
association with development of late AKI.

Conclusions: Driving pressure was associated with subsequent development of AKl in patients
with ARDS, suggesting that injurious mechanical ventilation may lead to AKI.

Key points

Question: Is high driving pressure associated with subsequent development of acute kidney
injury (AKI)?

Findings: This secondary analysis of individual patient-level data from seven ARDS Network
and PETAL Network randomized controlled clinical trials showed that driving pressure was
independently associated with the development of subsequent AKI. There was a threshold of
driving pressure equal to 15 cmH20 for its association with the development of AKI.
Meaning: Injurious mechanical ventilation may lead to AKI and, therefore, approaches used
to reduce driving pressure could potentially have protective renal effects.
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INTRODUCTION

Acute respiratory distress syndrome (ARDS) is associated with non-negligible
attributable mortality2. Mortality of patients with ARDS significantly increases with the
development of acute kidney injury (AKI)3. The prevalence of AKI, which is around 30% in
unselected critically ill patients*>, further increases to around 45% in patients with ARDS®. This
increase in prevalence of AKl in patients with ARDS has been attributed, at least partially, to
injurious mechanical ventilation leading to ventilator-induced lung injury’. According to the
concept of biotrauma, ventilator-induced lung injury may propagate an inflammatory
response, which in turn may mediate injury of multiple organs, including kidney®*1,

Preclinical and limited clinical data suggest that acute lung injury mediates AKI through
multiple pathophysiological pathways that involve not only release of inflammatory mediators
(as noted above), but also vasoconstriction of renal vessels, activation of the renin-
angiotensin-aldosterone system and reduction in the renal blood flow by reduction of the
cardiac output!?13, In addition, an increase in the afterload of right ventricle, as it is often the
case in patients with ARDS, is associated with higher central venous pressure and therefore a
higher risk for AKI°.

Conversely, AKI may lead to increased fluid accumulation in the lung, which in turn
worsens lung compliance and increases driving pressure®. In other words, high driving
pressure may not be a contributor (as a marker of ventilator-induced lung injury) to but rather
a consequence of AKIl in patients with ARDS. The latter nuance (was high driving pressure a
contributor to or a consequence of AKI?) could not be assessed in previous meticulous large
observational studies involving patients with ARDS, because they focused on AKI which was
already present at the time of onset of ARDS4-16,

Having the above considerations in mind, we endeavored to study patients with ARDS
who did not meet the AKI criteria within the first two days following onset of ARDS.
Specifically, we examined whether high driving pressure was associated with subsequent
development of AKI. By focusing on patients who met the AKI criteria more than two days
following onset of ARDS (i.e., late AKI), we ensured that high driving pressure could be a
contributor (as a marker of injurious mechanical ventilation) to rather than a consequence of
AKI.

METHODS

Study design and patient population

We performed a secondary analysis of individual patient-level data from seven ARDS
Network and Prevention and Early Treatment of Acute Lung Injury (PETAL) Network
randomized controlled clinical trials; namely, ARMAY, ALVEOLI*®, FACTT'?, ALTA?°, EDEN?,
SAILS?? and ROSE? trials. In all those trials, patients received positive-pressure mechanical
ventilation through an endotracheal tube, had a partial pressure of arterial oxygen to fraction
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of inspired oxygen ratio (PaO2:FiO2) < 300 mmHg and had bilateral infiltrates on chest
radiography not fully explained by cardiac failure. As previously?*2¢, we were granted access
to data through the Biologic Specimen and Data Repository Information Coordinating Center
(BioLINCC) of the National Heart, Lung, and Blood Institute (NHLBI). Because data would be
received in de-identified form, the Institutional Review Board of Evangelismos Hospital waived
the need of informed consent and approved the study (protocol number 536; approval date
29-11-2023; study title “Association between driving pressure and development of late acute
kidney injury in patients with acute respiratory distress syndrome”). Procedures were
followed in accordance with the ethical standards of the responsible committee on human
experimentation (institutional) and with the Helsinki Declaration of 1975.

Study groups and definitions

We defined AKI according to the Kidney Disease Improving Global Outcome (KDIGO)
criteria?’?. Because of unavailability of hourly urine output data, we only used the serum
creatinine criterion as per previous similar studies!4. We defined baseline creatinine as the
lowest value of creatinine on the day of onset of ARDS (day 1). After exclusion of patients with
early AKI (i.e., those who met the AKI criteria within the first two days following onset of
ARDS), we classified the study population into two groups: “late AKI” and “no AKI”. The “late
AKI” group included patients who developed AKI more than two days but no longer than seven
days following onset of ARDS. This threshold of two days to define late AKI has been previously
used in the literature?®. The “no AKI” category included patients who did not develop AKI
during index stay in the intensive care unit (ICU). We provide details on study groups and
definitions in Online Data Supplement.

Data collection and outcomes

We provide details on data collection in Online Data Supplement. With regard to
respiratory system mechanics, we collected data on plateau pressure, positive end-expiratory
pressure (PEEP) and driving pressure (defined as plateau pressure minus PEEP). Data on
driving pressure were available for consecutive days up to day 6 following onset of ARDS.

The primary outcome of the present analysis was development of late AKI. Secondary
outcomes were 90-day mortality, organ failure-free days, ventilator-free days, and ICU-free
days; the latter were defined as previously in the literature3%31,

Statistical analysis

We presented continuous variables as median with interquartile range (IQR) and
compared them using the Mann-Whitney test. We presented categorical variables as
percentages and compared them using the chi-squared or Fisher’s exact test, as appropriate.
We estimated the association between driving pressure and development of late AKI via
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binary logistic regression analyses, with driving pressure as the independent variable and the
development of late AKI as the dependent variable. We used multivariable logistic regression
analyses to adjust for confounding factors known to be associated with development of AKI,
such as age, sex, body mass index, presence of diabetes mellitus, organ failures (namely,
cardiovascular, coagulation, and hepatic) and fluid balance!*. We also adjusted for respiratory
variables other than driving pressure, such as Pa0.:FiO,, respiratory rate, tidal volume,
respiratory system compliance and PEEP. We tested for collinearity between variables by
calculating variance inflation factor (VIF); a VIF< 5 was considered to rule out collinearity32.
We also assessed the linearity of the relationship between baseline driving pressure and late
AKI using cubic splines. We performed repeated measurements using two-way repeated
measures ANOVA. We performed and compared three multivariate regressions in order to
delineate which of the following remains a significant factor for late AKI prediction; plateau
pressure (Ppl), PEEP or both, expressed as a difference, namely driving pressure. Firstly, we
defined a reference clinical model including the same baseline variables used in the previous
logistic regressions. Then, three separate multivariate logistic regression analyses were
conducted to assess the performance of the predictive models, after adding the individual risk
factors to the reference model individually. Improvements in the model were evaluated by
difference in the area under the curves (AUCs) (AAUC) and Delong test. We also quantified
the improvement of each factor on late AKI risk prediction with the net reclassification
improvement (NRI), which measures how much a new model improves the classification of
individuals compared to a reference model. It assesses whether the new model more
accurately reclassifies individuals into appropriate risk categories. A positive NRI indicates that
the new model improves classification compared to the reference model. We considered
statistical significance at an a level of 0.05; all P values were two-sided. We conducted all
statistical analyses using SPSS software version 28.0 (SPSS, Inc., Chicago, IL) and R software
version 4.2.1 (R Foundation for Statistical Computing).

RESULTS
Baseline characteristics

Of 5367 patients with ARDS initially enrolled in the seven randomized controlled
trials'’-23, 2960 patients were included in the main analysis. Reasons for exclusion are depicted
in eFigure 1 (Online Data Supplement). Of the 2960 included patients, late AKI developed in
1000 (33.8%) patients; specifically, 62.4% developed AKI stage |, 21.8% stage Il and 15.8%
stage Il

Table 1 presents the baseline characteristics and eTable 1 (Online Data Supplement)

the outcomes of patients included in the “late AKI” versus “no AKI” groups. Compared groups
differed in terms of age, presence of diabetes mellitus, organ failures (namely, cardiovascular,

coagulation, and hepatic), Pa0;:FiO,, respiratory rate, tidal volume, respiratory system
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compliance and PEEP, but not in terms of sex. Driving pressure at baseline was not significantly
different between the two groups. Crude 90-day mortality was significantly higher in the “late
AKI” compared with the “no AKI” group (39% versus 17%; p<0.001). Consistently, organ
failure-free days, ventilator-free days and ICU-free days were significantly lower in the “late
AKI” compared with the “no AKI” group (Table 1).

Association between baseline driving pressure and development of late AKI

Table 2 depicts a multivariable logistic regression analysis to isolate the contribution
of age, sex, body mass index, diabetes mellitus, organ failures (namely, cardiovascular,
coagulation, and hepatic) at baseline, fluid balance, baseline Pa02:FiO; ratio, respiratory rate,
tidal volume, respiratory system compliance, PEEP and driving pressure (independent
variables) to the development of late AKI (dependent variable). In our multivariable regression
model, we did not include plateau pressure due to collinearity with driving pressure. Instead,
we included both PEEP and driving pressure because we found no collinearity between them
(VIF=1.049). After controlling for confounders, driving pressure at baseline was independently
associated with development of late AKI [odds ratio (OR) 1.046, 95% confidence intervals (Cl):
1.021-1.072; p<0.001]. The predicted probabilities of the model were then plotted against
driving pressure quintiles. The results indicate that the probability of late AKI increases with
higher driving pressure quintiles (p for trend over quintiles=0.011) (eFigure 2, Online Data
Supplement). We also assessed the linearity of the relationship between baseline driving
pressure and late AKI using cubic splines. A likelihood ratio test comparing a linear model to a
spline model (4 degrees of freedom) — created by employing a multivariate logistic regression
with cubic splines - showed no significant improvement in fit (p=0.312). This suggests that the
association between baseline driving pressure and late AKl is adequately described by a linear
term.

Reclassification tests

Table 3 shows the performance of driving pressure and its components for late AKI
prediction. Driving pressure and Ppl, when added to the reference model, resulted in
significantly higher AAUCs (DeLong p=0.026 and p=0.007, respectively), as well as in better
reclassification of patients (Total NRI=0.07, P=0.023, and 0.16, p<0.001), respectively). The
model including driving pressure and that including Ppl did not differ significantly (DelLong
p=0.09). Figure 1 depicts the ROC curves, as well as the AUCs of the reference and the other
three models.

Sensitivity analyses
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We repeated our main analysis by not excluding patients with early AKI. After adjusting
for age, sex, body mass index, diabetes mellitus, organ failures (namely, cardiovascular,
coagulation, and hepatic) at baseline, fluid balance, baseline Pa03:FiO; ratio, respiratory rate,
tidal volume, respiratory system compliance and PEEP, baseline driving pressure remained
independently associated with development of AKI (OR 1.038, 95% Cl: 1.020-1.056; p<0.001)
(eTable 2, Online Data Supplement).

Also, we repeated our main analysis by including patients who developed AKI later
than seven days following onset of ARDS; i.e., the “late AKI” group included patients who
developed AKI from day 3 to day 28 following onset of ARDS. After adjusting for age, sex, body
mass index, diabetes mellitus, organ failures (namely, cardiovascular, coagulation, and
hepatic) at baseline, fluid balance, baseline PaO,:FiO; ratio, respiratory rate, tidal volume,
respiratory system compliance and PEEP, baseline driving pressure remained independently
associated with development of late AKI (OR 1.060, 95% Cl: 1.036-1.084; p<0.001) (eTable 3,
Online Data Supplement).

To explore how the survival status affected the relationship between late AKI and
driving pressure, given the close association between AKI and mortality, we performed two
separate multivariate logistic regressions in survivors and non-survivors, respectively. Driving
pressure was a predictor of late AKl in survivors only (eTable 4, Online Data Supplement).

We also conducted a sensitivity analysis with baseline creatinine back calculated from
the Modification of Diet in Renal Disease (MDRD) equation, assuming an estimated glomerular
filtration rate equal to 75mL/Kg/1.73m?, as suggested by KDIGO guidelines.?’ The results were
similar to those of the main analysis (Online Data Supplement). In another sensitivity analysis,
a declining course in the driving pressure during the first week of their ICU stay was not
associated with less risk of late AKI (Online Data Supplement). We further explored the
association of cumulative fluid balance with driving pressure change in late AKI and no AKI
patients (eTable 5, eTable 6, eFigure 3, Online Data Supplement). Lastly, we performed
sensitivity analyses, which showed that driving pressure was independently associated with
both persistent and severe late AKI (Online Data Supplement).

Association between mean driving pressure and development of late AKI

In order to ascertain whether the continuing exposure of patients with ARDS to high
driving pressure during the first days following onset of ARDS was associated with
development of late AKI, we performed another multivariable analysis, in which baseline
driving pressure was replaced by mean driving pressure (i.e., the mean of daily values of
driving pressure from onset of ARDS up to day 6 or day of development of AKI, whatever came
first). Consistently, mean driving pressure was independently associated with development of
late AKI (OR 1.054, 95% Cl: 1.030-1.078; p<0.001) (eTable 7, Online Data Supplement)).

Driving pressure during the first six days following onset of ARDS in both compared
groups was significantly higher in the “late AKI” than the “no AKI” group across time (between-
groups repeated measures ANOVA p=0.014) (Figure 2). The association between driving
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pressure and development of late AKI was consistent across time; i.e., there was no interaction
between compared groups and time (p=0.283).

Given that a threshold of driving pressure equal to 15 cmH,0 has been associated with
injurious mechanical ventilation33, we used this threshold to explore the association between
driving pressure and development of late AKI. As shown in Figure 3, among patients with a
mean driving pressure lower than 15 cmH,0, mean driving pressure was not associated with
development of late AKl in both unadjusted and adjusted analyses [i.e., after again taking into
consideration age, sex, body mass index, diabetes mellitus, organ failures (namely,
cardiovascular, coagulation, and hepatic) at baseline, fluid balance, baseline PaO,:FiO; ratio,
respiratory rate, tidal volume, respiratory system compliance and PEEP]. On the contrary,
among patients with a mean driving pressure of 15 cmH,0 or greater, mean driving pressure
was independently associated with the development of late AKI (for adjusted analysis OR
1.049, 95% Cl:1.022-1.078; p<0.001).

DISCUSSION

This secondary analysis of individual patient-level data from 2960 participants with
ARDS included in seven ARDS Network and PETAL Network randomized controlled trials found
that driving pressure was independently associated with subsequent development of AKI.
Given that driving pressure may be a marker of injurious mechanical ventilation343°, our
finding renders support to the concept that injurious mechanical ventilation may lead to AKI.

In our attempt to comprehensively examine the association between driving pressure
and development of late AKI, we took various approaches. In specific, we initially considered
the baseline driving pressure (i.e., driving pressure on the day of onset of ARDS) and
performed both unadjusted and adjusted analyses (Table 2). Then, we performed a sensitivity
analysis which did not exclude patients with early AKI and a sensitivity analysis which included
patients who developed AKI later than seven days following ARDS onset. In both sensitivity
analyses we found similar results as in the main analysis. Finally, keeping into mind that
snapshot measurements may be less informative than repeated measurements3®, we
considered the mean driving pressure (i.e., the mean of daily values of driving pressure from
onset of ARDS up to day 6 or day of development of AKI, whatever came first) and again
performed both unadjusted and adjusted analyses (eTable 7, Online data supplement). We
found that the association between driving pressure and development of late AKI was
consistent across time (Figure 2). To link our findings with previous literature indicating that a
threshold of driving pressure equal to 15 cmH;0 is associated with injurious mechanical
ventilation33, we then used this threshold to explore the association between driving pressure
and development of late AKIl. We found that among patients with a mean driving pressure of
15 cmH;0 or greater, mean driving pressure was independently associated with the
development of late AKI (Figure 3); a result with possible implications for clinical practice.
Finally, we performed and compared three multivariate logistic regression models in order to
delineate which of the following remains a significant factor for late AKI prediction; driving
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pressure or its components, namely plateau pressure (Ppl) and PEEP. Driving pressure, when
added to the reference model, resulted in significantly higher AAUC, as well as in better
reclassification of patients, as shown by DeLong test and NRI, respectively, Table 3 and Figure
1. Taken together, the variety of our approaches may indicate the robustness of our main
finding (i.e., driving pressure is associated with subsequent development of AKI).

Our analysis may complement the findings of previous meticulous contributions on
the association between ARDS and AKI, which focused on early AKI. Indeed, large
observational studies involving patients with ARDS focused on AKI which was already present
at the time of onset of ARDS'#-16, Similarly, early AKI (specifically, AKI of stage 2 or 3 occurring
less than 48 hours since ICU admission) was the focus of a retrospective causal inference study
which showed that respiratory variables had a direct causal association with early AKI?’. On
top of the above contributions'41637, by focusing on patients who met the AKI criteria more
than two (or even three) days following onset of ARDS (i.e., late AKI), our analysis may ensure
that injurious mechanical ventilation (as indicated by high driving pressure) could be a
contributor to rather than a consequence of AKI.

Our analysis may also complement the findings of previous meticulous contributions
examining the association between invasive mechanical ventilation and AKI in unselected
critically ill patients?%383%, Those contributions did not reveal an association between injurious
mechanical ventilation (as indicated by tidal volume) and occurrence of AKI?>383% That finding
might have two potential explanations. Firstly, there is evidence that tidal volume may not be
as reliable a marker of injurious mechanical ventilation as driving pressure®. Secondly,
injurious mechanical ventilation may be more consequential in patients with ARDS compared
to those without ARDS and, therefore, studies including exclusively patients with ARDS (such
as ours) may have sufficient discriminative power to reveal the association between injurious
mechanical ventilation and occurrence of AKI*L,

Our main finding that driving pressure (as a marker of injurious mechanical ventilation)
is associated with subsequent development of AKI may have pathophysiological rationale.
Indeed, a link between injurious mechanical ventilation (leading to ventilator-induced lung
injury) and multi-organ dysfunction has long been established, with mechanisms such as
barotrauma, volutrauma, atelectrauma, and biotrauma playing key roles. Among these,
biotrauma is particularly relevant, as it extends beyond the lungs: the release of inflammatory
cytokines contributes to extrapulmonary organ damage, including kidney injury.’
Experimental models of injurious mechanical ventilation have shown that ventilator-induced
lung injury can trigger renal cell apoptosis and kidney damage.® Furthermore, subsequent
studies have demonstrated that ventilator-induced lung injury is linked to renal endothelial
inflammation and microvascular dysfunction.?*2 Considering these prior observations, our
findings align with the expected pathophysiology: in the clinical setting of ARDS, injurious
mechanical ventilation, reflected by elevated driving pressure, is associated with the
development of AKI. This reinforces the hypothesis that protecting the lungs may also
contribute to preserving kidney function in critically ill patients.
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Our analysis has certain limitations. First, given that it is an observational study;, it could
not establish causality. However, our approach to focus on development of late AKI may
ensure that high driving pressure could only be a potential contributor to rather than a
consequence of AKI. Second, AKI definition was based only on the serum creatinine criterion.
However, this reliance on creatinine criterion (due to unavailability of hourly urine output
data) seems not uncommon in the literature®4162% Third, it was based on data from
randomized controlled with strict exclusion criterial’-3. However, such data have already been
valuable to reveal both the importance of driving pressure and the attributive mortality of
AKI344344 Finally, it represented a North American population and, therefore, it may lack
generalizability. However, our analysis included a large sample size, provided by multiple
centers, and focused on late AKI, which seems, so far, an underestimated subgroup of the AKI
population.

CONCLUSIONS

In conclusion, the present secondary analysis found that driving pressure was
associated with subsequent development of AKl in patients with ARDS. This finding suggests
that injurious mechanical ventilation may lead to AKI and, therefore, approaches used to
reduce driving pressure could potentially have protective renal effects.
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Table 1. Baseline characteristics of patients included ingRe compared groups.

Variable

Age, years
Female sex, n (%)
BMI, kg/m?
Race, n (%)
White
Black
Hispanic
Other
Comorbidities, n (%)
Hypertension
Diabetes mellitus
Cardiovascular disease
Chronic pulmonary disease
Malignancies
Risk factors of ARDS, n (%)
Pneumonia
Sepsis
Aspiration
Trauma
Multiple transfusions
Organ failure at baseline, n (%)
Cardiovascular
Coagulation

Hepatic

All patients
(n=2960)
51 (39-63)
1475 (50)

27 (23-33)

2118 (72)
425 (14)
164(6)

212 (7)

743 (25)
470 (16)
217 (7)
266 (9)

168 (6)

1609 (54)
459 (16)
400 (14)
225 (8)

53(2)

1729 (58)
441 (15)

349 (12)

No AKI
(n=1960)
50 (39-62)
978 (50)

27 (23-32)

1450 (74)
251 (13)
87 (4)

141 (7)

446 (23)
290 (15)
138 (7)
164 (8)

89 (5)

1008 (51)
328 (17)
266 (14)
175 (9)

36 (2)

1094 (56)
265 (14)

200 (10)

Late AKI
(n=1000)
52 (40-65)
497 (50)

28 (23-34)

668 (67)
174 (17)
77 (8)

71 (7)

297 (30)
180 (18)
79 (8)

102 (10)

79 (8)

601 (60)
131 (13)
134 (13)
50 (5)

17 (2)

635 (64)
176 (18)

149 (15)

p value

0.001
0.919
0.010

<0.001

0.016
0.030
0.951
0.524

<0.001

<0.001
0.009
0.893
<0.001

0.788

<0.001
0.003

<0.001



Creatinine at baseline, mg/dL 0.8 (0.6-1.0) 0.8 (0.6-1.0) 0.8 (0.6-1.1) <0.001
Fluid balance on day 1, mL 1350 (90-3063) 1261 (16-3025) 1496 (233-3160) 0.047
Cumulative fluid balance of the 2938 (-66-6511) 2618 (-470-5984) 3792 (590-7881) <0.001
first 3 days, mL
Respiratory variables at
baseline
Pa0:Fi02, mmHg 134 (100-180) 138 (105-186) 124 (91-173) <0.001
Respiratory rate, 24 (18-29) 23 (18-28) 24 (20-30) <0.001
breaths/min
VT/PBW, mL/Kg 6.8 (6.0-8.4) 6.9 (6.0-8.5) 6.6 (6.0-8.1) 0.017
Arterial pH 7.39 (7.34-7.44) 7.40 (7.35-7.44) 7.37 (7.32-7.43) <0.001
PaCO2, mmHg 40 (35-45) 39 (34-45) 40 (35-46) 0.257
Plateau pressure, cmH,0 25 (21-30) 25 (21-30) 26 (22-31) <0.001
Respiratory system 30 (23-40) 31 (24-41) 28 (22-38) <0.001
compliance, mL/ cmH,0
PEEP, cmH,0 10 (5-12) 10 (5-12) 10 (8-12) <0.001
Driving pressure, cmH,0 16 (12-20) 15 (12-20) 16 (12-21) 0.056

Abbreviations: AKI, acute kidney injury; n, number; BMI, body mass index; ARDS, acute
respiratory distress syndrome; Pa0;:FiO,, partial pressure of arterial oxygen to fraction of
inspired oxygen ratio; VT, tidal volume; PBW, predicted body weight; PEEP, positive end-
expiratory pressure; ICU, intensive care unit.

Data are expressed as median (IQR), unless otherwise indicated.
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Table 2. Multivariable logistic regression analysis to explore the contribution of baseline driving pressure
(independent variable) to the development of late AKI (dependent variable).

Variable Univariable analysis Multivariable analysis”
OR 95%ClI p value OR 95%CI p value
Baseline driving pressure 1.12 1.024-1.23 0.014 1.35 1.15-1.58 <0.001

(increments of 1 SD)

Abbreviations: AKI, acute kidney injury; OR, odds ratio; Cl, confidence interval; SD, standard
deviation (1 SD of driving pressure=6.6 cmH>0). "Multivariable model was adjusted for: age,
sex, body mass index, diabetes mellitus, circulatory failure, coagulation failure, hepatic failure,
fluid balance, partial pressure of arterial oxygen to fraction of inspired oxygen ratio
(PaO2/Fi02) ratio, respiratory ratio, tidal volume, respiratory system compliance and PEEP.
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Table 3. Performance of DP and its components for late AKI prediction.

Added AUCof AAUC Delong Total NRI (95% Cl) p value
baseline the test
Reference model .
variable new ue®
model p value
Age+sex+BMI+DM+ DP 0.615 0.015 0.0262 0.07 (0.007-0.12) 0.02
circulatory PEEP 0.612 0.012 0.12 0.04 (-0.01-0.10) 0.16
failure+coagulation
failure+hepatic Ppl 0.625 0.025 0.007 0.16 (0.08-0.22) 0.001
failure+FB+
PaO2/Fi02
ratio+RR+VT+Crs
AUC (95% Cl):
0.600 (0.570-0.631)

*New model vs reference model. ®The model including DP and that including Ppl did not differ significantly
(DeLong p=0.09). Abbreviations: DP, driving pressure; AUC, area under curve; Cl, confidence interval; 4,
difference; NRI, net reclassification improvement; BMI, body mass index; DM, diabetes mellitus; RR,
respiratory rate; VT, tidal volume; PEEP, positive end-expiratory pressure; Ppl, plateau pressure.
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Figure 1. ROC curves and the AUCs of the four models for late AKI prediction. Abbreviations:
ROC, receiver operating characteristics; AUC, area under the curve; PEEP, positive end-
expiratory pressure. The reference model included: age, sex, body mass index, diabetes
mellitus, circulatory failure, coagulation failure, hepatic failure, fluid balance, partial pressure
of arterial oxygen to fraction of inspired oxygen ratio (PaO2/FiO,) ratio, respiratory rate, tidal
volume and respiratory system compliance.
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Figure 2. Trajectory of driving pressure during the first six days following onset of ARDS in
both compared groups. Driving pressure was significantly higher in the “late AKI” than the
“no AKI” group across time (between-groups repeated measures ANOVA p=0.014). The
association between driving pressure and development of late AKI was consistent across time;
i.e., there was no interaction between compared groups and time (p=0.283). The diagram
represents mean + standard error of the mean of driving pressure values for each group of
patients at each time point.
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Figure 3. Forest plot exploring the association between driving pressure and development
of late AKI by taking into consideration a threshold of 15 cmH,0. Among patients with a
mean driving pressure of 15 cmH;0 or greater, mean driving pressure was independently
associated with the development of late AKI (for adjusted analysis OR 1.049, 95% Cl:1.022-
1.078; p<0.001).
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Details on study groups and definitions

With the exemption of the “traditional (i.e., higher) tidal volume” group of the ARMA
randomized controlled trial, all patients included in the ARDS Network and PETAL Network
trials received lung protective ventilation. We excluded patients with chronic kidney disease
(defined as requirement for chronic dialysis or peritoneal dialysis). We also excluded patients
without available data on creatinine on day 1 [i.e., on the day of onset of acute respiratory
distress syndrome (ARDS)] or afterwards. We excluded patients who had a serum creatinine
on day 1 greater than 1.5 mg/dl, a difference between the highest and lowest value of
creatinine on days 1 or 2 equal or greater than 0.3 mg/dl, and a ratio of highest value of
creatinine on days 1 or 2 to baseline creatinine equal or higher than 1.5, because they might
have already developed acute kidney injury (AKI) during the first two days following onset of
ARDS (i.e., early AKI). For the late AKI group, we divided creatinine of each day (from day 3 to
day 7) with the baseline creatinine value; if the result of the division was equal or greater than
1.5, then, we considered the patient as late AKIl. Moreover, if there was an increase in
creatinine of 2 0.3 mg/dL within any two-days interval from day 3 to day 7, we also considered
the patient as late AKI.

Details on data collection

From the seven included ARDS Network and PETAL Network randomized controlled trials, we
extracted data on demographics (age, sex, body mass index and race), comorbidities (data on
hypertension, chronic pulmonary disease and cardiovascular disease were not available for
ARMA and ALVEOLI trials), risk factors of ARDS, organ failure (namely cardiovascular,
coagulation and hepatic) at baseline, fluid balance, creatinine (up to day 7 after ARDS onset)
and respiratory variables. We collected data on 90-day mortality, organ failure-free days,
ventilator-free days and intensive care unit (ICU)-free days. Organ failures were defined
according to the various components of Sequential Organ Failure Assessment (SOFA) score.
Specifically, cardiovascular failure was defined as a systolic blood pressure < 90 mmHg or the
requirement for vasopressors, coagulation failure as platelet concentration < 80,000/puL, and
hepatic failure as the concentration of bilirubin > 2 mg/dL.

With regard to respiratory system mechanics, we retrieved data on positive end-expiratory
pressure (PEEP), plateau pressure, tidal volume per predicted body weight (VT/PBW) and
driving pressure (defined as plateau pressure minus PEEP). Data on driving pressure were
available for consecutive days 2 to 6 following onset of ARDS. As baseline values for these
parameters, we used the data of day 2, due to their unavailability on day 1. Their mean values
were estimated by dividing the sum of values (up to day 6 or day of development of AKI
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whatever came first) with the total number of measurements. The mean value was used as a
surrogate of the trajectory of each parameter across time.

Sensitivity analyses
Late AKI definition based on estimated baseline creatinine by MDRD equation

We conducted a sensitivity analysis with baseline creatinine back calculated from the
Modification of Diet in Renal Disease (MDRD) equation, assuming an estimated estimated
glomerular filtration rate equal to 75mL/Kg/1.73m?, as suggested by KDIGO guidelines
(reference 27 of the main manuscript). Late AKI according to the initial definition was
identified in 33.3% of patients, whereas with the new definition in 34%. The Cohen Kappa
measure of agreement showed excellent agreement (Kappa=0.86, p<0.001) between the two
definitions. Moreover, the multivariate logistic regression model with the new definition of
late AKI gave quite similar results with the initial model for driving pressure (SD): OR=1.290,
95% Cl: 1.107-1.518. It seems that there was no misclassification of late AKI cases.

Late AKI risk for patients with declining driving pressure during the first week of ICU stay

Data regarding driving pressure after recruitment maneuvers or prone position were not
available. Nevertheless, we tried to identify patients who had a declining course in the driving
pressure during the first week of their ICU stay, and explore whether they had different risk
for late AKI. Specifically, for no AKI patients we calculated the difference in driving pressure
(dDP) as that between the driving pressure of day 6 post-admission (the last available in the
data base) and the baseline driving pressure. Similarly, for the AKI patients we calculated dDP
as the difference between the driving pressure of the first day of late AKI development and
the baseline value. Forty percent of patients were found to have an increase in driving
pressure (dDP>0) and 60% a decrease (dDP<0). Then, dDP was inserted in the multivariate
model (instead of baseline DP) as a binary variable (1, 0, for dDP values > or < 0, respectively),
and was not found to be associated with late AKI (p=0.57).

In addition to that, as it was shown in the repeated measures ANOVA in the original
manuscript (Figure 2, original manuscript), the within-subjects effect in the no AKI group was
non-significant, meaning that in patients with no AKI, driving pressure did not drop
significantly over time. Therefore, we can conclude that there was not an association between
decreasing driving pressure over time and less risk of late AKI.

Association of cumulative fluid balance with driving pressure change in late AKI and no AKI
patients

Only data on cumulative fluid balance up to day 4 post-admission were available and, thus,
longitudinal analyses beyond that day could not be carried out. We performed linear
regressions, with the difference of driving pressure (dDP) as dependent variable and the
difference in cumulative fluid balance (dFB) (up to day 4 post-admission) as independent
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variable, in the late AKI and the no AKI group, separately. Specifically, dFB in late AKI group
was defined as that between the FB on the first day of late AKI occurrence (up to day 4 post-
admission) and the baseline FB; in no AKI group it was defined as the difference between the
FB on day 4 (last available) and the baseline FB. Moreover, dDP was defined as follows: in late
AKl, as the difference between the driving pressure on the first day of late AKI occurrence (up
to day 5 post-admission) and the baseline driving pressure. In no AKI group, it was defined as
the difference between the driving pressure on day 5 post-admission and the baseline driving
pressure. Day 5 was chosen, because we wanted to keep a meaningful time sequence, i.e. for
a patient with available data for FB on day 4 (the last available), we would select the driving
pressure of the following day (day 5) for the analysis, assuming that dFB was the ‘risk factor’
and dDP the ‘outcome’. The same logic was followed in all patients, i.e., dFB always preceded
dDP by one day. Interestingly, although dFB was significantly lower in patients with no AKI
(eTable 5), its rise was significantly associated with dDP only in patients with no AKI, eTable 6.

We also plotted both regression lines (for late AKI and no AKI groups), eFigure 3. As the slope
of the no AKI group regression line is greater compared to that of the late AKI group, we could
assume that a similarly high dFB in no AKI patients have a greater impact on dDP than in late
AKI patients.

Association between driving pressure and persistent late AKI

Persistent late AKI was defined as the late AKI which lasted for more than 48 hours, while
transient AKI as that lasted less than 48 hours (Chawla 2017). Persistent late AKI was
developed in 13.4% of the participants (40.4% of the late AKI patients). The multivariate
logistic model revealed that driving pressure (SD) was independently associated with
persistent late AKI: OR 1.667, 95% Cl: 1.352-2.045.

Association between driving pressure and late AKI stages

AKI stages were defined according to KDIGO guidelines (References 27 and 28 of the original
manuscript). We then divided patients into two groups, those with severe late AKI (stage 2
and 3), and those without (no AKI and mild late AKI of stage 1). Severe late AKI was present in
12.5% of the cohort (37.6% of the late AKI patients). We performed another multivariate
logistic model, which revealed that driving pressure (SD) was independently associated with
severe late AKI: OR 1.495, 95% Cl: 1.201-1.832.



eTable 1. Baseline characteristics and outcomes of patients included in the compared

groups.
Variable All patients No AKI Late AKI p value
(n=2960) (n=1960) (n=1000)
Age, years 51 (39-63) 50 (39-62) 52 (40-65) 0.001
Female sex, n (%) 1475 (50) 978 (50) 497 (50) 0.919
BMI, kg/m? 27 (23-33) 27 (23-32) 28 (23-34) 0.010
Race, n (%) <0.001
White 2118 (72) 1450 (74) 668 (67)
Black 425 (14) 251 (13) 174 (17)
Hispanic 164(6) 87 (4) 77 (8)
Other 212 (7) 141 (7) 71 (7)
Comorbidities, n (%)
Hypertension 743 (25) 446 (23) 297 (30) 0.016
Diabetes mellitus 470 (16) 290 (15) 180 (18) 0.030
Cardiovascular disease 217 (7) 138 (7) 79 (8) 0.951
Chronic pulmonary 266 (9) 164 (8) 102 (10) 0.524
disease
Malignancies 168 (6) 89 (5) 79 (8) <0.001
Risk factors of ARDS, n (%)
Pneumonia 1609 (54) 1008 (51) 601 (60) <0.001
Sepsis 459 (16) 328 (17) 131 (13) 0.009
Aspiration 400 (14) 266 (14) 134 (13) 0.893
Trauma 225 (8) 175 (9) 50 (5) <0.001
Multiple transfusions 53(2) 36 (2) 17 (2) 0.788
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Organ failure at baseline, n
(%)

Cardiovascular 1729 (58) 1094 (56) 635 (64) <0.001
Coagulation 441 (15) 265 (14) 176 (18) 0.003
Hepatic 349 (12) 200 (10) 149 (15) <0.001
Creatinine at  baseline, 0.8 (0.6-1.0) 0.8 (0.6-1.0) 0.8 (0.6-1.1) <0.001
mg/dL
Fluid balance on day 1, mL 1350 (90- 1261 1496 (233- 0.047
3063) 3025) 3160)
Cumulative fluid balance of 2938 (-66- 2618  (-470- 3792 (590- <0.001
the first 3 days, mL 6511) 5984) 7881)
Respiratory variables at
baseline
Pa0,:Fi0,, mmHg 134 (100-180) 138 (105-186) 124 (91-173)  <0.001
Respiratory rate, 24 (18-29) 23 (18-28) 24 (20-30) <0.001
breaths/min
VT/PBW, mL/Kg 6.8 (6.0-8.4) 6.9 (6.0-8.5) 6.6 (6.0-8.1) 0.017
Arterial pH 739  (7.34- 7.40  (7.35- 7.37  (7.32- <0.001
7.44) 7.44) 7.43)
PaCO,, mmHg 40 (35-45) 39 (34-45) 40 (35-46) 0.257
Plateau pressure, cmH,O 25 (21-30) 25 (21-30) 26 (22-31) <0.001
Respiratory system 30 (23-40) 31 (24-41) 28 (22-38) <0.001
compliance, mL/ cmH,0
PEEP, cmH,0 10 (5-12) 10 (5-12) 10 (8-12) <0.001
Driving pressure, cmH;0 16 (12-20) 15 (12-20) 16 (12-21) 0.056
Outcomes
90-day mortality, n (%) 728 (25) 338 (17) 390 (39) <0.001
Organ failure-free days, days 22 (6-26) 23 (14-27) 12 (0-24) <0.001
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Ventilator-free days, days 19 (0-24) 21 (4-25) 7 (0-22) <0.001

ICU-free days, days 17 (0-23) 19 (7-23) 6 (0-20) <0.001

Abbreviations: AKl, acute kidney injury; n, number; BMI, body mass index; ARDS, acute
respiratory distress syndrome; Pa0.:FiO,, partial pressure of arterial oxygen to fraction of
inspired oxygen ratio; VT, tidal volume; PBW, predicted body weight; PEEP, positive end-
expiratory pressure; ICU, intensive care unit.

Data are expressed as median (IQR), unless otherwise indicated.
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eTable 2. Multivariable logistic regression analysis téuéxplore the contribution of baseline driving pressure
(independent variable) to the development of AKI (dependent variable) in a sensitivity analysis which does not
exclude patients with early AKI.

Variable Univariable analyses Multivariable analysis
OR 95%Cl p value OR 95%Cl p value
Age 1.012 1.009-1.016 <0.001 1.013 1.007-1.018 <0.001

(increments of 1 year)
Female sex 0.768 0.686-0.859 <0.001 0.718 0.604-0.853 <0.001
BMI 1.022 1.014-1.029 <0.001 1.013 1.003-1.024  0.015

(increments of 1 kg/cm?)

Diabetes mellitus 1.940 1.673-2.250 <0.001 1.964 1.579-2.443  <0.001
Cardiovascular failure 1.760  1.567-1.977 <0.001 1.466 1.220-1.761  <0.001
Coagulation failure 1.978 1.698-2.305 <0.001 2.114 1.666-2.681 <0.001
Hepatic failure 2.076 1.750-2.462 <0.001 1.781 1.376-2.305 <0.001
Fluid balance on day 1 1.009 1.007-1.011 <0.001 1.007 1.005-1.010 <0.001

(increment of 100 ml)

Baseline Pa0,:Fi02, 0.979 0.970-0.987 <0.001 1.005 0.992-1.020 0.443
(increments of 10 mmHg)

Baseline respiratory rate 1.033 1.025-1.040 <0.001 1.028 1.015-1.041 <0.001
(increments of 1 breath/min)

Baseline VT/PBW 0.980 0.953-1.008 0.161 0.997 0.979-1.015 0.733
(increments of 1 ml/Kg)

Baseline respiratory system 0.998 0.995-1.001 0.159 1.001 0.997-1.005 0.715
compliance

(increments of 1 ml/cmH;0)
Baseline PEEP 1.050 1.036-1.065 <0.001 1.056 1.029-1.083 <0.001
(increments of 1 cmH;0)

Baseline driving pressure 1.010 0.999-1.020 0.064 1.038 1.020-1.056 <0.001




104

(increments of 1 cmH;0)

Abbreviations: AKl, acute kidney injury; OR, odds ratio; Cl, confidence interval; BMI, body mass index; PaO3:FiO,,
partial pressure of arterial oxygen to fraction of inspired oxygen ratio; VT, tidal volume; PBW, predicted body weight;
PEEP, positive end-expiratory pressure.
The present sensitivity analysis included a total of 5177 patients; namely, 3217 patients with AKI (both patients with
early AKI and patients with late AKI) and 1960 patients with no AKI.
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eTable 3. Multivariable logistic regression analysis téuéxplore the contribution of baseline driving pressure
(independent variable) to the development of late AKI (dependent variable) in a sensitivity analysis which
included patients who developed AKI later than seven days following onset of ARDS.

Variable Univariable analyses Multivariable analysis
OR 95%Cl p value OR 95%Cl p value
Age 1.012 1.008-1.017 <0.001 1.018 1.011-1.025 <0.001

(increments of 1 year)
Female sex 0.859  0.744-0.992 0.039 0.795 0.638-0.991 0.041
BMI 1.007 0.997-1.016 0.163 1.004 0.990-1.018 0.558

(increments of 1 kg/cm?)

Diabetes mellitus 1.199  0.984-1.462 0.071 1.140 0.858-1.516  0.366
Cardiovascular failure 1.340  1.157-1.552 <0.001 1.273 1.014-1.598 0.038
Coagulation failure 1.233 1.007-1.510 0.043 1.171 0.855-1.603  0.325
Hepatic failure 1.410 1.126-1.766 0.003 1.654 1.179-2.320 0.004
Fluid balance on day 1 1.004 1.001-1.006 0.010 1.001 0.998-1.005 0.548

(increment of 100 ml)

Baseline Pa0;:FiO2, 0.980 0.969-0.991 <0.001 1.005 0.988-1.023 0.554
(increments of 10 mmHg)

Baseline respiratory rate 1.009 1.0-1.019 0.054 1.002 0.986-1.018 0.826
(increments of 1 breath/min)

Baseline VT/PBW 0.996 0.979-1.014 0.687 0.984 0.940-1.032 0.511
(increments of 1 ml/Kg)

Baseline respiratory system 0.992 0.987-0.997 <0.001 0.999 0.994-1.004 0.672
compliance

(increments of 1 ml/cmH;0)
Baseline PEEP 1.034 1.015-1.052 <0.001 1.048 1.015-1.081 0.004
(increments of 1 cmH;0)

Baseline driving pressure 1.033 1.020-1.047 <0.001 1.060 1.036-1.084 <0.001
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(increments of 1 ml/cmH;0)

Abbreviations: AKl, acute kidney injury; OR, odds ratio; Cl, confidence interval; BMI, body mass index; PaO3:FiO,,
partial pressure of arterial oxygen to fraction of inspired oxygen ratio; VT, tidal volume; PBW, predicted body weight;
PEEP, positive end-expiratory pressure.

The present sensitivity analysis included patients who developed AKI later than seven days following onset of ARDS;
i.e., the “late AKI” group included 3217 patients who developed AKI from day 3 to day 28 following onset of ARDS.
The “no AKI group” included 1960 patients.
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eTable 4. Adjusted logistic regressions for late AKI prediction in survivors and non-survivors.

B SE Wald pvalue OR 95% ClI

*Driving pressure (non-survivors), SD ~ .153 .138 1.229 .268 1.166 .889-1.529

*Driving pressure (survivors), SD .269 .110 5.999 .014 1.309 1.055-1.624

Abbreviations: AKl, acute kidney injury; OR, odds ratio; Cl, confidence interval; SD, standard
deviation.

*Both analyses were adjusted for: age, sex, body mass index, diabetes mellitus, organ failures
(namely, cardiovascular, coagulation, and hepatic) at baseline, fluid balance, baseline PaO,:FiO>
ratio, respiratory rate, tidal volume, respiratory system compliance and PEEP.
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eTable 5. Differences in cumulative fluid balance and driving pressure between patients
with and without late AKI.

No AKI Late AKI
dFB, mL 2475 (-1366 - 6567) 3340 (588 - 6828)"
dDP, cmH,0 2 (-6-3) 2 (-6-3)

*P<0.001, Mann-Whitney test.

Abbreviations: AKI, acute kidney injury; dDP, difference in driving pressure; dFB, difference
in cumulative fluid balance.
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eTable 6. Linear regressions, with dDP as dependent and dFB as independent variable.

B SE Beta t pvalue 95% Cl
dFB .000077 .000059 .069 1.308 192 -.000039 .000194
(late
AKI)
dFB (no .000173 .000043 .170 3.980 .001 .000087 .000258
AKI)

Abbreviations: AKI, acute kidney injury; Cl, confidence interval; dDP, difference in driving pressure;
dFB, difference in cumulative fluid balance.




eTable 7. Multivariable logistic regression analysis td0explore the contribution of mean driving pressure
(independent variable) to the development of late AKI (dependent variable).

Variable Univariable analyses Multivariable analysis
OR 95%Cl p value OR 95%Cl p value
Age 1.008 1.003-1.013 <0.001 1.012 1.005-1.018 <0.001

(increments of 1 year)
Female sex 0.992 0.852 - 1.155 0.919 0.927 0.757-1.135 0.462
BMI 1.013 1.003-1.023 0.010 1.001 0.988-1.013 0.937

(increments of 1 kg/cm?)

Diabetes mellitus 1.254 1.022-1.538 0.030 1.322 1.018-1.717  0.036
Cardiovascular failure 1.377 1.178-1.611 <0.001 1.181 0.959-1.455 0.118
Coagulation failure 1.366 1.110-1.682  0.003 1.311 0.997-1.723  0.053
Hepatic failure 1.541 1.227-1.934 <0.001 1.625 1.204-2.193  0.001
Fluid balance on day 1 1.003 1.0-1.006 0.041 1.002 0.998-1.005 0.358

(increment of 100mL)

Baseline Pa0:FiO, 0.965 0.953-0.977 <0.001 1.024 1.007-1.042  0.005
(increments of 10 mmHg)

Mean respiratory rate 1.039 1.026-1.052 <0.001 1.011 0.993-1.028 0.235
(increments of 1 breath/min)

Mean VT/PBW 0.964 0.922-1.009 0.119 0.982 0.927-1.039 0.529
(increments of 1 ml/Kg)

Mean respiratory system 0.994 0.989-0.999 0.013 1.0 0.994-1.007 0.878
compliance

(increments of 1 ml/cmH;0)

Mean PEEP 1.174 1.148-1.202 <0.001 1.210 1.170-1.252  <0.001
(increments of 1 cmH;0)

Mean driving pressure 1.025 1.011-1.040 <0.001 1.054 1.030-1.078 <0.001

(increments of 1 cmH;0)
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Abbreviations: AKI, acute kidney injury; OR, odds ratio; Cl, confidence interval; BMI, body mass
index; PaO2:FiO,, partial pressure of arterial oxygen to fraction of inspired oxygen ratio; VT,
tidal volume; PBW, predicted body weight; PEEP, positive end-expiratory pressure.

eFigure 1. Study flow diagram. Abbreviations: AKI, acute kidney injury; ARDS, acute
respiratory distress syndrome.

5367 patients with ARDS enrolled

2407 patients were excluded:
- 11 without available creatinine at baseline
—» | - 47 without available creatinine after day 2

- 132 on chronic dialysis or peritoneal dialysis
- 2217 with early AKI

2960 patients were included for analysis:
- 1000 with late AKI
- 1960 without AKI
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eFigure 2. Plot of predicted probabilities for late AKI against driving pressure quintiles. Each

bar represents mean value with 95% Cl. Abbreviations: AKIl, acute kidney injury; Cl,

confidence interval.
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eFigure 3. Dot plot between dDP and DFB with regression lines fitted for both groups, late
AKI and no AKI. Abbreviations: AKI, acute kidney injury; dDP, difference in driving pressure;
dFB, difference in cumulative fluid balance.
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ABSTRACT—Purpose: Trajectory of acule respiratory dstress syndrome (ARDS) spans from rapidly improving cases 1o cases
receiving profonged mechanical ventitation (PMV). We aflempled 1o estimate temporal rends of prevalence and mertalty of
PMV and 1o identify fisk factors associated with mortality of patients with ARDS receiving PMV. Methods: We pedormed a sec-
ondary anslysis of individual pasient data from six randomized controlled dinical rials conducted by the ARDS Network. Pro-
longed mechanical ventilation was defined as the need for mechanical ventiation for »21 consecutive days. Results: Of
4,216 pasients with ARDS, 646 (15.3%) received PMV. Prevaience of PMV gradually deciined Irom 18.4% in the ARDS Network:
Low-Tidal-Volume Trial (published in 2000) trial 16 10.9% in the SAILS (2014) trial (FF = 0.728, P=0.031). Ninety-day maortaity of
pasents receiving PMV did not change over time (= 0.271, P = 0.290) and remained as high a8 36.8%. In the three most recent
vials, risk factors associated with mortality among the 250 pasients with ARDS receiving PMV included age, malignancy, preu-
fronia as he cause of ARDS, caagulasion dyslunction, and hepatic dysfunclion during the first 21 days afier irial enrolimert.
Conclusion: Athough prevalence of PMV g patients enrolled in ARDS Network Irials gradually decined, modaity did

not change. Risk factors associsted with martality were mostly nonmodifiable.
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ABSTRACT

Purpose: Trajectory of acute respiratory distress syndrome (ARDS) spans from rapidly
improving cases to cases receiving prolonged mechanical ventilation (PMV). We attempted to
estimate temporal trends of prevalence and mortality of PMV and to identify risk factors
associated with mortality of patients with ARDS receiving PMV.

Methods: We performed a secondary analysis of individual patient data from six randomized
controlled clinical trials conducted by the ARDS Network. PMV was defined as the need for
mechanical ventilation for >21 consecutive days.

Results: Of 4216 patients with ARDS, 646 (15.3%) received PMV. Prevalence of PMV gradually
declined from 18.4% in the ARMA (published in 2000) trial to 10.9% in the SAILS (2014) trial
(R?=0.728, p=0.031). 90-day mortality of patients receiving PMV did not change over time
(R?=0.271, p=0.290) and remained as high as 36.8%. In the three most recent trials, risk factors
associated with mortality among the 250 patients with ARDS receiving PMV included age,
malignancy, pneumonia as the cause of ARDS, coagulation dysfunction and hepatic
dysfunction during the first 21 days after trial enrollment.

Conclusion: Although prevalence of PMV among patients enrolled in ARDS Network trials
gradually declined, mortality did not change. Risk factors associated with mortality were
mostly non-modifiable.

Keywords: acute hypoxemic respiratory failure; intensive care unit; epidemiology; chronic
critical illness
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INTRODUCTION

Acute respiratory distress syndrome (ARDS), an entity with considerable attributable
mortality (1), is heterogeneous (2). As an indication of the heterogeneity of ARDS, there are
patients whose hypoxemia improves rapidly (i.e., within 24 hours) (3, 4), others whose severe
hypoxemia persists for several days (5), and still others who receive prolonged mechanical
ventilation (PMV). Patients with ARDS, as opposed to those without ARDS, are indeed four
times more likely to receive PMV (6).

Based on studies involving unselected critically ill patients (i.e., not specifically patients with
ARDS), PMV poses a constant challenge for the treating clinicians as it is associated with poor
outcomes (7, 8). Also, it is very costly as, for example, patients with PMV occupy 30% of
general intensive care unit (ICU) beds (6, 9). Given its immense clinical and financial burden
on health-care systems, PMV has emerged as an important research priority (10). PMV was
indeed recognized as an important research priority as early as 2005 at a National Association
for Medical Direction of Respiratory Care (NAMDRC) Consensus Conference. That Consensus
Conference report stated that “the number of patients meeting the definition of PMV will
likely continue to increase” over time and that “predicting mortality outcomes is vital” (11).
Nevertheless, subsequent relevant evidence specifically involving patients with ARDS is
limited.

Having the above considerations into mind, we endeavored to take advantage of the large
high-quality databases of randomized controlled trials conducted by the ARDS Network in
order to estimate temporal trends of prevalence and mortality of PMV and to identify risk
factors associated with mortality of patients with ARDS receiving PMV.

METHODS

Study Design and Patient Population

We performed a secondary analysis by obtaining individual patient data from subjects
enrolled in the following six randomized controlled trials conducted by the ARDS Network:
Low-Tidal-Volume Trial (ARMA) (12), Assessment of Low Tidal Volume and Elevated End-
expiratory Volume to Obviate Lung Injury Trial (ALVEOLI) (13), Fluid and Catheter Treatment
Trial (FACTT) (14), Albuterol for the Treatment of Acute Lung Injury Trial (ALTA) (15), Early vs
Delayed Enteral Nutrition Trial (EDEN) (16), and Statins for Acutely Injured Lungs from Sepsis
Trial (SAILS) (17). All included subjects were endotracheally intubated and had ARDS. As
previously (18-20), we were granted access to data after submitting a prospective protocol to
the Biologic Specimen and Data Repository Information Coordinating Center (BioLINCC) of the
National Heart, Lung, and Blood Institute (NHLBI). Because the data would be received in de-
identified form (non-human subjects research), the Institutional Review Board of
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Evangelismos Hospital waived the need of informed consent and approved the study
(protocol number 140/5-5-2022).

Study Objectives and Definitions

The present secondary analysis had three objectives. The first objective was to estimate
temporal trends of prevalence of PMV in clinical trials of ARDS. The second objective was to
estimate temporal trends of mortality of patients with ARDS receiving PMV. Finally, the third
objective was to identify risk factors associated with mortality of patients with ARDS receiving
PMV.

With regard to the definition of PMV, periods of ventilator dependence ranging from 2 days
to 28 days have been used in the literature (21, 22). However, most papers, including the
abovementioned NAMDRC Consensus Conference report (11), used a threshold of 21 days
(10). Accordingly, in this secondary analysis, PMV was defined as the requirement for invasive
mechanical ventilation for more than 21 consecutive days after trial enrollment.

Statistical Analysis

We presented continuous variables as median with interquartile range (IQR) and compared
them using the non-parametric Mann-Whitney U test or Kruskal-Wallis H test, as appropriate.
We presented categorical variables as percentages and compared them using the Chi-squared
or Fisher’s exact test, as appropriate. We estimated the prevalence and mortality of PMV
across time via a simple linear regression model, with time as the independent variable and
within-study prevalence of PMV (or, respectively, mortality of patients with PMV) as the
dependent variable. We carried out four subgroup analyses involving only medical patients
(i.e., after exclusion of patients with ARDS following trauma or elective surgery); involving
only surgical patients (i.e., patients with ARDS following trauma or elective surgery); involving
only patients with pulmonary causes (namely, pneumonia and aspiration) of ARDS; and
involving only patients with extrapulmonary causes of ARDS.

In order to identify risk factors associated with mortality of patients with ARDS receiving PMV,
we utilized a multivariate binary logistic regression model with 90-day mortality (i.e., the
primary outcome of the present analysis) as the dependent variable, using all available
information on mortality and risk factors. In the light of previous contributions involving the
general ICU population (8, 9), we considered the following risk factors for inclusion in the
model: age, baseline severity of illness [as assessed by the Acute Physiology and Chronic
Health Evaluation (APACHE lll) score], malignancy, pneumonia as the cause of ARDS,
persistent severe ARDS (defined as previously) (5), coagulation dysfunction and hepatic
dysfunction during the first 21 days after trial enrollment. We presented relevant results as
odds ratio (OR) and 95% confidence intervals (Cl). All p values were two-sided and thought to



120

denote statistical significance if equal to or less than 0.05. We performed statistical analyses
using SPSS software version 28.0 (SPSS, Inc., Chicago, IL) and GraphPad Prism version 9.0.0,
(GraphPad Software, La Jolla, California, USA).

RESULTS
Temporal trends of prevalence and mortality of PMV

Out of 4216 patients with ARDS enrolled in six ARDS Network trials (12-17), 646 (15.3%)
patients received PMV. Figure 1 presents temporal trends of prevalence of PMV in clinical
trials of ARDS. Prevalence of PMV gradually declined from 18.4% in the ARMA (published in
2000) trial to 10.9% in the SAILS (2014) trial (R?=0.728, p=0.031). During the same time period,
percentage of patients with ARDS who were discharged alive without receiving PMV gradually
increased from 52.3% in the ARMA trial to 65.6% in the SAILS trial (R>=0.780, p=0.020; Figure
1). This was also the case (i.e., prevalence of PMV gradually declined, while percentage of
patients with ARDS who were discharged alive without receiving PMV gradually increased) in
the subgroup analyses involving only medical patients or only patients with pulmonary causes
of ARDS, but not in the subgroup analyses involving only surgical patients or only patients with
extrapulmonary causes of ARDS (Supplemental Figure 1).

Figure 2 presents temporal trends of 90-day mortality of patients with ARDS receiving PMV.
Mortality of patients receiving PMV did not change over time in clinical trials of ARDS
(R?=0.271, p=0.290) and remained as high as 36.8%. This was also the case (i.e., mortality of
patients receiving PMV did not change over time) in the subgroup analyses involving only
medical patients or only surgical patients or only patients with pulmonary causes of ARDS or
only patients with extrapulmonary causes of ARDS (Supplemental Figure 2).

Baseline characteristics and clinical course of patients with PMV

To better reflect modern clinical practice, the remainder of our analyses considered only data
from the three most recently published ARDS Network trials; namely, ALTA, EDEN, and SAILS
(all published after 2010) (15-17). Of the 1853 patients with ARDS enrolled in these trials (15-
17), 250 (13.5%) patients received PMV.

Table 1 presents baseline characteristics and initial management of the 250 patients with
ARDS receiving PMV. Out of those 250 patients, 92 (36.8%) died by day 90. Non-survivors, as
opposed to survivors, were older [59.0 (44.3-69.0) vs 51.5 (42.0-63.0) years; p=0.012], had
higher APACHE Il score [102.0 (83.5-123.3) vs 93.0 (78.0-106.0); p=0.006], were more likely
to have malignancy [12 (13.0%) vs 3 (1.9%); p<0.001], were more likely to have pneumonia as
a cause of ARDS [65 (70.7%) vs 91 (57.6%); p=0.040] and had higher baseline partial pressure
of arterial oxygen to fraction of inspired oxygen ratio (Pa0;:FiO;) [157.8 (106.5-192.4) vs 118.1
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(89.7-160.0); p<0.001]. There was no difference between non-survivors and survivors in terms
of initial management, such as ventilator settings and cumulative fluid balance (Table 1).

Table 2 presents the clinical course of the 250 patients with ARDS receiving PMV. Non-
survivors, as opposed to survivors, were more likely to experience coagulation dysfunction
[64 (69.6%) vs 60 (38.0%); p<0.001] and hepatic dysfunction [35 (38.0%) vs 39 (24.7%);
p=0.026] during the first 21 days after trial enrollment (Table 2).

Risk factors associated with mortality of patients with ARDS receiving PMV

Table 3 presents a multivariable binary logistic regression analysis to identify risk factors
associated with 90-day mortality of patients with ARDS receiving PMV. Risk factors
independently associated with mortality were age (OR 1.03, 95% Cl 1.01-1.05), malignancy
(OR 5.77, 95% Cl 1.45-22.95), pneumonia as the cause of ARDS (OR 2.56, 95% Cl 1.32- 4.97),
coagulation dysfunction (OR 4.17, 95% Cl 2.17-8.01) and hepatic dysfunction (OR 2.07, 95%
Cl 1.07-4.00) during the first 21 days after trial enrollment (Table 3).

DISCUSSION

By incorporating individual patient data from over 4200 subjects with ARDS enrolled in six
high-quality randomized controlled trials conducted by the ARDS Network, this secondary
analysis showed that prevalence of PMV gradually declined from 18.4% (in 2000) to 10.9% (in
2014). 90-day mortality of patients receiving PMV did not change over the same time period
and remained as high as 36.8%. Finally, age, malignancy, pneumonia as the cause of ARDS,
coagulation dysfunction and hepatic dysfunction during the first 21 days after trial enroliment
were risk factors associated with mortality among patients with ARDS receiving PMV.

We found that prevalence of PMV in trials of ARDS significantly declined over time. This
decline in prevalence of PMV was also accompanied by an increase in the percentage of
patients discharged alive without receiving PMV. Indeed, as shown in Figure 1, the percentage
of patients with ARDS who were discharged alive without receiving PMV gradually increased
from 52.3% in the ARMA trial to 65.6% in the SAILS trial. Taken together, these findings may
reflect advances in supportive care of such patients, including lung protective ventilation (12),
conservative fluid management (14), and protocolized weaning strategies that were required
or recommended in later phase ARDS Network trials. Interestingly, as shown in our subgroup
analyses (Supplemental Figure 1), improvement in prevalence of PMV mostly involved
medical rather than surgical patients with ARDS. This finding may justify ongoing research on
ARDS following trauma or elective surgery (23-25).
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Improvement in prevalence of PMV was not found to be accompanied by a decrease in
mortality of patients with ARDS receiving PMV. Indeed, as shown in Figure 2, 90-day mortality
of patients receiving PMV did not change over time in trials of ARDS and this was consistent
across various subgroups (Supplemental Figure 2). These findings, taken together, suggest
that contemporary management of ARDS may be successfully reducing the number of
episodes of PMV but that work remains to be done to identify practices that lower mortality
when recovery is prolonged.

To advance management of patients with PMV, it may be reasonable to first identify risk
factors associated with mortality among patients receiving PMV. Considerable relevant
research (which identified age and coagulation dysfunction as important risk factors) has been
previously done in the general ICU population, not limited to patients with ARDS (26, 27). In
the present analysis, we focused on patients with ARDS and we identified, apart from age and
coagulation dysfunction, malignancy, pneumonia as the cause of ARDS, and hepatic
dysfunction. This finding may have important implications for clinical trialists as it highlights a
challenge. Any intervention to lower mortality in clinical trials of ARDS should target patients
with prolonged mechanical ventilation (given that they constitute an increasingly larger
proportion of total deaths); yet, mortality of those patients is mostly affected by non-
modifiable risk factors.

We found that, among patients with ARDS receiving PMV, non-survivors had higher
oxygenation (as assessed by Pa03:FiO;) at baseline than survivors by day 90 (Table 2). This
seemingly counterintuitive finding might be explained by selection bias. Our study population
of 250 patients receiving PMV might include selectively the most vulnerable patients among
those with high oxygenation at baseline (as the remaining were discharged alive before day
21) and the most resilient patients among those with low oxygenation at baseline (as the
remaining died before day 21). Briefly, in the selected group of patients who are alive but still
receive mechanical ventilation at day 21, oxygenation at baseline may not predict long-term
survival.

The current analysis has several limitations. First, it is subject to the inherent limitations (such
as residual confounding) of retrospective analyses. However, the analysis was based on
meticulously collected data from six high-quality randomized controlled trials (12-17).
Second, given that even the most recent three randomized controlled trials (that provided
data from the 250 subjects analyzed in Tables 1-3) were published between 2011 and 2014
(15-17), one may question their relevance with current clinical practice of mechanical
ventilation. However, current clinical practice is based on principles, which were known and
widely appreciated by 2011; namely lung protective ventilation, conservative fluid
management and personalized weaning strategies (12, 14). Thirdly, although the principles of
mechanical ventilation remain the same (28), we acknowledge that the pandemic of
coronavirus disease (COVID-19) led to changes in care of patients with respiratory
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failure/ARDS, such as increase in implementation of high-flow nasal oxygen (before
intubation) and prone positioning (before and after intubation) (29). We lacked data to
examine whether such changes in care of patients triggered by COVID-19 might affected the
epidemiology of PMV. Fourth, not only our clinical practice but also our perception of
syndromes, such as ARDS or sepsis, may have been changed since 2014 (i.e., when the most
recent ARDSNet trial was published) (17). Indeed, definition of sepsis was modified in 2016 to
emphasize the critical presence of organ failure (30), while a modification of definition of
ARDS was recently proposed (31). Both syndromes are perceived as heterogenous entities
with distinct phenotypes (32, 33).

Fifth, while the inclusion criteria were similar across the trials analyzed, exclusion criteria
differed such that study cohorts may not be directly comparable. Also, exclusion of a
considerable proportion of patients due to very restrictive exclusion criteria of randomized
controlled trials might negatively affect both extrapolation of findings in real world and
accurate estimations of prevalence of PMV (34). Even so, estimates of trends of prevalence
of PMV over time (i.e., the main purpose of this project) should be accurate. Sixth, although
we selected variables to be included in the regression model based on previous contributions
(8,9, 26, 27) and our own clinical expertise, we still acknowledge that other variables (such
as pre-ICU comorbidities other than malignancy) could also have been used. Seventh, we
lacked data to explore whether outcomes of patients with ARDS receiving PMV might have
been influenced by nosocomial infections and patient/surrogate decision making. The latter
has been found to be often characterized by unreasonably optimistic expectations (35).
Finally, we acknowledge that prolonged mechanical ventilation is just a feature (albeit the
cardinal one) of the broad syndrome of chronic critical iliness (21).

CONCLUSIONS

This analysis of 4216 patients enrolled in six ARDS Network trials showed that prevalence of
PMV among patients with ARDS gradually declined, while their mortality did not change. Risk
factors associated with mortality were mostly non-modifiable. These findings may have
important implications for clinical trialists.
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Figure 1. Temporal trends of prevalence of prolonged mechanical ventilation in clinical trials
of acute respiratory distress syndrome. Prevalence of prolonged mechanical ventilation
(PMV) gradually declined from 18.4% in the ARMA (published in 2000) trial to 10.9% in the
SAILS (2014) trial (R>=0.728, p=0.031). During the same time period, percentage of patients
with acute respiratory distress syndrome (ARDS) who were discharged alive without receiving
PMV gradually increased from 52.3% in the ARMA trial to 65.6% in the SAILS trial (R=0.780,
p=0.020).
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Figure 2. Temporal trends of 90-day mortality of patients with acute respiratory distress
syndrome receiving prolonged mechanical ventilation. Mortality of patients with acute
respiratory distress syndrome (ARDS) receiving prolonged mechanical ventilation (PMV) did
not change over time in clinical trials conducted by the ARDS Network (R?=0.271, p=0.290).



Table 1. Baseline characteristics and initial ld9nagement of 250 patients with ARDS receiving

PMV.
Variable® Total Non-survivors | Survivors p value
(n=250) (n=92) (n=158)
Age (years) 55.0 59.0 51.5 0.012
[42.0-65.0] [44.3-69.0] [42.0-63.0]
Female sex 119 (47.6%) | 46 (50.0%) 73 (46.2%) 0.562
Race 0.613
White 161 (64.4%) | 61 (66.3%) 100 (63.3%)
Black 42 (16.8%) | 17 (18.5%) 25 (15.8%)
Hispanic or Latino 38 (15.2%) | 11 (12.0%) 27 (17.1%)
Other 8 (3.2%) 2 (2.2%) 6 (3.8%)
Body Mass Index (kg/m?) 29.2 28.0 30.2 0.149
[23.3-35.6] | [22.9-34.6] [23.7-36.3]
APACHE Ill score 96.0 102.0 93.0 0.006
[79.0-114.0] | [83.5-123.3] [78.0-106.0]
Usage of vasopressors within 24 | 154 (61.6%) | 60 (65.2%) 94 (59.5%) 0.370
hours prior to trial enrollment
Comorbidity
Any comorbidity 162 (64.8%) | 67 (72.8%) 95 (60.1%) 0.043
Malignancy® 15 (6.0%) 12 (13.0%) 3(1.9%) <0.001
Cardiovascular disease® 120 (48.0%) | 46 (50.0%) 74 (46.8%) 0.629
Liver disease® 16 (6.4%) 8 (8.7%) 8 (5.1%) 0.258
Chronic pulmonary disease 36 (14.4%) | 17 (18.5%) 19 (12.0%) 0.161
Immunosuppression® 37 (14.8%) | 23 (25.0%) 14 (8.9%) <0.001
Cause of ARDS
Pneumonia 156 (62.4%) | 65 (70.7%) 91 (57.6%) 0.040
Sepsis 48 (19.2%) | 15 (16.3%) 33 (20.9%) 0.375
Trauma 13 (5.2%) 4 (4.3%) 9 (5.7%) 0.773
Aspiration 19 (7.6%) 4 (4.3%) 15 (9.5%) 0.139
Physiological parameters on the day
of trial enrollmentf
Tidal volume (ml/kg) 6.2 6.4 6.1 0.220
[6.0-7.4] [6.0-7.8] [5.9-7.1]
Respiratory rate (breaths/minute) | 26.0 26.0 26.0 0.474
[20.0-31.0] | [20.0-31.0] [21.0-32.0]
PEEP (cmH;0) 10.0 10.0 10.0 0.143
[5.0-12.0] [5.0-12.0] [5.3-14.0]
Pdriving (cmH,0) 15.0 15.0 16.0 0.310
[12.0-20.0] | [12.0-18.0] [12.0-20.0]
Pa0;:FiO; 129.5 157.8 118.1 <0.001
[94.7-176.0] | [106.5-192.4] [89.7-160.0]
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Cumulative fluid balance 3659 3934.0 3581.5
(ml, days 0-2) [503-7290] | [503.0-7652.0] | [395.5-7123.5]

0.359

Abbreviations: ARDS, acute respiratory distress syndrome; PMV, prolonged mechanical
ventilation; APACHE, Acute Physiology and Chronic Health Evaluation; PEEP, positive end-
expiratory pressure; Pdriving, driving pressure; PaO2: FiO,, partial pressure of arterial oxygen
to fraction of inspired oxygen ratio.

aData are presented as number (percentage) or median [interquartile range].

bMalignancy includes solid tumor with metastasis, leukemia and lymphoma.

¢ Cardiovascular disease includes prior myocardial infarction, hypertension, congestive heart
failure, peripheral vascular disease and prior stroke with sequelae.

dLiver disease includes cirrhosis and hepatic failure with coma or encephalopathy.

¢ Immunosuppression refers to radiation, chemotherapy or administration of systemic steroids
(greater than or equal to 0.3 mg/kg/day prednisone or equivalent) within the past six months.
fTrial enroliment (specifically, randomization) occurred a median of 1.0 day [1.0-2.0] after
intubation and a median of 1.0 day [0.0-1.0] after diagnosis of ARDS. There were no
statistically significant differences regarding the median time from intubation to trial
enrollment (p=0.772) or regarding the median time from diagnosis of ARDS to trial enrollment
(p=0.860) between the three randomized controlled trials (15-17).

Table 2. Clinical course during the first 21 days after trial enrollment of the 250 patients with
ARDS receiving PMV.
Variable® Total Non-survivors | Survivors (n=158) | p value
(n=250) (n=92)
Persistent severe ARDSP 50 (20.0%) 18 (19.6%) 32 (20.3%) 0.982
Non-pulmonary organ | 231 (92.4%) 91 (98.9%) 140 (88.6%) 0.003
dysfunction®
Coagulation dysfunction 124 (49.6%) 64 (69.6%) 60 (38.0%) <0.001
Renal dysfunction 139 (55.6%) 56 (60.9%) 83 (52.5%) 0.201
Cardiovascular dysfunction 207 (82.8%) 82 (89.1%) 125 (79.1%) 0.043
Hepatic dysfunction 74 (29.6%) 35 (38.0%) 39 (24.7%) 0.026

Abbreviations: ARDS, acute respiratory distress syndrome; PMV,

ventilation.

@ Data are presented as number (percentage).

prolonged mechanical

b Persistent severe ARDS was defined as partial pressure of arterial oxygen to fraction of
inspired oxygen ratio €100 mmHg on the second day after trial enrollment. If that value was
not available, then the next available value up to day 7 after trial enrollment was considered.
¢ Non-pulmonary organ dysfunctions were defined as follows: coagulation dysfunction as
platelets <100 10”3/mmA”3; hepatic dysfunction as bilirubin =2 mg/dL; cardiovascular
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dysfunction as usage of vasopressors, and renal dysfunction as creatinine >2 mg/dL at any

time up to day 21 after trial enrollment.

Table 3. Multivariable binary logistic regression analysis to identify risk factors associated with

90-day mortality of patients with ARDS receiving PMV.

Risk factor OR 95% ClI p value
Age (increments of 1 year) 1.03 1.01-1.05 0.005
APACHE Il (increments of 1) 1.00 0.99-1.01 0.708
Malignancy 5.77 1.45-22.95 0.013
Pneumonia as the cause of ARDS 2.56 1.32-4.97 0.005
Persistent severe ARDS? 1.19 0.56-2.53 0.656
Coagulation dysfunction® 4.17 2.17-8.01 <0.001
Hepatic dysfunction® 2.07 1.07-4.00 0.030

Abbreviations: ARDS, acute respiratory distress syndrome; PMV, prolonged mechanical
ventilation; OR, odds ratio; Cl, confidence intervals; APACHE, Acute Physiology and Chronic

Health Evaluation.

2@ Persistent severe ARDS was defined as partial pressure of arterial oxygen to fraction of

inspired oxygen ratio <100 mmHg on the second day after trial enrollment. If that value was

not available, then the next available value up to day 7 after trial enrollment was considered.

b Coagulation dysfunction was defined as platelets <100 1073/mmA3 at any time up to day 21

after trial enrollment.

¢ Hepatic dysfunction was defined as bilirubin 22 mg/dL at any time up to day 21 after trial

enrollment.

Data Supplement

Title: Prolonged mechanical ventilation in acute respiratory distress syndrome

Authors: loannis Andrianopoulos, Vassilis G. Giannakoulis, Eleni Papoutsi,

Papathanakos, Vasilios Koulouras, B. Taylor Thompson, llias I. Siempos

Georgios




132

A. Medical B. Surgical
801 80+ v, ALVEOLI N
ALTA .o
704 ol 70
ALVEOLI o MSAILS ZAIP EDEN msalLs
60- g = e EDENT 60 ARMA T ——
z e FRCTT e
o 50 HARMA™ o 501
g Alive without PMV Q Alive without PMV
S 40 340
% — PMV g — PMV
. Q o
£ 30 & 30 — AL.TA
. ... ALVEOLI i o
20 g, ALTA EDEN 201 S
10- FACTT T SETI®SAILS 10 L8 CFACTT . ® SAILS
T T T 1 0 T T T 1
2000 2005 2010 2015 2000 2005 2010 2015
Year of Publication Year of Publication
C. Pulmonary cause D. Extrapulmonary cause
80~ 80
ALTA oo
707 ALVEOLI, .o 707 g
LLALVEREL. EOEN MSAILS ALVE?Q ‘‘‘‘‘‘ e ALTA SAILS
= FACTT ] I m— FACTT EDEN
= ARMA. . < ARMA -
o 901 T 504 la
g Alive without PMV § Alive without PMV
o 40 B 40
g — PMV g — PMV
£ 30 2 301
o o
20 ALVEOLI ALTA £peEN 20 ‘AL.TA'EDEN-
10 FACTT " WSAILS 104 FACTT i @ SAILS
T T T 1 0 T T T 1
2000 2005 2010 2015 2000 2005 2010 2015
Year of Publication Year of Publication

Supplemental Figure 1. Temporal trends of prevalence of prolonged mechanical ventilation
(PMV) in subgroup analyses involving (A) only medical patients; (B) only surgical patients;
(C) only patients with pulmonary causes of acute respiratory distress syndrome (ARDS); and
(D) only patients with extrapulmonary causes of ARDS.

(A) In the subgroup analysis involving only medical patients (i.e., after exclusion of patients
with ARDS following trauma or elective surgery), prevalence of PMV gradually declined
(R?=0.828, p=0.012), while percentage of patients with ARDS who were discharged alive
without receiving PMV gradually increased (R?=0.862, p=0.008). (B) In the subgroup analysis
involving only surgical patients (i.e., patients with ARDS following trauma or elective surgery),
neither prevalence of PMV declined (R?=0.038, p=0.713) nor percentage of patients with ARDS
who were discharged alive without receiving PMV increased (R?=0.032, p=0.734). (C) In the
subgroup analysis involving only patients with pulmonary causes (namely, pneumonia and
aspiration) of ARDS, prevalence of PMV gradually declined (R?=0.794, p=0.017), while
percentage of patients with ARDS who were discharged alive without receiving PMV gradually
increased (R?=0.695, p=0.039). (D) In the subgroup analysis involving only patients with
extrapulmonary causes of ARDS, prevalence of PMV did not decline (R>=0.241, p=0.322), while
percentage of patients with ARDS who were discharged alive without receiving PMV gradually
increased (R?=0.760, p=0.024).
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Supplemental Figure 2. Temporal trends of 90-day mortality of patients with acute
respiratory distress syndrome (ARDS) receiving prolonged mechanical ventilation (PMV) in
subgroup analyses involving (A) only medical patients; (B) only surgical patients; (C) only
patients with pulmonary causes of ARDS; and (D) only patients with extrapulmonary causes
of ARDS.

Mortality of patients receiving PMV did not change over time in the subgroup analyses
involving (A) only medical patients (i.e., after exclusion of patients with ARDS following
trauma or elective surgery) (R?=0.197, p=0.379) or (B) only surgical patients (i.e., patients with
ARDS following trauma or elective surgery) (R?=0.081, p=0.585) or (C) only patients with
pulmonary causes (namely, pneumonia and aspiration) of ARDS (R?=0.210, p=0.360) or (D)
only patients with extrapulmonary causes of ARDS (R?=0.016, p=0.813).
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A combination of mild-moderate hypoxemia
and low compliance is highly prevalent
in persistent ARDS: a retrospective study

Eleni Papoutsi'”, loannis Andrianopoulos®, Vasiliki Mavrikaki®, Maria Bolaki®, Vagia Stamatopoulou?, Eleni Toli?,
Georgios Papathanakos?, Vasilios Koulouras®, Eumorfia Kondili, llias |. Siempos'#T and Katerina Vaporidi®™

Abstract

Background The Acute Respiratory Distress Syndrome (ARDS) is characterized by lung inflammation and edema,
impairing both oxygenation and lung compliance. Recent studies reported a dissociation between oxygenation
and compliance (severe hypoxemia with preserved compliance) in early ARDS and COVID-19-related-ARDS
(CARDS). During the pandemic, in patients requiring prolonged mechanical ventilation, we observed the opposite
combination (mild-moderate hypoxemia but significantly impaired compliance). The purpose of our study was to
investigate the prevalence of this combination of mild-moderate hypoxemia and impaired compliance in persistent
ARDS and CARDS.

Methods For this retrospective study, we used individual patient-level data from two independent cohorts of ARDS
patients. The ARDSNet cohort included patients from four ARDS Network randomized controlled trials. The CARDS
cohort included patients with ARDS due to COVID-19 haspitalized in two intensive care units in Greece. We used

a threshold of 150 for Pa0,/FHO, and 30 ml/emH,O for compliance, estimated the prevalence of each of the four
combinations of oxygenation and compliance at baseline, and examined the change in its prevalence from baseline
to day 21 in the ARDSMet and CARDS cohorts.

Results The ARDSMet cohort included 2909 patients and the CARDS cohort included 349 patients. The prevalence

of the combination of mild-maderate hypoxemia and low compliance increased from baseline to day 21 both in the
ARDSNet cohart (from 22.2 to 42.7%) and in the CARDS cohort (from 3.1 to 33.3%). Among surviving patients with
low compliance, cxygenation improved over time. The 60-day mortality rate was higher for patients who had mild-
moderate hypoxemia and low compliance on day 21 (28% and 56% in ARDSMNet and CARDS), compared to those who
had mild-moderate hypoxemia and high compliance (20% and 50%, respectively).
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Conclusions Amang patients with ARDS who require prolonged controlled mechanical ventilation, regardless of
ARDS etiology, a dissociation between ceygenation and compliance characterzed by mild-moderata hypoxemia but
low compliance becomes inoreasingly prevalent. The findings of this study highlight the importance of menitaring

mechanics in patients with persistent ARDS.

Keywords Acute respiratory faiure, Acute respiratory distress syndrome, SOVID-19, Prolonged mechanical ventilation

Intraduction

Acute pespleatory distress syndrome (ARDS) is defined as
non-cardiogenic pulmonary edema causing hypoxemia
|1]. Filling of the injured alveoll with protein-rich edema
flukd [2]; cawses both an impairment in gas exchange and
a reduction in lung compliance. Impalements in oxygen-
atlon and mechanics ave thought to colnclde and reflect
the severity of ARDS [1]. However, It was observed that
several patients with ARDS due to the coronsviras dis-
eage-19 (COVID-19) presented a dissociation between
severe hypoxemia and relatively well-preserved com-
pliance [3, 4]. A subsequent secondary analysls of the
LUMG SAFE study revealed that approximately one in
eight patients meeting the hypoxemia criterion of ARDS
exhibited preserved compliance [5], confirming this
dissoclation between oxygenation and compliance In
patients presenting with ARDS regardless of etiology. The
above observations were limited to the first days after the
onset of ARDS, Le., at early stages.

The number of ARDS patients dramatically increased
during the COVID-19 pandemie, as did patients whe
required prolonged mechanical ventilation [6]. During
the pandemic, we observed that many patients after sev-
eral days of mechanical ventilation exhibited an ‘opposite’
dissociation batween oxygenation and compliance, char-
acterized by mild-moderate hypoxemia but significantly
reduced compliance.

Whether such a disseclation between oxygenation
and compllance becomes prevalent in persistent ARDS
regardless of etlology, or rather it is a particular feature of
COVID-19 pelated ARDS s not known. This knowledge
may be important given that a nonnegligible proportion
of patents with ARDS require prolonged mechanical
ventilation; Le., they remain under ventilation more than
21 days after Intubation [7]. Based on our observatlon,
we endeavored to systematically examine the presence
of this comblnation of mild-moderate hypoxermia and
slgnificantly mpalred compliance, focusing specifically
on patients with ARDS pequiring prolonged mechanical
ventilation.

Methods
For this retrospective study, we used Individual patient-
level data from two independent cohorts of patlents with
ARDS.

The first cobort of our study [CARDSMet” cohort)
consbited of patients with ARDS enrolled in four

prospective therapeutie clinical rials conducted by the
ARDS Metwork, namely FACTT [8], ALTA [9), EDEN
[10], and SAILS [11]. As previously [12, 13], we were
granted access to data through the Biologic Specimen
and Data Repository Information Ceordinating Cen-
ter (BloLINCC) of the Natlenal Heart, Lung, and Blood
Imstinute (WHLBI). Because data would be recedved In de-
identified form, the Institutional Review Board of Evan-
gelismos Hospital walved the need for Informed consent
and approved the study.

The second cohort of owr study ("CARDS" cohort)
consisted of patlents with ARDS related to COVID-
19 admitted between October 2020 and January 2022
(L., when the alpha and delta Sars-Cov-2 varfants were
prominent) in two academic Intensive care units [ICU) at
tertiary hospitals in Crete and [oannina, Greece, Part of
data from those patlents have been included in previowsly
published observational studies |14, 15). The Institutional
Review Board at each participating study site (loannina:
University Hospltal of loannina, and Crete: University
Huospital of Heraklion) approved of the data collection
and walved the need for informed consent owing to the
observational study design and the collection of de-iden-
tified data.

For both independent cohorts, we collected data on
age, sex, Sequential Organ Fallure Assessment (SOFA)
acore (both total SOFA score and non-respiratory SOFA
score) at baseline, partial pressure of arterlal oxvgen to
fraction of inspired oxygen ratlo (PaD:FiOy) and respl-
ratory system compliance at baseline [day O og §f miss-
ing. day 1) and on days 7, 12 or 14 and 21. Day 0 was
the day of enrollment for the ARDSENet cohort, and the
day of intubation for the CARDS cohort. Data on day 12
were avallable from the ALTA, EDEN, and SAILS stud-
les, while data on day 14 were avallable from the FACTT
trial and the CARDS cohort. Wone of the patbents were
treated with exiracorporeal oxygenation or carbon dlox-
ide removal.

We used a threshold for low PaOy:FiQy a value below
150, which has been used to Wentify patients with sig-
nificant hypoxemia likely to benefit from prone posi-
thon [16), and for low compliance a value below 30
mL/emHy0, which has been shown to be assoclated with
sustained high driving pressure and weaning fallure [17,
18]. Accordingly, we considered four comblnations of
oxygenation and compliance in our soudy: mild-moderate
hypoxemia/low compliance, mild-moderate hyposernka/
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high compliance, severe hypoxemia/high compliance,
and severe hypoxemia/low compliance.

We first analyzed all patients at baseline, and evaluated
the prevalence of each of the four combinations. Data
from all patients were included in this analysis (no exclu-
abon ceiterta). In the ARDSNet cohort, we also condwcted
a sensitivity analysis by including enly those patients whe
were randomized to the conteel group in the trials, We
subsequently focused on patients who were on mechani-
cal ventilation and had available data on oxygenation (as
assegsed by Pa0yFlO,) and respiratory system compli-
ance on day 21. The primary endpoint of the study was
the change in prevalence of the combination of mild-
moderate hypoxemialow compliance over time from
baseline to day 21 among these patlents. Secondary end-
points included: the difference in the prevalence of the
comblination of mild-moderate hypoxemia and low com-
pliance between the ARDSMet cohort and the CARDS
cohort; the trajectory of oxygenation among patients
with either low or high compliance {using the abovemen-
toned threshold of 30 mLfemH,0) from baseline to day
21; the mortality at day 21 based on the oxygenation-
cotnpliznce combination at baseline, and the 60-day mor-
tality based on the oxygenation-compliance combination
on day 21,

We presented continuous varizbles as medians with
interguartile range (10R) and compared them using the
Mann-Whitney test {for 2 groups) or the Kruskal-Wal-
lis test {for multiple groups). We presented categorical
vartables sz percentages and compared them using the
chi-squared or Fisher's exact test, and corrected for mul-
tple comparisons as appropriate. No formal sample size
caleulation prior to this purely observational study was
performed. All p values were two-sided, and we consid-
ered atatlstical significance at an a level of 0,05, Statisti-
cal analyses were conducted using SPSS software verslon
28.0 (SPSS, Inc, Chicago, IL), and alluvial plots wsing
I software verston 431 (R Foundation for Statistical
Computing).

Results

Characteristics of induded patients in the two cohorts
Figure 1 and Supplemental Fig. 1 present the patlent
flow diagram for both cohorts [(ARDSMet and CARDS).
In the ARDSMet cohort, out of the 2909 patients with
ARDS, the majority of patients (67%) were liberated from
mechanical ventilation [“extubated” group) by day 21,
19% of patients had died ("deceased” growp) by day 21,
10% remained on mechanical ventllation but did not have
data on compliance, mostly because they were ventilated
on asalsted or partially assisted modes ("ventilabed in
assisted modes” group) by day 21, and 4% of patients were
on mechanbeal ventilation and had available data on oxy-
genation and compliance ("ventilated in control modes”
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group) on day 210 In the CARDS cohort, out of the 349
patients, 17% were in the “extubated” group, 41% in the
“deceased’ 15% in the “ventilated in assisted modes” and
28% were in the "ventilated in control modes”™ group.

Table 1 presents the baseline characteristics of patbents
categorlzed based on their status on day 21 (Le, ven-
tllated in contrel or assisted mwodes, extubated, or
deceaged) In the ARDEMet and CARDS cohorts, The
combination of mild-moderate hypoxemia and low com-
pliance at baseline was less commen among patlents ven-
tilated in contral modes compared to other groups in the
ARDSMNet cohort but not in the CARDS cohort.

Supplemental Table 1 presents the comparison of base-
line characteristics of patients included in the ARDSNet
versus the CARDS cohort. Regardless of thelr status on
day 21, patlents in the ARDSMet cohort were younges,
had higher total SOFA score, higher non-respiratory
S0OFA score and bower resplratory system compliance at
baseline compared to patients in the CARDS cohort. The
combination of mild-moderate hypoxemia but low com-
pliance at baseline was more commoen in the ARDSNet
cohort than in the CARDS cohort.

Trajectory of cxygenation and compliance from baseline
to day 21

In the ARDSMet cohort, the combination of mild-mod-
erate hypoxemia but low compliance increased among
patients ventilated in control mode from a prevalence of
22.2% at baseline to 42.7% on day 21 (p=0.001). & sen-
sitivity analysls including only patlents who were ran-
domized to the control group showed similar results,
specifically the combination of mild-moderate hypox-
emiba but low compliance increased from a prevalence of
23.1% at baseline to 47 8% on day 21 {p<0.001). Likewise,
in the CARDS cohort, the combination of mild-moderate
hypoxemia but low compliance increased from a preva-
lence of 3.1% at basellne to 33.3% on day 21 (p<0.001).
The prevalence of the combination of mild-moderate
hypoxemia but low compliance on day 21 was simblar in
bath the ARDSMet and CARDS cohorts (p=0.155).

After limiting our analysis to only those patients ven-
tilated in control modes on day 21, the comblnation of
mild-moderate hypoocemia but low compliance increased
from a prevalence of 7.4% (12.0% and 2.1% in the ARD-
SMet and CARDS cohort, respectively) at baseline to
A% (427% and 33.3% In the ARDSMet and CARDS
cohort, respectively) on day 21 (p<0.001 for all compari-
aons). Alluvial plots to depict the change in prevalence of
the different comblnations over time from baseline to day
21 are shown in Fig. 2, In the sensitivity analysls includ-
ing only patlents from the ARDSNet cohort with preu-
monia as the primary risk factor of ARDS (Supplemental
Table 2}, the combination of mild-moderate hypoxemia
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Table 1 Baseline characteristics of patients according 1o status on day 21 of ARDSMet and CAADS cohoet
ARDEMet cohent CARDS
Wentilated  Ventilated Extubated De- Ventilated \Ventilatedin Extu-  De-
imComtrol  imAssisted  {n=7937) ceased inControl  Assisted bated ceased
modes! modes’ (n=546) modes' modes' n=58] [n=144)
(n=124) (n=302) m=96) n=51]
Age 525 540 BT ] L] a 650 [ 2
0658 Mio-efd) (im0 s o B1O-TEEp  (51.0-T40) 50 [k -
andrt Ealil BT i}
Fiernala sex 50 138 E L] 246 iz n 23 45
) [SHEH 45.7) (503 HE 333 393 axm s
Baseline SO soone 7 T & & 4 4 4 g
5-9 5% g - 4 ] 48 -6 -7
Nor-nespratony 5064 E] 4 i 5 1 1 1 1
(161 (2-8F {1-5) ESrT U S 1 (0-4 -2 -3
Pall, AL ot baselre 103 146 150 17 1 131 118 L]
\1-1477 (IpF-1951 (I06-2004  (BR-1TTC EE-153 [1e=181] (- [#6-
158} 14771
Crs a1 baseling 7 28 n 28 k-] 40 kL 32
[22-35 (136} (2340 121-33 {3045 (35-48| 33450 [26-390
MH-LoC at bassline? 13108 SEM22% BETARAT  FAMDS [EEH] Pt A1
(12 (5.1 (214 HEL]] {ral] i [EE1] a7y
Albaireiations: ARDHS, acute respiratony distress syndiome; CARDS, COWID-19-selated acube ¥ dbaness syned m bvar, SOFA, al nigan
Folyre assesam end; Pacl; Pk, partial pressere of arerial oayg en be fraction of mapired cxygen raba; Crs, complance; 8H-Lol, mikd | hyp ipand ko

casrpliance

Age, hmsbre S0FA, ror-resprgbary 5084 and lung mechanics st bpebre are presemied s median with msergquartibs renge 1CR] and compared using the Krusisl-
Wik ticin. Sex b5 presenied o percentage and comparid wing the chi-squared st Parmise comparsons were conmedted using the Bonfemend mathesd, aned
statistical sgrificance wes consdered atan o kel of 0.05

"The “ventilated in condérol modes® group coraisted of patients who were on ical and had Iable dats on ouyg and complisnce on day
20 the “ventilated in attisted modes” group consistied of patients wiho remained o mechamical ventilatase but did ret kave data om complian ce, mostly bicause
tHhany wrers ventilabed on pasisied or partiplly a5 sabed moces by day 17; the “extubated " group comsted of patients who wene libersted froms mechanical vergilation
by dage 20 and the “deceased” group condisted of pathents mhoe Soed by day 29

“fav £ mizting clata on rewpirstery vpstem complisnce st haasing, the totsl numbarof patienks ix le for thorasishl e [shoven as dencemnaiorn
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but low compliance increased from a prevalence of 5.4%
at baseline to 34.6% on day 21 (p=0.001).

Among patients who had low compliance, in whom the
undedying pathophysielogy, edema or atelectasis caus-
ing the impaieement in mechanics, would be expectad
o affect oxygenation, oxygenation appeared to improve
over time {Fig. 3A-B). This was also the case for patients
whe had high compliance (Fig. 3C-D).

Dutcome

Supplemental Table 3 presents data on owtcomes (Le,
extubated or dead) on day 21 of patients categorized by
their oxygenation-compliance combination at baseline in
both cohorts. The corresponding Kaplan-Meler curves
are presented as Supplemental Fig. 2.

Supplemental Table 4 presents data on &l-day mor-
tality of patients categorized by thelr oxygenation-
cotnpliznce combination on day 21 in both cohorts. In
the ARDSMet cohort, 60-day mortality was 28% in the
mild-moderate hypoxemia/low compliance and 20% in

the mild-moderate hypoxemba/high compliance com-
bination, 67% in the severe hypoxemia'high compliance
combination, and 32% In the severe hypoxemia/low corm-
pliance combination. In the CARDS cohort, 60-day mor-
tality was 56% and 50% Ln the mild-moderate hypoxernka/
low compliance and the mild-moderate hypoxemia/high
compliance groups, and 82-83% in the severe hypoxemia
with low and high compliance, respectively.

Discussion

The results of this study highlight the dissockation between
oxygenation and compliance during the late stages of ARDS,
a8 a combination of mild-moderate hypoxemia but severely
impaired compliance, becomes increasingly prevalent over
time, regardless of ARDS etiology.

The dissechtion between oxygenation and compliance
In ARDS has recently galned attentlon [4]. Impaiement of
both oxygemation and lung compliance typleally character-
izes ARDS, and is the result of lung inflarmemation, impalred
hypoxic pulmonary vasoconstriction and alveolar Aooding
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Fig. 2 Allnial plat of changes in prevalence of different combinations of axygenation 2nd complance aver time from baseline ta day 21, among pa-

tents who remained cn contralied vertiation and had available data an cxyg yand complance, in (A} the ARDSNet cobort, and {B) the CARDS
cahort. Each block represents a different combination, and the height of a block represents the number of patients in this combination. Combinations
at baselne are lustrated with dferent colors. Each stream field between two blocks represents the change in the number of patients in the respective
combinatiors from basaline to day 21, and the height of a stream fiedd is propartionate to ths number of patients. A total of 108 and 94 patients with
available data on oxygenation and complance on bath baselne and day 21 are included in the alwial plat of the ARDENet and CARDS cohart, re-
spectwely MH-HIC: mid-moderate iypaxema‘high compliance; MH-LoC: mild-maderate hypaxema/low compliznce; SHHC: severe iypoxemia/high

complance; and SH-LoC: severe hypoxemia/law compliznce

[19-21]. The recently described dissociation between oxy-
genation and compliance in early ARDS patients [3, 4] ks
attributed to increased shunt due to vasculopathy, and
impaired hypoxic pulmonary vasoconstriction [4, 5, 22].
To our knowledge, this Is the first systematic examina-
tion of an “opposite” dissociation of oxygenation and com-
pliance, observed in persistent ARDS, and characterized by
mild-moderate hypoxemia but severely impaired compli-
ance. This dissociation was indicated, but not systematically
examined by previous studies [23, 24], which were mostly
limited to the first week from the onset of the syndrome
[25]. Rather, the present analysis took advantage of longitu-
dinal data on oxygenation-compliance for three weeks from
the onset of ARDS, for both traditional ARDS and COVID-
19-related ARDS. Specifically, our analysis showed that,

although the combination of mild-moderate hypoxemia but
low compliance was not as rare in early ARDS due to etiolo-
gles other than COVID-19 compared to COVID-19 (Sup-
plemental Table 1), the combination became prominent
among patients with persistent ARDS requiring controlled
ventilation, regardless of etiology.

It may be worth attempting an explanation why this com-
bination of mild-moderate hypoxemia and low compliance
becomes increasingly prevalent over the course of ARDS
among patients who remain under controlled mechanical
ventilation. In persistent ARDS, the resolution of pulmo-
nary inflammation may lead to restoration of hypoxic pul-
monary vasoconstriction, which in turn may optimize the
distribution of perfusion and thus attenuate hypoxemia [20,
26]. In spite of the attenuation of hypoxemia, compliance
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Fig. 3 [A) Trajectany of cmsgenation a5 assessed by the pamial pressune of arerial cmwgen 1o fraction of inspined covgen ratio (PalyFid,), e at median},
and (B} parcent af patients with mikd-ma derate PeypseR i, among patiens with ke compliance af baseline and on days 7, 14 and 21 in the T inda-
perdent coharms CARDSMet and CARDS). 0C) Tragectony of crwgenation, as assessed by the parial press une of arterial covgen 1o faction of nspined gsgpen
ratio (Paly R, ard (DY percent of patients wath mild-moderate hypoemia, ameng patients with high comipliance at baselne and ondays 7, 14-and 21

in thes besa mdependent cahorts

may be redeced due to the progressive development of
some degree of Abresis, known to cocur in persistent ARDS
|27]. Therefore, concurrent improverment bn ventilation-
perfusion matching and developmsent of filbvosis over time
iy umdeslle the pathophysiology of improved sxygenation
despite severely impaired compliance in persistent ARDS.
The impaired compliance s likely the reason these patients
could not be liberated from controlled ventilation, thus
resulting In the Increased prevalence of the combination
of low compliance and mild-moderate hypooemia among
patients requiring prolonged controlled veniflation.
Recognizing this dissockation ameng patieats with pes-
dlstent ARDS may have important clinical implications.
Hypoxemia dominates all diagnostic and management algo-
rithms of ARDS, such as the Berlin definition [1], indication
for prone pesstion [16] or ECMO [28], and for a good rea-
sor: it is a cardinal symptom of ARDS at presentatbon, and
lethal if not managed. The impalrment in lung compliance
B caused by the same underlying pathelogy, and commaonly
correlates with the severity of hypoxemia. As a resull, res-
olution of hypoxeriy over time is considered an adeguate
indicator of resolution of ARDS, and included in weaning
protocols [8-11, 29], while improvemsent in lung mechan-
bes b not, Indeed, during the first couple of weeks of ARDS,
in the majorlty of patlents who improve, both cxygenation
and compliance Improve. However, as highlighted in this
analysic, in a significant fraction of patients requiring pro-
longed controllsd mechanical ventilation, the bmproversent

of hypoxemia is dissociated from that of lung compliance
at late stages of ARDS. Weaning attempts when lung com-
pliance is severely Impaired might fall and place patlents
at risk of sell-inflieted lung injury [30-32]. Indeed, strong
Insplratory efforts may promote lung injury In ARDS, and
sustained high driving pressures kave been shown to occur
during aseisted ventilation only in patients with low comgpli-
ance [17, 33]. Therefore, acknowledging this common dis-
soclation between oxygenation and compliance In persistent
ARDS, rather than relying selely on improvernent of oxy-
gemation to characterize a patient’s condition as lmpeoved,
iy have implications for patlent management. For exarm-
ple, in patients with persistent ARDS, attempis for asslsted
ventilation could be complemented by close monitoring of
effiort and driving pressure, to minimize the risk of ventila-
tor or self-inflicted lung injury [34, 35). Studies on weaning
focused on this specific group of patients are lacking and
urgenily needed.

The findings of this study should be interpreted in the
context of the lmitations imposed by its retrospective
nature. First, although the ARDSNet cohort consisted of
patlents enrolled In multiple ICUs from one continent
(Morth America), the CARDS cohort consisted of patlents
enrelled in only two ICUs from one European country. Sec-
ond, the sample size s limbited by missing data on compli-
ance frorn patients who remalned on mechanical ventilation
on day 21, mainly because mechanies were not monitored
on assigted modes. However, an exploratory analysis of
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CARDS patients Indicated that both compliance and oxy-
genation had improved prior to assisted ventibtion {data
not shownh. Third, to facilitate the analyais, we had to use
thresholds for corygenstion and compliance, acknowledging
the inherent limitations of using thresholds to create dasses
i the continuum of a disease spectrun. We also had to use
the PaCh:Fi0y, ratho at different levels of Fi(), as an index of
axygemation, despite its nonlinear behavios, as this iz what ks
currently used in clinkeal practice. Finally, we cannot provide
information on the underlying cause of impaired compli-
ance, to what extent it contributed to the need for prolonged
ventilation, or its mamagement in the surviving patients.

Conclusions

In conclusion, in persistent ARDS regardless of the etbol-
ogy, a combliation of mild-moderate hypoxemia but low
compliznce becomes prevalent among patients who remain
under controlled ventilation. Acknowledging that improve-
ment in cxygenation s not always associated with resto-
ration of lung integrity In persistent ARDS, adds to the
mechanics in mechanically ventilated patlents, through-
out the course of ARDS in order to provide protective
vertilathon,
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Online Data Supplement

Supplemental Table 1. Baseline characteristics of patients according to status on day 21.

Ventilated in Control modes!  |Ventilated in Assisted modes! Extubated Deceased
ARDSNet |CARDS P ARDSNet |CARDS P ARDSNet |CARDS P ARDSNet |CARDS P
(n=124) (n=96) value |(n=302) (n=51) value |(n=1937) (n=58) value |(n=546) (n=144) value
Age 525 710 <0.00154.0 69.0 <0.001|50.0 635 <<0.001|58.0 720 <<0.001
(41.0 - 65.8) [(61.0 - 75.8) (42.0- 65.0) |(61.0-74.0) (39.0-60.0) |(33.0-75.0) (45.0-71.0) |(64.0-77.0)
Female sex % |50 32 0.288 |138 20 0.389 (975 23 0.109 (246 45 0.003
(n) (40.3) (333) 457 (39.2) (50.3) (39.7) 45.1) (31.5)
Total SOFA 7 4 <0.0017 4 <0.001|6 4 <0.001)8 5 <0.001
score 5-9) (4-6) (5-9) (4-8) (4-8) (4-6) (6-10) 4-7
Non-respiratory|3 1 <0.0014 1 <0.001|3 1 <<0.001|5 1 <<0.001
SOFA score (1-6) (0-3) (2-6) 0-4) (1-5) 0-2) 3-7) 0-3)
PaOyFiOzat (103 120 0.266 |146 131 0.289 |150 118 0.003 (127 101 <0.001
baseline (81-147) ([(88-133) (107 - 195) |(110- 181) (106 - 200)  |(101 - 158) (89-177) (76 - 147)
Crs at baseline? |27 36 <0.00128 40 <0.001|30 38 <0.001)28 32 0.001
(22-33) (30 -43) (21 -36) (35-48) (23 - 40) (33-49) (21-38) (26 -39)
MH-LoC at 13/108 2/94 0.007 |56/223 0/43 <0.001(357/1527 2/55 <0.001|76/405 6/128 <0.001
baseline? (12.0) (2.1) (25.1) (0.0) (23.4) (3.6) (18.8) 4.7

Abbreviations: ARDS, acute respiratory distress syndrome; CARDS, COVID-19-related ARDS: n, number; SOFA, sequential organ
fatlure assessment; PaO2:F10;, partial pressure of arterial oxygen to fraction of inspired oxygen ratio; Crs. compliance: MH-LoC.
mild-moderate hypoxemia and low compliance.

IStudy population consisted of patients who were ventilated in control modes, and had available data on oxygenation and Crs on day
21. Most of the patients on mechanical ventilation without available data on mechanics were on assisted modes (details on the modes
of ventilation are not available for patients in the FACTT ARDSNet trial). ZDue to missing data on respiratory system compliance at
baseline, the total number of patients is less for this variable (shown as denominator).

Supplemental Figure 1. Detailed patient flow diagram for both study cohorts.

Supplemental Figure 2. Kaplan-Meier curves of mortality up to day 21 of patients categorized

by their oxygenation-compliance combination at baseline.
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Supplemental Table 2. Baseline characteristics and lung mechanics of patients with
pneumonia as primary risk factor for ARDS.

ARDSNet cohort CARDS cohort p value
(n=66) (n=96)

Age 515 71O (61.0-75.8) =0.001
(42.0-633)

Female sex % (n) 31 (47.0) 32(33.3) 0.080

Baseline SOFA score 6 40(40-6.0) =0.001
(5-8)

Baseline non-respiratory 3 1.0(00-3.0) =0.001

SOFA score (1-3)

Pa0xFi02 99 120 0.058
(76 - 130) (88 —153)

Crs 27 36 =0.001
(21 -33) (30 -43)

MH-LoC 6/55(10.9) 294 (2.1) 0.052

60-day mortality 22(333) 39(61.5) =0.001

Abbreviations: ARDS, acute respiratory distress svndrome; CARDS, COVID-19-related ARDS;
n, number; SOFA, sequential organ failure assessment; PaO2:F103, partial pressure of arterial
oxvgen to fraction of inspired oxygen ratio; Crs, compliance; MH-LoC, mild-moderate

hypoxemia and low compliance.
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Supplemental Table 3. Outcomes on day 21 of patients categorized by their oxygenation-compliance combination at baseline.

ARDSNet cohort (n=2909) CARDS cohort (n=349)
MH-LoC | MH-HiC | SH-HiC |SH-LoC |Missing |p MH-LoC | MH-HiC | SH-HIiC | SH-LoC |Missing |[p
(n=502) | (n=548) |(n=3561) |(n=652) |(n=646) |value |(n=10) (n=96) (n=140) | (n=74) (n=29) |value
Extubated | 359 (71.5) | 421 (76.8) | 367 (65.4) | 382 (58.6) | 411 (63.6) | <0.001 | 2 (20.0) 17(17.7) | 31(22.1) | 5(6.8) 3(10.3) 0.055
21-day 76 (15.1) | 69(12.6) | 110(19.6) | 153 (23.5) | 141 (21.8) | <0.001 | 6 (60.0) 32(333) | 46(329) |44(595) |16(552) |<0.001
mortality
Abbreviations: ARDS, acute respiratory distress syndrome; CARDS, COVID-19-related ARDS; MH-LoC, mild-moderate hypoxemia
and low compliance; MH-HiC, mild-moderate hypoxemia and high compliance: SH-HiC, severe hypoxemia and high compliance;
SH-LoC, severe hypoxemia and low compliance; n, number.
Baseline was day 0 or, if missing, day 1.
The “Missing” category includes patients that did not have compliance measured at baseline.
Supplemental Table 4. Data on 60-day mortality of patients categorized by their oxygenation-compliance combination on day 21.
ARDSNet cohort (n=124) CARDS cohort (n=96)
MH-LoC MH-HiC SH-HiC SH-LoC pvalue | MH-LoC MH-HiC SH-HiC SH-LoC p value
(n=33) (n=25) (n=15) (n=31) n=32) (n=736) (n=6) (n=122)
60-day 15 (28.3) 5(20.0) 10 (66.7)* | 10(32.3) 0.017 18 (56.3) 18 (50.0) 3(833) 18 (81.8) 0.056
mortality

Abbreviations: ARDS, acute respiratory distress syndrome; CARDS, COVID-19-related ARDS; MH-LoC, mild-moderate hypoxema

and low compliance: MH-HiC . mild-moderate hypoxemia and high compliance; SH-HiC, severe hypoxemia and high compliance;
SH-LoC, severe hypoxemia and low compliance; n, number.

Baseline was day 0 or, if missing, day 1.

* SH-HiC vs MH-LoC, MH-HiC, p<0.05.
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Supplemental Figure 1. Detailed patient flow diagram for both study cohorts. The “extubated™ group consisted of patients who
were liberated from mechanical ventilation by day 21; the “deceased” group consisted of patients who died by day 21; and the
“ventilated in assisted modes” group consisted of patients who remained on mechanical ventilation but did not have data on
compliance, mostly because they were ventilated on assisted or partially assisted modes by day 21 (details on the modes of ventilation
are not available for patients in the FACTT ARDSNet trial ). The “ventilated in control modes™ group consisted of patients who were

on mechanical ventilation and had available data on oxygenation and compliance on day 21.

A. ARDSNet cohort

Total cohort at baseline
(M=2909)

546 deceased

1937 extubated
302 ventilated in assisted modes

Patients ventilated in control modes
(n=124)

Supplemental Figure 2. Kaplan-Meier curves of mortality up to day 21 of patients categorized by their oxygenation-

compliance combination at baseline.

B. CARDS cohort

[

Total cohort at baseline
(n=349)

144 deceased

51 ventilated in assisted modes

‘ 58 extubated

[

Patients ventilated in control modes
(n=96)
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B7. Summary (in Greek)

Ewayoyn: To Zovopopo Ofeiog Avarvevotikig Avoyépelag (ARDS) amotelel pio etepoyev
KAVIKT] OvVTOTNTO, TNG OMoiog M Topeio. UmOopel Vo KUHOUvETOl amd Toxéws PEATIOOUEVES
TEPWMTOOEL £0¢ acbevelg mov amotovv mopateTapévo pnyovikd oaepiopd (Prolonged
Mechanical Ventilation, PMV). O mapatetapnévog unyovikog aeptopdg £xEl avayvoplotel wg
OMUOVTIKN o1tio KAVIKNG KOl OIKOVOIKNG EMPAPVVOTG TV CLUGTNUATOV VYELNS, ®OTOGO Ta.
Swbéopa dedopéva €101k yio acBeveig pe ARDS mapapévoov meplopiopéva. Lkomdg g
Tapovcas STPPng NTav n a&lomoinon TV PEYIA®V BACEDV dESOUEVOV VYNANG TOOTNTAG
TOV TUYOLOTOMUEVAOV KAMVIKGV dokiu®v Tov Atktvov ARDS (ARDS Network), Tpokeyévon
va EKTIUNO0VV 01 d10YPOVIKEC TAGELS GTI GLYVOTNTA ERLPEVIOTC Kot T BvntotnTa tov PMYV, va
AVaYVOPLGTOVV 01 TTopdyovies Kivovvov mov oyetifoviat pe tn Bvntémta tov aclevov pe
ARDS mov vroPdArovtal oe PMV, va peketnBei n mopeia TG 0Euydvoong Kot tng Unyovikng
TOV OVOTVEVGTIKOV GUGTNLATOG, KOOMG Ko va dtepeuvnBet ) oyéon peta&d g Unyovikig tov
nvevpova, ™ o&eilag veppkng PAAPNGS (Acute Kidney Injury, AKI) kot tov PMV.

MéBooouTa ™ oOtepedhvnon g cLYVOTNTOS EUPAVIONG KOL TOV TOPAYOVI®OV KvOHVOL
Ovntomrag tov acbevav pe ARDS nov arartovv PMYV, kabag kot tng cuyxvotntog epeaviong
™mg «oyung AKID»y kot g enidpaocng e oty €kfoon tov acBevdv, mpaypotomomonke
OELTEPOYEVIG OVOALGY OTOMK®MV Oe0OUEVOV 0GOEVOV OO TIC TUYOLOTOMNUEVEG KAVIKES
dokyéc tov ARDS Network. Qg PMV opiotke 1 avdykn yio pnyovikd oepiopd yio
neplocotepeg amd 21 cuveyodueveg nuEPes, evd g «oyun AKI» opiotnke n avantuén ofeiog
veppuns PAAPNS petd tic mpateg 48 dpeg amd TNV EvapEN TOL PUNYOVIKOU aeptopod. o
peAétn g oyxéong petald evootikotntog (compliance) kot 0&Euydvwong ypnolonomdnke
emmAéov o oveEaptnn opdda acBevov pe ARDS oyetilopevo pe COVID-19 (CARDS), ot
omoiot voonAevmnkav og Vo Movadec Eviatikng Oepaneiog otnv EALGda. Xpnoiomoidvog
¢ 6pro Tipn Pa02/FiO: ion pe 150 mmHg kot evdotikdtta iom pe 30 mL/cmH20, extipnfnke
1N GLYVOTNTO TOV TEGGAP®Y SLVATMOV GLVOLOGUMY 0ELYOVAOGNS KOl EVOOTIKOTNTOS KATA TNV
évapén kot Eog v 21 nuépa voonieiag.

Amnotedéopata: And tovg 4.216 acbeveic pe ARDS, ov 646 (15,3%) vmopAndnkov oe
TOPATETOUEVO Unyovikd aepopd. H ocvyvotra eppdaviong tov PMV moapovcioace otadiokn
peiwon anod 18,4% ot pedétn ARMA (2000) o€ 10,9% ot perén SAILS (2014) (R*=0,728,
p=0,031). Qotéc0, n Bvmromta otic 90 nuépeg twv acbevav mov Elafav PMV odev
petaANOnKe oNUOVTIKA pe TNV Tap0odo Tov xpdvov (R*=0,271, p=0,290) kor mapépetve vynan,
o010 36,8%. Ilapdyoviec mov cvoyetiomkav oveEaptnta pe avénuévn Bvntdétra otovg
acBeveig avtohg NTav 1 peyardtepn niikia, | wopovcio Kakondelag, n Tvevpovio og aitio Tov
ARDS, xo0®g kot n avamtuén Slotapoydv TG TNKTIKOTNTOG KoL NATIKNG OVETAPKELNS KOTA
11§ mpadTeS 21 Muépeg and v évtaln ot peAétn. Emmiéov, 1 tpoyelooTOUio GUGYETIOTNKE
emiong pe  Bvntoémra.
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H avdivon téco ¢ opadag ARDSNet 660 kot g opdooag CARDS avédeile otadiokm
avénon g cvyvOTNTOG EVOG IO10HTEPOL PALVOTVTTOV TOL YOPAKTNPILETON OO Mol EOC HLETPLOL
vro&uyovaipio. 6€ GLVOLAGHUO LE YOUNAN EVOOTIKOTNTA TOV OVOTVELCTIKOD GLoTHUaTOC. H
oLYVOTNTO AVTOD TOV EUVOTVTTOL aWENONKE amd 22,2% oe 42,7% otnv opdda ARDSNet kot
ano6 3,1% og 33,3% omv opdda CARDS péypt v 21n nuépa.H o&uydvmon Beltiddnke ot
Topeia ToL YPOHVOL 6TOVG EMLMVTEG aoBevelg pe yaunAn evootikdtra. [Tapd ) Pertioon g
o&uyovmong otovg emldvieg acbeveic pe yaunAn evdotikdtnra, n Bvntdétra otig 60 nuépeg
TapEUEVE LYMAOTEPN G GUYKPIoT pe aobeveic mov epedvilav avtiotoyn o&uyovoon aAld
vynAoTepn evdotikdtnTa. H «dyiun AKD» avoartoynke 6to 33,8% tov acbevov. Ze obykpion
pe toug acbeveig yopic AKI, ot acBeveig pe dyyun AKI napovciacay onpoavtikd vynAdtepn
Ovntomta otig 90 nuépec (39% évavtt 17%, p<0,001), peyorvtepn didpkela voonieiog ot
ME® «xot Ayotepeg Muépeg eAevbepeg UNYOVIKOD OEPIGLOV, YEYOVOG TOL GLVOEONKE e
ALENUEVT AVAYKT) Y10 TOPATETOUEVO LUNYAVIKO aeptopd. EmmAéov, n apyikn T e odnyov
nieong (driving pressure, DP) cvoyetiotnke aveédpmmra pe v avémtoén oyung AKI.
Yuykekpiéva, Kabe avénon katd pio tomkn andkiion otnv DP cuvdeotav pe avénon katd
35% g mBavotmtag epgdviong Ooywng AKI (OR=1,35, 95% CI: 1,15-1,58), evo
avayvopiotke Katd@eAl kivdvvov ota 15 cmH20.Xvunepdopata: [Hopdtt n cvyvomra
EULPAVIONG TOV TOPATETAUEVOL HUNXOVIKOD oeptopol otovg acbeveic pe ARDS peiwbnke
dwypovikd, n Bvntotra mapéueve apetdPfanta vymin. Ot mapdyovteg mov oyetilovrol pe
avénuévn Bvnromta eivor katd KOpo AOGYO Un TPOTOTOMGIHOL. Xtovg acfeveis avtoig
TOPOTNPEITAL TPOOSEVTIKG WO OTOCVLVOEST UETOEL 0ELYOVMOONG Kol EVOOTIKOTNTOG, LE
Bedtiowon g o&uydvmong oAl eppévovca petopévn evdotikdtnta. H dyiun oéela veppikn
BAGPN eivar cuyxvn Kot cuvoéeTal e QLGUEVT EKPOOT KOl TOPATETOUEVO UNYAVIKO OEPIGUO.
Télog, n ovoyétion g awénuévng DP pe v emokdiovdn avantuén AKI vrodnAdvel 61t o
emPAaPg UNYoVIKOS aeplolldg eVOEXETAL VO GUUPBAALEL GTNV EPOAVION VEQPIKTG PAGPNG OTOVG
acBeveig pe ARDS. To gupnuoto avtd €vogyetal vo €(0VV GNUOVTIIKEG ETMTAOGEL GTOV
OXEOOGUO UEAAOVTIKOV KAVIKOV HEAETOV Kol oTn PeATioTOmOincT NG QPOVTIduS TmV
acBevav pe ARDS.
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B8. Summary

Introduction: Acute respiratory distress syndrome (ARDS) is a heterogenous entity whose
trajectory may span from rapidly improving cases to cases receiving prolonged mechanical
ventilation (PMV). PMV has been recognized to put an immense clinical and financial burden
on health-care systems, yet relevant evidence specifically involving patients with ARDS is
limited. We endeavored to take advantage of the large high-quality databases of randomized
controlled trials conducted by the ARDS Network in order to estimate temporal trends of
prevalence and mortality of PMV, identify risk factors associated with mortality of patients
with ARDS receiving PMV, assess the trajectory of oxygenation and lung mechanics, as well
assess the association between lung mechanics, acute kidney injury (AKI) and PMV. Methods:
To investigate the prevalence and risk factors of mortality of ARDS patients requiring PMV, as
well as the prevalence of “late AKI” and its effect on ARDS outcome, we performed a
secondary analysis of individual patient data from the randomized controlled clinical trials
conducted by the ARDS Network. All enrolled patients with ARDS were endotracheally
intubated receiving or not PMV. PMV was defined as the need for mechanical ventilation for
more than 21 consecutive days. “Late AKI” was defined as AKI developing after 48 hours of
initiation of mechanical ventilation. To investigate the trajectory of the association of
compliance with oxygenation apart from the ARDSNetwork cohort we used an additional
cohort of ARDS patients with COVID-19 associated ARDS (CARDS) that were hospitalized in
two intensive care units in Greece. We used a threshold of 150 for PaO2/FiO2 and 30 ml/cmH,0
for compliance, estimated the prevalence of each of the four combinations of oxygenation
and compliance at baseline, and examined the change in its prevalence from baseline to day
21 in the ARDSNet and CARDS cohorts. Results: Out of 4216 patients with ARDS, 646 (15.3%)
received PMV. Prevalence of PMV gradually declined from 18.4% in the ARMA (published in
2000) trial to 10.9% in the SAILS (2014) trial (R2=0.728, p=0.031). 90-day mortality of patients
receiving PMV did not change over time (R2=0.271, p=0.290) and remained as high as 36.8%.
Risk factors for mortality in patients with ARDS that require PMV included age, malignancy,
pneumonia as the cause of ARDS, coagulation and hepatic failure during the first 21 days after
trial enrolment, and tracheostomy. Data analysis from both the ARDS and CARDS patient

cohorts showed an increase in the trajectory of prevalence of the combination of mild-
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moderate hypoxemia and low compliance from baseline to day 21 both in the ARDSNet cohort
(from 22.2% to 42.7%) and in the CARDS cohort (from 3.1% to 33.3%). Among surviving
patients with low compliance, oxygenation improved over time. The 60-day mortality rate was
higher for patients who had mild-moderate hypoxemia and low compliance on day 21 (28%
and 56% in ARDSNet and CARDS), compared to those who had mild-moderate hypoxemia and
high compliance (20% and 50%, respectively). Finally, “late AKI” developed in 33.8% patients.
Patients with “late AKI” when compared to no AKI patients had a higher 90-day mortality [39%
vs 17% (p<0.001)] and had a longer ICU admission [(mean ICU free days 6(0-20) vs 19 (7-23),
p<0.001)] requiring prolonged mechanical ventilation [(median ventilator free days 7(0-22) vs
21 (4-25), p<001)]. Baseline driving pressure was independently associated with development
of late AKI [each 1 standard deviation increase in driving pressure was associated with a 35%
increase in the odds of late AKI (OR=1.35, 95% Cl: 1.15-1.58)]. There was a threshold of driving
pressure equal to 15 cm H;0 for its association with development of late AKI. Conclusions:
Although prevalence of PMV among patients enrolled in ARDS Network trials gradually
declined, mortality did not change. Risk factors associated with mortality were mostly non-
modifiable. In these patients, a dissociation between oxygenation and compliance
characterized by mild-moderate hypoxemia but low compliance becomes increasingly
prevalent. “Late AKI” is common among ARDS patients and is associated with worse outcome
and prolonged mechanical ventilation. Driving pressure was associated with subsequent
development of AKI in patients with ARDS, suggesting that injurious mechanical ventilation

may lead to AKI. These findings may have important implications for clinical trialists.
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