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Abstract: Background: Airway pressure release ventilation (APRV) is a protective mechanical ven-
tilation mode for patients with acute respiratory distress syndrome (ARDS) that theoretically may
reduce ventilator-induced lung injury (VILI) and ARDS-related mortality. However, there is no
standard method to set and adjust the APRV mode shown to be optimal. Therefore, we performed a
meta-regression analysis to evaluate how the four individual APRV settings impacted the outcome
in these patients. Methods: Studies investigating the use of the APRV mode for ARDS patients
were searched from electronic databases. We tested individual settings, including (1) high air-
way pressure (Phign); (2) low airway pressure (Ppow); (3) time at high airway pressure (Thigp); and
(4) time at low pressure (Tp,y) for association with PaO,/FiO, ratio and ICU length of stay.
Results: There was no significant difference in PaO, /FiO, ratio between the groups in any of the
four settings (Prigh difference —12.0 [95% CI —100.4, 86.4]; Py, difference 54.3 [95% CI —52.6,
161.1]; Tpow difference —27.19 [95% CI —127.0, 72.6]; Tygign difference —51.4 [95% CI —170.3, 67.5]).
There was high heterogeneity across all parameters (Phpgn 12 = 99.46%, Prow I? = 99.16%,
Trow I2 = 99.31%, Thigh 2 = 99.29%). Conclusions: None of the four individual APRV settings
independently were associated with differences in outcome. A holistic approach, analyzing all set-
tings in combination, may improve APRV efficacy since it is known that small differences in ventilator
settings can significantly alter mortality. Future clinical trials should set and adjust APRV based on
the best current scientific evidence available.

Keywords: ARDS; VILI; APRV

1. Introduction

Acute respiratory distress syndrome (ARDS) is a heterogeneous disorder that arises
from a variety of pulmonary and extrapulmonary insults and is uniformly associated with
high mortality [1,2]. Current treatment is supportive, including mechanical ventilation,
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prone positioning, and extracorporeal membrane oxygenation [3]. Despite several advances
in the role of mechanical ventilation in the mitigation of lung injury, incorrectly adjusted
ventilator settings can lead to unintended ventilator-induced lung injury (VILI), which has
been shown to increase mortality in ARDS [4].

Repetitive alveolar collapse and expansion (RACE) is the primary cause of atelec-
trauma, which, along with volutrauma, comprise the two main mechanical mechanisms
of VILI [4,5]. Low tidal volume ventilation (LTVV) has been shown to reduce mortality
in ARDS, ostensibly by limiting volutrauma in the remaining normal tissue. However,
even after the application of LTVV, mortality from ARDS remains unacceptably high [6-8].
Therefore, there is a need for novel protective modes of ventilation that can ameliorate both
volutrauma and atelectrauma [NO_PRINTED_FORM].

Airway pressure release ventilation (APRV) is a form of mechanical ventilation that
has been shown to have a superior physiologic profile compared to conventional LTVV
in pre-clinical studies [9]. Specifically, a time-controlled adaptive ventilation protocol for
setting the APRV mode, which is personalized based on changes in respiratory system
compliance (Cgs), has several important plausible mechanisms to reduce the propagation
of lung injury [10]. These mechanisms include: (i) a brief expiratory time personalized to
lung pathophysiology (Cgs) that stabilizes lung tissue via pressure and time, and (ii) the
extended inspiratory time that leads to the recruitment of small volumes of lung tissue
with each breath. In the first mechanism, the lung does not have time to fully depressurize,
generating a time-controlled PEEP. In the second mechanism, lung tissue is gradually
“ratcheted” open over time, while the brief expiratory time prevents the newly opened
lung tissue from re-collapsing. These elements of the physiologic rationale for APRV stem,
in part, from the literature supporting the use of higher vs. lower positive end-expiratory
pressure (PEEP) strategies [11,12]. Accordingly, recent practice guidelines, supported by
the American Thoracic Society (ATS), suggest using higher PEEP in moderate to severe
ARDS [13]. Given the inverse ratio nature of APRV, PEEP tends to be lower, but the resulting
increase in mean airway pressure approximates the goal of higher PEEP in normal ratio
ventilation strategies. However, clinical trials have demonstrated mixed results, with a
recent meta-analysis comparing APRYV, using multiple protocols to set the mode, to LTVYV,
finding that APRV was associated with overall improved outcomes, albeit with relatively
poor study quality [14].

One of the factors that contribute to the variability in APRV vs. LTVV clinical trials
may be the lack of an optimal or even standardized protocol for initiating and adjusting
APRV settings on a mechanical ventilator. We therefore sought to examine the effect of
the four main APRV settings on outcomes in ARDS. The objectives of our study were
to (i) identify if there were studies that used similar methods to set APRV and, if so,
(ii) whether there is a method of setting APRV that was associated with an improvement
in ARDS-related outcomes. We analyzed the four settings used to adjust APRYV, including
the highest level of pressure applied to the respiratory system (Ppign), the lowest level
of pressure applied to the respiratory system (Py,,,), and the time spent at each pressure
setting (Thign and Tyow, respectively). We hypothesized that personalizing the four settings
to lung pathophysiology (Crs) would be associated with reduced mortality and length of
stay and improved oxygenation.

2. Methods
2.1. Search Strategy

This systematic review and meta-regression is reported according to the Preferred
Reporting for Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines. A
health sciences librarian with experience in systematic reviews and literature searching
developed the search strategies in consultation with the research team. Systematic search
queries related to ARDS and APRV using a combination of keywords and controlled
vocabulary (where available) were conducted in PubMed, Embase, Scopus, Web of Science
Core Collection, and CENTRAL. The included databases are standard among medical
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systematic reviews and meta-analyses, and we chose not to include other, specialty-specific
databases that are not representative of critical care to avoid additional publication biases.
All databases and registers were searched from inception to 12 October 2023. There were
no search restrictions on language, publication status, or outcomes. The details of all
the search strategies, including specific terms and Boolean operators, can be found in
Supplementary Materials File S1. The search identified 2131 records. Duplicates were
removed using EndNote 20 (Endnote, Clarivate, available at www.endnote.com, accessd
on 1 January 2023). The remaining 1755 records were uploaded into Covidence (Covidence,
Veritas Health Innovation, Melbourne, Australia; available at ww.covidence.org) for title
and abstract screening.

2.2. Study Inclusion Criteria and Outcomes Measured

We included all experimental studies that used APRV as a mode of ventilation within
their study. All patients were adults (age >18 years) who underwent mechanical ventilation.
We excluded case reports, literature reviews, and conference proceedings as they generally
lacked the data specificity necessary for our intended analyses. There were no search
restrictions on language, publication status, or outcomes. All studies were conducted
on humans.

We chose to categorize ventilator settings into groups based on how each setting
impacts lung physiology and their alignment with the preponderance of the basic science
literature that has been shown to be lung-protective [10,15]. Specifically, we compared
Phrigh set by plateau pressure vs. Pyig, not set by plateau pressure, Pjoy set to 0 vs. Py, not
set to 0, Toy set to 50-75% of peak expiratory flow rate vs. T}, not set to 50-75% of peak
expiratory flow rate, and Tygp set based on PaCO; vs. Tygp set arbitrarily.

The primary outcomes of this study were mortality (percentage of patients surviving
in the APRV group), P/F ratio (PaO,/FiO,), number of ventilator-free days, static lung
compliance, and intensive care unit length of stay (LOS).

2.3. Data Extraction and Quality Assessment

All procedures were independently reviewed by three authors (JC, JK, ML) in accor-
dance with the prespecified inclusion criteria. The general information extracted included
study and subject characteristics (age, gender, etiology, study design, aim of study, inclu-
sion and exclusion criteria, method of recruitment, ventilator mode, population size, and
population characteristics), specific APRV settings, including the time at high pressure,
the time at low pressure, the high pressure, and the low pressure (Thigh, Tiow Phighs Plow)
and outcome results. Data were recorded as either percentage or mean and standard
deviation. The Cochrane Risk of Bias tool was used for the quality assessments. Any
disagreements regarding data collection, data extraction, and quality assessment were
resolved by consensus.

2.4. Statistical Analysis

Data extracted from the individual studies are presented as published (e.g., means
and standard deviations) where available; when standard deviation (SD) was unavailable,
we estimated the standard deviation (SD) from the range using a previously published
method [16]. Between-study heterogeneity was assessed using the Cochran Q-test and
I-squared test. We performed mixed-effects meta-regression to assess the association of
APRY setting strategy and clinical outcomes of interest, using the maximum likelihood (ML)
estimator for mixed-effect modeling. We chose to perform a meta-regression analysis as
opposed to a traditional meta-analysis given the limitations of the meta-analysis framework.
Specifically, a meta-analysis does not allow for a comparison of outcomes within a single
arm (i.e., Pjoy, set to 0 vs. not set to 0) as opposed to a comparison of outcomes between
an intervention and a control (i.e., P}, set to 0 vs. LTVV). To maximize statistical power,
we compared strategies in individual ventilator setting parameters (i.e., Phigh, Plow, Tiow/
Thign) instead of groups of settings, because, given there is no standardized protocol
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and a limited number of studies available, there were several combinations of ventilator
settings presented as APRV in individual studies. We similarly chose not to perform
sub-group analyses due to the small number of studies across parameter combinations,
which could limit the validity and interpretability of any tests of interaction between sub-
groups. We defined statistical significance as a 2-sided alpha < 0.5. Statistical analysis was
performed using the metafor R package in R (version 4.3.2, The R Foundation for Statistical
Computation, Vienna, Austria).

3. Results
3.1. Study Selection and Characteristics

We identified 2,131 records from a systematic search of the included databases (PubMed
n = 1248, Embase n = 370, Scopus n = 192, Web of Science n = 321, CENTRAL 7 = 43). In
total, 419 duplicative records were excluded. After screening 1755 titles and abstracts,
1432 records were excluded for irrelevance. After full-text assessment, 20 studies were
included in our data extraction and subsequent analysis (Figure 1). The majority of studies
excluded at full-text assessment (1 = 303) were for incorrect study design (i.e., the study
was not a RCT or cohort study), incorrect publication type (i.e., conference proceeding,
and/or incomplete data). The remaining excluded studies were for languages other than
English, incorrect outcomes (i.e., did not include any of the outcomes of interest), incorrect
patient population or pediatric population, incorrect intervention, incorrect clinical setting,
or repeat study.

We included 9 cohort studies, 10 randomized controlled trials, and one cross-over
study (Table 1) [17-36]. The average number of participants from randomized controlled
trials was 37 while the average number of participants from cohort studies was 22. The
included studies were published between 1994 and 2022. Six of the included studies were
conducted in the United States. The other studies were performed in Australia, China,
Egypt, Finland, Germany, India, Japan, Mexico, and Turkey. The sample sizes ranged from
6 to 71, for a total of 538 study participants.
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Conference Proceedings (n = 54)
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Studies included in review
:E {n=20)
E Reports of included studies

PRISMA —Preferred Reporting Items for Systematic Reviews and Meta-analyses

Figure 1. PRISMA flowchart.

3.2. Bias and Study Quality Assessment

Table 2 documents the quality assessment of the included studies as determined
through the Cochrane Risk of Bias tool. While most of the studies employed adequate
random sequence generation and allocation concealment, the overwhelming majority of
studies lacked blinding of both participants and personnel as well as an outcome assessment.
We found that there was a very heterogeneous assessment of outcomes across the included
studies. Most studies had complete outcome data for PaO, /FiO; (P/F) ratio and intensive
care unit (ICU) length of stay (LOS). However, the majority of studies did not include
complete data for mortality, ventilator-free days, and static lung compliance. Therefore, we
were only able to perform meta-regression analyses for the P/F ratio and ICU LOS. There
was limited evidence of selective reporting, and we detected a low risk of other bias.
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3.3. Meta-Regression Analyses

We performed mixed model meta-regression analyses with each ventilator setting
individually as the categorical independent variable and outcome measure of interest as
the dependent variable with a study-level random intercept to account for between-study
heterogeneity. In total, 15 studies had complete data (i.e., both mean and SD) for the P/F
ratio. There was no significant difference in P/F ratio between groups defined on the basis
of any of the four settings (Ppg, difference —12.0 [95% CI —100.4, 86.39]; Pyqy, difference
54.3 [95% CI —52.6, 161.1]; Tjqy, difference —27.19 [95% CI —127.0, 72.6]; Tgp, difference
—51.4 [95% CI —170.3, 67.5]). The forest plots are shown in Figure 2. There was high
heterogeneity across all parameters (Ppigh I = 99.46%, Pioy I = 99.16%, Tio,, 12 = 99.31%,
Thigh 12 = 99.29%).

There were 9 studies with complete data for ICU LOS. Similarly, there was no signifi-
cant difference in ICU LOS between the groups in any of the four settings (Ppigp, difference
2.8 days [95% CI —4.8, 10.3], Py, difference —2.0 days [95% CI —11.7, 7.7], Ty, difference
—1.8 days [95% CI —9.4, 5.7], Thgp difference 3.5 days [95% CI —3.5, 10.4]). The forest plots
are shown in Figure 3. As with the P/F ratio analysis, there was high heterogeneity across
all four ventilator setting parameters (Ppgh 12 = 99.63%, Piow 12 = 99.67%, Tiow I = 99.63%,
Thigh 12 = 99.59%).

Author(s) and Year Sample Size P/F Ratio [95% CI]

A Phigh set by Pplat
Ibarra-Estrada, 2022 45 - 181.00 [168.44, 193.56]
Daoud, 2013 6 _— 275.80 [143.53, 408.07]
Kigiik, 2022 32 - 478.00 [463.66, 492.34]
Marik, 2009 22 —a— 210.00 [173.65, 246.35]
Zhou, 2017 7 —— 280.30 [260.78, 299.82]
Kaplan, 2001 12 i 182.00 [171.82, 192.18]
Li, 2023 12 —.— 22220 [189.12, 255.28]
RE Model for Subgroup (Q = 1275.13, df = 6, p < 0.001; I = 99.3%, 7% = 11193.58) ——————— 260.97 [180.47, 341.46]
Phigh not set by Pplat
Hirshberg, 2018 35 - 165.00 [158.79, 171.21]
Dart, 2005 46 ——— 294.00 [264.23, 323.77]
Liu, 2009 19 —a— 268.80 [235.84, 301.76]
Manjunath, 2021 30 . 426.00 [400.06, 451.94]
Yoshida, 2009 9 —— 398.00 [347.20, 448.80]
Li, 2016 26 —— 220.00 [202.32, 237.68]
Wrigge, 2001 14 —.— 273.00 [237.38, 308.62]
Varpula, 2004 30 - 150.00 [146.24, 153.76]
RE Model for Subgroup (Q = 713.34, df = 7, p < 0.001; I? = 99.6%, 1 = 9672.31) —_— 273.02[204.11, 341.94]
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Figure 2. P/F ratio forest plots. Forest plots of P/F ratio analysis by APRV setting. (A) Ppjg, forest

plot. (B) Py, forest plot. (C) Ty forest plot. (D) Thigh forest plot [17-36].
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Figure 3. ICU LOS forest plots. Forest plots of ICU LOS analysis by APRV setting. (A) Phigp, forest
plot. (B) Pjoy forest plot. (C) Tyqy, forest plot. (D) Ty;gp forest plot [17-36].

4. Discussion

In our systematic review and meta-regression analysis, we found no difference in
oxygenation or ICU LOS between strategies in setting individual APRV-related ventilator
parameters. In addition, we also demonstrate significant variability in the setting and
adjustment of APRV in patients with ARDS. Taken together, these findings suggest that the
most effective combination of APRV settings has not been established, and the design of
existing trials comparing APRV to LTVV may be suboptimal.

The variability in APRV settings among the included studies was one of the most
striking findings of our study. Among the 20 studies included in our analyses, 11 of
the 16 possible combinations of the 4 ventilator settings were represented, with only 2
combinations represented by more than 2 studies each. Given the inconsistency in APRV
protocols used across the studies and the limited number of studies in each combination,
comparisons of APRV to LTVV are limited by study heterogeneity, and comparisons of
APRV protocols are limited by the low number of studies with matching ventilator setting
configurations. We attempted to address some of the between-study variability by pursuing
a meta-regression analysis of single APRV arms instead of the traditional meta-analysis
comparing APRV to LTVV. Given the relatively even distribution of studies within each
parameter, aside from T),,,, we were similarly able to employ meta-regression analysis to
circumvent some of these issues.

We categorized APRV settings based on extensive physiologic data from studying the
four APRV setting categories in animal models of ARDS. Although ARDS pathophysiology
is highly complex, the dynamic change in alveolar mechanics predisposes the lung to a
secondary VILL. In this setting, the lung becomes time- and pressure-dependent, such that
it takes more time to open lung tissue and less time to re-collapse at any given airway
pressure [37]. Thus, a longer inspiratory time (Ty;g) and a very brief expiratory time (Tow)
may rapidly stabilize and then gradually recruit collapsed lung tissue, eliminating both
atelectrauma and volutrauma.
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Arguably, the most important APRV setting is the Tyqy. If the Tpgy is set to be
sufficiently brief, it will not allow sufficient time for the alveoli to collapse, even with very
rapid collapse time constants. Preventing alveolar collapse during expiration has two
important lung-protective benefits: (1) progressive lung collapse moving the lung into
the “VILI Vortex” would be prevented, and (2) atelectrauma, a primary VILI mechanism,
would be minimized [4,38]. The slope of the expiratory flow curve (Slopegr) has been
shown to be a measure of Crg and can be used to personalize the Ty, based on changes in
lung pathophysiology [39]. Importantly, the expiratory flow curve is a breath-by-breath
assessment of Crg only when the P, is set to 0 cmH,0O. We have previously demonstrated
that if the expiratory flow is terminated (Tgf) at 75% of the peak expiratory flow (Pgr) (Pgp
L/min x 75% = Tgp L/min), alveolar collapse and dynamic heterogeneity is prevented,
whereas increasing the Ty oy (Per x 10%, 25%, or 50%) does not. We have further shown that
using this method to set T}, is highly lung-protective both in a clinically relevant large
animal model and in clinical case series [40-42]. Despite the volume of data supporting its
use, only one study included in our present analysis used Pgr 75% to set the Ty [36].

In addition, we have previously demonstrated that, when using Pgr 75% to set Ty gy,
alveoli are stabilized even when Py, was set at 0 cmH,O [43]. Interestingly, the majority of
studies included in the present analysis set Py oy to 0 cmH,O (Table 1). Using this method,
Trow is sufficiently brief such that the lung does not have time to fully depressurize.
Therefore, alveolar stability is maintained by a combination of time and pressure. While
PLow is set at 0 cmH,0O, the end-expiratory pressure remains approximately half of the
Phigh value [44]. On the other hand, Py, set above 0 cmH,O has two negative effects:
(i) the added resistance slows the expiratory flow, and the Slopegr is no longer an accurate
assessment of Cgs, and (ii) the reduced rate of expiration may cause an increase in PaCO5.

APRV can be adjusted to increase PaCO, removal using two basic methods that
increase minute ventilation. The T} 4, could be increased to augment tidal volume (V1),
but from a physiologic perspective, this is problematic. It is well known that a large Vr
can cause VILI, and lengthening the T} ,,, can cause alveolar instability (atelectrauma) and
alveolar duct overdistension (volutrauma) [8,43,45]. Alternatively, reducing the length
of the Ty;gh to increase respiratory rate can increase PaCO, removal. While decreasing
Thign is likely more lung protective than increasing Tpow, which would increase Vr and
compromise alveolar stability, the shorter inspiratory time may slow progressive lung
recruitment. Only three of the studies analyzed in this meta-analysis changed Tjgp, to
eliminate PaCO, (Table 1).

One of the main limiting factors of existing clinical trials comparing APRV to LTVV has
been sample size. Assuming an effect size comparable to the ARMA trial (approximately
10% reduction in mortality), & = 0.05, and 80% power, the estimated sample size needed
would be over 700 individuals. Among the studies included in our analysis, the largest
sample size was 71 individuals, with a total of 538 individuals across all included studies,
which only makes up just above 60% of the estimated sample size of an adequately powered
clinical trial. Any future trial will thus need to address these considerations to study APRV
in the clinical setting appropriately.

The primary limitation of our analysis was the substantial heterogeneity in the in-
cluded studies. The I2 for all the analyses was over 99%, suggesting that almost all the
observed variation was due to between-study, as opposed to within-study, differences.
As mentioned above, at least some and perhaps a large proportion of the heterogeneity
is clearly due to the multiple combinations of parameters across the studies. However,
rather than showing that all APRV protocols are the same, our study demonstrates that the
optimal strategy has not yet been demonstrated. There are also likely many other unknown
sources of variability due to the diverse etiologies and clinical presentations of ARDS. For
example, the study by Ibarra-Estrada et al. included only individuals with ARDS secondary
to the novel coronavirus disease 2019 (COVID-19). While there are several clinical and
biologic similarities between COVID-19 ARDS and non-COVID-19 ARDS, there are notable
pathophysiologic differences, including the severity of endothelial injury, microangiopathy,
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and thrombosis [46]. In addition, there is a growing body of literature delineating two
molecular phenotypes that have distinct biological profiles and mortality trajectories. Post
hoc analyses have not demonstrated the interaction between randomized treatment and
phenotype, but future studies that are designed with these heterogeneous groups in mind
are necessary to better understand the role of APRV and other management strategies in
ARDS [47].

Our results further highlight heterogeneity in clinical trial design as an important
barrier to scientific advancement in the practice of critical care. In particular, the lack of
standardization in protocols for mechanical ventilation limits the generalizability of any
given clinical trial and the comparability of clinical trials in meta-analysis. For example,
despite a consistent signal toward reduced mortality and improved oxygenation with
higher PEEP, the authors of the recent ATS practice guideline offered only a conditional
recommendation for the use of higher PEEP due to heterogeneity noted in the meta-
analyses [13]. Future trials designed to evaluate APRV as a ventilation strategy for ARDS
should include a clear justification for the method of setting each individual parameter,
rather than comparing ventilator modes in name only.

Despite the number of criticisms of the existing APRV trials, we acknowledge that
the ideal clinical trial design is complex. There may be several viable approaches, but a
multi-arm parallel-group design is likely the most familiar and straightforward method for
studying the multiple parameters required for APRV [48]. In this scenario, each arm would
consist of a given combination of settings for the duration of the study period. Alternatively,
a stepped wedge with or without cluster randomization could achieve similar results.

The principal source of bias for the included studies was the lack of blinding for
participants and personnel, which was unfortunately unavoidable due to the nature of the
intervention. In addition, several of the outcomes of interest, including, notably, mortality,
had missing data, precluding inclusion in our analysis. However, there was sufficient data
to analyze both the P/F ratio and ICU LOS, an important physiologic outcome and an
important patient-centered outcome, respectively.

In conclusion, we found no differences in outcomes in individual APRV parameter
strategies. Specifically, 68% of the included studies set the expiratory time (Tjoy,) arbitrarily
and without scientific rationale. Setting the expiratory time to a specific physiologic pa-
rameter, such as Cgs, may be the most important of the four settings since, if sufficiently
short, it may eliminate recruitment/derecruitment-induced atelectrama. Only one study
set expiratory time to 75% of Pgg; thus, we could not further assess this method in sub-
group analysis. While our analysis had several strengths, including the inclusion of a wide
breadth of studies and meta-regression study design, the main limitation was the pro-
found heterogeneity between included studies. With mortality related to ARDS remaining
unacceptably high, further investigation into novel ventilation strategies is imminently
necessary. Understanding the physiologic impact of each setting, both individually and in
combination, is critical to optimizing the lung-protective impact of APRV. Our findings sug-
gest that future studies are needed to establish the optimal combination of APRV settings
to improve ARDS-related patient outcomes.
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Abstract: The use of neuromuscular blocking agents (NMBAs) is common in the intensive care unit (ICU).
NMBAs have been used in critically ill patients with lung diseases to optimize mechanical ventilation,
prevent spontaneous respiratory efforts, reduce the work of breathing and oxygen consumption, and
avoid patient-ventilator asynchrony. In patients with acute respiratory distress syndrome (ARDS),
NMBAs reduce the risk of barotrauma and improve oxygenation. Nevertheless, current guidelines
and evidence are contrasting regarding the routine use of NMBAs. In status asthmaticus and acute
exacerbation of chronic obstructive pulmonary disease, NMBAs are used in specific conditions to
ameliorate patient-ventilator synchronism and oxygenation, although their routine use is controversial.
Indeed, the use of NMBAs has decreased over the last decade due to potential adverse effects, such as
immobilization, venous thrombosis, patient awareness during paralysis, development of critical illness
myopathy, autonomic interactions, ICU-acquired weakness, and residual paralysis after cessation of
NMBAs use. The aim of this review is to highlight current knowledge and synthesize the evidence
for the effects of NMBAs for critically ill patients with lung diseases, focusing on patient-ventilator
asynchrony, ARDS, status asthmaticus, and chronic obstructive pulmonary disease.

Keywords: neuromuscular blocking agents; intensive care unit; acute respiratory distress syndrome;
status asthmaticus; chronic obstructive pulmonary disease

1. Introduction

Neuromuscular blocking agents (NMBAs) represent a landmark in modern anesthesia,
acting on the neuromuscular junction by blocking the transmission of nervous impulses in
the motor endplate of striated muscles, resulting in skeletal muscle paralysis [1].

The use of NMBASs is common in the intensive care unit (ICU), especially in cases of acute
distress respiratory syndrome (ARDS). It is used in 25-45% of cases, with different practices
associated with geographic differences [2]. NMBAs are used in pulmonary critical care patients,
such as those with ARDS, to optimize mechanical ventilation (MV), prevent spontaneous
respiratory efforts, reduce the work of breathing and oxygen consumption, reduce the risk of
barotrauma, and avoid patient-ventilator asynchrony [3,4]. NMBAs have many other beneficial
effects on lung function, improving alveolar recruitment, and they can reduce the concentration
of interleukins and tumor necrosis factor-alpha, leading to anti-inflammatory effects [5].
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Patients with severe ARDS, status asthmaticus, and chronic obstructive pulmonary disease
(COPD) often need MV support, which is frequently insufficiently controlled with sedative and
analgesic drugs [2,6,7]. NMBAs seem to have beneficial effects on airway pressures. In a small
trial conducted on mechanically ventilated children with severe acute hypoxemic respiratory
failure, NMBAs decreased the mean airway pressure (p = 0.039) and the oxygenation index
(OI) (p = 0.039) in all patients [8]. In a recent trial conducted on 30 patients with moderate-to-
severe ARDS, neuromuscular blockade treatment did not affect the transpulmonary driving
pressure (expressed as inspiratory lung pressure minus expiratory lung pressure and defined as
a surrogate of the stress applied to the lungs) at 48 h [9]. NMBAs also seem to play a role in gas
exchange. In their study, Gainnier et al. [10] reported a higher PaO, /FiO, ratio at 48, 96, and
120 h in patients randomized to the NMBA group (p = 0.021).

Thus, when deep sedation fails or is not tolerated, NMBAs could be administered to
harmonize the respiratory function [4].

Although these beneficial effects, especially in patients with ARDS, the impact of NMBAs
on mortality remains controversial [11]. The routine use of NMBAs in ICUs has decreased
in the last decade due to potential harmful effects resulting from immobilization such as
venous thrombosis, development of critical illness myopathy, ICU-acquired weakness (ICUAW),
autonomic interactions, awareness during paralysis, and residual paralysis after cessation of
NMBAs [4,12]. However, the real benefits and complications of NMBAs in critically ill patients
with lung diseases have not been completely elucidated.

The aim of this review is to highlight current knowledge and synthesize the evidence
concerning the effects of NMBAs in critically ill patients with lung diseases, particularly in
cases of patient-ventilator asynchrony, ARDS, status asthmaticus, and COPD.

2. Methods

We searched PubMed, MEDLINE, Embase, and Scopus for observational studies,
randomized controlled trials, meta-analyses, and current guidelines evaluating the admin-
istration of NMBAs in critically ill patients with lung diseases (ARDS or status asthmaticus
or COPD).

3. Classification of NMBAs, Pharmacokinetics and Pharmacodynamics

Neuromuscular blockade acts at the neuromuscular junction. When an electric impulse is
released in the motor neuron, acetylcholine (ACh) is accumulated in vesicles of the presynaptic
membrane acting on the nicotinic receptors on the postsynaptic membrane and causing
muscle contraction [13]. Pharmacokinetics and pharmacodynamics of the most commonly
used NMBAs are reported in Table 1.

Besides the neuromuscular blockading action, NMBAs have an anti-inflammatory
effect [14]. Particularly in patients with ARDS, NMBAs decreased the pro-inflammatory
response [15], as well as the levels of biomarkers associated with epithelial and endothelial
lung injury [16].

Recently, a new series of neuromuscular complexes called the chlorofumarates (gan-
tacurium, CW002, and CW011) are being developed with a promising pharmacodynamic
profile; however, availability for clinical use remains undefined. Other studies are required
to establish the role of these drugs in clinical practice [17].

Table 1. Pharmacokinetics and pharmacodynamics of the most commonly used NMBAs.

. ED95 Onset Time Duration . .
Agent Duration (mg/kg) (min) (min) Dosing Metabolism
Depolarizing *
Succinylcholine  Ultra-short 0.3 1-1.5 5-10 1 mg/kg bolus Plasma cholinesterase

NA
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Table 1. Cont.

. ED95 Onset Time Duration . .
Agent Duration (mg/kg) (min) (min) Dosing Metabolism
Non-Depolarizing **
Aminosteroids
Intermediate- 0.6-1.2 mg/kg bolu Hepatic, no activ
Rocuronium duration 03 15-3 20-35 b2 e/ g DOUS €patic, no active
8-12 mcg/kg/min infusion metabolites
agent
Intermediate- L
Vecuronium duration 0.05 3-4 20-45 0.08-0.1 mg/ kg bglus . 'Hepanc, b1le,'
agent 0.8-1.7 mcg/kg/min infusion urinary metabolites
. Long-duration 0.05-1 mg/kg bolus R
Pancuronium agent 0.07 2-4 60-100 0.8-1.7 meg/kg/min infusion Renal elimination
Benzylisoquinolines
Intermediate- .
Cisatracurium  duration 0.05 57 30-60 0-1-02:mg/kg bolus Hoffmann reaction,
1-3 mcg/kg/min renal elimination
agent
Intermediate- 0.4-0.5 mg/kg bolus Hoffmann reaction
Atracurium duration 0.2-0.25 34 20-35 ST el K8 DO ) '
5-10 mcg/kg/min plasmatic esterase
agent
Mivacurium Short-duration 0.08 34 15-20 0.15-0.25 mg/kg‘bolu-s Plasmatic esterase
agent 9-10 mcg/kg/min infusion
Doxacurium ~ -ong-duration 0.025 5-10 40-120 0.03-0.06 mg/kg Renal elimination
agent NA
Chlorofumarate diesters
. Ultra-short . 0.2-0.5mg/kg Addition of cysteine
Gantacurium duration agent 019 17 68 NA and ester hydrolysis

* Depolarizing NMBA causes depolarization of the postsynaptic membrane, resulting in resistance to the activity
of acetylcholine [18]. ** Non-depolarizing NMBAs compete with acetylcholine for the binding site on the alpha
subunit of the nicotinic receptors, preventing its action and establishing a neuromuscular blockade [19]. NA,
not available.

4. General Advantages and Disadvantages of Using NMBAs in Critically I11 Patients
with Lung Diseases

NMBAs can ameliorate the management of ventilation [20], limiting decruitment, in-
spiratory effort, and expiratory alveolar collapse [9]. Some studies demonstrated improved
oxygenation using NMBAs, possibly related to the effects on reducing the work of breath-
ing [12,21]. In a randomized controlled trial on patients with ARDS receiving conventional
therapy plus placebo or NMBAs, treatment with cysatracurium exerted anti-inflammatory
effects by reducing the concentration of interleukins and tumor necrosis factor-alpha in serum
and bronchoalveolar lavage [5].

Intra-abdominal hypertension (IAH), defined as an intra-abdominal pressure (IAP) above
12 mmHg, is one of the possible conditions in which the use of NMBAs can improve lung
function. It is estimated that around 20% of patients present with IAH on admission to the ICU
and almost 50% will develop IAH within the first week in the ICU [21,22]. IAH often progresses
with an upper shift of the diaphragm and decreased lung volume and chest wall compliance,
resulting in increased airway pressures [23] and decreased oxygenation [24]. Although abdom-
inal contractions can falsely increase IAP values, to date, no recommendation on increasing
sedation or using NMBAs to accurately measure IAP has been defined [24]. A recent guideline
for the management of IAH and abdominal compartment syndrome in critically ill patients
highlighted the possibility of considering the use of NMBAs for persistent IAH [25].

When paralyzing the patient, it is always important to consider the possibility of the develop-
ment of complications associated with the administration of NMBAs, such as corneal abrasions [4]
and venous thrombosis [26], and complications associated with prolonged immobilization such
as ICUAW and myopathy. The relationship between ICUAW and NMBAs is controversial [4].
Although a recent meta-analysis did not show an association between NMBAs and neuromus-
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cular dysfunction acquired in critical illness (odds ratio (OR), 1.21; 95% confidence interval (CI),
0.67-2.19), merged data from all the included studies suggested a modest association (OR, 1.25;
95% ClI, 1.06-1.48; I = 16%) between NMBA use and ICUAW [27]. Many other studies have
confirmed the association [28,29] or the potential risk [30] of the development of ICUAW with the
use of NMBAs, but with a weak study design and high risk of bias because of the multi-factorial
causes of ICUAW and heterogeneous outcomes [31]. In this uncertainty, the association between
the use of NMBAs and critical weakness does not seem to be reasonable. Thus, recent SCCM
guidelines did not relate the use of NMBAs with the risk of ICUAW, rather associating it with
prolonged immobility and muscle disuse [32]. In addition, NMBAs impaired airway protective
reflexes [33] and increased the risk of upper airway obstruction and pneumonia. Moreover, these
patients needed deep sedation due to prolonged treatment with NMBAs [34].

Critically ill patients often have multi-organ-system disorders and receive treatments
for longer periods; thus, the elimination of NMBAs and metabolites can be delayed, re-
sulting in greater accumulation [4,35] and adverse events, difficulty in weaning from the
ventilator [36], and the risk of venous thrombosis [26].

5. Patient-Ventilator Asynchrony

Patient-ventilator asynchrony is frequently observed during MV and is associated
with worse outcomes and higher mortality [37].

Ventilatory under-assistance or over-assistance translates to different types of asyn-
chronies [38]. Under-assistance could lead to an increased load on respiratory muscles, air
hunger, and lung injury caused by excessive tidal volumes (V). Over-assistance could yield
decreased inspiratory drive, which may result in reverse triggering, thus worsening lung
injury. In addition, asynchronies may increase intrathoracic pressure, thus modifying cardiac
output and hemodynamic status [39].

Yoshida et al. [40] demonstrated that an increase in distending pressure, caused by spon-
taneous effort in mechanically ventilated patients, could worsen a pre-existing lung injury
through a pendelluft effect from non-dependent lung areas toward dependent areas because
the diaphragm contraction is poorly transmitted across the pleural surface in an injured lung.
Therefore, management of patient-ventilator asynchrony with neuromuscular blockade may be
considered to minimize the lung and diaphragm injury associated with spontaneous breath-
ing [41], especially in patients with ARDS [42].

The use of NMBAs in the critical care setting is frequently guided by personal experience
and local practice, more than validated guidelines and recommendations [32]. NMBAs
minimize the risk of ventilator-induced lung injury (VILI). However, the use of NMBAs
requires adequate sedation to prevent VILI and may lead to extended time on MV, longer ICU
stays, and increased risk of ventilator-associated pneumonia (VAP) [43,44]. NMBAs should be
administrated with adequate sedation. Nevertheless, the sedation level is a factor that could
affect the incidence of asynchrony. Observational studies showed an association between
deep sedation and a higher incidence of patient-ventilator asynchronies [37,45].

A multi-center study showed a lower incidence of asynchronies with lighter sedation with
dexmedetomidine compared with deeper sedation with propofol [46]. So, increasing sedation
does not always represent an effective strategy to reduce asynchrony. When asynchrony is
related to double triggering, deeper sedation associated with neuromuscular blockade could
be taken into consideration. In contrast, in the case of reverse triggering, muscle effort could
result in inflation so that a reduced sedation and NMBA strategy could be considered [47].

6. Acute Respiratory Distress Syndrome

To date, pharmacologic therapies have shown no beneficial effects in patients with ARDS,
but supportive treatments such as MV can improve ARDS outcomes [48]. NMBAs have been
largely used in patients with ARDS over the years [49], given that they can minimize VILI in the
presence of increased respiratory drive or patient ventilatory asynchrony [50]. Lighter sedation
and an early active breathing strategy are increasingly used for patients with ARDS to reduce
muscle wasting [3,51-53]. Therefore, the use of NMBAs in this population is controversial.
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Many trials focusing on the use of NMBAs have been conducted on patients with ARDS
(Table 2), but no consensus has been reached, and specific recommendations are currently
being formulated.
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Controversial results were shown concerning the mortality rate in two larger studies:
the ACURASYS and ROSE trials [52,54].

The ACURASYS trial reported a reduction in mortality in patients with moderate
to severe ARDS; in contrast, the ROSE trial did not find significant changes in mor-
tality. The differences between these two trials may be attributed to certain factors.
(1) Differences in the definition of ARDS: even though, in both studies, patients pre-
sented PaO2/FiO2 < 150 mmHg;, in the baseline of the ROSE trial, positive end-expiratory
pressure was higher (>8 cm H20O) [52]. (2) The enrollment of patients was later in the
ACURASYS trial (16 h) compared with the ROSE trial [54] (8 h), resulting in different study
populations and potential bias. (3) Pharmacologic treatments differed between the studies.
(4) In the ROSE trial [52], a lighter sedation strategy was used in the control group, whereas
in the ACURASYS trial [54], deep sedation was used in both the treatment and placebo
groups. (5) Although both studies used protective lung ventilation strategies, in the ROSE
trial, a lower FiO2 was applied, but PEEP was higher and tidal volume was lower in both
study arms [52].

Some meta-analyses showed improvement in oxygenation and reduction in baro-
trauma risk in patients with ARDS treated with NMBAs [55-58]. These controversial
results were also confirmed in a recent analysis of the administration of NMBAs in cases of
ARDS [59]. In contrast, another recent meta-analysis of five trials endorsed by the European
Society of Intensive Care Medicine (ESICM) found no significant effect on outcomes and
28-day mortality in patients with ARDS treated with NMBAs compared with patients
with ARDS who were not treated [14,52]. These controversial results may be associated
with high data heterogeneity. In addition, Plens et al., in a recent study, demonstrate that
NMBA infusion during ARDS could reduce expiratory muscles activity and increase end
expiratory lung volume leading to a benefit in MV [60].

During the COVID-19 pandemic, NMBAs were frequently administered in patients
with ARDS to reduce spontaneous efforts and thus transpulmonary pressures [53]. To date,
no randomized controlled trials using NMBAs in patients with COVID-19 ARDS have been
published [53,54]. A recent study observed a reduction in the duration of MV and mortality
in patients with COVID-19 ARDS treated with NMBAs [61]. However, in a study conducted
on 1953 patients with COVID-19 and moderate/severe ARDS, early and short courses of
NMBAs did not reduce 90-day mortality and ventilator-free days [62]. The 2017 ESICM
clinical practice guideline did not investigate NMBAs in the treatment of ARDS because
of resource constraints [63]. More recent guidelines concluded that there is no evidence
to support the routine use of NMBAs in cases of ARDS [32]. The ESICM guidelines on
ARDS, published in 2023 [53], recommend against the routine use of continuous infusions
of NMBAs to reduce mortality in patients with moderate/severe ARDS with a strong
recommendation and a moderate level of evidence. Furthermore, because of the lack of
evidence, the routine use of continuous infusions of NMBAs in patients with ARDS due to
COVID-19 was not recommended [53]. In contrast, an update of the American Thoracic
Society guidelines suggests neuromuscular blockade in patients with early (<48 h from
MYV therapy) severe ARDS (PaO2/FiO2 < 100) [64]. In short, clinical evidence suggests
that NMBAs might be considered in selected cases with early and severe ARDS with deep
sedation, invasive MV, and the need for prone positioning within 48 h [32,56]. The use
of NMBAs must be individualized, and further studies are required [4]. Two new trials
investigating the use of cisatracurium in cases of moderate/severe ARDS are ongoing: (1) a
comparison between bolus and continuous infusion (NCT05153525); and (2) early NMBAs
versus sedation alone (NCT04922814). Another trial, which titrated NMBAs in spontaneous
breathing patients with severe ARDS (partial neuromuscular blockade in acute respiratory
distress syndrome (PNEUMA)) supported with venovenous extracorporeal membrane
oxygenation recently finished, but no results have been published.
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7. Status Asthmaticus

Status asthmaticus is a severe, persistent asthma attack that does not respond to usual
treatments; it is characterized by hypoxemia, hypercapnia, and secondary respiratory
failure [65]. A retrospective review reported that 61.2% of patients hospitalized for status
asthmaticus required intubation and MV [7]. In the case of deterioration of respiratory
conditions, despite initial pharmacologic treatment, intubation and MV are required. In
addition, when patient-ventilator asynchronies, hypoxemia, or dynamic hyperinflation
occur, even with deep sedation, the risk of generating auto-PEEP or barotrauma is high,
thus requiring NMBAs [66], which then improve oxygenation and hemodynamics.

In an analysis of 30 years of ICU admissions for status asthmaticus, the use of NM-
BAs in mechanically ventilated patients with status asthmaticus has increased in the last
10 years [7], but this therapy remains controversial.

In a retrospective large study, Adnet et al. [28] analyzed the morbidity of intu-
bated asthmatic patients receiving long-term (>12 h) NMBAs and found that VAP, post-
intubation myopathy, and duration of ICU stay were higher in the group of patients treated
with NMBAs.

Peters et al. [7] reported similar findings and an equivalent overall rate of myopathy
incidence in patients with status asthmaticus receiving NMBAs. In contrast, Kesler et al. [29]
demonstrated that the risk of myopathy in status asthmaticus was not associated with the
duration of NMBAs because patients who underwent a short period of neuromuscular
blockade also developed weakness. Replacing NMBAs with a continuous deep sedation
strategy did not seem to modify the incidence of muscle weakness in patients with status
asthmaticus. A recent paper from Qiao et al. [67] evaluated the risk of rhabdomyolysis,
a rare but potentially fatal complication, in patients with status asthmaticus treated with
high doses of steroids or theophylline combined with NMBAs, thus enhancing the debate
on the use of NMBAs in status asthmaticus.

Current knowledge and the 2016 guideline for sustained neuromuscular blockade in
critically ill patients suggest against the routine administration of NMBAs to mechanically
ventilated patients with status asthmaticus [32].

8. Chronic Obstructive Pulmonary Disease

COPD is a heterogeneous lung condition characterized by chronic respiratory symp-
toms (dyspnea, cough, expectoration, and/or exacerbations) due to abnormalities of the
airways (bronchitis, bronchiolitis) and/or alveoli (emphysema) that cause persistent, often
progressive, airflow obstruction [68]. COPD is characterized by expiratory flow limitation,
resulting in air trapping and dynamic hyperinflation, leading to auto-PEEP, increased
intrathoracic pressure, and breathing efforts, as well as the risk of barotrauma. Acute respi-
ratory failure due to an exacerbation of COPD has been associated with severe respiratory
acidosis, increased levels of dyspnea, muscle fatigue, compromised neurologic status, and
hemodynamic instability [6], which may require MV, either invasive or non-invasive. Seda-
tion and occasionally paralysis with NMBAs may be needed to decrease patient-ventilator
asynchrony [68,69].

In the ICU, half of patients with COPD are considered difficult to wean from MV [70].
As already described for status asthmaticus [28,29,65,71], weaning failure has been at-
tributed to muscle weakness caused by a combination of NMBAs and corticosteroids [72].
In addition, the continuous administration of NMBAs and high doses of sedatives con-
tribute to muscle atrophy [73]; thus, it is recommended that they are used for as short a
time as possible [72]. The occurrence of respiratory muscle dysfunction caused by NMBAs
may further worsen the respiratory pump performance in patients with COPD [72].

9. Monitoring of Neuromuscular Blockade and Adequacy of Sedation

Neuromuscular monitoring is indispensable for optimal management of NMBAs [35].
A peripheral nerve stimulator was introduced in the 1950s and is useful for monitoring
neuromuscular blockade. In 1970, Ali et al. [74] reported train-of-four (TOF) testing to
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measure the degree of neuromuscular blockade through the use of a peripheral nerve
stimulator. The goal of TOF monitoring is to ensure that the minimum amount of NMBA is
administered to adequately paralyze the patient. TOF stimulation releases four electrical
pulses to a peripheral nerve. The pattern involves stimulating the ulnar nerve with a TOF
supramaximal twitch stimuli with a frequency of 2 Hz, i.e., four stimuli each separated
by 0.5 s. The TOF is then repeated every 10 s (train frequency of 0.1 Hz). As well as
enabling the observer to compare T1 (first twitch of the TOF) to TO (control), it also enables
comparison of T4 (fourth twitch of the TOF) to T1. This is known as the TOF ratio. [75].
There is a lack of evidence in the current ICU guidelines [32] relating to monitoring neuro-
muscular blockade. In the postoperative setting, a residual neuromuscular blockade (TOF
< 0.9) is still related to a high incidence of unfavorable outcomes such that quantitative
monitoring is considered necessary in the intraoperative management of neuromuscular
blockade [75], as recommended by the latest French guidelines [76] on muscle relaxants in
2020 and by new European Society of Anesthesia and Intensive Care and American Society
of Anesthesiologists guidelines [75,77]. In accordance with these guidelines, the Italian
intersociety consensus on perioperative anesthesia care in thoracic surgery recommends
strict neuromuscular monitoring for correct administration of both NMBAs and reversal
agents [78].

Titration of the level of a neuromuscular blockade based on the patient’s condition
(such as renal or hepatic failure) might be considered to avoid prolonged paralysis in the
ICU [26]. Residual neuromuscular blockade in the ICU is unrecognized and underreported
because monitoring is not commonly carried out in this setting. In a recent study, residual
neuromuscular weakness was often considered unrecognized before extubation [79]. A case
report described by Workum et al. [80] reported an unusual protracted effect of NMBAs,
highlighting the complexity of neuromuscular blockade in the ICU. Thus, monitoring using
TOF measurements in the ICU and choosing cisatracurium over rocuronium in critically ill
patients should be considered [80].

A recent trial explored the efficacy of TOF monitoring to guide clinical neuromuscular
blockade compared with clinical monitoring alone in patients with ARDS. They found no
significant change in ICU mortality between the two groups [81]. New research is needed
to better assess which is the best NMBA in each clinical situation and how to monitor
neuromuscular blockade in the ICU context.

The use of deep sedation and analgesia is always required with NMBAs [32,82].
Patients undergoing MV are often in pain; thus, sedation is necessary to facilitate tolerance
to the endotracheal tube, endotracheal suction, and prolonged immobility [83,84]. Strictly
sedation monitoring in the ICU could be performed with the bi-spectral index of the
electroencephalogram (BIS) or E-entropy, a non-invasive technique easily obtained at the
bedside [85]. However, the BIS score is not always considered reliable because of variability
in the patient response caused by forehead muscle tone and electrical and mechanical
interference, particularly in ICU patients [82]. In this case, NMBAs could be useful to
abolish muscle contractions. A small study, conducted by Messner et al. [86], considered
the effect of complete muscle relaxation on BIS in fully awake and non-sedated individuals
and reported a significant decrease in BIS levels when NMBAs were administered. Other
studies showed similar results in sedated patients [87,88]. Even though the use of BIS is
advantageous, its systematic use is not recommended in the ICU, [89], and more studies
are required to better understand if this monitoring modality is valid for mechanically
ventilated patients in the ICU [90].

In summary, the use of NMBAs in patients with lung diseases seems quite safe if the
sedative state is adequately monitored [89]. Nevertheless, NMBAs use is still controversial,
especially considering the lack of updated guidelines concerning sedation, reversal, and
monitoring [31,75,76,90].
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10. Conclusions

The appropriate use of NMBAs in critically ill patients with lung diseases is unclear,
and proper indications for their use are still required, including appropriate timing and
careful monitoring of the duration of administration to reduce side effects while allowing for
the advantage of their benefits, such as improved oxygenation. The lack of well-designed
prospective trials reflects the controversial results.

There is a lack of strong and updated recommendations for the use of NMBAs in
the ICU setting. Precise monitoring of the neuromuscular blockade is considered a useful
strategy by which to minimize residual weakness and other detrimental effects which are
not so rare in the ICU. In this case, TOF might play a role, but its use in the ICU setting is
still unclear. Although current knowledge is lacking concerning studies with long-term
outcomes conducted on ICU patients, in accordance with the recent guidelines, the admin-
istration of NMBAs should be limited to avoid ventilator asynchrony with a personalized
approach based on each individual clinical setting. Current knowledge suggests that the
use of NMBAs in critically ill patients with lung diseases must be individualized, and
further studies are required. Other indications will come from new ongoing clinical trials.
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Abstract: Artificial intelligence (Al) can make intelligent decisions in a manner akin to that of the
human mind. Al has the potential to improve clinical workflow, diagnosis, and prognosis, especially
in radiology. Acute respiratory distress syndrome (ARDS) is a very diverse illness that is characterized
by interstitial opacities, mostly in the dependent areas, decreased lung aeration with alveolar collapse,
and inflammatory lung edema resulting in elevated lung weight. As a result, lung imaging is
a crucial tool for evaluating the mechanical and morphological traits of ARDS patients. Compared
to traditional chest radiography, sensitivity and specificity of lung computed tomography (CT) and
ultrasound are higher. The state of the art in the application of Al is summarized in this narrative
review which focuses on CT and ultrasound techniques in patients with ARDS. A total of eighteen
items were retrieved. The primary goals of using Al for lung imaging were to evaluate the risk of
developing ARDS, the measurement of alveolar recruitment, potential alternative diagnoses, and
outcome. While the physician must still be present to guarantee a high standard of examination, Al
could help the clinical team provide the best care possible.

Keywords: artificial intelligence; lung imaging; CT; LUS; ARDS; COVID-19; deep learning; ma-
chine learning

1. Introduction

Broadly defined, artificial intelligence (AI) is a machine or computing platform that
is capable of making intelligent decisions in a manner similar to the human mind [1].
In healthcare, Al could improve prognosis, diagnosis, treatment, and clinical workflow,
particularly in the field of radiology, cardiovascular, and pathology [1,2]. Many of these
medical tasks have been widely adopted in daily clinical practice [1]. During the last
pandemic, significant progress was made in the development of Al resulting in more than
900 articles on COVID-19 and artificial intelligence [3]. Although the presence of a physician
is still essential, Al could assist the clinical team in providing the best possible care.

During 2020, up to 30% of radiologic examinations were managed by Al with almost
20% planned for the following year [4,5], such as to detect intracranial hemorrhage, pul-
monary embolism, and to monitor mammographic abnormalities. In addition, Al can
improve scanning procedures, by reducing radiation exposure during scanning and ac-
quisition, and then can optimize the sophisticated image reconstruction across magnetic
resonance imaging, computed tomography (CT), and positron emission tomography modal-
ities [4,5]. A recent survey found that radiologists would like to see Al improve anatomical
measurements, lesion detection, and the quality of radiological imaging [4]. In particular,
acute respiratory distress syndrome (ARDS) is a rather heterogeneous syndrome charac-
terized by an inflammatory lung edema leading to an increased lung weight, decreased
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lung aeration with the presence of alveolar collapse, and interstitial opacities mainly in the
dependent areas [6]. Lung imaging is an essential tool to assess not only the morphology
but also the mechanical characteristics of ARDS patients. Lung CT and lung ultrasound
(LUS) have a higher sensitivity and specificity than conventional chest radiography.

2. Machine Learning and Deep Learning

Machine learning (ML) is a subset of Al that focuses on developing algorithms and
models that allow computers to learn from data and make predictions or decisions based on
that data. These algorithms rely on manually engineered features. Developers write explicit
instructions for the computer to follow. In ML, however, the computer learns patterns and
relationships from data to make informed decisions or predictions. The primary goal of ML
is to enable computers to improve their performance on a task over time by learning from
examples rather than being explicitly programmed. ML algorithms are primarily designed
to classify objects, detect patterns, predict outcomes, and make informed decisions [7].

In contrast, deep learning (DL) is a subfield of ML that focuses on training artificial
neural networks with multiple layers (deep architectures) to learn complex patterns from
data. In DL, models are based on deep artificial neural networks that can learn directly
from data without the need for manual extraction. These neural networks are inspired by
the structure and function of the human brain, where information is processed through
interconnected neurons. The term “deep” in DL refers to the depth of the neural network,
which consists of multiple hidden layers between the input and output layers. DL tends
to work best with large datasets, as a large amount of data is required to successfully
train deep neural networks. Certain neural network architectures such as the so-called
convolutional neural networks (CNNSs) are used specifically for image recognition. The
potential applications of DL using lung CT and ultrasound may range from the early
diagnosis, detection, and segmentation of specific lung regions to the prediction of the
short- and long-term clinical outcomes [8].

3. Search Strategy

In this narrative review, we focus on the role of Alin the field of lung imaging in ARDS.
Figure 1 shows the search strategy flowchart.

Records identified through
Pubmed database search
(n=96)

J ‘ Identification

Records after duplicates
were removed

(n=53)

20
£ Out of topic
8 l—* records excluded
& (n=29)
Abstracts screened

(n=24)
= Non-CT, non-LUS
;‘_; l—’ records excluded
= (n=5)
i Full texts articles

assessed for eligibility
(n=19) o =
Pediatric and animals records

- Records from roforences and non original articles
5 i excluded
3 (&) (n=7)
2

Studies included in
qualitative synthesis
(n=18)

Figure 1. Flowchart of search strategy. CT: computed tomography; LUS: lung ultrasound.

We used PubMed and Embase databases performing two separate searches. For
the first search, we used the following initial screening keywords: “lung CT scan AND
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artificial intelligence/machine learning AND ARDS/acute respiratory failure”. For the
second search, we used “lung ultrasound AND artificial intelligence/machine learning
AND ARDS/acute respiratory failure”. Then, the search was expanded using the following
keywords: “lung imaging AND artificial intelligence/machine learning AND ARDS/acute
respiratory failure”, resulting in 96 articles. After excluding duplicates, we also excluded
screened abstracts and articles that did not include artificial intelligence involving either
CT imaging or lung ultrasound imaging. Nineteen articles were identified. We excluded
articles on pediatric patients and animals, resulting in 12 papers. We included 6 articles
from the references. We included a total number of 18 studies in the review, which are
summarized in Table 1.
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4. Computed Tomography Scan

Lung CT scan has been used extensively for more than 20 years to improve our
understanding of the pathophysiology of ARDS. In particular, the quantitative analysis of
the ARDS lung CT scan has allowed the quantification of the amount of not aerated tissue,
poorly aerated tissue, well-aerated tissue, and over inflated tissue, advancing the concept
of the baby lung and of the lung as a “sponge model” [26]. This quantitative approach
has shown the redistribution of the densities in prone position and the change in the not
aerated tissue fraction at two airway pressures considered the gold standard for assessing
recruitment in ARDS. In this context, CT scan has represented a useful tool to decide the
better mechanical ventilation strategy [27]. Similarly, in the setting of chest trauma, the
quantification of parenchyma damage, at hospital admission by CT scan, can help predict
the evolution from the initial traumatic injuries to focal or diffuse alveolar hemorrhage
followed by pulmonary edema and interstitial alterations typical of ARDS [28].

Then, recently during the COVID-19 pandemic, CT scan has played a relevant role as
a screening tool due to its greater sensitivity for detecting early pneumonic changes. In fact,
although COVID-19 is typically confirmed by viral nucleic acid detection, lung CT scan has
been widely used to differentiate COVID-19 from other viral pneumoniae and to predict
the severity of pneumonia even in the early stage [29].

The application of Al on CT scan lung images has been recently implemented in
patients with COVID-19 disease to predict the evolution in ARDS, to stage and quantify
the disease, and predict the outcome.

Similarly, in non-COVID-19 ARDS, Al has the potential to give a profound contribu-
tion, considering its ability to automatically and efficiently analyze and segment acutely
injured lungs, to provide automated quantitative analysis, and to predict the development
of ARDS, the alveolar recruitment, and the relationship between the quantitative analysis
of lung tissue and specific outcomes.

4.1. Prediction of ARDS

The diagnosis and prediction of ARDS have been supported by various systems, tools,
and techniques, both before and after the Al revolution. Imaging techniques such as chest
radiography, CT, and LUS have played a critical role in the diagnosis and management
of ARDS [30,31]. These lung imaging modalities have been essential in assessing lung
aeration, predicting oxygenation response, and facilitating early diagnosis to prevent the
progression of lung injury [32]. In addition, biomarkers have been explored for their
potential in diagnosing ARDS and predicting its prognosis [33,34]. Recent advances in Al
have significantly changed the landscape of traditional imaging techniques, allowing for
more accurate and rapid analysis of medical imaging data for ARDS diagnosis and severity
prediction [35].

Al-based diagnostic models combining clinical data and CT scans have been devel-
oped, providing accurate and explainable ARDS diagnostic models for real-life scenar-
ios [36,37].

Recently, Al has facilitated the development of models to predict subsequent ARDS devel-
opment using features identified at initial presentation with COVID-19, addressing the need for
clinical decision support tools during the early stages of the COVID-19 pandemic [38,39].

In addition to COVID-19 pneumonia, blunt chest trauma is also currently associated
with parenchymal lung injury to various extents, which may increase the risk of developing
ARDS. Typically, the presence of an injury severity score (ISS) greater than 25 significantly
increases the risk of developing ARDS [18]. Moreover, it has previously been shown that
trauma patients with pulmonary contusions involving at least 20% of the total lung volume
have a significantly higher risk of developing ARDS [40]. Thus, the ability to assess early
information on lung CT that may be associated with the risk of developing ARDS could
allow for timely supportive therapy. Rohrich et al. developed a ML method for the early
prediction of ARDS based on CT in trauma patients at hospital admission. One hundred
and twenty-three patients were enrolled. The model consisted of a fully automated ML and
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radiomics-based approach that showed a higher accuracy compared to an established score
(ISS and abbreviated injury score of the thorax) to identify ARDS in trauma patients [18].
In this line, a rapid automated lung CT volumetry assessment of pulmonary contusions in
trauma patients showed a good accuracy in assessing the risk of ARDS, length of intensive
care stay, and time on mechanical ventilation [19].

4.2. Alveolar Recruitment

ARDS is characterized by widespread inflammation in the lung, leading to increased
permeability of the alveolar—capillary barrier, impairment of pulmonary mechanical proper-
ties, and impaired gas exchange. There is often a phenomenon known as alveolar collapse or
atelectasis, where some of the alveoli collapse and are not involved in gas exchange [41,42].

Mechanical ventilation itself can increase or cause lung damage known as ventilator-
induced lung injury (VILI). Therefore, the therapeutic goal of mechanical ventilation in
ARDS patients is not only to maintain “normal gas exchange” but also to protect the lung
from VILI [43-45].

Lung protective strategies include low tidal volumes and adequate levels of positive
end-expiratory pressure (PEEP) levels to keep the alveoli open and prevent them from
collapsing. However, too high or too low levels of PEEP can lead to damage due to
overdistension or cyclic collapse. Estimation of the percentage of lung that can be recruited
or re-opened by applying transient increases in airway pressure has been demonstrated to
be associated with the response to PEEP and prone position [27,46]. Thus, the quantification
of alveolar recruitment can help the clinician optimize the protective ventilation strategy to
avoid VILL

The introduction of the lung CT quantitative analysis has allowed the assessment and
quantification of the aerated and not aerated lung regions and the possible changes due to
the mechanical ventilation and body position [6]. In particular, the application of the lung
CT quantitative analysis performed at two different levels of airway pressure is considered
the gold standard for the assessment of alveolar recruitment, because it can calculate the
difference of not aerated tissue [47-49].

However, since the mid-1980’s, the application of quantitative analysis was rarely
used in clinical practice because it requires the manual segmentation of the lung by the
physicians [48]. The assessment of lung recruitment can take up to 6-8 h with a certain
degree of error [15]. To improve the ability to assess lung recruitment, a visual anatomical
evaluation of recruitment has been proposed [48].

Moving from the successful application of DL to the segmentation process of CT
lung images in ARDS [50,51], using two CNN’s architectures, the Seg-Net and the U-Net,
Herrmann et al. decided to implement the U-net to develop a DL algorithm to automatically
segment injured lungs affected by ARDS and to calculate lung recruitment by performing
two CT scans at 5 and 45 cmH,O of airway pressure [11].

Training was performed on 15 healthy subjects (1302 slices), 100 ARDS patients
(12,279 slices), and 20 COVID-19 patients (1817 slices): 80% of the patients were used
for training and 20% for testing. The authors found that automatic lung segmentation
performed by a properly trained neural network was reliable and closely matched the
results obtained by manual segmentation. In fact, the total lung volume measured by Al
and manual segmentation had a R? of 0.99 and a bias of —9.8 mL (CI +56.0/ —75.7 mL).
Although the model was not perfect, especially in the most damaged lung areas, which are
difficult to identify even for a trained radiologist, but which did not exceed 10% of the lung
parenchyma, the Al segmentation showed the same degree of inaccuracy as the manual
segmentation. In fact, for recruitability measured using manual and Al segmentation,
change in not aerated tissue fraction had a bias of +0.3% (CI +6.2/—5.5%) while —0.5%
(CI +2.3/—3.3%) was expressed for change in well-aerated tissue fraction.

Subsequently, Penarrubia et al. in a single center study assessed both intra- and
interobserver smallest real difference exceeding measurement error of recruitment using
both human and ML lung segmentation on CT scan [15]. Low-dose CT scans were acquired
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at5 and 15 cm H,O of PEEP in 11 sedated and paralyzed ARDS patients and recruitment
was computed as the change in weight of the not aerated lung regions. The intra-observer
small real difference of recruitment was 3.5% of lung weight, while the human-human
interobserver smallest real difference of recruitment was slightly higher amounting to
5.7% of lung weight, as also was the human-machine smallest real difference. Human-
machine and human-human interobserver measurement errors were similar, suggesting
that ML segmentation algorithms are a valid alternative to humans for quantifying alveolar
recruitment on CT [15].

Furthermore, to overcome the difficulty in performing two CT scans at two different
airway pressures, Pennati et al. developed a ML algorithm to predict lung recruitment in
ARDS patients, starting from a single CT scan obtained at 5 cmH,O upon admission to the
intensive care unit (ICU) [2].

The authors demonstrated that in 221 retrospectively analyzed ARDS patients, the use
of four ML algorithms (logistic regression, support vector machine, random forest, XGboost)
based on a lung CT scan at 5 cmH,O were able to classify lung recruiter patients with
similar area under the curve (AUC) compared to a ML model based on the combination of
lung mechanics, gas exchange, and CT data [2].

The application of this ML algorithm with an automatic lung segmentation and
quantitative analysis could reduce the workload and ionizing radiation exposure of the
traditional method of assessing lung recruitability.

4.3. Outcome

Concerning the outcome, hospital mortality has decreased over the decades, but has
remained unchanged in recent years, despite advances in supportive care [52].

A small retrospective study of 42 patients with ARDS evaluated the relationship
between the volume of well-aerated lung regions, calculated automatically by software,
and outcome [9]. Total lung volumes and well-aerated lung regions were significantly
higher in survivors. Estimates of the total volumetry and the regions of interest were
obtained within three minutes with a very good reproducibility [9].

Several data have shown that lung volume and the amount of not aerated lung areas
in COVID-19 are associated with respiratory severity and outcome [53]. Typical lung CT
findings in COVID-19 patients include bilateral pulmonary ground-glass opacities and
opacities with rounded edges usually localized in the peripheral lung regions [6].

Using a DL method to calculate the description of the CT, two clusters typically associ-
ated with COVID-19 and two clusters associated with bacterial pneumonia were found [12].
The clusters containing diffuse ground-glass opacities in the central and peripheral lung
showed up to 91% accuracy in correctly classifying COVID-19 and pneumonia.

Liu et al. investigated the ability of quantitative lung CT analysis compared to tra-
ditional clinical biomarkers to predict progression to severe disease in the early stage of
COVID-19 patients [14]. A group of 134 patients with COVID-19 who underwent lung
CT scan and laboratory tests on day 0 and 4 were enrolled. All patients were followed
up for 28 days until the first occurrence of severe disease or otherwise. Three Al-derived
CT features were calculated according to Hounsfield units (—700/—500; —500/—200; and
—200/—60 HU). The CT features at day 0 and day 4 and their changes from day 0 to day
4 showed the best discriminative ability to predict patient progression to severe disease.
In this line, a retrospective study of COVID-19 patients used DL segmentation to assess
lung volume and density composition [20]. The number of lung regions with a density
between —549 and —450 of Hounsfield units was associated with an increased risk of ARDS.
Although the results were not published, Lopes et al. proposed a multicenter retrospective
longitudinal study to correlate the possible findings on lung CT in patients with COVID-19
infection and the course of the disease [16].

In COVID-19 patients, the use of the quantitative lung CT analysis at hospital admis-
sion, which calculates the volume of the affected lung as the sum of the poorly aerated
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and not aerated lung regions, predicted the need for oxygen support and intubation with
good accuracy [13].

Regarding hospital mortality in COVID-19 ARDS based on Al quantification of lung
involvement at hospital admission, the AI did not predict the outcome [17]. In contrast,
the Sequential Organ Failure Assessment (SOFA) score resulted in an AUC for hospital
mortality of 0.74 (95% CI 0.63-0.85), suggesting that other clinical parameters reflect the
overall disease severity [54,55].

In severe COVID-19 ARDS patients with hypoxemia refractory to the conventional
ventilation, veno-venous extracorporeal membrane oxygenation (ECMO) may be used to
improve the outcome. However, the potential improvement in outcome is higher when
ECMO support is applied in the early phase. Therefore, a possible early stratification
should be considered. The use of an Al-based quantification of lung involvement was able
to predict the need for ECMO with an acceptable AUC [0.83 (95% CI 0.73-0.94)] [10]. In
addition, combining the SOFA score with CT lung involvement at ICU admission improved
the AUC to 0.91 (95% CI 0.84-0.97) [10].

In summary, while the extent of lung involvement on imaging is an important con-
sideration in assessing the severity of ARDS, there is not a specific “critical amount” that
universally predicts outcome or guides the need for repeat imaging or ECMO use [10]. The
decision to use ECMO is multifactorial and is based on clinical judgment, including consid-
erations of the patient’s overall health, the underlying cause of ARDS, and the potential for
recovery. Similarly, the timing and need for repeat imaging are individualized based on the
clinical course of the patient and the judgment of the healthcare provider. In fact, the early
clinical course of the disease may be more predictive of the outcome than the assessment at
time of admission to the ICU [56].

5. Lung Ultrasound

LUS has been shown to be a useful tool in the assessment of numerous lung diseases
and, in recent years, has proven to be also effective in the emergency care setting to screen
patients with suspected COVID-19 pneumonia [57-59]. In fact, compared to traditional
imaging, LUS has many advantages: it is radiation-free, inexpensive, rapid, bedside feasible,
non-invasive, and lacks the laborious workflow of a CT scan. Considering all these features
and its good accuracy as compared with lung CT scan, LUS is commonly used in the ICU
to screen patients for ARDS [60-64]. Indeed, LUS has the potential to predict mortality in
ARDS patients with a high level of accuracy (AUC 0.85). These findings also exhibit a strong
correlation with the prognostic value derived from the invasively measured extravascular
lung water index. Furthermore, in this condition, LUS is able to assess the likelihood of
post-extubation distress after a successful spontaneous breathing trial, with an AUC of 0.86,
and is also able to assess regional and global lung aeration [64-67]. LUS images in ARDS are
characterized by the presence of a non-homogeneously distributed alveolar sonographic
interstitial syndrome characterized by the presence of vertical artifacts (including the so-
called “B lines” and the “white lung”), along with pleural thickening and consolidation
in dependent regions [68,69]. However, these features, especially the vertical artifacts, are
not specific for ARDS as they can be detected in many other pathological conditions (i.e.,
pulmonary edema, pneumonia, and pulmonary fibrosis). In addition, LUS interpretation
can be limited by operator confidence in image acquisition and interpretation, which can
lead to intra-reader variability and a limited inter-reader agreement [70,71].

To overcome these limitations and to curb operator-related variability, Al has recently
been employed in different medical areas to aid LUS image analysis and interpretation [14,72],
such as emergency and intensive care settings [3,73].

DL has the ability to directly process and gather intermediate and advanced features
obtained from raw data, such as ultrasound images, and then make intelligent decisions
based on the learned features. The absence of cognitive bias or the need for spatial pixel
connections allows DL to treat images as numerical sequences, enabling the evaluation
of quantitative patterns that could unveil insights beyond human interpretation thereby

44



J. Clin. Med. 2024, 13, 305

enhancing human diagnostic capability. According to the type of the skill requested
(i.e., classification, detection, and segmentation), there are mainly three types of DL ar-
chitecture: supervised deep networks or deep discriminative models, unsupervised deep
networks or deep generative models, and hybrid deep networks. Supervised deep net-
works are the most widely used in ultrasound imaging, the major methodology of interest
being the CNN [14,74,75].

Few studies are currently available regarding the use of DL in LUS for the evaluation
of ARDS in non-COVID-19 patients. During the recent COVID-19 pandemic, LUS disease-
specific patterns showed a higher sensitivity compared to chest X-ray in the identification
of COVID-19 pneumonia [76,77], making this disease model the predominant focus of
DL application. Indeed, the automated assessment enabled by DL ensures a prompt
diagnosis in situations where resources and trained personnel are scarce, ideally addressing
such challenges.

5.1. Prediction of ARDS Diagnosis

Two studies investigated the possibility of introducing DL modalities to discriminate
different stages of parenchymal changes secondary to pneumonia [21] by grading vertical
artifacts [22] of LUS.

Baloescu et al. designed a new custom DL that operated on dynamic ultrasound
data for automated assessment of sonographic lung B lines. The DL consisted of a CNN
developed using 2415 sub-clips of 12 frames each from 400 emergency department patients.
Each sub-clip was evaluated by two emergency physicians with expertise in LUS, using a
predeterminate ordinal scale from 0 (none) to 4 (severe). In addition, a binary classification
was performed pooling together as “normal” the images with score 0 or 1 and as “abnormal”
the images with score 2—4. The experts’ rating was used as ground truth and compared
with the interpretations given by the new DL model using 100 sub-clips not used during
the DL training. Considering the assessment of presence/absence of B lines, the new DL
model showed an overall accuracy of 94% with kappa of 0.88; however, for the severity
assessment, the overall accuracy was only 56% with kappa of 0.65, showing that the new
algorithm is better at distinguishing B lines but not their severity [22].

Zhang et al. investigated the feasibility of computer-assisted ultrasound diagnosis
using three CNN-based DL models—VGG, ResNet, and EfficientNet—for the detection
and classification of pneumonia based on a self-made LUS image dataset built on a total of
10,350 LUS images. Each image of the dataset was manually classified into eight clinical
features of pneumonia (0 = normal; 1 = B lines < 3; 2 = B lines > 3; 3 = area of merging B
line is less than half; 4 = area of merging B line is more than half; 5 = depth of pieces is
less than 1 cm; 6 = air bronchogram and depth of parenchymal hepatization is less than
3 cm; 7 = pleural effusion and depth of parenchymal hepatization is more than 3 cm). Since
for some of the features evaluated by Baloescu there were not enough images for training
and testing sets, several clinical features were manually grouped together into different
“classes” resulting in three different datasets: one including three classes (class 1: feature 0;
class 2: features 1-4; class 3: features 5-7), one including four classes (class 1: feature 0; class
2: features 1-4; class 3: features 5-6; class 4: feature 7), and the last one encompassing eight
classes, i.e., a class for each of the eight features. All of the three datasets were compared
across classification models and the EfficientNet showed to be the best model providing for
the three and four classes datasets an accuracy of 94.62% and 91.18%, respectively, whilst
the best classification accuracy of the eight classes dataset was only 82.75% [21].

5.2. Differential Diagnosis

AT has been applied to LUS imaging for its potential role in differentiating healthy sub-
jects from COVID-19 pneumonia and ARDS, hydrostatic pulmonary edema, and bacterial
pneumonia and ARDS.

Born et al. proposed another DL LUS model able to distinguish COVID-19 from
healthy subjects and bacterial pneumonia with a sensitivity of 0.90 4= 0.08 and a specificity
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of 0.96 £ 0.04. The model was developed using a dataset made by 261 recordings from
a total of 216 patients affected with COVID-19, bacterial pneumonia, non-COVID-19 viral
pneumonia, and healthy controls. Due to data availability, the three non-COVID-19 viral
pneumonia videos were excluded. Five DL models were then compared in terms of recall,
precision, specificity, and F1 scores. Overall, both VGG and VGG-CAM showed encourag-
ing results, achieving an accuracy of 88 £ 5% in the detection of COVID-19 pneumonia,
across a 5-fold cross-validation with 3234 frames [23]. Arntfield et al. developed another
CNN able to discriminate between similar appearing LUS images with pathological B
lines of three different origins (COVID-19 ARDS, non-COVID ARDS, and hydrostatic pul-
monary edema) using a total of 612 LUS videos from 243 patients (84 COVID-19 ARDS,
78 non-COVID-19 ARDS, and 81 hydrostatic pulmonary edema). To assess the CNN per-
formance, a subset of 10% of the total data was used, not previously used during the
training process. The evaluation made by CNN was then compared to the LUS inter-
pretation given by experienced physicians completing an online interpretation exercise.
The trained CNN performance on the independent dataset showed an ability to discrimi-
nate between COVID-19 (AUC 1.0), non-COVID-19 ARDS (AUC 0.934), and pulmonary
edema (AUC 1.0) pathologies. This was significantly better than the physicians’ ability
(AUCs 0.697, 0.704, and 0.967 for the COVID-19 ARDS, non-COVID-19 ARDS, and pul-
monary edema classes, respectively; p < 0.01), showing that a trained neural network is
able to detect subvisible features within LUS images [24].

Ebadi et al. proposed a fast and reliable DL model, specifically the Kinetics-I3D
network, using LUS scans to explore the possibility of detecting and differentiating ARDS
from pneumonia. Compared to other DL models, this trained model was able to classify an
entire LUS scan obtained at the point-of-care, eliminating the need for preprocessing or
analyzing frames individually, since the neural network could be retrained with new data
to adapt the model to the needs of specific LUS applications. The results obtained with the
new DL methods were benchmarked against ground truth assessed by expert radiologists
showing an accuracy of 90% and a precision score of 95%. Moreover, the proposed model
was very rapid as it was able to process the entire scan with a single forward pass into the
network, avoiding time-consuming frame-by-frame analysis [25].

5.3. Limitations of Al in LUS

To date, the application of DL in thoracic echography has been very limited as com-
pared to other imaging techniques. One of the reasons is the limited availability of orga-
nized LUS databases. In fact, to reach an optimal learning performance, a wide number of
labeled LUS images is needed. This requirement can be challenging as LUS is an evolving
technique, and currently, there are only a limited number of experts capable of providing a
suitable interpretation.

Indeed, to date, LUS training for ARDS has often been the prerogative of emergency
department and ICU staff, lacking the structured, shared, and formal reporting typical of
other radiologic tests such as lung CT, which may limit standardization and uniform infor-
mative input for DL. On the other hand, the majority of the radiology training programs
do not include education in LUS interpretation.

The prevalent issue arising from a deep model with limited training samples is
overfitting that can be addressed by two different approaches: model optimization and
transfer learning. Model optimization focuses on making the DL model itself to work
better with available data using different types of strategies (e.g., well-designed initializa-
tion/momentum strategies, efficient activation functions, dropout, and batch normalization,
stack/denoising), whereas transfer learning utilizes knowledge from one domain to en-
hance the performance in another domain with limited data.

Another limitation is that many of the shared LUS databases lack a complete interpreta-
tion of the thorax (since the evaluations are mostly performed with a focused approach) and
important information such as patient details and technical or setting data. Collecting these
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data should help differentiate similar LUS patterns that are only apparently non-disease
specific, such as those observed in patients with ARDS.

6. Conclusions

The application of ML technique to lung CT scan image processing can represent a
valid tool to provide a broader adoption of CT scan quantitative analysis in the clinical
practice of ARDS management, in particular the prediction of the alveolar recruitment
and patient outcomes. Similarly, the application of Al to LUS imaging may implement
clinician performance in distinguishing and interpreting similar LUS patterns deriving
from different pathological etiologies with the potential to provide an accurate diagnosis
(Figure 2). Indeed, there are several areas that could benefit from the application of Al
in this field, including diagnosis, assessment of severity, progression, and response to
treatment. However, Al is not ready for widespread use and models may not be as accurate
because progression to advanced respiratory failure is not as common and predictable.
In fact, part of the ML-based algorithms described in this review were based on image
datasets collected during the COVID-19 pandemic. Nonetheless, updated algorithms have
already been defined thanks to the ability to re-train those same algorithms with new
image datasets. In this sense, Al is an evolving technology and an ongoing process of
refinement and several biases should be overcome in the development of further models
to guarantee sufficient robustness and reproducibility to be competitive compared with
current standard methods and thus to support clinical judgment, starting from high quality
imaging datasets.
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Figure 2. Cont.
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Figure 2. Current potential areas of application for artificial intelligence applied to lung computed
tomography and lung ultrasound imaging in different stages of lung disease. Green upper box:
normal lung histology (drawing on the left), axial projection of a lung CT scan (image in the
middle), and a LUS scan showing normal pleural findings with repetitive physiological horizontal
artifacts (A lines), a typical sign indicating a normal aerated lung. Grey box in the middle: a lung
CT scan (upper image) and LUS scan (lower image) in a patient with acute lung injury. Note
the presence of vertical artifacts arising from the pleural line (B lines), indicating the presence of
a sonographic interstitial syndrome. Blue box at the bottom: overt ARDS (drawing on the left)
with alveolar—capillary damage, alveolar edema, cellular debris, neutrophilic migration (in violet),
activated macrophages (in yellow), fibroblast activation, and fibrin deposition (in green). The lung CT
scan (upper figure in the middle) and the LUS scan (lower figure in the middle) represent the typical
radiological findings in a representative patient with ARDS. Note the inhomogeneity of aerated and
not aerated parenchyma at the axial projection of the lung CT and the irregular pleural profile, with
areas of high lung density (white lung) interspersed by parenchymal subpleural infiltrates. The
two different imaging approaches carry different qualitative and quantitative information of the
same pathological pattern. Al artificial intelligence; ARDS: acute respiratory distress syndrome;
CT: computed tomography; LUS: lung ultrasound.
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Abstract: The oxygen saturation index (OSI), defined by F{O, /SO, multiplied by the mean airway
pressure, has been reported to exceed the Berlin definition in predicting the mortality of acute
respiratory distress syndrome (ARDS). The OSI has served as an alternative to the Berlin definition in
categorizing pediatric ARDS. However, the use of the OSI for the stratification of adult ARDS has
not been reported. A total of 379 invasively ventilated adult ARDS patients were retrospectively
studied. The ARDS patients were classified into three groups by their incidence rate of mortality: mild
(O8I < 14.69), moderate (14.69 < OSI < 23.08) and severe (OSI > 23.08). OSI-based categorization was
highly correlated with the Berlin definition by a Kendall’s tau of 0.578 (p < 0.001). The Kaplan-Meier
curves of the three OSI-based groups were significantly different (p < 0.001). By the Berlin definition,
the hazard ratio for 28-day mortality was 0.58 (0.33-1.05) and 0.95 (0.55-1.67) for the moderate and
severe groups, respectively (compared to the mild group). In contrast, the corresponding hazard
ratio was 1.01 (0.69-1.47) and 2.39 (1.71-3.35) for the moderate and severe groups defined by the OSI.
By multivariate analysis, OSI-based severe ARDS was independently associated with 28-D or 90-D
mortality. In conclusion, we report the first OSI-based stratification for adult ARDS and find that it
serves well as an alternative to the Berlin definition.

Keywords: acute respiratory distress syndrome; classification; mortality; oxygen saturation index

1. Introduction

The Berlin definition is currently the most widely accepted standard for the diagnosis
and classification of acute respiratory distress syndrome (ARDS). However, there are some
shortcomings to this definition.

First, its prognostic prediction ability is far from satisfactory. The area under the re-
ceiver operating characteristic (AUROC) of mortality prediction was only around 0.57 [1,2],
which was just slightly larger than that under chance. The severity classification of the
Berlin definition is based solely on the initial PO, /F;O,, which has been found to be poorly
associated with mortality in patients with ARDS in many studies [3-5]. Several important
factors with potential prognostic implications are neglected in the Berlin definition. For one
thing, high inflation airway pressure can increase mechanical stress on the lung and the
chances of ventilator-induced lung injury [6-8]. Lower airway pressure has been shown to
be associated with survival benefits of ventilated patients with ARDS [9,10]. By incorporat-
ing mean airway pressure (MAP) into P,O; /F;O,, the oxygenation index (OI) is calculated
using the equation
- FIOZ x MAP x 100

I
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The OI has been found to be better than P,O,/F;O; in predicting the mortality of
ARDS patients [11,12].

Another drawback of the Berlin definition is that its application is confined to settings
when P,0; is available. P,O; can only be obtained sporadically by arterial puncture, which
is painful and potentially harmful to patients. The absence of arterial blood gas data during
crucial hypoxemic episodes may lead to a misclassification of the severity of ARDS in
a patient. In areas where arterial blood analysis is unavailable, the prevalence of ARDS
is inevitably under-reported. On the contrary, S;0; can be continuously monitored by
noninvasive pulse oximeters, which are ubiquitous in most ICUs. The S,0,/F;O, and
P,O,/F{O; ratios are highly correlated [13] and provide similar prognostic information [14].
They also have similar cut-off points to identify mild and moderate ARDS [15,16]. The
5.0, /F1O; ratio has served as an alternative to the P,O,/F;O; ratio in defining pediatric
ARDS [17] and adult ARDS in resource-limited settings [18,19].

The oxygen saturation index (OSI) is generated by adding MAP to the S,0,/F;O,
ratio and is calculated using the equation

0SI — FiOy x MAP x 100
5,02

The OSI can be non-invasively obtained and performs better than S,0, /F{O,, P,O, /F{O,
or the Ol in predicting the mortality rate of ARDS [20,21]. The OSI can also be helpful in
stratifying mortality risk for ARDS patients. The AUROCs to diagnose the P,O, /F;O; ratio of
less than 100, 200 and 300 with the OSI were 0.922, 0.869 and 0.787, respectively [22]. Using
the OSI instead of P,0,/F;O; to define and categorize ARDS can bypass the aforementioned
drawbacks of the Berlin definition. The OSI has already been used to define and categorize
pediatric ARDS with different severities [17]. For adults, the role of the OSI in the stratification
of risk in patients with ARDS has not been studied enough. In this study, we tried to evaluate
using the OSI to categorize adult ARDS patients with different severities.

2. Materials and Methods
2.1. Patient Enrollment

We retrospectively collected the data of invasively ventilated patients with ARDS
admitted to Changhua Christian Hospital, a medical center with a total of 130 ICU beds
distributed in 5 separate wards, between January 2012 and November 2018. These patients
were identified by screening discharge diagnoses of ARDS and acute respiratory failure
in electronic archives. Each diagnosis of ARDS was defined by the Berlin definition [1]
and was reconfirmed by a pulmonologist. Exclusion criteria included age less than 20 or
over 90 years old, body weight less than 40 or over 100 Kg, a total duration of invasive
ventilation less than 48 h, absence of retrievable data of arterial blood gas or MAP in the
first 3 days of ARDS diagnosis, using airway pressure release ventilation or high-frequency
oscillation ventilation or extracorporeal membrane oxygenation during the ARDS period,
co-morbidities of metastatic malignancy, congestive heart failure (left ventricular ejection
fraction less than 35%) or ventilator dependence (invasive ventilation for 21 days or more
before the onset of ARDS), having been transferred to other hospital or discharged against
medical advice (without traceable clinical outcome), having been withdrawn from the
life-support due to hospice, having been enrolled in other ARDS-related clinical studies
and absence of need for lung-protective ventilation, which was defined by F;O, > 50%
and PEEP > 5 cmH,0 [23]. The patients’” data were traced until death or the 90th day
after the diagnosis of ARDS. This study was approved by the institutional review board of
Changhua Christian Hospital (approval number 191228).

2.2. Data Collection

Baseline variables when ARDS was diagnosed for the first time were collected. They
include age, sex, body mass index (BMI), acute physiology and chronic health evaluation II
(APACHE 1I) score, sequential organ failure assessment (SOFA) score, comorbidity, risk
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factors for ARDS and type of ICU admitted. Whether patients received sedation, muscle
relaxant, systemic steroid, vasopressor, hemodialysis, prone position or total parenteral
nutrition during the ARDS period was recorded. If the patients were under pressure-
targeted ventilation and plateau pressures were not measured directly, the peak airway
pressure or the sum of PEEP and the set increment of inspiratory pressure were used to
represent plateau pressure [23].

2.3. Derivation of OI, OSI and Other Indices

The highest MAP and lowest P,O,/F;O; and S,0,/F;O; in the initial 3 days after
ARDS diagnosis were used to calculate OI and OSI. The equation for calculating OI and OSI
was mentioned in the previous section. We also adopt the lowest P,O, /F{O; and S,0,/F;O,
of the initial 3 days as the commonly used predictor of ARDS mortality. Categorization
according to Berlin definition was based on the lowest P,O, /F;O; of the initial 3 days.

2.4. Statistical Analysis

Scatter plots and Spearman’s rho correlation analysis were used to present the linear
correlation of Ol and OSI. Categorical and continuous variables were expressed as numbers
(proportions), mean =+ standard deviation (SD) and median and interquartile range (IQR),
respectively. The discriminating abilities of OI, OSI, 5,0, /FO,, P,O2/F{O,, APACHE II
score and Berlin definition regarding mortality were assessed using receiver operating
characteristic (ROC) curves and the corresponding AUROCsS. Furthermore, ROC was also
used to evaluate the OI and OSI categories with respect to P,O,/F;O; of less than 200
or 100, respectively. The incidence rate per 100 person—days was used to visualize the
trend of the hazard ratio for death over continuous values of OSI and OI. OI and OSI
values were classified into low, moderate and high groups based on similar magnitudes
of hazard according to the incidence rate per 100 person-days. Kendall’s tau correlation
was calculated to evaluate the correlation between the categorizations by P,0,/FO,
ratio-based Berlin definition, OI category and OSI category. Kaplan-Meier curves of
estimated 28-day and 90-day survival were plotted and differences between the three
groups were compared using the log-rank test. Survival analyses were performed to assess
the association of OI, OSI levels and groups with mortality, using the low group category as
the reference. According to the OI and OSI groups, crude and multivariate Cox proportional
hazard models were constructed to estimate the mortality risk during the follow-up period.
Statistical analyses were performed using SAS, and a visualization plot was performed
using the R software (version 4.1.0 accessed on 18 May 2021; The Comprehensive R Archive
Network: http:/ /cran.r-project.org). All two-sided p-values less than 0.05 were considered
statistically significant.

3. Results
3.1. Clinical Characteristics of Patients with ARDS

A total of 786 patients were found with invasive ventilation for ARDS and acute
respiratory failure. Four hundred and seven patients were excluded due to extreme body
weight for 20 of them, absence of traceable clinical outcomes for 19 of them, having been
invasively ventilated for less than 48 h for 175 of them, other terminal comorbidities for
102 of them, absence of arterial blood gas data in the initial 3 days for 3 of them, having
been ventilated by special modes for 2 of them, having received extracorporeal membrane
oxygenation during the ARDS period for 70 of them, absence of ventilator settings eligible
for lung-protective ventilation for 12 of them and having been withdrawn from a life-
sustaining machine for hospice for 4 of them. Therefore, 379 patients were analyzed. The
clinical characteristics of these patients are summarized in Table 1.
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Table 1. Clinical characteristics of the patients with ARDS (n = 379).

Value
Age (year), mean + SD 64 £16
Male, No. (%) 262 (69)
BMI, median (IQR), (Kg/m?) 23 (20-26)
APACHE II Score, median (IQR) 24 (18-30)
SOFA score, median (IQR) 7 (5-10)
Lung injury score, median (IQR) 11 (10-12)
Severity by Berlin definition
Mild, No. (%) 23 (6)
Moderate, No. (%) 145 (38)
Severe, No. (%) 189 (50)
Missing, No. (%) 22 (6)
Comorbidity
Chronic obstructive pulmonary disease, No. (%) 126 (33)
Diabetes mellitus, No. (%) 137 (36)
Hypertension, No. (%) 178 (47)
Chronic kidney disease, No. (%) 50 (13)
Heart failure, No. (%) 117 (31)
Cerebral vascular accident, No. (%) 90 (24)
Liver cirrhosis, No. (%) 44 (12)
Malignancy, No. (%) 88 (23)
Surgical ICU Admission, No. (%) 57 (15)
Treatment received during ARDS period
Sedation, No. (%) 350 (92)
Muscle relaxant, No. (%) 356 (94)
Vasopressor, No. (%) 294 (78)
Total parenteral nutrition, No. (%) 75 (20)
Systemic steroid, No. (%) 320 (84)
Prone position, No. (%) 42 (11)
Hemodialysis, No. (%) 50 (13)
Continuous hemofiltration, No. (%) 126 (33)
Oxygenation index, median (IQR) 21 (15-31)
Oxygen saturation index, median (IQR) 19 (14-24)
V1/PBW ! (mL/Kg), median (IQR) 9 (8-10)
P,0,/F;O; ratio, median (IQR) 96 (71-133)
Crs 2 (mL/cmH,0), median (IQR) 26 (22-31)
Plateau Pressure > (cmH,0), median (IQR) 32 (30-35)
PEEP (cmH,0), median (IQR) 10 (10-12)
Driving Pressure 3 (cmH,0), median (IQR) 21 (19-24)
28-day Mortality, No. (%) 186 (49)
90-day Mortality, No. (%) 233 (61)
Ventilator-free days, day 1-28 4 median (IQR) 16 (6-22)

1'V1/PBW: tidal volume/predicted body weight. > Crs: respiratory system compliance. * Putative numbers,
subject to over-estimation. See Section 2 or details. 4 In patients surviving by day 28.
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3.2. Correlation between OI and OSI

The OI and OSI were correlated by OI = —4.449 + 1.406 OSI and Spearman’s rho of
0.844 (p < 0.001) (Figure S1).

3.3. Comparison of ROC Curves of Commonly Used Indices in the Prediction of Mortality

The ROC curves of six commonly used indices, i.e., OI, OSI, Sp02/F10;, P02 /F10,,
APACHE II score and the Berlin definition, for predicting the mortality of ARDS patients,
are depicted in Figure 1. The AUROC of the OSI was 0.630 (95% CI: 0.57-0.69) in predicting
mortality at 28 days. This value was higher than that of any other index. In terms of
predicting 90-day mortality, the AUROC of the OSI was 0.621 (95% CI: 0.56-0.68). Again,
this AUROC was the largest among the six commonly used indices.

ROC comparison for 90 days mortality
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Figure 1. Comparison of ROC curves of six commonly used predictors of ARDS mortality. AUROCs
of OSI were the highest for mortality at 28 days or 90 days.

3.4. Using the OI or OSI Category to Diagnose P;O,/F1O; Less Than 200 or 100

The AUROC of the OI category for diagnosing P,O,/FjO; of less than 200 and 100
was 0.79 (0.72-0.87) and 0.94 (0.92-0.97), respectively. The AUROCs of the OSI category in
diagnosing P,O, /F{O; of less than 200 and 100 were 0.76 (0.68-0.84) and 0.84 (0.79-0.88),
respectively (Figure S2).

3.5. Using the OI and OSI Values to Categorize ARDS with Different Severities

The incidence rates of mortality for every 100-person-day were plotted against con-
tinuous OI and OSI values divided by each 10 percentiles, as seen in Figure 2. Based
on incidence rates of mortality, the types of ARDS were categorized into three mutually
exclusive groups: mild (OI < 15.91, or OSI < 14.69), moderate (15.91 < OI < 28.78 or
14.69 < OSI < 23.08) and severe (OI > 28.78, or OSI > 23.08).

3.6. Correlations between OI/OSI-Based and P,0,/F1O;-Based (Berlin Definition) Categorization

OI or OSI-based categorization was highly correlated with P,O,/F;O; ratio catego-
rization by a Kendall’s tau of 0.754 (p < 0.001) (for the OI) or 0.578 (p < 0.001) (for the OSI)
(Figure 3).

3.7. Mortality of Various OI/OSI-Based Severity Categories

The Kaplan-Meier curves of ARDS patients with various OI or OSI-based severity
categories were significantly different for 28-day or 90-day mortality. All of these log-rank
p-values were less than 0.001 (Figure 4). The mortality rate for each OI- or OSI-based
severity category is presented in Table S1.
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Figure 2. Incidence rate of mortality per 100-person-day stratified by the 10th percentiles of OI (A)
and OSI (B). ARDS were classified into 3 groups: mild (OI < 15.91, or OSI < 14.69), moderate
(15.91 < OI < 28.78 or 14.69 < OSI < 23.08) and severe (OI > 28.78, or OSI > 23.08).
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Both were highly correlated by a Kendall’s tau of 0.754 (p < 0.001) (for OI) or 0.578 (p < 0.001) (for OSI).
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Figure 4. Kaplan—Meier curves of ARDS patients with various OI/OSI-based categories. ARDS
patients categorized by OI for 28-day (A) or 90-day (B) survival. Kaplan-Meier curves of ARDS
patients categorized by OSI for 28-day (C) or 90-day (D) survival.
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3.8. Univariate Analyses of Variables Associated with Mortality

By univariate analysis, the selected variables potentially associated with mortality at
28 days are presented in Table 2.

Table 2. Univariate analysis of selected variables potentially associated with 28-day mortality.

Survival Death HR (95% CI) p-Value
Age (year), mean + SD 624 +16.6 65.3 +15 1.00 (0.99-1.01) 0.40
Male, No. (%) 126 (65) 136 (73) 1.37 (0.99-1.90) 0.06
BMI, median (IQR), (Kg/m?) 23 (21-27) 23 (20-26) 0.97 (0.94-1.00) 0.07
APACHE II Score, median (IQR) 24 (18-30) 24 (19-29) 1.00 (0.99-1.02) 0.57
SOFA score, median (IQR) 7 (5-10) 7 (5-10) 1.02 (0.98-1.06) 0.29
Lung injury score, median (IQR) 11 (10-12) 11 (10-12) 1.01 (0.94-1.09) 0.82
Severity by Berlin definition
Mild, No. (%) 9(5) 14 (8) 1 1
Moderate, No. (%) 87 (48) 58 (33) 0.58 (0.33-1.05) 0.07
Severe, No. (%) 87 (48) 102 (59) 0.95 (0.55-1.67) 0.87
OI, median (IQR) 18 (13-27) 24 (16-35) 1.03(1.02-1.05) <0.01*
Mild, No. (%) 87 (47) 57 (33) 1
Moderate, No. (%) 62 (34) 45 (26) 1.11 (0.75-1.64) 0.60
Severe, No. (%) 35 (19) 72 (41) 245 (1.73-3.47) <0.01 *
OS], median (IQR) 18 (13-22) 21 (14-26) 1.05 (1.03-1.07) <0.01*
Mild, No. (%) 90 (47) 63 (34) 1
Moderate, No. (%) 67 (35) 47 (25) 1.01(0.69-1.47) 0.96
Severe, No. (%) 36 (19) 76 (41) 2.39 (1.71-3.35) <0.01*
Comorbidity
Hypertension, No. (%) 98 (51) 80 (43) 0.74 (0.55-0.98) 0.04 *
Liver cirrhosis, No. (%) 15 (8) 29 (16) 1.61 (1.08-2.39) 0.02*
Malignancy, No. (%) 32 (17) 56 (30) 1.54 (1.13-2.11) 0.01*
Treatment received
Vasopressor, No. (%) 128 (66) 166 (89) 3.12 (1.96-4.97) <0.01*
Hemodialysis, No. (%) 30 (16) 20 (11) 0.61 (0.38-0.97) 0.04 *
Continuous hemofiltration, No. (%) 42 (22) 84 (45) 1.99 (1.49-2.66) <0.01*
V1/PBW ! (ml/Kg) 9 (8-10) 9 (8-10) 0.86 (0.8-0.94) <0.01*
Cgs 2 (ml/cmH,0) 28 (25-33) 24 (20-28) 0.94 (0.92-0.96) <0.01*
PEEP (cmH;0) 10 (9-12) 11 (10-13) 1.13 (1.06-1.22) <0.01*
Driving pressure 3 (emH,0) 20 (18-23) 22 (20-25) 1.07 (1.03-1.10) <0.01*

1 V1 /PBW: Tidal volume/predicted body weight. 2 Crs: Compliance of respiratory system. 3 Putative numbers,
subject to over-estimation. See Section 2 for details. * p < 0.05.

The OI and OSI were both associated with increased mortality. However, the tradi-
tional ICU severity index (APACHE II score, SOFA score) or lung injury score was not
associated with mortality at 28 days. Severe ARDS classified by OI > 28.78 had a 28-D mor-
tality hazard ratio (HR) of 2.37 (1.73-3.26) over the mild counterpart (OI < 15.91) (p < 0.01).
Severe ARDS classified by OSI > 23.08 had a 28-D mortality HR of 2.14 (1.58-2.91) over
the mild counterpart (OSI < 14.69) (p < 0.01). In contrast, the 28-D mortality HR of severe
ARDS classified by the Berlin definition was 0.89 (0.53-1.47) over the mild counterpart,
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which was not significantly different (p = 0.64). The contributors to 90-day mortality are
presented in Table S2. The data are similar to those of mortality at 28 days.

3.9. Multivariate Cox Proportional Hazard Analyses of Variables Associated with Mortality

Multivariate Cox proportional hazard analyses found that the OI (or OSI) as a continu-
ous value and respiratory system compliance (Crs) were independently associated with
mortality at 28 days. When patients were divided into three groups of severity based on the
OI (or OSI), the severe group (versus mild) and Crg were independent factors associated
with mortality at 28 days. The OI (or OSI) was also independently associated with mortality
at 90 days (Table 3).

Table 3. Multivariate Cox proportional hazard analysis of factors associated with mortality.

28-Day Mortality ! 90-Day Mortality 2
aHR 2 (95% CI) r aHR (95% CI) r aHR (95% CI) r aHR (95% CI) r
OI or OSI as continuous values
O1I 1.03 (1.01-1.04) <0.01 - - 1.04 (1.02-1.06) <0.001 - -
OsI - - 1.03 (1.01-1.05) <0.01 - - 1.04 (1.02-1.06) <0.01
Crs 0.93 (0.91-0.96) <0.01 0.94 (0.92-0.97) <0.01 0.93 (0.90-0.95) <0.001 0.93 (0.91-0.95) <0.01
V1/PBW 1.06 (0.95-1.17) 0.31 1.06 (0.96-1.17) 0.26 1.15 (1.04-1.27) 0.007 1.12 (1.01-1.23) 0.03
OI or OSI as 3 groups
QI group
Mild 1 - - 1 - -
Moderate 1.05 (0.71-1.57) 0.80 - - 1.47 (0.95-2.30) 0.09 - -
Severe 2.24 (1.54-3.26) <0.01 - - 3.03 (1.85-4.95) <0.01 - -
OSI group
Mild - - 1 - - 1
Moderate - - 0.98 (0.67-1.44) 0.94 - - 0.96 (0.66-1.41) 0.84
Severe - - 2.26 (1.58-3.24) <0.01 - - 2.15(1.43-3.24) <0.01
Crs 0.93 (0.91-0.96) <0.01 0.93 (0.91-0.96) <0.01 0.93 (0.90-0.95) <0.01 0.93 (0.90-0.95) <0.01
V1 /PBW 1.07 (0.96-1.19) 0.22 1.06 (0.96-1.17) 0.25 1.16 (1.06-1.28) 0.01 1.15 (1.05-1.26) <0.01

1 Model was adjusted for gender, BMI, hypertension, liver cirrhosis, malignancy, vasopressor, hemodialysis and
continuous hemofiltration. 2 Model was adjusted for age, gender, BMI, P,O,/F;O, ratio, hypertension, liver
cirrhosis, malignancy, vasopressor, systemic steroid, prone position and continuous hemofiltration. 3 Adjusted
hazard ratio.

4. Discussion

In this study, we report the first OSI-based mortality risk stratification in adult ARDS
patients. This novel categorization showed a good correlation the with P,O, /F;O;-based
Berlin definition (Figure 3), but it did not require an invasive technique and could be con-
veniently obtained. Furthermore, this OSI-based categorization was found to be superior
to the P,O,/F{O,-based Berlin definition in discriminating the risk of mortality at 28 or
90 days (Tables 2, S1 and S2). Therefore, we think that the OSI could be an alternative to the
P,0O,/F1O,-based Berlin definition in categorizing adult ARDS with different severities.

Our study also demonstrates that the OSI has the largest AUROC in discriminating
either 28-day or 90-day mortality, better than the other five commonly used predictors,
ie., OI, S,0,/F1Oy, P20y /F1O,, APACHE I score and the Berlin definition in this study
(Figure 1). This result was in congruence with several previous reports [20,21]. For the
detection of hypoxemia, S,O, (or S,O3) is less sensitive than P,O, when S,0; is above 97%,
but 5,0, is a reliable predictor of P,O, in most other clinical circumstances [24]. Unlike
sporadically sampled P,O,, 5,0, is continuously monitored and less likely to miss any
hypoxemic episode. Missing P,O,/F{O; data during significant hypoxemia may lead to the
underestimation of severity and inaccurate prognostic prediction. We think that this may be
the main reason why SpOz-based OSI outperforms other P,O,-based indices in prognostic
prediction. Our speculation gains support from a large retrospective study including more
than 35,000 patients. This study found that substituting missing P,O,/F;O, data in the
Sequential Organ Failure Assessment score with 5,0, /F[O; has greater discrimination
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ability for mortality than the miss-as-normal technique. The difference was most prominent
in a subgroup of patients without baseline P,O, /F;O; data [25].

Incorporating airway pressure into the equation may be another explanation for the
OSI’s superior prognostic prediction ability compared to S,O0,/F{Oz, P20, /F{O; or the
Berlin definition. Airway pressure is associated with lung compliance and ventilator
settings, which surely contribute to outcomes of ARDS, as we have demonstrated in our
multivariate analysis (Table 3). Barotrauma is the first well-studied mechanism of ventilator-
induced lung injury [26]. Animal and clinical studies have shown that high airway pressure
can induce pulmonary alveolar damage [6-8]. On the contrary, lower airway pressure has
been shown to have a survival benefit in several large clinical trials [9,10].

DesPres et al. found that, when the OSI of their ARDS patients was greater than 19,
the hospital mortality risk was greater than 30% [20]. Another study reported an adjusted
odds ratio of 5.22 for mortality when the OSI was greater than 12 [21]. However, the above
information is too indistinct to be applied in stratifying clinical ARDS cases. Here, we
suggest unequivocal cut-off points (14.69 and 23.08) for defining three categories of ARDS,
which are in line with usual clinical practice and the Berlin definition. The cutoff points
that we suggested reflect the specific population group we collected in this study. This
needs further verification by more studies with larger case numbers.

The outcomes of our mild and moderate groups are not significantly different no
matter whether they are defined by the OI, OSI or Berlin definition. The hazard ratios
of 28-D mortality for the moderate group (vs. mild) are 1.11, 1.01 and 0.58 by the OI,
OSI and Berlin definition, respectively (Table 2). Since the discriminative ability of the
Berlin definition has been proved [1], the failure to differentiate the two may be due to
sampling-related type II error rather than the test itself. The inadequate number of mild
ARDS cases (by the Berlin definition) may contribute to this error (Table 1). The correlation
between the mild OI/OSI and P,O,/F;O; ratio is not as significant as in the severe cases
(Figure 3) can also be explained by this underrepresentation of the mild group. That is the
first limitation of this study.

The second limitation of this study is that the patients were all collected from one
medical center. To make the result of this study more relevant to patients with ARDS from
other areas, we need more research with broader demographics.

Another limitation of this study is that only intubated patients with ARDS were
enrolled. Non-invasive ventilators or high flow nasal oxygen are now more frequently
applied to ARDS patients with a condition not severe enough to be intubated. The definition
of pediatric ARDS has been broadened to include non-intubated patients [17]. The newly
released global definition of ARDS also includes non-intubated adult patients [19]. We hope
that future OSI or OI studies can incorporate this cohort of patients. However, accurately
measuring airway pressure for OSI/OI calculation in non-intubated ARDS patients is an
obstacle to overcome.

ARDS patients with COVID-19 were not included in our study. We are not confident
that the results obtained from this study are applicable to this specific group of patients.

5. Conclusions

We present the first OSI-based severity stratification for adult patients with ARDS
and find that it serves well as an alternative to the Berlin definition. The cut-off values we
proposed need verification in future studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/diagnostics14010037/s1, Figure S1:The correlation between OI
and OSI by scatter plots and Spearman’s rho correlation analysis; Figure S2: Using the OI or OSI
category to diagnose P,O, /F;O; less than 200 or 100 by ROC; Table S1: Mortality of various category
of ARDS patient defined by Berlin definition, OI and OSI; Table S2: Univariate analysis of selected
variables potentially associated with 90-day mortality.
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Highlights:

What are the main findings?

e Good clinical outcomes with H-CPAP in RICU, especially in mild and moderate CARDS.

e  Significant improvement of prognosis in the three different waves: patients’ diseases were
found to be progressively slightly less severe. (No patient had yet received at least one dose of
vaccination against COVID-19.)

What is the implication of the main finding?

e H-CPAP success strongly correlates with worst PaO, /FiO; ratio and D-dimer level at admission.
e Relevance of proper management during hospitalization by pulmonologists in RICU.

Abstract: COVID-19 Acute Respiratory Distress Syndrome (CARDS) is the most serious complication
of COVID-19. The SARS-CoV-2 outbreaks rapidly saturated intensive care unit (ICU), forcing the
application of non-invasive respiratory support (NIRS) in respiratory intermediate care unit (RICU).
The primary aim of this study is to compare the patients’ clinical characteristics and outcomes (Helmet-
Continuous Positive Airway Pressure (H-CPAP) success/failure and survival/death). The secondary
aim is to evaluate and detect the main predictors of H-CPAP success and survival/death. A total
of 515 patients were enrolled in our observational prospective study based on CARDS developed
in RICU during the three Italian pandemic waves. All selected patients were treated with H-CPAP.
The worst ratio of arterial partial pressure of oxygen (PaO;) and fraction of inspired oxygen (FiO;)
PaO,/FiO, during H-CPAP stratified the subjects into mild, moderate and severe CARDS. H-CPAP
success has increased during the three waves (62%, 69% and 77%, respectively) and the mortality rate
has decreased (28%, 21% and 13%). H-CPAP success/failure and survival/death were related to the
PaO, /FiO, (worst score) ratio in H-CPAP and to steroids” administration. D-dimer at admission, FiO,
and positive end expiratory pressure (PEEP) were also associated with H-CPAP success. Our study
suggests good outcomes with H-CPAP in CARDS in RICU. A widespread use of steroids could play
arole.
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1. Introduction

Acute hypoxemic respiratory failure (AHRF) is the most common cause of intensive
care unit (ICU) admission in adult patients, often leading to endotracheal intubation and
invasive mechanical ventilation (IMV). Although COVID-19 causes very mild symptoms in
most cases, approximately 20% of the patients develop acute hypoxemic respiratory failure
(AHRF) with bilateral interstitial pneumonia [1]. Acute respiratory distress syndrome
(ARDS) is the most serious complication of COVID-19 that occurs in 20-41% of patients
with AHREF [2]. Despite the progress achieved in supportive care, the mortality rate of
ARDS in ICU is still high (35-40%) and it increases with the severity of hypoxemia (27% in
mild, 32% in moderate, 45% in severe ARDS, as defined by the Berlin Definition) [3].

In COVID-19 acute respiratory distress syndrome (CARDS) treated with IMV in ICU,
prognosis seems to be even worse than that associated with non-COVID-19-related ARDS,
and it varies widely [4-7]. In Lombardy, northern Italy, the COVID-19 pandemic has
led to a substantial increase in the number of patients admitted to hospital with CARDS.
In particular, in the first wave, this produced a heavy burden on the healthcare system,
especially on ICUs, which easily ran out of resources since almost 10% of the hospitalized
COVID-19 patients needed IMV. Until the outbreak of COVID-19 pandemic, evidence
suggested the limiting of non-invasive respiratory support (NIRS) to carefully selected
patients with mild-to-moderate ARDS and to apply it in experienced centers with close
monitoring of blood gases and respiratory mechanics in order to avoid delayed intubation
in case of failure [8,9].

The frequent lack of ICU beds has pushed authorities to create respiratory intermediate
care units (RICU) in order to face the increasing number of patients with CARDS who
need respiratory support and monitoring [10]. This can be carried out by pulmonologists
with good previous experience in treating severe community-acquired pneumonia with
helmet continuous positive airway pressure (H-CPAP) [11] where H-CPAP had previously
demonstrated good efficacy [11,12]. Concerning NIRS, CPAP was significantly associated
with a lower risk of mortality [13-15], and the H-CPAP has been proposed as an alternative
to facemask [16]. In addition, for healthcare workers’ protection from SARS-CoV-2 infection,
the helmet has negligible air dispersion [17]. Applying a single level of pressure during the
entire respiratory cycle, CPAP enables a reduction in the risk of excessive transpulmonary
pressure and contributes to lung protection (reducing the risk of patient self-induced lung
injury (P-SILI)). In addition, H-CPAP was available for all treated patients and it was easier
to manage than pressure support ventilation (PSV) with Helmet. Other forms of NIRS,
such as high flow nasal cannula (HFNC), were numerically unavailable.

The primary aim of this study is to compare the patients’ clinical characteristics and
outcomes (H-CPAP success defined as direct discharge from RICU without intubation
and survival/death) during the three different waves. The secondary aim is to evaluate
and detect the main predictors of H-CPAP success and survival/death in patients selected
according to CARDS criteria.

2. Materials and Methods
2.1. Sample Selection

During the three waves of COVID-19 pandemic, 2159 patients with COVID-19 pneumo-
nia, defined as the presence of interstitial pulmonary infiltrates and a positive SARS-CoV-2
nasal-pharyngeal swab, were admitted at Vimercate Hospital, Lombardy, Italy between
March 2020 and May 2021. Of these, 871 patients were hospitalized in the Pulmonology
Division. Among these, 515 were enrolled in our observational prospective study based
on the development of CARDS defined by the Berlin Definition (ratio of arterial partial
pressure of oxygen (PaO,) and fraction of inspired oxygen (FiO;) PaO,/FiO, < 300 with
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positive end-expiratory pressure (PEEP) > 5 cm H,O and bilateral interstitial pneumonia)
during hospital stay [3]. The exclusion criteria were as follows: age higher than 81 (pa-
tients older than 81 were rarely admitted to ICU, and there were none in our case study)
and patients who did not develop CARDS during hospitalization. All selected patients
(ages 18-80) were treated with H-CPAP in RICU. No patient had yet received one dose of
vaccination against COVID-19.

2.2. Clinical Procedures and Monitoring

In our hospital, the ad hoc RICU dedicated to COVID-19 patients with AHRF (imple-
mented from 6 to 50 beds) was characterized by continuous multi-parametric monitors,
access to high-flow oxygen and air sources with systems to obtain adequate values of
delivered FiO,, onsite life support and intubation kit, a nurse patient ratio between 1:6 and
1:10, and full day shifts run by pulmonologists.

All patients included in the study were hemodynamically stable, with a normal
Glasgow Coma Scale (GCS) score, (GCS = 15) and did not show multi-organ system failure,
acidosis or hypercapnia [18]. They poorly responded to treatment with high-flow oxygen
therapy with a Venturi mask or a non-rebreathing oxygen mask (oxygen saturation (SpO,)
< 92%, respiratory rate > 24, Breaths Per Minute, thoraco-abdominal dyssynchrony).

H-CPAP was delivered with a pressure between 5 and 15 cm H,O. and FiO; between
50 and 100%, with a target oxygen saturation of 92-98%; if reducing the FiO; up to 50%,
the saturation remained above 98%, and the PEEP also progressively decreased. During
H-CPAP therapy, the patients were moved, when feasible, into prone position, which was
maintained for at least two hours. After two hours, the blood gas control PaO, /FiO; ratio
was re-calculated. The most critical patients were selected by pulmonologists and evaluated
by intensivists to decide on ICU transfer.

The indication for IMV included the following criteria: (1) a reduced level of conscious-
ness, (2) persistent hypoxemia with altered mechanical breathing, (3) H-CPAP intolerance,
(4) hemodynamic instability, and (5) multi-organ failure.

The Do-Not-Intubate (DNI) order was the decision to withhold intubation and to use
H-CPAP as the “ceiling” treatment considering the patient’s characteristics and the reduced
availability of ICU beds. DNI criteria was considered by intensivists only in cases in which
intubation was necessary, not at the admission stage.

Unless contraindicated, prophylactic low-molecular-weight heparin was administered
to all patients, except those already on home anticoagulation therapy. In the first wave,
Computed Tomography (CT) Angiography (Revolution 1285, General Electric Company,
Boston, MA, USA) was performed as soon as the clinical condition worsened in associa-
tion with a significant increase in D-dimer (immunoturbidimetric method - Instrument:
ACLTOP550, Instrumentation Laboratory, Bedford, MA, USA; Reagent: Instrumentation
Laboratory, Bedford, MA, USA). With D-dimer >1000 and CT Angiography negative for
pulmonary embolism, 100 units/kg of low-molecular-weight heparin was administered
daily [19]. In the second and third waves, the D-dimer dosage was performed daily for
the first week of hospital stay and, in case of a significant increase even without clinical
worsening, CT Angiography was performed. Therapeutic low-molecular-weight heparin
(100 unit/kg twice a day) was administered in case of confirmed pulmonary embolism.

In the first wave, most patients were treated with systemic corticosteroids (methylpred-
nisolone at a dose of 1 mg/kg per day) for 10 days gradually reduced in case of positive
outcome. In the second and third waves, all patients received corticosteroids.

2.3. Statistical Analysis

Descriptive statistics for the socio-demographic, clinical and outcome variables are
given in terms of mean, median and standard deviation for numerical variables and
percentage distribution for categorical variables. Normality assumption was assessed using
the Shapiro-Wilk test and the graphical inspection via QQ-plots. ANOVA or corresponding
nonparametric Kruskal-Wallis tests were applied for comparing numerical variables across

67



Adv. Respir. Med. 2023, 91

three categories of pandemic waves. Chi-squared tests were applied for analyzing the
association between categorical variables and waves.

Associations among socio-demographic and clinical variables with the three outcomes
(one at a time) were evaluated using univariate logistic regression models. Subsequently,
multiple logistic models, including, as covariates and factors, all the significant variables
detected through univariate models, were performed. The choice of the best model, in terms
of significant predictors which better explain the outcome, was carried out by following
the stepwise procedure [20].

Finally, the survival analysis through the Kaplan-Meier (KM) curve was used to
analyze the survival time in hospital. Differences in KM-curves between different groups
were evaluated using the Log-rank test.

The analyses were carried out using SPSS Statistics for Windows, (Version 26.0) and
the software R (R Core Team (2020), https:/ /www.R-project.org/ (accessed on 28 Febru-
ary 2022)). The stepwise procedure was performed using the stepAIC function of the
R library MASS. Statistical significance was set at level 0.05.

3. Results
3.1. Socio-Demographic, Clinical and Outcomes Assessments across the Three Waves

Sample characteristics and features” descriptions of this prospective observational
study are reported in Tables 1-3. The sample did not show differences among waves for
the socio-demographic features except for the categorical variable ‘smoke’. With regard to
the comorbidities, differences among waves were found for patients with diabetes, tumor
and chronic renal failure: a higher percentage of patients with such comorbidities were
detected in the second and the third waves.

Table 1. Socio-demographic features, comorbidity and prognostic score of the whole sample by waves.

Wavel Wave2 Wave3
Variables Mean([sl\lgidlan] Mean([sl\]';idlan] Mean([sl\];I)lean] Tot p-Value Post Hoc
N =150 N =180 N =185
Socio-demographic features
Age 61.9 [63.3] (10.8) 63.5 [65] (10.9) 62.2 [64] (11.2) 515 0316
Sex
Females N =27;24.3% N = 38; 34.2% N = 46; 41.4% 111
Males N =123;30.4% N = 142; 35.1% N = 139; 34.7% 404 0.310
Body Mass Index (BMI) 29.4[29.4] (4.7) 30.2 [29] (6.6) 29.7 [29] (4.7) 361 0.847
Smoke
No  N=104;39.2% N = 69; 26% N =92;34.7% 265 1vs.2,3
Yes N =1;4.2% N =8; 33.5% N =15; 62.5% 24 <0.001
Ex-smokers N =45; 26% N=65; 37.6% N =63;36.4% 173
Comorbidity and prognostic score
Hypertension
No  N=78329% N =74;31.2% N = 85;35.9% 237
Yes  N=72;259% N = 106; 38.1% N = 100; 36% 278 0.142
Ischemic cardiac disease
No  N=132;29.7% N = 150; 33.8% N = 163; 36.5% 445
Yes N = 15; 25% N = 26; 43.3% N =19; 31.7% 60 0.349
Cardiovascular disease
No  N=129;30.3% N = 144; 33.8% N = 153; 35.9% 426
Yes  N=21;23.6% N = 36; 40.4% N =32; 36% 89 0.357
Hypercholesterolemia
No  N=122;283% N = 152; 35.3% N = 157; 36.4% 431
Yes N =28;333% N =28;33.3% N = 28; 33.3% 84 0.646
Diabetes
No  N=139;32.7% N = 136; 32% N = 150; 35.3% 425 1vs.23
Yes  N=11;122% N = 44; 48.9% N = 35; 38.9% 90 <0.001
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Table 1. Cont.

Wavel Wave2 Wave3
Variables Mean([sl\]/;dlan] Mean([sl\]/;dlan] Mean([sl\]gidlan] Tot p-Value Post Hoc
N =150 N =180 N =185
Neoplasia
No N =144; 31% N =149;32.1% N =171;36.9% 464 2vs. 1,3
Yes  N=6;11.8% N =31; 60.8% N =14; 27.5% 51 <0.001
Chronic obstructive pulmonary
disease (COPD)/asthma
No N =136;29.4% N =158; 34.2% N =168; 36.4% 462
Yes  N=14;26.4% N = 22; 415% N =17;32.1% 53 0.571
Chronic renal failure
No N = 149; 30.5% N =164; 33.6% N =175; 35.9% 488 1vs. 23
Yes N=1;37% N = 16;59.3% N =10;37% 27 0.004
Apache I score 10.6 [10] (3.6) 10.3 [11] (5.0) 9.7[10] (4.3) 513 0.110

Percentages are reported by row, i.e., the percentages are expressed in terms of total across waves; percentage
by column can be obtained considering the patient numbers by wave reported in the table head. N: number
of patients.

Table 2. Pharmacological treatment, blood tests, CARDS classes at admission and ICU transfer of the
whole sample by waves.

Wavel Wave2 Wave3
Variables Mean([sl\éidian] Mean([sl\]/;dian] Mean([sl\él)idian] Tot p-Value Post Hoc
N =150 N =180 N =185
Pharmacological treatment during hospitalization

Antivirals
No  N=46;113% N = 176; 43.3% N = 184; 45.3% 406 1vs.23
Yes  N=104;954% N =4;3.7% N=1;09% 109 <0.001

Remdesivir
No N =146;29% N =177;35.1% N = 181; 35.9% 504
Yes N =4;364% N = 3;27.3% N = 4; 36.4% 1 0.822

Azithromycin
No  N=113;43.6% N = 70; 27.0% N = 76; 29.3% 259 1vs.23
Yes  N=37;145% N = 110; 43% N = 109; 42.6% 256 <0.001

Tocilizumab
No  N=139;27.6% N= 180; 35.7% N = 185; 36.7% 504 1vs.23
Yes  N=11;100% N =0; 0% N =0; 0% 11 <0.001

Plaquenil
No N =5;1.4% N= 180; 48.6% N = 185; 50% 370 1vs.23
Yes N =145;100% N =0; 0% N =0; 0% 145 <0.001

Steroids
No  N=32;865% N = 4;10.8% N=1,27% 37 1vs.23
Yes  N=118;24.7% N = 176; 36.8% N = 184; 38.5% 478 <0.001

COVID-19 Acute Respiratory Distress Syndrome (CARDS) classes at admission and Intensive Care Unit (ICU) transfer
CARDS classes (admission)

Pre-CARDS N = 25;33.3% N =29; 38.7% N =21; 28% 75
Mild N =50; 28.1% N = 61; 34.3% N =67; 37.6% 178 0.486
Moderate N =60; 27.1% N =74;33.5% N=87;39.4% 221 .
Severe N =15; 36.6% N =16;39% N =10; 24.4% 41
Intensive Care Unit
No N =118; 28.6% N =143;34.7% N =151;36.7% 412 0777
Yes N =32;31.1% N =37;35.9% N =34;33% 103 .
Blood tests
. . 3629.8 [630]
D-dimer test (admission) (ng/mL) 9423 586.6 [296] (1521) 443.2 [288] (919) 502 <0.001 1vs. 23
D-dimer test (worst) (ng/mL) 6933'223[822(;67] 357(19'2 6[5155)49] 2447 [719] (5054) 503 <0.001 1vs. 2,3

69



Adv. Respir. Med. 2023, 91

Table 2. Cont.

Wavel Wave2 Wave3
. Mean [Median] Mean [Median] Mean [Median]
Variables (SD) (SD) (SD) Tot p-Value Post Hoc
N =150 N =180 N =185
Ferritin (admission) 1993.3 [1283] 1894.4 [1027] 3551.1 [1712] 186 0.183
(ng/mL) (1943) (2542) (4384) ’
» 2750.4 [1631] 2368.9 [1274] 2008.9 [1540]
Ferritin (worst)(ng/mL) (3115) (2864) (1498 205 0.290
Interleukin-6 (admission) (pg/mL) 64.8 [32] (83.4) 60.8 [33] (78.0) 58.8 [34] (73.4) 377 0.925
. 171.8 [103.5] 113.1 [65.5]
Interleukin-6 (worst)(pg/mL) 338.2[89] (950.5) (235.7) (164.5) 398 0.029 2vs. 3

Percentages are reported by row, i.e., the percentages are expressed in terms of total across waves; percentages
by column can be obtained considering the patient numbers by wave reported in the table head. N: number
of patients.

Table 3. CPAP treatments and outcomes of the whole sample by waves.

Wavel Wave2 Wave3
. Mean [Median] Mean [Median] Mean [Median]
Variables (SD) (SD) (SD) Tot p-Value Post Hoc
N =150 N =180 N =185
Helmet Continuous Positive Air Pressure (H-CPAP) treatments
g’g}‘;ge End Expiratory Pressure 128 [12] 2.0) 9.719] (7.0) 8.118] (12) 512 <0001 1vs.2vs.3
FiO, 81.3[80] (12.4) 70.2 [70] (11.6) 71.8 [70] (9.4) 514 <0.001 1vs. 23
PaO, /FiO, (in oxygen) 132&2 11141)5 5l 159.6 [137] (53.8)  147.5 [130] (64.0) 514 0.001 1vs. 23
' o 217.8 [203.5] 212.1[199.5]
First PaO, /FiO, (in H-CPAP) (105.8) 91.8) 202.8 [195] (77.4) 515 0.747
o 116.7 [100.5]
Worst PaO, /FiO, (in H-CPAP) 100.5 [80] (56.5) (53.8) 147.0 [135] (64.5) 477 <0.001 1vs.2vs. 3
PaO, /FiO; post-pronation (in 242.4[227.5] 273.3 [227.5]
H-CPAP) (119.6) (108.6) 249.7 [240] (97.1) 396 0.051
Proned
No N = 54; 50.9% N = 24;22.6% N = 28; 26.4% 106 0.001 1vs. 2,3
Yes N =96; 23.5% N =156; 38.1% N=157; 38.4% 409 <0
Do Not Intubate (DNI)
No N =128;27.2% N =164; 34.9% N =178; 37.9% 470 0.002 3vs. 1,2
Yes N =22;48.9% N = 16; 35.6% N =7;15.6% 45
Outcomes
Death
No N =108; 26.2% N =143; 34.7% N =161;39.1% 412 0.003 1vs. 3
Yes N = 42; 40.8% N =37;35.9% N = 24; 23.3% 103 )
H-CPAP success
No N =57; 36.8% N =55; 35.5% N =43;27.7% 155 0.014 1vs. 3
Yes N =93; 25.8% N =125; 34.7% N = 142; 39.4% 360 ’

Percentages are reported by row, i.e., the percentages are expressed in terms of total across waves; percentages
by column can be obtained considering the patient numbers by wave reported in the table head. PEEP: Positive
end expiratory pressure; PaO, /FiO;: ratio of arterial partial pressure of oxygen (PaO,) and fraction of inspired
oxygen (FiO;). N: number of patients.

Regarding the pharmacological treatments, there was a reduction in the administration
of antivirals, tocilizumab and hydroxychloroquine over the course of the waves, while
there was an increase in the administration of azithromycin and steroids. Remdesivir was
rarely used in all waves (only in 11 patients, 2%).

Additionally, the choice to prone patients increased significantly over the course of
the waves.

D-dimer test was higher in wave 1 with respect to wave 2 and 3, while interleukin-6
(IL-6 worst) was lower in wave 3 with respect to the previous waves. Interleukin-6 was
dosed using the sandwich electrochemiluminescence immunoassay method (ECLIA) (by
ACLTOP550, Instrumentation Laboratory, Bedford, MA, USA; Reagent: Instrumentation
Laboratory, Bedford, MA, USA). Concerning H-CPAP treatment, PEEP and FiO, were
statistically higher in wave 1 with respect to the subsequent waves, whereas PaO, /FiO, in
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oxygen and PaO, /FiO, (worst) were significantly lower in the first wave with respect to
waves 2 and 3.

General improvements over the course of the waves have also been noticed for the
main outcomes: mortality, H-CPAP success and DNI. In particular, the mortality rate
was, respectively, 28% in the first wave, 20.5% in the second and 12.9% in the third wave.
H-CPAP success increased from 62% (93/150) to 69.4% (125/180) and to 78.4% (142/185),
and DNI decreased from 22 (14.6%) to 16 (8.8%) and to 7 (3.8%) (Tables 1-3).

Most patients at admission presented a CARDS pattern. CARDS was mild in 178 (34.6%),
moderate in 221 (42.9%) and severe in 41 (7.9%). There are a number of patients (1 = 75, 14.6%)
who did not fulfill CARDS criteria at admission (pre-CARDS) but all of them developed
CARDS during hospital stay (Figure 1). The worst PaO, /FiO, ratio during H-CPAP stratified
the subjects into mild (82-15.9%), moderate (202-39.2%) and severe (231-44.9%) CARDS
(Figure 1).

First wave Second wave

DO first Pa02/Fi02 in HCPAP Wworst Pa02/Fi02 in HCPAP Ofirst Pa02/FiO2 in HCPAP Wworst Pa02/Fi02 in HCPAP
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Figure 1. CARDS classes at different waves: number of patients by CARDS class for the parameter
PaO, /FiO, taken at two time points (first and worst in H-CPAP).

3.2. Complications

Among the 515 patients, 360 (70%) were successfully discharged without IMV; 104 were
transferred to ICU to receive IMV and, of these, 52 finally survived. A total of 45 received
the DNI order. Of the 53 patients who died in the RICU ward, 43 had DNI orders, 1 acute
myocardial infarction, 2 massive pulmonary embolism, 3 cardio-circulatory arrests, 1 stroke
in paroxysmal atrial fibrillation, 1 respiratory arrest and 2 sepsis after ICU discharge.

The main complications (Table S1) that developed during hospital stays included the
following: 54 pulmonary embolism, 8 thrombosis, 10 bleedings, 15 pneumomediastinum,
5 pneumothoraxes, 15 supraventricular tackyarrhythmias, and 12 severe bacterial superin-
fections. The rate of patients with pulmonary embolism (on the total number of patients)
was statistically different across the waves (p-values < 0.001), as well as the rate of deaths
with pulmonary embolisms on the total of deaths (p-values = 0.033).

3.3. Predictors of the H-CPAP Success and Survival/Death Outcomes

For each of the two outcomes, the most prominent predictors are reported in Tables 52
and S3 in the Supplementary Materials.
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Considering all the statistically significant variables, multiple logistic models (with
stepwise procedure for the variable selections) were applied in order to obtain the best
predictors of each outcome. The results are reported in Table 4. The most important factors
for the H-CPAP success were as follows: the worst PaO, /FiO; ratio during H-CPAP and
FiO; (both with p-values < 0.001), as high levels of PaO, /FiO, and FiO, were associated
with better (Odds Ratio (OR) = 1.038) and worse (OR = 0.944) H-CPAP success, respectively.
Additionally, the administration of steroids had a relevant impact (p-values = 0.001) on
H-CPAP success: the administration of steroids increases the probability of H-CPAP success
by almost 14 times with respect to non-administration (OR = 13.92). In addition, D-dimer
at admission and the level of PEEP were also found to be significantly associated with
H-CPAP success: an increase of 1000 unit in D-dimer level reduced H-CPAP success by
9.5% (OR = 0.905), while an increase of 1 unit in PEEP decreased the probability of H-CPAP
success by about 12% (OR = 0.88). Regarding survival/death, the worst PaO, /FiO, ratio
during H-CPAP and the administration of steroids were also the best predictors for this
second outcome: a high level of PaO,/FiO; was associated with a lower probability of
death (OR = 0.96), while patients treated with steroids showed a lower probability (of about
77%: OR = 0.23) of death with respect to patients who did not undergo steroid therapy.

Table 4. Multiple logistic regression models outputs for each of the two outcomes.

Outcome

exp(b) =

Independent Coeff . Lower Lim Upper Lim Nagelkerke
(Dependent) 2 Odds Ratio o o p-Value
Variable Variables (b) (OR) # OR 95% CI OR 95% CI R2
Worst PaO, /FiO, (in H-CPAP) 0.037 1.038 1.028 1.048 <0.001
H-CPAP FiO, in H-CPAP —0.057 0.944 0.915 0.974 <0.001
success Steroids (yes vs. no) 2.63 13.915 2.611 74.207 0.001 0.54
(yes vs. no) D-dimer at admission (x1000) —0.1 0.905 0.980 1 0.031
average PEEP -0.13 0.878 —0.260 —0.001 0.048
Death Worst PaO, /FiO, (in H-CPAP) —0.038 0.963 0.951 0.974 <0.001
(yes vs. o) Steroids (yes vs. no) —1.45 0.233 0.075 0.730 0.012 0.41
Lactate dehydrogenase (LDH) at -, 1.001 0.999 1.003 0.088

admission

#OR larger than 1 indicate large probability to belong to H-CPAP success or dead for a unit increase (or to pass
from first specified category to second specified reference category) in the independent variable. E.g., an increase
of 1 in FiO, in H-CPAP produced a reduced probability (of 1 — 0.944 = 5.6%) of H-CPAP success; similarly,
the administration of steroids increases the probability of H-CPAP success by almost 14 times with respect to
non-administration. PEEP: Positive end expiratory pressure; PaO, /FiO,: ratio of arterial partial pressure of
oxygen (PaO;) and fraction of inspired oxygen (FiOy).

3.4. Survival Analysis

An exhaustive survival analysis was carried out by considering the waves and the
predictors of the two outcomes highlighted in the previous analyses as predictors (groups)
of the KM curves. In Figure 2, KM curves for the three waves are depicted. Interestingly,
the curves for waves 1 and 2 are not statistically different (Log rank test p-values = 0.196),
while the curve for wave 3 is different from the previous ones (p-values = 0.004). KM
curves were also estimated for different levels of worst PaO, /FiO, ratio during H-CPAP
(less than first quartile = 77; >77), and for steroid therapy (yes vs. no). All these factors
were statistically associated with survival and all the KM curves were statistically different
among the predictor groups (p-values < 0.025 for worst PaO, /FiO,; p-values < 0.001 for
steroid therapy).
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Figure 2. Survival analysis output: Kaplan-Meier survival curves.

4. Discussion

This prospective observational study aims to better understand the effectiveness of
H-CPAP in patients who developed CARDS during hospitalization in RICU.

The patient samples did not show differences among waves for socio-demographic
features (Table 1). In the first wave, less compromised patients (fewer patients with diabetes
and chronic renal failure and fewer smokers) presented a worse trend. During the second
and third pandemic waves, the hospital mortality for patients admitted with CARDS was
significantly reduced compared to that registered in the first pandemic period. H-CPAP
success increased and DNI numbers decreased.

In the first wave, most patients were treated with systemic corticosteroids. In contrast,
in the second and third waves, practically all patients received corticosteroids following
new clinical trials [21] and our previous experience with steroid use in severe community-
acquired pneumonia [11,22]. In the first wave, PaO,/FiO, in oxygen was significantly
lower and D-dimer significantly higher. These were demonstrated to be independent
risk factors for adverse outcomes [23,24] and the result is also confirmed in our study. In
addition, D-dimer at admission, worst D-dimer and worst IL-6 were significantly higher
in the first wave, suggesting more severe inflammation. Worst PaO,/FiO, in H-CPAP
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was significantly lower in the first wave. No differences were found between the first
PaO, /FiO; in H-CPAP among the three waves and the patients with preARDS and mild,
moderate, and severe ARDS at admission were equally distributed during the different
waves; however, this parameter was obtained with PEEP progressively decreasing.

Helmet success and survival/death outcomes progressively improved over the course
of the three waves reflecting a slight progressive reduction in patient severity associated
with improved clinical management (practically 100% steroid in the second and third
waves; daily D-dimer monitoring for pulmonary embolism diagnosis; progressive increase
in prone position).

DNI order was considered only in cases that needed intubation and decreased during
the three waves due to the higher availability of ICU beds (equal percentage of patients
transferred to ICU in the different waves despite higher patient severity in the first period).

CARDS has a biphasic trend confirmed in all three waves (Figure 1). The two stages
of the disease correspond to the initially worsening trend of most of our patients, from
admission to subsequent days of hospitalization, and they are likely to switch from L (low
elastance, low lung weight, low recruitability—ground glass opacities at CT, preserved
lung compliance) to H (high elastance, high lung weight, high recruitability—extensive
densification at CT) CARDS [25-27]. Probably, in the first stage of the disease, improvement
in oxygenation through the application of PEEP or pronation is mainly not due to the
recruitment, but to the redistribution of perfusion in the lungs [25,28]. In the second
stage of the disease, the application of PEEP recruits non-aerated alveoli in dependent
pulmonary regions stabilizes the airways and reduces the inhomogeneity of lung volume
distribution [18]. PEEP can be applied in spontaneously breathing patients in the form of
CPAP [29].

The most important complications are shown in Table S1. The increased frequency
of pulmonary embolism diagnosis in the second and third waves is explained by daily
D-dimer monitoring and a higher use of CT Angiography.

Low PaO,/FiO, ratio during H-CPAP, high FiO, and average helmet PEEP were
important factors of H-CPAP failure as a result of more severe AHREF; as already known,
the mortality rate of ARDS increases with the severity of hypoxemia [3].

An increase of 1000 unit in D-dimer level (more severe “cytokine storm”) reduces the
H-CPAP success by 9.5% [24].

A widespread use of steroids in our center could play a role in good clinical outcomes.
Our study shows that the administration of steroids increases the chance to H-CPAP success
of almost 14 times, confirming what has been demonstrated in the RECOVERY TRIAL [21],
a large multicenter randomized controlled trial where patients receiving dexamethasone
had a reduced death rate especially on mechanical ventilation.

Additionally, for the second outcome, survival/death, the worst PaO,/FiO, ratio
during H-CPAP and the administration of steroids were the best predictors. In our study
there is a lower probability of death (77%) with respect to patients who did not undergo
steroid therapy (Table 4).

Prone position in non-intubated spontaneously breathing patients is widely applied
alongside NIRS. Its effectiveness in reducing intubation rates and mortality and its tolera-
bility, timing and optimal duration are still not completely clear [30]. Prone position has
gradually been increased over the course of the three waves based on early suggestions
in the literature [30,31]. In our patients, prone position determined a meaningful increase
in PaO,/FiO, value, although this improvement does not represent a good prognostic
factor in itself. This response could give patients a chance to overcome the critical phase of
CARDS and avoid intubation. We want to emphasize the fact that, despite the extremely
low values of worst PaO, /FiO, ratio recorded, 82 (15.9%) mild, 202 (39.2%) moderate, 231
(44.9%) severe CARDS, 70% of our patients were finally discharged without a need for IMV.
In mild patients, H-CPAP had a success of 98.8%; in moderate patients, of 93%; and in se-
vere patients, of 41%. In addition, 89 out of 231 patients in the “severe CARDS” group were
transferred to ICU and, of these, 44 finally survived, with a final mortality rate of 39.8%, in
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agreement with the mortality rate described for patients with severe non-COVID-19 ARDS
in the ICU (45%). We underline that, in our group of patients, mortality rates in mild and
moderate ARDS are inferior to those reported in literature [3,8], considering the different
features of patients admitted to ICUs (i.e., multiorgan failure).

Many management models for noninvasive treatment of CARDS in RICU have been
proposed in the literature [31-33]. To our knowledge, to date, this is the only study entirely
carried out in RICU on patients who all presented with CARDS and were all treated
with H-CPAP in the three COVID-19 waves. We may therefore assume that the proper
management in RICU, the use of H-CPAP as NIRS, prone position, and large steroid use
affect the prognosis of patients with CARDS [34].

A constant clinical and parametric monitoring during hospitalization by the pulmo-
nologist in RICU is critical in the prompt recognition and treatment of every possible
worsening in clinical conditions, an event than can arise even later in the course of the dis-
ease. In fact, the majority of patients moved to a worse CARDS class during hospitalization
(Figure 1). Furthermore, our data seem to exclude a possible delay in intubation timing due
to H-CPAP treatment and this is remarked by a mortality rate of almost 50% in patients
finally admitted to the ICU, substantially comparable with 55% of all Lombardy ICUs [7]
and other countries” experiences [35]. In addition, we must remember that even if delayed
intubation is associated with increased mortality in patients with AHRF [35,36], it is also
true that premature intubation when NIRS is adequate exposes patients to potentially
unnecessary risks associated with IMV [16,37].

Our study has several limitations that can limit the generalizability of our results,
including being monocentric, the lack of a control group and the peculiar setting of the
study, characterized by an emergency pandemic situation with continuous changes in
scientific evidence. Nevertheless, further multicentric trials are needed in order to confirm
these data. In addition, the Berlin Definition of ARDS required that patients must be in
IMV in moderate and severe ARDS, with the exception of mild ARDS, in which patients
can receive CPAP > 5 cm H,O. In our study, ARDS was classified as moderate or severe
during H-CPAP; however, the new recently published ARDS definition [38] allows for
classification as moderate and severe in H-CPAP too.

5. Conclusions

Our study suggests good clinical outcomes with H-CPAP in RICU, especially in mild
and moderate CARDS.

We observed a significant improvement in prognosis in the three different waves, as
the patients” conditions are found to be progressively slightly less severe.

CARDS has a biphasic trend confirmed in all three waves, with a trend of worsening
the patients” conditions from admission to subsequent days of hospitalization.

The CARDS severity (worst PaO, /FiO, in H-CPAP, FiO, in H-CPAP, average PEEP and
D-dimer at admission) strongly correlates with the first outcome (H-CPAP success). Worst
PaO,/FiO, in H-CPAP also strongly correlates with the second outcome (survival/death).

There was a significant prognosis improvement in subjects who received corticos-
teroids.

Pulmonologists” proper management during hospitalization in RICU may affect these
patients’ trend.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/arm91050030/s1, Table S1: Complication across the three
waves; Table S2: Univariate logistic regression models with H-CPAP success (yes vs. no) as dependent
variable (only significant variables/predictors are reported); Table S3: Univariate Logistic regres-
sion models with Death (yes vs. no) as dependent variable (only significant variables/predictors
are reported).
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Abstract: Chronic obstructive pulmonary disease (COPD) is a risk factor for death in patients
admitted to intensive care units (ICUs) for respiratory support. Previous reports suggested higher
mortality in COPD patients with COVID-19. It is yet unknown whether patients with COPD were
treated differently compared to non-COPD patients. We compared the ventilation management and
outcomes of invasive ventilation for COVID-19 in COPD patients versus non-COPD patients. This
was a post hoc analysis of a nation-wide, observational study in the Netherlands. COPD patients
were compared to non-COPD patients with respect to key ventilation parameters. The secondary
endpoints included adjunctive treatments for refractory hypoxemia, and 28-day mortality. Of a
total of 1090 patients, 88 (8.1%) were classified as having COPD. The ventilation parameters were
not different between COPD patients and non-COPD patients, except for FiO,, which was higher
in COPD patients. Prone positioning was applied more often in COPD patients. COPD patients
had higher 28-day mortality than non-COPD patients. COPD had an independent association with
28-day mortality. In this cohort of patients who received invasive ventilation for COVID-19, only
FiO, settings and the use of prone positioning were different between COPD patients and non-COPD
patients. COPD patients had higher mortality than non-COPD patients.

Keywords: COPD; ARDS; COVID-19; invasive ventilation; ventilation management; outcome

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a common airway condition that
affects around 10% of the world’s population and causes approximately 3,000,000 deaths
each year [1]. COPD has been linked to a higher risk of mortality in a variety of respiratory
tract infections, including bacterial [2] and viral pneumonia [3]. COPD is also considered
a risk factor for death in patients who need admission to an intensive care unit (ICU) for
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respiratory support [4,5], though mortality in these patients mainly depends on the cause
of respiratory failure.

The coronavirus disease 2019 (COVID-19) pandemic unavoidably afflicted this large
group of patients. Previous reports suggested a higher mortality rate in COPD patients with
COVID-19 [6]. It is yet unknown whether patients with a history of COPD were treated
differently compared to non-COPD patients. In particular, the ways in which invasive
ventilation was applied might have been different. There may also have been differences
in how refractory hypoxemia was treated. Such differences, if any, could have affected
patient outcomes.

We conducted a post hoc analysis of a conveniently sized multicenter observational
study, named ‘Practice of Ventilation in COVID-19” (PRoVENT-COVID) [7]. Herein, we
determined and compared ventilator settings and ventilation parameters, supportive
treatments for refractory hypoxemia and outcomes in COPD patients versus non-COPD
patients. We hypothesized that ventilation management in COPD patients would be
different from that in non-COPD patients. We also determined which factors had an
independent association with outcomes.

2. Materials and Methods
2.1. Study Design

This is a post hoc analysis of PROVENT-COVID, a nation-wide, multicenter, observa-
tional cohort study [7]. PROVENT-COVID included patients in 22 ICUs in the Netherlands.
The study protocol was approved by the Institutional Review Board of the Amsterdam
University Medical Centers, “AMC’ location. Members of the PROVENT-COVID steering
committee were responsible for the recruitment of study sites; local investigators and data
collectors sought approval from their respective Institutional Review Boards or Research
Ethics Committees. The study protocol was prepublished [8], and the study was registered
at ClinicalTrials.gov (NCT04346342). The need for individual informed consent was waived
due to the observational nature of this investigation. The study coordinators and trained
data collectors assisted local doctors and monitored the study according to the International
Conference on Harmonization’s Good Clinical Practice Guideline, ensuring the integrity
and timely completion of data collection.

2.2. Patients

Patients were eligible for participation if: (1) they were aged 18 years or older; (2) they
had been admitted to one of the participating ICUs in the first wave of the national outbreak;
(3) had acute respiratory failure related to COVID-19; and (4) required invasive ventilation.
COVID-19 was confirmed via RT-PCR in all patients. Patients who received noninvasive
ventilation, and patients who were transferred to a non-participating ICU within 1 h after
intubation and underwent invasive ventilation, were excluded. For the current analysis,
we pragmatically excluded patients under the age of 40 years, to improve the accuracy of
the history of COPD.

2.3. Patient Classification

Patients with a known history of COPD were classified as COPD patients; patients
without a known history of COPD were classified as non-COPD patients. History of
COPD was based on information recorded in the medical records, which was collected for
PRoVENT-COVID.

2.4. Collected Data

Demographic data, the severity of illness scores expressed in Acute Physiology and
Chronic Health Evaluation (APACHE) scores II or IV, Simplified Acute Physiology Score
(SAPS) II or the Sequential Organ Failure Assessment (SOFA) score were collected at
baseline. Trained data collectors scored chest imaging performed to determine the extent
of lung involvement; chest X-rays were scored as having opacities in one, two, three or
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four quadrants; chest computed tomography (CT) scans were scored as having 0%, 25%,
50%, 75% or 100% involvement. ARDS severity was categorized using the current Berlin
definition of ARDS [9]. Laboratory tests, including arterial blood gas, lactate and serum
creatinine, were collected at baseline.

Ventilator settings and parameters were collected after the first hour of invasive
ventilation, and thereafter at fixed time points (08:00 a.m., 4:00 p.m. and 12:00 p.m.)
over the first four calendar days of ventilation. The first day a patient received invasive
ventilation in a participating ICU was named ‘day 0. Adjunctive treatments of refractory
hypoxemia were also recorded during those four days, including the use of recruitment
maneuvers, prone positioning and neuromuscular blocking agents. Typical ICU events and
complications, including pneumothorax, thromboembolic complications, extubation and
re-intubation, tracheostomy and acute kidney injury were collected up to day 28. At day
90, the intubation status, day of discharge from the ICU and hospital, and day of death in
non-survivors were recorded.

2.5. Calculations

The driving pressure (AP) was calculated by subtracting the positive end-expiratory
pressure (PEEP) from the plateau pressure (Ppj,t) during volume-controlled ventilation,
or from the maximum airway pressure (Pmax) during pressure-controlled ventilation, and
only at timepoints with evidence of the absence of spontaneous breathing. The dead space
fraction was calculated by subtracting the end-tidal carbon dioxide (et-CO,) from the
arterial carbon dioxide pressure (PaCO,) and dividing by PaCO,. Respiratory system
compliance (Crs) was calculated by dividing the tidal volume (V1) by AP. The mechanical
power of ventilation (MP) was calculated from Vr, respiratory rate (RR), peak pressure
(Ppeak) and AP (0.098 x 2217Vr X RR X [Ppeak — 0.5 x AP]); if Ppeax was not available,
we used Ppa (0.098 x Vi X RR X [Pyl — 0.5 X AP]). The number of days free from
the ventilator at day 28 (VFD-28) was defined as the number of days a patient was not
connected to a ventilator in the first 28 days after the start of ventilation, wherein patients
who died before day 28 days received zero free days, even if weaned from ventilation
within this timeframe.

2.6. Endpoints

The primary endpoint was marked by the collection of key ventilator settings and
ventilation parameters over the first four calendar days of invasive ventilation, including
Vrt, PEEP, AP and Cgs. The secondary endpoints included other settings and parameters,
including the mode of ventilation, alveolar minute ventilation (AMV), Ppear, RR, fraction
of inspired oxygen (FiO,), MP, dead space fraction and arterial blood gas analysis results,
and et-CO,. The other secondary endpoints were the use of adjunctive therapies, typical
ICU events and complications, the duration of ventilation, the length of ICU and hospital
stays, the number of VFD-28 and 28-day mortality.

2.7. Power Calculation

We did not perform a formal power calculation; instead, the sample size was based on
the number of patients included in the original study.

2.8. Statistical Analysis

Quantitative data are presented as mean =+ standard deviation or median with in-
terquartile ranges were appropriate. Categorical data are presented as numbers and
proportions. A Chi-square test or Fisher’s exact test were used to compare categorical
variables. An independent t-test or Mann-Whitney U test was used to compare continuous
data. Cumulative distribution plots were created for the ventilator settings and parameters
to visualize differences between COPD and non-COPD patients.

To assess the mortality impact of COPD, hazard ratios were calculated using shared
frailty adjusted Cox regression with the center set as frailty for mortality. The subdistribu-
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tion hazard ratios were also calculated for ICU and hospital length of stay, and the duration
of ventilation, using a Fine-Gray competing risk analysis with death as the competing
risk. Forward stepwise selection was used, defined by p < 0.2 according to a univariable
analysis of the two groups, which were added to a multivariable model to demonstrate the
impact of COPD on 28-day mortality. These included age; sex; body mass index; dead space
fraction; PaO,/FiO,; plasma creatinine; history of hypertension, heart failure, diabetes
mellitus, chronic kidney disease and active malignancy; the use of angiotensin-converting
enzyme inhibitors; the use of angiotensin II receptor blockers; the use of a vasopressor or
inotropes; fluid balance; pH; mean arterial pressure; heart rate; and Cgs.

All analyses were performed in STATA statistics version 14 (StataCorp, College Station,
TX, USA). A p-value of <0.05 was considered statistically significant.

3. Results
3.1. Patients

Between 1 March and 1 June 2020, 1122 patients were included in PRoOVENT-COVID.
The main reasons for exclusion were not having received invasive ventilation or hav-
ing an alternative diagnosis for acute hypoxemic respiratory failure. Of the remaining
1090 patients, 88 (8.1%) were classified as COPD patients (Supplement Figure S1). COPD
patients were older and used corticosteroids, angiotensin-converting enzyme inhibitors
and angiotensin 1l receptor blockers more often than non-COPD patients (Table 1). At
baseline, COPD patients had lower PaO,/FiO,, lower et-CO, and a higher dead space
fraction (Table 2). ARDS was classified as severe more often in COPD patients, but none of
the severity of disease scores were different between the two groups.

Table 1. Patient demographics and baseline characteristics.

COPD Non-COPD
Patients Patients p-Value
N =88 N =1002
Demographics
Age, year, median [IQR] 68 [62-72] 65 [58-72] 0.03
Male sex, n (%) 60 (68.2) 735 (73.4) 0.30
BMI, kg/m?, median [IQR] 28 [26-30] 28 [25-31] 0.84
Severity of illness
SAPS II, median [IQR] 35 [30-48] 36 [29-43] 0.32
APACHE II score, median [IQR] 15 [13-20] 16 [12-20] 0.41
APACHE 1V score, median [IQR] 55 [49-71] 56 [45-69] 0.33
SOFA score, median [IQR] 8 [6-11] 7 [6-10] 0.73
Severity of ARDS, n (%) 0.01
No ARDS 2(2.4) 16 (1.6)
Mild 1(1.2) 104 (10.7)
Moderate 50 (59.5) 602 (61.7)
Severe 31 (36.9) 254 (26.0)
Co-existing disorders, n (%)
Hypertension 28 (31.8) 351 (35.0) 0.54
Heart failure 3(3.4) 45 (4.5) 1.00
Diabetes mellitus 13 (14.8) 236 (23.6) 0.06
Chronic kidney disease 5(5.7) 41 (4.1) 0.41
Liver cirrhosis 0(0.0) 3(0.3) 1.00
Active hematological neoplasia 0(0.0) 16 (1.6) 0.63
Active solid neoplasia 4 (4.5) 23 (2.3) 0.27
Neuromuscular disease 0(0.0) 7(0.7) 1.00
Immunosuppression 2(2.3) 22(2.2) 1.00
Current medication, n (%)
Systemic steroids 7 (8.0) 31 (3.1) 0.03
Inhaled steroids 48 (54.5) 73 (7.3) <0.001
Angiotensin-converting enzyme inhibitors 8(9.1) 181 (18.1) 0.03
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Table 1. Cont.

COPD Non-COPD
Patients Patients p-Value

N =88 N =1002
Angiotensin II receptor blockers 16 (18.2) 111 (11.1) 0.05
Beta-blockers 21 (23.9) 189 (18.9) 0.25
Insulin 3(3.4) 75 (7.5) 0.16
Metformin 8(9.1) 166 (16.6) 0.07
Statins 30 (34.1) 300 (29.9) 0.42
Calcium channel blockers 19 (21.6) 176 (17.6) 0.35

Chest imaging

Chest CT scan performed, n (%) 25 (29.4) 321 (33.6) 0.43
Lung parenchyma affected at chest CT, n (%) 0.70

<25% 11 (44.0) 115 (35.8)

50% 7 (28.0) 92 (28.7)

75% 6 (24.0) 95 (29.6)

100% 1 (4.0) 19 (5.9)
Lung parenchyma affected at CXR, number of 048
quadrants, n (%) :
4(8.0) 37 (7.0)

2 14 (28.0) 118 (22.2)

3 16 (32.0) 146 (27.5)

4 16 (32.0) 230 (43.3)

Laboratory tests

Plasma lactate, mmol/L, median [IQR] 1.2[0.9-14] 1.2 [0.9-1.5] 0.44
Plasma creatinine, pmol/L (median [IQR]) 77 [60-101] 78 [63-98] 0.89

Abbreviations: BMI, body mass index; COPD, chronic obstructive pulmonary disease; APACHE, Acute Physiology
and Chronic Health Evaluation; SOFA, Sequential Organ Failure Assessment; ARDS, acute respiratory distress
syndrome; CT, computed tomography; CXR, chest X-ray.

Table 2. Mechanical ventilation use during the first day of mechanical ventilation.

COPD Non-COPD
Patients Patients p-Value
N =88 N =1002
Mode of mechanical ventilation, n (%) 0.12
Volume-controlled 18 (21) 143 (14)
Pressure-controlled 41 (47) 561 (56)
Pressure support 3(3) 50 (5)
SIMV 9 (10) 72(7)
APRV 5 (6) 27 (3)
INTELLiVENT-ASV 5 (6) 36 (4)
Other 6(7) 109 (11)
Ventilation Parameters
Expiratory V1, mL, median [IQR] 440 [387-498] 451 [408-502] 0.13
V1 per PBW, mL/kg, median [IQR] 6.2 [5.9-7.0] 6.4 [5.9-7.0] 0.67
PEEP, cmH,0O, median [IQR] 13 [12-15] 13 [11-15] 0.24
Total Respiratory rate, median [IQR] 22 [20-24] 22 [19-24] 0.84
FiO,, median [IQR] 0.6 [0.5-0.7] 0.6 [0.5-0.7] 0.01
Ppeak, cmH O, median [IQR] 27 [24-29] 27 [24-30] 0.78
Driving pressure, cmH,O, median [IQR] 14 [12-16] 14 [12-16] 0.87
Compliance, cmH,0O/L, median [IQR] 32 [26.8-39] 33 [27-40] 0.70
Mechanical power, J/min, median [IQR] 18 [15-20] 19 [16-22] 0.07
Minute ventilation, L/min, median [IQR] 9 [8-10] 10 [8-11] 0.07
pH, median [TQR] 7.35 [7.29-7.39] 7.37 [7.31-7.41] 0.02
Pa0,, kPa, median [IQR] 10 [9-12] 11 [9-13] 0.08
PaO, /FiO,, mmHg, median [IQR] 114 [89-149] 128 [99-168] 0.01
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Table 2. Cont.

COPD Non-COPD
Patients Patients p-Value
N =88 N =1002
PaCO,, kPa, median [IQR] 6.1 [5.5-6.5] 5.9 [5.2-6.7] 0.25
End-tidal CO,, kPa, median [IQR] 4.6[4.1-5.3] 49[4.4-5.6] 0.01
Dead space fraction, median [IQR] 0.24 [0.14-0.33] 0.16 [0.06-0.26] <0.001

2
3

— non-COPD.
— copp

Abbreviations: APRV, airway pressure release ventilation; ASV, adaptive support ventilation; COPD, chronic
obstructive pulmonary disease; FiO,, fraction of inspired oxygen; IQR; interquartile range; ] /min, joules per
minute; kg, kilogram; kPa, kiloPascal; mL, milliliter; PaCO,, arterial pressure of carbon dioxide; PaO,, arterial
pressure of oxygen; PBW, predicted body weight; PEED, positive end-expiratory pressure; Ppea, peak airway
pressure; SIMV, synchronized intermittent mandatory ventilation; Vr, tidal volume.

3.2. Ventilation Management

Ventilation management is detailed in Table 2 and Figure 1. V1 and PEEP were not
different between COPD and non-COPD patients. There were also no differences between
AP and Crg. COPD patients were ventilated with higher FiO,. COPD patients also had
lower arterial pH, lower etCO, and higher dead space fractions.
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Figure 1. Cumulative distribution of ventilatory characteristics. The worst available value for each
parameter was used.

Of the adjunctive treatments for refractory hypoxemia, prone positioning was used
more often in COPD patients (Supplement Table S1). There were no differences in the use
of recruitment maneuvers or neuromuscular blocking agents.

3.3. Outcomes

Air leaks, thromboembolic complications, acute kidney injury and re-intubations
occurred as often in COPD patients as in non-COPD patients (Table 3). The duration of
ventilation and the number of VFD-28 patients were not different between COPD and
non-COPD patients (Figure 2). COPD patients had higher ICU and in-hospital mortality,
and also higher 28-day and 90-day mortality.

In the multivariable analysis, COPD was an independent risk factor for 28-day mortal-
ity (Supplement Table S2). Fine-Gray competing risk analysis with death as the competing
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risk showed that the duration of ventilation, ICU length of stay and hospital length of stay
were longer in COPD patients compared to non-COPD patients (Supplement Figure S2).

Table 3. Clinical outcomes and ICU complications.

All COPD Non-COPD Val

N = 1090 N =88 N = 1002 p-vatue
28-day mortality, n (%) 319 (29%) 36 (41%) 283 (28%) 0.02
90-day mortality, n (%) 369 (34%) 39 (44%) 330 (33%) 0.04
In-hospital mortality, n (%) 364 (37%) 39 (49%) 325 (36%) 0.02
ICU mortality, n (%) 354 (33%) 38 (45%) 316 (32%) 0.02
Length of hospital stay, days, median [IQR] 23 [14-37] 20 [11-31] 24 [14-37] 0.06
Length of ICU stay, days, median [IQR] 15 [9-26] 12 [8-24] 16 [9-26] 0.11
Ventilator-free days at day 28, days, median [IQR] 16 [10-28] 14 [10-30] 16 [10-28] 0.92
Duration of ventilation, days, median [IQR] 14 [8-23] 11 [8-20] 14 [8-23] 0.07
Tracheostomy, n (%) 187 (17%) 14 (16%) 173 (17%) 0.76
Pneumothorax, n (%) 41 (4%) 4 (5%) 37 (4%) 0.57

Thromboembolic complications, n (%)

Pulmonary embolism 244 (22%) 20 (23%) 224 (22%) 0.94
Deep vein thrombosis 53 (5%) 5 (6%) 48 (5%) 0.61
Ischemic stroke 31 (3%) 3 (3%) 28 (3%) 0.73
Myocardial infarction 16 (1%) 0 (0%) 16 (2%) 0.63
Systemic arterial thrombosis 4 (0%) 1 (1%) 3 (0%) 0.29
Acute kidney injury, n (%) 488 (45%) 38 (43%) 450 (45%) 0.73
Re-intubation, n (%) 138 (13%) 8 (9%) 130 (13%) 0.30

Abbreviations: COPD, chronic obstructive pulmonary disease; ICU, intensive care unit; IQR, interquartile range.
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Figure 2. Kaplan-Meier graph showing mortality in COPD patients and non-COPD patients.
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4. Discussion

The main findings of this post hoc analysis of a nation-wide, multicenter, observa-
tional study of invasively ventilated COVID-19 patients can be summarized as follows:
(1) compared to non-COPD patients, COPD patients had more severe hypoxemia and
ARDS; (2) the key ventilator settings and parameters were not different between COPD
and non-COPD patients; (3) COPD patients were ventilated with higher FiO, and had
lower PaO, /FiO,; (4) COPD patients had lower arterial pH and et-CO,, and a higher dead
space fraction; and (5) COPD patients received prone positioning more often. In addition,
(6) COPD patients had higher mortality than non-COPD patients, and (7) COPD and a
history of hypertension were independent risk factors for 28-day mortality.

Our study has several strengths. This analysis is one of the first to investigate ven-
tilation management in COPD patients who received invasive ventilation for COVID-19.
Trained investigators collected granular ventilation data over the first four days, increasing
the robustness of the data. Patients were recruited in different types of hospitals, increasing
the generalizability of our findings. The caregivers were not aware of the study at the
time of data collection, minimizing the risk of observation bias. We had a sophisticated
pre-defined statistical analysis plan in place, which was strictly followed.

The findings of this study extend our knowledge of ventilation practices in COPD
patients with COVID-19. To the best of our knowledge, this study is the first to compare ven-
tilation management between COPD and non-COPD patients in the context of COVID-19
in such great detail. The similarity in ventilator practices may not be unexpected given that
both groups suffered from severe acute hypoxemic respiratory failure. The main difference
between the groups was the severity of gas exchange abnormalities, resulting in the use of
higher FiO, and more frequent use of prone positioning for refractory hypoxemia.

The best practice in invasive ventilation in COPD patients with ARDS remains un-
certain. It is questionable whether low Vt ventilation should be used in COPD patients
as strictly as has been advised for ARDS patients [10]. It is also uncertain whether PEEP
titration should follow PEEP/FiO, tables as in ARDS patients [11], especially because
COPD patients may be at increased risk of dynamic overinflation with deleterious conse-
quences [11,12]. The findings of a previous study using electrical impedance tomography to
determine the best PEEP in ARDS patients suggested that PEEP in COPD patients should be
lower than that based on a PEEP/FiO, table [13]. In a study of adaptive support ventilation,
PEEP was also lower in COPD patients than in patients with ARDS, but this study did not
include patients with COPD with ARDS [14]. Notably, Practice of Ventilation was similar
between COPD patients and non-COPD patients. There are several possible explanations
for this finding. First, it is quite possible that during the firsts months of the pandemic,
caregivers were not sure how to ventilate COVID-19 patients, let alone COVID-19 patients
with COPD. It could also be that because of the severity of gas exchange impairment, it
was not possible to apply different strategies. Lastly, it could be that patients with severe or
exacerbated COPD were not admitted to the ICU during this time as there was a shortage
of ICU beds, leading to COPD patients admitted to ICU being ventilated in a similar way
to non-COPD patients.

We found a higher dead space fraction in COPD patients compared to non-COPD
patients. This is, at least in part, in line with previous studies that showed a higher dead
space fraction in ventilated COPD patients for reasons other than COVID-19 [15]. The
higher dead space fraction in COPD patients in our cohort may, at least to some extent, be
due to the application of a too high a level of PEEP [16,17]. However, there are no clinical
trials that compare the effects of different levels of PEEP, either on the dead space fraction
or on outcomes, in COPD patients with ARDS. Similarly, there are no clinical trials of prone
positioning in this patient group, and such studies remain needed to determine the best
ventilation practice in COPD patients with ARDS.

COPD is a risk factor for mortality in critically ill invasively ventilated patients [4,18].
Our findings extend this knowledge by showing that COPD is a risk factor for death in criti-
cally ill invasively ventilated COVID-19 patients, independent of age, sex, BMI, PaO, /FiO,,
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comorbidities and the use of antihypertensive drugs. COPD was also associated with a
prolonged length of stay in the ICU and in hospitals as well as a prolonged duration of
ventilation. Notably, the use of lower PEEP is suggested in patients with COPD [13]. In this
study, COPD patients received a level of PEEP comparable to non-COPD patients, possibly
adding to worse outcomes in the COPD patients.

The main limitation of our study is that presence of COPD was based on whether this
was reported in the medical record. It could have been that clinicians also scored COPD
in cases of asthma and other chronic airway diseases, thereby over-diagnosing COPD, or
that patients with undiagnosed COPD were scored as not having COPD, or that COPD
diagnosis was influenced mainly by smoking history, leading to under-reporting. This
study also did not allow us to capture spirometry data. For these reasons, we restricted
our analysis to patients aged older than 40 years [19]. Furthermore, data on the use of
bronchodilating drugs were not collected, and whether or not patients received these drugs
could have influenced their outcomes. We restricted the collection of data on ventilation
characteristics and adjunctive therapy to the first four days of invasive ventilation. After
these days, ventilation may have been different between the two patient groups, and
we cannot exclude the possibility that ventilator management after the first four days of
ventilation affects outcomes. Finally, as this is an analysis of an observational study, no
causality can be claimed and the results should be seen as exploratory.

5. Conclusions

In this cohort of critically ill patients who received invasive ventilation for acute
hypoxemic respiratory failure due to COVID-19, ventilation management was not different
between COPD and non-COPD patients, except for FiO; settings and the use of prone
positioning. COPD had independent associations with 28-day mortality.
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Appendix A

PRoVENT-COVID Investigators: PROVENT-COVID stands for the Practice of Venti-
lation in COVID-19 Patients study. Investigator list in alphabetical order: S. Ahuja; J.P. van
Akkeren; A.G. Algera; C.K. Algoe; R.B. van Amstel; P. van de Berg; D.C. Bergmans; D.I. van
den Bersselaar; F.A. Bertens; A.]. Bindels; ].S. Breel; C.L. Bruna; M.M. de Boer; S. den Boer;
L.S. Boers; M. Bogerd; L.D. Bos; M. Botta; O.L. Baur; H. de Bruin; L.A. Buiteman-Kruizinga;
O. Cremer; R.M. Determann; W. Dieperink; J. v. Dijk; D.A. Dongelmans; M.]. de Graaff;
M.S. Galekaldridge; L.A. Hagens; ].J. Haringman; S.T. van der Heide; PL. van der Heiden;
L.L. Hoeijmakers; L. Hol; M. W. Hollmann; J. Horn; R. van der Horst; E.L. Ie; D. Ivanov;
N.P. Juffermans; E. Kho; E.S. de Klerk; A.W. Koopman; M. Koopmans; S. Kucukcelebi;
M.A. Kuiper; D.W. de Lange; I. Martin-Loeches; G. Mazzinari; D.M. van Meenen; N. van
Mourik; S.G. Nijbroek; E.A. Oostdijk; F. Paulus; C. J. Pennartz; J. Pillay; .M. Purmer; T.C.
Rettig; O. Roca; J.P. Roozeman; M.]. Schultz; A. Serpa Neto; G.S. Shrestha; M.E. Sleeswijk;
P.E. Spronk; A.C. Strang; W. Stilma; P. Swart; A.M. Tsonas; C.M.A. Valk; A.P. Vlaar; L.I.
Veldhuis; W.H. van der Ven; P. van Velzen; P. van Vliet; P. van der Voort; L. van Welie; B.
van Wijk; T. Winters; W.Y. Wong; A.R. van Zanten.
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Abstract: We hypothesize that (1) a significant pre-ECMO liver impairment, which is evident in
the presence of pre-ECMO acute liver injury and a higher pre-ECMO MELD (model for end-stage
liver disease) score, is associated with increased mortality; and (2) the requirement of veno-veno-
arterial (V-VA) ECMO support is linked to a higher prevalence of pre-ECMO acute liver injury, a
higher pre-ECMO MELD score, and increased mortality. We analyze 187 ECMO runs (42 V-VA and
145 veno-venous (V-V) ECMO) between January 2017 and December 2020. The SAPS II score is
calculated at ICU admission; hepatic function and MELD score are assessed at ECMO initiation (pre-
ECMO) and during the first five days on ECMO. SOFA, PRESERVE and RESP scores are calculated at
ECMO initiation. Pre-ECMO cardiac failure, acute liver injury, ECMO type, SAPS Il and MELD, SOFA,
PRESERVE, and RESP scores are associated with mortality. However, only the pre-ECMO MELD
score independently predicts mortality (p = 0.04). In patients with a pre-ECMO MELD score > 16,
V-VA ECMO is associated with a higher mortality risk (p = 0.0003). The requirement of V-VA ECMO
is associated with the development of acute liver injury during ECMO support, a higher pre-ECMO
MELD score, and increased mortality.

Keywords: ARDS; ECMO; liver injury; MELD score

1. Introduction

Extrapulmonary organ dysfunction has been associated with poor outcomes in patients
with acute respiratory distress syndrome (ARDS) managed with extracorporeal membrane
oxygenation (ECMO). A meta-analysis of two randomized controlled trials (conventional
ventilator support versus extracorporeal membrane oxygenation for severe acute respira-
tory failure “CESAR” and ECMO to rescue lung injury in severe ARDS “EOLIA”) suggested
that veno-venous (V-V) ECMO lacks the ability to improve the outcome of ARDS patients
with more than two organ failures [1] and that mortality in patients receiving ECMO for
respiratory failure is correlated with the amount and the extent of extrapulmonary organ
dysfunction at the time of ECMO initiation [2]. In these patients, cardiovascular failure
due to shock and sepsis contributes disproportionately to mortality [3-6]. Additionally,
hepatic dysfunction, which is known to be an independent factor contributing to mortality
in ARDS [7], might play a role in determining the outcome of respiratory ECMO [8,9]. To
date, studies assessing the outcome relevance of liver dysfunction and injury before the
initiation of ECMO support have centered on patients supported by veno-arterial ECMO
for cardiogenic shock [10,11]. Given the limited literature, evaluation of the relevance of
liver injury and dysfunction before and after the initiation of ECMO therapy in relation to
the outcomes of ARDS patients supported with ECMO is warranted.

Liver dysfunction refers to impaired clearance and synthetic hepatic function with
increased bilirubin and international normalized ratio (INR) [12]. Both values are incorpo-
rated in the Model for End-Stage Liver Disease (MELD) score, which has been proposed
as a predictor of hepatic, cardiac, and renal dysfunction [13]. Among patients with liver
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failure, the MELD score has been shown to predict mortality [14]. The MELD score has
been also reported as an outcome predictor in patients with respiratory or cardiocirculatory
failure managed with V-V and veno-arterial ECMO [8,15].

Acute liver injury, also known as hypoxic liver injury, is diagnosed based on clinical
criteria: (1) a massive, rapid, and often transient increase in serum transaminases, (2) the
presence of a respiratory or cardiocirculatory failure with reduced hepatic oxygen delivery
or utilization, and (3) the exclusion of other causes of liver injury, particularly drug- or
viral-induced hepatitis [16,17]. Transaminases level at 2.5 to 20 times the normal upper limit
has been used to define acute/hypoxic liver injury [17]. Henrion et al. reported that cardiac
failure, particularly in conjunction with congestive heart failure, as well as respiratory
failure and septic shock frequently causes acute liver injury [16]. Hence, ARDS patients
with acute cor pulmonale due to elevated pulmonary artery pressure [18] or septic-induced
vasoplegia that is unresponsive to catecholamines [19,20] might be especially vulnerable
to acute liver injury due to systemic hypoxia, hepatic congestion, and diminished hepatic
blood flow.

In ARDS with concomitant right ventricular failure due to acute cor pulmonale or
septic cardiomyopathy, veno-veno-arterial (V-VA) ECMO might be indicated [3,21]. In
this cannulation approach, the arterial outflow is bifurcated, with one portion directed
retrograde towards the aorta and the other towards the right atrium [3,21-23]. This hybrid
configuration combines the benefits and distinctive features of both V-V and veno-arterial
ECMO, enabling concurrent and robust respiratory and circulatory support [21,22].

In this study, we hypothesize that in patients with primary respiratory failure:

1. A significant liver impairment before ECMO initiation (pre-ECMO), indicated by the
presence of acute liver injury or a higher MELD score, is associated with
increased mortality;

2. The requirement of V-VA ECMO support due to an acute cor pulmonale or cate-
cholamine refractory shock is associated with (a) a higher prevalence of pre-ECMO
acute liver injury and (b) a higher pre-ECMO MELD score and, therefore, (c) an
increased mortality.

2. Materials and Methods
2.1. Data Acquisition, Inclusion, and Exclusion Criteria

After institutional ethics committee approval (Medizinische Ethikkommission II, Uni-
versity Medical Centre Mannheim, Medical Faculty Mannheim of the University of Heidel-
berg, study registration number 2021-881), and registration in the German Clinical Trials
Register (DRKS00028509), a retrospective review of electronic medical records was per-
formed to identify patients with V-V and V-VA ECMO support between January 2017 and
December 2020 at the Department of Anesthesiology and Critical Care Medicine, University
Medical Centre Mannheim, Germany.

We performed a comprehensive data collection for each eligible patient. We include all
ARDS patients receiving V-V and V-VA ECMO due to primary respiratory failure. Patients
who required ECMO support for other reasons (e.g., ECMO as intraprocedural support
during aortic surgery, extracorporeal cardiopulmonary resuscitation) are excluded from
the analysis. In these patients, we aggregate age, sex, body-mass index, diagnosis, duration
of mechanical ventilation before ECMO initiation, the parameter of mechanical ventilation,
the length and type of ECMO support, the length of ICU stay, the presence of chronic
kidney or liver disease, the need of renal replacement therapy, history of pre-ECMO cardiac
arrest, cardiac failure, septic shock, and central nervous system injury. We further collected
laboratory data including the daily serum levels of total bilirubin, international normalized
ratio (INR), aspartate aminotransferase (AST), and alanine aminotransferase (ALT). These
comprehensive data points provide a detailed overview of the patients’ clinical profiles for
further analysis.
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2.2. ECMO Management

Our clinical workflow and management strategy for patients on ECMO support due to
respiratory failure are detailed previously [3]. Briefly, in accordance with the EOLIA trial [5]
and recent guidelines [24], V-V ECMO is initiated in severe hypoxic (PaO,/FiO; < 80 for
longer than six hours or PaO, /FiO, < 50 for longer than three hours) or hypercapnic (arterial
pH < 7.25 and PaCO, > 60 mmHg for longer than six hours) ARDS patients [3,5,24]. V-VA
ECMO is applied in patients with severe respiratory failure and concomitant hemodynamic
instability with tissue hypoperfusion, a systolic blood pressure less than 90 mmHg, and a
cardiac index less than 2.0 L/min/m? despite preload optimization and the continuous
infusion of catecholamines [3]. These patients commonly show primary respiratory failure
accompanied by acute cor pulmonale or catecholamine-refractory septic shock.

Per the standard of our unit, we insert a 29 French multistage drainage cannula
through the right femoral vein and a 23 French venous return cannula through the jugular
vein [3]. In the case of V-VA ECMO, an additional 17 French arterial cannula and a 7 French
antegrade perfusion cannula are inserted into the left femoral artery [3].

2.3. Definitions and Scores Calculation

In this study, acute liver injury is defined as the presence of increased serum aspartate
transaminase greater than 350 U/L and alanine transaminase greater than 400 U/L, which
indicated transaminase levels greater than 10 times the upper limit of normal [16,17]. Daily
serum levels of transaminases, bilirubin, and creatinine and international normalized ratio
(INR), and MELD score are assessed immediately prior to ECMO initiation (pre-ECMO)
and during the first five days on ECMO support.

The MELD score is calculated according to the current Organ Procurement and Trans-
plantation Network (OPTN) policies [25] and as recommended by the United Network for
Organ Sharing [26,27].

MELD = (0.957 « In (creatinine%) +0378 x In (bilirubin%) +1.120 x In(INR) + 0.643) % 10

dL dL

In patients with serum creatinine above 4.0 mg/dL, as well as in patients who require
a minimum of two dialyses or 24 h of continuous renal replacement therapy within the last
seven days, the value for serum creatinine used in the calculation is set to 4.0 mg/dL [25].
For bilirubin or creatinine value less than 1 mg/dL, a value of 1 mg/dL is used in the
calculation [25]. The MELD score is then rounded to the nearest integer and assessed at
ICU admission, just before ECMO initiation (pre-ECMO) and during the first five days on
ECMO support.

In this study, we analyze a patient cohort under V-V and V-VA ECMO for primary
respiratory failure. Most of the patients presented with hypernatremia and, thus, the
sodium value is set to 137 in the MELD-Na calculation [25]. This calculation resulted in
identical MELD and MELD-Na values. Therefore, we use the MELD score in this study
(not MELD-Na).

To further characterize the study population SAPS II (simplified acute physiology
score II), SOFA (sequential organ failure assessment), RESP (respiratory ECMO survival
prediction), and PRESERVE (predicting death for severe ARDS on V-V ECMO) scores are
calculated. The SAPS II score is calculated as previously described by Le Gall et al. with
physiological variables, which are collected within the first 24 h of treatment in the ICU [28].
SOFA, RESP, and PRESERVE scores are calculated at ECMO initiation, as described by
Vincent et al. and Schmidt et al., respectively [29-31].

2.4. Statistical Analysis

Statistical analysis is performed with JMP® Version 15 from SAS (SAS, Cary, NC,
USA). Categorical variables are presented as frequencies of observation (%) and analyzed
using a two-tailed Fisher’s exact test. Continuous variables are reported as medians with
corresponding 25-75% interquartile ranges and comparisons are made using the Wilcoxon
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nonparametric test. For data that are measured multiple times, a repeated measures
ANOVA and F-test are employed for analysis.

The following risk factors are included in our analysis: age, sex, body-mass index,
ECMO type (V-V or V-VA), relevant comorbidities (pre-ECMO cardiac failure, septic shock,
preexisting chronic liver and renal diseases, as well as the presence of acute liver injury),
SAPS II at ICU admission, as well as pre-ECMO MELD, SOFA, PRESERVE, and RESP
scores. The ability of a risk factor to predict mortality is assessed with logistic regression.
The cut-off values of a risk factor for predicting mortality are correspondingly determined
through a ROC curve analysis.

As we aimed to evaluate the impact of extrapulmonary organ function at the time of
ECMO initiation on mortality, univariate and multivariable analyses are based on values
at ECMO initiation (pre-ECMO). The multivariable analysis includes all factors with a
p < 0.05 at the univariate analysis. To avoid redundancy, single laboratory values (i.e., biliru-
bin, creatinine, INR, aspartate, and alanine transaminase) are excluded from the analysis.

The links between the requirement of V-VA ECMO support and (1) a higher prevalence
of pre-ECMO acute liver injury, (2) a higher pre-ECMO MELD score, and (3) increased
mortality are evaluated with logistic regression.

Survival estimates are completed with Kaplan—Meier and Cox proportional hazards
analyses. Patients who were discharged alive from ICU are censored at the time of their
discharge date.

3. Results

Between January 2017 and December 2020, we identified 187 ECMO runs (42 V-VA
and 145 V-V ECMO) on 177 patients. Eight patients required two ECMO runs and one
patient required three ECMO runs due to recurring respiratory failure.

3.1. Patient’s Demographics and Characteristics

The patients” demographics and characteristics are presented in Table 1. Survivors
have significantly lower SAPS II (69 (59-80) vs. 78 (64-90), p = 0.002), a lower incidence
of cardiac failure (19% vs. 43%, p = 0.0005), and require significantly less V-VA ECMO
support (12% vs. 34%, p = 0.0004). There is no significant difference in the pre-ECMO
prevalence of septic shock and preexisting chronic liver or renal diseases between survivors
and nonsurvivors. However, survivors show a lower pre-ECMO prevalence of acute liver
injury (p = 0.03) and have a lower MELD score (12 (8-20) vs. 19 (11-23), p = 0.0004), SOFA
score (13 (11-16) vs. 15 (13-17.7), p = 0.001), PRESERVE score (3 (2-5) vs. 4 (3-6), p = 0.005),
and RESP score (1 (2-3) vs. 0 (—2-2), p = 0.04).

Table 1. Pre-ECMO patient’s demographics and characteristics (survivor vs. nonsurvivor).

Survivors Nonsurvivors

n=95 n=92 p Values
Age (years) 55 (42-61) 57 (49-64) 0.07
Body-mass index (kg/ m?) 29 (25-35) 27 (25-31) 0.08
ICU length of stay (days) 21 (14-33) 11.5 (6-24) <0.0001
ECMO strategies
e V-VECMO n = 84 (88%) n = 61 (66%) 0.0004
e V-VAECMO n =11 (12%) n =31 (34%)
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Table 1. Cont.

Survivors Nonsurvivors

n=95 n=92 p Values
Duration of ECMO support (days) 12 (8-16) 9.5 (4-19) 0.08
Clinical presentation prior to ECMO initiation other than respiratory failure:
e  chronic liver disease n=1(1%) n =4 (4%) 0.2
° chronic renal disease n=3(3%) n="9(4.5%) 0.08
e cardiac failure n =18 (19%) n = 40 (43%) 0.0005
*  septicshock n =53 (56%) n = 62 (67%) 0.13
e  acute liver injury n=3(3%) n=11(12%) 0.03
Bilirubin 0.6 (0.3-1.2) 0.9 (0.5-1.8) 0.01
Aspartate transaminase 77 (38.2-146.5) 143 (58.2-414) 0.0002
Alanine transaminase 39 (28-70.2) 53 (30-159) 0.02
Creatinine 1.4 (0.7-2.4) 1.8(1.1-2.9) 0.01
INR 1.1 (1.0-1.2) 1.2 (1.1-1.5) <0.0001
MELD score 12 (8-20) 19 (11-23) 0.0004
SOFA score 13 (11-16) 15 (13-17.7) 0.001
PRESERVE score 3(2-5) 4 (3-6) 0.005
RESP score 1(—2-3) 0(—2-2) 0.04
SAPS II score at ICU admission 69 (59-80) 78 (64-90) 0.002
Irdeed oty beeden

ICU: intensive care unit; ECMO: extracorporeal membrane oxygenation; V-V: veno-venous; V-VA: veno-veno-
arterial; INR: International Normalized Ratio; MELD: Model for End-Stage Liver Disease; SOFA: Sequential Organ
Failure Assessment; PRESERVE: PRedicting dEath for SEvere ARDS on V-V ECMO; RESP: Respiratory ECMO
Survival Prediction; SAPS II: Simplified Acute Physiology Score II.

Survivors also show a significant lower pre-ECMO bilirubin (0.6 (0.3-1.2) vs. 0.9
(0.5-1.8), p = 0.01), creatinine (1.4 (0.7-2.4) vs. 1.8 (1.1-2.9), p = 0.01), INR (1.1 (1.0-1.2)
vs. 1.2 (1.1-1.5), p < 0.0001), aspartate (77 (38.2-146.5) vs. 143 (58.2-414), p = 0.0002), and
alanine transaminases (39 (28-70.2) vs. 53 (30-159), p = 0.02), Table 1.

3.2. The Development of Acute Liver Injury

Pre-ECMO acute liver injury is observed in 8 out of 145 V-V ECMO and 6 out of 42
V-VA ECMO cases (p = 0.09), Figure 1. Within the first five days after ECMO initiation,
acute liver injury is identified in six additional patients on V-V ECMO and ten additional
patients on V-VA ECMO (p < 0.0001), Figure 1.

3.3. The Course of MELD Score

Prior to ECMO initiation and during the first five days on ECMO, the repeated mea-
sures analyses show a significant increase of MELD score in both V-V ECMO (F test
p <0.0001) and V-VA ECMO (F test p = 0.005) groups, Figure 2. These are associated with
increased total bilirubin and creatinine within individuals over time (F-test p < 0.0001 for
both bilirubin and creatine). The increase in creatinine is contributed to the application of
continuous renal replacement therapy and, thus, the creatinine value in the MELD score
calculation is set to 4.0 mg/dL.
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acute liver injury

n,=14
n. =30
V-V ECMO V-VAECMO
n,=8(5.5%) n, =6 (14%)
n. =14 (9.5%) n, =16 (38%)
survivors non-survivors survivors non-survivors
n,=2 n,=6 n,=1 n,=5
n.=3 n.=11 n.=2 n.=14
Figure 1. The prevalence of acute/hypoxic liver injury prior to ECMO initiation (n,) and within the
first five days on ECMO support (ne).
30
V-VA ns
25
. V-VAs
0--------Q--"--- - - -
MELD 20
score V-V ns
.-
15 V-Vs
10

pre-ECMO ECMOdl ECMOd2 ECMOd3 ECMOd4 ECMOd5

Figure 2. Repeated measures analyses of MELD scores at various assessment points. MELD values
are displayed as means. Within individuals, MELD scores increase significantly over time both in
V-VA ECMO (F-test p = 0.005) and in V-V ECMO groups (F-test p < 0.0001). However, in both V-V
and V-VA groups, this increased MELD score does not significantly change the mortality rate over
time (F-test p = 0.2 and p = 0.3, respectively). Dotted lines indicate survivors (V-V s and V-VA s); solid
lines indicate nonsurvivors (V-V ns and V-VA ns).

In the V-V ECMO but not the V-VA ECMO group, there is a significant difference in
pre-ECMO MELD values between nonsurvivors and survivors (p = 0.01). However, there is
a striking increase in MELD score in V-VA ECMO nonsurvivors as compared to the V-VA
ECMO survivors.

3.4. Outcome Predictors

Table 2 outlines the ability of pre-ECMO risk factors (age, sex, body-mass index, pre-
ECMO cardiac failure, septic shock, chronic liver and kidney diseases, acute liver injury,
levels of bilirubin, creatinine, INR, and both transaminase enzymes, as well as SAPS II at
ICU admission, MELD score, and ECMO type) to predict mortality.
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Table 2. The ability of pre-ECMO risk factors in predicting ICU mortality. SAPS II is calculated at
ICU admission; pre-ECMO values are assessed just before ECMO initiation.

Risk Factors Cut-Off Values fl:]ﬁ?:;iisa te) AUROC ﬁ;‘;arli:;ie()lv[ ul-
Age 60 0.06 0.58

Male sex 0.9

Body-Mass Index 27.7 0.4 0.60

ECMO type (V-V or V-VA) 0.0003 0.2
Cardiac failure 0.0003 0.4
Septic shock 0.1

Chronic liver disease 0.2

Chronic renal disease 0.06

Acute liver injury 0.03 0.2
Bilirubin 0.63 0.03 0.60

Aspartate transaminase 112 0.0008 0.66

Alanine transaminase 109 0.02 0.6

Creatinine 1.6 0.23 0.60

INR 1.15 <0.0001 0.69

MELD score 16 0.0001 0.65 0.04
SOFA score 13 0.001 0.64 0.6
PRESERVE score 4 0.009 0.61 0.06
RESP score 2 0.05 0.58 0.7
SAPSII at admission 75 0.002 0.63 0.09

AUROC: Area Under the Receiver Operating Characteristic Curve; INR: International Normalized Ratio; ECMO:
extracorporeal membrane oxygenation; MELD: Model for End-Stage Liver Disease; V-V: veno-venous; V-VA:
veno-veno-arterial; SAPS II: Simplified Acute Physiology Score II; SOFA: Sequential Organ Failure Assessment;
PRESERVE: PRedicting dEath for SEvere ARDS on V-V ECMO; RESP: Respiratory ECMO Survival Prediction.

In the univariate analysis, pre-ECMO cardiac failure, acute liver injury, bilirubin,
transaminase enzymes, INR, pre-ECMO MELD, SOFA, PRESERVE and RESP scores, ECMO
type, and SAPS II are related to ICU mortality. In the multivariable analysis, single lab-
oratory values (i.e., bilirubin, creatinine, INR, aspartate, and alanine transaminase) are
excluded from the analysis to avert redundancy. Here, only the pre-ECMO MELD score
independently predicts ICU mortality (p = 0.04). The analysis shows a higher mortality in
patients with a pre-ECMO MELD score greater than 16. Factors related to the pre-ECMO
MELD score are summarized in Appendix A, Table A1.

3.5. The Impact of Liver Injury and a High Pre-ECMO MELD and SAPS II Scores on Outcome

According to the Cox proportional hazard model, acute liver injury occurring both
before and after ECMO initiation is significantly associated with a 4.5-fold and 4.7-fold
higher risk of mortality, respectively (p < 0.0001), Table 3. Additionally, the Cox model
estimates a 1.9-fold and 2.3-fold higher mortality risk in patients with a pre-ECMO MELD
score > 16 (p = 0.002) and SAPS II > 75 (p = 0.0001), Table 3.

Kaplan-Meier analyses reveal a notably higher survival probability within two months
of ECMO initiation for patients who did not have pre-ECMO or developed acute liver
injury during ECMO (Log-Rank p < 0.0001), Appendix A, Figures Al and A2.
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Table 3. Cox proportional hazard analyses of risk factors associated with ICU mortality. * during the
first five days on ECMO support.

Risk Factors Hazard Ratios (95% CI) p Values
Pre-ECMO acute liver injury

e  all patients 4.5 (2.3-8.5) <0.0001
e V-VECMO 5.4 (2.3-12.9) 0.0001

e V-VAECMO 2.4 (0.9-6.3) 0.07

Acute liver injury during ECMO *

° all patients 4.7 (2.9-7.6) <0.0001
e V-VECMO 5.7 (29-11.2) <0.0001
e V-VAECMO 2.7 (1.3-5.8) 0.01
Pre-ECMO MELD score > 16

e  all patients 1.9 (1.3-3.0) 0.002

° V-V ECMO 1.7 (1.0-2.8) 0.04

e V-VAECMO 2.6 (1.2-5.6) 0.01
SAPSII > 75

e  all patients 2.3 (1.5-3.5) 0.0001
e V-VECMO 1.9 (1.1-3.1) 0.01

e V-VAECMO 4(1.8-8.6) 0.0004

V-V: veno-venous; V-VA: veno-veno-arterial; ECMO: extracorporeal membrane oxygenation; CI: confidence interval.

Irrespectively of the ECMO strategies, the Kaplan-Meier analysis shows a worse
30 days survival probability for patients with an acute liver injury, both prior to ECMO
initiation (log-rank p < 0.0001), Figure 3 and within the first five days of ECMO support
(log-rank p < 0.0001), Appendix A, Figure A3.

In the Cox proportional hazard model, pre-ECMO acute liver injury is associated with
a 5.4 higher mortality risk in the V-V ECMO group (p = 0.0001); while the higher mortality
risk in V-VA ECMO groups is statistically nonsignificant (p = 0.07), Table 3. Among patients
with pre-ECMO acute liver injury, both the V-V and V-VA ECMO groups show a similar
mortality risk (95% CI0.3-3.3, p = 1.0).

The incidence of acute liver injury within the initial five days of V-V and V-VA ECMO
correlates with a 5.7-fold and 2.7-fold increase in mortality (p < 0.0001 and p = 0.01),
respectively, Table 3. Among patients with acute liver injury during ECMO, the V-V ECMO
group shows a higher mortality risk than the V-VA-ECMO group; however, this difference
is statistically nonsignificant (95% CI 0.5-2.6, p = 0.7).

The pre-ECMO MELD score is significantly lower in the V-V ECMO group than in the
V-VA ECMO group (13 (8-21) vs. 17 (13.5-25, p = 0.007). The Kaplan-Meier analysis shows
a worse 30 days survival probability for patients with a pre-ECMO MELD score greater
than 16 in both V-V and V-VA ECMO groups, Figure 4.
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Figure 3. Kaplan—Meier curve for patients without (solid lines) and with (dotted lines) pre-ECMO
acute/hypoxic liver injury; both in V-V and V-VA ECMO groups (black and grey lines, respectively).
Log-Rank p < 0.0001.

Among patients with a pre-ECMO MELD score > 16, mortality increases by 1.7 and 2.6
times in those receiving V-V and V-VA ECMO support, respectively (p = 0.04 and p = 0.0019,
Table 3. When comparing the two ECMO strategies in patients with a pre-ECMO MELD
score > 16, V-VA ECMO is associated with a 2.7 times higher mortality risk compared to
V-V ECMO support (95% CI 1.6-4.7, p = 0.0003).

In patients with a pre-ECMO SAPS II > 75, mortality increases by 1.9 times for those
on V-V ECMO support (p = 0.01) and 4 times for those on V-VA ECMO support (p = 0.0004),
Table 3. Here, the V-VA ECMO group demonstrates a 3.2 times higher mortality risk than
the V-V ECMO group (95% CI 1.9-5.6, p < 0.0001).

The univariate analyses show that the requirement of V-VA ECMO support is asso-
ciated with the development of acute liver injury during ECMO support (p < 0.0001), a
higher pre-ECMO MELD score (p = 0.01), and a higher ICU mortality (p = 0.0004). However,
it is not linked to a higher prevalence of pre-ECMO acute liver injury (p = 0.09).
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Figure 4. Kaplan—Meier curve for patients with pre-ECMO MELD score < 16 (solid lines) and pre-
ECMO MELD score > 16 (dotted lines); both in V-V and V-VA ECMO groups (black and grey lines,
respectively). Log-Rank p < 0.0001.

4. Discussion

This study’s main findings could be summarized as follows: (1) a significant pre-
ECMO liver impairment, which is evident in the presence of pre-ECMO acute liver injury
and a high pre-ECMO MELD score, is associated with increased mortality; (2) a pre-ECMO
MELD score greater than 16 is an independent predictor of mortality in patients under
ECMO support due to a primary respiratory failure; and (3) the requirement of V-VA ECMO
support is associated with a higher pre-ECMO MELD score and increased mortality.

4.1. Acute Liver Injury

Our Cox analysis shows that the presence of pre-ECMO acute liver injury substantially
increases the risk of ICU mortality. Hypoxic liver injury, also known as acute or ischemic
liver injury, is characterized by a massive transaminases elevation resulting from reduced
hepatic oxygen delivery or utilization [17]. Four mechanisms are potentially involved:
(1) hypoxia, (2) ischemia due to hypoperfusion or hypotension, (3) hepatic venous con-
gestion, and (4) the liver’s inability to extract and utilize oxygen [16,32]. Moreover, Seeto

99



J. Clin. Med. 2023, 12, 4860

et al. suggested that liver hypoxia and ischemia resulting from low cardiac output are not
alone sufficient to cause typical hypoxic hepatitis [33]. In their analysis, 94% of patients
with acute liver injury had a right ventricular dysfunction and the accompanying hepatic
venous congestion [33]. All mechanisms are commonly present in patients with ARDS and
the associated septic shock or acute cor pulmonale, which reflects our patient cohort under
V-V and V-VA ECMO support in this study.

In our institution, V-VA ECMO is typically initiated in ARDS with either acute cor
pulmonale or catecholamine-refractory septic shock [3]. Prior to ECMO cannulation, these
patients show a high illness severity and already exhibit multiorgan failure. As expected,
the V-VA ECMO group shows a higher prevalence of acute liver injury prior to ECMO
initiation (14%) and within the first five days on ECMO support (38%), as compared to
the V-V ECMO group (5.5% and 9.5%, respectively), Figure 1. Hypoxia, hypotension, and
venous congestion might be addressed with V-VA ECMO. However, V-VA ECMO cannot
alleviate the liver’s inability to extract and utilize oxygen, which might occur in septic
shock [16].

According to the findings presented in Table 3, pre-ECMO acute liver injury is as-
sociated with a significantly higher mortality risk in the V-V ECMO group. In the V-VA
ECMO group, however, although the pre-ECMO transaminase levels are higher compared
to the V-V group, the association between pre-ECMO acute liver injury and mortality
does not reach statistical significance. This observation can be attributed to the profound
hemodynamic instability in conjunction with hypoxemia prior to V-VA ECMO initiation,
which contributes to mortality in V-VA patients irrespective of the presence or absence of
pre-ECMO liver injury. As a result, the prognosis of patients receiving V-VA support is pre-
dominantly influenced by the severity of hemodynamic disturbance and the effectiveness
of V-VA ECMO in rapidly stabilizing the cardio—circulatory system.

In this study, acute liver injury is defined as the presence of elevated serum aspar-
tate transaminase levels exceeding 350 U/L and alanine transaminase levels surpassing
400 U/L. These thresholds, as suggested by Henrion et al., indicate transaminase levels
that are more than 10 times higher than the upper limit of normal [16]. Both transaminase
enzymes reach their peak levels within 24 h after a severe hemodynamic disturbance [17].
Given that the most severe hemodynamic disturbances typically occur during V-VA ECMO
initiation [3], it is expected that both transaminase enzymes will reach their peak levels on
the day following V-VA ECMO initiation.

Our results show that V-VA ECMO is linked to the occurrence of acute liver injury
within the first five days of support (Table 3). However, among patients who develop
an acute liver injury during ECMO, the V-VA ECMO group exhibits a lower mortality
risk compared to the V-V ECMO group (Table 3). While this difference could be partially
attributed to the ability of V-VA ECMO to stabilize hemodynamics, ensure adequate oxygen
supply, and mitigate additional end-organ damage, the difference does not reach statistical
significance (Table 3). Of note, our analyses include a relatively small sample size with only
42 V-VA ECMO runs. Consequently, the limited number of cases might not provide enough
statistical power to establish a significant finding.

4.2. MELD Score as an Independent Outcome Predictor

MELD score is an objective metric and quickly assesses hepatic function [26]. It has a
predictive value in acute liver failure [14] and has also been used widely to allocate livers
for transplantation [26]. Wiesner et al. reported that without liver transplantation, patients
with a MELD score < 9 experienced a 1.9% mortality at three months, whereas patients
with a MELD score > 40 had a mortality rate of 71.3% [34].

Outside of liver cirrhosis and transplants allocation, the MELD score has been pro-
posed as a predictor of renal, hepatic, and cardiac dysfunction [13]. As the outcome of
respiratory ECMO, it is associated with nonpulmonary organ dysfunction at the time
of ECMO initiation [2]; our results that demonstrate the pre-ECMO MELD score as an
independent outcome predictor are in line with the findings from the CESAR and EOLIA
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trial [1]. In our analysis, the MELD score has a superior predictive performance for mortal-
ity compared to the SOFA, PRESERVE, RESP, and SAPS II scores (Table 2). In addition, the
MELD score has been shown to have prognostic value in patients with respiratory failure
supported by V-V ECMO and in patients with cardiac failure who required left ventricular
assist devices [8,13]. As the MELD score calculation is based solely on three readily avail-
able, routinely collected, and reproducible laboratory values (creatinine, total bilirubin, and
INR), it is easy to implement in a clinical setting and independent of subjective values [25].

Watanabe reported that a MELD score greater than 12 is an independent predictor
of mortality in 71 patients with respiratory failure supported with V-V ECMO [8]. Our
analysis of 42 V-VA and 145 V-V ECMO cases for primary respiratory failure also shows
that the pre-ECMO MELD score is associated with mortality in both univariate (p = 0.0001)
and multivariable (p = 0.04) analyses. The calculated cut-off value of 16 is slightly higher
than previously reported by Watanabe et al.

A Cox proportional hazard analysis shows that a pre-ECMO MELD score greater than
16 increases the hazard ratio for ICU mortality by a factor of 1.9, Table 3. Severe ARDS is
commonly associated with the progressive deterioration of nonpulmonary organ functions.
This nonpulmonary organ dysfunctions, such as acute liver injury and dysfunction, co-
agulopathy, right heart dysfunction, catecholamine-refractory septic vasoplegia, or acute
kidney failure, is reflected in the higher pre-ECMO MELD score and, therefore, might
explain the value of the MELD score as an independent outcome predictor in patients with
severe ARDS managed with ECMO.

In line with our findings, Matthews et al. reported the association between the MELD
score prior to the implantation of ventricular assist devices and the postoperative right
ventricular failure, renal failure, and mortality [13]. They reported that a preoperative
MELD score greater than 17 is associated with a three-fold increased odds of perioperative
mortality [13].

In contrast, Sern Lim reported a reduced predictive performance of the pre-ECMO
MELD excluding the INR (MELD-XI) score in patients with acute decompensated chronic
left heart failure bridged with veno-arterial ECMO [35]. These patients typically exhibit
cardiac congestion and sympathetic and neurohormonal activation resulting in various
degrees of hepatorenal impairment [35]. The author claims that the progressive multiorgan
deterioration “homogenizes” his patient cohort and might thereby reduce the discrimina-
tory value of the pre-ECMO MELD score [35]. In our study, however, we analyzed a rather
homogenous patient cohort with severe ARDS and various degrees of extrapulmonary
organ dysfunction. In this population, survival depends on the extent of extrapulmonary
organ dysfunction at ECMO initiation [2], which is reflected by the pre-ECMO MELD score.

As a higher MELD score reflects a higher severity of illness with established organ
dysfunction, our analysis shows a significantly higher pre-ECMO MELD score in the V-VA
ECMO group than in the V-V ECMO group. V-VA ECMO is used to maintain hemodynamic
stability in patients with respiratory failure and a concomitant acute right heart failure or
catecholamine-refractory septic shock. As patients who are supported with V-VA ECMO
already had a minimum of two failing organs (pulmonary and cardiovascular) prior to
ECMO initiation, hepatorenal dysfunction, which is reflected in a higher pre-ECMO MELD
score, further increases the mortality risk. The Cox model estimates that, among patients
with a pre-ECMO MELD score greater than 16, V-VA ECMO support has a 2.7 times higher
hazard ratio of ICU mortality, as compared to the V-V ECMO.

4.3. Limitations

Our analysis is subject to the limitations inherent in a retrospective study conducted
at a single center, which includes the possibility of selection bias. The relatively small
sample size, especially in the V-VA ECMO group, poses challenges in achieving robust
comparability for statistical analysis. It is important to acknowledge these limitations
when interpreting the findings and recognizing the potential impact they may have on the
generalizability of the results.
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5. Conclusions

A MELD score numerically operationalizes multiorgan dysfunction. A Pre-ECMO
MELD score, both as continuous and as a dichotomous variable, is an independent outcome
predictor in patients with primary respiratory failure supported with V-V or V-VA ECMO.
Additionally, in our analysis, the MELD score has a superior predictive performance for
mortality compared to the SOFA, PRESERVE, RESP, and SAPS II scores.

Immediately prior to V-VA ECMO initiation, patients are severely debilitated, experi-
encing multiorgan failure involving the lungs, heart, and vasomotor system. This condition
typically arises due to acute cor pulmonale or catecholamine-refractory shock. The need for
V-VA ECMO support to stabilize the pulmonary and cardio—circulatory systems is linked
to a higher pre-ECMO MELD score and an elevated risk of mortality.
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Appendix A. Model for End-Stage Liver Disease (MELD) Score
Appendix A.1. Factors Related to Pre-ECMO MELD Score

Table A1 summarizes factors affecting the pre-ECMO MELD score as a continued
variable. In univariate analysis, age older than 60 years, male sex, SAPS II greater than 75
as well as pre-ECMO cardiac failure, septic shock, and acute liver injury are associated with
pre-ECMO high MELD score. However, only male sex, SAPS II greater than 75 along with
pre-ECMO septic shock and acute liver injury are linked to high pre-ECMO MELD score
(p = 0.01, <0.0001, 0.0005 and 0.0005, respectively).

Table A1. Factors linked to pre-ECMO MELD score. As both creatinine and bilirubin are included
in the MELD score calculation, the SOFA score, which also includes creatinine and bilirubin, is not
included in the multivariable analysis. MELD: Model for End-Stage Liver Disease; SOFA: Sequential
Organ Failure Assessment; PRESERVE: PRedicting dEath for SEvere ARDS on V-V ECMO; RESP:
Respiratory ECMO Survival Prediction; SAPS II: Simplified Acute Physiology Score II.

Factors Affecting Pre-ECMO MELD p-Values (Univariate)  p-Values (Multivariable)

Score

Age > 60 years 0.01 0.2
Male sex 0.03 0.05
Body-Mass Index 0.4

chronic liver disease 0.1

chronic renal disease 0.1

cardiac failure 0.009 0.9
septic shock <0.0001 0.1
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Survival Probabili

Table A1. Cont.

Factors Affecting Pre-ECMO MELD p-Values (Univariate)  p-Values (Multivariable)

Score

acute liver injury <0.0001 0.005
SOFA score > 13 <0.0001

PRESERVE score > 4 0.04 0.1
RESP score < 2 0.6 0.8
SAPSII > 75 <0.0001 <0.0001

High pre-ECMO MELD score is also associated with the development of (1) acute liver
injury during the first five days on ECMO (MELD cut-off value 21, p < 0.0001, AUROC
0.80) and (2) acute kidney failure which required continuous renal replacement therapy
(MELD cut-off value 10, p < 0.0001, AUROC 0.77).

Appendix A.2. The Impact of Pre-ECMO Acute/Hypoxic Liver Injury
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Figure Al. Kaplan-Meier curve for patients without (solid lines) and with (dotted lines) pre-ECMO
acute/hypoxic liver injury.

103



J. Clin. Med. 2023, 12, 4860

Appendix A.3. The Impact of Acute/Hypoxic Liver Injury during the First Five Days on ECMO
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Figure A2. Kaplan-Meier curve for patients without (solid lines) and with (dotted lines)
acute/hypoxic liver injury during the first five days on ECMO.
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Appendix A.4. The Impact of V-V and V-VA ECMO Strategies in Patients with Acute Liver Injury
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Figure A3. Kaplan-Meier curve for patients who did not develop (solid lines) and who developed
(dotted lines) acute/hypoxic liver injury within the first five days on ECMO; both in V-V and V-VA
ECMO groups (black and grey lines, respectively). Log-Rank p < 0.0001.
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Abstract: Background: For moderate to severe acute respiratory distress syndrome (ARDS), lung-
protective ventilation combined with prolonged and repeated prone position (PP) is recommended.
For the most severe patients for whom this strategy failed, venovenous extracorporeal membrane
oxygenation (vv-ECMO) allows a reduction in ventilation-induced lung injury and improves survival.
Some aggregated data have suggested a benefit regarding survival in pursuing PP during vv-ECMO.
The combination of PP and vv-ECMO has been also documented in COVID-19 studies, although there
is scarce evidence concerning respiratory mechanics and gas exchange response. The main objective
was to compare the physiological response of the first PP during vv-ECMO in two cohorts of patients
(COVID-19-related ARDS and non-COVID-19 ARDS) regarding respiratory system compliance (Crs)
and oxygenation changes. Methods: This was a single-center, retrospective, and ambispective cohort
study in the ECMO center of Marseille, France. ECMO was indicated according to the EOLIA trial
criteria. Results: A total of 85 patients were included, 60 in the non-COVID-19 ARDS group and 25 in
the COVID-19-related ARDS group. Lung injuries of the COVID-19 cohort exhibited significantly
higher severity with a lower Cgg at baseline. Concerning the main objective, the first PP during vv-
ECMO was not associated with a change in Crg or other variation in respiratory mechanic variables
in both cohorts. By contrast, oxygenation was improved only in the non-COVID-19 ARDS group
after a return to the supine position. Mean arterial pressure was higher during PP as compared with
a return to the supine position in the COVID-19 group. Conclusion: We found distinct physiological
responses to the first PP in vv-ECMO-supported ARDS patients according to the COVID-19 etiology.
This could be due to higher severity at baseline or specificity of the disease. Further investigations
are warranted.

Keywords: COVID-19; severe ARDS; venovenous ECMO; prone position; respiratory system compliance

1. Introduction

Acute respiratory distress syndrome (ARDS) is an acute respiratory failure that is
classified into three stages of severity according to the Berlin definition [1]. For moderate-
to-severe ARDS, lung-protective ventilation which includes a low tidal volume (Vi)-low
plateau pressure (Ppo) ventilation strategy combined with prolonged and repeated prone
position (PP) is recommended [2].

Venovenous extracorporeal membrane oxygenation (vv-ECMO) allows decreasing
Vi, airway inspiratory pressures, and the respiratory rate (RR), which all individually can
induce or worsen ventilator-induced lung injuries (VILIs) [3,4]. For the most severe ARDS
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patients for whom the combination of lung-protective ventilation combined with PP failed,
the early initiation of vv-ECMO increased survival [5].

In addition, retrospective aggregated data suggest a potential benefit of continuation
or initiation of PP in vv-ECMO patients.

In December 2019, a new virus emerged in the region of Wuhan in China, the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) which was responsible for the
global pandemic of coronavirus disease 2019 (COVID-19) [6]. Although most patients
infected by COVID-19 present mild or moderate symptoms, about 10% will need hospi-
talization and 1.5% will require intensive care unit (ICU) hospitalization. Among them,
around 70% need respiratory support for acute respiratory failure. vv-ECMO has been
increasingly used during the first wave of the pandemic and thereafter [7].

Interestingly, some observational cohorts report a very high rate of PP use (up to
70-90%) during vv-ECMO [8-10].

Therefore, the aim of the study was to compare the physiological response of PP be-
tween two cohorts of severe ARDS patients (COVID-19-related ARDS and non-COVID-19
ARDS) supported by vv-ECMO.

2. Materials and Methods
2.1. Study Design and Ethics Approval

We performed a single-center, retrospective, and ambispective cohort study. The study
protocol was reviewed and approved by the Marseille Teaching Hospital Institutional
Review Board (PADS21-89) and by the ethics committee of the French intensive care society
(CE SRLF 21-47). According to French law, informed consent was not required due to the
design of the study, and we only collected the non-opposition form from the patient or
their surrogate.

2.2. Study Settings

All patients included were in a tertiary university hospital in Marseille, France. Pa-
tients were cannulated either directly in the department or in another ICU in the Provence-
Alpes-Cotes-d’Azur region and immediately transferred by the vv-ECMO mobile retrieval
team [11].

2.3. Population

The non-COVID-19 cohort was built from a previous study [12]. Only patients with
available physiological data were included in the cohort. The ambispective cohort included
consecutive COVID-19 patients hospitalized between 1 January 2021 and 31 December 2021
and supported by vv-ECMO. The first patient was included on 2 February 2021, and the
last patient was included on 11 November 2021.

vv-ECMO was indicated according to the EOLIA trial criteria, either refractory hypox-
emia defined by a ratio of partial pressure of arterial oxygen to fraction of inspired oxygen
(PaO,:FiO;, ratio) < 50 mmHg for at least 3 h or a PaO,:FiO; ratio < 80 mmHg for at least
6h despite a FiO, > 80% and a positive end-expiratory pressure (PEEP) > 10 cm H,O, or
respiratory acidosis with arterial blood pH < 7.25 with a partial pressure of arterial carbon
dioxide (PaCO2) > 60 mmHg for > 6 h (with RR increased to 35 cycles/minute) resulting
from mechanical ventilation settings adjusted to keep Ppjy; < 32 cm HpO (first, V¢ reduction
by 1 mL/kg decrements to 4 mL/kg; then, PEEP reduction to a minimum of 8 cm H,O) [5].

2.4. Primary and Secondary Endpoints

The primary endpoint was the change in the respiratory system compliance and
oxygenation between the start and the end of the first PP session during vv-ECMO in the
two cohorts (COVID-19 and non-COVID-19 patients).

Secondary endpoints were the changes in other respiratory mechanics variables,
arterial blood gas and ECMO settings during the same time frame, safety assessment of the
first PP, and clinical outcomes in the two cohorts.
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2.5. vo-ECMO Management

All the patients were cannulated using a percutaneous approach. The oxygen fraction
delivered by the membrane oxygenator (FmO,, %) was set at 100. Then, the sweep gas flow
was progressively increased to reach an arterial pH value above 7.30. The vv-ECMO blood
flow was progressively increased to obtain a pulsed oxygen saturation (SpO,) > 90% (or
PaO; > 60 mmHg) and to reach at least 60 % of the actual cardiac output. Anticoagulation
with intravenous unfractionated heparin was used to target an anti-Xa activity between 0.3
and 0.6 IU/mL. The triggering limit for transfusion was 8 g/dL for hemoglobin, 50 Giga/L
for platelet, and 1.5 g/L for fibrinogen. Hemolysis was also investigated daily during the
vv-ECMO run.

2.6. Mechanical Ventilation Protocol during vo-ECMO

Volume-controlled with constant flow mode was first used. Vi was set to obtain a
maximum Pp,t of 25 em H,O while PEEP was kept above 10 cm H,O. RR was decreased
between 10 and 15 cycles/min. Continuous perfusion of neuromuscular blockers was
pursued for 48 h after cannulation.

In case of the early improvement of respiratory function or after 48 h, a switch to
partial assisted pressure-controlled mode as airway pressure release ventilation (APRV) or
bi-level positive airway pressure (Bi-PAP) was encouraged after interruption of neuromus-
cular blockers.

2.7. Prone Position Procedure

All included patients received at least one 16 h session of PP during the vv-ECMO run.
The ICU team followed a written protocol for each maneuver including eye occlusion pro-
tection and protection of skin from all catheters and invasive devices (vv-ECMO cannulas,
tubing, thoracic drain, and bladder probe). The intensivists in charge of the patient stood
at the head to hold the intubation tube and jugular cannula in place. Two people stood
on either side of the patient. A fifth person secured vv-ECMO tubing and prevented any
dislodgment of vv-ECMO cannulas. Two specific air mattresses were then placed on the
patient’s head, thorax, and hips to prevent pressure sores.

2.8. Data Collection

Demographics (gender, age, weight, height, BMI, comorbidities) and severity scores
were recorded at the inclusion.

Before vv-ECMO, data on duration of mechanical ventilation, worse PaO,:FiO, ratio,
use and number of PP sessions, administration of inhaled nitric oxide (iNO), and eventual
renal replacement therapy were collected.

The date of cannulation, vv-ECMO configuration, and number of PP sessions on vv-
ECMO were also recorded. We computed the duration of vv-ECMO, vv-ECMO weaning
rate, and ICU and hospital mortality rates as outcomes.

Concerning respiratory mechanics variables, we recorded Vi (mL), RR (cycles/min),
minute ventilation (Vy, L/min), PEEP (cm H,O), peak inspiratory pressure (Ppeak, cm
H0), and FiO; (%) for each patient. At the same time, we measured Ppj,; (cm H,O) by
using an inspiratory pause (1 s) and calculated the compliance of the respiratory system
(Crs, mL/cm HyO) by dividing Vi by the difference between Pplat and total PEEP, measured
by using an expiratory pause (5 s), also called driving pressure (AP = Py — PEEP 51, cm
H,0). Mechanical power (MP, ] /min) was only available in COVID-19 patients and was
calculated as follows:

MP = 0.098 x Vt(L) x RR(c/min) x <Ppeak - %) (ecm HyO)

with 0.098 the conversion factor from L/cm H,O to joules [13].
For the COVID-19 ambispective cohort, we collected additional data. One hour before
(H-1 PP) and one hour after the PP (H+1 PP), and one hour before the supine position (H-1
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SP) and one hour after (H+1 SP), we recorded hemodynamic parameters (heart rate and
mean arterial pressure), arterial blood gas (pH, PaO,, PaCO,, saturation of arterial oxygen
(Sa0,), PaO,:FiO; ratio), ventilator parameters (Vy, RR, PEEP, Ppeak/ Pplat/ Vu, FIO,, and
Cgs), and vv-ECMO parameters (vv-ECMO blood flow, sweep gas, and FmO).

2.9. Assessment of Safety of Prone Position

In the COVID-19 cohort, we recorded and compared pre-specified adverse events
potentially associated with PP maneuvers, including severe hypoxemia (SpO, < 80%
for at least 5 min), decrease in vv-ECMO blood flow > 20% of baseline; mean arterial
pressure < 55 mmHg for at least 5 min; pneumothorax; tracheal tube obstruction; and
vv-ECMO cannula, intravenous catheter, or endotracheal tube dislodgment.

2.10. Statistical Analysis

No sample size was calculated. However, we planned to include 25 patients in the
COVID-19 ambispective cohort. For the non-COVID-19 retrospective cohort, we extracted
available data of interest from a previous study [12].

Qualitative variables were expressed as numbers and percentages. Comparisons
between groups were performed with the chi? test or Fisher test as appropriate.

Quantitative variables were expressed as median (interquartile range) or mean +
standard deviation. Comparisons between groups were performed with the U Mann—
Whitney test or the Student t test as appropriate.

Comparisons between times were performed with the Kruskal-Wallis test or with
ANOVA as appropriate. Post hoc tests were performed with the Tukey and Bonferroni tests.

A p value < 0.05 was considered as significant.

All statistics were calculated and figures were created with SPSS 20.0 (IBM, Armonk,
NY, USA).

3. Results

Eighty-five patients were included, 60 in the non-COVID-19 ARDS cohort and 25 in
the COVID-19 ARDS cohort.

3.1. Baseline Characteristics and Outcomes

The baseline characteristics of the two cohorts are displayed in Table 1.

Table 1. Baseline characteristics of the two cohorts.

COVID-19 ARDS Non-COVID-19 ARDS p Value
N=25 N =60
Age, median (IQR) 55 (45-61) 51 (38-64) 0.79
Male sex, n (%) 18 (72) 44 (74) 0.80
Body mass index (kg/mz), median (IQR) 30 (27.6-35.2) 28.7 (25.5-35.4) 0.38
SAPS 2 at admission, median (IQR) 41 (31-49) 47 (42-55) 0.006
SOFA score at inclusion, median (IQR) 7 (4-9) 10 (8-12) 0.001
Cause of ARDS
COVID-19 25 (100) 0(0)
Viral non-COVID-19 0(0) 13 (22)
Bacterial 0(0) 35 (58)
Aspiration 0(0) 2(3.5) <0.001
Pulmonary—others 0(0) 8 (13)
Extrapulmonary sepsis 0(0) 2(3.5)
Comorbidity, n (%)
Immunocompromised 3(12) 0 (0) 0.07
Hypertension 11 (44) 14 (24) 0.06
Diabetes mellitus 4 (16) 8 (14) 0.77
Chronic renal failure 1(4) 2(3.5) 0.89
Chronic obstructive pulmonary disease 7(28) 11 (19) 0.34
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Table 1. Cont.

COVID-19 ARDS Non-COVID-19 ARDS p Value
N=25 N =60
Before vv-ECMO
Duration of mechanical ventilation, median (IQR) 5(1-7) 3(1-7) 047
Prone position, n (%) 25 (100) 44 (74) 0.005
Inhaled nitric oxide, n (%) 20 (80) 26 (44) 0.002
PaO,:FiO; ratio, mmHg, median (IQR) 68 (50-74) 66 (50-81) 0.93
Renal replacement therapy, n (%) 1(4) 2(3.5) 0.89
Referred from other ICUs, n (%) 24 (96) 56 (95) 0.83
Retrieved by vv-ECMO mobile team, n (%) 21 (84) 48 (81) 0.77
vv-ECMO configuration, n (%)
Femoro-jugular 25 (100) 55(92)
Femoro-femoral 0(0) 4(7) 0.32
Jugulo-jugular 0 (0) 1(1)
Outcomes
ECMO days before PP, median (IQR) 2(1-3) 5(3-7) <0.001
Number of PP sessions on vv-ECMO, median (IQR) 4 (3-6) 2 (1-4) <0.001
vv-ECMO duration, days, median (IQR) 23 (15-34) 20 (13-36) 0.75
vv-ECMO weaning rate, n (%) 18 (72) 38 (64) 0.50
ICU mortality rate, n (%) 12 (48) 32 (54) 0.60
Hospital mortality rate, n (%) 12 (48) 36 (61) 0.27

Definition of abbreviations: IQR = interquartile range; SAPS 2 = simplified acute physiology score; SOFA = se-
quential organ failure assessment score; ARDS = acute respiratory distress syndrome; COVID-19 = coronavirus
disease 2019; vv-ECMO = venovenous extracorporeal membrane oxygenation; PP = prone position; PaO,:FiO,
ratio = ratio of the partial pressure of arterial oxygen to the fraction of inspired oxygen; ICU = intensive care unit.

Besides obvious differences in ARDS etiology, the non-COVID-19 ARDS cohort had
higher severity scores and less frequently received adjunctive therapy (PP or iNO) before
vv-ECMO implantation as compared with the COVID-19 ARDS group.

In the COVID-19 ARDS cohort, 12 patients (48%) had thoracic CT scans realized at
ECMO initiation. The percentage of lung consolidation was 75 (55-90)%.

Concerning the pre-specified outcomes, there was no difference in the vv-ECMO
duration, vv-ECMO weaning rate, ICU mortality, and hospital mortality between the
two groups.

First PP was considered after a median of 4 days of vv-ECMO. This delay was shorter
in the COVID-19 ARDS cohort as compared with the non-COVID-19 ARDS cohort.

3.2. Effects of the First PP under vo-ECMO in the COVID-19 ARDS Group

No significant effect was observed among the respiratory mechanics variables, the
vv-ECMO settings, and gas exchanges during the first PP under vv-ECMO (Table 2,
Figures 1 and 2). Concerning hemodynamics, we found a significant variation in mean
arterial pressure with an increase during PP.

Definition of abbreviations and formula: Pplat = plateau airway pressure; RS com-
pliance = respiratory system compliance calculated by tidal volume divided by driving pres-
sure; mechanical power calculated by the simplified equation of Gattinoni
(0.098 x tidal volume (L) x respiratory rate (cycles/min) x peak inspiratory pressure
less driving pressure divided by 2); PP = prone position.

Definition of abbreviations: FmO, = oxygen fraction delivered by the membrane
oxygenator of the vv-ECMO; FiO,: oxygen fraction inspired delivered by the ventilator;
PaO, = partial pressure of arterial oxygen; PaCO, = partial pressure of arterial carbon
dioxide; PP = prone position.
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Table 2. Evolution of respiratory mechanics, vv-ECMO settings, arterial blood gas, and hemodynam-
ics during the first prone position in the COVID-19 ARDS cohort.

Baseline Supine Start of Prone End of Prone Return to Supine Val
H-1PP H+1PP H-1SP H+1SP p¥atue
Ventilatory parameters
Tidal volume, mL, median (IQR) 150 (106-215) 145 (100-220) 150 (115-200) 160 (100-230) 0.97
Plateau airway pressure, cm H,O, median (IQR) 25 (21-26) 25 (22-26) 23 (23-24) 25 (22-26) 0.48
Peak inspiratory pressure, cm H,O, median (IQR) 27 (23-29) 29 (26-32) 26 (25-30) 29 (25-31) 0.36
PEEP, cm H,O, median (IQR) 12 (9-14) 12 (10-14) 12 (10-14) 12 (10-14) 0.93
Driving pressure, cm H,O, median (IQR) 12 (10-15) 13 (9-15) 12 (8-14) 13 (11-14) 0.68
Respiratory rate, cycles/min, median (IQR) 15 (13-17) 15 (13-16) 15 (12-16) 15 (13-19) 0.89
Minute ventilation, L/min, median (IQR) 2.2 (1.5-3.7) 2 (1.5-3.6) 2.1(1.5-3.4) 2.4 (1.5-3.8) 0.94
Respiratory system compliance, mL/cm H>O,
median (IQR) 11 (10-17) 13 (10-21) 13 (10-21) 11 (9-17) 0.83
Mechanical power, ] /min, median (IQR) 4.1(2.8-7.2) 4.7 (3.4-9) 4.2 (3.1-8.2) 4.3 (3.4-9) 0.94
Inspired fraction of oxygen, %, median (IQR) 50 (40-75) 60 (45-80) 50 (40-70) 55 (35-75) 0.76
vv-ECMO parameters
vv-ECMO blood flow, L/min, median (IQR) 3.8 (3.3-4.7) 4(3.3-4.4) 3.8 (3.2-4.8) 3.9 (3.2-4.6) 0.99
Sweep gas flow, L/min, median (IQR) 5 (3.5-6) 5 (4-6) 5(3.5-7) 5 (3.7-6.5) 0.93
Membrane lung fraction of oxygen, %, median (IQR) 100 (100-100) 100 (100-100) 100 (100-100) 100 (100-100) -
Arterial blood gas
Pa0,, mmHg, median (IQR) 75 (69-81) 78 (69-85) 77 (70-83) 77 (67-89) 0.33
PaCO,, mmHg, median (IQR) 54 (43-58) 51 (43-55) 53 (45-56) 48 (44-54) 0.57
PaO,:FiO, ratio, mmHg, median (IQR) 140 (95-185) 142 (98-186) 144 (127-207) 147 (95-221) 0.74
pH, median (IQR) 740 (7.36-742) 742 (7.37-743) 740 (7.35-7.44) 742 (7.39-7.45) 0.11
Hemodynamic parameters
Heart rate, bpm, median (IQR) 89 (71-116) 92 (73-111) 96 (76-105) 81 (70-105) 0.70
Mean arterial pressure, nmHg, median (IQR) 80 (73-90) 87 (80-100) * 87 (77-100) * 73 (67-86) 0.002
Definition of abbreviations and formula: IQR = interquartile range; PEEP = positive end-expiratory pressure;
mechanical power calculated by the simplified equation of Gattinoni (0.098 x tidal volume (L) x respiratory
rate (cycles/min) x peak inspiratory pressure less driving pressure divided by 2); vv-ECMO: venovenous
extracorporeal membrane oxygenation; PaO, = partial pressure of arterial oxygen; PaCO, = partial pressure of
arterial carbon dioxide; PaO,:FiO, ratio = ratio of the partial pressure of arterial oxygen to the fraction of inspired
oxygen; PP = prone position; SP = supine position. * p < 0.05 compared with return to supine with post hoc Tukey
and Bonferroni tests.
ANOVA
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Figure 1. Variation in respiratory mechanics parameters during the first PP under vv-ECMO in
patients with COVID-19 ARDS. The empty circles represent the outliers and the black stars represent
the extreme values.
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Figure 2. Variation in gas exchange during the first prone positioning under vv-ECMO for COVID-19
ARDS.
3.3. Effects of the First PP under vo-ECMO in the Non-COVID-19 ARDS Group
Respiratory mechanics, vv-ECMO settings, and arterial blood gas before and after the
first PP under vv-ECMO in the non-COVID-19 ARDS cohort are displayed in Table 3.
Table 3. Evolution of respiratory mechanics, vv-ECMO settings, and arterial blood gas before and
after the first prone position in the non-COVID-19 ARDS cohort (N = 60).
Supine before Proning  Supine after Proning p Value
Ventilatory parameters
Tidal volume, mL, mean =+ sd 206 £+ 110 201 £+ 99 0.79
Plateau airway pressure, cm H,O, mean =+ sd 25+4 25+4 0.21
PEEP, cm H,O, mean + sd 15+3 15+3 0.85
Driving pressure, cm HyO, mean =+ sd 11+4 10+4 0.28
Respiratory rate, cycles/min, mean + sd 14+6 13+5 0.79
Minute ventilation, L/min, mean + sd 29421 284+22 0.84
Respiratory system compliance, mL/cm HpO, mean = sd 224+123 2254123 0.95
Inspired fraction of oxygen, %, mean =+ sd 63 +22 54+ 18 0.022
vv-ECMO parameters
vv-ECMO blood flow, L/min, mean =+ sd 44+0.8 3.8+ 0.8 0.35
Sweep gas flow, L/min, mean + sd 6+2 6+2 0.90
Membrane lung fraction of oxygen, %, mean =+ sd 10040 100+ 0 -
Arterial blood gas
PaO,, mmHg, mean + sd 75 + 14 84 + 22 0.002
PaCO,, mmHg, mean =+ sd 45 + 10 43 +9 0.32
PaO,:FiO; ratio, mmHg, mean =+ sd 135 £ 57 176 =72 0.001

Definition of abbreviations: sd = standard deviation; PEEP = positive end-expiratory pressure; vv-ECMO:
venovenous extracorporeal membrane oxygenation; PaO, = partial pressure of arterial oxygen; PaCO, = partial
pressure of arterial carbon dioxide; PaO,:FiO, ratio = ratio of the partial pressure of arterial oxygen to the fraction
of inspired oxygen.

No significant change in respiratory mechanics was observed, whereas PaO, and the
PaO,:FiO; ratio increased significantly from 75 + 14 mmHg to 84 £ 22 mmHg (p = 0.02)
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and from 135 + 57 mmHg to 176 + 72 mmHg (p = 0.001), respectively. We performed a
sensitivity analysis restricted to the non-COVID-19 cohort who received PP before ECMO
(N = 44) and found no difference except for a slight decrease in ECMO blood flow after the
first PP (4 = 0.9 L/min and 3.7 = 1 L/min, p = 0.03).

3.4. Comparison between COVID-19 ARDS Group and Non-COVID-19 ARDS Group before and
after the First PP under vo-ECMO

Comparisons of respiratory mechanics, vv-ECMO settings, and arterial blood gas
before and after the first PP under vv-ECMO between COVID-19 ARDS and non-COVID-
19 ARDS are displayed in Table 4.

Table 4. Comparisons of respiratory mechanics, vv-ECMO settings, and arterial blood gas before and
after the first prone position between COVID-19 ARDS and non-COVID-19 ARDS.

Supine before Proning p Value Supine after Proning p Value
COVID-19 Non-COVID-19 COVID-19 Non-COVID-19
ARDS ARDS ARDS ARDS
N =25 N =60 N=25 N =60
Ventilatory parameters
Tidal volume, mL, median (IQR) 150 (106-215) 170 (150-243) 0.08 160 (115-240) 170 (130-250) 0.31
Plateau airway pressure, cm H,O, B » . .
median (IOR) 25 (21-26) 26 (23-28) 0.06 25 (22-26) 25 (22-26) 0.90
PEEP, cm H,O, median (IQR) 12 (9-14) 15 (12-18) <0.001 12 (10-14) 15 (12-18) 0.002
Driving pressure, cm H,O, median (IQR) 12 (10-15) 10 (7-13) 0.06 13 (11-14) 9 (7-12) 0.001
Respiratory rate, cycles/min, . . . .
median (IOR) 15 (13-17) 12 (10-15) 0.01 15 (13-19) 12 (10-15) 0.006
Minute ventilation, L/min, median (IQR) 2.2 (1.5-3.7) 2.1(1.5-3.3) 0.84 2.4 (1.5-3.8) 2.0 (1.5-3.0) 0.44
Respiratory system compliance, mL cm . . . -
11,0, median (IOR) 11 (10-17) 20 (12-31) 0.009 11 (9-17) 21 (13-30) 0.005
Inspired fraction of oxygen, %,
median (IQR) 50 (40-75) 60 (40-80) 0.19 55 (35-75) 50 (40-60) 0.35
ECMO parameters
vv-ECMO blood flow, L/min,
median (IQR) 3.8(3.34.7) 3.8 (3.2-4.6) 0.76 3.9 (3.2-4.5) 3.7 (3.2-4.5) 0.53
Sweep gas flow, L/min, median (IQR) 5 (3.5-6) 6 (5-7) 0.04 5 (4-6) 6 (5-7) 0.24
Membrane lung fraction of oxygen, %, . . . .
median (IOR) 100 (100-100) 100 (100-100) 1 100 (100-100) 100 (100-100) 1
Arterial blood gas
PaO,, mmHg, median (IQR) 75 (69-81) 71 (64-82) 0.42 77 (67-89) 77 (68-92) 0.66
PaCO,, mmHg, median (IQR) 54 (43-58) 43 (39-49) 0.006 48 (44-54) 42 (38-50) 0.008
PaO,:FiO, ratio, mmHg, median (IQR) 140 (95-185) 127 (92-162) 0.27 147 (95-221) 160 (125-214) 0.31

Definition of abbreviations: IQR = interquartile range; PEEP = positive end-expiratory pressure; vv-ECMO:
venovenous extracorporeal membrane oxygenation; PaO, = partial pressure of arterial oxygen; PaCO, = partial
pressure of arterial carbon dioxide; PaO,:FiO, ratio = ratio of the partial pressure of arterial oxygen to the fraction
of inspired oxygen; ARDS = acute respiratory distress syndrome; COVID-19 = coronavirus disease 2019.

Before the first PP under vv-ECMO, PEEP and Crg were higher in patients with non-
COVID-19 ARDS as compared with patients with COVID-19 ARDS. Conversely, AP was
lower in the non-COVID-19 ARDS cohort. These differences were consistent after the
first PP.

In addition, no difference was observed for Py, and Vt. A slightly higher respiratory
rate was used in the COVID-19 ARDS cohort with no difference in minute ventilation.
Before the first PP, higher sweep gas flow and RR resulting in lower PaCO, were found in
the non-COVID-19 ARDS cohort. These differences were also consistent after the first PP. A
limited increase in Crg in the non-COVID-19 ARDS group and a limited decrease in Cgg
resulted in a significant difference in AP between groups after the first PP.

3.5. Assessment of Safety in the COVID-19 Cohort

Among pre-specified safety concerns, no patient presented a serious adverse event
during the first PP under vv-ECMO.
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4. Discussion

In our retrospective and ambispective single-center cohort study, we observed dis-
tinct responses to the first PP in severe ARDS supported by vv-ECMO depending on
COVID-19 etiology.

Whereas no significant difference among Crs and other respiratory mechanics vari-
ables was observed, a significant increase in oxygenation parameters was ensured by PP
only in the non-COVID-19 ARDS cohort.

vv-ECMO is a valuable therapeutic option for patients with very severe ARDS and
refractory hypoxemia when a strategy associating lung-protective ventilation with low tidal
volume and low plateau pressure associated with prolonged and repeated prone position
fails [5].

While PP and vv-ECMO have been proven to individually decrease mortality, the
combination of both has not been investigated in a randomized clinical study.

In our cohort of patients with non-COVID-19 ARDS, we found an improvement in
oxygenation-related parameters after the first PP under vv-ECMO. The increase in PaO,
and PaO,:FiO; ratio may be the result of an improvement of the ventilation/perfusion ratio
by homogenization of transpulmonary pressures and decreasing lung strain rather than an
increase in alveolar recruitment since we did not observe an increase in Cgs.

An increase in oxygenation during PP during vv-ECMO has been reported in a previous
meta-analysis both in COVID and non-COVID-19 patients and seems consistent [14]. Despite
a significant decrease in driving pressure, the global effect on Crg was not significant.

This could be due to the delay in proning the patient during ECMO. Indeed, Giani
et al. found that non-COVID-19 ARDS patients who were proned after 5 days of vv-ECMO
start did not improve in Crg despite improvement in oxygenation [15].

Despite a shorter delay in proning the patients in the COVID-19 cohort, it was not
associated with improvement in oxygenation or Crg. Our COVID-19 ARDS cohort had
notably a lower Crg but similar oxygenation severity compared to the non-COVID-19
ARDS cohort. We cannot exclude that those patients had a higher degree of secondary lung
fibrosis limiting the beneficial effects of the prone position [16].

In addition, the assessment of the first PP under vv-ECMO may be insufficient to
demonstrate an effect on oxygenation and/or on Cgs.

A positive effect of PP has been demonstrated after the repetition of sessions regardless
of the effect on oxygenation [17]. Therefore, we can hypothesize the potential protective
effects of PP on ventilator-induced lung injuries at a non-clinically measurable level.

Contrary to the hypothesis raised at the beginning of the pandemic, large studies and
a systematic review have demonstrated that Crg measured close to the time of the initiation
of invasive mechanical ventilation was normally distributed [18,19] and was comparable to
that in non-COVID-19 ARDS patients [20]. This does not support the concept of distinct
phenotypes in COVID-19-related ARDS. Finally, in the late stage of the disease (from the
third week), the likelihood of oxygenation improving with prone positioning becomes
extremely low [20-22].

No major complication related to PP during vv-ECMO was reported in our study. In
the cohort of COVID-19 patients, a significant increase in mean arterial pressure in the PP
position was observed. This effect may be related to an increase in venous return and mean
systemic pressure [23].

One hundred percent of the COVID-19 cohort but only 74% of the non-COVID-19
cohort had a first PP attempt before ECMO implementation. This could be also taken into
account regarding the lack of response for the COVID-19 cohort.

Several limitations in our study should be noted. First, due to the design of the
study, a significant proportion (36%) of the non-COVID-19 cohort with missing respiratory
mechanics variables or gas exchange data was not included. In addition, we included
a relatively small sample size in the COVID-19 cohort to minimize the missing data.
Therefore, the risk of type II error should be mentioned. Second, the decision to perform
or not perform PP was at the discretion of the medical team in charge. No threshold
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for the PaO,:FiO, ratio (which is difficult to interpret during vv-ECMO) was determined
in the design of the protocol. It cannot be ruled out that a number of PP sessions were
performed as a rescue therapy and not routinely when the PaO;:FiO, ratio was below
150 mmHg, which may, at least partly, explain the non-significance of the study. Third,
the COVID-19 variants during successive surges may have played a role in response to
PP. Finally, the possible beneficial effect of pursuing PP during vv-ECMO on vv-ECMO
duration or mortality reported in a very recently terminated randomized clinical trial [24]
needs urgent confirmation.

5. Conclusions

We did not observe changes in Cgrg during the first PP performed in two distinct
cohorts of ARDS patients supported by vv-ECMO. In non-COVID-19 patients, PP was
associated with improvement in oxygenation. We cannot exclude beneficial effects at a
non-clinical level (e.g., on biotrauma), and these effects need further investigation.
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Abbreviations

APRV airway pressure release ventilation
ARDS acute respiratory distress syndrome

BMI body mass index

COVID-19 coronavirus disease 2019

Crs compliance of respiratory system

AP driving pressure

FiO, fraction of inspired oxygen

FmO, oxygen fraction delivered by the membrane oxygenator
ICU intensive care unit

iNO inhaled nitric oxide

MP mechanical power

PaCO, partial pressure of arterial carbon dioxide
PaO, partial pressure of arterial oxygen

Pa0O;,:FiO; ratio
PEEP

ratio of partial pressure of arterial oxygen to fraction of inspired oxygen
positive end-expiratory pressure

PP prone position

Ppeak peak inspiratory pressure

Pplat plateau pressure

RR respiratory rate

SARS-CoV-2 severe acute respiratory syndrome coronavirus 2
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SP supine position

Sa0, saturation of arterial oxygen

VILI ventilator-induced lung injury

Vum minute ventilation

Vr tidal volume

vv-ECMO venovenous extracorporeal membrane oxygenation
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Abstract: Acute respiratory distress syndrome (ARDS) is a life-threatening form of respiratory failure
defined by dysregulated immune homeostasis and alveolar epithelial and endothelial damage. Up
to 40% of ARDS patients develop pulmonary superinfections, contributing to poor prognosis and
increasing mortality. Understanding what renders ARDS patients highly susceptible to pulmonary
superinfections is therefore essential. We hypothesized that ARDS patients who develop pulmonary
superinfections display a distinct pulmonary injury and pro-inflammatory response pattern. Serum
and BALF samples from 52 patients were collected simultaneously within 24 h of ARDS onset. The
incidence of pulmonary superinfections was determined retrospectively, and the patients were clas-
sified accordingly. Serum concentrations of the epithelial markers soluble receptor for advanced
glycation end-products (SRAGE) and surfactant protein D (SP-D) and the endothelial markers vascu-
lar endothelial growth factor (VEGF) and angiopoetin-2 (Ang-2) as well as bronchoalveolar lavage
fluid concentrations of the pro-inflammatory cytokines interleukin 18 (IL-18), interleukin 18 (IL-18),
interleukin 6 (IL-6), and tumor necrosis factor-alpha (TNF-a) were analyzed via multiplex immunoas-
say. Inflammasome-regulated cytokine IL-18 and the epithelial damage markers SP-D and sSRAGE
were significantly increased in ARDS patients who developed pulmonary superinfections. In contrast,
endothelial markers and inflammasome-independent cytokines did not differ between the groups.
The current findings reveal a distinct biomarker pattern that indicates inflammasome activation and
alveolar epithelial injury. This pattern may potentially be used in future studies to identify high-risk
patients, enabling targeted preventive strategies and personalized treatment approaches.
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1. Introduction

Acute respiratory distress syndrome (ARDS) is a heterogeneous syndrome character-
ized by a dysregulated inflammatory host response leading to severe alveolar epithelial
and endothelial injury. A subsequent loss of alveolar—capillary barrier integrity results
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in the accumulation of protein-rich edema fluid in the lung interstitium and critical ar-
terial hypoxemia in ARDS patients [1]. One of the main complications of ARDS is the
development of pulmonary superinfections contributing to negative outcomes and excess
mortality. Up to 40% of patients suffering from ARDS develop pulmonary superinfections
over the course of treatment [2,3]. Major risk factors include a loss of epithelial barrier
function, prolonged mechanical ventilation, and prone positioning which might facilitate
microbial dissemination and increase the risk for abundant microaspiration of gastric con-
tents. Pulmonary dysbiosis in combination with defects in innate and adaptive immunity
may further explain the high incidence of pulmonary superinfection [4-6]. Hence, it is
imperative to understand what predisposes ARDS patients to pulmonary superinfections
to tailor future clinical trials and to be able to adjust treatment accordingly.

Several biomarkers indicating lung endothelial and epithelial damage as well as pul-
monary inflammation in ARDS patients have been identified so far and are promising tools
to refine molecular phenotyping, assess prognosis, and evaluate treatment response [7,8].
Although biomarkers have been validated for ARDS, little is known about their predictive
value for pulmonary superinfections in ARDS.

Serum surfactant protein D (SP-D) and soluble receptor for advanced glycation end-
products (SRAGE) are both promising markers of alveolar epithelial injury which have
both been linked to poor prognosis in ARDS [9-11]. Furthermore, external validation
of biomarkers and a clinical prediction model for hospital mortality in ARDS patients
included SP-D in a variety of clinical settings and may be useful in risk assessments for
clinical trial enrolment [12]. In contrast, vascular endothelial growth factor (VEGF) and
Angiopoetin-2 (Ang-2) reflect endothelial injury in ARDS [13,14] and predict ARDS onset
as well as increased mortality [15,16].

Lung injury including epithelial and endothelial damage is mediated by inflammatory
cytokines [1]. In particular, inflammasome activation and its downstream cytokines IL-183
and IL-18 are major contributors to lung injury in ARDS and correlate with an unfavorable
outcome [17-20]. Inflammasomes are pivotal components of the innate immune system
that consist of a sensor NOD-, LRR-, and pyrin-domain-containing protein 3 (NLRP3),
an adaptor-apoptosis-associated speck-like protein containing a CARD (ASC), and an effec-
tor (caspase-1) [8,21]. Its activation is tightly controlled by a two-step mechanism. Step one
or the priming signal is initiated by pattern recognition receptors (PRRs) such as TLRs (toll-
like receptors) that sense a diverse set of microbial molecules, termed pathogen-associated
molecular patterns (PAMPs), such as bacterial lipopolysaccharides (LPS) or endogenous
damage-associated molecular patterns (DAMPs) including ATP, mitochondrial DNA, and
fibrinogen. As a result of, e.g., TLR-4 sensing LPS, transcription factor nuclear factor
kappa B (NF-kb) becomes activated leading to the subsequent upregulation of the sensor
NLRP3 and pro-interleukin-18 (pro-IL-18). A plethora of stimuli including extracellular
ATP, pathogen-associated RNA, and bacterial pore-forming toxins can activate NLRP3,
triggering inflammasome assembly via the recruitment of adaptor protein ASC (step two).
The assembled inflammasome includes activated caspase 1 which cleaves pro-IL-18 and
pro-IL-18 into their biologically active forms IL-1fs and IL-18, inducing pyroptosis, a form of
alternative inflammatory cell death [8,22,23]. Excess inflammation and deleterious pyropto-
sis are major drivers of pulmonary injury and may predispose ARDS patients to pulmonary
superinfections [1,5,24].

We hypothesize that ARDS patients who develop pulmonary superinfections exhibit
a distinct pulmonary injury and inflammatory response pattern. To test this hypothesis, we
analyzed epithelial and endothelial damage markers as well as pro-inflammatory markers
in ARDS patients with and without pulmonary superinfections.

2. Materials and Methods
2.1. Study Design and Population

We performed a single-center, retrospective analysis of ARDS patients hospitalized at
the University Hospital Bonn, Bonn, Germany. ARDS was diagnosed according to the Berlin
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definition of the 2012 announcement which defines ARDS as the acute onset of hypoxemia
with bilateral infiltrates and no evidence of left atrial hypertension [25]. Bronchoalveolar
lavage fluid (BALF) and serum samples were collected within 24 h of disease onset. The
incidence of pulmonary superinfection was then determined in a retrospective analysis via
electronic health records.

If ARDS was already present at the time of hospital admission, we defined ARDS
onset as the time of symptom onset. Pulmonary superinfection was defined as any sec-
ondary pulmonary infection caused by bacterial, viral, or fungal pathogens that occurred
within 28 days after ARDS onset. Diagnosis of pulmonary superinfection was confirmed
by pathogen detection in microbial cultures or via RT-PCR accompanied by increased
secondary white cell count and procalcitonin (PCT) as well as the presence of new or
progressive pulmonary infiltrates on chest radiographs or chest computed tomography
(CT) scans.

BALF and serum samples were obtained from ARDS patients of the University Hospi-
tal Bonn, Bonn, Germany, with approval of the Institutional Review Board of the University
Hospital Bonn, Bonn, Germany (No.088/16). The study was conducted according to the
guidelines of the Declaration of Helsinki. Written informed consent was obtained from all
participants prior to inclusion in this study.

2.2. Sample Collection and Processing

BALF and serum samples were collected simultaneously within 24 h of ARDS on-
set. Blood samples were collected from ARDS patients using serum gel monovettes (S-
Monovette, Sarstedt AG & Co. KG, Nuembrecht, Germany). After centrifugation at 2500 g
and room temperature for 10 min, the serum samples were aliquoted into cryotubes and
stored at —80 °C until further processing.

A standard bronchoscopy protocol was used to obtain BALF for bacterial and virologi-
cal testing as described before [8]. In brief, bronchoalveolar lavage (BAL) was performed
with a flexible bronchoscope wedged in a segment of the right middle lobe. A total quantity
of 200 mL of normal saline was instilled in 4 aliquots with a 50 mL syringe and added
tubing, and BALF was recovered by manual aspiration. The BALF samples were imme-
diately placed on ice after collection and centrifuged at 400x g and 4 °C for 5 min. The
supernatant was stored at —80 °C until further processing. Levels of SP-D, RAGE, Ang-2,
VEGE, IL-18, IL-18, TNF-o, and IL-6 were analyzed by multiplex immunoassay (Luminex
Assay, Bio-Techne, Minneapolis, MN, USA).

2.3. Data Collection

The data collected from electronic health records included patient demographics (age,
gender), epidemiology, comorbidities, physiological and laboratory parameters (white
cell count, procalcitonin, and blood gas analysis), including those used to calculate the
Sequential Organ Failure Assessment (SOFA) score, microbiology and virology results
(respiratory tract cultures and viral RT-PCRs), ventilatory parameters, immunosuppressive
medication administration, and short- and long-term outcomes. The electronic health
records of all ARDS patients included in this study were reviewed by several researchers to
ensure clinical significance.

2.4. Statistical Analysis

The statistical analysis and calculations were performed with GraphPad Prism Soft-
ware (Version 9.0, La Jolla, CA, USA); a p-value < 0.05 was considered statistically significant.
The patient characteristics were compared by the Kruskal-Wallis test or Fisher’s exact test
and expressed as median, 25% percentile, and 75% percentile. For better comparability and
to achieve normal distribution, the biomarker data were log-transformed and presented
as an individual value with mean + SD. Comparisons between groups were analyzed by
an unpaired t-test.
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3. Results
3.1. Patient Characteristics

Fifty-two ARDS patients who were treated at the University Hospital Bonn, Bonn,
Germany, from October 2018 until October 2020 were included in this retrospective study.
A total quantity of 25 ARDS patients developed pulmonary superinfections over the course
of treatment. The main characteristics of the ARDS patients with and without superin-
fections are shown in Table 1 and Table S1. No significant differences in demographics,
comorbidities, immunocompromised conditions, ventilatory settings, inflammatory pa-
rameters, disease severity, and mortality were observed between the ARDS patients that
developed or did not show pulmonary superinfections.

Table 1. Characteristics of ARDS patients with and without pulmonary superinfections.

Characteristics

ARDS (Superinfection) ARDS (No Superinfection)

(n = 25) (n=27) b

Age (y) 60 (45-69) 53 (44-58) 0.158
Male (%) 68 85 0.1933
BMI (kg/m?) 31.1 (27-37.6) 29.39 (27.2-34.1) 0.4315

Diabetes (%) 12 18.5 0.705
Immunosuppression (%) 8 7.4 >0.9999
Steroids (%) 20 37 0.2274

PaO, /FiO, ratio (mmHg) 80 (68.5-116.5) 92 (64.9-161.5) 0.4642
PEEP (cmH,0) 19 (15-20) 18 (15-20) 0.7482

Driving pressure (cmH,0) 10 (7.5-13.5) 9 (6-12) 0.33
Tidal volume (ml/kg predicted body weight) 251.7-4.1 3.3 (1.9-6.4) 0.3555
Procalcitonin (ug/L) 17.1 (1.4-43,6) 5.57 (1.2-45.8) 0.7714
Lactate (mmol/L) 1.9 (1.6-4.6) 1.68 (1.2-3.1) 0.5276
SOFA score (best assumed) 8 (7-10.5) 8 (6-11) 0.6636
ICU mortality (%) 36 333 >0.9999

The data are presented as median, 25% percentile, and 75% percentile using the Kruskall-Wallis test or Fisher’s
exact test. Abbreviations: BMI, body mass index; PEEP, positive end-expiratory pressure; SOFA score, sepsis-
related organ failure assessment score (best assumed for CNS).

3.2. Epithelial Damage Markers Differ in ARDS Patients with and without Secondary
Pulmonary Infection

Epithelial barrier function plays an important role in preventing superinfections.
Both sRAGE and SP-D have previously been described as promising biomarkers to assess
epithelial damage in ARDS patients and are associated with an unfavorable prognosis in
ARDS patients [9-11]. To investigate whether these lung epithelial damage markers are also
associated with pulmonary superinfections in ARDS patients, we determined the levels
of sSRAGE and SP-D in serum samples drawn within 24 h of ARDS onset. As shown in
Figure 1A, the serum concentrations of SP-D and sSRAGE were both significantly increased
in ARDS patients with pulmonary superinfections compared to ARDS patients who did not
develop pulmonary superinfections (p = 0.0397 and p = 0.0495, respectively). We next tested
whether endothelial damage might also be associated with pulmonary superinfections.
Ang-2 and VEGF both play a central role in activating endothelial cells and increasing
microvascular permeability. We therefore monitored the endothelial injury molecules Ang-
2 and VEGF and did not observe any differences in serum levels between ARDS patients
with and without pulmonary superinfections. Altogether, we found that epithelial rather
than endothelial damage markers were increased in patients with secondary infections.
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Figure 1. Epithelial damage markers are differentially expressed in ARDS patients with and without
pulmonary superinfections. Violin plots of (A) SP-D, (B) sRage, (C) VEGF, and (D) Angiopoetin-2
serum levels in ARDS patients with and without pulmonary superinfections. Blood samples were
collected from ARDS patients within 24 h of disease onset and analyzed via multiplex immunoassay.
A total of 25 ARDS patients with pulmonary superinfections and 27 ARDS patients without pul-
monary superinfections were included in this study. Mean & SD of log-transformed data; unpaired
t-test; * p < 0.05; ns = not significant; red violin plot = ARDS with superinfection; yellow violin
plot = ARDS without superinfection.

3.3. Inflammasome-Regulated Cytokines Differ in ARDS Patients with and without Secondary
Pulmonary Infection

As inflammation is a modulator of host susceptibility to pulmonary superinfections [5],
we investigated the local pro-inflammatory cytokine milieu in the lungs. In particular, the
inflammasome-regulated cytokines IL-18 and IL-18 are crucial mediators of pulmonary
hyperinflammation in ARDS [8,17]. We therefore determined the BALF levels of IL-1f3 and
IL-18 as well as TNF-o and IL-6 which are known to be elevated in ARDS patients with fatal
outcomes [11,20]. Interestingly, the inflammasome-regulated cytokine IL-18 (but not IL-1£3)
was significantly increased in ARDS patients who developed pulmonary superinfections
compared to patients without a secondary infection (p = 0.0271). In contrast, no signifi-
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cant differences between the groups were detected for the inflammasome-independent
mediators TNF-« and IL-6 (Figure 2).
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Figure 2. Pulmonary superinfections in patients with ARDS are associated with the increased
production of inflammasome-dependent cytokines. Flexible fiberoptic bronchoscopy was performed
within 24 h of disease onset. Bronchoalveolar lavage fluid (BALF) samples were collected in the right
middle lobe and analyzed afterward via multiplex immunoassay. BALF concentrations of (A) IL-18,
(B) IL-18, (C) TNF-«, and (D) IL-6 compared between ARDS patients with and without pulmonary
superinfections. Mean + SD of log-transformed data; unpaired t-test; * p < 0.05; ns = not significant;
red violin plot = ARDS with superinfection; yellow violin plot = ARDS without superinfection.

4. Discussion

Pulmonary superinfection significantly influences patients’ outcomes. Although the
pathogenesis of ARDS development is well studied, the underlying mechanisms of the
development of pulmonary superinfection remain not well understood. Besides the loss of
epithelial barrier function, prolonged mechanical ventilation, and prone positioning, pul-
monary dysbiosis in combination with altered immune defenses are major risk factors [4-6].

In this study, we showed that the alveolar epithelial damage markers sSRAGE and SP-D
were significantly increased in ARDS patients who developed pulmonary superinfections
while the levels of the endothelial injury markers VEGF and Ang-2 did not differ be-
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tween the groups (Figure 1). Furthermore, ARDS patients with pulmonary superinfections
demonstrated increased levels of inflammasome-regulated IL-18 but not II-18 (Figure 2B).

To the best of our knowledge, the current study is the first report that links alveolar
epithelial damage markers in ARDS to pulmonary superinfection. Yet, whether sSRAGE
and SP-D are direct injurious mediators or just markers of tissue damage that lead to
pulmonary superinfection is unknown. sSRAGE and SP-D are both elevated in ARDS pa-
tients and correlate with increased mortality and the severity of disease [9,26-28]. Patients
with pneumonia or ARDS caused by influenza A virus infection are highly susceptible to
co-infections and are characterized by increased SP-D and sRAGE levels [4,11,29-32]. This
might be explained by multifactorial pathogenesis. Elevated levels of SP-D and sRAGE
may indicate a loss of barrier function rendering patients more susceptible to pulmonary
superinfections by forming new bacterial attachment sites and allowing bacterial translo-
cation [6]. Furthermore, SP-D strongly potentiates the neutrophil respiratory burst in the
presence of the influenza A virus by increasing the neutrophil uptake of the influenza
A virus [33]. Similar to SP-D, sSRAGE has been shown to promote a pro-inflammatory
response by activating Nf-Kb. A side effect of RAGE signaling is the induction of reactive
oxygen species (ROS), which can also activate Nf-Kb and boost other pro-inflammatory
pathways such as cellular apoptosis [34]. Nf-Kb and ROS serve as key inflammasome
activators triggering inflammasome assembly which mediates caspase-1 activation and
subsequently the release of pro-inflammatory IL-183 and IL-18 [21].

Inflammasome activation and consecutive IL-18 and IL-18 production play a major role
in the development of ARDS by driving tissue inflammation and a rapid, pro-inflammatory
form of cell death called pyroptosis [8,17,35,36]. The subsequent loss of pulmonary epithe-
lial cells might lead to immune barrier dysfunction, thereby increasing the susceptibility to
pulmonary superinfections [37]. Accordingly, we observed significantly increased IL-18
concentrations and lung epithelial damage in ARDS patients who developed pulmonary
superinfections in comparison to patients without pulmonary superinfections. Consis-
tent with this, murine studies suggest that the production of inflammasome-regulated
cytokines including IL-18 may contribute to the increased susceptibility to pulmonary
superinfections [24,38,39]. Furthermore, inflammasome adaptor ASC~/~ mice possessing
a dysfunctional inflammasome function were protected from bacterial superinfection and
associated lethality [40]. Yet, the current study found no differences in IL-1fs concentra-
tions between ARDS patients with and without pulmonary superinfections. This might be
explained by the extremely short half-life of IL-183, which is therefore often undetectable
even in human pathologies that are clearly mediated by IL-13 [40-43]. In addition, the
immunopathological activity of IL-1f3 in ARDS patients might also be confined to local
secretion and paracrine signaling that cannot be captured by a universal detection method
such as BAL [43—45]. Therefore, previous studies that investigated the role of inflammasome
activation in ARDS also focused on IL-18 production as a readout [17,46].

This study has several limitations, primarily its small sample size and single-center
status which do not allow us to draw far-reaching conclusions from the results. The data
from this study should be regarded as hypothesis-generating and used to design future
confirmatory trials with larger cohorts which may allow us to define cut-off values for
pulmonary superinfection biomarkers. Due to the retrospective nature of this study, routine
systematic testing for pulmonary superinfection was not performed. Moreover, the decision
to obtain microbiological and virological testing depended heavily on the treating physician
and disease severity of the patient which might have indirectly created selection bias. The
sensitivity of quantitative BAL cultures is as high as 90% for the diagnosis of bacterial
infection and up to 80% in mycobacterial, fungal, and most viral infections [47]. However,
false negative rates vary among studies possibly due to the lack of a uniform threshold for
positive BAL cultures. The use of RT-PCR was also mostly limited to virological testing
while multiplex PCR, which has shown superior sensitivity for the detection of respiratory
lower tract infections compared to quantitative bacterial cultures [48], has rarely been
performed. Hence, the number of pulmonary superinfections may be underestimated in
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our study. Another limitation is the lack of a universal, valid definition of pulmonary
superinfection making it a challenging diagnosis. Timing, chest imaging, laboratory values,
and microbiology and/or virology results in conjunction with clinical parameters should
be incorporated into the definition. Lastly, the complexity and host susceptibility for
pulmonary superinfection cannot be fully mirrored by biomarkers measured in serum and
BALF at one specific time point. Although the identification of a unique time point can
be easily implemented into clinical trials and routine practice, it may not fully reflect the
intricate release kinetics of each individual biomarker, thus suggesting the superiority of
serial measurements vs. single measurements. Serial measurements at the time of ICU
admission and over the course of treatment may provide better prognostic information and
ensure reliability. In addition, SP-D, sSRAGE, and Ang-2, for example, are biomarkers that
display high sensitivity and specificity for the diagnosis or outcome prediction of ARDS
but have not been evaluated for pulmonary superinfections in ARDS patients [7].

5. Conclusions

In summary, the current study demonstrates that ARDS patients who develop pul-
monary superinfections may exhibit a distinct biomarker pattern that indicates epithelial
injury and inflammasome activation upon ICU admission. Our findings raise the ques-
tion of whether this biomarker pattern could potentially be utilized to identify high-risk
patients, possibly implementing targeted prevention and facilitating personalized treat-
ment approaches.
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Abstract: Background: Although neuromuscular blocker agents (NMBAs) are recommended by
guidelines as a treatment for ARDS patients, the efficacy of NMBAs is still controversial. Our study
aimed to investigate the association between cisatracurium infusion and the medium- and long-
term outcomes of critically ill patients with moderate and severe ARDS. Methods: We performed a
single-center, retrospective study of 485 critically ill adult patients with ARDS based on the Medical
Information Mart for Intensive Care III (MIMIC-III) database. Propensity score matching (PSM) was
used to match patients receiving NMBA administration with those not receiving NMBAs. The Cox
proportional hazards model, Kaplan-Meier method, and subgroup analysis were used to evaluate
the relationship between NMBA therapy and 28-day mortality. Results: A total of 485 moderate
and severe patients with ARDS were reviewed and 86 pairs of patients were matched after PSM.
NMBAs were not associated with reduced 28-day mortality (hazard ratio (HR) 1.44; 95% CI: 0.85~2.46;
p = 0.20), 90-day mortality (HR = 1.49; 95% CI: 0.92~2.41; p = 0.10), 1-year mortality (HR = 1.34; 95% CI:
0.86~2.09; p = 0.20), or hospital mortality (HR = 1.34; 95% CI: 0.81~2.24; p = 0.30). However, NMBAs
were associated with a prolonged duration of ventilation and the length of ICU stay. Conclusions:
NMBAs were not associated with improved medium- and long-term survival and may result in some
adverse clinical outcomes.

Keywords: intensive care unit; ARDS; NMBAs; mortality

1. Introduction

Acute respiratory distress syndrome (ARDS) affects approximately 3 million patients
globally every year [1] and accounts for approximately 10% of intensive care unit (ICU)
inpatients [2,3]. Although we have made progress in our understanding of the disease, the
treatment options for ARDS are still limited. The mortality of ARDS patients ranges from
40% to 60% depending on the severity of the disease, which is usually high [1,4-7].

ARDS is defined as an acute inflammatory lung injury caused by a variety of diseases,
resulting in refractory hypoxemia and ultimately leading to pulmonary dysfunction, which
threatens the patient’s life [2,3]. Mechanical ventilation is a key element of the treatment
process for ARDS and can reduce mortality among ARDS patients [8]. Although the low-
tidal-volume ventilation strategy may protect the lungs from a ventilation-related lung
injury, both high pressure and a large tidal volume may occur through the spontaneous
breathing effort of the patients [9].

Neuromuscular blocking agents (NMBAs) are a class of therapeutic drugs that act
on the skeletal neuromuscular junction (NM]J) by inducing muscle paralysis, which can
reduce the consumption of oxygen and patient-ventilator asynchrony [10]. NMBAs can
improve oxygenation and decrease ventilator-induced lung injury and the work required for
breathing, prevent ventilator asynchrony, and reduce airway pressure and lung stress [11].
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However, NMBA therapy may not affect oxygen consumption in patients under appropriate
sedation [12]. Moreover, it may result in a variety of adverse outcomes such as ICU-acquired
weakness, polyneuropathy, atelectasis, muscle paralysis, etc. [10,13]. A randomized control
trial (RCT) showed that continuous cisatracurium infusion can improve oxygenation in
patients with ARDS [14]. Another RCT demonstrated that cisatracurium can significantly
reduce the inflammatory response in ARDS patients [15]. In 2010, the ACURASYS trial
recruited 339 patients and found that the early administration of cisatracurium to patients
with moderate and severe ARDS improved the hospital mortality rate [11]. The PETAL trial
reported that there was no significant difference in all-cause mortality on day 90 between
ARDS patients who received early or continuous cisatracurium administration and those
who received usual care [16].

Therefore, NMBA infusion in patients with ARDS remains controversial. The aim
of this study was to evaluate the efficacy and middle- and long-term outcomes of early
cisatracurium infusion in moderate and severe ARDS patients.

2. Materials and Methods
2.1. Sources of Data

Data for the study were derived from the MIMIC-III database (Medical Information
Mart for Intensive Care, version 1.4). The database was approved by the Institutional
Review Board (IRB) of the Massachusetts Institute of Technology (MIT). After full com-
pletion of the National Institutes of Health web-based training course and the Protecting
Human Research Participants examination (NO. 35209874), permission to extract data from
MIMIC-III was provided. The database is funded by the National Institutes of Health
(NIH), Beth Israel Deaconess Medical Center, the Massachusetts Institute of Technology
(MIT), Oxford University, and Massachusetts General Hospital (MGH), having been created
by emergency doctors, intensive physicians, computer science experts, etc. The database
records the data of patients admitted to the Beth Israel Deaconess Medical Center from
June 2001 to October 2012. It contains more than 58,000 inpatient data points representing
38,645 adult individuals and 7875 newborns. These data are organized into tables in CSV
format for research inquiries and include almost all the data of the patients during ICU
treatment, such as demographic characteristics, vital signs recorded every hour, operation
records, the administration time and dose of the drug used, the amount of fluid passing
in and out, the results of microbiological examinations, care records, the outcomes of the
patients (inpatient deaths, out-of-hospital deaths, and discharges), etc.

2.2. Study Cohort

We conducted a single-center, retrospective study of ARDS patients according to
the Berlin definition. All the data were extracted based on the method established by
Johnson et al. [13,14]. The inclusion criteria were as follows: (1) moderate and severe ARDS
patients; (2) patients first admitted to ICU; (3) age > 16 years old; (4) patients receiving
mechanical ventilation for more than 48 h; and (5) patients receiving cisatracurium therapy.
The exclusion criteria were as follows: (1) patients who died within the first 48 h; (2) removal
of the endotracheal tube within 48 h; and (3) missing key data. Data were extracted from
the MIMIC-III database using Structured Query Language (SQL). The following data were
collected on the first day of ICU admission: weight, gender, age, admission type, ethnicity
(White, Hispanic, Black, or Other), mechanical ventilation, use of NMBAs and vasopressors,
renal replacement therapy (RRT), ARDS severity, simplified acute physiology score II
(SAPS 1II) and sequential organ failure assessment (SOFA) score, heart rate, saturation
of pulse oxygen (SPO2), respiratory rate, positive end-expiratory pressure (PEEP), and
comorbidities. The definitions of moderate and severe ARDS were in accordance with the
Berlin definition.
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2.3. Endpoints

The primary endpoint was the 28-day mortality. The secondary endpoints were the
90-day mortality, 1-year mortality, hospital mortality, length of stay in the ICU and hospital,
and ventilation duration. Moreover, we extracted the vital signs (including the heart rate,
blood pressure, body temperature, and SpO2), respiratory mechanic indicators (including
the tidal volume, plateau pressure, peak inspiratory pressure, PEEP, respiratory rate, and
PaO2/FiO2 (P/F) ratio), Ramsay sedation scores (RASS), and total amount of fluid input
and urine output of the patients from the first day of hospital admission to the seventh day.

2.4. Statistical Analysis

Continuous variables are summarized as the mean and standard deviation or median
and interquartile range according to the data distribution, and categorical variables are
presented as numbers and percentages. The Shapiro-Wilk test was used to test for a normal
distribution. A Wilcoxon rank-sum test, Student’s t-test, or Chi-square test was performed
to compare the differences between groups where appropriate. The Cox hazards model was
conducted to evaluate the difference in mortality outcomes between the two groups and
the confounding variables were defined according to a p-value < 0.05 based on univariate
analysis and clinical expert judgment. Kaplan-Meier curves were created for the pre-
matched and matched cohorts to assess the survival of the NMBA and non-NMBA groups.

To control the confounding factors between the two groups, propensity-score matching
(PSM) was used. The propensity score of an individual was determined based on the given
covariates of age, gender, ethnicity, admission type, SOFA and SAPS II scores, ARDS
severity, heart rate, respiratory rate, RASS score, first-day use of vasopressors, ventilation
and RRT, chronic disease of the liver, chronic obstructive pulmonary disease (COPD),
chronic heart failure (CHF), and malignancy using a generalized linear model. We used
random forest imputation to process the missing data before PSM. When the missing
data amounted to less than 5%, random forest was performed using the “randomForest”
package in R. Patients were matched in a 1:1 ratio using the nearest neighbor algorithm
with a caliper of 0.2. After matching, the standardized mean differences (SMDs) between
the two groups were calculated. Statistical significance was considered to be indicated by
a two-sided p < 0.05. All the statistical analyses mentioned above were performed using
RStudio (version 4.0.5).

3. Results
3.1. Baseline Characteristics

After reviewing 61,532 subjects from the MIMIC-III database, we identified ARDS in
1349 subjects according to the Berlin definition, and 485 patients were enrolled after the
application of the exclusion criteria (Figure 1). A total of 115 patients (23.71%) received
NMBA therapy and 370 (76.29%) did not, as shown in Table 1. There were no significant
differences in weight, gender, admission type, ethnicity, first-day use of ventilation and
RRT, the SAPS II score, CHF, AFIB, CAD, malignancy, stroke, and chronic disease of the
liver or renal between the two groups. The most common comorbidities were chronic heart
failure and COPD, which were observed at lower frequencies in the NMBA group than in
the non-NMBA group. After PSM, 86 patients who received NMBAs were matched with
86 patients who did not. The baseline was well balanced between the two groups (shown
in Table 2 and Figure S1).

3.2. Relationship between NMBAs and Outcomes

In our study, the 28-day mortality, 90-day mortality, and 1-year mortality were 29.48%,
35.05%, and 43.09%, respectively. The results of the pre-matched cohort showed that the
28-day mortality (HR = 1.62; 95% CI: 1.14-2.30; p < 0.01), 90-day mortality (HR = 1.58;
95% CI: 1.14-2.19; p < 0.01), 1-year mortality (HR = 1.40; 95% CI: 1.04-1.90; p = 0.03), and
hospital mortality (HR = 1.41; 95% CI: 0.99-2.00; p = 0.06) were associated with NMBA
therapy in the original cohort. After being adjusted for the confounders (including gender,
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age, SOFA, SAPS I, ethnicity, ARDS severity, chronic disease of the liver, malignancy, and
respiratory rate) with two COX models, NMBAs were still associated with the 28-day,
90-day, or 1-year mortality (Table 3). The median lengths of hospital stay and ICU stay were
17.09 and 10.98 days, respectively, and the median duration of ventilation was 7.59 days
(Table 4). The duration of ICU stay and ventilation were longer among patients who
received NMBA therapy.

Subjects from MIMICIII database

1

Patients with ARDS Excluded: B
(n=1349) « Mild (n=235)
» Age<16 years (n=93)
» Readmission (n=252)
Included patients * Ventilation duration<48
(n=485) hours (n=284)
NMBAs group Non-NMBAs group
(n=115) (n=370)

~.

| 172 patients after PSM ‘

Figure 1. Flowchart of included patients. MIMIC-III: Multiparameter Intelligent Monitoring in
Intensive Care Database III; ICU: intensive care unit; PSM: propensity-score matching.

Table 1. Baseline characteristics of the original cohort.

All (n = 485) Non-NMBAs (n = 370) NMBAs (n = 115) p-Value
Weight 80.00 [68.45, 95.00] 80.20 [68.00, 95.00] 80.00 [69.15, 94.95] 0.90
Gender (%) 0.05
Male 284 (58.56) 207 (55.95) 77 (66.96)
Female 201 (41.44) 163 (44.05) 38 (33.04)
Age (years) 58.52 [46.04, 72.22] 59.85 [47.02, 75.20] 56.47 [40.64, 66.45] 0.01
Admission type (%) 0.42
Elective 31 (6.39) 22 (5.95) 9(7.83)
Emergency 432 (89.07) 329 (88.92) 103 (89.57)
Urgent 22 (4.54) 19 (5.14) 3(2.61)
Ethnicity (%) 0.96
White 307 (63.30) 236 (63.78) 71 (61.74)
Hispanic 17 (3.51) 13 (3.51) 4(3.48)
Black 31 (6.39) 24 (6.49) 7 (6.09)
Other 130 (26.80) 97 (26.22) 33 (28.70)
Mechanical ventilation (%) 426 (87.84) 323 (87.30) 103 (89.57) 0.63
Vasopressors (%) 249 (51.34) 173 (46.76) 76 (66.09) <0.01
RRT (%) 30 (6.19) 20 (5.41) 10 (8.70) 0.29
ARDS severity (%) <0.01
Moderate 250 (51.55) 214 (57.84) 36 (31.30)
Severe 235 (48.45) 156 (42.16) 79 (68.70)
SAPS II 43.00 [33.00, 54.00] 43.00 [33.00, 53.00] 44.00 [34.50, 59.00] 0.28
SOFA 7.00 [5.00, 10.00] 7.00 [5.00, 9.00] 9.00 [6.00, 12.00] <0.01
Heart rate (bpm) 93.27 (17.94) 92.12 (16.99) 96.99 (20.35) 0.01
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Table 1. Cont.

All (n = 485) Non-NMBAs (n = 370) NMBAs (n = 115) p-Value
Sp0O2 96.73 [95.43, 97.89] 97.03 [95.70, 98.08] 96.08 [94.67, 97.40] <0.01
Respiratory rate (bpm) 22.35 (4.93) 21.64 (4.85) 24.61 (4.52) <0.01
PEEP 8.78 [5.84, 11.22] 8.33 [5.00, 10.24] 11.70 [8.57, 14.94] <0.01
RASS score —1.20[—1.44, —0.83] —1.07 [-1.20, —0.75] —1.72[-2.30, —1.20] <0.01

Co-morbidities (%)

CHF 171 (35.26) 142 (37.40) 29 (25.22) 0.08
AFIB 115 (23.71) 92 (24.86) 23 (20.00) 0.34
CAD 44 (9.07) 35 (9.46) 9 (7.83) 0.73
Malignancy 85 (17.53) 71 (19.19) 14 (12.17) 0.11
Kidney 36 (7.42) 28 (7.57) 8 (6.96) >0.99
Liver 31 (6.39) 24 (6.49) 7 (6.09) >0.99
COPD 66 (13.60) 60 (16.22) 6(5.22) 0.01
Stroke 44 (9.07) 34 (9.19) 10 (8.70) >0.99

Abbreviations: NMBAs, neuromuscular blocking agents. ARDS, acute respiratory distress syndrome. RRT, renal
replacement therapy. SAPS II, simplified acute physiology score II. SOFA, sequential organ failure assessment.
PEEP, positive end-expiratory pressure. RASS sore, Richmond agitation—-sedation scale score. CHF, chronic
heart failure. AFIB, atrial fibrillation. CAD, coronary artery disease. COPD, chronic obstructive pulmonary
disease. bpm, beats per minute. All covariates were reported as the mean (standard deviation) and median (IQR).
Mechanical ventilation, vasopressors, and RRT were received on the first day of therapy. All data were extracted
in the first 24 h of ICU admission.

Table 2. Baseline characteristics of the matched cohort.

Matched Cohort
Non-NMBAs NMBAs SMD
n 86 86
Gender (%) 0.12
Male 58 (67.44) 53 (61.63)
Female 28 (32.56) 33 (38.37)
Age (years) 52.69 (19.88) 54.45 (16.28) 0.10
Admission type (%) 0.14
Elective 5 (5.81) 7 (8.14)
Emergency 76 (88.37) 76 (88.37)
Urgent 5(5.81) 3(3.49)
Ethnicity (%) 0.08
White 52 (60.47) 54 (62.79)
Hispanic 5(5.81) 4 (4.65)
Black 5(5.81) 4 (4.65)
Other 24 (27.91) 24 (27.91)
Ventilation (%) 77 (89.53) 77 (89.53) <0.01
RRT (%) 6 (6.98) 7 (8.14) 0.04
Vasopressors (%) 57 (66.28) 51 (59.30) 0.15
ARDS severity (%) <0.01
Moderate 29 (33.72) 29 (33.72)
Severe 57 (66.28) 57 (66.28)
SAPS II 45.00 (14.68) 45.62 (16.83) 0.04
SOFA 8.65 (3.60) 8.63 (3.85) <0.01
Heart rate (bpm) 94.52 (18.08) 95.94 (19.27) 0.08
Respiratory rate (bpm) 24.49 (4.77) 24.21 (4.24) 0.06
RASS 2.69 (0.62) 2.65 (0.48) 0.07
Co-morbidities (%)
CHF 24 (27.91) 21 (24.42) 0.08
Renal
Liver 7 (8.14) 6 (6.98) 0.04
COPD 3(3.49) 5(5.81) 0.11
Stroke 9(10.47) 9(10.47) <0.01

Abbreviation: SMD, standardized mean difference. All covariates are reported as the mean and standard deviation.
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Table 3. Outcomes of NMBAs and non-NMBA patients and sensitivity analysis.

HR Low 95% CI High 95% CI p-Value
Pre-matched cohort
28-day mortality 1.62 1.14 2.30 <0.01
Adjusted model I 1.78 1.23 2.56 <0.01
Adjusted model II 1.39 0.94 2.04 <0.01
90-day mortality 1.58 1.14 2.19 <0.01
Adjusted model I 1.75 1.25 2.45 <0.01
Adjusted model II 1.49 1.03 2.14 <0.01
One-year mortality 1.40 1.04 1.90 0.03
Adjusted model I 1.41 1.03 1.92 <0.01
Adjusted model II 1.39 1.00 1.95 <0.01
Hospital mortality 141 0.99 2.00 0.06
Adjusted model I 1.60 111 2.30 <0.01
Adjusted model II 1.32 0.90 1.95 <0.01
Matched cohort
28-day mortality 1.44 0.85 2.46 0.20
Adjusted model I 1.39 0.81 2.39 0.23
Adjusted model II 1.47 0.84 2.56 0.17
90-day mortality 1.49 0.92 2.41 0.10
Adjusted model I 1.54 0.94 2.54 0.09
Adjusted model II 1.61 0.97 2.67 0.06
One-year mortality 1.34 0.86 2.09 0.20
Adjusted model I 1.34 0.85 2.10 0.20
Adjusted model II 1.41 0.89 222 0.15
Hospital mortality 1.34 0.81 2.24 0.30
Adjusted model I 1.39 0.83 2.32 0.21
Adjusted model II 148 0.87 2.52 0.15

Abbreviations: CI, confidence interval. HR, hazard ratio; All models were obtained by Cox proportional hazards
model analysis of the relationship between NMBA therapy and all-cause mortality. Model I was adjusted for
gender, age, admission type, and ethnicity. Model II was adjusted for gender, age, SOFA, SAPS II, ethnicity, ARDS
severity, chronic disease of the liver, malignancy, and respiratory rate.

Table 4. Other outcomes.

Overall Non-NMBAs NMBAs p-Value

Pre-matched cohort N =485 N =370 N=115
Length of hospital stay (days) 17.09 [10.11, 24.90] 16.80 [10.12, 23.76] 18.09 [9.48, 29.80] 0.21
Length of ICU stay (days) 10.98 [6.14, 18.76] 10.20 [5.96, 16.18] 14.92[7.29, 26.79] <0.01
Duration of ventilation (days) 7.59 [4.42,14.00] 7.12[4.17,11.97] 12.29 [5.53, 20.33] <0.01

Matched cohort N=172 N =86 N =86
Length of hospital stay (days) 17.15[9.62, 26.70] 14.92 [9.43, 22.02] 18.05 [11.56, 28.95] 0.06
Length of ICU stay (days) 11.22 [6.02, 19.94] 9.37 [5.47,12.86] 14.67 [7.96, 26.22] <0.01
Duration of ventilation (days) 8.72 [4.42,15.59] 6.40 [3.40, 10.48] 12.38 [5.55, 19.77] <0.01

Data are represented by median (IQR).

After PSM, NMBA therapy use was not associated with a reduced 28-day, 90-day,
1-year, or hospital mortality in the matched cohort (Table 3). Moreover, NMBA therapy
was not associated with the 28-day, 90-day, 1-year, or hospital mortality after adjusting for
the possible confounding factors in the matched cohort (Table 3). However, the ventila-
tion duration and ICU stay were 8.72 and 11.22 days, which were prolonged by NMBA
administration (Table 4). Kaplan—-Meier survival curves were plotted to evaluate the effect
of NMBA treatment using the log-rank test, and the results are shown in Figure 2. The
28-day, 90-day, and 1-year mortality were higher in the NMBA group in the original cohort
(p<0.01, p <0.01, p = 0.03). However, there was no difference in the 28-day, 90-day, or
1-year mortality between the groups in the matched cohort (p = 0.84, p = 0.95, p = 0.78).
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Figure 2. Survival analysis of NMBA and non-NMBA groups. Kaplan-Meier survival curves for the
28-day (A,B), 90-day (C,D), and 1-year (E,F) mortality among all patients are shown. Kaplan-Meier
survival curves for pre-matched cohort (A,C,E) and matched cohort (B,D,F).
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The univariate COX analysis results of the 28-day mortality are shown in Table S1.
Age, the SAPSII and SOFA scores, ARDS severity, comorbidities associated with the liver
and malignancy, body temperature, and respiratory rate were the risk factors for 28-day
mortality. The vital signs, respiratory mechanic indicators, RASS scores, and total amount
of fluid input and urine output of the patients from the first day of admission to the ICU to
the seventh day are shown in Figures 52-54.

3.3. Subgroup Analysis

The results of the subgroup analysis of the 28-day mortality are shown in Figure 3.
There were no differences in NMBA treatment between the subgroups.
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Figure 3. The association between NMBA administration and 28-day mortality in the subgroups.

4. Discussion

NMBAs are used in 25-45% of ARDS patients through either intermittent or continuous
infusion [17]. Cisatracurium is a competitive antagonist of the nicotinic acetylcholine
receptors that prevents acetylcholine from binding to the receptors in order to induce
reversible muscular paresis. It undergoes Hofmann elimination, which means that its
metabolism does not depend on renal or hepatic function; hence, it is preferred for critically
ill patients [18]. However, the data used to evaluate the efficacy of NMBAs in ARDS
patients are inconsistent. The ACURASYS study showed that the early administration
of neuromuscular blocking agents improved the 90-day survival rate and decreased the
duration of mechanical ventilation [11]. Nevertheless, the recent PETAL trial found that
early therapy with NMBAs was not significantly associated with 90-day mortality [16].
A meta-analysis showed that NMBA therapy may be beneficial for short-term mortality
among patients with ARDS but not for mid- or long-term mortality [19]. Herein, we
retrospectively reviewed a cohort of 485 ARDS patients from the MIMIC-III database
and demonstrated that NMBAs were not associated with an increased risk of 28-day,
90-day, 1-year, or hospital mortality but may prolong the ventilation duration and length
of ICU stay.
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Our study showed different results from the ACURASYS trial, mainly because we
used the Berlin definition, which is in contrast to the definition of the American—European
Consensus Conference used in the ACURASYS trial but is the same as the definition used in
the PETAL trial. Thus, there is slight heterogeneity between the population of our study and
that of the ACURASYS trial. The pathophysiological process of ARDS is divided into three
stages, the exudative, repaired, and proliferative phases [20]. NMBAs may also inhibit the
release of inflammatory factors (IL-1p, IL-6, and IL-8, etc.) and improve the outcomes of pa-
tients in the early stage of ARDS [15,21,22]. NMBAs improved the mechanical compliance
of the chest wall and induced a change in the ventilation/perfusion ratio, which could be re-
sponsible for improvements in gas exchange and oxygenation [19]. Gainnier et al. showed
a significant benefit of NMBA therapy in influencing the PaO2/FiO2 ratio [14], whereas the
ACURASYS study showed that the PaO2/FiO2 ratio was higher on day 7 in patients receiv-
ing NMBAs [11]. Furthermore, an increase in thoracic-pulmonary compliance in ARDS
patients can increase their functional residual capacity (FRC) and decrease the degree of
intrapulmonary shunt [23]. Moreover, NMBA administration improved asynchrony, which
contributed to patient comfort, rendered ventilation more effective, decreased the airway
pressure and work required for breathing, and prevented muscle fatigue [11,24]. Tidal
volumes can be closely regulated with NMBA therapy, thus decreasing the barotrauma
and volutrauma caused by the overinflation of the alveoli, which may minimize the mani-
festations of ventilator-induced lung injury (VILI) [11]. There are inherent risks of NMBA
therapy for ICU patients following the discontinuation of neuromuscular blocking agents
such as ICU-acquired weakness (ICUAW), prolonged paralysis, the development of critical
illness myopathy, polyneuropathy, etc. [25]. Patients who were paralyzed and subjected to
NMBA administration underwent more serious adverse events such as hypoxemia and
hypercarbia, causing cardiopulmonary collapse [26]. More seriously, NMBAs led to the
inhibition of the cough reflex, which hindered secretion clearance, and thus may prolong
the ventilation duration and length of ICU stay. Moreover, NMBAs have very complex
interactions with other drugs, such as corticosteroids, beta-blockers, calcium channel block-
ers, vancomycin, clindamycin, and so on, causing even more alterations in the pH and
electrolyte levels [27]. Therefore, NMBAs may not result in clinical benefits due to their
side effects after the exudative stage [28]. The present study did not exclude patients who
used NMBAS for more than 48 h. Long-term NMBA infusion is associated with muscle
paralysis [29] and ICU-acquired weakness, which may increase mortality among critically
ill patients [30,31]. A prolonged length of ICU stay and mechanical ventilation duration
were associated with higher mortality [32,33]. Thus, the inclusion of patients who received
long-term NMBA therapy may have resulted in negative results in this study.

Another important factor may be differences in the sedation strategy. In patients
who have received NMBA therapy, deep sedation may result in higher mortality and a
prolonged duration of extubation [34]. The early deep sedation level is associated with
higher mortality in critically ill patients who have received mechanical ventilation [34-37],
whereas a light sedation strategy may improve the clinical outcomes of mechanically
ventilated patients in the early stage [35,36]. Although the RASS scores on the first day of
admission to the ICU were carefully propensity-score matched between the two groups, it
is possible that the patients who underwent NMBA infusion were more deeply sedated
than the patients who did receive NMBAs on the second day (following the first day of
admission). The sedation level is associated with the prognosis of patients with ARDS [28].

5. Limitations

Most notably, the MIMIC-III database used in our study only contains the data of
critically ill patients admitted between 2001 and 2012. Secondly, the different treatment
strategies for critically ill patients, including ventilation strategies, nutritional support, and
fluid management, may have influenced the outcomes of the ARDS patients. Thirdly, our
study had a single-center, retrospective design; thus, the results of the present study still
require further validation using external datasets. Despite our careful propensity-score
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matching, residual confounding factors cannot be fully excluded. Therefore, the risk of
confounding factors should be taken into account when interpreting the results.

6. Conclusions

The use of NMBAs was not associated with reduced 28-day or 90-day mortality and
may prolong the duration of ventilation and length of ICU stay. Due to their many side
effects, we should use NMBAs with caution.
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/ /www.mdpi.com/article/10.3390/jcm12051878/s1, Table S1: Univariate COX analysis of 28-day
mortality; Figure S1: Standardized mean difference (SMD) of variables before and after propensity
score matching; Figure S2: The vital signs of patients from the first day to seventh day. (A). Heart
rate. (B). Blood pressure. (C). Body temperature. (D). SpO2. E. RASS score; Figure S3: The respiratory
mechanics indicators of patients from the first day to seventh day. (A). Tidal volume. (B). Plateau
pressure. (C). Peak inspiratory pressure. (D). PEEP. (E). Respiratory rate. (F). P/F ratio; Figure S4:
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Abstract: Background: There is not much evidence on the prognostic utility of different biological
markers in patients with severe COVID-19 living at high altitude. The objective of this study
was to determine the predictive value of inflammatory and hematological markers for the risk of
mortality at 28 days in patients with severe COVID-19 under invasive mechanical ventilation, living
at high altitude and in a low-resource setting. Methods: We performed a retrospective observational
study including patients with severe COVID-19, under mechanical ventilation and admitted to the
intensive care unit (ICU) located at 2850 m above sea level, between 1 April 2020 and 1 August 2021.
Inflammatory (interleukin-6 (IL-6), ferritin, D-dimer, lactate dehydrogenase (LDH)) and hematologic
(mean platelet volume (MPV), neutrophil /lymphocyte ratio (NLR), MPV/platelet ratio) markers were
evaluated at 24 h and in subsequent controls, and when available at 48 h and 72 h after admission
to the ICU. The primary outcome was the association of inflammatory and hematological markers
with the risk of mortality at 28 days. Results: We analyzed 223 patients (median age (1st quartile
[Q1]-3rd quartile [Q3]) 51 (26-75) years and 70.4% male). Patients with severe COVID-19 and with
IL-6 values at 24 h > 11, NLR values at 24 h > 22, and NLR values at 72 h > 14 were 8.3, 3.8, and
3.8 times more likely to die at 28 days, respectively. The SOFA and APACHE-II scores were not able
to independently predict mortality. Conclusions: In mechanically ventilated patients with severe
COVID-19 and living at high altitude, low-cost and immediately available blood markers such as
IL-6 and NLR may predict the severity of the disease in low-resource settings.

Keywords: SARS-CoV-2; coronavirus infection; mortality; biomarkers; COVID-19

1. Introduction

Biomarkers can be helpful for prognostic enrichment and for testing the efficacy of
therapies according to biological sub-phenotypes in acute respiratory distress syndrome
(ARDS) [1-3]. In patients with severe coronavirus disease 2019 (COVID-19), the search for
biomarkers associated with clinical progression and prognosis could be considered as a
possible option to clarify the evaluation, severity, and therapeutic management processes.
Ferritin [4,5] and interleukin-6 (IL-6) [6-9] have shown their clinical utility; however,
their high cost and the use of specialized equipment for the analysis may limit their use
and clinical applicability in low-resource settings. Both inflammatory and hematological
markers have been evaluated in series of patients with COVID-19 and various conditions
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of severity [4,7,10-16], although there is less evidence in critically ill patients undergoing
invasive mechanical ventilation, as well as those patients that live at high altitudes. Some
studies suggest lower mortality and severity rates of SARS-CoV-2 infection at higher
geographical altitudes, probably due to acclimatization to hypobaric hypoxia and other
determinants that have not yet been clarified [17,18]. Previous studies in critically ill
patients with COVID-19 living at high altitude showed that interleukin-6 (IL-6) together
with the neutrophil/lymphocyte ratio (NLR) and lactate dehydrogenase (LDH) were
independent predictors of mortality [8]. The objective of this study was to determine the
predictive value of inflammatory and hematologic markers on the risk of mortality at
28 days in patients with severe COVID-19 under mechanical ventilation and admitted to
the intensive care unit (ICU), at high altitude and in a low-resource setting.

2. Materials and Methods
2.1. Study Design and Criteria of Inclusion

This was a retrospective observational study including patients with severe COVID-19
admitted to the ICU from 1 April 2020, to 1 August 2021. The study was approved by
the ethics committee of the Universidad Peruana Cayetano Heredia, Lima, Peru (Code
N° 301-30-21), and performed in the Pablo Arturo Suarez General Provincial Hospital
located in Quito, Ecuador, at 2850 m above sea level (m.a.s.l.), which is an exclusive care
center for symptomatic respiratory patients with COVID-19 who require hospitalization. A
confirmed case of COVID-19 was defined in the presence of a nasal swab with a positive
real-time reverse transcription polymerase chain reaction (RT-PCR) test. The inclusion
criteria were the following: (1) age older than 18 years; (2) admission to the ICU requiring
invasive mechanical ventilation. The study participants were retrospectively classified as
survivors and non-survivors at the time of discharge from the ICU. Informed consent was
waived due to the retrospective nature of this study in accordance with local regulations.

2.2. Data Collection

Information was collected from the electronic clinical records on clinical-epidemiological
variables, including age, gender, comorbidities (diabetes mellitus (DM), arterial hyper-
tension, obesity), clinical scales of organ failure and severity such as the sequential organ
failure assessment (SOFA) and acute physiology and chronic health evaluation (APACHE)
II, as well as inflammatory (D-dimer, ferritin, LDH, and IL-6) and hematological markers
(mean platelet volume (MPV), NLR, MPV /platelet ratio). These variables were obtained
at 24 h from admission to the ICU and in subsequent controls, and when available at
48 and 72 h. Routine blood counts and MPV values were measured using an automated
hematology analyzer (Advia 2120i, Tarrytown, NY, USA), while ferritin and IL-6 were
evaluated via chemiluminescence testing (Inmulite 2000 XPi, Malvern, PA, USA). LDH was
measured via photometry (Advia 1800, Malvern, PA, USA) and D-dimer via enzyme-linked
immunosorbent assay (ELISA).

2.3. Statistical Analysis

No formal sample size calculation was performed due to the exploratory, descriptive,
and retrospective nature of the study. The variables are reported as medians (1st and 3rd
quartiles) or absolute or relative frequencies (percentages) as appropriate. The Shapiro-Wilk
test was used to assess the normal distribution of the data. For the quantitative variables,
the Student’s f-test for independent samples or the Mann—-Whitney test for a comparison
between survivor and non-survivor groups was used as appropriate. The estimation of
any association between the laboratory variables and survivors versus non-survivors was
assessed with a preliminary univariate analysis (Chi-square test with Yates correction or
Fisher’s exact test), followed by a multivariate logistic regression model adjusted for all
baseline variables. Significant variables to the binary logistic regression model were entered
in the multivariate model with the odds ratio (OR) and the 95% confidence interval (CI) as
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the main outputs. Statistical significance was established at p < 0.05. All statistical analyses
were performed using R software version 4.1.2.

3. Results
3.1. Demographic and Clinical Characteristics of Patients with Severe COVID-19

Overall, 240 patients were assessed for eligibility. Of these, 17 patients did not meet
the inclusion criteria due to having an unconfirmed diagnosis and variables not being
entered. Therefore, 223 patients were included in this study. At the time of ICU discharge,
145 (65.1%) patients survived, and 78 patients had died (34.9%) (Figure 1).

Patients admitted to the ICU
(n=240) Excluded patients
Unconfirmed diagnosis of COVID-19
(n=15)
Patient with variables not entered
Patients with confirmed COVID-19 (n=1)
(n=224)

Patients included
(n=1223)

Survivors at 28 days Non-survivors at 28 days
(n=145), 65.12% (n=178),34.88%

Figure 1. Flowchart of study inclusion and exclusion criteria. ICU: intensive care unit.

The median (1st quartile (Q1)-3rd quartile (Q3)) age of all patients was 51 (26-75) years.
The non-survivors were significantly older (median age (Q1-Q3) years, 56 (31-79) years)
than the survivors (48 (25-72) years) (p = 0.000). The most frequent comorbidity was obesity,
followed by hypertension and diabetes mellitus, without differences between survivors
and non-survivors. At ICU admission, a significantly higher APACHE II score was found
in non-survivors compared to survivors (p = 0.010). SOFA, at 24, 48, and 72 h after ICU
admission, was significantly higher in non-survivors compared to survivors (p < 0.001). In
both survivors and non-survivors, the trend of SOFA scores showed higher values at 24 h,
with decreasing values at 48 and 72 h. On average, corticosteroids were used in 90.1% of the
patients, and 77.5% required low molecular weight heparin (LMWH) as an anticoagulant.
The median (Q1-Q3) hospital stay was 10 (6-15) days, with no significant differences
between survivors (10 (6-14)) and non-survivors (12.5 (6.8-12.3)) (p = 0.129). Table 1 shows
the demographic and clinical characteristics of the overall population, survivors, and
non-survivors in the ICU.

3.2. Inflammatory and Hematological Markers in Patients with Severe COVID-19

At 24 and 48 h after admission to the ICU, the D-dimer and ferritin concentrations were
not significantly different, while LDH was significantly higher (p < 0.05) in non-survivors
compared to survivors. At 24 h, IL-6 was significantly higher in non-survivors compared
to survivors (p < 0.01). The median (Q1-Q3) IL-6 concentrations were 21.6 (9.7-55.4) and
35.1 (15.0-107.0) pg/mL for survivors and non-survivors, respectively. Table 2 presents the
inflammatory markers in the overall population as well as in survivors and non-survivors
from the ICU.
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Table 1. Demographic and clinical characteristics in the overall population as well as in survivors and
non-survivors in the intensive care unit. Data are expressed as medians (1st quartile (Q1)-3rd quartile

(Q3)) or numbers (percentages). * Significant differences between survivors and non-survivors based
on Student’s t-test 1, Chi-square test, or Fisher’s exact statistic 2and Mann-Whitney U test 3. DM:
diabetes mellitus; SOFA: sequential organ failure assessment; APACHE II: acute physiology and

chronic health II.
Clinical Features All Patients Survivors Non-Survivors p-Value
(n =223) (n =145) (n=78)
Median age (Q1-Q3), years ! 51 (26-75) 48 (25-72) 56 (31-79) 0.000 *
Sex, 11 (%) 2
Male 157 (70.4) 99 (68.3) 58 (74.4) 0.343
Female 66 (29.6) 46 (31.7) 20 (25.6)
DM, 71 (%) 2 28 (12.6) 16 (11.0) 12 (15.4) 0.350
Hypertension, 1 (%) 2 32 (14.4) 16 (11.0) 16 (20.5) 0.054
Obesity, 1 (%) 2 74 (33.2) 50 (34.5) 24 (30.8) 0.574
APACHEII, 24 h 3 16 (12-20) 16 (12-19.5) 18 (14-22) 0.010 *
SOFA ®
24h 7 (5-9) 7 (5-8) 8 (6-11) 0.001 *
48h 5(3-7) 5(3-7) 7 (5-8) 0.000 *
72h 4(3-7) 4 (2-6) 6 (4-8) 0.000 *
Corticosteroid use, 1 (%) 2 201 (90.1) 131 (90.3) 70 (89.7) 0.886
Heparin use, 11 (%) 2 172 (77.5) 109 (75.2) 63 (81.8) 0.259
Hospitalization, days 3 10 (6-15) 10 (6-14) 12.5 (6.8-16.3) 0.129

Table 2. Inflammatory markers in the overall population, as well as in survivors and non-survivors

in the intensive care unit. Data are expressed as medians (Ist quartile (Q1)-3rd quartile (Q3)).
* Significant differences between survivors and non-survivors based on Mann-Whitney U test; LDH:

lactate dehydrogenase; IL-6: interleukin-6.

Inflammatory All Patients Survivors Non-Survivors p-Value
Markers
(n = 223) (n = 145) (n="78)
. 1161 1055 1318
D-dimer 24 b, ng/mL 75, ¢ o6e45) (733.8-1910.8) (821.5-3257) 0-085
D-dimer 48 h, ng/mL 1227 (718-2704) 12215 1311 (813-4290) 0.108
) (691.8-2099.2) :
. 1137 1040.5 13485
Ferritin 24 h, ng/mL (668.5-1650) (614.5-1650) (874.6-1650) 0.088
. 1075.8 1187.1
Ferritin 48 h, ng/mL 1140 (802-1500) (690.4-1500) (916.8-1500) 0.136
820 887 .
LDH 24 h, U/L (671.5.10015) 773 (633-948) (745.3.1103.3) 0.001
LDH48h, U/L 686.5 (579-859.5) 661 (559.8-820.8) 770 (624.5-910.5)  0.010*
IL-6 24 h, pg/mL 252 (12.2-65.1)  21.6(9.7-554)  35.1(15.0-107.0)  0.001*

The hematological markers in the overall population as well as in survivors and non-
survivors from ICU are shown in Table 3. At 24, 48, and 72 h after admission to the ICU, the
MPYV values were not significantly different between survivors and non-survivors. Signifi-
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cant decreases in lymphocyte counts were observed at 24, 48, and 72 h after ICU admission
in non-survivors compared to survivors (p = 0.000), while the non-survivors showed sig-
nificant increases in NLR values at 24, 48, and 72 compared to survivors (p = 0.000). The
MPV /platelet ratios were higher in non-survivors compared to survivors at 48 and 72 h
after ICU admission (p < 0.001).

Table 3. Hematological markers in the overall population, as well as survivors and non-survivors
in the intensive care unit. Data are expressed as medians (1st quartile (Q1)-3rd quartile (Q3)).
* Significant differences between survivors and non-survivors based on Mann-Whitney U test. MPV:
mean platelet volume; NLR: neutrophil /lymphocyte ratio.

Hematology Markers All Patients Survivors Non-Survivors p-Value
(n =223) (n = 145) (n=78)
MPV, 24 h 8.9 (8.5-9.6) 8.9 (8.5-9.5) 8.9 (8.4-9.6) 0.650
MPV, 48 h 8.9 (8.5-9.4) 8.9 (8.5-9.4) 9 (8.5-9.6) 0419
MPV, 72 h 9 (8.5-9.6) 8.9 (8.6-9.5) 9(8.5-9.7) 0.502
(chﬁ‘sli’/l;ﬁgtes’ 2h 620 (410-900) 660 (465-930) 465 (340-712.5)  0.000 *
I‘Cﬁ‘;’/};ﬁgte& 48h 520 (400-820) 620 (455-840) 455 (290-607.5) 0.000 *
(chﬁ‘f/};ggtes' 72h 555 (350-882) 630 (395-970) 430 (300-600) 0.000 *
NLR, 24 h 156 (9.6-234)  137(84-201)  21.7(12.7-33.1) 0.000 *
NLR, 48 h 15.6(9.8-227)  13.1(8.7-184)  22.0(14.3-29.5) 0.000 *
NLR, 72 h 154(9.1-259)  132(7.8-213)  20.6(14.1-31.7) 0.000 *
MPV /platelet, 24 h 2.8 (2.2-3.6) 27 (2.1-35) 29 (24-41) 0.052
MPV /platelet, 48 h 2.7 (2.1-3.6) 2.6 (2-3.3) 3.0 (2.3-4.3) 0.004 *
MPV /platelet, 72 h 2.7 (2.1-3.5) 25 (2.0-3.3) 31(2.3-39) 0.003 *

3.3. Predictors of 28-Day Mortality

I the multivariate analysis, IL-6 values at 24 h > 11, NLR values at 24 h > 22, and
NLR values at 72 h > 14,were associated with 28-day mortality in patients with severe
COVID-19 living at high altitude (p < 0.05). Consequently, we found that patients with
severe COVID-19 with IL-6 values at 24 h > 11, NLR values at 24 h > 22, and NLR values
at72 h > 14 were 8.3, 3.8, and 3.8 times more likely to die at 28 days, respectively (Table 4).

Table 4. Multivariate regression model to predict mortality at 28 days in patients with severe COVID-
19 admitted to the intensive care unit. * Mortality predictor variable, p < 0.05; ** significant risk CI
does not include the value 1. MPV = mean platelet volume; NLR = neutrophil /lymphocyte ratio;
CI = confidence interval; OR = odds ratio.

Variables OR 95% CI p-Value
SOFA 24h > 8 1.0 0.4-2.8 0.990
SOFA 48h > 6 1.1 0.3-3.8 0.825
SOFA 72h > 4 1.7 0.5-5.7 0.395
IL-624h > 11* 8.3 1.5-44.6 0.014 *
LDH 24 h > 781 1.7 0.6-4.4 0.301
LDH 48 h > 709 2.0 0.7-5.6 0.180
NLR 24 h > 22 ** 3.8 1.3-10.9 0.015*
NLR48h > 18 0.8 0.3-2.5 0.746
NLR72h > 14 ** 3.8 1.3-11.0 0.013 *
MPV /Platelets 48 h > 4 1.6 0.4-6.1 0.470
MPV /Platelets 72 h > 3 14 0.5-4.0 0.480
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4. Discussion

The main finding of our study is that in mechanically ventilated patients admitted to
the ICU with severe COVID-19 in low-resource settings and living at high altitude, low-cost
and immediately available blood biomarkers such as IL-6 and NLR can predict mortality in
the ICU.

A homogeneous population of severe mechanically ventilated COVID-19 patients
admitted to the ICU was included in the analysis. Several inflammatory and hematological
biomarkers were systematically analyzed at different timings from the ICU admission
as potential predictors of the outcome. COVID-19 is a heterogeneous disease with high
potential for multiple organ failure and impaired outcomes in patients admitted to an ICU.
It has been hypothesized that the multisystem involvement in COVID-19 can be caused by
an unbalanced immune response that facilitates the progression of the disease to multiple
organs. This hypothesis has been confirmed by the presence of altered biomarkers and
cytokines as the manifestation of inflammatory and thromboembolic disorders at high risk
of progression to multiorgan failure [3]. Some biomarkers showed an optimal ability to
predict the outcome in critically ill patients without COVID-19, but little is known about
the specific biomarkers that can be used to predict survival in severe COVID-19. To the best
of our knowledge, this is one of the first studies confirming the existence of low-cost and
easily available prognostic biomarkers as predictors of mortality in this patient population.

In the present study, the patients with severe COVID-19 who died were older, more
clinically severe, and with higher risk of organ failure (as measured by the APACHE-
IT and SOFA scores) than those who survived. Although there was a predominance of
males over females as non-survivors as compared to survivors, the mortality rates did
not differ by gender. This is in agreement with previous studies where age and severity
were associated with worse clinical outcomes, with a predominance of male gender in the
hospital admissions [19,20].

We found that pro-inflammatory markers such as IL-6 (at 24 h) and hematological
markers such as NLR (at 24 and 72 h, respectively) were independent predictors of 28-day
mortality in patients with severe COVID-19 living at high altitude in a low-resource setting.
IL-6 is a pro-inflammatory cytokine that is produced by stromal cells and released by the
activation of pro-inflammatory cytokines, especially IL-1f3 and tumor necrosis factor-«
(TNF-«), and by lung macrophages after stimulation of toll-like receptors (TLR) [21]. In
patients with non-COVID-19 ARDS, the persistent elevation of IL-6 levels was a consistent
and efficient predictor of the outcome over time [22]. In COVID-19, an increase in IL-6 levels
has been associated with the development of lung injury and hypoxemia, representing
an important prognostic biomarker of severity [7,8,23]. However, the value of IL-6 as
a predictor of the outcome in critically ill patients with COVID-19 is still controversial.
Therefore, IL-6 has been proposed as a possible biological target for clinical and therapeutic
decision-making, such as the use of IL-6 receptor blocker drugs [24]. Our results are in line
with the available literature on the prognostic utility of this cytokine in patients with severe
COVID-19 [7,8,23].

The severe inflammation observed in severe COVID-19 stimulates the production of
neutrophils and induces apoptosis of the lymphocytes. This phenomenon is commonly
observed in coronaviruses and Middle East respiratory syndrome coronavirus disease
(MERS-CoV) infections, and the hematological change in leukocyte populations adequately
predicted mortality [25]. In hospitalized patients with COVID-19, high neutrophil and
low lymphocyte counts were independent predictors of mortality [26,27]. Some studies
agree that by merging these two parameters into a unique biomarker (NLR), a more
robust predictor of severity [14,28-31] and mortality at the time of ICU admission can be
obtained [32]. The NLR has been recently investigated as a potential prognostic biomarker
in COVID-19, influenza, and respiratory syncytial virus infections, showing significant
associations with poor clinical outcomes only in patients with COVID-19 [33]. This suggests
that the prognostic value of the NLR is specific to certain sub-populations of critically ill
patients such as in COVID-19. A study from South America showed the better prognostic
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performance of NLRs > 5.5 over other inflammatory markers such as CRP, LDH, ferritin,
and lymphocyte counts [34]. Furthermore, a retrospective study that analyzed more than
4000 patients living at high altitudes demonstrated a significant association of this marker
with the severity and need for ICU admission [19]. Our results are consistent with the
previous evidence [8,14,30-34], confirming the biological value of this biomarker, similarly
to IL-6, which is a strong predictor of severity and mortality in COVID-19. Corticosteroids
represent now a standard of care for critically ill patients with COVID-19 [35]. The effects
include changes in blood cell counts, such as neutrophilia and lymphopenia, possibly
explaining the increase in the NLR. In our series, the use of corticosteroids did not differ
between non-survivors and survivors. Therefore, NLR changes can be attributed to the
severity of COVID-19 and not to other confounding variables.

Platelets participate in the endothelial and thrombotic alterations of SARS-CoV-
2 [36,37]. When dysregulated, platelets interact with neutrophils, forming neutrophil
extracellular traps (NETs) to trigger immune—-thrombosis and microcirculation disturbances.
In COVID-19, the platelets are activated and aggregate chaotically, being consumed with
possible increases in mean volume and decreases in the absolute count [26,38,39]. In our
study, unlike other reports [10], the MPV was not associated with mortality. However,
the MPV /platelet ratio was associated with mortality at 48 and 72 h, despite not being an
independent predictor in the multivariate analysis. High altitudes seem to decrease the
severity and mortality of SARS-CoV-2 infection [18,40]; however, the biological responses
of biomarkers, especially those derived from blood counts, are different compared to at
sea level. A preliminary study performed in a high-altitude city could not demonstrate
the predictive performance of platelet counts, although they did not assess other platelet
indices, in determining associations with mortality in critical patients with COVID-19 [8].
High altitudes are associated with a prothrombotic subphenotype [14]. At high altitudes,
hypoxia generates hyperreactivity and increased platelet aggregation in response to adeno-
sine diphosphate (ADP) and tends to increase other platelet indices [14]. This could explain
the low predictive capacity of the MPV and the MPV /platelet ratio, which would allow us
to hypothesize a lower performance rate for the platelet indices compared to that observed
at sea level. However, the NLR, which is also derived from the blood count, has high
prognostic potential for the prediction of mortality in critical patients with COVID-19.
This is supposedly because unlike the platelets, lymphocytes, and neutrophils, the NLR
does not participate in the coagulation but reflects inflammation only. In COVID-19, some
validated scoring systems, such as the SCOPE score, which is based on biomarkers such as
C-reactive protein (CRP), ferritin, D-dimer, and IL-6, demonstrated good prediction of the
progression of COVID-19 pneumonia to severe respiratory failure or death within 14 days.
This allowed therapeutic choices to be made, such as the administration of anakinra when
the score was >6 [41]. In the present study, neither ferritin and D-dimer values nor scores of
severity (APACHE-II and SOFA) could predict mortality in patients with severe COVID-19
living at high altitudes, so low-cost alternative markers such as NLR and IL-6 values could
contribute to obtaining a score to predict mortality in this group of patients under these
geographic conditions. The APACHE-IT and SOFA scores are usually adopted to assess the
severity of illness in critically ill patients. In our study, within this specific sub-population
of COVID-19 patients, we sought to determine whether these scores have the same value
for the prediction of the outcome as in critically ill subjects without COVID-19. We found
that patients who had lower APACHE-II and SOFA scores died at similar rates to those
with higher scores. Investigating this association in the multivariate analysis, we found that
these scores seem to not be very effective for predicting mortality in critically ill patients
with COVID-19. Therefore, we can assume that the APACHE-II and SOFA scores have
differing prognostic value, depending on the population under study. Accordingly, some
important features of COVID-19 that may be responsible for patients’ critical illnesses are
not investigated by the APACHE-II and SOFA scores, including thromboembolic disorders.

Finally, the strengths of this research lie in the fact that it was determined that the IL-6
and NLR values, which are immediately available, low-cost, affordable laboratory markers
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in basic instrumentation laboratories, represent prognostic alternatives for critically ill
patients with severe COVID-19 at high altitude in low-resource settings.

Limitations

The present study has several limitations that need to be addressed. First, the ret-
rospective design of the study limited the causative association with the outcome, and
the study also lacked a validation sample. Second, only a few specific inflammatory and
hematological markers are usually measured in high-, middle-, and low-income countries.
We cannot exclude that other markers may be differently associated with the outcome.
Third, the study population included patients with specific clinical characteristics admit-
ted to the ICU and undergoing invasive mechanical ventilation, which would limit the
extension of the present findings to different groups of COVID-19 patients with different
disease severity levels. Fourth, we did not investigate COVID-19 variants that may have
affected our findings, although our cohort was studied in a relative short period of time
corresponding to the first peaks of the pandemic, when the beta and alpha variants were
preponderant. Fifth, our findings are limited to a specific cohort of patients living at high
altitude. Therefore, similar conclusions may not be obtained at sea level.

5. Conclusions

In the present retrospective study, low-cost markers such as IL-6 and the NLR could
be used as potential predictors of the outcome in mechanically ventilated patients with
severe COVID-19 admitted to the ICU living at high altitude. Further investigations are
warranted to corroborate these findings.
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