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Components of intensive care include resuscitation, cardiorespiratory stabilization,
reversal of organ/system dysfunction or failure, treatment of the underlying pathology,
weaning from external support of vital organs, and supportive interventions (e.g., physio-
therapy, psychological interventions) aimed at paving the way to an uneventful recovery
and rehabilitation. Depending on patient values, goals and preferences, the holistic inten-
sive treatment(s) may be limited or withdrawn and replaced/followed by end-of-life care
interventions for the prevention or alleviation of any distressing symptoms (e.g., dyspnea,
pain etc.) [1].

Current treatment recommendations for specific subgroups of critically ill patients
are based on a systematic and rigorous evaluation of published evidence, including the
results of randomized controlled trials (RCTs). When the Grading of Recommendations,
Assessment, Development and Evaluation approach is adopted, evidence quality is rated
as high, moderate, low, or very low and evidence profiles (summaries) are generated using
the online Guideline Development Tool (https://gdt.guidelinedevelopment.org, accessed
on 30 May 2022) [2–4].

Over the past decade, and especially over the past 3 years of the coronavirus disease
2019 (COVID-19) pandemic, several potentially beneficial interventions were tested in mul-
ticenter RCTs. Relevant published evidence has already been partly systematically reviewed
and/or meta-analyzed. Pertinent, prominent examples include (1) noninvasive techniques
of respiratory support (e.g., high-flow nasal canula, continuous positive airway pressure),
prone positioning (for ≥16 consecutive hours per day with lung-protective ventilation)
and veno-venous extracorporeal membrane oxygenation (ECMO) in acute respiratory
distress syndrome (ARDS) of varying severity [5–10]; (2) use of RCT evidence-supported
physiological targets such as ventilator driving pressure of <15 cm H2O during low-tidal
volume ventilation in ARDS [11]; (3) adjunctive hydrocortisone with or without fludro-
cortisone in septic shock, and dexamethasone in ARDS (of COVID-19 or non-COVID-19
etiology) [12–16]; (4) targeted temperature management (e.g., hypothermia or normother-
mia with target temperature of 33 or ≤37.5 ◦C, respectively) after cardiac arrest [17–19];
(5) vasopressin, stress-dose steroids, and epinephrine in in-hospital cardiac arrest [20–24];
(6) early inhibition of fibrinolysis by tranexamic acid in acute severe bleeding due to trauma
and in postpartum hemorrhage [25–27]; (7) nucleotide inhibition of severe acute respiratory
syndrome coronavirus 2 RNA-dependent RNA polymerase [28,29]; and (8) immunomodu-
lating interventions such as interleukin (IL)-6 receptor blockade, Janus kinase inhibition, or
IL-1 alpha and IL-1 beta antagonism guided by soluble urokinase plasminogen receptor
plasma levels in COVID-19 [30–34].

Beneficial interventions are frequently based on robust physiological, mechanistic
data. For example, prior studies have shown that prone position reduces transpulmonary
pressure (i.e., lung parenchymal stress) and the tidal volume to end-expiratory lung volume
ratio (i.e., lung strain or tidal parenchymal deformation) in severe ARDS [35,36]. In contrast
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to the supine or semirecumbent position, shape matching of the ”cone-like” lung to the
“cylinder-like” chest wall and gravitational forces act in opposite directions in the prone
position [37]. This attenuates the derecruitment of the dependent ventral lung units,
while dorsal and medial lung units are being recruited following the relief of the supine
position-associated, external compression of small airways by the abdominal contents
and heart, respectively [37,38]. Supine position’s transpulmonary pressure gradient is
reduced by pronation [37,38]. Whenever dorsal lung recruitment prevails over ventral
lung derecruitment, pronation is associated with a lower lung stress distributed more
homogenously over an increased number of aerated lung units [35,37,38]. Concurrently,
dorsal lung perfusion is maintained, resulting in improved ventilation-perfusion matching,
reduced shunt fraction, and improved oxygenation [35,37,38]. Carbon dioxide clearance
may also improve following pronation, partly because of reduced overdistention of the
dependent, ventral lung, and concurrent sparing from overdistention of the nondependent,
dorsal lung [37]. Pronation may result in reduced dead space ventilation and lower
PaCO2 [35], and these physiological benefits may translate into improved survival to
hospital discharge [39].

During the COVID-19 pandemic, intensive care practice was guided by the prompt
issuance of guidelines including recommendations based on both direct and indirect (i.e., ex-
trapolated from other viral pneumonias) evidence [4] and by an abundance of concurrently
emerging RCT data [8,28–34]. Furthermore, two simplified models of COVID-19-related
ARDS (CARDS) were proposed as opposite extremes of a pathophysiological spectrum
that includes “intermediate stages” with overlapping characteristics. The least severe form
of CARDS (termed “type L”) comprises low lung elastance and weight, and is relatively
unresponsive to positive end-expiratory pressure (PEEP). The most severe form (termed
“type H”) comprises extensive computerized tomographic consolidations, high lung elas-
tance and weight, and is responsive to PEEP [40]. In this context, it was postulated that high
lung stress secondary to vigorous, spontaneous inspiratory effort during “type L” CARDS
may result in patient’s self-inflicted lung injury, thereby expediting transition to “type H”
CARDS [40,41]. Accordingly, timely endotracheal intubation of hypoxemic/hypercapnic
COVID-19 patients with evidence of high breathing work (e.g., phasic contraction on
palpation of the sternomastoid muscle) has been suggested [41,42].

The COVID-19 mass casualty crisis and dismal outcomes of severe CARDS have also
prompted the introduction and/or preliminary evaluation of interventions such as awake
prone positioning and pronation during ECMO, respectively. Recent physiological data
suggest that awake pronation may reduce the respiratory rate and work of breathing in
CARDS patients supported by continuous positive airway pressure [43]. However, in
a recent RCT of 400 CARDS patients receiving noninvasive respiratory support, awake
pronation did not significantly reduce intubation rates or in-hospital mortality, and this
mandates further evaluation in larger RCTs [44]. Pronation might also disrupt a potentially
vicious cycle of ongoing native lung damage during ECMO [45]. In a recent meta-analysis,
pronation during ECMO improved oxygenation, reduced driving pressure, and was associ-
ated with a cumulative survival rate of 57%; however, it was also associated with prolonged
ECMO runs and ICU length of stay [46].

The COVID-19-associated, compelling need for new and effective life-sustaining and
curative interventions in the presence of periodic healthcare systems’ saturation has also
prompted the issuance of ethical guidelines including evidence-based recommendations
about advance care planning, shared decision making, and rationing of resources [47,48].
Ethical, legal, and pandemic-related challenges pertaining to ECMO use in cardiac arrest
have also been analyzed [49].

The current special issue on “Key Advances in the Treatment of the Critically Ill”
primarily aims to highlight major aspects of the rapidly evolving knowledge of the mech-
anisms and pathophysiology of critical illness (including COVID-19), and the rapidly
accumulating evidence on the efficacy of new life-sustaining and/or therapeutic interven-
tions. Reports on the ethics of end-of-life decisions and practices are also encouraged.
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Abstract: Background: Assessment of physical and respiratory function in the intensive care unit
(ICU) is useful for developing an individualized treatment plan and evaluating patient progress.
There is a need for measurement tools that are culturally adapted, reliable and easy to use. The
Chelsea Critical Care Physical Assessment Tool (CPAx) is a valid measurement tool with strong
psychometric properties for the intensive care population. This study aims to translate, adapt and
test face validity and inter-rater reliability of the Norwegian version of CPAx (CPAx-NOR) for use
in critically ill adult patients receiving prolonged mechanical ventilation. Method: CPAx-NOR was
forward backward translated, culturally adapted and tested by experts and patients for face validity.
Thereafter tested by 10 physiotherapists in five hospitals for inter-rater reliability. Results: The
experts and pilot testers reached consensus on the translation and face validity. Patients were tested
at time point A (n = 57) and at time point B (n = 53). The reliability of CPAx-NOR at “A” was 0.990
(0.983–0.994) and at “B” 0.994 (0.990–0.997). Based on A+B combined and adjusted, the ICC was 0.990
(95% CI 0.996–0.998). Standard error of measurement (SEM) was 0.68 and the minimal detectable
change (MDC) was 1.89. The Bland–Altman plot showed low bias and no sign of heteroscedasticity.
CPAx-NOR changed with a mean score of 14.9, and showed a moderate floor effect at the start of
physiotherapy and low ceiling effects at discharge. Conclusion: CPAx-NOR demonstrated good face
validity and excellent inter-rater reliability. It can be used as an assessment tool for physical function
in critically ill adults receiving prolonged mechanical ventilation in Norway.

Keywords: physiotherapy; physical function; early rehabilitation; measurement tool; critical illness;
CPAx; critical care

1. Introduction

Intensive care unit–acquired weakness (ICU-AW) is common, and if patients survive,
it negatively affects quality of life [1] and leads to continuing physical, cognitive and mental
impairments [2–5]. Early rehabilitation starting in the ICU seems to both prevent ICU-AW
and improve rehabilitation outcomes [6]. Assessment of several aspects of physical function
is essential when developing a treatment plan and evaluating patient progress, as well
as to ensure continuity of care from the ICU to the hospital ward [7–9]. Physiotherapists’
main responsibility in the multidisciplinary ICU team is to assess and improve the patients
respiratory- and general physical function [7–9]. Many measurement tools with adequate
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psychometric properties have been developed for use with ICU patients [10]; however, most
of these lack important relevant aspects with regards to respiratory and cough function.

The Chelsea Critical Care Physical Assessment Tool (CPAx) is an observation-based
measurement tool developed by Dr. Evelyn Corner. The tool is unique as it incorporates
assessment of respiratory function and cough, and both functional and specific muscle
testing [10–12]. CPAx is valid for the intensive care population and has been translated
and tested in different languages, including Danish, Swedish, German and Chinese. It
has demonstrated strong psychometric properties and excellent inter-rater reliability in all
translations [13–16]. Considering these aspects CPAx-NOR is minding an important gap in
early rehabilitation in critically ill patients in Norway.

To make the measurement tool available and ready for implementation in Norway, it is
necessary to agree on a translated and adapted Norwegian version and to test its reliability
and ability to detect changes in physical function. It is important to investigate systematic
and random errors and establish the minimal detectable change to make the Norwegian
version a reliable outcome measure in a Norwegian ICU population.

The aims of this study were to translate, cross-culturally adapt and test face validity
of the Chelsea Critical Care Physical Assessment Tool into Norwegian (CPAx-NOR) and
to test its inter-rater reliability in critically ill adult patients receiving prolonged mechani-
cal ventilation.

2. Materials and Methods

The study had two stages:
Stage I (August 2021–January 2022): Translation, discussions on face validity and

cross-cultural adaption of CPAx to Norwegian, and
Stage II (February 2022–September 2022): Evaluation of CPAx-NOR’s inter-rater reliability
The reporting of this study has been structured according to the STROBE recommen-

dations for observational studies [17].

2.1. Chelsea Critical Care Physical Assessment—CPAx

CPAx consists of ten different items graded from 0 (unable/dependent) to 5 (inde-
pendent) on a Guttman scale. The ten items are summarized in an aggregated total score,
which indicates the total need for help with a minimum score of 0 (completely dependent)
and a maximum score of 50 (independent). The patient is observed and assessed bedside,
and the only equipment needed is a handheld dynamometer for measuring grip strength.
The use of CPAx is considered feasible in clinical practice, and its visual display makes it
easy to understand for both healthcare professionals and patients [11].

2.1.1. Stage I. Translation and Cross-Cultural Adaption

Based on international recommendations [18–20], a step-by-step forward-backward
translation including cross-cultural adaptation with a multidisciplinary expert committee
was conducted. The CPAx-NOR was completed in agreement with the original developer,
Dr. Evelyn Corner. The process is illustrated in Figure 1 (Step 1 to 3).

As rehabilitation is a multidisciplinary process in the ICU, it was important to en-
sure that CPAx-NOR was easy to understand both for multidisciplinary teams and for
patients. The expert committee members, eight persons, were therefore carefully chosen
from hospitals in the South-East health region to involve a broad professional environment.
The committee consisted of one senior ICU nurse PhD, one anesthesiologist, one former
intensive care patient and five physiotherapists. Three of the physiotherapists had long
experience in ICU (>10 years), MSc and specialization in ICU physiotherapy (including
two of the authors, CMS and AKB). The other physiotherapists had little ICU experience,
whereas one was newly educated. The physiotherapists in the expert committee did not
participate in the data collection to test reliability.

The preliminary CPAx-NOR (T12) was then tested in a pilot conducted by another
three physiotherapists employed at three of the included hospitals. The physiotherapists:
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one male and two female with experience ranging from 2–15 years, were not involved in
the translation process. They tested one patient each. During a roundtable discussion with
the three physiotherapists and CMS and AKB, the final version of CPAx-NOR was agreed
upon with one minor change (Figure 1, Step 4).
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2.1.2. Face Validity

Assessment of face validity as described by COSMIN [21] was conducted by consider-
ing the relevance, purpose and whether the items reflected the construct to be measured
in discussions between physiotherapists, anesthesiologist, nurse and former ICU patient
(Figure 1, step 2) and physiotherapists, patients, and the project leader and a project mem-
ber (Figure 1, Step 4).

2.2. Stage II. Evaluation of CPAx-NOR Inter-Rater Reliability
Design and Setting

A multicentre study with a prospective cross-sectional design was conducted in five
hospitals in Norway’s South-East health region including both large university hospitals
and smaller local hospitals. All the units were general ICUs and included 33 ICU beds at
the time of the inclusion period. The study was presented to the Regional Ethics Committee,
which concluded that it did not require approval. The Data Inspectorate at all the local
hospitals and SIKT (Norwegian Agency for Shared Services in Education and Research,
formerly the Norwegian Centre for Research Data), approved the study, project number

8



J. Clin. Med. 2023, 12, 5033

777606. The study was conducted according to the Helsinki Declaration, and all participants
(physiotherapists and patients) gave informed, written consent before inclusion in the study.

2.3. Participants and Patients

The aim of this part of the study was to investigate inter-rater reliability and therefore
the participants of interest were the physiotherapists using CPAx-NOR, and how they used
CPAx-NOR to rate patients in clinical practice in the ICU. Ten physiotherapists (one man
and nine women), age 28 to 64 years, participated as testers for CPAx-NOR. Six of them
were specialists in ICU physiotherapy. They all had more than four years clinical experience
from a hospital, and their clinical experience at the ICU ranged from one to more than
30 years. None of the physiotherapists had used CPAx routinely prior to the study.

The median length of stay in Norwegian ICUs is 2.1 days and median time on mechan-
ical ventilation is 1.5 days [22]. Therefor the physiotherapists included and tested patients
according to the following criteria: The patients had to be referred to physiotherapy at the
ICU. Adults (age > 18 years) who were mechanically ventilated ≥48 h during their stay in
the ICU were considered at risk of ICU-AW and included. No exclusion criteria were set.

2.4. Data Collection, Procedures and Measurement

The only demographic data collected were age, sex, diagnosis and CPAx-NOR score.
All the participating physiotherapists completed the same education to use CPAx-

NOR in clinical practice. The original English eLearning platform used in previous studies
was not available, therefore a six-hour digital course in Norwegian was developed and
discussed in agreement with the original CPAx developer, Evelyn Corner. It consisted of
three parts, (1) a theory part on the use of standardized measurement tools in general, (2) a
comprehensive review of the CPAx, (3) an instructional video of a physiotherapy treatment
session with a simulated patient to be scored and discussed in a plenary setting. At each
hospital, two physiotherapists completed all the assessments at the same time in pairs
with separate roles; one conducted the assessment while the other observed. They both
scored separately and blinded. The testers decided the roles without further instructions
from the project leader. To facilitate patient inclusion and to help with practical problem-
solving during testing of CPAx-NOR, monthly digital meetings were arranged for all the
participating physiotherapists in combination with an open invitation to correspond via
e-mail, and one in-person meeting at each participating hospital.

2.5. Inter-Rater Reliability

Inter-rater reliability was assessed at start of physiotherapy and at discharge from
ICU, according to COSMIN criteria [23], and a sample size of at least 50 patient scoring
was considered sufficient for inter-rater reliability testing [24]. It is important to establish
reliability before measurement instruments can be used in clinical practice as reliability
refers to the extent the measurement can be replicated [25]. We hypothesized that CPAx-
NOR would show good inter-rater reliability of aggregated scores and individual items
with an ICC > 0.80 and weighted kappa values >0.81.

2.6. Change in Scores during Patient Trajectory

Change in scores, understood as CPAx-NOR’s ability to detect change in a patient
trajectory in the ICU unit over time, was described by effect size (ES) and standard response
mean (SRM) [26,27].

2.7. Statistical Analysis

Descriptive and non-parametric statistics were used to describe the demographic
characteristics and distribution of scores, expressed as the mean, standard deviation (SD),
median, interquartile range (IQR), frequency and percentage of the data. To analyze
the inter-rater reliability, we used the intraclass correlation coefficient (ICC) with 95%
confidence intervals for aggregated scores. Because this was a multicenter study, and not
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every patient was rated by each rater, we used a one-way random effects model (single
measurement) as described in Koo and Li [25] and Shrout and Fleiss [28] at each of the
two time points (A and B) and for both visits. Since CPAx is an ordinal scale and absolute
disagreements between raters are investigated, it is important to give different weights
to the size of disagreements using quadratic weighted Cohen’s kappa for individual
items [24,29]. The standard error of measurement (SEM = SD × (sqr 1 − ICC) and minimal
detectable change (MDC) (=SEM × 1.96 × √2) with limits of agreement (LOA) were
calculated as parameters of measurement error for aggregated scores at both measurement
points. SEM was considered acceptable if equal to the original,≤3 [30]. Limits of agreement
(LOA) were defined as d± 1.96× SDdiff where d = mean difference between raters and
SDdiff = the standard deviation of the differences. A Bland–Altman plot was used to
visualize the scores and to look for outliers, systematic bias and heteroscedasticity [31]
on each time point and total scores were corrected for repeated measures using the ‘true
value varies’ method [32]. The measurement error for individual items was calculated
and displayed as percentage agreement. To calculate effect size (ES) we used the mean of
aggregated discharge score minus the mean of aggregated initiation of physiotherapy score
divided by the SD of mean initiation score. To calculate the standardized response mean
(SRM) we used the mean of aggregated discharge score minus the mean of aggregated
initiation of physiotherapy score divided by the SD of mean difference [26]. Floor and
ceiling effects are reported as the percentage of patients scoring zero or fifty at the two
measurement points and are considered acceptable if <15% [24]. Data were stored and
processed in IBM SPSS version 28.0.1 for Windows or Microsoft Excel.

3. Results
3.1. Translation, Cross-Cultural Adaption and Face Validity

The CPAx-NOR was translated in a step-by-step protocol shown in Figure 1. The expert
committee discussed several minor cultural and linguistic differences, and the original
developer approved all the adjustments. There was a need to clarify the item ‘cough’. Deep
suction was defined as suction below the cannula. Further, the term ‘Yankauer suction’
is not used in Norway and was described instead as ‘suction in the mouth and upper
throat’. Another important clarification was the rating of patients’ physical function based
on actual performance with the need for ‘minimal, moderate or maximal’ assistance. After
the adjustments, all the participants in the expert committee agreed on the preliminary
CPAx-NOR version to be tested in clinical practice. The pilot testing demonstrated that the
preliminary CPAx-NOR was feasible for use and valid with one minor adjustment. The
Norwegian CPAx was established. Both the expert committee and the physiotherapists and
patients in the pilot testing, agreed that the items in CPAx-NOR was relevant and reflected
the constructs to be measured in an adult patient population in ICU, thereby demonstrating
good face validity. The final version of CPAx-NOR is located in Supplementary Materials.

3.2. Patient Population at Start of Physiotherapy (A) and at Discharge from the ICU (B)

After the CPAx-NOR was established and the education completed, the five hospitals
started including patients from their ICUs, see Figure 2. From February 1 until the end of
September 2022, 57 patients (23 women), mean age 64 years, were included at time point
A—start of physiotherapy. At point B—discharge from ICU—53 patients (20 women), mean
age 64 years, were included. See Table 1 for further details. The patients were divided into
five diagnostic groups representative of the intensive care population in Norway [22]. No
informed consent was withdrawn in this study.
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Table 1. Characteristics of the included patients at time point A—start of physiotherapy, and at time
point B—at discharge from the ICU.

Characteristics of the Patient Population
Scored with CPAx-NOR

Start of Physiotherapy
n = 57

A

Discharge from ICU
n = 53

B

Sex, n (%) Men 34 (n = 60%) Women 23 (n = 40%) Men 33 (n = 62%) Women 20 (n = 38%)

Age, yrs
Mean (range) 64 (24–84) 64 (24–84)

Type of diagnosis, % (n = men/women):

Cardiovascular 21.1 (8/4) 20.8 (8/3)

Respiratory 28.1 (11/5) 26.4 (10/4)

Infection 21.1 (7/5) 18.9 (5/5)

Postoperative complications 15.8 (3/6) 17.0 (4/5)

Other * 14.0 (5/3) 17.0 (6/3)

* includes neurological, multitrauma, intox etc.

3.3. Inter-Rater Reliability and Limits of Agreement

The ICC was 0.990 (0.983–0.994) at time point A and 0.994 (0.990–0.997) at time point
B. The ICC for both time points combined (A+B) was 0.998, SEM 0.68 and the MDC was
1.89. See Table 2.

Table 2. Inter-rater reliability results of aggregated scores of CPAx-NOR at start of physiotherapy (A),
discharge from ICU (B) and A+B.

CPAx-NOR Score
Lead Rater
Mean (SD)
Min-Max

Observer Rater
Mean (SD)
Min-Max

ICC
(95%CI) SEM MDC

Time point A
n = 57

9.60 (10.84)
0–50

9.72 (11.00)
0–50

0.990
(0.983–0.994) 0.77 2.12

Time point B
n = 53

28.45 (13.24)
1–50

28.06 (13.15)
2–50

0.994
(0.990–0.997) 0.72 2.0

Time point A + B
n = 110

0.998
(0.996–0.998) 0.68 1.89

SD: standard deviation; ICC: intraclass correlation coefficient; 95%CI: confidence interval; SEM: standard error of
measurement (SEM = SD × (sqr 1 − ICC)); MDC; minimal detectable change (=SEM × 1.96 × √2).
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The Bland–Altman plot for the total scores combined shows the mean difference
between raters was −0.13 (SD 1.50) and 95% limits of agreement were from −2.82 to 3.07.
The limits of agreement are shown in Figure 3.
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Figure 3. Modified Bland–Altman plot of data adjusted for repeated measurements. Limits of
agreement were defined as d ± 1.96 × SDdiff where d = mean difference between raters and
SDdiff = the standard deviation of the differences. The mean CPAx-NOR score is indicated with a
solid line and the upper and lower limits are indicated with dotted lines.

At time point A, the mean difference between raters was −0.12 (SD 1.58) and 95%
limits of agreement was −3.22 to 2.98. At time point B, the mean difference between raters
was 0.40 (SD 1.38) and 95% limits of agreement was −2.31 to 3.09. The limits of agreement
are shown in Figure 4.
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The ten individual items showed weighted kappa values between 0.957 and 0.996 at
time point A and between 0.925 and 0.980 at time point B. The percentage agreement for
individual items, as a parameter for measurement error, ranged from 77.2% to 98.2% at
time point A and 73.6% to 98.1% at time point B. Results are presented in Table 3.
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Table 3. Inter-rater reliability of individual items of CPAx-NOR in ICU patients at time point A and
time point B.

CPAx-NOR Items

Start of Physiotherapy (A) n = 57 Discharge from the ICU (B) n = 53

Lead Rater
Median

(IQR
25–75%)

Observer
Rater Median

(IQR
25–75%)

Weighted
Kappa
Values

Absolute
Agreement

(%)

Lead Rater
Median

(IQR
25–75%)

Observer
Rater Median

(IQR
25–75%)

Weighted
Kappa
Values

Absolute
Agreement

(%)

Respiratory
function 2 (1–4) 2 (1–4) 0.987 93.0 5 (4–5) 5 (4–5) 0.980 98.1

Cough 2 (1–4) 2 (1 4) 0.940 77.2 5 (4–5) 5 (4–5) 0.931 79.2

Moving within the
bed 0 (0 1) 0 (0 1) 0.905 86.0 3 (2–4) 3 (1–4) 0.925 73.6

Supine to sitting on
the edge of the bed 0 (0–1) 0 (0–1) 0.972 93.0 2 (1–4) 2 (1 4) 0.965 83.0

Dynamic sitting 0 (0–2) 0 (0–2) 0.957 87.7 4 (3–5) 4 (3–5) 0.961 79.2

Standing balance 0 (0–0) 0 (0–0) 0.959 94.7 3 (0–4) 3 (0 4) 0.990 94.3

Sit to stand 0 (0–0) 0 (0–0) 0.967 93.0 2 (0–3) 2 (0–3) 0.980 88.7

Transferring from
bed to chair 0 (0–0) 0 (0–0) 0.975 98.2 2 (0–4) 2 (0–4) 0.992 96.2

Stepping 0 (0–0) 0 (0–0) 0.969 96.5 2 (0–4) 2 (0–4) 0.970 88.7

Grip strength 0 (0–2) 0 (0–2) 0.996 98.2 2 (1–3) 2 (1–3) 0.992 96.2

IQR: interquartile range.

3.4. Change in Scores of CPAx-NOR

The mean difference in CPAx-NOR score between time points A and B (n = 42) was
14.9 (95% CI 11.0; 18.7). ES was 1.3 and SRM was calculated as 1.2.

3.5. Floor and Ceiling Effects

Nine patients scored 0 (16%) and one patient scored 50 (1.8%) at the start of physio-
therapy (median 5, IQR 2–15.5; range 0–50). At ICU discharge, none of the patients scored
0. One patient scored 50 points (2%) (median 28, IQR 15.5–39.5; range 1–50). These results
indicate that problems related to floor effects may be moderate while problems related to
ceiling effects are minimal.

4. Discussion

The objective of this study was to translate, adapt, test face validity and the inter-rater
reliability of CPAx-NOR in critically ill adult patients undergoing prolonged mechanical
ventilation in the ICU. CPAx-NOR was successfully translated in a forward-backward
translation, cross-culturally adapted and pilot tested in clinical practice. Face validity was
assessed through expert group and patient discussions, and demonstrated good results.
CPAx-NOR demonstrated excellent inter-rater reliability for both aggregated score and all
ten individual items across the ICU stay. The measurement error was small with a minimal
detectable change of two points. CPAx-NOR exhibited a moderate floor effect at start of
physiotherapy and low floor and ceiling effects at ICU discharge, as expected. These results
indicate that CPAx-NOR is a valid and reliable measurement tool for physical function
during the continuum of an ICU stay for adult patients on mechanical ventilation for more
than 48 h. Whether the results are generalizable to other ICU patients with shorter time on
mechanical ventilation has not been investigated.

4.1. Reliability

The MDC is of great importance when evaluating change in physical function. Pre-
vious studies investigating CPAx [13,14,30], have reported the SEM and MDC at only
one time point. However, in the German version MDC has been reported on several
time points [15]. The present study measured SEM and MDC at the two time points and
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showed that if two different raters assess the patient early in the ICU stay (at the start
of physiotherapy), a change of >3 points indicate a detectable/true change in physical
function above the measurement error. Later in the patient trajectory, at measurement
point B, when a higher level of functioning is present, a change of >2 points indicated a
detectable change in physical function. This is an important consideration when evaluating
the patients’ rehabilitation process throughout the patient trajectory when not only one,
but several physiotherapists perform assessments. These results are similar to the Danish
version [13]. When the scores of the time points were combined (A+B), we also found
that a change of 2 points indicated a detectable change in physical function, similar to the
German version [15]. Different MDC across the measurement tool’s scale has also been
established in other measurement tools such as the Bergs Balance Scale [33]. The differences
in the MDC reported in CPAx studies [13–15,30] may be related to the defined time point
for the assessment and the selected method of reporting this psychometric. This needs to
be standardized when designing future international studies.

Different MDC’s corresponds to the finding that the agreement was somewhat lower
for the items ‘cough’ (77.2% and 79.2%), ‘moving within the bed’ (86.0% and 73.6%) and
‘dynamic sitting’ (87.7% and 79.2%). Despite the clarification of the item ‘cough’ during
the translation, disagreements among the raters were still present at both time points.
Suctioning is a part of the item ‘cough’, and in Norway, this task is assigned to nurses,
which might have complicated the evaluation. The minimal, moderate and maximal
assistance ratings were the subject of several discussions between clinicians during the
testing period and may be the reason for the lower agreement on these items, similar
to findings from previous publications using CPAx [12–14]. This underpins the need to
develop local standardized recommendations prior to the implementation of CPAx-NOR
in clinical practice.

Our SEM and MDC at time point A are similar to the original version [27], and the
agreement between tester and observer was high in general, both on each time point and
in total, as shown in the Bland–Altman plot (Figures 2 and 3). These Bland-Altman Plots
showed no bias due to the role of the rater during assessments (tester or observer) and no
heteroscedasticity. These results correspond to those of other studies that have used this
method to illustrate agreement [12–15].

CPAx-NOR is a clinically useful tool for assessing low-functioning patients receiving
prolonged mechanical ventilation in the study population representative of the Norwegian
ICU population expressed as the SEM, MDC and LOA throughout the ICU trajectory.
The results of previous studies assessing inter-rater reliability, together with the current
study, support the claim that CPAx is in general a reliable tool to assess function in the
ICU population.

4.2. Change in Scores

Our results showed a mean change of 15 points in scores between the start of phys-
iotherapy and discharge from the ICU. This indicates that the patients’ physical function
improved during the trajectory, a finding supported by the large ES and SRM. These
findings are similar to those in studies of responsiveness of the original and the Danish ver-
sion [13,30]. Generally, patients had a first visit from a physiotherapist within 72 h, but as
as we did not collecta data on this, we can not report median time. Corner [30] established
a Minimal Clinical Important Difference (MCID) to be six points, but as this was in a burn
population, we cannot directly compare the populations although the change in scores
exceeded six points. A specific investigation of both the MCID and the responsiveness of
CPAx-NOR including data on length of stay in the ICU needs to be conducted to come to
any conclusion on this matter.

4.3. Floor and Ceiling Effects

As with the original version of CPAx [30], the floor effect (patients with a total score
of 0) was moderate at the start of physiotherapy (16%); all patients with aggregated score
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0 died during the study period and the authors suggested the total score of 0 can predict
death [30]. In this study, 55.5% of the patients with total score 0, survived the ICU stay
and were discharged to a regular ward. We do not have discharge scores for the remaining
44.5% and are not able to make conclusions regarding survival or death for these patients.
Thus, the present study does not indicate that a total score of 0 at the start of physiotherapy
in Norway predicts death. However, the patients with a total CPAx-NOR score of 0 at the
time point A did score less than 12 points at time point B. This aggregated score is below
the mean total score in the present study, indicating poorer physical function requiring a
higher level of care. This may be useful in predicting what level of care and what degree
of rehabilitation intensive care patients need after discharge from hospitals in Norway
but needs to be investigated further. Both patients and the healthcare system have a great
interest in starting planning early to ensure a seamless rehabilitation process, and CPAx
has already demonstrated these qualities as a predictive measurement tool in the original
and German versions [34,35].

At time point B, no patients scored 0 points, and only 2% scored 50 points, meaning
no floor effect and a highly acceptable ceiling effect. This corresponds with the results
reported in the original [30] and three other translations [13–15]. These results indicate that
CPAx-NOR is applicable for clinical use in Norwegian intensive care units from early in
the rehabilitation process through the patient trajectory, including discharge from the ICU
to a regular ward.

4.4. Perspective, Further Research and Clinical Implications

CPAx-NOR is an important tool in clinical practice to help establish rehabilitation goals
for ICU patients, as they fight their way back toward regaining independent respiratory
and physical function [11]. Standardized measuring tools are crucial to document the effect
of physiotherapy and early rehabilitation, both clinically and in research. Barriers and
facilitators to implementing measurement tools should be further investigated, in order
to successfully implement the CPAx-NOR and maintain sustainability in clinical practice.
Future studies should include also other aspects of validity.

Both the similarities and differences between the original and translated CPAx versions,
highlights the importance of a solid translation- and cross-cultural adaptation process that
is needed for further standardization when implementing the CPAx versions into clinical
practice. These findings are of importance in future research when designing international
multicenter studies, with aims to investigate the effect of early rehabilitation at the ICU. Of
clinical importance, is how to apply the MDC results of this study. The authors recommend
applying the combined result of the two time points A+B (MDC = 2 points) in clinical
practice, similar to the Danish and German versions [13,15].

4.5. Strengths and Limitations

The strengths of the present study include the comprehensive translation process
with two professional translators and two clinicians involved in both the forward and
backwards translations, along with a multidisciplinary expert committee including a
former intensive care patient, before further evaluation of inter-rater reliability. Due to the
multicentre design of this study, with five hospitals considered representative of Norwegian
ICUs in terms of size, organization and patient population, the results can be considered
generalizable to other ICUs in Norway. Further, the use of raters with a range of experience
as physiotherapists in acute hospital settings supports our confidence that the use of
CPAx-NOR is feasible for a wide variety of physiotherapists working in ICUs.

As in the other European translation studies, all the raters completed a digital course to
the testing period, but unlike in those studies, the original English eLearning platform was
not available. All raters received training before assessing patients, and generalizability for
physiotherapists without any training is limited. Another possible limitation of the design
was that the assessments were completed in pairs with raters alternating between the
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roles of leader and observer without structure. This made it difficult to identify systematic
between-raters error.

Moreover, we did not have data on median time on time point A or on length of stay
(ICU LOS) in the patients that were tested. Therefore we were not able to link CPAx-NOR
to a specific time point in the patient trajectory and to make any conclusions regarding
responsiveness.

5. Conclusions

CPAx has been successfully translated and cross-culturally adapted into Norwegian,
resulting in CPAx-NOR. The adapted tool has been found to show good face validity in
clinical practice and has demonstrated excellent inter-rater reliability. CPAx-NOR can
be considered an important measurement instrument for physiotherapists working in
the ICU for assessing respiratory and physical function and planning and setting goals
for early rehabilitation in the multidisciplinary team in intensive care units in Norway.
Future studies should focus on an extended validation, establishing MCID and studying
responsiveness in order to insure CPAx-NOR as a clinically important and knowledge
based robust tool for physiotherapists working in the intensive care unit with critically
ill patients.
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Abstract: Ventilation in a prone position (PP) for 12 to 16 h per day improves survival in ARDS. How-
ever, the optimal duration of the intervention is unknown. We performed a prospective observational
study to compare the efficacy and safety of a prolonged PP protocol with conventional prone venti-
lation in COVID-19-associated ARDS. Prone position was undertaken if P/F < 150 with FiO2 > 0.6
and PEEP > 10 cm H2O. Oxygenation parameters and respiratory mechanics were recorded before
the first PP cycle, at the end of the PP cycle and 4 h after supination. We included 63 consecutive
intubated patients with a mean age of 63.5 years. Of them, 37 (58.7%) underwent prolonged prone
position (PPP group) and 26 (41.3%) standard prone position (SPP group). The median cycle duration
for the SPP group was 20 h and for the PPP group 46 h (p < 0.001). No significant differences in
oxygenation, respiratory mechanics, number of PP cycles and rate of complications were observed
between groups. The 28-day survival was 78.4% in the PPP group versus 65.4% in the SPP group
(p = 0.253). Extending the duration of PP was as safe and efficacious as conventional PP, but did not
confer any survival benefit in a cohort of patients with severe ARDS due to COVID-19.

Keywords: ARDS; prone position; COVID-19; mechanical ventilation

1. Introduction

The COVID-19 pandemic created unprecedented pressure on healthcare systems
worldwide and subsequently provoked significant changes in the organization of healthcare
services. Coronavirus disease has a broad spectrum of clinical manifestations ranging
from asymptomatic infection to critical illness, most frequently presenting as an acute
hypoxemic respiratory failure that meets the Berlin definition of acute respiratory distress
syndrome (ARDS). Patients with COVID-19-associated ARDS commonly require intensive
care unit (ICU) admission and invasive mechanical ventilation and have high mortality
rates [1,2]. Whether ARDS due to COVID-19 and ARDS due to other etiologies are similar
has been a matter of debate. It seems that COVID-19 pneumonia is a specific disease
with distinct features, namely the dissociation between the severity of the hypoxemia
and the maintenance of relatively good respiratory mechanics, as well as the common
(micro)thrombosis in the pulmonary vasculature [3].

It is well established that early application of prone-positioning (PP) sessions of at
least 12 h improve survival in moderate-to-severe ARDS [4,5]. The beneficial effect of prone
ventilation is likely attributed to better ventilation-perfusion matching, lung recruitment
and protection from ventilator-induced lung injury (VILI) [6]. Current guidelines on the
management of ARDS strongly recommend the use of PP for 12 to 16 h per day in patients
with a P/F ratio ≤ 150 mmHg [4,5,7]. However, the optimal duration of the intervention to
gain maximum benefit is not known. During COVID-19 pandemic prone ventilation was
widely adopted as a prominent therapeutic intervention for patients receiving mechanical
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ventilation. Retrospective data from this patient population showed that early application
of PP is associated with improved oxygenation and reduced hospital mortality [8,9].

One of the challenges of PP is that it can increase the workload for the ICU staff in a
period of crisis. To overcome this problem, it was suggested to implement a prolonged
pronation protocol, beyond the usual 16 h, aiming to reduce the number of pronation
cycles per patient. Nevertheless, the intervention is not without risks. The most severe
complications are accidental extubation, airway obstruction, central venous catheter or
arterial catheter dislocation, pressure ulcers, peripheral nerve palsies and musculoskeletal
injuries [10]. There are reports that prolonged prone ventilation is feasible and relatively
safe [11,12], but comparison with standard PP has been scarce.

We sought to examine the efficacy and safety of a prolonged PP protocol compared to
the standard of care.

2. Materials and Methods

We conducted a prospective observational study. General Hospital of Thoracic Dis-
eases “Sotiria” is a tertiary public hospital that serves as the main referral center for
COVID-19 in Athens, Greece. The study was conducted in a 12-bed COVID-19 ICU during
a 6-month period. Patient demographics, clinical and mechanical ventilation (MV) variables
were entered into an electronic spreadsheet and cross-validated with source documentation
in real-time. The study was approved by the local Institutional Review Board (protocol
number 172/24-05-2021). The need for informed consent was waived.

Lung protective ventilation was universally applied to all study patients, namely a
tidal volume of 6–8 mL/PBW with PEEP titration to achieve a driving pressure <14 cm H2O.
The level of PEEP was applied and modified by the treating physician. PP was initiated for
severe hypoxemia defined as P/F ratio < 150 mmHg with FiO2 > 0.6 and PEEP > 10 cm
H2O. Patients with severe hemodynamic instability, pregnancy, recent cardiac or abdominal
surgery, and unstable fractures were not candidates for prone ventilation in our study.
In the prolonged PP (PPP) group patients were proned for more than 24 h whereas the
standard PP (SPP) group included patients proned for 24 h or less. The cut-off of 24 h was
based on a recent study of ARDS patients which suggested that it is beneficial to prolong
PP sessions to 24 h and extend it further if the P/F ratio remains below 150 [13]. We left the
decision for the duration of PP solely at the discretion of the treating physician, according
to a guiding protocol stating that return to the supine position would be performed after
at least 16 h if the P/F ratio was above 150 and if an experienced staff was available. For
safety reasons, repositioning during the night shift was avoided, unless it was deemed
necessary. Pronation cycles were stopped when the P/F ratio remained >150 mmHg in a
supine position. Oxygenation parameters and respiratory mechanics were recorded for the
first pronation cycle before PP, at the end of the cycle and 4 h after supine repositioning.
We included all the intubated patients > 18 years old, with a positive PCR for SARS-CoV-2,
who underwent at least one cycle of PP during the specified time period. Patients proned
for less than 4 h were excluded from the analysis.

Prone positioning and repositioning to the supine position were performed manually
by experienced ICU staff according to a standardized protocol. Normally, 5 healthcare
professionals were involved with the pronation/supination of non-obese patients, while 7
or more were involved if the patient was obese or morbidly obese. Alternating pressure
air mattresses were used in all patients. Foam wedges, foam dressings, gel rings and
pillows were used for pressure injury prevention. Alternating arm and head repositioning
in the “swimming position” were performed every 6–8 h. Sedation and analgesia were
titrated to achieve deep sedation (Richmond Sedation Agitation Scale score of 4–5) and
neuromuscular blockade was administered to all patients during PP. Pressure wounds
and other complications were recorded daily by bedside nurses, until the end of the
pronation cycles.
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2.1. Outcomes

The primary clinical outcomes were changes in oxygenation and respiratory mechanics
during and after PP and the number of PP cycles. The secondary outcome was 28-day
survival. A subgroup analysis of obese patients (BMI > 30 kg/m2) was additionally
performed. We also examined the safety and the complications of the procedure.

2.2. Statistical Analysis

Variables were first tested for normality using the Kolmogorov–Smirnov criterion.
Quantitative variables were expressed as mean (Standard Deviation) or median (interquar-
tile range). Qualitative variables were expressed as absolute and relative frequencies.
Student’s t-tests and Mann–Whitney tests were used for the comparison of continuous vari-
ables between the two groups. For the comparison of proportions chi-square and Fisher’s
exact tests were used. Pearson correlation coefficients (r) were used to explore the associa-
tion of two continuous variables. Repeated measurements analysis of variance (ANOVA)
was adopted to evaluate the changes observed in respiratory parameters over the follow-up
period, between the two groups. Logistic regression analysis in a stepwise method (p for
entry 0.05, p for removal 0.10) was used in order to find independent factors associated
with 28-day survival. Adjusted odds ratios (OR) with 95% confidence intervals (95% CI)
were computed from the results of the logistic regression analysis. All reported p values are
two-tailed. Statistical significance was set at p < 0.05 and analyses were conducted using
SPSS statistical software (version 26.0).

3. Results

From March 2021 to August 2021, we recorded 68 consecutive intubated patients
with COVID-19-associated ARDS who underwent prone ventilation. Five patients were
excluded because PP was terminated in less than 4 h due to hemodynamic instability or
worsening of oxygenation. The final study sample consisted of 63 patients (63.5% males),
with a mean age of 63.5 years. Thirty-seven patients (58.7%) underwent prolonged prone
position (PPP group) and 26 (41.3%) standard prone position (SPP group). The median PP
duration for the SPP group was 20 h (IQR: 20–22) and for the PPP group 46 h (IQR: 40–48),
p < 0.001. The cumulative duration of pronation was longer for the PPP group. Patients’
characteristics by group are presented in Table 1. No significant differences were found
between the two groups, except for a higher proportion of obese patients among the PPP
group. All patients received corticosteroids while tocilizumab was administered to similar
proportions in both groups.

Table 1. Patients’ characteristics.

Group

SPP
n = 26

PPP
n = 37 p

Gender, n (%)

Males 15 (57.7) 25 (67.6) 0.42

Females 11 (42.3) 12 (32.4)

Age, mean (SD) 66.5 (9.7) 61.5 (15.1) 0.14

BMI, mean (SD) 30.5 (5.5) 33.4 (7.0) 0.08

BMI

Normal (18.5–24.9 kg/m2) 1 (3.8) 0 (0) 0.049

Overweight (25–29.9 kg/m2) 15 (57.7) 12 (33.3)

Obese (>30 kg/m2) 10 (38.5) 24 (66.7)
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Table 1. Cont.

Group

SPP
n = 26

PPP
n = 37 p

APACHE II, mean (SD) 19.3 (3.8) 19.5 (7.1) 0.89

Tocilizumab, n (%) 17 (65%) 21 (57%) 0.49

Vt (ml), median (IQR) 425 (375–450) 425 (375–475) 0.59

Vt (ml/PBW), median (IQR) 6.3 (6.2–6.7) 6.3 (6.2–6.7) 0.78

RR, median (IQR) 27.5 (25–32) 30 (27–32) 0.24

Time to proning, h, median (IQR) 22.5 (16–48) 20 (10–48) 0.59

Duration of 1st PP cycle, h, median (IQR) 20 (20–22) 46 (40–48) <0.001

Cumulative duration of proning, h, mean (SD) 42.42 (22.27) 70.22 (38.29) 0.001

The change in P/F ratio was similar across all time points between SPP and PPP
groups, in the total sample and in the subgroup of obese patients. In both groups, the P/F
ratio during and after PP was significantly higher compared to the baseline (Table 2).

Table 2. P/F ratio in total sample and in obese patients.

Group

P/F Ratio (mmHg)
p 2

Baseline During

Mean (SD) Mean (SD) Mean (SD) During vs.
Baseline

After
vs.

During

After
vs.

Baseline
p 3

Total sample SPP 103.4 (25.8) 173.6 (59) 150.2 (32) <0.001 0.09 <0.001 0.13
PPP 97.6 (27.4) 197.9 (70.1) 162.2 (58.8) <0.001 <0.001 <0.001

p 1 0.39 0.15 0.35

Obese SPP 105.1 (29.2) 176.5 (67.9) 152.8 (25.2) 0.002 0.69 0.004 0.43
PPP 95.8 (27.1) 194.6 (67.8) 156.7 (48.7) <0.001 0.014 <0.001

p 1 0.38 0.48 0.81
1 p-value for group effect 2 p-value for time effect after Bonferroni correction 3 p-value from repeated measures
ANOVA, regarding time × group effect.

The degree of P/F ratio change from baseline to the end of the first PP cycle to 4 h
after supination was similar in both groups (Figure 1). Furthermore, PP duration was not
correlated with the P/F ratio (r = 0.18; p = 0.161).

The change in respiratory parameters by the group throughout the follow-up period
is presented in Table 3. No significant differences were found between SPP and PPP groups
at any time point. Pplat was slightly lower during the maneuver compared to baseline in
both groups, while after supination it remained lower than baseline only in the PPP group.
However, because PEEP was also lower during and after the maneuver, DP and Cstat were
similar throughout time.

22



J. Clin. Med. 2023, 12, 3526

Table 3. Changes of respiratory parameters.

Baseline During After p 2

Group Mean (SD) Mean (SD) Mean (SD)
During

vs.
Baseline

After
vs.

During

After
vs.

Baseline
p 3

PaCO2 (mmHg) SPP 50.9 (8.8) 47.8 (7.5) 48.3 (6.3) 0.22 >0.99 0.46 0.95

PPP 50.8 (10.6) 47.6 (7.1) 48.5 (7.9) 0.08 >0.99 0.39

p 1 0.97 0.89 0.92

PEEP (cm H2O) SPP 12 (2.7) 11.1 (2.8) 11.2 (2.6) 0.012 >0.99 0.02 0.49

PPP 12.3 (2.4) 11.6 (2.6) 11.2 (2.2) 0.018 0.29 <0.001

p1 0.64 0.49 0.99

Pplat (cm H2O) SPP 25.3 (3.6) 23.6 (3.2) 23.9 (3.3) 0.009 >0.99 0.09 0.65

PPP 25.5 (3.4) 23.9 (3.5) 23.5 (3.3) 0.003 >0.99 0.002

p1 0.84 0.77 0.68

DP (cm H2O) SPP 13.4 (3.9) 12.2 (2.4) 12.2 (2.8) 0.16 >0.99 0.27 0.82

PPP 12.9 (3.2) 12.1 (2.4) 12.2 (2.6) 0.25 >0.99 0.50

p 1 0.62 0.82 0.92

Cstat (mL/cm H2O) SPP 35.8 (10.2) 36.9 (11.6) 36.8 (10.7) >0.99 >0.99 >0.99 0.75

PPP 35.2 (9.5) 37.6 (9.3) 36.4 (8.8) 0.22 0.84 >0.99

p 1 0.81 0.77 0.87
1 p-value for group effect 2 p-value for time effect after Bonferroni correction 3 p-value from repeated measures
ANOVA, regarding time × group effect.
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No significant difference was found in 28-day survival between the two groups. The
number of pronation cycles was also comparable [median (IQR), 2(1–3) for SPP vs. 1(1–2)
for PPP group]. Seven patients (26.9%) in the SPP group and 5 (13.5%) in the PPP group
required 3 or more pronation cycles. No major complications were encountered in either
group after the completion of the required pronation cycles. Facial edema and pressure
injuries in stage I were recorded in six patients during PPP and in four patients during SPP,
while one patient in each group developed a stage II facial pressure ulcer and one patient
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in the PPP group developed a stage III facial injury and periorbital edema (Table 4). Similar
results were recorded for obese patients as shown in Table 5.

Table 4. Outcomes and complications.

Group

SPP
n = 26

PPP
n = 37 p

28-day survival, n (%) 0.25

No 9 (34.6) 8 (21.6)

Yes 17 (65.4) 29 (78.4)

Number of cycles, median (IQR) 2 (1–3) 1 (1–2) 0.12

Complications, n (%) >0.99

No 21 (80.8) 29 (78.4)

Yes 5 (19.2) 8 (21.6)

Table 5. Outcomes among obese patients.

Group

SPP
(n = 10)

PPP
(n = 24)

Median Median p

28-day survival No 4 (40) 5 (20.8) 0.39
Yes 6 (60) 19 (79.2)

Number of cycles, median (IQR) 2 (2–3) 1 (1–2) 0.19

After conducting multiple logistic regression, in a stepwise method, it was found
that the number of PP cycles, APACHE II and PaCO2 at baseline (before pronation) were
independently associated with 28-day survival. Specifically, a higher number of cycles,
higher APACHE II score and higher PaCO2 at baseline were significantly associated with a
lower probability of surviving (Table 6).

Table 6. Logistic regression for 28-day survival.

OR (95% CI) p

Number of cycles 0.27 (0.12–0.63) 0.002
APACHE II 0.78 (0.66–0.92) 0.003
PaCO2 baseline (mmHg) 0.92 (0.86–0.99) 0.031

4. Discussion

In a cohort of COVID-19 intubated patients with severe ARDS, in whom protective
ventilation was applied, a prolonged prone positioning protocol was not shown to confer any
advantage in improving oxygenation and respiratory mechanics compared to the traditional
strategy of daily prone ventilation. Furthermore, it was not associated with significantly fewer
total pronation cycles. Twenty-eight-day survival was similar between the two groups. The
intervention was feasible and safe with only minor observed complications.

Prone position ventilation for at least 16 h has been shown to reduce mortality in
patients with ARDS and a P/F ratio of <150 mmHg. This beneficial effect does not depend
on gas exchange improvement but is rather attributed to protection from VILI by reducing
overdistension of non-dependent and enhancing alveolar recruitment of dependent lung
zones, leading to more homogeneous lung expansion and reducing lung stress and strain [4].
Prone ventilation was widely adopted during the COVID-19 pandemic. While the LUNG
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SAFE study in 2016 [14] reported the application of prone positioning in only 16.3% of
patients with moderate to severe ARDS, the intervention was used in more than 70% of
mechanically ventilated patients with COVID-19 [15,16].

Early prone ventilation has been associated with improved survival among COVID-19
patients [9]. However, it is a labor-intensive procedure requiring at least 5 highly trained
ICU professionals to execute each pronation and supination maneuver [17]. In conditions
of increased workload, as was the case during the pandemic, prolongation of the duration
of prone ventilation to more than 24 h seemed an attractive option to reduce the burden of
this life-saving intervention. Furthermore, prolonging PP has a physiological rationale as
there is data suggesting that the beneficial effects of PP may persist for at least up to 24 h
for some patients [13], while supination is often accompanied by de-recruitment events.
Prior studies in COVID-19 patients with ARDS showed that prolonged PP is efficacious
and safe when performed by experienced staff [12]. However, the efficacy of the maneuver
compared to the standard practice of shorter duration daily cycles has not been extensively
studied. In a single-center study of patients with pneumonia and ARDS, Jochmans et al.
reported that the maximum physiological beneficial effect of PP was obtained between 16
and 19 h in most patients and extending pronation for more than 24 h offered no survival
benefit [13]. In patients with COVID-19-related ARDS, improvement of oxygenation with
proning has been associated with lower mortality [18].

In a recent retrospective study of intubated COVID-19 patients, Okin et al. [19] reported
reduced mortality and fewer pronation-supination cycles for the prolonged PP compared
to the standard PP. The authors found no difference in oxygenation improvement between
PPP and SPP, measured as the change in P/F ratio within 6 h of pronation. In the present
study, we found a similar increase in the P/F ratio between prolonged and intermittent
proning during the maneuver and up to 4 h after supination. Furthermore, there was no
correlation between PP duration and the P/F ratio. It seems that extending proning beyond
24 h confers little further improvement in oxygenation. Changes in respiratory mechanics
were of little clinical significance in both groups. Okin et al., attribute the beneficial effect
on survival to the reduced de-recruitment events associated with fewer supination sessions.
Despite similar patient characteristics and similar duration of prolonged pronation protocol
between the two studies, we did not find a survival advantage of PPP over SPP. However,
there are caveats that should be addressed. First, 28-day mortality rates in our cohort are
similar to those in Okin’s study (21.6% vs. 25.5% for the PPP group and 34,6% vs. 34.9% for
the SPP group). Therefore, the lack of significance is probably due to the smaller sample size
of our study. Second, although we found no difference in the total number of performed PP
cycles between groups, the number of cycles was an independent risk factor for mortality.
The more the pronation cycles, the greater the mortality, lending support to the assumption
that de-recruitment associated with repeated supination may be injurious to the lung, may
worsen VILI and may contribute to mortality. It can be speculated that PPP may reduce
mortality when it results in fewer pronation and supination events. Third, in our study,
a higher proportion of obese patients were included in PPP than in the SPP group. Since
the decision for the duration of PP was solely at the discretion of the treating physicians,
we can only assume that obese patients were deemed more appropriate candidates for
prolonged pronation to reduce the risk of complications and adverse events from frequent
maneuvers. Several meta-analyses have shown that obesity is associated with increased
severity and higher mortality among COVID-19 patients [20]. In a previous study, De Jong
et al. reported a better response in oxygenation with prone ventilation among morbidly
obese compared to non-obese patients with ARDS [21]. However, a subgroup analysis of
our cohort showed that obese patients had no additional benefit with PPP compared to SPP.

The number of cycles per se was found to be associated with 28-day survival in our
study. It is fair to assume that the sickest ARDS patients require more PP cycles while
aiming to improve their oxygenation. Most of the patients in our cohort required 1 or
2 cycles which were akin to the corresponding study of Okin et al. [19] with a median of
2 cycles overall. Moreover, in a non-COVID population with ARDS due to pneumonia [13]
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a mean of 2.2 cycles per patient was reported, while in the PROSEVA trial which included
ARDS from various etiologies, patients required a mean of 4 cycles [4]. It is not clear if there
is an association between the etiology of ARDS and the response to PP.

The rate of complications in our study was very low in both groups and almost
exclusively consisted of minor facial pressure injuries. Pressure injuries are the most
frequent complication of prone ventilation. In a retrospective study of 81 patients with
COVID-19 who were ventilated in PP for a median of 39 h, 26% developed pressure injuries
stage II and 2.5% stage III and IV. The cumulative duration of PP sessions, but not the
duration of each session, was associated with the occurrence of pressure injuries [22].
Okin et al., reported an incidence of pressure sores of about 30%, with no difference
between prolonged and intermittent PP. In our study, the prophylactic use of foam pads,
foam dressings, gel rings and regular head repositioning, probably contributed to the low
incidence of complications, which was also evident in the group of prolonged pronation.

There are several limitations to our study. It was a single-center non-randomized study
with a potential risk for selection bias. The sample size was small and the study itself was
not powered to detect a mortality difference. We recorded only immediate complications.
There was no long-term follow-up and therefore we might have missed late complications
such as plexopathy and nerve damage [23]. Moreover, the use of prophylactic measures
along with the accumulated experience of our staff, possibly resulted in a low rate of early
complications, which might not be generalizable to all ICU settings.

However, the present study confirms the feasibility and safety of prolonged prone
ventilation among patients with severe ARDS caused by COVID-19 and highlights the
urgent need for multi-center randomized trials comparing the efficacy of this maneuver
with the standard technique of daily proning and supination in ARDS patients of various
etiology. Should this approach prove to further improve mortality, it could be safely added
to lung protective ventilation, which is so far the only lifesaving intervention in this patient
population. In any case, this strategy seems to be a useful option in periods of increased
ICU workload or for specific groups of patients, such as the obese.

5. Conclusions

Among intubated COVID-19 patients with severe ARDS, prolonging PP to more than
24 h was as safe and efficient as traditional PP, but it was not associated with survival benefits.
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Abstract: Background: Acute respiratory distress syndrome (ARDS) in COVID-19 patients often
necessitates mechanical ventilation. Although much has been written regarding intensive care
admission and treatment for COVID-19, evidence on specific ventilation strategies for ARDS is limited.
Support mode during invasive mechanical ventilation offers potential benefits such as conserving
diaphragmatic motility, sidestepping the negative consequences of the longer usage of neuromuscular
blockers, and limiting the occurrence of ventilator-induced lung injury (VILI). Methods: In this
retrospective cohort study of mechanically ventilated and confirmed non-hyperdynamic SARS-CoV-2
patients, we studied the relation between the occurrence of kidney injury and the decreased ratio of
support to controlled ventilation. Results: Total AKI incidence in this cohort was low (5/41). In total,
16 of 41 patients underwent patient-triggered pressure support breathing at least 80% of the time. In
this group we observed a lower percentage of AKI (0/16 vs. 5/25), determined as a creatinine level
above 177 µmol/L in the first 200 h. There was a negative correlation between time spent on support
ventilation and peak creatinine levels (r = −0.35 (−0.6–0.1)). The group predominantly on control
ventilation showed significantly higher disease severity scores. Conclusions: Early patient-triggered
ventilation in patients with COVID-19 may be associated with lower rates of acute kidney injury.

Keywords: COVID-19; mechanical ventilation; acute kidney injury (AKI); acute respiratory distress
syndrome (ARDS); ventilator-induced kidney injury (VIKI)

1. Introduction

Critical care practitioners debate when or whether to allow patient-triggered ventila-
tion in acute respiratory distress syndrome (ARDS) patients. A recent Cochrane interven-
tion review by Hohmann et al. pointed out that there is a lack of data on the benefits and
harms of early supported ventilation in invasively ventilated persons with COVID-19 [1].

Invasive mechanical ventilation, in any form, is associated with a threefold increased
risk of developing acute kidney injury (AKI), and no direct association is seen between
various tidal volume settings or level of positive end-expiratory pressure (PEEP) [2]. As
early as 1947, Drury et al. published the first study of the effects of mechanical ventilation on
renal function. Studying the effect of varying levels of continuous positive airway pressure
on urea clearance in healthy subjects suggested the kidney–lung connection [3]. Although
not completely understood and even harder to predict, the systemic effects of mechanical
ventilation suggest potential mechanisms of ventilator-induced kidney injury (VIKI) and
suggest that these mechanisms might be predicted using biomarkers [4]. Ideas on why
ventilator-induced kidney injury can occur include the fact that mechanical ventilation
may induce rapid hemodynamic changes, neurohumoral mediated alterations in intrarenal
blood flow, and systemic inflammatory cytokines released systemically due to ventilator-
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induced lung injury [4]. Overall, invasive mechanical ventilation is a proven risk factor for
the occurrence of early AKI [5].

Especially in prolonged ICU stays, as seen in severe COVID-19, it is important to
differentiate between early AKI that is directly related to the primary pathology and
treatment (i.e., within the first 14 days of ICU admittance) versus late AKI, which is
predominantly related to other causes such as superinfections and drug toxicity [6,7]. A
recent study suggested a relation between the occurrence of AKI and the level of PEEP
used. Of specific interest is that nearly all AKI patients in this study were treated with
neuromuscular blockade (NMB) (97 vs. 80%, respectively), and thus there were no patient-
triggered breathing efforts [8]. We hypothesized that the high incidence of AKI in COVID-19
patients is related to a high percentage of time spent on controlled ventilation in the first
200 h after starting invasive respiratory support. To investigate this, we analyzed the
patient data from a single-center intensive care unit in Zoetermeer, the Netherlands.

2. Materials and Methods

We evaluated a retrospective cohort of COVID-19 patients admitted to the intensive
care unit between March 2020 and March 2022 in the LangeLand Hospital in Zoetermeer,
the Netherlands. The aim of this study was to assess the relation between the incidence of
AKI and the ratio of pressure support to control (PS/PC + PS ratio) in invasive mechanical
ventilation. The KDIGO (Kidney Disease: Improving Global Outcomes) guidelines are
used to define AKI.

Data from the first 200 h of mechanical ventilation were used, and the ratio for each
patient was determined by dividing the hours spent on pressure support by the total hours
spent on mechanical ventilation (pressure support + pressure control). Graph Pad Prism
9.0 was used for statistical analyses. The ethics committee of the LangeLand Hospital
approved the study.

3. Results

In total, 130 patients with COVID-19 were admitted to intensive care during the study
period. Of these, 46 patients needed invasive mechanical ventilation, of which 41 were not
transferred to another hospital within the investigated timeframe (i.e., were transferred
to another hospital within 14 days of intensive care admittance or were admitted from
another intensive care and already ventilated for longer than 3 days). Prone positioning
was initiated when the pao2/fio2-ratio < 150 (while maintaining pressure support if not
previously on pressure control setting). Interleukine-6 inhibitors and dexamethasone
were administered as soon as evidence for their beneficial effects was established. Patient
characteristics of interest are summarized in Table 1. In total, 16 of 41 patients underwent
patient-triggered pressure support breathing at least 80% of the time during invasive
mechanical ventilation (meaning a PS to PC ratio of 0.8). Briefly, the significant differences
between a PS/PC + PS ratio above 80% versus below 80% were the Apache IV score
(50 ± 14.5 vs. 66 (±17.9), SAPS II score (25 ± 0 vs. 31 (±9), and the number of patients
with a creatinine level above 177 µmol/L in the first 200 h (0/16 vs. 5/25). Based on
current guidelines, three of the forty-one patients required renal replacement therapy.
However, this was deemed futile and not started in two cases, based on comorbidity and
pre-disease performance.
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Table 1. Baseline characteristics of 41 patients undergoing invasive mechanical ventilation due to
COVID-19 ARDS. Numbers represent the mean ± standard deviation.

PS-PC Ratio > 0.8 PS-PC Ratio < 0.8 p Value

n 16 25

Age 60 (47–73) 62 (54–70) p = 0.79 NS

Days in ICU 20 ± 18 14 (±8) p = 0.51 NS

90-day mortality 1/16 5/25 p = 0.2 NS

APACHE IV score 50 (±14.5) 66 (±17.9) p = 0.008 *

SAPS II 25 (±9) 31 (±9) p = 0.02 *

APACHE IV, no AKI 47 (±14.5) 62 (±16) p = 0.009 *

SAPS II, no AKI 24 (±8) 31 (±9) p = 0.01 *

Peak creatinin in
µmol/L 88 (±28) 160 (±150) p = 0.2

Creatinin > 177
µmol/L in first 200 h 0/16 5/25 p = 0.05 *

PC hours first 200 h 13 (±10) 80 (±35) p = 0.0001 *

Average PEEP § 14.31 15.25 p = 0.24
§ Set PEEP (cmH2O) with unadjusted setting for at least 4 h to exclude measurements from recruitment procedures,
etc. * p ≤ 0.05.

The group with a higher percentage of controlled mechanical ventilation had a higher
incidence of AKI, defined as a creatinine level above 177 µmol/L (5/25 vs. 0/16) within
the first 200 h of mechanical ventilation. However, this group also showed higher disease
severity based on the increased APACHE IV and SAPS scores. When disease severity scores
were corrected for AKI, the difference decreases but remains significant. In the cohort as a
whole, the PS/PC + PS ratio was negatively correlated with the peak level of creatinine
(r = −0.35 (−0.6–0.1) p 0.03) (see Figure 1), meaning that time spent on supported ventilation
was negatively correlated with peak creatinine levels.
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Figure 1. First panel shows the peak creatinine levels in µmol/L during the ICU stay in patients with
a ratio (PS/PC + PS) above 80% and below 80%. A trend is seen but is not statistically significant
(p = 0.072). In the second panel a significant negative correlation (r = −0.35) is seen between peak
creatinine levels and the predominance of controlled ventilation.

4. Discussion

In this retrospective cohort study, a significant negative correlation was observed be-
tween peak creatinine levels and the predominance of controlled ventilation. Furthermore,
we observed a remarkably low level of AKI compared to other intensive care patients. The
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occurrence of AKI in the early phase of COVID-19 disease can be the result of many factors.
Overall, five patients (12.2%) showed an increase in creatinine above 177 µmol/L within
14 days after intensive care admittance, and only three (7.3%) potentially qualified for renal
replacement therapy. However, in two cases RRT was not initiated due to treatment restric-
tions based on comorbidity and pre-disease performance. If we look at the complete cohort
of mechanically ventilated COVID-19 patients, we find a much lower incidence of AKI
compared to past data for this relation, i.e., ranging from 20% to as high as 90% [2,9–12].

In this cohort, as in most intensive care settings treating COVID-19 patients, several
patients were ventilated with high levels of PEEP, up to 22 cmH2O, and required prone
positioning for longer periods of time. We found it possible to also have these patients
ventilated on a patient-triggered assisted mode if sedation and analgesics were dosed
accordingly. This is done through continuously monitoring end tidal CO2 and performing
blood-gas analysis regularly, in addition to assuring patient comfort. Clearly, hyperventi-
lation would be an initial sign of discomfort, and hypoventilation often would result in
decreasing the dosage of intravenous opiates.

A retrospective cohort study on an intensive care unit comes with many potential
pitfalls and possible alternative explanations. First, a potential reason for the low AKI
incidence is that patients in our cohort were less ill compared to the published cohorts.
Based on APACHE IV scores (Table 1) and the fact that there was no selection of patients
referred to the hospital during the pandemic, this is considered less likely. Another expla-
nation could be that more severely ill patients were selected for transfer to other hospitals,
diluting the case severity mix. However, the APACHE scores from patients in our co-
hort did not differ from national data from a national cohort study [13]. One factor that
could influence the potential explanation for the lower AKI incidence could be the high
percentage of patient-triggered breathing allowed. We hypothesize that increasing the
time spent on support ventilation, more specifically patient-triggered assisted ventilation,
could decrease the incidence of ventilator-induced kidney injury. This idea is supported by
the significant negative relation between the time spent on assisted ventilation and peak
creatinine levels. However, we are aware that our limited data must be interpreted with
caution. The biggest shortcoming of this retrospective study is the difference in disease
severity within this cohort, of which only a small part can be explained by the change
in renal function. One could argue that comparison within this small cohort is not feasi-
ble. Alternative explanations such as comorbidities, fluid overload, vasopressor use, and
nephrotoxic drugs all contribute to the incidence of AKI on the ICU. Taking this in mind,
statistical results from the comparison of two groups in this small cohort might not be
very useful and could be prone to bias. However, overall, the low AKI incidence and the
significant relation between renal function and time spent on pressure support the idea of a
renal–pulmonary interaction.

The association between controlled mechanical ventilation and AKI is of great interest
and has been studied before [3,4]. The COVID-19 pandemic gives us more opportunities
to compare choices made in mechanical ventilation and their effects on renal function.
AKI in COVID-19 shows a relatively high incidence, as much as double that in other viral
respiratory diseases such as influenza [14,15]. The suggested pathophysiology of AKI in
COVID currently relies on nonspecific mechanisms (hypovolemia, nephrotoxic drugs, high
PEEP, right heart failure), direct viral injury, imbalanced renin–angiotensin–aldosterone
system (RAAS) activation, elevation of proinflammatory cytokines elicited by viral infection,
and a profound procoagulant state [14,16]. In addition to the need for understanding the
concept of renal interstitial edema when treating patients in general, limiting intravenous
fluids significantly and prioritizing pressure-support modality over pressure or volume
control settings could play a pivotal role. COVID-19 patients predominantly present with
single-organ failure, and compared to patients with sepsis, exhibit only a limited increase
in catabolic state, measured through the necessary respiratory minute volume (MV) when
sufficiently sedated and anaesthetized. The MV rarely exceeds 12 L and mostly remains
under 10 L without inducing hypercapnia. Therefore, in pathology limited to COVID-19,
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or perhaps even within other patient groups in a non-hyperdynamic state, the work of
breathing is not excessive when ventilated in a pressure support manner. Therefore, it is
necessary to titrate sedation and analgesia to this aim. Another contributing explanation
could be the effects of neuromuscular blocking agents when used for longer periods of
time. Marchiset et al. reported a significant increased risk of the development of AKI
during intensive care stay associated with the use of these agents. Naturally, with the use
of neuromuscular blocking agents patient-triggered breaths will be nearly absent [17].

Finally, although based on a relatively small number of patients, and even considering
the potential alternative explanations for some of the AKI cases, compared with the existing
literature our observations support evaluation through future studies to explore the benefi-
cial relation between predominantly supportive ventilation and a decreased incidence in
kidney injury. We feel this may be an important contributing factor explaining the increased
incidence of AKI in mechanically ventilated patients, especially patients with COVID-19,
and possibly even for other patients, after the suggested relation has been confirmed.
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Abstract: Base excess (BE) and lactate concentration may predict mortality in critically ill patients.
However, the predictive values of alactic BE (aBE; the sum of BE and lactate), or a combination of BE
and lactate are unknown. The study aimed to investigate whether BE, lactate, and aBE measured on
admission to ICU may predict the 28-day mortality for patients undergoing any form of shock. In
143 consecutive adults, arterial BE, lactate, and aBE were measured upon ICU admission. Receiver
Operating Curve (ROC) characteristics and Cox proportional hazard regression models (adjusted
to age, gender, forms of shock, and presence of severe renal failure) were then used to investigate
any association between these parameters and 28-day mortality. aBE < −3.63 mmol/L was found to
be associated with a hazard ratio of 3.19 (HR; 95% confidence interval (CI): 1.62–6.27) for mortality.
Risk of death was higher for BE < −9.5 mmol/L (HR: 4.22; 95% CI: 2.21–8.05), particularly at lactate
concentrations > 4.5 mmol/L (HR: 4.62; 95% CI: 2.56–8.33). A 15.71% mortality rate was found for the
combined condition of BE > cut-off and lactate < cut-off. When BE was below but lactate above their
respective cut-offs, the mortality rate increased to 78.91%. The Cox regression model demonstrated
that the predictive values of BE and lactate were mutually independent and additive. The 28-day
mortality in shock patients admitted to ICU can be predicted by aBE, but BE and lactate deliver
greater prognostic value, particularly when combined. The clinical value of our findings deserves
further prospective evaluation.

Keywords: base excess; alactic base excess; hyperlactatemia; mortality; shock

1. Introduction

Shock is a life-threatening haemodynamic emergency associated with tissue and organ
hypoperfusion, leading to severe metabolic changes at the cellular level. Low oxygen
delivery, high oxygen consumption, or inadequate utilisation can prompt various metabolic
derangements, thus resulting in an acid–base imbalance with or without hyperlactataemia.

Patients in shock are routinely admitted to an intensive care unit (ICU). Mortality
is usually high in such patients but varies depending on clinical status, for example,
due to metabolic abnormalities. Identifying the most at-risk patients is necessary for
successful treatment to prevent further deterioration, to reverse metabolic derangements,
and to reduce mortality. In addition to standard risk scores, e.g., Sequential Organ Failure
Assessment (SOFA) [1], various parameters have been evaluated in critically ill individuals
for assessing mortality risk.

Predictive value has been demonstrated for acid–base balance parameters or lactate
concentration and its kinetics in ICU patients [2–8], including those with septic shock,
unstable haemodynamics, cardiac arrest, urgency laparotomy, and patients requiring
ECMO support during transportation [9–15].
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Lactate metabolism in shock patients is very complex. Traditionally, hyperlactataemia
is interpreted as an indicator of anaerobic metabolism due to tissue hypoxia [16–18]. It may
also reflect abnormal oxygen extraction and utilisation, effects of prolonged excess of cate-
cholamines, presence of veno-arterial shunts in peripheral tissues [19–24], mitochondrial
dysfunction [25], liver dysfunction impairing lactate clearance [26], and thiamine depletion
due to shock-induced upregulated metabolic processes [27].

Hyperlactataemia may be accompanied by metabolic acidosis or as a separate phe-
nomenon not affecting the acid–base status. In 2019, Gattinoni et al. [28] proposed the
term alactic base excess (aBE) to distinguish between metabolic acidosis caused by lactate
accumulation and that caused by increased amounts of non-lactate fixed acids (unmea-
sured strong anions) not eliminated through the lungs, e.g., phosphate and sulphate acids.
Conceptually, aBE is a sum of negative values of BE and lactate. Gattinoni et al. [28] studied
aBE in septic patients, concluding that it possibly reflects the impact of renal dysfunction
on plasma lactate concentration and acid–base balance. They have also demonstrated that
increased plasma lactate indicates sepsis severity and that aBE may be used to estimate
renal capability to control acid–base balance.

Nevertheless, the predictive value of aBE has not yet been investigated in either septic
or non-septic ICU patients. In this study, we aim to investigate a potential prognostic value
of aBE and its contributors, i.e., BE and lactate concentration to predicting 28-day mortality
in shock patients admitted to ICU. Additionally, we examine whether the prognostic values
of BE and lactate are simultaneously independent and additive.

2. Materials and Methods
2.1. Study Design and Population

It is a retrospective observational study using clinical data of patients hospitalized
in a teaching hospital’s mixed medical–surgical ICU. The study included one hundred
forty-three consecutive adult patients (minimum age 18 years) with any form of shock,
unconscious at admission, requiring intravenous norepinephrine and mechanical ventila-
tion. All were new patients not hospitalized before at any other ICU or another hospital for
the current clinical state. The only exclusion criterion was moribund status. Patients were
managed with standard procedures, including treatment of the underlying cause, lung
protective mechanical ventilation, hemodynamic monitoring, fluid resuscitation, supply of
vasoactive agents, and other clinically justified interventions. In the case of septic shock, pa-
tients were treated according to the guidelines of the Surviving Sepsis Campaign, including
the appropriate administration of antibiotics [29]. The scientific purpose of this study did
not affect any clinical decisions or the duration of inward stay. According to the enrolment
criteria, patients were unconscious at the time of admission. Thus, the Bioethics Committee
at the Poznan University of Medical Sciences in Poland waived the requirement to obtain
informed consent and approved the study protocol. All patients were given unique codes
to keep their anonymity in the database. No names or contact details were circulating
among researchers involved in the study. In this way, patients’ anonymity was preserved.
All methods were carried out following relevant guidelines and regulations.

Data Collection

Patient information on demographics, Acute Physiology and Chronic Health Eval-
uation II’s (APACHE II) [30], and SOFA score [1] were collected. The results of standard
clinical and laboratory parameters were also collected, including arterial and central venous
blood gas analysis measured at the bedside within the first 5–10 min after admission to
the ICU (Radiometer ABL 90 Flex Plus). Standard BE and aBE per patient were calculated
according to Gattinoni [28] as follows:

standard BE (mmol/L) = [HCO3 (mmol/L) − 24.8 (mmol/L)] + 16.2 mmol/L × (pH − 7.4)

alactic BE (mmol/L) = standard Base Excess (mmol/L) + lactate (mmol/L)
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2.2. Data Coding and Statistical Analysis

Qualitative data were represented as overall numbers and percentages or by subgroups
of survivors and non-survivors. All continuous data were summarised using either mean
values with standard deviation (SD), or medians with the 25th and 75th percentiles (IQR)
due to normal or non-Gaussian distributions (the D’Agostino-Pearson normality test).

Total mortality during the 28-day hospitalisation at the ICU was used as a primary
end-point. Patients discharged earlier were treated as censored without further follow-up,
whereas patients who required extended ICU stay were labelled as alive. Those who
were re-admitted to the ICU were not considered as separate hospitalisations. The date
of death, discharge from ICU, or end of follow-up was recorded for each patient. All
patients were divided into categories of those who survived or died during the 28-day
ICU stay for comparisons of (1) continuous data (with either the unpaired t-test or Mann–
Whitney test, as appropriate); (2) binomial data (with the Fisher exact test). The Receiver
Operating Curve (ROC) characteristics test was used to analyse the association of BE,
lactate concentration, and aBE with 28-day mortality, using optimal cut-off values for these
parameters determined by the Youden criterion. The Cox proportional hazard models
were adjusted to the patient’s age, gender, type of shock (four categories: septic, cardiac,
hypovolemic, and other), and the presence of estimated glomerular filtration rate (eGFR)
<30 mL/min/1.73 m2. The results were then shown as Hazard Ratios (HR) with their
95% Confidence Interval (95% CI). Different Cox Hazard models were built based only on
cut-off values of BE, lactate concentration, or aBE. Additional models for BE and lactate
concentration cut-off values were built according to the following criteria:

• category 0—if BE was above (less severe or no acidaemia) and lactate concentration
was below (non-severe or no hyperlactataemia) their respective cut-off values, i.e., no
patient had severe acidaemia and hyperlactataemia;

• category 1—if either BE was below or lactate concentration was above their respective
cut-off values, i.e., patients with either severe acidaemia or severe hyperlactataemia;

• category 2—if both BE was below and lactate concentration was above their respective
cut-off values, i.e., patients with coexisting severe acidosis and hyperlactataemia.

Finally, both BE and lactate concentration values were entered into the same Cox Haz-
ard model to investigate whether they have independent and additive predictive values.

Mutual associations between indices of renal function, i.e., between creatinine concen-
tration and estimated glomerular filtration rate (eGFR), or between BE, aBE, and lactate
concentration, were analysed using the Spearman correlation. The correlation between aBE
and either lactate concentration or BE was not analysed since aBE is mathematically related
to both.

Statistical differences with p < 0.05 were considered to be significant. All statistical
analyses were performed using the MedCalc Statistical Software version 19.1 (MedCalc Soft-
ware bv, Ostend, Belgium) or PQStat version 1.8.2.202 (PQStat Software, Poznan, Poland).

3. Results

Table 1 summarises the comparison of clinical characteristics related to the main
hypotheses between survivors and non-survivors. The clinical characteristics of all studied
patients are shown in Table S1 for qualitative and Table S2 for quantitative data. The
comparisons of other clinical characteristics between survivors and non-survivors are
presented in Table S3 for the qualitative and Table S4 for the quantitative data.

Non-survivors were older by six years; had higher APACHE II and SOFA scores,
10 points and 3 points, respectively; and required additional vasoactive drugs more fre-
quently than survivors. Hypovolemic shock was less frequent but SaO2 < 94% was present
in every second patient from non-survivors. Their pH, standard HCO3, BE, and aBE were
found to be significantly lower (reduced to approximately −7 mmol/L and −4.5 mmol/L
for BE and aBE, respectively), whereas lactate concentration was higher (>2.5 mmol/L).
Non-survivors had significantly more frequent reduced bicarbonates, acidaemia, and hy-
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perlactatemia. Median values of systolic and diastolic BP were also lower in non-survivors
than survivors at the admission to ICU.

Table 1. Summary of comparisons of clinical characteristics in a group of patients with shock divided
into survivors and non-survivors of the 28-day stay at ICU.

Qualitative Data

Survivors Non-Survivors
# p Value

Parameter N % N %

Number of patients 90 63 53 37

Men 65 72.2 30 56.6 0.0677

Cardiogenic shock 18 20.0 18 34.0 0.0743

Hypovolemic shock 23 25.6 5 9.4 0.0278

Septic shock 49 54.4 30 56.6 0.8626

Other shocks 4 4.4 3 5.7 0.7102

Additional catecholamine 23 25.6 27 50.9 0.0034

eGFR < 30 mL/min/1.73 m2 29 32.2 20 37.7 0.5849

SaO2 < 94% 28 31.1 27 50.9 0.0216

standard HCO3
− < 22 mmol/L 49 54.4 46 86.8 <0.0001

pH < 7.35 61 67.8 45 84.9 0.0295

BE < −3 mmol/L 60 66.7 46 86.8 0.0098

Lactate concentration > 2 mmol/L 51 56.7 46 86.8 0.0002

Continuous and Discrete Data

Survivors Non-Survivors

Parameter Mean SD Median 25 P. 75 P. Mean SD Median 25 P. 75 P. p Value

Age (years) 58.42 14.54 61 47 69 65.51 11.85 67 59 72 0.0031

APACHE II 21.91 7.49 22 16.25 27 31.55 7.38 32 27 38 <0.0001 *

SOFA 11.67 3.09 12 10 14 14.45 2.76 15 12.75 16 <0.0001 *

Length of ICU stay (days) 9.57 8 6 4 14 5.78 6.41 3 1 10 0.6427 *

HR (beats/min) 108.73 17.99 110 95 120 111.04 22.94 115 100 120 0.3364 *

Systolic BP (mmHg) 123.69 29.60 120.00 105.00 145.00 105.111 31.8764 109.000 82.75 122.00 0.0236 *

Diastolic BP (mmHg) 66.79 15.64 67.00 58.00 80.00 53.556 17.3700 56.000 40.50 64.25 0.0026 *

Creatinine (mg/dL) 2.05 1.66 1.44 0.98 2.7 2.3 1.64 1.68 1.14 2.82 0.162 *

pH 7.29 0.13 7.3 7.23 7.38 7.17 0.16 7.2 7.12 7.29 <0.0001

Standard HCO3 (mmol/L) 21 5.46 20.95 17.7 24.2 16.1 5.79 15.7 13.28 18.25 <0.0001

Standard BE (mmol/L) −5.65 7.17 −5.46 −9.53 −0.93 −12.37 8.07 −12.26 −16.98 −9.15 <0.0001

Lactate level (mmol/L) 3.36 3.03 2.45 1.3 3.9 6.43 4.85 5 2.58 8.3 <0.0001 *

aBE (mmol/L) −2.29 6.13 −1.93 −6.24 1.44 −5.93 6.39 −6.46 −10.19 −3.36 0.001

# Fisher exact test for binomial data; * Mann–Whitney test. Abbreviations: aBE—alactic base excess;
APACHE II—the Acute Physiology and Chronic Health Evaluation II; BE—base excess; BP—blood pressure;
HCO3—bicarbonate concentration; HR—heart rate; ICU—intensive care unit; P.—percentile; pH—the power of
hydrogen; SOFA—Sequential Organ Failure Assessment.

AUCs from the ROC analysis were observed to be largest for BE and smallest for aBE,
with the AUC for BE being larger than that of aBE (p = 0.0049). No significant differences in
AUCs were observed when comparing lactate concentration with either BE (p = 0.4946) or
aBE (p = 0.4355). ROC analysis results with AUCs and identified cut-off values of BE, lactic
concentration, and aBE are shown in Figure 1.
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Figure 1. Results of the Receiver Operator Curve characteristics analysis for the prediction of 28-day
mortality in shock patients hospitalised in intensive care by aBE (green line), BE (blue line), and
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specificity and sensitivity of BE, lactic concentration, and aBE are shown underneath the graph.
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Table 2 summarises mortality rates for specific subgroups of patients stratified ac-
cording to the defined cut-offs for BE; lactate concentration; aBE; and categories 0, 1, and
2, reflecting various combinations of the cut-offs for BE and lactates. The 28-day ICU
mortality in shock patients was found to be lowest for category 0 (15.71%) and highest for
category 2 (78.94%).

Table 2. The mortality rate in specific subgroups of patients stratified to cut-off values of BE;
lactate concentration; alactic BE; or categories 0, 1, and 2 based on combined cut-offs of BE and
lactate concentration.

Stratifying Variable Non-Survivors Mortality Rate (%)

BE > −9.5 mmol/L 13 16.25
BE < −9.5 mmol/L 40 63.49

Lactate concentration < 4.5 mmol/L 21 22.11
Lactate concentration > 4.5 mmol/L 32 66.67

aBE > −3.63 mmol/L 13 18.57
aBE < −3.63 mmol/L 40 54.79

Category 0 (BE > −9.5 mmol/L and lactates < 4.5 mmol/L) 11 15.71
Category 1 (either BE < −9.5 mmol/L or lactates > 4.5 mmol/L) 12 21.81
Category 2 (both BE > −9.5 mmol/L and lactates < 4.5 mmol/L) 30 78.94

Abbreviations: aBE—alactic base excess; BE—base excess.

In unadjusted and adjusted Cox regression models, patients with BE < −9.5 mmol/L,
lactate concentration > 4.5 mmol/L, or aBE < −3.63 mmol/L had significantly increased
risk of premature death during the 28-day ICU stay (Table 3).

In these models, a change in one category from 0 to 1, or from 1 to 2 was also sig-
nificantly associated with mortality. Figure 2 shows survival curves derived from Cox
proportional hazard models for patients stratified by either the cut-off values for BE; lac-
tate concentration; aBE; or categories 0, 1, or 2 (i.e., three combinations of BE and lactate
cut-offs).
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Table 3. Results of unadjusted and adjusted Cox proportional hazards regression models for the
28-day ICU mortality in patients with shock. Adjustments were made according to patients’ age,
gender, presence of severe renal failure (eGFR < 30 mL/min/1.73 m2), and type of shock.

Unadjusted Model Adjusted Model

Stratifying Variable HR 95% CI p Value HR 95% CI p Value

BE < −9.5 mmol/L 4.26 2.27–7.98 <0.0001 4.22 2.21–8.05 <0.0001
Lactate concentration > 4.5 mmol/L 3.58 2.05–6.23 <0.0001 4.62 2.56–8.33 <0.0001

aBE < −3.63 mmol/L 3.09 1.65–5.78 0.0004 3.19 1.62–6.27 0.0008
Change of one category 2.68 1.88–3.84 <0.0001 2.78 1.94–4.01 <0.0001

Abbreviations: aBE—alactic base excess; BE—base excess; CI—confidence interval; HR—hazard ratio.
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Figure 2. Comparison of survival curves modelled by the Cox proportional hazard regressions for the
28-day ICU mortality in shock patients, stratified according to the admission values of BE (Panel (A)),
lactate concentration (Panel (B)), aBE (Panel (C)), and the combination of BE and lactate concentration
(Panel (D)) based on cut-off values defined by the ROC analysis. Red lines correspond to patients
with the highest risk, whereas blue lines correspond to those with the lowest risk. The green line in
Panel (D) corresponds to the middle-risk group (category 1). Values of chi2, degrees of freedom (DF),
and p for the models are shown in the bottom-left corners of each panel. Abbreviations: BE—base
excess; aBE—alactic base excess, DF—degrees of freedom; ICU—intensive care unit.

As BE and lactate concentrations (dichotomised according to their cut-off values)
have prognostic values both as single covariates or combined into categories, it was also
investigated whether they were simultaneously independent of one another and additive.
The final adjusted Cox regression model (chi2 = 50.13; p < 0.0001) confirmed these assump-
tions with a hazard ratio of 2.54 (95% CI 1.25–5.15; p = 0.0100) for BE < −9.5 mmol/L and
3.02 (95% CI 1.58–5.78; p = 0.0008) for aBE.

From the nonparametric Spearman correlation, it was found that BE values and lac-
tate concentrations were significantly and negatively correlated (rho = −0.58; p < 0.0001)
(Figure 3). Upon visual inspection, relatively more non-survivors (Figure 3, Panel A) are
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located in the bottom right quadrant of the graph (patients from category 2 with the most se-
vere acidaemia and hyperlactatemia) than in the remaining quadrants. The upper left quad-
rant contains the fewest non-survivors (patients from category 0). When severe renal failure
was considered, patients from category 2 did not present eGFR < 30 mL/min/1.73 m2 more
often than patients from other categories.
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Figure 3. Association between BE value and lactate concentration in all patients, with a horizontal line
for the BE cut-off and a vertical line for the lactates cut-off. In this way, four quadrants are presented.
Patients in category 0 are in the upper left quadrant, and those from category 2 are in the bottom right
quadrant. Individuals from category 1 are either in the upper right or bottom left quadrants. The
same association is shown in both panels (A,B). However, in panel (A), patients are marked according
to their ICU survival status at the end of the 28-day follow-up, whereas in panel (B), patients are
marked according to the presence of severe renal failure, i.e., eGFR < 30 mL/min/1.73 m2.

Associations between creatinine concentration or eGFR and BE, aBE, and lactate
concentration are shown in Table 4. Lactate concentration was found not to correlate
with either creatinine or eGFR, whereas BE and aBE were significant, although weakly
related. Worsening of renal function was associated with deteriorating acidosis, regardless
of whether BE or aBE was considered.
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Table 4. Spearman correlation between renal function indices and BE, aBE, and lactate concentration.

Creatinine Concentration eGFR

Parameters Rho p Value rho p Value

BE −0.29 0.0004 0.31 0.0002

Lactate concentration 0.02 0.7952 −0.03 0.7216

aBE −0.36 0.0000 0.37 0.0000
Abbreviations: BE—base excess; aBE—alactic BE; eGFR—estimated glomerular filtration rate; rho—coefficient of
nonparametric Spearman correlation.

4. Discussion

We report that lactate concentration, standard BE, and alactic BE measured on ad-
mission to the ICU in patients with shock can have prognostic values for determining
28-day ICU mortality. The prognostic value of these parameters is significant regardless
of the effects of age, gender, type of shock, and presence of eGFR < 30 mL/min/1.73 m2.
Moreover, the prognostic value of standard BE and lactate concentration are independent
and additive, with their combined values allowing for the classification of shock patients
into low, moderate, and high-risk categories of mortality.

A direct comparison of our findings with other studies is problematic. Lactate and
BE are routinely measured in critically ill patients suffering from various diseases, and
both serve as mortality predictors in ICU (for example, in post-cardiac surgery patients or
those with cardiogenic shock, ruptured abdominal aortic aneurysms, or trauma) [4,31–41].
Whether BE or lactate concentrations serve as better predictors of mortality in critical care
patients has not yet been determined [4,33–36], with no studies reporting with certainty
whether these predictors are both independent and/or additive.

All studies focus on critically ill patients. However, substantial differences in clinical
features still exist (e.g., the cause and severity of specific clinical conditions, treatment
methods, and length of stay or follow-up).

Smith et al. [42] found that both BE and lactate correlated with mortality for 148 patients
admitted to ICU for different reasons. However, upon admission, the SOFA score for all
patients was ≤5, with approximately 70% needing mechanical ventilation and 35% requir-
ing an intravenous infusion of catecholamines. In contrast, the median SOFA for patients
enrolled in this study was 13 points, with all patients requiring mechanical ventilation and
infusion of at least norepinephrine.

Similarly, Schork et al. reported a relationship between lactate, BE, and pH and
mortality in 4067 intensive care unit patients [40]. The predicted mortality by SAPS II was
29%, and only 47% of them required mechanical ventilation. For admission to ICU, the
cut-off values for mortality were 2.1 mmol/L for lactate and −3.8 mmol/L for BE [40].
Compared with that study, all our patients were mechanically ventilated, their predicted
mortality assessed by the SOFA score was around 55%, and the cut-offs for lactate and BE
were 4.5 mmol/L and −9.5 mmol/L, respectively.

Wernly et al. [43] studied approximately 5600 septic patients. They found simultaneous
acidosis and hyperlactataemia to be stronger predictors of mortality than either acidosis
or lactate concentration (>2.3 mmol/L) alone. Similarly to our study, all patients were
categorised into three groups according to acidosis with BE ≤6 and hyperlactataemia with
lactate concentration >2.3 mmol/L. The cut-off values of BE and lactate concentrations for
a higher risk of 28-day ICU mortality suggest that the patients in our study had even more
advanced acidaemia (−6 vs. <−9.5 mmol/L for BE) and hyperlactataemia (>2.3 vs. >4.5
mmol/L for lactates) than those in Wernly et al.’s study [43]. Additionally, the patients in
our study suffered from more severe shock, with all (vs. 76% for Wernly et al. [43]) requiring
intubation with mechanical ventilation and intravenous infusion of norepinephrine, with
an average SOFA score approximately six points higher (12.7 ± 3.25 vs. 7 ± 4).

It is also worth noting that some parameters, e.g., BE, are computed using different
formulas in various studies. For example, Wernly et al. [43] used the Van Slyke equation
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for BE computation [44], whereas Smith et al. [42] used BE measured directly by a standard
ward-based arterial blood gas analyser (Radio-meter ABL system 625/620), providing no
formula. We apply the same formula in our practice as Gattinoni [28]. For these reasons,
any comparison between various studies becomes difficult.

Both BE and lactate sum up to aBE, which, according to Gattinoni et al. [28], is a marker
of a possible accumulation of plasma acids excreted by kidneys. It thus indirectly reflects
the renal regulation of acid–base balance. Gattinoni et al. [28] have postulated that aBE
measurements should improve the management of critically ill patients. Wernly et al. [43]
were the first to demonstrate that aBE has any, although weak, predictive value for ICU
mortality in a large group of 5586 septic patients (AUC 0.56, 95% CI 0.54–0.58). We expand
upon this, demonstrating that admission aBE may predict the risk of 28-day ICU mortality
in shock patients regardless of the impact of several other covariates, including the presence
of severe renal failure.

Gattinoni et al. [28] postulated that hyperlactataemia accompanies acidaemia if renal
function deteriorates. In our study, Cox regression models adjusted to the presence of
eGFR < 30 mL/min/1.73 m2 confirmed that BE, aBE, and lactate concentration were all
predictors of death in patients with and without severely impaired renal function. Table 4
shows that, in contrast to BE and aBE, lactate concentration is not correlated with indices of
renal function. It can be seen from Figure 3 that lactate and BE are negatively related. Four
quadrants defined by BE and lactate cut-offs illustrate how survivors and non-survivors
separate into groups of varying mortality rates. It also aids in visualising how a combination
of BE and lactates further stratifies patients in shock into categories of lowest, moderate,
and highest mortality. This figure independently confirms the results of Cox regression
models and survival curves, separating all patients into three categories according to BE
and lactate concentration values. To our knowledge, no other study has reported similar
findings. Figure 3 also demonstrates that individuals with severe renal failure are relatively
equally scattered across the lactate concentration and BE correlogram.

Similarly to other studies, our investigation confirms that patients in shock with severe
acidosis (BE < −9.5 mmol/L) or hyperlactataemia (lactate > 4.5 mmol/L) upon admission
are at increased risk of ICU mortality. Novel findings of our study are as follows: firstly,
alactic BE has not been shown before to predict mortality in shock patients. We demonstrate
that alactic BE measured upon admission (<–3.63 mmol/L) and indicating the presence of
severe acidosis originating from non-lactic organic acids may also predict ICU mortality.
Second, the predictive value of lactates and BE is independent and additive. When both
are combined, three groups of shock patients can be separated, low, medium, and high risk.
The coexistence of both severe acidosis and hyperlactatemia (category 2) appeared to be
the most vital risk factor for premature death in ICU shock patients. Finally, the cut-off
values for BE and lactates indicate that analysed high-risk patients present more profound
acidosis and hyperlactataemia than in other studies suggesting that people undergoing
more severe acidosis are treatable and can be rescued.

Targeting such metabolic abnormalities is complex, and it is unknown whether such
patients will benefit from even more attention and even more aggressive therapy, but it is
always worth trying to intensify our management. The risk stratification of shock patients
into low, medium, and high-risk categories based on the admission acid-base analysis,
allows for a very early selection of patients with the highest risk of dying with the most
severe acidosis and hyperlactataemia. Our finding appears to yield interesting clinical and
prognostic information and might be used for future planning of a prospective study on
such individuals. We also underline that alactic BE may provide predictive information for
28-day mortality. However, the combination of lactates and BE appears to outperform the
prognostic information derived from either lactate alone, BE alone, or alactic BE.

Limitations of This Study

It was a single-centre study involving a relatively small number of patients. However,
many other similar studies are also single-centred. Included patients were admitted to
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the ICU at various stages of their acute critical condition, a shock of mixed aetiology.
Some were admitted directly from their home due to sudden cardiac arrest, cardiovascular
collapse, or out-of-hospital environment after accidents. Other patients were already
hospitalised at other departments, e.g., surgery, cardiology, or neurology. Nevertheless, all
patients were enrolled consecutively without complex inclusion or exclusion criteria, so
the distribution of different forms of shock and the severity of clinical conditions reflect
daily ICU practice. However, the rate of different shocks and patient management may
not be the same in various hospitals and ICU units. Compared to other studies, a new
limitation was introduced by cut-off values for BE and lactates to predict death during
hospitalisation in ICU. It appears to be a consequence of distinct clinical features and/or
various formulas used for BE calculation. We have deliberately applied the same formula
as Gattinoni et al. [28] to overcome this issue partially. Even though the reported cut-offs
for BE and lactate concentration in our subjects suggest that they were undergoing more
severe acidosis than subjects in other studies [7,8,13,33,40,42,43,45]. It may also suggest
that their progression in intensive care shifts the border of severe acidosis from a morbid to
treatable zone, giving more high-risk patients hope for survival.

5. Conclusions

We have demonstrated that aBE <− 3.63 mmol/L may be associated with an increased
risk of 28-day all-cause mortality. Additionally, the predictive value of BE and lactate con-
centration, which contributes to aBE, is independent and additive. Finally, the combination
of BE < −9.5 mmol/L and lactate > 4.5 mmol/L better selects patients at the highest risk of
death than BE or lactate concentration alone, or aBE. Notably, the predictive value of these
metabolic indices is significant regardless of the influence of patients’ age, gender, a form
of shock, and the presence of severe renal failure.
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to ICU; Tables S3 and S4: Comparison of additional qualitative data rates between the 28-day
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Author Contributions: Conceptualization, P.S., N.J., P.G.; methodology, N.J., P.S., P.G.; formal anal-
ysis, P.S., N.J., P.G.; investigation, N.J., P.S., J.S., K.K., P.G.; resources, P.S., N.J., J.S., M.L., P.G.; data
curation, P.S., N.J., P.G.; statistical analysis, P.G.; writing—original draft preparation, N.J., P.S., J.S.,
K.K., P.G.; writing—review and editing, N.J., P.S., J.S., M.L., K.K., P.G. supervision; P.G., K.K. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Bioethics Committee at the Poznan University of Medical Sciences
on 5 April 2019.

Informed Consent Statement: Patient consent was waived by the Bioethics Committee at the Poznan
University of Medical Sciences.

Data Availability Statement: The datasets generated and/or analysed for this study are currently
not publicly available due to their in other analyses. Selected data, however, are available from the
corresponding author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

43



J. Clin. Med. 2022, 11, 6125

References
1. Vincent, J.-L.; De Mendonca, A.; Cantraine, F.; Moreno, R.; Takala, J.; Suter, P.M.; Sprung, C.L.; Colardyn, F.; Blecher, S. Use of the

SOFA score to assess the incidence of organ dysfunction/failure in intensive care units: Results of a multicenter, prospective
study. Crit. Care Med. 1988, 26, 1793–1800. [CrossRef]

2. Masyuk, M.; Wernly, B.; Lichtenauer, M.; Franz, M.; Kabisch, B.; Muessig, J.M.; Zimmermann, G.; Lauten, A.; Schulze, P.C.;
Hoppe, U.C.; et al. Prognostic relevance of serum lactate kinetics in critically ill patients. Intensiv. Care Med. 2019, 45, 55–61.
[CrossRef]

3. Davis, J.W.; Kaups, K.L. Base deficit in the elderly: A marker of severe injury and death. J. Trauma 1998, 45, 873–877. [CrossRef]
4. Zante, B.; Reichenspurner, H.; Kubik, M.; Kluge, S.; Schefold, J.C.; Pfortmueller, C.A. Base excess is superior to lactate-levels in

prediction of ICU mortality after cardiac surgery. PLoS ONE 2018, 5, e0205309. [CrossRef]
5. Vitek, V.; Cowley, R.A. Blood lactate in the prognosis of various forms of shock. Ann Surg. 1971, 173, 308–313. [CrossRef]
6. Bakker, J.; Coffernils, M.; Leon, M.; Gris, P.; Vincent, J.L. Blood lactate levels are superior to oxygen-derived variables in predicting

outcome in human septic shock. Chest 1991, 99, 956–962. [CrossRef]
7. Jansen, T.C.; van Bommel, J.; Woodward, R.; Mulder, P.G.; Bakker, J. Association between blood lactate levels, Sequential Organ

Failure Assessment subscores, and 28-day mortality during early and late intensive care unit stay: A retrospective observational
study. Crit. Care Med. 2009, 37, 2369–2374. [CrossRef]

8. Vanni, S.; Viviani, G.; Baioni, M.; Pepe, G.; Nazerian, P.; Socci, F.; Bartolucci, M.; Bartolini, M.; Grifoni, S. Prognostic value of
plasma lactate levels among patients with acute pulmonary embolism: The thrombo-embolism lactate outcome study. Ann.
Emerg. Med. 2013, 61, 330–338. [CrossRef]

9. Shapiro, N.I.; Howell, M.D.; Talmor, D.; Nathanson, L.A.; Lisbon, A.; Wolfe, R.E.; Weiss, J.W. Serum lactate as a predictor of
mortality in emergency department patients with infection. Ann. Emerg. Med. 2005, 45, 524–548. [CrossRef]

10. Ferreruela, M.; Raurich, J.M.; Ayestarán, I.; Llompart-Pou, J.A. Hyperlactataemia in ICU patients: Incidence, causes and associated
mortality. J. Crit. Care 2017, 42, 200–205. [CrossRef]

11. Chertoff, J.; Chisum, M.; Simmons, L.; King, B.; Walker, M.; Lascano, J. Prognostic utility of plasma lactate measured between 24
and 48 h after initiation of early goal-directed therapy in the management of sepsis, severe sepsis, and septic shock. J. Intensiv.
Care 2016, 4, 13. [CrossRef]

12. Lee, S.G.; Song, J.; Park, D.W.; Moon, S.; Cho, H.J.; Kim, J.Y.; Park, J.; Cha, J.H. Prognostic value of lactate levels and lactate
clearance in sepsis and septic shock with initial hyperlactataemia: A retrospective cohort study according to the Sepsis-3
definitions. Medicine 2021, 100, e24835. [CrossRef]

13. Burstein, B.; Vallabhajosyula, S.; Ternus, B.; Barsness, G.W.; Kashani, K.; Jentzer, J.C. The Prognostic Value of Lactate in Cardiac
Intensive Care Unit Patients with Cardiac Arrest and Shock. Shock 2021, 55, 613–619. [CrossRef]

14. Jobin, S.P.; Maitra, S.; Baidya, D.K.; Subramaniam, R.; Prasad, G.; Seenu, V. Role of serial lactate measurement to predict 28-day
mortality in patients undergoing emergency laparotomy for perforation peritonitis: Prospective observational study. J. Intensiv.
Care 2019, 7, 58. [CrossRef]

15. Rypulak, E.; Szczukocka, M.; Zyzak, K.; Piwowarczyk, P.; Borys, M.; Czuczwar, M. Transportation of patients with severe
respiratory failure on ECMO support. Four-year experience of a single ECMO center. Anaesthesiol. Intensiv. Ther. 2020, 52, 91–96.
[CrossRef]

16. Rimachi, R.; Bruzzi de Carvahlo, F.; Orellano-Jimenez, C.; Cotton, F.; Vincent, J.L.; De Backer, D. Lactate/pyruvate ratio as a
marker of tissue hypoxia in circulatory and septic shock. Anaesth. Intensiv. Care 2012, 40, 427–432. [CrossRef]

17. Nakane, M. Biological effects of the oxygen molecule in critically ill patients. J. Intensiv. Care 2020, 8, 95. [CrossRef]
18. Russel, A.; Rivers, E.; Giri, P.; Jaehne, A.; Nguyen, B. A physiologic Approach to Hemodynamic Monitoring and Optimizing

Oxygen Delivery in Shock Resuscitation. J. Clin. Med. 2020, 9, 2052. [CrossRef]
19. Hernandez, G.; Boerma, E.C.; Dubin, A.; Bruhn, A.; Koopmans, M.; Edul, V.K.; Ruiz, C.; Castro, R.; Pozo, M.O.; Pedreros, C.; et al.

Severe abnormalities in microvascular perfused vessel density are associated to organ dysfunctions and mortality and can be
predicted by hyperlactataemia and norepinephrine requirements in septic shock patients. J. Crit. Care 2013, 28, e9–e14. [CrossRef]

20. Hernandez, G.; Bellomo, R.; Bakker, J. The ten pitfalls of lactate clearance in sepsis. Intensiv. Care Med. 2019, 45, 82–85. [CrossRef]
21. Suetrong, B.; Walley, K.R. Lactic Acidosis in Sepsis: It’s Not All Anaerobic: Implications for Diagnosis and Management. Chest

2016, 149, 252–261. [CrossRef]
22. Garcia-Alvarez, M.; Marik, P.; Bellomo, R. Sepsis-associated hyperlactataemia. Crit. Care 2014, 9, 503. [CrossRef]
23. Marik, P.E.; Bellomo, R. Lactate clearance as a target of therapy in sepsis: A flawed paradigm. OA Crit. Care 2013, 1, 3. [CrossRef]
24. Ince, C.; Mik, E.G. Microcirculatory and mitochondrial hypoxia in sepsis, shock, and resuscitation. J. Appl. Physiol. 2016, 120,

226–235. [CrossRef]
25. Brealey, D.; Brand, M.; Hargreaves, I.; Heales, S.; Land, J.; Smolenski, R.; Davies, N.A.; Cooper, C.E.; Singer, M. Association

between mitochondrial dysfunction and severity and outcome of septic shock. Lancet 2002, 360, 219–223. [CrossRef]
26. Sterling, S.A.; Puskarich, M.A.; Jones, A.E. The effect of liver disease on lactate normalisation in severe sepsis and septic shock: A

cohort study. Clin. Exp. Emerg. Med. 2015, 2, 197–202. [CrossRef]
27. Donnino, M.W.; Andersen, L.W.; Chase, M.; Berg, K.M.; Tidswell, M.; Giberson, T.; Wolfe, R.; Moskowitz, A.; Smithline, H.; Ngo,

L.; et al. Randomized, Double-Blind, Placebo-Controlled Trial of Thiamine as a Metabolic Resuscitator in Septic Shock: A Pilot
Study. Crit. Care Med. 2016, 44, 360–367. [CrossRef]

44



J. Clin. Med. 2022, 11, 6125

28. Gattinoni, L.; Vasques, F.; Camporota, L.; Meessen, J.; Romitti, F.; Pasticci, I.; Duscio, E.; Vassalli, F.; Forni, L.G.; Payen, D.; et al.
Understanding Lactataemia in Human Sepsis. Potential Impact for Early Management. Am. J. Respir. Crit. Care Med. 2019, 200,
582–589. [CrossRef]

29. Rhodes, A.; Evans, L.E.; Alhazzani, W.; Levy, M.M.; Antonelli, M.; Ferrer, R.; Kumar, A.; Sevransky, J.E.; Sprung, C.L.;
Nunnally, M.E.; et al. Surviving Sepsis Campaign: International Guidelines for Management of Sepsis and Septic Shock: 2016.
Intensiv. Care Med. 2017, 43, 304–377. [CrossRef]

30. Knaus, W.A.; Draper, E.A.; Wagner, D.P.; Zimmerman, J.E. APACHE II: A severity of disease classification system. Crit. Care Med.
1985, 13, 818–829. [CrossRef]

31. Jentzer, J.C.; Kashani, K.B.; Wiley, B.M.; Patel, P.C.; Baran, D.A.; Barsness, G.W.; Henry, T.D.; Van Diepen, S. Laboratory Markers
of Acidosis and Mortality in Cardiogenic Shock: Developing a Definition of Hemometabolic Shock. Shock 2021, Epub ahead of
print. [CrossRef] [PubMed]

32. Singhal, R.; Coghill, J.E.; Guy, A.; Bradbury, A.W.; Adam, D.J.; Scriven, J.M. Serum lactate and base deficit as predictors of
mortality after ruptured abdominal aortic aneurysm repair. Eur. J. Vasc. Endovasc. Surg. 2005, 30, 263–266. [CrossRef]

33. Caputo, N.D.; Kanter, M.; Fraser, R.; Simon, R. Comparing biomarkers of traumatic shock: The utility of anion gap, base excess,
and serum lactate in the ED. Am. J. Emerg. Med. 2015, 33, 1134–1139. [CrossRef] [PubMed]

34. Callaway, D.W.; Shapiro, N.I.; Donnino, M.W.; Baker, C.; Rosen, C.L. Serum lactate and base deficit as predictors of mortality in
normotensive elderly blunt trauma patients. J. Trauma 2009, 66, 1040–1044. [CrossRef]

35. Gale, S.C.; Kocik, J.F.; Creath, R.; Crystal, J.S.; Dombrovskiy, V.Y. A comparison of initial lactate and initial base deficit as predictors
of mortality after severe blunt trauma. J. Surg. Res. 2016, 205, 446–455. [CrossRef] [PubMed]

36. Davis, J.W.; Dirks, R.C.; Kaups, K.L.; Tran, P. Base deficit is superior to lactate in trauma. Am. J. Surg. 2018, 215, 682–685.
[CrossRef]

37. Mutschler, M.; Nienaber, U.; Brockamp, T.; Wafaisade, A.; Fabian, T.; Paffrath, T.; Bouillon, B.; Maegele, M.; Trauma Register DGU.
Renaissance of base deficit for the initial assessment of trauma patients: A base deficit-based classification for hypovolemic shock
developed on data from 16,305 patients derived from the TraumaRegister DGU®. Crit. Care 2013, 17, R42. [CrossRef]

38. Ibrahim, I.; Chor, W.P.; Chue, K.M.; Tan, C.S.; Tan, H.L.; Siddiqui, F.J.; Hartman, M. Is arterial base deficit still a useful prognostic
marker in trauma? A systematic review. Am. J. Emerg. Med. 2016, 34, 626–635. [CrossRef]

39. Jouffroy, R.; Léguillier, T.; Gilbert, B.; Tourtier, J.P.; Bloch-Laine, E.; Ecollan, P.; Bounes, V.; Boularan, J.; Gueye-Ngalgou, P.;
Nivet-Antoine, V.; et al. Pre-Hospital Lactatemia Predicts 30-Day Mortality in Patients with Septic Shock—Preliminary Results
from the LAPHSUS Study. J. Clin. Med. 2020, 9, 3290. [CrossRef]

40. Schork, A.; Moll, K.; Haap, M.; Riessen, R.; Wagner, R. Course of lactate, pH and base excess for prediction of mortality in medical
intensive care patients. PLoS ONE 2021, 16, e0261564. [CrossRef]

41. Hsu, J.-C.; Lee, I.-K.; Huang, W.-C.; Chen, Y.-C.; Tsai, C.-Y. Clinical Characteristics and Predictors of Mortality in Critically Ill
Influenza Adult Patients. J. Clin. Med. 2020, 9, 1073. [CrossRef] [PubMed]

42. Smith, I.; Kumar, P.; Molloy, S.; Rhodes, A.; Newman, P.J.; Grounds, R.M.; Bennett, E.D. Base excess and lactate as prognostic
indicators for patients admitted to intensive care. Intensiv. Care Med. 2001, 27, 74–83. [CrossRef] [PubMed]

43. Wernly, B.; Heramvand, N.; Masyuk, M.; Rezar, R.; Bruno, R.R.; Kelm, M.; Niederseer, D.; Lichtenauer, M.; Hoppe, U.C.;
Bakker, J.; et al. Acidosis predicts mortality independently from hyperlactataemia in patients with sepsis. Eur. J. Intern. Med.
2020, 76, 76–81. [CrossRef] [PubMed]

44. Lang, W.; Zander, R. The accuracy of calculated base excess in blood. Clin. Chem. Lab. Med. 2002, 40, 404–410. [CrossRef]
[PubMed]

45. Ho, K.M.; Lan, N.S.H.; Williams, T.A.; Harahsheh, Y.; Chapman, A.R.; Dobb, G.J.; Magder, S. A comparison of prognostic
significance of strong ion gap (SIG) with other acid-base markers in the critically ill: A cohort study. J. Intensiv. Care 2016, 4, 43.
[CrossRef]

45



Citation: Formenti, P.; Coppola, S.;

Massironi, L.; Annibali, G.; Mazza, F.;

Gilardi, L.; Pozzi, T.; Chiumello, D.

Left Ventricular Diastolic

Dysfunction in ARDS Patients. J. Clin.

Med. 2022, 11, 5998. https://doi.org/

10.3390/jcm11205998

Academic Editors: Spyros

D. Mentzelopoulos and Juan

F. Delgado Jiménez

Received: 26 August 2022

Accepted: 7 October 2022

Published: 11 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Left Ventricular Diastolic Dysfunction in ARDS Patients
Paolo Formenti 1, Silvia Coppola 1, Laura Massironi 2, Giacomo Annibali 3, Francesco Mazza 3, Lisa Gilardi 3,
Tommaso Pozzi 3 and Davide Chiumello 1,3,4,*

1 Department of Anesthesia and Intensive Care, ASST Santi Paolo e Carlo, San Paolo University Hospital,
20142 Milan, Italy

2 Division of Cardiology, Department of Health Sciences, San Paolo Hospital, University of Milan,
20142 Milan, Italy

3 Department of Health Sciences, University of Milan, 20142 Milan, Italy
4 Coordinated Research Center on Respiratory Failure, University of Milan, 2014 Milan, Italy
* Correspondence: davide.chiumello@unimi.it

Abstract: Background: The aim of this study was to evaluate the possible presence of diastolic dys-
function and its possible effects in terms of respiratory mechanics, gas exchange and lung recruitability
in mechanically ventilated ARDS. Methods: Consecutive patients admitted in intensive care unit
(ICU) with ARDS were enrolled. Echocardiographic evaluation was acquired at clinical PEEP level.
Lung CT-scan was performed at 5 and 45 cmH2O. In the study, 2 levels of PEEP (5 and 15 cmH2O)
were randomly applied. Results: A total of 30 patients were enrolled with a mean PaO2/FiO2 and
a median PEEP of 137 ± 52 and 10 [9–10] cmH2O, respectively. Of those, 9 patients (30%) had a
diastolic dysfunction of grade 1, 2 and 3 in 33%, 45% and 22%, respectively, without any difference in
gas exchange and respiratory mechanics. The total lung weight was significantly higher in patients
with diastolic dysfunction (1669 [1354–1909] versus 1554 [1146–1942] g) but the lung recruitability
was similar between groups (33.3 [27.3–41.4] versus 30.6 [20.0–38.8] %). Left ventricular ejection
fraction (57 [39–62] versus 60 [57–60]%) and TAPSE (20.0 [17.0–24.0] versus 24.0 [20.0–27.0] mL) were
similar between the two groups. The response to changes of PEEP from 5 to 15 cmH2O in terms of
oxygenation and respiratory mechanics was not affected by the presence of diastolic dysfunction.
Conclusions: ARDS patients with left ventricular diastolic dysfunction presented a higher amount of
lung edema and worse outcome.

Keywords: ARDS; left ventricular diastolic dysfunction; total lung weight

1. Introduction

The most severe form of acute respiratory failure is ARDS, which is defined by inflam-
matory edema, increase in vascular permeability and the impairment of gas exchange [1,2].
Although the current ARDS definition excludes any form of hydrostatic pulmonary edema,
the absence of invasive pulmonary monitoring can hide a possible cardiac failure (systolic,
diastolic dysfunction) or fluid overload [3,4]. Diastolic function is affected by an active
relaxation and passive compliance [5–7]. Thus, diastolic dysfunction is defined by the
presence of any alteration in the relaxation, distensibility or filling of the left ventricle with
a preserved systolic function [8,9]. The common predisposing factors are the presence of
obesity, arterial hypertension, or diabetes mellitus, the female sex and ageing [10,11]. In
addition, the possible presence of sepsis, hypoxemia, inflammation activation and cytokine
release can promote a systolic/diastolic dysfunction [11,12]. The diastolic dysfunction
in sepsis/septic shock ranged from 20% to 67% according to the definition applied and
was reversible in patients who survived [11]. Moreover, in septic shock, the diastolic
dysfunction was the strongest independent predictor of early mortality, better than cardiac
biomarkers, even after adjusting for the severity of the disease, stroke volume and arterial
hypoxemia [11,13,14]. In ARDS patients, the requirement of positive mechanical ventilation,
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fluid load and vasopressor in the early phase and during the weaning phase, leading to
a possible increase in the venous return and afterload, can increase the risk of diastolic
dysfunction and pulmonary edema [3,4]. Several studies including meta-analyses reported
that patients who failed the weaning process presented a higher incidence of diastolic dys-
function [15–19]. Echocardiography has been recommended as the primary noninvasive
clinical examination for evaluating the presence of diastolic dysfunction [20,21]. Several
echocardiographic measurements for categorizing the diastolic dysfunction have been
previously recommended; however, these measurements could not be applied in critically
ill patients due to the presence of tachycardia or atrial fibrillation [21]. A more simplified
definition based on Doppler echocardiography, which computes the ratio between the early
diastolic velocity of mitral inflow to mitral annular velocity (E/e’), has been suggested [22].
This parameter showed a strong association with the left atrial pressure and with the
categorization of patients with diastolic dysfunction according to the previous American
Society of Echocardiography guidelines [22]. Although the diastolic dysfunction has been
described since 1998 and accounted for more than 50% of the total heart failure, its role
in ARDS patients is not well known. The aim of this study was to evaluate the possible
presence of diastolic dysfunction by a simplified approach with echocardiography in the
early phase of ARDS patients receiving mechanical ventilation. The secondary aim was
to detect differences between patients with and without diastolic dysfunction in terms of
respiratory mechanics, gas exchange and lung recruitability.

2. Materials and Methods
2.1. Study Design

This was a prospective observational study conducted between October 2017 and
September 2019 at intensive care unit of San Paolo Hospital, Milan, Italy. The protocol was
approved by the institutional review board and written consent was obtained according to
the regulation applied (n. 7185/2019).

2.2. Patients

All consecutive patients admitted with ARDS according to the Berlin definition were
enrolled. Exclusion criteria were absence of a sinus rhythm, a moribund status and a
poor-quality echocardiographic images and measurements and a known history of diastolic
dysfunction. At baseline patients were sedated, paralyzed and managed according to
a lung protective ventilation strategy (tidal volume between 6–8 mL/Kg of ideal body
weight) with a PEEP set to achieve an arterial saturation between 93–97%. Briefly, after
a recruitment maneuver, a PEEP trial, (at two different levels of PEEP, 5 and 15 cmH2O
randomly applied) by maintaining constant the tidal volume and oxygen fraction, was
performed. At each PEEP level, blood gas analysis and partitioned respiratory mechanics
measurements were performed. After the PEEP trial, patients underwent a lung CT scan
performed in 2 different static conditions at 5 cmH2O of PEEP and at 45 cmH2O of airway
plateau pressure [23] (Figure 1). A quantitative CT scan lung analysis using dedicated
software (Maluna) was applied to compute the total lung gas, volume, weight and its
amount of the different compartments (not inflated, poorly inflated, well inflated and
overinflated tissue) [24]. The lung recruitability was computed as the difference between
not-inflated lung tissue at 5 cmH2O and 45 cmH2O of airway plateau pressure to the total
lung tissue at 5 cmH2O of PEEP [23].
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Figure 1. Study protocol flow chart. ARDS: Acute Respiratory Distress Syndrome; ABG: arterial
blood gas; VBG: venous blood gas; CT: computed tomography; ICU: intensive care unit.

2.3. Clinical Data

We collected demographic information, vital signs, mechanical ventilation parameters,
CT scan quantitative analysis and echocardiographic measurements within 48 h from
ICU admission.

2.4. Measurements

Esophageal pressure was measured using a standard balloon catheter (Smart Cath,
Viasys, PalmSprings, CA, USA) consisting of a tube 103 cm long with an external diameter
of 3 mm and a thin-walled balloon 10 cm long. The esophageal catheter was emptied
of air and introduced trans orally into the esophagus to reach the stomach at a depth of
50–55 cm from the mouth. Subsequently the balloon was inflated with 1.5 mL of air. The
intragastric position of the catheter was confirmed by a positive pressure deflection of
intra-abdominal pressure during an external manual epigastric pressure. Subsequently,
the catheter was retracted and positioned in the low esophageal position. The amount
of gas in the balloon was periodically checked throughout the experiment. During an
end-inspiratory and end-expiratory pause the airway and esophageal pressure were mea-
sured. The respiratory system, lung and chest wall elastance were computed according
to the standard formulas [24]. To measure the functional residual capacity (FRC), a gas
mixture of oxygen and 13.44% helium was manually equilibrated with the patient’s lung
using a ventilation bag for 10 large insufflations [25]. Thereafter, helium concentration in
the bag was analyzed (KG850, Hitech Instruments, Pennsburg, PA, USA). The FRC was
computed as:

FRC (mL) = (Vb × Ci)/Cf − Vb

where Vb is the initial volume of the bag, Ci is the initial helium concentration and Cf is the
final helium concentration after equilibration.

2.5. Transthoracic Echocardiography

Echocardiography was performed during controlled mechanical ventilation at 5 cmH2O
of PEEP within 48 h of ICU admission. All echocardiographic examinations were performed
and analyzed by a single trained cardiologist not involved in the patient care and blinded to
the treatment and outcome (LM). Transthoracic echocardiography (TTE) was performed us-
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ing a GE, Vivid E9 (General Electric Horten, Norway) equipped with a 2–5 MHz transducer.
All images were obtained with standard techniques using M-mode, two-dimensional, and
Doppler measurements in accordance with the ASE/EACVI recommendations [26]. Pulsed
Doppler echocardiography was used to evaluate transmitral LV filling velocities at the tips
of the mitral valve. The peak early-diastolic flow velocity (E) and the peak late-diastolic
velocity (A) shown as the E/A ratio were measured by analyzing trans-mitral flow. The
ASE/EACVI recommendations showed the four recommended variables for identifying left
ventricular diastolic dysfunction (LVDD), and their abnormal cut-off values were annular e’
velocity (septal e’ < 7 cm/s or lateral e’ < 10 cm/s), average E/e’ ratio > 14, LA volume
index > 34 mL/m2, and peak TR velocity > 2.8 m/s. Diastolic function was normal when
more than half of the available variables did not meet the cut-off values for identifying
abnormal function. LVDD was present when more than half of the available parameters
met these cut-off values but was indeterminate when only half met these values. Patients
were graded as the DD classification in three groups (I grade–II grade–III grade) according
to the algorithm for the diagnosis of LVDD in ASE/EACVI recommendations. In addition
to assessing diastolic function, we also measured the following parameters: the LV end-
diastolic and end-systolic volumes, diameters and areas, the left ventricular ejection fraction
(EF) using biplane modified Simpson’s rule, miocardical mass, thickness of septum and
posterior wall, the RV end-diastolic diameter, the RV end-diastolic and end-systolic areas,
the tricuspidal annular plane systolic excursion (TAPSE), RIMP (right index of myocardial
performance) defined as the ratio of isovolumic time divided by Ejection Time (ET), or
[(isovolumic relaxation time (IVRT) + isovolumic contraction time (IVCT))/ET].

2.6. Statistical Analysis

Continuous data are expressed as mean ± SD or median [IQR], as appropriate, while
categorical data are expressed as %, number. Comparisons between patients with and
without diastolic dysfunction for continuous data were performed by Student’s T test or the
Wilcoxon–Mann–Whitney test. Comparisons between patients with and without diastolic
dysfunction for categorical variables were performed by χ2 test. We investigated the role
of diastolic dysfunction and PEEP on respiratory mechanics, gas exchange, hemodynam-
ics and quantitative CT-scan data by two-ways repeated measures analysis of variance
(ANOVA) between groups (diastolic dysfunction) and a fixed factor within-subjects PEEP.
In case of statistically significant interaction, the comparisons of the two classes of a factor
within each class of the other factor were performed with all pairwise multiple comparison
procedures (Holm–Šidák method). The statistical analysis was performed using RStudio
(R foundation for statistical computing, Vienna, Austria). A p value of 0.05 or less was
considered statistically significant.

3. Results

A total of 30 patients were enrolled in this study. The baseline characteristics are
shown in Table 1. The main sources of ARDS were pulmonary pneumonia (25 patients,
83%). The mean PaO2/FiO2 was 137 ± 52 with a median PEEP level of 10 [9–10] cmH2O;
the applied median tidal volume of predicted body weight was 6.9 [6.6–7.3] mL/Kg PBW.
The echocardiography study was performed within 48 h after the start of mechanical
ventilation. 9 patients (30%) had a diastolic dysfunction with a grade 1, 2 and 3 in 33%,
45% and 22%, respectively. There was no difference in terms of PaO2/FiO2, applied tidal
volume predicted body weight and minute ventilation between the two groups at the
baseline; the FRC was not different (630 ± 230 vs. 600 ± 410 mL). The 28-day mortality was
significantly worse in patients with diastolic dysfunction.
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Table 1. Characteristics of the study population within the first 48 h since ICU admission according
to the presence or absence of diastolic dysfunction. BMI: body mass index; ICU: intensive care unit;
ARDS: acute respiratory distress syndrome; PaO2: arterial oxygen partial pressure; FiO2: inspired
oxygen fraction; PaCO2: arterial carbon dioxide partial pressure; PEEP: positive end-expiratory
pressure; IBW: ideal body weight. Comparisons for continuous variables were performed by Student’s
T test or Wilcoxon–Mann–Whitney test, as appropriate, while comparisons for categorical variables
were performed by χ2 test.

Study Population
N = 30

Diastolic Dysfunction
N = 9

No Diastolic Dysfunction
N = 21 p

Age, years 63 ± 16 73 ± 11 60 ± 16 0.018

Male sex, % (number) 80 (24) 78 (7) 81 (17) 0.999

Weight, kg 72 ± 17 72 ± 12 72 ± 19 0.939

BMI, kg/m2 25 ± 5 26 ± 4 25 ± 6 0.077

History of, % (n)
Hypertension 57 (17) 55 (5) 57 (12) 0.999

Myocardial infarction 23 (7) 33 (3) 19 (4) 0.706
Chronic kidney failure 17 (5) 11 (1) 19 (4) 0.952

Chronic obstructive pulmonary disease 17 (5) 22 (2) 14 (3) 0.968
Diabetes mellitus 37 (11) 44 (4) 33 (7) 0.869

SAPS II 43 ± 6 43 ± 5 44 ± 6 0.687

SOFA score 4 [2–5] 3 [2–5] 4 [2–5] 0.341

ICU stay, days 16 [12–22] 16 [9–16] 19 [12–27] 0.173

28 days mortality, % (n) 50 [15] 8 (89) 7 (33) 0.017

Diastolic dysfunction grade, % (n)

-Grade I 33 (3) 33 (3)
Grade II 45 (4) 45 (4)
Grade III 22 (2) 22 (2)

Cause of ARDS, % (number)
Pulmonary 83 (25) 78 (7) 83 (18) 0.883

Extrapulmonary 17 (5) 22 /2) 17 (3) 0.579

PaO2/FiO2, mmHg 137 ± 52 115 ± 47 147 ± 52 0.119

PaCO2, mmHg 50 [41–59] 51 [45–70] 50 [41–56] 0.469

Arterial pH 7.39 ± 0.05 7.39 ± 0.04 7.39 ± 0.06 0.958

PEEP, cmH2O 10 [9–10] 10 [10–10] 10 [8–10] 0.818

Respiratory rate, breaths per minute 16 [15–18] 18 [17–20] 16 [15–17] 0.080

Respiratory system elastance, cmH2O/L 26 ± 7 22.5 ± 6.2 28.2 ± 7.6 0.118

Minute ventilation, L/min 7.6 ± 1.2 8.0 ± 1.4 7.4 ± 1.1 0.225

Tidal volume per IBW, mL/kg IBW 6.9 [6.6–7.3] 6.8 [6.6–7.3] 7.0 [6.5–7.3] 0.803

Functional residual capacity, mL 600 ± 360 630 ± 230 600 ± 410 0.770

Amine requirement, % (n) 66 (20) 78 (7) 62 (13) 0.564

Serum creatinine, mg/dL 1.1 [0.7–1.6] 1.0 [0.7–1.5] 1.2 [0.9–1.7] 0.482

Daily fluid balance, mL 200 [–300–800] 250 [–400–550] 250 [–250–350] 0.437

3.1. Echocardiographic Data

According to the echocardiographic criteria, patients with diastolic dysfunction had a
significant higher E/e’ ratio and left atrial volume compared to patients without diastolic
dysfunction 10.0 [8.9–14.7] versus 7.2 [6.1–9.2] and 65.0 [39.0–98.0] versus 37.0 [26–48]
L/m2. The median ejection fraction 60 [56–61] %, none had an ejection fraction lower than
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30% and was not different between two groups and similarly the end diastolic volume
was not different between the two groups (Table 2). The TAPSE and the ratio between
the RV end diastolic and the LV end diastolic areas were not different among the two
groups (20.0 [17.0–24.0] versus 24.0 [20.0–27.0] mL; 0.66 [0.57–0.70] versus 0.66 [0.57–0.88]
respectively) (Table 3).

Table 2. Left ventricular and atrial echocardiographic characteristics according to the presence
or absence of diastolic dysfunction. E: peak early-diastolic flow velocity; A: peak late-diastolic
velocity; e‘: annular velocity. Comparisons for continuous variables were performed by Student’s T
test or Wilcoxon–Mann–Whitney, as appropriate, while comparisons for categorical variables were
performed by χ2 test.

Study Population
N = 30

Diastolic Dysfunction
N = 9

No Diastolic Dysfunction
N = 21 p

Left Ventricle

End-diastolic diameter (mm) 44.5 [40.2–49-5] 50.0 [47.0–52.0] 42.0 [40.0–47.0] 0.027

End-systolic diameter (mm) 30.0 [25.2–36.0] 40.0 [36.0–42.0] 30.0 [25.0–32.0] 0.044

End-diastolic area (cm2) 17.0 [13.2–22.8] 20.0 [17.0–23.4] 15.0 [12.0–20.0] 0.442

End-diastolic volume (mL) 81.5 [68.5–108.0] 103.0 [72.0–130.0] 78.0 [66.0–103.0] 0.291

End-systolic volume (mL) 34.0 [25.0–51.5] 53.0 [35.0–67.0] 30.0 [23.0–44.0] 0.114

Ejection fraction (%) 60 [56–61] 57 [39–62] 60 [57–60] 0.396

Septum thickness (mm) 10.0 [8.0–11.0] 10.0 [10.0–13.0] 10.0 [8.0–10.0] 0.040

Posterior wall thickness (mm) 9.0 [8.0–10.0] 10.0 [8.0–10.0] 9.0 [8.0–10.0] 0.482

Myocardical mass (g/m2) 74.5 [58.5–97.2] 103.0 [91.0–111.0] 60.0 [45.0–87.0] 0.001

Left Atrium

Left atrial volume index (mL/m2) 39.5 [32–60] 65.0 [39.0–98.0] 37.0 [26.0–48.0] 0.017

Diastolic function

E (cm/s) 80.5 [64.0–93.8] 83.0 [67.0–92.0] 80.0 [64.0–95.0] 0.888

A (cm/s) 78.5 [56.0–92.5] 85.0 [54.0–93.0] 78.0 [59.0–91.0] 0.853

E/A ratio 1.1 [0.9–1.4] 0.9 [0.8–1.5] 1.2 [0.9–1.3] 0.910

e’ septal (cm/s) 8.0 [6.0–11.0] 6.1 [5.6–7.2] 9.3 [7.0–12.0] 0.085

e’ lateral (cm/s) 10.5 [7.8–13.4] 7.6 [6.4–8.6] 12.0 [10.0–14.2] 0.001

E/e’ ratio 8.6 [6.3–10.0] 10.0 [8.9–14.7] 7.2 [6.1–9.2] 0.013

Deceleration time (ms) 184 [162–253] 183 [170–253] 185 [160–253] 0.928

Table 3. Right ventricular and pulmonary artery echocardiographic characteristics according to
the presence or absence of diastolic dysfunction. RV ED-area: right ventricular end-diastolic area;
LV ED-area: left ventricular end-diastolic area; TAPSE: tricuspid annular plane systolic excursion;
RIMP: right ventricular index of myocardial performance; PAPs: pulmonary arterial systolic pressure.
Comparisons for continuous variables were performed by Student’s T test or Wilcoxon–Mann–
Whitney, as appropriate, while comparisons for categorical variables were performed by χ2 test.

Study Population
N = 30

Diastolic Dysfunction
N = 9

No Diastolic Dysfunction
N = 21 p

Right Ventricle

End-diastolic diameter (mm) 38.0 [33.5–39.8] 39.5 [29.5–42.0] 37.0 [34.5–38.3] 0.600

End-diastolic area (cm2) 17.0 [14.0–20.0] 17.0 [15.0–19.0] 17.0 [10.8–20.8] 0.906

RV ED-area/LV ED-area 0.67 [0.56–0.76] 0.66 [0.57–0.70] 0.66 [0.57–0.88] 0.647
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Table 3. Cont.

Study Population
N = 30

Diastolic Dysfunction
N = 9

No Diastolic Dysfunction
N = 21 p

End-systolic area (cm2) 9.0 [6.0–13.7] 6.5 [6.0–10.0] 10.0 [6.7–15.0] 0.465

Lateral wall (mm) 4.0 [3.0–4.0] 4.0 [4.0–4.0] 4.0 [3.0–4.5] 0.852

TAPSE (mm) 23.5 [19.0–26.5] 20.0 [17.0–24.0] 24.0 [20.0–27.0] 0.253

RIMP 0.30 [0.24–0.37] 0.31 [0.25–0.37] 0.30 [0.22–0.38] 0.662

Fractional shortening (%) 50 [43–57] 58 [47–60] 50 [41–50] 0.153

Pulmonary Artery

Peak tricuspidal velocity (m/s) 2.5 [2.3–2.9] 2.8 [2.3–3.0] 2.4 [2.1–2.8] 0.404

PAPs (mmHg) 41 [31–46] 43 [31–49] 38 [31–44] 0.748

3.2. Gas Exchange and Respiratory Mechanics Response to PEEP

The oxygenation was similar at 5 cmH2O of PEEP and similarly was the changes at 15
cmH2O of PEEP (Tables 4 and S2). The carbon dioxide and the ratio between the ETCO2
and PaCO2 were not different. Concerning the total, lung and chest wall elastance were not
different among the two groups both at 5 and 15 cmH2O of PEEP (Table 4).

Table 4. Respiratory mechanics and gas exchange data according to the presence or absence of
diastolic dysfunction. ERS: respiratory system elastance; EL: lung elastance; ECW: chest wall elastance;
PaO2: arterial oxygen partial pressure; FiO2: inspired oxygen fraction; PaCO2: arterial carbon dioxide
partial pressure; EtCO2: end-tidal carbon dioxide partial pressure. The role of the of PEEP between
groups was assessed by two-way repeated-measures analysis of variance (ANOVA) followed by
all-pairwise comparisons (Holm–Sidak method).

Study Population
N = 30

Diastolic Dysfunction
N = 9

No Diastolic Dysfunction
N = 21 p disf p PEEP p inter

End Inspiratory Airway Pressure (cmH2O)

5 cmH2O 16.4 [13.7–18.5] 15.9 [13.4–17.6] 16.4 [13.8–18.5]
0.420 <0.001 0.725

15 cmH2O 24.7 [22.1–26.7] 24.0 [22.0–25.4] 25.2 [23.8–26.8]

Driving Pressure (cmH2O)

5 cmH2O 10.1 [7.7–12.9] 8.3 [6.9–9.7] 11.4 [7.8–13.5]
0.226 0.435 0.152

15 cmH2O 9.5 [8.0–11.9] 9.0 [7.6–11.4] 10.1 [8.6–12.0]

ERS (cmH2O/L)

5 cmH2O 20.9 [16.7–28.1] 18.7 [16.9–20.5] 26.8 [16.7–29.4]
0.658 0.187 0.211

15 cmH2O 21.4 [18.2–28.5] 20.2 [20.0–28.1] 21.4 [17.0–28.7]

EL (cmH2O/L)

5 cmH2O 16.2 [12.0–25.0] 14.7 [12.8–24.0] 19.0 [11.2–25.2]
0.555 0.140 0.588

15 cmH2O 15.2 [12.0–21.0] 15.8 [14.9–21.4] 14.0 [11.2–19.9]

ECW (cmH2O/L)

5 cmH2O 4.8 [3.0–6.3] 4.0 [3.1–5.8] 5.5 [2.9–6.3]
0.585 0.288 0.544

15 cmH2O 5.9 [3.9–10.3] 4.6 [3.8–8.1] 6.3 [5.0–10.5]
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Table 4. Cont.

Study Population
N = 30

Diastolic Dysfunction
N = 9

No Diastolic Dysfunction
N = 21 p disf p PEEP p inter

PaO2 (mmHg)

5 cmH2O 70 [63–76] 71 [70–74] 68 [62–79]
0.842 <0.001 0.821

15 cmH2O 88 [75–128] 107 [97–134] 87 [68–100]

PaO2/FiO2

5 cmH2O 128 [107–146] 117 [84–146] 131 [110–145]
0.274 <0.001 0.745

15 cmH2O 187 [113–237] 195 [94–242] 182 [131–232]

PaCO2 (mmHg)

5 cmH2O 47.4 [40.4–56.4] 45.9 [39.4–51.0] 50.2 [41.5–58.0]
0.836 0.808 0.023

15 cmH2O 48.7 [43.2–52.4] 48.9 [45.3–52.0] 47.2 [43.0–52.5]

EtCO2/PaCO2

5 cmH2O 0.74 [0.69–0.82] 0.70 [0.68–0.74] 0.76 [0.70–0.83]
0.073 0.905 0.229

15 cmH2O 0.75 [0.68–0.84] 0.69 [0.66–0.76] 0.77 [0.73–0.89]

Ventilatory Ratio

5 cmH2O 1.4 [1.3–1.7] 1.3 [1.2–1.9] 1.5 [1.2–1.8]
0.111 0.089 0.231

15 cmH2O 1.6 [1.5–1.9] 1.7 [1.2–1.8] 1.6 [1.3–1.8]

3.3. Lung CT Scan Quantitative Data and Recruitability

Patients with diastolic dysfunction had a significantly higher total tissue weight
compared to patients without diastolic dysfunction. The percentages of non aerated, poorly
aerated, well aerated and overinflated tissue were similar between the two groups. The
lung recruitability was similar in patients with diastolic dysfunction (33.3 [27.3–41.4] %)
and in patients without diastolic dysfunction (30.6 [20.0–38.8] %) (See Table S1).

4. Discussion

The major findings of this this observational study, which applied a simplified echocar-
diographic examination in ARDS patients, were: (1) the LV diastolic dysfunction was
present in 30% of the patients, and (2) the gas exchange and respiratory mechanics were not
different between patients with and without LV diastolic dysfunction, while (3) the 28-day
mortality and lung weight were significantly higher in patients with LV diastolic dysfunc-
tion. The most severe form of acute respiratory failure is ARDS, which is characterized
by a severe deterioration in gas exchange due to an inflammatory pulmonary edema [1].
Pneumonia and sepsis were the most frequent causes of ARDS [27]. In the early phase,
ARDS due to infection/inflammation is characterized by hypovolemia due to an increased
capillary permeability, higher venous capacitance, vasoplegia and the requirement of me-
chanical ventilation. These factors associated with the patient’s history and comorbidities
(age, hypertension, diabetes, renal failure) may promote hemodynamic failure, which has
been reported in up of 60% of ARDS patients [3]. Thus, an early evaluation of heart failure
of both LV ventricular and diastolic component is of paramount importance to improve
the outcome. The diastole is a complex phase of the cardiac cycle that leads to ventricular
filling before the ejection, and a normal diastolic phase is essential for ensuring an adequate
preload and, consequently, cardiac output. The main determinants of the LV preload are the
LV relaxation and compliance of the LV. The best assessment of LV relaxation (i.e., diastolic
dysfunction) component is through an invasive measurement of the LV pressure by the
pulmonary artery catheter [3,4]. However, based on some negative trials the pulmonary
artery catheter, it is rarely used in critically ill patients. Thus, the assessment of possible
presence of LV diastolic dysfunction remains challenging [4]. However, in critically ill
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patients, evidence has suggested performing an echocardiographic examination as soon as
signs of hemodynamic failure are suspected [3,4], specifically evaluating the presence of
possible diastolic dysfunction by a simplified echocardiographic examination based on the
ratio of the early diastolic velocity of transmitral flow to the early myocardial relaxation
wave (E/e’) [26]. The e’ is measured by tissue doppler imaging as the early diastolic
mitral anulus velocity and the E reflects the early diastolic transmitral flow velocity, both
dependent on LV relaxation. This ratio has been validated as an accurate predictor of
pulmonary capillary wedge pressure in patients with cardiogenic shock and in the perioper-
ative patients during cardiac surgery [28,29]. In this vein, Mousavi et al. showed in patients
with septic shock a good correlation between the mean E/e’ ratio and pulmonary capillary
wedge pressure [30]. Previous studies also showed that in septic shock the E/e’ ratio
had an independent and better prognostic prediction of hospital outcome in septic shock
compared to traditional cardiac biomarkers (BNP, NT, proBNP and TnT) [14]. According
to previous data, in non-ARDS patients, diastolic dysfunction can be defined accordingly
to echocardiographic examinations by an E/e’ ratio higher than 14 with a normal left
ventricular ejection fraction [26].

In the present study, diastolic dysfunction was found in up to 30% patients, although
only 22% of these presented a diastolic dysfunction of high grade. All patients had ARDS
of different severity, and echocardiographic examinations were performed within 48 h
from the start of mechanical ventilation. Patients with diastolic dysfunction were character-
ized by a worse 28-day outcome. Applying similar echocardiographic criteria, in severe
sepsis/septic shock, LV diastolic dysfunction was found in 9% of the patients and was
associated to a worse outcome [22,31]. This study also evaluated the possible associations
between the diastolic dysfunction and gas exchange, partitioned respiratory mechanics
(lung and chest wall elastance) and quantitative lung CT scan. The response to the change
in PEEP in terms of oxygenation and respiratory mechanics from 5 to 15 cm H2O was
not affected by the presence of diastolic dysfunction. On the contrary, the lung weight
was significantly higher in patients with diastolic dysfunction. This suggested that the
presence of diastolic dysfunction, (i.e., a higher filling pressure) could have increased
the amount of lung fluid [16]. Similarly, the presence of diastolic dysfunction during the
weaning phase associated with a reduction in the intrathoracic pressure and higher venous
return promotes an increase in filling pressure. Previous studies and meta-analysis showed
that diastolic dysfunction was associated with weaning failure due to the development
of pulmonary edema promoted by an increase in filling pressure when the mechanical
support was reduced [16,17,19]. However, it is not clear if the left ventricular diastolic
dysfunction is mainly promoted by ARDS, pneumonia, sepsis, mechanical ventilation or
fluid infusion or is rather only a preexisting condition in critically ill patients worsened by
the underlying disease [32].

5. Conclusions

In conclusion, this study showed that LV diastolic dysfunction should be considered in
ARDS patients because ARDS patents with left ventricular diastolic dysfunction presented
a higher amount of lung edema and worse outcomes. Similar to patients with severe
sepsis and septic shock, in whom diastolic dysfunction is one of the strongest independent
predictors of mortality, ARDS could be associated with worse outcomes. In addition,
the presence of diastolic dysfunction and fluid overload could be particularly harmful,
promoting interstitial edema, tissue hypoxia and organ dysfunction [11–13,31]. However,
further studies are needed to evaluate the diastolic function in the early phase of ARDS.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11205998/s1, Table S1. Quantitative computed-tomography
scan data according to the presence or absence of diastolic dysfunction, Table S2. Hemodynamic
characteristics according to the presence or absence of diastolic dysfunction.
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Abstract: Low-dose isoflurane stimulates spontaneous breathing. We, therefore, tested the hypothesis
that isoflurane compared to propofol sedation for at least 48 h is associated with increased respiratory
drive in intensive care patients after sedation stop. All patients in our intensive care unit receiving
at least 48 h of isoflurane or propofol sedation in 2019 were included. The primary outcome was
increased respiratory drive over 72 h after sedation stop, defined as an arterial carbon dioxide pressure
below 35 mmHg and a base excess more than −2 mmol/L. Secondary outcomes were acid–base
balance and ventilatory parameters. We analyzed 64 patients, 23 patients sedated with isoflurane and
41 patients sedated with propofol. Patients sedated with isoflurane were about three times as likely
to show increased respiratory drive after sedation stop than those sedated with propofol: adjusted
risk ratio [95% confidence interval]: 2.9 [1.3, 6.5], p = 0.010. After sedation stop, tidal volumes
were significantly greater and arterial carbon dioxide partial pressures were significantly lower,
while respiratory rates did not differ in isoflurane versus propofol-sedated patients. In conclusion,
prolonged isoflurane use in intensive care patients is associated with increased respiratory drive after
sedation stop. Beneficial effects of isoflurane sedation on respiratory drive may, thus, extend beyond
the actual period of sedation.

Keywords: intensive care; anesthesia; inhaled sedation; respiratory drive; isoflurane; propofol

1. Introduction

Sedation is a central treatment of intensive care, enabling life-saving invasive pro-
cedures such as mechanical ventilation. Inhaled isoflurane was recently approved for
intensive care sedation in Europe based on a multicentric randomized trial [1]. Use of
isoflurane is especially interesting for prolonged periods of sedation [2,3], as intravenous
sedatives may accumulate or cause substantial harm after prolonged use [4–6].

Preclinical studies indicate that isoflurane increases respiratory drive [7–9]. Specifically,
tidal volume and, thus, minute ventilation are better maintained with isoflurane than with
propofol [9]. Consistently, patients sedated with isoflurane are more likely to breathe
spontaneously than patients sedated with propofol despite moderate to deep sedation [10].
Own non-published clinical observations suggest that this effect may well extend beyond
the actual period of sedation with patients showing increased respiratory drive after
discontinuation of prolonged sedation with isoflurane. As an adequate respiratory drive
after sedation stop is essential for a successful weaning of the patient from the ventilator, it
is of considerable interest to investigate the post sedative effects of prolonged isoflurane
use on ventilation.

This study, therefore, aims to investigate the post sedative effects of prolonged isoflu-
rane use on ventilation in intensive care patients. Specifically, we hypothesized that
isoflurane compared to propofol sedation for at least 48 h is associated with increased
respiratory drive in intensive care patients over 72 h after sedation stop.
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2. Materials and Methods

This study was approved by our Institutional Review Board with waived consent
(approval date: 4 April 2022, reference number: 67/22, Ethikkommission der Ärztekammer
des Saarlandes, Saarbrücken, Germany).

2.1. Study Design

This is a retrospective cohort study performed at a single academic center for surgical
intensive care of the Saarland University Medical Center. We screened all patients ventilated
for at least 96 h in 2019 for eligibility. All data were digitally extracted from the patient
data management system (Copra, Version 5, Copra System, Berlin, Germany). Data were
obtained from 48 h before sedation stop until 72 h after sedation stop.

2.2. Inclusion and Exclusion Criteria

Inclusion criteria were mechanical ventilation for at least 96 h with more than 48 h of
continuous sedation with isoflurane or propofol as the primary sedative before sedation
stop, at least three available blood gas analyses during spontaneous ventilation under
sedation, at least 24 h of spontaneous ventilation and no re-sedation after sedation stop, and
at least three available blood gas analyzes during spontaneous ventilation after sedation
stop. Exclusion criteria were age < 18 years, switch of the sedative within 48 h before
sedation stop, severe pulmonary diseases, death within the observation period, and patients
under palliative care.

2.3. Drug Administration

Isoflurane (Isoflurane 100%, Piramal Critical Care, West Drayton, UK) was adminis-
tered via the Sedaconda Anesthetic Conserving Device (ACD, Sedana Medical AB, Dan-
deryd, Sweden) as recommended by the manufacturer. Briefly, the ACD was inserted
between the endotracheal tube of the patient and the Y-piece of the breathing circuit of a
common intensive care ventilator. The ACD was connected to a syringe pump (Perfusor
compact, B. Braun, Melsungen, Germany) that delivered liquid isoflurane. A gas monitor
(Vamos, Dräger Medical Deutschland GmbH, Lübeck, Germany) was connected to the
ACD to monitor the end-tidal isoflurane concentration. Finally, a charcoal filter (FlurAb-
sorb, Sedana medical AB, Stockholm, Sweden) was connected to the expiratory port of the
ventilator for gas scavenging.

Propofol 20 mg·mL−1 (Propofol Hexal, Hexal AG/Sandoz, Holzkirchen, Germany)
was infused by a syringe pump (Perfusor Space, B. Braun, Melsungen, Germany) according
to common clinical practice.

As natural for retrospective studies, there was no explicit protocol for sedation. How-
ever, a written standard operating procedure of our center (provided as Supplementary
Materials) stipulates to administer sedative drugs as low as possible according to the
patient’s needs and to perform daily spontaneous awakening trials for avoidance of over-
dosing and assessment of neurological function.

2.4. Ventilation

Patients were ventilated with Evita 4 ventilators (Dräger Medical Deutschland GmbH)
in pressure-controlled mode (biphasic positive airway pressure) or pressure-support mode.
Ventilation parameters were automatically captured by our patient data management
system. In the patients that were extubated after sedation stop, ventilation parameters were
captured from periods of non-invasive ventilation via a face mask.

2.5. Measurements

All available blood gas analyzes (BGA) within the observation period while patients
were breathing spontaneously were included to evaluate respiratory drive. Circulatory
and ventilatory measures were extracted from the patient data management system at
12-h intervals. Implausible values, as commonly obtained during periods of nursing or
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airway leaks, were excluded. Intravenously and orally applied opioids were converted
to morphine equivalent doses (µg/kg) as previously published [11] to enable comparison
(sufentanil 1:1000; hydromorphone 1:7; remifentanil 1:200). For remifentanil, the equivalent
dose was divided by 60 to account for the considerably shorter half-life than morphine.
The sum of all morphine equivalent doses over 12-h intervals was divided by 12 to obtain
morphine equivalent dose rates (µg/kg/h). Patients that received additional opioid boluses
from nurse-controlled analgesia pumps not being electronically recorded after sedation stop
were excluded from the analysis of opioid consumption. The Simplified Acute Physiology
Score II (SAPS II) was calculated according to Le Gall et al. [12]. The Sequential Organ
Failure Assessment (SOFA) score was calculated according to Vincent et al. [13]. Ideal body
weight was calculated according to the sex-specific ARDSnet formulas [14].

2.6. Outcomes

The primary outcome was increased respiratory drive after sedation stop, defined
as arterial carbon dioxide pressure < 35 mmHg and base excess >−2 mmol/L to exclude
potential respiratory compensations of metabolic acidosis. Secondary outcomes were
measures of acid-base balance and ventilation including pH, arterial carbon dioxide partial
pressure, base excess, tidal volume, respiratory rate, and inspiratory pressure support.

2.7. Statistical Analysis

Data were collected with Excel Version 16.58 (Microsoft, Redmond, WA, USA). Sta-
tistical analyses were carried out with R (v4.0.2, R Core Team, 2020) using the packages
readxl (v1.3.1, Wickham and Bryan, 2019), dplyr (v1.0.5, Wickham, François, Henry, and
Müller, 2021), tableone (v0.12.0, Yoshida and Bartel, 2020), rcompanion (v2.4.1, Mangiafico,
2016), geepack (v1.3-2; Højsgaard, Halekoh, and Yan, 2006), parameters (v0.14.0; Lüdecke,
Ben-Shachar, Patil and Makowski, 2020), and ggplot2 (v3.3.3; Wickham, 2016).

Normality was assessed by visual assessment of histograms/quantile-quantile plots
and Shapiro–Wilk testing. According to data distribution, we present continuous measures
as means with standard deviations or medians with interquartile ranges (IQR) for descrip-
tive data and with the corresponding 95% confidence intervals (95% CI) for outcome data.
Categorical variables are presented as frequencies (percentages).

Baseline balance is presented as absolute standardized differences, defined as the
absolute difference in means divided by the pooled standard deviation. Repeated-measures
data were summarized with a mean for each patient for the periods of 48 h before and
72 h after sedation stop and compared between groups by independent samples t-tests or
Wilcoxon rank-sum tests. A two-sided p < 0.05 was considered statistically significant.

The risk ratio for increased respiratory drive in isoflurane versus propofol-sedated
patients was calculated by Poisson generalized estimating equation regression to account
for repeated measures. Two separate univariable models were calculated to estimate the
crude risk ratio before and after sedation stop. Multivariable models were calculated to
adjust for age, total ventilation and sedation time, tracheostomy, hemodialysis, simplified
acute physiology score II, and mean morphine equivalent dose rate.

To our knowledge, there are no previous data on the prevalence of increased respi-
ratory drive after sedation stop in intensive care patients. We, therefore, did not estimate
sample size in advance and planned to include all qualifying patient records from a
one-year cohort.

3. Results
3.1. Study Population Characteristics

A total of 158 patients were ventilated for at least 96 h throughout 2019. After appli-
cation of inclusion and exclusion criteria, 23 patients sedated with isoflurane and 41 with
propofol were included (Figure 1).
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Figure 1. Patient flow chart.

Potential covariates/confounders for respiratory drive including age, total ventilation
and sedation times, tracheostomy, hemodialysis, and simplified acute physiology score II
were not well balanced between the sedation groups (Table 1), and the analysis of increased
respiratory drive was, therefore, adjusted for these variables.

Table 1. Study population characteristics.

Parameter Isoflurane Propofol SMD

n 23 41 -
Sex [male] 20 (87) 24 (58) 0.673
Age [years] 55 [52, 65] 69 [60, 80] 0.833
Height [cm] 175 [171, 180] 170 [165, 178] 0.218
Weight [kg] 85 ± 28 81 ± 23 0.158

BMI 26 [23, 32] 27 [23, 30] 0.028
SAPS II 37 ± 13 41 ± 13 0.313
SOFA 10 ± 4 10 ± 3 0.121

CVVHD [n] 11 (48) 11 (27) 0.445
Death [n] 5 (22) 13 (32) 0.227

Tracheostomy [n] 16 (70) 11 (27) 0.946
Total ventilation time [h] 114 [86, 171] 108 [79, 167] 0.402

Total sedation time [h] 179 [141, 234] 108 [79, 167] 0.845
Surgical patients [n] 20 (87) 38 (93)

Visceral [n] 11 (48) 19 (46) -
Trauma [n] 2 (9) 10 (24) -
Other [n] 7 (30) 9 (22) -

Medical patients [n] 3 (13) 3 (7) -
Data are reported as means ± standard deviations, medians [interquartile ranges], or numbers (percentages).
The standardized mean difference (SMD) is presented as a measure of balance. BMI, body mass index. SAPS II,
Simplified Acute Physiology Score II (scored at intensive care unit admission). SOFA, sepsis-related organ failure
assessment score (scored 24 h before sedation stop). CVVHD, continuous veno-venous hemodialysis.

Circulatory measures were similar in both groups; only heart rate was significantly
higher in isoflurane patients during sedation (mean [95% CI]: isoflurane: 95 [87, 101],
propofol: 84 [79, 89], p = 0.012; Table 2).
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Table 2. Circulatory and ventilatory measures within 48 h before and 72 h after sedation stop.

Before Sedation Stop After Sedation Stop

Parameter Isoflurane Propofol P Isoflurane Propofol P

n 23 41 - 23 41 -

Circulation

Heart rate [bpm] * 95 [87, 101] 84 [79, 89] 0.012 93 [86, 100] 87 [83, 92] 0.157
Mean arterial blood pressure [mmHg] 69 [61, 69] 71 [68, 73] 0.195 80 [71, 88] 78 [72, 80] 0.585

Sedation and analgesia

End-tidal isoflurane [Vol%] 0.64 [0.55, 0.70] - - - - -
Propofol dose [mg/kg/h] - 1.4 [1.1, 1.7] - - - -
Morphine equivalent dose [µg/kg/h] 39 [29, 60] 31 [22, 38] 0.087 34 [18, 46] † 25 [15, 26] † 0.073

Primary outcome—Increased respiratory drive

Total observations [n] 318 520 515 924
Observations with increased
respiratory drive [n] 9 (3%) 27 (5%) 159 (31%) 110 (12%)

Risk ratio 0.5 [0.1, 2.1] 0.319 2.6 [1.3, 5.2] 0.005
Adjusted risk ratio # 0.9 [0.2, 5.5] 0.926 2.9 [1.3, 6.5] 0.010
Adjusted risk ratio #,§ 0.9 [0.2, 5.4] 0.925 3.3 [1.3, 8.3] † 0.012

Secondary outcomes—Acid–base balance and ventilation

pH 7.41 [7.38, 7.43] 7.40 [7.37, 7.41] 0.374 7.45 [7.41, 7.46] 7.43 [7.42, 7.44] 0.221
PaCO2 [mmHg] 47 [44, 52] 44 [42, 45] 0.096 37 [35, 42] 41 [39, 45] 0.007
Base excess [mmol/L] 4.3 [3.1, 5.0] 1.9 [0.7, 2.7] 0.005 1.7 [0.9, 3.0] 2.5 [1.5, 3.5] 0.297
Tidal volume [ml] * 613 [559, 660] 526 [503, 550] 0.001 609 [556, 668] 503 [471, 540] 0.002
Tidal volume normalized to IBW [ml/kg] * 9.0 [8.4, 9.6] 8.2 [7.8, 8.5] 0.014 9.0 [8.3, 9.7] 7.8 [7.3, 8.2] 0.006
Respiratory rate [bpm] 17 [15, 19] 17 [15, 17] 0.238 19 [15, 19] 19 [16, 20] 0.445
Inspiratory pressure support [cmH2O] * 8 [7, 10] 8 [7, 9] 0.377 6 [5, 7] 7 [6, 8] 0.362

Repeated measures were summarized with a mean for each patient and are reported as means (*) or medians
with the corresponding 95% confidence intervals (95% CI) for each sedation group within 48 h before and 72 h
after sedation. Groups were compared using independent samples t-tests or Wilcoxon rank-sum tests. Statistical
significances (p < 0.05) are written in bold. The presented risk ratios [95% CI] were calculated by Poisson
generalized estimating equation regression and describe the effect of isoflurane versus propofol sedation on
increased respiratory drive within 48 h before or within 72 h after sedation stop. Increased respiratory drive was
defined as arterial carbon dioxide partial pressure < 35 mmHg and base excess > −2 mmol/L. # Adjusted for
age, total ventilation and sedation time, tracheostomy, hemodialysis, and simplified acute physiology score II.
§ Additional adjustment for mean morphine equivalent dose rate. † 30% (7/23) of patients after isoflurane and
39% (16/41) after propofol sedation were excluded due to opioid intake via a nurse-controlled analgesia system,
which was not electronically recorded. PaCO2, arterial carbon dioxide partial pressure. SpO2, oxygen saturation
by pulse oximetry. IBW, ideal body weight.

Sedatives were applied within a low dosing range with isoflurane applied at around
0.5 minimum alveolar concentration (MAC) and propofol applied below 2 mg/kg/h
(Table 2). Opioid consumption was similar with both sedatives before and after sedation
stop (Table 2). During sedation, patients received continuous intravenous opioids, either
remifentanil, sufentanil, or hydromorphone. After sedation stop, in most patients, the
continuous opioid infusion was stopped, and oral opioids or intravenous opioid boluses
were applied. Thirty percent (7/23) of patients after isoflurane and 39% (16/41) after
propofol sedation received occasional boluses of intravenous opioids via a nurse-controlled
analgesia system not being electronically recorded and were, therefore, excluded from the
analysis of opioid consumption after sedation stop.

3.2. Primary Outcome—Increased Respiratory Drive after Sedation Stop

We detected increased respiratory drive at 31% (159/515) of the observations in
isoflurane-sedated patients compared to only 12% (110/924) in propofol-sedated patients
within 72 h after sedation stop. Patients sedated with isoflurane were three times as likely
to show increased respiratory drive within 72 h after sedation stop than those sedated
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with propofol: risk ratio [95% CI]: 2.6 [1.3, 5.2], p = 0.005, which remained similar after
adjustments for age, total ventilation and sedation times, tracheostomy, hemodialysis, and
simplified acute physiology score II: adjusted risk ratio [95% CI]: 2.9 [1.3, 6.5], p = 0.010
(Table 2, Figure 2). Additional adjustment for the mean morphine equivalent dose rate
for those patients with complete data on opioid intake did not substantially change the
association: adjusted risk ratio [95% CI]: 3.3 [1.3, 8.3], p = 0.012 (isoflurane: n = 16, propofol
n = 25).
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Figure 2. Percentage of patients with increased respiratory drive. Sedation was stopped at time
point 0. Data are presented in 6-hour intervals as percentage of patients within each sedation group. The
risk for increased respiratory drive after sedation stop was three times higher in patients sedated with
isoflurane than in those receiving propofol: adjusted risk ratio [95%CI]: 2.9 [1.3, 6.5], p = 0.010. Increased
respiratory drive was defined as arterial carbon dioxide partial pressure (PaCO2) < 35 mmHg and base
excess > −2 mmol/L.

In contrast, increased respiratory drive was equally frequent with both sedatives
before sedation was discontinued: adjusted risk ratio [95% CI]: 0.9 [0.2, 5.4], p = 0.925
(Table 2, Figure 2).

3.3. Secondary Outcomes—Acid-Base Balance, Ventilation and Opioid Consumption

There was no difference in blood pH between isoflurane-sedated and propofol-
sedated patients (Table 2). However, base excess was significantly higher in isoflurane-
sedated patients before sedation stop (median [95% CI]: isoflurane: 4.3 [3.1, 5.0], propofol:
1.9 [0.7, 2.7], p = 0.005; Table 2), suggesting metabolic compensation of slightly increased
arterial carbon dioxide partial pressures before sedation stop (median [95% CI]: isoflu-
rane: 47 [44, 52], propofol: 44 [42, 45], p = 0.096; Table 2, Figure 3). Although tidal
volumes and respiratory rate did not substantially change after sedation stop, arterial
carbon dioxide partial pressure was significantly lower in patients sedated with isoflurane
compared to those sedated with propofol after sedation stop (median [95% CI]: isoflurane:
37 [35, 42] mmHg, propofol: 41 [39, 45] mmHg, p = 0.007; Table 2, Figure 3).

Tidal volumes were about 100 mL greater in patients sedated with isoflurane than
in those sedated with propofol, with nearly identical differences before and after se-
dation stop (mean [95% CI]: before sedation stop: isoflurane: 613 [559, 660], propofol:
526 [503, 550], p = 0.001; after sedation stop: isoflurane: 609 [556, 668], propofol:
503 [471, 540], p = 0.002; Table 2, Figure 2). Respiratory rate and inspiratory pressure
support did not differ significantly between the sedation groups (Table 2, Figure 3).
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Figure 3. Acid-base balance and ventilation. Sedation was stopped at time point 0. Data are
presented in 12-hour intervals as means ± 95% confidence intervals (95%CI). PaCO2, arterial carbon
dioxide pressure. (A) Arterial carbon dioxide partial pressure; (B) Base excess; (C) Tidal volume;
(D) Respiratory rate.

4. Discussion

Isoflurane-sedated patients were about three times as likely to have an arterial car-
bon dioxide pressure below 35 mmHg during periods of spontaneous breathing after
sedation stop than those sedated with propofol. A comparatively better-maintained res-
piratory drive with isoflurane as opposed to propofol sedation, thus, seems to extend to
the post-sedation period. To our knowledge, this is the first report on differential post-
sedative effects of prolonged inhaled versus intravenous sedation on ventilation in intensive
care patients.

In line with our primary finding, studies in rats showed that minute ventilation is
better maintained with isoflurane than with propofol [9]. Most interestingly, isoflurane even
increases respiratory drive at subanesthetic doses of 0.5 MAC but decreases respiratory
drive at doses exceeding 1 MAC in rats [9]. Consistently, subanesthetic doses of volatile
anesthetics promote the transition from controlled to spontaneous ventilation in intensive
care patients [10,15,16]. Our study, thus, adds to current evidence that better maintenance
of respiratory drive in isoflurane-sedated patients may continue well beyond the actual
period of sedation.

Brainstem neurons of the retrotrapezoid nucleus are responsible for the maintenance
of spontaneous breathing under general anesthesia [17]. The increased respiratory drive
under isoflurane compared to propofol sedation can be explained by diverging effects
on the central regulation of breathing; whereby propofol inhibits, isoflurane stimulates
neurons of the retrotrapezoid nucleus, and, thus, increases respiratory drive [7,8].
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The largest amount of isoflurane is exhaled during the first hours after anesthe-
sia [18,19]. However, modern highly sensitive analytical methods show that volatile
anesthetics are exhaled up to two weeks after general anesthesia [20,21]. Isoflurane trace
concentrations were even detected in breath up to 130 days after anesthesia [21]. Whereas
general anesthesia may last a few hours, we included patients exposed to isoflurane over
at least 48 h. Therefore, additional saturation of body tissues with isoflurane leading to
even longer final elimination times can be assumed. Residual pharmacologically active
isoflurane concentrations could, thus, explain the observed increased respiratory drive
after sedation stop in patients exposed to prolonged isoflurane sedation.

Arterial carbon dioxide pressure was slightly higher in isoflurane-sedated patients
within the last 48 h before sedation stop, as opposed to being significantly lower within
72 h after sedation stop when compared to propofol-sedated patients. Slightly higher
arterial carbon dioxide pressures under isoflurane sedation are explainable by the fact
that volatile anesthetic reflection devices increase respiratory dead space resulting in
carbon dioxide retention [22–25]. Interestingly, arterial carbon dioxide pressures dropped
considerably after sedation stop in patients sedated with isoflurane, while tidal volume
and respiratory rate remained almost unchanged, which is consistent with reduced dead
space ventilation after removal of the volatile anesthetic reflection device.

Compared to patients sedated with propofol, tidal volumes were higher in patients
sedated with isoflurane before and after sedation. While a compensatory increase in
tidal volume may be a consequence of increased ventilatory dead space under isoflurane
sedation [22–25], tidal volumes remained higher after sedation stop, even though volatile
anesthetic reflection devices were removed. Animal data suggest that an isoflurane-induced
increase in minute ventilation is largely caused by increased tidal volumes [9]. It, thus,
seems likely that the observed phenomenon results from residual isoflurane concentrations
increasing respiratory drive. However, this could also reflect a physiological consequence
of prolonged exposure of the lung to higher tidal volumes causing adaptations in the neural
control of breathing. Consistent with this theory, a lung volume-related habituation and
desensitization of the Hering–Breuer inflation reflex was shown in rats [26]. In general,
both causes are interesting with potential clinical consequences and should be subject to
future studies.

Our study has distinct limitations. At first, age, total ventilation and sedation time,
tracheostomy, hemodialysis, and simplified acute physiology score II differed markedly
between the sedation groups. However, all of them only marginally influenced the primary
outcome—increased respiratory drive after sedation stop. Furthermore, uncaptured adjunct
drugs, such as benzodiazepines, may have influenced respiratory drive and ventilatory
measures, although unlikely since our center largely dispenses with the administration
of benzodiazepines. Of note, our study represents an initial observation of increased
respiratory drive after discontinuation of prolonged isoflurane sedation. Future studies
with larger sample sizes and distinct treatment protocols for sedation, opioid use, and
adjunct drugs may provide more accurate estimates of differences in respiration between
isoflurane and propofol sedation.

5. Conclusions

Prolonged isoflurane use in intensive care patients was associated with increased
respiratory drive throughout 72 h after sedation stop. Beneficial effects of isoflurane
sedation on respiratory drive may, thus, extend beyond the actual period of sedation.
However, these results still need confirmation by studies with larger sample sizes and at
best by prospective investigations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm11185422/s1, The departmental standard operating procedure
on analgesia, sedation, and delirium therapy.
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Abstract: SARS-CoV-2 was first detected in 2019 in Wuhan, China. It has been found to be the
most pathogenic virus among coronaviruses and is associated with endothelial damage resulting
in respiratory failure. Determine whether heparanase and heparan sulfate fragments, biomarkers
of endothelial function, can assist in the risk stratification and clinical management of critically ill
COVID-19 patients admitted to the intensive care unit. We investigated 53 critically ill patients with
severe COVID-19 admitted between March and April 2020 to the University Hospital RWTH Aachen.
Heparanase activity and serum levels of both heparanase and heparan sulfate were measured on
day one (day of diagnosis) and day three in patients with COVID-19. The patients were classified
into four groups according to the severity of ARDS. When compared to baseline data (day one),
heparanase activity increased and the heparan sulfate serum levels decreased with increasing severity
of ARDS. The heparanase activity significantly correlated with the lactate concentration on day one
(r = 0.34, p = 0.024) and on day three (r = 0.43, p = 0.006). Heparanase activity and heparan sulfate
levels correlate with COVID-19 disease severity and outcome. Both biomarkers might be helpful in
predicting clinical course and outcomes in COVID-19 patients.

Keywords: COVID-19; ARDS; endothelial dysfunction; heparanase; heparan sulfate; biomarker

1. Introduction

Coronaviruses have been known since 1960. A total of seven different coronaviruses
have been described, including the coronavirus SARS-CoV-2 [1]. Most coronaviruses are as-
sociated with a moderate clinical course with mild respiratory diseases. The coronaviruses
SARS-CoV and MERS-CoV are associated with a more severe disease course and higher
mortality. SARS-CoV was first identified in 2003. A total of 8422 cases were detected, and
916 fatalities were described [2]. Having a mortality rate of 34.4%, the MERS-CoV virus
turned out to be one of the most dangerous viruses of the group of coronaviruses. From
2012 until today, 2500 cases have been confirmed [3]. SARS-CoV-2 was first detected in
2019 in Wuhan, China. It has been found to be the most pathogenic virus among the coron-
aviruses [4]. SARS-CoV-2 is associated with a variation in respiratory syndromes ranging
from mild airway symptoms to life-threatening viral pneumonia. One-third of all lung cells
are endothelial cells, which are known to be associated with the severity of lung damage
in patients [5]. The endothelial glycocalyx coats the surface layer of endothelial cells. The
endothelial glycocalyx interacts with the blood and thereby regulates microcirculatory
flow [6]. The endothelium has a key role in the innate immune response in a wide array
of critical care conditions [5]. Endothelial cells are also involved in maintaining barrier
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function and preventing inflammation by limiting their interactions with immune cells and
platelets [6]. Endothelial dysfunction is a key driver in the pathogenesis of the organ dys-
function during viral infections [7]. Angiotensin-converting enzyme 2 (ACE2) is expressed
by endothelial cells and has been found in a variety of arterial and venous endothelial
cells [8]. SARS-CoV-2 enters target cells and initiates infection by binding to ACE2 on the
cell membrane of host cells [8,9]. SARS-CoV-2 has been detected in endothelial cells of
many organs. For instance, Varga et al. described that patients with COVID-19 exhibit
endothelial cell injury in blood vessels of the kidney, liver, heart, and lung [10]. Monteil
and colleagues reported that SARS-CoV-2 directly infects engineered human blood vessels
in vitro [11]. Most notably, endothelial cell injury has also been confirmed by transmission
electron microscopy in blood vessels obtained during autopsy of patients who died from
COVID-19 [6].

The endothelial glycocalyx is composed of different glycoproteins, proteoglycans,
and glycosaminoglycans. The heparan sulfate proteoglycan is one of these proteoglycans
and represents approximately 50–90% of the total amount of proteoglycans present in the
glycocalyx [12]. As a consequence of infection, sheddases, such as heparanase, are activated.
Heparanase specifically cleaves heparan sulfate fragments from the proteoglycan, resulting
in a loss of integrity and, thus, in endothelial dysfunction. Therefore, it is hypothesized
that increased heparanase activity may be one of the driving forces in severe COVID-19
manifestations. Indeed, Buijsers and colleagues demonstrated that heparanase activity
and heparan sulfate levels are significantly increased in the plasma of COVID-19 patients,
which is related to the severity of the disease [13]. Furthermore, another study showed a
significantly higher heparanase activity and increased levels of heparan sulfate in plasma
of COVID-19 patients [14].

There is strong evidence that endothelial dysfunction plays a critical role in the patho-
physiology and clinical course of acute respiratory distress syndrome (ARDS) [15]. How-
ever, the role of heparanase activity and heparanase and heparan sulfate serum levels in
this context is unclear. Therefore, the aim of this study was to investigate the relation-
ship between heparanase activity and heparan sulfate fragment formation and outcome in
COVID-19 patients and to determine the prognostic value of these potential new biomarkers
in ARDS.

2. Materials and Methods
2.1. Study Design

After approval by the Ethics Committee of the University Hospital RWTH Aachen
(EK 100/20), serum samples were collected between March and April 2020. All patients or
their legal representatives provided written informed consent. After excluding patients
younger than 18 years of age who were pregnant or under palliative care, 53 patients
with positive SARS-CoV-2 PCR results and intensive care admission were included in
this study. Identification of infection was carried out using real-time reverse transcription
PCR (RT-PCR). Treatment of patients followed the standards of care in our intensive
care unit (ICU), including mechanical ventilation, veno-venous extracorporeal membrane
oxygenation (ECMO) and renal replacement therapy (RRT) if needed. The decision to
use veno-venous ECMO therapy was based on the recently published Extracorporeal
Life Support Organization (ELSO) consensus guidelines [16]. All parameters, including
demographics, vital signs, laboratory values, blood gas analyses, and organ support,
were extracted from the patient data management system (Intellispace Critical Care and
Anesthesia (ICCA) system, Philips, The Netherlands).

2.2. Serum Sampling

Serum samples were collected at two different time points after patients were enrolled
in the study following a positive SARS-CoV-2 PCR result: on the day of the positive SARS-
CoV-2 PCR result (day 1) and two days after COVID-19 diagnosis (day 3). Serum samples
were centrifuged at 3000 rpm for 10 min at room temperature after a 10-min clotting period.
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Samples were stored at −80 ◦C until heparanase activity and heparanase as well as heparan
sulfate serum levels were measured.

2.3. Heparanase Activity Assay

Heparanase activity was detected using a commercial heparanase assay kit (Cat. #:
Ra001-BE-K, Amsbio, Abingdon, UK). The measurements were performed according to the
manufacturer’s instructions. After rehydration of the microwell plate, 100 µL of the positive
control enzyme was added to two wells. For sample analysis, 50 µL of the reaction buffer
and 50 µL of the samples were added to each well. All measurements were performed
in duplicate. For the negative control, the reaction buffer alone was used. The microwell
plate was incubated at 37 ◦C for one hour on a plate shaker and washed afterwards. Next,
100 µL Strep-HRP was added to each well, and the plate was incubated at 37 ◦C for
50 min while shaking. The microwell plate was washed again followed by incubation at
room temperature with 100 µL peroxidase substrates. The absorbance was measured at
intervals of 1 to 2 min at 650 nm using a microplate reader (Infinity 200, Tecan, Männedorf,
Switzerland). The reaction was stopped by adding 100 µL of 0.12 M HCl to each well as
soon as an optical density of 0.6–0.7 was reached. The optical density was determined at
450 nm.

2.4. Human Enzyme-Linked Immunosorbent Assay

Heparanase and heparan sulfate serum levels were detected using commercial ELISA
kits (Cat. #: E01H0100 and Cat. #: E01H1352, amsbio). For analysis, 100 µL of the standard
and samples were added to the precoated wells. As negative control, 100 µL of PBS was
used. All measurements were performed in duplicate. An additional 50 µL conjugate
was added to each well except for the negative control. After mixing, the microplate was
incubated for 1 h at 37 ◦C. The microplate was washed five times with wash solution, and
50 µL substrate was added. The reaction was stopped with 50 µL of the stop solution
after 10–15 min of incubation at room temperature. The optical density was determined at
450 nm using a microplate reader (Infinity 200, Tecan, Männedorf, Switzerland). Sample
values were interpolated from the 4PL regression standard curve generated by GraphPad
Prism 7 (GraphPad by Dotmatics, San Diego, CA, USA).

2.5. Statistics

Values are expressed as medians and interquartile ranges (IQRs) or counts and percent-
ages, as appropriate. Group comparisons of continuous variables were performed using
the Kruskal–Wallis test. Post hoc tests were computed according to Siegel and Castellan
1988 [17]. Categorical data were compared using Pearson’s chi-squared test for count data.
Biomarker data are typically log-normally distributed and were, therefore, log-transformed
for statistical analysis. The untransformed data are presented in a boxplot to illustrate the
association of continuous variables with categorical variables. The lines inside the boxes
represent the median and the box ranges from the lower quartile (Q1) to the upper quartile
(Q3). The circles outside the box are values that represent outliers. Any data observation
that was more than 1.5 IQR below the first quartile or above the third quartile is considered
an outlier. The smallest/largest value that was not an outlier was indicated by a vertical
marker or “whisker”. The whisker is connected to the box by a horizontal line. Cox propor-
tional hazards regression was used to analyze the effect of the (log-transformed) biomarker
on survival in univariable analyses. Survival curves plotted by the Kaplan–Meier method
were used for illustrative purposes. Cox models are slightly positively affected by using
log-transformed data. All other results (Kruskal–Wallis test, Spearman r, Kaplan–Meier
plots) are not affected by the log transformation since they are rank-based. All statistical
tests were 2-tailed, and a two-sided p-value of 0.05 was considered significant. Statistical
analyses were performed using R version 3.4.3 (http://www.r-project.org (accessed on
27 July 2020), library rms, Hmisc, ROCR, Vienna, Austria) and Statistical Package for the
Social Sciences (SPSS) version 22.0 (SPSS Inc., Chicago, IL, USA).
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3. Results

In this study, 53 ICU patients with a confirmed SARS-CoV-2 infection were included.
The patients were classified into four groups according to the severity of ARDS. Three
(5.7%) patients did not develop ARDS, 12 (22.6%) patients developed mild ARDS, 13 (24.5%)
developed moderate ARDS, and most patients 25 (47.2%) developed severe ARDS. Patients
without ARDS were in the ICU for a mean of 6 days, patients with mild ARDS for 7.5 days,
patients with moderate ARDS for 19.5 days and patients with severe ARDS for 17.5 days.
Of these, one (7.7%) patient with moderate ARDS and 7 (28.0%) patients with severe ARDS
died in the ICU. Thus, the overall mortality of COVID-19 patients admitted to ICU was
15%. Detailed patient characteristics are shown in Table 1.

Table 1. Patient characteristics separated by severity of ARDS.

Variable None
(n = 3)

Mild
(n = 12)

Moderate
(n = 13)

Severe
(n = 25) p-Value

n(%) 3 (5.7) 12 (22.6) 13 (24.5) 25 (47.2)
Age (years) 53 [49–65] 61 [59–64] 62 [54–67] 66 [58–72] 0.767

Sex male, n (%) 3 (100.0) 10 (83.3) 6 (46.2) 21 (84.0) 0.039
Body mass index (kg/m2) 24.9 [24.7–28.2] 29.2 [26.3–34.9] 30.5 [26.7–35.2] 29.3 [24.7–31.3] 0.759

Temperature, max (◦C) 38.1 [37.9–38.9] 38.5 [38.2–38.7] 38.15 [37.7–38.8] 38.1 [37.4–38.6] 0.229
Heart rate (bpm) 89.0 [84.5–105.5] 108.0 [99.0–112.0] 108.0 [87.0–123.5] 112.0 [102.0–124.0] 0.519

Respiratory rate (bpm) 24.0 [23.5–25.0] 25.0 [24.0–27.0] 24.0 [23.0–26.0] 24.0 [20.0–27.5] 0.988
SOFA score at day of
enrollment (points) 8.5 [7.6–9.3] 8.0 [5.3–9.8] 10.0 [8.0–12.3] 11.0 [9.0–12.0] 0.034

Blood gas analysis (at day of enrollment)

Arterial pH 7.5 [7.4–7.5] 7.4 [7.4–7.5] 7.4 [7.3–7.4] 7.4 [7.3–7.4] 0.040
pCO2 (mmHg) 48.0 [42.1–52.1] 36.3 [33.0–38.9] 47.5 [42.7–54.0] 49.8 [42.1–61.1] 0.025
pO2 (mmHg) 83.0 [77.0–85.5] 97.0 [80.0–107.0] 71.0 [68.0–74.8] 82.0 [71.0–93.0] 0.188

SpO2 (%) 94.0 [92.5–94.5] 98.0 [95.8–98.3] 96.0 [92.8–99.0] 95.0 [92.0–97.0] 0.053
Horowitz index (mmHg/%) 93.0 [68.5–256.0] 218.0 [179.8–229.3] 120.5 [105.8–135.3] 95.0 [77.0–125.0] 0.001

Biomarker (at day of enrollment, unless stated differently)

Lactate (mmol/L) 0.7 [0.7–1.0] 0.7 [0.4–0.9] 1.2 [0.8–1.6] 1.4 [1.0–1.6] 0.030
IL-6 (pg/mL) 86.8 [86.8–86.8] 60.3 [37.9–93.3] 496.3 [158.7–623.7] 263.3 [105.6–708.9] 0.018
PCT (ng/mL) 0.1 [0.1–0.1] 0,3 [0.1–0.4] 0,.4 [0.2–0.7] 1.5 [0.7–5.7] <0.001
CRP (mg/L) 103.2 [63.7–142.6] 115.9 [92.7–144,0] 281.6 [200.8–313.4] 277.4 [186.8–337.8] 0.003

Leukocytes (103/mm3) =/nl 10.1 [9.2–11.7] 6.9 [6.3–10.8] 9.2 [7.1–10.6] 8.9 [7.8–14.1] 0.362
Platelets (10/µL) 202.0 [178.5–292.0] 200.0 [168.0–284.0] 276.5 [197.8–338.8] 247.0 [185.0–307.0] 0.551

Creatinine (mg/dL) 0.7 [0.6–0.7] 0.9 [0.7–1.4] 0.9 [0.6–1.2] 1.8 [1.0–2.7] 0.003

Comorbidities

Arterial hypertension, n (%) 1 (33.3) 5 (41.7) 9 (69.2) 12 (48.0) 0.455
Diabetes mellitus, n (%) 0 (0.0) 1 (8.3) 3 (23.1) 9 (36.0) 0.215

Adipositas, n (%) 0 (0.0) 2 (16.7) 4 (30.8) 6 (24.0) 0.651
Hyper-/Dyslipidemia, n (%) 0 (0.0) 1 (8.3) 3 (23.1) 3 (12.0) 0.606
Ischemic heart disease, n (%) 0 (0.0) 2 (16.7) 4 (30.8) 4 (16.0) 0.557
Embolism/Thrombosis, n (%) 1 (33.3) 1 (8.3) 3 (23.1) 1 (4.0) 0.197

Cardiac arrhythmia, n (%) 0 (0.0) 1 (8.3) 0 (0.0) 5 (20.0) 0.259
Peripheral arterial occlusive

disease, n (%) 0 (0.0) 1 (8.3) 1 (7.7) 0 (0.0) 0.506

Cerebral vascular disease,
n (%) 0 (0.0) 2 (16.7) 0 (0.0) 3 (12.0) 0.459

COPD, n (%) 1 (33.3) 2 (16.7) 0 (0.0) 2 (8.0) 0.525
bronchial asthma, n (%) 0 (0.0) 0 (0.0) 3 (23.1) 1 (4.0) 0.104

Other lung diseases, n (%) 1 (33.3) 1 (8.3) 0 (0.0) 0 (0.0) 0.025
Chronic kidney disease, n (%) 0 (0.0) 2 (16.7) 3 (23.1) 3 (12.0) 0.708

Tumor disease, n (%) 0 (0.0) 3 (25.0) 1 (7.7) 0 (0.0) 0.057
Smoker, n (%) 0 (0.0) 1 (8.3) 2 (15.4) 0 (0.0) 0.247

Ex-Smoker, n (%) 0 (0.0) 1 (8.3) 2 (15.4) 1 (4.0) 0.604
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Table 1. Cont.

Variable None
(n = 3)

Mild
(n = 12)

Moderate
(n = 13)

Severe
(n = 25) p-Value

Medication at admission

Anticoagulation, n (%) 1 (33.3) 2 (16.7) 3 (23.1) 9 (36.0) 0.627
Antiplatelet, n (%) 0 (0.0) 4 (33.3) 6 (46.2) 5 (20.0) 0.238

Antihypertensives, n (%) 1 (33.3) 8 (66.7) 10 (76.9) 13 (52.0) 0.343
Immunosupressants, n (%) 1 (33.3) 2 (16.7) 4 (30.8) 2 (8.0) 0.289

Analgesics, n (%) 1 (33.3) 4 (33.3) 1 (7.7) 2 (8.0) 0.143

Treatment on ICU (first 14 days, unless stated differently)

ICU length of stay (days) 6.0 [4.0–9.5] 7.5 [3.0–10.5] 19.5 [16.5–22.8] 17.5 [15.0–20.8] 0.004
Highest dose of

norepinephrine during the
first 7 days (µg/kg/min)

0.1 [0.0–0.1] 0.0 [0.0–0.0] 0.1 [0.1–0.2] 0.1 [0.1–0.21] 0.002

Duration of ventilation
(hours) 103.0 [51.5–147.0] 0.0 [0.0–218.8] 330.0 [271.0–341.0] 331.0 [246.0–349.0] <0.001

Duration of RRT (days) 0 [0–0] 0 [0–0] 0.0 [0–8] 12 [1–14] 0.001
ECMO

0.471
never, n (%) 3 (100.0) 12 (100.0) 11 (84.6) 18 (72.0)

at admission, n (%) 0 (0.0) 0 (0.0) 1 (7.7) 5 (20.0)
later, n (%) 0 (0.0) 0 (0.0) 1 (7.7) 2 (8.0)

Ventilation

Intubation, n (%) 1 (33.3) 5 (41.7) 13 (100.0) 25 (100.0)
Never 2 (66.7) 7 (58.3) 0 (0.0) 0 (0.0)

at admission 1 (33.3) 3 (25.0) 12 (92.3) 22 (88.0)
Later 0 (0.0) 2 (16.7) 1 (7.7) 3 (12.0)

External intubation, n (%) 1 (33.3) 0 (0.0) 4 (30.8) 19 (76.0)
Mechanical ventilation, n (%) 2 (66.7) 5 (41.7) 13 (100.0) 25 (100.0)

FiO2 (%) 87.5 [81.3–93.8] 40.0 [37.5–41.3] 60.0 [55.0–71.3] 70.0 [60.0–86.0] 0.004
PEEP (cmH2O) 15 [15.0–15.0] 8 [7.0–9.0] 13 [12.0–15.0] 15 [13.5–16.0] 0.002

Tidal volume (mL) 600.5 [560.8–640.3] 674.0 [564.0–810.0] 620.0 [521.8–737.8] 503.5 [435.0–600.0] 0.045
NIV, n (%) 2 (66.7) 1 (8.3) 3 (23.1) 2 (8.0) 0.041

Outcome

Death at 28 days, n (%) 1 (33.3) 0 (0.0) 1 (7.7) 11 (44.0) 0.011
Disposition on day 28

0.001
discharged, n (%) 2 (66.7) 12 (100.0) 11 (84.6) 7 (28.0)

on ICU post day 28,
n (%) 0 (0.0) 0 (0.0) 1 (7.7) 7 (28.0)

Death at 28 days, n (%) 1 (33.3) 0 (0.0) 1 (7.7) 11 (44.0)

Variables are given as median [interquartile range] or number (%). Kruskal–Wallis analysis with a significance
level of p < 0.05 was used for statistical analysis. ARDS, acute respiratory distress syndrome; COPD, chronic
obstructive pulmonary disease; CRP, C-reactive protein; ECMO, extracorporeal membrane oxygenation; FiO2,
fraction of inspired oxygen; ICU, intensive care unit; IL-6, interleukin-6; pCO2, partial pressure of carbon dioxide;
PCT, procalcitonin; pO2, partial pressure of oxygen; RRT, renal replacement therapy; SpO2, peripheral capillary
oxygen saturation; SOFA, sequential organ failure assessment.

On day one (the day of inclusion into the study), we measured an increased heparanase
activity in patients with a severe ARDS, but no significant difference was detected between
patients with different severity of ARDS (Figure 1A, p = 0.144). There was no difference
in heparanase serum levels detected between patients with different severities of ARDS
(Figure 1B, p = 0.640). When compared to patients that had not developed ARDS, patients
with mild ARDS showed a small, but significant increase in the serum levels of heparan
sulfate, while the heparan sulfate serum levels were lower in patients with moderate or
severe ARDS (compared to patients with either mild or no ARDS; Figure 1C, p = 0.022).
Three days after ICU admission, mean heparanase serum levels in patients with moderate
ARDS showed a tendency toward slightly lower levels compared with patients with severe
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ARDS (Figure 1E). Also, no significant differences in serum heparanase levels were observed
on the third day between patients with different severity of ARDS (Figure 1E, p = 0.140).
Heparanase activity and heparan sulfate serum levels showed similar trends as on day 1
(Figure 1D,F, p = 0.470 and p = 0.129).

Figure 1. Heparanase activity, heparanase level, and heparan sulfate level in COVID-19 patients in
relation to the severity of ARDS. Boxplot of heparanase activity on (A) day 1 and (D) 3 and heparanase
level on (B) day 1 and (E) 3, as well as the heparanase sulfate level on (C) day 1 and (F) 3 of COVID-19
patients in relation to the severity of ARDS (none, mild, moderate, or severe ARDS) are shown. The
untransformed data are presented as a boxplot. The lines inside the boxes represent the median, and
the box is defined by the range of Q1 and Q3. Circles outside the box are values represent outliers.
For statistical analysis, Kruskal–Wallis analysis was used with a significance level of p < 0.05, with
the post hoc test indicating which groups showed a statistical difference by TRUE (significant) or
FALSE (not significant). * indicates a significant difference between severe and mild ARDS. ARDS:
acute respiratory distress syndrome; Hep.Akt.: heparanase activity; Hepa.: heparanase; Hep.Sulf.:
heparan sulfate.

The heparanase activity significantly correlated (positively) with the lactate concen-
tration on day one (r = 0.34, p = 0.024, CI: 0.07, 0.58) and on day three (r = 0.43, p = 0.006,
CI: 0.01, 0.47). Additionally, a significant positive correlation could be detected with PCT
on both days (r = 0.38, p = 0.011, CI: 0.09, 0.65 and r = 0.36, p = 0.023, CI: 0.04, 0.60).
Furthermore, heparanase activity significantly correlated positively with CRP on day one
(r = 0.34, p = 0.020, CI: −0.03, 0.59) and IL-6 on day three (r = 0.36, p = 0.032, CI: −0.12, 0.54).
Interestingly, a slightly positive non-significant correlation of heparanase serum levels and
a negative significant correlation of heparan sulfate serum levels with PCT were measured
on day three (r = 0.40, p = 0.065, CI: −0.04,0.72; r = −0.35, p = 0.034, CI: −0.58, −0.02). The
heparan sulfate serum level also correlated negatively with the SOFA score on day one
(r = −0.35, p = 0.028, CI: −0.57, −0.06; Table 2).
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Table 2. Significant correlations between biomarkers and clinical features.

Variable Spearman r p-Value CI

Heparanase level d1

Age −0.34 0.0805 −0.69, 0.06
SpO2 −0.44 0.0297 −0.77, −0.07

Leucocytes 0.50 0.0103 0.07, 0.79

Heparan sulfate level d1

BMI 0.31 0.0467 −0.06, 0.57
Respiratory rate −0.42 0.0201 −0.63, −0.11

SOFA-Score −0.35 0.0281 −0.57, −0.06
Norepinephrine −0.31 0.0397 −0.56, 0.02

Heparanase activity d1

Lactate 0.34 0.0241 0.07, 0.58
PCT 0.38 0.0113 0.09, 0.65
CRP 0.34 0.0200 −0.03, 0.59

Heparanase level d3

Duration of ventilation −0.47 0.0273 −0.82, 0.03
Temperature max −0.51 0.0158 −0.76, −0.13

Heparan sulfate level d3

PCT −0.35 0.0341 −0.58, −0.02
Leucocytes −0.44 0.0055 −0.61, −0.17

Heparanase activity d3

Lactate 0.43 0.0055 0.01, 0.47
IL-6 0.36 0.0322 −0.12, 0.54
PCT 0.36 0.0226 0.04, 0.60

Shown are significant correlations of heparanase activity, heparanase serum level, and heparan sulfate serum
level at days 1 and 3 with various clinical parameters, and Spearman rank correlation coefficient r with 95%
confidence interval CI (bootstrap CI, B = 200). BMI, body mass index; CRP, C-reactive protein; IL-6, interleukin-6;
PCT, procalcitonin; SpO2, peripheral capillary oxygen saturation; SOFA, sequential organ failure assessment.

Next, we analyzed the potential of heparan sulfate and heparanase serum levels as
well as heparanase activity to predict 28-day mortality. None of the biomarkers showed
a linear association with mortality (all p > 0.20), nor a consistent non-linear association
between day 1 and day 3. For illustration, the biomarker levels were divided into 4 quartiles
and analyzed by using a Kaplan–Meier plot with respect to 28-day mortality. Patients with
higher heparanase levels [113–600] on day one had a 100% survival rate. In contrast, patients
with heparanase levels between 86.3–113.0 ng/mL on day one had a higher probability of
dying within 28 days (below 60% survival).

Patients presenting heparan sulfate levels below 583 ng/mL on day one and below
598 ng/mL on day three showed the worst outcome. Patients with heparanase activity in
the range of the third quarter on days one [5.39; 5.91] and three [5.28; 5.95] also showed
a worse outcome. Patients with heparanase activity in the range of the second quarter
[4.63; 5.28] showed an even worse outcome, with only 60% of patients surviving (Figure 2).
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Figure 2. The relationship between heparan sulfate and heparanase serum levels as well as hep-
aranase activity and the 28-day mortality. Presented are Kaplan–Meier plots for 28-day mortality for
heparanase activity on (A) day 1 and (D) day 3 and heparanase level on (B) day 1 and (E) day 3 as
well as the heparanase sulfate level on (C) day 1 and (F) day 3 of COVID-19 patients. Curves are
plotted by quartiles. Hep.Akt.: heparanase activity; Hepa: heparanase; Hep.Sulf.: heparan sulfate.

4. Discussion

The new coronavirus represents a major challenge, especially for intensive care units,
because SARS-CoV-2 is one of the most pathogenic coronaviruses, and a high proportion
of patients suffer a severe course of disease [18]. Endothelial dysfunction plays a crucial
role in ARDS and consequently in the pathophysiology of COVID-19. In a previous study,
Buijsers et al. postulated an association between elevated heparanase activity and heparan
sulfate plasma levels and the need for intensive care unit admission [13]. In fact, our work
confirms and extends this data by showing a clear potential of heparanase activity and
heparan sulfate plasma levels as promising biomarkers for the prediction of disease severity
and outcome of COVID-19 patients admitted to the ICU.

Consequently, in this work, the role of heparanase and heparan sulfate in COVID-19
patients in relation to the severity of ARDS was investigated. Indeed, in patients with
severe ARDS, an increase in the activity of heparanase on day 1 (5.7 [5.1–6.1]) and day 3
(5.8 [4.8–6.0]) was observed when compared to patients with moderate (day 1: 5.3 [4.6–5.9],
day 3: 5.2 [4.6–5.9]) and mild ARDS (day 1: 4.9 [4.6–5.4]; day 3: 5.0 [4.3–5.4]) (Figure 1).
Unlike with heparanase activity, we did not observe an increase in heparanase levels
with an increase in ARDS severity. Along with increasing severity of ARDS, there is an
increased expression of proinflammatory cytokines, such as IL-6. Heparanase is activated
by proinflammatory cytokines [19]; thus, the increased activity with respect to severe ARDS
might be associated with the increased expression of proinflammatory cytokines, rather
than with an increase in heparanase levels. On day 3, a correlation of heparanase activity
and IL-6 concentration was detected (Table 2). This result confirms the assumption that
IL-6 is involved in heparanase activation. However, no elevated heparan sulfate serum
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levels could be measured in COVID-19 patients with severe ARDS compared to those with
moderate or mild ARDS. In line, Buijsers et al. showed that a reduction in heparanase
activity due to the prophylactic administration of low molecular weight heparins (LMWH)
was not associated with a reduction in heparan sulfate or IL-6 plasma levels [13].

In addition to the fragmentation of heparan sulfate (and its fragments), heparanase
is involved in the cleavage of heparan sulfate-bound cytokines and growth factors such
as angiopoietin-2 (Ang-2). In various studies, a significantly higher Ang-2 concentration
was measured in the serum of septic patients compared to healthy subjects [20,21]. Fur-
thermore, increased heparan sulfate and heparanase levels in the serum of patients and
mice with sepsis [22–24] suggests an association between heparanase activity and increased
expression of Ang-2. Lukasz and colleagues showed that the Ang-2-mediated breakdown
of endothelial glycocalyx thickness depends on heparanase [25]. Furthermore, increased
Ang-2 levels were detected in COVID-19 patients [26]. Drost et al. showed that HPSE activ-
ity was inversely correlated with HS concentration in healthy volunteers and COVID-19
patients [14]. This would also be in line with our results, as we measured that heparan
sulfate levels tended to decrease with increasing severity of ARDS in COVID-19 patients.

5. Limitation/Conclusions

As our investigation was limited to a small patient cohort with a variation in the
number of measurements of some variables, further investigations in a larger cohort should
be carried out to confirm our data. Moreover, our measurements were limited to heparanase
activity and heparanase as well as heparan sulfate serum levels, and the analysis of other
biomarkers associated with activation of the heparanase system, such as syndecane-1
concentrations in serum, would strengthen the findings reported here.

Due to the novel SARS-CoV-2 variants, COVID-19 still plays a crucial role today.
Therefore, it is still important to identify new biomarkers that indicate the severity of
COVID-19 and the severity of COVID-19-associated ARDS. In conclusion, in this study,
we showed that heparanase activity increased in patients with severe ARDS on both
days in COVID-19 patients. Furthermore, heparanase activity and heparan sulfate levels
correlate with COVID-19 disease severity and outcome. Based on these results, there is
now good evidence that heparanase activity may play a role in endothelial dysfunction and
ARDS associated with COVID-19 and may be a potential biomarker to predict outcome in
COVID-19 patients in the ICU. This may also be relevant to newer variants of SARS-CoV-2.
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Abstract: Background: In concordance with the results of large, observational studies, a 2015 Eu-
ropean survey suggested variation in resuscitation/end-of-life practices and emergency care orga-
nization across 31 countries. The current survey-based study aimed to comparatively assess the
evolution of practices from 2015 to 2019, especially in countries with “low” (i.e., average or lower)
2015 questionnaire domain scores. Methods: The 2015 questionnaire with additional consensus-based
questions was used. The 2019 questionnaire covered practices/decisions related to end-of-life care
(domain A); determinants of access to resuscitation/post-resuscitation care (domain B); diagnosis of
death/organ donation (domain C); and emergency care organization (domain D). Responses from
25 countries were analyzed. Positive or negative responses were graded by 1 or 0, respectively.
Domain scores were calculated by summation of practice-specific response grades. Results: Domain
A and B scores for 2015 and 2019 were similar. Domain C score decreased by 1 point [95% confidence
interval (CI): 1–3; p = 0.02]. Domain D score increased by 2.6 points (95% CI: 0.2–5.0; p = 0.035);
this improvement was driven by countries with “low” 2015 domain D scores. In countries with
“low” 2015 domain A scores, domain A score increased by 5.5 points (95% CI: 0.4–10.6; p = 0.047).
Conclusions: In 2019, improvements in emergency care organization and an increasing frequency
of end-of-life practices were observed primarily in countries with previously “low” scores in the
corresponding domains of the 2015 questionnaire.

Keywords: ethics; resuscitation; terminal care; surveys and questionnaires; emergency care

1. Introduction

Data from multinational, observational studies suggest a substantial variation in end-
of-life practices across European countries, and an increasing frequency of decisions to
limit life-sustaining treatments, especially in southern Europe [1,2]. End-of-life practices
are evolving continuously as a result of new evidence-based guidelines, publication of
randomized controlled trials supporting complex advance care planning (ACP), new
laws/policies, and educational activities [3–23].

In 2015, we conducted a survey of experts from 31 European countries. We admin-
istered a comprehensive questionnaire spanning the following four domains: A: prac-
tices/decisions related to end-of-life care; B: access to best available care; C: death diagnosis
and organ donation; and D: emergency care organization. Practices and organization of care
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were scored by numerical summation of positive responses. Results showed substantial
variability in country-specific approaches to resuscitation/end-of-life care, indicating the
presence of space for evidence-supported progress in all the aforementioned domains [3].

In 2019, we undertook a methodologically improved version of the 2015 survey to
address the following questions: (1) How did resuscitation/end-of-life care and emergency
care organization evolve over the 2015–2019 period? and (2) Could such evolution, be more
marked in countries with “low” (i.e., at or below average) practice/organization scores
for 2015?

2. Materials and Methods

The current survey conforms with the Checklist for Reporting Results of Internet
E-Surveys (https://www.jmir.org/2004/3/e34/; accessed on 20 July 2019 see Supplemen-
tary Materials).

Potential study participants from 33 European countries were contacted via e-mail.
Participant inclusion criteria comprised nationally and/or internationally recognized, spe-
cific, clinical, and/or research expertise in resuscitation and end-of-life care; pertinent
evidence should be classifiable in 1 or more of the following categories: (1) European Re-
suscitation Council (ERC) National Resuscitation Council representative; and/or member
of the European Registry of Cardiac Arrest investigators network or other ERC related clin-
ical research networks (e.g., ERC Dispatch Center Survey, Reappropriate Trial, Euro-call);
(2) Established researcher in the field: first, second or last author of published, scholarly
articles in this field; and (3) At least 3 years of prior service as lead clinician in emergency
and/or intensive care.

To reduce the risk of recall/social desirability bias, we aimed for at least three par-
ticipants from each country. However, this did not constitute an inclusion criterion for
country-specific responses. Consequently, responses from countries with just one or two
participants were to be anyway included in the data analyses. Following the obtainment of
informed consent (see Supplementary Materials), participants were able to electronically
access the study questionnaire (Table 1).

Table 1. The 2019 Ethical Practices Questionnaire.

DOMAIN A. PRACTICES/DECISIONS RELATED TO END-OF-LIFE CARE *
A1. End-of-life practices

1. Do-not-attempt cardiopulmonary resuscitation (DNACPR) orders (legally allowed, supported, and applied in your country (3
questions)? applied in single tier, or first and second tier ambulance † (3 questions)? applied in-hospital? written in medical
record? reviewed?) No. of discrete questions (N) = 9; Maximum score if all responses positive (Max. Score) = 9.

2. Advance directives (respect for advance directives legally allowed, and supported in your country (2 questions)? applied in
the out-of-hospital, and in-hospital setting (2 questions)?) applied to start/stop cardiopulmonary resuscitation (CPR) in single
tier, or first and second tier ambulance (3-questions)? applied to start/stop CPR in-hospital? N = 8, 4-choice; Max. Score = 8.

3. Advance Care Planning (same questions as for advance directives). N = 8, 4-choice; Max. Score = 8.
4. Terminal analgesia/sedation (legally allowed in your country? applied?). N = 2; Max. Score = 2.
5. Termination of Resuscitation protocols (TOR) (legally allowed? applied in single tier, or first and second tier ambulance

(3-questions)? applied in-hospital? N = 5, 4-choice; Max. Score = 5.
6. Limitation of in-hospital treatment level (If applied, does it pertain to withholding, and withdrawing CPR (2 questions)? does

it include TOR, withholding of invasive treatments, and withdrawing of feeding and hydration?). N = 5; Max. Score = 5.
7. Euthanasia in adults (legally allowed in your country? applied?); euthanasia in children (legally allowed in your country?

applied? Physician-assisted suicide (legally allowed in your country?). N = 5; Max. Score = 5.
8. During patient transportation: Is CPR continued in the prospect of organ donation? Is CPR continued in the prospect of

access to higher-level treatment (e.g., extracorporeal CPR)? N = 2; Max. Score = 2.
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Table 1. Cont.

Max. Subscore for end-of-life practices (A1) = sum of Max. Scores of 1 to 8 = 44.
A2. End-of-life Decisions

1. Adults/children: Family participating in Decisions? N = 2; Max. Score = 2.
2. Adults/children: Are end-of-life decisions reached through a shared decision-making process? N = 2; Max. Score = 2.

Max. Subscore end-of-life decisions (A2) = sum of Max. Scores of 1 and 2 = 4.
A3. Family presence during CPR

1. Adults: Family present during CPR? Children: Parents present during CPR? Children:

Other family members present during CPR? N = 3; Max. Score = 3.
Max. Subscore for family presence during CPR (A3) = 3.
Max. Score for Domain A = sum of max. Subscores of A1, A2 and A3 = 51.
Questions pertaining to law and those included in A1.6 and A1.7 had 2-choice responses (i.e., yes or no); Questions pertaining
to what is applied had 4-choice responses (i.e., never, sometimes, usually, and always).

B. ACCESS TO BEST RESUSCITATION AND POSTRESUSCITATION CARE ‡

B1–B3. Out-of-hospital (B1) and in-hospital (B2) resuscitation care, and postresuscitation care (B3)

1. Is access to best available care (including extracorporeal CPR wherever available) affected by age? race? religion?
comorbidity? socioeconomic status? urban-rural (area of occurrence)? type of receiving hospital (out-of-hospital setting) or
type of treating hospital (in-hospital setting)? minority? language? high-risk presentation (e.g., acute physiology and chronic
health evaluation II score > 25 corresponding to >50% mortality probability)? suicide attempt? knowledge of patient’s wish
against undergoing CPR? other? The same group of questions was asked about B1, B2, and B3. For each of B1, B2, and B3: N =
13; Max. Score = 13.

Max. Score for Domain B = sum of max. Subscores of B1, B2, and B3 = 39. All questions had 2-choice responses (i.e., yes or no).
C. DIAGNOSIS OF DEATH AND ORGAN DONATION
C1. Death diagnosis

1. Legally allowed to diagnose death: physician, out-of-hospital or in-hospital (2 questions)? nurse, out-of-hospital or
in-hospital (2 questions)? ambulance person [advanced life support (ALS) provider]? ambulance person [basic life support
(BLS) provider]? N = 6; Max. Score = 6.

2. Legally allowed to diagnose death in the absence of obvious signs of death such as rigor mortis or decapitation, and after 20
minutes of asystole without reversible cause: same questions as above; N = 6; Max. Score = 6.

3. Diagnostic criteria for death: Brain death criteria used in out-of-hospital cardiac arrest (after hospital admission) or in-hospital
cardiac arrest, and written on death certificate (3 questions)? Cardiorespiratory death criteria used in out-of-hospital or
in-hospital cardiac arrest, and written on death certificate (3 questions)? N=6; Max. Score=6.

Max. Subscore for death diagnosis (C1) = sum of max. Scores of 1 to 3 = 18.
C2. Organ donation

1. Heart beating organ donation allowed? Non-heart beating organ donation allowed? Organ donation applied by opting in?
Organ donation applied by opting out. N = 4; Max. Score = 4.

Max. Subscore for organ donation (C2) = 4.
Max. Score for Domain C = sum of Max. Subscores of C1 and C2 = 22. All questions had 2-choice responses (i.e., yes or no).

D. EMERGENCY CARE ORGANIZATION †

D1. Access to emergency care

1. Out-of-hospital: rural areas: emergency number 112 or another (2 questions)? ambulance arrival within 10 min? N = 3; Max.
Score = 3.

2. Out-of-hospital: urban areas emergency number 112 or another (2 questions)? ambulance arrival within 10 min? N = 3; Max.
Score = 3.

3. In-hospital: emergency number 112 or another (2 questions)? cardiac arrest team arrival within 10 min? N = 2; Max. Score = 2.

Max. Subscore for access to emergency care (D1) = sum of Max. Scores of 1 to 3 = 8.
D2. Defibrillation

1. Legally allowed to defibrillate using an automated external defibrillator (AED): physician? nurse? ambulance personnel?
police? On-site responder? Citizen? Other (specify)? N = 7; Max. Score = 7.

2. AEDs available in: single tier ambulance? first tier ambulance? fire cars? police cars? public places? mass gatherings? first
responder dispatch projects? other? N = 8; Max. Score=8.

3. Are AED data (electrocardiographic sequence, waveform, time) available in the patient record? N = 1; Max. Score = 1.
4. Ongoing public access defibrillation programs in place? home AED? school AED? in-hospital AED?-Is there a registry of all

AEDs, at national or regional level (2 questions)? N = 6; Max. Score = 6.
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Table 1. Cont.

Max. Subscore for defibrillation (D2) = sum of Max. Scores of 1 to 4 = 22.
D3. Organization of out-of-hospital emergency care

1. Is there a system in place to alert trained lay rescuers (and/or first responders) by text message or app? N = 1; Max. Score = 1.
2. [A] Is dispatcher assisted bystander CPR practiced in rural areas? Does guidance include compressions or ventilations (2

questions)? N = 3; Max. Score = 3.
3. [B] Is dispatcher assisted bystander CPR practiced in urban areas? Does guidance include compressions or ventilations (2

questions)? N = 3; Max. Score = 3. Single tier ambulance: ALS? First tier ambulance: BLS plus defibrillation or ALS (2
questions)? Second tier ambulance: ALS? N = 4; Max. Score = 4.

4. In traumatic cardiac arrest: in single tier ambulance, or first and second tier ambulance:

A. Is the intervention unit qualified for prompt confirmation and management of life-threatening injuries (3 questions, one for
each type of ambulance)?
B. Are specific criteria applied for withholding or terminating resuscitation (3 questions, one for each type of ambulance)?
yes-no, specify.

N = 6; Max. Score = 6.
Max. Subscore for level of out-of-hospital care (D3) = sum of Max. Scores of 1 to 4 = 17.
D4. Organization of in-hospital emergency services

1. Are in-hospital Rapid Response Teams Programs in place? N = 1; Max. Score = 1
2. Is CPR feedback, debriefing, and audit applied (3 questions)? N = 3; Max. Score = 3.
3. Is CPR training on the recently dead legally allowed?-is CPR training practiced? N = 2; Max. Score = 2.

Max. Subscore for organization of in-hospital emergency services (D4) = sum of Max. Scores of 1 to 3 = 6.

D. EMERGENCY CARE ORGANIZATION
D5. Registry reporting of cardiac arrest

1. Out-of-hospital or in-hospital cardiac arrest data reported to a Registry? N = 2; Max. Score = 2.

Max. Subscore for registry reporting of cardiac arrest (D5) = 2
D6. Education

1. Are there ongoing programs of (a) theoretical education and (b) practice training (e.g., clinical scenario-based) in the field of
ethics at pregraduate level (2 questions)? postgraduate level (2 questions)? medical specialty/subspecialty registrar level (2
questions)? specialist level (2 questions)? N = 8; Max. Score = 8.

2. Certified CPR training mandatory for in-hospital healthcare providers: physicians? nurses? other staff? N = 3; Max. Score = 3.

Max. Subscore education (D6) = sum of Max. Scores of 1 and 2 = 11.
D7. Research

1. Enrollment of adults legally allowed without consent in: observational research? interventional research involving drugs?
interventional research involving non-drug interventions? N = 3; Max. Score=3.

Max. Subscore for research (D7) = 3
Max. Score for Domain D = sum of Max. Subscores of D1, D2, D3, D4, D5, D6, and D7 = 67. Questions D1.1-3, D2.3, D3.4A,
D4.1-3., and D5.1 had 4-choice responses (i.e., never, sometimes, usually, and always); all other questions had 2-choice
responses (i.e. yes or no)

*, Related to the application of the following Ethical Principles: Autonomy, Beneficence, Non-maleficence, Dignity,
and Honesty. †, the first tier ambulance corresponds to the capability of BLS plus defibrillation, whereas the second
tier ambulance corresponds to the capability of ALS and monitored mechanical ventilatory and hemodynamic
support offered by specifically trained and certified personnel. ‡, Related to the application of the Principles of
Justice and Beneficence. Scores of Domain A subsections A1.3 and A2.2; and scores of Domain subsections D1.3
(question about 112 as emergency number); D2.3; D3.1; D3.2; D3.4, D6, and D7 were not included in the 2019
vs. 2015 comparative analysis, because the corresponding questions were not included in the 2015 Survey [3].
Therefore, for the purpose of this comparative analysis, the Max. Scores for the 2019 domain A and D were 41 and
40, respectively.

Respondents chose either among four options, that is, never, sometimes, usually and
always or between no and yes [3]. Subsequently, responses of never/sometimes and usu-
ally/always were categorized as no and yes, respectively. All data were entered in an original,
“anonymized” Excel Masterfile. Original responses were received from 1 September 2019,
to 25 October 2019. Participants from each country were asked to reconfirm their answers
and provide any missing answers, approximately 3 months after the initial email invitation.
Participants were also asked whether they agreed or disagreed with answers provided
by other participants from the same country. In cases of disagreement, we encouraged
resolution through consensus. The process of data finalization lasted from 1 December 2019
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to 31 January 2020. Only consensus-based, country-specific responses were ultimately
analyzed, besides the case(s) of having to include responses from just one country-specific
respondent. This resulted in a final Excel Masterfile that included a single, country-specific
response to each one of the survey questions [3]. For data analysis, we used a dichoto-
mous quantizing approach by grading a positive response with 1 and a negative response
with 0 [24].

2.1. Questionnaire Structure and Grading

The 2019 questionnaire was organized into four domains (Table 1), precisely like the
2015 questionnaire [3]. Domain A (practices/decisions related to end-of-life care) included
subdivisions that included sets of questions pertaining to (1) eight end-of-life practices (e.g.,
do-not-attempt cardiopulmonary resuscitation (DNACPR), advance directives, advance
care planning); (2) end-of life decisions and (3) family presence during resuscitation. Each
domain A subdivision could reach a maximum subscore if the responses to all of its
subcomponent questions were positive. Domain A score was calculated as the sum of the
aforementioned subscores (Table 1).

Domain B, C, and D scores were also calculated by summation of the respective
subscores (Table 1). Domain B included subdivisions with sets of questions pertaining
to access to (1) best out-of-hospital resuscitation care; (2) best in-hospital resuscitation
care; and (3) best postresuscitation care. Domain C subdivisions concerned (1) death
diagnosis; and (2) organ donation. Domain D subdivisions included sets of questions
related to (1) access to emergency care; (2) defibrillation; (3) organization of out-of-hospital
emergency care; 4) organization of in-hospital emergency services; (5) registry reporting of
cardiac arrest and (6) education (Table 1).

As further detailed in the footnote of Table 1, Domains A and D of the 2019 ques-
tionnaire had a total of 10 sets of questions (concerning specific variables, for example,
advance care planning (ACP)) that were not included in the 2015 questionnaire. These
“new—2019-only” questions were not taken into account in the calculation of the 2019
Domain A and D scores for the purpose of the below-presented 2019 vs. 2015 comparisons.

2.2. Study Outcomes

The primary outcome was the presence/absence of statistically significant differences
between 2015 and 2019 in domain A to D scores of all participating countries.

The secondary outcome was the presence/absence of significant differences between
2015 and 2019 domain A to D scores of countries with “low” domain scores in 2015. “Low”
2015 scores were defined as domain scores equal to or lower than the corresponding, overall
mean score values of 2015 [3]; more specifically, “low” 2015 scores for domains A, B, C and
D were those not exceeding 18, 7, 12 and 23, respectively [3]. Accordingly, “high” (or above
average) 2015 scores for domains A, B, C, and D were those exceeding 18, 7, 12 and 23,
respectively [3].

The tertiary outcome was the presence/absence of significant differences between
changes in “low” 2015 domain scores from 2015 to 2019, and changes in “high” 2015 domain
scores from 2015 to 2019.

2.3. Additional Data Collection in the Context of Un-Prespecified, Exploratory Analyses

In an effort to determine any potential effect of the coronavirus disease-19 (COVID-19),
we asked respondents to determine whether the pandemic could have resulted in changes
in any of their original responses to the questionnaire (Table 1). Pertinent data collection
started on 15 May 2020 and ended on 29 June 2020.

2.4. Protocol Approval and Registration

The study protocol was approved by the Ethics and Scientific Committee of Evaggelis-
mos General Hospital Athens, Greece. The approval was used for study conduct in 32/44
European countries (73%) and Turkey. Countries are listed in the online supplement, along
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with details for informed consent and personal data protection. The protocol was registered
with Clinicaltrials.gov (Identifier: NCT04078815).

2.5. Statistical Analyses

The internal consistency of the 2019 and the 2015 questionnaires was assessed by
the determination of domain-specific Cronbach’s alpha. The distribution normality of
domain scores and subscores was assessed by the Kolmogorov–Smirnov test with Lilliefors
significance correction. Data are reported as number, number (percentage) and median
(IQR) or mean ± SD unless otherwise specified. Comparisons pertaining to (1) study
outcomes; and (2) domain subscores were conducted using an independent samples t-test
or the Mann–Whitney U test.

Bivariate linear regression was used to explore possible associations between (1) the
2019 domain A and D scores with and without the “new—2019-only” questions [3]; and
(2) the 2019 variable-specific scores for DNACPR or advance directives and ACP. All
analyses were performed using SPSS version 28 (IBM Corporation, Armonk, NY, USA). All
reported P values are two-sided. Statistical significance was set at p < 0.05.

3. Results
3.1. Respondents and Countries Participating in the Analysis

A study flow diagram is presented in Figure 1. Initial responses were received from 1
September 2019, to 28 October 2019 from 85 respondents originating from 31/33 European
countries (93.9%). The median number (IQR) of respondents per country was 2 (1–4) and
ranged from 1 (9 countries) to 9 (1 country). Details on conflicting and/or initially missing
responses are presented in Supplemental Table S1. Consensus on conflicting responses
and provision of initially missing responses was accomplished for 25/33 countries (75.8%),
which were ultimately included in the analyses.
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Figure 1. Flow diagram of responses to the 2019 questionnaire.

3.2. Internal Consistency of the 2019 and 2015 Questionnaires

Domains A (end-of-life care practices/decisions), B (access to best resuscitation/
postresuscitation care), C (death diagnosis/organ donation) and D (emergency care or-
ganization) of the 2019 questionnaire had Cronbach’s alpha values of 0.94, 0.94, 0.63 and
0.74, respectively. Domains A, B, C and D of the 2015 questionnaire, had Cronbach’s alpha
values of 0.94, 0.88, 0.61 and 0.78, respectively. Regarding domain C, deletion of a question
regarding “organ donation by opting in” in the 2019 questionnaire (Table 1), and deletion
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of a question about “use of brain death criteria in “out-of-hospital cardiac arrest” in the
2015 questionnaire [3] (Table 1) would result in respective alpha values of 0.70 and 0.68.

3.3. Results on Study Outcomes

Results on the primary and secondary outcomes are summarized in Figures 2 and 3,
respectively; further details, including scores of variable-specific sets of questions, and
additional, subgroup-specific data are presented in Supplemental Tables S2–S5.
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Figure 2. Summary results on the primary study outcome. Boxplot presentation of subscores and
scores of domains (A–D) of the study questionnaire. Data originate from the 25 participating countries.
Bars reflect median value; box height reflects interquartile range; bars on top or bottom of the boxes
reflect actual range of values; symbols (circles and asterisk) reflect countries with outlier score values,
that is, score values outside the range that corresponds to box height plus the bars. †, p < 0.05 vs.
2015; ‡, p ≤ 0.01 vs. 2015.

Regarding the primary outcome, domain A and B scores did not differ significantly
between 2015 and 2019 (Figure 2). However, domain C score was lower by 1 point in
2019 vs. 2015 (95% confidence interval (CI): 1 to 3; p = 0.02); this change was driven by a
reduction in the organ donation subscore (Figure 2, Table S3). In contrast, from 2015 to 2019,
domain D score exhibited a significant increase of 2.6 points (95% CI: 0.2 to 5.0; p = 0.035)
(Figure 2, Table S3). Regarding domains A and D, the comparable ranges of score values
(Figure 2) and coefficients of variation in 2019 (Table S3) suggest the persistence of the
considerable variation in end-of-life practices and emergency care organization observed
in 2015 [3].

Regarding the secondary outcome, in countries with “low” 2015 domain scores, do-
main B and C scores did not differ significantly between 2015 and 2019 (Figure 3). However,
from 2015 to 2019, the domain A score increased by 5.5 points (95% CI: 0.4 to 10.6; p = 0.047)
(Figure 3, Table S4). The domain D score also increased by 4.7 points (95% CI: 2.1 to 7.3;
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p = 0.009) (Figure 3, Table S4), thereby driving the “overall increase” reported above and in
Figure 2 and Table S3.

In the context of a “pragmatic”, practice-level presentation, Table 2 presents the main,
observed, proportional changes in positive responses to variable-specific questions from
2015 to 2019.
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Figure 3. Summary results on the secondary study outcome. Boxplot presentation of subscores and
scores of domains (A–D) of the study questionnaire. Data originate from countries with “low” 2015
domain scores (n = 13 for domains (A,C); n = 15 for domain (B); and n = 9 for domain (D)). Bars
reflect median value; box height reflects interquartile range; bars on top or bottom of the boxes reflect
actual range of values; symbols (circles and asterisk) reflect countries with outlier score values, that
is, score values outside the range that corresponds to box height plus the bars. †, p < 0.05 vs. 2015;
‡, p ≤ 0.01 vs. 2015.
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Table 2. Main proportional (%) changes in positive responses to variable-specific questions from 2015
to 2019.

Domain A—End-of-Life Care
Practices/
Decisions

Legally
Allowed

Legally
Sup-

ported

Application
out-of-/in-
Hospital

Application Related to Start/Stop CPR Written in
Medical
Records

ReviewedSTIER AMB 1st TIER AMB 2nd TIER AMB
Hospital

DNACPR—all countries
(n = 25) 16% 0% +28%/+28% 8% 4% 24% 12% 24% 0%

DNACPR—low 2015 score
(n = 13) 31% 23% +46%/+46% 15% 15% 31% 23% 31% 15%

Ads—all countries (n = 25) 20% 12% +20%/+24% 0% −8% 8% 8%
Ads—low 2015 score (n = 13) 46% 46% 0.794872 8% 15% 23% 31%

Term. Analg/Sed - all
countries (n = 25) −12% −12%

Domain A Legally
allowed

STIER
AMB 1st TIER AMB 2nd TIER

AMB Hospital

TOR Protocols—all countries
(n = 25) −4% −12% −4% 0% −28%

Domain C -Death
diagnosis/organ donation

Heart
beating

Non-heart
beating Opt in Opt out

Opt in
and/or

Opt out

Table 2. Cont.

Organ donation—all countries
(n = 25) 0% 0% −48% −8% −8%

Domain D -Emergency care
organization

STIER
AMB

1st TIER
AMB Fire Cars Police

Cars
Public
Places

Mass
gather-

ings
FRDP Other

Defibrillation Av/ty—all
countries (n = 25) 32% 12% 12% 20% 0% 12% −4% −8%

Defibrillation Av/ty—low 2015
score (n = 9) 78% 33% 33% 56% 0% 22% 11% 0%

Domain D PAD
programs

Home
AED School AED

In-
hospital

AED

AED
Registry—

Nat.

AED
Registry—

Reg.

PAD—all countries (n = 25) 8% 4% 28% 12% 12% 36%

Domain D Physician Nurse AMB
Personnel Police On-site

Responder Citizen

Legally allowed to
defibrillate—low 2015 score (n

= 9)
0% 0% −11% 0% −11% 22%

Domain D STIER—
ALS

1st TIER—
ALS

1st TIER—
Defibrillation

2nd
TIER—

ALS

AMB level of care—all
countries (n = 25) 36% 36% 12% 0%

AMB level of care—low 2015
score (n = 9) 67% 78% 33% 11%

OHCA IHCA

Registry reporting—all
countries (n = 25) 36% 40%

Registry reporting—low 2015
score (n = 9) 33% 44%

STIER, single tier; AMB, ambulance; DNACPR, do-not-attempt cardiopulmonary resuscitation; ADs, advance
directives; Term. Analg/Sed, terminal analgesia/sedation; TOR, termination of resuscitation; Av/ty, availability;
FRDP, first responder dispatch project; PAD, public access defibrillation; AED, automated external defibrillator;
Nat., national; Reg., regional, ALS, advanced life support; OHCA, out-of-hospital cardiac arrest; IHCA, in-hospital
cardiac arrest. Regarding “all participating countries (n = 25)”, proportional changes of ≥12% in ≥3 countries are
highlighted in bold script. Domain A: regarding “countries with low 2015 scores (n = 13)” proportional changes
of ≥15% in ≥2 countries are highlighted in bold script. Domain D: regarding “countries with low 2015 scores
(n = 9)” proportional changes of ≥22% in ≥2 countries are highlighted in bold script.

Regarding the tertiary outcome, in countries with “low” 2015 domain A to D scores,
all changes in the scores of domains A, C and D from 2015 to 2019 were arithmetically
positive and differed significantly from the respective changes determined for countries
with “high” 2015 domain A to D scores (p ≤ 0.02) (Table 3).
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Table 3. Summary results on the tertiary outcome.

Domain A
∆Score 2015 to 2019

Domain B
∆Score 2015 to 2019

Domain C
∆Score 2015 to 2019

Domain D
∆Score 2015 to 2019

Low 2015 score countries, n,
median (IQR) or mean ± SD

n = 13
4.0 (−0.5–10.0) *

n = 15
0.8 ± 5.4

n = 13
0.5 ± 1.9 †

n = 9
4.8 ± 4.4 ‡

High 2015 score countries, n
median (IQR) or mean ± SD

n = 12
−2.0 (−6.0–−0.3)

n = 10
−2.8 ± 9.0

n = 12
−3.2 ± 4.3

n = 16
1.4 ± 4.6

Domain A, Practices/decisions related to end-of-life care; Domain B, Access to Best Resuscitation and Postresusci-
tation Care; Domain C, Death Diagnosis and Organ Donation; Domain D, Emergency Care Organization; ∆Score,
Change in Score (from 2015 to 2019). The tertiary outcome comprises the comparison of ∆Scores from 2015 to
2019 between countries with low 2015 scores and countries with high 2015 scores; low and high 2015 scores are
defined in Methods. *, p = 0.01 vs. high-score countries †, p = 0.01 vs. high-score countries ‡, p = 0.02 vs. high
score countries.

3.4. Responses Pertaining Only to the 2019 Survey

Responses to questions included only in the 2019 survey are detailed in the supplement.
Country-specific, positive response rates of >50% pertained primarily to ACP, shared
decision making, dispatcher-assisted CPR and guidance about compressions/ventilation,
quality features of prehospital (ambulance) care and educational programs for ethics.

3.5. Exploratory Analyses

Linear regression revealed significant associations between 2019 domain A (end-of-life
care practices/decisions) and domain D (emergency care organization) scores (adjusted
r2 = 0.35 to 0.43; p ≤ 0.001; Supplemental Figure S1A,B). There were also strong linear
relationships between the 2019 variable-specific score for DNACPR and ACP (r2 = 0.68,
p < 0.001; supplemental Figure S1C) and the 2019 variable-specific score for advance
directives and ACP (r2 = 0.79, p < 0.001; Supplemental Figure S1D). Additional details are
reported in the supplement.

Results on the effect of COVID-19 were remarkable mainly for changes in access to
resuscitation care; for further details see the supplement’s text and Table S6.

4. Discussion

The current comparison of responses to the 2015 and 2019 questionnaires from 25 coun-
tries revealed no overall significant changes in end-of-life practices and access to best resus-
citation/postresuscitation care. There was an apparent decline in organ donation practices
in just two countries. There was a significant improvement in the 2019 emergency care
organization, driven by countries with “low” 2015 domain D scores. Furthermore, from
2015 to 2019, the frequency of application of end-of-life practices increased significantly
in countries with “low” 2015 domain A scores, as opposed to countries with “high” 2015
domain A scores. The considerable variation in practices and emergency care organization
noted in 2015 persisted in 2019. As in 2015, a higher 2019 end-of-life practice score was
predictive of an improved 2019 emergency care organization [3].

Regarding end-of-life practices, our results are consistent with recent papers on new
legislation [25,26] by suggesting a country-level expansion of legal support [3] and applica-
tion/implementation of DNACPR and advance directives. Integration of DNACPR/advance
directives with ACP has been recently advocated in the context of a holistic approach to
honoring patient preferences [4,18]. Accordingly, exploratory analyses revealed that the
2019 variable-specific scores for DNACPR and advance directives were predictive of the
variable-specific score for ACP.

Current European guidelines support using terminal analgesia and sedation, without
hastening death [7,27]. Accordingly, the new Italian law entitled “Rules about informed
consent and advance directives” supports prescribing clinically indicated, deep sedation
for terminally ill patients, in the presence of valid informed consent [26]. The right to deep
continuous sedation is also established by the recent, French Claeys–Leonetti law [28]. The
use of sedation and analgesia does not seem to shorten the dying process of terminally ill
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patients [4,27,29]. Furthermore, terminal sedation and analgesia are recommended by re-
cent Canadian guidelines for the alleviation of any pain/distress after LST withdrawal [30].
This clearly differs from the practice of euthanasia, that is, the intentional and painless ter-
mination of the patient’s life upon their request [31]. Despite the fundamental difference as
regards the main objective of the intervention (i.e., alleviation of distress vs. termination of
life), several authors have expressed concerns about a potential “practice overlap” between
deep sedation until death and euthanasia [26,28,32–42]. This could partly explain our
results of declining legal support/application of terminal analgesia and sedation, despite
the recently reported increase of treatment limitation decisions over time in Europe [1].
Indeed, if certain respondents (subjectively/erratically) viewed “terminal analgesia and
sedation” as a form of “euthanasia” [40], they might have provided negative responses for
legal support/application [2,31].

In Western countries, out-of-hospital termination-of-resuscitation rules perform well,
with proportions of cardiac arrest survivors recommended for termination (i.e., miss rates)
of <1% [43,44]. However, miss rates may exceed 6% in countries with lower proportions
of in-field defibrillation attempts and shorter in-field resuscitation before patient trans-
portation [44]. Furthermore, the application of termination-of-resuscitation protocols
may vary widely at the country level (according to legal support) [6,44], regional health-
care system level (depending on the local frequency of witnessed arrest and bystander
CPR) [45], emergency medical service (EMS) or hospital level (according to service-
specific or institution-specific resuscitation policies) [44,46] and healthcare professional
level (according to pertinent knowledge/expertise, confidence and right/responsibility
to decide, possible fear of litigation and personal views) [6,47–49]. Such multiple sources
of variation and the concurrent inability to issue a “universal/clear-cut” recommendation
for a rule [4] may explain our results of the declining application of termination-of-
resuscitation protocols.

Organ transplantation prolongs the life of recipients and improves its quality [50]. An
ongoing shortage of organs for transplantation has led to the consideration of uncontrolled
donation after circulatory death (DCD) [51]. Over the past 16 years, there has been a steady
increase in DCD in the United Kingdom, the Netherlands, Belgium and Spain [50,52].
Such country-specific increases in organ donation could not be detected by our survey
questions (Table 1).

Automated external defibrillator (AED) availability and use improve survival and
neurological outcome after shockable out-of-hospital cardiac arrest [53–58]. Barriers and
facilitators of bystander defibrillation are related to knowledge/awareness, training, will-
ingness, AED availability/accessibility, medicolegal issues, AED registration and dispatcher
assistance [59]. Major problems contributing to AED underutilization comprise AED re-
trieval distance and time-dependent availability (e.g., functional AED not available at
night) [60,61]. Recently proposed improvements included mathematical optimization of
AED placement and AED drone delivery to lay rescuers [62,63]. Our results are consistent
with an ongoing and expanding effort to increase AED availability in various locations and
emergency vehicles and improve AED data collection by creating new AED registries.

Our results of increased defibrillation availability are consistent with the reported
improvements in ambulance/pre-hospital level of care. However, the pertinent key de-
terminant was the reported increase in ambulance advanced life support (ALS) (Table 1).
Prehospital ALS is cost-effective [64] and efficient paramedic training in ALS interventions
may lead to better patient outcomes [65–68]. Physician-staffed ambulances have been
associated with improved neurological outcomes in bystander-witnessed cardiac arrest [69].
EMS physician attendance has been associated with improved survival after cardiac arrest
in Norwegian rural areas [70].

As elsewhere detailed [6], registry-based analyses offer valuable insights into regional
variation, temporal trends and determinants of cardiac arrest outcomes, the potential efficacy
of therapeutic interventions, and the extent of evidence-based clinical practice [70–73]. The
EuReCa projects combined data from the national cardiac arrest registries of 28 European
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countries and have already reported on key modifiable variables (e.g., bystander CPR and
defibrillation rates) affecting patient outcomes [73]. Accordingly, our results suggest an
improvement in registry reporting of cardiac arrest from 2015 to 2019.

Responses to domain A and D “2019-only” questions suggested variation in end-of-
life practices and emergency care organization, respectively. Variable-specific scores for
DNACPR and advance directives were predictive of the variable-specific score for ACP,
possibly implying increasing integration of advance directives with ACP [6,18]. Overall
and “2019-only” results on emergency care organization indicate a need for multilevel
improvement in many countries and are consistent with the observed large variation in
cardiac arrest outcomes [71,73].

The current questionnaire was not specifically designed to detect pandemic-induced
changes in resuscitation practices and patient outcomes [74–76]. Our results are consistent
with the recently reported less CPR initiation by bystanders/first aid providers and mobile
medical teams, and less AED use [74,75].

Strengths and Limitations

The current survey’s strengths include coverage of multiple aspects of resuscitation
and end-of-life practices/care and comparative determination of their time-dependent
changes [3,31].

Limitations (including subjectivity-related bias) exhibit similarities to those acknowl-
edged in our 2015 survey [3]. In 2019, we attempted to increase the number of 1–2 respon-
dents per country in 2015; this was not feasible for 9/25 countries (36%; Supplemental
Table S1). Consequently, the current work is still primarily based on the opinion of just a
few experts from each participating country. We also requested confirmation of original
answers and provision of missing answers within 3 months (as opposed to 6 months in
2015). Furthermore, in contrast to 2015, we analyzed only consensus-based data from most
(i.e., 16/25; 64%) of the participating countries. Arguably, these methodological differences
between the current and the 2015 survey may have limited their comparability. Never-
theless, in 2015, we employed similar criteria for respondent selection and also analyzed
consensus-based data from 4/25 (16%) participating countries.

As in 2015, we assumed that respondents had a thorough knowledge of multiple
aspects of practice/care or access to information concerning survey items [3]. Furthermore,
we employed a dichotomous quantizing approach, which may risk the loss of critical
information but also limit respondent subjectivity [3,24]. Arguably, our approach could
be regarded as more suitable for questions answerable with a “clear yes or no” (e.g., are
DNACPR orders legally allowed?) and less suitable for differentiated questions (e.g.,
are DNACPR orders applied in the out-of-hospital or in-hospital setting?). However, the
determined Cronbach’s alpha values indicated similarly good-to-strong internal consistency
of the 2015 and 2019 survey domains [77–79]; this further suggests homogenous and
replicable patterns of participant responses in both surveys [79], thereby also supporting
domain scores’ comparability.

Our results were derived by simple summation of positive responses and should there-
fore be interpreted with caution as a higher domain A score may not always indicate better
practice. Controversial end-of-life practices such as euthanasia and physician-assisted sui-
cide (PHAD) [80,81] should not be considered equivalent to practices aimed at safeguarding
patient autonomy, such as advance directives and ACP [4–6]. However, euthanasia/PHAD
are rarely requested/practiced [2], and pertinent positive responses (increasing domain A
scores by ≤15%) were provided by just 4/25 (16%) and 5/25 (20%) countries in 2015 and
2019, respectively.

Finally, in 5/25 countries (20%; respondents, n = 1 and ≥3, in three and two coun-
tries, respectively), we noted domain A score changes of >10 points from 2015 to 2019
(supplemental Tables S1 and S2); pertinent contributing factors could include improved
adherence to ethics/end-of-life guidelines published in 2014 and 2015 [5,7], changes in
local legislation [25], and recall/social desirability bias [1].
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5. Conclusions

There was a persisting, substantial variation in resuscitation/end-of-life practices
across Europe in 2019, indicating a need for progress, preferably through harmonized
legislations, governmental policies, and education/training. There was an overall improve-
ment in emergency care organization from 2015 to 2019, driven by countries with “low”
2015 emergency care organization scores. Significant end-of-life practice changes were also
noted in countries with “low” 2015 end-of-life practice scores. As in 2015, higher end-of-life
practice scores were associated with better emergency care organization in 2019.
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Abstract: Purpose: the pathophysiologic mechanisms explaining differences in clinical outcomes
following COVID-19 are not completely described. This study aims to investigate antibody responses
in critically ill patients with COVID-19 in relation to inflammation, organ failure and 30-day survival.
Methods: All patients with PCR-verified COVID-19 and gave consent, and who were admitted
to a tertiary Intensive care unit (ICU) in Sweden during March–September 2020 were included.
Demography, repeated blood samples and measures of organ function were collected. Analyses of
anti-SARS-CoV-2 antibodies (IgM, IgA and IgG) in plasma were performed and correlated to patient
outcome and biomarkers of inflammation and organ failure. Results: A total of 115 patients (median
age 62 years, 77% male) were included prospectively. All patients developed severe respiratory
dysfunction, and 59% were treated with invasive ventilation. Thirty-day mortality was 22.6% for
all included patients. Patients negative for any anti-SARS-CoV-2 antibody in plasma during ICU
admission had higher 30-day mortality compared to patients positive for antibodies. Patients positive
for IgM had more ICU-, ventilator-, renal replacement therapy- and vasoactive medication-free days.
IgA antibody concentrations correlated negatively with both SAPS3 and maximal SOFA-score and
IgM-levels correlated negatively with SAPS3. Patients with antibody levels below the detection limit
had higher plasma levels of extracellular histones on day 1 and elevated levels of kidney and cardiac
biomarkers, but showed no signs of increased inflammation, complement activation or cytokine
release. After adjusting for age, positive IgM and IgG antibodies were still associated with increased
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30-day survival, with odds ratio (OR) 7.1 (1.5–34.4) and 4.2 (1.1–15.7), respectively. Conclusion: In
patients with severe COVID-19 requiring intensive care, a poor antibody response is associated with
organ failure, systemic histone release and increased 30-day mortality.

Keywords: COVID-19; SARS-CoV-2; critical care; antibody response; NET; histones

1. Background

The ongoing COVID-19 pandemic, caused by the novel SARS-CoV-2 virus, has caused
millions of deaths worldwide and left the healthcare system in many countries in the
worst crisis for decades. Since the virus phenotype is novel for humans, no patients have
previous antibodies specific for the virus, creating a situation where, in theory, all humans
are susceptible for infection and severe disease. Despite this, the clinical course of SARS-
CoV-2 infection varies substantially, from asymptomatic carriers to severe multiple organ
dysfunction syndrome (MODS) and death, probably explained by individual variations in
the immune response.

Several risk factors, both for the development of severe disease but also for death, have
been identified [1]. Age is the strongest risk factor, but several others such as male sex, car-
diovascular disease, obesity, chronic obstructive pulmonary disease (COPD), Alzheimer’s
disease and genetic predisposition are now known to increase the risk of poor outcomes
following COVID-19 disease [2–6]. Even if part of the increased risk is due to physiologic
fragility, for example, very old patients have lower cardiopulmonary reserve to cope with
a pneumonia regardless of the causative agent, the immune response to the infection is
likely of great importance [7,8]. Several studies have described the immune response
during COVID-19 and defined differences between patients developing severe disease and
patients with asymptomatic or mild disease [9,10]. However, somewhat conflicting results
concerning antibody responses have been presented, perhaps reflecting sampling site,
varying cohorts or the timing of blood sampling [11–16]. It appears that an adequate, early
response from the innate immune system, including expression of type I interferons (IFN),
is important for reducing viral replication, allowing the slower adaptive immune system to
become fully activated [17]. SARS-CoV-2 has the ability to suppress the expression of type
I IFN, and hence inhibit the innate immune response to the virus [18]. A delayed innate
immune response might also lead to a longer activation time for the adaptive immune
response, since the two systems are dependent on each other for optimal function. We
hypothesised that a delayed or absent adaptive immune response in critically ill patients
with COVID-19 would cause higher mortality and organ failure. Several groups have also
reported that SARS-CoV-2 can induce neutrophil extracellular trap (NET) formation in
neutrophiles and that NET-formation could be part of the immunopathology in severe
COVID-19 [19–25].

Our group previously reported that a weak anti-SARS-CoV-2 antibody response was
associated with increased mortality in a small cohort of intensive care patients with COVID-
19 disease [26]. The aim of this study is to describe the effects of an impaired antibody
response, with regard to 30-day survival, organ failure and activation of other parts of
the immune system, identifying key pathophysiological mechanisms in a large group of
intensive care patients.

2. Materials and Methods
2.1. Study Design

This single centre, prospective observational investigation is a sub-study of the
PronMed-study, approved by the Swedish National Ethical Review Agency (EPM; No.
2020-01623). Informed consent was obtained either by the patient or by a next-of-kin if
the patient was unable to receive information due to their clinical status. The Declaration
of Helsinki and its subsequent revisions were followed. The protocol of the study was
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registered a priori (ClinicalTrials ID: NCT04316884). STROBE guidelines were followed
for reporting.

2.2. Data Collection

All patients admitted to the central intensive care unit at Uppsala University Hospital
during the first wave of the pandemic in 2020, with suspected COVID-19 infection, were
screened for inclusion.

Background characteristics of the patients were obtained through patients’ electronic
medical records. Clinical data were collected prospectively daily. Blood samples were taken
at ICU admission and three times per week during the time patients were treated in the ICU.
Simplified Acute Physiology Score 3 (SAPS3) on admission and daily Sequential Organ
Failure Assessment (SOFA) score were calculated prospectively [27,28]. Acute kidney
injury (AKI) was diagnosed according to the Kidney Disease: Improving Global Outcome
(KDIGO) creatinine criteria [29].

2.3. Plasma Analyses

Peripheral blood from patients with COVID-19 was collected into EDTA- and citrate-
containing tubes and plasma was separated using centrifugation at 3000× g for 10 min.
After separation, all plasma samples were stored at −80 ◦C.

Complete blood cell counts (CBC), plasma C-reactive protein (CRP), procalcitonin, IL-6,
fibrin D-dimer, troponin I and N-terminal pro-brain natriuretic peptide (NT-pro-BNP), kid-
ney function tests (plasma creatinine and cystatin C), liver function tests (plasma bilirubin,
alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase
(ALP)) were performed in the hospital central laboratory. CBC was analysed on a Sysmex
XN instrument (Sysmex, Kobe, Japan) while plasma CRP, ferritin, troponin I, kidney and
liver markers were analysed on an Architect ci16200 (Abbott Laboratories, Abbott Park,
IL, USA). IL-6 was measured by a commercial sandwich ELISA kit (D6050, R&D Systems,
Minneapolis, MN, USA). IgA, IgG and IgM antibodies against SARS-CoV-2 Spike-1 protein
were quantified by FluoroEnzymeImmunoassay (FEIA), Phadia AB, Uppsala, Sweden. The
analyses were performed on the last sample obtained during the stay at the ICU but within
30 days from symptoms onset to maximise the probability to discover plasma-antibodies.
The lower limit of detection was 5 and 20 ug/L for IgA and IgM, respectively, and 10 U/L
for IgG.

Cytokine and complement analyses are described in detail in the Supplementary Material.
SARS-CoV-2 RNA in plasma was determined by reverse transcription qPCR as previ-

ously described [30]. For qualitative and quantitative detection of viral RNA, we used the
2019-nCoV N1 reagent set from the published protocol from the Center for Disease Control
(CDC) of the United States [31]. For quantitative analysis, the ISO 13485 certified molecular
standard Quantitative Synthetic SARS-CoV-2 RNA: ORF, E, N (VR-3276SD, American
Tissue Type Collection) was used as external calibrator. The reaction showed linearity over
6 orders of magnitude with 109 copies/mL and 300 copies/mL as the upper and lower
limits of quantitative detection, respectively. The viral RNA analyses were performed at
samples taken between day 1 and day 7 in the ICU.

2.4. Histone Analyses

The presence of histones was determined via a semi-quantitative Western blotting
method as previously described [32,33]. In short, plasma was diluted 10 times and sepa-
rated via SDS-PAGE gel electrophoresis (4–15% gradient gel), and transferred to a PVDF
membrane (Bio-Rad Laboratories, Hemel Hempstead, UK) using semi-dry blotting. After
blocking, the membranes were incubated overnight with a primary rabbit anti-histone H3
antibody (1:10,000, sc-8654-R, Santa Cruz Biotechnology, Heidelberg, Germany), followed
by 1 h incubation with a secondary biotin-conjugated donkey anti-rabbit IgG antibody
(1:10,000, ab97083, Abcam, Cambridge, UK), and 30 min with a streptavidin-biotin complex
(1:500, Vectastain, Vector Laboratories, Burlingame, CA, USA). Histone H3 bands were
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visualised by the WesternBright ECL substrate (Advansta, San Jose, CA, USA) on the iBright
CL1500 Imaging System (ThermoFisher Scientific, Waltham, MA, USA). The band densities
were quantified by iBright Analysis Software, compared to known standard concentrations
of purified calf thymus H3 (Roche, Basel, Switzerland).

2.5. Statistics

Categorical variables are presented as number of observations (percentage of total
number of observations) and continuous variables as medians and interquartile range
(IQR). Comparison between dichotomous variables were made with Pearson’s Chi2-
test or Fischer’s exact test as appropriate. Continuous variables were compared with
the Mann–Whitney U test. Correlation between antibody levels and SAPS3/SOFA were
assessed with Spearman correlation. Analyses of survival in relation to whether patients
were positive or negative for antibodies were further assessed with multiple logistic re-
gression while controlling for age. For calculations and figures, SPSS Statistics software,
version 23 (IBM) was used. p < 0.05 was considered significant.

3. Results

Between 13 March and 28 September 2020, 125 patients were included. After the
exclusion of patients without verified COVID-19 infection, patients where no blood samples
were obtained and patients where the diagnoses of COVID-19 were considered a secondary
finding, 115 patients were included in the final analyses. The vast majority (88%) of the
patients in the study were admitted during March–May.

3.1. Patient Characteristics

The median age for all patients was 62 years and 77% were male (Table 1). Median
time from onset of symptoms until ICU admission was 10 days. Ninety percent of the total
cohort developed anti-SARS-CoV-2 antibodies during their time in the ICU. Eighty-nine
patients (77%) were alive after 30 days. Five (4%) of the included patients had a known
immune deficiency prior to admission, either due to immune suppressive treatment or
disease (previous organ transplant, lymphoma or B-cell suppressive treatment). Two of
these patients did not develop antibodies and two only expressed IgM and IgM + IgG,
respectively. Four of these patients were alive at 30 days from ICU admission. Thus, 110
out of 115 patients had no known reason for impaired antibody responses. For the groups
with negative vs. positive SARS-CoV-2 antibodies, there was no difference in median time
from ICU admission to blood sampling for antibody analyses.

Table 1. Patient characteristics.

All Patients
n = 115

Alive at 30 Days

Yes
n = 89

No
n = 26

Age 62 (52–71) 57 (51–67) 73 (68–79)

Male sex 88 (77%) 67 (75%) 21 (81%)

SAPS3 on ICU arrival 53 (47–57) 50.5 (46–56) 60 (55–65)

Days with symptoms on ICU arrival 10 (8–12) 10 (9–12) 10 (8–12)

BMI 28.6 (25.6–33.2) 28.8 (26.6–33.8) 27.4 (23.9–30.8)

Pulmonary disease 29 (25%) 21 (24%) 8 (31%)

Hypertension 62 (54%) 41 (46%) 21 (81%)

Diabetes 32 (28%) 24 (46%) 8 (31%)

Smoker Ongoing 7 (6%) 5 (6%) 2 (9%)
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Table 1. Cont.

All Patients
n = 115

Alive at 30 Days

Yes
n = 89

No
n = 26

Previous 20 (18%) 15 (17%) 5 (23%)

Alive at 30 days 89 (77%) 89 (100%) 0 (0%)

IgG positive 98 (85%) 80 (90% 18 (69%)

IgA positive 96 (83%) 80 (90%) 16 (62%)

IgM positive 103 (90%) 85 (96%) 18 (69%)

Results are expressed as n (%) or median (interquartile range, IQR). Abbreviations: BMI: Body mass index (kg/m2),
Alive at 30 days: 30 days from ICU admission. Age counted in years. Antibody-positive: Before ICU discharge.

3.2. Survival and Organ Dysfunction

Fifty-nine percent of the included patients were treated with mechanical ventilation
and 15% received renal replacement therapy. Patients positive for anti-SARS-CoV2 anti-
bodies had higher 30-day survival (which was the main outcome in the present analysis)
compared to patients negative for antibodies (30-day survival for IgM 83% vs. 33%, IgG
82% vs. 53% and IgA 83% vs. 47%). As a complementary analyses, 90-day survival was
analysed. This confirmed the findings with higher survival rates in the patient groups
positive for anti-SARS-CoV2 antibodies. (Figure 1 and Table 2).

Table 2. Comparison between patients with or without anti-SARS-CoV-2 antibodies.

All
Patients

Iga Positive
p

Igm Positive
p

Igg Positive
pYes

n = 96
No

n = 19
Yes

n = 103
No

n = 12
Yes

n = 98
No

n = 17

Alive at 30 days 89 (77%) 80 (83%) 9 (47%) 0.002 85 (83%) 4 (33%) 0.001 80 (82%) 9 (53%) 0.02

Alive at 90 days 84 (73%) 78 (79%) 6(38%) 0.001 82 (79%) 2 (18%) <0.001 79 (79%) 5 (33%) 0.01

Male sex 88 (77%) 79 (82%) 9 (47%) 0.002 83 (81%) 5 (42%) 0.007 79 (81%) 9 (53%) 0.03

Thrombotic events 15 (13%) 15 (16%) 0 (0%) n.s. 15 (15%) 0 (0%) n.s 15 (15%) 0 (0%) n.s.

Critical illness 15 (13%) 14 (15%) 1 (5%) n.s. 13 (13%) 2 (17%) n.s 14 (14%) 1 (6%) n.s.

Secondary infection 58 (51%) 51 (54%) 7 (37%) n.s. 52 (51%) 6 (50%) n.s 50 (52%) 8 (47%) n.s.

Vasoactive medication 75 (65%) 65 (68%) 10 (53%) n.s. 67 (65%) 8 (67%) n.s 65 (66%) 10 (59%) n.s.

Invasive ventilation 68 (59%) 62 (65%) 6 (32%) 0.007 61 (59%) 7 (58%) n.s 60 (61%) 8 (47%) n.s.

Renal replacement
therapy 17 (15%) 16 (17%) 1 (5%) n.s. 15 (15%) 2 (17%) n.s 16 (16%) 1 (6%) n.s.

AKI 68 (62%) 57 (62%) 11 (65%) n.s. 61 (62%) 7 (64%) n.s 60 (63%) 8 (62%) n.s.

Severe AKI 19 (17%) 17 (18%) 2 (12%) n.s. 18 (18%) 1 (9%) n.s 19 (20%) 0 (0%) n.s.

SARS-CoV-2 Plasma 57 (64%) 53 (64%) 4 (67%) n.s. 52 (63%) 5 (83%) n.s 50 (62%) 7 (88%) n.s.

Days with symptoms
on ICU arrival 10 (8–12) 10 (8–12) 10 (8–13) n.s. 10 (9–12) 9 (7–11) n.s. 10 (9–12) 9 (7–11) n.s.

BMI 28.6
(25.6–33.2)

29.0
(26.6–33.4)

26.4
(22.9–29.2) n.s. 28.6

(25.6–32.8)
28.7

(26.4–38.3) n.s. 28.7
(26.2–33.4)

26.9
(22.9–32.3) n.s.

Data are expressed as n (%) or median (interquartile range, IQR). Statistically significant differences between
groups marked in red. Antibody-positive: Before ICU discharge. Abbreviations: Alive at 30 days: 30 days from
ICU admission. AKI: Acute kidney injury. Severe AKI: AKI ≥ stage III. SARS-CoV-2 plasma: Patients with
SARS-CoV-2 virus detected in plasma. BMI: Body mass index (kg/m2). n.s.: Not significant. Groups compared
with Z-test or Mann-Whiney U test.
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negative for SARS-CoV-2 antibodies in plasma.

Patients positive for IgM also had more ICU-free days, ventilator-free days, renal
replacement-free days and vasoactive medication-free days. For IgG and IgA, antibody-
positive patients had more renal replacement-free days. (Table 3)

Table 3. Organ support in relation to positivity for anti-SARS-CoV-2 antibodies.

IgM Positive

Total Yes
n = 103

No
n = 12 p

ICU-free days 17 (0–24) 18 (0–24) 0 (0–0) 0.002

RRT-free days 30 (15–30) 30 (28–30) 0 (0–15) <0.001

Ventilator-free days 24 (6–30) 25 (15–30) 0 (0–11) 0.002

Vasoactive-free days 25 (15–30) 26 (19–30) 0 (0–19) 0.002

Lowest p/f-ratio 78.8 (69.8–95.3) 78.8 (69.8–95.3) 76.5 (66.0–105.5) n.s.

SARS-CoV-2 plasma (copies/mL) 0 (0–800) 0 (0–800) 600 (0–1100) n.s.

IgG positive

Total Yes
n = 98

No
n = 17 p

ICU-free days 17 (0–24) 18 (0–23) 0 (0–26) n.s.

RRT-free days 30 (15–30) 30 (28–30) 0 (0–30) 0.012

Ventilator-free days 24 (6–30) 25 (12–30) 11 (0–30) n.s.

Vasoactive-free days 25 (15–30) 26 (19–30) 19 (0–30) n.s.

Lowest p/f-ratio 78.8 (69.8–95.3) 78.0 (69.8–94.5) 89.3 (68.3–105.8) n.s.

SARS-CoV-2 plasma (copies/mL) 0 (0–800) 0 (0–800) 450 (0–2000) n.s.
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Table 3. Cont.

IgM Positive

Total Yes
n = 103

No
n = 12 p

IgA positive

Total Yes
n = 96

No
n = 19 p

ICU-free days 17 (0–24) 18 (0–23) 0 (0–27) n.s.

RRT-free days 30 (15–30) 30 (26–30) 30 (0–30) 0.039

Ventilator-free days 24 (6–30) 24 (12–30) 21 (0–30) n.s.

Vasoactive-free days 25 (15–30) 26 (19–30) 22 (0–30) n.s.

Lowest p/f-ratio 78.8 (69.8–95.3) 78.0 (69.0)–93.0) 89.3 (70.5–113.3) n.s.

SARS-CoV-2 plasma (copies/mL) 0 (0–800) 0 (0–800) 150 (0–2600) n.s.

Data are expressed as median (interquartile range, IQR). Statistically significant differences between groups
marked in red. Antibody-positive: Before ICU discharge. Abbreviations: RRT: Renal replacement therapy.
Vasoactive-free days: Days without vasoactive treatment. p/f-ratio: mmHg/FiO2 SARS-CoV-2 plasma: Viral
copies in plasma.

In a simple logistic regression model, odds ratios (confidence interval, CI) for 30-day
survival were 9.4 (2.6–34.8), 4.0 (1.3–11.6) and 5.6 (1.9–15.9) for patients positive for IgM,
IgG and IgA, respectively. When adjusting for age in a multiple logistic regression model,
positive tests for IgM and IgG antibodies were still correlated with higher OR for 30-day
survival, whereas no difference between the groups were seen for IgA. (Figure 2)
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Figure 2. Odds ratios for death in single and multiple logistic regression models with antibody
negativity and patient age as independent variables. Increasing age (counted in years) is associated
with higher mortality rates.

In the correlation analyses, IgA antibody concentrations correlated negatively with
both SAPS3 (r = −0.233, p = 0.013) and maximal SOFA score (r = −0.231, p = 0.014). No
correlation was seen between IgG and SAPS3 or SOFA whereas the levels of IgM antibodies
correlated negatively with SAPS3 (r = −0.231, p = 0.014).
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3.3. Plasma Biomarkers in Relation to Antibody Response

Next, we analysed plasma biomarkers and their relation to antibody response. Clinical
chemistry tests and blood cell counts analysed during ICU care were extracted from the
patients’ medical records, and ICU entry and peak values were calculated.

To corroborate the association between antibody response and organ support, biomark-
ers of organ failure were compared among antibody-negative and -positive patients. Signifi-
cant associations were observed for kidney (Creatinine, Cystatin C) and cardiac biomarkers
(NT-proBNP). A prominent activation of the coagulation system with elevated D-dimer
and platelet counts is an important feature of severe COVID-19 [34]. However, antibody-
negative subjects had significantly lower platelet counts, and a non-significant trend to-
wards lower D-dimer levels was observed. Furthermore, antibody-negative patients had
lower CRP levels, indicating an attenuation of systemic inflammation in patients with an
impaired antibody response.

To further characterise the immune response in relation to antibody positivity, biomark-
ers of the innate immune system, including cytokines, systemic histone release and comple-
ment activation, and white blood cell differential counts were analysed.

Antibody-negative patients had significantly higher plasma levels of extracellular
histones on day 1 compared to antibody-positive patients, and elevated extracellular
histone levels were observed irrespective of the antibody class (Figure 3). We could not find
strong associations between antibody levels in plasma and any of the analysed cytokines
(Supplementary Material).

J. Clin. Med. 2022, 11, x FOR PEER REVIEW 10 of 15 
 

 

 

Figure 3. Concentration of Histones H3 in plasma in relation to positivity/negativity for SARS-CoV-

2 antibodies in plasma. Antibody-positive: Before ICU discharge. Statistically significant differences 

between groups are marked by *. 

Complement factors and activation markers were analysed in plasma samples taken 

upon ICU admission (Supplementary Material). There was no difference in the degree of 

complement activation between antibody-positive and -negative patients, as measured by 

C3a, C3d and sC5b9 levels in plasma. In contrast, IgG and IgA antibody-negative patients 

had significantly lower circulating levels of intact complement factor C3 and factor B. 

4. Discussion 

The main finding of this study is that a poor antibody response is associated with 

increased mortality in patients with severe SARS-CoV-2-infection. Furthermore, patients 

with poor antibody response have higher rates of organ failure based on SAPS3 and SOFA 

score, even if the correlations are weak and should be interpreted with caution, and also 

based on the duration of organ support such as renal replacement therapy and vasoactive 

medication.  

These clinical associations were corroborated by biomarker analyses, where the 

strongest associations were seen for kidney function and cardiac biomarkers. In particu-

lar, antibody-negative patients had strongly elevated NT-proBNP levels during ICU care, 

which could indicate an increased rate of circulatory failure in agreement with a trend 

towards longer duration of vasoactive support in these patients. 

The strongest signal in our cohort for the associations with outcome is seen for IgM 

antibodies and it is reasonable to believe that this is due to the natural course of the B-cell 

development in the germinal centre (GC) reaction. Additionally, IgM, in its pentameric 

form, has the highest complement-activating capacity among all immunoglobulin sub-

classes, thus it has a very high neutralising capacity [35]. 

There was no significant difference in the concentration of viral copies in blood be-

tween the analysed groups, although patients negative for antibodies in this study did 

have numerically higher levels of viral copies in blood. The non-significance might reflect 

a lack of power in the study, and it would be interesting to analyse this in a larger group 

of ICU patients. However, we have previously described a lack of strong association be-

tween viremia and organ failure in COVID-19 [30,36]. 

As the production of antibodies is a result of a close and simultaneous collaboration 

between the innate and adaptive immune systems, alterations in the innate immune sys-

tem due to age, gender and/or genetic variations will skew the adaptive responses in 
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between groups are marked by *.

Complement factors and activation markers were analysed in plasma samples taken
upon ICU admission (Supplementary Material). There was no difference in the degree of
complement activation between antibody-positive and -negative patients, as measured by
C3a, C3d and sC5b9 levels in plasma. In contrast, IgG and IgA antibody-negative patients
had significantly lower circulating levels of intact complement factor C3 and factor B.

4. Discussion

The main finding of this study is that a poor antibody response is associated with
increased mortality in patients with severe SARS-CoV-2-infection. Furthermore, patients
with poor antibody response have higher rates of organ failure based on SAPS3 and
SOFA score, even if the correlations are weak and should be interpreted with caution,
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and also based on the duration of organ support such as renal replacement therapy and
vasoactive medication.

These clinical associations were corroborated by biomarker analyses, where the
strongest associations were seen for kidney function and cardiac biomarkers. In par-
ticular, antibody-negative patients had strongly elevated NT-proBNP levels during ICU
care, which could indicate an increased rate of circulatory failure in agreement with a trend
towards longer duration of vasoactive support in these patients.

The strongest signal in our cohort for the associations with outcome is seen for IgM
antibodies and it is reasonable to believe that this is due to the natural course of the B-cell
development in the germinal centre (GC) reaction. Additionally, IgM, in its pentameric form,
has the highest complement-activating capacity among all immunoglobulin subclasses,
thus it has a very high neutralising capacity [35].

There was no significant difference in the concentration of viral copies in blood be-
tween the analysed groups, although patients negative for antibodies in this study did
have numerically higher levels of viral copies in blood. The non-significance might reflect
a lack of power in the study, and it would be interesting to analyse this in a larger group of
ICU patients. However, we have previously described a lack of strong association between
viremia and organ failure in COVID-19 [30,36].

As the production of antibodies is a result of a close and simultaneous collaboration
between the innate and adaptive immune systems, alterations in the innate immune
system due to age, gender and/or genetic variations will skew the adaptive responses in
different directions [37]. It has been previously described that COVID-19 patients who
develop a mild disease responds with a fast antibody response of short duration. Patients
with severe disease instead have a slower antibody response with a longer duration [9].
Measurable antigen-specific antibodies in plasma from patients are a result of a successful
GC-reaction. When it comes to viral infections, the GC-reaction is dependent on antigen-
specific T-cells [38]. T-cell studies on patients with mild versus severe COVID-19 have in
both cases shown a robust specific T-cell response (both CD4+ and CD8+ T-cells) but the
T-cell phenotypes (e.g., cytokine production and dominant T-cell subset) differ between the
two disease severity groups [39,40]. It is thus plausible that differences in T-cell responses
would mirror any difference in priming of the GC-reaction and hence the antibody response.
From the results in our study, it seems that among patients developing severe the disease
who require intensive care, patients with a higher antibody response have a better chance
of survival, suggesting that an adequate response from both T- and B-cells is of great
importance in the defence against SARS-CoV-2 infections. The individual differences in
the total immune response to the virus causing COVID-19 might be due to several, not
mutually exclusive, mechanisms, e.g., it is described that the SARS-CoV-2 virus can inhibit
the initial innate immune response through suppression of type I IFN [41]. This can lead to
a slower activation of the adaptive immune system. In patients with an inherent poor type
I IFN-response this effect can give rise to a greater initial viral replication causing more
severe disease [42]. Thus, the slow activation of the adaptive immune system may reflect
an initial suboptimal innate immune response.

This hypothesis is supported by our biomarker analysis, which by several measures
indicated a lower degree of inflammation in antibody-negative subjects, possibly due to an
unknown inborn or acquired immune defect.

Our complement analyses revealed no differences in complement activation between
antibody-negative and -positive subjects, but they demonstrated significantly lower circu-
lating levels of intact complement protein C3 and Factor B in antibody-negative patients.
These factors are well-known to display an acute phase response pattern and are elevated
during systemic inflammation, hence lower plasma levels are agreement with an attenu-
ated inflammatory response in antibody-negative subjects. Furthermore, a recent study
on bronkoalveolar lavage in patients with severe COVID-19 describes a more aggravated
local immune response in the lung, suggesting plasma analyses might be misleading in
compement analyses [43].
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Another hypothesis is that patients with a suboptimal adaptive immune response, in-
stead, develop a more powerful non-specific innate immune response, partly supported by
previous research [44], with increased neutrophil activation and a powerful activation of the
complement system [45]. We could not find any sign of increased complement activation or
cytokine release in patients with poor antibody response, but those patients had more circu-
lating cell-free histones. SARS-CoV-2 is able to induce neutrophil extracellular trap (NET)
formation in healthy neutrophils, suggesting a role for NETs in driving cytokine release,
respiratory failure, and microvascular injury in COVID-19 [19,20]. In this study, patients
that did not express anti-SARS-CoV-2 antibodies in the ICU had increased extracellular
histones in their blood at ICU admission, which may signal systemic neutrophil activation
and NET formation [21]. Although we only measured histone H3, this could be seen as a
proxy for all other histones. However, it is possible that the increased levels of histones
are a marker of unspecific cell damage and are not linked to NET formation. Previous
research shows that the number of neutrophils and markers of NETosis are elevated in
severe COVID-19 patients [22], and a link has been suggested between NETosis and poor
outcome [23], indicating a crucial contribution of NETs to the severity of the COVID-19
disease [24,25]. An association has also been described between anti-SARS-CoV-2 IgA2,
NET formation and poor outcome [46]. As lymphopenia and inadequate T-cell responses
are found to be predictors of COVID-19 severity, [47] our findings of an association between
poor antibody response and amount of histones in blood in ICU patients suggests a link
between poor adaptive immune activation and NET formation. Furthermore, patients with
impaired antibody responses and increased number of free histones also have lower throm-
bocyte values. This could be an indirect sign of platelet consumption in NET-containing
microthrombi as neutrophil-platelet infiltration has been observed in pulmonary autopsies
from COVID-19 patients [48].

Our findings that a poor antibody response is associated with a poor outcome in ICU
patients with COVID-19 could have clinical implications. If we could identify patients that
are likely to have a slow antibody response early in the disease process, these might be
the patients benefiting the most from immune-modulating treatment, as studies, in which
patients treated as early as 72 h after COVID-19 diagnosis with convalescent plasma or
monoclonal anti-SARS-CoV-2 antibodies, have shown [49,50]. In addition, specific organ
failure, such as AKI, is common in severe COVID-19 and may cause long-term effects in
surviving patients [51,52]. Together with common clinical variables, these data may prove
useful in improving recognition of patients at risk of extra pulmonary organ failure.

The strength of this study is the large number of intensive care patients included and
the high quality of clinical data prospectively collected in combination with analyses of both
antibodies, cytokines, and components of the complement system. The major weakness
is that samples for antibody analyses were not taken on the same day as for the other
analyses; instead, we chose to analyse the last available blood sample taken in the ICU. The
reason for this was to maximise the chance to have samples taken after the patients had
developed an antibody response and hopefully also switched antibody class. This might
have impacted the results, but there was no difference between the compared groups in
median time from admission to sample day.

5. Conclusions

This study confirms that a weak anti-SARS-CoV-2 antibody response in intensive
care patients with COVID-19 is associated with increased 30-day mortality and our results
suggest that this may be due to multiple organ dysfunction and NETosis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm11123419/s1, Methods describing analyses of cytokines end com-
plement factors. Tables over complement factors and complement activation factors, clinical chemistry
tests including inflammation and organ damage markers. Figure describing correlation of cytokine
concentration and antibody concentration. Reference [53] is cited in the supplementary materials.
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Abstract: The outcomes depending on the type of renal replacement therapy (RRT) or pre-existing
kidney disease in critically ill patients with acute kidney injury (AKI) have not been fully elucidated.
All adult intensive care unit patients with AKI in Korea from 2008 to 2015 were screened. A total of
124,182 patients, including 21,165 patients with pre-existing kidney disease, were divided into three
groups: control (no RRT), dialysis, and continuous RRT (CRRT). In-hospital mortality and progression
to end-stage kidney disease (ESKD) were analyzed according to the presence of pre-existing kidney
disease. The CRRT group had a higher risk of in-hospital mortality. Among the patients with pre-
existing kidney disease, the dialysis group had a lower risk of in-hospital mortality compared to
other groups. The risk of ESKD was higher in the dialysis and CRRT groups compared to the control
group. In the CRRT group, the risk of ESKD was even higher in patients without pre-existing kidney
disease. Although both dialysis and CRRT groups showed a higher incidence of ESKD, in-hospital
mortality was lower in the dialysis group, especially in patients with pre-existing kidney disease.
Our study supports that RRT and pre-existing kidney disease may be important prognostic factors
for overall and renal outcomes in patients with AKI.

Keywords: acute kidney injury; chronic kidney disease; continuous renal replacement therapy;
end-stage of kidney disease; intermittent hemodialysis; mortality; renal replacement therapy

1. Introduction

Acute kidney injury (AKI) is a common complication of critically ill patients suffering
from various diseases such as heart failure or septic shock and is associated with high
mortality and progression to chronic kidney disease (CKD) [1,2]. Renal replacement therapy
(RRT) is frequently required in patients with severe AKI [3]. Given the evident advances in
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critical care medicine, the application of RRT has significantly increased [4]. Although a
number of studies have reported renal prognosis and mortality according to the modality
of RRT, current clinical data do not support the superiority of specific RRT modalities [5].
The RRT modality is usually determined according to patients’ conditions and institutional
availability of dialysis or continuous RRT (CRRT) equipment.

Moreover, although AKI is usually regarded as a consequence of serious conditions
or a component of multiorgan failure in critically ill patients, the most important factor
affecting renal outcomes may be the presence of an underlying kidney disease, which
increases susceptibility to AKI or impairs renal recovery [6]. Several studies have reported
that renal function after AKI affects long-term outcomes. An et al. [7] showed that renal
functional assessment at 3 months after CRRT initiation can help predict progression to
end-stage kidney disease (ESKD) and long-term survival. Further, a retrospective cohort
study reported an estimated glomerular filtration rate of <30 mL/min per 1.73 m2 at
hospital discharge after CRRT as a strong risk factor for poor long-term survival and a poor
renal prognosis [8]. However, only a few recent studies have analyzed renal and patient
outcomes after AKI depending on the modality of RRT and pre-existing kidney diseases in
a representative large cohort of critically ill patients.

In this study, we analyzed a large database from a nationwide cohort including
virtually all intensive care unit (ICU) admissions in Korea to investigate the impact of
application and modality of RRT and pre-existing kidney diseases on in-hospital mortality,
progression to ESKD, and length of stay (LOS) in hospitals and ICUs.

2. Materials and Methods
2.1. Data Source

We retrospectively analyzed the cohort of the Korean ICU National Data (KIND)
study [9] based on the Health Insurance Review and Assessment (HIRA) database of the
Korean Ministry of Health. This database includes all ICU admissions in Korea. The HIRA
database contains health insurance claims data generated in the process of reimbursing
healthcare services under the National Health Insurance (NHI) system in Korea. The HIRA
database contains information on almost 50 million patients as of 2014 in Korea, covering
98% of the total population through the universal health coverage system [10]. The study
was reviewed by the Institutional Review Board (IRB) of Samsung Medical Center (IRB
protocol 2015-11-17). The informed consent was waived because only previously collected
deidentified administrative data were used.

2.2. Study Population

The study population included all adult patients older than 18 years from the KIND
study (n = 131,988), who were diagnosed with AKI during the first ICU admission from
1 January 2008 to 31 May 2015. These patients had no history of AKI, dialysis, CRRT
treatment, or ICU admission within a year prior to hospitalization.

Patients with the following characteristics were excluded: (1) those who received
CRRT due to mental and behavioral disorders, intoxication, or organ donation (n = 1800);
(2) those who received CRRT for less than 3 days, which could not be confirmed as AKI
because of the possibility of applying CRRT for other diseases such as drug intoxication
(n = 5867); and (3) ESKD patients who received dialysis prior to hospitalization, or patients
who had been observed for less than 12 months during a one-year washout period (n = 139).
Finally, a total of 124,182 patients (73,512 men and 50,670 women) were included (Figure 1).
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2.3. Study Variables

ICU admission was defined by examining the claim codes that all hospitals in Korea
are required to use when they submit cost claims of ICU admissions to the HIRA service
(codes AJ100-AJ590900). These codes are based on the Korean Classification of Diseases
6th edition, a modified version of the International Classification of Diseases 10th revision
(ICD-10), adapted for use in the Korean health system [11]. All ICU stays during the
same hospitalization were considered as a single ICU admission. Similarly, hospital stays
separated by <2 days were considered the same hospital admission.

AKI was defined as the presence of codes that identified AKI (ICD-10 codes N17),
RRT including CRRT (Korean NHI procedure codes O7031-O7035, O7051-O7055), or dial-
ysis. Dialysis was defined as intermittent hemodialysis (O7020-O7021, O2011-O2012,
O2081-O2083, or O9991) or peritoneal dialysis (O7061-O7062, O7071-O7075, E6581, E6582,
or E6593) using Korean NHI procedure codes.

Initiation timing and the modality of RRT were decided considering patients’ overall
conditions and RRT equipment status of each center. Indications for RRT were symptomatic
uremia, severe electrolyte imbalance including hyperkalemia, severe metabolic acidosis,
and volume overload according to guidelines [12,13]. CRRT was preferentially initiated
in these patients with hemodynamic instability, multiorgan failure, or risk of increased
intracerebral pressure.

We collected claim codes regarding information on comorbidities, management pro-
cedures during ICU admission, prescriptions, and demographic characteristics. Comor-
bidities, including pre-existing kidney disease within the year prior to hospitalization,
were summarized using the Charlson index [14,15]. Kidney diseases were additionally
defined using codes for chronic or unspecified nephritic syndromes (ICD-10 codes N030,
N031, N038, N039, N050, N051, N058, or N059), which are not included in the Charlson
Comorbidity Index.
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The management procedures included mechanical ventilation (MV; Korean NHI
procedure codes M5857, M5858, or M5860) and extracorporeal membrane oxygenation
(ECMO, Korean NHI procedure codes O1901-O1904, material codes CAPIOX EBS CIRCUIT
G5401008, QUADROX PLS G5501050, or CAPIOX EBS PMP CIRCUIT G5501008). Adminis-
tration of inotropic or vasopressor drugs such as dobutamine, dopamine, epinephrine, and
norepinephrine for more than 2 days was also identified using Korean drug and anatomical
therapeutic chemical codes (148201BIJ, 38900BIJ, 148701BIJ, 148702BIJ, 429500BIJ, 152601BIJ,
or 203101BIJ) [16].

We obtained information regarding hospital characteristics from the HIRA Medical
Care Institution Database, which included the type of institution, location, number of
hospital beds, facilities, and physicians. The type of hospital was classified according
to the capacity, based on the number of hospital beds and the number of specialties as
defined by the Korean Health Law [17]. In general, hospitals are defined as healthcare
institutions with more than 30 inpatient beds. General hospitals are hospitals with more
than 100 beds and more than seven specialty departments, including internal medicine,
surgery, pediatrics, obstetrics and gynecology, anesthesiology, pathology, and laboratory
medicine. Tertiary hospitals are general hospitals with more than 20 specialty departments
that serve as teaching hospitals to medical students and nurses.

Total cost was the amount of money reimbursed by Korean NHI to hospitals, including
ICU stay and for patients’ medical services endorsed by HIRA, and then was converted
into US dollars using the exchange rate of 1 December 2015 (1158 won/dollar).

2.4. Definition of Outcomes

The primary outcome was in-hospital mortality, defined as the death code of the
billing statement. We also compared hospital and ICU LOS (days) and the incidence of
ESKD after discharge among survivors (n = 77,185). To define post-discharge outcomes,
we linked the personal identification number of each study participant to the inpatient
claims data in the admission result database. The progression to ESKD as the long-term
outcome of AKI was evaluated between hospitalization and 1 year after discharge. ESKD
was defined in patients who received dialysis for >3 months (codes O7020, O9991, O7075)
with registration for a copayment decreasing policy for ESKD patients (codes V001 and
V003) or patients who underwent kidney transplantation (codes R3280).

2.5. Statistical Analysis

All patients were divided into three groups according to the RRT modality: control
(no RRT), dialysis, and CRRT groups. Patients who received both dialysis and CRRT
were categorized into the CRRT group. Continuous variables are presented as mean and
standard deviation (SD) or median and interquartile range (IQR) and compared using
one-way analysis of variance (ANOVA). Categorical variables are presented as numbers
and proportions and compared using the χ2 test.

Because patients’ outcomes could be clustered by a hospital [18], we used the hospital
as a random intercept in mixed-effects logistic regression models to estimate odds ratios
(ORs) with 95% confidence intervals (CIs).

Patients who died during hospitalization were excluded from the analyses of progres-
sion to ESKD, as well as from the hospital and ICU LOS analysis to avoid the inclusion
of censored patients due to death. A total of 77,185 patients were included in the final
analysis. For hospital and ICU LOS in survivors, we used multiple linear regression
models to compare the three groups. Since hospital LOS and ICU LOS were markedly
right-skewed, loge-transformed outcomes and the estimated ratio with 95% CI comparing
the three groups were used.

The long-term outcome of this study was the incidence of ESKD between hospital-
ization and 1 year after discharge. Person-time was calculated from the date of hospital
admission to ESKD or the last follow-up date. Survival curves were generated using the
Kaplan–Meier product-limit method and compared using log-rank tests. We used Cox
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proportional hazards regression models to estimate the hazard ratio (HR) with 95% CI for
ESKD. We examined the proportional hazards assumption using plots of the log (−log)
survival function and Schoenfeld residuals.

Age, sex, type of hospital, history of comorbidities (myocardial infarction, congestive
heart failure, peripheral vascular disease, cerebrovascular disease, rheumatologic disease,
liver disease, diabetes mellitus, kidney disease, cancer, and acquired immune deficiency
syndrome/human immunodeficiency virus), and the use of MV, vasopressor drugs, and
ECMO were adjusted in the final model. In addition, we conducted a subgroup anal-
ysis to evaluate the association of RRT with each outcome, depending on pre-existing
kidney diseases.

All analyses were two-sided, and p-values < 0.05 were considered statistically signifi-
cant. Statistical analyses were performed using SAS version 9.2 (SAS Institute, Inc., Cary,
NC, USA) and R software (version 3.3.2; Free Software Foundation, Inc., Boston, MA, USA).

3. Results

A total of 124,182 ICU patients who were diagnosed with AKI were analyzed: 56.5%,
12.2%, and 31.3% in the control, dialysis, and CRRT groups, respectively (Table 1). The
average proportion of AKI patients who received CRRT was 31.1% during the study period,
which increased steadily from 24.1% in 2008 to 36.7% in 2014. During the same period,
the in-hospital mortality rate of patients who received CRRT increased by 1% (58.9–59.7%)
(Figure 2).

Table 1. Patient characteristics.

Control Dialysis CRRT p-Value

Number of patients 70,096 15,174 38,912
Gender <0.001

Male 40,259 (57.4) 9120 (60.1) 24,133 (62.0)
Female 29,837 (42.6) 6054 (39.9) 14,779 (38.0)

Age, years 69.4 (14.9) 64.5 (15.1) 64.0 (15.1) <0.001
Pre-existing kidney disease 7720 (11.0) 5964 (39.3) 7481 (19.2) <0.001
Comorbidity

Myocardial infarction 4131 (5.9) 897 (5.9) 2444 (6.3) 0.03
Congestive heart failure 10,827 (15.4) 3006 (19.8) 5990 (15.4) <0.001
Peripheral vascular disease 12,776 (18.2) 3108 (20.5) 7001 (18.0) <0.001
Cerebrovascular disease 18,740 (26.7) 3598 (23.7) 8134 (20.9) <0.001
Rheumatologic disease 3657 (5.2) 805 (5.3) 2516 (6.5) <0.001
Liver disease 21,710 (31.0) 5135 (33.8) 15,127 (38.9) <0.001
Diabetes 28,606 (40.8) 8355 (55.1) 17,908 (46.0) <0.001
Cancer 10,527 (15.0) 2453 (16.2) 9306 (23.9) <0.001
AIDS/HIV 51 (0.1) 8 (0.1) 36 (0.1) 0.279

Type of hospital <0.001
Tertiary 20,157 (28.8) 6162 (40.6) 22,390 (57.5)
General 46,978 (67.0) 8857 (58.4) 16,297 (41.9)
Nursing care hospital 96 (0.1) 17 (0.1) 7 (0.0)
Other 2865 (4.1) 138 (0.9) 218 (0.6)

Management procedures
Mechanical ventilation 26,662 (38.0) 5564 (36.7) 31,248 (80.3) <0.001
ECMO 271 (0.4) 25 (0.2) 2002 (5.1) <0.001
Vasopressor drugs 15,868 (22.6) 3206 (21.1) 19,278 (49.5) <0.001

Total cost, USD 10 * 490 (229–971) 807 (433–1459) 1450 (720–2805) <0.001

Values are numbers and proportions, except for age, Charlson index (mean and standard deviation), and total cost
(median and interquartile range). CRRT, continuous renal replacement therapy; ECMO, extracorporeal membrane
oxygenation. Dialysis was defined as intermittent hemodialysis and peritoneal dialysis. * USD 1 = KRW 1158
(exchange rate as of 1 December 2015).

The mean patient age (SD) was 67.1 ± 15.2 years, and 59.2% of the patients were
men. The dialysis and CRRT groups included younger patients (control vs. dialysis
and CRRT: 69.4% vs. 64.5% and 64.0%, p < 0.001), were more likely to include males
(57.4% vs. 60.1% and 62.0%, p < 0.001), had a higher proportion of pre-existing kidney
diseases (11.0% vs. 39.3% and 19.2%, p < 0.001), and showed more frequent admission in
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tertiary hospitals (28.8% vs. 40.6% and 57.5%, p < 0.001) than the control group. Among
the three groups, MV (80.3%), ECMO (5.1%), and vasopressor drugs (49.5%) were most
frequently used in the CRRT group.

The in-hospital mortality rate was significantly higher in the CRRT group than in the
control and dialysis groups (control vs. dialysis vs. CRRT; 30.8% vs. 24.4% vs. 59.0%;
p < 0.001) (Table 2). Even after adjustment for several confounders, the CRRT group had
a significantly higher in-hospital mortality than the control and dialysis groups (fully ad-
justed or compared with the control group 2.04 (95% CI, 1.98–2.11, p < 0.001)). When
the association between RRT and in-hospital mortality was evaluated depending on the
pre-existing kidney disease, the CRRT group showed a significantly higher risk of in-
hospital mortality in both subgroups (fully adjusted or compared with the control group;
2.10 (95% CI, 2.03–2.17) in the subgroup without pre-existing kidney disease vs. 1.70 (95% CI,
1.56–1.84) in the subgroup with pre-existing kidney disease). In the dialysis group, the
in-hospital mortality of the subgroup without pre-existing kidney disease was compa-
rable with that of the control group (fully adjusted or compared with the control group
0.98 (95% CI, 0.93–1.03)). However, the dialysis subgroup with pre-existing kidney disease
showed lower in-hospital mortality (fully adjusted OR compared with the control group
0.67 (95% CI, 0.61–0.74)).

The median hospital LOS among survivors (n = 77,185) was 17 days (IQR, 9–31),
25 days (IQR, 14–43), and 29 days (IQR, 16–53) in the control, dialysis, and CRRT groups,
respectively (Table 3). The dialysis group was more likely to have a longer hospital and
ICU LOS than the control group. ICU LOS in the CRRT group was 43% longer than that
in the control group. The association between RRT and LOS was consistent regardless of
pre-existing kidney diseases.

In all patients who were discharged, the median follow-up of AKI patients was 365 days
(IQR 128–365 days). During the 47,141.1 person-years of follow-up period, 3433 (4.45%) patients
progressed to ESKD (incidence rate 72.8/1000 person-years). The incidence rate of ESKD was
higher in the dialysis and CRRT groups than in the control group (control vs. dialysis vs. CRRT
groups; 16.2 vs. 463.8 vs. 126.5 per 1000 person-years). In the Kaplan–Meier survival analyses,
the cumulative incidence of ESKD was significantly higher in the dialysis group than in the
control and CRRT groups (log-rank test, p < 0.001) (Figure 3).
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Figure 2. Yearly trends of acute kidney injury and in-hospital mortality according to renal replacement
therapy modality: (a) Bars and lines represent the absolute numbers and the proportion of critically ill
patients with AKI among all intensive care unit patients, respectively. The proportion of patients who
received CRRT increased steadily from 24.1% in 2008 to 36.7% in 2014.; (b) Bars and lines represent
the absolute number of deaths and the mortality of critically ill patients with AKI, respectively.
In-hospital mortality rate of patients who received CRRT increased by 1% for 7 years (58.9% in 2008
to 59.7% in 2014).
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Compared with the control group, the age- and gender-adjusted HRs for ESKD were
25.48 (95% CI, 21.30–30.48) and 7.74 (95% CI, 6.59–9.10) in the dialysis and CRRT groups,
respectively. This association remained significant after further adjustment for multiple con-
founders (fully adjusted HR compared with the control group: 17.67 (95% CI, 15.06–20.72)
in the dialysis group and 7.28 (95% CI, 6.29–8.41) in the CRRT group) (Table 4). In patients
with pre-existing kidney disease, the risk of ESKD in the dialysis and CRRT groups was
higher than that in the control group (fully adjusted HR compared with the control group;
dialysis vs. CRRT groups, 15.15 (95% CI, 12.88–17.83) vs. 5.83 (95% CI, 4.89–6.96); p < 0.001).
In patients without pre-existing kidney disease, the risk of ESKD was even higher in both
dialysis and CRRT groups than in the control group (fully adjusted HR; dialysis vs. CRRT
groups, 20.06 (95% CI, 16.06–25.05) vs. 8.86 (95% CI, 7.30–10.76); p < 0.001).

Table 2. Risk of hospital mortality according to RRT modalities and pre-existing kidney disease.

Control Dialysis CRRT p-Value

Number of patients 70,096 15,174 38,912
Gender <0.001

Male 40,259 (57.4) 9120 (60.1) 24,133 (62.0)
Female 29,837 (42.6) 6054 (39.9) 14,779 (38.0)

Age, years 69.4 (14.9) 64.5 (15.1) 64.0 (15.1) <0.001
Pre-existing kidney disease 7720 (11.0) 5964 (39.3) 7481 (19.2) <0.001
Comorbidity

Myocardial infarction 4131 (5.9) 897 (5.9) 2444 (6.3) 0.03
Congestive heart failure 10,827 (15.4) 3006 (19.8) 5990 (15.4) <0.001
Peripheral vascular disease 12,776 (18.2) 3108 (20.5) 7001 (18.0) <0.001
Cerebrovascular disease 18,740 (26.7) 3598 (23.7) 8134 (20.9) <0.001
Rheumatologic disease 3657 (5.2) 805 (5.3) 2516 (6.5) <0.001
Liver disease 21,710 (31.0) 5135 (33.8) 15,127 (38.9) <0.001
Diabetes 28,606 (40.8) 8355 (55.1) 17,908 (46.0) <0.001
Cancer 10,527 (15.0) 2453 (16.2) 9306 (23.9) <0.001
AIDS/HIV 51 (0.1) 8 (0.1) 36 (0.1) 0.279

Type of hospital <0.001
Tertiary 20,157 (28.8) 6162 (40.6) 22,390 (57.5)
General 46,978 (67.0) 8857 (58.4) 16,297 (41.9)
Nursing care hospital 96 (0.1) 17 (0.1) 7 (0.0)
Other 2865 (4.1) 138 (0.9) 218 (0.6)

Management procedures
Mechanical ventilation 26,662 (38.0) 5564 (36.7) 31,248 (80.3) <0.001
ECMO 271 (0.4) 25 (0.2) 2002 (5.1) <0.001
Vasopressor drugs 15,868 (22.6) 3206 (21.1) 19,278 (49.5) <0.001

Total cost, USD 10 * 490 (229–971) 807 (433–1459) 1450 (720–2805) <0.001

Values are numbers and proportions, except for age, Charlson index (mean and standard deviation), and total cost
(median and interquartile range). CRRT, continuous renal replacement therapy; ECMO, extracorporeal membrane
oxygenation. Dialysis was defined as intermittent hemodialysis and peritoneal dialysis. * USD 1= KRW 1158
(exchange rate as of 1 December 2015).
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Figure 3. Cumulative incidence of end-stage kidney disease (ESKD) according to the modality of
renal replacement therapy: All patients (a); patients with pre-existing kidney disease (b); and patients
without pre-existing kidney disease (c); the risk of ESKD was the highest in the dialysis group with
pre-existing kidney disease.

Table 3. Hospital and ICU length of stay according to RRT modalities and pre-existing kidney disease.

Length of Stay,
Days Crude Model Adjusted Model a

Median (IQR) Ratio b (95%
CI)

p-Value Ratio b (95%
CI)

p-Value

Hospital length of stay
Overall

Control 17 (9–31) Reference Reference
Dialysis 25 (14–43) 1.40 (1.37–1.43) <0.001 1.46 (1.43–1.49) <0.001
CRRT 29 (16–53) 1.45 (1.42–1.48) <0.001 1.22 (1.2–1.25) <0.001

Pre-existing kidney disease
With pre-existing kidney
disease

Control 16 (9–30) Reference Reference
Dialysis 24 (14–41) 1.42 (1.37–1.47) <0.001 1.48 (1.43–1.53) <0.001
CRRT 28 (16–48) 1.57 (1.51–1.64) <0.001 1.35 (1.3–1.41) <0.001

Without pre-existing kidney
disease

Control 17 (9–32) Reference Reference
Dialysis 25 (15–46) 1.44 (1.40–1.48) <0.001 1.46 (1.42–1.50) <0.001
CRRT 30 (16–55) 1.43 (1.40–1.46) <0.001 1.19 (1.16–1.22) <0.001

ICU length of stay
Overall

Control 6 (2–14) Reference Reference
Dialysis 6 (3–15) 0.95 (0.93–0.97) <0.001 1.10 (1.08–1.13) <0.001
CRRT 18 (8–34) 2.06 (2.02–2.11) <0.001 1.43 (1.40–1.46) <0.001

Pre-existing kidney disease
With pre-existing kidney
disease

Control 5 (2–12) Reference Reference
Dialysis 5 (2–10) 0.88 (0.85–0.92) <0.001 0.98 (0.94–1.01) 0.239
CRRT 14 (6–28) 2.18 (2.08–2.28) <0.001 1.52 (1.45–1.58) <0.001

Without pre-existing kidney
disease

Control 6 (2–14) Reference Reference
Dialysis 8 (4–20) 1.13 (1.10–1.17) <0.001 1.20 (1.17–1.23) <0.001
CRRT 18 (8–37) 2.10 (2.05–2.15) <0.001 1.40 (1.37–1.43) <0.001

ICU, intensive care unit; RRT, renal replacement therapy; CRRT, continuous renal replacement therapy; IQR,
interquartile range; CI, confidence interval. a Adjusted for differences in type of hospital, history of comorbidity
(myocardial infarction, congestive heart failure, peripheral vascular disease, cerebrovascular disease, rheumato-
logic disease, liver disease, diabetes, kidney disease (adjusted only overall group), cancer, AIDS/HIV), mechanical
ventilator, vasopressor drugs, and extracorporeal membrane oxygenation. b Ratios and 95% CI were estimated
from linear regression with log transformed variable as the outcome.
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Table 4. Risk of end-stage kidney disease (ESKD) according to RRT modalities and pre-existing
kidney disease.

Person Years No. of Cases
Incidence Rate

(per 1000
Person-Years)

Model 1
HR (95% CI)

Model 2
HR (95% CI)

Overall
Control 35,140.5 570 16.2 Reference Reference
Dialysis 3986.5 1849 463.8 25.48 (21.30–30.48) 17.67 (15.06–20.72)
CRRT 8014.1 1014 126.5 7.74 (6.59–9.10) 7.28 (6.29–8.41)
p-value <0.001 <0.001

With pre-existing
kidney disease

Control 3984.4 222 55.7 Reference Reference
Dialysis 974 1168 1199.2 15.76 (13.37–18.58) 15.15 (12.88–17.83)
CRRT 1426.5 480 336.5 5.37 (4.52–6.38) 5.83 (4.89–6.96)
p-value <0.001 <0.001

Without
pre-existing
kidney disease

Control 31,156.1 348 11.2 Reference Reference
Dialysis 3012.5 681 226.1 19.22 (15.39–24.01) 20.06 (16.06–25.05)
CRRT 6587.6 534 81.1 7.30 (6.03–8.85) 8.86 (7.30–10.76)
p-value <0.001 <0.001

RRT, renal replacement therapy; CRRT, continuous renal replacement therapy. Model 1 was adjusted for age
and gender. Model 2 was further adjusted for type of hospital, history of comorbidity (myocardial infarction,
congestive heart failure, peripheral vascular disease, cerebrovascular disease, rheumatologic disease, liver disease,
diabetes, kidney disease (adjusted only overall group), cancer, AIDS/HIV), mechanical ventilator, vasopressor
drugs, and extracorporeal membrane oxygenation.

4. Discussion

This study investigated the overall outcomes of AKI depending on the type of RRT and
pre-existing kidney disease in critically ill adult patients using a nationwide population-
based cohort in Korea during a 7-year period. The CRRT group had a significantly higher
risk of in-hospital mortality, whereas the dialysis group showed lower in-hospital mortality
than the control group. Specifically, among the patients without pre-existing kidney disease,
in-hospital mortality was higher in the CRRT group, and the incidence of ESKD was also
higher in both dialysis and CRRT groups than in the control group. These results suggest
that severe AKI that develops as a consequence of multiorgan failure may exert a critically
adverse impact on patient survival and renal outcomes. Further, the lower in-hospital
mortality in the dialysis group may indicate the importance of appropriate RRT in the
treatment of AKI in critically ill patients.

Previous prospective randomized studies comparing the effects of dialysis and CRRT
showed no difference in mortality between the two treatment modalities [19–21]. One
meta-analysis of 30 randomized controlled trials and eight prospective cohort studies found
no difference in all-cause mortality between patients treated with intermittent hemodialysis
and those treated with CRRT [22]. In a recent meta-analysis of 21 studies, the modality of
RRT was not associated with in-hospital and ICU mortality [23]. According to a retrospec-
tive population-based matched cohort study comparing outcomes according to CRRT and
hemodialysis (propensity-matched patients with no difference in mechanical ventilation,
number of days between hospitalization and initiation of RRT, and baseline characteristics),
there was no difference in mortality between the two groups [24]. In contrast to these
reports, our results showed that the CRRT group had significantly higher mortality than
both the control and dialysis groups. In clinical practice, CRRT has been preferentially used
in AKI patients with unstable vital signs or poor overall medical conditions; thus, these
patients are expected to show a higher mortality rate. Further, in an 8-year observational
cohort study by De Corte et al., non-survivors had worse profiles of disease severity, and
CRRT as the initial RRT modality was associated with long-term mortality [25]. In our study,
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although it was not possible to obtain severity scores directly from our database, ECMO,
mechanical ventilation, and vasopressor were used more frequently in the CRRT group
than in the dialysis or the control groups, suggesting that patients with higher severity
scores were included in the CRRT group. Unlike other previous studies with no difference
in mortality between the dialysis group and the CRRT group, the CRRT group in our study
had a higher mortality. We believe that our result was more representative of real-world
practice reflecting the overall severity of patients.

Few studies have investigated the impact of pre-existing kidney disease and RRT
modality on AKI outcomes among critically ill patients. In our study, the dialysis group
with pre-existing kidney disease showed lower in-hospital mortality than the control group.
A prospective cohort study of AKI in critically ill patients reported that patients with
pre-existing kidney disease had a lower mortality rate but were more likely to be dialysis-
dependent at hospital discharge [26]. CKD is known to increase susceptibility to AKI, and
AKI on CKD is associated with a worse renal outcome [27]. Patients with pre-existing
kidney disease may take a relatively shorter time to reach the indications for RRT during
the course of AKI, or early RRT can be considered based on their medical history of kidney
disease. Our hypothesis is that multiorgan failure might be more frequent in AKI patients
without pre-existing kidney disease, and RRT might be performed relatively earlier in
patients with pre-existing kidney disease, resulting in reduced in-hospital mortality in our
study population. Moreover, the mortality at day 60 was significantly higher in patients
who received late RRT (61.8%) than in those who received early RRT (48.5%) in the Artificial
Kidney Initiation in Kidney Injury (AKIKI) trial [28], which supports our hypothesis. The
Early versus Late Initiation of Renal Replacement Therapy in Critically Ill Patients with
AKI (ELAIN) trial also demonstrated that early initiation of RRT significantly reduced
90-day and 1-year all-cause mortality compared to delayed initiation of RRT [29,30].

Furthermore, intrarenal alterations at a molecular, cellular, and tissue level related
to pre-existing kidney diseases seem to affect not only the severity of AKI but also the
degree of the renal repair process, including fibrosis [6]. Previous studies reported that AKI
contributes to the deterioration of renal function in CKD patients [31,32]. In a retrospective
cohort study including patients older than 67 years, those with AKI on CKD showed a
significantly higher risk of ESKD than those with AKI or CKD alone [26]. Further, in a cohort
study of 9425 patients with postoperative AKI, patients with pre-existing kidney disease
had higher risks of long-term mortality and dialysis dependency than those without pre-
existing kidney disease [32]. Additionally, in several studies, the CRRT group showed better
renal recovery and lower rate of dialysis dependency than the dialysis group [24,33–36].
Similarly, our results showed that the cumulative incidence of ESKD was higher in the
dialysis group than in the CRRT group, especially in the subgroup with pre-existing kidney
disease. The incidence rate of ESKD was significantly higher in patients with pre-existing
kidney disease, regardless of the RRT modality received. However, the dialysis group
showed lower in-hospital mortality than the control group. These results support the
clinical importance of timely RRT to improve the survival of critically ill patients with
AKI, although maintenance dialysis reduces the quality of life and increases the burden
of medical costs [37]. Our results also suggest the necessity of further study focusing on
overall outcomes of AKI in critically ill patients stratified by the presence of pre-existing
kidney disease.

This study has several limitations. First, detailed clinical data, such as etiology of
AKI, serum creatinine, and urine volume could not be analyzed because of the inherent
limitations of the national registry database used in our study. However, the main purpose
of this study was to compare hard outcomes such as in-hospital mortality and the risk of
ESKD development depending on the application of RRT or RRT modalities. Although a
contemporary consensus-based definition of AKI could not be used, we believe that our
large database was sufficient to investigate the primary aim of our study. Second, the
overall severity scores of critically ill patients, such as sequential organ failure assessment
(SOFA) and acute physiology and chronic health evaluation (APACHE) scores, were not
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measured. However, considering that MV, ECMO, and vasopressor drugs were used
more frequently in the CRRT group than in the dialysis group, the CRRT group seemed
to include patients with hemodynamic instability and worse medical conditions. Unlike
previous studies showing similar mortality in both CRRT and dialysis groups, our study
showed higher mortality in the CRRT group after adjusting for confounding variables. We
believe that our study reveals a difference in mortality among critically ill patients with
AKI according to the modality of RRT in the real world. Third, the definition of ‘kidney
disease’ was based on diagnostic codes. The NHIS department regularly audits claims
in the Korean health insurance system, and the government provides special insurance
coverage by evaluating the procedures and treatment under disease codes. Therefore, our
HIRA database is considered reliable and has been widely used for research purposes [10].

Despite these limitations, our study has clinically important strengths including the
study’s design and statistical methods based on the analysis of a large population-based
cohort. This enables a meaningful report of mortality and progression to ESKD considering
both available RRT modalities and the presence of pre-existing kidney disease. Additionally,
medical treatments associated with relevant critically-ill patient conditions such as MV,
ECMO, and vasopressor drugs were comprehensively analyzed.

5. Conclusions

Among critically ill patients with AKI in Korea, patients with pre-existing kidney
disease in the dialysis group had relatively lower in-hospital mortality and a greater risk of
progression to ESKD than those with pre-existing kidney disease in both the control and
CRRT groups. In-hospital mortality was the highest in the CRRT group without pre-existing
kidney disease, while the risk of ESKD was higher in the subgroup without pre-existing
kidney disease. Our findings may support the critical impact of severe AKI requiring RRT
on both mortality and long-term renal outcome in critically ill patients, including those
without pre-existing kidney disease. Further prospective studies considering pre-existing
kidney disease are required to elucidate the clinical impact of RRT modality on overall and
renal outcomes in clinically ill patients with AKI.
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Abstract: Polyclonal Intravenous Immunoglobulins (IvIg) are often administered to critically ill
patients more as an act of faith than on the basis of relevant clinical studies. This particularly applies
to the treatment of sepsis and septic shock because the current guidelines recommend against their
use despite many investigations that have demonstrated their beneficial effects in different subsets of
patients. The biology, mechanisms of action, and clinical experience related to the administration of
IvIg are reviewed, which aim to give a more in-depth understanding of their properties in order to
clarify their possible indications in sepsis and septic shock patients.

Keywords: sepsis; septic shock; immunotherapy

1. Introduction

Although not all their indications are based on studies fulfilling the evidence-based
medicine (EBM) criteria, intravenous immunoglobulins (IvIgs) are currently used in a
number of diseases in Intensive Care Unit (ICU) patients. These clinical conditions include
(a) autoimmune reactions directed against some tissue target(s), such as Myasthenia Gravis,
Guillain-Barre Syndrome, etc.; or (b) a systemic response to an infection, including sepsis
and septic shock [1].

The rationale for their administration derives from their biological properties, consist-
ing of both the down-regulation of an exaggerated immune response and the enhancement
of the immunological capabilities. As far as the use of IvIg in septic and septic shock
patients is concerned, ICU physicians can be subdivided into non-believers, who do not use
these preparations due to the lack of robust studies fulfilling the strict EBM rules and be-
lievers, who instead use them on the basis of a number of investigations and meta-analyses
(MAs) demonstrating a positive effect on the outcome.

The aim of this review is to provide a detailed overview of the possible role of IvIg in
critically ill septic patients.

2. Structures and Function of Immunoglobulins

The immune system works via two different but cooperating arms [2] whose activation
is triggered by the adhesion of foreign substances on the receptors located on the surface of
the cells involved in the response. The innate system is based on the cells of the reticulo-
endothelial complex, the wide number of mediators produced by these cells during the
interaction between the host and the invading organisms and the complement cascade.
Yet, as the number of the receptors is genetically determined and not implementable, the
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innate arm cannot cope with the almost infinite variety of microbial epitopes and acts as a
first responder, aiming to circumscribe the infection and impede its spread. The second
arm, known as adaptative immunity, is more flexible and is based on the production
of the Ig, which is encoded by genes that are able to undergo somatic recombination
and hypermutations in order to face the myriad of substances coming in contact with
the host. The Ig are secreted by plasma cells, which are derived from B lymphocytes
that are activated by trapping antigens on a cell-surface receptor and stimulation with
CD4+ T lymphocytes. Antibodies belong to five different classes of Ig (G, A, M, E, and D,
respectively) (Figure 1) [3].
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Figure 1. Two-dimensional structure of an IgG molecule. VH and VL indicate the variable regions of
the heavy and light chains, respectively. The variable regions located on both the light and heavy
chains recognize the epitopes (Fab region). The hypervariable segments located in the Fab regions,
which are separated from each other by relatively constant polypeptide chains, are denominated
CDR (Complementary Determining Region) domains. The Fc region binds to complement and to the
receptors located on the surface of the reticulo-endothelial cells triggering their activation. The region
connecting the two functional parts can undergo conformational changes in order to re-shape the
molecule according to antigen variability [1].

The molecules belonging to the IgG class are considered the prototypical structure and
consist of a Y-shaped molecule formed by two identical heavy (H) and light (L) peptide
chains. Both chains are divided into a variable (V) domain that reacts with the antigen,
and a constant (C) region that activates the various components of the innate immune
system, triggering its response (for example, phagocytosis, antibody-mediated and cell-
mediated cytotoxicity, and complement-mediated lysis) (Figure 1). The V regions contain
three hypervariable regions that are ultimately responsible for the specific shape of each
molecule of Ig. Electrostatic forces in association with disulphuric bridges link the H and L
regions together.

Therefore, Ig can be considered biochemical transducers able to exert many different
actions (Table 1).
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Table 1. Mechanisms of action of the immunoglobulins. ↑: increase; ↓: decrease.

Mechanism Aims

Toxin inactivation ↑ Clearance of endotoxin and exotoxins
↓ Bacterial cell adherence, invasion, and migration

Stimulation of the leukocytes and serum bactericidal action

↑ Endotoxin-induced neutrophil oxidative burst (7S-IvIgG)
↓ Endotoxin-induced neutrophil oxidative burst (5S-IvIgG;

F(ab′)2 fragments and IgM)
Enhancement of serum opsonic activity

Modulation of cytokine effect
↓ Pro-Inflammatory mediators
↑ Anti-Inflammatory mediators

Cytokine neutralization by anti-cytokine antibodies

For the believers, the different effects exerted by the native Ig on both arms of the
immune system could justify the use of IvIgs in clinical circumstances characterized either
by (a) an immunodepression due to different causes making the patient prone to newly
acquired infections or to the reactivation of latent germs and viruses (see later); or (b) an
exaggerated inflammatory response and/or the production of autoantibodies directed
against the host’s own tissues, including Guillain-Barrè syndrome, Myasthenia Gravis,
thrombotic thrombocytopenic purpura (TTP), etc. As far as the former point is concerned,
it should be remarked that, besides other causes of immunodepression, this clinical profile
is increasingly recognized in chronic critically ill patients, which are often elderly with a
number of comorbidities and frailties who survive the initial insult (i.e., septic shock due
peritonitis caused by a colon perforation, pneumonia, etc.) but fail to recover and succumb
many days if not weeks after the admission [4–8]. This latter condition is characterized
by persistent low-grade inflammation, causing muscle wasting that prevents the weaning
from mechanical ventilation, which is associated with an overall down-regulation of the
immune capabilities with the subsequent occurrence of ICU-acquired infections (see later).

3. The Case of IgM and IgA

Then, once the different actions of the native Ig molecules have been stated, it is
worthwhile to describe with more detail the biological properties of the IgM and of IgA.
The former is the first Ig to be produced during an infection and has been found throughout
all classes of vertebrates, and is present in a dimeric form on the surface of B lymphocytes
and circulates as a pentamer (occasionally as a hexamer) in the blood. IgM molecules are
the first antibodies produced during infection and appear first during ontogenesis; IgM
molecules. Due to their unique structure, IgM molecules form strong interactions with
different ligands and have a higher affinity for the complement as compared with IgG [9].
Experimentally, IgMs allow the clearance of apoptotic cells of the reticulo-endothelial
system and of the peritoneal macrophages [4]. On the basis of these observations, it is
likely that the circulating pentameric IgM molecules bind ligands more avidly than those
present on the surface of the B-cells surface but it is not known if, in the presence of
reduced blood IgM concentrations, their role could be replaced by the latter [9]. Some
investigators demonstrated that IgM concentrations are decreased in septic shock patients
and particularly in those with a poor prognosis [10,11]; actually, it appears that reduced
levels of this molecule when combined with diminished numbers of natural killer cells
(<58 mg/dL and 140 cell/mL, respectively) are associated with an increased risk of death
also in non-septic critically ill patients. Should these findings be confirmed in other studies,
the supplementation of IgM could be indicated in life-threatening conditions other than
sepsis [12].

The IgA molecules are present both in the serum, where they represent the second
most prevalent circulating Ig after the IgG, and in the secretions covering the mucosal
surface lining the respiratory and the digestive tract, with an overall surface of ~400 m2

in the adult. These antibodies are present in two different subclasses, named IgA1 and
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IgA2 [13]. The IgA molecules exist in multiple forms: in human serum, the prevalent
form is monomeric with a subclass distribution of 90% IgA1 and the remaining 10% of
IgA2; conversely, in mucosal surfaces, the dimeric form prevails with a more balanced
distribution of the two subclasses (40% IgA1 and 60 IgA2). The IgA molecules block or
neutralized a number of toxins, bacteria, and viruses and prevent their attachment to the
hosts’ cells. In contrast to IgG, IgA does not activate the classical complement pathway and
likely activates the alternate one via the lectin pathway.

Overall, it appears that the combined administration of IgA and IgM is valuable as it
takes advantage of their dual effect in the bloodstream and in the mucosae.

4. Discussion

The history of intensive care medicine is characterized by several hotly debated issues,
including the colloid-crystalloids controversy (actually recently replaced by discussions
about the best crystalloid solution available), the use of steroids, the appropriate levels
of oxygen delivery in critically ill patients, the selective decontamination of the digestive
tract, etc. The very same considerations apply to the use of IvIg in septic shock patients
and especially for those preparations enriched with supra-normal concentrations of IgM
and IgA (eIg). Actually, despite a number of MAs and systematic reviews (SRs) that
have demonstrated their efficacy, the current guidelines of the Surviving Sepsis Campaign
(SSC) [14] strongly discourage their use primarily due to the absence of large studies robust
enough to fulfill the EBM criteria. This notwithstanding, these preparations are widely
used in septic shock patients as an add-on treatment aiming not to replace antibiotics or
surgery but to enhance the immune capabilities.

To better define the possible role of IvIg and eIg and their possible rules of engage-
ment (ROE) in the treatment of septic shock, it is worthwhile to split the description in
different sections.

4.1. Why to Give eIg?

According to the current definition, sepsis and septic shock are life-threatening condi-
tions caused by a dysregulated host’s response to an infection leading to multiple organ
dysfunctions [15]. Patients with sepsis often present multiple features of immunological
alterations, including an initial hyperinflammatory condition that can be followed later on
by immunosuppressive events, complement consumption, defects in neutrophil-mediated
immunity, and decreased serum levels of immunoglobulins [12]. Sepsis is initiated by
the activation of multiple signaling pathways following the recognition and specific cell-
surface receptors on cells (toll-like receptors) of pathogen-associated molecular patterns or
damage-associated molecular patterns (PAMPs and DAMPs, respectively); the subsequent
step consists of the activation of genes involved in inflammation, adaptive immunity, and
cellular metabolism, that ultimately determine to the production and release of a huge
array of mediators with either pro- and anti-inflammatory capabilities whose respective
concentrations vary according to the different phases of the clinical course [5,8].

A number of investigations demonstrated that in septic shock patients, the levels of IgG,
IgA, and IgM were decreased, albeit with different effects on the outcome [16–21], and that
their contemporaneal reduction was associated with reduced survival [22–24]. Different
mechanisms acting alone or in combination can account for these findings, including (a) the
reduced secretion of Ig; (b) their leakage into the interstitial space due to the endothelial
dysfunction; (c) their redistribution into the inflamed tissues; and (d) their consumption
by the complement system [16,21,22,25,26]. However, in a more advanced phase of sepsis,
independently from the initial trigger(s), the hyperinflammatory response subsides and
in several cases is replaced by a down-regulation of the immune capabilities. Different
factors account for these findings, including (a) the increase in the circulating levels of
myeloid-derived suppressor cells (MDSCs) that secrete multiple anti-inflammatory cy-
tokines, such as IL-10 and transforming growth factor-β (TGF-β), which blunts the immune
function [27,28]; (b) the reduction in committed antigen-presenting dendritic cells and

125



J. Clin. Med. 2023, 12, 4645

monocytes with the subsequent loss or severe reduction in the associated production of
proinflammatory cytokine [29–33]; (c) the depletion of human leukocyte-antigen D related
(HLA-DR) in monocytes and dendritic cells also decreases, with the subsequent reduction
in responsiveness [34]; (d) the depletion of circulating lymphocytes along with an increase
in the apoptosis of dendritic, l cells, T- and B-cells [8]; (e) the upregulation of the immuno-
suppressant molecules programmed death protein 1 (PD-1), the programmed death ligand
1 (PD-L1) in monocytes and T lymphocytes that eventually determine (a) the expansion of
the regulatory T (T-reg) and unresponsive T-cells [28,35,36]; and (b) a down regulation of
both the adaptive and innate immune responses [37–39]. The clinical consequence induced
by these mechanisms is a persisting low-grade inflammatory state accompanied by an
unrelenting hypercatabolism with subsequent muscle wasting and difficult weaning from
the mechanical ventilation, the occurrence of re-infections with low-virulence germs, such
as Acinetobacter baumanii and the reactivation of viral strains, including Cytomegalovirus
and different Herpesviridae.

4.2. Which Are the Available Preparation?

As stated above, the available IvIg preparations can be subdivided into those contain-
ing the different classes of immunoglobulins roughly at or slightly above their plasmatic
levels and eIg and those containing increased concentrations of IgM and IgA (Table 2).

Table 2. Ig concentration in different preparations. * Not yet available.

Variable Standard Preparations IgM and IgA-Enriched Preparations

Ig Class
(%) Normal Plasma Values

Privigen®

CLS Behring, Bern,
Switzerland

Polyglobin®

Bayer Biol. Prod.,
Leverkusen, Germany

Pentaglobin ®

Biotest, Dreiech,
Germany

Triglobin® *
Biotest, Dreiech,

Germany

Ig G 80 >98 >97 56 76

Ig M 7 Traces Traces 12 23

Ig A 13 Traces Traces 12 21

Clinical experiences
in ICU patients

Septic shock
Autoimmune disorders

Septic shock
Autoimmune disorders Septic shock Severe Community-

Acquired Pneumonia

Presently, standard IvIgs and Pentaglobin® have been used in the treatment of septic
shock from multiple causes, whereas Triglobin® has been used in an RCT involving septic
patients with severe community-acquired pneumonia [40].

Although all polyclonal IvIgs share similar effects on the inflammatory and im-
mune mechanisms and represent a valuable approach to modulate both the pro- and
anti-inflammatory processes, differences exist among the various available preparations.
Actually, while different studies demonstrated that the administration of IvIg preparations
containing only IgG was not associated with improved mortality rates in patients with
sepsis [41–43], some MAs and SRs have concluded that patients given eIg presented a
reduction in mortality of up to 18% [44–47].

4.3. Who Are the Best Candidates for eIg (and Who Are Not)?

As stated above, it appears that possible candidates for eIg can be basically subdivided
into two groups according to their clinical features (Table 3).

The former includes patients at the onset of septic shock who can take advantage both
from the antibacterial properties of eIg and of their modulation of the early hyperinflamma-
tory response, whereas the latter includes those with an immunocompromised phenotype,
often with a prolonged length-of-stay in the ICU who develop a chronic critical illness
whose features have been described in the preceding paragraphs. Due to the unrelenting
aging of the population in Western countries, it is likely that in the next few years, the
number of these patients will increase [48]. As far as the responsible germs are concerned,
septic shock patients due to Gram-negative infections are most likely to take advantage of
eIg; among Gram-positive strains, a positive effect on the outcome has been reported in
patients with severe invasive group A streptococci infections, especially in streptococcal
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toxic shock syndrome associated with myositis or fasciitis [49]. As far as either the site of
infection or non-responding patients are concerned, it appears that (a) the eIg have been
successfully used independently from the initial inoculum; but (b) in different studies,
patients with hematological diseases did not benefit from their administration [50].

Table 3. Different clinical courses of septic patients. Legend: ↑: Increase; ↓: Decrease; ↑↑:
Marked increase.

Variable Early Response Late Response

Patient population Young, middle-aged Elderly

Comorbidities Often absent, no or few frailties Present, often multiples

Microorganisms Highly virulent, toxin releasing Low virulence, opportunistic
Viral reactivation

Clinical phenotype
Septic shock, high fever, ARDS,

fast-evolving MODS,
community-acquired infections

Altered mental status

Laboratory findings ↑↑/↓ White blood cell
↑ Lactate levels ↓ Lymphocytes

Possible clinical trajectories

Resolution of sepsis
Restoration of the

immunitary capabilities
Early deaths

Protracted ICU length of stay
Hypercatabolism and protein waste

Difficult weaning from the
mechanical ventilation

Late deaths

Legend: ARDS: acute respiratory distress syndrome; MODS: multiple-organ dysfunction syndrome.

4.4. When to Treat?

The SSC guidelines consider sepsis and septic shock as time-dependent clinical en-
tities [14]. This assumption is based on different investigations that demonstrated an
association between each hour of delay in the administration of (appropriate) antibiotics
and a measurable increase in the mortality rate [51–53]. That said, due to the absence of
clinical evidence, the most appropriate window of opportunity for the administration of eIg
remains substantially undetermined. Consequently, it appears that different approaches
can be used (Table 4).

Table 4. Possible criteria for the initiation of eIg.

Trigger Pros Cons

Low circulating Ig levels Physiological basis

Long turnaround time
not available on a H24-basis throughout the week;

Unknown appropriate levels of IgA and IgM in
septic shock

Prediction of septic shock
(TO-PIRO) Easy to assess None

Time lag since the onset of septic shock Easy to assess Time lag often approximated

The first is based on the measurement of circulating concentrations of the different
classes of Ig that are frequently reduced in septic shock patients; actually, as stated above,
several if not all investigations demonstrated an association between low blood levels of
native Ig and the outcome of septic patients. This issue appears somewhat controversial
because, whereas some investigators found that either isolated or combined low levels
of IgG, IgM, and IgA were associated with a decreased survival [16–20] and Giomarellos-
Bourboulis et al. [11] showed that the transition from severe sepsis to septic shock and death
was marked by decreased blood levels of IgM, other authors reported different results;
actually, in a recent meta-analysis (MA), Shankar-Hari et al. [21] demonstrated that low
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levels of IgG and IgM in septic patients were not associated with a poor outcome. Then,
whereas it appears reasonable to restore abnormally low levels of Ig, it is not clear (yet)
whether “normal” levels can be considered appropriate in septic shock as their consumption
is likely increased as compared to non-septic conditions [54].

Another potential method of guiding the administration of IgM-enriched immunoglob-
ulins is the use of a scoring system, such as the Torino (TO)-PIRO score [55]. This has
been developed on the basis of multiple investigations and differs from the original PIRO
system [56] as it does not describe the clinical course but rather the underlying medical
conditions favoring the occurrence of septic shock, such as the underlying chronic disor-
ders (predisposition), the possible precipitating factors (insult), the host’s reaction to the
infection (response), and the possible systemic complications (organ) (Table 5).

Table 5. The TO-PIRO score.

Items Criteria Score

Predisposition

Uncontrolled cancer 1
Colonization with MDR bacteria and/or candida 1
Neutropenia or immunosuppression or allogenic

stem cell transplant or splenectomy 2

Insult

Necrotizing fasciitis, invasive meningococcal or
pneumococcal disease, MRSA 5

MDR infections or nosocomial infections 2
Secondary or tertiary peritonitis 2

Response

Leukocytes < 600/mL 2
IgM < 60 mg/dL 2

PCT > 10 ng/L or CRP > 20 mg/dL 1
PCT > 100 ng/L–Il-6 > 1000 pg/mL–endotoxin >

06–presepsin > 1400 ng/L 2

Disseminated intravascular coagulation 1

Organ
Septic shock 3

Sepsis with >1 organ failure 2
Infection without sepsis 1

Legend; MDR: multiple-drug resistant; IgM: M-class immunoglobulin; MRSA: methicillin-resistant S. aureus; PCT:
procalcitonin; CRP: C-reactive protein.

Then, on the basis of the score, it could be possible to identify patients who could
benefit from the administration of eIg (Table 6).

Table 6. Possible approaches according to the score values.

TO-PIRO Score Suggestions Timing

<5 The administration of eIg may be beneficial Undetermined

5–10 The administration of eIg is suggested Possibly within 24 h of clinical presentation

>10 The administration of eIg is recommended * As soon as possible and within 6 h

* Evidence showed reduced mortality in septic shock patients treated with eIg as compared with non-treated patients.

The last approach basically consists of the administration of eIg immediately after the
diagnosis of septic shock. Berlot et al. [57] demonstrated that in 355 septic shock patients,
there was an increase of ~2% mortality rate for each 24 h delay in the administration of eIg;
however, as stated by the authors, this approach is flawed, which is an inherent risk of ap-
proximation as the onset of septic shock is not always immediately recognizable especially
when it occurs outside the ICU. However, the score has its own inherent limitations and
requires validation in clinical practice and using results gathered from large databases.
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4.5. Which Dosage?

The summary of product characteristics currently recommends eIg therapy at a dose of
0.25 g/kg body weight/day for 3 consecutive days, but further infusions may be required
according to the clinical course. Actually, even if the appropriate levels of immunoglobulins
are far from being established, it is reasonable to increase their levels rapidly. To this aim,
Rodriguez et al. [55] used a higher dose of eIg (1–2 mg/kg/day for 5 days) in a group of
severe sepsis and septic shock surgical patients and observed an improved outcome in the
treatment as compared to the control group. Moreover, in order to adapt the treatment
to the patients and not vice versa, two different RCTs are currently underway; in the
former, the dose of eIg is titrated on the levels of native IgM [58], and in the latter, on the
concentrations of some immunologic biomarkers [59]. In order to achieve a patient-tailored
treatment, it could be useful to perform repeated measurements during the eIg infusion to
measure the circulating levels of the different classes of Ig in order to make sure the dose
is adequate according to their and/or variations. Recently, Berlot et al. [54] demonstrated
in a group of septic shock patients that the trajectories of IgM and IgA differed between
survivors and non-survivors since, whereas the IgG and the IgA increased in both groups,
in survivors, the IgM more than doubled at the end of the infusion and almost tripled 7
days later. Different mechanisms can account for these findings, including (a) the ongoing
production of endogenous IgG and IgA possibly associated with the reduced production
and/or the consumption of IgM in non-survivors; (b) a higher pathogen or PAMP load
and the consequent increased opsonization and clearance of the IgM molecule; and (c) the
leaking from the bloodstream into the interstitial space of IgM through a more permeable
capillary endothelium of non-survivors.

5. Original Sins & Open Issues

The skepticism of the SSC guidelines concerning the use of eIg stems from the original
sins of the published studies that prevent definite conclusions from being drawn from these
studies. The main limitations of these investigations include:

(a) The uncertainness of the timing of administration in relationship with the onset of
septic shock appears to be a relevant issue as the outcome of these patients appears to
be a time-dependent variable.

(b) The not always indicated appropriateness of the concomitant treatments, such as
antibiotics and surgical drainage of septic foci.

(c) The lack of risk stratification of patients, which is very often lumped together without
taking into consideration the underlying chronic diseases and subsequent frailties.

(d) The clinical phase of their administration; actually, as stated above, the immune con-
ditions of septic patients can vary according to the time elapsed from the initial insult.

(e) The absence of information about the blood concentrations of native Ig, as well as of
other immunological variables before the administration of the eIg.

6. Frequently Asked Questions

(a) Is it possible to give eIg to patients undergoing renal replacement treatments and/or
other forms of blood purification? Yes, because their molecular weight is too high to
be removed or absorbed by commonly used devices; however, they can be removed
by plasma exchange [60]. In this case. the eIg should be given after the procedure.

(b) What are the possible harmful side effects? The eIg are well tolerated; however, either
a hyperviscosity syndrome or acute renal failure have been occasionally reported,
which were likely due to the stabilizers rather than the Ig molecules [61]. Both
occurrences can be prevented by adequate hydration.

7. Conclusions

Independently from their composition, the use of IvIgs in sepsis is a widespread prac-
tice not encouraged by the current SSC as the published studies are flawed by a number of
biases, including the heterogeneity of the enrolled patients, the different ROE, the often
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unspecified timing of initiation, the appropriateness of the antibiotic treatments, etc. [62].
Even taking into account these original sins, they are valuable adjunctive measures if
administered as soon as possible after the onset of septic shock. A step toward precision
medicine could be constituted by the titration of the dose according to the patient’s im-
munological or biochemical response aiming for a personalized approach rather than a
“one-size-fits-all” policy.
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Abstract: Cardiac arrest affects millions of people per year worldwide. Although advances in
cardiopulmonary resuscitation and intensive care have improved outcomes over time, neurologic
impairment and multiple organ dysfunction continue to be associated with a high mortality rate.
The pathophysiologic mechanisms underlying the post-resuscitation disease are complex, and a
coordinated, evidence-based approach to post-resuscitation care has significant potential to improve
survival. Critical care management of patients resuscitated from cardiac arrest focuses on the
identification and treatment of the underlying cause(s), hemodynamic and respiratory support, organ
protection, and active temperature control. This review provides a state-of-the-art appraisal of critical
care management of the post-cardiac arrest patient.

Keywords: cardiac arrest; post-resuscitation care; intensive care medicine; critical care; outcome

1. Introduction

For decades, the main focus of resuscitation research was the quality and effectiveness
of cardiopulmonary resuscitation (CPR), which led to an increased probability of a return of
spontaneous circulation (ROSC). In recent years, optimizing neurologically intact survival
from cardiac arrest has been established as the primary aim of resuscitation scientists.
Nevertheless, survival rates with good neurological outcomes vary substantially and
depend on the location and circumstances of the arrest, the medical team’s ability to restore
perfusion to the heart, and the quality of post-resuscitation care [1–3].

The unique and complex pathophysiologic mechanisms underlying post-resuscitation
disease increase the complexity of management. Patient-related factors, etiology of cardiac
arrest, and initial rhythm can further complicate medical care and have a critical impact
on outcomes. Unfortunately, the variation in post-cardiac arrest management and the lack
of well-organized regional cardiac arrest centers remain important concerns and hamper
international efforts toward the standardization of care.

Despite advances in resuscitation science, neurologic impairment, and multiple organ
dysfunction cause considerable mortality and morbidity. High-quality post-resuscitation
care has significant potential to reduce early mortality but requires major diagnostic and
therapeutic resources and specific training. This review provides a state-of-the-art appraisal
of critical care management of the post-cardiac arrest patient.

2. Pathophysiology

Post-cardiac arrest syndrome is a complex entity, including myocardial dysfunction,
brain injury, the effects of ischemia and reperfusion, and the precipitating pathology or
comorbidities as key features. Furthermore, this syndrome can involve injuries caused
during the peri-arrest period and several systemic complications that may occur after
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ROSC, such as acute respiratory distress syndrome, acute renal failure, refractory shock,
and disseminated intravascular coagulation [4].

Post-resuscitation myocardial dysfunction is observed in up to two-thirds of patients
resuscitated from cardiac arrest, even in the absence of prior cardiac disease, and is charac-
terized by the absence of irreversible damage, as well as normal or near-normal coronary
flow [5]. Systolic dysfunction of variable severity is commonly identified, but diastolic
dysfunction is less frequently reported [6–8]. However, in almost all patients, the syndrome
is characterized by reduced global contractility, decreased myocardial compliance, and
increased microvascular permeability with myocardial edema, all affecting cardiac output.
The latter is further impaired due to myocardial injury, metabolic deviation, energy deple-
tion, electrolyte disorders, and the increased formation of reactive oxygen species, which
destabilize membrane depolarization and electrical activity [5,6,9].

Post-cardiac arrest brain injury involves a complex cascade of molecular mechanisms,
most of which remain unknown. After ROSC, several cytokines are upregulated and pro-
mote neutrophil infiltration, while the endothelium becomes more dysfunctional and nitric
oxide formation decreases. These result in impaired vasodilation and platelet/neutrophil
accumulation, increasing the cerebral microvessel vascular tone and extending tissue in-
jury [5]. The enhancement of blood coagulation, which has already begun during CPR,
enhances microthrombosis, while the opening of mitochondrial permeability transition
pore results in mitochondrial dysfunction, cytochrome c leakage into the cytoplasm, and
activation of delayed neuronal death pathways [10–12]. Post-cardiac arrest brain injury
may be further exacerbated by microcirculatory failure, impaired autoregulation, hyper-
carbia, hypo- or hyperoxia, pyrexia, hyperglycemia, anemia, and seizures [5,13–15]. In
most patients, cerebral blood flow is low within 20 min to 12 h after ROSC (hypoperfusion
phase), while the disturbed post-ROSC autoregulation may contribute to the development
of secondary brain damage [16].

Peri-arrest ischemia and reperfusion injury can also aggravate outcomes. Shortly
after reperfusion, cellular edema, altered gene expression, activation of inflammation, and
increased production of reactive oxygen species result in tissue trauma and endothelial
dysfunction [17–20]. The latter enhances vascular permeability, vasoconstriction, and local
inflammation, creating a vicious cycle that ultimately leads to cell death [21–23].

Among organ systems, gastrointestinal tract dysfunction is common and characterized
by loss of barrier integrity and bacterial translocation. The passage of viable bacteria or en-
dotoxins from the gastrointestinal lumen, through the mucosal epithelium, to extra-luminal
tissues, such as the mesenteric lymph nodes and other distant organs, can aggravate
inflammation and cause secondary infections [24–26]. This phenomenon is usually ob-
served after intestinal ischemia-reperfusion injury [27], but the timing and the associated
pathophysiological mechanisms have not been elucidated.

Cardiac arrest and CPR induce a marked increase in pro-inflammatory cytokines,
which activate pattern recognition receptors (e.g., Toll-like receptors) and inflammasomes,
thereby amplifying the inflammatory response in ischemia-reperfusion injury [28]. The en-
hanced inflammatory response subsequently activates the hypothalamic–pituitary–adrenal
axis [5,29,30]. Furthermore, sudden exposure to large quantities of endotoxin entering
the bloodstream can contribute to the potentially devastating cascade of the sepsis-like
syndrome, with possible concurrent immune suppression or paralysis [31–35]. Whether
induced hypothermia after cardiac arrest attenuates the inflammatory response and in-
creases the risk of subsequent infection remains unknown. However, data from mixed
surgical–medical intensive care unit (ICU) patients suggest that induced hypothermia does
not affect the immune response in patients with cardiac arrest [36]. Additional research is
critically needed to elucidate whether all or only a subset of post-arrest patients will benefit
from immune modulation and develop strategies to enhance only the beneficial aspects of
the immune response following cardiac arrest.
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3. Immediate Management following Restoration of Cardiac Activity

Conscious patients with stable hemodynamics and good neurological function usually
have an uneventful course while undergoing further diagnostic testing. Unconscious or
unstable patients must be repeatedly evaluated using the airway, breathing, circulation,
disability, and exposure (ABCDE) approach, and their physiology should be optimized
on an individual basis. Further diagnostic evaluation, e.g., transfer to the catheterization
laboratory, should follow physiological and vital function stabilization. Another key first
step is the re-evaluation of the etiology of cardiac arrest. After ROSC, there is usually
more time to re-evaluate the patient and the conditions of cardiac arrest and collect more
information from emergency medical services, witnesses, and family. Reversible causes
should be rapidly investigated to prevent deterioration and relapse of the arrest.

Electrolyte derangements may be among the most common clinical problems encoun-
tered during the post-resuscitation period. Hyper- or hyponatremia may be associated with
cellular dehydration and central nervous system damage, while dyskalemias may induce
severe arrhythmias. Other abnormalities, such as hypocalcemia, hypomagnesemia, and
hypophosphatemia may also be associated with increased adverse events. All physiological
derangements should be identified and corrected since they can lead to fatal consequences
in the resuscitated cardiac arrest patient (Table 1).

Table 1. Common causes of cardiac arrest and their management after admission to the intensive
care unit.

Cause Management

Electrolyte derangements Urgent correction; medical treatment; continuous renal replacement therapy

Acidosis

Urgent correction; mechanical ventilation; maintain plasma pH > 7.20 and avoid pH
normalization (mild acidosis facilitates tissue oxygenation); avoid normal saline
(hyperchloremia); use of the anion gap corrected for albumin; initiation of renal

replacement therapy when pH < 7.15 in the absence of severe respiratory acidosis
and despite other medical treatment interventions

Acute coronary syndrome Percutaneous coronary intervention; coronary artery bypass graft; optimization of
myocardial perfusion; anticoagulation; thrombolysis

Heart failure

Advanced hemodynamic monitoring; deresuscitation/fluid removal; early point-of-care (POCUS)
and venous excess ultrasound (VexUS); optimization of intravascular volume; preload, afterload,

and heart-lung interactions; medical treatment; mechanical circulatory support; cardiac
transplantation

Arrhythmia
Early rate control; correction of electrolyte disorders, acidosis, and other
metabolic processes; diagnosis and treatment of abnormal conduction

syndromes; medical treatment; cardioversion; pacing

Myocardial trauma Resuscitative thoracotomy; surgical intervention

Pericardial tamponade Emergency pericardiocentesis; resuscitative thoracotomy; surgical
pericardiectomy or pericardial window

Tension pneumothorax Emergency decompression; surgical intervention

Pulmonary embolus Thrombolysis; embolus aspiration; mechanical circulatory support; prevention and treatment of
pulmonary hypertension and acute right ventricular failure; surgical intervention

Airway obstruction Removal of obstacle (e.g., mucus plug); endotracheal intubation; endotracheal/tracheostomy
tube exchange; cricothyroidotomy

Asthma/COPD exacerbation
Medical therapies; non-invasive ventilation; high flow oxygen therapy; mechanical ventilation

(aiming at improving gas exchange abnormality and avoiding auto-positive end-expiratory
pressure); bronchial thermoplasty (within the context of a clinical trial or registry)
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Table 1. Cont.

Cause Management

Hemorrhage/hypovolemia

Advanced hemodynamic monitoring; fluid resuscitation (patients with maximal vasoconstriction
and increased endogenous vasopressin levels may need less fluid); massive transfusion; avoid
overload, hemostatic resuscitation, vasopressor use targeted at maintaining perfusion of vital

organs *; surgical intervention

Poisoning

Antidote administration; medical treatment; extracorporeal blood purification interventions
(e.g., continuous veno-venous hemodiafiltration or hemoadsorption); volume expansion;

vasopressor therapy; correction of electrolyte and acid-base disturbances; mechanical
circulatory support

Sepsis

30 mL kg−1 of crystalloid within 3 h; assess for fluid responsiveness/tolerance; early
norepinephrine use; vasopressin when norepinephrine > 0.15 µg−1 kg−1 min−1; use of

point-of-care (POCUS) and venous excess ultrasound (VexUS); medical management; source
control; early antibiotics; lung-protective ventilation #

* There are more α-1 adrenergic receptors in the veins than in the arteries, and they are abundant in the hepatic
veins. In patients with severe hypovolemia, exogenous administration of pure α1-adrenergic receptor agonists
will further constrict the already constricted hepatic veins, increasing the impedance of the outflow of blood
from the splanchnic system into systemic circulation and leading to sequestration of blood within the liver
(preventing auto-transfusion) [37]. In maximally vasoconstricted individuals, large doses of α1-adrenergic
receptor agonists would not further increase venoconstriction and will constrict only arteries [37], aggravating
the Fåhræus effect (decaying of the relative hematocrit in small vessels as the vessel diameter decreases) and
organ perfusion [38,39]. # Tidal volume should be set between 6 and 8 mL kg−1 predicted body weight (volume
or pressure controlled); respiratory rate should be initially based on the underlying physiology and thereafter
aimed at maintaining normocapnia or mild hypercapnia; plateau pressure should be maintained <30 cmH2O and
corrected for intra-abdominal pressure when clinically indicated; avoid high positive end-expiratory pressures (set
at ≤5 cmH2O in patients with ROSC and hemodynamic failure and then individualize); driving pressure should be
maintained <14 cmH2O; mechanical power should be kept <17 J min−1; fraction of inspired oxygen should be
titrated to maintain normoxia [40,41].

4. Airway and Anesthesia Management

Post-cardiac arrest patients have an increased risk of cardiovascular collapse and other
complications during the peri-intubation period [42]. These physiological derangements
may occur due to pre-existing circulatory failure, chronic diseases, effects of anesthetic
agents, and transition to positive pressure ventilation. Although the role of skills in
airway management and the presence of a second operator remain important [43,44], ex-
pertise in peri-intubation physiological optimization is crucial, and endotracheal intubation
should be performed by well-trained physicians [45]. Standard periprocedural monitoring
includes peripheral oxygen saturation, waveform capnography, blood pressure, electro-
cardiogram, heart rate, end-tidal oxygen concentration, and, whenever required, invasive
monitoring [46].

Peri-intubation desaturation carries a four-fold increase in the adjusted odds of re-
arrest, and significant efforts should be made to improve denitrogenation and functional
residual capacity and minimize shunting [42,47,48]. High-flow nasal cannula, non-invasive
ventilation, and the ‘ramped’ position can be used to optimize the delivery of apneic
oxygenation and first-pass success, provided that they do not impair hemodynamics and
are tolerated by the patient [49–51]. In addition, endotracheal intubation is frequently
associated with hemodynamic impairment, especially in post-cardiac arrest patients, and
peri-procedural individualized hemodynamic optimization can decrease the risk of car-
diovascular collapse [42,52,53]. Peri-intubation optimization of venous return and cardiac
contractility in these individuals is crucial. Of note, fluid boluses may be ineffective, and
early infusion of norepinephrine with or without an inotrope is usually required [54,55]. In
patients with right ventricular failure and/or pulmonary hypertension who cannot tolerate
further catecholamine-associated increases in pulmonary vascular resistance, vasopressin
could be regarded as the vasopressor agent of choice.

The choice of sedative and induction agents should be also individualized based on the
underlying hemodynamic status and comorbidities [42,52]. Although the merits of direct
laryngoscopy vs. videolaryngoscopy for airway management in critically ill patients have
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been a matter of debate over the last few years, videolaryngoscopy may be of high value
for overcoming anatomical difficulties but may also lead to life-threatening complications,
including apnea and systemic hypotension. In clinical practice, there are several uncon-
trollable factors that may deteriorate a patient’s physiology during videolaryngoscopy,
such as secretions or blood in the airway, reflux of gastric contents, and failure to recognize
profound desaturation/hypotension in the setting of clear laryngeal view [56,57].

Maintenance of anesthesia after intubation is usually achieved by a combination of
hypnotics, opioids, and neuromuscular blocking agents. Although no definitive evidence
exists regarding the best sedation regimen or optimal duration after cardiac arrest, patients
must be adequately sedated using agents with short elimination half-life, the lowest pos-
sible doses, multimodal monitoring, and daily sedation breaks [58,59]. Midazolam and
propofol are the most widely used sedatives, with the former allowing a faster neurological
recovery; however, it is associated with a higher need for vasopressor therapy [60,61]. Of
note, neuromuscular blocking agents are very useful and can facilitate mechanical ven-
tilation, prevent shivering, and help achieve the target temperature quickly in comatose
patients [62].

Patients treated with targeted temperature management (TTM) must be deeply se-
dated. However, TTM is associated with significant pharmacokinetic and pharmacody-
namic alterations, which may result in sedative accumulation [63–66]. Therefore, the dosing
of anesthetics may have to be reduced during TTM. The depth of anesthesia should always
be monitored using frequent clinical assessment, continuous processed electroencephalo-
gram monitoring and nerve stimulators, and should be carefully adjusted to tailoring drug
administration to the individual patient.

5. Respiratory Management

The aim of positive pressure ventilation after ROSC is to improve oxygenation whilst
minimizing circulatory impairment and other adverse events. Large tidal volumes, high
respiratory rate and positive end-expiratory pressure (PEEP), and higher airway pressures
may increase ventilator-induced lung injury and worsen hypotension and cerebral blood
flow; therefore, they should be avoided, especially in the case of intravascular volume
depletion or cardiogenic pulmonary edema [46,67]. Immediately after endotracheal intu-
bation, patients should be mechanically ventilated using a lung-protective strategy with
a tidal volume of 6–8 mL kg−1, PEEP of ≤5 cmH2O, plateau pressure < 30 cmH2O, and
driving pressure < 14 cmH2O. After hemodynamic optimization, PEEP levels can be titrated
on an individualized basis, while mechanical power should be kept below 17 J min−1,
taking into account the driving pressure and respiratory rate [40,41,68].

Furthermore, an arterial blood gas sample should be obtained as soon as possible, and
the fraction of inspired oxygen should be individualized and titrated upon ROSC to an
arterial oxygen saturation of 94% to 96% or even lower in some patients [69]. Specifically,
hyperoxia (i.e., arterial partial pressure of oxygen (PaO2) > 100 mmHg) and hypoxemia
(i.e., PaO2 < 65 mmHg) should both be avoided. Although extreme hyperoxia is associated
with poor neurologic outcomes [70–73], “critical” hypoxia does not equate to a specific
oxygen concentration. Of note, many tissues function physiologically at levels equivalent to
an atmosphere of 5% oxygen, and some at levels as low as 1% oxygen [74,75], and therefore,
optimizing perfusion may be more important than setting a specific oxygenation target in
anesthetized patients [76–78].

Whether oxygenation and ventilation targets should be modified in patients treated
with TTM remains unknown. However, at a core temperature of 33 ◦C, the PaO2 (and
arterial partial pressure of carbon dioxide (PaCO2)) determined via an analysis of a warmed
sample may be higher than the patient’s actual PaO2 (and PaCO2); therefore, maintaining
an arterial blood gas analysis PaO2 between 70 and 100 mmHg may be reasonable in these
patients. Furthermore, ventilation may be adjusted to maintain normocapnia (or even
mild hypercapnia), especially in anesthetized patients treated with temperature control to
32–34 ◦C or in patients with decreased metabolism and carbon dioxide production [79].
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Indeed, when the core temperature is 33 ◦C, the patient’s actual PaCO2 may be 6 to
7 mmHg lower than the value reported by the blood gas machine [80], while patients with
chronic hypercapnia (e.g., chronic obstructive pulmonary disease) may require ventilator
adjustments to achieve prehospitalization PaCO2 values.

Notably, mild hypercapnia may improve cerebral perfusion and have anticonvul-
sant, anti-inflammatory, and anti-oxidant effects [81,82]. An observational cohort study of
16,542 patients found a greater likelihood of survival to discharge to home in the hyper-
capnic group and no difference in in-hospital mortality compared to normocapnic and
hypocapnic patients [83]. Another study with 5258 cardiac arrest patients reported that
unadjusted hospital mortality was the highest in the hypocapnic group (58.4%), compared
with the hypercapnic (56.8%) and normocapnic (49.3%) group (p < 0.001). Analyses adjusted
for age, lowest glucose, and PaO2 revealed that hypocapnia (but not hypercapnia) was
significantly associated with in-hospital mortality (p < 0.001) [84]. A post hoc analysis of
the Japanese Association for Acute Medicine out-of-hospital cardiac arrest (OHCA) registry
reported that severe hypocapnia, mild hypocapnia, severe hypercapnia, and exposure to
both hypocapnia and hypercapnia were more likely to have a 1-month poor neurologic
status compared with mild hypercapnia (reference: exposure to mild hypercapnia, respec-
tive adjusted odds ratios (ORs) [95% CI]: 6.68 [2.16–20.67], 2.56 [1.30–5.04], 2.62 [1.06–6.47],
and 5.63 [2.21–14.34]) [85]. The clinical practice recommendations on the management of
perioperative cardiac arrest (PERIOPCA) also recommend a lung-protective ventilation
strategy (reducing tidal volume, plateau pressure, and driving pressure) and a PaCO2
of 40–50 mmHg after perioperative cardiac arrest, especially in individuals with cerebral
vasospasm or generalized atherosclerosis [86].

6. Circulatory Management

Myocardial stunning, vasoplegia, and capillary leaks are the main causes of circulatory
failure after cardiac arrest and resuscitation, and advanced monitoring may be required
in unstable patients to optimize oxygen delivery. Reversible post-cardiac arrest myocar-
dial dysfunction, with a depressed left ventricular ejection fraction and an increased left
ventricular end-diastolic pressure, may occur in the hours following ROSC, especially in
patients with a longer duration of no-flow or CPR [5]. This impairment may persist for
48–72 h, and early echocardiography can quantify its extent, which may require the use
of inotropes [5,87–89]. Beta-adrenergic blockade may be necessary as well, as sustained
catecholamine-induced β-adrenergic induction produces adverse effects relevant to post-
resuscitation management. Indeed, there is evidence suggesting that relative tachycardia is
associated with poor neurological outcomes in post-cardiac arrest patients, independently
of TTM, and with higher serum lactate levels and admission Sequential Organ Failure
Assessment (SOFA) scores [90]. In another study, administration of beta-blocking agents
(metoprolol i.v./per os or bisoprolol per os) during the first 72 h of post-resuscitation care
was associated with survival at 6 months from the event in both the univariate (p < 0.001)
and multiple logistic regression analyses (p = 0.002) [91]. However, classic β-blockers, such
as metoprolol, are not easy to dose in such situations since they may lose their selectivity in
the upper standard dose range or when given intravenously, while their longer duration
of action may also lead to significant adverse events [92,93]. Ultra-short acting β-blockers,
such as esmolol and landiolol, provide significant advantages in these circumstances since
their effect can be terminated in a very short time [94,95]. Among these two i.v. agents,
landiolol seems to be the most effective for decreasing heart rate in patients with acute
heart failure and can be used alongside positive inotropic agents [96–104], e.g., in patients
with left ventricular dysfunction and increased heart rate. Landiolol is also the only i.v.
β-blocker with a specific dose recommendation for these patients [105]. Consequently,
landiolol has been used in intensive care patients in conjunction with positive inotropic
agents with positive outcomes (Figure 1) [106–112].
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Figure 1. Post-resuscitation care after intraoperative cardiac arrest. A 67-year-old man with a his-
tory of end-stage renal disease, heart failure, and pulmonary hypertension underwent emergency
surgery (American Society of Anaesthesiologists physical status 5E) due to uncontrolled hemorrhage
from an infected axillary-axillary synthetic loop graft. The patient was in hemorrhagic and septic
shock upon arrival to the operating room. Two hours after induction of anesthesia, he suffered
an intraoperative pulseless electrical activity cardiac arrest. The patient was resuscitated accord-
ing to the PERSEUS treatment strategy (NCT04428060) [106] and received two i.v. bolus doses of
epinephrine 500 µg in order to maintain a diastolic arterial pressure > 40 mmHg during CPR and
hydrocortisone 200 mg. A systemic vascular resistance of 1000–1100 dynes s−1 cm−5, end-tidal
carbon dioxide of 15–18 mmHg, and central venous pressure (CVP) of 6–7 mmHg were recorded
during CPR. Spontaneous circulation was restored after 2 min of CPR. Post-resuscitation cardiac
ultrasound revealed left ventricular hypertrophy with severe systolic dysfunction (LVEF: ~30%,
TR: 3+/4+) and a systolic pulmonary artery pressure of 65–70 mmHg. Inferior vena cava diameter and
CVP were 2 cm and 18 mmHg, respectively. The patient was initially supported with noradrenaline
1 µg kg−1 min−1 and dobutamine 4.17 µg kg−1 min−1. Depth of anesthesia was adjusted to maintain
bispectral index between 39 and 44 with full neuromuscular blockade. Lung-protective ventila-
tion and targeted temperature management (35.2–35.5 ◦C) were applied. Esmolol infusion was
started due to increased heart rate (sinus rhythm 138 beats min−1; noradrenaline 1 µg kg−1 min−1,
dobutamine 4.17 µg kg−1 min−1, esmolol 14.58 µg kg−1 min−1). Subsequently, arginine vaso-
pressin (AVP) was added to facilitate decatecholaminisation and mitigate the effects of noradrenaline
on pulmonary vasculature (noradrenaline 0.4 µg kg−1 min−1, AVP 0.05 IU min−1, dobutamine
2.92 µg kg−1 min−1, esmolol 14 µg kg−1 min−1). Thereafter, esmolol was replaced by landiolol in an
effort to lower the ventricular rate without markedly deteriorating hemodynamics (noradrenaline
0.37 µg kg−1 min−1, AVP 0.05 IU min−1, dobutamine 2.7 µg kg−1 min−1, landiolol 6 µg kg−1 min−1).
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Tranexamic acid was administrated, and the patient was transfused with a packed red blood cell/fresh
frozen plasma/platelets ratio of 2:1:1 (total 6:3:3). Intraoperative time (skin-to-skin) was four hours.
After another two-hour intensive care in the operating room, the patient was transferred to the
intensive care unit, from which he was discharged 7 days later with a cerebral performance category
score of 1. 1: fluid resuscitation and transfusion; 2: total intravenous anesthesia; 3: medical infusion
pumps; 4: FloTrac/EV1000 clinical platform; 5: patient monitors providing information in numerical
and waveform formats; 6: mechanical ventilator parameters and waveforms; 7: temperature control;
8: bispectral index (BIS) monitoring; 9: regional cerebral oxygen saturation (rSO2); 10: internal jugular
vein cannulation; 11: manual external defibrillator/pacemaker.

Although dobutamine is the first choice for short-term intravenous inotropic sup-
port in patients with decreased contractility, the mechanism of action of levosimendan
makes it an attractive alternative [113,114]. Levosimendan increases the sensitivity of my-
ocytes to calcium and improves contractility without increasing intracellular calcium levels;
the latter is a key pathophysiological mechanism of post-resuscitation myocardial stun-
ning and ischemic contracture, and attenuating this phenomenon seems important [5,115].
Whether post-resuscitation stable dysrhythmias must be treated immediately after their
diagnosis remains unknown. However, they are commonly caused by focal cardiac is-
chemia, and patients with a new-onset dysrhythmia must be evaluated for percutaneous
coronary intervention.

In critically ill patients, mean arterial pressure (MAP) represents the entry pressure
for the perfusion of most organs and should be maintained >65–70 mmHg [116–118]. Al-
though higher MAP levels may be required in patients with brain injury or persistent
hypoperfusion (e.g., progressing acute kidney injury or altered mental status) [119,120],
adequate circulatory volume, absence of left ventricular outflow tract obstruction, and mi-
crocirculatory flow and responsiveness (if possible) should be ideally assessed before using
a vasopressor challenge, especially in patients treated with TTM [77,121–123]. Considering
that organ perfusion pressure is influenced by MAP and venous pressure, maintaining an
optimal central venous pressure may facilitate adequate oxygen delivery. Additionally,
it is important to remember that diastolic arterial pressure is key for coronary perfusion
pressure, and its evaluation is also crucial. Patients with significant or unstable coronary
artery disease and those with chronic pulmonary hypertension at a risk of low coronary
perfusion pressure may require higher diastolic pressures [124].

Vasodilation should be actively treated with vasopressors, initially targeting a MAP
of >65–70 mmHg, followed by an individualized approach. Norepinephrine is recom-
mended as a first-choice agent to increase stressed volume and systemic vascular resistance
whilst decreasing inflammation-induced capillary permeability [125,126]. Vasopressin can
be used as an adjunct to limit the side effects of catecholamines or when agents with a dif-
ferent mechanism of action are needed; however, vasopressin may be the preferred option
in patients with pulmonary hypertension, right ventricular failure, and/or vasopressin
deficiency [127,128]. Moreover, vasopressin decreases the risk of atrial fibrillation and may
improve renal function in patients with vasodilatory shock [129]. Few data are available
regarding angiotensin II, limiting its use as a third- or fourth-choice agent in patients with
angiotensin II deficiency or altered expression of angiotensin receptors [130,131]. Of note,
hypoxic hypercapnia significantly affects the intra- and extrasplanchnic vascular capac-
itance system, and the dose of exogenous vasopressors should be possibly decreased in
these patients to maintain adequate venous return and afterload [132–134]. Whether TTM
affects hemodynamics remains a topic of discussion as these patients often have diverse
requirements in vasopressor support [87,135].
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In the context of the vasopressin–steroids–epinephrine (VSE) protocol, early
post-ROSC, stress dose steroids may contribute to hemodynamic stabilization,
especially in patients requiring high doses of vasopressors (e.g., norepinephrine
equivalent ≥ 0.25 µg kg−1 min−1) and who have multiple organ failure [136,137]. In ad-
dition, a re-analysis of combined data from the two randomized VSE trials reported that
exposure to stress dose steroids was associated with a lower risk of post-resuscitation
lethal septic shock [138]. Nevertheless, a more recent, two-center, randomized trial of stress
dose steroids (alone) vs. placebo did not confirm any steroid-associated physiological
benefit [139].

Optimizing preload during the post-resuscitation period may be difficult, and high
doses of balanced crystalloids are often needed. However, avoiding congestion and the
injurious effects of fluid over-resuscitation is imperative. An effective fluid resuscitation
strategy may necessitate the adoption of a complex, multimodal cardiovascular model
capable of primarily integrating both the arterial and venous sides of the circulation,
including microcirculatory flow and oxygen extraction [140].

Perhaps the most important to recognize is the patient who is fluid responsive but not
fluid tolerant because this patient will be harmed by a fluid responsiveness-based strat-
egy [138]. As multiple factors can impact the ability of different organs and compartments
to accommodate fluids and maintain their function, and different patient phenotypes exist,
frequent multimodal and comprehensive clinical assessments of fluid responsiveness and
tolerance are necessary. This assessment may include medical history and physical exam-
ination, radiographic evaluation, advanced hemodynamic monitoring, intraabdominal
pressure measurement, point of care ultrasound (POCUS), and assessment of abnormalities
in splanchnic venous flow patterns (i.e., venous excess ultrasound score—VexUS) [141,142].

In patients with refractory circulatory failure, treatment with assistive devices, such as
Impella, intra-aortic balloon pump, or veno-arterial extracorporeal membrane oxygenator
pumps, may be indicated. However, these devices are often associated with compilations
and should therefore be used in selected individuals [143–146].

7. Antibiotic Therapy

Over one-third of adults with OHCA may be bacteremic upon presentation to the
Emergency Department [147]. In addition, patients undergoing TTM may develop insulin
resistance [148,149], which may impair tissue perfusion and increase the risk of infection.
More specifically, clinical and experimental studies suggest that hyperglycemia induces
excessive vasoconstriction, endothelial dysfunction, oxidative stress, and inflammatory
response, which contribute to microcirculatory dysfunction [77,150–153]. However, bac-
teremia and antibiotic administration during resuscitation has not been associated with key
outcomes [154]. Therefore, routine prophylactic antibiotics are not recommended despite
the possibly increased risk for the development of pneumonia and other infections after
cardiac arrest and should be reserved for those with evidence of infection. If antibiotics are
administered, significant efforts must be made to improve tissue perfusion and local flow,
and thus antibiotic delivery to the potential source of infection.

8. Active Temperature Control

In most patients, the primary neurologic injury occurs during cardiac arrest and may
continue after ROSC [13]. However, the complex pathophysiology, diverse population,
and lack of standardized protocols are major limitations in optimizing neuroprotection.
Consequently, post-resuscitation neurological management requires a coordinated multi-
disciplinary approach aiming at attenuating the progression of cerebral injury.
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Targeted temperature management has been described as the most effective neuro-
protective strategy, and current recommendations suggest that it improves neurologic
outcomes [69,155,156]. However, the recently published “Hypothermia versus Normother-
mia after Out-of-Hospital Cardiac Arrest” trial, the largest trial to date, found no difference
in survival at 6 months or in health-related quality of life between TTM at 33 ◦C followed
by controlled rewarming or targeted normothermia at 36 ◦C with early treatment of fever
(body temperature > 37.7 ◦C) [157]. Similar results were reported in the CAPITAL CHILL
trial, in which patients were randomly assigned to TTM of 31 ◦C or 34 ◦C for a period of
24 h [158]. Nevertheless, that study was underpowered to detect a clinically important
difference of ≤3%.

Although the international guidelines recommend a target core body temperature
of 32 to 36 ◦C and avoiding fever for at least 72 h [69], considerable debate exists on the
optimal timing and temperature target, including whether just avoiding fever is enough
or whether TTM is also effective for non-shockable rhythms. A target temperature on
the higher end of the aforementioned range may be appropriate for patients with mild
brain injury, higher bleeding risk, trauma, recent surgery, or septic shock. On the other
hand, patients who may benefit from a temperature target of 32–33 ◦C include those
with severe brain injury, subarachnoid hemorrhage, or stroke [159–166]. In addition, the
HYPERION trial reported that moderate therapeutic hypothermia at 33 ◦C for 24 h led to a
higher percentage of patients who survived with a favorable neurologic outcome at day 90
compared to targeted normothermia at 37 ◦C [167]. In a recent randomized trial of nearly
800 patients who received TTM targeting 36 ◦C for 24 h after resuscitation from cardiac
arrest, the composite outcome of death from any cause or hospital discharge at 90 days
with either severe neurologic disability or coma was similar for patients who subsequently
underwent fever prevention for an additional 12 h (36 h total TTM duration) versus 48 h
(72 h total TTM duration) [168] (Table 2).
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Based on current evidence and recommendations, the target temperature should be
maintained stable for at least 24 h, avoiding variations and shivering, while fever should be
avoided for at least 72 h after cardiac arrest [178,184,187,188]. Additionally, patients should
be rewarmed at a slow rate (i.e., <0.5 ◦C h−1) [189,190].

Interestingly, several recent systematic reviews and meta-analyses of randomized
trials do not support the use of TTM. Elbadawi et al. analyzed eight randomized studies
with a total of 2927 patients and a weighted follow-up period of 4.9 months and reported
that TTM was not associated with improved survival or neurological outcomes compared
with normothermia in comatose patients after cardiac arrest [191]. Another systematic
review and network meta-analysis of temperature targets found that mild, moderate, or
deep hypothermia may not improve survival or functional outcome after OHCA and may
be associated with more harm than benefit [192]. Granfeldt et al. assessed all aspects of
TTM, including timing, temperature, duration, method of induction and maintenance, and
rewarming in 32 trials and reported that the use of TTM at 32–34 ◦C, when compared to
normothermia, did not result in improved outcomes [193]. In another recent systematic
review and Bayesian meta-analysis of seven adult cardiac arrest trials, TTM at 32–34 ◦C for
≥12 h versus normothermia with active control of fever had a chance of ≤53% to ≤78% to
reduce the risk of death or unfavorable neurological outcome by 2–4% [194]. Consequently,
more high-quality, large, randomized studies are warranted to further clarify the value of
targeted hypothermia versus targeted normothermia.

9. Prognostication

The overall prognosis of patients following cardiac arrest remains poor, with only half
of them surviving to discharge [173,195]. Early prognostication can be difficult, and clinical
examination should be initially performed after ROSC and thereafter on a daily basis to
assess the neurological status and guide decision making. However, assessments may be
confounded by physiological derangements such as hypoxia, hypothermia, circulatory
failure, and metabolic acidosis. Most in-hospital deaths in comatose patients are caused
by hypoxic-ischemic brain injury [69]. Therefore, the overall prognosis depends on the
no-flow time, the quality and duration of CPR, and the quality of post-resuscitation care.
Furthermore, the combination of patient characteristics, e.g., age and frailty, components of
medical care, anesthesia, TTM, and organ injury mandate that prognosis be determined
in most patients only after the first five to seven days after ICU admission [69,196–198].
Notably, late awakening may be due to ongoing cardiovascular instability or multiple
organ failure and does not preclude full neurological recovery [199–201].

As accurate prognostication is essential, a multimodal approach should be used in
all comatose patients. Brain-computed tomography, measurements of biomarkers such
as protein S100B or neuron-specific enolase, evoked potentials, electroencephalogram,
and frequent clinical examination are important tools [202]. However, several factors can
limit prognostication; for example, TTM may affect the predictive value of computed
tomography, while continuous electroencephalogram may have a limited predictive value
for a good outcome [203–206]. Additionally, no clear cut-off has been identified for neuron-
specific enolase, and serial sampling at 24, 48, and 72 h after ROSC are necessary to
assess trends.

In general, the neurological outcome depends on the prompt restoration of the systemic
circulation and adequate oxygen delivery to meet cerebral oxygen demands [207,208]. Until
recently, it was assumed that under normal circumstances, autoregulation maintains a
constant cerebral blood flow, and changes in mean blood pressure within a range of
50–150 mmHg have a minor influence on cerebral blood flow [209,210]. However, recent
evidence suggests that autoregulation maintains cerebral blood flow within a smaller range
above baseline MAP [16,211]. After cardiac arrest, the evidence is conflicting, with several
studies showing that cerebral autoregulation is preserved after cardiac arrest [212,213],
while other studies reported the absence of autoregulation [214].
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Monitoring cerebral perfusion with transcranial Doppler sonography (TCD) may
enhance clinicians’ ability to optimize individual cerebral perfusion, minimize secondary
brain damage, and improve prognostication among patients admitted to the ICU after
cardiac arrest. This technology allows the measurement of key parameters, e.g., cerebral
blood flow velocity and pulsatility index, that allow ongoing, real-time assessments of
patients’ autoregulatory indices, intracranial pressure, compliance, and cerebral blood
flow, and can identify potentially treatable derangements [215,216]. Various studies have
provided conflicting results concerning the association between initial TCD values and
neurological outcomes [208,212,217–221].

Although the interpretation of an elevated pulsatility index is complex, values > 1.19
are typically associated with increased downstream cerebrovascular resistance [222]. How-
ever, the pulsatility index may increase in the context of decreasing cerebrovascular re-
sistance [217,223]. Transcranial Doppler sonography parameters may complement other
available neuromonitoring tools, such as intracranial pressure monitors and near-infrared
spectroscopy [224,225]. Of note, TCDs are non-invasive, and their validity may be superior
to near-infrared spectroscopy [226]. Real-time data interpretation requires substantial
bioinformatic infrastructure and clinician expertise. The GOODYEAR trial (NCT04000334)
is anticipated to shed more light on the feasibility of an early goal-directed hemodynamic
management with TCD during the first 12 h after ROSC.

10. Ethics of Critical Care and End-of-Life Decisions following Cardiac Arrest

Maximizing the benefit of critical care for patients and their families is a key aspect
of post-cardiac arrest management. Apart from high-quality organ support, preventing
pertinent harm and early end-of-life care decisions are tightly related to the application
of patient-centered care. In this context, discussions with the patient or family members
following cardiac arrest may affect the quality of care and should rely on a shared decision-
making process [227]. The latter can support and optimize the appropriate allocation
of resources, decrease ICU/hospital length of stay, aid in the selection of palliative care
pathways, and reduce health care costs.

Effective communication is very important for patient relatives, who may be severely
impacted by the illness and critical care stay of their loved ones, experiencing various
phycological disorders, such as anxiety, acute stress, post-traumatic stress disorder, and de-
pression [228,229]. Communication in the context of shared decision-making is associated
with higher patient/family satisfaction and increased decisional confidence [227,230,231].
However, communication with families is not always easy, and structured communication
tools may improve shared decision-making and patient/family satisfaction [232,233]. Con-
sequently, family support interventions that can help reduce these psychological impacts
and family-centered communication and care should be key objectives of post-resuscitation
management [230–232,234–236]. Indeed, post-ICU admission-focused discussions with
relatives can increase documentation of patient preferences and facilitate advance care
planning and end-of-life care [232,237–239].

Of note, advance care planning is associated with improvements in symptom control
and quality of life, decreases in family carers’ decisional conflict, improvements in ICU
care and post-resuscitation suffering, lower caregiver burden, and higher patient/family
satisfaction [240]. However, an important limitation in the implementation and research
in advanced care planning is the lack of a standardized approach; this is also a main
cause for the inconsistent findings between studies [238,241–245]. In addition, advanced
care planning and shared decision-making may increase organ donation pathways and
rates after ensuring family members that donation will be considered only when ongoing
treatment cannot improve outcome.

On the other hand, specific and adequate training of healthcare professionals is im-
perative for improving critical care and end-of-life decisions following cardiac arrest [246].
However, this type of training is often inadequate during medical training or time of spe-
cialization/subspecialization. Easily accessible relevant training programs or workshops
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to improve the delivery of end-of-life care must be available amongst all hospital staff.
For example, the ‘End-of-life Care for All (e-ELCA)’ program is an e-learning library that
provides resources to enhance the training and education of the health and social care
workforce. The e-ELCA has been highlighted as a resource to help with the implementa-
tion of the NICE Guidelines on improving care for people who are in their last days of
life [247]. Similarly focused programs created for cardiac arrest patients and their families
may enhance the quality of post-resuscitation care.

11. Conclusions

A substantial proportion of cardiac arrest deaths can be attributed to the development
of post-cardiac arrest syndrome, and post-resuscitation care is the fourth link in the chain
of survival. Critical care management requires highly specialized resources and should be
based on a multidisciplinary approach ensuring best-practice critical care.
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Abstract: Even in the absence of strong indications deriving from clinical studies, the removal
of mediators is increasingly used in septic shock and in other clinical conditions characterized
by a hyperinflammatory response. Despite the different underlying mechanisms of action, they
are collectively indicated as blood purification techniques. Their main categories include blood-
and plasma processing procedures, which can run in a stand-alone mode or, more commonly, in
association with a renal replacement treatment. The different techniques and principles of function,
the clinical evidence derived from multiple clinical investigations, and the possible side effects
are reviewed and discussed along with the persisting uncertainties about their precise role in the
therapeutic armamentarium of these syndromes.

Keywords: septic shock; sepsis mediators; hemofiltration; hemoadsorption

1. Introduction

Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated
host response to infection [1] that is caused by the release of a huge and only partially
known number of mediators produced during the interaction between the infecting germ
and the patient’s immune system. The possible role of endogenous toxic substances in
the pathogenesis of diseases is not a new concept, because since ancient times it was
believed that many, if not all, disturbances affecting the humanity were caused by these
agents. Consequently, their removal was considered an appropriate therapeutic target;
with this aim, bloodletting gained wide popularity, becoming the first procedure of blood
purification (BP). However, when in the second half of the 19th century it became clear
that an exceedingly high number of microorganisms were responsible for many diseases
previously treated with this approach, its use rapidly declined. At present, bloodletting is
limited to rather uncommon conditions, including hemochromatosis and polycythemia.
The modern era of BP arose in the 1940s, when Kollf et al. started to treat patients with
acute or chronic kidney injury (AKI and CKI, respectively) using a cellophane membrane
perfused by the patients’ blood to remove uremic toxins [2]. It is remarkable that this
approach should be unacceptable in the era of evidence-based medicine (EBM) and Ethical
Committees, as the first 16 patients died during the procedures or immediately thereafter
and only the 17th patient survived and was discharged home [2]. Some decades later,
it appeared that the systemic disturbances associated with severe infections, including
fever, arterial hypotension, multiple organ failure, etc., could be ascribed more to the
interaction between the host’s immune system and the infecting agent than to the latter
only. Moreover, this reaction appeared to be at least partially determined by circulating
factors, as the fluid removed from the bloodstream of septic and trauma patients using
a cuprophan membrane was able to induce an intense proteolysis in isolated rat limbs,
indicating the presence of a filtrable and transmissible factor able to cause the same muscle
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alterations observed in critical conditions [3]. From then on, an ever-increasing number
of substances with both pro- and anti-inflammatory properties produced in these clinical
circumstances have been identified [4], and it was hypothesized that their neutralization
could positively influence the clinical course of sepsis and septic shock and/or other
clinical conditions characterized by an uncontrolled inflammatory reaction. Conversely,
in patients with a prolonged length-of-stay (LoS) in the Intensive Care Unit (ICU), these
mediators are replaced or, better to say, are counterbalanced by the action of substances
with anti-inflammatory capabilities, making them susceptible to infections sustained by
low-virulence strains such as Acinetobacter baumanii, and to the reactivation of viruses,
including Cytomegalovirus and Herpes viruses.

Aiming to neutralize the pro-inflammatory mediators, two different strategies have
been developed. The first consists in the administration of inhibitors of a specific mediator
or in the blockade of their cellular receptor; however, the results of many randomized
controlled trials (RCTs) in ICU patients were largely below the expectations derived from
experimental investigations and small Phase I human studies. However, some subgroup
analyses indicated an increased survival of patients with elevated blood levels of the
specific mediator targeted by the study substance. The use of inhibitors is advocated in
the treatment of clinical conditions characterized by their persistent low-level production,
including different rheumatologic and chronic inflammatory intestinal diseases.

The second strategy is based on the extracorporeal elimination of germ-derived sub-
stances, such as endotoxin or bloodborne mediators produced by the host via different
mechanisms, including (a) their convective removal through an artificial membrane used
also in Continuous Renal Replacement Treatments (CRRT) whose cutoff value is compati-
ble with their molecular weight (MW); or (b) their adsorption on the membrane surface
(Figure 1).
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Figure 1. Clearance capabilities of blood purification techniques according to the molecular weight of
some bloodborne substances. MW: Molecular Weight; HF: Hemofiltration; HA: hemadsorption; PEX:
plasma exchange; HCO: high cut-off membrance.C3a: Activated Complement factor 3; IL: interleukin;
HMG 1: High Mobility Group Box 1; IFN-γ: γ Interferon.

The aims of this review are to describe the principles of the different techniques of
BP that are currently used, to evaluate the related clinical experiences, and to illustrate
the pros and cons of each in the treatment of septic shock and other similar non-infectious
clinical conditions caused by an exaggerated production of hyperinflammatory mediators.
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2. Rationale of Blood Purification

Different mechanisms have been hypothesized to explain the possible beneficial effects
of the elimination of mediators from the bloodstream [5], including:

(a) The lowering of both pro- and anti-inflammatory mediators below a threshold level,
thus limiting the associated organ damage [6];

(b) The passage of mediators from the tissues to the blood and their subsequent extracor-
poreal clearance along a concentration gradient [7];

(c) The restoration of a cytokine gradient between the tissues and the blood, promoting
leukocyte chemotaxis [8];

(d) The interaction between the membrane and the immune cells, as demonstrated by the
modulation of surface molecules during different BP procedures [9].

It is likely that multiple mechanisms (i.e., a + b), maybe in different time windows,
cooperate to achieve the therapeutic effect of BP.

3. Classification and Principles of Function of the BP Techniques

As stated above, different techniques are used to clear the mediators produced during
septic shock or other clinical conditions characterized by elevated levels of inflammatory
mediators, such as hemophagocytic syndrome (HS). Their removal is related to the charac-
teristic (a) of the mediators, including their MW and the chemico-physical properties; and
(b) of the device used, such as the cutoff value of the membrane, its surface of contact with
the substrate to be processed, and the affinity for the substance to be cleared.

Thus, BP can be considered an umbrella term covering different techniques that can be
primarily subdivided into blood- and plasma-processing procedures (Table 1). The factors
influencing the efficacy of the BP differ according to their principle of function. Conse-
quently, as far as the hemofiltration (HF)-based techniques are concerned, in which the
mediators are eliminated by convection, the main determinant of removal is the production
of ultrafiltrate (Qf), that, in turn, depends on the blood flowing inside the filter (Qb), the
size of the pores, the subsequent sieving coefficient, the surface of the membranes used,
and their chemico-physical properties. In contrast, only the Qb accounts for the efficacy of
the absorption-based procedures [10]. Despite these differences, both families share a more-
or less-pronounced time-dependent decay of the clearance capabilities, and their use can
last from 2 to 24 h before the exhaustion of the BP effect.

Table 1. Techniques used in BP. Legend: CPFA®: coupled plasma filtration and adsorption.

Substrate Technique/Brand Mechanism

Blood

Ultrafiltration
High-volume ultrafiltration

High-cutoff membrane

Hemoadsorption

Toraymixin®

oXyris®

Cytosorb®

Seraph®

Plasma
Plasma exchange

Ultrafiltration + plasma
adsorption CPFA®

All BP procedures require a dedicated vascular access using a large-bore catheter and
anticoagulation of the extracorporeal circuit using heparin or citrate.

3.1. Blood Processing Techniques
3.1.1. Hemofiltration (HF)

HF’s principle of functioning consists in the convective removal of H2O and solutes,
including mediators, from the bloodstream by means of a synthetic membrane with a cutoff
value of ~50–60 kDa, which are used also in CRRTs. The ultrafiltrate (UF) produced has
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the same electrolyte composition as the plasma. In fact, HF is an umbrella term covering
multiple strategies that take advantage of the different amounts of UF considering the
therapeutic target (see below). More recently, high-cutoff (HCO) membranes have been
developed, but their use is associated with high albumin losses [11]; to overcome this
problem, HCO membranes can be used in the diffusive rather than the in convective mode,
or by slightly reducing their pore size and surfaces [12]. Independent of the characteristics
of the membrane used, the volume of UF produced is related either to the aforementioned
variables and to the blood flowing over it per unit time (Qb).

3.1.2. Hemoadsorption (HA)

HA consists in the adhesion of the circulating mediators on the surface of a membrane
able to capture them. Four HA techniques have been developed so far [5,10,13]. The
first takes advantage of an adsorbing column containing multiple polymixin-immobilized
fibers (Toraymixin®, Toray Industries, Tokyo, Japan) arrayed into a cartridge to remove the
endotoxin molecules from the Qb. Due to this characteristic, its use has been advocated in
the treatment of septic shock caused by Gram-negative bacteria only.

The second technique consists in a cartridge containing a synthetic resin constituted
by polystyrene and divinylbenzene microbeads (Cytosorb®, Cytosorbents Corporation,
Monmouth Junction, NJ, USA; Aferetica s.r.l., Bologna, Italy). The wide adsorptive surface
(~40.000 m2) is able to adsorb hydrophobic pro- and anti-inflammatory mediators with
MWs ranging from 5 to 60 kD. Cytosorb® represents an evolution of coupled plasma
filtration and adsorption (CPFA; see below), as it uses the same binding resin that is
arranged in microtubules instead that in microbeads.

The efficacy of Cytosorb® is concentration-dependent, as substances present in large
concentrations are removed more efficiently than those with lower blood levels. Cytosorb®

can run in a stand-alone mode or can be associated with a Continuous Renal Replacement
Treatment (CRRT) or with an extracorporeal membrane oxygenation (ECMO) apparatus.

The third technique is based on a filter containing a modified AN69 membrane associ-
ated with a positively charged polyethyleneimine polymer able to absorb both endotoxin
and several different septic mediators (oXiris®, Baxter, Meyzieu, France) from the blood-
stream, while simultaneously providing CRRT.

The final technique consists in an HA device (Seraph 100®, ExThera Medical Corp,
Martinez, CA, USA) packed with polymer beads covered with covalent end-point heparin
ultra-high-MW polyethylene. This design mimics the heparan sulfate attached on the
cell surface, allowing the in vitro binding of toxins, bacteria, and Antithrombin III, thus
clearing them from the bloodstream [14]. Due to these properties, the US Food and Drug
Administration (FDA) recently approved its use for the treatment of COVID-19 patients.

3.2. Plasma Processing Techniques

Three techniques are currently used. They include:

a. Plasmapheresis (PF), which is based on the selective removal of one or more plasma
components (lipoproteins, paraproteins, etc.), and is not currently used in the treat-
ment of septic shock;

b. Plasma exchange (PEX), consisting in the removal of one or more volumes of plasma,
which is replaced with donors’ plasma or albumin. The rationale of PEX consists
in the removal of “toxic substances” and the supply of a large amount of plasma
components whose absence is considered responsible for the disorder (i.e., ADAMTS
13 for patients with thrombotic thrombocytopenic purpura [15]). Ideally, the best
candidate substance for removal by PEX should have a high MW, small volume of
distribution, long half-life, and low turnover rate [15];

c. Coupled plasma filtration and adsorption (CPFA), which basically consists in a three-
step process: (1) the partial extraction of plasma from the blood via a plasma filter;
(2) its processing within a cartridge, where a number of mediators are absorbed by a
synthetic resin arranged in microtubules; and (3) reinfusion of the purified plasma
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upstream of a second filter used for continuous veno-venous hemodiafiltration in
cases of concomitant AKI. The adsorptive capabilities of the resin are exhausted
after 10 h, but the CRRT can continue beyond this limit by excluding the plasma
processing unit.

4. Clinical Research Evidence
4.1. Hemofiltration

As many clinical investigations have involved only a relatively limited number of
patients or are retrospective, the result of prospective RCTs are reported in Table 2 (after).

Table 2. Results of some RCTs of BP in septic shock patients.

Study/Author BP Treatment Group N. Control Group N. Results

IVOIRE HVHF 66 71 No difference in hospital mortality

EUPHAS Toraymixin® 30 34 Improved hemodynamics and survival in
the treatment group

ABDOMIX Toraymixin® 119 113
Non-significant increase in mortality and
no improvement in organ failure in the

treatment group

EUPHRATES Toraymixin® 84 78
Toraymixin® compared with sham

treatment did not reduce mortality at
28 days

Supady et al. * Cytosorb® 17 17 Excess mortality in the treatment group

ROMPA CPFA 19 30 No difference in hospital mortality

COMPACT 1 CPFA 91 93 No difference in hospital mortality

COMPACT 2 CPFA 63 52 Excess mortality in the treatment group

* In COVID-19 patients in association with ECMO.

On the basis of previous investigations, which demonstrated a dose–effect relationship
between the UF and survival [16], or reduced need for a vasopressor [17], it has been
hypothesized that very elevated UF values per unit time (Qf) could be associated with an
improved survival of septic shock patients treated with HF. Indeed, despite some studies
demonstrating encouraging results [18], a large RCT using high-volume HF (HVHF) that
compared an elevated (70 mL/kg/h) with a normal (35 mL/kg/h) Qf in 137 septic shock
patients failed to confirm these findings [19] and this approach has been largely abandoned.
Furthermore, the higher Qf reportedly determined a significant loss of antibiotics [20].
An evolution of this technique is the cascade HVHF, which was developed to selectively
remove medium molecular weight (MW) molecules while retaining those with lower
MW, including vitamins, nutrients, and drugs. The technique combines two different
hemofilters with different cutoff values: the first hemofilter, with a larger cut-off, produces
an ultrafiltrate containing both large and small MW molecules and flows though another
one with a smaller cutoff; then, only medium-MW molecules will be cleared and those
with lower MW are reinfused back to the patient as predilution fluid before the first
hemofilter [21]. Despite the result of an experimental study that demonstrated a reduction
in the need for a vasopressor in a porcine model of sepsis, a recent study of cascade HVHF
failed to demonstrate any beneficial effect when compared with standard care in septic
shock patients [21,22]. The use of HCO membranes has been associated with the reduction
of several inflammatory mediators in some studies [12,23], but another investigation did
not confirm these findings [24].
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4.2. Hemoperfusion
4.2.1. Endotoxin Adsorption

Whereas this approach is commonly used in Japan on the basis of clinical investigations
and clinical registries, in Western countries different RCTs aiming to assess the efficacy of
this procedure produced conflicting results. In the Early Use of PolymixinB Hemoperfusion
in Abdominal Septic Shock (EUPHAS) study [25], patients treated with this technique
demonstrated hemodynamic and respiratory improvements associated with a trend toward
a better outcome. However, a subsequent study performed in patients with septic shock
due to peritonitis, the ABDOMIX Trial [26], demonstrated a trend of increased mortality
in the treatment group. Finally, the Evaluating the Use of Polymixin B Hemoperfusion
in the Randomized Controlled of Adults Treated for Endotoxemia and Septic Shock Trial
(EUPHRATES) performed in septic shock patients with elevated blood endotoxin levels
measured with the Endotoxin Activity Assay (EAA) demonstrated a beneficial effect on
different variables, including survival, only in patients with high EAA results [27]. Taken
together, it appears that this approach could be effective when the mortality of the control
group ranges from 30 to 40%, and/or with elevated blood endotoxin levels. It is also
possible that the somewhat divergent findings between Japanese and Western RCTs could
be ascribed to different genetic and enzymatic profiles.

4.2.2. Cytosorb®

Although some experimental and clinical investigations demonstrated that the use
of Cytosorb® is associated both with the reduction of blood levels of many inflammatory
cytokines, with the reduction of the vasopressors and with the improved survival of patients
with septic shock [28–31], other studies failed to confirm these findings [32–34]. Recently,
Hawchar et al. [35], evaluating 1434 patients with different clinical conditions including
936 cases of septic shock treated with Cytosorb® demonstrated that, although the primary
outcome of hospital mortality was higher than that reported in other studies (59% vs. 46.5%,
respectively), it was lower than expected according to the APACHE II score (66%). While it
is difficult to draw a definite conclusion, it is possible that different variables can account
for these contrasting results, including the heterogeneity of patients treated, the intensity of
the treatment, and the timeframe of initiation with the clinical course. In fact, in a group
of septic shock patients, Berlot et al. demonstrated that in survivors either the amount of
blood processed was higher or the interval of time elapsing from the onset of shock and
the start of Cytosorb® was shorter than in nonsurvivors [36]. To maximize the effect of
Cytosorb®, Bottari et al. [37] advocated the replacement of the cartridge every 12 instead
of every 24 h, at least in the initial phase of the treatment, to take full advantage of the
adsorptive capabilities of the resin.

4.2.3. oXiris®

Experimentally, this technique was demonstrated to have the same endotoxin-removing
capabilities as Toraymixin®, and was similar to Cytosorb® regarding the clearance of me-
diators. Currently, the clinical experience is limited and basically consists in small case
series of patients with septic shock and/or COVID-19, in whom improvements of the
hemodynamic conditions, decreases in the blood concentrations of endotoxin and septic
mediators, and the decrease of expected mortality was observed [38–40]. However, as
stated by Li et al. [41], not dissimilar to what is stated above, the heterogeneity of the
patients and the different underlying conditions create background noise and prevent the
establishment of the real role of this procedure.

4.2.4. Seraph 100®

In the absence of clinical trials, the role of this device is still uncertain. Recently,
Eden et al. [14] demonstrated a rapid resolution of bacteremia in a group of CKI patients
undergoing RRT.
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5. Plasma Exchange

If the roles of the different HA techniques of HA are not yet clear, even less definite is
that of PEX. Besides the time-honored indications in critically ill patients [15], use of PEX
in septic shock patients appears somewhat overshadowed by HA. This notwithstanding,
a recent RCT involving 40 patients [42] demonstrated a trend for better survival and
the improvement of multiple organ failure in patients treated with a single PEX with
an exchange volume of >3000 mL of plasma associated with standard treatment ST as
compared with the control group which received the ST only; as might be expected, the
decrease of sepsis biomarkers and the replenishment of factors supplied with the plasma,
including Protein C, Protein S, and ADAMTS 13, were observed in the PEX group, but not
in the control group. Moreover, patients in the PEX group were weaned faster from the
vasopressors and had a more pronounced decrease of blood lactate levels; similar results
were demonstrated by David et al. [43], who observed a decreased need for vasopressors
in a group of septic shock patients.

6. Coupled Plasma Filtration and Adsorption

Different investigators reported either the improvement of hemodynamic conditions
or better outcomes with CPFA in several relatively small case series of septic shock pa-
tients [44–50]. To elucidate this potential role of CPFA in septic shock patients, an initial
RCT (COMPACT 1) involving 192 out of 330 pre-planned patients was launched. The
trial was suspended when an interim evaluation failed to show any survival benefit in
the treatment group; yet, a post hoc analysis demonstrated that survivors had a larger
volume of plasma processed (Vp) (≥0.20 L/kg/session) than controls [47]. To evaluate this
dose–effect relationship, a second RCT was subsequently started (COMPACT 2) using this
value as the threshold Vp for the treatment group. However, this second RCT was also
prematurely stopped when an intermediate analysis RCT involving 115 patients demon-
strated an increased mortality in patients treated with CPFA [51]. Similar results have been
reported by Gimenez-Esparta in another RCT (ROMPA) in 49 septic shock patients treated
with CPFA [52]; however, this study was underpowered to draw definite conclusions.

Overall, these results caused the virtual disappearance of CPFA from the therapeutic
armamentarium used in critically ill patients. Indeed, the puzzling is question is: why did
the RCTs about the use of the CPFA failed to demonstrate any beneficial effect, whereas
in single-center studies the outcome was positively influenced by this technique? In
other words, has the jury reached the right verdict? As an example, Mariano et al. [53]
demonstrated that in a group of severely burned and AKI patients, those treated with the
CPFA (n: 39) had a significantly better outcome as compared with those of the control
group (n: 87) who were treated with the RRT only (survival rate 51.1% vs. 87.1, respectively,
p < 0.05). It is conceivable that patients treated in a single ICU take the maximal advantage
from the experience of the local ICU staff, while the results of RCTs can be influenced by
the co-existence of ICUs with different volumes of procedures.

7. Discussion

Despite several years of use and thousands of patients enrolled in clinical trials with
different BP techniques, a number of grey areas persist. The most recent guidelines of
the Surviving Sepsis Campaign do not advise for or against leaving centers free to adopt
their own policy of BP [54]. Moreover, due to the methodological biases encountered in
different investigations, some authors advocate multi-center RCTs that fully satisfy the
EBM criteria [55,56]; yet, these studies appear difficult to launch due to the widespread use
of these procedures, which makes the implementation of a clinical trial sponsored by the
manufacturers or by health authorities unlikely.

The uncertainties concerning the use of BP in septic shock patients and/or in those
with severe hyperinflammatory disease are caused by several factors other than infections.
These factors can be summarized as follows:
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The selection of patients. According to multiple studies, the best candidates are
patients with septic shock whose source of sepsis has been identified and/or surgically
treated. Due to their costs and inherent risk of iatrogenic complications, the risk/benefit
ratio should be considered in every BP candidate.

The timing of initiation. As has been demonstrated with antibiotics, it appears that
the early initiation of BP in the hyperinflammatory phase of septic shock is associated
with a better outcome. Even in the absence of specific studies, it is reasonable that the
same consideration applies in hyperinflammatory conditions other than septic shock [36].
However, there is a lack of clarity regarding their possible role in chronic critically ill
patients in whom anti-inflammatory mediators prevail and set the stage for infections with
opportunistic germs and viral reactivation.

The intensity of the procedure. It appears that a dose–effect relationship exists for
BP. However, the risk of elimination of drugs and nutrients should not be overlooked,
especially in the presence of elevated values of Qb or Qf [57]. A U-shaped curve can
be hypothesized, in which undesirable effects, such the low removal of mediators and
the clearance of antibiotic, are located at the opposed extremities, whereas the beneficial
effects lay somewhere in between (Figure 2). As this point is difficult to establish, repeated
measurements of the blood concentrations of antibiotics and other drugs are warranted,
especially in the initial phase of a BP procedure, when the clearance capabilities are maximal
and can impede the rapid achievement of an effective plasma concentration, which is a
therapeutic target of pivotal relevance.
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d. The assessment of the efficacy. The outcome of septic shock patients and of patients
with non-septic hyperinflammatory conditions can be influenced by factors other
than the BP used, including the appropriateness of the antibiotic treatment, the timely
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and complete drainage of septic foci, underlying conditions, etc. Thus, survival by
itself does not represent a reliable marker of the efficacy of BP; consequently, other
biological and clinical variables, such as the variation of the blood lactate levels and
the changes in the need for vasopressors, can be used as proxies of efficacy [5].

e. The choice of the clinical situation. As stated above, patients with a prolonged LoS
in ICU can undergo a biphasic clinical course, the first being characterized by a
hyperinflammatory reaction that can be followed by a second one associated with the
reduction of the immune capabilities caused by the production of substances with
anti-inflammatory properties. These patients are usually old and with several frailties
associated with pre-existing irreversible chronic conditions, such as chronic heart
failure and obstructive pulmonary disease and worsening of chronic kidney disease.
These patients often survive the disease that prompted the ICU admission, but their
subsequent clinical course is marked by the occurrence of a number of different
complications that make their survival unlikely, including malnutrition, difficulty in
weaning from mechanical ventilation, skin ulcers, reinfections, etc. The possible role,
if any, of BP in these chronic critically ill patients is not yet clear since most clinical
investigations concerning BP treated patients in the initial hyperinflammatory phase
and not in the second stage of the disease.

f. Undesired effects other than drug removal. In addition to the iatrogenic risks asso-
ciated with indwelling large-bore catheters and the need of anticoagulation, all BP
procedures can induce an undesired hypothermia due to the extracorporeal circuitry;
to overcome this effect, all the currently used devices can warm the blood of the
re-entry segment.

g. Lack of precision. BP techniques efficiently clear from the bloodstream all substances
with certain chemico-physical properties, independent from their role in that time-
frame. In many cases, the rule of “one size fits all” was and is still the rule for BP, and
for many other treatments currently used in critically ill septic patients [58]. This is
far removed from precision medicine in which the treatment is tailored to the needs
of the individual patient. However, this approach is still experimental in critically ill
septic patients [59].

8. Conclusions

Multiple factors, including the advancing age of the general population, the widespread
use of invasive procedures, the use of immunodepressant drugs, and the ever-increasing
occurrence of antibiotic resistance, make it so that the occurrence of septic shock is, and
will remain in the future, a highly relevant issue among critically ill patients. Presently,
the administration of appropriate antibiotics represents the only undiscussed therapeutic
option for its causal treatment. Despite the somewhat conflicting results of many RCTs,
BP techniques can be a valid adjunctive measure for these patients, provided that they are
applied appropriately and considering their potential scavenging effects on antibiotics and
other therapeutic agents.
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Abstract: Acute respiratory distress syndrome (ARDS) is a heterogeneous syndrome historically
characterized by the presence of severe hypoxemia, high-permeability pulmonary edema manifesting
as diffuse alveolar infiltrate on chest radiograph, and reduced compliance of the integrated respiratory
system as a result of widespread compressive atelectasis and fluid-filled alveoli. Coronavirus disease
19 (COVID-19)-associated ARDS (C-ARDS) is a novel etiology caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) that may present with distinct clinical features as a result
of the viral pathobiology unique to SARS-CoV-2. In particular, severe injury to the pulmonary
vascular endothelium, accompanied by the presence of diffuse microthrombi in the pulmonary
microcirculation, can lead to a clinical presentation in which the severity of impaired gas exchange
becomes uncoupled from lung capacity and respiratory mechanics. The purpose of this review is to
highlight the key mechanistic features of C-ARDS and to discuss the implications these features have
on its treatment. In some patients with C-ARDS, rigid adherence to guidelines derived from clinical
trials in the pre-COVID era may not be appropriate.

Keywords: COVID-19; acute respiratory distress syndrome; mechanical ventilation; SARS-CoV-2

1. Introduction

Acute respiratory distress syndrome (ARDS), as initially described, defined patients
with similar clinical and pathologic findings: refractory hypoxemia; diffuse alveolar in-
filtrates on chest X-ray; severely reduced lung compliance; and, in those who did not
survive, heavy lungs at autopsy, characterized by diffuse alveolar injury with hyaline
membranes [1]. As its manifestations appeared superficially similar regardless of etiology,
it was reasoned that treatment should be essentially the same, and this quickly became a
universally accepted approach [2].

Randomized trials of therapy for such a pathologically and mechanically defined
entity, however, might require up to one thousand patients to demonstrate survival benefit.
Consequently, the need to establish definitions broad enough to permit sufficient enroll-
ment with smaller numbers became evident [3]. Definitional simplification that excluded
such hallmark features of ARDS as low respiratory compliance succeeded in facilitating
enrollment for clinical studies, of course, but this came at the expense of specificity. In a
recent study, for example, 14% of patients meeting the definition for ARDS had no iden-
tifiable pulmonary lesions at post mortem examination [4]. As a result, randomized trials
incorporating these simplified definitions have included patients with an extraordinary
range of respiratory mechanics and severity of illness. Yet, conducting such trials has led
to the impression among many clinicians that “ARDS” represents a distinct disease-like
entity [5].
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Whether all patients with ARDS should be treated similarly and without discrim-
ination regarding etiology is not a new question but rather one with renewed immedi-
acy. The COVID-19 pandemic, caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), has overwhelmed intensive care units with cases of respiratory failure
meeting the broadened diagnostic criteria for ARDS [6]. While the number of patients
requiring invasive mechanical ventilation for ARDS secondary to COVID-19 (C-ARDS)
has declined over time [7], mortality in this population remains high [8]. Many have
argued that C-ARDS should be managed no differently than ARDS of any other etiology,
ignoring that the viral pathogenesis of SARS-CoV-2 may lead to a distinct form of ARDS
that diverges from “typical” ARDS. For C-ARDS patients requiring mechanical ventilation,
current guidelines, derived from studies of ARDS primarily caused by bacterial pneumonia
and septic abdominal disease [9], may not be universally appropriate.

The purpose of this review is to describe how the physiology of C-ARDS, generated
by the unique viral pathobiology of SARS-CoV-2, may differ from non-COVID ARDS,
emphasizing the implications of that difference for both pharmacotherapy and mechanical
ventilation. We underline that rigid adherence to all pre-COVID ventilatory guidelines
may be ill-advised. Finally, we discuss management of refractory C-ARDS and the role of
extracorporeal life support.

2. “Typical” ARDS

ARDS is currently defined by the Berlin Definition (Table 1) [6] and is characterized by
high-permeability pulmonary edema and widespread compressive atelectasis. In response
to injury, immune cells trigger an inflammatory response that leads to disruption of the
alveolar–capillary barrier [10]. Accumulation of protein-rich fluid in alveolar and interstitial
spaces inhibits pulmonary surfactant [11] which, along with increased hydrostatic pressures
from extravascular lung water, results in collapse of underlying lung units. Physiologically,
this manifests as (1) severely impaired gas exchange, with refractory hypoxemia and
hypercarbia secondary to intrapulmonary shunt and reduced functioning surface for gas
exchange [12–14]; and (2) severely reduced lung compliance. Histologically, this initial
phase manifests as “diffuse alveolar damage,” a constellation of findings involving damage
to the alveolar lining and endothelium, the presence of hyaline membranes, interstitial and
alveolar edema, and inflammatory infiltrate [15].

Table 1. Berlin Definition of Acute Respiratory Distress Syndrome. CXR, chest X-ray; CT, computed
tomography; PaO2/FiO2, partial pressure of arterial oxygen to fraction of inspired oxygen ratio; PEEP,
positive end-expiratory pressure; CPAP, continuous positive airway pressure.

Timing Within 1 week of known clinical insult or new or worsening
respiratory symptoms

Chest imaging Bilateral opacities on CXR or CT not fully explained by effusions, lobar/lung
collapse, or nodules

Origin of edema Respiratory failure not fully explained by cardiac failure or fluid overload

Oxygenation

Mild 200 mm Hg < PaO2/FiO2 ≤ 300 mm Hg with PEEP or CPAP ≥ 5 cm H2O

Moderate 100 mm Hg < PaO2/FiO2 ≤ 200 mm Hg with PEEP ≤ 5 cm H2O

Severe PaO2/FiO2 ≤ 100 mm Hg with PEEP ≥ 5 cm H2O

Studies using quantitative computerized tomography (CT) have demonstrated that
not only is the ARDS lung heterogeneous, with normally aerated units co-existing alongside
non-aerated ones [16], but that the location of non-aerated units is strongly influenced
by gravity, owing to the compressive forces of overlying edematous lung tissue. For that
reason, radiographic densities appear to migrate from the paravertebral region when supine
to the parasternal region when prone [17]. These studies have further shown that, in ARDS,
compliance of the integrated respiratory system is determined primarily by the number of
aerated lung units [18]; in other words, low compliance in ARDS is due in large part to the
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lungs being “small” not “stiff” [19]. Collectively, these findings gave rise to the concept of
the “baby lung”, a construct drawing similarity between the volume of aerated tissue in
the low-capacity lung of ARDS and the volume of aerated tissue in the lung of a healthy
child [20]. As total chest dimensions remain unaltered by ARDS, tissue density inversely
parallels the capacity of the baby lung.

This concept has important implications. First, the severity of gas exchange impair-
ment is intrinsically linked to the quantity of non-aerated tissue, with shunt fraction and
physiologic dead space increasing, and PaO2 decreasing, as the percentage of non-aerated
lung rises [21]. Therefore, in typical ARDS, oxygenation and compliance are expected to
deteriorate in direct proportion to one another. Additionally, the loss of ventilatory capacity
means that the entire workload of ventilation is concentrated in an overtaxed baby lung,
increasing the risk for progressive injury and further loss of functional lung units [22]. Pro-
tective strategies for ventilation have therefore been directed towards expanding the size of
the baby lung through alveolar recruitment with the intent of distributing workload among
a greater number of functional lung units, while avoiding exposure to (and unnecessary
repetition of) tidal cycles that excessively strain vulnerable structural microelements.

While imperfect, as there is significant heterogeneity within the ARDS population, we
use the term “typical” to collectively refer to ARDS described in the pre-COVID ARDS
literature, which predominantly focused on patients with bacterial pneumonia and intra-
abdominal disease.

3. Viral Pathogenesis of SARS-CoV-2

Appreciation for the viral pathogenesis unique to SARS-CoV-2 underpins a solid
understanding of physiologic disparities between C-ARDS and non-COVID ARDS. SARS-
CoV-2 expresses multiple structural proteins on its viral envelope, including the spike
protein, a glycoprotein that mediates binding to host cells [23]. Cellular tropism is deter-
mined not only by the expression of angiotensin converting enzyme 2 (ACE2) receptors on
the surface of host cells [24], which the spike protein binds to directly, but also the presence
of transmembrane serine protease (TMPRSS2), which cleaves spike protein and facilitates
viral uptake [25]. Following the release of the viral ribonucleoprotein into the cytoplasm,
viral replicases use endoplasmic reticulum membranes to form double membrane vesicles
for ”protected” viral RNA transcription (termed replication factories) [26,27].

ACE2 receptors are expressed widely throughout the body, but their concentration
is especially high in the pulmonary vascular endothelium and respiratory tract. As a
result, the cells first targeted by SARS-CoV-2 following inhalation are those located in the
nasopharynx and upper airway (e.g., multiciliated cells or sustentacular cells of the olfactory
mucosa) [28,29]. When host immunity fails to clear SARS-CoV-2 infection, it spreads to
the lower respiratory tract, either by aspiration of viral particles from the oropharynx or
gradual progression throughout the tracheobronchial tree; in some cases, it may bypass the
upper respiratory tract altogether [30]. Upon reaching the alveoli, SARS-CoV-2 primarily
affects alveolar type 2 (AT2) cells which, in health, are tasked with both production of
pulmonary surfactant and regeneration of AT1 cells (which constitute the majority of the
alveolar epithelium) [31].

Following infection, host cells initially attempt to control viral spread through innate
immunity. Cytoplasmic pattern recognition proteins detect RNA fragments of SARS-CoV-2,
triggering the release of interferons, pro-inflammatory cytokines and leukocyte recruit-
ment [32]; additional cytokine release occurs when damage-associated molecular patterns
in host cells are released in response to injury [33]. If the innate immune response is dys-
functional, infection will spread, increasing the risk for severe COVID-19; alternatively, if
the adaptive B and T cell responses to innate cytokine and chemokine release are absent,
uncontrolled inflammation may ensue [34].

Alveolar cell injury or death causes disruption of the alveolar epithelium, thereby
setting off an imbalance between coagulation activation and fibrinolysis [26,35]. Fibrin-rich
alveolar exudates form hyaline membranes, which prevent further fluid accumulation into
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the injured alveoli but also hinder the alveolar–capillary oxygen transport [26,36]. Diffuse
alveolar damage is followed by small-vessel endothelial activation and injury secondary
to hypoxia, cytokines, chemokines, damage-associated molecular patterns, and direct
infection by the virus [26,37,38]. Diffuse endotheliitis with inflammatory cell infiltrates may
induce widespread endothelial cell apoptosis, pyroptosis, and microcirculatory dysfunction
contributing to C-ARDS and also promoting extrapulmonary organ/system failure [26,37].
Release of the endothelial tissue factor can activate the extrinsic coagulation pathway [39].
Extracellular RNA, DNA, and exposed collagen can also activate factor XII and the intrinsic
coagulation pathway [40]. Concurrently, platelets seal off the area of endothelial damage to
prevent vascular leakage and secrete coagulation-sustaining factors [41] (Figure 1).
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and hypofibrinolysis. Hypoxia, cytokines, chemokines, damage-associated molecular patterns, and
direct infection by the virus contribute to alveolar and endothelial cell death, and disruption of the
alveolar–capillary barrier. Exposed extracellular matrix can trigger both the extrinsic coagulation
(via tissue factor (TF)) and the intrinsic coagulation (via collagen/RNA). Recruited monocytes (with
virus-activated NLP3 inflammasomes) and neutrophils amplify the inflammatory response, as well
as the activation of coagulation by expressing active tissue factor (TF) and releasing neutrophil
extracellular traps (NETs), respectively. Complement activation by the virus promotes active TF
expression by neutrophils, and differentiation of cytotoxic CD-16+ T cells. NETs recruit platelets,
which are subsequently activated by NET histones and the C3a and C5a complement fragments;
this results in platelet release of cytokines. Activated platelets secrete coagulation-sustaining factors.
The immunothrombotic process leads to diffuse small-vessel thromboses and thrombocytopenia.
Concurrently, increased expression of plasminogen activator inhibitor (PA1) attenuates fibrinolysis.
AT1, alveolar type 1 cell; AT2, alveolar type 2 cell; ET, endothelial cell; PRR, pattern recognition
receptor; IL, interleukin; CCL, CC chemokine ligand; IFN, interferon. Reproduced in part with
permission from [26]; copyright (2022) by Springer Nature.

In the context of COVID-19 immunothrombosis (Figure 1), recognition of SARS-CoV-2
through pattern recognition receptors of monocytes results in the release of activated tissue
factor at sites of virus localization [26,42]. SARS-CoV-2 stimulates the NLPR3 inflamma-
some, with consequent production of interleukin (IL) 1 beta (IL-1-β) and IL-18 [42,43].
Concurrently, there is increased release of IL-6 from the alveolar epithelium, which in turn
stimulates the production of clotting factors in the liver and tissue factor in the endothe-
lium [26]. Complement activation by SARS-CoV-2 results in (1) upregulated expression
of tissue factor by neutrophils [26,44]; and (2) differentiation of a CD-16 expressing T
cell subpopulation, promoting immune complex-induced degranulation, microvascular
endothelial cell injury, and release of IL-8 and chemokines [26,45]. Activated neutrophils
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release neutrophil extracellular traps (NETs), which directly activate factor XII and bind von
Willebrand factor to promote recruitment of platelets [42]. NET histones, and complement
fragments C3a and C5a, activate platelets, while neutrophil elastase and myeloperoxidase
inactivate anticoagulants such as tissue factor pathway inhibitor [42]. NET-associated
platelets activate the intrinsic coagulation pathway and release large amounts of pro-
inflammatory cytokines [42]. Immune-activated platelets (through pattern recognition
receptors) also propagate the innate immune response and immunothrombosis by releas-
ing platelet factor 4 and high-mobility group box 1 protein, as well as platelet-derived
extracellular vesicles [46]. Immunothrombotic mechanisms are further enhanced by hy-
pofibrinolyis secondary to increased expression of plasminogen activator inhibitor [26,47]
(Figure 1).

Systemic hyperinflammation is the sine qua non of C-ARDS and may be especially
prominent in subsets of patients with (1) risk factors such as age, obesity, cardio-respiratory
comorbidity, diabetes, and immunosuppression [26,48,49]; (2) genetic predisposition
(e.g., variants at chemokine receptor genes or genes involved in interferon induction and
amplification) [26,50–54]; and (3) autoantibodies against type I interferons [55,56]. Be-
sides C-ARDS, severe and potentially lethal COVID-19 may also have extrapulmonary
manifestations including gastrointestinal symptoms, acute cardiac, renal, and liver injury,
rhabdomyolysis, coagulopathy, cardiac arrhythmias, and circulatory failure [26,57]. Lastly,
while some studies have demonstrated systemic inflammation in C-ARDS to be less robust
than non-COVID ARDS [58,59], pro-inflammatory responses are tightly linked to injury of
the pulmonary vascular endothelium and immunothrombosis, both of which are distinct
pathophysiologic features of C-ARDS in terms of their severity and ubiquity [30].

4. Pharmacologic Interventions

Despite hypercoagulability, full therapeutic anticoagulation did not prove superior
to prophylactic anticoagulation in an international randomized controlled trial (RCT) of
severe COVID-19 [60]. In contrast, treatments focusing on the inflammatory component of
COVID-19 thrombosis have been repeatedly associated with improved patient outcomes.
Indeed, “general inhibition” of inflammatory processes with dexamethasone or hydro-
cortisone resulted in a 30–36% reduction in the odds for in-hospital death of critically ill
COVID-19 patients [61,62].

Despite initially discouraging findings [63], a meta-analysis of 19 RCTs reported a
17% reduction in the odds for in-hospital mortality with the IL-6 antagonist tocilizumab
compared to usual care or placebo [64]. When compared to usual care, the addition of
baracitinib, a janus kinase inhibitor, also resulted in shorter recovery time [65], reduced
mortality [66], and lower frequency of adverse events [67]; furthermore, in a meta-analysis
of four RCTs, baracitinib was associated with a 31% reduction in the odds for in-hospital
death [68]. Guided by soluble urokinase plasminogen receptor plasma levels, treatment
with IL-1 alpha and IL-1 beta antagonists also resulted in a 64% reduction in clinically wors-
ened status at day 28, less organ dysfunction at day 7, and lower in-hospital mortality [69].

Collectively, these results highlight not only the clinical relevance of inhibiting key
inflammatory processes that contribute to widespread endothelial dysfunction, diffuse
small-vessel thromboses, and multiorgan failure, but also a broader theme—the treatment
of C-ARDS, whether it be pharmacologic or otherwise, diverges from the treatment of
non-COVID ARDS.

5. Blood Purification Interventions

In septic shock, extracorporeal cytokine removal with Cytosorb has been associated
with lower IL-6 levels [70], reduced norepinephrine requirements [71], and lower observed
vs. expected, 28-day, all-cause mortality [70,72]. These data, along with the recently proven
efficacy of immunomodulating agents and the potentially beneficial effects reported by
COVID-19 case series [73,74], supported the hypothesis that cytokine adsorption might
improve severe COVID-19 outcomes [75,76]. However, in a small RCT of severe C-ARDS
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requiring extracorporeal membrane oxygenation (ECMO), patients treated with Cytosorb
for 72 h had similar IL-6 concentrations and higher 30-day mortality compared to con-
trol [75]. Furthermore, in a second RCT of COVID-19 patients with vasoplegic shock,
Cytosorb treatment for 3–7 days did not expedite shock reversal, and had no significant
effect on markers of inflammation, vasopressor requirements, and 90-day mortality [76].
Notably, these findings are consistent with the results of two prior, small RCTs in septic or
cardiac surgery patients [77,78]. Collectively, Cytosorb RCTs have failed to demonstrate
any clinically meaningful difference between intervention and control groups [75]. Any pre-
viously observed cytokine lowering and hemodynamic stabilization are likely attributable
to the natural course of the disease and adjunctive therapy rather than non-specific cy-
tokine adsorption [75]. Alternative approaches to extracorporeal blood purification such
as heparin-functionalized adsorbents are currently under evaluation with respect to their
efficacy in depleting pathogens and mediators of immunothrombosis [46].

6. Distinct Pathologic Features of C-ARDS

Substantial clinical and biologic heterogeneity exists within the ARDS population [79].
Subphenotypes with distinct clinical features and responses to therapy have been identified
with respect to the initial site of injury (pulmonary or extrapulmonary) [80] and biologic
markers of inflammation (hypo- or hyperinflammatory) [81]. It should thus come as little
surprise that properties unique to the SARS-CoV-2 virus itself might result in a form of
ARDS with distinctive pathophysiology, or that even amongst patients with ARDS of
a single etiology (e.g., C-ARDS), there might be a significant diversity of findings and
responses to treatment (Table 2).

Table 2. Comparative presentation of major characteristic features of typical ARDS and C-ARDS.
ARDS, acute respiratory distress syndrome; C-ARDS, coronavirus disease (COVID) 19-related ARDS;
SARS-CoV-2, severe acute, respiratory syndrome coronavirus 2; PaO2/FiO2, oxygen arterial partial
pressure-to-fraction of inspired oxygen fraction ratio; PEEP, positive end-expiratory pressure; ECMO,
extracorporeal membrane oxygenation. * May predispose to early, profound hypoxemia and the
conceptual risk of pre-intubation, patient self-inflicted lung injury.

Typical ARDS C-ARDS

Etiology
Diverse, pulmonary or extrapulmonary (e.g.,
bacterial or viral pneumonia, severe trauma,

aspiration, sepsis, etc.)

SARS-CoV-2 infection of alveolar type
2 cells (primarily)

Hypoxemia (PaO2/FiO2 ≤ 300 mmHg at a
PEEP level of ≥ 5 cmH2O)

Acute onset (e.g., within <48 h after the clinical
insult), or progressive onset (i.e., within 7 days

after the clinical insult)

Progressive onset (i.e., within 7 or more days
after the onset of COVID-19 symptoms) *

Lung compliance at hypoxemia onset Usually low (e.g., <40 cmH2O/L) Usually high (e.g., >40 cmH2O/L)

Recruitment potential
Low or high, depending on the extent/nature

of lung unit involvement and
associated atelectasis

Initially low—may increase with disease
progression and development of edema

and atelectasis

Functional-to-anatomical shunt
ratio/hyperperfusion of gasless tissue * Usually 0.5–2.0/no Usually > 2.0/yes

Alveolar capillary microthrombosis/new
vessel growth Present/present Diffuse (~9 times more prevalent)/marked

(2.7 times higher)

Clinical benefit from
lung-protective ventilation Proven Highly likely

Clinical benefit from prone positioning Proven Highly likely

Clinical benefit from corticosteroids Likely; more high-quality evidence needed Proven

Clinical benefit from targeted
anti-inflammatory interventions

Uncertain; lack of
intervention-specific evidence Proven

Clinical benefit from ECMO Likely Possible; high-quality evidence still needed
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Reports comparing the pathologic features of C-ARDS to other forms of viral or non-
viral ARDS are fraught with conflicting results, as accounting for the stage of disease and
evolution of practice patterns over time is challenging. One theme that has consistently
emerged, however, is the near-universal presence of pulmonary vascular abnormalities in
patients with C-ARDS [82].

Though often present, pulmonary vascular lesions are not a dominant histopathologic
feature of usual ARDS and are seldom widespread in post mortem lung specimens [15,83].
In patients with C-ARDS, however, they not only occur commonly [84,85] but are extensive,
occupying greater than 25% of the lung parenchyma in over half of the patients examined at
autopsy in one study [86]. While microvascular thrombi may be a shared histologic finding
among all patients with ARDS caused by pulmonary viruses, including influenza A and
SARS-CoV-1 [82], the extent of microthrombosis appears to be far greater in patients with
C-ARDS [38]. This prevalence tends to uncouple gas exchange from mechanical properties,
calling into question the specifics of ventilation management guidelines developed from
clinical trials in the non-C-ARDS setting. Furthermore, the thrombotic burden is not
confined to the microcirculation; the incidence of large-vessel pulmonary emboli is higher
in patients with C-ARDS than in those of ARDS secondary to other viral and non-viral
etiologies [87,88]. Other pulmonary vascular derangements observed at autopsy include
severe endothelial injury [37,38] and the presence of dilated/engorged capillaries [89].

Studies incorporating dual-energy computerized tomographic angiography (CTA),
digital subtraction CTA, and high-resolution CT have further extended these findings.
Pulmonary vascular abnormalities on CT, most notably vessel enlargement, are common in
patients with COVID-19 and may even be present prior to the development of C-ARDS [90].
Enlarged vessels suggestive of vasodilatation can be frequently observed within an area
of ground glass or consolidation [91], contrary to the expected physiologic response to
regional hypoxia (i.e., vasoconstriction). Perfusion imaging confirms that a considerable
fraction of opacified lung parenchyma demonstrates increased uptake (indicating blood
flow) in spite of diminished or even absent ventilation [92]. Perfusion abnormalities, on the
other hand, are detected in areas of normal lung density [90], with one study of mechanically
ventilated C-ARDS patients reporting that perfusion defects were not only present in every
patient studied, but that the median extent of vascular abnormality approached 50% [93].

7. Respiratory Mechanics and Gas Exchange in C-ARDS

Early in the pandemic, Gattinoni and colleagues reported novel findings in their first
16 patients with C-ARDS; these patients had a relatively high tidal compliance (averaging
50.2 mL/cm H2O) associated with significantly elevated shunt fraction (0.50) [94]; further-
more, in the eight patients they evaluated using quantitative CT, the ratio of shunt fraction
to gasless tissue was markedly higher (roughly 2.5 times) than those observed in usual
ARDS [95], consistent with hyperperfusion of gasless tissue.

Chiumello and colleagues performed similar quantitative CT analysis in 32 consecutive
C-ARDS patients receiving mechanical ventilation and compared gas exchange, respiratory
mechanics, and CT variables to those of two historical cohorts of usual ARDS: one matched
1:1 for PaO2/FiO2 (P/F) and one matched 1:1 for compliance [96]. Compared to the C-ARDS
cohort, the historical ARDS cohort matched for P/F had significantly lower compliance
values (39.9 versus 49.4 mL/cmH2O) and gas volumes on CT (930 mL versus 1670 mL).
The historical ARDS cohort matched for compliance, on the other hand, had a higher P/F
when compared to the C-ARDS cohort (160 versus 106.5 mmHg).

These findings are well explained by the pulmonary vasculopathy and diffuse,
inflammation-triggered microthrombosis observed in COVID-related lung disease. In
typical ARDS, airspace flooding, collapse, and consolidation tend to parallel the severity
of oxygenation impairment and fall in compliance. C-ARDS challenges this conceptual
framework; specifically, lung compliance may be well preserved in the early and mild
stages of C-ARDS (at least in a major fraction of these patients), with severe hypoxemia
not occurring primarily as a result of airspace filling and lung unit drop-out, but as the
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consequence of increased perfusion to non-ventilated lung units [89,97–100]. Over time,
however, progression of C-ARDS fundamentally alters the lung’s mechanical properties. In
late phase ARDS, regardless of the cause, lung capacity becomes severely reduced and is
characterized by high dead space, limited recruitability, and low compliance [101].

As might be expected from the loosely defined and oxygenation-based criteria for
ARDS and the evolving nature of COVID-related lung injury, there is wide overlap be-
tween the mechanics of C-ARDS and usual ARDS; indeed, several studies evaluating their
comparative mechanical properties did not identify distinctive mean differences between
cohorts [102,103], which may in part be a function of the stage of illness in which such
observations were made [104,105].

8. Mechanical Ventilation in C-ARDS

The goals of invasive mechanical ventilation in C-ARDS are to relieve excessive work of
breathing, improve gas exchange, and avoid aggravation of existing lung injury. Repeated
exposure to tidal cycles that cause excessive, fracturing strain of structural microelements
is believed to be the proximate mechanical stimulus for ventilator-induced lung injury
(VILI) [106]; in recent years, a better understanding of the biophysical causes of VILI
has shifted our traditional focus from the inflation pattern of a single tidal cycle toward
avoiding exposure to damaging levels of tidal energy and power [107]. At the bedside,
however, the focus remains on attempting to restrain tidal plateau and driving pressures
below defined numerical thresholds. Unfortunately, this well-intentioned objective is often
pursued through application of inflexible ventilatory targets and without consideration of
the stage of disease.

In many patients with C-ARDS, ventilator strategies shown to be beneficial in clinical
trials of unselected patients with ARDS will be appropriate; for others, however, they may
not apply. The body of C-ARDS literature has expanded at a remarkable pace throughout
the pandemic, providing guidance in certain areas regarding optimal ventilator manage-
ment. Knowledge gained through physiologic studies preceding the C-ARDS era must be
applied judiciously in order to provide individualized care for patients with ARDS of any
etiology—including those with COVID-19.

8.1. Tidal Volume in C-ARDS

Twenty years ago, the ARMA trial [9] demonstrated a 9% absolute reduction in
mortality among mechanically ventilated ARDS patients randomized to an initial tidal
volume of 6 mL/kg predicted body weight, forming the basis for what has become a
standard of care codified in most ARDS guidelines [108,109]. While large tidal volumes
that lead to excessive strain are undoubtedly misguided in any acutely injured lung [110],
several points are worth noting with respect to tidal volume selection in C-ARDS:

(1) Data from the ARMA trial, derived primarily from patients with ARDS secondary
to bacterial pneumonia and sepsis, may not be wholly translatable to patients with
ARDS secondary to novel forms of viral pneumonia with unique pathologic features,
such as C-ARDS.

(2) Even in the ARMA trial, tidal volumes could be liberalized if necessary to facilitate
patient comfort and adequate ventilation.

(3) In three large randomized trials that preceded the ARMA trial, no differences were
found between patients treated with means of 7.2 mL/kg versus 10.6 mL/kg pre-
dicted body weight [111]; 7.2 mL/kg versus 10.4 mL/kg dry body weight [112]; and
7.3 mL/kg versus 10.2 mL/kg predicted body weight [113].

In the subpopulation of C-ARDS patients with less alveolar injury and relatively pre-
served compliance, larger tidal volumes of 7–8 mL/kg predicted body weight may result
in tolerable strain and energy input without the risk of VILI [107]. In such patients, enforc-
ing low tidal volumes can unnecessarily increase dead space [114], lead to reabsorption
atelectasis from hypoventilation, and necessitate additional sedation to facilitate breathing
comfort. However, as the severity of disease progresses and compliance declines, lower
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tidal volumes may be required to prevent the generation of strain that exceeds critical
thresholds of injury.

8.2. Application of PEEP in C-ARDS

Since the severity of gas exchange impairment and loss of compliance in the baby
lung of ARDS reflect the reduced number of lung units available to accept ventilation,
it is logical that interventions leading to an increase in the number of functional lung
units should improve hypoxemia, reduce dead space, and increase compliance. Positive
end-expiratory pressure (PEEP) is applied with the intent of achieving these goals by
preventing collapse of unstable alveoli and thereby stabilizing “recruitment.” Expanding
the ventilatory capacity in this manner additionally serves to distribute energy across a
greater number of lung units, perhaps decreasing the quantity of damaging tidal energy
transferred to the parenchymal matrix and reducing the risk of VILI [19].

Employing PEEP for the purposes of alveolar recruitment, however, hinges on the as-
sumptions that compromised gas exchange is due primarily to loss of otherwise functional
lung units and that these collapsed, or fluid-filled, units will regain function in response to
the application of end-expiratory pressure. In C-ARDS, these assumptions may not hold
true, and if they do, may be strongly dependent on the timing of the intervention [115].

Within the baby lung, the regional effects of PEEP are highly variable, as both recruit-
ment and overdistension occur simultaneously as the lung expands. The net benefit of
PEEP depends on whether recruitment of functional lung units outweighs overdistension
within those that were already functional. When overdistension prevails, gas exchange
is adversely affected as blood flow is directed away from overdistended lung units that
previously participated in gas exchange, resulting in increased dead space and encour-
aging hypercarbia. The effects of net overdistension on oxygenation, on the other hand,
are variable. Oxygenation may initially improve in response to increased PEEP despite
net overdistension, especially if decreased cardiac output leads to reduction in blood
flow through areas of intrapulmonary shunt, making the P/F ratio a poor surrogate for
recruitment [116,117].

When PEEP results in significant net recruitment, respiratory compliance (a correlate of
baby lung size) will improve. However, when PEEP results in significant net overdistension,
compliance will fall as open lung units are shifted past the upper inflection point of their
pressure–volume curve. Under these conditions, the increased energy input associated with
higher PEEP serves only to increase the risk of VILI and hemodynamic perturbations [118].

In recent decades, lung-protective strategies have focused on not only the use of low tidal
volumes for ventilation, but also the application of higher PEEP [108]. “PEEP tables,” in which
PEEP is increased in a stepwise fashion with respect to the inspired oxygen requirement,
assume that impaired oxygenation is secondary to the loss of functional lung units. Based
on their use in clinical trials, such tables are commonly used by clinicians managing ARDS
to select PEEP [119]. In many centers, this practice resulted in the early use of PEEP levels
exceeding 14 cmH2O for C-ARDS [120]. In C-ARDS, however, impaired oxygen exchange
is often strongly influenced by vascular dysfunction—not loss of functional lung units—in
which case high levels of PEEP are not beneficial. In one study of mechanically ventilated
patients with C-ARDS, partitioned respiratory mechanics were measured at low and high
levels of PEEP [121]. Compared to 5 cmH2O, a PEEP of 15 cmH2O resulted in reduced
lung compliance, increased lung strain, and an increased ventilatory ratio (i.e., a surrogate
of physiological dead space defined as the quotient of measured over predicted product of
minute ventilation and PaCO2 [122]). Had PEEP in that study [121] been set in accordance
with the P/F table used in a recent clinical trial [123], it would have been 18 cmH2O.

While response to PEEP varies significantly among individual patients with C-ARDS [100],
functional recruitment appears to be diminished relative to usual ARDS [96] and likely is
influenced by the stage of disease and timing of observation [124]. Studies incorporating
quantitative CT have either demonstrated minimal recruitment of additional lung units at
higher levels of PEEP [125] or recruitment without simultaneous improvement in PaCO2,
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suggesting that recruited units are not functional/participating in gas exchange [126].
Indeed, higher levels of PEEP in C-ARDS have been reported to have deleterious effects on
both gas exchange [121,127] and respiratory mechanics [121,125,127–129], consistent with
net overdistension. In the advanced stages of C-ARDS when consolidation is extensive,
even PEEP levels as low as 5 cmH2O may be associated with markedly elevated airway
plateau and driving pressures [101].

These data serve to underscore the importance of tailoring PEEP to the patient’s
individual physiology. To minimize the hemodynamic and mechanical risks associated
with PEEP, it should only be increased if doing so leads to demonstrable recruitment of
functional lung units. While all methods of PEEP titration are imperfect, targeting optimal
compliance is a reasonable strategy. If an increase in PEEP results in improved system
compliance (while tidal volume is held constant), aeratable lung capacity has increased and
recruitment has occurred. Recruitment of functional lung units is additionally associated
with reduced PaCO2 for a given minute ventilation as a result of decreased dead space
ventilation and increased surface area for gas exchange; while physiologic dead space
is not routinely measured in clinical settings, the ventilatory ratio correlates reasonably
well [122], is easily measured, and can be tracked following adjustments in PEEP. Similarly,
the recruitment to inflation (R/I) ratio is a bedside test that has been used to estimate lung
recruitability in response to changes in PEEP [130].

8.3. Body Positioning

Lung tissue mass is not distributed evenly, with 60% being located in the dependent
(dorsal) half of the sterno-vertebral axis when supine [131]. In ARDS, the dorsal lung
is predisposed to compressive atelectasis when supine due to the weight of overlying
edematous tissue. External compression of lower lung units by the abdominal contents
and of medial lung units by the weight of the overlying heart may also occur [132,133].
Atelectasis results in relatively well-perfused but reversibly non-ventilated alveoli [134].
The ventral lung, on the other hand, is predisposed to overdistension during passive
ventilation, not only because it receives a greater proportion of that ventilation, but also due
to the increased regional compliance of the anterior chest wall (relative to the posterior chest
wall), which permits a greater degree of end-tidal distension of adjacent lung units [135].

In the prone position, previously compressed dorsal and medial lung units are re-
cruited, and previously gas-filled ventral lung units become less distended or collapse
altogether. Despite this tendency for collapse of ventral lung units, there is typically net
recruitment, as the loss of ventral lung units is outweighed by recruitment of units in the
dorsal region, which contains a greater mass of lung tissue [136]. Prone positioning further
results in better anatomical matching of the lung and chest wall shapes and compliance
along the vertical axis, leading to less variation in size of individual pulmonary units [135]
(Figure 2). Since the distribution of lung perfusion remains virtually unchanged in the
prone position, these changes result in more homogenous ventilation, with decreases in
both venous admixture and dead space. Proning may also result in reduced lung stress
(i.e., transpulmonary pressure) and strain (i.e., the tidal volume-to-end-expiratory lung
volume ratio) [137], decreasing the risk of VILI.

The use of prone positioning has increased significantly during the COVID pandemic,
with 77% of mechanically ventilated C-ARDS patients with a P/F < 100 being placed
in the prone position [139] compared to only 16% of ARDS patients with a P/F < 100
during the pre-COVID era [140]. It remains one of the few interventions in severe ARDS
associated with survival benefit, as demonstrated by a landmark study showing significant
mortality reduction when patients with ARDS and a P/F < 150 were placed the prone
position for least 16 h daily [141]. While that trial preceded the advent of COVID, recent
investigations performed in C-ARDS patients also suggest a survival benefit, with one
retrospective study demonstrating a small but statistically significant reduction in the risk
of death when C-ARDS patients with a P/F < 200 were proned within the first 2 days of
ICU admission [142].
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volume of the ventral lung units and an increase in the volume of the dorsal lung units. (E) In the 
supine position, the ventral transpulmonary pressure (PTP) may substantially exceed the dorsal 
PTP (F) Prone positioning reduces the ventral-to-dorsal PTP gradient thereby augmenting the ho-
mogeneity of ventilation. (G) The reopening, dorsal lung units continue to receive most of the blood 
flow. (H) The ventral lung units may exhibit a greater tendency to collapse, but are still relatively 
underperfused. Reproduced in concordance with the Creative Commons Attribution License (CC-
BY) from [138]. 
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Figure 2. Diagrammatic presentation of physiological mechanisms associated with pronation in acute
respiratory distress syndrome (ARDS). (A,C) show the shape of lung units (i.e., alveoli) without the
effect of gravity. (B) In the supine position, the volume of dorsal lung units is significantly smaller than
the volume of ventral lung units, as a result of gravity and pleural pressure; thus, ventral lung units
are more prone to overdistention and dorsal lung units are more prone to compression atelectasis.
(D) In the prone position, gravity and pleural pressure result in a decrease in the volume of the ventral
lung units and an increase in the volume of the dorsal lung units. (E) In the supine position, the
ventral transpulmonary pressure (PTP) may substantially exceed the dorsal PTP (F) Prone positioning
reduces the ventral-to-dorsal PTP gradient thereby augmenting the homogeneity of ventilation.
(G) The reopening, dorsal lung units continue to receive most of the blood flow. (H) The ventral lung
units may exhibit a greater tendency to collapse, but are still relatively underperfused. Reproduced
in concordance with the Creative Commons Attribution License (CC-BY) from [138].

Studies that have investigated the physiologic effects of prone positioning in C-ARDS
patients have generally reported improved oxygenation, with P/F increasing ≥ 20 mmHg
in approximately 75% of patients [139]. Responses to proning are heterogeneous though,
and available data suggest that the mechanisms responsible for improved oxygenation may
differ from those in usual ARDS.

Unlike typical ARDS, net recruitment of C-ARDS lungs following placement in the
prone position is relatively modest and often negligible [143]. Improved system compliance,
typically present when significant net recruitment occurs, has not been observed in most
studies [139,143–146]. While measurements of partitioned respiratory mechanics would be
needed to conclude with certainty that the lack of improvement in system compliance is
not the result of decreased chest wall compliance in the prone position, counterbalancing
a simultaneous increase in compliance of newly recruited lung, an absence of significant
recruitment is suggested by other findings as well.

CO2 exchange often improves in the prone position as a result of decreased dead space
and recruitment of additional lung units. Most studies that have evaluated gas exchange in
the prone position in C-ARDS patients, however, have reported little change in the PaCO2
(or ventilatory ratio) [139,143,145,146]. Compared to typical ARDS, the changes in both
respiratory system compliance and PaCO2 following prone positioning are significantly less
in patients with C-ARDS [99]. In the absence of recruitment, the most plausible mechanism
to explain improved oxygenation is better matching of ventilation/perfusion ratios of
vaso-dysregulated tissue [136].

Timing may also play a significant role in response to prone positioning [99,143]. In
unresolving ARDS, atelectasis and edema may evolve into significant dorsal consolidation
and diffuse fibrosis; in this setting, there is minimal recruitment of dorsal tissue in the prone
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position—only increased ventral atelectasis. A significant percentage of such patients either
experience worsened P/F ratio in the prone position or fail to meet the accepted criteria for
“responsiveness” (improvement in P/F ≥ 20 mmHg) [145].

9. Extracorporeal Life Support for C-ARDS

Extracorporeal life support (ECLS) refers to supplemental gas exchange via an external
circuit. ECMO provides sufficient blood flow rates for either respiratory gas exchange
support alone (venovenous (VV) ECMO) or complemented by circulatory support (venoar-
terial (VA) ECMO). Extracorporeal carbon dioxide removal (ECCO2R) requires lower blood
flow rates than ECMO and yet efficiently clears carbon dioxide (CO2). However, unlike
ECMO, ECCO2R does not effectively re-oxygenate the mixed venous blood. ECMO re-
quires the placement of a central venous cannula, attached to a circuit that pumps blood
under negative pressure and delivers it to an “oxygenator” or “membrane lung” (i.e., a gas
exchange device). Oxygen passing through the device’s hollow and gas-permeable fibers
then transfers across them into the diverted venous blood flow, while CO2 is removed by
diffusing from blood into the unidirectional stream of “sweep” gas passing through the
fiber lumens. The membrane-oxygenated blood is then pumped back into the patient via
a second intravascular cannula inserted so that its tip is placed close to the right atrium,
or via the return channel of a dual-lumen cannula. Both types of external circuit require
anticoagulation. Compared to ECMO, ECCO2R can be achieved using smaller catheters,
thereby reducing the risk of cannulation-related complications. Such cannulation is usu-
ally percutaneous, using a modified Seldinger technique with imaging guidance. As the
application of ECLS is clinically demanding, current evidence suggests that it should be
performed in selected centers with adequate experience [147].

VV-ECMO has proven effective in patients with hypoxemia refractory to optimized me-
chanical ventilation settings and adjunctive therapies, including prone positioning [148,149].
Current criteria for initiating ECMO in C-ARDS are those previously used in the ECMO
to Rescue Lung Injury in Severe ARDS (EOLIA) trial, and comprise: a P/F of <80 mmHg
for >6 h; a P/F of <50 mmHg for >3 h; or an arterial pH of <7.25 with PaCO2 ≥ 60 mmHg
for >6 h [147,148]. In the EOLIA trial, patients with the abovementioned criteria were ran-
domized either to receive VV-ECMO or to continue treatment with conventional mechanical
ventilation [150]. Although the study did not show a statistically significant difference in
60-day mortality between the two groups, the effect estimate favored the intervention group
(relative risk, 0.76; 95% confidence interval, 0.55–1.04; P = 0.09). In addition, 28% of patients
of the control group were crossed over to VV-ECMO for refractory hypoxemia. These facts
could still imply a likely VV-ECMO mortality benefit. Notably, enrolled patients had to be
on mechanical ventilation for < 7 days while other adjunctive therapies, including inhaled
nitric oxide, recruitment maneuvers, high-frequency oscillatory ventilation, and infusion of
almitrine were also allowed [150]. While the majority of the patients had ARDS caused by
pneumonia, bacterial (45%) or viral (18%), approximately 37% of the study population had
ARDS of other etiology.

In accordance with current guidelines, major contraindications to VV-ECMO could
include prolonged (i.e., >10 days) mechanical ventilation, morbid obesity or advanced age
(e.g., >75 years), chronic respiratory failure, heart failure requiring VA-ECMO, heparin-
induced thrombocytopenia, cancer with life expectancy of <5 years, a moribund condition
or a Simplified Acute Physiology Score II of >90, non-drug-induced coma after cardiac
arrest, irreversible neurologic injury, the presence of a treatment limitation decision, pa-
tient/surrogate decline of blood products, expected difficulty with vascular cannulation,
and unavailability of adequate specialized staff and ECMO equipment [150,151]. Current
recommendations do not advise any deviations from conventional ECMO practices applied
to ARDS patients without COVID-19, including anticoagulation [151].

The initial goal of ECMO is to maintain adequate oxygenation. However, the primary
mechanism of benefit may be a decreased risk of VILI, the result of membrane CO2 clear-
ance, lower driving and plateau pressures, and reduced tidal volumes and inflation power
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used during ECMO [149]. Additional clinical goals of ECMO might include minimization
of sedation, early weaning from mechanical ventilation, and patient mobilization. However,
in C-ARDS, discontinuation of sedation could be potentially followed by extreme patient
respiratory effort and risk P-SILI [152] There currently is insufficient evidence to support or
refute early mobilization or extubation with awake ECMO in this setting [151].

Except for very severe ARDS, where hypoxemia is the major concern, there is a
rationale for lowering ventilation volumes and pressures beyond standard values to reduce
further the risk of VILI. As doing so may lead to hypercapnic acidosis, ECCO2R can be
used to avoid impermissible hypercapnia [153]. In April 2020, emergency authorization
was issued for the use of an ECCO2R device in patients with C-ARDS, with or without
mechanical ventilation [154]. This approach is not only physiologically sound, but also can
be less costly and technically easier to apply than ECMO. Nevertheless, in a multicenter
RCT of typical ARDS, the use of ECCO2R was not associated with a reduction in 90-day
mortality [155].

The effect of ECMO on outcomes of C-ARDS patients has been evolving and repeat-
edly evaluated during the pandemic. In a 2021 systematic review of 22 observational
studies, ECMO outcomes of C-ARDS were similar to those of non-COVID-19 patients [156].
However, subsequent studies and meta-analyses reported rises of up to 15% in the mortality
rates during the second wave as well as after the first year of the pandemic [157–159]. This
finding has been attributed to (1) the evolving viral strains of SARS-CoV-2; (2) the evolution
of pharmacological treatment during the later phases of the pandemic (e.g., the addition
of immunomodulatory therapies); and (3) the broader and longer use of non-invasive
ventilation in the C-ARDS population [158]. Changes in COVID-19 treatment strategies
may have contributed to the selection of patients with refractory disease and/or more
severe P-SILI for ECMO treatment [157]. The main risk factors for mortality reported in
the literature for C-ARDS patients on ECMO include older age, the presence of multiple
comorbidities and systemic acidosis, the need for renal replacement therapy and high vaso-
pressor infusion rates, and finally the occurrence of bleeding complications [156,160]. Other
frequent complications include thromboembolic events, infections, ventilator-associated
pneumonia, bacteremia, and ECMO circuit-related mechanical problems [157,158]. The
occurrence of neurological complications and in particular of intracranial hemorrhage,
although rare, affecting 6–12% of the patients, has been associated with a mortality rate
of 90%, implying that C-ARDS patients on ECMO could benefit from early non-invasive
neuromonitoring protocols [161].

Despite the similar guidelines for patient selection and implementation of ECMO
in C-ARDS and typical ARDS, there are some significant differences between these two
groups. There are more practical difficulties affecting the medical and nursing teams caused
by the risk of transmission and the use of personal protective equipment during C-ARDS
ECMO. C-ARDS patients have a higher risk of thrombosis and a higher prevalence of
right ventricular failure [162]. The use of immunomodulatory and/or immunosuppressive
therapies is also more frequent in C-ARDS, and a longer duration of support is likely to
be necessary for these patients [163]. It is currently acknowledged that successful lung
recovery is possible after prolonged VV-ECMO (>28 days) [164]. Distinct clinical courses of
C-ARDS ECMO have been described. Some patients with C-ARDS achieve lung recovery
shortly after the initiation of ECMO (i.e., within a few days), while others require prolonged
ECMO, posing unique clinical challenges. While a delayed lung recovery may be possible
in such patients on prolonged ECMO, alternative trajectories such as lung transplantation,
or transition to comfort-based care, may need to be considered [151,165].

The combination of prone positioning and ECMO (PP-ECMO) may also be consid-
ered [166,167]. In a physiological study of C-ARDS, PP-ECMO was associated with higher
P/F ratio, better respiratory system compliance, and lower driving pressure and mechanical
power of ventilation; improvements in respiratory mechanics persisted after supine reposi-
tioning [168]. In a retrospective, multicenter, cohort study of C-ARDS patients featuring
propensity score matching, PP-ECMO was associated with improved oxygenation, reduced
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intrapulmonary shunt, tolerance of longer ECMO duration, and lower in-hospital mortal-
ity [169]. Further high-quality research is still needed to determine the potential clinical
usefulness of PP-ECMO in C-ARDS. Table 3 summarizes currently available therapeutic
options for C-ARDS.

Table 3. Evidence-based treatments for coronavirus disease 19 (COVID-19)-related acute respiratory
distress syndrome (ARDS). PaO2/FiO2, oxygen arterial partial pressure-to-inspired oxygen fraction ratio;
PEEP, positive end-expiratory pressure. * Time interval corresponds to the maximum recommended
duration of therapy. † To be reduced to 2 mg if estimated glomerular filtration rate is 60 mL/min or less.

Intervention Mechanism of Action Evidence for Efficacy

Remdesivir day 1: 200 mg IV days 2–10:
100 mg IV

Inhibition of the viral RNA-dependent,
RNA polymerase

Shortens the time to recovery in hospitalized
COVID-19 patients

Dexamethasone
days 1–10 *: 6 mg IV

Anti-inflammator linked to the activation of
the glucocorticoid receptor

Reduces the probability of in-hospital death in
critically ill COVID-19 patients

Tocilizumab single dose: 8 mg/kg IV
(max. 800 mg) Interleukin 6 antagonism Reduces the probability of in-hospital death in

critically ill COVID-19 patients

Baracitinib
days 1–14 *: 4 mg † oral or enteral Janus kinase inhibition Reduces the probability of in-hospital death in

critically ill COVID-19 patients

Anakinra
days 1–10 *: 100 mg subcutaneously Interleukin 1 alpha/beta antagonism Reduces the probability of in-hospital death in

critically ill COVID-19 patients

Prone positioning for at least 16 h per day until
PaO2/FiO2 ≥150 mmHg at PEEP ≤10 cmH2O

and FiO2 ≤ 0.6

Attenuation of lung stress and strain
Reversal of compression atelectasis

Increased homogeneity of ventilation
Improved ventilation/perfusion matching

Reduces the probability of in-hospital death in
moderate to severe ARDS

Extracorporeal membrane oxygenation
Minimization of lung stress and strain (“lung

rest”) with very low tidal volumes and
ventilation pressures

Possible mortality benefit in severe ARDS

10. Conclusions

Typical ARDS is characterized by high-permeability edema, widespread atelectasis,
and a loss of compliance that relates directly to the reduced capacity of aerated lung units.
COVID-19, a novel etiology of ARDS, has distinct pathologic findings consistent with
severe injury to—and dysfunction of—the pulmonary vasculature as a result of SARS-CoV-
2-induced endothelial injury and immunothrombosis. The lungs of patients with C-ARDS
may be more likely to overdistend than to recruit in response to customary levels of PEEP. A
subpopulation of patients with C-ARDS may present with severely deranged gas exchange
that is uncoupled from the comparatively mild parenchymal injury. Just as typical ARDS
encompasses a broad range of clinical findings, so too does C-ARDS, often transitioning
in its more advanced stages to a form indistinguishable from typical ARDS. Some have
argued that all patients with ARDS, regardless of etiology, should be treated identically.
This approach, however, ignores the physiologic variability that not only exists between
patients, but also within individual patients depending on the phase of the disease.

Randomized trials in ARDS have identified several interventions that lead to improved
outcomes. These studies have enrolled patients with significant heterogeneity though and
as such, a significant degree of heterogeneity in treatment effect is to be expected [170].
They report the mean intervention effects observed in a population, but with regard to
benefit, wide individual variability exists. Randomized trials have provided safe starting
points from which to approach mechanical ventilation in the individual, but such rules are
not inviolable. A more holistic approach, taking into consideration the unique physiology
of individual patients, is warranted—as exemplified by C-ARDS.
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Abstract: Intracranial hypertension is a common finding in patients with severe traumatic brain injury.
These patients need treatment in the intensive care unit, where intracranial pressure monitoring and,
whenever possible, multimodal neuromonitoring can be applied. A three-tier approach is suggested
in current recommendations, in which higher-tier therapies have more significant side effects. In
this review, we explain the rationale for this approach, and analyze the benefits and risks of each
therapeutic modality. Finally, we discuss, based on the most recent recommendations, how this
approach can be adapted in low- and middle-income countries, where available resources are limited.

Keywords: brain trauma; intracranial hypertension; neuromonitoring

1. Introduction

Traumatic brain injury (TBI) is defined as “an alteration in brain function, or other
evidence of brain pathology caused by an external force”, while severe TBI is specified by a
score of ≤8 in the Glasgow Coma Scale (GCS) [1]. Severe TBI is a multifaceted condition,
rather than a single disease. According to a recent, large, prospective study, the most
common mechanisms for severe TBI are falls in very-high-income countries, and road
traffic accidents elsewhere [2]. Pathological findings may be focal or global. Focal findings
include extradural, subdural and intracerebral hematomas, as well as contusions. Global
findings include diffuse axonal injury, brain swelling and ischemia, and post-traumatic
hydrocephalus [3]. A common characteristic of severe TBI is intracranial hypertension
(ICH), which ranges, in different cohorts, from 50 to 80% of the cases [4].

ICH is considered an important component of TBI pathophysiology because it is re-
lated to significant morbidity and mortality, and carries the risk of cerebral herniation [5–7].
The latest recommendations by the Brain Trauma Foundation advise to maintain intracra-
nial pressure (ICP) at ≤22 mmHg and cerebral perfusion pressure (CPP) at ≥60 mmHg. An
escalating approach has been adopted for the treatment of ICH [3,8–13], according to which
different treatment modalities are prioritized on the basis of their efficacy and relative risks
of their application [8,9,11,13–15]. Treatments with more severe side effects are classified
as higher tier, while safer treatments, such as analgesia, sedation, and hyperosmolar ther-
apy, are considered lower tier. It is expected that refractory ICH will eventually require
higher-tier therapies that carry higher risk of complications. The concept of separate tiers
serves two important purposes. Firstly, it alerts physicians to the increased risks associ-
ated with escalation of treatment. Before taking those risks, it is advised that a thorough
examination and repeated imaging be performed, as appropriate. Medical imaging, in
particular computerized tomography (CT) of the brain, may reveal evolving lesions, such
as contusions and hematomas that demand surgical evacuation, rather than escalation of
medical treatment [8,10–12,15–17]. A detailed medical and neurological evaluation, on the
other hand, may identify extracranial causes of ICP elevation, such as infections, respiratory
deterioration, and sodium disturbances [3,8–12,18,19]. Secondly, a tiered design allows for
flexible choices among the modalities of each tier, or even for skipping a tier, if considered
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advantageous to the patient. In order to apply the tier concept effectively, clinicians need
to be familiar with the treatments involved and to be aware of their side effects. They
also need to formulate a treatment and escalation strategy that is tailored to the clinical
presentation and therapeutic needs of each patient.

The purpose of this review is to focus on treatments that carry significant side effects,
the so called second- and third-tier therapies [8] in patients with blunt traumatic brain
injury. A prerequisite for the safe management of these patients is their admission to the
intensive care unit (ICU), where the required interventions can be applied in the safest
possible way. Basic support measures applied in the ICU are considered tier zero therapies,
while initial treatments targeting the ICH are classified into tier one (Figure 1) [8].
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Figure 1. Treatment modalities included in the tiered approach for the management of intracranial
hypertension. ICU: intensive care unit; ETCO2: end-tidal carbon dioxide partial pressure; ICP:
intracranial pressure; SpO2: oxygen saturation; CPP: cerebral perfusion pressure; Hb: hemoglobin
concentration; SerOsm: serum osmolality; CSF: cerebrospinal fluid; EVD: external ventricular drain;
EEG: electroencephalography; NMB: neuromuscular blocker; MAP: mean arterial pressure. * Propofol
and midazolam are the most commonly used anesthetic agents. Morphine, fentanyl, sulfentanil and
remifentanil are the most commonly used analgesics [20]. ** Non-depolarizing agents are considered
as safer than succinylcholine [21].

As shown in Figure 1, tier one therapies targeting at lowering the ICP include escala-
tion of analgesia and sedation, normocapnia, the use of an external ventricular drain (EVD)
to drain cerebrospinal fluid (CSF), and hyperosmolar therapy. Both mannitol 20% and
hypertonic sodium chloride solutions can be used as hyperosmolar agents. Common side
effects include derangements of the fluid and electrolyte balance, and for this reason, ICP-
guided (rather than scheduled) administration is advised [22]. In cases with significant
brain edema, the placement of an EVD can be technically difficult, with higher risk of
hemorrhage and misplacement, because the ventricular system may be compressed [23].
Furthermore, the presence of an EVD carries a small but significant risk of infection [24].
Even though tier one interventions are not free of complications, treatments beyond this
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level have recently been related to an additional negative effect on survival [14,19]. For this
reason, tier-two and -three therapies require increased caution and clinical experience for
their safe application [15].

2. Tier-Two Therapies
2.1. Mild Hypocapnia (PaCO2 32–35 mmHg)

Mild hypocapnia, targeting a PaCO2 of 32–35 mmHg, is among the second-tier choices.
Mild hyperventilation is an effective and rapid way to reduce the ICP by inducing cerebral
vasoconstriction and reducing cerebral blood flow [25]. However, it carries the risk of
cerebral ischemia. A study in brain injured patients and normal controls, using multimodal
neuromonitoring and positron emission tomography (PET) of the brain, showed that mild
hypocapnia significantly reduced the ICP, but also increased the volume of ischemic brain
tissue in both perilesional and normal regions of the brain, compared to normocapnia levels
and to normal controls [26]. Interestingly, ischemic brain volume increased even when
jugular venous saturation (SjO2) measurements, used for the assessment of global brain
oxygen demands, were within the acceptable range. More recent studies report acceptable
cerebral oxygenation and blood flow parameters during mild hyperventilation [27–30]. A
practical approach, based on current evidence, is the application of mild hyperventilation
with concomitant use of multimodal neuromonitoring, including methods for the focal and
global assessment of the cerebral oxygenation adequacy [8,10,31]. Such modalities are the
perfusion computerized tomography (CTP), the transcranial color duplex ultrasonography
(TCD), as well as the SjO2 and the brain parenchymal oxygenation (PbrO2) monitoring.
In practice, these techniques are not always available in general ICUs, thus limiting the
application of mild hypocapnia as a potentially useful intervention. In view of such
restrictions, and based on the current limited evidence, mild hyperventilation is considered
an acceptable measure before escalating to higher tiers. In any case, close monitoring of the
PaCO2 is important to avoid an accidental reduction in the PaCO2 below 30 mmHg [32].

In addition to the risk of brain ischemia, lowering the PCO2 may pose additional
problems to trauma patients. The subsequent rise of the pH carries the risk of reduced
blood flow to other body organs and has been related to tissue hypoxia, cardiac arryth-
mias, hypokalemia, hypocalcemia, hypophosphatemia, and lower epileptic threshold [31].
Moreover, increased tidal volumes may be necessary for mild hypocapnia, and this may
render mechanical ventilation traumatizing to the lung [33]. Since blood flow to the brain
is known to be reduced during the first 24 h after brain trauma, it is reasonable to avoid
mild hypocapnia during this time period [34]. Finally, hypocapnia below 30 mmHg had
better be kept as a temporizing measure for cases of extremes in ICH, when signs of critical
neuroworsening (Figure 2) or impending herniation, such as the Cushing’s reflex (i.e.,
increased blood pressure, bradycardia, and irregular breathing if the patient is not already
deeply sedated and mechanically ventilated) are present. Acute hypocapnia can be applied
as a bridge to higher-tier therapies, for a limited period of time, until other, longer acting
measures are in place. Subsequently, a gradual return to normocapnia is advised, in order
to avoid rebound ICH [11].
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2.2. Neuromuscular Blockade (NMB)

Neuromuscular blockers, mostly non-depolarizing ones, such as cis-atracurium, have
been used in the past as a tier zero therapy in patients with brain trauma [14]. There is,
however, limited evidence for the effect of NMB on ICH. It has been described that paralysis
may lower the ICP by 2–3 mmHg [21]. Theoretically, lowering ventilation pressures and
limiting ventilator asynchrony can improve venous outflow to the main vessels of the
chest [35]. Even though this has a likely beneficial effect, NMB should be applied with
caution, and for short periods.

In one study that included TBI patients, increased rates of ventilator associated pneu-
monia and prolonged ICU stay was reported in patients who received NMB for >12 h
compared to those who did not [36]. Another concern is the effect of NMB on the long-
term outcomes. Prolonged use of NMB is associated with ICU-acquired neuromuscular
weakness, also known as ICU neuromyopathy [37,38]. This entity can significantly af-
fect the quality of life of the patients and is related to the post-intensive care syndrome,
which affects more than 60% of ICU survivors [39]. Prolonged immobilization, steroid and
aminoglycoside use have also been shown to contribute to ICU neuromyopathy [40,41].

NMB may be indicated for trauma patients who, in addition to brain injury, also have
lung contusions, acute respiratory distress syndrome (ARDS) or abdominal compartment
syndrome [35,42]. NMB is also justified during stimulating procedures, such as tracheal
suction and bronchoscopy, in patients who are deeply sedated [43], and can be necessary
during the application of cooling measures to lower body temperature. Since muscular
activity significantly contributes to CO2 production, NMB can assist CO2 control [44]. A
trial for NMB is currently suggested for patients in whom ICH is not controlled with tier
one measures, with continued infusion reserved for those who show a favorable response,
or for patients who need NMB for other reasons, as previously described [21].

2.3. Assessment of Static Autoregulation—The Mean Arterial Pressure (MAP) Challenge

Cerebral pressure autoregulation, both static and dynamic, can be severely impaired
following TBI [45]. The assessment of dynamic pressure autoregulation requires special
equipment that may not be available to most ICUs. Static pressure autoregulation (sPAR),
on the other hand, can be evaluated at the patient’s bedside [46,47]. In some cases, there may
be hints that sPAR is intact. For example, the ICP may rise acutely following a MAP drop,
and may recede when the MAP is restored with the administration of fluids or vasopressors.
The consensus working group in the recent guidelines, suggest Rosenthal’s method for
evaluating sPAR by using the MAP challenge [48,49]. In cases where autoregulation is
preserved, and the baseline CPP is above the lower breakpoint of sPAR, a further rise of the
CPP will result in vasoconstriction. Vasoconstriction will lead to decreased cerebral blood
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flow (CBF) and cerebral blood volume, and to a drop in the ICP. To perform the assessment,
clinicians need to maintain vasopressor and sedatives infusions, as well as ventilation
parameters stable. After recording the baseline MAP and CPP, the vasopressors are titrated
to a MAP rise of 10 mmHg, and the patient’s response is observed for a maximum of 20 min.
The ideal positive response comprises an ICP drop in response to the MAP rise [45,50].
Subsequently, the MAP and CPP need to be adjusted accordingly.

The assessment of sPAR can be associated with several clinical problems. Clinical
experience is required to treat a possible spike of the ICP caused by the rising MAP in cases
where the sPAR is disrupted. Furthermore, adjusting the MAP/CPP, is a separate clinical
decision that needs to take into account the relative risks of increasing the vasopressor
infusion rate. This may be difficult in trauma patients who require high vasopressor dose
and/or have concurrent ARDS or cardiac dysfunction [51]. Finally, the sPAR status may not
be stable over the clinical course of the patient, and may require frequent reassessment [50].
Several additional tools have been proposed in the assessment of CBF and sPAR, such as
transcranial color duplex ultrasonography, near-infrared spectroscopy, and brain perfusion
imaging [46,47,52,53].

3. Tier-Three Therapies
3.1. Therapeutic Hypothermia

For many years, therapeutic hypothermia was used for the management of ICH in TBI
based on favorable findings derived mainly from experimental studies of ischemic models,
according to which hypothermia has significant neuroprotective effects [54]. Lowering
the body temperature, and in particular the brain temperature, below 36 ◦C, decreases the
metabolic demands of the brain tissue, hence decreases the CBF, the cerebral blood volume,
and the ICP. At the cellular level, hypothermia mitigates calcium induced neurotoxicity,
neuronal apoptosis, inflammatory response, and cytotoxic edema [55]. Nevertheless, these
experimental findings did not translate to positive clinical outcomes. In a meta-analysis
of 18 trials published in 2016, no decrease in mortality was observed, while hypothermia
was related to increased risk of pneumonia and cardiovascular complications [54,56].
The EUROTHERM study, a randomized trial that finally included 387 TBI patients, was
discontinued due to safety concerns, because of worse outcomes in the hypothermia arm
that were attributed to adverse reactions during the rewarming period. Interestingly, the
control arm received higher-tier therapies and more barbiturates than the patients treated
with hypothermia [57]. The POLAR study, another randomized trial using early, sustained
prophylactic hypothermia in patients with severe TBI, did not show any improvement in
outcomes, either. However, there were deviations from the cooling protocol that may have
masked a possible beneficial effect of hypothermia [58]. Based on these results, current
recommendations suggest the use of mild hypothermia, targeting core body temperatures
of 35–36 ◦C as a tier-three intervention. Temperatures of< 35 ◦C are not recommended, due
to increased risk for systemic complications [48]. In view of these facts, the term “targeted
temperature management” (TTM), that reflects the currently recommended practice for
post-cardiac arrest patients, would also be appropriate for TBI [55].

When considering TTM, the overall patient’s condition needs to be evaluated in
view of anticipated side effects. The latter may include impaired cardiac contractility,
coagulation and platelet dysfunction, increased risk for arrhythmias and infections, and
significant fluid and electrolyte shifts [59]. These complications have been reported mainly
in patients cooled down to 32–35 ◦C, and are more pronounced during the rewarming
phase [57]. The targeted temperatures can be achieved with the use of external cooling
measures. Cooling blankets or other devices with feedback control are appropriate when
available, in order to avoid unwanted temperature shifts or body temperature below
the desired level [59]. Notably, some patients are spontaneously hypothermic following
TBI [60]. While there are no recommendations on temperature correction in this setting,
maintaining temperatures at 35–36 ◦C and avoiding rewarming beyond this point seems
reasonable [60]. Compared to other tier-three treatments, temperature management may
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be more suitable for patients without active bleeding and signs of shock, who are not
candidates for surgical decompression.

3.2. Metabolic Suppression with Barbiturates

Pentobarbital and thiopentone are the most commonly used barbiturates for ICH
in TBI. Both drugs are potent sedatives that can induce greater metabolic suppression
than midazolam or propofol, and also have antiepileptic properties. By depressing brain
function, oxygen consumption and metabolism, barbiturates also reduce the CBF and the
ICP [3]. Barbiturates bind to neuronal γ-aminobutyric acid alpha (GABAA) receptors and
cause neuronal hyperpolarization and inhibition of the action potential [61]. In addition, it
has been shown that they reduce lactate and pyruvate production in the brain and inhibit
lipid peroxidation mediated by free radicals [62]. These findings imply that barbiturates
may also possess significant neuroprotective effects. Nevertheless, there is no evidence to
support improvement in clinical outcomes with their use [63].

A plausible argument for this discrepancy is the association of barbiturates with sig-
nificant side effects, the most prominent being hemodynamic compromise presenting as
hypotension and myocardial depression. Consequently, the use of barbiturates in trauma
patients with shock or myocardial injury is limited, since they may further increase va-
sopressor requirements for the maintenance of adequate CPP [64,65]. Other side effects
are immunosuppression, hepatic and renal dysfunction, suppression of gut motility, and
dyskalemias, which usually appear as hypokalemia during the loading phase and hyper-
kalemia during withdrawal. The latter may require renal replacement therapy in some
cases [66,67]. At increased doses, barbiturates suppress the pupillary light reflex, in which
case patient monitoring relies mainly on invasive measures or imaging. Finally, barbitu-
rate use can lead to prolonged sedation due to drug accumulation, and consequently to
prolonged need for mechanical ventilation [68–72].

When metabolic suppression with barbiturates is planned, it is advised to administer
a test dose and record the patient’s response. A favorable response is characterized by ICP
drop and concurrent maintenance of adequate CPP. If this is achieved, then loading doses
can be administered, e.g., thiopental 250 mg boluses up to a total dose of 3–5 g, and then
continuous infusion of 3–8 mg/kg/h. The endpoint of barbiturate administration is the
control of the ICP with the minimum effective dose, in order to minimize side effects. This
is achieved with the application of electroencephalographic monitoring and titration of the
barbiturate infusion rate to a suppression–burst pattern of >>50%, since a further increase
in barbiturate dose is unlikely to affect the ICP [73,74]. Other concurrent therapeutic
goals include the maintenance of euvolemia and of the CPP [58]. Once ICH is treated and
barbiturates are to be withdrawn, a gradual reduction over a few days is advised to avoid
hyperkalemia and a rebound rise of the ICP.

While barbiturate use for metabolic suppression of the brain is suggested by guidelines,
the so called low-dose (e.g., 2 mg/kg/h) barbiturate use has been adopted by many
hospitals [68]. Adding low-dose barbiturates to other sedatives, such as midazolam and
propofol, carries the risk of additive cardiovascular depression, but may also improve
neuroprotection and reduce the time to drug elimination. Nevertheless, this practice is
not supported by evidence and is not recommended by most experts in recent consensus
guidelines [7]. A suppression burst pattern can also be induced by propofol and, in a
small number of cases, by midazolam infusion, but none of these agents lowers the ICP
as effectively as barbiturates. This is attributed to the profound suppression of cerebral
rate of oxygen consumption during barbiturate induced suppression burst [43,75]. On the
other hand, propofol carries significant risks when used in high doses and for prolonged
periods (>5 mg/kg/h, >48 h). Cardiovascular depression, that may affect the MAP and
CPP is commonly reported. Other side effects include the elevation of pancreatic enzymes,
pancreatitis, lipemia, increased caloric administration due to the lipid formulation of
the infused drug, and the propofol infusion syndrome (PRIS). PRIS is characterized by
lactic acidosis, electrocardiographic changes, such as J-point and ST-segment elevation
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and T-wave inversion, hepatomegaly, and elevated transaminases. It can progress to
rhabdomyolysis, renal failure, hyperkalemia, malignant arrhythmias, and cardiovascular
collapse. Although PRIS is rare, the reported mortality rate is high (48–52%). The exact
pathophysiology of PRIS is unclear, but possible mechanisms involve interaction of propofol
with mitochondrial function and lipid metabolism [76].

3.3. Decompressive Craniectomy

The last modality in tier three is the physiologically most effective one, i.e., the surgical
opening of the cranial cavity. Decompressive craniectomy lowers the ICP, and this has been
confirmed by two randomized trials, the DECRA, published in 2011 and the RESCUE-ICP,
published in 2016. There are many differences between these two studies. Patients in
the DECRA trial were recruited early, within 72 h of TBI, and had a lower ICP threshold
and lower-tier treatments applied [77]. Patients in the RESCUE ICP trial had an ICP
of >25 mmHg, not responding to maximum medical therapy, including hypothermia, but
not barbiturate coma [78]. In the DECRA trial, similar mortality was observed in the
two study groups, with higher rates of unfavorable outcomes in the craniectomy group. In
the RESCUE-ICP trial, there was a survival advantage in the intervention group. While
there were higher rates of unfavorable outcomes among survivors at six-month follow-up,
there were also statistically significant higher rates of favorable outcomes at 12 months [78].

Complications of decompressive craniectomy include infections, intracranial hem-
orrhage, seizures, transcranial herniation, formation of subdural hygromas, and hydro-
cephalus. These, combined with the risks of cranioplasty [49] and of a poor neurological
outcome, may hinder the decision for craniectomy. The risks described, as well as the
probable need for long-term care, have to be thoroughly explained to the patients’ families
before the procedure. Patients with acute subdural hematomas often have concomitant un-
derlying intraparenchymal hematomas and contusions [79]. In many cases where subdural
hematomas warrant evacuation, the brain bulges beyond the table of the skull postopera-
tively, and there is a surgical option for primary craniectomy, i.e., “to leave the bone flap
out”. While there is limited evidence in support of primary craniectomy in this setting,
there are some studies that show better outcomes with this strategy [80,81] and a relevant
randomized trial is ongoing [82]. In the meantime, decompressive craniectomy remains
a tier-three therapy, from which previously fit patients with unilateral pathology, and
adequate medical and social support are more likely to benefit. Decompressive craniectomy
also remains a rescue option for patients not responding to conservative treatments [49].

4. Second- and Third-Tier Therapies in Low- and Middle-Income Countries (LMICs)

The management of ICH in TBI patients is even more challenging in developing coun-
tries. Surgical procedures may have a more central role in the management of ICH, because
available resources for neuromonitoring are limited, as opposed to the capacity for surgical
decompression. Following the BEST TRIP (the Benchmark Evidence from South American
Trials: Treatment of Intracranial Pressure) trial [83], protocols such as the CREVICHE (Con-
sensus REVised ICE algorithm) have appeared, which give directions on the application of
tiered therapies in this setting, based on clinical examination and brain CT findings [84].
Figure 3 depicts a simplified version of the protocols suggested in low-income countries
setting, when ICP monitoring is not applied. Scheduled hyperosmolar therapy as well as
continuous infusion of 3% hypertonic saline are allowed in this setting, and decompressive
craniectomy remains a tier-three intervention [84]. While most craniectomies performed in
low/middle-income countries are primary procedures, the clinical decisions, particularly
for secondary craniectomies, may be difficult, due to the limited capability for long-term
support and rehabilitation, that may compromise neurological outcomes. The proposed
surgical techniques are also discussed in the relevant literature. Floating or hinged bone
flaps have been suggested to avoid the need for reconstructive cranioplasty, but there are
no recommendations to support this practice. Current guidelines advise that these proce-
dures should be performed by neurosurgeons or at least neurosurgical trainees that are
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adequately trained, and that decisions should be made in the context of local knowledge,
medical resources, capacity for long-term care, and cultural beliefs [79,85].

Figure 3. A simplified version of the three-tier therapy protocol proposed for the treatment of sus-
pected intracranial hypertension when intracranial pressure monitoring is not employed. Decisions
on escalation and de-escalation are based on serial clinical examination and computerized tomogra-
phy imaging. MAP: mean arterial pressure; PaCO2: partial arterial pressure of carbon dioxide.

5. Conclusions

Tier-two and -three therapies for ICH in TBI are associated with significant adverse
effects and complications, and are applied when ICH poses a bigger threat to the patient.
The tier concept allows for flexibility in the therapeutic choices and for patient-tailored
strategies in different resource settings. Individualized approaches can be achieved by the
use of advanced imaging and neuromonitoring modalities. Future research is oriented
towards strengthening the existing evidence and identifying the specific patient profiles
that can benefit from each separate therapeutic modality.
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Abstract: Patients with severe COVID-19 belong to a population at high risk of invasive fungal
infections (IFIs), with a reported incidence of IFIs in critically ill COVID-19 patients ranging between
5% and 26.7%. Common factors in these patients, such as multiple organ failure, immunomodulat-
ing/immunocompromising treatments, the longer time on mechanical ventilation, renal replacement
therapy or extracorporeal membrane oxygenation, make them vulnerable candidates for fungal
infections. In addition to that, SARS-CoV2 itself is associated with significant dysfunction in the
patient’s immune system involving both innate and acquired immunity, with reduction in both CD4+

T and CD8+ T lymphocyte counts and cytokine storm. The emerging question is whether SARS-CoV-2
inherently predisposes critically ill patients to fungal infections or the immunosuppressive therapy
constitutes the igniting factor for invasive mycoses. To approach the dilemma, one must consider the
unique pathogenicity of SARS-CoV-2 with the deranged immune response it provokes, review the
well-known effects of immunosuppressants and finally refer to current literature to probe possible
causal relationships, synergistic effects or independent risk factors. In this review, we aimed to
identify the prevalence, risk factors and mortality associated with IFIs in mechanically ventilated
patients with COVID-19.

Keywords: fungal infections; critically ill; CAPA; COVID-19; CAM; CAC

1. Introduction

COVID-19, caused by SARS-CoV2, made its appearance at the end of 2019 in Wuhan
(China) and rapidly spread worldwide, evolving to an emergency global public health
event. This is justified by the fact that, to date, over 250 million people have been infected
worldwide, and more than 5 million have died [1]. By the beginning of March 2020, the
World Health Organization (WHO) officially labeled the disease as a pandemic [2]. The
disease has a wide range of symptoms; patients may present asymptomatic, with mild
symptoms such as fever and cough or worse, such as severe cases developing dyspnea
and hypoxia [3,4]. Like in severe acute respiratory syndrome coronavirus (SARS-CoV) and
Middle East respiratory syndrome (MERS), SARS-CoV2 may induce a hyper-inflammatory
response (cytokine storm) and a pneumonia complicated by Acute Respiratory Distress
Syndrome (ARDS), severe alveolar damage and inflammatory exudation [5,6].

In COVID-19, primary coinfections are rare [7,8]; however, critically ill patients (which
represent around 20% of all patients) and especially those who are finally admitted to the
Intensive Care Unit (ICU) (around 5%) are more vulnerable to develop secondary infec-
tions on the basis of multiple organ failure, prolonged time on mechanical ventilation and
dependence on renal replacement therapy or extracorporeal membrane oxygenation [9,10].
In addition, SARS-CoV2 itself is associated with significant dysfunction in the patient’s
immune system involving both innate and acquired immunity, with reduction in both

J. Clin. Med. 2022, 11, 2017. https://doi.org/10.3390/jcm11072017 https://www.mdpi.com/journal/jcm
210



J. Clin. Med. 2022, 11, 2017

CD4+ T and CD8+ T lymphocyte counts. A cytokine storm takes place, which is charac-
terized by excessively increased pro-inflammatory molecules, inhibition of natural killer
cells and cytotoxic lymphocytes [11,12]. On this ground, secondary infections as a compli-
cation of viral respiratory diseases are not uncommon, and they have been described in
previous pandemics.

Infections in these patients need to be identified early because they affect the manage-
ment, and more significantly, the outcome. Fungal infections are especially associated with
a higher mortality rate in critically ill patients admitted to the ICU, raising a considerable
concern about invasive fungal infections in COVID-19 patients. Interestingly, in an Italian
ICU, the incidence of secondary blood stream infections (BSIs) in COVID-19 patients was
almost 20 times higher than the incidence reported in European ICUs in non COVID-19
patients [13]. According to authors, this finding could be attributed to factors such as the
dysregulated immune system in severe COVID-19, the extensive use of antimicrobials
in these patients, as well as, the worse adherence to the infection control and prevention
measures due to the overwhelming pandemic wave in Italy at that time.

In this review, we provide an up to date insight on the epidemiology and the risk
factors for invasive fungal infections, as well as, the current view on the potential role of
drugs which modulate and/or compromise immune response in increasing the prevalence
of fungal co-infections in critically ill COVID-19 patients.

2. Pathophysiology and Risk Factors

The emergence of fungal co-infections in COVID-19 patients is not that unexpected
considering the MERS and SARS outbreaks [14]. The variety of fungal co-infections (most
commonly pulmonary or tracheobronchial aspergillosis—CAPA, CAC and CAM) and their
relatively high incidence, as described above, especially in critically ill patients, have posed
questions on what the underlying pathogenetic mechanisms are of such an occurrence and
whether any risk factors could be identified [15].

The SARS-CoV2 spike protein binds to angiotensin converting enzyme 2 (ACE2) re-
ceptor of epithelial cells and type 2 pneumocytes, thus allowing viral entry. The release of
danger-associated molecular patterns (DAMPs) by dying or damaged cells ignites an im-
mune response and a cascade of inflammation, which in turn leads to tissue damage [16–18].
This extensive lung damage may lead to higher vulnerability to invasive fungal infections
such as pulmonary aspergillosis [14]. DAMPs have been implicated in the regulation
of inflammation of fungal diseases, and host inflammation may favor the transition of
fungal colonization to fungal infection [19]. This could explain in part why patients with
hyperinflammatory response (such as COVID-19 critically ill patients) are more vulnerable
to fungal infections, Figure 1.

On the other side of the immunologic spectrum, COVID-19 interferes toward impaired
local immune response, dysfunctional mucociliary activity and disruption of epithelial
barriers [17,20]. In the case of Aspergillus, conidia in the airways are cleared poorly, en-
abling bronchial inflammation and invasion and possibly leading to CAPA [20]. The
high prevalence of CAPA but with low blood galactomannan detection may indicate
less frequent angioinvasion compared to usual invasive asperillosis and maybe local dis-
ease [21]. Lymphopenia—also a common lab characteristic of COVID-19 infection—and,
consequently, possibly T-cell lymphocyte population decline may lead to a favorable en-
vironment for invasive fungal infections [16]. The effect of immunomodulation is under
debate, and it will be discussed separately.
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Figure 1. SARS-CoV2 spike protein binds to angiotensin converting enzyme 2 (ACE2) receptor of
epithelial cells and type 2 pneumocytes, thus allowing viral entry. The release of danger-associated
molecular patterns (DAMPs) by dying or damaged cells ignites an immune response and a cascade of
inflammation, which in turn leads to tissue damage. This extensive lung damage may lead to higher
vulnerability to invasive fungal infections.

In general, it could be hypothesized that the high incidence of aspergillosis and
candidemia in COVID-19 patients could be related to high rates of invasive procedures,
such as intubation, which may predispose to fungal colonization and proliferation; pro-
longed/high corticosteroid or other immunomodulatory treatment regimens; underlying
(or developing due to COVID-19) pulmonary disease; dysregulation of the immunity
caused by COVID-19; and empiric antimicrobial therapy changing the flora/microbiota of
the respiratory tract [14,17].

The risk factors can be divided into the following categories.

2.1. Host Factors

Initially, for patients with severe COVID-19, it could be hypothesized that increased fungal
co-infections correspond to an increased prevalence of pre-existing risk factors for fungal infections
(as they are defined by European Organization for Research and Treatment of Cancer and the
Mycoses Study Group Education and Research Consortium—EORTC/MSGERC) [15]. However,
it seems that only a minority of patients have such risk factors [14,21]. Even though, in
general, critically ill patients with COVID-19 are usually older or have more comorbidities,
a strong correlation with specific characteristics that might predispose to vulnerability
to fungal infections (e.g., disease, gender) has not been documented [14,17]. Structural
lung diseases might be of importance for the development of CAPA [14,16], as some
studies identify a higher incidence in patients with COPD or asthma [22]. In addition, in
India, diabetes and diabetic ketoacidosis have been correlated with increased likelihood of
mucormycosis in COVID-19 patients, but not in patients with CAPA [14,21]. Finally, from a
small series in Hungary, patients with CAPA seemed to be preferably older males and in
need of oxygen support, suggesting that critical illness might be a risk factor [23].
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2.2. Healthcare Associated Factors

As with other medical reasons, admission to hospital or ICU increases the incidence
of infections. Mechanical ventilation/intubation, ICU length of stay and presence of
indwelling catheters have been implicated in the emergence of secondary infections in
ICU patients. In addition, empiric antibiotic treatment may shift the microbiota towards
increased prevalence of fungal species. In literature, fungal infections seem to be correlated
with hospital admission and intubation [17], even though CAPA has been described in
patients with various respiratory support [22], such as invasive or non-invasive ventilation.
There is also a correlation of length of ICU stay with the development of CAPA [22].
Although renal failure seems not to be a risk factor, renal replacement therapy seems to
be associated with the development of fungal infections, such as CAPA, in critically ill
COVID-19 patients [22]. To our knowledge, there are no case reports for outpatients with
COVID-19 CAPA or CAC.

There is a debate in the literature on whether corticosteroids favor fungal infections or
not [21], and this will be discussed further, separately. It is a fact that critically ill patients
may have more risk factors independent of COVID-19 that may confound the correlations.
Table 1.

Table 1. Risk factors for fungal infections.

CAPA/Invasive Aspergillus Tracheobronchitis

1. High/long dose of corticosteroids;
2. Underlying structural lung disease;
3. Host factors, such as neutropenia, allogeneic stem cell transplant, immunosuppression,
inherited severe immunodeficiency;
4. Intubation and mechanical ventilation;
5. Cancer/chemotherapy;
6. Azithromycin (PMID: 33316401)/broad spectrum antibiotics;
7. Severe lung damage due to COVID-19.

CAC

1. Prolonged hospital stay;
2. Mechanical ventilation;
3. Central venous catheters;
4. Surgical procedures;
5. Broad-spectrum antibiotics.

MAC

1. Diabetes, diabetic ketoacidosis
CAPA: COVID-19-associated pulmonary aspergillosis; CAC: COVID-19-associated candidemia; MAC: Mycobac-
terium Avium Complex.

3. Prevalence of Invasive Fungal Infections in Critically Ill COVID-19 Patients

The reported incidence of invasive fungal infections in critically ill COVID-19 patients
ranges between 5% and 26.7% [24–31]. Fekkar et al. found an overall incidence of fungal
respiratory complications at 4.8% [24]. Chong et al., in their review of 49 studies on
secondary pulmonary infections in COVID-19 cases, noted a 6.4% incidence of fungal
infections [25]. In a descriptive study of 99 COVID-19 patients, Chen et al. reported fungal
co-infections in 5% of the patients [26]. Moreover, among 52 critically ill patients, Yang
et al. noted 3 (5.8%) with fungal infections [27], while Musuuza et al. in their meta-analysis
reported a pooled prevalence of fungal co-infections in 4% and fungal superinfections in
8% [28]. Furthermore, in a retrospective study of 140 ICU patients, Bardi et al. reported
fungal infections in 15% of them [29]. In this line, White et al. reported a far higher
prevalence of 26.7% of invasive fungal infections in critically ill COVID-19 patients [30].
On the other hand, in a meta-analysis of 426 COVID-19 patients who were admitted to the
ICU, the overall pooled proportion of fungal co-infection was 0.12 [31] (Table 2).
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3.1. Candidiasis

The risk of invasive candidiasis is high in patients receiving antibacterials, hemodial-
ysis, parenteral nutrition, undergoing mechanical ventilation and having central venous
catheters. All these factors are common in the COVID-19 critical-care patient [32,33].
COVID-19-associated candidiasis (CAC) mostly presents as candidaemia, with Candida albi-
cans and Candida glabrata being the most frequent pathogens. Candidemia in COVID-19
patients has been increasingly described in the literature. In a US hospital, among patients
with COVID-19 admitted to the ICU, 8.9% developed candidemia [34]. A single-hospital
study in Brazil reported candidemia incidence during the pandemic to be nearly five times
higher than before the pandemic [35]. Seagle et al. studied 251 patients with candidemia,
of which 25.5% were positive for SARS-CoV2 [36]. Outbreaks of the multidrug-resistant
Candida auris have also been reported [37] (Table 2).

3.2. Aspergillosis

Back from 2018, Schauwvlieghe et al. developed the modified AspICU criteria to help
diagnose influenza associated pulmonary aspergillosis (IAPA), which (in the absence of
histology) essentially relies on mycological evidence of Aspergillus spp. in the form of a pos-
itive bronchoalveolar lavage (BAL) culture or positive galactomannan in serum/BAL [38].
In a retrospective observational study of critically ill COVID-19 patients, although the
rate of fungal antigenemia was high (around 50%), Aspergillus was not identified in any
specimens by culturing. This was associated with the prophylactic antifungal therapy
the patients were receiving [39]. Despite differences in the pathogenicity of COVID-19
and influenza, obviously a similar manifestation appeared in the critically ill COVID-19
patients. Not long ago, a panel of experts proposed criteria for a new clinical entity called
CAPA (COVID-19-Associated Pulmonary Aspergillosis), a superinfection with high inci-
dence and high mortality. In Koehler et al.’s study of 94 cases, the overall incidence was
22.6% [40]. Studies in France [16,41] identified a similar incidence of CAPA (30%). However,
other studies showed lower incidence and variation in prevalence, indicating that further
investigation is needed [42] (Table 2).

3.3. Mucormycosis

Another significant complication of COVID-19 infection is COVID-19 associated mu-
cormycosis (CAM), mostly in patients with uncontrolled diabetes mellitus or in geograph-
ical regions with higher incidences of mucormycosis (e.g., India) [43]. CAM includes
patients with acute invasive fungal rhino-orbital mucormycosis, or cavitary pulmonary
mucormycosis [44,45]. Meawed et al. isolated Mucor in 8.2% of 197 critically ill COVID-19
patients under mechanical ventilation who developed VAP [46]. Selarka et al., in India,
characterized mucormycosis in patients with COVID-19 as an epidemic within a pandemic,
as from the 2567 COVID-19 patients admitted to 3 tertiary centers, 47 (1.8%) were diagnosed
with mucormycosis [47] (Table 2).

3.4. Pneumocystis

Pneumonocystis jirovencii infections have been reported in low numbers and mainly in
patients with other underlying conditions (e.g., HIV, hematologic malignancy) [48]. COVID-
19 and Pneumocystis share numerous overlapping characteristics, such as radiological,
clinical and laboratory findings. As a result, there is a great possibility of misdiagnosis [49].
Alanio et al. studied samples from 108 HIV-negative COVID-19 patients. P. jirovencii was
postitive in 9.3% [50] of the patients. Blaize et al. also explored the incidence of Pneumocystis
in pulmonary specimens obtained from severe COVID-19 patients and found it around
1.4% [51]. In March 2021, the first case of Pneumocystis confirmed through autopsy was
published in a 52-year-old male, who was diagnosed with COVID-19 posthumously [52].

Other rare invasive fungal diseases that have been diagnosed in COVID-19 patients,
include Rhodotorula fungaemia, Fusarium and Trichosporon infections [53,54]. Cryptococcus
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should be considered in high-risk patients [55]. Endemic fungal species such as Histoplasma,
Coccidioides or Blastomyces should be considered in specific geographical areas (Table 2).

Table 2. Prevalence of Invasive Fungal Infections in critically ill COVID-19 patients.

Literature Trial Design/Population Type of IFI Incidence

Fekkar A. et al. [24]
R, SC, n = 145 COVID-19 ICU MV pts
screened for fungal superinfection; 54%
on ECMO

prob/putat IFI
(1 Fusarium case) 4.8%

Chong W.H. et al. [25] Literature review; 28 O studies, 21 cr/s Secondary FI 6.4%

Chen N. et al. [26] R, SC, 99 hospital pts Secondary FI 5%

Yang X. et al. [27] R, SC, O, 52 ICU pts 5.8%

Musuuza J.S. et al. [28] MA of 118 studies Fungal co- and
superinfections 4% and 8%, respect

Bardi T. et al. [29] R, SC, 140 ICU pts FI 15%

White et al. [30] MC, P, 137 ICU pts screened for IFI IFI 26.7%

Peng J. et al. [31] SRMA of 9 studies IFI 0.12 (opp)

Bishburg E. et al. [34] SC, R, 89 COVID-19 ICU pts CAC 8.9%

Nucci M. et al. [35] SC CAC ×5 comp to
prepandemic

Seagle E.E. et al. [36] Surveillance data candidemia
Among 251
candidemia pts, 25.5% were
SARS-CoV-2

Gouzien L. et al. [42] R, O, COVID-19 ICU pts CAPA 1.5%

Hoenigl M. et al. [43] Review of 80 CAM cases CAM 0.3–0.8% prevalence in COVID-19
ICU pts

Meawed T.E. et al. [46] Cross-sectional study of 197 critically-ill
MV COVID-19 pts Fungal VAP 16.4% Aspergillus

8.2% mucor

Selarka L. et al. [47] P, O, MC CAM 1.8%

Alanio et al. [50] O, 108 critically-ill COVID-19 pts PJP 9.3%

Blaize et al. [51] PCR assays on severe COVID-19 pts PJP 1.4%
CAC: COVID-19-associated candidemia, CAM: COVID-19-associated mucormycosis, CAPA: COVID-19-associated
pulmonary aspergillosis, Comp to: compared to, Cr/s: case reports/series, (I)FI: (Invasive) fungal infection, MA:
metanalysis, MC: multicenter, MV: mechanically ventilated, O: observational, opp: overall pooled proportion, P:
prospective, prob: probable, pts: patients, put: putative, R: retrospective, respect: respectively, SC: single center,
SRMA: Systematic review and metanalysis.

4. Immunosuppressive Therapy as Risk Factor for Fungal Infections in Critically Ill
COVID-19 Patients

The emerging question is whether SARS-CoV-2 inherently predisposes to fungal
infections in the critically ill patients or the immunosuppressive therapy constitutes the
igniting factor for invasive mycoses. To approach the dilemma, one must consider the
unique pathogenicity of SARS-CoV-2 with the deranged immune response it provokes,
review the well-known effects of immunosuppressants and finally refer to current literature
to probe possible causal relationships, synergistic effects or independent risk factors.

As mentioned above, SARS-CoV-2 binds to ACE2 receptors and invades the respi-
ratory epithelium causing mucociliary clearance dysfunction and extensive disruption
in mucosal integrity. Moreover, in severely ill patients, the immune response to SARS-
CoV-2 is totally dysregulated with defective monocytes and neutrophils, diminished IFN
I and III production [56] and a DAMP-driven [57] explosive release of pro-inflammatory
cytokines (IL-6, IL-1, IL-2, TNF, MCPI) that further damage the lung [58,59], Figure 1. In
addition, the adaptive immunity dysfunction is expressed with lymphocytopenia, which
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correlates with COVID-19 severity, CD8+ and CD4+ exhaustion and alterations in Th1 and
Th2 responses [60,61].

Current treatment guidelines for critically ill COVID-19 patients target the immune
aberration and cytokine storm with corticosteroids and other immunomodulators, such as
tocilizumab, Janus kinase (baricitinib) and anakinra [62–64]. Glucocorticosteroids (GCS)
interfere with virtually total human immunome through transcriptional changes after
binding to their intracellular receptors [65]. High doses and long-term use of corticosteroids
are known to predispose to bacterial and fungal infections [66]. Tocilizumab, a humanized
monoclonic antibody against soluble and membrane IL-6 receptors, used since the mid-
1990s in rheumatoid arthritis patients is implicated in a small but significant increase in
the risk of infection [67], especially of the respiratory system via the inhibition of Th17
proliferation [68].

All in all, anatomical disruption and immune impairment by SARS-CoV-2 itself to-
gether with immunomodulatory therapeutic modalities compose the perfect environment
allowing fungi to become invasive [31,69]. Molds and yeasts rarely become pathogenic
in immunocompetent hosts. They mostly behave as opportunistic agents [70]. GCS in-
crease susceptibility to invasive aspergillosis by inhibiting macrophage from phagocytosing
molds, which in turn germinate quickly into hyphae [71]. IFN type I defects, PMN dys-
function and lymphopenia leave Aspergillus uncontrolled to invade damaged respiratory
epithelium and cause tracheobronchitis [60,72]. Additional in vitro experiments show that
A. fumigatus and A. flavus thrive in GCS-rich environments [73]. Yeast infections, such as
candidaemia—a mostly healthcare-associated infection—are also favored by GCS effects
on TNFa, monocytes, macrophages, PMNs and T-lymphocytes [74–77] and possibly by
the decreased expression of human leukocyte antigen DR on the membrane of circulating
monocytes [61]. Similarly, GCS are implicated in zygomycosis possibly through phagocyte
dysfunction and hyperglycaemia [78,79]. GCS, albeit indispensable in treating Pneumocys-
tis Jirovecii pneumonia (PJP) with hypoxemia, constitute a well-recognized risk factor for
PJP manifestation, especially during GCS tapering [80,81].

4.1. Glucocorticosteroids

Moreover, in the critical care setting, GCS treatment consists of a common predisposing
factor for invasive pulmonary Aspergillosis (IPA), as is shown by several observational
studies. In a US cohort, 77% of IPA ICU patients received steroids [82]. In the Spanish ICU
cohort by Garnacho-Montero et al. [83], steroid treatment (prednisone 20 mg equivalent
dose for 3 weeks) was a major predisposing factor for Aspergillus colonization and infection.
In the ICU special environment, several other factors apart from GCS use predispose to
yeast infections: total parenteral nutrition, antibiotic use, intravascular catheters, acute
kidney injury, renal replacement therapy, heart disease, mechanical ventilation, prior septic
shock, other immunosuppressive medication and underlying comorbidities, such as COPD
and diabetes [84,85]. Interestingly, gene polymorphism in ICU population may further
increase fungal susceptibility [81,86].

In the COVID-19 era, multiple studies, mostly small, retrospective and observational,
highlight an association between GCS and COVID associated Pulmonary Aspergillosis
(CAPA) [87–91]. White et al. [30] in one of the largest trials from the UK with prospective
screening of 135 PCR-confirmed COVID-19 patients for invasive fungal disease concluded
that GCS increased the likelihood of aspergillosis in COVID-19 patients. They implied that
negative events in GCS-treated patients could be potentially attributable to CAPA rather
than COVID-19 and urged for active surveillance for aspergillosis. Delliere et al. [92], in
their French cohort of COVID-19 ICU patients who deteriorated clinically, highlighted a
trend with high dose dexamethasone and invasive aspergillosis (11.5 vs. 28.6%, p = 0.08,
cumulative dose of dexamethasone ≥100 mg OR 3.7, 95% CI 1.0–9.7). The association did
not reach significance, probably because of insufficient statistical power. Fekkar et al. [24],
in their multicenter trial, emphasized a low incidence of fungal respiratory complications
(4.8%) in a population of COVID-19 ICU patients who received GCS less often (16.7%)
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than in other series. In the multivariate model analysis, GCS were related to invasive
pulmonary mold infection (OR 8.55; IQR 6.8–10.3; p = 0.01). It is important to note that
this correlation referred to GCS received in dose >0.3 mg/kg/day, for >6 weeks, before
COVID-19 diagnosis for underlying disease. No patient on GCS, mostly dexamethasone
20 mg/d for 10 days, for COVID-19 developed invasive mycosis. Marr et al. [20] noted that
GCS, systemic or inhalational, were the most common immunosuppressive agent among
their 20 patients with CAPA. Of note, Meijer et al. [93] compared the incidence of invasive
aspergillosis between the first and second wave and correlated the increased incidence of
CAPA to the universal introduction of GCS. The significant decrease in the rates of patients
needing mechanical ventilation in the second wave (p < 0.01) was counterbalanced by a
higher percentage of CAPA diagnoses (24.2% vs. 15.2%, second and first wave, respectively,
p = 0.36). All CAPA patients in their single center series had received dexamethasone.
Similarly, Fortarezza et al. [94] published autopsy results from 45 confirmed COVID-19 pts
with unusual clinical course; 20% proved to have CAPA (20%). Interestingly, most were
patients from the second wave, when GCS were mainstay of treatment.

In the context of Candida infections in COVID-19 patients, Obata et al. [95] in their
retrospective chart review of COVID-19 patients compared the incidence of secondary infec-
tions between patients who received GCS and those who did not and found a statistically
significant increase in fungal infections in patients receiving GCS (12.7% vs. 0.7%, p < 0.001).
No Candida infections vs. 7% incidence were noted among the no-GCS and GCS arms,
respectively. In the Brazilian multicenter cohort by Riche et al. [96], comparison between
candidemia rates in patients with COVID-19 and non-COVID-19 patients revealed a 10-fold
increase in the former group, mainly in those hospitalized in the ICU. Of note, all cases
of COVID-related candidemia had received high dose GCS for severe COVID-19. A very
well-structured comparison of candidemia in COVID-19 and non-COVID-19 patients [36]
found that systemic GCS administration was twice that of non-COVID-19 patients before
Candida diagnosis. Their data showed that candidemia in patients with COVID-19 appears
later than in non-COVID-19 patients, which made them deduce that healthcare practices
associated with severe COVID-19, such as immunomodulating treatments, are likely major
contributors to candidemia. Steroid use, among others, was mentioned as a risk factor for
Candida auris bloodstream infection in certain case series [97].

On the contrary, Ho et al. [98] in their multicenter study show similar rates of blood
culture positivity for Candida in hospitalized COVID-19 patients between GCS and no-GCS
groups. Rutsaert et al. observed high incidence of CAPA despite the absence of systemic
corticosteroid use [99]. Van Biesen [100] noted a 22% incidence of CAPA in patients not
exposed to GCS. Likewise, Wang et al. [101] in their early study showed that treatment with
GCS was not an independent risk factor for IPA in COVID-19 ICU patients, as opposed
to older age, initial antibiotic usage of β-lactamase inhibitor combination, mechanical
ventilation and COPD. Comparably, Janssen et al., in their multinational observational
study [102], did not find a correlation between GCS and CAPA.

Concerning infections by Zygomycetes in COVID-19 patients, (COVID-19-Associated
Mucormycosis, CAM), the cohorts come mainly from the Indian sub-continent. Patel et al.
point out that 32.6% of CAM patients had no underlying factor other than SARS-CoV-2
infection, while improper GCS use (higher dose or prolonged administration) was indepen-
dently associated with the “black fungus disease” [103]. As for tocilizumab, only 2.7% of
the CAM patients in the aforementioned study received tocilizumab. Not unexpectedly, the
predominant risk factor for mucormycosis was found to be diabetes. The authors suggested
that their data should be compared to data from Western countries, where the main predis-
posing factor for mucormycosis are hematological malignancies and organ transplantation,
apart from diabetes mellitus. Several other cohorts reported the frequency of GCS use
among CAM patients as high as 60% [104,105], over 85% [106,107] and 100% [107]. With re-
gards to Pneumocystis jirovecii Pneumonia (PJP), Chong et al. [108], in their excellent review
of PJP-SARS-CoV-2 co-infection case reports, conclude that the virus may predispose to this
fungal entity through lymphocytopenia and macrophage dysfunction. Although 10 out of
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12 co-infected patients received steroids for COVID-19 management, they mention that a
safe conclusion as to the predisposing factors could not be made.

4.2. Tocilizumab

As for tocilizumab, there are no data from the pre-COVID era, since there was no
indication for ICU patients. In the COVID-era, there are several studies showing the
high prevalence of CAPA among tocilizumab-treated patients. Lamoth et al. [109] raised
the suspicion of tocilizumab contributing to IPA since the three patients with pulmonary
aspergillosis in their cohort of COVID-19 ICU patients had received tocilizumab, as was the
case for the non-IPA patients. Kimming et al. [110], in their retrospective study of critically
ill COVID-19 patients, showed that receiving tocilizumab was associated with a higher
risk of secondary fungal infections (5.6 vs. 0%; p = 0.112); of note, more patients in the
tocilizumb group received corticosteroids as well. Importantly, the large multinational
cohort by Prattes et al. comparing CAPA to non-CAPA COVID-19 critically ill patients [111]
demonstrated tocilizumab, and not GCS, as a risk factor for CAPA. Tocilizumab in this
study was mostly used in the dose of 8 mg/kg BW.

Reviewing tocilizumab and Candida infections, Antinori [112] reported a 6.9% inci-
dence of candidemia among 43 severe COVID-19 patients hospitalized in ward and ICU.
All candidemic patients had received TPN and tocilizumab (8 mg/kg repeated within 12 h),
while the interval between administration of tocilizumab’s last dose to candidemia was
13 days (median). Seagle et al. examined the receipt of tocilizumab in candidemic patients
with and without COVID-19 [36] and found it to be 30 times more common in COVID-
19-Associated Candidemia (18.8% vs. 0.5% without COVID-19; p ≤ 0.0001). Guaraldi
et al. [113] also showed that tocilizumab increases the incidence of candidemia and IFIs. In
a Spanish cohort, treatment with tocilizumab alone or in combination with GCS increased
the risk of systemic candidiasis (p-value = 0.05; 0.010, respectively [114].

These findings are opposed to several smaller case series. Xu et al. [115] traced no
secondary fungal infections in a small series of 21 severe and critically ill COVID-19 patients
treated with tocilizumab. Obata et al. [95] in the abovementioned trial made a subgroup
analysis for tocilizumab treatment together with GCS and revealed no significant difference
in fungal infections between patients who received tocilizumab or not. Likewise, Hermine
et al. [116], in their prospective, randomized, open-label trial comparing tocilizumab to
usual care, found no fungal sepsis cases in the tocilizumab group vs. 2 out of 67 in the usual
care group. Recent literature features influenza as independently associated with invasive
pulmonary aspergillosis [38]. The same is not, still, the case for COVID-19. The debate is
still ongoing whether SARS-CoV-2 predisposes to fungal infections and, if yes, to what
extent and how it interacts with the immune modulation by current treatment modalities.

Table 3 summarizes the studies on invasive Aspergillosis in COVID-19 patients.
Table 4 summarizes the studies on Candida infections in COVID-19 patients treated

with steroids.
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5. Mortality and Fungal Infections in Critically Ill COVID-19 Patients

The available data clearly suggest that IFI identification in a critically ill COVID-19 pa-
tient confers a highly dismal prognosis, regardless of the causative fungal agent. However,
as IFIs tend to occur more frequently to the most seriously affected patients, it is, as of yet,
less clear whether this excess mortality associated with IFI diagnosis is attributable to IFI per
se, the severity of the underlying disease or, most probably, a combination of both. Unfor-
tunately, a further increase in IFI-driven mortality must be awaited as multi-drug-resistant
species, such as Candida auris, rapidly spread around the world.

Invasive pulmonary aspergillosis has repeatedly been shown to be associated with
increased mortality in critically ill patients with COVID-19 [116]. In an early landmark
study, Bartoletti et al. [89] prospectively applied a CAPA screening protocol consisting of
consecutive bronchoalveolar lavage (BAL) sampling for galactomannan (GM) measurement
in all COVID-19 ICU patients requiring invasive mechanical ventilation (on admission,
at day 7 of mechanical ventilation and in case of respiratory deterioration). CAPA was
diagnosed in 30 out of 108 enrollees. Mortality was twice as high in CAPA patients
compared with their non-CAPA counterparts, and both CAPA diagnosis and higher initial
BAL GM levels were identified as independent risk factors for mortality even after adjusting
for age, underlying disease severity on ICU admission and need for renal replacement
therapy. Although not statistically significant, a trend towards better outcomes was shown
in CAPA patients who received treatment with voriconazole. In another prospective
study, White and colleagues corroborated the favorable effect of antifungal treatment
administration on survival in patients with CAPA [30]. In their CAPA cohort, the clear
majority of patients who did not receive appropriate antifungal treatment died, while
mortality fell to 46.7% in those properly managed with antifungals. The larger study
on CAPA to date was a multinational observational study conducted by the European
Confederation of Medical Mycology (ECMM) [111]. 109 ICU patients with histologically
proven, probable and possible CAPA according to ECMM/ISHAM diagnostic criteria [30]
were analyzed and compared with 483 non-CAPA COVID-19 patients. Length of ICU stay
and 90-day mortality were significantly higher in CAPA than in non-CAPA patients (56%
versus 41%), and CAPA diagnosis continued to be an independent predictor of mortality
after adjusting for age, study center and comorbidities. Collectively, these data strongly
support the idea that CAPA may constitute a major contributor to excess mortality in
critically ill COVID-19 patients. On the other hand, several reports have described patients
diagnosed with CAPA who survived despite lack of appropriate antifungal treatment
administration [20,86,117]. Furthermore, in a recently published study on Aspergillus test
profiles of 58 patients with CAPA, 30-day ICU mortality was not significantly higher in
CAPA patients treated with antifungal agents compared with those left untreated [118].
The authors also failed to show a significant effect of BAL GM positivity or levels on
patient outcome, with only serum biomarkers having prognostic value. These findings
are directly contradictory to those of earlier studies and may imply that increased fatality
rates observed in critically ill patients with CAPA may, at least in part, be attributable to
the co-existence of other risk factors for mortality [119].

Candidemia is a usually fatal secondary infection in COVID-19 patients. A case–control
study conducted during the first wave of the pandemic showed an extremely high all-cause
mortality rate (72.5 versus 26.9%) in COVID-19 ICU patients with candidemia compared
with non-candidemic controls matched with CAC cases according to length of hospital-
ization before candidemia occurrence [120]. Moreover, candidemia appears to be more
lethal in critically ill COVID-19 patients in comparison with their non-COVID-19 counter-
parts. Using data from a nationwide surveillance program in the US, Seagle and colleagues
studied 251 patients with candidemia, one quarter of which had been diagnosed with
COVID-19 [36]. Hospital all-cause mortality was twice as high in patients with CAC com-
pared with patients without COVID-19 (62.5 vs. 32.1%). In another large study, all patients
admitted to the ICUs of a single reference hospital in Turkey during a period of two years
extending both before and after the SARS-CoV 2 outbreak were included, and those with
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Candida species isolated in blood cultures were analyzed [121]. Mortality was exceptionally
high in both COVID-19 and non-COVID-19 groups, but candidemia-associated fatalities
were significantly more common in the former (92.5 vs. 79.4%). A delay in pre-emptive
antifungal treatment administration in deteriorating septic patients may have contributed
to these overwhelmingly high mortality rates, as one-third of all patients with candidemia
included in the study never actually received any antifungal, and this was more com-
mon in the COVID-19 group. The same study provides insights into possible risk factors
for mortality in CAC. In multivariate logistic regression analysis older age (>65 years),
prior corticosteroid administration and presence of sepsis were recognized as potential
predictors of adverse outcomes in patients with CAC. In line with the reports, smaller
observational studies and case series have consistently documented CAC fatality rates
exceeding 50% [122].

An issue of concern with an anticipated effect on mortality is the emergence and rapid
spread of resistant Candida strains, most notably of the Candida auris species, which has
preceded the outbreak of SARS-CoV2 but may have been accelerated by the pandemic [123].
Although the only rarely resistant Candida albicans remains the most commonly isolated
Candida species in candidemic non-COVID-19 and COVID-19 patients alike, occasion-
ally, non-susceptible strains of non-albicans Candida species (including Candida glabrata,
Candida parapsilosis and Candia kruzei) are increasingly reported and may constitute most
bloodstream Candida infections in some instances [122,124]. Candida auris was originally
described in 2009 in a Japanese patient with external otitis and has, thenceforth, been
isolated in an ever-growing number of countries across the world [123]. Candida auris
possesses a unique combination of worrisome features, due to which it has been declared
an “urgent threat” by the US Centers for Disease Control and Prevention (CDC) [125]. Can-
dida auris is characterized by high rates of resistance to azoles and amphotericin B (85% and
33%, respectively, according to recent CDC data), and pan-resistant strains with additional
lack of susceptibility to echinocandins have rarely but increasingly been isolated from
patients without prior echinocandin exposure [126]. Furthermore, Candida auris can form
biofilms, presents difficulties in laboratory identification, is more resilient to commonly
used disinfectants and, importantly, can remain on most of the surfaces of the health-care
environment in viable forms for long periods of time, the latter facilitating transmission
between patients and outbreaks, especially in intensive and long-term care units [123].
Secondary Candida auris infections have regularly been reported worldwide during the
SARS-CoV-2 pandemic [96,125,127–129]. Although the specific effect of Candida auris infec-
tion on mortality of critically ill COVID-19 patients has not been formally addressed, in one
of the first CAC documentations coming from India, mortality was higher in candidemic
COVID-19 patients with Candida auris compared with those with non-auris species [96].

Like other IFIs, mucormycosis is associated with considerable mortality in COVID-19
patients, which is heavily dependent on the site of infection. Additionally, major long-
term sequelae are frequently reserved for survivors. In the largest study published so
far, the investigators retrospectively analyzed the outcomes of 187 hospitalized patients
with CAM in India [102]. A 3-month case fatality rate of 45.7% was estimated, which was
not significantly different from that of another group of non-COVID patients diagnosed
with mucormycosis during the same period. In a multivariate logistic regression analysis
performed in the entire study population, older age, pulmonary mucormycosis, cerebral
dissemination of rhino-orbital infection and ICU stay were all identified as risk factors for
mortality. On the other hand, sequential antifungal combination treatment with ampho-
tericin B plus a triazole (posaconazole or isavouconazole), although not recommended
by current guidelines [130], was independently linked with a better prognosis. Recently,
an international group of experts initiated by ECMM and ISHAM studied 80 published
and unpublished cases of CAM from 18 countries [131]. A very similar all-cause mortality
rate of 48.8% was found. Mortality was relentlessly high in those with pulmonary and
disseminated mucormycosis (81% versus only 24.3% in isolated rhino-orbital disease).
Again, central nervous system involvement in patients with rhino-orbital mucormycosis
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was shown to confer worse prognosis (59.1% mortality in this subgroup) and long-term
disability in the form of vision loss in survivors (46.3% among survivors, all with cerebral
involvement). Surgical therapy in combination with antifungals was demonstrated to
improve survival in patients with isolated rhino-orbital infection. A high level of clinical
suspicion allowing early identification of possible mucormycosis and timely initiation of
amphotericin combined with aggressive surgical resection and debridement, when feasible,
remain the mainstay of mucormycosis management, irrespective of COVID-19 status [130].

6. Conclusions

There is increasing evidence for the association between COVID-19 and IFIs. Emerging
data demonstrate that the clinical course of COVID-19 can be complicated by a variety of
fungal super-infections leading to unfavorable outcomes. It must be noted that critically
ill COVID-19 patients have a number of risk factors predisposing them to fungal infec-
tions. The unique pathogenicity of SARS-CoV-2 with the deranged immune response it
provokes, the well-known effects of immunosuppressant treatments and finally the causal
relationships, synergistic effects or independent risk factors of critical illness compose the
canvas of vulnerability for IFIs. The burden of fungal infections is largely not estimated.
Studies based on histopathological confirmation are needed to improve our knowledge on
the extent of the problem.
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Abstract: Considering the prioritization of life-threatening injuries in trauma care, secondary dys-
functions such as ventilator-induced diaphragmatic dysfunction (VIDD) are often overlooked. VIDD
is an entity induced by muscle inactivity during invasive mechanical ventilation, associated with a
profound loss of diaphragm muscle mass. In order to assess the incidence of VIDD in polytrauma
patients, we performed an observational, retrospective, longitudinal study that included 24 polytrau-
matized patients. All included patients were mechanically ventilated for at least 48 h and underwent
two chest CT scans during their ICU stay. Diaphragmatic thickness was measured by two inde-
pendent radiologists on coronal and axial images at the level of celiac plexus. The thickness of the
diaphragm was significantly decreased on both the left and right sides (left side: −0.82 mm axial
p = 0.034; −0.79 mm coronal p = 0.05; right side: −0.94 mm axial p = 0.016; −0.91 coronal p = 0.013).
In addition, we obtained a positive correlation between the number of days of mechanical ventila-
tion and the difference between the two measurements of the diaphragm thickness on both sides
(r =0.5; p = 0.02). There was no statistically significant correlation between the body mass indexes on
admission, the use of vitamin C or N-acetyl cysteine, and the differences in diaphragmatic thickness.

Keywords: multiple trauma; thoracic trauma; mechanical ventilation; diaphragmatic muscle; diaphragmatic
dysfunction; ventilator-induced diaphragmatic dysfunction

1. Introduction

Multiple trauma continues to be a global health problem, as it is so far the leading
cause of death and disability [1]. Although real progress achieved through the development
of advanced trauma life support principles, the morbidity associated with multiple trauma
and mortality is still high [1,2].

Trauma-related respiratory failure may occur as a consequence of pulmonary contu-
sion following blunt thoracic trauma but may also be induced indirectly by extrapulmonary
factors such as associated traumatic brain injury, transfusions, fat embolism, and a systemic
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inflammatory response [3]. Acute respiratory distress syndrome (ARDS) after trauma
may occur in more than 25% of cases with a variable onset depending on the severity
of injuries [4]. Taking into account the multitude of risk factors for respiratory distress,
mechanical ventilation is generally required for the management of multiple trauma pa-
tients [4].

The use of mechanical ventilation has significantly improved the outcome of multiple
trauma patients through oxygenation and ventilation/perfusion ratio improvement [3,5].
However, inadequate mechanical ventilation proved to be more detrimental considering
the high risk of ventilator-induced lung injury (VILI) [3]. Moreover, prolonged mechanical
ventilation has an increased incidence of ventilator-associated pneumonia, a powerful
determinant of increased mortality and prolonged hospital stay [6].

Recent data revealed that diaphragm muscle inactivity during mechanical ventilation
might be associated with marked muscle atrophy and, subsequently, prolonged stay in the
intensive care unit (ICU), weaning failure, and other unfavorable outcomes [7]. This new
entity, called “ventilatory-induced diaphragmatic dysfunction (VIDD)”, may be character-
ized by the loss of both slow-twitch and fast-twitch fibers secondary to increased oxidative
stress and exacerbated proteolysis [7,8].

Although VIDD diagnostic may be identified through a variety of imaging tools, very
few research papers were dedicated to this topic. As a result, this study aims to evaluate
diaphragm muscle dimensions in multiple trauma patients under mechanical ventilation
using computed tomography (CT) scan.

2. Materials and Methods

A retrospective analysis of mechanically ventilated multiple trauma patients admitted to
the Clinical Emergency Hospital of Bucharest was performed. The main goal of this study
was to evaluate early changes in diaphragmatic thickness using CT-scan images ordered for
different reasons during the patient’s stay in the ICU. Furthermore, the correlation between
diaphragmatic measurements and the duration of mechanical ventilation was also determined.

All patients with multiple trauma, as defined by an Injury Severity Score ≥ 16, ad-
mitted into our hospital were included in the study group. Other inclusion criteria were
mechanical ventilation for at least 48 h, as well as having performed two chest CT scan
evaluations for different clinical reasons during their stay in the ICU. Multiple trauma
patients with suspected or confirmed diaphragmatic rupture were not included in the final
study group. Patients who had a history of invasive mechanical ventilation for more than
48 h in the last three months and comorbidities such as chronic obstructive, pulmonary
disease (COPD), neoplasia, severe undernutrition (Body Mass Index (BMI) < 18 kg/m2),
autoimmune (e.g., polymyositis, dermatomyositis, systemic sclerosis) or neurological dis-
eases (e.g., multiple sclerosis, myasthenia gravis) were excluded. Patients under long-term
use of glucocorticoids or anabolic hormones were also excluded from the final study group.
According to the local protocol and the latest guideline of the European Society for Clinical
Nutrition and Metabolism (ESPEN), all patients included in the final study group benefited
from enteral nutritional support in the first 48 h [9]. Calorie intake was based on an esti-
mated energy expenditure measured through indirect calorimetry, and a protein intake of
1.3 g/kg body weight was targeted.

Diaphragmatic thickness measurements were performed twice by two independent
radiologists using the CT scan images obtained on admission and after day 5. The celiac
axis was used as a reference point. At this level, diaphragm muscle thickness was measured
on axial as well as coronal images. Mean obtained values and differences between the two
sets of measurements were used for the final analysis.

Demographic data and clinical and laboratory parameters, Trauma scores (e.g., Injury
severity score—ISS), and ICU predictive scores (e.g., Acute Physiology and Chronic Health
Evaluation II—APACHE II) were collected from electronic patient records and analyzed.

The whole study protocol was designed according to STROBE guidelines and was ap-
proved by the Institutional Ethics Committee of the Clinical Emergency Hospital in Bucharest.
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2.1. Statistical Analysis

Statistical analysis of the database was performed using MeDCalc 14.1. A Bland—Altman
concordance analysis between the two sets of measurements made by different radiologists
was performed, and a simple linear regression was adjusted for the time interval between the
two CT scans. In the linear regression analysis, the F-test derived from the ratio of the mean
square regression and the mean square residual was used to evaluate whether the variability
of the regression model could be explained by variations in the dependent variable or could
be attributed to random chance. In other words, a significant F-test validated the relationship
between the independent and the dependent variables.

The Spearman correlation coefficient (r) was also measured in order to describe the
relations between the diaphragmatic thickness and other variables. Knowing that the
correlation coefficient r ranges between −1 and 1, a negative r value indicates an inversely
proportional relationship between variables, while a positive correlation confirms a propor-
tional relation. When the r value is null, no correlation is validated. p value less than 0.05
was considered significant.

Sample Size

In order to establish the correlation between diaphragmatic thickness and the duration
of mechanical ventilation, the sample size was estimated using the sample size calculator
for correlation coefficients. As a result, 23 patients were needed in order to achieve a study
power of 80% (type 1 error alpha with significance level 0.05 and type 2 error beta 0.2) with
an estimated correlation coefficient of 0.55.

3. Results

Between 2019 and 2020, 105 multiple trauma patients were admitted into the Intensive
Care Unit. Only 63 (66.15%) patients were admitted into our unit per primam, and 42 (44.1%)
patients were transferred from other hospitals after variable intervals. After considering the
exclusion criteria, the final study group included 24 patients. Details regarding excluded
patients are presented in Figure 1.
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The median age in the study group was 59 years (16–81) (Figure 2), and 15 patients
(62.5%) were male. Nutritional status evaluation based on BMI calculation indicated a
median value of 26 kg/m2 (Figure 2).
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Trauma severity assessment revealed a median ISS score of 35 (18–57) (Figure 3). A
detailed traumatic assessment is presented in Table 1. Disease severity assessment on
ICU admission indicated a median APACHE II score of 19 (9–57) (Figure 3) and a median
Sequential Organ Failure Assessment (SOFA) score of 7.
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Table 1. Traumatic assessment in the study group.

Body System Number of Patients

Trauma brain injury 19 (79.1%)
Facial injury 9 (37.5%)

Thoracic trauma 22 (91.6%)
Abdominal trauma 7 (29.1%)

Pelvic injury 9 (37.5%)
Extremity injuries 17 (70.8%)

The mean duration of mechanical ventilation was 16.27 ± 9.1 days (median 16.5,
range 28) (Figure 4), and the mean ICU stay was 26 days ± 12 days. Between the CT
exams, all patients received only pressure-controlled mechanical ventilation with a mean
PEEP value of 6 ± 1.1 cm H2O. While admitted into the ICU, 18 patients (75%) received
therapy with corticosteroids (the equivalent of dexamethasone 8 mg/day for at least 5 days)
for different medical reasons, and 11 patients (45.8%) had their treatment supplemented
with intravenous vitamin C (750 mg/daily). Antioxidant therapy with N-acetylcysteine
(900 mg/daily for at least 5 days) was prescribed for only 6 patients (25%). No patient
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received muscle relaxants during the analyzed period. Out of the final study group, 18 pa-
tients (75%) were successfully extubated, and tracheostomy was necessary for 3 patients
(7.2%).
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To identify systematic biases or trends in the differences between the two radiologi-
cal measurements, we performed a Bland—Altman concordance analysis (Figure 5). To
calculate the measurement biases, the formula A − B/Average was used. The resulting
measurement biases obtained were small (−0.02 axial left, 0.05 axial right, 0.08 coronal left,
and −0.01 coronal right), and the 95% interval between the limits of agreement concludes
that the two main investigators did not have large measurement differences and did not
distort the resulted data.
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All patients underwent at least two chest CT scan evaluations. The mean interval
between the two radiological investigations was 6.08 ± 5.8 days. Considering that the
second set of measurements could not be performed on exactly the same day for every
patient from the study group, a regression analysis adjusted for the interval between the
two radiological investigations was performed (Figure 6).
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Figure 6. Simple linear regression adjusted for the time interval between the two CT scans.

Time is represented on the OX axis. The difference (in millimeters) between the axial
and coronal measurements from the two CT scans is shown on the OY axis. The slope of the
line corresponding to axial differences has a value of 0.16, with a Y-intercept of −0.43 and
an X-intercept of 2.62. The slope of the coronal line has a value of 0.13 with a Y-intercept of
−0.38 and an X-intercept of 2.76. The coronal slope (F = 6.18, p = 0.017) differs significantly
from the value of 0 in statistical terms. The axial slope (F = 7.52, p = 0.094) did not meet
the significance threshold. Based on these statistical data, a difference of 0.16 mm can be
observed each day throughout the duration of mechanical ventilation procedures.

A proportional relationship was found between the diaphragmatic measurements
obtained both on axial sections (left: r = 0.48, p = 0.035; right: r = 0.46, p = 0.046) and
coronal sections (left: r = 0.62, p= 0.004; right: r = 0.46, p = 0.04), on the one hand, and the
duration of mechanical ventilation (Figure 7), on the other hand, suggesting that prolonged
mechanical ventilation is directly associated with diaphragmatic thinning.
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Figure 7. Correlation between the differences in the two diaphragmatic measurements and the
duration of mechanical ventilation.

4. Discussion

The current study demonstrates that multiple trauma patients undergoing mechanical
ventilation for more than 48 h may develop diaphragmatic dysfunction, characterized by a
significant decrease in muscle thickness and a prolonged duration of mechanical ventilation.
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Over the last decade, the management of multiple trauma patients benefited from
continuous advances obtained in the fields of trauma life support or damage control
resuscitation. However, less priority has been given to the impact of all implemented
supportive measures [1,10]. It has already been proven that the occurrence of respiratory
dysfunction after a traumatic injury and the need for invasive mechanical ventilation may
be independent factors responsible for worsening the long-term outcome [4]. Trauma-
related respiratory distress may be induced by a direct lung injury (e.g., chest trauma,
aspiration of gastric content), as well as by the systemic inflammatory response secondary
to traumatic shock or by extensive transfusions [11,12].

Although mechanical ventilation is undoubtedly a lifesaving therapy for many multi-
ple trauma patients, excessive stress and strain applied to an injured lung during mechanical
ventilation may cause an antithetical effect [13,14]. The use of elevated tidal volumes and
driving pressures, as well as the inappropriate positive end-expiratory pressure values, are
associated with exacerbated inflammatory responses (biotrauma) that generate additional
detrimental effects on traumatic lung injuries [14,15].

In addition to VILI, secondary effects of mechanical ventilation on diaphragmatic
muscle were also reported [8]. For patients undergoing invasive mechanical ventilation,
several mechanisms of diaphragmatic myotrauma were described, such as excessive venti-
latory support (over-assistance), inadequate diaphragmatic work unload (under-assistance),
eccentric diaphragm contractions during patient-ventilator asynchrony or longitudinal
atrophy caused by increased PEEP values [16]. All these mechanisms are finally translated
into exacerbated inflammation, mitochondrial dysfunction, oxidative stress, autophagy,
and protein catabolism [7,17]. Whether mechanical ventilation-related autophagy has a real
detrimental effect is something that remains unknown, given that this process promotes
the clearance of altered mitochondria and muscle function improvement [7]. Nevertheless,
recent data suggest that calpain, a skeletal muscle protease, plays a central role in VIDD
through the activation of the ubiquitin–proteasome system or caspase-3 [17].

Several diagnostic tools are proposed for diaphragmatic muscle dysfunction. However,
in multiple trauma patients diaphragmatic, CT evaluation may be more advantageous,
considering that it may provide data regarding diaphragmatic structural integrity and
subdiaphragmatic processes that may influence respiratory mechanics [18,19]. Taking into
account that CT scan has become a routine diagnostic tool, using the already acquired im-
ages for diaphragm muscle composition evaluation may be very time- and cost-efficient [20].
For all patients included in this current retrospective analysis, CT images ordered for differ-
ent medical reasons were used.

In our study group, multiple trauma patients undergoing mechanical ventilation
suffered a decrease in diaphragmatic muscle thickness after a relatively short duration
of mechanical ventilation (6.08 days). Lee et al. reported that changes in diaphragmatic
thickness were identified on CT scan examinations after a mean period of 18 days [21].
However, diaphragmatic ultrasound evaluation revealed that the thinning of the muscle
might be detected even earlier, after only 48 h of mechanical ventilation [22]. A recent study
by Gatti et al., who evaluated the thickness of the diaphragmatic muscle in six different
areas, also revealed that the thickness of the left posterior pillar decreases with mechanical
ventilation duration [23]. Moreover, it has also been demonstrated that diaphragm thickness
correlates with the skeletal muscle index in patients undergoing mechanical ventilation,
including multiple trauma patients [23,24].

Assuming that in the final study group, only multiple trauma patients were included,
without any potential muscular dysfunction, the rate of the decrease of diaphragmatic
thickness was remarkably high in comparison with similar research data.

Limitations

The main limitation of this study is the retrospective data evaluation. Considering
that diaphragmatic dysfunction was evaluated only through a retrospective analysis of CT
scans, no functional imaging was available.
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Despite achieving a calculated sample size, one of the main limitations of this study is
the limited sample size (n = 24).

At the moment, there is no recommended “reference” point for diaphragmatic mea-
surements. In this context, the celiac axis was used as a reference point on both axial and
coronal images based on previously published data [21]. However, recent data suggest that
multiple reference points should be used considering the heterogeneous structure of the
diaphragm [23].

Taking into account that the skeletal muscle index is considered an independent
risk factor for prolonged mechanical ventilation, our current research lacks further data
regarding body composition.

Further research may be needed in order to evaluate anatomical and functional di-
aphragmatic changes by combining CT scanning and ultrasonography.

5. Conclusions

Our current research suggests that diaphragmatic morphological changes may occur
surprisingly faster after a relatively short duration of invasive mechanical ventilation in
patients without any prior evidence of chronic comorbidities.

Evaluation of diaphragmatic dysfunction may be performed with a variety of imagistic
tools. Computed tomography examination, routinely used for primary and secondary evalua-
tion of multiple trauma patients, may also offer the advantage of diaphragmatic evaluation.
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Abstract: Mid-regional proadrenomedullin (MR-proADM) is a new biomarker of endothelial damage
and its clinical use is increasing in sepsis and respiratory infections and recently in SARS-CoV-2 infec-
tion. We conducted a systematic review and meta-analysis to clarify the use of MR-proADM in severe
COVID-19 disease. After Pubmed, Embase, and Scopus search, registries, and gray literature, dedu-
plication, and selection of full-texts, we found 21 studies addressing the use of proadrenomedullin in
COVID-19. All the studies were published between 2020 and 2022 from European countries. A total
of 9 studies enrolled Intensive Care Unit (ICU) patients, 4 were conducted in the Emergency Depart-
ment, and 8 had mixed populations. Regarding the ICU critically ill patients, 4 studies evaluating
survival as primary outcome were available, of which 3 reported completed data. Combining the
selected studies in a meta-analysis, a total of 252 patients were enrolled; of these, 182 were survivors
and 70 were non-survivors. At the admission to the ICU, the average MR-proADM level in survivor
patients was 1.01 versus 1.64 in non-survivor patients. The mean differences of MR-proADM values
in survivors vs. non-survivors was −0.96 (95% CI from −1.26, to −0.65). Test for overall effect:
Z = 6.19 (p < 0.00001) and heterogeneity was I2 = 0%. MR-proADM ICU admission levels seem to
predict mortality among the critical COVID-19 population. Further, prospective studies, focused on
critically ill patients and investigating a reliable MR-proADM cut-off, are needed to provide adequate
guidance to its use in severe COVID-19.

Keywords: proadrenomedullin; MR-proADM; SARS-CoV-2; COVID-19; biomarkers; intensive
care; endothelitis

1. Introduction

Proadrenomedullin (pro-ADM) is a 52 multipotent regulatory amino acid peptide
expressed in various tissues and organs, upregulated by hypoxia, inflammatory cytokines,
bacterial products, and shear stress. Its precursor, mid-regional pro-ADM (MR-proADM),
is currently considered an effective biomarker of endothelial damage as its increase in
plasma seems to correlate with disease severity [1].

The mechanisms underlying this correlation are poorly defined even if associations
with cardiovascular and thromboembolic complications, immunosuppression, and sepsis-
like multiorgan dysfunction have been reported [2]. Regarding SARS-CoV-2, an associ-
ation between MR-proADM levels and virus-induced endothelial damage is assumed.
As endothelitis emerges as a prominent feature of the severe COVID-19 disease [3,4], an
association between MR-proADM levels and virus-induced endothelial damage has been
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hypothesized as the pathophysiological mechanisms in COVID-19-induced critical illness
seem related to an increased incidence of cardiovascular and thromboembolic complica-
tions, immune cell deactivation, and sepsis-like multiple organ failure. A rising number of
studies has proposed that virus-induced endothelitis, resulting in impaired vascular blood
flow, coagulation, and leakage, may partially explain the development of organ dysfunction
and edema [5]. In this sense, since ADM has been shown to play a key role in reducing
vascular hyper permeability and promoting endothelial stability and integrity following
severe infections [3], MR-proADM might be a potential biomarker of COVID-19 severity
and may be able to mimic disease progression, allowing the identification of patients most
at risk of developing a severe form of SARS-CoV-2-related illness or multi-organ failure.

If the prognostic role of MR-proADM was demonstrated in the context of pneumo-
nia, sepsis, and septic shock—currently the most studied areas evaluating the predictive
capacity of this biomarker [3,6,7]—the pathological mechanism has not been fully clarified;
nor is it in the case of severe COVID-19, where most of the studies have a limited size and
were designed in the context of a pandemic emergency, with heterogeneity of objectives
and study contexts.

To find an answer to uncertainties regarding the role of MR-proADM as a predictive
marker of the severity of COVID-19 disease, we systematically present a review of the
current literature. The possibility of constructing a meta-analysis capable of establishing
the MR-proADM clinical severity cut-off in COVID-19 patients admitted to the Intensive
Care Unit (ICU) was subsequently investigated.

2. Materials and Methods

This systematic review and meta-analysis followed the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) statement [7]. The protocol was
registered prospectively in OSF (DOI 10.17605/OSF.IO/V93EW, link https://osf.io/v93ew/
accessed on 1 May 2022). Since not all studies express values of pro-ADM levels by the same
assessment technique, we refer to proADM when including results by all methods and
to MR-proADM when levels were determined with the B.R.A.H.M.S. KRYPTOR compact
PLUS (Thermo Fisher Scientific, Hennigsdorf, Germany) technique.

2.1. Eligibility Criteria

The research was conducted on 25 April 2022; randomized controlled trials (RCTs),
non-randomized controlled trials (NRCTs), commentaries, letters, systematic reviews, and
meta-analyses published in English and Italian were eligible for inclusion. The meta-
analysis was then performed evaluating studies conducted only in the ICU setting to assess
if MR-proADM levels may vary in survivors versus non survivors in critically ill patients
with severe COVID-19 disease.

2.2. Information Sources

This systematic review was performed using Pubmed, Embase, and Scopus databases,
and was implemented with the use of registries (clinicaltrials.gov, accessed on 25 April
2022) and gray literature searches.

2.3. Search Strategy

To perform the systematic review, the following search strategies were selected:

• PubMed: “proADM” [All Fields] AND (“COVID-19” [All Fields] OR “COVID-19”
[MeSH Terms] OR “COVID-19 vaccines” [All Fields] OR “COVID-19 vaccines” [MeSH
Terms] OR “COVID-19 serotherapy” [All Fields] OR “COVID-19 serotherapy” [Sup-
plementary Concept] OR “COVID-19 nucleic acid testing” [All Fields] OR “COVID-19
nucleic acid testing” [MeSH Terms] OR “COVID-19 serological testing” [All Fields] OR
“COVID-19 serological testing” [MeSH Terms] OR “COVID-19 testing” [All Fields] OR
“COVID-19 testing” [MeSH Terms] OR “SARS-CoV-2” [All Fields] OR “SARS-CoV-2”
[MeSH Terms] OR “severe acute respiratory syndrome coronavirus 2” [All Fields] OR
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“ncov” [All Fields] OR “2019 ncov” [All Fields] OR ((“coronavirus” [MeSH Terms] OR
“coronavirus” [All Fields] OR “cov” [All Fields]) AND 1 November 2019:3000/12/31
[Date—Publication])); Embase, Scopus, clinicaltrials.gov, and greylit.org: (‘proad-
renomedullin’/exp OR proadrenomedullin) AND (‘coronavirus disease 2019’/exp OR
‘coronavirus disease 2019’).

2.4. Selection and Data Collection Process

Search results were exported to EndNote V.X9 (Clarivate Analytics, Philadelphia, PA,
USA). Duplicates were automatically removed. The review process was carried out in three
steps consisting of title and abstract review process, full-text review process, and risk of
bias assessment. For each level, four authors (G.M., E.B., D.L., and A.G.) independently
screened the articles with conflicts resolved by a third author (L.B.).

2.5. Study Risk of Bias Assessment

To assess the risk of bias, the Risk Of Bias In Non-randomized Studies—of Inter-
ventions (ROBINS-i) tool [8] and the Rob 2.0 tool [9] were used for NRCTs and RCTs,
respectively. Risk of bias assessment was carried out by four authors (G.M., E.B., D.L., and
A.G.) independently; where discrepancies were noticed, a third author (L.B.) was involved
to resolve them.

2.6. Synthesis Methods

The main outcome was the use of pro-ADM as a prognostic marker in patients with
COVID-19. A planned Excel spreadsheet was used to extract data (patient’s characteristics,
type of surgery, follow-up periods, outcome measures, and main results). The results of the
systematic review were reported in a summary table with the main features described for
each study. All eligible studies were evaluated to collect data regarding MR-proADM levels
among survivors and non-survivors in ICU population with severe COVID-19 disease.
Given that the primary outcome was MR-proADM levels, data presented as median and
interquartile range were converted into mean and standard deviation using validated
online converters [10]. Estimates of effect were derived from quantitative analysis utilizing
Review Manager 5.4 [11]. MR-proADM mean levels and standard deviations were used to
evaluate mean differences (MD) with a 95% confidence interval (95% CI). Inverse variance
method and random effects were used to assess overall MD. Statistical significance was
set at p < 0.05. To evaluate the size of the effect of the MD, we considered levels of 0.2,
0.5, and 0.8 as small, medium, and large effects. Heterogeneity was assessed using the I2

index, with values of 25%, 50%, and 75% taken to indicate low, moderate, and high levels
of heterogeneity, respectively [12].

3. Results
3.1. Study Selection

The systematic literature search retrieved 65 results in databases and one in registers.
A flow chart describing the complete literature search process is reported in Figure 1.

After de-duplication, 26 studies were selected for full-text review. Four papers were
then excluded because they did not match the inclusion criteria. After an additional
literature check, three papers were included in the systematic review [13–15]. A total of
20 articles were submitted to the systematic review.

In order to determine ICU-admitted patients’ pro-ADM cut offs, a new revision of
selected studies was made, with the aim to organize data in a meta-analysis. Only 4 studied
satisfied meta-analysis inclusion criteria. The reasons for exclusion of the 17 papers were:
12 papers did not consider ICU population, 2 papers evaluated different outcomes (i.e.,
renal replacement therapy, superinfections) [15,16], 1 analyzed MR-proADM levels among
children versus adults patients [17], 1 considered pro-ADM levels with a different technique
(bioactive ADM) [18], and 1 was excluded because it presented a population already
included in a previously published study [19].
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meta-analysis was then performed with the three remaining studies. 

3.2. Systematic Review 
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Characteristics of the individual studies are provided in Table 1. 

.

Figure 1. PRISMA flow-diagram. The reasons for exclusion: reason 1: papers which did not consider
ICU population; reason 2: papers which evaluated different outcome (i.e., renal replacement therapy,
superinfections); reason 3: analyzed MR-proADM levels among children versus adult patients; reason
4: considered pro-ADM levels with a different technique (bioactive ADM); reason 5: presented a
population already included in a previously published study.

One of the four remaining studies included in the meta-analysis process did not report
the standard deviation, and for this reason, was not included in calculation [20]. The
meta-analysis was then performed with the three remaining studies.

3.2. Systematic Review
Study Characteristics

Characteristics of the individual studies are provided in Table 1.
The studies were published between 2020 and 2022. Of the 21 selected articles, 9 en-

rolled an ICU population, 4 were conducted in an Emergency Department (ED), and 8 had
mixed populations. All studies were conducted in European countries except for 2, con-
ducted in Russia: 8 studies were from Italy, 4 from Spain, 2 from the Netherlands, 2 from
Germany, 1 from France, 1 from the UK, and 1 from Switzerland. The outcome most
frequently considered was mortality. Of the 21 selected articles, 16 agree that the value of
proADM predicts mortality or poor outcomes.

The enrollment period, as shown in Table 1, was similar for almost all the studies
considered. Other data such as Area Under the Curve (AUC) and proADM considered
cut-off are shown in Table 1. All studies considered used as MR-proADM determining
levels the B.R.A.H.M.S. KRYPTOR compact PLUS (Thermo Fisher Scientific, Hennigsdorf,
Germany) technique, except for one paper [18].
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3.3. Meta-Analysis

Considering the four studies that were candidates for inclusion in the meta-analysis,
one [20] could not be included due to lack of total population number. The other three
studies reported MR-proADM admission values in ICU patient populations with critical
COVID-19 disease divided by survivors and non-survivors. All studies considered were
conducted in 2021. Regarding the country, one was conducted in Spain, one in Italy, and
one in the Netherlands.

Among the selected studies, 252 patients were enrolled; of these, 182 were survivors
and 70 non-survivors (Figure 2). At the admission to the ICU, the average MR-proADM
level in survivor patients was 1.01 versus 1.64 in non-survivor patients. The MD of MR-
proADM values in survivors vs. non-survivors was −0.96 (95% CI from −1.26, to −0.65).
Test for overall effect: Z = 6.19 (p < 0.00001) and heterogeneity was I2 = 0% (Figure 2).
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Figure 2. Forest plot of the hypothetical meta-analyzed results [14,28,33]. One of the four studies
selected could not be included as it did not report the standard deviation. Analysis conducted with
Review manager 5.4 [11].

All studies were prospective non-randomized clinical trials; therefore, the ROBINS-i
tool was applied to assess the risk of bias. The overall risk of bias was low (Supplementary
Table S1). Publication bias was not tested because of the small number of studies.

4. Discussion

This systematic review of the literature highlights the potential role of MR-proADM as
a clinical prognostic biomarker in critically ill patients with COVID-19, although a lack of an
unequivocal explanation regarding its mechanism of action remains. The growing interest
in this promising biomarker and its potential role in the context of COVID-19 pandemic
should be underlined. The meta-analysis evaluating only studies conducted in ICU seems
to confirm the efficacy of the use of this biomarker, although it deserves further studies
to increase the sample size and better define a reliable cut-off. The COVID-19 pandemic
has renewed attention to the well-known need for a biomarker capable of differentiating
the most critical patients to whom interventions and resources should be targeted. In
addition, the characteristics of the new infection—especially at the beginning—highlighted
the “weaknesses” of traditional biomarkers, such as procalcitonin and C-reactive protein,
but also, d-dimer and cardiac enzymes, which were progressively used as “surrogates” for
possible damage mechanisms.

Two and a half years after the onset of SARS-CoV2 pandemic, the importance of the
mechanism of endothelial damage at the microvascular level has been widely demonstrated.
In this regard, the application of the pro-ADM biomarker in this specific context seemed to
be of great interest right from the start, to identify—as early as possible—those patients
at greatest risk of poor prognosis. The lack of a univocal explanation for its mechanism
of action has not discouraged various authors from considering it in the clinical setting,
even if its applications remain varied. Overall, the studies included in our review agree in
defining the validity of MR-proADM in the early stages of hospitalization as a prognostic
biomarker. Elevated values were found in patients with more severe disease and correlated
with statistical significance with patient mortality [35]. This aspect emerged both in the
ICU setting and in the ED, opening important perspectives not only in terms of patient
allocation but also in terms of possible discharge.
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However, although the total number of patients involved in the studies is increasing,
there is a huge variation in terms of population, outcome, and methods of assessing MR-
proADM (Table 1). The prominent discrepancies that had already emerged in studies
on proADM in patients with sepsis and septic shock [36] were further enhanced in the
pandemic setting.

The reviewed studies focused on two different populations, represented by ED and
ICU patients. Among them, different outcomes were considered, sometimes compromising
inter-study comparability (i.e., the use of RRT [16], superinfections [15], children versus
adult population [17]).

Another source of dissimilarity is the timing of biomarker testing. Most of the stud-
ies evaluated the baseline value of MR-proADM at the patient admission, with a single
determination (Table 1). Among the articles considered, only six considered more than
a single measurement, but with different intervals (i.e., 3 repeated measurements, daily
measurements, etc.) [18,21,23,28,33,34]. However, the role of trend analysis of biomarker
values over time is recently emerging in the COVID-19 [28] population, but also in sepsis
and septic shock [37].

A clear heterogeneity is also reported on cut-off adopted by different authors, as it
was in the more studied context of pneumonia, sepsis, and septic shock [3,6,7], where it
seems reasonable to consider a difference within settings (ICU, ED, general wards) and the
relative expected severity of patients. As the literature is not consistent in establishing a
precise cut-off for increase mortality/severity risk, some authors refer to a value derived
from their internal cohort, while others relate to literature-reported previous values.

Considering that establishing a cut-off is one of the most important clinical goals,
particularly in the context of a pandemic where a reduction in available resources has been
experienced, we propose the use of a meta-analytic approach to determine a clinical severity
cut-off derived from available studies on MR-proADM in ICU admitted critically ill COVID-
19 patients, excluding all studies involving a mixed population. Our aim was to achieve a
possible threshold value for evaluation and access to the critical care area, based on defined
endothelial damage and related likely organ failure. Considering cut-off values identified
from the available scientific literature (Table 1), MR-proADM cut-off values proposed by
Elke et al. among patients with severe sepsis or septic shock (namely 2.75 for low-severity
patients and 10.9 nmol/for high-severity patients at baseline) [3] might not represent a
useful reference for studies still in progress and/or about to be published. However, those
values appear quite in line with the previous cut-offs proposed for respiratory infections,
while it appears lower than those identified in sepsis or septic shock [22].

We suggest a cut-off evaluating the values expressed in Table 1 for the ICU population
and considering the mean difference of the mean MR-proADM values in the two high-
and low-risk populations. It might be emphasized that this meta-analysis cannot be used
to propose a MR-pro-ADM cut-off value for disease severity, as this would require an
individual-patient meta-analysis followed by ROC curve construction and identification of
the pro-ADM value corresponding to the best combination of sensitivity and specificity.

Furthermore, it is essential to note the significant difference between the values pro-
posed in the meta-analysis concerning the ones expressed by Elke et al. (namely 0.96 in our
meta-analysis vs. 2.5 in patients with sepsis and 10.9 in patients with septic shock in the
manuscript by Elke et al. [3]). The reason for this discrepancy is currently not fully known.
Although previous experience on the MR-proADM biomarker is related to sepsis and septic
shock, the difference in the cut-offs underlines different physiopathological mechanisms. In
septic shock, very high values refer to situations in which significant tissue hypoperfusion
is present, with consequent organ failure. Otherwise, in the respiratory failure related
to severe COVID-19 disease, the endothelial damage is likely to have a different origin,
reflecting the need for specific cut-off values.

As discussed above, the overall number of articles on the subject is still limited.
Furthermore, the studies considered show clinical heterogeneity concerning the type of
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population (ED versus ICU) and its severity, the outcomes, the timing of MR-proADM
value(s), the cut-off considered, and the possible role of different confounders.

5. Conclusions

Despite the lack of randomized clinical trials and the clinical and methodological
reported issues, an increased interest in the use of MRpro-ADM and its physiopathol-
ogy implications in COVID-19 critically ill patients is emerging. In Europe, the current
experience on the use of pro-ADM seems to highlight its validity in the early stages of
hospitalization as a prognostic biomarker. High values have been found consistently in
patients with more severe disease, both in ICUs and EDs, and correlated with statistical
significance with patient mortality. Our meta-analysis confirms a significant difference in
MR-proADM values at ICU admission between surviving and non-surviving patients.

Current evidence encourages further prospective and adequate studies on this promis-
ing predictive biomarker in the COVID-19 population, providing more specific guidance
on its use and specific cut-offs. Other areas to be investigated in the next future are possibly
confounding factors and the role of the biomarker trend during the time.
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