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Acute respiratory failure is the most common, life-threat-
ening condition in critically ill patients, and is associated 
with a high morbidity and mortality. As such, respira-
tory support including standard supplemental oxygen 
therapy, high flow oxygen therapy (HFOT), non-invasive 
ventilation (NIV) (with either face mask or helmet), and 
invasive mechanical ventilation (IMV) for patients with 
acute respiratory failure are the most frequently used 
organ supports in the ICU. Indeed, the widespread use of 
mechanical ventilation during the polio epidemic is cred-
ited with the birth of the intensive care unit. Mechani-
cal ventilation is certainly lifesaving, but as we have 
learned over the past few decades, it can be associated 
with several major complications which in turn can be 
life-threatening.

Given the importance of mechanical ventilation to ICU 
care, it is not surprising that over the years, Intensive 
Care Medicine (ICM) has published many important arti-
cles related to acute respiratory failure, acute respiratory 
distress syndrome (ARDS), and mechanical ventilation. 
This is also the case during the current coronavirus dis-
ease 2019 (COVID-19) pandemic in which ICM has pub-
lished several notable papers, related to the pathogenesis, 
pathophysiology, and outcomes of COVID-19 patients. 
In this special issue of ICM, we invited world leaders in 
the field of acute respiratory failure and mechanical ven-
tilation to update readers with respect to the most recent 
advances in the physiopathology, epidemiology and 

treatment of ICU diseases/illnesses/syndromes which 
impact respiratory function.

The ICM editorial board had been planning this issue 
of the Journal well before the onset of the COVID-19 
pandemic. However, given that SARS-CoV-2 has such 
an important impact on the lung, with development of 
pneumonia, ARDS, and respiratory failure, we expanded 
the range of topics to address several COVID-19 spe-
cific issues. There is no question that the ICU world—
and of course, the entire world—will be changed after 
this crisis. Although, we do not know exactly (or even 
approximately) when the pandemic will end, this special 
issue is published in the midst of the crisis with the goal 
of reporting the most recent knowledge in this evolv-
ing field. Although COVID-19 will likely be with us for 
a number of years in one form or another, COVID-19 
patients will represent the minority of ICU patients, 
other than for defined (hopefully very short) periods 
of time, and thus most of the articles deal with non-
COVID-19 acute respiratory failure.

Respiratory support can be considered to be both 
“symptomatic” and/or an “etiologic” therapy. Recent 
improvements in our understanding of the pathophysi-
ology of several critical diseases, especially those associ-
ated with lung organ failure, should challenge clinicians 
to regularly review and revise applicable guidelines or 
recommendations to treat acute respiratory failure. The 
ongoing progress of science and the conflicting results 
reported from some recent large randomized controlled 
trials of therapies related to acute respiratory failure and 
mechanical ventilation require clinicians to update their 
knowledge base on a regular basis. We are grateful to the 
experts who have contributed to this issue of the Jour-
nal to help with this update, and for having effectively 
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adapted their manuscripts to cover the ongoing COVID-
19 reality.

In this special issue, you will read both short and long 
pieces. The goal of the short pieces is to briefly summa-
rize key messages in relation to important topics. The 
long pieces are more extensive and summarize recent 
advances related to different ICU syndromes in a much 
more through manner. In addition, there are selected 
hot topics, original articles, conference reports and 
expert panel papers, position papers, and all manner of 
manuscripts on acute respiratory failure and mechani-
cal ventilation. We strongly urged the authors to include 
informative figures and summary tables in their manu-
scripts, when appropriate.

There are several challenges that must be met to 
improve the management of acute respiratory fail-
ure including how to personalize therapy for a given 
patient taking into account their genetic background, 
their environmental exposure, their host response, their 
underlying physiology, at a specific time in their clini-
cal course. The principle of primum non nocere (first, do 
no harm) should be applied at all times to our patients, 
but it plays a particularly important role in the field of 
mechanical ventilation, given our increased understand-
ing of the iatrogenic consequences of the ventilatory 
process including the complications associated with 
endotracheal intubation, the endotracheal tube, seda-
tion/paralysis, heart lung interactions, and ventilator-
induced lung injury (including the systemic effects on 
organ dysfunction). We were not able to address every 
relevant topic, but we tried to address the most impor-
tant advances which have impact in the daily practice of 
clinicians.

Specifically, you will find key articles on the pathophys-
iology and optimal care of patients with ARDS, including 
the most up to date approach to ventilatory strategies, 
future pharmacological agents, muscle relaxants, seda-
tion and analgesia, prone position, hemodynamic man-
agement, and rescue therapies such as extracorporeal 
lung support (ECLS) for refractory hypoxemia.

Ventilatory management strategies for selected high-
risk patients such as immunocompromised, obese, 
chronic obstructive pulmonary disease (COPD), trauma 
brain injury (TBI) patients and others are provided. 
The most recent advances in airway management from 
endotracheal intubation to tracheal extubation are 
addressed. Prevention of major complications related 
to IMV is updated such as infections/super-infections 
in ARDS patients and prevention of lung–diaphragm 
dysfunction. The most recent advances on the potential 
benefit of delivering non-invasive respiratory support 
to reduce the risk of endotracheal intubation in patients 
with acute respiratory failure are detailed, including 
HFOT and NIV using either a face mask or helmet inter-
face in different populations of ICU patients.

We hope that this special issue will benefit clinicians, 
but of course the key goal is to improve the outcomes of 
the critically ill patient with respiratory failure. We hope 
you the readers of these article enjoy this special issue. 
And of course, stay safe during this crazy time.
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Since the initial description by Ashbaugh et  al. [1], it 
has been known that some forms of diffuse pulmonary 
edema are not primarily due to increased hydrostatic 
lung microvasculature pressures, which characterize 
left heart failure and/or fluid overload, but result from 
alterations in alveolar-capillary permeability. Acute res-
piratory distress syndrome (ARDS) is the clinical expres-
sion of this acute, non-hemodynamic lung edema, and is 
diagnosed by hypoxemia and bilateral lung infiltrates in 
the absence of increased capillary hydrostatic pressure 
(Fig.  1). ARDS is ubiquitous in the intensive care unit 
(ICU), representing almost a quarter of the ICU patients 
who require mechanical ventilation [2], and ubiquitous 
in the ICU literature. A quick search of PubMed revealed 
over 13,000 published articles on ARDS since 1967. 
Based on this, one would think that diagnosing a patient 
as having ARDS would really add something to improve 
that patient’s outcome [3]; but does it?

The problem is that we generally tend to consider 
ARDS as a disease, forgetting that it is actually a 
syndrome associated with many possible pre-disposing 
factors ranging from pulmonary infections to heroin 
overdose, from intraabdominal abscess to intracranial 
bleeds. The attempt to distinguish between pulmonary 
and extrapulmonary sources–although initially 
promising—has not resulted in a major increase in our 
understanding of the disease process or in improvements 
in management.

So, is it important to diagnose ARDS? Before 
answering this question, we must recognize that there 
is no specific treatment for ARDS. Some years ago, 
we would have argued that the principal implication 
of an ARDS diagnosis was that it was a “prescription” 

for the use of small tidal volume ventilation. This 
recommendation followed observations from important 
multicenter randomized controlled trials indicating that 
using tidal volumes of 6  ml/kg rather than 12  ml/kg of 
predicted body weight (PBW) resulted in decreased 
mortality [4]. Other studies supported the concept 
of reducing ventilator-induced lung injury (VILI) by 
performing so-called ‘protective ventilation’, but it soon 
became apparent that this approach should not be 
limited to patients with ARDS. It is now well established 
that large tidal volumes should be avoided in all cases 
of mechanical ventilation [5] and even during major 
surgery [6]. This is similar to the concept that limiting 
fluid overload is a strategy applicable to all critically ill 
patients, not just those with ARDS.

There is little evidence to support the use of one mode 
of ventilation over another in patients diagnosed with 
ARDS, other than for high frequency ventilation, which 
is not recommended [7]. The place of recruitment 
maneuvers is also debated. Individual trials evaluating 
the effects of higher versus lower levels of positive end-
expiratory pressure (PEEP) in patients with ARDS 
have largely been negative, although a meta-analysis 
demonstrated that higher PEEP was beneficial in 
patients with moderate or severe ARDS [8]. Although 
theoretically appealing, PEEP titration based on 
esophageal pressure measurements has not resulted in 
better outcomes [9].

A diagnosis of ARDS also does not suggest any specific 
pharmacologic therapies. The use of muscle relaxants 
should be individualized [10], and, if effective, they 
almost certainly act by decreasing VILI, not by treating 
the underlying disease process. Even administration of 
corticosteroids to all patients with ARDS is controversial, 
despite the recent report of a beneficial effect on duration 
of mechanical ventilation and mortality [11].

Getting back to the question of whether it is 
important to diagnose ARDS, the LUNG SAFE study 
[2] found that mild ARDS was missed by clinicians in 
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about 50% of cases, and that severe ARDS was missed 
in over 20% of cases. But, given that we have no specific 
treatments, does it really matter? In the LUNG SAFE 
study, there was a minor impact on the tidal volume 
chosen [very slightly lower (~ 0.2  ml/kg PBW)] in 
those patients with a clinician diagnosis of ARDS, but 
there was an impact on the use of adjunctive measures 
(from ~ 22% to 44%).

Recent attempts to identify subgroups of patients with 
ARDS based on a relatively large number of clinical and 
laboratory variables have suggested that specific patient 
populations could benefit from specific therapies. In 
post hoc analyses of ARDS randomized trials, response 
to various treatments (level of PEEP, fluid therapy, and 
simvastatin) was dependent on whether the patients 
had a hypo- or hyper-inflammatory subphenotype [12]. 
Further development of parsimonious classifier models 
with relatively few (3 or 4) variables hopefully will help 
determine prospectively whether this approach will 
identify ARDS patients who will benefit from various 
therapies [13]. And perhaps a diagnosis of ARDS will not 
be necessary for the utility of such a scheme. Maybe in 
the future we will treat patients based on a diagnosis of 
hypo- or hyper-inflammatory lung failure [or some other 
defining phenotype(s)], rather than on the basis of having 
ARDS.

The COVID-19 pandemic has provided some 
interesting insights on this topic. Although COVID-19 
related acute respiratory failure may often be ARDS, 
this is not always the case [14]. In any event, how would 
a label of ARDS help these patients? Management 

of COVID-19 related respiratory failure is the same 
whether we call it ARDS or not [15].

This reflects our key message: COVID-19 is a 
disease, and ARDS is a syndrome. ARDS usually 
has an underlying identifiable cause, and the cause 
can often result in a specific therapy, whether that is 
antimicrobials, surgery, corticosteroids, …. We do not 
need to “see” or diagnose ARDS to be able to treat it 
appropriately; the only benefit is that it may encourage 
us to search for a potentially treatable underlying 
condition, and it may encourage us to use lung 
protective ventilatory strategies.
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Fig. 1 The basic pathophysiologic approach to diffuse lung edema
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Abstract 

Although the acute respiratory distress syndrome (ARDS) is well defined by the development of acute hypoxemia, 
bilateral infiltrates and non‑cardiogenic pulmonary edema, ARDS is heterogeneous in terms of clinical risk factors, 
physiology of lung injury, microbiology, and biology, potentially explaining why pharmacologic therapies have been 
mostly unsuccessful in treating ARDS. Identifying phenotypes of ARDS and integrating this information into patient 
selection for clinical trials may increase the chance for efficacy with new treatments. In this review, we focus on clas‑
sifying ARDS by the associated clinical disorders, physiological data, and radiographic imaging. We consider biologic 
phenotypes, including plasma protein biomarkers, gene expression, and common causative microbiologic patho‑
gens. We will also discuss the issue of focusing clinical trials on the patient’s phase of lung injury, including prevention, 
administration of therapy during early acute lung injury, and treatment of established ARDS. A more in depth under‑
standing of the interplay of these variables in ARDS should provide more success in designing and conducting clinical 
trials and achieving the goal of personalized medicine.

Keywords: Acute respiratory distress syndrome, Acute lung injury, Sepsis, Pulmonary edema, COVID‑19, Phenotype, 
Precision medicine

Introduction

The acute respiratory distress syndrome (ARDS) is 
defined clinically by the onset of acute respiratory fail-
ure with hypoxemia and bilateral pulmonary infiltrates 
on chest imaging that cannot be primarily attributed to 
volume overload, left ventricular dysfunction or chronic 
lung disease. However, these relatively simply clinical 
criteria do not capture the complexity and diversity of 
ARDS [1]. The syndromic definition of ARDS encom-
passes different clinical disorders associated with ARDS, 
a range of pulmonary physiologic abnormalities, varying 

chest radiographic abnormalities, variability in biologic 
pathways of injury as reflected by plasma protein bio-
markers and gene expression, diverse microbiologic eti-
ologies, and an evolution over time ranging from early 
development of acute lung injury in spontaneously 
breathing patients to ventilated patients who meet the 
Berlin criteria of ARDS.

The theme of this article is to consider the potential 
for classifying ARDS into phenotypes on the basis of 
clinical, physiologic, radiologic, and biologic criteria that 
may lead to more targeted therapies that could improve 
clinical outcomes. For example, ARDS from pneumonia 
may be caused by a variety of pathogens. Identifying the 
causative microbiologic agent can lead to specific treat-
ment that may be effective, as has been shown in the 
coronavirus disease 2019 (COVID-19) pandemic with the 
recent evidence that anti-viral therapy with remdesivir 
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reduces morbidity [2]. As another example of how sub-
dividing ARDS may be useful, patients with more mod-
erate to severe hypoxemia (P/F < 150  mmHg) benefit 
from prone positioning [3]. One of the central challenges 
facing the field in ARDS is whether or how to incorpo-
rate our expanded knowledge of ARDS phenotypes into 
future clinical trials and practice, with the hope that this 
approach could identify subsets that will be more respon-
sive to specific treatments beyond the current supportive 
care therapies that have improved clinical outcomes. We 
will also consider time dependent factors in the evolution 
of acute lung injury and ARDS, since this variable is one 
determinant of which therapies might be more effective.

The reader is also referred to a related article in 
this issue of Intensive Care Medicine that considers 
approaches to the design of ARDS trials based on prog-
nostic and predictive enrichment strategies that identifies 

some approaches that are based on physiologic, systemic, 
radiographic or biologic criteria [4].

Clinical categories
The development of ARDS is associated with a wide 
range of infectious and non-infectious clinical conditions 
(Fig.  1). Sepsis, primarily due to pneumonia, accounts 
for the majority of cases among both adults and chil-
dren, though nonpulmonary sepsis (e.g., due to urinary 
tract infection, bowel perforation, or other causes) may 

Take‑home message: 

Integration of clinical, physiologic, radiographic, microbiologic and 
biologic variables can provide pathways for defining phenotypes 
and testing therapeutics in future clinical trials that can lead to a 
more personalized approach for therapies in ARDS.

Fig. 1 Some recognized etiologies of ARDS. Circle size represents approximate relative frequency, although we do not have enough information 
regarding frequency for this figure to be an accurate estimate for COVID‑19 viral pneumonia. Clinical disorders associated with ARDS include drug‑
induced ARDS and ARDS following major surgical procedures such as cardiopulmonary bypass
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also lead to ARDS. Aspiration, trauma, and blood prod-
uct transfusions are also common etiologies [5–8]. More 
recent clinical categories of ARDS include E-cigarette or 
vaping associated lung injury (EVALI) and the pandemic 
of SARS-CoV-2 related ARDS [9–11]. There are other 
clinical disorders associated with ARDS including smoke 
inhalation, acute exacerbations of interstitial lung disease 
and primary graft dysfunction following lung transplan-
tation [12]. Negative pressure pulmonary and re-expan-
sion pulmonary edema are often thought of as causes of 
ARDS, but they are primarily a form of hydrostatic pul-
monary edema and not acute lung injury [13, 14].

Clinical categorization remains an important anchor-
ing framework for both the management and prognosis 
of ARDS. For example, the presence of sepsis not only 
guides antimicrobial strategy, but also is associated with 
more severe illness and worse outcomes [15] and has 
informed clinical trial design by enrolling patients with 
a common risk factor [16, 17]. Whether or not shock is 
present offers further specificity to clinical classification, 
although the presence or absence of shock does not read-
ily distinguish patients identified by biologic factors [18, 
19]. Clinical categories of ARDS classified as direct (e.g., 
pneumonia, aspiration, or ischemia–reperfusion injury) 
or indirect (e.g., non-pulmonary sepsis, multiple transfu-
sions, pancreatitis) differ in clinical predictors of mortal-
ity and in their biomarker profiles; however, there is as 
yet no evidence that treatment responses consistently dif-
fer on this basis [20, 21].

Mortality from ARDS overall has decreased since the 
syndrome was first described [22, 23]; however, mortal-
ity continues to differ by clinical risk factor. In 2001, one 
study noted that the mortality of patients in a clinical 
trial of low tidal volume ventilation ranged from 43% in 
patients with sepsis to 11% in those who had sustained 
major trauma [24]. Data from 2006–2014 showed a simi-
lar mortality rate for sepsis starting at 46% and declin-
ing to 40% [25]. Of note, the mortality rate for trauma 
started at above 20% with an upward trend over the study 
interval. This lack of improvement in mortality in the 
trauma group was confirmed in a recent study compar-
ing data from 1990 through 2009 [26]. Mortality in this 
study was also above 20%, though much of this may be 
attributable to traumatic brain injury [27]. The incidence 
of transfusion associated lung injury (TRALI) has sig-
nificantly decreased with the discovery that fresh frozen 
plasma from female patients was a major factor in TRALI 
pathogenesis [28, 29]. Recent studies suggest that the risk 
of developing ARDS is greater with direct than indirect 
injury [30], and although predictors of mortality differ 
between direct and indirect ARDS, overall mortality rates 
are likely similar [20, 30]. In addition, one recent study 
from two institutions reported that attributable mortality 

in patients who developed ARDS from sepsis was pri-
marily related to the initial severity of hypoxemia  (PaO2/
FiO2 < 100 mmHg) [31].

The different clinical categories associated with ARDS 
illustrate the complexity of ARDS in terms of patho-
genesis and also highlight how personalized medicine 
approaches will need to consider how the associated clin-
ical category influences therapy. For example, patients 
with COVID-19 ARDS probably benefit from the anti-
viral therapy, remdesivir, but additional data are needed 
to confirm whether mechanically ventilated patients truly 
benefit [2]. Survival in these patients is improved by the 
use of the anti-inflammatory therapy dexamethasone 
[32], in contrast to the uncertain benefit of corticoster-
oids in unselected cohorts of patients with ARDS who 
do not share a common clinical risk factor [33, 34]. This 
discrepancy illustrates the potential value of focusing 
on distinct ARDS phenotypes based on clinical risk fac-
tor—that is, the signal for corticosteroid benefit is much 
clearer in COVID-19 ARDS than it has been in 50 years 
of study in non-COVID-19 ARDS. However, even the 
role of corticosteroids in COVID-19 will require more 
study to understand when dexamethasone may be harm-
ful or beneficial [35] and will need re-evaluation in con-
junction with new therapies that may show efficacy as 
well, including potentially monoclonal antibodies, immu-
nomodulatory agents, and new anti-viral therapies.

Physiologic categories
In adult ARDS, the Berlin definition categorizes mild 
ARDS as a  PaO2/FiO2 of 201–300  mmHg, moderate as 
 PaO2/FiO2 of 101–200 mmHg, and severe as  PaO2/FiO2 
of equal to or less than 100 mmHg (Table 1) [36]. Crite-
ria for moderate and severe ARDS also require invasive 
mechanical ventilation with positive end-expiratory pres-
sure (PEEP) of 5  cmH2O or greater, while in mild ARDS, 
the PEEP requirement can be met noninvasively. In a 
patient-level meta-analysis, mortality increased from 27% 
to 32% to 45% for mild to moderate to severe ARDS [36, 
37]. Several recent trials have used  PaO2/FiO2 for prog-
nostic enrichment, with  PaO2/FiO2 eligibility thresh-
olds of no more than 150 or 200 being most common [3, 
38–40].  PaO2/FiO2 has important limitations, however, 
including being heavily influenced by ventilator settings, 
especially PEEP [41, 42].

Higher pulmonary dead-space fraction and surro-
gate indices such as ventilatory ratio (VR) also correlate 
with ARDS mortality [43–46]. VR is defined as [min-
ute ventilation (mL/min) × PaCO2 (mmHg)]/[predicted 
body weight × 100 × ideal  PaCO2 (mmHg)], where ideal 
 PaCO2 is 37.5  mmHg. Whether dead-space fraction, 
VR, or other physiologic measures are useful to guide 
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therapeutic selection is not well explored but has been 
advocated for consideration [47, 48].

Several investigators have advocated categoriz-
ing ARDS by respiratory mechanics [49–51]. Among 
the most promising measures are airway driving pres-
sure (plateau airway pressure minus PEEP) [51] and 
transpulmonary pressure (airway minus pleural pres-
sure) [52–54]. Both have intuitive appeal for quantifying 
overdistension and, for transpulmonary pressure, risk of 
end-expiratory airway closure and lung collapse [40, 55]. 
Respiratory mechanics have value for guiding mechani-
cal ventilation [56, 57], but whether they are useful for 
phenotyping ARDS for interventions unrelated to venti-
lator-induced lung injury (VILI) is less clear. One study 
did find that improved oxygenation in response to PEEP 
identified patients with better survival [58], but this strat-
egy still requires prospective study.

Pediatric critical care clinicians have long recog-
nized the inadequacies of adult based operational defi-
nitions for ARDS when applied to children [59, 60]. 
First, pediatric risk factors, etiologies, pathophysiology, 
and outcomes differ [61, 62]. Second,  PaO2 is meas-
ured less often, making the calculation of  PaO2/FiO2 
more challenging, since invasive arterial sampling is 
used more sparingly in children. Third, dissimilar ven-
tilator modes are commonly used in children, and the 
oxygenation index (OI)  ([FiO2 × mean airway pressure 
(Paw) × 100]/PaO2) or oxygen saturation index (OSI) 
 ([FiO2 × Paw × 100]/SpO2) are primarily used to describe 
hypoxemia [63, 64]. The 2015 pediatric ARDS (PARDS) 

consensus [65] definition excludes infants with perinatal 
related lung disease, allows for unilateral or bilateral infil-
trates, and requires OI or OSI to assess oxygenation dur-
ing invasive ventilation, but criteria for edema origin and 
timing are similar to adult ARDS. The consensus defini-
tion delineates mild, moderate and severe PARDS based 
on OI or OSI for patients on mechanical ventilation, with 
no stratification for patients on non-invasive ventilation 
(Table 1).

The ongoing PROSpect trial (NCT03896763) is a two-
by-two factorial, response-adaptive, randomized con-
trolled clinical trial of supine vs. prone positioning and 
conventional mechanical ventilation vs. high-frequency 
oscillatory ventilation being conducted at 60 PICUs 
internationally. Up to 1000 participants will be enrolled 
and adaptive randomization will begin after data is col-
lected for 400 subjects and will repeat every 100 patients 
thereafter. Any group demonstrating inferiority at a pre-
planned adaptive randomization update analysis will be 
eliminated to increase allocation to the superior group(s). 
The trial also includes sampling of plasma biomarkers 
which will make it potentially  possible to identify treat-
ment responsive subsets within each of the four treat-
ment groups or within the PARDS patients overall that 
are enrolled in the trial.

Chest radiography
Radiographic methods have been used for identifying 
morphological phenotypes of ARDS that may respond 
differently to ventilator strategies and for assessing ARDS 

Table 1 Definitions and severity classification for ARDS and PARDS

ARDS, acute respiratory distress syndrome; CPAP, continuous positive airway pressure; OI, oxygenation index; OSI, oxygen saturation index; PARDS, pediatric acute 
respiratory distress syndrome; PEEP, positive end-expiratory pressure
a ARDS Berlin Definition [36]
b Pediatric Acute Lung Injury Consensus Conference definition [65]. Special considerations addressed for cyanotic heart disease, chronic lung disease, and left 
ventricular dysfunction

Criteria ARDSa PARDSb

Timing Within 7 days of known clinical insult or new or worsening 
respiratory symptoms

Within 7 days of known clinical insult

Origin of edema Respiratory failure not fully explained by cardiac failure or 
fluid overload. Objective assessment needed to exclude 
hydrostatic edema if no risk factor present

Respiratory failure not fully explained by cardiac failure or 
fluid overload

Chest imaging Bilateral opacities not fully explained by effusions, lobar/lung 
collapse, or nodules

New infiltrate(s) consistent with acute pulmonary paren‑
chymal disease

Age Adult, no age cutoff specified Perinatal related lung disease is excluded. No age cutoff 
specified

Oxygenation and severity

 Noninvasive Included in mild ARDS Full face‑mask bi‑level ventilation or CPAP ≥ 5  cmH2O with 
 PaO2/FiO2 ≤ 300 or  SpO2/FiO2 ≤ 264

 Mild 200 < PaO2/FiO2 ≤ 300 with PEEP or CPAP ≥ 5  cmH2O 4 ≤ OI < 8, or 5 ≤ OSI 7.5

 Moderate 100 < PaO2/FiO2 ≤ 200 with PEEP ≥ 5  cmH2O 8 ≤ OI < 16, or 7.5 ≤ OSI < 12.3

 Severe PaO2/FiO2 ≤ 100 with PEEP ≥ 5  cmH2O OI ≥ 16, or OSI ≥ 12.3
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severity. Studies of the morphologic characteristics of 
radiographic lung infiltrates on computed tomogra-
phy (CT) have identified two subgroups termed focal 
and non-focal ARDS that appear to have distinct lung 
physiology [66, 67]. Patients with non-focal ARDS have 
diffuse alveolar opacities on chest CT, whereas patients 
with focal ARDS have focal loss of aeration predomi-
nantly in the lower lobes and dependent regions. Based 
on the observation that the lungs of patients with non-
focal ARDS are significantly more recruitable than lungs 
of patients with focal ARDS, it is postulated that these 
radiographic subgroups may benefit from different venti-
lator strategies. Specifically, non-focal ARDS may benefit 
from a higher PEEP strategy with recruitment maneuvers 
to maximize recruitment of diffusely non-aerated lung. 
By contrast, focal ARDS may benefit from a lower PEEP 
strategy that minimizes overdistension of less affected 
regions of the lungs combined with proning to improve 
matching of ventilation to perfusion.

To test this hypothesis, European investigators 
designed the LIVE trial [68], a randomized clinical 
trial that compared personalization of ventilator set-
tings according to CT assessment of lung morphology 
vs. standard 6  mL/kg tidal volume, lower PEEP ventila-
tion in 420 patients with moderate-to-severe ARDS. In 
the personalized ventilator arm, patients with non-focal 
ARDS received a tidal volume of 6  mL/kg, recruitment 
maneuvers and high PEEP, while those with focal ARDS 
received a tidal volume of 8 mL/kg, low PEEP, and prone 
position. In an intention-to-treat analysis, there was no 
difference in 90-day mortality between the groups. How-
ever, misclassification of patients as having focal or non-
focal ARDS occurred in 21% of patients, highlighting the 
difficulty of prospective assessment of ARDS phenotypes 
by CT. In a subgroup analysis, the 90-day mortality of the 
misclassified patients was significantly higher in the per-
sonalized group than in the standard ventilation group. 
This finding suggests that although tailoring mechanical 
ventilation to lung morphology might decrease mortal-
ity in correctly classified patients, misalignment of mode 
of mechanical ventilation and morphologic phenotype in 
ARDS may be particularly deleterious.

Plain chest radiographs have been studied as a tool to 
assess the extent of pulmonary edema in patients with 
ARDS and are more readily obtained than chest CTs in 
the critically ill. One group of investigators developed 
the Radiographic Assessment of Lung Edema (RALE) 
score to quantify both the extent and density of alveo-
lar opacities by quadrant of the chest radiograph [69]. 
The RALE score provides a semiquantitative assessment 
of the extent of radiographic edema that has been vali-
dated against gravimetric measurement of lung edema 
in explanted lungs from organ donors. In patients with 

ARDS enrolled in a randomized trial of conservative 
vs. liberal fluid management [70], higher RALE scores 
were independently associated with lower  PaO2/FiO2 
and worse survival. Conservative fluid management sig-
nificantly decreased RALE score over 3  days compared 
with liberal fluid management. Two subsequent studies 
have confirmed that both the baseline RALE score and 
the change in RALE over time are associated with clini-
cal outcomes in ARDS [71, 72]. Given the ready availabil-
ity of chest radiographs, the RALE score may have value 
as a method for prognostic enrichment in clinical trials, 
in particular for trials that specifically target resolution 
of pulmonary edema, and could be complementary to 
assessment of lung mechanics at the bedside. How the 
RALE score relates to CT assessment of diffuse vs. focal 
ARDS, and associated implications for personalizing 
treatment, remains unknown.

Recent advances in protein biomarkers
Several recent discoveries in protein biomarkers enable 
a better understanding of the pathophysiology of ARDS, 
improve prognostication and offer a possible route to 
precision-based care and assignment of phenotypes. Pro-
tein biomarkers in ARDS are most frequently studied in 
blood (usually plasma) or the air spaces of the lung (usu-
ally bronchoalveolar lavage fluid, BALF). Theoretically, 
BALF offers the advantage of studying injured lungs 
directly. Variance in specimen dilution secondary to exu-
dative edema and/or acquisition procedures limits the 
standardisation of protein quantification in BALF [73]. 
Furthermore, the need for fiberoptic bronchoscopy also 
limits the routine clinical measurements of BALF pro-
tein biomarkers in ARDS [74, 75]. Less invasive sample 
acquisition using blind lavage or tracheal aspirates has 
been described; their relevance to corresponding BALF 
samples is uncertain [76]. In a recent innovation, inves-
tigators have studied proteins that were captured in the 
heat moisture exchanger filter in ventilated patients with 
ARDS; protein concentrations were reasonably well cor-
related with undiluted edema fluid samples (r2 0.849–
0.951) [77]. Further studies are needed to validate this 
non-invasive approach to study airspace biomarkers.

While most protein biomarkers have been confined 
exclusively to the research realm, alveolar type III pro-
collagen peptide (PCP-III) is a compelling BALF protein 
candidate that has been associated with pathophysiol-
ogy and outcomes in ARDS [78, 79]. In an observational 
study of 32 patients, alveolar PCP-III was highly sensitive 
(0.90) and specific (0.92) for diagnosing fibroprolifera-
tion in ARDS [80]. In a subsequent study, the same cut-
off was associated with fibroproliferative changes on lung 
CT [81]. Further studies are underway to determine if 
PCP-III can be used to guide and test interventions with 
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corticosteroids in ARDS (NCT#03371498). In COVID-
19, several routinely measured serum biomarkers, such 
as ferritin, CRP, and d-dimer, have been associated with 
prognosis. Currently, it is unclear whether these acute-
phase proteins are merely indicators of disease severity or 
offer opportunity for actionable interventions and/or are 
mechanistically informative. Further studies are needed 
to elucidate the precise role of these markers both in 
COVID-19 and non-COVID-19 ARDS.

Translation of biomarkers into the clinical domain has 
been challenging, in part due to the pursuit of a single 
discriminating biomarker that is continuously distributed 
in a heterogeneous clinical syndrome [82]. Investigators 
are increasingly applying machine learning algorithms to 
identify biologically discrete clusters of ARDS using mul-
tiple protein biomarkers [83]. A series of studies applying 
latent class analysis (LCA) used a combination of clini-
cal data and plasma biomarkers to identify phenotypes 
in ARDS [18, 84–86]. Using this approach, hypo- and 
hyper-inflammatory phenotypes of ARDS were consist-
ently identified across five RCTs, and these phenotypes 
exhibited divergent biological characteristics, clinical 
features and outcomes. The hyper-inflammatory pheno-
type was associated with exaggerated inflammation with 
elevated plasma levels of IL-8, IL-6, and sTNFR-1. Levels 
of PAI-1 were also higher in this phenotype, whereas pro-
tein C was lower. Mortality at day 90 was approximately 

twofold higher in the hyper-inflammatory phenotype 
across all cohorts. Importantly, in three of the trials, dif-
ferential treatment responses were observed in the phe-
notypes with improved outcomes in the treatment arm 
for patients in the hyperinflammatory subgroup [18, 84, 
85]. None of the original trials showed a mortality benefit 
[70, 87, 88]. In related work, a group of Dutch investiga-
tors applied cluster analysis to plasma protein biomarker 
data from ARDS patients and identified two pheno-
types, which they termed “reactive” and “uninflamed”; 
these phenotypes have prognostic value as well, though 
how they correspond to the LCA-phenotypes remains 
unknown [89].

One challenge of implementing these approaches 
clinically is the difficulty of identifying these pheno-
types at the bedside. LCA models are complex, com-
prising 30–40 variables that are not amenable for 
prospective use. To address this challenge, investi-
gators have developed 3-variable (IL-8, bicarbonate 
and protein C) and 4-variable (addition of vasopres-
sor) parsimonious models that accurately classified 
the two LCA phenotypes in an independent validation 
cohort (area under the curve: 0.94 and 0.95, respec-
tively) [86]. Importantly, when one of the ancillary par-
simonious models was applied to the HARP-2 study, a 
randomized clinical trial that tested the efficacy of sim-
vastatin vs. placebo, a survival benefit was observed in 

Fig. 2 Kaplan–Meier survival curve censored at day 28 in HARP‑2 stratified by phenotypes assigned using a 3‑variable ancillary parsimonious model 
(interleukin‑6, soluble tumour necrosis factor receptor‑1, and vasopressor‑use) and treatment (simvastatin or placebo). The variables selected in the 
parsimonious model were dictated by the availability of data. This figure was previously published in Lancet Respir Med [85]. Published with permis‑
sion
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the hyperinflammatory phenotype at day 28 (Fig.  2). 
The inability to quantify protein biomarkers rapidly 
at the bedside is another challenge. Recently, in a pre-
liminary report in patients with COVID-19 ARDS, the 
same investigators quantified IL-6 and sTNFR-1 using 
a novel point-of-care assay (Evidence Multistat Ana-
lyser; Randox Laboratories, Country Antrim, UK) [90]. 
The assay results were used to assign ARDS phenotype 
based on the parsimonious model, demonstrating the 
feasibility of phenotype-classification in real-time. In 
summary, these studies indicate that the application of 
biomarkers for clinical trials and/or decision-making 
may soon be plausible.

Gene expression
Gene expression from leukocytes can be used to 
acquire a snapshot image of the immune response. An 
advantage of transcriptomics over protein biomarkers 
is that nucleic acid-based arrays cover tens of thou-
sands of genes and, therefore, provide a more compre-
hensive overview than the measurement of a limited 
number of proteins. The major disadvantage is that 
relative quantification of messenger RNA does not pro-
vide direct information on a  number of transcribed 
proteins and may, therefore, not directly reflect the 
functional landscape in organ injury. In addition, it is 
challenging to translate gene expression to a point of 
care assay. Peripheral blood transcriptomics has been 
used to subphenotype patients with sepsis resulting in 
the identification of two to four subphenotypes with 
clear differences in immune exhaustion, innate immune 
response, T-cell balance and coagulation [91–94].

In ARDS, such an approach has not been tried. Gene 
expression profiles of peripheral leukocytes were, how-
ever, compared between ARDS patients who were 
classified as having a “reactive” or “uninflamed” sub-
phenotype based on a set of 20 plasma biomarkers of 
inflammation, coagulation and endothelial injury, as 
described above [95]. Approximately 30% of all genes 
were differentially expressed between these subphe-
notypes. Genes associated with neutrophil activation 
were enriched in the “reactive” subphenotype, which is 
consistent with the activated innate immune response 
suggested by increased interleukin-8 and interleu-
kin-6 protein concentrations in this subgroup. How-
ever, there was low agreement between subphenotype 
allocation based on plasma proteins and sepsis sub-
phenotypes informed by blood leukocyte expression 
profiles. It should be noted that any measurement in 
blood reflects systemic host response, which is influ-
enced by several processes other than ARDS, as lung 
injury often does not develop in isolation (Fig. 1). Thus, 
another study involving 16 patients with ARDS focused 

on paired measurements of gene expression of alveo-
lar macrophages (AMs) and peripheral blood mono-
cytes (PBMs) [96]. This research group found highly 
divergent patterns of expression between AMs and 
PBMs. Enrichment of immunoinflammatory gene sets 
in AMs was associated with better clinical outcomes, 
but with worse clinical outcomes in PBMs. Further 
studies of both the lung and the systemic circulation in 
ARDS patients will likely provide more insights into the 
mechanisms of both lung and non-pulmonary organ 
injury that are relevant for classical ARDS and COVID-
19 ARDS (Fig. 3).

Microbiology
Bacterial and viral infections of the lung are the most 
common etiologies associated with ARDS [97]. The caus-
ative pathogens differ from ARDS secondary to commu-
nity-acquired pneumonia (CAP) or hospital-acquired 
and ventilator-associated pneumonia (HAP/VAP) [98, 
99]. Pathogens differ also according to age and the pres-
ence of co-morbid conditions, prior colonization, expo-
sure history and vaccination status. The treatment of a 
specific infection is a pre-requisite for standard of care 
and would seem to be a necessary part of any precision 
medicine approaches in ARDS. However, making the 
diagnosis of specific infections in ARDS can be challeng-
ing and involves standard and new methods and may 
inform specific phenotype designations in the future.

The typical diagnostic approach for ARDS secondary 
to CAP or HAP/VAP includes blood cultures and Gram 
stain and culture of respiratory specimens (expectorated 
sputum or tracheal aspirate), ideally obtained before 
commencement of antimicrobial therapy [98, 99]. How-
ever, the yield of traditional cultures for detecting organ-
isms is generally low (30–50%) and varies according to 
organism, receipt of prior antimicrobial therapy, and set-
ting [98].

The use of invasive respiratory sampling (ie, bron-
choalveolar lavage [BAL], protected specimen brush 
[PSB]) and blind bronchial sampling [ie, mini-BAL]) 
leads to higher yield in identifying pathogens compared 
to traditional microbiologic tests of tracheal aspirate or 
sputum examination. However, even with invasive respir-
atory sampling, a high percentage of patients with ARDS 
remain with no identified organisms [97]. In addition, 
studies on VAP did not demonstrate an outcome benefit 
on the routine use of invasive sampling with quantitative 
cultures compared to noninvasive sampling with quanti-
tative cultures. Invasive respiratory sampling should be 
performed in immunocompromised patients, in the pres-
ence of unexplained, persistent or worsening infiltrates.

Nucleic acid detection tests (NATs), such as poly-
merase chain reaction (PCR), are becoming available to 
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detect several pathogens including Mycoplasma spp., 
Chlamydia pneumoniae and Bordetella pertussis as well 
as common bacteria such as Staphylococcus aureus and 
Streptococcus pneumoniae. In one study, molecular test-
ing for 26 bacterial and viral pathogens of single lower 
respiratory tract specimens achieved pathogen detection 
in 87% of CAP patients compared with 39% with culture-
based methods [100]. Of these, 78% had a bacterial path-
ogen detected by PCR but only 32% were culture-positive 
[100]. Legionella and Pneumococcal Urinary Antigen can 
be used in patients with ARDS due to CAP [98].

With the increasing use of NATs, viral pathogens are 
increasingly detected among critically ill adult patients 
with respiratory illness, with a reported prevalence 
between 17% to 53% of patients [101]. Detecting viruses 
in respiratory specimens does not always establish cau-
sality with ARDS [102]. However, it is generally believed 
that most respiratory viruses may cause ARDS, espe-
cially in the elderly, the immunocompromised, patients 
with other co-morbid conditions, and occasionally in 
previously healthy individuals [103]. While the role of 
routine testing of PCR panels for respiratory viruses has 
not been established, testing for influenza with PCR is 

recommended when influenza is circulating in the com-
munity; this test is preferred over other rapid influenza 
diagnostic tests (i.e., antigen test) [98]. Other uncommon 
but important endemic pathogens should also be consid-
ered in the presence of history of travel, residence in cer-
tain geographic locations or history of specific exposures 
(Table 2).

Next generation sequencing (NGS) techniques have 
increased our ability to detect pathogens and possibly to 
detect novel pathogens [104–108]. At present they have 
limited clinical use, but they have the potential to change 
our understanding of ARDS epidemiology. Next-gen-
eration sequencing techniques may in the future enable 
pathogen identification using blood samples without the 
need for invasive respiratory sampling [109, 110].

In the last two decades, several ARDS pandemics 
have been due to emerging viral pathogens. The 2009 
H1N1 pandemic was caused by a novel influenza A 
virus (H1N1pdm09 virus), and since then, the virus has 
circulated seasonally around the world. Novel corona-
viruses have been responsible for three pandemics caus-
ing Severe Acute Respiratory Syndrome (SARS), Middle 
East Respiratory Syndrome (MERS) and the ongoing 

Fig. 3 Differences in peripheral leukocyte gene expression have been used to identify ARDS subphenotypes. The plasma and alveoli represent 
distinct compartments, as direct comparison of peripheral monocytes and alveolar macrophages has also shown profound differences in gene 
expression
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COVID-19. The latter syndrome is caused by the SARS-
CoV-2, which has 75–80% genomic similarity to the 
severe acute respiratory syndrome coronavirus (SARS-
CoV), 50% to the Middle East Respiratory syndrome 
coronavirus (MERS-CoV), and 96% to a bat coronavirus 

[111–113]. COVID-19 was first reported in December 
2019, in Wuhan, Hubei Province, China [111, 114, 115]. 
It then spread worldwide, infecting over 54 million peo-
ple to date to become the largest pandemic in modern 
history.

Table 2 Common, pandemic, and endemic pathogens responsible for ARDS and their features and risk factors

*Co-morbid conditions include alcoholism, COPD, aspiration, pregnancy, bronchiectasis, injection drug use, HIV infection, and immunosuppression

Features and risk factors

Common pathogens
Streptococcus pneumoniae, Staphylococcus aureus, Haemophilus influenzae, 

Moraxella catarrhalis, Legionella pneumophila, Chlamydia pneumonia, 
Mycoplasma pneumonia

Community‑acquired pneumonia
Co‑morbid conditions*
Influenza active in community (Streptococcus pneumoniae, Staphylococcus 

aureus, Haemophilus influenzae)
Cruise ships or resorts (Legionella pneumophila)

Pseudomonas aeruginosa, Klebsiella pneumoniae, Escherichia coli, Acineto‑
bacter species, Enterobacter species

Hospital‑acquired pneumonia
Co‑morbid conditions*
Mechanical ventilation

Anaerobes Aspiration

Influenza A or B virus Influenza A can cause pandemics
Co‑morbid conditions*
Influenza active in community

Picornaviruses (rhinovirus, enterovirus), Human coronaviruses (229E, NL63, 
OC43, HKU1), Respiratory syncytial virus, Human metapneumovirus, 
Parainfluenza (1–4), Adenoviruses

Frequently detected in critically ill patients with ARDS
May cause disease in the elderly and in patients with co‑morbid condi‑

tions*

Pneumocystis jirovecii HIV infection or other causes of immunosuppression

Pandemic pathogens
SARS‑CoV‑2 Pandemic situation

Exposure to patient with known COVID‑19
Residence or travel in an area with active COVID‑19

Endemic pathogens
Bacillus anthracis (anthrax) In context of bioterrorism

Yersinia pestis (pneumonic plague) Residence in rural areas in Madagascar
Camping, hunting or contact with rodents

Francisella tularensis (tularemia) Exposure to rabbits

Chlamydophila psittaci (psittacosis) Exposure to birds and poultry/poultry market

Coxiella burnetti (Q fever) Exposure to farm animals or parturient cats

Mycobacterium tuberculosis Residence in tuberculosis endemic areas
Co‑morbid conditions: Alcoholism, injection drug use, HIV infection, 

immunosuppression

Avian influenza A/H5N1, A/H5N6, A/H7N9 and other subtypes Residence or travel to Southeast and East Asia
Exposure to birds and poultry/poultry market

MERS‑CoV Residence or travel to the Arabian Peninsula
Exposure to dromedary camel

Hantaviruses (e.g., Sin Nombre, Andes) Residence or travel to Western and Southwestern United States
Exposure to rodent excretions

Measles virus Incomplete vaccination

Human adenovirus type 55 (HAdV‑55) Residence or travel to Southeast and East Asia

Varicella‑zoster virus Pregnancy
Immunosuppression

Cytomegalovirus Immunosuppression

Blastomyces dermatitidis, Histoplasma capsulatum, Coccidioides immitis Residence or travel to Ohio and Mississippi River valleys and Great Lakes 
(Blastomyces dermatitidis, Histoplasma capsulatum) or Western and south‑
western United States (Coccidioides immitis)

Outdoor activities in wooded areas (Blastomyces dermatitidis)

Plasmodium falciparum Residence or travel to malaria endemic areas
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Timing of interventions
Clinical trials have established the benefit of lung pro-
tective ventilation and a conservative strategy of fluid 
management in the treatment of ARDS [57, 70]. Phar-
macologic therapies have failed to improve survival [17, 
116–119], although there is evidence that dexamethasone 
is beneficial for COVID-19 ARDS and may have benefit 
in classical non-COVID-19 ARDS [32, 34, 120]. Given 
the lack of effective treatments once lung injury has pro-
gressed to ARDS, the approach to ARDS management 
has been reframed to also incorporate identification and 
treatment of patients at risk for ARDS or in the early 
stages of lung injury. There has been a shift towards cat-
egorizing patients into one of three stages of lung injury 
– presence of risk factors such as sepsis or pneumonia, 
early acute lung injury, and ARDS – and modifying their 
treatment accordingly (Fig.  4). Personalized approaches 
to ARDS trials or treatment will need to consider the 
timing of the intervention, as the clinical and biologi-
cal phenotype of ARDS evolves rapidly over the first few 
hours to days of illness.

Prevention of lung injury
Since it was first hypothesized that ARDS could be pre-
vented, some studies focused on preventing lung injury 
in at-risk patients. In theory, prevention might work if 
the therapeutic had a low risk of harm and might actu-
ally reduce the development of ARDS. It was thought 
that there might be a role for aspirin in preventing ARDS 
[121], but a phase 2b trial found that the use of aspirin 
did not reduce the risk of ARDS [122]. A recent rand-
omized controlled trial showed no benefit of early vita-
min D3 supplementation among critically ill, vitamin 
D-deficient patients [123]. The NHLBI-funded Preven-
tion and Early Treatment of Acute Lung Injury (PETAL) 
network is currently enrolling patients with septic shock 
in a randomized phase 3 trial, Crystalloid Liberal or 
Vasopressors Early Resuscitation in Sepsis (CLOVERS), 
testing the impact of a restrictive fluids strategy (early 
vasopressors followed by rescue fluids) compared to 
a liberal fluid strategy (early fluids followed by rescue 
vasopressors) in patients with sepsis-induced hypoten-
sion (NCT03434028) on the development of ARDS and 
28-day mortality. Another trial that may launch in the 
near future is Acetaminophen and Ascorbate in Sepsis: 

Fig. 4 Timeline of recent therapies investigated in clinical trials for lung injury prevention, early acute lung injury, and ARDS. The role of Acetami‑
nophen and Vitamin C will be studied in the future. A phase 2b trial reported that the use of aspirin did not reduce the risk of ARDS. A phase 3 trial 
showed no mortality benefit of early vitamin D3 supplementation among critically ill, vitamin D‑deficient patients. An ongoing phase 3 clinical 
trial is testing the impact of a restrictive fluids strategy (early vasopressors followed by rescue fluids) as compared to a liberal fluid strategy (early 
fluids followed by rescue vasopressors) in patients with sepsis‑induced hypotension on 28‑day mortality. High‑flow nasal oxygen reduced the rate 
of intubation and reduced mortality in acutely hypoxemic patients. A phase 2a randomized trial demonstrated the safety and feasibility of early 
administration of a combination of an inhaled corticosteroid and beta agonist in patients at high risk of ARDS, and there is a larger phase 2b trial 
ongoing. In a clinical trial of 1006 patients with  PaO2/FiO2 < 150 mm Hg and PEEP ≥ 8 cm of  H2O, neuromuscular blockade did not result in a signifi‑
cant difference in 90‑day mortality. A phase 2b trial of 167 patients showed that high dose Vitamin C in sepsis‑induced ARDS was associated with a 
significant reduction in SOFA score and 28‑day mortality, as well as an increase in ICU‑free days and hospital‑free days.
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Targeted Therapy to Enhance Recovery (ASTER) for test-
ing the effects of acetaminophen and high dose intrave-
nous vitamin C on both pulmonary and non-pulmonary 
organ dysfunction in early sepsis (NCT04291508). This 
trial may help to identify specific sepsis responsive phe-
notypes prior to the development of ARDS. For exam-
ple, the trial will measure plasma free hemoglobin to 
test if it will enrich for the development of more organ 
failure, including ARDS, from early sepsis. Also, if aceta-
minophen shows efficacy especially in patients with 
elevated plasma hemoglobin, then this assay could be 
incorporated as a method for predictive enrichment in 
future trials that target the pro-oxidant effects of plasma 
free hemoglobin.

Treatment of early acute lung injury
Another growing interest has been to prevent progres-
sion of acute lung injury in patients who do not yet 
meet criteria for ARDS. Since the initial lung injury 
prevention score (LIPS) study, investigators have tried 
to identify early acute lung injury prior to the onset 
of respiratory failure that requires positive pressure 
ventilation [124]. A three-component early acute lung 
injury score incorporating oxygen requirement, res-
piratory rate, and immune suppression accurately 
identified patients who progressed to ARDS with an 
area under the curve of 0.86, a similar performance 
to the LIPS. Patients received one point for an oxygen 
requirement > 2–6 L/min or 2 points for an oxygen 
requirement > 6 L/min, one point each for a respira-
tory rate > 30/min and one point for immune suppres-
sion [125]. In this study, the median time of progression 
from meeting criteria for early acute lung injury to 
ARDS was 20 h, suggesting a window for intervention. 
In line with the concept of selecting patients in early 
sepsis at risk for ARDS by respiratory as well as hemo-
dynamic criteria, the above discussed ASTER trial will 
enroll patients who require ≥ 6 L nasal oxygen or vaso-
pressors for shock.

In 2015 a multicenter French trial compared high-flow 
nasal oxygen, non-invasive face mask ventilation, and 
standard oxygen therapy in patients in the emergency 
department with acute hypoxemic respiratory failure, 
primarily from pneumonia. The results indicated that 
high-flow nasal oxygen reduced the rate of endotra-
cheal intubation in patients who presented with  PaO2/
FiO2 ≤ 200  mm Hg and reduced mortality in the entire 
cohort of 310 acutely hypoxemic patients with  PaO2/
FiO2 ≤ 300  mm Hg [126]. This was a pivotal trial that 
has changed clinical practice worldwide for critically ill 
patients. This is also an excellent example of how to test 
new interventions in the early phases of acute lung injury 
prior to the development of ARDS by Berlin criteria.

On a smaller scale, a Phase 2a randomized trial dem-
onstrated the safety and feasibility of early administration 
of a combination of an inhaled corticosteroid and beta 
agonist in 61 patients at high risk of ARDS [127]. Treated 
patients demonstrated greater longitudinal improvement 
in  SpO2/FiO2. An ongoing clinical trial, ARrest RESpira-
Tory Failure From PNEUMONIA (ARREST PNEUMO-
NIA), is testing the effects of a combination of an inhaled 
corticosteroid and a beta agonist in preventing progres-
sion to acute respiratory failure among patients who pre-
sent with pneumonia and hypoxemia (NCT04193878). 
This therapeutic approach would likely have low value 
for established ARDS based on prior negative trials, but 
has more promise in the early phase of acute lung injury. 
Thus, personalized medicine needs to consider the opti-
mal timing to test a new intervention.

Treatment of ARDS
There has also been promising new work to test therapies 
for patients with established ARDS. A phase 2b trial of 
high dose vitamin C in sepsis-induced ARDS demon-
strated a significant difference in the primary outcome 
of Sequential Organ Failure Assessment score at 96  h 
[128].  In addition, the Vitamin C treated patients had a 
significant reduction in 28-day mortality and an increase 
in ICU-free days, and hospital-free days [16].

To enrich prognostically for the potential efficacy of 
neuromuscular blockade, the ACURASYS phase 3 trial 
required patients to be enrolled with moderate to severe 
hypoxemia (Pa02/Fi02 < 150  mmHg) and the results 
showed a lower mortality in the patients treated with 
neuromuscular blockade [38]. This prospective trial was 
designed on the basis of a phase 2 trial that suggested 
the value of this cut-off for a phase 3 trial [129]. How-
ever, the positive results of the phase 3 trial were not 
widely adopted and, therefore, a new trial, Reevaluation 
Of Systemic Early Neuromuscular Blockade (ROSE), was 
carried out to reassess this therapy. This phase 3 trial 
enrolled 1006 patients and found that there was no mor-
tality benefit to early continuous neuromuscular block-
ade compared to usual care with lighter sedation goals 
in patients with moderate-to-severe ARDS [39]. The dif-
ferent results in the ROSE trial might be explained by 
the higher PEEP strategy, lighter sedation in the control 
group, and earlier enrollment in the more recent trial 
than in the ACURASYS trial [38, 39]. These two trials 
emphasize how phenotypes for personalized medicine 
can be selected on the basis of a physiologic abnormality, 
in this case the severity of arterial hypoxemia, when the 
goal is to test the therapy in a patient population most 
likely to respond to the treatment. In the future, prognos-
tic enrichment for trials such as these may be amplified 
by including measures of lung compliance, radiographic 
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extent of pulmonary edema, and plasma biologic markers 
as well. As discussed below, these trials did not include 
patient groups to prove that non-responders would be 
those with a P/F > 150 mmHg, but they nevertheless did 
prospectively identify an ARDS population that might 
respond more effectively to the proposed therapy.

Conclusions and future challenges
Each of the sections in this review has identified several 
factors that contribute to heterogeneity in patients with 
ARDS. These variables include the associated clinical risk 
factor (pneumonia vs. non-pulmonary sepsis vs. trauma) 
or the combination of contributing clinical factors (blood 
transfusions, shock), the degree of physiologic lung 
injury graded by hypoxemia or impaired carbon dioxide 
excretion, variability in the extent of pulmonary opacities 
and lung edema on chest imaging, the range of biologic 
profiles as indicated by plasma protein biomarkers and 
gene expression in the blood, and the diverse number 
of pathogens that can initiate ARDS, including bacteria, 
viruses, fungi and parasites. How to best integrate these 
various dimensions of complexity into trials testing novel 
therapies for ARDS is understandably challenging, espe-
cially when one must consider whether the therapy will 
be tested in the early phase of lung injury prior to posi-
tive pressure ventilation, as was the case with high flow 
nasal oxygen, or once ARDS is established as in trials of 
neuromuscular blockade.

Importantly, different approaches to “personaliza-
tion” will likely be required for different treatments; the 
key question will be how to best select potential patients 
for the therapeutic at hand. In many cases, it will not be 
feasible to determine the best personalization method in 
advance; particularly for trials of novel pharmacothera-
pies, counter-intuitive results may emerge [130], and/or 
our understanding of biology in specific phenotypes may 
be incomplete or frankly incorrect [131]. Instead, trials 
in broader ARDS populations will often need to be con-
ducted first, with pre-specified plans for stratified analy-
ses by phenotype, followed by dedicated smaller trials in 
phenotypes that seem to respond. Such an approach is 
consistent with US FDA guidance for enrichment in clin-
ical trials, which stipulates that it is important to identify 
both responders and non-responders within a given con-
dition before concluding that a therapy has benefits for a 
particular subgroup.

Clearly some therapies have been successful in rand-
omized clinical trials without focusing on specific ARDS 
sub-groups. Lung protective ventilation [57] and fluid 
conservative therapy [70] were effective when applied to 
most patients with ARDS. However, these successes are 
the exception rather than the rule, and new approaches 
are increasing the feasibility of testing new therapies in 

a more personalized approach. For example, recent evi-
dence indicates success with real time measurements of 
two plasma biomarkers in ARDS, making it more feasi-
ble to incorporate sub-phenotypes in clinical trials [90]. 
Physiologic variables such as the ventilatory ratio could 
be used to select patients for trials that had a high like-
lihood to improve pulmonary blood flow and reduce 
pulmonary dead space, similar to what was achieved in 
a trial of activated protein C for ARDS from non-sepsis 
causes in which pulmonary dead space was reduced 
with this anti-coagulant and anti-inflammatory therapy 
[132]. This approach could be used to assess the effects of 
therapies that target lung vascular injury and neutrophil 
endothelial complexes and reduce microvascular injury 
and enhance capillary blood flow to the lung [133, 134].

The current global pandemic of ARDS related to SARS-
CoV-2 demonstrates the potential of a more focused 
approach to ARDS clinical trials. Corticosteroids appear 
to be effective for patients with COVID-19 associated 
ARDS, in contrast to many prior studies of corticoster-
oids for ARDS which had conflicting findings, dem-
onstrating the value of enriching for a specific clinical 
phenotype [32]. In the future, progress with specific bio-
logic therapeutics for ARDS such as statins or other anti-
inflammatory treatments could benefit from enrichment 
with some of the variables considered in this review to 
maximize their chance of efficacy.

Author details
1 Department of Anesthesia, University of California San Francisco, San Fran‑
cisco, CA, USA. 2 Cardiovascular Research Institute, University of California, San 
Francisco, USA. 3 Division of Pulmonary and Critical Care Medicine, Depart‑
ment of Medicine, University of California, San Francisco, USA. 4 King Saud 
Bin Abdulaziz University for Health Sciences and King Abdullah International 
Medical Research Center, Riyadh, Saudi Arabia. 5 Division of Allergy, Pulmonary 
and Critical Care, Vanderbilt University Medical Center, Nashville, TN, USA. 
6 Department of Respiratory Medicine, Amsterdam University Medical Centers, 
Location AMC, University of Amsterdam, Infection and Immunity, Amsterdam, 
The Netherlands. 7 Department of Anesthesiology, Washington University, 
Saint Louis, MO, USA. 8 Division of Pulmonary, Allergy, and Critical Care 
Medicine, Center for Acute Respiratory Failure, Columbia University College 
of Physicians and Surgeons, New York, NY, USA. 9 School of Nursing, University 
of Pennsylvania, Philadelphia, PA, USA. 10 Department of Anesthesia and Criti‑
cal Care, La Pitié Salpetriere Hospital, University Paris‑Sorbonne, Paris, France. 
11 Department of Medicine, Stanford University, Stanford, CA, USA. 

Acknowledgements
 This work was funded by the National Institutes of Health (Grant numbers 
HL123004, HL134828, 5TL1TR001871‑05, HL14722, K23 HL133489, HL145506, 
UH3HL141736, HL140026, 5T32GM008440‑24, and HL126176).

Compliance with ethical standards

Conflicts of interest
The authors have no conflicts of interest for this manuscript.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.



2148

Received: 13 September 2020   Accepted: 13 October 2020
Published online: 18 November 2020

References
 1. Matthay MA, Zemans RL, Zimmerman GA, Arabi YM, Beitler JR, Mercat 

A, Herridge M, Randolph AG, Calfee CS (2019) Acute respiratory distress 
syndrome. Nat Rev Dis Primers 5:18

 2. Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC, 
Hohmann E, Chu HY, Luetkemeyer A, Kline S, Lopez de Castilla D, 
Finberg RW, Dierberg K, Tapson V, Hsieh L, Patterson TF, Paredes R, 
Sweeney DA, Short WR, Touloumi G, Lye DC, Ohmagari N, Oh MD, 
Ruiz‑Palacios GM, Benfield T, Fatkenheuer G, Kortepeter MG, Atmar 
RL, Creech CB, Lundgren J, Babiker AG, Pett S, Neaton JD, Burgess TH, 
Bonnett T, Green M, Makowski M, Osinusi A, Nayak S, Lane HC, Members 
A‑SG, (2020) Remdesivir for the Treatment of Covid‑19 ‑ Final Report. N 
Engl J Med

 3. Guerin C, Reignier J, Richard JC, Beuret P, Gacouin A, Boulain T, 
Mercier E, Badet M, Mercat A, Baudin O, Clavel M, Chatellier D, Jaber 
S, Rosselli S, Mancebo J, Sirodot M, Hilbert G, Bengler C, Richecoeur 
J, Gainnier M, Bayle F, Bourdin G, Leray V, Girard R, Baboi L, Ayzac 
L, Group PS (2013) Prone positioning in severe acute respiratory 
distress syndrome. N Engl J Med 368:2159–2168

 4. Ware LB, Matthay MA, Mebazza A (2020) Designing an ARDS trial for 
2020 and beyond. Intensive Care Med. https ://doi.org/10.1007/s0013 
4‑020‑06232 ‑x

 5. Bellani G, Laffey JG, Pham T, Fan E, Brochard L, Esteban A, Gattinoni L, 
van Haren F, Larsson A, McAuley DF, Ranieri M, Rubenfeld G, Thomp‑
son BT, Wrigge H, Slutsky AS, Pesenti A, LS Investigators, Group ET ( 
201) Epidemiology, patterns of care, and mortality for patients with 
acute respiratory distress syndrome in intensive care units in 50 
countries. JAMA 315:788–800

 6. Khemani RG, Smith L, Lopez‑Fernandez YM, Kwok J, Morzov R, Klein 
MJ, Yehya N, Willson D, Kneyber MCJ, Lillie J, Fernandez A, Newth 
CJL, Jouvet P, Thomas NJ (2019) Paediatric acute respiratory distress 
syndrome incidence and epidemiology (PARDIE): an international, 
observational study. Lancet Respir Med 7:115–128

 7. Rubenfeld GD, Caldwell E, Peabody E, Weaver J, Martin DP, Neff M, 
Stern EJ, Hudson LD (2005) Incidence and outcomes of acute lung 
injury. N Engl J Med 353:1685–1693

 8. Linko R, Okkonen M, Pettila V, Perttila J, Parviainen I, Ruokonen E, 
Tenhunen J, Ala‑Kokko T, Varpula T, FINNALI‑study group (2009) Acute 
respiratory failure in intensive care units. FINNALI: a prospective 
cohort study. Intensive Care Med 35:1352–1361

 9. Butt YM, Smith ML, Tazelaar HD, Vaszar LT, Swanson KL, Cecchini MJ, 
Boland JM, Bois MC, Boyum JH, Froemming AT, Khoor A, Mira‑Aven‑
dano I, Patel A, Larsen BT (2019) Pathology of vaping‑associated lung 
injury. N Engl J Med 381:1780–1781

 10. Layden JE, Ghinai I, Pray I, Kimball A, Layer M, Tenforde MW, Navon 
L, Hoots B, Salvatore PP, Elderbrook M, Haupt T, Kanne J, Patel MT, 
Saathoff‑Huber L, King BA, Schier JG, Mikosz CA, Meiman J (2020) 
Pulmonary illness related to E‑cigarette use in illinois and Wiscon‑
sin—final report. N Engl J Med 382:903–916

 11. Matsumoto S, Fang X, Traber MG, Jones KD, Langelier C, Hayakawa 
Serpa P, Calfee CS, Matthay MA, Gotts JE (2020) Dose‑dependent 
pulmonary toxicity of aerosolized vitamin E acetate. Am J Respir Cell 
Mol Biol. https ://doi.org/10.1165/rcmb.2020‑0209O C

 12. Hamilton BC, Kukreja J, Ware LB, Matthay MA (2017) Protein bio‑
markers associated with primary graft dysfunction following lung 
transplantation. Am J Physiol Lung Cell Mol Physiol 312:L531–L541

 13. Bhattacharya M, Kallet RH, Ware LB, Matthay MA (2016) Negative‑
pressure pulmonary edema. Chest 150:927–933

 14. Sue RD, Matthay MA, Ware LB (2004) Hydrostatic mechanisms may 
contribute to the pathogenesis of human re‑expansion pulmonary 
edema. Intensive Care Med 30:1921–1926

 15. Sheu CC, Gong MN, Zhai R, Chen F, Bajwa EK, Clardy PF, Gallagher 
DC, Thompson BT, Christiani DC (2010) Clinical characteristics and 
outcomes of sepsis‑related vs non‑sepsis‑related ARDS. Chest 
138:559–567

 16. Fowler AA III, Truwit JD, Hite RD, Morris PE, DeWilde C, Priday A, Fisher 
B, Thacker LR II, Natarajan R, Brophy DF, Sculthorpe R, Nanchal R, Syed 
A, Sturgill J, Martin GS, Sevransky J, Kashiouris M, Hamman S, Egan 
KF, Hastings A, Spencer W, Tench S, Mehkri O, Bindas J, Duggal A, Graf 
J, Zellner S, Yanny L, McPolin C, Hollrith T, Kramer D, Ojielo C, Damm 
T, Cassity E, Wieliczko A, Halquist M (2019) Effect of vitamin C infu‑
sion on organ failure and biomarkers of inflammation and vascular 
injury in patients with sepsis and severe acute respiratory failure: the 
CITRIS‑ALI randomized clinical trial. JAMA 322:1261–1270

 17. The National Heart, Lung, and Blood Institute ARDS Clinical Trials 
Network (2014) Rosuvastatin for sepsis‑associated acute respiratory 
distress syndrome. N Engl J Med 370:2191–2200

 18. Calfee CS, Delucchi K, Parsons PE, Thompson BT, Ware LB, Matthay 
MA, Network NA (2014) Subphenotypes in acute respiratory distress 
syndrome: latent class analysis of data from two randomised con‑
trolled trials. Lancet Respir Med 2:611–620

 19. Reilly JP, Bellamy S, Shashaty MG, Gallop R, Meyer NJ, Lanken PN, 
Kaplan S, Holena DN, May AK, Ware LB, Christie JD (2014) Heteroge‑
neous phenotypes of acute respiratory distress syndrome after major 
trauma. Ann Am Thorac Soc 11:728–736

 20. Luo L, Shaver CM, Zhao Z, Koyama T, Calfee CS, Bastarache JA, Ware 
LB (2017) Clinical predictors of hospital mortality differ between 
direct and indirect ARDS. Chest 151:755–763

 21. Calfee CS, Janz DR, Bernard GR, May AK, Kangelaris KN, Matthay MA, 
Ware LB (2015) Distinct molecular phenotypes of direct vs indirect 
ARDS in single‑center and multicenter studies. Chest 147:1539–1548

 22. Erickson SE, Martin GS, Davis JL, Matthay MA, Eisner MD, NIH NHLBI 
ARDS Network (2009) Recent trends in acute lung injury mortality: 
1996–2005. Crit Care Med 37:1574–1579

 23. Zhang Z, Spieth PM, Chiumello D, Goyal H, Torres A, Laffey JG, Hong Y 
(2019) Declining mortality in patients with acute respiratory distress 
syndrome: an analysis of the acute respiratory distress syndrome net‑
work trials. Crit Care Med 47:315–323

 24. Eisner MD, Thompson T, Hudson LD, Luce JM, Hayden D, Schoenfeld 
D, Matthay MA, Acute Respiratory Distress Syndrome Network (2001) 
Efficacy of low tidal volume ventilation in patients with different clini‑
cal risk factors for acute lung injury and the acute respiratory distress 
syndrome. Am J Respir Crit Care Med 164:231–236

 25. Eworuke E, Major JM, Gilbert McClain LI (2018) National incidence rates 
for acute respiratory distress syndrome (ARDS) and ARDS cause‑specific 
factors in the United States (2006–2014). J Crit Care 47:192–197

 26. Birkner DR, Halvachizadeh S, Pape HC, Pfeifer R (2020) Mortality of adult 
respiratory distress syndrome in trauma patients: a systematic review 
over a period of four decades. World J Surg 44:2243–2254

 27. Eberhard LW, Morabito DJ, Matthay MA, Mackersie RC, Campbell AR, 
Marks JD, Alonso JA, Pittet JF (2000) Initial severity of metabolic acidosis 
predicts the development of acute lung injury in severely traumatized 
patients. Crit Care Med 28:125–131

 28. Vossoughi S, Gorlin J, Kessler DA, Hillyer CD, Van Buren NL, Jimenez A, 
Shaz BH (2019) Ten years of TRALI mitigation: measuring our progress. 
Transfusion 59:2567–2574

 29. Toy P, Gajic O, Bacchetti P, Looney MR, Gropper MA, Hubmayr R, 
Lowell CA, Norris PJ, Murphy EL, Weiskopf RB, Wilson G, Koenigsberg 
M, Lee D, Schuller R, Wu P, Grimes B, Gandhi MJ, Winters JL, Mair D, 
Hirschler N, Sanchez Rosen R, Matthay MA, TRALI Study Group (2012) 
Transfusion‑related acute lung injury: incidence and risk factors. Blood 
119:1757–1767

 30. Sheu CC, Gong MN, Zhai R, Bajwa EK, Chen F, Thompson BT, Christiani 
DC (2010) The influence of infection sites on development and mortal‑
ity of ARDS. Intensive Care Med 36:963–970

 31. Auriemma CL, Zhuo H, Delucchi K, Deiss T, Liu T, Jauregui A, Ke S, 
Vessel K, Lippi M, Seeley E, Kangelaris KN, Gomez A, Hendrickson C, Liu 
KD, Matthay MA, Ware LB, Calfee CS (2020) Acute respiratory distress 
syndrome‑attributable mortality in critically ill patients with sepsis. 
Intensive Care Med 46:1222–1231

 32. The RECOVERY Collaborative Group (2020) Dexamethasone in hospital‑
ized patients with Covid‑19—preliminary report. N Engl J Med. https ://
doi.org/10.1056/NEJMo a2021 436

 33. Lewis SR, Pritchard MW, Thomas CM, Smith AF (2019) Pharmacological 
agents for adults with acute respiratory distress syndrome. Cochrane 
Database Syst Rev 7:CD004477

https://doi.org/10.1007/s00134-020-06232-x
https://doi.org/10.1007/s00134-020-06232-x
https://doi.org/10.1165/rcmb.2020-0209OC
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1056/NEJMoa2021436


2149

 34. Villar J, Ferrando C, Martinez D, Ambros A, Munoz T, Soler JA, Aguilar 
G, Alba F, Gonzalez‑Higueras E, Conesa LA, Martin‑Rodriguez C, Diaz‑
Dominguez FJ, Serna‑Grande P, Rivas R, Ferreres J, Belda J, Capilla L, 
Tallet A, Anon JM, Fernandez RL, Gonzalez‑Martin JM (2020) Dexa‑
methasone treatment for the acute respiratory distress syndrome: a 
multicentre, randomised controlled trial. Lancet Respir Med 8:267–276

 35. Matthay MA, Wick KD (2020) Corticosteroids, COVID‑19 pneumonia 
and acute respiratory distress syndrome. J Clin Investig. https ://doi.
org/10.1172/JCI14 3331

 36. ARDS Definition Task Force, Ranieri VM, Rubenfeld GD, Thompson 
BT, Ferguson ND, Caldwell E, Fan E, Camporota L, Slutsky AS (2012) 
Acute respiratory distress syndrome: the Berlin definition. JAMA 
307:2526–2533

 37. Ferguson ND, Fan E, Camporota L, Antonelli M, Anzueto A, Beale R, Bro‑
chard L, Brower R, Esteban A, Gattinoni L, Rhodes A, Slutsky AS, Vincent 
JL, Rubenfeld GD, Thompson BT, Ranieri VM (2012) The Berlin definition 
of ARDS: an expanded rationale, justification, and supplementary mate‑
rial. Intensive Care Med 38:1573–1582

 38. Papazian L, Forel JM, Gacouin A, Penot‑Ragon C, Perrin G, Loundou 
A, Jaber S, Arnal JM, Perez D, Seghboyan JM, Constantin JM, Courant 
P, Lefrant JY, Guerin C, Prat G, Morange S, Roch A, ACURASYS Study 
Investigators (2010) Neuromuscular blockers in early acute respiratory 
distress syndrome. N Engl J Med 363:1107–1116

 39. The National Heart, Lung and Blood Institute PETAL Clinical Trials 
Network (2019) Early neuromuscular blockade in the acute respiratory 
distress syndrome. N Engl J Med 380:1997–2008

 40. Beitler JR, Sarge T, Banner‑Goodspeed VM, Gong MN, Cook D, Novack 
V, Loring SH, Talmor D, EPVent‑2 Study Group (2019) Effect of titrating 
positive end‑expiratory pressure (PEEP) with an esophageal pressure‑
guided strategy vs an empirical high PEEP‑Fio2 strategy on death 
and days free from mechanical ventilation among patients with 
acute respiratory distress syndrome: a randomized clinical trial. JAMA 
321:846–857

 41. Villar J, Perez‑Mendez L, Blanco J, Anon JM, Blanch L, Belda J, Santos‑
Bouza A, Fernandez RL, Kacmarek RM, Spanish Initiative for Epidemiol‑
ogy, Stratification, and Therapies for ARDS (SIESTA) Network (2013) A 
universal definition of ARDS: the  PaO2/FiO2 ratio under a standard ven‑
tilatory setting—a prospective, multicenter validation study. Intensive 
Care Med 39:583–592

 42. Villar J, Perez‑Mendez L, Lopez J, Belda J, Blanco J, Saralegui I, Suarez‑
Sipmann F, Lopez J, Lubillo S, Kacmarek RM, HELP Network (2007) 
An early PEEP/FIO2 trial identifies different degrees of lung injury in 
patients with acute respiratory distress syndrome. Am J Respir Crit Care 
Med 176:795–804

 43. Nuckton TJ, Alonso JA, Kallet RH, Daniel BM, Pittet JF, Eisner MD, Mat‑
thay MA (2002) Pulmonary dead‑space fraction as a risk factor for death 
in the acute respiratory distress syndrome. N Engl J Med 346:1281–1286

 44. Kallet RH, Alonso JA, Pittet JF, Matthay MA (2004) Prognostic value of 
the pulmonary dead‑space fraction during the first 6 days of acute 
respiratory distress syndrome. Respir Care 49:1008–1014

 45. Beitler JR, Thompson BT, Matthay MA, Talmor D, Liu KD, Zhuo H, Hayden 
D, Spragg RG, Malhotra A (2015) Estimating dead‑space fraction for 
secondary analyses of acute respiratory distress syndrome clinical trials. 
Crit Care Med 43:1026–1035

 46. Sinha P, Calfee CS, Beitler JR, Soni N, Ho K, Matthay MA, Kallet RH (2019) 
Physiologic analysis and clinical performance of the ventilatory ratio 
in acute respiratory distress syndrome. Am J Respir Crit Care Med 
199:333–341

 47. Goligher EC, Kavanagh BP, Rubenfeld GD, Ferguson ND (2015) Physi‑
ologic responsiveness should guide entry into randomized controlled 
trials. Am J Respir Crit Care Med 192:1416–1419

 48. Goligher EC, Amato MBP, Slutsky AS (2017) Applying precision medicine 
to trial design using physiology. extracorporeal  CO2 removal for acute 
respiratory distress syndrome. Am J Respir Crit Care Med 196:558–568

 49. Beitler JR (2019) Bedside respiratory physiology to detect risk of lung 
injury in acute respiratory distress syndrome. Curr Opin Crit Care 
25:3–11

 50. Gattinoni L, Tonetti T, Cressoni M, Cadringher P, Herrmann P, Moerer O, 
Protti A, Gotti M, Chiurazzi C, Carlesso E, Chiumello D, Quintel M (2016) 
Ventilator‑related causes of lung injury: the mechanical power. Inten‑
sive Care Med 42:1567–1575

 51. Amato MB, Meade MO, Slutsky AS, Brochard L, Costa EL, Schoenfeld DA, 
Stewart TE, Briel M, Talmor D, Mercat A, Richard JC, Carvalho CR, Brower 
RG (2015) Driving pressure and survival in the acute respiratory distress 
syndrome. N Engl J Med 372:747–755

 52. Beitler JR, Majumdar R, Hubmayr RD, Malhotra A, Thompson BT, Owens 
RL, Loring SH, Talmor D (2016) Volume delivered during recruitment 
maneuver predicts lung stress in acute respiratory distress syndrome. 
Crit Care Med 44:91–99

 53. Talmor D, Sarge T, O’Donnell CR, Ritz R, Malhotra A, Lisbon A, Loring SH 
(2006) Esophageal and transpulmonary pressures in acute respiratory 
failure. Crit Care Med 34:1389–1394

 54. Chiumello D, Carlesso E, Cadringher P, Caironi P, Valenza F, Polli F, Tallarini 
F, Cozzi P, Cressoni M, Colombo A, Marini JJ, Gattinoni L (2008) Lung 
stress and strain during mechanical ventilation for acute respiratory 
distress syndrome. Am J Respir Crit Care Med 178:346–355

 55. Fumagalli J, Berra L, Zhang C, Pirrone M, Santiago RRS, Gomes S, Magni 
F, Dos Santos GAB, Bennett D, Torsani V, Fisher D, Morais C, Amato 
MBP, Kacmarek RM (2017) Transpulmonary pressure describes lung 
morphology during decremental positive end‑expiratory pressure trials 
in obesity. Crit Care Med 45:1374–1381

 56. Amato MB, Barbas CS, Medeiros DM, Magaldi RB, Schettino GP, Lorenzi‑
Filho G, Kairalla RA, Deheinzelin D, Munoz C, Oliveira R, Takagaki TY, Car‑
valho CR (1998) Effect of a protective‑ventilation strategy on mortality 
in the acute respiratory distress syndrome. N Engl J Med 338:347–354

 57. Brower RG, Matthay MA, Morris A, Schoenfeld D, Thompson BT, Wheeler 
A, The Acute Respiratory Distress Syndrome Network (2000) Ventilation 
with lower tidal volumes as compared with traditional tidal volumes for 
acute lung injury and the acute respiratory distress syndrome. N Engl J 
Med 342:1301–1308

 58. Goligher EC, Kavanagh BP, Rubenfeld GD, Adhikari NK, Pinto R, Fan E, 
Brochard LJ, Granton JT, Mercat A, Marie Richard JC, Chretien JM, Jones 
GL, Cook DJ, Stewart TE, Slutsky AS, Meade MO, Ferguson ND (2014) 
Oxygenation response to positive end‑expiratory pressure predicts 
mortality in acute respiratory distress syndrome. A secondary analysis 
of the LOVS and ExPress trials. Am J Respir Crit Care Med 190:70–76

 59. Santschi M, Jouvet P, Leclerc F, Gauvin F, Newth CJ, Carroll CL, Flori H, 
Tasker RC, Rimensberger PC, Randolph AG, PALIVE Investigators; Pedi‑
atric Acute Lung Injury and Sepsis Investigators Network (PALISI); Euro‑
pean Society of Pediatric and Neonatal Intensive Care (ESPNIC) (2010) 
Acute lung injury in children: therapeutic practice and feasibility of 
international clinical trials. Pediatr Crit Care Med 11:681–689

 60. Santschi M, Randolph AG, Rimensberger PC, Jouvet P, Pediatric Acute 
Lung Injury Mechanical Ventilation Investigators; Pediatric Acute Lung 
Injury and Sepsis Investigators Network; European Society of Pediatric 
and Neonatal Intensive Care (2013) Mechanical ventilation strategies 
in children with acute lung injury: a survey on stated practice pattern. 
Pediatr Crit Care Med 14:e332‑337

 61. Sapru A, Flori H, Quasney MW, Dahmer MK, Pediatric Acute Lung Injury 
Consensus Conference Group (2015) Pathobiology of acute respiratory 
distress syndrome. Pediatr Crit Care Med 16:S6‑22

 62. Yehya N, Harhay MO, Klein MJ, Shein SL, Pineres‑Olave BE, Izquierdo L, 
Sapru A, Emeriaud G, Spinella PC, Flori HR, Dahmer MK, Maddux AB, 
Lopez‑Fernandez YM, Haileselassie B, Hsing DD, Chima RS, Hassinger AB, 
Valentine SL, Rowan CM, Kneyber MCJ, Smith LS, Khemani RG, Thomas 
NJ, Pediatric Acute Respiratory Distress Syndrome Incidence and Epide‑
miology (PARDIE) V1 Investigators and the Pediatric Acute Lung Injury 
and Sepsis Investigators (PALISI) Network (2020) Predicting mortality in 
children with pediatric acute respiratory distress syndrome: a pediatric 
acute respiratory distress syndrome incidence and epidemiology study. 
Crit Care Med 48:e514–e522

 63. Thomas NJ, Shaffer ML, Willson DF, Shih MC, Curley MA (2010) Defining 
acute lung disease in children with the oxygenation saturation index. 
Pediatr Crit Care Med 11:12–17

 64. Rimensberger PC, Cheifetz IM, Pediatric Acute Lung Injury Consensus 
Conference Group (2015) Ventilatory support in children with pediatric 
acute respiratory distress syndrome: proceedings from the pediat‑
ric acute lung injury consensus conference. Pediatr Crit Care Med 
16:S51‑60

 65. Khemani RG, Smith LS, Zimmerman JJ, Erickson S, Pediatric Acute Lung 
Injury Consensus Conference Group (2015) Pediatric acute respira‑
tory distress syndrome: definition, incidence, and epidemiology: 

https://doi.org/10.1172/JCI143331
https://doi.org/10.1172/JCI143331


2150

proceedings from the pediatric acute lung injury consensus confer‑
ence. Pediatr Crit Care Med 16:S23‑40

 66. Constantin JM, Grasso S, Chanques G, Aufort S, Futier E, Sebbane M, 
Jung B, Gallix B, Bazin JE, Rouby JJ, Jaber S (2010) Lung morphology 
predicts response to recruitment maneuver in patients with acute 
respiratory distress syndrome. Crit Care Med 38:1108–1117

 67. Puybasset L, Gusman P, Muller JC, Cluzel P, Coriat P, Rouby JJ (2000) 
Regional distribution of gas and tissue in acute respiratory distress syn‑
drome. III. Consequences for the effects of positive end‑expiratory pres‑
sure. CT Scan ARDS Study Group. Adult Respiratory Distress Syndrome. 
Intensive Care Med 26:1215–1227

 68. Constantin JM, Jabaudon M, Lefrant JY, Jaber S, Quenot JP, Langeron O, 
Ferrandiere M, Grelon F, Seguin P, Ichai C, Veber B, Souweine B, Uberti 
T, Lasocki S, Legay F, Leone M, Eisenmann N, Dahyot‑Fizelier C, Dupont 
H, Asehnoune K, Sossou A, Chanques G, Muller L, Bazin JE, Monsel 
A, Borao L, Garcier JM, Rouby JJ, Pereira B, Futier E, AZUREA Network 
(2019) Personalised mechanical ventilation tailored to lung morphol‑
ogy versus low positive end‑expiratory pressure for patients with acute 
respiratory distress syndrome in France (the LIVE study): a multicentre, 
single‑blind, randomised controlled trial. Lancet Respir Med 7:870–880

 69. Warren MA, Zhao Z, Koyama T, Bastarache JA, Shaver CM, Semler MW, 
Rice TW, Matthay MA, Calfee CS, Ware LB (2018) Severity scoring of lung 
oedema on the chest radiograph is associated with clinical outcomes 
in ARDS. Thorax 73:840–846

 70. National Heart, Lung, and Blood Institute Acute Respiratory Distress 
Syndrome Clinical Trials N, Wiedemann HP, Wheeler AP, Bernard GR, 
Thompson BT, Hayden D, deBoisblanc B, Connors AF Jr, Hite RD, Hara‑
bin AL (2006) Comparison of two fluid‑management strategies in acute 
lung injury. N Engl J Med 354:2564–2575

 71. Jabaudon M, Audard J, Pereira B, Jaber S, Lefrant JY, Blondonnet R, 
Godet T, Futier E, Lambert C, Bazin JE, Bastarache JA, Constantin JM, 
Ware LB, LIVE Study Group and the AZUREA Network (2020) Early 
changes over time in the radiographic assessment of lung edema 
(RALE) score are associated with survival in acute respiratory distress 
syndrome. Chest

 72. Kotok D, Yang L, Evankovich JW, Bain W, Dunlap DG, Shah F, Zhang 
Y, Manatakis DV, Benos PV, Barbash IJ, Rapport SF, Lee JS, Morris A, 
McVerry BJ, Kitsios GD (2020) The evolution of radiographic edema in 
ARDS and its association with clinical outcomes: a prospective cohort 
study in adult patients. J Crit Care 56:222–228

 73. de Blic J, Midulla F, Barbato A, Clement A, Dab I, Eber E, Green C, Grigg 
J, Kotecha S, Kurland G, Pohunek P, Ratjen F, Rossi G (2000) Bronchoal‑
veolar lavage in children. ERS Task Force on bronchoalveolar lavage in 
children. Eur Respir J 15:217–231

 74. Schnabel RM, van der Velden K, Osinski A, Rohde G, Roekaerts PM, Berg‑
mans DC (2015) Clinical course and complications following diagnostic 
bronchoalveolar lavage in critically ill mechanically ventilated patients. 
BMC Pulm Med 15:107

 75. Lindgren S, Odenstedt H, Erlandsson K, Grivans C, Lundin S, Stenqvist 
O (2008) Bronchoscopic suctioning may cause lung collapse: a lung 
model and clinical evaluation. Acta Anaesthesiol Scand 52:209–218

 76. Perkins GD, Chatterjie S, McAuley DF, Gao F, Thickett DR (2006) Role 
of nonbronchoscopic lavage for investigating alveolar inflammation 
and permeability in acute respiratory distress syndrome. Crit Care Med 
34:57–64

 77. McNeil JB, Shaver CM, Kerchberger VE, Russell DW, Grove BS, Warren 
MA, Wickersham NE, Ware LB, McDonald WH, Bastarache JA (2018) 
Novel method for noninvasive sampling of the distal airspace in 
acute respiratory distress syndrome. Am J Respir Crit Care Med 
197:1027–1035

 78. Chesnutt AN, Matthay MA, Tibayan FA, Clark JG (1997) Early detection 
of type III procollagen peptide in acute lung injury. Pathogenetic and 
prognostic significance. Am J Respir Crit Care Med 156:840–845

 79. Marshall RP, Bellingan G, Webb S, Puddicombe A, Goldsack N, McAnulty 
RJ, Laurent GJ (2000) Fibroproliferation occurs early in the acute respira‑
tory distress syndrome and impacts on outcome. Am J Respir Crit Care 
Med 162:1783–1788

 80. Forel JM, Guervilly C, Hraiech S, Voillet F, Thomas G, Somma C, Secq V, 
Farnarier C, Payan MJ, Donati SY, Perrin G, Trousse D, Dizier S, Chiche L, 
Baumstarck K, Roch A, Papazian L (2015) Type III procollagen is a reliable 

marker of ARDS‑associated lung fibroproliferation. Intensive Care Med 
41:1–11

 81. Hamon A, Scemama U, Bourenne J, Daviet F, Coiffard B, Persico N, Adda 
M, Guervilly C, Hraiech S, Chaumoitre K, Roch A, Papazian L, Forel JM 
(2019) Chest CT scan and alveolar procollagen III to predict lung fibro‑
proliferation in acute respiratory distress syndrome. Ann Intensive Care 
9:42

 82. Bos LDJ, Sinha P, Dickson RP (2020) The perils of premature phenotyp‑
ing in COVID‑19: a call for caution. Eur Respir J 56

 83. Sinha P, Calfee CS (2019) Phenotypes in acute respiratory distress 
syndrome: moving towards precision medicine. Curr Opin Crit Care 
25:12–20

 84. Famous KR, Delucchi K, Ware LB, Kangelaris KN, Liu KD, Thompson BT, 
Calfee CS, ARDS Network (2017) Acute respiratory distress syndrome 
subphenotypes respond differently to randomized fluid management 
strategy. Am J Respir Crit Care Med 195:331–338

 85. Calfee CS, Delucchi KL, Sinha P, Matthay MA, Hackett J, Shankar‑Hari M, 
McDowell C, Laffey JG, O’Kane CM, McAuley DF, Irish Critical Care Trials 
Group (2018) Acute respiratory distress syndrome subphenotypes and 
differential response to simvastatin: secondary analysis of a randomised 
controlled trial. Lancet Respir Med 6:691–698

 86. Sinha P, Delucchi KL, McAuley DF, O’Kane CM, Matthay MA, Calfee CS 
(2020) Development and validation of parsimonious algorithms to 
classify acute respiratory distress syndrome phenotypes: a secondary 
analysis of randomised controlled trials. Lancet Respir Med 8:247–257

 87. The National Heart, Lung, and Blood Institute ARDS Clinical Trials 
Network (2004) Higher versus lower positive end‑expiratory pressures 
in patients with the acute respiratory distress syndrome. N Engl J Med 
351:327–336

 88. McAuley DF, Laffey JG, O’Kane CM, Perkins GD, Mullan B, Trinder TJ, 
Johnston P, Hopkins PA, Johnston AJ, McDowell C, McNally C, the 
HARP‑2 Investigators for the Irish Critical Care Trials Group (2014) 
Simvastatin in the acute respiratory distress syndrome. N Engl J Med 
371:1695–1703

 89. Bos LD, Schouten LR, van Vught LA, Wiewel MA, Ong DSY, Cremer O, 
Artigas A, Martin‑Loeches I, Hoogendijk AJ, van der Poll T, Horn J, Juffer‑
mans N, Calfee CS, Schultz MJ, MARS consortium (2017) Identification 
and validation of distinct biological phenotypes in patients with acute 
respiratory distress syndrome by cluster analysis. Thorax 72:876–883

 90. Sinha P, Calfee CS, Cherian S, Brealey D, Cutler S, King C, Killick C, Rich‑
ards O, Cheema Y, Bailey C, Reddy K, Delucchi KL, Shankar‑Hari M, Gor‑
don AC, Shyamsundar M, O’Kane CM, McAuley DF, Szakmany T (2020) 
Prevalence of phenotypes of acute respiratory distress syndrome in 
critically ill patients with COVID‑19: a prospective observational study. 
Lancet Respir Med. https ://doi.org/10.1016/S2213 ‑2600(20)30366 ‑0

 91. Scicluna BP, van Vught LA, Zwinderman AH, Wiewel MA, Davenport EE, 
Burnham KL, Nurnberg P, Schultz MJ, Horn J, Cremer OL, Bonten MJ, 
Hinds CJ, Wong HR, Knight JC, van der Poll T, MARS consortium (2017) 
Classification of patients with sepsis according to blood genomic endo‑
type: a prospective cohort study. Lancet Respir Med 5:816–826

 92. Antcliffe DB, Burnham KL, Al‑Beidh F, Santhakumaran S, Brett SJ, Hinds 
CJ, Ashby D, Knight JC, Gordon AC (2019) Transcriptomic signatures in 
sepsis and a differential response to steroids. From the VANISH rand‑
omized trial. Am J Respir Crit Care Med 199:980–986

 93. Davenport EE, Burnham KL, Radhakrishnan J, Humburg P, Hutton P, 
Mills TC, Rautanen A, Gordon AC, Garrard C, Hill AV, Hinds CJ, Knight 
JC (2016) Genomic landscape of the individual host response and 
outcomes in sepsis: a prospective cohort study. Lancet Respir Med 
4:259–271

 94. Sweeney TE, Azad TD, Donato M, Haynes WA, Perumal TM, Henao R, 
Bermejo‑Martin JF, Almansa R, Tamayo E, Howrylak JA, Choi A, Parnell 
GP, Tang B, Nichols M, Woods CW, Ginsburg GS, Kingsmore SF, Omberg 
L, Mangravite LM, Wong HR, Tsalik EL, Langley RJ, Khatri P (2018) Unsu‑
pervised analysis of transcriptomics in bacterial sepsis across multiple 
datasets reveals three robust clusters. Crit Care Med 46:915–925

 95. Bos LDJ, Scicluna BP, Ong DSY, Cremer O, van der Poll T, Schultz MJ 
(2019) Understanding heterogeneity in biologic phenotypes of acute 
respiratory distress syndrome by leukocyte expression profiles. Am J 
Respir Crit Care Med 200:42–50

 96. Morrell ED, Radella F 2nd, Manicone AM, Mikacenic C, Stapleton RD, 
Gharib SA, Wurfel MM (2018) Peripheral and alveolar cell transcriptional 

https://doi.org/10.1016/S2213-2600(20)30366-0


2151

programs are distinct in acute respiratory distress syndrome. Am J 
Respir Crit Care Med 197:528–532

 97. Kao KC, Chiu LC, Hung CY, Chang CH, Yang CT, Huang CC, Hu HC (2017) 
Coinfection and mortality in pneumonia‑related acute respiratory 
distress syndrome patients with bronchoalveolar lavage: a prospective 
observational study. Shock 47:615–620

 98. Metlay JP, Waterer GW, Long AC, Anzueto A, Brozek J, Crothers K, Cooley 
LA, Dean NC, Fine MJ, Flanders SA, Griffin MR, Metersky ML, Musher DM, 
Restrepo MI, Whitney CG (2019) Diagnosis and treatment of adults with 
community‑acquired pneumonia. An official clinical practice guideline 
of the American Thoracic Society and Infectious Diseases Society of 
America. Am J Respir Crit Care Med 200:e45–e67

 99. Kalil AC, Metersky ML, Klompas M, Muscedere J, Sweeney DA, Palmer 
LB, Napolitano LM, O’Grady NP, Bartlett JG, Carratala J, El Solh AA, 
Ewig S, Fey PD, File TM Jr, Restrepo MI, Roberts JA, Waterer GW, Cruse 
P, Knight SL, Brozek JL (2016) Management of adults with hospital‑
acquired and ventilator‑associated pneumonia: 2016 clinical practice 
guidelines by the Infectious Diseases Society of America and the 
American Thoracic Society. Clin Infect Dis 63:e61–e111

 100. Gadsby NJ, Russell CD, McHugh MP, Mark H, Conway Morris A, Lauren‑
son IF, Hill AT, Templeton KE (2016) Comprehensive molecular testing 
for respiratory pathogens in community‑acquired pneumonia. Clin 
Infect Dis 62:817–823

 101. Arabi YM, Fowler R, Hayden FG (2020) Critical care management of 
adults with community‑acquired severe respiratory viral infection. 
Intensive Care Med 46:315–328

 102. Karhu J, Ala‑Kokko TI, Vuorinen T, Ohtonen P, Syrjala H (2014) Lower 
respiratory tract virus findings in mechanically ventilated patients with 
severe community‑acquired pneumonia. Clin Infect Dis 59:62–70

 103. Hasvold J, Sjoding M, Pohl K, Cooke C, Hyzy RC (2016) The role of 
human metapneumovirus in the critically ill adult patient. J Crit Care 
31:233–237

 104. Fischer N, Rohde H, Indenbirken D, Gunther T, Reumann K, Lutge‑
hetmann M, Meyer T, Kluge S, Aepfelbacher M, Alawi M, Grundhoff 
A (2014) Rapid metagenomic diagnostics for suspected outbreak of 
severe pneumonia. Emerg Infect Dis 20:1072–1075

 105. Leo S, Gaïa N, Ruppé E, Emonet S, Girard M, Lazarevic V, Schrenzel J 
(2017) Detection of Bacterial Pathogens from Broncho‑Alveolar Lavage 
by Next‑Generation Sequencing. Int J Mol Sci. 18(9):2011. https ://doi.
org/10.3390/ijms1 80920 11

 106. Madi N, Al‑Nakib W, Mustafa AS, Habibi N (2018) Metagenomic analysis 
of viral diversity in respiratory samples from patients with respiratory 
tract infections in Kuwait. J Med Virol 90:412–420

 107. Lysholm F, Wetterbom A, Lindau C, Darban H, Bjerkner A, Fahlander K, 
Lindberg AM, Persson B, Allander T, Andersson B (2012) Characteriza‑
tion of the viral microbiome in patients with severe lower respiratory 
tract infections, using metagenomic sequencing. PLoS ONE 7:e30875

 108. Langelier C, Kalantar KL, Moazed F, Wilson MR, Crawford ED, Deiss T, 
Belzer A, Bolourchi S, Caldera S, Fung M, Jauregui A, Malcolm K, Lyden 
A, Khan L, Vessel K, Quan J, Zinter M, Chiu CY, Chow ED, Wilson J, Miller 
S, Matthay MA, Pollard KS, Christenson S, Calfee CS, DeRisi JL (2018) 
Integrating host response and unbiased microbe detection for lower 
respiratory tract infection diagnosis in critically ill adults. Proc Natl Acad 
Sci USA 115:E12353–E12362

 109. Hong DK, Blauwkamp TA, Kertesz M, Bercovici S, Truong C, Banaei N 
(2018) Liquid biopsy for infectious diseases: sequencing of cell‑free 
plasma to detect pathogen DNA in patients with invasive fungal 
disease. Diagn Microbiol Infect Dis 92:210–213

 110. Langelier C, Fung M, Caldera S, Deiss T, Lyden A, Prince BC, Serpa PH, 
Moazed F, Chin‑Hong P, DeRisi JL, Calfee CS (2020) Detection of pneu‑
monia pathogens from plasma cell‑free DNA. Am J Respir Crit Care Med 
201:491–495

 111. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, Zhao X, Huang B, Shi W, 
Lu R, Niu P, Zhan F, Ma X, Wang D, Xu W, Wu G, Gao GF, Tan W (2020) A 
Novel Coronavirus from Patients with Pneumonia in China, 2019. New 
England Journal of Medicine 382:727–733

 112. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, Si HR, Zhu Y, Li 
B, Huang CL, Chen HD, Chen J, Luo Y, Guo H, Jiang RD, Liu MQ, Chen 
Y, Shen XR, Wang X, Zheng XS, Zhao K, Chen QJ, Deng F, Liu LL, Yan 
B, Zhan FX, Wang YY, Xiao GF, Shi ZL (2020) A pneumonia outbreak 

associated with a new coronavirus of probable bat origin. Nature 
579:270–273

 113. Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, Wang W, Song H, Huang B, Zhu N, 
Bi Y, Ma X, Zhan F, Wang L, Hu T, Zhou H, Hu Z, Zhou W, Zhao L, Chen J, 
Meng Y, Wang J, Lin Y, Yuan J, Xie Z, Ma J, Liu WJ, Wang D, Xu W, Holmes 
EC, Gao GF, Wu G, Chen W, Shi W, Tan W (2020) Genomic characterisa‑
tion and epidemiology of 2019 novel coronavirus: implications for virus 
origins and receptor binding. Lancet 395:565–574

 114. Chan JF, Yuan S, Kok KH, To KK, Chu H, Yang J, Xing F, Liu J, Yip CC, Poon 
RW, Tsoi HW, Lo SK, Chan KH, Poon VK, Chan WM, Ip JD, Cai JP, Cheng 
VC, Chen H, Hui CK, Yuen KY (2020) A familial cluster of pneumonia 
associated with the 2019 novel coronavirus indicating person‑to‑
person transmission: a study of a family cluster. Lancet 395:514–523

 115. Li Q, Guan X, Wu P, Wang X, Zhou L, Tong Y, Ren R, Leung KSM, Lau EHY, 
Wong JY, Xing X, Xiang N, Wu Y, Li C, Chen Q, Li D, Liu T, Zhao J, Liu M, 
Tu W, Chen C, Jin L, Yang R, Wang Q, Zhou S, Wang R, Liu H, Luo Y, Liu 
Y, Shao G, Li H, Tao Z, Yang Y, Deng Z, Liu B, Ma Z, Zhang Y, Shi G, Lam 
TTY, Wu JT, Gao GF, Cowling BJ, Yang B, Leung GM, Feng Z (2020) Early 
Transmission Dynamics in Wuhan, China, of Novel Coronavirus‑Infected 
Pneumonia. N Engl J Med 382:1199–1207

 116. The National Heart, Lung, and Blood Institute Acute Respiratory Distress 
Syndrome (ARDS) Clinical Trials Network (2006) Efficacy and safety of 
corticosteroids for persistent acute respiratory distress syndrome. N 
Engl J Med 354:1671–1684

 117. The National Heart, Lung, and Blood Institute Acute Respiratory Distress 
Syndrome (ARDS) Clinical Trials Network (2011) Randomized, placebo‑
controlled clinical trial of an aerosolized beta(2)‑agonist for treatment 
of acute lung injury. Am J Respir Crit Care Med 184:561–568

 118. Taylor RW, Zimmerman JL, Dellinger RP, Straube RC, Criner GJ, Davis K 
Jr, Kelly KM, Smith TC, Inhaled Nitric Oxide in ARDS Study Group (2004) 
Low‑dose inhaled nitric oxide in patients with acute lung injury: a 
randomized controlled trial. JAMA 291:1603–1609

 119. Spragg RG, Lewis JF, Walmrath HD, Johannigman J, Bellingan G, Laterre 
PF, Witte MC, Richards GA, Rippin G, Rathgeb F, Hafner D, Taut FJ, Seeger 
W (2004) Effect of recombinant surfactant protein C‑based surfactant 
on the acute respiratory distress syndrome. N Engl J Med 351:884–892

 120. Group WHOREAfC‑TW, Sterne JAC, Murthy S, Diaz JV, Slutsky AS, 
Villar J, Angus DC, Annane D, Azevedo LCP, Berwanger O, Cavalcanti 
AB, Dequin PF, Du B, Emberson J, Fisher D, Giraudeau B, Gordon AC, 
Granholm A, Green C, Haynes R, Heming N, Higgins JPT, Horby P, Juni 
P, Landray MJ, Le Gouge A, Leclerc M, Lim WS, Machado FR, McArthur 
C, Meziani F, Moller MH, Perner A, Petersen MW, Savovic J, Tomazini B, 
Veiga VC, Webb S, Marshall JC, (2020) Association Between Adminis‑
tration of Systemic Corticosteroids and Mortality Among Critically Ill 
Patients With COVID‑19: A Meta‑analysis. JAMA 324:1330–1341

 121. Panka BA, de Grooth HJ, Spoelstra‑de Man AM, Looney MR, Tuinman PR 
(2017) Prevention or treatment of ards with aspirin: a review of preclini‑
cal models and meta‑analysis of clinical studies. Shock 47:13–21

 122. Kor DJ, Carter RE, Park PK, Festic E, Banner‑Goodspeed VM, Hinds R, 
Talmor D, Gajic O, Ware LB, Gong MN, US Critical Illness and Injury Trials 
Group: Lung Injury Prevention with Aspirin Study Group (USCIITG: LIPS‑
A) (2016) Effect of aspirin on development of ARDS in at‑risk patients 
presenting to the emergency department: the LIPS‑A randomized 
clinical trial. JAMA 315:2406–2414

 123. The National Heart, Lung, and Blood Institute PETAL Clinical Trials 
Network  (2019) Early high‑dose vitamin D3 for critically ill, vitamin 
D‑deficient patients. N Engl J Med 381:2529–2540

 124. Levitt JE, Bedi H, Calfee CS, Gould MK, Matthay MA (2009) Identification 
of early acute lung injury at initial evaluation in an acute care setting 
prior to the onset of respiratory failure. Chest 135:936–943

 125. Levitt JE, Calfee CS, Goldstein BA, Vojnik R, Matthay MA (2013) Early 
acute lung injury: criteria for identifying lung injury prior to the need for 
positive pressure ventilation. Crit Care Med 41:1929–1937

 126. Frat JP, Thille AW, Mercat A, Girault C, Ragot S, Perbet S, Prat G, Boulain 
T, Morawiec E, Cottereau A, Devaquet J, Nseir S, Razazi K, Mira JP, 
Argaud L, Chakarian JC, Ricard JD, Wittebole X, Chevalier S, Herbland 
A, Fartoukh M, Constantin JM, Tonnelier JM, Pierrot M, Mathonnet A, 
Beduneau G, Deletage‑Metreau C, Richard JC, Brochard L, Robert R, the 
FLORALI Study Group and the REVA Network (2015) High‑flow oxygen 
through nasal cannula in acute hypoxemic respiratory failure. N Engl J 
Med 372:2185–2196

https://doi.org/10.3390/ijms18092011
https://doi.org/10.3390/ijms18092011


2152

 127. Festic E, Carr GE, Cartin‑Ceba R, Hinds RF, Banner‑Goodspeed V, Bansal 
V, Asuni AT, Talmor D, Rajagopalan G, Frank RD, Gajic O, Matthay MA, 
Levitt JE (2017) Randomized clinical trial of a combination of an inhaled 
corticosteroid and beta agonist in patients at risk of developing the 
acute respiratory distress syndrome. Crit Care Med 45:798–805

 128. Fowler AA 3rd, Fisher BJ, Kashiouris MG (2020) Vitamin C for sepsis and 
acute respiratory failure‑reply. JAMA 323:792–793

 129. Gainnier M, Roch A, Forel JM, Thirion X, Arnal JM, Donati S, Papazian L 
(2004) Effect of neuromuscular blocking agents on gas exchange in 
patients presenting with acute respiratory distress syndrome. Crit Care 
Med 32:113–119

 130. Meyer NJ, Reilly JP, Anderson BJ, Palakshappa JA, Jones TK, Dunn TG, 
Shashaty MGS, Feng R, Christie JD, Opal SM (2018) Mortality benefit of 
recombinant human interleukin‑1 receptor antagonist for sepsis varies 
by initial interleukin‑1 receptor antagonist plasma concentration. Crit 
Care Med 46:21–28

 131. Sinha P, Matthay MA, Calfee CS (2020) Is a "Cytokine Storm" Relevant to 
COVID‑19? JAMA Intern Med 180:1152–1154

 132. Liu KD, Levitt J, Zhuo H, Kallet RH, Brady S, Steingrub J, Tidswell M, 
Siegel MD, Soto G, Peterson MW, Chesnutt MS, Phillips C, Weinacker 
A, Thompson BT, Eisner MD, Matthay MA (2008) Randomized clinical 
trial of activated protein C for the treatment of acute lung injury. Am J 
Respir Crit Care Med 178:618–623

 133. Barnes BJ, Adrover JM, Baxter‑Stoltzfus A, Borczuk A, Cools‑Lartigue 
J, Crawford JM, Dassler‑Plenker J, Guerci P, Huynh C, Knight JS, Loda 
M, Looney MR, McAllister F, Rayes R, Renaud S, Rousseau S, Salvatore 
S, Schwartz RE, Spicer JD, Yost CC, Weber A, Zuo Y, Egeblad M (2020) 
Targeting potential drivers of COVID‑19: Neutrophil extracellular traps. J 
Exp Med 217

 134. Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, Laenger 
F, Vanstapel A, Werlein C, Stark H, Tzankov A, Li WW, Li VW, Mentzer SJ, 
Jonigk D (2020) Pulmonary vascular endothelialitis, thrombosis, and 
angiogenesis in Covid‑19. N Engl J Med 383:120–128



Intensive Care Med (2020) 46:2153–2156
https://doi.org/10.1007/s00134-020-06232-x

NARRATIVE REVIEW

Designing an ARDS trial for 2020 
and beyond: focus on enrichment strategies
Lorraine B. Ware1* , Michael A. Matthay2 and Alexandre Mebazaa3

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature

Abstract 

With the exception of a few successes in trials of supportive care, the majority of interventional clinical trials for acute 
respiratory distress syndrome (ARDS) have not led to new therapies. To improve the likelihood of benefit from clinical 
trial interventions in ARDS, clinical trial design must be improved. To optimize trial design, many factors need to be 
considered including the type of therapy to be tested, the type of trial (phase 2 or 3), how patients will be selected, 
primary and secondary end-points, and strategy for conduct of the trial, including potential newer trial designs such 
as platform or adaptive trials. Of these, optimization of patient selection is central to the likelihood of success and 
is particularly relevant in ARDS, which is a heterogeneous clinical syndrome, not a homogeneous disease. Recent 
advances including improved understanding of pathophysiologic mechanisms and better tools for outcome predic-
tion in ARDS should facilitate both predictive and prognostic enrichment. This commentary focuses on new informa-
tion and novel methods for prognostic and predictive enrichment that may be useful to optimize patient selection 
and increase the likelihood of positive clinical trials in ARDS.

Keywords: Acute respiratory distress syndrome, Acute lung injury, Pathophysiology, Clinical trial, Predictive 
enrichment, Prognostic enrichment

Introduction

The history of interventional clinical trials for acute res-
piratory distress syndrome (ARDS) is fraught with many 
failures and only a few successes in supportive care. The 
advent of the coronavirus SARS-CoV-2 pandemic in 
2019, a new cause of ARDS, has emphasized the need 
to improve ARDS clinical trial design to maximize the 
likelihood of positive trial outcomes. To optimize trial 
design, many factors need to be considered including 
the type of therapy to be tested, the type of trial (phase 
2 or 3), how patients will be selected, primary and sec-
ondary end-points, and strategy for conduct of the trial, 

including potential newer trial designs such as platform 
or adaptive trials. Of these, optimization of patient selec-
tion is central to the likelihood of success and is particu-
larly relevant in ARDS, which is a heterogeneous clinical 
syndrome, not a homogeneous disease. New informa-
tion and novel methods for prognostic and predictive 
enrichment may be useful to optimize patient selection 
in ARDS trials in 2020 and beyond and will be the focus 
of this commentary.

Prognostic enrichment involves enriching trial enroll-
ment for patients with a high probability of an actionable 
outcome of interest, such as mortality, ventilator-free 
days or days alive and free of organ dysfunction (vaso-
pressors, mechanical ventilation, dialysis). Prognostic 
enrichment aims to increase the frequency of the out-
come of interest, which may increase the power to detect 
a beneficial treatment effect for a given sample size. In 
ARDS, efforts at prognostic enrichment have primarily 
focused on physiologic variables. The arterial to inspired 
oxygen ratio  (PaO2/FiO2) has been used in many trials 
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(see Table 1) to enrich for patients at risk of worse clinical 
outcomes due to more severe impairment of oxygenation. 
The best example of successful prognostic enrichment in 
ARDS is the PROSEVA trial of proning therapy which 
enriched for patients with moderate-to-severe ARDS by 
enrolling only those with  PaO2/FiO2 less than 150 mmHg 
and showed a mortality benefit [1]. Earlier trials of pron-
ing in ARDS did not enrich for severity and were likely 
underpowered to detect a survival benefit. Other poten-
tial physiologic candidates for prognostic enrichment 
(see Table  1) include vasopressor-dependent shock and 
chest imaging criteria that quantify the extent of pulmo-
nary edema (the radiographic assessment of lung edema 
(RALE) score) [2]. Prognostic biomarkers may also be 
used for enrichment. Bedside measurement of plasma 
levels of IL-8, Protein C, and bicarbonate to identify a 
hyperinflammatory phenotype could potentially identify 
ARDS patients with higher mortality [3] as does a whole 
blood gene expression signature in pediatric sepsis [4]. 
Various ICU risk scores have been tested unsuccessfully 
because they are not specific for ARDS and other clinical 
syndromes and because patients at the highest risk may 
not benefit from therapy [5].

Predictive enrichment involves the enrollment of 
patients who are more likely to respond to a given 

treatment based on the mechanism of benefit and thus 
is more specific than prognostic enrichment. Predictive 
enrichment has transformed cancer treatment trials, 
wherein analysis of genetic mutations in an individual’s 
tumor is used to predictively enrich for enrollment in tri-
als that mechanistically target these mutations. In severe 
asthma, identification of a hypereosinophilic/type 2-like 
phenotype has led to successful trials that enrich for 
this phenotype. In ARDS, a number of potential strate-
gies for predictive enrichment have been proposed, with 
many being specific to a single therapy (Table  1); as of 
yet, there are few examples of completed predictively 
enriched trials. One example is a currently enrolling trial 
of systemic corticosteroids for moderate-to-severe ARDS 
that enriches enrollment for patients with elevation 

Take‑home message 

As we enter the decade of the 2020s, we have the opportunity to 
design better clinical trials in ARDS that are more likely to dem-
onstrate a beneficial treatment effect.  Improved understanding 
of pathophysiologic mechanisms and better tools for outcome 
prediction that are now available should facilitate both predictive 
and prognostic enrichment, hopefully increasing the likelihood of 
positive trials going forward.

Table 1 Summary of potential strategies for prognostic and predictive enrichment in ARDS clinical trials

Prognostic factor Metric for enrichment Outcome targeted by enrichment 
strategy

Used in published 
ARDS trials?

Strategies for prognostic enrichment
Severity of hypoxemia PaO2/FiO2 Death and/or prolonged mechanical 

ventilation
Yes

Presence of shock Need for vasopressors Death No

Severity of pulmonary edema RALE score Prolonged mechanical ventilation No

Biomarkers of poor prognosis Model incorporating IL-8, Protein C, 
bicarbonate

Death and/or prolonged mechanical 
ventilation

No

Predictive factor Metric for enrichment Mechanism targeted by enrichment 
strategy

Strategies for predictive enrichment
Higher likelihood of fibroproliferative 

ARDS
BAL PCP III Anti-fibroproliferative effects of corti-

costeroids
No, one trial is enrolling

Higher likelihood of oxidative injury 
from cell-free hemoglobin

Plasma cell-free hemoglobin Hemoprotein-reductant effects of 
acetaminophen

Used in a pilot sepsis trial

Early lung injury more likely to respond Enrollment prior to invasive ventilation Anti-inflammatory effects of inhaled 
budesonide and formoterol

No, one trial is enrolling

Focal vs. diffuse ARDS Chest CT distribution of infiltrates Personalized ventilator strategy Yes

Hyperinflammatory ARDS Latent class analysis of clinical and 
biomarker features

Anti-inflammatory effects of simvastatin No

Impaired vascular integrity Plasma adrenomedullin Vascular protective effects of adreci-
zumab

No, one trial is enrolling

Higher likelihood of ventilator-induced 
lung injury

Increased dead space fraction and 
lower compliance of the respiratory 
system

Identify group with highest predicted 
drop in driving pressure with extracor-
poreal  CO2 removal

No



2155

of bronchoalveolar lavage procollagen peptide III, an 
early biomarker of activation of profibrotic pathways in 
the lung (NCT#03371498). Another form of predictive 
enrichment is being used in the ARREST trial of inhaled 
budesonide and formoterol for severe pneumonia from 
COVID-19 or other causes, where the target population 
is enriched for early acute lung injury within 12 h of hos-
pitalization and prior to intubation. The rationale behind 
this temporal enrichment is the hypothesis that early 
acute lung injury is more likely to respond to inhaled 
corticosteroids and beta-agonists than more established 
ARDS [6]. Another strategy is to assess less enriched tri-
als for patterns of heterogeneity of treatment effect as has 
been recently proposed by Goligher and colleagues [7]. 
Using data from a trial of extracorporeal  CO2 removal in 
moderate-to-severe ARDS to simulate future trials, they 
found that restricting enrollment to patients with a larger 
predicted decrease in driving pressure based on the alve-
olar dead space fraction and static respiratory compli-
ance might increase the predicted mortality benefit, and 
reduce predicted sample size and screening size require-
ments [8]. As another example, the hyperinflammatory 
phenotype of ARDS that has been consistently identi-
fied among ARDS patients enrolled in clinical trials was 
associated with reduced mortality with simvastatin treat-
ment in retrospective analysis of trial data, an effect that 
was not seen in the hypo-inflammatory phenotype nor in 
the trial as a whole [9]. A future trial of simvastatin that 
enriches for the hyperinflammatory phenotype might be 
more likely to show a treatment benefit.

Enrichment strategies have both advantages and disad-
vantages (Fig. 1). The major theoretical advantage of both 

prognostic and predictive enrichment is to increase the 
signal-to-noise ratio, reducing sample size and increas-
ing the likelihood of detecting a therapeutic benefit. Pre-
dictive enrichment also may lead to a larger effect size. 
By excluding patients less likely to benefit from a spe-
cific treatment, predictive enrichment may also improve 
the benefit-to-risk ratio of a trial since patients who are 
unlikely to benefit from a therapy are still at risk of its 
adverse effects.

The major disadvantage of both prognostic and pre-
dictive enrichment is reduction in generalizability. 
As an example, the proning strategy applied in the 
PROSEVA trial cannot be generalized to all ARDS, 
since the trial enriched for more severe ARDS  (PaO2/
FiO2 < 150 mmHg). Similarly, if a therapy were found to 
be effective in patients with hyperinflammatory ARDS, 
this finding would apply only to the smaller subset 
(~ 25–30%) of ARDS patients in the hyperinflammatory 
class. The potential for a more restricted indication for 
a new pharmacologic therapy may reduce enthusiasm 
from the pharmaceutical industry, a major funder of 
large phase 3 clinical trials. Another disadvantage is that 
enrichment strategies, by design, exclude many patients 
from enrollment. Such restrictions may make enroll-
ment challenging and hinder timely completion of tri-
als. In addition, regulators (such as the FDA) or patient 
associations might request that the therapeutic effects 
be assessed in the marker-negative or non-enriched 
population in order to demonstrate benefits of predic-
tive enrichment strategies [10]; these concerns are best 
addressed once a treatment benefit has been identified 
in a target population. Finally, it should be noted that 

Prognostic 
Enrichment

Prognostic Enrichment Prognostic Enrichment

No
Enrichment

No Enrichment No Enrichment

Predictive
Enrichment

Potential Benefits Challenges & Risks

• Broad inclusion criteria facilitate enrollment
• Results more generalizable
• Broad market potential if treatment is ef fective
• Some success in ARDS clinical trials with 

supportive care interventions

Unselected patients
(highly heterogenous)

Selected for high risk
of poor outcomes

Selected for high 
likelihood of response 
to therapy

• Increased likelihood of therapeutic effect
• Better benefit to risk ratio

• Smaller sample sizes
• Larger effect size potential

• Predictive enrichment factors are 
difficult to ascertain

• Narrow inclusion criteria impede 
enrollment

• Less generalizable
• Smaller marketing potential

• Increased likelihood of outcome of interest
• Some success in ARDS clinical trials with 

supportive care interventions

• Less specific than predictive 
enrichment

• Large sample size needed
• Some subjects may have low 

likelihood of therapeutic response, 
diluting signal

Prognostic or Predictive Enrichment Prognostic or Predictive Enrichment

Predictive Enrichment Predictive Enrichment

Fig. 1 Potential benefits, challenges and risks of different enrichment strategies for clinical trials in ARDS
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identification of reliable enrichment factors is challeng-
ing. Although this is most true for predictive enrichment, 
where proposed mechanisms are often theoretical, it can 
also be true for prognostic enrichment. An example is the 
LIPS-A study of aspirin for prevention of ARDS [11]. In 
that study, the lung injury prevention score (LIPS) was 
used to prognostically enrich for patients more likely to 
develop ARDS. However, the actual rate of ARDS in the 
study was far less than predicted by LIPS which may have 
contributed to the negative outcome of the trial.

As we enter the decade of the 2020s, we have the 
opportunity to design clinical trials in ARDS that are 
more likely to demonstrate a beneficial treatment effect. 
Prognostic and predictive enrichment can improve the 
signal-to-noise ratio, allowing smaller sample sizes and 
increased effect sizes. These enrichment approaches rep-
resent one of the most promising ways to improve clini-
cal trial design in ARDS in the coming decade and can 
also be applied to trials in patients with ARDS due to 
SARS-CoV-2 infection as new data emerges around the 
pathogenesis of this pandemic disease.
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Abstract 

Care for patients with acute respiratory distress syndrome (ARDS) has changed considerably over the 50 years since its 
original description.  Indeed, standards of care continue to evolve as does how this clinical entity is defined and how 
patients are grouped and treated in clinical practice.  In this narrative review we discuss current standards – treat-
ments that have a solid evidence base and are well established as targets for usual care – and also evolving standards 
– treatments that have promise and may become widely adopted in the future.  We focus on three broad domains 
of ventilatory management, ventilation adjuncts, and pharmacotherapy.  Current standards for ventilatory manage-
ment include limitation of tidal volume and airway pressure and standard approaches to setting PEEP, while evolving 
standards might focus on limitation of driving pressure or mechanical power, individual titration of PEEP, and moni-
toring efforts during spontaneous breathing. Current standards in ventilation adjuncts include prone positioning in 
moderate-severe ARDS and veno-venous extracorporeal life support after prone positioning in patients with severe 
hypoxemia or who are difficult to ventilate. Pharmacotherapy current standards include corticosteroids for patients 
with ARDS due to COVID-19 and employing a conservative fluid strategy for patients not in shock; evolving standards 
may include steroids for ARDS not related to COVID-19, or specific biological agents being tested in appropriate sub-
phenotypes of ARDS. While much progress has been made, certainly significant work remains to be done and we look 
forward to these future developments.

Keywords: Acute respiratory distress syndrome, Mechanical ventilation, Prone position, Extra-corporeal life support, 
Acute respiratory failure

Introduction

In the more than 50  years, since the modern advent of 
acute respiratory distress syndrome (ARDS), clinical 
management has progressed significantly—both in venti-
latory management, the mainstay of supportive care, and 
in ventilatory adjuncts. Progress has also been made in 
the realm of pharmacotherapy, though this too remains 
largely as general supportive care rather than specific dis-
ease modifying drugs. In this state-of-the-art review we 
provide updates on the treatment standards for the clini-
cal care of adults with ARDS across these 3 domains and 
categorize these as Current standards—those for which 
there is a strong evidence-base and should be widely 

*Correspondence:  n.ferguson@utoronto.ca 
14 Interdepartmental Division of Critical Care Medicine, Departments 
of Medicine and Physiology, Institute for Health Policy, Management 
and Evaluation, University of Toronto, Toronto, Canada
Full author information is available at the end of the article

http://orcid.org/0000-0002-6213-5264
http://crossmark.crossref.org/dialog/?doi=10.1007/s00134-020-06299-6&domain=pdf


2158

implemented—and Evolving standards—those for which 
there is rationale but which might not yet be applied in 
all settings because of weaker evidence or feasibility 
(Table  1). It is important to emphasize that ARDS (as 
indicated in its name) is a syndrome, not a disease, and 
as such there exists significant heterogeneity in terms of 
outcomes and response to treatments among patients 
meeting the same ARDS criteria [1, 2]. As we discuss dif-
ferent treatments, we will attempt to highlight this het-
erogeneity and point out which therapies are applicable 
to all and which are more nuanced.

Defining ARDS
Current and evolving standards
While acute respiratory distress syndrome (ARDS) has 
likely existed, since time in immemorial, it emerged as 
an important clinical entity in the late 1960s with the 
advent of positive pressure mechanical ventilation and 
the development of intensive care units. In their seminal 
case series Ashbaugh and colleagues succinctly described 
the central tenets of the syndrome that still hold true 
more than 50 years later [3]. These include acute onset of 

hypoxemia refractory to supplemental oxygen treatment, 
decreased lung compliance, diffuse pulmonary infiltrates 
seen on chest radiograph, and characteristic pathologi-
cal findings of diffuse alveolar damage including hyaline 
membranes, hemorrhage, edema, and atelectasis.

Following this initial description in 1967, ARDS was 
not given formal defining criteria until the development 
of the Murray Lung Injury Score in 1988 [4], and then 
later the first American-European Consensus Defini-
tion of ARDS [5]. Most recently the syndromic defini-
tion of ARDS was updated in 2012 with the publication 

Take‑home message 

The clinical management of adults with acute respiratory distress 
syndrome (ARDS) continues to progress and evolve. In this review 
we provide updates across the domains of ventilatory management, 
ventilatory adjuncts and pharmacotherapy, categorizing these as 
Current Standards –those for which there is a strong evidence-base 
and which should be widely implemented – and Evolving Standards 
– those for which there is rationale but which might not yet be 
applied in all settings because of weaker evidence or feasibility.

Table 1 Current and evolving standards of care in ARDS

Current standards Evolving standards

Ventilatory support Ventilatory support
Tidal volume limitation–target 6 ml/kg PBW Driving pressure limitation < 15 cmH2O

Plateau pressure limitation < 30 cmH2O Minimize delivered mechanical power

PEEP titrated to oxygenation using a PEEP/FiO2 table or set to keep 
Pplat < 30

Individual titration of PEEP using one of several methods

 • Best compliance

 • Measured recruitability (R:I)

 • Transpulmonary pressure

 • EIT

Spontaneous breathing when appropriate–monitored to avoid dyssyn-
chrony or large efforts

Use of Helmet NIV or HFNO in mild-moderate ARDS to avoid intubation

Ventilation adjuncts Ventilation adjuncts
Prone positioning (16 h/day) in early moderate to severe ARDS (P/F < 150) Neuromuscular blockade when indicated

 • Severe hypoxemia

 • Severe dyssynchrony

 • Markedly increased respiratory drive

 • Difficult to safely ventilate

vvECMO after prone positioning if:
 • P/F < 80
 • Difficult to safely ventilate

Pharmacotherapy Pharmacotherapy
Early steroids for ARDS with COVID-19 Early steroids for other causes

Conservative fluid strategy for patients not in shock Conservative fluid strategy for patients in septic shock

Testing specific biological agents in sub-phenotypes of ARDS more likely to 
respond to specific Rx
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of the Berlin definition [6, 7]. In this classification, ARDS 
was characterized by the acute onset (within 1 week) of 
bilateral chest radiograph opacities not fully explained 
by cardiac failure, and was divided into mild, moderate, 
and severe subgroups according to degree of hypoxemia 
measured with at least 5  cm of water positive pressure 
using upper limits of  PaO2/FiO2 of 300, 200, and 100 mm 
Hg, respectively. In the derivation and validation of this 
definition using prior ARDS cohorts, approximately 25% 
of patients were characterized as mild, 50% moderate and 
25% severe, with a stepwise increments of mortality from 
27% in mild ARDS to 45% in the severe group [6]. This 
distribution of ARDS severity and respective mortal-
ity rates were subsequently replicated in the prospective 
LUNG-SAFE observational study [8]. The Berlin defini-
tion remains the current standard for ARDS diagnosis in 
2020, but we anticipate ongoing evolution of the ARDS 
definition in the future [7].

Ventilatory management
Pressure and volume limitation
Current standards
Lung protective ventilation entered mainstream clini-
cal practice with the publication of the first ARDS Net-
work study in 2000; this landmark study demonstrated 
that limiting plateau pressure and reducing tidal volume 
 (VT) to 6  mL/kg predicted body weight (PBW), com-
pared with  VT of 12 mL/kg, improved survival, shortened 
duration of mechanical ventilation, attenuated systemic 
inflammation and reduced the incidence and amount of 
extra-pulmonary organ failure [9]. Of course these find-
ings were built on more than two decades of laboratory 
work from Webb and Tierney to Saumon and Dreyfuss, 
followed by early observational studies in patients by 
Hickling and colleagues [10–12]. An expert panel con-
vened in the early 1990s called for randomized clinical 
trials of lung-protective ventilation [13], and this led to 
several smaller studies [14–17], that ultimately informed 
this practice-changing trial [9]. Twenty years later the 
volume and pressure limitation strategies tested in the 
first ARDS Network trial remain central to the standard 
of care in lung protective ventilation—targeting tidal 
volume of 6  mL/kg predicted body weight (PBW), with 
adjustments between 4—8  mL/kg PBW to keep plateau 
pressure below 30 cmH2O allowing permissive hypercap-
nia while minimizing dyssynchrony due to high respira-
tory drive [18].

Evolving standards
Increasing recognition of the heterogeneity of ARDS led 
to the call for a more individualized approach to pres-
sure and volume limitation in ventilatory management. 
In 2015, Amato and colleagues published a secondary 

individual patient data meta-analysis of several RCTs 
showing that driving pressure (ΔP = plateau pressure − 
PEEP) was the critical mediator between tidal volume 
limitation and improved survival in ARDS [19]. While 
this paper continues to generate discussion, proponents 
claim that a focus on ΔP is superior to simple tidal vol-
ume limitation, because it is a measure of tidal volume 
corrected for respiratory system compliance [20]. Build-
ing on this, Gattinoni et  al. introduced the concept of 
mechanical power as a unifying theory of ventilator-
induced lung injury [21]. The simplified version of this 
calculation allows one to estimate mechanical power 
with only  VT, respiratory rate, peak pressure and ΔP 
[21], and day 1 mechanical power calculated in this man-
ner has been associated with mortality [22]. Further-
more, a recent analysis of a large registry of over 13,000 
patients with hypoxemic respiratory failure showed that 
exposure to higher intensity of mechanical ventilation 
(higher driving pressure or mechanical power), even for 
relatively brief periods, was independently associated 
with increased mortality over the entire duration of ven-
tilation; with stronger association in those with worse 
baseline hypoxemia [23]. Nevertheless, randomized tri-
als demonstrating the superiority of a ventilatory strat-
egy focused on limiting driving pressure or mechanical 
power are still needed, and a recent small trial (n = 31) 
suggest a ΔP-limited strategy may be feasible [24].

PEEP and lung recruitment
Current standards
Positive end expiratory pressure (PEEP) has been used 
in ARDS to improve oxygenation and recruit atelectatic 
lung tissue, since the first description of the syndrome, 
but debate about exactly what level to use in which 
patient has been raging ever since [3]. Suter and Fair-
ley showed that the ‘best’ PEEP that maximized oxygen 
delivery also maximized respiratory system compliance 
and was inversely proportional to the baseline functional 
residual capacity, i.e., the size of the baby lung [25].

There are many methods for selecting PEEP. Two com-
mon approaches are to target respiratory mechanics 
(e.g., use the highest PEEP that maintains the plateau 
pressure below 30  cmH2O as used in the ExPress trial, 
[26]), or to target oxygen saturation (e.g., the use of a 
PEEP-FiO2 table, which assigns higher levels of PEEP 
at higher required  FiO2). A PEEP/FiO2 table was used 
in the original ARDS Network trial of low tidal volume 
[9], and was subsequently compared to a modified table 
assigning higher PEEP at moderate  FiO2 tables in the 
ALVEOLI and LOVS trials [27, 28]. Individually, none 
of these trials (ExPress, ALVEOLI, LOVS) comparing 
higher (day 1 mean 15.3  cmH2O) versus lower (day 1 
mean 9.0  cmH2O) PEEP strategies showed a difference 
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in mortality. However, when combined in an individual 
patient data meta-analysis, significant heterogeneity 
of treatment effect emerged, with higher PEEP lower-
ing mortality in patients with baseline  PaO2/FiO2 below 
200, and a trend for increased mortality in patients with 
 PaO2/FiO2 between 200–300 [29]. Similar differential 
mortality effects have been demonstrated in these trial 
populations when grouped according to inflammatory 
profile [30], and according to oxygenation response to 
PEEP increase [31]. Despite the ongoing debate of higher 
versus lower PEEP, in clinical practice, PEEP levels are 
often moderate—around 8–10  cm of water, even in 
severe ARDS [8]. From a physiological and clinical stand-
point, in severe ARDS, where lung compliance is low, it 
makes intuitive sense to cycle tidal volume (and ΔP) from 
a higher opening pressure or higher PEEP. However, the 
extent to which higher PEEP will be tolerated, is largely 
dependent on the severity of lung injury, its impact on 
pulmonary circulation and the patient‘s cardiovascu-
lar reserve. These need to be frequently evaluated at the 
bedside when adjusting PEEP. In part, these complex 
and dynamic influencing factors have made protocolized 
PEEP strategies challenging to study.

Recruitment maneuvers—sustained inflations, inter-
mittent sighs, or stepwise increases in airway pressure—
are sometimes recommended in combination with higher 
PEEP—but their role and benefit to harm ratio need to be 
determined in further studies. The routine use of aggres-
sive staircase recruitment in ARDS patients is not recom-
mended after a large randomized trial found an increased 
mortality in the group treated with a recruitment maneu-
ver combined with decremental PEEP titration based on 
best compliance [32]. Similarly, recruitment with high 
frequency oscillatory ventilation (HFOV) is not routinely 
recommended for most ARDS patients, since two trials 
showed no survival advantage and a potential signal for 
harm [33, 34].

Evolving standards
The individual titration of PEEP, with the target of using 
higher levels of PEEP in patients who are more recruita-
ble, has been a long-sought goal. Indeed, analyses from a 
recent trial suggest outcomes may be worse when ventila-
tory strategy is misaligned with lung morphology [35]. In 
the past it was suggested that setting PEEP 2 cm of water 
above the lower inflection point of the volume-pressure 
curve would keep the lung open, [36]; however, we now 
recognize that with that technique recruitment often 
occurs throughout inspiration [37, 38]. Numerous emerg-
ing methods are available to help guide PEEP titration by 
bedside clinicians. One simple approach is to start with 
PEEP prescribed by a PEEP/FiO2 table and then titrate 
PEEP up or down to achieve the lowest possible driving 

pressure [39]. Another bedside method for assessing the 
impact of PEEP is the recruitment:inflation (R:I) ratio, 
which informs how many new lung units are recruited 
versus existing lung units stretched for a given change 
in PEEP [40]. This can be easily calculated with online 
tools (rtmaven.com), with values > 0.5 indicating higher 
amounts of recruited lung.

Another technique for setting PEEP is to measure 
esophageal pressure (as surrogate for pleural pressure) 
to estimate end-expiratory transpulmonary pressure 
 (PLexp); the PEEP can then be set to maintain  PLexp 
around 0. This approach was compared with the original 
ARDS Network lower PEEP-FiO2 table in a single-center 
study, leading to large increases in PEEP with concomi-
tant improvements in oxygenation and even a hint at a 
mortality benefit [41]. A subsequent multi-center study 
then compared this approach with a higher PEEP-FiO2 
table; this led to similar levels of PEEP between the two 
groups, and perhaps unsurprisingly, no differences in 
clinical outcomes were detected [42].

Electrical impedance tomography (EIT) is a non-inva-
sive, radiation free, imaging method for assessing lung 
morphology, and guiding ventilatory strategy. EIT can be 
used to titrate PEEP and balance the competing interests 
of recruiting atelectatic lung units while limiting overd-
istention in those already aerated, by assessing aeration 
loss and overdistention [43, 44]. Although physiologi-
cally promising, its availability is currently limited and 
its use is largely confined to research. Before it is widely 
adopted for clinical use, large randomized clinical studies 
would be needed to demonstrate clinical advantages and 
generalizability.

Spontaneous breathing in ARDS patients
Evolving standards
Spontaneous breathing during mechanical ventilation 
has long been recognized to improve oxygenation, and 
to minimize diaphragm atrophy; therefore, it may confer 
advantage in ventilated patients [45]. Partially assisted 
breathing is commonly employed even in moderate-
severe ARDS patients and is associated with improved 
outcomes in observational data [46]. However, there are 
concerns of treatment indication bias in these data, and 
spontaneous breathing with or without assistance may 
lead to further lung injury; this has been termed patient 
self-inflicted lung injury (P-SILI), though we note that 
this does not imply any intent on behalf of the patient 
[47]. In the early phase of ARDS, augmented spontane-
ous breathing may induce patient-ventilator dyssyn-
chrony and high tidal volumes which could promote lung 
injury.[48] Airway pressure release ventilation (APRV) is 
a time-cycled mode in which airway pressure alternates 
between high and low pressure settings, but also allows 
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spontaneous breathing [49]. Although a single center 
RCT recently showed improved physiological and clinical 
outcomes [50], a pediatric ARDS trial was stopped early 
because of increased mortality in the APRV arm [51], and 
a recent meta-analysis 14 studies showed improvements 
in oxygenation with APRV but no difference in ICU stay 
and mortality between groups [52].

Non-invasive ventilation (NIV) and high-flow nasal 
oxygen (HFNO) are increasingly being considered for 
use in the early phase of ARDS, particularly following 
the publication of the FLORALI study [53]. This three-
arm trial suggested that HFNO was better than facemask 
NIV in preventing intubation and even reducing mortal-
ity in more severe hypoxemia. While NIV may be useful 
in selected patients, NIV delivered by facemask does not 
seem protective for patients with early ARDS, especially 
those with moderate or severe ARDS [54]. However, a 
small single-center RCT showed reduced need for intu-
bation and a trend toward improved mortality with hel-
met NIV compared to NIV delivered by face mask [55]. 
The clinical benefits of HFNO in de novo situations of 
respiratory failure have been systematically reviewed, 
showing that it reduced the need for intubation and 
invasive ventilation [56]. More recently, a network meta-
analysis demonstrated that both HFNO and helmet NIV 
each lowered mortality compared with standard oxygen 
therapy in patients with acute hypoxemic respiratory fail-
ure [57], but the relative benefit of HFNO versus helmet 
NIV remains to be determined.

ARDS due to COVID‑19
Evolving standards
In 2020 the coronavirus disease 2019 (COVID-19) pan-
demic has swept across the world and has resulted in 
thousands of patients with severe respiratory failure 
and ARDS, often overwhelming regional healthcare sys-
tems. Early in the pandemic as intensivists were grap-
pling with a new disease, several reports were published 
(and extensively promulgated on both social and main-
stream media) suggesting that ARDS due to COVID-19 
was different than non-COVID ARDS and that different 
ventilatory strategies should be used [58, 59]. As more 
information has emerged in the last several months; 
however, it appears that ARDS due to COVID-19 often 
looks like and behaves similarly to ARDS from other 
causes [60–62]. On the other hand, COVID-19 ARDS 
is still an area of uncertainty. While further knowledge 
about COVID-19 treatment will undoubtedly emerge, 
at this stage it seems reasonable to us to apply the same 
ventilatory approach to patients with COVID-19 ARDS 
[63], taking into account, of course, the specific physiol-
ogy/biology of the individual patient.

Ventilation adjuncts
Prone positioning
Current standards
Prone positioning is one of the most effective strate-
gies in patients with moderately-severe ARDS  (PaO2/
FiO2 < 150  mmHg) and is the cornerstone of adjunctive 
therapies in these patients as it improves survival [64]. 
Prone positioning frequently leads to an improvement of 
gas exchange but the improved survival does not depend 
on improved oxygenation [65, 66]. This improved sur-
vival is likely mediated through a decrease in ventilator-
induced lung injury due to a more uniform distribution 
of volume and distending forces across the lung. Several 
clinical trials have convincingly demonstrated that prone 
positioning applied early and for at least 16  h/day in 
ARDS patients with P/F < 150  mmHg reduces mortality 
[64, 67]. Current guidelines recommend long daily ses-
sions of prone positioning in moderate to severe ARDS 
[68]. Of note, the LUNGSAFE study reported that only 
16.3% of eligible patients were treated with proning [8]. 
Logistical difficulties, fear of complications, and under-
recognition of the hypoxemia criteria all contribute to 
the relatively low implementation of prone positioning 
[69]. However, indications for its use are straightforward: 
to achieve improved survival, patients with moderate to 
severe ARDS need prone-positioning early and for a pro-
longed (e.g., 16  h) duration, with the concurrent use of 
lung-protective ventilation and experienced staff to mini-
mize the procedural risks. In short, prone positioning 
should be applied as a first-line therapy in moderately-
severe and severe ARDS and generally be continued daily 
until PaO2/FiO2 is stable above 150 mmHg in the supine 
position [64].

Evolving standards
In patients with ARDS due to COVID-19, use of prone 
positioning for a prolonged period of time (36 h) was safe 
and associated with a more pronounced impact on oxy-
genation compared to 16 h of prone positioning [70]. Ear-
lier in the disease course, awake spontaneous breathing 
COVID-19-patients has been described and promoted, 
with most patients responding with an increase in arte-
rial oxygenation while prone position [71]. However, the 
efficacy of prone-positioning in spontaneously ventilated 
patients remains experimental and limited to case series.

Neuromuscular blockade
Current standards
As discussed above, high respiratory drive and subse-
quent strong spontaneous respiratory effort in ventilated 
patients with ARDS may result in severe patient–venti-
lator dyssynchrony and increased lung injury. Therefore, 
it has been proposed that early neuromuscular blockade 
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might prevent these effects and improve outcomes. 
In 2010, Papazian and colleagues published a multi-
center RCT showing that 48 h of cisatracurium infusion 
improved adjusted survival and increased time off the 
ventilator compared with deep sedation without paraly-
sis in patients with moderate-severe ARDS [72]. Despite 
these encouraging results, neuromuscular blockade was 
commonly (38% of severe ARDS) but not universally 
adopted in clinical practice [8]. Some reluctance to use 
paralysis may arise because of concerns about long-term 
effects on muscle strength [73], or about the need for 
concomitant deep sedation [74].

Furthermore, the recent ROSE trial draws into question 
the utility of neuromuscular blockade in all patients with 
moderate-severe ARDS. In this study, patients with mod-
erate-to-severe ARDS were randomly assigned to infu-
sion of cisatracurium and concomitant deep sedation, or 
to usual-care with lighter sedation targets [75]. The trial 
was stopped early for futility and did not show a differ-
ence in mortality between groups. For now, although 
the evidence is inconclusive, we suggest that neuromus-
cular blocking agents should not be used routinely in all 
patients with moderately severe ARDS, but should be 
reserved for those patients, where there is specific indica-
tion, e.g., those in whom lung protective ventilation is not 
possible because of severe patient-ventilator asynchrony 
or markedly increased respiratory drive, those with per-
sistent high driving pressure, or who are difficult to oxy-
genate or ventilate [76].

Inhaled nitric oxide (iNO)
Current standards
Inhaled nitric oxide (iNO) mediates a selective vasodila-
tion of the pulmonary circulation of ventilated regions, 
reduces right-to-left shunting and, transiently, improves 
oxygenation in some patients with ARDS [77]. To date, 
there are no studies that have demonstrated beneficial 
effects of iNO on clinical outcomes in ARDS patients, 
even for patients with very severe hypoxemia [78]. As 
such, and given the high costs of iNO in many jurisdic-
tions, we do not recommend the routine use of iNO in 
patients with ARDS.

Extracorporeal lung support
Current standards
Veno-venous extracorporeal membrane oxygenation 
(vvECMO) has been proposed for patients with severe 
ARDS based on two potential mechanisms: (1) provid-
ing adequate oxygenation to prevent or reverse tissue 
hypoxia, and (2) allowing for a reduction in the intensity 
of mechanical ventilation substantially reducing VILI. In 
the first of the two modern-era ECMO RCTs, the CESAR 
trial compared transfer to an ECMO center and possible 

ECMO versus ongoing usual care at the referring center 
in patients with severe ARDS [79]. The primary outcome 
of death or severe disability at 6 months was significantly 
lower in the ECMO center group. However, the study has 
several methodological limitations and its interpretation 
is complicated by the large number of control patients 
who did not receive lung-protective ventilation, and the 
significant number of patients in the ECMO group who 
did not actually receive ECMO. During the 2009 influ-
enza pandemic, several observational studies suggested 
beneficial effects of vvECMO in influenza A(H1N1)-
related ARDS [80, 81], though similarly low mortality 
rates were also reported in series, where ECMO was not 
widely applied [82, 83].

Recently, the EOLIA RCT studied early vvECMO in 
adults with severe ARDS and significant hypoxemia 
(P/F < 80) or who were difficult to safely ventilate com-
pared with ongoing conventional treatment with ECMO 
rescue if required [84]. Strengths of this trial include 
high adherence to conventional lung protective ventila-
tion and prone positioning in excess of 90% in the con-
trol group, and ultra-protective ventilation facilitated by 
vvECMO uniformly used in the intervention group. Mor-
tality was lower in the vvECMO group (35% versus 46%) 
despite a high rate of rescue crossover, though the effect 
did not reach nominal statistical significance (p = 0.09). 
The key secondary endpoint of death or crossover to 
ECMO was highly significant, most other secondary 
endpoints favored the ECMO group, and adverse events 
were evenly distributed, leading editorialists to suggest 
that ‘ECMO probably has some benefit in this context, 
despite the trial not being traditionally positive’ [85]. In 
keeping with this thought are results of a meta-analysis 
combining the CESAR and EOLIA trials, which shows a 
statistically significant reduction in mortality [86]. Fur-
thermore, a post hoc Bayesian analysis of EOLIA sug-
gested that vvECMO was very likely to reduce mortality 
in patients with severe ARDS across a broad set of under-
lying prior assumptions [87]. All of these data suggest 
that vvECMO should be considered in patients still meet-
ing EOLIA inclusion criteria, after less invasive therapies 
including prone positioning have been implemented or 
considered [88]. In other words, currently available data 
suggest that outcomes in ECMO are best when used in 
severe ARDS patients who are younger, with reversible 
etiology, few co-morbidities and when employed in expe-
rienced centers [89].

Evolving standards
The role of vvECMO in the supportive care of patients 
with COVID-19 ARDS was initially questioned, but a 
recent analysis from the ELSO registry showed mortal-
ity of around 40% in these patients, similar to patients 
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receiving vvECMO for other causes of ARDS and sug-
gesting similar indications could be used [89].

The role of ECLS to facilitate ultra-lung protective 
ventilation is an evolving area, with a recent individual-
patient data analysis from CESAR and EOLIA showing 
that vv-ECMO was most beneficial in patients with only 
1 or 2 organ failures and was not as helpful in those with 
the most severe hypoxemia [90]. This concept has been 
explored with lower flow extra-corporeal CO2 removal 
 (ECCO2R) in pilot studies [91], a single small RCT [92], 
and is the subject of ongoing RCTs. Because of the uncer-
tainty around efficacy and potential risks, we believe that 
this indication of ECLS should be reserved for patients in 
the context of clinical trials at the current time.

Pharmacotherapy
Steroids
Evolving standards
Due to their anti-inflammatory and immune-modulat-
ing properties, glucocorticoids have been considered 
and studied as a therapy for ARDS for decades. Many 
such trials have been small single center studies with 
potential for bias. One exception to this was the ARDS 
Network late ARDS steroid trial, which showed no differ-
ences overall, but a suggestion of harm if steroids were 
started more than 2 weeks after ARDS onset [93]. Meta-
analyses of all these trials have suggested that steroids 
may decrease mortality, some with statistical significance 
[94], some without [95]. However, these meta-analyses 
predated a recently published multicenter RCT in 277 
patients by Villar et al. that found that early administra-
tion of dexamethasone (20  mg/day from days 1–5, and 
10 mg/day from days 6–10) reduced duration of mechan-
ical ventilation and mortality. A subsequent sequential 
meta-analysis published this year does show a significant 
reduction in mortality with the use of corticosteroids, but 
the low number of total patients randomized raised con-
cerns about false positive results in the sequential analy-
sis [96]. Thus, the role for corticosteroids in early ARDS 
remains controversial.

A number of recent studies have evaluated the role of 
corticosteroids in respiratory failure due to COVID-19. 
The RECOVERY trial demonstrated that low-dose dexa-
methasone for 10-day reduced mortality in hospitalized 
patients with COVID-19 who required oxygen or res-
piratory support [97], A recent prospective meta-analysis 
of clinical trials of critically ill patients with COVID-19 
included more than 1700 patients from 12 countries and 
demonstrated that administration of systemic corticos-
teroids, compared with usual care or placebo, was associ-
ated with lower 28-day all-cause mortality [98]. Thus, in 
contrast to ARDS from other causes, we have a moder-
ate degree of certainty that corticosteroids may improve 

outcomes in patients with COVID-19, although some 
basics of this disease are not yet understood. The extent 
to which these results might apply to non-COVID ARDS 
are uncertain, but we hope that these positive results 
from the pandemic will spur renewed interest in steroid 
RCTs in other patients.

Fluid management
Current standards
The clinical axiom that ARDS patients who are not in 
shock should be treated with a conservative fluid treat-
ment strategy is supported by the FACCT trial, which 
showed improved lung function and more ventilator-
free days with this strategy [99]. These findings have 
been extended with similar outcomes using a simplified 
version of the conservative strategy, considering only 
CVP and urine output, enacted once the blood pressure 
is stabilized off vasopressors [100]. It has been recom-
mended that patients with ARDS who no longer have 
shock should have their overall fluid balance reduced by 
500–1000  mL per day by use of diuretics, and reducing 
intravenous fluids until they are euvolemic.

Evolving standards
A secondary analysis of the FACCT trial found signifi-
cant heterogeneity of treatment effect in terms of mor-
tality based on baseline central venous pressure levels; 
those with CVP of 8 or less had significantly lower mor-
tality when managed with the conservative fluid strategy 
[101]. This result, which might initially seem paradoxical, 
suggests it may be avoidance of excess fluid administra-
tion that is of most value, rather than diuresis. This same 
dataset was examined for the effect of hypo- and hyper-
inflammatory phenotypes, and again the fluid restric-
tive strategy was beneficial in the hyper-inflammatory 
group, while the opposite was true in the hypo-inflam-
matory group [102]. These findings are in keeping with 
a recent clinical trial in septic children in Africa, and 
with an ovine sepsis study suggesting harm and inflam-
mation with fluid administration [103, 104]. A large RCT 
is ongoing in patients with septic shock, many of whom 
will likely have ARDS, comparing a strategy of restrictive 
fluid and early vasopressors with liberal fluids, which will 
likely inform future practice in this area (NCT03434028).

Other specific pharmacotherapies
Evolving standards
Multiple pharmacological therapies to improve clini-
cal outcomes of ARDS have been evaluated, but none 
of them have proved effective. Surfactant, β2-adrenergic 
agonists, prostaglandin E1, activated protein C, several 
antioxidants, omega-3 supplementation, ketoconazole, 
recombinant human factor VIIa, statins, interferon beta, 
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vitamin C, and many others have been tested in clinical 
and pre-clinical trials without showing beneficial out-
comes [95, 105]. Given the lack of specificity of the Ber-
lin definition of ARDS, it is perhaps unsurprising that 
pharmacotherapies targeting specific biological path-
ways have failed to show benefit in outcomes. Subsumed 
within the Berlin definition of ARDS are multiple etiolo-
gies and dysfunctional biological pathways. While the 
definition probably captures a consistent physiological 
end-manifestation of critical illness, it does not capture 
biological uniformity. Therefore, for biological therapies, 
and perhaps even some supportive therapies, more con-
sidered approaches that seek to enrich the study popu-
lation to test interventions are needed. Interestingly, 
PROSEVA, ACURASYS, and DEXA-ARDS trials, where 
positive findings were observed with interventions, 
tested efficacy in an enriched population based on sever-
ity of ARDS [64, 72, 106]. Elsewhere, investigators have 
sought phenotypes in secondary analyses of RCT based 
on biological markers, with hypo- and hyper-inflamma-
tory phenotypes being consistently identified [107]. As 
with interventions of PEEP or fluids, retrospective analy-
ses of ARDS clinical trials have suggested there may be 
subsets of patients for whom pharmacotherapies such as 
statins may be of benefit [30], but the findings have not 
always been consistent [108]. Further research is needed 
to identify subgroups of patients that benefit from spe-
cific pharmacological treatments.

Conclusion
In this review we have chronicled current and evolving 
standards of care from the definition itself and across the 
domains of ventilatory management, ventilatory adjuncts 
and pharmacotherapy for adults with ARDS. While it is 
clear that much progress has been made, there remains 
much work to be done. Now, 10  years after the Berlin 
definition was conceived, an update to our standard defi-
nition of ARDS is needed. This may then impact future 
research with targeted investigations in patients most 
likely to benefit. Areas ripe for investigation are many 
and across all domains, including for example ultra-pro-
tective ventilation facilitated by ECLS, stromal cell thera-
pies, and prospective replication of effects by hyper/hypo 
inflammatory sub-phenotype. We look to these future 
developments with much anticipation.
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Abstract 

Pulmonary infection is one of the main complications occurring in patients suffering from acute respiratory distress 
syndrome (ARDS). Besides traditional risk factors, dysregulation of lung immune defenses and microbiota may play an 
important role in ARDS patients. Prone positioning does not seem to be associated with a higher risk of pulmonary 
infection. Although bacteria associated with ventilator‑associated pneumonia (VAP) in ARDS patients are similar to 
those in patients without ARDS, atypical pathogens (Aspergillus, herpes simplex virus and cytomegalovirus) may also 
be responsible for infection in ARDS patients. Diagnosing pulmonary infection in ARDS patients is challenging, and 
requires a combination of clinical, biological and microbiological criteria. The role of modern tools (e.g., molecular 
methods, metagenomic sequencing, etc.) remains to be evaluated in this setting. One of the challenges of antimicro‑
bial treatment is antibiotics diffusion into the lungs. Although targeted delivery of antibiotics using nebulization may 
be interesting, their place in ARDS patients remains to be explored. The use of extracorporeal membrane oxygenation 
in the most severe patients is associated with a high rate of infection and raises several challenges, diagnostic issues 
and pharmacokinetics/pharmacodynamics changes being at the top. Prevention of pulmonary infection is a key issue 
in ARDS patients, but there is no specific measure for these high‑risk patients. Reinforcing preventive measures using 
bundles seems to be the best option.

Keywords: Acute respiratory distress syndrome, Ventilator‑associated pneumonia, Microbiota, Prevention, 
Nebulization

despite stateside prevention efforts [2]. VAP complicat-
ing ARDS appears to be a common problem, affecting 
between 20 and 40% patients [3, 4]. This high frequency 
may be explained by traditional factors such as bron-
chial contamination due to endotracheal intubation and 
mechanical ventilation (MV) duration, but also because 
of impaired local (alveolar) and systemic defenses, and 
other specific and non-specific factors [5]. In this arti-
cle, we will review specific challenges related to ARDS 
patients, namely specific risk factors, diagnostic chal-
lenges, unusual pathogens, issues with antimicrobial 
treatment and prevention of infection.
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Introduction

Acute respiratory distress syndrome (ARDS) regroups 
a wide range of diseases whose consequence is lung 
inflammation, alveolar damage and pulmonary edema 
[1]. Whatever the initial lung injury, patients with ARDS 
are prone to develop secondary pulmonary infection, 
namely ventilator-associated pneumonia (VAP). Recent 
data from the Center for Disease Control and Preven-
tion suggest that VAP rates are not dropping in the USA 
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Pathophysiology
Immune defenses and respiratory microbiota
Patients with ARDS exemplify the apparently paradoxical 
immune state of critically ill patients, whereby activated 
immune cells mediate organ damage while manifesting 
impaired antimicrobial defenses [6]. Impaired cellular 
functions have been identified across both the innate and 
adaptive arms of the immune system [7, 8], and appear 
to be stereotyped rather than specific to any precipitating 
cause of ARDS [9]. This apparently paradoxical state is 
due to the ability of pro-inflammatory and tissue damage 
molecules to drive immune dysfunction [9, 10].

Dysfunctional immune cells are found in the lung as 
well as peripheral blood [9]. Interestingly, lung mucosal 
immune defects are protracted after the cure from pri-
mary inflammation, thus increasing the susceptibility to 
hospital-acquired pneumonia and ARDS for weeks after 
systemic inflammation [11]. Following experimental 
pneumonia, pulmonary macrophages and dendritic cells 
demonstrated prolonged suppression of immune func-
tions which increased the susceptibility to secondary 
infection [12]. Expansion of immuno-modulatory regula-
tory T cells (Treg) is also seen and may mediate impaired 
innate as well as adaptive immune function [13]. Patients 
with suspected VAP, including those with ARDS, dem-
onstrated impaired phagocytic function of alveolar neu-
trophils, which interestingly appeared to be mediated by 
different mediators than those driving dysfunction in the 
peripheral blood [9]. While we have a growing under-
standing of the mediators driving dysfunction, and the 
intracellular mechanisms which drive them [14], we do 
not as yet have proven therapies although there are mul-
tiple potential agents [7].

When aiming at modulating immunity during inflam-
mation, it is important to differentiate innate and adap-
tive immune cells responses. While exhaustion and 
apoptosis seem to be central to lymphocyte defects 
observed in critically ill patients [15], some innate 
immune cells undergo reprogramming involving epige-
netic reprogramming and increased cellular metabolism, 
a phenomenon so-called trained immunity, resulting in 
high production of inflammatory cytokines such as IL-6 
and TNFα during secondary immune challenge [16]. 
While glucocorticoids are classically considered as 
immunosuppressive drugs, it has been shown that they 
can prevent the immune reprogramming observed after 
inflammatory response [16], thus limiting the susceptibil-
ity of patients admitted to the intensive care unit (ICU) to 
respiratory complications such as pneumonia or ARDS 
and improving outcomes of patients with ARDS [17].

Part of the complexity of pulmonary super-infections 
arises from the interaction between the injured host with 
their pulmonary microbiome. Although considerably less 

abundant and diverse than the better studied gastroin-
testinal microbiome [18], the pulmonary microbiome 
is increasingly well defined and undergoes significant 
changes during critical illness and ARDS [19]. The major 
role of respiratory microbiota on mucosal immunity 
and respiratory functions in health suggests that its 
alterations could be involved in the respiratory compli-
cations observed in critically ill patients [20]. Indeed, 
mechanically ventilated patients experience a reduc-
tion in diversity of pulmonary microbes and an increase 
in enteric-type organisms, even in the absence of overt 
infection [21].

Early alterations of the lung microbiome, nota-
bly increased bacterial burden and biofilm formation, 
enrichment with gut-associated bacteria and loss of 
diversity, are associated with the risk of ARDS and the 
duration of MV support in critically ill patients [22]. 
Pre-existing dysbiosis, such as that induced by tobacco 
smoke, may also influence the development of ARDS 
following major trauma [23]. Alongside changes in 
bacterial species, it is common to find reactivation of 
latent herpesviridae such as herpes simplex virus (HSV) 
and cytomegalovirus (CMV) [24]. The drivers of these 
changes are incompletely understood but are multi-fac-
torial, with possible mechanisms illustrated in Fig. 1 [13, 
22, 25]. Adding further complexity is the potential for 
microbes themselves to drive further immune dysfunc-
tion [26]. VAP should therefore be conceptualized as 
less a de novo infection by an exogenous pathogen, but 
rather a dysbiotic response to critical illness with over-
growth of specific genera of bacteria [27]. Appropriate 
antibiotic therapy targeting the dominant species, those 
frequently detected by culture, is key in certain patients 
but risks exacerbating dysbiosis and further harm to the 
patient [28]. What remains to be proven is whether inter-
ventions to restore symbiosis, i.e., to increase bacterial 
diversity rather than only eliminating dominant species, 
can improve outcomes [27]. Although the experience of 
fecal transplantation in Clostridium difficile associated 
diarrhea suggests that microbial transplantation may be 
an effective form of therapy [29], negative experience of 
probiotics in pancreatitis and recent examples of ‘probi-
otic’ bacteria causing infections sound a note of caution 
[30, 31]. Developing effective therapies for respiratory 
dysbiosis will require tools to profile the host peripheral 

Take‑home message 

Pulmonary superinfections in ARDS patients considerably impact 
patients’ prognosis which is favored by altered local and systemic 
immune defenses. The poor outcome of ARDS with pulmonary 
superinfections is probably related to the lack of early accurate 
diagnostic methods and difficulties in optimizing therapy.
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and pulmonary immune cell function and the pulmonary 
microbiome [8].

Hyperoxia as a risk factor for pulmonary infection
Hyperoxia is common in patients receiving MV for 
ARDS. A secondary analysis of the LUNG SAFE trial 
[32] reported that 30% of the 2005 analyzed patients 
had hyperoxia on day 1, and 12% had sustained hyper-
oxia. While two randomized controlled trials found ben-
eficial effect of avoiding hyperoxia [33, 34], a recent large 
international multicenter trial demonstrated no effect of 
conservative oxygen therapy in a cohort of critically ill 
patients [35]. However, a subsequent sub-study raised the 
possibility of clinically important harm with conservative 
oxygen therapy in patients with sepsis [36].

Oxygen toxicity is mainly related to the formation of 
reactive oxygen species (ROS), especially during hypoxia/
re-oxygenation and long exposure to oxygen. High level 
of inspired oxygen is responsible for denitrogenation phe-
nomena and inhibition of surfactant production promot-
ing expiratory collapse and atelectasis [37]. Absorption 

atelectasis occurs within few minutes after pure  O2 
breathing. In mechanically ventilated patients, atelecta-
sis seriously impairs cough reflex and mucus clearance 
resulting in abundant secretions in the lower airways and 
higher risk for VAP. Prolonged hyperoxia also impairs the 
efficacy of alveolar macrophages to migrate, phagocyte 
and kill bacteria, resulting in decreased bacterial clear-
ance [38]. Hyperoxemia markedly increased the lethal-
ity of Pseudomonas aeruginosa in a mouse model of 
pneumonia [39]. Additionally,  O2 can cause pulmonary-
specific toxic effect called hyperemic acute lung injury 
(HALI) (Fig. 2).

Although earlier studies reported a link between high 
 FiO2 and atelectasis, further studies are required to 
evaluate links between hyperoxia and mortality or VAP. 
In a single center cohort study of 503 patients, among 
whom 128 (28%) had VAP, multivariate analysis identi-
fied number of days spent with hyperoxemia [OR = 1.1, 
95% CI: (1.04–1.2) per day, p = 0.004], as an independent 
risk factor for VAP. However, the study was retrospective, 
performed in a single center, and the definition used for 

Fig. 1 Mechanisms which lead to altered microbiota in lungs and hence infection. ETT endotracheal tube, TNF tumor necrosis factor, IL interleukin
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hyperoxia (at least one  PaO2 value > 120 mmHg per day) 
could be debated [40].

In the recent HYPERS2S randomized controlled trial 
[34], the percentage of patients with atelectasis doubled 
in patients with hyperoxia compared with those with 
normoxia (12% vs. 6%, p = 0.04). However, no significant 
difference was found in VAP rate between hyperoxia and 
control group (15% vs. 14%, p = 0.78). However, VAP 
was not the primary outcome of this trial, and there is 
no clear definition of ICU-acquired pneumonia. Further 
well-designed studies are required to determine the rela-
tionship between hyperoxia and VAP.

Prone position as a risk factor for pulmonary infection
Prone position is recommended in patients with severe 
ARDS and is commonly used in this population. There is 
a rationale supporting a beneficial effect of prone position 
on the incidence of VAP, as it facilitates secretion drain-
age and allows atelectasis resolution. Previous human 
and animal studies have clearly showed a link between 
atelectasis and VAP, and reported that efficient secretion 
drainage might result in lower incidence of VAP [37]. On 
the other hand, prone position might facilitate microor-
ganisms’ dissemination and increase microaspiration of 
contaminated secretions.

The results of studies on the relationship between 
prone position and VAP should be interpreted with cau-
tion, because of some limitations such as observational 
design, small number of included patients and con-
founding factors. Five recent studies were performed in 
patients with protective lung MV, including four rand-
omized controlled studies and one large observational 
cohort. Mounier et al. [41] reported no significant reduc-
tion of VAP incidence in a large cohort (n = 2409) of 
hypoxemic patients positioned in the prone position, as 
compared to those who did not receive this intervention 
[HR 1.64 (95% CI 0.7–3.8)]. One randomized controlled 

trial reported reduced risk for VAP in multiple trauma 
patients who were subjected to intermittent prone posi-
tion, as compared to those who did not (p = 0.048) [42]. 
However, the incidence of VAP was very high in the con-
trol group (89%), and the number of included patients 
was small (n = 40). Three other randomized controlled 
trials reported no significant relationship between prone 
position and VAP [4, 43, 44]. However, these studies lack 
information on efficient preventive measures of VAP, 
such as the use of subglottic secretion drainage or con-
tinuous control of tracheal cuff pressure, and VAP was 
not their primary outcome. In summary, available data 
do not support a significant relationship between prone 
position and VAP, although it has demonstrated benefi-
cial effects on mortality in severe ARDS.

Diagnostic challenges
The diagnosis of lung infections in patients with ARDS 
is challenging [45]. The diagnosis of pneumonia, the 
dominant respiratory infection of concern in ARDS, is 
ultimately a histopathological diagnosis which requires 
the presence of airspace inflammation and an infecting 
organism. However, obtaining lung tissue for diagno-
sis is seldom practical or desirable in ventilated patients 
[5]. The clinical features of systemic inflammation and 
localizing chest signs such as crepitations and bronchial 
breathing are non-specific and insensitive. While radio-
logical evidence of airspace infiltration is useful, the gold 
standard of computed tomography is not practical for 
most patients, leading practitioners to rely on plain radi-
ographs and ultrasound, and even computed tomography 
cannot always reliably distinguish between infective and 
non-infective causes of airspace infiltration [5, 45]. Use of 
clinical and radiographic criteria alone are likely to sig-
nificantly overestimate the rate of pneumonia and lead 
to excessive, potentially harmful, use of antibiotics [28]. 
It is also important to recall that pneumonia itself is the 
commonest precipitant of ARDS, which, together with 
the bilateral radiographic alterations in ARDS patients, 
creates an additional challenge for the ascertainment of 
a “new or worsening pulmonary infiltrate”, a condition 
required for clinical diagnosis of VAP [5]. Another chal-
lenge is the distinction between ventilator-associated tra-
cheobronchitis (VAT) and VAP. VAT is defined as a lower 
respiratory tract infection without involvement of the 
lung parenchyma (and therefore without new/progres-
sive chest X-ray infiltrate). The distinction between VAT 
and VAP in ARDS patients remained challenging given 
the poor accuracy of chest radiograph to detect new 
infiltrates.

Fig. 2 Mechanisms for the relationship between hyperoxia and 
ventilator‑associated pneumonia. VAP ventilator‑associated pneumo‑
nia, HALI hyperoxic acute lung injury
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Obtaining samples from the lungs for microbiologi- 
cal culture is crucial to the establishment of infection. 
However, there is considerable variability in the tim-
ing and type of specimen obtained in practice [46]. The 
identification of infection can be complicated by coloni-
zation of the proximal airways, which happens rapidly 
after intubation and is frequent in ARDS patients [5]. It 
is important to differentiate between colonization (pres-
ence of bacteria, even at a high burden, in the respiratory 
tract without lung infection), a harmless phenomenon, 
and infection. Although protected deep lung sampling 
by broncho-alveolar lavage or protected specimen brush 
reduces the risk of false positives relative to endotracheal 
aspirate, this has not been convincingly demonstrated 
to alter outcomes although observational data suggest 
they can safely reduce antibiotic use [47]. Although false-
positive results from proximal colonization are a signifi-
cant problem, intercurrent use of antibiotics is common 
in ARDS patients and increases the risk of false-negative 
culture. This is, increasingly, being addressed by the 
use of culture-independent molecular technique; how-
ever, the utility of the tools available is limited by their 
restricted range of organisms covered and the risk of 
over-sensitive detection of irrelevant organisms driving 
inappropriate use of antimicrobials [48–50]. Physicians 
should be aware of this particular point and therefore 
interpret with caution the results of these tests. There are 
very few prospective studies demonstrating the impact 
of molecular diagnostics on patient management and the 
results of forthcoming trials are awaited. Antigen detec-
tion in the lower respiratory tract can also aid diagnosis, 

especially with organisms such as Aspergillus where cul-
ture and PCR are imperfect [51]. The value of Aspergil-
lus sp. and Aspergillus fumigatus PCR is promising, but 
remain to be evaluated in ARDS patients. In patients 
with ARDS and bilateral radiographic infiltrates, there 
remains a question of which region to sample invasively. 
While trials have not been undertaken to answer this 
question definitively, observational data suggest that in 
the presence of bilateral infiltrates, unilobe sampling is 
sufficient and minimizes risk of lavage volume and dura-
tion of bronchoscopy [52].

The host response makes up the crucial second com-
ponent of any infection syndrome, and therefore host 
biomarkers can be of use in diagnosing infection in 
ARDS. Laboratory hematological features of inflamma-
tion, including leucocytosis, neutrophilia and elevated 
C-reactive protein, are not specific to infection and can 
occur in sterile precipitants of ARDS [53]. The inflamma-
tory response in pneumonia is highly compartmentalized 
and alveolar cytokines and other alveolar markers are the 
most discriminant for pneumonia (Table 1) [54]. Notably, 
although alveolar cytokines demonstrated excellent assay 
performance, measurement of pulmonary cytokines 
did not alter antimicrobial prescribing in a recent rand-
omized trial [55]. This illustrates that the challenges in 
diagnosis lie not only with the technology, but also the 
behavioral response to results.

Peripheral blood markers have the advantage of avoid-
ing the need for bronchoscopic sampling and are there-
fore easier to obtain; however, they are generally less 
able to discriminate pneumonia from other infections 

Table 1 Summary of host‑based biomarkers for diagnosis of pneumonia in ARDS

ARDS acute respiratory distress syndrome, RCT  randomized controlled trial, sTREM soluble triggering receptor expressed on myeloid cells, VAP ventilator-associated 
pneumonia, HLA human leukocyte antigen

Marker Performance

Alveolar
 Interleukin‑1/interleukin‑8 Validated in multi‑center cohort [54] but did not influence practice in an RCT [55]

 sTREM‑1 Initial report, but not validated in follow‑up study [113, 114]

 Exhaled breath markers Experimental with technical variation currently limiting implementation [115]

 Pentraxin‑3 Meta‑analysis suggested alveolar levels superior to plasma levels with moderate diagnostic performance, no RCT 
testing influence on practice [116]

 Combination ‘bio‑score’ May be superior to individual markers, but remains to be validated [117]

Peripheral blood
 C‑reactive protein May be useful predictor of VAP, but non‑specific and raised in both sterile and infective inflammation [118]

 Procalcitonin Lacks sensitivity for diagnosis of pneumonia, but can significantly shorten antibiotic duration [118]

 Pro‑adrenomedullin Limited utility in diagnosis of pneumonia, but useful as marker of severity [118]

 Pentraxin‑3 Less effective as a diagnostic than alveolar levels [116]

 Presepsin No reports in VAP

 Neutrophil CD64 Role in pneumonia uncertain [8]

 Monocyte HLA‑DR Markers of monocyte deactivation and predictor of infection, but poor discriminant value for diagnosis of infection [8]
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and many lack sensitivity and or specificity for infection 
(Table 1).

In summary, the diagnosis of pulmonary infec-
tion in ARDS is challenging, and existing techniques 
are imperfect and risk both inadequate and overtreat-
ment. A combination of clinical, biological and radio-
logical assessment, combined with microbiological 
sampling from the lungs, remains the current gold stand-
ard (Fig.  3). The development of molecular diagnostics 
focusing on both host and pathogen offers great promise, 
but their impact on patient management and outcomes 
remains to be convincingly demonstrated.

Epidemiology of nosocomial pulmonary infections 
in ARDS patients
The most common bacterial causes of VAP include Enter-
obacterales, Pseudomonas aeruginosa, Staphylococcus 
aureus, and Acinetobacter among the general population 
of mechanically ventilated patients [56]. The pathogens 
associated with VAP in ARDS are similar to those seen 
among non-ARDS patients who develop VAP (Fig. 4) [4, 
52, 57]. Moreover, patients with ARDS undergoing extra-
corporeal membrane oxygenation (ECMO) demonstrate 
the same breakdown of pathogens with Pseudomonas 
aeruginosa and Staphylococcus aureus predominating 
[58]. One important element, regardless of the specific 
causative bacteria seen in VAP, is that antibiotic resist-
ance is increasing in VAP as well as in other nosocomial 

infections. In 2017, the Tigecycline Evaluation and Sur-
veillance Trial described important European changes 
in antimicrobial susceptibility between 2004 and 2014, 
with increases in the rates of ESBL-positive Escherichia 
coli (from 8.9 to 16.9%), MDR Acinetobacter baumannii 
complex (from 15.4 to 48.5%), ESBL-positive Klebsiella 
pneumoniae (from 17.2 to 23.7%), and methicillin-resist-
ant Staphylococcus aureus (MRSA) (from 27.5 to 28.9%) 
[59]. Similar worrisome trends for bacterial susceptibil-
ity to available antimicrobials have been reported by 
other investigators as well [60, 61]. Most worrisome is 
the increasingly recognized presence of resistance to new 
antibiotics specifically developed to treat VAP [62].

Prior antibiotic exposure and subsequent changes 
in the host’s airway microbiome due to dysbiosis seem 
to drive the prevalence of antibiotic-resistant bacterial 
causes of VAP (Fig. 5) [22, 63]. The presence of invasive 
devices such as endotracheal tubes and antibiotic admin-
istration promote pathogenic bacterial colonization due 
to the overwhelming of local defenses, resulting in the 
development of an intermediate respiratory infection 
termed VAT [64]. VAT represents a compartmentalized 
host response associated with a better overall prognosis 
compared to VAP, but VAT can prolong the duration of 
MV and ICU length of stay [65]. If the aforementioned 
response is not compartmentalized, progression to VAP 
is likely and potentially other organ failure including 
ARDS may occur [66].

Fig. 3 Graphical representation of the combined assessment of clinical, radiological, and laboratory evaluation of host response and microbiologi‑
cal data for the diagnosis of pneumonia as a proxy for histopathological examination
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One of the major fears concerning nosocomial pul-
monary infections in ARDS at the present and into the 
future is the increasing presence of novel pathogens and 
infections with microorganisms for which limited treat-
ment options exist. As we increasingly treat older and 
more immunocompromised hosts with ARDS, the like-
lihood for emergence of novel pathogens and infection 
with pan-resistant microorganisms will increase. Early 
identification of such emerging pathogens in ARDS is 
critical. The importance of early identification of novel 
pathogens is necessary to facilitate epidemiologic sur-
veillance, curtailing pathogen spread, and providing 
early treatment as illustrated by recent nosocomial out-
breaks of Middle Eastern respiratory syndrome corona-
virus, SARS-CoV-2 and pan-resistant Escherichia coli 
[67–70]. In the future, metagenomic next-generation 
sequencing  should allow earlier and more targeted 
treatments for novel pathogens causing ARDS or com-
plicating the course of patients with ARDS. Such tech-
nology will allow earlier pathogen identification and 
accelerate the workup and treatment for both infectious 

and noninfectious causes of diseases complicating 
ARDS [71].

Atypical causes of respiratory infections in ARDS 
patients
Although the majority of respiratory infections in ARDS 
patients are caused by bacteria, ICU-induced immunopa-
ralysis may induce infection with unusual pathogens.

Although invasive pulmonary aspergillosis (IPA) has 
been reported mainly in immunocompromised patients, 
lower respiratory tract colonization with Aspergillus 
has been more frequently associated with ARDS than 
in other patients invasively ventilated in ICU [72]. The 
mechanism of damage involves the combination of alve-
olar damage (induced by ARDS) and a dysregulation of 
the local immune response, together with sepsis-induced 
immunosuppression, innate immunity and antigen pres-
entation impairment, accounting for the development of 
IPA in previously colonized patients [15, 73]. Co-infec-
tion with influenza has been reported as a risk factor for 
IPA [74]. Contou et al. reported isolation of Aspergillus in 
the lower respiratory tract in almost 10% of patients with 

Fig. 4 Annual Epidemiological Report for 2016 Healthcare‑associated infections in intensive care units [https ://www.ecdc.europ a.eu/sites /defau 
lt/files /docum ents/AER_for_2016‑HAI_0.pdf (accessed 21 February 2020)] and the PROSEVA Trial [4]. Bar graphs depicting the percentages of the 
most frequently isolated microorganisms in ICU‑acquired pneumonia episodes for 2016 (red bars) and for patients with acute respiratory distress 
syndrome (ARDS) (blue bars). Total number of isolates 16, 869 and 112, respectively

https://www.ecdc.europa.eu/sites/default/files/documents/AER_for_2016-HAI_0.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/AER_for_2016-HAI_0.pdf
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ARDS (50% had putative or proven IPA) [75]. An impor-
tant finding from this study was that the median time 
between initiation of MV and first sample positive for 
Aspergillus spp. was only 3 days. Moreover, a post-mor-
tem study in ARDS patients found that 10% of deceased 
patients had IPA manifestations [76]. If Aspergillus is 
identified as a pathogen in an immunocompetent patient, 
it is recommended to screen for any kind of immunosup-
pression (humoral, cellular or combined, complement, 
etc.).

Viruses may also be responsible for infection in ARDS 
patients. Because of immunoparalysis following the initial 
pro-inflammatory response to aggression, latent viruses 
such as herpesviridae may reactivate in ICU patients [7]. 
HSV and CMV are frequently recovered in lung or blood 
of ICU patients (up to 50%, depending on the case mix), 
their reactivation being associated with morbidity and 

mortality [24, 77, 78]. However, the exact significance 
of these reactivations is debated: these viruses may have 
a true pathogenicity and cause lung involvement [24, 
79], thereby having a direct role in morbidity/mortality 
observed with their reactivation; or they may be bystand-
ers, their reactivation being only secondary to disease 
severity or prolonged ICU stay. To date, the answer is 
not known, data regarding a potential benefit of antivi-
ral treatment being controversial. For HSV, the most 
recent randomized control trial found no increase in 
ventilator-free days in patients having received acyclovir, 
but a trend toward lower 60-day mortality rate (hazard 
ratio for death within 60 days post-randomization for the 
acyclovir group vs control was 0.61 (95% CI 0.37–0.99, 
p = 0.047) [80]. For CMV, two recent randomized clinical 
trials (RCTs) were performed: the first one showed that 
valganciclovir prophylaxis in CMV-seropositive patients 
was associated with lower rate of CMV reactivation as 

Fig. 5 Venn diagram showing the relationship and overlap for ventilator‑associated pneumonia (VAP) and ventilator‑associated tracheobronchitis 
(VAT) with acute respiratory distress syndrome (ARDS). Respiratory microbiome dysbiosis is also demonstrated as a prerequisite for most cases of 
VAP and VT
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compared to placebo, but not with better outcome [81]; 
and the second one showed that, as compared to placebo, 
ganciclovir prophylaxis did not lead to lower Il-6 blood 
level at day 14, but patients having received ganciclovir 
had trend toward lower duration of MV [82]. Besides 
latent viruses, respiratory viruses (rhinovirus, influenza, 
adenovirus…) have been recently found to be responsi-
ble for nosocomial infection in ventilated or non-venti-
lated patients [83]. However, like herpesviridae, their true 
impact on morbidity/mortality is not known.

In summary, HSV and CMV may cause viral disease in 
ARDS patients, and respiratory viruses may be responsi-
ble for hospital-acquired pneumonia; however, the true 
impact of these viral infections on outcomes remains to 
be determined.

Specificity of pulmonary infections in ECMO 
patients
Veno-venous extracorporeal membrane oxygenation 
(VV-ECMO) is now part of the management of refrac-
tory ARDS [84, 85]. These very sick patients are at high 
risk for developing typical ICU-related nosocomial infec-
tions (e.g., VAP or bloodstream infections), in addi-
tion to ECMO-specific infections, including localized 
infections at peripheral cannulation insertion sites. Biz-
zarro et  al. reported a high prevalence rate of nosoco-
mial infection of 21% in a large international registry 
of ECMO patients [86], pulmonary infection being the 
most frequently reported. This high prevalence may be 
explained by underlying comorbidities, concomitant 
critical illness, prolonged mechanical support, MV and 
ICU stay as well as impairment of the immune system 
by the extracorporeal circuitry through endothelial dys-
function, coagulation cascade, and pro-inflammatory 
mediators release [87]. While the rate of pulmonary 
infection on ECMO has not been thoroughly compared 
with a population with the same critical illness but in 
the absence of ECMO, VAP was reported in 32 out of 
92 patients receiving ECMO (87% VV-ECMO) by Gras-
seli et al. [88]. Among 220 patients who underwent VA-
ECMO for > 48 h and for a total of 2942 ECMO days, 142 
(64%) developed 222 nosocomial infections, correspond-
ing to a rate of 75.5 infectious episodes per 1000 ECMO 
days. VAP was the main site of infection with 163 epi-
sodes occurring in 120 patients after a median ± standard 
deviation of 7 ± 12  days [89]. VAP and resistant organ-
isms are therefore common in that population [88–90]. 
The duration of ECMO has been frequently associated 
with a higher incidence of VAP [89, 91], even if a causal 
relationship is impossible to establish. Indeed, longer 
ECMO runs could be a direct consequence of infectious 
complications rather than a risk factor. However, it seems 
clear that ECMO patients who acquired VAP had longer 

durations of MV and ECMO support and a higher over-
all ICU mortality [88, 89, 91]. Similarly, immunocom-
promised patients and older age were consistently found 
as risk factors associated with infections on ECMO [89, 
92]. The clinical diagnosis of pulmonary infection in 
ECMO patients is challenging, since they may have signs 
of systemic inflammatory response, possibly triggered 
by the ECMO itself, whereas fever could be absent if the 
temperature is controlled by the heat exchanger on the 
membrane. In addition, the common application of an 
ultraprotective ventilation aiming to rest the lung on VV-
ECMO and frequent pulmonary edema on VA-ECMO 
make the interpretation of new infiltrates on chest-X ray, 
which are commonly used to suspect a VAP, difficult. 
Beyond the diagnosis challenge of pulmonary infection 
on ECMO, the changes of pharmacokinetics/pharma-
codynamics (PK/PD) of antimicrobial agents could also 
contribute to delaying appropriate antimicrobial treat-
ment and consequently increase the burden of infections. 
An increase in the volume of distribution by ECMO as 
well as the severity of the underlying illness and drug 
clearance impairment through renal or liver dysfunctions 
complicates the management of antibiotics and antifun-
gal therapies [93]. While waiting for large in vivo studies 
aiming to report the respective PK/PD of antimicrobial 
agents on ECMO, avoiding lipophilic agents (i.e., more 
likely sequestrated on the ECMO membrane) [93] and 
therapeutic drug monitoring are warranted.

Antimicrobials and the lung
Apart from bacteremias/fungemias, most infections 
are in interstitial or tissue spaces and hence the efficacy 
of a drug should be related to drug concentrations and 
actions in those tissues [94]. Drugs will cross the body 
membranes (move from intravenous compartment into 
tissue compartments) if there is an intrinsic “carrier 
mechanism”, or if the compound is either a small mole-
cule or is lipophilic [95].

Hydrophilic antimicrobials are found in extravascular 
lung water, but for relevant lung tissue penetration the 
lipophilic drugs are most important [94–97]. Large mol-
ecules such as vancomycin, teicoplanin, aminoglycosides 
and colistin will have poor lung tissue concentrations 
when given intravenously (ELF/plasma concentration 
ratio << 1) [95, 96]. Betalactams penetrate into lung 
parenchyma better than other hydrophobic antibiotics 
[96]. ELF/Plasma concentration ratio for glycylcyclines 
(e.g., tigecycline) is around 1. Lipophilic compounds 
such as macrolides, ketolides, quinolones, oxazolidi-
nones, antifungals and antivirals will have good lung tis-
sue concentrations (ELF/plasma concentration ratio > 1) 
after intravenous administration [97]. Oxazolidinones 
(linezolid), glycylcyclines (tigecycline) and sulfonamides 
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(cotrimoxazole) may be effective in the treatment of 
MDR pathogens; however, there is no ARDS-specific 
lung PK (ELF/plasma concentration) data for these 
drugs. Although newer antimicrobials (ceftolazone–tazo-
bactam, meropenem–vaborbactam, plazomicin) have 
activity against drug-resistant Gram-negative pathogens, 
there are limited alternatives against drug-resistant Aci-
netobacter baumaniii such as cefiderocol which is under-
going phase 3 clinical trials.

The advent of newer generation of delivery devices and 
MDR organisms has led to a renewed interest in the field 
of nebulized antimicrobials [98], although recent trials in 
pneumonia have failed to demonstrate clinical benefits 

[99, 100]. ARDS is often associated with multiple organ 
dysfunction syndrome. Hence, the possibility of achiev-
ing high intrapulmonary concentrations with limited 
systemic side effects is appealing. Although recent well-
conducted RCTs argued against systematic use of nebu-
lized antimicrobials in nosocomial pneumonia [99, 100] 
it may still have a place in the treatment of severe lung 
infections due to MDR bacteria. In this view, selecting the 
correct antimicrobial formulation and dosing (Table 2) is 
an essential first step, as well as the best device, namely 
vibrating mesh nebulizer [101]. Clinical PK data available 
for some nebulized antibacterial, antiviral and antifun-
gals confirm high pulmonary and low systemic exposure 

Table 2 Suggested dose for antimicrobials that may be both IV and aerosolized

Available literature suggested adverse reaction with inhaled co-amoxiclav, piperacillin tazobactam and ceftriaxone. No human data actually exist with other nebulized 
antibiotics

IV intravenous, ARDS acute respiratory distress syndrome, CrCl creatinine clearance, MIU million international units

Drug Suggested IV dose for ARDS lung infections 
(with normal CrCl)

Notes Suggested inhaled dose

Penicillins
 Ampicillin 2 gm 6 hourly (q6h) 1 g q 12 h [119]

 Ampicillin–sulbactam 3 g q 8 h [120]

Cephalosporins
 Ceftazidime 2 gm 6–8 hourly 250 mg q 12 h [121, 122]

15 mg/kg q 3 h [123]

Carbapenems
 Meropenem 1 gm 4–6 hourly Not recommended (no data)

 Imipenem 500–1000 mg 6 hourly 50 mg q 6 h [124]

Quinolones
 Moxifloxacin 400 mg daily Not recommended (no data)

 Ciprofloxacin 400 mg 8 hourly Not recommended (no data 
in ventilated patients)

 Levofloxacin 750 mg daily up to 500 mg 12 hourly 240 mg q 12 h [125]

Sulfonamide
 Trimethoprim/sulfamethoxazole 8–10 mg trimethoprim/kg/day Not recommended (no data)

Glycopeptide
 Vancomycin 30 mg/kg loading

Same dose per day (divided or continuous infu‑
sion)

Keep serum level 20–25 mg/L 120 mg q8 h [126, 127]

Aminoglycosides
 Gentamicin 7 mg/kg loading dose Used primarily to sterilize blood 80 mg q8h [126, 127]

 Tobramycin 7 mg/kg loading dose Used primarily to sterilize blood 300 mg q12 h [128]

 Amikacin 25–30 mg/kg loading dose Used primarily to sterilize blood 25 mg/kg/day [123]
40 mg/kg/day [129]
400 mg q12h [100]

Polymyxins
 Colistin 4 mg/kg loading, then 500 mg 6 hourly

(33.33 mg colistin = 1 million units)
4 MIU q 8 h [129]

Phosphonic acid derivative
 Fosfomycin 4 g 6–8 hourly Never alone 120 mg fosfomycin q12h [99]

 Monobactam

 Aztreonam 1 g 6 hourly 75 mg q 8 h [130]
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[102]. Sputum PK studies report high variability and are 
difficult to interpret [102]. However, lung deposition of 
nebulized antimicrobials is influenced by many factors, 
including specific ventilator settings. Ventilator settings 
and procedures usually recommended for improving aer-
osol delivery (high tidal volume, low respiratory rate and 
low inspiratory flow, systematic changes of expiratory fil-
ters…) are difficult to implement in patients with ARDS, 
at least those with the most severe forms. ARDS is a het-
erogeneous lung condition causing inhomogeneous ven-
tilation distribution potentially affecting drug delivery at 
the affected site. Increased lung inflammation can also 
increase systemic concentrations by increased diffusion 
across the alveolo-capillary barrier, thus influencing the 
nebulized drug dosing [103]. Further PK studies investi-
gating nebulized antimicrobial in ARDS are required for 
recommending dosing regimens in this condition.

Areas of investigation such as pulmonary nanomedi-
cine and targeted delivery using intracorporeal nebuliza-
tion catheter, while still investigational, have the potential 
to overcome many of these barriers and enhance lung tis-
sue antimicrobial concentrations [104].

Prevention of pulmonary infections in ARDS 
patients
Nosocomial infections may contribute to the mortality 
related to ARDS given that such infections are responsi-
ble for worsening hypoxemia and causing sepsis. As such, 
the prevention of these infections must be reinforced to 
avoid straining the prognosis of patients suffering from 
ARDS. However, interpreting the VAP prevention litera-
ture in this context is challenging because (1) no studies 
have been conducted expressly in ARDS patients; (2) sev-
eral preventive measures have been shown to reduce the 
rate of pulmonary infection, but many less have demon-
strated an impact on patient prognosis [105]. That being 
said, the general strategy for preventing pulmonary infec-
tion applies also in ARDS patients. However, some pre-
ventive measures deserve a special focus in the context 
of ARDS patients (Fig. 6): (1) oral care with chlorhexidine 
is suspected to worsen respiratory failure; (2) selective 
digestive decontamination (SDD) deserves to be dis-
cussed in such high-risk patients, as it has been proven 
to be effective in reducing mortality in ICU patients and 
likely lowers VAP rates.

There is no single preventive measure that will com-
pletely avert pulmonary infection in patients suffering 
from ARDS and patients must be approached with a pack-
age or bundle of preventive measure [106] provided that 
an early weaning strategy is part of the bundle [107]. Other 
preventive measures and notably some expensive medical 
devices such as automated endotracheal tube cuff pres-
sure monitoring or endotracheal tube allowing subglottic 

secretion drainage have not been proven effective on 
patient’s outcomes (mortality, duration of MV, antibiotic 
use), but could be dedicated to these high-risk patients. 
However, translating research into an efficient bundle of 
care to prevent pulmonary infection remains a challenge 
and behavioral approaches to implement the measures are 
as important as the measures themselves [108].

Chlorhexidine-gluconate (CHG) use for oral care in 
ICU patients may be harmful despite previous consist-
ent data showing its beneficial effect in preventing VAP 
[109]. Oral mucosa adverse events with 2% (w/v) CHG 
mouthwash in ICU are frequent, but often transient. 
Adverse events described were erosive lesions, ulcera-
tions, plaque formation (which are easily removed), 
and bleeding mucosa in 29 of 295 patients (9.8%) who 
received 2% (w/v) CHG [110]. A systematic review and 
meta-analysis by Labeau et al. in 2011 evaluated the effect 
of oral decontamination with CHX [109]. Twelve stud-
ies were included (n = 2341). Overall, CHX use resulted 
in a significant risk reduction of VAP (RR = 0.67, 95% CI 
0.55–0.94, p = 0.02). Favorable effects were more pro-
nounced in subgroup analyses for 2% CHX (RR = 0.53, 
95% CI 0.31–0.91) and for cardiosurgical patients 
(RR = 0.41, 95% CI 0.17–0.98). However, a recent meta-
analysis suggested that oral CHG paradoxically increased 
the risk of death, which may have resulted from toxicity 
of aspirated CHG in the lower respiratory tract [111]. 
Consequently, it remains unclear whether using CHG for 
oral care affects outcomes in critically ill patients.

Selective digestive decontamination (SDD) remains 
definitely a matter of controversy [112]. On one hand, it 
reduces the mortality in mechanically ventilated patients, 
while on the other hand its use is limited by the potential 

Fig. 6 Prevention of pulmonary infections in ARDS patients: from 
highly recommended preventive measures to a cautious or even a 
not recommended use
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of inducing more bacterial resistance. However, in ARDS 
patients at high risk of mortality with high level of bacte-
rial resistance, SDD deserves to be evaluated.

The better understanding of ARDS phenotype may 
offer an opportunity to develop more selective preventive 
measures in the future.

Conclusion
Pulmonary superinfections of ARDS patients consider-
ably impact patients’ prognosis. It is favored by altered 
local and systemic immune defenses.

The poor outcome of ARDS with pulmonary superin-
fections is probably related to the lack of early accurate 
diagnostic methods and difficulties in optimizing ther-
apy. This article reviewed the available knowledge and 
revealed areas for future investigations in pathophysiol-
ogy, diagnosis, treatment and prevention.

Potentials for improvements are numerous in all the 
fields:

Pathophysiology
To improve knowledge about the host factors (both sys-
temic and local) favoring superinfections.

To identify early the disequilibrium between the host 
and the microbiota that may promote pneumonia in 
ARDS patients.

Diagnosis
To identify early criteria for suspicion of VAP and VAT.

To determine the appropriate time to perform bacte-
riological samples, and in particular develop a morpho-
logical way to unmask areas of pneumonia at the bedside.

To identify new diagnostic tests providing accurate and 
early diagnosis of pneumonia.

To develop accurate early methods of pathogen iden-
tification and to distinguish patients infected and simply 
colonized (especially for viruses and fungi).

Therapy
To evaluate the impact of new molecular methods in 
diagnosing pneumonia in ARDS patients and improve 
prognosis.

To evaluate the impact of TDM monitoring of anti-
microbials on the prognosis of ARDS patients with 
pneumonia.

To develop non-antibiotic therapies in the future, 
including vaccines, monoclonal antibodies and phage 
therapy.

Prevention
Evaluate the benefit on antimicrobial consumption and 
prognosis of the use of SDD in ARDS patients in ICUs 
with a high level of bacterial resistance.
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Plus ça change, plus c’est la même chose….
Over the last 6  months intensivists and non-intensiv-
ists around the world have been treating patients with 
acute respiratory distress syndrome (ARDS) brought on 
by COVID-19, often in extreme conditions with over-
whelmed healthcare systems. As the first wave of the 
pandemic has passed in Europe and continues to pro-
gress in parts of North America, we pause to consider 
how severe COVID-19 infection is changing ARDS man-
agement and what the lasting implications might be for 
ARDS from other causes (Table 1).

Our first thought is that COVID-19 is changing every-
thing and nothing about ARDS management. Everything, 
in the sense that the thousands of severe COVID-19 
patients have brought widespread attention from non-
intensivists and the general public to the high mortality 
and management challenges of ARDS. This is refreshing 
as prior to the pandemic, ARDS was often under-recog-
nized, even among the intensivists who cared for such 
patients [1]. But at the same time, nothing has changed 
as all of these ‘new-found’ therapies and supportive tech-
niques are not actually new—they just have not been 
as well understood, applied or implemented before the 
pandemic.

The foundation to ARDS management has been metic-
ulous supportive care such as low tidal volume ventila-
tion, and prone positioning in moderate-severe ARDS, 
both of which have been shown to reduce mortality. 
While proning had been reasonably well adopted in many 
European centres, its uptake in North America was poor, 
even in academic teaching centres, ranging from 8 to 15% 

of moderate-severe ARDS patients [1, 2]. Common rea-
sons for deciding not to prone include a lack of comfort 
with the procedure, misconceptions that the patient may 
not be hypoxemic enough, and concerns about hemo-
dynamics [3]. With COVID-19 surges, the large number 
of severely hypoxemic patients forced many intensive 
care units (ICUs) to discover that they can indeed pro-
vide care in the prone position for moderate-severe 
ARDS patients. Most centres have trained staff in how 
to prone and many have developed dedicated proning 
teams to facilitate this care [4]. Indeed, interest in pron-
ing COVID-19 patients has extended to non-intubated 
awake patients, [5] and proning of intubated and non-
intubated patients has even been recognized in main-
stream media (https ://www.nytim es.com/2020/05/13/
healt h/coron aviru s-proni ng-lungs .html). Even after the 
COVID-19 surge has passed, we are hopeful that the 
future threshold for proning in ARDS will remain much 
lower than it was in 2019.

ARDS is known to be a heterogeneous syndrome with 
different sub-phenotypes that are characterized by dif-
ferent clinical features, inflammatory cytokine profiles, 
physiology and differential response to interventions [6, 
7]. COVID-19 is no exception to this rule. Indeed, the 
large number of simultaneous patients with the same 
underlying etiology but varying physiological responses 
has put the importance of adapting mechanical venti-
lation strategies to the individual patient into sharp 
focus. One positive effect of clinical debates that have 
raged in the pages of medical journals and on Twit-
ter is that respiratory mechanics are cool again. Many 
more clinicians are interested in the basics such as 
plateau pressure, respiratory system compliance and 
driving pressure, with others still going beyond that 
and considering airway opening pressure and recruit-
ment to inflation ratio, [8] occlusion pressure, [9] and 
transpulmonary pressures [10]. While we hope this will 
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continue post-COVID-19, ongoing education, supervi-
sion and quality control will be necessary, as more com-
plicated monitoring techniques may provide misleading 
information if improperly performed or interpreted—
cautionary tale of the pulmonary artery catheter.

Similarly, corticosteroids and other anti-inflamma-
tory agents have been a source of controversy in ARDS 
and sepsis for more than 30  years with ongoing ques-
tions about which patients, if any, would most benefit. 
A number of randomized clinical trials have promised 
benefit of steroids over the years, though these have 
been small and often single-centre in nature. A recent 
multi-centre Spanish trial (Dexa) showed a mortality 
benefit with early dexamethasone in patients with per-
sistent ARDS [11]. This was consistent with a growing 
body of literature showing benefit for steroids in severe 
community-acquired pneumonia. Pre-pandemic, cor-
ticosteroids were not routinely administered, however, 
because of both concerns about side-effects and ongo-
ing uncertainty of their benefit. An order of magnitude 
larger than the previous largest trial, the preliminary 
report from the RECOVERY trial convincingly shows 
that early low-dose dexamethasone improves survival 
in patients with COVID-19, but heterogeneity of treat-
ment effect is again appreciated with the largest ben-
efit seen among those on mechanical ventilation, while 
those with no supplemental oxygen requirement did 
not benefit [12]. While we suspect that we will see a 
significant increase in corticosteroid use in early non-
COVID-19 ARDS, we hope that there will be additional 
studies in these patients both to determine short-term 
efficacy, as the mechanism of action may be different 
in COVID-19, and to examine long-term outcomes like 
ICU-acquired weakness.

It is becoming clear that many patients with COVID-
19 are in a hypercoagulable state and a number of 
reports show thrombosis and endothelial injury. This 

may account for some of the less typical ARDS presen-
tations and has fueled debate about whether COVID-19 
ARDS is actually ARDS [13]. However, inflammation, 
endothelial injury and pulmonary intravascular coagu-
lation are common in ARDS [14]. Many patients with 
ARDS from COVID-19 display huge physiological dead-
space, right ventricle dysfunction, and very high ventila-
tory ratios. However, we know that these findings are also 
prevalent in non-COVID-19 ARDS and are associated 
with increased mortality [15]. Prophylactic anticoagula-
tion has always been part of the management in ARDS 
and other ICU patients. With ongoing trials pending, it 
remains to be seen whether higher doses of anticoagula-
tion and anti-platelet agents would benefit ARDS patients 
from COVID or any other causes.

This pandemic has provided many clear examples of 
what not to do when it comes to generating new knowl-
edge and integrating this into practice – from uncon-
trolled case series, opinion being touted as evidence in 
high impact journals, retracted studies, and questionable 
medical advice via Twitter and TikTok. These in them-
selves provide lessons in retrospect, but perhaps the most 
positive influence that the pandemic could have on future 
ARDS management is to socialize and normalize enrol-
ment in randomized trials in the intensive care environ-
ment. The creation and success of ongoing platform trials 
such as RECOVERY, REMAP-CAP, and ACTIV during 
the pandemic will hopefully spur clinicians, patients and 
their families, regulators, funders, and research ethics 
boards to demand enrolment into randomized clinical 
trials, [16] as is commonly the case in the cancer field.

The COVID-19 pandemic has provided many intensiv-
ists (and some non-intensivists) several years’ worth of 
severe ARDS management experience over the course of 
just a few months. While the challenges have, in places, 
been extreme, we hope that this experience will benefit 

Table 1 How severe COVID-19 is changing ARDS management

Paradigm Example

Increased adoption of therapies previously shown to be effective in non-
COVID-19 ARDS

Prone positioning in moderate-severe ARDS

Spillover adoption of therapies shown to be effective in COVID-19 ARDS Early low-dose corticosteroids

Applying evidence-based practice, informed by bedside physiology Increased clinical interest in respiratory mechanics

Expanding new lines of investigation that may be relevant to both COVID-
19 and non-COVID-19 ARDS

Systemic anticoagulation and anti-platelet agents for pulmonary vascular 
thrombosis

Anti-inflammatory agents
Sedation with volatile anaesthetic agents
Stromal cell therapies

Highlighting the existence and importance of heterogeneity of treatment 
effect in ARDS for many therapies

Differential effects of steroids by severity
Proposals for several methods to individualize therapies (sub-phenotypes)

Socializing randomization as the norm in critical care settings Successful implementation of RECOVERY, REMAP-CAP, ACTIV platform trials
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future ARDS patients for years to come, even when the 
COVID-19 pandemic is for the history books.
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Abstract 

Purpose: To investigate whether COVID-19-ARDS differs from all-cause ARDS.

Methods: Thirty-two consecutive, mechanically ventilated COVID-19-ARDS patients were compared to two historical 
ARDS sub-populations 1:1 matched for  PaO2/FiO2 or for compliance of the respiratory system. Gas exchange, hemo-
dynamics and respiratory mechanics were recorded at 5 and 15  cmH2O PEEP. CT scan variables were measured at 5 
 cmH2O PEEP.

Results: Anthropometric characteristics were similar in COVID-19-ARDS,  PaO2/FiO2-matched-ARDS and Com-
pliance-matched-ARDS. The  PaO2/FiO2-matched-ARDS and COVID-19-ARDS populations (both with  PaO2/FiO2 
106 ± 59 mmHg) had different respiratory system compliances (Crs) (39 ± 11 vs 49.9 ± 15.4 ml/cmH2O, p = 0.03). The 
Compliance-matched-ARDS and COVID-19-ARDS had similar Crs (50.1 ± 15.7 and 49.9 ± 15.4 ml/cmH2O, respectively) 
but significantly lower  PaO2/FiO2 for the same Crs (160 ± 62 vs 106.5 ± 59.6 mmHg, p < 0.001). The three populations 
had similar lung weights but COVID-19-ARDS had significantly higher lung gas volume  (PaO2/FiO2-matched-ARDS 
930 ± 644 ml, COVID-19-ARDS 1670 ± 791 ml and Compliance-matched-ARDS 1301 ± 627 ml, p < 0.05). The venous 
admixture was significantly related to the non-aerated tissue in  PaO2/FiO2-matched-ARDS and Compliance-matched-
ARDS (p < 0.001) but unrelated in COVID-19-ARDS (p = 0.75), suggesting that hypoxemia was not only due to the 
extent of non-aerated tissue. Increasing PEEP from 5 to 15  cmH2O improved oxygenation in all groups. However, 
while lung mechanics and dead space improved in  PaO2/FiO2-matched-ARDS, suggesting recruitment as primary 
mechanism, they remained unmodified or worsened in COVID-19-ARDS and Compliance-matched-ARDS, suggesting 
lower recruitment potential and/or blood flow redistribution.

Conclusions: COVID-19-ARDS is a subset of ARDS characterized overall by higher compliance and lung gas volume 
for a given  PaO2/FiO2, at least when considered within the timeframe of our study.

Keywords: COVID-19, ARDS, Respiratory system mechanics, Mechanical ventilation, CT scan

Introduction
Acute respiratory distress syndrome (ARDS)—as cur-
rently defined—is a syndrome which broadly includes 
diverse conditions grouped on the basis of an oxy-
genation deficit of acute onset and bilateral radio-
graphic infiltrates that cannot be attributed solely to a 
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cardiovascular cause [1]. The severity of ARDS is clas-
sified by a single criterion only: oxygenation deficit, 
expressed as  PaO2/FiO2 ratio. By this broad definition, 
hypoxemic patients with coronavirus disease 2019 
(COVID-19) and bilateral chest X-ray infiltrates clearly 
satisfy the definition of ARDS. We have reported [2, 3] 
that severe hypoxemia with relatively well-preserved 
respiratory system compliance (Crs) measured under 
standard conditions is characteristic of COVID-19-
ARDS, and it differs from ARDS of other causes (typi-
cal ARDS), while others did not recognize consistent 
differences [4–7]. However, the increased frequency of 
higher Crs in COVID-19-ARDS was noted by some of 
the same authors [4, 5], and a significantly higher Crs 
associated with severe hypoxemia was recently docu-
mented [8]. The heterogeneous nature of ARDS allows 
that—at the population level—there may be wide over-
lap between COVID-19-ARDS and typical ARDS, and 
these observations continue to drive a debate [6, 9]. It is 
worth remembering that during the Berlin conference, 
the experts’ panel initially agreed on using an upper 
threshold of 40 ml/cmH2O of respiratory system com-
pliance (Crs) to qualify as severe ARDS. This variable 
was not implemented, however, as it did not add fur-
ther prognostic value to bilateral infiltrates and  PaO2/
FiO2 ratio [10]. In other words, the  PaO2/FiO2 ratio and 
the Crs deteriorated together in typical ARDS. This 
pairing may not occur in COVID-19-ARDS, where a 
discrepancy between the severities of hypoxemia and 
respiratory mechanics may be the key issue, rather than 
their individual absolute values per se.

Indeed, this discrepancy could be due to the underly-
ing pathogenesis of COVID-19-ARDS, which is highly 
atypical and quite distinct from most other forms of 
typical ARDS that are routinely encountered [2, 11, 
12]. In typical ARDS, the primary site ‘hit’ is the alveo-
lar space, particularly in pulmonary ARDS. In contrast, 
in COVID-19-ARDS, the prevalent pathophysiological 
mechanism is initiated on the vascular side of the pul-
monary unit. In addition, the endothelialitis, typical of 
COVID-19 patients, results in a powerful activation of 
the coagulation cascade, with micro and macro throm-
bosis occurring in pulmonary tissues and throughout the 
body [13–15]. Undoubtedly, microthromboses are recog-
nized autopsy findings [16], and pulmonary artery filling 
defects (vascular occlusion or compression) have been 
described in typical ARDS for decades [17, 18]. A strik-
ing difference between typical ARDS and COVID-19-
ARDS, however, is the remarkable frequency and extent 
to which pulmonary [15, 19] and extrapulmonary throm-
bosis [20] occur in the latter. While regional atelectasis, 
edema and fibrosis may coexist, disrupted vasoregulation 
strikingly alters the matching of perfusion to ventilation, 

a pathophysiologic mechanism which may be the pre-
dominant contributor to hypoxemia in the early phase of 
this evolving disease [12, 21].

To investigate whether and to what degree, COVID-
19-ARDS differs from typical ARDS, we compared the 
physio-anatomical characteristics of COVID-19-ARDS 
patients with two historically matched cohorts of typical 
ARDS. Quantitative CT scan analysis, and measurements 
of respiratory system mechanics and gas exchange were 
performed under standardized and identical conditions, 
both in COVID-19-ARDS and typical ARDS, thus avoid-
ing the biases of acquiring CT scans and physiological 
variables under highly heterogeneous “clinical” conditions.

Methods
Study population
Thirty-two COVID-19-ARDS patients, consecutively 
admitted to the ICU of ASST Santi Paolo e Carlo Hospi-
tal, Milan over the period between February 21st, 2020 
and May 7th, 2020 were prospectively enrolled. This study 
was conducted in accordance with the pre-existing Eth-
ics Committee approval that allows physiological and CT 
scan studies for all patients with severe respiratory failure 
admitted to our critical care unit (ethics committee num-
bers: 42937/2016 and 9890/2017). All had documented 
COVID-19 positive RT-PCR o nasal or pharyngeal swab 
and bilateral infiltrates documented by chest X-ray. This 
COVID-19-ARDS population was matched with cohorts 
from two separate non-COVID ARDS populations: one 
matched 1:1 for  PaO2/FiO2  (PaO2/FiO2-matched-ARDS) 
and a second one matched 1:1 for respiratory system 
compliance (Compliance-matched-ARDS). The values of 
 PaO2/FiO2 ratio and Crs used for matching these cohorts 
were the ones measured in COVID-19-ARDS at 5  cmH2O 
of PEEP during mechanical ventilation, immediately 
before the CT scan. The  PaO2/FiO2 ratio and Crs of the 
two historical non-COVID ARDS cohorts were measured 
under exactly the same conditions.

The two matched, entirely independent popula-
tion samples were extracted from our ARDS dataset 
which includes 232 patients studied between 2003 and 
2018. These patients had previously been screened and 
included in clinical physiopathologic studies performed 
by our group over the same time span. Therefore, they 
met all criteria that define ARDS and underwent a com-
mon and standardized intervention (e.g., CT scan, PEEP 
trials, measurement of respiratory mechanics and gas 
exchange) and a standardized data collection protocol.

Measurements
In every studied patient (of both COVID-19-ARDS 
and the matched non-COVID ARDS populations), gas 
exchange, respiratory mechanics, hemodynamics and 



2189

CT scan variables were recorded under standardized 
conditions (Volume Controlled ventilation, tidal volume 
7–8  ml/kg of Ideal Body Weight (IBW), muscle relaxa-
tion, 5  cmH2O of Positive End-Expiratory Pressure, 
PEEP). Both COVID-19-ARDS and non-COVID ARDS 
population cohorts underwent CT scanning and PEEP 
testing within a median of 3 [IQR 1—4] days after the 
admission to ICU.

Gas exchange
We measured  FiO2,  PO2,  PCO2, hemoglobin saturation 
and derived variables (using arterial and central venous 
blood) and end-tidal  PCO2  (PETCO2). Venous admix-
ture was computed using central venous blood values 
as surrogates for the mixed venous ones [22].

Respiratory system mechanics
We measured plateau pressure, PEEP, driving pressure 
and respiratory system compliance at the standardized 
value of 5  cmH2O.

CT‑quantitative anatomical variables
In each patient, the whole lung CT was performed 
under static conditions during an end-expiratory hold 
at 5  cmH2O of PEEP. Lung profiles of each CT scan slice 
were manually contoured, excluding hilar structures. 
Then, quantitative analysis was performed with dedi-
cated software (Maluna [23]). We estimated lung weight, 
gas volume, amount of over-inflated tissue (voxel density 
− 1000 to − 900 Hounsfield Units, HU), well-aerated tis-
sue (− 899 to − 500 HU), poorly aerated tissue (− 499 to 
− 100 HU) and non-aerated tissue (− 100 to + 100 HU). 
Analyses were performed on each whole slice as well as 
on ten equally spaced segments along the sterno-verte-
bral axis.

PEEP response
All patients underwent a “PEEP-test” in which PEEP 
was raised from 5 to 15  cmH2O while keeping constant 
respiratory rate, tidal volume and  FiO2. Gas exchange, 
hemodynamics and mechanical variables were re-meas-
ured at 15  cmH2O of PEEP after a 15-min equilibration 
period (See Supplement for details.)

Statistical analysis
The one-to-one matching procedure was performed 
with the nearest-neighboring method using the optimal 
algorithm, without replacement, with the MatchIt pack-
age for R (R Foundation for Statistical Computing ver-
sion 4.0.2) [24]. Data are presented as mean ± standard 
deviation. Student’s t test assessed the statistical signifi-
cance of the difference between group means when data 
were distributed normally; otherwise, the Wilcoxon test 

was used. Chi square test or Fisher’s exact test was used 
to construct the contingency tables. Linear regression 
tested the relationship between continuous variables. 
Two-way analysis of variance allowing interaction was 
used to evaluate the gas volume distribution along the 
segments of sterno-vertebral axis. These statistical analy-
ses were performed with R (R Foundation for Statistical 
Computing version 4.0.2) and its package Tidyverse.

Results
Study population
COVID-19-ARDS (32 consecutive patients) and both 
non-COVID ARDS population cohorts  (PaO2/FiO2-
matched-ARDS and Compliance-matched-ARDS, 32 
patients each) had similar baseline characteristics regard-
ing age, sex, Ideal Body Weight and Body Mass Index. 
The Simplified Acute Physiology Score II (SAPSII), 
although lower in COVID-19-ARDS patients, was not 
statistically different from the comparison cohorts. How-
ever, it is likely that overall clinical severity in the  PaO2/
FiO2-matched-ARDS and Compliance-matched-ARDS 
groups was greater, as indicated by longer ICU length of 
stay (Table  1).  PaO2/FiO2-matched-ARDS and Compli-
ance-matched-ARDS had comparable distributions of 
prevalence regarding etiology of lung injury (p = 0.86). 
The majority (68.7%) of both COVID-19-ARDS and 
 PaO2/FiO2-matched-ARDS patients had  PaO2/FiO2 
ratios consistent with severe ARDS, based on the Berlin 
definition of ARDS severity. In contrast, severe ARDS 
represented only 18.7% of Compliance-matched-ARDS 
patients; (p < 0.001) (Table 1). Outcome measures for the 
three populations are reported in Table 1.

Oxygenation and respiratory mechanics
When COVID-19-ARDS was compared to the  PaO2/
FiO2-matched-ARDS cohort, i.e., at similar oxygenation, 
its respiratory system compliance was significantly higher 
(49.9 ± 15.4 vs 39.9 ± 11.1 ml/cmH2O; p = 0.003, Fig. 1a) 
and plateau and driving pressures were significantly 
lower (Table  2). When COVID-19-ARDS was com-
pared to the Compliance-matched-ARDS population, 
i.e., at similar respiratory system mechanics, the  PaO2/
FiO2 ratio was significantly lower in COVID-19-ARDS 
(106.5 ± 59 vs 160 ± 62 mmHg; p < 0.001, Fig. 1b), as were 
the other oxygenation variables. In  PaO2/FiO2-matched-
ARDS patients, the  PaO2/FiO2 ratio was linearly related 
with the respiratory system mechanics (p = 0.036), 
whereas no significant correlation was found neither in 
Compliance-matched-ARDS (p = 0.9), nor in COVID-19-
ARDS (p = 0.81, Figure E1).
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CO2 clearance and dead space
With regard to the ventilation parameters, COVID-19-
ARDS and its two matched populations  (PaO2/FiO2-
matched-ARDS and Compliance-matched-ARDS) had 
comparable values for tidal volume, alveolar dead space 
ventilation and ventilatory ratio. Minute ventilation was 
significantly higher and  PaCO2 lower in COVID-19-
ARDS, compared to  PaO2/FiO2-matched-ARDS, due to a 
higher respiratory rate (Table 2).

CT scan variables
Despite similar total lung weights, patients with 
COVID-19-ARDS, compared to  PaO2/FiO2-matched-
ARDS, had significantly higher lung gas volume 
(1670 ± 791 vs 930 ± 644  mL; p < 0.001), a greater 
amount of normally aerated tissue (475 ± 185 vs 
287 ± 154  g; p < 0.001) and less non-aerated tissue 
(591 ± 293 vs 960 ± 567  g; p = 0.002) (Table  2). The 
weights of the normally aerated and non-aerated lung 
tissues were similar in COVID-19-ARDS and in Com-
pliance-matched-ARDS populations, but total lung gas 
volume was higher in COVID-19-ARDS compared to 
Compliance-matched-ARDS. Notably, the distribution 

of gas volume was remarkably different for the three 
populations: patients with COVID-19-ARDS had the 
highest gas volumes in each lung segment, whereas the 
lowest gas volumes were measured in the correspond-
ing segments of the  PaO2/FiO2-matched ARDS popula-
tion (Fig. 2).

Hemodynamics, venous admixture and non‑aerated tissue
Hemodynamic values are presented in Table  2. In 
Fig.  3, we present venous admixture as a function of 
the fraction of non-aerated tissue. In each of the non-
COVID ARDS cohorts, venous admixture increased 
with the fraction of non-aerated tissue (both p = 0.004). 
In contrast, in COVID-19-ARDS, the venous admix-
ture remained approximately constant and independ-
ent from large variations in the observed fraction of 
non-aerated tissue (p = 0.75). The regression model 
also shows that in the COVID-19-ARDS population the 
constant term of the model equates to a venous admix-
ture of 0.50 (95% CI 0.33–0.67), suggesting that signifi-
cant venous admixture is theoretically present, even for 
an assumed zero fraction of non-aerated tissue.  PaO2/
FiO2 ratio and A-aPO2 as a function of the fraction 

Table 1 Baseline clinical characteristics of the three cohorts

Anthropometric and clinical characteristics of COVID-19-ARDS population (CARDS, middle column) and the two historical matched cohorts  (PaO2/FiO2-matched-
ARDS, left column and Compliance-matched-ARDS, right column)

BMI Body Mass Index, Crs respiratory system compliance, SAPSII Simplified Acute Physiology Score II, ICU Intensive Care Unit

PF‑ARDS (n = 32) p value CARDS (n = 32) p value Crs‑ARDS (n = 32)

Age (years) 59 ± 17 0.96 58.9 ± 8.9 0.15 63.8 ± 16.2

Female (n − %) 8 (25) 0.2 4 (12) 0.21 9 (28.1)

Height (cm) 171 ± 10 0.14 175 ± 9 0.054 170 ± 9

Ideal Body Weight (kg) 66.5 ± 9.9 0.85 66.9 ± 7.2 0.47 65.3 ± 9.8

BMI (kg/m²) 29 ± 8.2 0.57 28 ± 4.1 0.11 26 ± 6

PaO2/FiO2 (mmHg) 106.3 ± 59.4 0.99 106.5 ± 59.6 < 0.001 160 ± 62

Crs (ml/cmH2O) 39 ± 11.1 0.003 49.9 ± 15.4 0.97 50.1 ± 15.7

Causes of lung injury (n − %)

 Pneumonia 17 (53.1) 32 (100) 14 (43.8)

 Aspiration 3 (9.4) 0 (0) 2 (6.3)

 Sepsis 6 (18.7) 0 (0) 8 (25)

 Trauma 3 (9.4) 0 (0) 3 (9.4)

 Other 3 (9.4) 0 (0) 5 (15.6)

ARDS category (n − %)

 Mild 3 (9.4) 1 3 (9.4) < 0.001 7 (21.9)

 Moderate 7 (21.9) 7 (21.9) 19 (59.4)

 Severe 22 (68.7) 22 (68.7) 6 (18.8)

SAPSII 43.5 ± 21.3 0.07 34.5 ± 12.1 0.07 41.1 ± 15.5

Days of mechanical ventilation 
before study

2.2 ± 2.2 < 0.001 0.8 ± 0.7 0.002 3.8 ± 4.5

ICU length of stay (days) 19.2 ± 12.2 0.07 13.7 ± 8.1 < 0.001 24.8 ± 13.4

ICU mortality (n − %) 17 (53.1) 0.21 12 (37.5) 1 12 (37.5)
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of non-aerated tissue (Figures  E2 and E3) showed the 
same behavior of venous admixture.

Response to PEEP test
The responses of the physiological variables to the PEEP 
test, i.e., increasing PEEP from 5 to 15  cmH2O are sum-
marized in Table 3. As shown, despite a similar increase 
in oxygenation in all three populations, the respiratory 
system mechanics and dead space all improved in the 
 PaO2/FiO2-matched-ARDS cohort but did not change 
or deteriorated in patients with COVID-19-ARDS and 
those with Compliance-matched-ARDS.

Discussion
In this study, which compares COVID-19-ARDS patients 
with two different non-COVID-19 ARDS populations, 
we found  the following: (1) COVID-19-ARDS patients, 
compared to  PaO2/FiO2-matched ARDS (i.e., similar 
oxygenation), had consistently better respiratory system 
compliance and nearly double the end-expiratory gas 
volume as their counterparts in the comparison groups; 
(2) COVID-19-ARDS patients, compared to a separate 
population of non-COVID-19 ARDS patients matched 
on Crs (i.e., with similar respiratory system mechan-
ics) had consistently worse oxygenation variables; (3) 

COVID-19-ARDS,  PaO2/FiO2-matched-ARDS, and 
Compliance-matched-ARDS experienced similar oxy-
genation improvement when raising PEEP from 5 to 15 
 cmH2O. Importantly, however, while that oxygenation 
improvement in the  PaO2/FiO2-matched-ARDS popu-
lation was associated with significantly improved  CO2 
clearance and respiratory mechanics, these variables did 
not change or deteriorated in both COVID-19-ARDS 
patients and Compliance-matched-ARDS patients.

Patient populations
A single matching variable was used for each matching 
procedure. No other variables were included, due to the 
limited size of our ARDS dataset. The anthropometric 
characteristics of the three populations were not statis-
tically different. Bilateral pneumonia was the only cause 
of lung injury in COVID-19-ARDS patients. By compari-
son, pneumonia accounted for 53.1% and 43.8% in  PaO2/
FiO2-matched-ARDS and Compliance-matched-ARDS 
cohorts, respectively, incidence frequencies similar to 
the LUNG-SAFE study (59.4%) of 3022 patients (p = 0.16) 
[25]. The prevalence of sepsis was also similar among 
LUNG-SAFE,  PaO2/FiO2-matched-ARDS and Compli-
ance-matched-ARDS (16%, 18.7% and 25% in, respec-
tively; p = 0.36). Therefore, our sample of matched ARDS 

Fig. 1 a Respiratory system compliance in COVID-19-ARDS (orange) and in  PaO2/FiO2-matched-ARDS populations (blue). The matched  PaO2/
FiO2 ratios were similar (COVID-19-ARDS = 106 ± 59 mmHg,  PaO2/FiO2-matched-ARDS = 106 ± 60 mmHg). Note that, for the same  PaO2/FiO2 ratio, 
the Crs in COVID-19-ARDS is significantly higher (~ 11 ml/cmH2O) than in  PaO2/FiO2-matched-ARDS (median values 49.5 and 38.4 ml/cmH2O, 
respectively). b  PaO2/FiO2 ratio in COVID-19-ARDS (orange) and in Compliance-matched-ARDS populations (blue). The matched respiratory system 
compliance values were similar (COVID-19-ARDS = 49.9 ± 15.4 ml/cmH2O, Compliance-matched-ARDS  = 50.1 ± 15.7 ml/cmH2O). Note that, for the 
same Crs, the  PaO2/FiO2 ratio in Compliance-matched-ARDS is significantly higher (~ 70 mmHg) than in COVID-19-ARDS (median values 155.0 and 
85.4 mmHg, respectively)
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patients appears representative of the ARDS populations 
enrolled in pre-COVID ARDS clinical trials. The distri-
bution of mild, moderate and severe ARDS (as measured 
at 5  cmH2O of PEEP [26]) in COVID-19-ARDS and in 
our  PaO2/FiO2-matched-ARDS subgroup was identical 
(Table 2) [1]. In contrast, the overall severity of Compli-
ance-matched-ARDS patients was lower, as the preva-
lence of severe ARDS category was only 18.8% vs 68.7% in 
COVID-19-ARDS. The general clinical severity, as indi-
cated by SAPSII, tended to be lower in COVID-19-ARDS 

patients, compared to the two non-Covid ARDS popula-
tions, perhaps accounting for their shorter length of stay 
in the ICU.

Oxygenation, lung mechanics and the mechanism 
of hypoxemia
Differently from typical ARDS, where the decrease of 
 PaO2/FiO2 ratio is associated with a decrease in Crs, in 
our COVID-19-ARDS population  PaO2/FiO2 ratio and 
Crs were unrelated. This has also been found in a recent 

Table 2 Gas exchange, respiratory mechanics, hemodynamics and CT variables of the three cohorts

Gas exchange, respiratory mechanics, hemodynamics and CT scan variables measured in COVID-19-ARDS (CARDS, middle column) and the two historical matched 
cohorts  (PaO2/FiO2-matched-ARDS, left column and Compliance-matched-ARDS, right column)

PaO2 arterial partial pressure of oxygen, PAO2 alveolar partial pressure of oxygen, A-aPO2 alveolar-arterial oxygen partial pressure difference, SaO2 hemoglobin 
saturation of the arterial blood, PaCO2 arterial partial pressure of carbon dioxide, PETCO2 end-tidal partial pressure of carbon dioxide, ScvO2 hemoglobin saturation of 
the central venous blood, (a–v) O2 difference arterial–venous difference of oxygen content

PF‑ARDS (n = 32) p value CARDS (n = 32) p value Crs‑ARDS (n = 32)

Oxygenation
 FiO2 0.74 ± 0.22 0.66 0.72 ± 0.18 < 0.001 0.51 ± 0.15

 PaO2 (mmHg) 68.1 ± 17.4 0.75 66.7 ± 16.8 0.045 76.1 ± 19.6

 PaO2/FiO2 (mmHg) 106.3 ± 59.4 0.99 106.5 ± 59.6 < 0.001 160 ± 62

 PAO2 (mmHg) 465 ± 148 0.73 453 ± 129 < 0.001 313 ± 107

 AaPO2 (mmHg) 397 ± 156 0.77 386 ± 138 < 0.001 237 ± 113

 SaO2 (%) 90.2 ± 5.3 0.78 90.6 ± 5.7 0.056 93.1 ± 4.1

CO2 clearance
 Tidal volume (ml/kg IBW) 7.5 ± 1.6 0.52 7.7 ± 0.9 0.07 8.4 ± 1.9

 Respiratory rate (bpm) 16.8 ± 3.9 0.014 18.7 ± 2 < 0.001 15.7 ± 3.6

 Minute ventilation (l/min) 8.18 ± 2.21 0.002 9.82 ± 1.85 0.001 8.3 ± 1.76

 PaCO2 (mmHg) 50.9 ± 13.6 0.027 44.7 ± 7.1 0.60 45.8 ± 9.9

 PETCO2 (mmHg) 35.1 ±  8.6 0.44 33.6 ± 5.2 0.034 37.2 ± 7.5

 Alveolar dead space 0.29 ± 0.18 0.17 0.23 ± 0.12 0.17 0.19 ± 0.14

 Ventilatory ratio 1.72 ± 0.69 0.77 1.76 ± 0.45 0.11 1.57 ± 0.47

Respiratory Mechanics
 Plateau pressure  (cmH2O) 19.5 ± 4.1 0.035 17.2 ± 3.8 0.49 16.6 ± 3.7

 Driving pressure  (cmH2O) 13.9 ± 4.2 0.014 11.3 ± 3.7 0.64 11.7 ± 3.7

 Compliancers (ml/cmH2O) 39 ± 11.1 0.003 49.9 ± 15.4 0.97 50.1 ± 15.7

Hemodynamics
 Heart rate (bpm) 92.1 ± 20.6 0.008 79 ± 18 0.018 89.3 ± 16.5

 Mean arterial pressure (mmHg) 80.2 ± 9.4 0.09 85 ± 12 0.06 79.7 ± 10.4

 ScvO2 (%) 75.4 ± 9.25 0.52 73.9 ± 6.5 0.30 76.5 ± 9.5

 (a–v)  O2 difference (ml/dl) 1.9 ± 1.14 0.004 2.78 ± 0.78 0.19 2.37 ± 1.24

 Venous admixture 0.6 ± 0.24 0.049 0.48 ± 0.15 0.51 0.44 ± 0.26

 Haemoglobin (mg/dl) 10.4 ± 1.5 < 0.001 12 ± 1.5 < 0.001 10.1 ± 1.1

CT scan 
 Lung weight (g) 1729 ± 705 0.35 1596 ± 385 0.12 1409 ± 538

 Lung gas volume (ml) 930 ± 644 < 0.001 1670 ± 791 0.043 1301 ± 627

 Hyperinflated tissue (g) 2.85 ± 7.68 0.08 7.68 ± 13 0.47 4.80 ± 18

 Normally aerated tissue (g) 287 ± 154 < 0.001 475 ± 185 0.14 412 ± 150

 Poorly aerated tissue (g) 479 ± 250 0.48 522 ± 196 0.07 426 ± 418

 Non-aerated tissue (g) 960 ± 567 0.002 591 ± 293 0.8 566 ± 475
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larger study comparing typical ARDS with COVID-
19-ARDS [8]. This contrasts with the decision taken in 
Berlin to exclude Crs from the ARDS definition as unnec-
essary, as it added no prognostic value to the  PaO2/FiO2 
ratio alone [10]. It is then possible that the mechanisms 
leading to hypoxemia are somehow different between 
COVID-19-ARDS and typical ARDS. Hypoxemia due 
to venous admixture [27] originates from two poten-
tial mechanisms: true right to left shunt (i.e., perfusion 
of non-aerated tissue) and/or low ventilation–perfusion 
(VA/Q) ratio (perfusion of poorly ventilated lung regions). 
In typical ARDS, the primary component of venous 
admixture is right-to-left shunt. Accordingly, the greater 
the fraction of non-aerated tissue, the greater the venous 
admixture [28, 29]. In COVID-19-ARDS the venous 
admixture was unrelated to the non-aerated tissue frac-
tion; indeed, it was very high even when the fraction of 
non-aerated tissue was very low (Fig.  3). This observa-
tion strongly suggests that the major component of the 
venous admixture in COVID-19-ARDS is ventilation–
perfusion mismatch, rather than true right-to-left shunt. 
The important role of VA/Q mismatch in COVID-19-
ARDS is consistent with (but not entirely explained by) 
the reported high incidence of micro and macro throm-
bosis in this disease [11, 14, 30, 31] and with the impor-
tance of markers of immune-thrombosis (e.g., d-dimers) 
in the outcome of COVID-19-ARDS [8].

Fig. 2 Lung gas volume measured in the 10 equally spaced lung 
segments along the sterno-vertebral axis (level 1 = closest to the 
sternum, level 10 = closest to the vertebra). The gas volume of both 
the  PaO2/FiO2-matched-ARDS (dark blue) and Compliance-matched-
ARDS (light blue) was significantly different from COVID-19-ARDS 
(p < 0.001 and p = 0.043, respectively). Note that the gas volume 
was higher in COVID-19-ARDS, even compared to the Compliance-
matched-ARDS. The extent of the differences is particularly evident 
in the most dependent lung regions, where the gas volume at each 
level was even more than double in COVID-19-ARDS than in  PaO2/
FiO2-matched-ARDS

Fig. 3 Venous admixture as a function of the fraction of non-aerated tissue, in  PaO2/FiO2-matched-ARDS (PF-ARDS, left panel), COVID-19-ARDS 
(CARDS, middle panel) and Compliance-matched-ARDS (Crs-ARDS, right panel). As shown, in  PaO2/FiO2-matched-ARDS and Compliance-matched-
ARDS, the venous admixture increases proportionally with similar slopes (0.83 and 0.89, respectively) with the increase fraction of non-aerated 
tissue, implying a coupling between the shunt fraction and the fraction of non-aerated tissue. In contrast, in COVID-19-ARDS, the two variables 
were uncoupled. The relationships followed the regression equations:  PaO2/FiO2-matched-ARDS, venous admixture = 0.83 × fraction of non-aerated 
tissue + 0.14, p = 0.003, R2 = 0.32 (22 observations). CARDS, venous admixture = − 0.07 × fraction of non-aerated tissue + 0.5, p = 0.75, R2 = − 0.03 
(29 observations). Crs-ARDS, venous admixture = 0.89 × fraction of non-aerated tissue + 0.13, p = 0.004, R2 = 0.35 (19 observations). Missing data 
were due to the lack of central venous blood samples



2194

Respiratory system compliance and lung gas volume
The relative importance of VA/Q mismatching as opposed 
to right-to-left shunt in COVID-19-ARDS is consistent 
with its relatively higher lung gas volume, which corre-
lates with the respiratory system compliance (see Figure 
E4). Moreover, the gas volume was remarkably higher 
in COVID-19-ARDS compared to  PaO2/FiO2-matched-
ARDS for each lung section along the gravitational axis, 
including the most dependent ones, which are almost 
gasless in typical ARDS (Fig.  2). Again, this difference, 
likely due to the vasocentric nature of COVID-19-ARDS 
(as compared to ‘gas space-centered’ nature of typical 
ARDS), is not entirely surprising. Unexpectedly, how-
ever, we found that Compliance-matched-ARDS patients 
had lower gas volume than did COVID-19-ARDS 
patients, despite having similar values of respiratory 
system mechanics. The interpretation of these findings 
is currently only speculative. However, it is tempting to 
hypothesize that the increased gas volume in COVID-
19-ARDS is caused by newly formed emphysema-like 
functional regions that may develop as a consequence 
of the ischemic changes and diffuse micro thromboses 
described in autopsy findings [11, 14].

Response to PEEP
The improved oxygenation in our  PaO2/FiO2-matched-
ARDS patient cohort in response to the PEEP test was likely 
due recruitment. Indeed, these patients were more recruita-
ble, as indicated by higher baseline non-aerated tissue mass 
in conjunction with a significant decrease of plateau pres-
sure and an improvement of Crs when PEEP was raised. 
In contrast, Compliance-matched-ARDS and COVID-19-
ARDS patients, with lower baseline non-aerated tissue mass, 
showed unaltered or worsened respiratory system mechan-
ics and  PaCO2 in response to the PEEP test (Table 3). These 
findings suggest—in line with previous observations—[32, 
33] that the primary mechanism of oxygenation improve-
ment was a decrease/redistribution of blood flow away from 
airless zones rather than recruitment.

Atypical features of COVID‑19‑ARDS
Our data suggest that COVID-19-ARDS is an atypical 
subset of ARDS. We may then wonder why, for a given 
severity of hypoxemia, the Crs values of our COVID-
19-ARDS patients appear higher than those reported 
by other authors [6, 34]. As the virus is the same world-
wide, its manifestations everywhere should be more or 
less consistent. The differences observed among various 

Table 3 Gas exchange, respiratory mechanics and hemodynamic response to the PEEP increase (5–15  cmH2O)

Changes of gas exchange, respiratory mechanics and hemodynamics increasing positive-end expiratory pressure from 5 to 15  cmH2O measured in COVID-19-ARDS 
(CARDS, middle column) and the two historical matched cohorts  (PaO2/FiO2-matched-ARDS, left column and Compliance-matched-ARDS, right column). The change 
of a variable (Δ) is calculated as the value at 15  cmH2O—value at 5  cmH2O

PaO2 arterial partial pressure of oxygen, PAO2 alveolar partial pressure of oxygen, A-aO2 alveolar-arterial oxygen partial pressure difference, SaO2 hemoglobin 
saturation of the arterial blood, PaCO2 arterial partial pressure of carbon dioxide, PETCO2 end-tidal partial pressure of carbon dioxide, ScvO2 hemoglobin saturation of 
the central venous blood, (a–v) O2 difference arterial–venous difference of oxygen content

PF‑ARDS (n = 32) p value CARDS (n = 32) p value Crs‑ARDS (n = 32)

Oxygenation
 Δ  PaO2 (mmHg) + 35.2 ± 46.3 0.27 + 24.9 ±  24.3 0.77 + 23 ± 27.1

 Δ  PaO2/FIO2 (mmHg) + 46.1 ± 51.2 0.25 + 33.3 ±  35.8 0.27 + 47.3 ± 60.6

 Δ  SaO2 (%) + 5 ± 4.6 0.84 + 5.2 ± 5.6 0.10 + 3.3 ± 3.3

CO2 clearance
 Δ  PaCO2 (mmHg) − 0.78 ± 3.3 0.027 + 1.29 ±  3.94 0.33 + 0.33 ± 3.8

 Δ  EtCO2 (mmHg) + 1.5 ± 2.6 0.62 + 1.9 ± 2.4 0.60 + 1.44 ± 3.5

 Δ Alveolar dead space − 0.05 ± 0.08 0.10 − 0.016 ±  0.066 0.91 − 0.019 ± 0.086

 Δ ventilatory ratio − 0.02 ± 0.1 0.02 + 0.07 ± 0.21 0.09 0 ± 0.14

Respiratory mechanics
 Δ plateau pressure  (cmH2O) 7.9 ± 3.2 0.002 + 10.6 ± 2.9 0.29 + 9.9 ± 2.6

 Δ driving pressure  (cmH2O) − 1 ± 3.3 0.016 + 1 ± 2.6 0.25 + 0.23 ± 2.7

 Δ Crs (ml/cmH2O) + 2.5 ± 8.4 0.02 − 4.1 ±  12.5 0.21 + 0.28 ± 15.3

Hemodynamics
 Δ Heart rate (bpm) − 10 ± 25 0.07 − 1 ±  7 0.45 − 2 ± 6

 Δ Mean arterial pressure (bpm) − 3.7 ± 8.1 0.12 − 0.1 ±  9.8 0.89 + 0.3 ± 9.3

 Δ  SvO2 (%) + 2.9 ± 4.9 0.32 + 4.4 ± 6.2 0.051 − 0.2 ± 8.7

 Δ (a–v)  O2 difference (ml/dl) + 0.38 ± 0.42 0.51 + 0.49 ±  0.82 0.93 + 0.52 ± 0.88

 Δ venous admixture − 0.12 ± 0.11 0.54 − 0.13 ± 0.11 0.88 − 0.14 ± 0.18
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reports may depend on two main factors: the timing of 
the observations and the conditions of measurement. 
Indeed, COVID-19-ARDS evolves rather rapidly with 
time, as reflected by a CT scan appearance that shifts 
progressively from bilateral ground glass opacities to 
overt consolidations/collapse [35]. Crs changes accord-
ingly [36]. It is not surprising that, with passing time, 
Crs may decrease to impressively low values. The con-
ditions of measurement are also important. Most stud-
ies, such as the largest one yet published on COVID-19 
pathophysiology [8], report Crs values measured under 
the prevailing “clinical conditions”. In all cohorts of our 
COVID-19-ARDS,  PaO2/FiO2-matched-ARDS and 
Compliance-matched-ARDS populations, all measure-
ments were performed at a standard PEEP of 5  cmH2O. 
It is obvious that Crs measured at 10–15  cmH2O of PEEP 
may lead to different values than those we report here.

Clinical implications
Our COVID-19-ARDS patients were studied 9.6 ± 4  days 
after the onset of symptoms and were compared with “early” 
historical ARDS patients (within 1  week from admission). 
Within this initial timeframe, the sharp physio-anatomic 
distinctions between non-COVID-ARDS and COVID-19-
ARDS suggest the need to modify our standard practice of 
ARDS management for COVID-19 patients. Specifically, 
the dramatically greater gas volume and better compliance 
of COVID-19 lungs, when present, discourage interventions 
intended to further inflate the lungs. Indeed, for a simi-
lar marginal improvement of oxygenation in response to a 
PEEP increment, signs of overdistension became manifest in 
our COVID-19 patients. In contrast, respiratory mechanics 
improved and  PaCO2 decreased in the  PaO2/FiO2-matched-
ARDS cohort. Attempts to aggressively recruit the lung to 
improve  O2 exchange by applying higher than customary 
levels of mean airway pressure seem ill-advised during this 
early disease phase. We must stress, however, that COVID-
19 pneumonia rapidly evolves with time. Consequently, 
the safest ventilatory strategy could well be different at dif-
ferent stages which range from initial modest ground-glass 
opacities with preserved Crs to an intermediate stage (as 
described in the present study), to a final stage characterized 
by extensive opacities, prevalent fibrosis, and very low Crs.

Limitations
These data are unique in documenting physiologic 
measurements and quantitative images under identi-
cal conditions in closely matched COVID-19-ARDS and 
non-COVID-ARDS patients. However, our study has 
several limitations: first, the limited size of our historical 
ARDS dataset. Second, patients were enrolled in a single 

center, within a limited time frame of their illnesses. Ear-
lier or later stages may present sharply different behav-
iors. In addition, we did not perform a second CT scan at 
15  cmH2O. Finally, a comprehensive set of hemodynamic 
data were not acquired, preventing full characterization 
of the mechanisms underlying the gas exchange varia-
tions we observed.

Conclusion
COVID-19-ARDS and non-COVID ARDS patients differ 
significantly in their radiological and physiological fea-
tures, both in terms of the relationship between oxygena-
tion and lung mechanics and their responses to PEEP. 
The different stages of the disease call for a rethinking of 
the traditional lung protective ventilation targets which 
take into account the peculiarities of this novel ARDS 
variant.
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In the setting of the coronavirus disease 2019 (COVID-
19) pandemic that has hit ICUs worldwide Ferrando et al. 
[1] recently published a prospective multicentre study 
conducted in 36 Spanish ICUs. The study focused on 
consecutive patients with COVID-19-related acute res-
piratory distress syndrome (COVID ARDS) who required 
invasive mechanical ventilation. Among the wealth of 
important and carefully recorded information provided 
by this study, the present editorial focuses on anticipated 
differences between COVID ARDS and non-COVID-
19-related ARDS (non-COVID ARDS), on tidal volume 
setting, adjunct therapies and on methodological aspects.

The first, and main, controversy concerns the idea that 
“COVID-19 does not lead to a typical ARDS”, a hypoth-
esis supported by the observation of 16 patients who 
were severely hypoxaemic but had relatively preserved 
respiratory system compliance (Crs) together with good 
lung aeration on CT scan [2]. On the basis of these find-
ings the authors proposed avoiding high levels of posi-
tive end-expiratory pressure (PEEP) and suggested that 
proning may be associated with limited benefits that, in 
the context of the pandemic, must be balanced with the 
high cost of human resources. In another editorial [3], 
the same authors described the existence of two differ-
ent phenotypes based on: elastance levels (1/Crs), pul-
monary ventilation-to-perfusion ratio, lung weight, and 
lung recruitability. These two phenotypes, named types 
L and H, are characterised by low and high levels of all 
these variables, respectively. It has been proposed that 

patients with COVID-19 present early with the type L 
phenotype, and that some of them evolve to the type H 
phenotype due to COVID-19 progression and a mecha-
nism reported to lead to patient self-inflicted lung injury 
[4]. Calfee et  al. [5] have previously sought to pheno-
type non-COVID ARDS. Using the latent class analysis 
method, they identified a hyper-inflammatory pheno-
type and a low-inflammatory phenotype characterised 
by different responses to PEEP. The results of several 
studies of COVID ARDS have suggested that the respira-
tory mechanics and lung recruitability in these patients 
may be similar to those observed in non-COVID ARDS 
patients. In their large multicentre study, Ferrando et al. 
[1] attempted to corroborate this hypothesis by compar-
ing their results with the averaged results of previous 
studies. No differences were observed in Crs, plateau 
pressure, or driving pressure.

Roughly 75% of their patients received a tidal volume 
(VT) greater than 6 ml/kg predicted body weight (PBW), 
with 25% of them receiving a VT greater than 9.5 ml/kg 
PBW. Furthermore, confirming the findings of the LUNG 
SAFE study in non-COVID ARDS [6], VT was similar 
across ARDS severity categories. An important part of 
the paper concerned the comparison between patients 
with a normal (≥ 50  ml/cmH2O) versus low (< 50  ml/
cmH2O) Crs [3]. Remarkably, VT was not found to dif-
fer between the two groups, and the same applied to the 
other ventilator settings including PEEP. The first ques-
tion that arises is why measure Crs? The finding that Crs 
reflects the amount of aerated lung [7] previously led to 
the baby lung concept. According to this concept, the 
greater the amount of aerated (open) lung the higher 
the VT should be, at a given PEEP. A secondary analysis 
of the ARMA trial [8] found that raising VT decreased 
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mortality in patients with higher pre-randomisation 
Crs, but increased mortality in those with lower pre-
randomisation Crs [9]. However, a subsequent increase 
in VT was found to increase (by 15% per 1  ml/kg PBW 
VT increase) the risk of death in a prospective cohort of 
non-COVID ARDS patients [10]. Crs was not taken into 
account in that cohort study. Therefore, it is not clear 
how those clinicians set VT and whether they would 
adopt a Crs strategy for that, as they seem keener to fol-
low a strategy based on driving pressure to adjust VT and 
PEEP. Second, lung compliance may be more useful than 
Crs to characterise patients according to obesity differ-
ence between the two Crs groups. Crs and lung compli-
ance can be expressed as percentage of predicted values 
[11]. The rate of use of adjunct therapies was also similar 
between the two Crs groups. Use of inhaled nitric oxide 
was not mentioned, whereas a role of lung microcircula-
tion in COVID ARDS was suggested. A large majority of 
patients received recruitment manoeuvers irrespective 
of ARDS severity and without assessment of the under-
lying recruitability. Prone position was largely used in 
both groups, e.g. at a more than twice the rate found in 
a previous study [12]. This result strongly suggests that 
clinicians have now adopted the prone position strategy. 

It should be mentioned that the procedure was used in 
more than 60% of mild COVID ARDS patients, even 
though use of the prone postion in mild ARDS is not 
evidence-based.

Regarding the statistical analysis and methodology 
employed, the study of Ferrando et  al. [1] has several 
strengths and limitations. The large sample size and the 
multicentre design allow the results to be extrapolated to 
other ICUs in Spain and worldwide. The observational 
“real-life” design prevents selection and information 
biases [13]. However, the flow chart does not give the 
total number of patients admitted to the ICUs during the 
study period. Similarly, the nature of missing data (com-
pletely missing or partly missing, at random or not at 
random) [14] was not assessed. Some important respira-
tory variables such as mechanical power [15, 16] were 
not reported. A further limitation is the lack of a con-
trol group with non-COVID ARDS in the same cohort 
of patients during the same period. The comparison was 
not done with non COVID-19 cohorts gathered in the 
same time as the present COVID-19 cohort. Moreover, in 
lacking an a priori specified hypothesis and pre-defined 
sample size, the study fails to comply with the STROBE 
statement for reporting observational studies [17]. It 

Fig. 1 Some important aspects to bear in mind when designing and reporting an observational study
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is therefore possible that readers may misinterpret the 
lack of statistically significant differences between mild, 
moderate and severe ARDS patients, low and normal Crs 
patients, or COVID and non-COVID ARDS patients, 
particularly as evaluation of such differences was not the 
main objective of the study. Furthermore, because of the 
low grade of imbalance between groups in the relevant 
baseline variables, the statistical analysis was not adjusted 
for confounding factors. An adjustment performed 
according to predefined variables, available in the litera-
ture, would have strengthened the results presented. Fig-
ure 1 highlights some important aspects to bear in mind 
when designing and reporting an observational study.

Given all these limitations and considering the inher-
ent heterogeneity of ARDS, it could be that, at the time 
of intubation, COVID ARDS is not different from ARDS 
of other causes. The results presented by Ferrando et al. 
must be considered descriptive and exploratory, and no 
firm conclusion can be drawn from them without addi-
tional data. However, it can be stated that after careful 
bedside physiological assessment, COVID ARDS patients 
may be managed according to the evidence-based 
recommendations.
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Abstract 

Purpose: The main characteristics of mechanically ventilated ARDS patients affected with COVID‑19, and the adher‑
ence to lung‑protective ventilation strategies are not well known. We describe characteristics and outcomes of con‑
firmed ARDS in COVID‑19 patients managed with invasive mechanical ventilation (MV).

Methods: This is a multicenter, prospective, observational study in consecutive, mechanically ventilated patients 
with ARDS (as defined by the Berlin criteria) affected with with COVID‑19 (confirmed SARS‑CoV‑2 infection in nasal or 
pharyngeal swab specimens), admitted to a network of 36 Spanish and Andorran intensive care units (ICUs) between 
March 12 and June 1, 2020. We examined the clinical features, ventilatory management, and clinical outcomes of 
COVID‑19 ARDS patients, and compared some results with other relevant studies in non‑COVID‑19 ARDS patients.

Results: A total of 742 patients were analysed with complete 28‑day outcome data: 128 (17.1%) with mild, 331 
(44.6%) with moderate, and 283 (38.1%) with severe ARDS. At baseline, defined as the first day on invasive MV, median 
(IQR) values were: tidal volume 6.9 (6.3–7.8) ml/kg predicted body weight, positive end‑expiratory pressure 12 (11–14) 
 cmH2O. Values of respiratory system compliance 35 (27–45) ml/cmH2O, plateau pressure 25 (22–29)  cmH2O, and 
driving pressure 12 (10–16)  cmH2O were similar to values from non‑COVID‑19 ARDS patients observed in other stud‑
ies. Recruitment maneuvers, prone position and neuromuscular blocking agents were used in 79%, 76% and 72% of 
patients, respectively. The risk of 28‑day mortality was lower in mild ARDS [hazard ratio (RR) 0.56 (95% CI 0.33–0.93), 
p = 0.026] and moderate ARDS [hazard ratio (RR) 0.69 (95% CI 0.47–0.97), p = 0.035] when compared to severe ARDS. 
The 28‑day mortality was similar to other observational studies in non‑COVID‑19 ARDS patients.

Conclusions: In this large series, COVID‑19 ARDS patients have features similar to other causes of ARDS, compliance 
with lung‑protective ventilation was high, and the risk of 28‑day mortality increased with the degree of ARDS severity.

Keywords: Acute respiratory distress syndrome, Coronavirus, Mechanical ventilation, Outcome
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Introduction

In late December 2019, the Chinese Center for Disease 
Control and Prevention (Chinese CDC) reported a series 
of cases of unknown pneumonia which was subsequently 
termed Coronavirus disease 2019 (COVID-19), caused 
by the severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) [1]. The health, social, and economic 
impact of this disease is unprecedented in our life-time. 
The COVID-19 pandemic has collapsed health care sys-
tems and led to an overwhelming pressure on Intensive 
Care Units (ICUs), since many patients developed pro-
found hypoxemia and extensive pulmonary infiltrates 
requiring intubation and ventilatory support [2].

Recent publications from China and Italy have 
described the epidemiology, clinical characteristics, and 
prognostic factors of patients who developed acute res-
piratory distress syndrome (ARDS) caused by COVID-
19 [3–5]. A number of editorials and anecdotal points of 
view have suggested that COVID-19 ARDS has an atypi-
cal behavior, since a number of patients with profound 
hypoxemia had normal or close to normal respiratory 
system compliance (Crs) [6–8]. However, data confirm-
ing this assumption are scarce, and the view that severe 
COVID-19 causes an “atypical” ARDS has generated 
debate. Consequently, there is controversy as to what are 
the most appropriate oxygenation and ventilation strate-
gies without increasing ventilation-induced lung injury 
or multi-organ damage.

It has long been known that patients with ARDS have 
markedly varied clinical presentations, and the Ber-
lin definition did not include a threshold value for res-
piratory compliance as a diagnostic criterion for ARDS, 
because it did not add to predictive validity [9]. As well, 
it can be difficult to measure accurately in non-passive 
patients.

The clinical features of patients with SARS-CoV-
2-induced ARDS, and the ventilatory management, and 
patient outcomes have not been well described [4]. The 
main objective of this large observational study was to 
describe the physiologic characteristics over time, the 
ventilatory management, and outcomes in a large cohort 
of confirmed ARDS COVID-19 patients. A secondary 
objective was to compare respiratory parameters and 
outcomes of ARDS COVID-19 patients with ARDS of 
other causes, where possible.

Methods
Study design
This is a prospective, multicenter, observational, cohort 
study that enrolled patients with COVID-19 ARDS 
admitted into 36 hospitals from Spain and Andorra (par-
ticipating centers are listed in the Supplementary file). 

During the pandemic, there were no specific hospitals 
that were designated as COVID-19 centers, and thus the 
distribution of patients among centers was similar to that 
observed pre-COVID-19. The study was approved by the 
referral Ethics Committee of Hospital Clínic, Barcelona, 
Spain (code number: HBC/2020/0399). According to 
Spanish legislation, this approval is valid for all partici-
pating centers. The informed consent was waived, except 
in three centers where the institutional review boards 
requested oral informed consent from patient’s relatives. 
This study followed the “Strengthening the Reporting of 
Observational Studies in Epidemiology (STROBE)” state-
ment guidelines for observational cohort studies [10].

Study population and data collection
Data from patients’ electronic medical records were 
reviewed and collected by physicians trained in critical 
care, according to a previously standardized protocol. 
Each investigator had a personal username and pass-
word and entered data into a specifically pre-designed 
online data acquisition system (CoVid19.ubikare.io). 
Patient confidentiality was protected by assigning a 
de-identified patient code. All consecutive COVID-19 
patients included in the dataset from March 12 to June 
1, 2020 were enrolled if they fulfilled the following crite-
ria: ≥ 18 years old, intubated and mechanically ventilated, 
confirmed SARS-CoV-2 infection from a respiratory 
tract sample using PCR-based tests, and had acute onset 
of ARDS, as defined by the Berlin criteria [9], which 
includes a new or worsening respiratory symptoms due 
to COVID infection, bilateral pulmonary infiltrates on 
chest imaging (X-ray or CT scan), absence of left atrial 
hypertension or no clinical signs of left heart failure, and 
hypoxemia, as defined by a ratio between partial pres-
sure of oxygen in arterial blood  (PaO2) and fraction of 
inspired oxygen  (PaO2/FiO2) ≤ 300  mmHg on positive 
end-expiratory pressure (PEEP) ≥ 5  cmH2O, regardless 
of  FiO2. Exclusion criteria were patients with non-con-
firmed SARS-CoV-2 infection according to WHO guid-
ance [11], patients with no data at baseline, patients with 
no information on ventilatory parameters, or non-intu-
bated patients.

Take‑home message 

The COVID‑19 pandemic has collapsed health care systems and led 
to a critically overwhelming pressure on Intensive Care Units (ICUs), 
since many patients developed profound hypoxemia and extensive 
pulmonary infiltrates requiring intubation and ventilatory support.
COVID‑19 patients with ARDS predominantly presented a typical 
moderate‑to‑severe ARDS. Ventilatory management, and 28‑day 
outcome did not differ from other causes of ARDS.
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Recorded data included demographics [age, gender, 
body mass index (BMI), comorbidities], vital signs [tem-
perature, mean arterial pressure (MAP), heart rate], labo-
ratory parameters (blood test, coagulation, biochemical), 
ventilatory parameters [tidal volume (VT), inspiratory 
oxygen fraction  (FiO2), respiratory rate (RR), PEEP, pla-
teau pressure (Pplat), driving pressure (DP), respiratory 
system compliance (Crs)], the use of adjunctive thera-
pies [recruitment maneuvers (RM), prone position, neu-
romuscular blocking agents (NMBA), extracorporeal 
membrane oxygenation (ECMO)], pharmacological treat-
ments, disease chronology [time from onset of symptoms 
and from hospital admission to initiation of mechanical 
ventilation (MV), ventilator-free days (VFDs) during the 
first 30 days, ICU length of stay (LOS)]. Sequential Organ 
Failure Assessment (SOFA) and APACHE II scores, 
patients discharged from ICU, patients who had died or 
still being treated in the ICU on June 1, 2020 were also 
reported.

A full data set was obtained on the first day on inva-
sive MV which was defined as baseline. We also collected 
the “worst” values during the period of invasive respira-
tory support (maximum or minimum, depending on the 
parameter). Site investigators collected what they consid-
ered to be the most representative data of each day from 
admission to ICU discharge, alive or dead. Prior to data 
analysis, two independent investigators and a statistician 
screened the database for errors against standardized 
ranges and contacted local investigators with any queries. 
Validated or corrected data were then entered into the 
database.

Statistical analysis
For the main objective of the study, two descriptive 
analyses including clinical characteristics, mechanical 
ventilation data, respiratory parameters, and adjunctive 
measures were performed. First, we describe patients 
stratified as mild, moderate, and severe ARDS based on 
the Berlin criteria. Second, we describe patients strati-
fied as having normal Crs (≥ 50 ml/cmH2O) or low Crs 
(< 50  ml/cmH2O) according to baseline values [12]. 
Patients were considered as having low Crs if < 50  ml/
cmH2O on day 1 of invasive MV. Descriptive variables 
are expressed as percentage, mean and standard devia-
tion (SD), or median and interquartile range (IQR), as 
appropriate. Then, we compared variables across groups 
using Student’s t test or Mann–Whitney test and one-way 
ANOVA or Kruskal–Wallis test for numerical variables, 
and Chi-squared test or Fisher exact test for categorical 
variables. Second, to assess the relationship among ARDS 
severity and discontinuation from mechanical ventila-
tion, ICU discharge and mortality at day 28 time to event 
curves were plotted using the Kaplan–Meier method and 

analyzed with log-rank test and univariable Cox regres-
sion analysis. The same analysis was performed for Crs. 
Time to discontinuation from mechanical ventilation/
mortality/ICU discharge was described using Kaplan–
Meier plots across categories of ARDS severity, Crs, pla-
teau pressure and driving pressure. For the Kaplan–Meier 
analyses, patients with the complementary outcome were 
right-censored at the longest recorded length of stay. 
Additionally, to test differences between groups, we used 
log-rank test and univariable Cox regression model due 
to the absence of imbalances between groups at baseline 
(or multivariable, adjusted for ARDS, in the case of pla-
teau pressure and driving pressure). As a sensitivity anal-
ysis, we reported results using competing-risks approach. 
Results were consistent across methods [12]. We com-
pared our results for Crs, Pplat, and driving pressure to 
five studies in the literature [13–17] using one sample 
Student’s t test. For the largest study (LUNG SAFE), we 
estimated median Crs from Supplemental Figure e2, 
since it was not explicitly reporter in the study. When 
mean values of the whole cohort were not reported, we 
calculated it from the mean values of the study groups.

As this was an observational study with no harm or 
benefit to patients in the study, we aimed to recruit as 
many patients as possible, with no pre-defined sample 
size. All time to events were defined from day 1 of inva-
sive MV. Missing data were not imputed. Analyses were 
performed in a complete case analysis basis. All tests 
were two-sided, and a p-value < 0.05 was considered 
statistically significant. We have applied the Benjamini–
Hochberg corrections procedure, and have marked with 
an asterisk the p values that were < 0.05 after the correc-
tion. All analyses were performed with STATA version 
16.

Results
Characteristics
Over a period of 81  days (between 12 March and June 
1, 2020), 742 mechanically ventilated patients admit-
ted to 36 ICUs were included in the study and followed 
for at least 28 days (Fig. 1). The distribution of included 
patients among the different participating hospitals is 
shown in Table  S1. The enrollment and follow-up of 
patients are still ongoing, and as of June 29 2020, 100 
(13%) patients were still in the ICU. Demographics, 
APACHE II and SOFA scores, vital signs and laboratory 
findings at baseline are shown in Table  1 and Table  S2. 
The percent of patients with severe, moderate and mild 
ARDS was 38.1%, 44.6% and 17.2%, respectively (Table 1); 
the percentage of severe ARDS patients was higher than 
a number of other large observational studies in non-
COVID-19 ARDS patients. 



2203

The percent of patients with severe ARDS decreased 
markedly from Day 1 to Day 2 and remained at this lower 
level from day 2 onwards (Fig. 2). This was paralleled by 
an increase in the percentage of patients with mild ARDS. 
From the 296 patients (40.8%) with compliance data, 78% 
(231) were classified as having low Crs (Tables S2, S3 and 
Figure S1). From these 296 patients, 35.7% were classified 
as severe, 44.4% as moderate and 18.9% as mild.

Mechanical ventilation and respiratory parameters
Median time from the onset of symptoms to initiation of 
invasive MV was 12 (IQR: 9–16) days, and from hospital 
admission to initiation of invasive MV was 5 (IQR: 2–8) 
days. The median VT at baseline was 6.9 (IQR: 6.3–7.8) 
ml/kg predicted body weight (PBW); in 23% of patients 
the VT never exceeded 6 ml/kg PBW. The median high-
est VT, including during the weaning process with assist 
modes, was 8.4 (IQR: 7.3–9.5) ml/kg PBW. The median 
PEEP at baseline was 12 (IQR: 11–14)  cmH2O, similar to 

the highest collected values of 14 (IQR:12–15)  cmH2O 
(Table  1). Mean VT and PEEP during MV are shown 
in Figures  S2 and S3. The ventilation strategy (VT and 
PEEP) did not vary with the degree of lung severity or 
with Crs (Table  2 and S3). The median  PaO2/FiO2 at 
baseline was 120 (IQR: 83–177) mmHg. The lowest val-
ues reported during the patient´s evolution was 84 (IQR: 
65–114) mmHg.

At baseline, median values for Crs, Pplat and driving 
pressures were 35 (IQR: 27–45) ml/cmH2O, 25 (IQR: 
22–29)  cmH2O, and 12 (IQR: 10–16)  cmH2O, respec-
tively (Table  2). These values were not statistically dif-
ferent from values obtained from a number of large 
relatively recent observational and randomized studies of 
ARDS patients (Table S4).

The worst values during the MV period were 29 (IQR: 
22–37) ml/cmH2O, 28 (IQR: 23–31)  cmH2O, and 15 
(IQR: 12–19)  cmH2O, respectively. Figures  S4 and S5 
show mean values during controlled MV. There were no 
differences in oxygenation  (PaO2/FiO2) between patients 
with normal or low Crs (Table S3). Although the distri-
bution of patients with normal or low Crs showed sig-
nificant differences in driving pressure, both at baseline 
[8 (IQR: 6–9) vs 14 (IQR: 12–17)  cmH2O, p < 0.001] and 
at maximum values [10 (IQR: 8–13) vs 16 (IQR: 13–20) 
 cmH2O, p < 0.001], these differences were not associated 
with ARDS severity (Table 2 and Figure S5).

Adjunctive measures
Continuous NMBA were used in 72% of patients, prone 
position in 76%, and RM in 79%. Degree of ARDS severity 
was associated with significant differences in the use of 
prone position (p < 0.001) and NMBA (p = 0.01), but not 
RM (Table 2, Figure S6). No differences were observed in 
patients with normal vs low Crs (Table S3 and Figure S7). 
The pharmacological treatments received by the patients 
is shown in Table S5.

Clinical outcomes
Mean VFDs (to day 30) was 14 [IQR: 3–20] days. As of 
June 29, 2020, 401 (54%) patients were discharged from 
the ICU with an ICU LOS of 19 [IQR: 11–37] days. All-
cause 28-day mortality was 32% (241 patients) distributed 
as 39% in severe, 29% in moderate and 24% in mild ARDS 
(Table  2). These mortality values were similar to those 
from four observational studies from the past 10  years 
(Table S6). The probability of discontinuation of MV was 
not significantly affected by ARDS severity (Fig.  3). The 
probability of ICU discharge was higher in mild [hazard 
ratio (RR) 1.49 (95% CI 1.08–2.04), p = 0.014], but not 
in moderate when compared to severe ARDS (Table  2 
and Fig.  3). The risk of 28-day mortality was lower in 
mild ARDS [hazard ratio (RR) 0.56 (95% CI 0.33–0.93), 

Fig. 1 Patients flowchart. A total of 742 patients were followed‑up for 
28 days and stratified as mild, moderate and severe ARDS based on 
baseline  PaO2/FiO2. ARDS acute respiratory distress syndrome, PaO2/
FiO2 partial pressure of arterial oxygen to inspiratory oxygen fraction 
ration
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Table 1 Patient characteristics according to ARDS severity

Parameters are shown at baseline (the first day on MV) and during the period of invasive respiratory support (maximum or minimum, depending on the parameter). 
Categorical variables are expressed as numbers (%), and continuous variables as median (IQR)

ARDS acute respiratory distress syndrome, COPD chronic obstructive pulmonary disease, SOFA sequential organ failure assessment, RCP C-reactive protein, IL 
interleukin, min minimum, max maximum

*< 0.05 after Benjamini–Hochberg penalization

All
(n = 742)

Severe ARDS
(n = 283)

Moderate ARDS
(n = 331)

Mild ARDS
(n = 128)

p value

Patients demographics and comorbidities at baseline

 Age (n) 64 [56–71] (737) 64 [56–71] (280) 64 [56–71] (329) 64 [55–71] (128) 0.859

 Gender, male 504/740 (68.1%) 185/281 (65.8%) 238/331 (71.9%) 81/128 (63.3%) 0.118

 Body mass index, kg/m2 (n) 29 [26–33] (480) 29 [26–34] (169) 28 [26–32] (223) 29 [26–31] (88) 0.035

 Arterial hypertension 364/742 (49.1%) 143/283 (50.5%) 161/331 (48.6%) 60/128 (46.9%) 0.779

 Diabetes mellitus 180/742 (24.3%) 76/283 (26.9%) 77/331 (23.3%) 27/128 (21.1%) 0.397

 Chronic cardiac failure 13/742 (1.8%) 3/283 (1.1%) 7/331 (2.1%) 3/128 (2.3%) 0.459

 Chronic renal failure 36/742 (4.9%) 9/283 (3.2%) 19/331 (5.7%) 8/128 (6.2%) 0.219

 Asthma 19/742 (2.6%) 13/283 (4.6%) 6/331 (1.8%) 0/128 (0%) 0.009

 COPD 35/742 (4.7%) 15/283 (5.3%) 18/331 (5.4%) 2/128 (1.6%) 0.167

 Obesity 262/681 (38.5%) 112/262 (42.7%) 111/302 (36.8%) 39/117 (33.3%) 0.161

 Dyslipidemia 131/742 (17.7%) 57/283 (20.1%) 52/331 (15.7%) 22/128 (17.2%) 0.351

Scores

 APACHE II (n) 13 [10–18] (513) 14 [10–18] (203) 13 [9–17] (230) 12 [8–19] (80) 0.110

 SOFA (n) 6 [4–8] (393) 7 [4–9] (131) 6 [4–7] (193) 6 [4–8] (69) 0.023

 SOFA maximum (n) 9 [7–12] (619) 9 [7–12] (241) 9 [7–11] (275) 8 [7–11] (103) 0.158

Vital signs

 Temperature, °C 36.6 [36–37.5] (708) 36.8 [36–37.5] (269) 36.5 [36–37.5] (316) 36.6 [36.0–37.1] (123) 0.083

 Temperature max, °C 38 [37.4–38.7] (740) 38 [37.5–38.8] (283) 38.0 [37.4–38.7] (330) 38.1 [37.4–38.9] (127) 0.337

 Mean blood pressure, mmHg 82 [73–93] (718) 83 [73–95] (270) 82 [75–91] (324) 80 [73–90] (124) 0.281

 Mean blood pressure min, mmHg 67 [61–74] (739) 67 [61–73] (280) 68 [60–75] (331) 67 [61–74] (128) 0.974

 Heart rate, bpm 80 [68–96] (722) 86 [70–100] (275) 80 [68–95] (322) 78 [63–90] (125) < 0.001*

 Heart rate maximum, bpm 110 [95–120] (740) 110 [99–123] (281) 108 [92–120] (331) 110 [94–120] (128) 0.025

Laboratory findings

 Ferritin, ng/mL (n) 1401 [741–2315] (271) 1405 [767–2400] (93) 1330 [677–1999] (125) 1452 [793–2993] (53) 0.574

 Ferritin maximum, ng/mL (n) 1674 [881–2919] (578) 1738 [918–2771] (216) 1726 [852–3095] (259) 1519 [780–3097] (103) 0.910

 d‑Dimer, ng/mL (n) 1200 [720–2620] (498) 1200 [780–2550] (185) 1186 [720–2487] (224) 1219 [600–3030] (89) 0.679

 D‑Dimer maximum, ng/mL (n) 5455 [2975–8005] (700) 5879 [3444–7986] (264) 5413 [2882–8085] (312) 4750 [2439–7486] (124) 0.129

 CRP, mg/dL (n) 29 [13–140] (637) 45 [15–186] (239) 25 [11–114] (287) 27 [10–88] (111) < 0.001*

 CRP maximum, mg/dL (n) 45 [22–252] (721) 139 [26–276] (269) 39 [20–227] (325) 31 [17–203] (127) < 0.001*

 Lymphocytes, 10e3/μL (n) 0.6 [0.4–0.9] (694) 0.6 [0.43–1] (262) 0.6 [0.4–0.9] (313) 0.6 [0.33–0.81] (119) 0.109

 Lymphocytes min, 10e3/μL (n) 0.37 [0.2–0.51] (725) 0.38 [0.22–0.53] (273) 0.36 [0.2–0.5] (325) 0.32 [0.2–0.51] (127) 0.746

 IL‑6, pg/mL (n) 98 [29–270] (157) 97 [36–198] (70) 97 [28–448] (59) 148 [45–414] (28) 0.334

 IL‑6 max, pg/mL (n) 224 [49–986] (310) 313 [63–1000] (129) 180 [49–1000] (131) 154 [40–651] (50) 0.406

 Leukocytes,  103/μL (n) 9.4 [6.5–13] (643) 9.2 [6.1–13.3] (256) 9.7 [6.8–13.8] (284) 8.7 [6.4–11.8] (103) 0.160

 Leukocytes max,  103/μL (n) 14.2 [9.7–20.9] (725) 15.3 [10.6–23] (275) 14 [8.7–20.4] (324) 13.5 [9.2–17.7] (126) 0.015

 Procalcitonin, ng/mL (n) 0.24 [0.11–0.61] (442) 0.24 [0.13–0.75] (166) 0.23 [0.11–0.5] (202) 0.26 [0.13–0.96] (74) 0.254

 Procalcitonin max, ng/mL (n) 0.71 [0.27–3.59] (645) 0.85 [0.3–3.84] (238) 0.66 [0.28–3.61] (290) 0.70 [0.23–2.9] (117) 0.169

 Platelets, 1000/mm3 (n) 234 [178–314] (712) 237 [179–310] (270) 235 [182–316] (320) 220 [165–301] (122) 0.453

 Platelets max, 1000/mm3 (n) 381 [284–476] (727) 386 [288–481] (275) 376 [290–482] (325) 385 [273–463] (127) 0.610

 Bilirubin, mg/dL (n) 0.67 [0.44–1] (629) 0.62 [0.47–0.9] (229) 0.64 [0.42–1] (292) 0.71 [0.41–1.03] (108) 0.274

 Bilirubin max, mg/dL (n) 1.36 [0.8–2.9] (698) 1.35 [0.8–2.7] (261) 1.3 [0.8–2.8] (315) 1.47 [0.8–3.5] (122) 0.685

 Troponin, ng/mL (n) 13 [4.1–39.4] (335) 13 [0.9–39.4] (114) 12.8 [4.1–28.5] (164) 18 [7–65] (57) 0.097

 Troponin max, ng/mL (n) 26.3 [5.9–117] (568) 29.6 [0.9–111] (202) 24 [6–139.9] (261) 27 [11.9–103] (105) 0.246
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Fig. 2 Top panel: daily distribution of patients under invasive mechanical ventilation by ARDS severity (mild, moderate, and severe) from day 1 to 
28. Mild:  PaO2/FiO2 < 100 mmHg, moderate:  PaO2/FiO2 100–200 mmHg, severe:  PaO2/FiO2 > 201 and < 300 mmHg. Bottom panel: Daily mean (95% 
confidence interval) of respiratory system compliance in  cmH2O. Only patients under controlled mechanical ventilation are included. ARDS acute 
respiratory distress syndrome, PaO2/FiO2 partial pressure of arterial oxygen to inspiratory oxygen fraction ration, MV mechanical ventilation
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Table 2 Ventilation and outcomes according to ARDS severity

Parameters are shown at baseline (the first day on MV) and during the period of invasive respiratory support (maximum or minimum, depending on the parameter). 
Categorical variables are expressed as numbers (%), and continuous variables as median (IQR). Ventilatory ratio is defined as [minute ventilation (ml/min) × PaCO2 
(mmHg)/ (predicted body weight × 100 × 37.5)]

ARDS acute respiratory distress syndrome, PEEP positive end-expiratory pressure, PaO2/FiO2 partial pressure of arterial oxygen to inspiratory oxygen fraction ratio, 
PaCO2 partial pressure of carbon dioxide, ECMO extracorporeal membrane oxygenation, ICU intensive care unit

*< 0.05 after Benjamini–Hochberg correction
# Mean  FiO2 was calculated with the values reported during the overall period under invasive mechanical ventilation

All
(n = 742)

Severe ARDS
(n = 283)

Moderate ARDS
(n = 331)

Mild ARDS
(n = 128)

p value

Modes of ventilation

 Mechanical ventilation on ICU admission (n) 479 (64.6%) (742) 188 (66.4%) 213 (64.4%) 78 (60.9%) 0.56

 Days from symptoms onset to mechanical ventila‑
tion (n)

12 [9–16] (734) 12 [9–16] 12 [9–17] 11 [8–14] 0.26

 Days from hospital admission to mechanical ventila‑
tion (n)

5 [2–8] (742) 5 [2–9] 4 [2– 8] 4.5 [2–7] 0.51

Ventilatory parameters

 Tidal volume, ml (n) 6.9 [6.3–7.8] (723) 6.9 [6.3–7.8] 7 [6.3–7.7] 6.9 [6.3–7.9] 0.919

 Tidal volume max, ml (n) 8.4 [7.3–9.5] (723) 8.4 [7.3–9.4] 8.4 [7.5–9.7] 8.3 [7.2–9.3] 0.481

 Tidal volume ≤ 6 ml/kg, PBW (n) 173 (23%) (742) 67 (23%) 76 (23%) 30 (23%) 0.973

 PEEP,  cmH2O (n) 12 [11–14] (716) 12 [10–14] 12 [11–14] 12 [12–14] 0.579

 PEEP max,  cmH2O (n) 14 [12–15] (716) 14 [12–15] 14 [12–15] 13 [12–15] 0.034

 PEEP > 12  cmH2O (n) 46 (6.4%) (716) 14 (5%) 25 (7.9%) 7 (5.7%) 0.348

 Inspiratory oxygen fraction, % (n) 80 [60–100] (728) 100 [80–100] 75 [60–100] 60 [50–80] < 0.001*

 Mean  FiO2, %#(n) 61 [53–70] (741) 65 [57–75] 60 [53–69] 53 [47–61] < 0.001*

 Respiratory rate, bpm (n) 24 [20–30] (715) 25 [20–33] 24 [20–28] 23 [18–26] < 0.001*

 Respiratory rate max, bpm (n) 30 [25–35] (734) 30 [27–36] 30 [25–35] 30 [25–35] < 0.001*

 Plateau pressure,  cmH2O (n) 25 [22–29] (215) 25 [20–29] 26 [22–29] 24 [22–26] 0.022

 Plateau pressure max,  cmH2O (n) 28 [23–31] (410) 28 [24–30] 28 [23–32] 26 [22–29] 0.011

 Driving pressure,  cmH2O (n) 12 [10–16] (260) 13 [9–16] 12 [10–16] 12 [11–14] 0.473

 Driving pressure max,  cmH2O (n) 15 [12–19] (386) 15 [12–20] 15 [12–20] 14 [11–17] 0.064

 Respiratory system compliance, ml/cmH2O (n) 35 [27–45] (296) 32 [25–48] 35 [27–45] 35 [30–49] 0.461

 Respiratory system compliance min, ml/cmH2O (n) 29 [22–37] (501) 27 [20–35] 30 [22–37] 32 [23–40] 0.052

 Ventilatory ratio (n) 2 [1.49–2.63] (610) 2.09 [1.53–2.71] 2 [1.52–2.59] 1.84 [1.42–2.59] 0.136

 Ventilatory ratio max (n) 2.83 [2.23–3.69] (665) 2.92 [2.3–3.7] 2.79 [2.19–3.73] 2.59 [2.03–3.38] 0.015

Arterial blood gases

 PaO2/FiO2 (n) 120 [83–177] (742) 74 [62–88] 142 [118–166] 260 [222–293] < 0.001*

 PaO2/FiO2 min (n) 84 [65–114] (742) 66 [57–80] 104 [76–125] 118 [85–160] < 0.001*

 PaCO2, mmHg (n) 45 [37–55] / (737) 43 [36–52] / 281 46 [38–56] / 329 45 [37–53] / 127 0.026

 PaCO2 max, mmHg (n) 62 [53–75] (742) 64 [53–76] 62 [53–75] 58 [48–72] 0.007

Adjunctive therapies

 Recruitment maneuvers 479/602 (79%) 190/237 (80%) 210/264 (79%) 79/101 (78%) 0.910

 Prone 564/735 (76%) 238/282 (84.4%) 246/327 (75%) 80/126 (63%) < 0.001*

 Neuromuscular blockers 536/742 (72%) 220/283 (77.7%) 234/331 (70%) 82/128 (64%) 0.011

 ECMO 21/738 (2.8%) 11/283 (3.9%) 9/329 (2.7%) 1/126 (0.8%) 0.232

Outcomes

 Ventilation‑free days 4 [0–18] 0 [0–16] 6 [0–18] 8 [0–21] 0.069

 Discharged from ICU 401/742 (54%) 136/283 (48%) 185/331 (55%) 80/128 (62%) 0.017

 Length of time on the ventilator 14 [7–24] 14 [8–24] 14 [7–24] 13 [7–24] 0.582

 Still in ICU 100 (13%) 36 (12%) 47 (14%) 17 (13%) 0.880

 Still under invasive MV 72 (9.7%) 26 (9.1%) 34 (10%) 12 (9.3%) 1.000

 28‑day mortality 241 (32%) 111 (39%) 99 (29%) 31 (24%) 0.005

 ICU length of stay 19 [11–37] 19 [12–35] 19 [11–39] 19 [11–36] 0.894

 ICU length of stay of discharge patients 17 [11–28] 17 [12–28.5] 17 [11–30] 17.5 [10–27] 0.940

 ICU length of stay of deceased patients 17 [10–25] 17 [11–27] 17 [9–26] 17 [10–21] 0.803
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p = 0.026] and moderate ARDS [hazard ratio (RR) 0.69 
(95% CI 0.47–0.97), p = 0.035] compared to severe ARDS 
(Fig.  3). Sensitivity analysis for outcomes are shown in 
Figure S8. The ICU discharge and risk of 28-day mortal-
ity was not affected by Crs (Table S3 and Figure S9). The 
association of driving pressure and Pplat on outcomes 
is shown in Figure S10. Patients classified as moderate 
ARDS who, after 24 h of MV moved to mild ARDS, had a 
strong trend towards a lower 28 day mortality, than those 
who remained classified as moderate ARDS on day 2, but 
this association was not statistically significant [HR: 0.55 
(95% CI 0.26–1.15), p value = 0.113]. In general, being 
treated in specific hospitals had no impact on outcomes 
(Figure S11).

Discussion
In this multicenter, observational study in 742 mechani-
cally ventilated patients with COVID-19 ARDS, predom-
inantly older, male patients with comorbid conditions, 
with a median ICU length of stay of 21 days, the majority 
had moderate ARDS, and greater than 80% had low Crs. 
The values of Crs, Pplat and driving pressure were very 
similar to previously published cohorts of ARDS patients. 
On average, patients were managed with low VT and 
moderate PEEP levels within the standard paradigm of 
lung-protective VT. Adjunctive therapies, such as RMs 
or prone position, were used frequently. Mortality at 
28-days was similar to patients with non-COVID ARDS.

As previously reported for patients with COVID-19, 
the most common comorbidities were arterial hyperten-
sion and obesity [4, 18]. The main reason for ICU admis-
sion in our study was acute respiratory failure, although 
the SOFA scores indicated more than one organ dysfunc-
tion. Hemodynamic impairment requiring vasopressors 
was the most common associated organ dysfunction, in 
agreement with the findings of Goyal et  al. [18], where 
95% of their invasively ventilated patients required 
vasopressors. Of note, the median time from symptom 
onset to hospital admission was similar to that reported 
previously [19]. On average, hypoxia was severe within 
the range of previous reports on COVID-19 and non-
COVID-19 ARDS patients [4, 13, 20]. The proportions of 
severe COVID-19 ARDS patients were greater than those 
reported in epidemiological studies of non-COVID-19 
ARDS [14] (Table S6). However, we found, as previously 
reported, a marked redistribution of ARDS severity 24 h 

after ARDS diagnosis [21]. This reduction in the percent-
age of patients with severe ARDS criteria may be related 
to positive pressure ventilation by itself, to the effective-
ness of adjunctive measures, or (unlikely) the natural his-
tory of the disease process (Fig. 2). Although it was not 
the aim of this analysis, it is important to highlight that 
some investigators argue that the degree of ARDS sever-
ity is best evaluated 24 h after assessing  PaO2/FiO2 under 
certain ventilatory settings [22].

Our findings in a cohort of over 700 patients are in line 
with preliminary studies of COVID-19 ARDS patients 
[23, 24]. We found no significant differences when base-
line Crs, Pplat and driving pressure were compared to 
non-COVID-19 ARDS observational and randomized 
ARDS studies (Table  S6). These comparisons were not 
based on a formal meta-analysis, and thus, these com-
parisons serve to demonstrate that there are no major 
differences in these baseline values for COVID-19 ARDS 
compared to non-COVID-19 ARDS.

In general, compliance with lung-protective ventilation 
was high, independent of the degree of severity of the 
disease process and somewhat higher on average than in 
previous observational studies of non-COVID-19 ARDS 
patients [13, 20]. This finding was likely due to a greater 
awareness that these patients had ARDS. As reported in 
the LUNG SAFE study, one of the main problems in not 
complying with lung protection strategies was the under-
diagnosis of ARDS [25]. In our cohort, invasive MV was 
maintained within the limits of lung-protective venti-
lation, as defined using a VT ≤ 8  ml/kg PBW, Pplat < 30 
 cmH2O, and a driving pressure ≤ 15  cmH2O [26]. In our 
cohort, RMs were the most frequent adjunctive thera-
pies used, followed by prone position, and NMBA. These 
findings are in contrast to reported practice in non-
COVID-19 severe ARDS patients [4, 13, 20]. Surprisingly, 
the use of RMs was not influenced by ARDS severity 
or by Crs. Both RMs and prone ventilation are usually 
performed to improve arterial oxygenation, and reduce 
ventilator-induced lung injury [27, 28]. The impact of 
these maneuvers depends on the recruitability of the 
lung, which has been shown to be variable in COVID-19 
ARDS [29].

In our experience, respiratory drive in COVID-19 
ARDS patients appeared to be high, despite adequate 
sedation, making it difficult to maintain low transpul-
monary pressures, which could lead to self-inflicted lung 

(See figure on next page.)
Fig. 3 Time to event curves using Kaplan–Meier with univariable Cox regression. The probability of discontinuation from mechanical ventilation 
and the probability of ICU discharge increase with decreasing ARDS. The 28‑day probability of death was higher in severe ARDS. ICU intensive care 
unit, ARDS acute respiratory distress syndrome
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injury [30]. This bedside observation may explain the 
large number of patients in whom NMBA were used. 
Another reason for the high use of NMBA could be the 
large number of patients treated in the prone position; 
although NMBA are not required, they are often used 
in these patients, as reported in previous studies [17]. 
Nonetheless, the protective effects of NMBA have been 
seriously questioned in ARDS [16, 31]. The probability of 
being discharged from the ICU was influenced by ARDS 
severity but not by Crs, as reported in studies of non-
COVID-19 ARDS patients [13]. All-cause 28-day mor-
tality was similar or lower than previously published for 
non-COVID (Table S6) and COVID-19 ARDS [4, 32, 33] 
patients.

This study has several strengths. The study was very 
large with over 700 patients from 36 ICUs. As well, this 
is the first study to provide very detailed physiological 
data and ventilation strategies during the entire ventila-
tory period in COVID-19 ARDS patients. However, we 
acknowledge a number of limitations. First, our study 
design did not allow us to analyze potential associations 
of ventilatory strategies with outcomes. Second, we were 
unable to determine why certain therapeutic approaches 
were used; for example, how PEEP was adjusted (prag-
matic or individualized approach), or why adjunctive 
therapies (RM, prone position) were applied (usual prac-
tice, refractory hypoxemia, etc.), or the indications and 
timings of ECMO, or corticosteroids. Third, Cox regres-
sion analysis was not adjusted for confounders. The main 
reasons were the low grade of imbalances in the groups 
in the relevant baseline variables. Fourth, due to the criti-
cal moment of the pandemic, and that most participating 
centers had rapidly reached ICU saturation and intensiv-
ists were forced to make difficult decisions, we did not 
collect the total number of patients admitted to partici-
pant ICUs during the study period. Finally, it is plausible 
that due to the burden of care experienced by participat-
ing clinicians during the study period, the ventilatory 
strategy and specifically, the use of adjunctive therapies 
may not be representative of clinical practice in non-pan-
demic circumstances.

In conclusion, in this large series, COVID-19 ARDS 
patients appear to have similar physiological features 
(including respiratory system compliance, plateau pres-
sure and driving pressure) to other causes of ARDS. 
Compliance with lung-protective ventilation was high, 
and the risk of 28-day mortality increased with the sever-
ity of ARDS, but was not greater than other studies in 
non-COVID-19 ARDS patients.
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Abstract 

Purpose: Recruitment of lung volume is often cited as the reason for using positive end-expiratory pressure (PEEP) 
in acute respiratory distress syndrome (ARDS) patients. We performed a systematic review on PEEP-induced recruited 
lung volume measured from inspiratory volume-pressure (VP) curves in ARDS patients to assess the prevalence of 
patients with PEEP-induced recruited lung volume and the mortality in recruiters and non-recruiters.

Methods: We conducted a systematic search of PubMed to identify studies including ARDS patients in which the 
intervention of an increase in PEEP was accompanied by measurement of the recruited volume (Vrec increase versus 
no increase) using the VP curve in order to assess the relation between Vrec and mortality at ICU discharge.

We first analysed the pooled data from the papers identified and then analysed individual patient level data received 
from the authors via personal contact. The risk of bias of the included papers was assessed using the quality in 
prognosis studies tool and the certainty of the evidence regarding the relationship of mortality to Vrec by the GRADE 
approach. Recruiters were defined as patients with a Vrec > 150 ml. A random effects model was used for the pooled 
data. Multivariable logistic regression analysis was used for individual patient data.

Results: We identified 16 papers with a total of 308 patients for the pooled data meta-analysis and 14 papers with a 
total of 384 patients for the individual data analysis. The quality of the articles was moderate. In the pooled data, the 
prevalence of recruiters was 74% and the mortality was not significantly different between recruiters and non-recruit-
ers (relative risk 1.20 [95% confidence intervals 0.88–1.63]). The certainty of the evidence regarding this association 
was very low and publication bias evident. In the individual data, the prevalence of recruiters was 70%. In the multi-
variable logistic regression, Vrec was not associated with mortality but Simplified Acute Physiology Score II and driving 
pressure at PEEP of 5  cmH2O were.

Conclusion: After a PEEP increment, most patients are recruiters. Vrec was not associated with ICU mortality. The 
presence of similar findings in the individual patient level analysis and the driving pressure at PEEP of 5  cmH2O was 
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http://orcid.org/0000-0003-4700-6672
http://crossmark.crossref.org/dialog/?doi=10.1007/s00134-020-06226-9&domain=pdf


2213

Introduction

Lung protective mechanical ventilation is the corner-
stone feature of ARDS management. It includes set-
ting low tidal volumes (VT) and maintaining plateau 
pressure (Pplat) ≤ 30  cmH2O [1], to prevent much of the 
damage incurred to the injured ARDS lung by alveo-
lar over-distension during mechanical ventilation. 
Positive end-expiratory pressure (PEEP) is the second 
main ventilator setting that aims at preventing lung 
derecruitment during expiration, thereby improving 
oxygenation and distribution of ventilation. These con-
cepts, together with haemodynamic preservation, cur-
rently underlie the use of PEEP in ARDS.

In daily ICU practice, recruited lung volume is often 
not measured. Surrogates such as the changes in lung 
compliance and gas exchange are used instead. However, 
recruited lung volume can be measured at the bedside 
by using the volume-pressure (VP) curves available in 
almost every ICU ventilator. To the best of our knowl-
edge, there has been no study of the relation between 
the recruited lung volume (Vrec) measured from the VP 
curves used to set PEEP and mortality in ARDS patients. 
We therefore performed a systematic review of the litera-
ture describing PEEP-induced recruited lung volume as 

measured from inspiratory VP curves in ARDS patients, 
with the aim of estimating lung recruitability rate in asso-
ciation with mortality.

Two methods for bedside measurement of Vrec from 
VP curves were studied in the present systematic review, 
namely the occlusion technique and the low flow infla-
tion technique. A description of these methods can be 
found in the ESM and also in Fig. 1.

Methods
Following registration in PROSPERO (CRD 420 2017 
5380) the current systematic review was performed in 
order to study adult patients with ARDS as defined by 
the authors, in whom the effect of PEEP on recruited 
lung volume as assessed by bedside VP curves was inves-
tigated. We extracted Vrec, oxygenation, compliance and 

associated with mortality as previously reported validate our findings. Publication bias and the lack of prospective 
studies suggest more research is required.

Keywords: Respiratory distress syndrome, adult/mortality, Respiratory distress syndrome, adult/therapy, Respiratory 
distress syndrome, adult/physiopathology, Positive-pressure respiration/therapeutic use, Alveolar recruitment, Lung 
recruitment, Positive end-expiratory pressure

Take‑home message: 

We conducted systematic literature search in PubMed of studies 
on ARDS patients where recruited volume (Vrec) elicited by a PEEP 
increase was measured by inspiratory VP curve. Our analysis showed 
that, after a PEEP increment, most of the patients had a Vrec meas-
ured with VP curve greater than 150 ml. Vrec was not associated with 
ICU mortality but this may be affected by publication bias.

A B

Fig. 1 The two methods to measure recruited volume (Vrec) from volume-pressure curve of the respiratory system that were investigated in present 
study. a Occlusion technique at different tidal volume (VT). Airway pressure (Paw) is recorded at different VT during an end-inspiratory occlusion. 
Each dot is the plateau pressure at a given VT. The procedure is done at PEEP 0 (red dots) and PEEP14 cmH2O (blue dots). Both curves are referred 
to the relaxation volume of the respiratory system at PEEP 0 (Vr). Vrec is the change in lung volume at a given pressure, i.e. 20  cmH2O, between the 
2 PEEP (broken horizontal black lines). b Low flow inflation technique. The respiratory system is insufflated from PEEP 5 (blue line) or PEEP10 (grey 
line) at constant low flow (7 l/min). Volumes are referred to Vr at PEEP 0. Vrec can be obtained as the difference in lung volume at same 20  cmH2O Paw 
(broken horizontal green lines) or from PEEP10 down to PEEP5 (broken horizontal red lines)
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mortality at ICU discharge or at last assessment from 
the included studies. We defined patients as recruiters 
when Vrec was > 150 ml and as non-recruiters when Vrec 
was ≤ 150  ml. The primary end-point was ICU mortal-
ity in recruiters and non-recruiters. This threshold was 
selected because it has been previously used in the litera-
ture [2].

Literature search
Two collaborators (ET and CG) performed a compre-
hensive search of the Pubmed database from inception 
to 19/07/2019 for relevant papers. The search was the 
search was updated on 20/05/2020 to ensure full cap-
ture of the available literature. The keywords used were: 
"acute respiratory distress syndrome", "acute lung injury", 
“positive end expiratory pressure”, “continuous positive 
airway pressure”, "Positive-Pressure Respiration/meth-
ods", “lung recruitment”, “alveolar recruitment”,”recruited 
lung volume” and”PEEP-induced recruitment”. We also 
used a ‘snowballing’ method, using study references to 
find additional studies to be included.

Study selection
The citations identified in the preliminary search were 
screened in duplicate by the same investigators to assess 
fulfilment of inclusion criteria in three stages: first by title, 
then by abstract review and finally in full text review. Only 
articles reporting Vrec elicited by PEEP and measured 
with either the VP curve or nitrogen wash out in ARDS 
patients were selected. Disagreements regarding fulfilment 
of inclusion criteria were resolved by discussion between 
the two researchers performing screening. Animal stud-
ies, studies in which recruitment was performed by other 
means than PEEP (e.g. recruitment manoeuvers or high 
frequency oscillation ventilation), pediatric studies, case 
reports, bench studies, reviews, abstracts and articles not 
in the English language were excluded.

Data extraction
The relevant data were extracted independently and 
in duplicate to a predefined form (ET and CE). Disa-
greements were resolved by discussion. Extracted data 
included patient characteristics (e.g. age, gender, height, 
weight, predicted body weight [PBW]), disease details 
(cause and number of days since onset of ARDS, simpli-
fied acute physiology score [SAPS] II), ventilation param-
eters (oxygen arterial partial pressure  [PaO2] to inspired 
fraction  [FiO2] ratios,  FiO2, PEEP, compliance, Pplat, driv-
ing pressure, total respiratory rate [RR] and VT), Vrec and 
mortality at ICU discharge or at last assessment. If in the 
original papers Vrec was available only as graphs, the Get-
Data Gaph Digitizer software (getdata-graph-digitizer.
com) was used to transform it to numeric values.

The corresponding authors of the original papers were 
also contacted directly to obtain individual patient-level 
data regarding the above listed variables as well as the 
respiratory mechanics and ventilator settings at two spe-
cific levels of PEEPs: 5 and 15  cmH2O.

Quality assessment
The Quality In Prognosis Studies (QUIPS) tool was used 
to assess the risk of bias in the included papers [3]. The 
QUIPS checklist examines the risk of bias across six 
domains: study participation, study attrition, prognos-
tic factor measurement, outcome measurement, adjust-
ment for other prognostic factors, and statistical analysis 
and reporting. Two authors (ET and CG) independently 
assessed the risk of bias of each article included in the 
meta-analysis, using the QUIPS tool. For each domain 
we considered the full list of potential issues suggested 
by the tool. These were then taken together to inform an 
overall judgment of potential bias for each domain and 
to classify the risk in this domain as either high, moder-
ate or low. This process was repeated for each of the 6 
domains in each of the papers included (see Supplemen-
tal material 2). We also considered the items 1, 2 and 6 
of the QUIPS tool for rating the prevalence of recruiters. 
The same two authors then assigned an overall judgment 
regarding the quality of the study; this too was classified 
as either high, moderate or low. The overall risk of bias 
was assigned the quality of the domain with the highest 
risk of bias assessment (conservative approach).

Statistical analysis
The statistical analysis was divided into two parts. In the 
first part, we analyzed the data obtained directly from pre-
viously published papers (pooled data analysis). In the sec-
ond part, we analysed the individual patient-level data.

Pooled data analysis
The data extracted for the pooled data analysis were 
mean and standard deviation (SDs) or counts (± 95% 
confidence intervals [CI]s). Data provided in the included 
papers as median and quartiles were converted to mean 
(± SDs) [4]. Forest plots were constructed using the ran-
dom effects model since heterogeneity was expected. For 
the same reason the Cochran’s Q test and ɪ2 were used to 
quantify data heterogeneity.

The prevalence of recruiters was presented as percent 
among the total number of patients. To compare continu-
ous and dichotomous outcome variables in recruiters and 
non-recruiters, their mean difference and relative risks 
were used, respectively. The mortality in recruiters and 
non-recruiters was expressed as relative risk (95% CI).

Funnel plots were created for the articles retrieved 
in order to identify potential publication bias. Finally, 



2215

several subgroup analyses were performed to assess the 
stability of our model when taking into account poten-
tial sources of confounding and heterogeneity. These 
included the PEEP levels used in the VP curve to measure 
Vrec (5  cmH2O versus 15  cmH2O), the  PaO2/FiO2 ratio, 
the cause of ARDS, the timing of paper publication in 
relation to the ARMA trial (before or after) [1] and the 
overall risk of bias assessment (low versus moderate ver-
sus high).

Following GRADE methodology the certainty in the 
relationship between Vrec and mortality in the pooled 
data was rated [5]. Data from observational studies were 
initially designated as low certainty evidence. The degree 
of certainty was downgraded for concerns related to 
individual study risk of bias, inconsistency, indirectness, 
imprecision or publication bias and additional concerns. 
Disagreements were resolved by discussion.

Individual data analysis
In the individual data analysis variables were presented 
as median (1st and 3rd quartiles). The extracted variables 
were compared between recruiters and non-recruiters, 
and between survivors and non- survivors at ICU dis-
charge by using non parametric tests. The association 
between Vrec and patient outcome was assessed using the 
area under curve (AUC) of the receiving operating char-
acteristics (ROC) analysis.

We performed a multivariable logistic regression analy-
sis of survival to ICU discharge as the dependent variable 
(enter method). Variables were selected as follows: Vari-
ables with a P value < 0.20 in the univariate comparisons 
between groups were eligible as independent covariates 
[6] and were required to reach this P value in each uni-
variate analysis to be included in the multivariable logis-
tic regression analysis. Some of the variables that met 
this criterion had obvious co-linearity and mathematical 
coupling (e.g. driving pressure, compliance, Pplat, PEEP) 
and were expected to have a high rate of missing values. 
Therefore, we prioritized variables based on prior clini-
cal knowledge, our first choice being the driving pressure 
because it has been shown to be most strongly predictive 
of mortality in ARDS [7]. We forced Vrec as a covariate 
in the model regardless of whether it was significant in 
the univariate comparisons. To handle missing data as 
recommended for a rate was greater than 50% [8], the 
missing driving pressure values (where this occurred) 
were replaced once with a low value and once with a high 
value for both PEEP 5 and PEEP 15. The low value was 
the first quartile and the high value was the third quartile 
of the existing data. The results are presented with the 
final ORs and 95% CIs for each covariate.

Statistical analyses were performed using R [R version 
3.5.2 (2018-12-20)] with the meta, pROC and epi2 pack-
ages [9].

Results
Study selection and individual data
We identified 837 papers in the Pubmed search (Fig. 2). 
Among these, 803 articles were excluded based on title 
and abstract and another 15 of the 34 remaining papers 
were excluded following full text review. After inclu-
sion of two papers retrieved from the references of pre-
viously selected articles [10, 11] a total of twenty-one 
papers fulfilled inclusion criteria [10–30] (Table  1). The 
21 retrieved articles were all observational studies. Five 
of the 21  papers provided the data in a format that did 
not enable pooled data extraction [10–13, 24]. As these 
five articles could not be included in the pooled analy-
sis, we contacted the authors and they provided us with 
their individual patient data, which were included in the 
individual data analysis. For the pooled data meta-anal-
ysis we used sixteen papers for a total of 308 patients 
(Table 1). The median number of patients per paper was 
18 (10–23). Individual patient–level data were available 
in 6 of the published articles [22, 24, 26–28, 30] and were 
provided directly by the authors of 8 papers [10–13, 16–
18, 20] [12, 13, 16–18, 20] (Table 1). Therefore, individual 
data were available for 384 patients included in 14 papers 
(Table 1). As shown in Table 1 ESM (Supplemental mate-
rial 1) the rate of missing values ranged between 2% (Vrec) 
to 61% (driving pressure and compliance) for the papers 
included in the individual data meta-analysis. Eight-
een papers used the Berlin definition [31] or the previ-
ous American-European Consensus Conference (AECC) 
[32] criteria for ARDS (Table 1). Three papers published 
before the AECC definition, used the authors’ definition 
of ARDS (Table 1).

Assessment of risk of bias (Quality in Prognostic 
Studies [QUIPS] tool): All papers were rated as having 
a moderate to low risk of bias in the domains of study 
participation, study attrition, prognostic factor measure-
ment and statistical analysis and reporting (Table 2 and 
Supplemental material 2). The risk of bias was rated as 
low to moderate in 12/21 papers for the domain of out-
come measurement and in 17/21 papers for the domain 
of study confounding (Table  2). The overall risk of bias 
was rated as low in 3 papers, moderate in 9 and high in 9 
papers (Table 2).

Baseline data
The baseline data of patients in each paper are displayed 
in Table  3 ESM (Supplemental material 1) and sum-
marized in each study in Table  4 ESM (Supplemental 
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material 1) for the pooled analysis and in Table  5 ESM 
(Supplemental material 1) for the individual data analysis. 
The distribution of most of the values used in converted 
form for the pooled and individual analyses approxi-
mated normal (Tables  4 ESM and 5 ESM Supplemental 
material 1).

Pooled analysis of recruiters versus non‑recruiters
Among the 308 patients included in the 16 papers used 
for the pooled analysis, the overall prevalence of recruit-
ers was 74% (95% CI 64–84%) (Fig.  3). The overall 
between-study heterogeneity was 85% (Fig. 3). The mean 
difference in compliance at baseline between recruit-
ers and non-recruiters was 13.83  ml/cmH2O (95% CI 
0.14–27.52) (P = 0.048) (Table  3), i.e. compliance was 
significantly higher in recruiters than in non-recruiters. 
Otherwise the two groups did not differ in any of the 
independent variables studied including mortality and 
days in ARDS before the investigation (Table  3). Fun-
nel plots showed bias in favor of publication support-
ing an association between recruitability and mortality; 

nine articles were within and seven were outside the CIs 
(Fig. 1 ESM Supplemental material 1).

Subgroup analyses on pooled data
The prevalence of recruiters was 80% and 89% when 
Vrec was measured between PEEP 5 and 15  cmH2O vs. 
between PEEP 0 and 10 cmH2O, respectively (Table  4 
and Fig. 2 ESM Supplemental material 1). The prevalence 
of recruiters was 94% and 65% in studies where  PaO2/
FiO2 was greater than vs. lower than 150 mmHg, respec-
tively (Table  4 and Fig.  4). The prevalence of recruit-
ers was 75% and 66% in articles where primary ARDS 
accounted for by more vs. less than 50% of the cases, 
respectively (Table 4 and Fig. 4 ESM Supplemental mate-
rial 1). The prevalence of recruiters was 61% and 77% for 
those papers published before vs. after the ARMA trial 
release, respectively (Table 4 and Fig. 5 ESM Supplemen-
tal material 1). The prevalence of recruiters was 70% in 
articles with an overall low risk of bias vs. 75% in those 
with a moderate risk of bias and 72% in those with a high 
risk of bias according the QUIPS tool (Table 4 and Fig. 6 
ESM Supplemental material 1). The relative risk of ICU 

Fig. 2 PRISMA flow chart of the inclusion/exclusion process. RM recruited manoeuvers, VP volume-pressure, Vrec recruited volume
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death for recruiters vs. non-recruiters was 1.20 (95% CI 
0.88–1.63) (Fig. 5).

GRADE assessment of certainty of evidence
We assessed the certainty of the evidence with regards to 
the relation of Vrec with mortality at ICU discharge to be 
overall very low (Table 5).

Individual data meta‑analysis
Prevalence of recruiters versus non‑recruiters
Among the 384 patients included in the 14 papers used 
for the individual data meta-analysis the prevalence of 
recruiters was 70% (266/380 patients with data available 
for Vrec).

Comparison of recruiters to non‑recruiters
At the threshold of P < 0.20, age, baseline  PaO2/FiO2, 
compliance at PEEP15, and VT (ml/kg/PBW) were higher 
in recruiters whilst days in ARDS, Pplat at PEEP5 and at 
PEEP15, driving pressure at PEEP5, baseline respiratory 
rate and SAPSII were lower in recruiters than in non-
recruiters (Table 6).

Overall mortality
Fourteen studies contributed to the individual data anal-
ysis on mortality at ICU discharge (Tables  6ESM and 
4ESM Supplemental material 1). ICU mortality was 44% 
(152/344 patients with data on mortality available).

Comparison of survivors to non‑survivors
Several variables met the threshold of P < 0.20 in the 
comparison between survivors and non-survivors. These 
included the proportion of primary ARDS proportion, 
compliance at PEEP15 and tidal volume (ml) (all higher 
in survivors) and baseline  FiO2, baseline PEEP, Pplat 
at PEEP5 and PEEP15, driving pressure at PEEP5 and 
PEEP15, respiratory rate and SAPSII (all lower in survi-
vors) (Table 7).

The relative risk of mortality in recruiters was 1.05 
(0.86–1.30). The performance of Vrec for prediction of 
ICU mortality was poor (AUC ROC 0.52, 95% CI 0.46–
0.58). The ROC curve did not suggest any other specific 
threshold to be tested (Fig. 6).

Table 1 Characteristics of the 21 included articles

No number, PEEP positive end expiratory pressure, Vrec recruited volume, ARDS acute respiratory distress syndrome, AECC American-European Consensus Conference
a Individual data reported in the original article, bindividual data obtained after email contact with the author

Rank First author Year 
of publi‑
cation

Used in pooled 
data analysis 
(No of patients)

Available indi‑
vidual data (No 
of patients)

Delta PEEP used 
in the assess‑
ment of Vrec

Method used 
for obtain Vrec

ARDS definition Type of study

1 Ranieri 1991 Yes (8) No 0–15 Static Author definition Observational

2 Valta 1993 Yes (9) Yes (9)a Other Static Author definition Observational

3 Ranieri 1994 Yes (19) Yes (19)a 0–15 Static Author definition Observational

4 Ranieri 1995 Yes (9) Yes (9)a 0–10 Static AECC Observational

5 Chelucci 2000 Yes (6) Yes (6)a Other Static AECC Observational

6 Maggiore 2001 Yes (16) No 5–15 Low flow AECC Observational

7 Koutsoukou 2002 No Yes (13)a 0–10 Low flow AECC Observational

8 Grasso 2005 Yes (19) No Other Low flow AECC Observational

9 Demoule 2006 Yes (17) Yes (17)a 0–10 Static AECC Observational

10 Lu 2006 Yes (19) No 0 to 15 Low flow AECC Observational

11 Thille 2007 No Yes (71)b Other Low flow and 
static

AECC Observational

12 Patroniti 2010 Yes (10) No 5–15 Low flow AECC Observational

13 Bouhemad 2011 Yes (40) Yes (41)b 0–15 Low flow AECC Observational

14 Dellamonica 2011 Yes (30) Yes (30)b 5–15 Low flow AECC Observational

15 Wallet 2013 Yes (14) Yes (14)b 5–15 Low flow AECC Observational

16 Stahl 2015 Yes (25) No Other Other AECC Observational

17 Chiumello 2016 Yes (22) No 5–15 Other Berlin definition Observational

18 Yonis 2018 No Yes (65)b 5–15 Low flow Berlin definition Observational

19 Aguirre-Bermeo 2018 No Yes (20)b 0–10 Other Berlin definition Observational

20 Chen 2020 Yes (45) Yes (45)b 5–15 Low flow Berlin definition Observational

21 Guérin 2020 No Yes (25)b 5–15 Low flow Berlin definition Observational
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Multivariable logistic regression on ICU mortality
Three variables were selected as covariates for the mul-
tivariable logistic regression analysis on ICU mortality 
because they had reached a P value < 0.20 in the univari-
ate comparison between both survivors and non-survi-
vors and recruiters versus non-recruiters. These variables 
were baseline respiratory rate, driving pressure at PEEP5 
and SAPSII. In addition, as planned, we forced Vrec (as a 
continuous variable) into the model. In accordance with 
our preplanned analysis strategy driving pressure PEEP 
15 was also entered into specific models. We did it too 
because we felt it may be wrong to impute only the driv-
ing pressure at a low PEEP because of the literature. The 
low and high cut-off values of 8 and 13  cmH2O for the 
driving pressure at PEEP5 and 9 and 14  cmH2O for the 
driving pressure at PEEP15 were used to replace the 
missing values. Vrec was not significantly associated with 
ICU mortality in any model (Table  8 and Table  6 ESM 
in Supplemental material 1). The single variables signifi-
cantly associated with ICU mortality were SAPSII and 
driving pressure at PEEP 5 (Table 8). However, in mod-
els that included both driving pressures at PEEP5 and at 
PEEP15 the driving pressure at PEEP 15 was consistently 
significantly associated with ICU mortality (Table 6 ESM 
Supplemental material 1).

Discussion
This is the first systematic review and meta-analysis on 
PEEP-induced recruited lung volume in ARDS patients. 
Our main finding was that at the threshold tested Vrec 
was very prevalent but was not associated with mortal-
ity. However, the certainty of the evidence with regards 
to this association was very low. We also identified sig-
nificant publication bias in studies reporting in favor 
of significant associations between Vrec and mortality 
using proportions and found that the number of studies 
reporting risk ratios was too low to enable assessment of 
publication bias. These findings suggest that the existing 
literature does not really suffice to determine the relation 
of Vrec with patient outcomes.

Most papers assessing Vrec used a cut-off of 150  ml 
to differentiate between "recruiters" and "non-recruit-
ers. While this recruited lung volume appears clinically 
meaningful, such dichotomization makes little biological 
sense. We used recruited lung volume as a continuous 
variable in the individual data analysis. Although both 
analyses indicated that recruitment of lung volume as a 
result of increased PEEP does not seem to modify impor-
tant effect measures in any meaningful way, the uncer-
tainly regarding these conclusions remains significant 
due to the small amount of aggregated data available. 

Table 2 Assessment of the risk of bias in each included paper according to the quality in prognosis study tool

L low risk of bias, M moderate risk of bias, H high risk of bias

Study 
Number

Author Year 
of publica‑
tion

Study 
Participa‑
tion

Study 
Attrition

Prognostic Fac‑
tor Measurement

Outcome 
Measure‑
ment

Study Con‑
founding

Statistical Analy‑
sis and Reporting

Overall 
risk 
of bias

1 Ranieri 1991 M L L H H L H

2 Valta 1993 M H L H H L H

3 Ranieri 1994 M L M H H L H

4 Ranieri 1995 M L M H H L H

5 Chelucci 2000 M L M H H L M

6 Maggiore 2001 M L M L M L M

7 Koutsoukou 2002 M L L H M L H

8 Grasso 2005 L L M H M L H

9 Demoule 2006 L L L L M L M

10 Lu 2006 M L L H M L H

11 Thille 2007 M L L L M L M

12 Patroniti 2010 M L L L M L M

13 Bouhemad 2011 L L L L M L M

14 Dellamonica 2011 M L L H M L H

15 Wallet 2013 L L L L L L L

16 Stahl 2015 M L L H M L H

17 Chiumello 2016 M L L L M L M

18 Yonis 2018 M L L L M L M

19 Aguirre-Bermeo 2018 L L L L M L M

20 Chen 2020 L L L L L L L

21 Guérin 2020 L L L L L L L
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This issue, concomitant with the existence of clear publi-
cation bias, suggests that the prognostic value of Vrec may 
have been unjustifiably inflated.

The combination of negative results of large trials 
investigating higher versus lower PEEP [33] and studies 
showing an increased risk with the use of very high PEEP 

[34] highlights the need for a bedside tool for assessing 
individual alveolar recruitment potential. Esophageal 
pressure has been put forward as one such tool [35] but 
to date there is no evidence of clinical benefit of its use 
[36]. The measurement of Vrec with the VP curve is easy 
to carry out at the bedside. However, our findings raise 

Fig. 3 Forest plot of the prevalence of recruiters after positive end-expiratory pressure trials in the pooled analysis. Recruiters were defined as hav-
ing a recruited volume greater than 150 ml and non-recruiters equal to or below that value

Table 3 Comparison between recruiters and non recruiters in the pooled data analysis

RR relative risk, MD mean difference, ARDS acute respiratory distress syndrome, PaO2 arterial partial pressure of oxygen, FiO2 inspired fraction of oxygen, PEEP positive 
end expiratory pressure, I2 statistical heterogeneity

No of studies No 
of recruiters

No of non‑
recruiters

RR or MD (recruiters 
vs non‑recruiters)

95% confi‑
dence intervals

P value I2 (%)

Age, years 5 41 28 MD -1.18 − 8.16; 5.81 0.741 0

Male gender 4 27 23 RR 1.34 0.88; 2.03 0.177 0

Primary ARDS 7 50 44 RR 0.79 0.54; 1.15 0.214 15

Days of ARDS before experiment 3 23 21 MD -1.27 − 2.54; 0.01 0.051 0

PaO2/FiO2, mmHg 5 45 35 MD 0.72 − 12.5; 14.19 0.917 0

PEEP,  cmH2O 3 23 21 MD 0.12 − 2.41; 2.65 0.927 0

Compliance, ml/cmH2O 4 36 25 MD 13.83 0.14; 27.52 0.048 0

Mortality 3 25 14 RR 1.20 0.88; 1.63 0.256 0
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important questions regarding the justification for using 
"recruitability" versus "non-recruitablility" as a criterion 
for enrolment to clinical trials or for post-hoc stratifica-
tion. Recent advances to assess lung recruitability at the 

bedside [11, 17] share the same approach, and hence have 
the same implication as the VP curve explored in present 
study.

Fig. 4 Forest plot of the prevalence of recruiters according to  PaO2/FiO2 ratio in the pooled analysis

Fig. 5 Forest plot of the mortality at ICU discharge in recruiters and non-recruiters in the pooled analysis
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Physiological meaning of Vrec
Vrec as measured from the VP curve of the respiratory 
system reflects the amount of air that enters previously 
non-aerated lung regions as a result of PEEP increase 
[29]. It may also include some overdistension of previ-
ously normally aerated lung. By contrast, lung CT scan 
measures the amount of non-aerated tissue that becomes 
aerated as a result of the increase in PEEP. Comparison 
of these methods showed they do not correlate [14]. 
Contrary to Chiumello et  al. [14], Lu et  al. [21] found 
a tight correlation between Vrec and recruited lung 

volume measured by CT. Part of this discrepancy could 
be explained by the fact that Lu et  al. defined recruited 
lung volume on CT by the amount of gas penetrating 
not only non-aerated lung area but also poorly ventilated 
lung regions [21]. They also pointed out that the mor-
phology of lung involvement (focal vs. diffuse) may affect 
the degree of correlation of the two techniques [21].

Relationship between  Vrec and mortality
We found no association between Vrec and mortality at 
the predefined threshold we used. This threshold was 
selected from the literature and had a large prevalence in 
our study. The lack of a significant relationship between 
Vrec and mortality may be explained by a lack of power 
of present study, prevalence of focal and diffuse ARDS, 
and the threshold definition for Vrec. This threshold was 
selected because it has been previously used by other 
investigators. Moreover, the ROC curve did not suggest 
any other value to be tested for assessing mortality fur-
ther. Interestingly, the amount of 150 ml was the lowest 
value of Vrec observed in patients used by Chiumello et al. 
to compare Vrec to CT-based recruited lung volume [14]. 
Furthermore, at this value of 150 ml of Vrec the amount 
of recruited lung volume can range between 0 and 350 g 
[14] and with this latter value patients would be defined 
as higher recruiters [37]. Mortality is increased in 
patients with higher versus lower percentage of poten-
tially recruitable lung, i.e. 41 vs. 15% (P < 0.05), respec-
tively [37]. The lack of prognostic role of Vrec may also 
reflect that the included studies were not designed and 
did not aim to assess mortality. However, that driving 
pressure at PEEP 15 was a significant independent pre-
dictor of ICU mortality in present study adds reliability 
to our analysis.

Table 4 Sensitivity subgroup analysis for prevalence of recruiters in the pooled data meat‑analysis

No number, CI confidence intervals; Vrec recruited volume, PEEP positive end expiratory pressure, PaO2 arterial partial pressure of oxygen, FiO2 inspired fraction of 
oxygen, ARDS acute respiratory distress syndrome, ARMA the acute respiratory syndrome network

No of articles Proportion of recruiters (95% CI) I2 (%) P value

Articles with Vrec measured from PEEP 5 to 15  cmH2O 6 0.80 (0.69; 0.91) 66 0.01

Articles with Vrec measured from PEEP 0 to 10  cmH2O 2 0.89 (0.67; 1.00) 72 0.06

Articles with  PaO2 /FiO2 ≥ 150 mmHg 4 0.94 (0.86; 1.00) 54 0.09

Articles with  PaO2 /FiO2 < 150 mmHg 10 0.65 (0.50; 0.79) 81  < 0.01

Articles with more than 50% of primary ARDS 9 0.75 (0.63; 0.87) 80  < 0.001

Articles with more than 50% of secondary ARDS 6 0.66 (0.45; 0.86) 82  < 0.001

Articles published before ARMA trial 4 0.61 (0.25; 0.96) 89  < 0.01

Articles published after ARMA trial 12 0.77 (0.67; 0.87) 85  < 0.01

Articles with low overall low risk of bias 62 0.74 70 (0.62 59; 0. 8782) 690  <  0.36

Articles with overall moderate or high risk of bias 106 0.73 75 (0.60 59; 0. 8791) 8583  < 0.01

Articles with overall high risk of bias 9 0.72 (0.56–0.88) 89  < 0.01

Fig. 6 Receiver operating curve (ROC) (continuous blue line) of 
recruited volume for assessing mortality. Area under curve (AUC) of 
the ROC curve with 95% confidence intervals (broken red lines) is 
displayed. The broken black line is the identity line
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Prevalence of recruiters
The prevalence of recruiters was large in our study, at the 
threshold used. We found only a small difference in the 
prevalence of recruiters in the pooled versus the individ-
ual data. This difference could be due to the inclusion of 
different papers into the two analyses.

Subgroup analysis of the pooled data revealed some 
of the sources of the significant heterogeneity observed 
between studies. Some of the heterogeneity stemmed 
from differences in the level of PEEP applied. The prev-
alence of recruiters was also clearly related to the initial 
patient  PaO2/FiO2 and to the risk of bias as assessed by 
the QUIPS tool. Our findings differ from those of several 
previous studies. Our subgroup analysis showed that the 
subgroup of articles with a mean  PaO2/FiO2 > 150 mmHg 
had a higher percentage of recruiters. This could be due 
to the fact that the high Vrec found in patients with a high 

 PaO2/FiO2 does not reflect recruitment alone, but also 
includes some component of over-distension. This dis-
crepancy could also be a chance finding, as is often the 
case when multiple subgroup analyses are conducted.

There is no threshold to define recruiters based on CT 
scan. In the studies that investigated the CT-based lung 
recruitment the authors used the median value of the 
observed data to define recruiters and non-recruiters. 
Across studies the percentage of potentially recruitable 
lung varies between 13% [37] and 42% [38] depending on 
definition of lung recruitment, range of pressure investi-
gated and whether ARDS was early or late. When lung 
recruitment was defined as a ≥ 10% decrease of non-aer-
ated lung tissue between PEEP and zero PEEP 62% of the 
patients studied were recruiters [39].

Table 5 Certainty of evidence for the relationship between ICU mortality and recruited lung volume

Certainty assessment Effect (relative 
risk 95% CI)

Certainty

Number 
of studies

Study Design Risk of bias Inconsistency Indirectness Imprecision Other 
considera‑
tions

21 Observational Serious Not serious Not serious Serious Publication 
bias strongly 
suspected

1.20 (95% CI 
0.88–1.63)

Very low

Table 6 Univariate comparison between recruiters and non‑recruiters in the individual data meta‑analysis

Values are median (1st–3rd quartiles) or counts (percentage-point per group)

ARDS acute respiratory distress syndrome, PaO2 partial pressure of oxygen, FiO2 inspired fraction of oxygen, PEEP positive end expiratory pressure, Pplat plateau 
pressure, PBW predicted body weight

Recruiters (N = 266) Non‑recruiters (N = 112) P value

Age, years 62 (46–71) 58 (48–68) 0.189

Male gender 173/241 (72) 73/92 (79) 0.223

Primary ARDS 167/265 (63) 66/112 (59) 0.490

ARDS days before experiment 3 (2–4) 4 (2–5) 0.012

Baseline  PaO2/FiO2, mmHg 148 (109–184) 136 (104–164) 0.199

Baseline  FiO2, % 60 (50–80) 60 (50–70) 0.399

Baseline PEEP,  cmH2O 10 (8–14) 10 (8–13) 0.532

Compliance at PEEP 5, ml/cmH2O 35 (28–47) 36 (25–44) 0.279

Compliance at PEEP 15, ml/cmH2O 34 (26–46) 30 (21–43) 0.123

Pplat at PEEP 5,  cmH2O 17 (14–19) 19 (17–25) 0.003

Pplat PEEP 15,  cmH2O 28 (26–30) 29 (27–31) 0.107

Driving pressure at PEEP 5,  cmH2O 10 (8–13) 11 (9–17) 0.023

Driving pressure at PEEP 15,  cmH2O 11 (9–14) 13 (10–15) 0.368

Respiratory rate, breaths/min 25 (22–30) 28 (25–30) 0.019

Tidal volume, ml 412 (370–450) 400 (350–450) 0.551

Tidal volume, ml/kg/PBW 6 (6–7) 6 (6–6) 0.025

Body mass index, kg/m2 29 (24–33) 28 (24–32) 0.997

Simplified Acute Physiology Score II 43 (31–59) 49 (39–65) 0.015
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Limitations
Our study has several limitations. It was registered in 
PROSPERO 9  months after the first search due to an 
excessive time lag in the PROSPERO answer. Some dis-
crepancies are now present between the version sub-
mitted to PROSPERO and the current version. These 
discrepancies partly come from the request of the review-
ers to use the QUIPS tool to assess the risk of bias and 
be clearer for the time of assessment of mortality (ICU 

discharge in the current version and not ICU discharge 
or at the last assessment). We added in the current ver-
sion a subgroup analysis based on risk of bias in the stud-
ies. Lacking RCTs, our analysis is based on observational 
data. Such data is by nature prone to bias by uncontrolled 
confounders. Some of the papers we included are dated 
before widespread use of several important therapeutic 
mechanical ventilation strategies. This could explain why, 
as shown in Fig. 3, older articles had a lower percentage 

Table 7 Univariate comparison between survivors and non‑survivors at ICU discharge in the

ARDS acute respiratory distress syndrome, PaO2 partial pressure of oxygen, FiO2 inspired fraction of oxygen; PEEP positive end expiratory pressure; Pplat plateau 
pressure; Vrec recruited volume, PBW predicted body weight

Values are median (1st–3rd quartile) or counts (percentage-point per group)

Variable Survivors
N = 192

Non survivors
N = 152

P value

Individual data meta-analysis

Age, years 61 (46–69) 63 (45–71) 0.340

Male gender, % 139/187 (74) 100/140 (71) 0.615

Primary ARDS 138/191 (72) 90/152 (59) 0.012

ARDS days before experiment 3 (2–5) 3 (2–5) 0.658

Baseline  PaO2/FiO2, mmHg 155 (120–186) 150 (114–186) 0.419

Baseline  FiO2, % 50 (50–71) 60 (50–75) 0.161

Baseline PEEP,  cmH2O 10 (8–12) 12 (10–15) 0.003

Compliance at PEEP 5, ml/cmH2O 36 (27–47) 34 (28–43) 0.533

Compliance at PEEP 15, ml/cmH2O 35 (26–47) 32 (23–39) 0.057

Pplat at PEEP 5,  cmH2O 17 (14–19) 18 (16–23) 0.034

Pplat at PEEP 15,  cmH2O 28 (25–30) 30 (26–31) 0.011

Driving pressure at PEEP 5,  cmH2O 10 (8–13) 11 (9–13) 0.094

Driving pressure at PEEP 15,  cmH2O 11 (9–14) 13 (10–15) 0.027

Vrec, ml 247 (131–404) 243 (149–352) 0.574

Respiratory rate, breaths/min 25 (22–30) 26 (24–30) 0.108

Tidal volume, ml 420 (360–450) 400 (357–440) 0.077

Tidal volume, ml/kg/PBW 6 (6–7) 6 (6–6) 0.472

Body mass index, kg/m2 29 (24–32) 28 (24–34) 0.587

Simplified acute physiology score II 44 (31–58) 46 (36–65) 0.100

Table 8 Multivariable logistic regression analysis in which missing values of driving pressure PEEP 5 have been imputed 
(1st quartile for low value and 3rd quartile for high value) and driving pressure PEEP5 was entered alone (not together 
with driving pressure PEEP 15)

Vrec recruited lung volume; SAPSII simplified acute physiology score, PEEP positive end-expiratory pressure
a Imputation of missing values by replacing missing values by 8  cmH2O, bimputation of missing values by replacing missing values by 13 cm  H2O

Models Low value for driving pressure 
PEEP5a

High value for driving pressure 
PEEP5b

Covariates OR (95% CI) P value OR (95% CI) P value

Vrec per 1 ml 1.00 (1.00–1.00) 0.843 1.00 (1.00–1.00) 0.893

Respiratory rate per 1 breath/min 1.02 (0.95–1.09) 0.616 1.02 (0.95–1.10) 0.564

SAPSII per 1-point 1.03 (1.01–1.06) 0.008 1.03 (1.01–1.06) 0.008

Driving Pressure at PEEP 5 per 1  cmH2O 1.15 (1.04–1.29) 0.009 1.14 (1.03–1.28) 0.015
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of recruiters when compared to the more recent ones. 
The data in the present study did not enable investiga-
tion of airway opening pressure (AOP) which may also 
affect the determination of Vrec [40]. However, since 
we extracted data on Vrec at a pressure of 20  cmH2O, 
it is likely that this level would be greater than AOP on 
average [40]. Lung recruitability has been suggested to 
decrease over time. As temporal data was not provided 
by the authors we were therefore unable to assess the 
effect of this variable on Vrec. Based on previously pub-
lished data we felt that driving pressure is a variable than 
cannot be ignored in this analysis. Despite the consist-
ent finding in our sensitivity analysis, our result regard-
ing this variable should be interpreted with caution due 
to the amount of missing data imputed. An analysis with 
this amount of missing data is concerning and may be of 
limited value (and potentially misleading). Finally selec-
tion of covariates was performed based on a P value of 
0.20. While this method has the advantage of relatively 
broad inclusion as benefits an exploratory study such as 
ours and a threshold of 0.157 (corresponding to selection 
based on the Akaike information criterion) is often used, 
variable selection bias remains a possibility. The primary 
reason for this is a limitation due to the risk of chance 
findings in the screening process which may inflate the 
risk of random errors. This is the reason that statistical 
variable selection is generally recommended against [41].

Conclusion
We found that after a PEEP increment most patients had 
a Vrec > 150 ml measured with VP curve, and that Vrec was 
not associated with ICU mortality. In the pooled data the 
certainty of evidence with regards to this association was 
overall very low as all of the studies identified were obser-
vational and had quality limitations. Two of our results 
suggest this association is valid nonetheless: the fact that 
the findings were present in the individual patient level 
analysis and our finding that driving pressure at PEEP 
of 5  cmH2O was associated with mortality as previously 
reported. Conversely, the presence of significant publica-
tion bias towards studies reporting significant associa-
tions between Vrec and mortality and using proportions 
rather than risk ratios and, as well as the paucity of stud-
ies reporting risk ratios, suggest that the existing litera-
ture still does not suffice to determine the relation of Vrec 
to outcome.
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Abstract 

Purpose: High flow nasal cannula (HFNC) is a relatively recent respiratory support technique which delivers high 
flow, heated and humidified controlled concentration of oxygen via the nasal route. Recently, its use has increased for 
a variety of clinical indications. To guide clinical practice, we developed evidence‑based recommendations regarding 
use of HFNC in various clinical settings.

Methods: We formed a guideline panel composed of clinicians, methodologists and experts in respiratory medicine. 
Using GRADE, the panel developed recommendations for four actionable questions.

Results: The guideline panel made a strong recommendation for HFNC in hypoxemic respiratory failure compared to 
conventional oxygen therapy (COT) (moderate certainty), a conditional recommendation for HFNC following extuba‑
tion (moderate certainty), no recommendation regarding HFNC in the peri‑intubation period (moderate certainty), 
and a conditional recommendation for postoperative HFNC in high risk and/or obese patients following cardiac or 
thoracic surgery (moderate certainty).

Conclusions: This clinical practice guideline synthesizes current best‑evidence into four recommendations for HFNC 
use in patients with hypoxemic respiratory failure, following extubation, in the peri‑intubation period, and postopera‑
tively for bedside clinicians.
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Introduction

Clinicians use various non-invasive modalities to deliver 
oxygen to patients. Each modality is associated with 
specific advantages and disadvantages. Two of the most 
commonly used oxygen-delivery modalities, traditional 
nasal cannula and regular or Venturi masks, typically 
accommodate flow rates of around 15 L (L) per minute 
(although Venturi can provide total gas flow > 60L/min) 
and therefore have limited ability to meet the inspira-
tory demands of patients, especially patients with dysp-
nea [1]. The high flow nasal cannula (HFNC) has recently 
garnered interest as a system that is capable of delivering 
high flow of 30–60L/min of heated and humidified gas at 
a controlled concentration of oxygen via the nasal route 
[2]. Despite these potential benefits, use of HFNC for 
various clinical scenarios is variable and clinicians lack 
evidence-based guidance. We developed a clinical prac-
tice guideline to help clinicians regarding HFNC use for 
four specific clinical indications.

Methods
Scope and panel composition
The PLUG (https ://www.plugw group .org/), a working 
group of the European Society of Intensive Care Medi-
cine (ESICM) nominated a joint panel of experts to 
develop guidelines for respiratory support using HFNC. 
The panel includes intensive care physicians, respirolo-
gists and five clinician-methodologists (BR, SE, KB, DC, 
YH) with experience in guideline development using 
Grading of Recommendations, Assessment, Develop-
ment and Evaluation (GRADE) methodology [3]. The 
executive group for the guideline included a smaller 
subset of experts and methodologists (BR, TM, JM, KB, 
SE, LB). ESCIM provided videoconference software and 
meeting space for face-to-face panel meetings. We did 
not receive financial support to develop this clinical prac-
tice guideline.

Following initial discussions, panel members identified 
four actionable PICO (patients, intervention, comparator, 
outcomes) questions. We prioritized questions of impor-
tance to stakeholders and in areas where practice varia-
tion was expected to exist based on widespread HFNC 
use for selected clinical conditions [4, 5].

Conflict of interest (COI) policy
All panel members were required to disclose all poten-
tial financial conflicts of interested prior to guideline 
initiation. An ad-hoc COI management committee was 

chaired by one member of the guideline executive (JM) 
and two other guideline panel members (RDS and ASS). 
Panel members judged to have important financial COI 
($5,000 or higher) were able to participate in discus-
sion around the evidence but were excluded from voting 
(where required) and formulating recommendations.

Literature search
Panel members rated outcomes based on perceived 
importance to patients for clinical decision-making on 
a scale of 1 (not important) to 9 (critically important). 
Working with a medical librarian, methodologists con-
ducted systematic reviews of the literature to seek stud-
ies examining the use of the HFNC for four indications: 
hypoxic respiratory failure, peri-intubation, post extuba-
tion and post-operative usage. We searched MEDLINE, 
EMBASE and Web of Science from January 1st 2007 
through November 1st 2019 as HFNC was not widely 
used in adults prior to 2007. We included randomised 
controlled studies (RCTs) conducted in adults that com-
pared HFNC use to either conventional oxygen therapy 
(COT), continuous positive airway pressure (CPAP) or 
NIPPV and reported one or more outcomes of inter-
est. We limited our search to trials published in English. 
We considered prior meta-analyses that met acceptable 
quality standards. We also reviewed the reference lists of 
eligible trials, reviews, and meta-analyses and inquired 
with panel experts to ensure that no trials were missed. 
To respond to the actionable PICO questions, we focused 
on RCTs. To address the non-actionable narrative ques-
tions, we also identified observational studies. Although 
we did not conduct a formal systematic review for patient 
values and preferences, we retained any relevant infor-
mation found addressing these from the literature search. 
We searched clinical trial registries (clinicaltrials.gov, 
controlled-trials.com, anzctr.org.au, and who.int/ictrp) 
to identify trials currently in progress. Further details on 
our search and methodology can be found in standalone 
published meta-analyses performed to support this 
guideline [6, 7].

Take‑home message 

The guideline panel made a strong recommendation for HFNC in 
hypoxemic respiratory failure (moderate certainty), a conditional 
recommendation for HFNC following extubation (moderate cer‑
tainty), no recommendation regarding HFNC in the peri‑intubation 
period (moderate certainty), and a conditional recommendation 
for postoperative HFNC in high risk and/or obese patients following 
cardiac or thoracic surgery (moderate certainty)

https://www.plugwgroup.org/
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Data collection and analysis
Two methodologists (SE, YH) screened titles and 
abstracts and subsequently full-text manuscripts inde-
pendently and in duplicate. Similarly, multiple method-
ologists (DC, BR, YH, SE) performed data extraction and 
risk of bias assessment independently and in duplicate 
for each included trial. We assessed risk of bias using the 
modified Cochrane Risk of Bias tool [8] which assesses 
random sequence generation (selection bias), allocation 
concealment (selection bias), blinding of outcome asses-
sors (performance and detection bias), incomplete out-
come data, intention-to-treat (attrition bias) and selective 
reporting. Trials were assigned a risk of bias correspond-
ing to the highest rating for any of these domains.

Evidence summaries
We used Revman v.5.3 software for pooled analysis using 
inverse variance weighting and random effects models. 
We generated an evidence profile for each of the PICO 
questions [9]. Following GRADE methodology, certainty 
in each outcome was rated as high, moderate, low or very 
low [10]. Data from RCTs started as high certainty and 
data from observational studies started as low certainty 
evidence. We subsequently downgraded certainty by one 
or two level for concerns related to individual study risk 
of bias (RoB), inconsistency, indirectness, imprecision or 
publication bias.

Formulation of recommendations
The panel developed recommendations using the 
GRADE Evidence-to-Decision framework which con-
siders the certainty in the evidence, the balance between 
desirable and undesirable effects (positive effects and 
negative effects), patient values and preferences, resource 
use, health equity, acceptability and feasibility [11]. We 

designated recommendations as strong (using the phras-
ing “we recommend”) or conditional (using the phrasing 
“we suggest”) [12]. Table  1  describes the implications 
of the strength of a recommendation. We finalized the 
recommendations at an in-person meeting in Brussels 
on November 4, 2019. The final wording of each recom-
mendation was reviewed, approved, and voted on by 
panel members without COI. Figure  1 summarises our 
recommendations.

For non-actionable PICO questions, we drafted nar-
ratives using studies identified as part of the literature 
search. These drafts were circulated among panel mem-
bers for review and approval.

Manuscript preparation
After generating the recommendations, the panel divided 
into writing groups focusing on each of the eight ques-
tions. Editing and feedback were coordinated by the 
panel executive and accomplished through electronic 
communication.

As new practice changing RCTs are published, 
guideline members will plan to update the guideline 
accordingly.

Actionable PICO Questions:

PICO 1: Acute hypoxemic respiratory failure
Recommendation
We recommend using HFNC compared to COT for 
patients with hypoxemic respiratory failure (strong rec-
ommendation, moderate certainty evidence).

Evidence summary
Nine trials compared HFNC to COT in this population 
[13–21]. Five trials were conducted in the ICU setting 
[13, 15, 17, 19, 21] and four trials were conducted in 

Table 1 Interpretation of strong and conditional recommendations for stakeholders (patients, clinicians and policymakers)

Strong recommendation Conditional recommendation

For patients Most individuals in this situation would want the recom‑
mended course of action and only a small proportion would 
not

The majority of individuals in this situation would want the sug‑
gested course of action, but many would not

For clinicians Most individuals should receive the recommended course of 
action. Adherence to this recommendation according to the 
guideline could be used as a quality criterion or performance 
indicator. Formal decision aids are not likely to be needed to 
help individuals make decisions consistent with their values 
and preferences

Different choices are likely to be appropriate for different 
patients and therapy should be tailored to the individual 
patient’s circumstances. Those circumstances may include the 
patient or family’s values and preferences

For policy makers The recommendation can be adapted as policy in most situa‑
tions including for the use as performance indicators

Policy making will require substantial debates and involve‑
ment of many stakeholders. Policies are also more likely to 
vary between regions. Performance indicators would have 
to focus on the fact that adequate deliberation about the 
management options has taken place
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the Emergency Department (ED) [14, 16, 18, 20]. One 
trial [18] only included patients with acute pulmonary 
edema and two trials [10, 14] examined exclusively 
immune compromised patients. All included trials 
were unblinded. Four trials [14, 16, 17, 20] were judged 
to be at high risk of bias due to issues with features 
related to trial quality. The meta-analysis supporting 
this recommendation has been published elsewhere 
[6]. See the supplementary material to review the evi-
dence profiles (Suppl material 1) and for a discussion 
of physiologic mechanisms (Suppl material 2).

Compared to COT, HFNC use decreased the need for 
intubation relative risk (RR) 0.85 (95% confidence inter-
val [CI] 0.74–0.99; 7 trials, n = 1647, moderate certainty) 
and escalation of respiratory support RR 0.71 (0.51–0.98; 
8 trials, n = 1703, moderate certainty). We lowered the 
certainty of both outcomes due to imprecision. We did 
not find evidence of an effect of HFNC compared to 
COT on mortality (moderate certainty), ICU length of 
stay (low certainty), hospital length of stay (moderate 
certainty), patient reported dyspnea (low certainty) and 
comfort (very low certainty). Complications of therapy 
were variably reported across the included trials which 
did not permit quantitative pooling; however, qualitative 
assessment did not suggest an increased risk of complica-
tions for HFNC-treated patients.

Although we pre-planned subgroup analyses based 
on several factors (hypoxemic versus hypercapnic res-
piratory failure, pulmonary edema versus other causes, 
immune compromised versus immunocompetent, mild 
versus severe hypoxia, bilateral infiltrates versus no bilat-
eral infiltrates), there were insufficient data to perform 
these analyses.

Rationale
For patients with hypoxemic respiratory failure, the 
anticipated desirable effects of HFNC when compared 
to COT include a reduction in the rates of intubation 
(moderate certainty) and escalation of respiratory sup-
port (moderate certainty). HFNC may have a small effect 
on comfort and dyspnea; however, the effect of HFNC on 
mortality and length of stay was much less certain. The 
panel judged the overall desirable effects to be moder-
ate—understanding that any decrease in intubation was 
almost certainly important to patients.

The panel judged the anticipated undesirable effects 
of HFNC compared to COT and NIPPV to be minimal. 
Adverse events directly related to HFNC are uncommon 
and have been mostly reported in children and infants 
[22–26]. The use of HFNC may delay intubation, how-
ever the due to the heterogeneity of study designs and 
risk of confounding we were not able to pool data evalu-
ating this outcome. A large retrospective study evaluated 
the effect on patient outcome of the timing of intubation 
after failure of HFNC [27]. Patients intubated within 48 h 
had lower ICU mortality (39 vs. 67%; P = 0.001) than 
those intubated later. A similar association was observed 
with extubation success, ventilator weaning and venti-
lator-free days. Noticeably, patients in the early intuba-
tion group were intubated a mean of 10 h after initiating 
HFNC, while those in the late intubation group were 
intubated at a mean of 126  h, more than 5  days, after 
starting HFNC. Hence, this study actually compares early 
intubation to “very late” rather than late intubation. Post-
hoc analysis in of the FLORALI trial did not demonstrate 
this potential harm of HFNC in delaying intubation as 
no association between timing of intubation and risk of 

Fig. 1 Scheme of recommendations
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mortality was demonstrated [28]. These studies evaluat-
ing the risk of delayed intubation are conflicting however 
the panel was reassured that there was no increase in 
mortality or duration of ICU/hospital length of stay with 
HFNC, as would be expected there was an important 
delay in intubation.

Although not reported in the included trials, nasal 
bleeding related to HFNC use was a concern and may 
limit treatment with HFNC. Importantly, patients ran-
domized to HFNC had reduced rates of intubation and 
similar survival and length of stay compared to COT. 
Overall, the panel judged the balance of desirable and 
undesirable effects to favor use of HFNC over COT in 
patients with acute hypoxemic respiratory failure.

The panel did not identify important considerations 
with regard to patient’s values and preferences (how 
different patients may place different levels of impor-
tance on each outcome of interest) as most patients 
value avoiding intubation. Cost-effectiveness data sug-
gests a net cost savings with HFNC compared to COT 
in the range of 500–1000 British Pounds per patient 
(600–1200 US Dollars or Euros [equivalent currency]) 
[29]. This cost-effectiveness considers both the cost of 
the equipment but also the cost savings in intubations 
avoided. Consequently, HFNC was judged by the panel 
to be associated with at least moderate cost savings. We 
did not find any cost data evaluating the comparison 
of HFNC with NIPPV. The panel judged HFNC use (as 
compared to COT or NIPPV) to be both acceptable and 
feasible to implement. However, for of all the reasons 
mentioned above, constant monitoring of the patients 
and an experienced assessment of their response to 
treatment are critical and may require appropriate 
human resources. HFNC should therefore be initiated 
in an environment that has sufficient staff to closely 
monitor the patient’s clinical course and that is well 
trained to recognize the early signs of failure.

The panel debated between a conditional or strong 
recommendation regarding the use of HFNC for acute 
respiratory failure. This recommendation was the only 
recommendation that required a formal vote amongst 
the panel; however, the majority of panel members 
favored making a strong recommendation. Those who 
favored a conditional recommendation recognized 
the persistent uncertainty regarding the risks associ-
ated with delayed intubation and specific populations 
that may not benefit from HFNC. At this time, patients 
with acute hypoxemic respiratory failure requiring high 
HFNC settings (flow and/or  FiO2) should be managed 
in a monitored setting as they have a high likelihood of 
decompensating and requiring invasive ventilation.

Research priorities
Despite the number of RCTs studying HFNC in patients 
with hypoxemic respiratory failure, further data are 
required to improve precision in point estimates. Future 
research should focus on specific patient populations to 
determine which patients derive the greatest benefit from 
HFNC support (e.g. congestive heart failure, COPD, sep-
tic shock, those with moderate to severe hypoxemia (PF 
ratio < 200  mmHg). Also, we require more data exam-
ining HFNC as compared to NIPPV in many of these 
populations. Additional research is needed to inform 
implementation considerations including the setting in 
which patients are managed (ICU, wards, step-up or step-
down units). There also remain several areas of uncer-
tainty (optimal settings, early detection of patients who 
are likely to fail, protocols, methods to escalate and de-
escalate support, and weaning strategies) to guide HFNC 
use in patients with acute hypoxemic respiratory failure. 
Cost-effectiveness data are needed to clarify the impact 
of widespread HFNC use for hypoxemic patients in dif-
ferent healthcare contexts. Data are needed regarded the 
effects of HFNC in low income countries given differing 
etiologies for respiratory failure and co-interventions in 
this setting. Finally, recent studies have examined co-
administration of HFNC and NIPPV so as to combine the 
benefits of both interventions. Further research is needed 
to explore the role of multimodal support strategies.

PICO 2: Post‑extubation respiratory failure
Recommendation
We suggest HFNC as compared to COT following extu-
bation for patients who are intubated more than 24 h and 
have any high-risk feature (conditional recommendation, 
moderate certainty evidence).

For patients who clinicians would normally extubate to 
NIPPV, we suggest continued use of NIPPV as opposed 
to HFNC (conditional recommendation, low certainty 
evidence).

Evidence summary
Five trials [30–34] compared @@HFNC vs COT and 
three trials [35–37] compared HFNC to NIPPV (CPAP or 
bi-level NIPPV). Of the eight trials, seven were judged to 
be low risk of bias and one trial had insufficient informa-
tion to assess risk of bias [36]. Although the definition for 
high risk was variably defined amongst included trials, 
the largest defined it as at least 1 of: age over 65, conges-
tive heart failure, moderate-severe COPD, APACHE II 
score > 12, BMI > 30, airway patency or secretion prob-
lems, difficulty weaning, two or more comorbidities or 
duration of mechanical ventilation over 7 days [35]. See 
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the supplementary material to review the evidence pro-
files (Suppl material 1) and for a discussion of physiologic 
mechanisms (Suppl material 2).

Compared to COT, HFNC reduced reintubation (RR 
0.46 [0.30–0.70; 4 trials, n = 847, moderate certainty]) 
with no important inconsistency and reduced post-
extubation respiratory failure (RR 0.52 [0.30–0.91; 3 
trials, n = 787, very low certainty]). The certainty in post-
extubation respiratory failure was lowered for important 
inconsistency, indirectness and imprecision.

Compared to NIPPV, HFNC had no effect on the rates 
of reintubation (low certainty) with no inconsistency or 
post-extubation respiratory failure (very low certainty). 
We lowered certainty based on considerations related to 
risk of bias, indirectness, and imprecision. Only one trial 
[37] examined comfort which favored HFNC (moderate 
certainty).

We did not identify effects of HFNC vs COT or NIV 
on mortality (moderate certainty), need for escalation 
to NIV (moderate certainty, COT comparison only), or 
ICU (moderate certainty) and hospital LOS (moderate 
certainty). Also, we did not identify credible subgroup 
effects for any outcome when comparing high vs low risk 
populations, obese versus non-obese patients or based on 
risk of bias.

Rationale
We identified desirable effects of HFNC vs. COT in 
reducing rates of reintubation (moderate certainty) and 
post-extubation respiratory failure (very low certainty) 
recognizing that trial authors variably defined the latter 
outcome. Conversely, we found that compared to NIPPV, 
HFNC had no effect on rates of reintubation (low cer-
tainty) and post-extubation respiratory failure (very low 
certainty). The desirable effects of HFNC compared to 
COT were larger than when HFNC was compared with 
NIPPV, where treatment effects with HFNC were more 
variable and uncertain.

The undesirable effects of HFNC compared to both 
COT and NIPPV were small. For a more detailed discus-
sion on the risks of HFNC, please see PICO 1. On bal-
ance, the evidence supported use of HFNC compared to 
COT but neither favored nor disfavored use of HFNC 
over NIPPV, especially when patients were already being 
treated with NIPPV.

We did not identify important considerations related 
to patient values and preferences. We did not have suf-
ficient information to assess resource and health equity 
considerations and anticipated that cost-effectiveness of 
HFNC (vs. COT) would vary based on jurisdiction. We 
judged HFNC use (compared to COT and NIPPV) to be 
both acceptable and feasible. The panel identified the fact 

that patients that are intubated for very short periods 
of time (e.g., < 24 h) and have no high-risk features may 
not need HFNC. A number of important practical ques-
tions remain including how long to use HFNC and how 
to de-escalate HFNC use in this population (see research 
priorities).

Research priorities
Further research is needed to identify the subgroups (e.g. 
medical versus surgical) of patients most likely to benefit 
from use of the HFNC among those at risk for extubation 
failure. As all of the trials were conducted in high income 
countries, it is unclear if the results and recommenda-
tion are generalizable to low income settings. Most trials 
examined prophylactic application of HFNC after extu-
bation. Consequently, data are needed to assess the role 
of HFNC, if any, once post-extubation respiratory failure 
has developed [38].

For patients who are treated with HFNC after extuba-
tion, we have minimal data to guide treatment duration 
and de-escalation. More data regarding the potential 
role for combination treatment (HFNC combined with 
NIPPV) are needed. Finally, cost-effectiveness data 
are needed to inform policy regarding HFNC use after 
extubation.

PICO 3: Peri‑intubation
Recommendation
We make no recommendation regarding use of HFNC in 
the peri-intubation period. For patients who are already 
receiving HFNC, we suggest continuing HFNC dur-
ing intubation (conditional recommendation, moderate 
certainty).

Evidence summary
Ten trials [39–48] compared HFNC to COT (face mask 
and/or bag mask ventilation) or NIPPV in the peri-intu-
bation period. Half of these trials enrolled non-hypox-
emic patients undergoing intubation during induction 
of general anaesthesia before surgery and the remain-
ing trials examined critically ill hypoxemic patients who 
required intubation [39−41, 43, 45]. Of the peri-opera-
tive trials, two trials included patients undergoing emer-
gency surgery [42, 47], one trial each included patients 
undergoing bariatric surgery [35], any surgery, [48] and 
neurosurgery [46]. See the supplementary material to 
review the evidence profiles (Suppl material 1) and for 
a discussion of physiologic mechanisms (Suppl material 
2). The results of the meta-analysis have been published 
elsewhere [7].
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Six of the ten trials [39, 41–43, 46, 47] compared HFNC 
to COT, two [40, 48] compared HFNC to NIPPV only, 
and one trial compared HFNC with NIPPV to NIPPV 
only [45]. One trial included three arms that compared 
HFNC to NIPPV and facemask with bag mask [44]. With 
the exception of blinding, all trials except one [48] were 
judged to be at low or probably low risk of bias. Only one 
trial was judged to be at high risk of bias due to inade-
quate concealment.

When compared to COT and NIPPV, HFNC had no 
effect on the incidence of peri-intubation hypoxemia, 
defined as  SpO2 < 80% (moderate certainty), 28-day mor-
tality (moderate certainty); serious complications (low 
certainty), or ICU LOS (moderate certainty). Authors 
characterized serious complications as a composite of 
severe hypoxia  (SpO2 < 80%), significant hypotension, 
use of vasopressors and cardiac arrest. Seven trials con-
tributed data to the pooled analyses for hypoxemia and 
serious complications, whereas only four trials contrib-
uted data to the pooled analysis for ICU LOS and 28-day 
mortality. We lowered the certainty for all outcomes due 
to imprecision related to wide confidence intervals that 
failed to exclude serious benefit or harm. We further 
lowered certainty for the serious complications (various 
outcomes, different levels of patient importance) due to 
indirectness.

HFNC use had no effect on apneic time (low cer-
tainty),  PaO2 measured after preoxygenation (moderate 
certainty),  PaO2 measured after intubation (moderate 
certainty) or  PaCO2 measured after intubation (low cer-
tainty) when compared to COT or NIPPV.

Preplanned subgroup analysis based on patient type 
(ICU vs. preoperative patients) demonstrated a larger 
increase in  PaO2 levels after preoxygenation in the opera-
tive subgroup of patients who received HFNC; however, 
this increase is of questionable clinical significance as 
both subgroups had very high  PaO2 levels after under-
going pre-oxygenation. Otherwise, we did not identify 
credible subgroup effects for any outcomes of interest by 
patient type, the comparator used (NIPPV vs. COT), or 
risk of bias (high vs. low). Sensitivity analysis excluding a 
single trial [43] that did not include patients with severe 
hypoxia did not change the strength or direction of the 
summary estimates.

Rationale
The desirable effects of HFNC compared to COT and 
NIPPV include a possible increase in  PaO2 in preopera-
tive patients (moderate certainty) but no effect on ICU 
LOS, peri-intubation complications, apneic time or oxy-
genation. Although, a single trial that compared HFNC 
plus NIPPV to NIPPV alone found a reduction in severe 
hypoxia  (SpO2 < 80%) and an increase in  PaO2, the panel 

agreed that any anticipated desirable effects of HFNC 
were likely small.

Conversely, the anticipated undesirable effects of 
HFNC use in the peri-intubation period were judged to 
be trivial. Although HFNC reportedly increases the risk 
for nasal bleeding this complication was not reported in 
the included trials. Overall, the panel judged the balance 
between desirable and undesirable effects of HFNC use 
in the peri-intubation period to be at least equal, favoring 
neither conventional therapy, NIPPV, or HFNC. Some 
panel members felt that the potential desirable effects 
outweighed the trivial harms associated with HFNC use. 
This viewpoint considered the trend towards improved 
oxygenation in pooled analysis and data suggesting that 
HFNC use may occasionally prevent catastrophic harm 
(hypoxic arrest, anoxic brain injury) due to hypoxia and 
apnea.

We did not identify important considerations regarding 
individual patient’s values or preferences. Although the 
use of HFNC would be associated with equipment costs, 
we did not have sufficient data to assess the cost-effec-
tiveness of HFNC for this indication. The panel judged 
peri-intubation HFNC implementation (as compared to 
COT or NIPPV) to be acceptable and feasible.

Research priorities
Trials examining peri-intubation HFNC included a het-
erogeneous group of patients with various levels of 
hypoxia and undergoing intubation for diverse reasons. 
The effect of HFNC use in specific patient populations 
(severe hypoxia (P/F < 100); obese; different surgeries) 
is unknown. None of the trials examined HFNC use in 
patients who were considered to be difficult to intubate 
or at high risk for desaturation. Additionally, only three 
trials [33, 38, 41] compared HFNC use to NIPPV and one 
trial combined NIPPV with HFNC for intubation [38]. 
Data regarding intubator level of training, patient posi-
tioning, ease of intubation and patient experience were 
rarely or never reported. Data related to the long-term 
effects of HFNC use in the peri-intubation period were 
absent. This is particularly important as the costs and 
negative outcomes associated with severe hypoxemia or 
hypoxemic arrest are not seen in the short term [49]. It is 
unclear what effect prolonging safe apnea time may have 
on patient outcomes [50].

PICO 4: Post‑operative
Recommendation
In high risk and/or obese patients undergoing cardiac 
or thoracic surgery, we suggest using HFNC compared 
to COT to prevent respiratory failure in the immedi-
ate postoperative period (conditional recommenda-
tion, moderate certainty evidence). We suggest against 
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prophylactic HFNC use to prevent respiratory failure in 
other postoperative patients (conditional recommenda-
tion, very low certainty evidence).

Evidence summary
Ten trials [51–60] compared prophylactic HFNC to COT 
and only one trial compared HFNC to NIPPV [61]. Of 
these, six trials were conducted in patients following car-
diac surgery [53, 55, 57, 58], four trials were conducted 
following thoracic surgery [51, 52, 56], and one trial was 
performed in patients after major combined thoracic and 
abdominal surgery [54]. With the exception of blinding, 
all trials, except one [52], were judged to be at low or 
probably low risk of bias. One trial was judged to be at 
high risk of bias as it did not adhere to an intention-to-
treat analysis. See the supplementary material to review 
the evidence profiles (Suppl material 1) and for a discus-
sion of physiologic mechanisms (Suppl material 2).

Compared to COT, post-operative HFNC use was asso-
ciated with a significantly lower reintubation rate (RR 
0.32 [0.12–0.88; 6 trials, n = 900, moderate certainty]) 
and decreased need to escalate respiratory support (RR 
0.54 [0.31–0.94; 7 trials, n = 1120, very low certainty]). 
We lowered certainty of evidence for the rate of reintuba-
tion due to imprecision related to a very low event rate. 
We also lowered certainty of evidence regarding the need 
to escalate respiratory support due to inconsistency, indi-
rectness, and imprecision.

When compared to COT, HFNC had no effect on mor-
tality (low certainty), ICU length of stay (high certainty), 
hospital length of stay (moderate certainty) or the inci-
dence of postoperative hypoxia (low certainty).

Pre-planned subgroup analyses based on type 
of surgery, risk of postoperative respiratory com-
plications, and obesity did not demonstrate cred-
ible subgroup effects. However, a post-hoc subgroup 
analysis, comparing high risk (combination of obese 
patients and those at high risk of postoperative res-
piratory complication) vs. non high-risk patients 
showed increased benefit of HFNC for high risk 
patients. Only two trials [55, 56] examined non high-
risk patients. We performed two post-hoc sensitivity 
analyses excluding, (1) two trials that excluded obese 
patients [54, 56] and (2) a single trial that evalu-
ated patients following thoracoabdominal surgery 
[54]. Neither sensitivity analysis changed the overall 
results or conclusions.

When compared to NIPPV, HFNC had no effect on 
reintubation rate (low certainty), the need for respira-
tory support (low certainty), or ICU length of stay (low 
certainty). Compared to HFNC use, skin breakdown 
was more common with NIPPV use (low certainty).

Rationale
The desirable effects of HFNC compared to COT 
included a reduction in the rates of reintubation (mod-
erate certainty) and escalation of respiratory support 
(very low certainty). Although, the effect sizes for these 
outcomes were large (RR 0.32), the absolute effects 
were small (absolute risk reduction 2.9%). These effects 
were driven by obese patients and patients at high risk 
of postoperative respiratory complications. High-risk 
was variably defined in the included trials; two used an 
ARISCAT score of 26 or greater, while two others con-
sidered obesity or history of cardiac or respiratory dis-
ease as high risk. Similar benefits were not seen when 
HFNC was compared to NIPPV or in low-risk patients. 
We noted an increase in skin breakdown with NIPPV 
use compared to HFNC use.

The anticipated undesirable effects of HFNC com-
pared to COT and NIPPV were minimal. The trials 
included in this dataset did not report nasal bleeding 
with HFNC. For a more detailed discussion on the risks 
of HFNC (see PICO 1). Overall, the panel judged the 
balance of desirable and undesirable effects to favor the 
use of prophylactic HFNC over COT for high risk or 
obese patients after major cardiac and thoracic surgery, 
and neither favored or disfavored HFNC use compared 
to NIPPV. Since only one trial examined non-cardiac 
or thoracic surgery patients and did not show benefit 
associated with HFNC use, the panel judged the evi-
dence insufficient to recommend prophylactic HFNC 
use in other post-operative patients.

The panel did not identify any important consid-
erations regarding individual patient’s values or pref-
erences. There were insufficient data to consider the 
implications of HFNC use based on resources and 
health equity concerns. Nonetheless, NIPPV use typi-
cally requires admission to a monitored setting (e.g., 
ICU) which may not be true for HFNC use [61]. The 
panel judged HFNC implementation (as compared to 
COT or NIPPV) to be both acceptable and feasible.

Research priorities
The included trials examined patients after cardiac, tho-
racic, and major abdominal surgery. The effect of HFNC 
use postoperatively in other surgical populations at risk 
of respiratory failure (neurosurgery, otolaryngology 
surgery or major vascular surgery) remains unknown. 
Given that HFNC is likely most beneficial in high-risk 
surgical populations, HFNC use in these other popula-
tions should be investigated. HFNC use in patients after 
thoracic and abdominal surgery also requires further 
evaluation in order to increase precision of findings [54]. 
Additional trials are needed to assess HFNC alone vs. 
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HFNC co-administered in combination with NIPPV in 
postoperative patients [62].

We did not identify any long term or cost-effectiveness 
data examining postoperative HFNC use. All trials inves-
tigated prophylactic HFNC use to prevent respiratory 
failure consequently, the role for HFNC as a treatment 
for acute respiratory failure in postoperative patients 
is unknown. Finally, there were insufficient data on the 
effectiveness of HFNC in high risk subgroups (elderly, 
poor lung reserve). Trials focused on these vulnerable 
populations are needed.

Discussion
Our guideline has several strengths. To address our PICO 
questions, we conducted a comprehensive systematic 
review of the literature, including risk of bias assessment 
of individual RCTs, assessment of certainty of evidence 
for each outcome, and adhered to GRADE methodol-
ogy. The guideline process was accompanied by transpar-
ent reporting of COIs. The panel included both content 
and methods experts. We used the Evidence-to-Decision 
framework to ensure incorporation of all relevant consid-
erations into the recommendations. We prioritized out-
comes that were perceived to be important to patients 
and highlighted areas for future investigation. Our guide-
line also has limitations. Although we did not include 
patient representatives on the panel, we included specu-
lated patient perspectives (in regards to the importance 
of outcomes and how patients may value the balance of 
specific benefits and harms). Because HFNC is a rela-
tively new technology, imprecision and inconsistency in 
pooled estimates limited certainty assessments for sev-
eral recommendations. As trials examining HFNC use 
continue to be conducted, we anticipate that recommen-
dations will need to be updated.

Conclusion
We make four recommendations to guide HFNC use in 
practice including a strong recommendation for HFNC 
in hypoxemic respiratory failure (moderate certainty), 
conditional recommendation for HFNC following extu-
bation (moderate certainty), no recommendation regard-
ing HFNC in the peri-intubation period (moderate 
certainty), and a conditional recommendation for post-
operative HFNC in high risk and/or obese patients fol-
lowing cardiac or thoracic surgery (moderate certainty).
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Abstract 

Nasal high flow (NHF) has gained popularity among intensivists to manage patients with acute respiratory failure. An 
important literature has accompanied this evolution. In this review, an international panel of experts assessed poten‑
tial benefits of NHF in different areas of acute respiratory failure management. Analyses of the physiological effects of 
NHF indicate flow‑dependent improvement in various respiratory function parameters. These beneficial effects allow 
some patients with severe acute hypoxemic respiratory failure to avoid intubation and improve their outcome. They 
require close monitoring to not delay intubation. Such a delay may worsen outcome. The ROX index may help clini‑
cians decide when to intubate. In immunocompromised patients, NHF reduces the need for intubation but does not 
impact mortality. Beneficial physiological effects of NHF have also been reported in patients with chronic respiratory 
failure, suggesting a possible indication in acute hypercapnic respiratory failure. When intubation is required, NHF can 
be used to pre‑oxygenate patients either alone or in combination with non‑invasive ventilation (NIV). Similarly, NHF 
reduces reintubation alone in low‑risk patients and in combination with NIV in high‑risk patients. NHF may be used in 
the emergency department in patients who would not be offered intubation and can be better tolerated than NIV.

Keywords: Acute respiratory failure, ARDS, Intubation, High flow oxygen, Nasal canula, Palliative care

Introduction

In the past years, nasal high flow has gained an impor-
tant popularity among intensivists to manage patients 
with acute respiratory failure, filling a gap in the venti-
latory support escalation between facemask oxygen and 
noninvasive or invasive mechanical ventilation. Interest-
ingly, use of NHF was widely and rapidly adopted in ICUs 
before in-depth knowledge of its physiological effects 
and evidence of its efficacy were published. Since, a great 
amount of literature has been published and indications 

other than acute respiratory failure have emerged. In this 
narrative review, we have aimed to summarize the avail-
able data and address the different clinical scenarios in 
which NHF can be used, highlighting areas where further 
research is required to confirm or not the potential for 
NHF to improve patient outcome.

Nasal High Flow (NHF) in acute hypoxemic 
respiratory failure (AHRF)
Physiological effects of NHF
A unique feature of NHF is its ability to comfortably 
deliver high flows of warmed humidified gas, 20–70  L/
min, with a  FiO2 range of 0.21–1.0. Physiological 
responses to NHF therapy include increases in airway 
pressure, end-expiratory lung volume (EELV), and oxy-
genation which are probably optimal with higher flows 
(60–70 L/min), while the effects on dead-space washout, 
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work of breathing, and respiratory rate may be obtained 
with intermediate flows (20–45  L/min) [1–3] (Fig.  1). 
Most of this evidence relates to patients with hypoxemic 
respiratory failure and, to date, few physiological data 
have been obtained in hypercapnic populations [4].

As NHF rate increases, so does EELV [2] (ESM Fig. 1). 
This relationship is linear with each litre of increased 
flow resulting in 0.7% increase in EELV [5]. A strong cor-
relation exists between increases in airway pressure and 
EELV (r = 0.7) [5], suggesting that this mechanism is 
responsible for the improvements in oxygenation seen 
with NHF, particularly at higher flows [2], through alveo-
lar recruitment (ESM Fig. 2).

Inspiratory effort decreases with increasing flow rates, 
and Mauri et al. [2] suggest it is best supported by flows 
of 60 L/min. However these, and other authors, also rec-
ognised that important reductions in work of breath-
ing can still be achieved with lower rates of 20–45  L/
min [1, 2] (ESM Fig.  3). As flow increases, respiratory 
rate decreases [2, 4], along with minute ventilation [2, 
4], without any resultant hypercapnia. In other words, 
alveolar ventilation (minute ventilation  −  dead-space 
ventilation) remains stable whereas minute ventilation 
decreases. The main mechanism to explain the stability 
in  PaCO2 is the washout of physiological dead space.

Importantly, higher flows are well tolerated by hypox-
emic patients, whose comfort was not adversely affected 
by higher gas flows [6].

As NHF is used for respiratory support in a wide range 
of conditions, clinicians should titrate flow to patient’s 
response to therapy. ESM Table  1 provides some guid-
ance on achieving optimal flow rates for patients with 
hypoxemic respiratory failure. If tolerated, the highest 
flow as a starting point seems optimal in patients with 

hypoxemic respiratory failure, while lower flows may 
be efficient to reduce the respiratory rate and work of 
breathing, especially in hypercapnic patients (see dedi-
cated section).

Avoidance of intubation
Since the introduction of NHF in the armamentarium 
of respiratory failure management, a number of obser-
vational studies have shown that respiratory status of 
patients with AHRF is significantly improved with NHF 
in comparison with standard oxygen [7–11]. Although 
they suggested that intubation may have been avoided 
in some patients, design of these studies precluded any 
formal demonstration of intubation rate reduction with 
NHF. The characteristics of NHF and the related physi-
ological effects account for the superiority of NHF in 
terms of comfort, tolerance, alleviation of respiratory 
distress and improved oxygenation. The Florali study 
[12] showed in a post hoc subgroup (patients with 
a  PaO2/FiO2 < 200) analysis that intubation rate was 
lower in patients treated with NHF compared to those 
treated with NIV or standard oxygen. This clinically 
relevant difference translated into a reduction in hos-
pital and 90-day mortality rate in favour of patients that 
received NHF as first-line therapy. Several meta-anal-
ysis [13], but not all [14], also found that use of NHF 

Take‑home message 

In every segment of acute hypoxemic respiratory failure manage‑
ment (first‑line ventilatory support, preoxygenation, post‑extuba‑
tion, palliative care), evidence suggests that nasal high flow has the 
potential to benefit the patient. Beneficial effects also seem to be 
seen in patients with chronic respiratory disease.

Fig. 1 Schematic representation of the physiologic effects of Nasal High Flow (NHF) and possible impact of the flow. Increase in airway pres‑
sure and  FiO2 improve oxygenation by different mechanisms and may be optimal at higher flows. Most of dead‑space wash‑out‑related effects 
(increased  CO2 clearance, decrease respiratory drive, respiratory rate and effort to breathe) may be obtained for lower flows. All these physiological 
effects probably explain the improved comfort in patients with respiratory failure and possibly the outcomes. NHF nasal high flow, Paw airway pres‑
sure; FiO2 fraction of inspired oxygen, EELV end‑expiratory lung volume, RR respiratory rate, VE minute volume, WOB work of breathing
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was associated with a reduction in intubation rate. A 
concern with some is the inclusion of studies assess-
ing patients with very different intubation risks and 
required information size was not reached [14]. Intu-
bation rates in patients with AHRF admitted to the 
ICU range between 30 and 40%. These figures are only 
1–2% in the ED as those needing immediate intubation 
or NIV for AHRF were excluded. Thus, the choice of 
primary outcome selected in certain settings may not 
have been the most relevant. In the ED, three of five 
RCT of NHF compared to conventional oxygen therapy 
reported intubation rates, with no studies finding a dif-
ference between the groups [15–17]. A meta-analysis of 
the studies with either undifferentiated respiratory dis-
tress [15, 17, 18] or cardiogenic pulmonary oedema [16] 
found only 7/571 patients required intubation (1.2%), 
with no difference in intubation rates: RR 0.69 (0.12, 
4.12), p = 0.68 [19]. A single RCT comparing NHF to 
NIV for undifferentiated respiratory failure found that 
NHF was non-inferior to NIV for intubation rates [20]. 
It, therefore, appears that contrary to the ICU, delayed 
intubation is a rare event in the ED, so much larger 
studies would be required to demonstrate any benefit 
with respect to avoiding intubation.

Severe AHRF
In patients with AHRF, NHF is usually initiated in case 
of persistence of hypoxemia and/or respiratory dis-
tress despite conventional oxygen therapy. Hence, lev-
els of hypoxemia of these patients vary considerably, 
from mild- to-moderate to severe hypoxemia  (PaO2/
FiO2 < 200). Although a noticeable proportion of them 
is successfully treated with NHF, the lower boundary in 
terms of  PaO2/FiO2 has not been established.

In the Florali study [12], among the 80% of patients 
with a  PaO2/FiO2 below 200, this ratio was in the range 
of 120 and many had bilateral chest X-ray involvement. 
They would have probably qualified as ARDS patients. 
They clearly presented the clinical, radiographical and 
biological features of ARDS. It has indeed been con-
vincingly shown by Garcia-de-Acilu et  al. that hypox-
emic patients with bilateral infiltrates treated with 
NHF present the same levels of plasma biomarkers 
of epithelial and endothelial injury and biomarkers of 
inflammation as ARDS patients who undergo mechani-
cal ventilation [21]. Importantly, half of these patients 
treated with NHF did not require intubation. Similar 
findings were reported by Messika et al. In their cohort 
of 45 patients treated with NHF, all of whom met all the 
Berlin criteria other than PEEP, success rate was 60%. 
Of note, worst recorded  PaO2/FiO2 for the cohort was 

108.6 and number of quadrants involved in the chest 
X-ray was 3 [7].

Hence, in the absence of criteria for immediate intu-
bation, patients presenting with ARDS can be offered a 
NHF trial. Those with a low  PaO2/FiO2 (< 100) will be at 
greater risk of intubation. Hence, a close monitoring will 
be required to anticipate when intubation needs to be 
performed in a timely fashion. (see below for the preoxy-
genation strategy in such patients).

Anticipating outcome with NHF
This close monitoring mentioned above should include 
several variables (oxygenation, thoracoabdominal asyn-
chrony, need for vasopressors, SOFA score or disease 
severity) that have been shown to be associated with 
NHF failure [7, 9–11]. This association is not, how-
ever, directly predictive of the outcome of NHF. More 
recently, the ROX index, defined as the ratio of SpO2/
FiO2 over RR, has been described and prospectively vali-
dated to predict success and failure of NHF in pneumo-
nia patients with AHRF [22, 23]. The rationale behind 
this index is that it combines in a single value, the best 
describers of patients’ respiratory status. Patients with 
a ROX index greater than or equal to 4.88 after 2, 6 and 
12 h of NHF therapy were less likely to be intubated. In 
contrast, patients with a ROX index below 2.85, 3.47 and 
3.85 after 2, 6 and 12  h of HFNC therapy, respectively, 
were more likely to fail. In addition, patients who failed 
presented a smaller increase in the ROX index between 
2 and 12 h and 6 and 12 h, which highlights the fact that 
dynamic assessment of the ROX index may also be help-
ful to identify those patients who are more likely to fail. 
This dynamic assessment could be especially useful in 
classifying those patients who have ROX index values 
between the boundaries of failure and success facilitating 
the day-to-day clinical decision process of NHF patients 
and minimizing the risk of delaying a needed intubation 
(see Fig. 2 and ESM for detail). Of note however, the ROX 
was validated in patients with pneumonia-related AHRF. 
Although severe pneumonia is the most frequent cause 
of AHRF, to what extent the same cut-offs values for the 
ROX will have the same performances in other etiologies 
of AHRF remains to be shown.

Hazards associated with NHF
As mentioned earlier, between 30 and 40% of patients 
with AHRF initially treated with NHF will require inva-
sive mechanical ventilation finally. Hence, the principal 
hazard associated with NHF is the delay in intubat-
ing these patients in which NHF is insufficient. One 
study has shown that delayed intubation is associated 
with increased mortality in patients with community-
acquired pneumonia. This observation was initially 
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made in patients with AHRF receiving NIV [24] and has 
been shown to occur also in patients treated with NHF. 
Rello et al. found that patients who failed NHF in H1N1 
pneumonia-related ARDS had a 27% mortality rate 
whereas this figure was 20% in those immediately intu-
bated, suggesting that in some instances at least, a delay 
in intubation might be detrimental [10]. Kang et  al. 
further explored this hazard. They found very different 
mortality rates in patients treated with NHF between 
those intubated within 48 h of therapy and those intu-
bated after. This landmark study clearly illustrated the 
risk of a delayed intubation [25]. Several reasons may 
explain these findings. Leaving a patient breathe spon-
taneously for too long may worsen the nature and the 
extent of the initial injury, a concept termed patient 
self-inflicted lung injury. In addition, oxygen supple-
mentation through NHF may rapidly normalize oxy-
gen saturation leading to the misjudgment that the 
patient is improving whereas in fact, the underlying 
disturbances (such as ventilation perfusion mismatch 
or alveolar hypoventilation requiring inspiratory pres-
sure support and positive-end expiratory pressure) are 
insufficiently corrected [26]. Patients may hence gradu-
ally and “silently” deteriorate to the point of respiratory 
muscle fatigue, cardiac dysfunction, and organ failure, 
thus contributing to a worse prognosis. Hence, close 

monitoring as described above of patients under NHF is 
mandatory to enable early detection of clinical deterio-
ration, and thereby prevent evitable delay in intubation.

NHF in immunocompromised patients
In the past years, several studies have assessed non-
invasive management of AHRF in immunocompromised 
patients (ESM Table 2). Most of them were retrospective. 
Comparators (NIV or standard oxygen or NIV + NHF), 
primary endpoint (intubation or mortality) as well as 
type of immunosuppression differed between studies, 
making direct comparisons difficult [9, 27–33]. None-
theless, taken together, these studies suggested that NHF 
might reduce intubation rate, particularly when com-
pared to NIV. They also showed that use of HNFC was 
possibly associated with a lower mortality rate and was 
not harmful.

Those results were confirmed in an international mul-
ticentre observational cohort study [34] in which patients 
admitted to ICU who received either NHF, NIV, standard 
oxygen or NHF + NIV were analysed. Intubation rate was 
similar for each oxygenation strategy. However, the mul-
tivariate analysis indicated a trend towards lower intuba-
tion rate with NHF.

These observational data required a prospective multi-
centre RCT to confirm the trends their results suggested. 

Fig. 2 Suggested algorithm using the ROX index to help with intubation decision. Because the index includes in a single value three relevant 
respiratory parameters, the overall philosophy of the index is that if its value is increasing, the patient’s respiratory status is improving. For each time‑
point, there are three possibilities: (1) the patient’s ROX index is below the cut‑off value, we suggest considering intubation of the patient; (2) the 
index is between the lower and the higher cut‑off value, we suggest increasing the level of NHF (increase flow to its maximum and  FiO2 to 1) and 
re‑evaluate after 30 min; (3) finally, if the index is above the upper boundary, we suggest pursuing NHF and close monitoring of the patient. Of note, 
this algorithm will require a formal validation by a RCT comparing standard of care and application of the algorithm in terms of safety and efficacy 
(timing of intubation)
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Such a trial was recently performed in 776 immunocom-
promised patients who either received standard oxygen 
or NHF [32]. Primary endpoint was D-28 mortality and 
secondary endpoints included intubation rate. NIV was 
not used according to the results of a previous study [32]. 
Patients were mostly admitted for pneumonia. Mortality 
rates did not differ between NHF (35, 6%) and standard 
oxygen (36, 1%) (p = 0, 94), as well as intubation rates 
(respectively, 38, 7% and 43.8%, p = 0, 17). The mortality 
rates for patients who required intubation did not dif-
fer either. In a predefined subgroup of patients (oxygen 
flow > 9 l/min, duration between ICU admission and ran-
domization > 3 days or use of vasopressors), primary and 
secondary endpoints did not differ. In this study, greater 
 PaO2/FiO2 obtained with NHF did not translate into bet-
ter outcome.

More recently Dumas et al. analysed the daily probabil-
ity of intubation according to the patient’s characteristics 
the day before [33]. Using a propensity score, authors 
did not find any impact of the oxygenation device on the 
probability of intubation the following day. In this post 
hoc joint analysis of three previously published studies, 
only a small proportion of patients received NHF.

How can data from non-immunocompromised 
patients indicating more positive effects of NHF be rec-
onciled with the more neutral data coming from immu-
nocompromised patients? One possible explanation is 
that patients’ underlying disease and/or the precipitat-
ing factor leading to AHRF in immunocompromised 
patients require more time for recovery. Consequently, 
these patients may have a longer duration of oxygen 
dependency and may require more invasive procedures. 
In addition, comfort was not improved in these patients. 
This may be related to other sources of discomfort (side 
effects of chemotherapy) than respiratory ones in those 
patients that were not relieved by NHF. For all those rea-
sons, the nature of the ventilatory support may not have 
such impact in this particular setting.

Recent meta-analyses focusing on immunocom-
promised patients [35, 36] have included the stud-
ies presented here and all conclude that use of NHF is 
associated with a decreased intubation rate but with no 
impact on mortality.

NHF in hypercapnic respiratory failure
Physiological effects in stable COPD
As illustrated above, there is a strong rationale for the use 
of NHF in patients with chronic respiratory failure [37].

Comparable to patients with AHRF, NHF may reduce 
the entrainment of room air during high breathing 
efforts, such as during exercise [38]. Early physiologi-
cal studies revealed an increase in mean airway pressure 
[39], and a decrease in dead-space ventilation [40]. These 

changes increase tidal volume, decrease respiratory rate 
and end-expiratory lung volume [4, 39, 41, 42] which 
result in a measurable reduction in work of breathing 
[23].

A direct comparison of respiratory parameters under 
three conditions (oxygen, NHF and NIV) was conducted 
by Longhini et  al. [43]. Diaphragmatic sonography and 
ventilatory parameters rose during interruptions of NIV 
trials (30 min).  PaCO2 remained stable irrespective of the 
modality of oxygen administration. However, respiratory 
rate and diaphragm contractile activation (inspiratory 
thickening fraction) increased with standard oxygen, but 
not with NHF. The latter was associated with improved 
comfort. This study, therefore, suggested that NHF might 
lead to a greater unload of the diaphragm than standard 
oxygen.

In stable COPD patients, studies have consist-
ently shown that NHF reduces hypercapnia despite a 
decreased respiratory rate [41, 42, 44]. This is related to 
a flow- and leakage-dependent clearance of upper air-
way gases that reduces  CO2 rebreathing [44, 45]. These 
findings were confirmed by Bräunlich et al. in the clinical 
setting [46]. They found that after 6 weeks, reduction of 
hypercapnia and improvement in quality of life obtained 
with NHF were non-inferior to those obtained with NIV. 
These results may be, however, limited to patients with-
out overlap syndrome (i.e. association of COPD and 
obstructive sleep apnea), as recently demonstrated [47]. 
A summary of these studies is detailed in ESM Table 3.

Strategies for NHF in hypercapnic respiratory failure
NIV is the ventilatory modality of first choice in hyper-
capnic ARF [48]. However poor tolerance often limits its 
success.

NHF has been suggested as complementary therapy 
during breaks off NIV [43, 49], or as an alternative to NIV 
[50] or controlled oxygen therapy [51] in mild respiratory 
acidosis.

By overcoming the drawbacks of standard oxygen dur-
ing breaks off NIV [43], NHF could reduce the time spent 
on ventilator and improve work of breathing during 
breaks [50]. A single RCT assessed NHF in this scenario, 
on a mixed population with 22 out of 54 hypercapnic 
subjects [49], while not reducing the time spent on NIV, 
NHF improved comfort, control of dyspnea and respira-
tory rate compared to standard oxygen. The main limita-
tions of this study, i.e. small sample size and possibility to 
override the criteria for NIV sessions, are expected to be 
overcome by the High-flow ACRF trial [52]. This ongo-
ing large-scale RCT will assess ventilator-free days when 
comparing NHF to standard oxygen during breaks off 
NIV.
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NHF has been proposed as an alternative to NIV in 
mild-to-moderate respiratory acidosis [51]. An ongoing 
non-inferiority multi-center trial will further explore this 
strategy by assessing short-term effects on gas exchange 
and treatment failure [53].

These and future studies will be needed to better assess 
the role of NHF in hypercapnic ARF, to understand 
which strategies are better to pursue.

NHF and preoxygenation
A significant proportion of patients admitted to the 
ICU for AHRF will fail a noninvasive ventilatory strat-
egy and, thus, require tracheal intubation [54]. In these 
patients, this procedure is at even greater risk of com-
plications, mainly oxygen desaturation [55]. Studies 
have clearly shown that standard preoxygenation, even 
when properly performed, is insufficient to ensure satis-
factory oxygenation levels in critically ill patients. This 
has led clinicians to investigate other modes of pre-
oxygenation. NIV was convincingly shown to be supe-
rior to standard oxygen [56], although a confirmatory 
trial failed to confirm NIV’s superiority [57]. Because a 
growing number of patients with AHRF are treated with 
NHF as first-line ventilatory support [58], the device is 
often in place when the decision to intubate is taken. 

Hence, NHF has also been evaluated as a means to pre-
vent desaturation during intubation [59]. Compared 
to standard oxygen, results of preoxygenation with 
NFH seem consistent in patients with mild-to-moder-
ate hypoxemia [57, 60]. Paradoxically, in patients with 
more severe hypoxemia, NHF failed to prove superior 
than standard oxygen to prevent profound desaturation 
during intubation [61, 62]. Of note however, subopti-
mal preoxygenation procedures (absence of jaw thrust 
which is essential to promote apneic oxygenation) may 
explain these discrepancies [63]. This illustrates the 
importance of the two components of the “preoxygena-
tion process”: preoxygenation and apneic oxygenation. 
Intuitively, because of the greater levels of positive 
pressure applied, NIV may be seen superior to NHF 
during the spontaneously breathing phase and NHF 
may prove more beneficial during apnea and laryngos-
copy because it can be left in place. This hypothesis was 
tested in a recent RCT that compared NIV and NHF to 
ensure preoxygenation of patients with AHRF requir-
ing tracheal intubation in the ICU [64]. Primary out-
come measure was incidence of profound desaturation 
(SpO2 < 80%). There was no difference between the two 
strategies in this incidence (23% with NIV v. 27% with 
HFNC) in the overall study patients. In patients with 

Fig. 3 Suggested algorithm for deciding how to preoxygenate a patient with AHRF who requires tracheal intubation. NIV: non‑invasive ventila‑
tion; NHF: nasal high flow; PEEP: positive‑end expiratory pressure; PSV: pressure support ventilation. *The MACOCHA score can be used; **low dose 
vasopressor may be also started in unstable patients; ***RSI: rapid sequence induction; ****jaw thrust is essential to ensure patent upper airway and 
efficient apneic oxygenation
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moderate-to-severe hypoxemia  (PaO2/FiO2 ≤ 200  mm 
Hg), desaturation < 80% occurred less frequently after 
preoxygenation with NIV than with nasal high-flow 
(24% v. 35% respectively, p = 0·046). Serious adverse 
events did not differ between the two groups. Finally, 
based on the above, the combination of both NIV and 
NHF to prevent desaturation during intubation was 
compared to NIV alone. Significantly less desaturations 
occurred with the combination [65]. Based on all these 
results, we can suggest an algorithm to guide clinicians 
in their choice of preoxygenation technique (see Fig. 3).

NHF in the postextubation
Preventing reintubation is the cornerstone of patient 
management after extubation because of the complica-
tions associated with reintubation (prolonged mechanical 
ventilation and ICU stay, ventilator-associated pneumo-
nia…). It has been suggested that NIV should not be used 
in patients with established post-extubation respiratory 
failure [48], after a safety concern was raised secondary 
to the risk of delaying reintubation. However, NIV has a 
preventive role in patients at high-risk for failure [48, 66].

Estimation of risk for failure generates controversy, 
as no score predicting failure in a general population of 
intubated patients has been validated and risks depend 
largely on patient population. ESM Table  4 displays 
these different risk factors. In surgical patients, expected 
reintubation rate is low because of the short duration of 
mechanical ventilation, and reasons for failing extubation 
are specific (e.g. anaesthetic factors, airway patency, sur-
gical complications) [67]. Thus, studies in these patients 
are usually powered for primary outcomes different 
from the reintubation rate, and include composite end-
points or have a non-inferiority design [68, 69]. In medi-
cal patients, many risk factors have been described, but 
most of them with a low level of evidence [70]. In addi-
tion, subjective definitions for these risks (those related 
to cough and secretions management for example) limit 
their reproducibility in clinical trials. Traditional defi-
nition of patients at high-risk required at least one risk 
factor, but recent trials including a large number of those 
risk factors, suggest that the risk for failing extubation 
should be better defined [71, 72]. This is supported by 
results of multivariable models, reporting more than one 
independently associated high-risk factor to reintuba-
tion [70], with a potential summation effect, and previous 
data reporting a synergistic interaction between high-risk 
factors for reintubation [73]. These issues are worth con-
sidering when analyzing the data.

Several studies have compared NHF to standard oxy-
gen to prevent reintubation according to a given risk for 
failure. In a large heterogeneous population of patients 
at low risk [74], including complicated surgical patients 

with more than 12 h of mechanical ventilation, NHF sig-
nificantly reduce post-extubation respiratory failure and 
reintubation rate after 24 h in comparison with standard 
oxygen. No such difference was found in another study 
in uncomplicated patients after abdominal surgery [69]. 
A probably lower risk for respiratory complications in 
the OPERA trial explains this discrepancy [69]. Recent 
meta-analyses confirm the superiority of NHF over con-
ventional oxygen therapy in terms of post-extubation res-
piratory failure and reintubation rate [75].

In high-risk patients, two large studies found that NHF 
was non-inferior to NIV [68, 72]: one in a general popula-
tion [72], the other cardiothoracic surgery patients [68]. 
Discomfort limited the effective time under NIV in these 
studies to 14 and 6.6 h, respectively, during the first 24 h. 
This was particularly the case after cardiothoracic sur-
gery, where discomfort was significantly more frequent 
with NIV than with NHF.

A recent trial compared NHF to the combination of 
NHF and NIV in high-risk patients [76]. Patients received 
preventive therapy for a minimum of 48 h. Very similar 
to previous results [72], time spent under NIV was 13 h 
during the first 24 h highlighting the fact that NIV toler-
ance may be a limitation to this strategy in this subset of 
patients. Nonetheless, authors found that the combina-
tion of NHF and NIV led to less reintubation that NHF 
alone. Interestingly, reintubation rate at day 7 was signifi-
cantly lower with NIV than with NHF alone in patients 
with  PaCO2 > 45  mmHg before extubation, but no such 
difference was found in patients with  PaCO2 < 45 mmHg.

In high-risk patients, the combination of NIV and NHF 
therefore seems to benefit more patients with pre-extu-
bation hypercapnia. Duration of preventive therapy and 
date of assessment of reintubation are important vari-
ables to take into account.

NHF in the ED and palliative care
Several RCTs compare NHF to standard oxygen via 
low-flow nasal prongs or facemask in ED for adults with 
moderate-to-severe respiratory distress in different 
conditions [15–18]. A systematic review of these RCTs 
[15–18] found no difference in mortality (RR 1.20; 95% 
CI 0.58, 2.48, p = 0.62) or treatment failure (RR 1.49; 95% 
CI 0.33, 6.82, p = 0.60) compared to standard oxygen. 
However, more patients did not tolerate NHF than stand-
ard oxygen (RR 6.81; 95% CI 1.18, 39.19, p = 0.03) [19]. 
These data are limited as rates of intubation (1.2%) and 
NIV (3.1%) were low, despite enrolment of patients with 
AHRF in the included studies. This is because patients 
needing immediate NIV or intubation were excluded 
from the studies. Standard care in ED is usually effec-
tive in avoiding mechanical ventilation in the remain-
ing patients and studies may have included patients with 
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ceilings of care. So, any differences between NHF and 
standard oxygen for these outcomes are likely to be small. 
Compared to NIV for undifferentiated respiratory failure, 
there was no difference between NHF for any outcome in 
a single RCT [20]. In contrast, a small RCT in palliative 
patients with limitations on invasive ventilation found 
dyspnea was reduced with NHF compared to NIV [77]. 
NHF may have a role in some ED patients who would not 
be offered intubation or when NIV is not well tolerated. 
More studies are required to confirm this.

NIV is recommended in palliative care [48]. However, 
patient discomfort and inability to eat or communicate 
may limit its use. NHF may be an alternative method for 
providing oxygen and respiratory support in this setting. 
Many studies have reported the benefit of NHF by allevi-
ating dyspnea in patients with advanced cancer and do-
not-intubate patients with hypoxemic respiratory failure 
[78–81]. Furthermore, NHF might not be inferior to NIV 
in palliation of dyspnea in patients with terminal cancer 
[82]. However, further studies are needed to evaluate the 
benefits of NHF in terms of patient comfort and quality 
of life in palliative care.

Concluding remarks
In a small 10-year span, NHF has found its place in the 
armamentarium of AHRF treatment. In every segment of 
AHRF management (first-line ventilatory support, pre-
oxygenation, post-extubation, palliative care), evidence 
suggests benefits to the patient. Interestingly, there are 
still aspects that further need investigation. These include 
improving comfort, exploring the potential for even 
higher flows, and addressing the issue of weaning.
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In 2020, a new pandemic caused by SARS-CoV-2 was 
declared [1], and since the first cases of coronavirus dis-
ease 2019 (COVID-19), clinicians had to apply differ-
ent modes of respiratory support, previously used on 
patients with severe respiratory failure from other eti-
ologies. In particular, high-flow nasal cannulae (HFNC) 
and non-invasive ventilation (NIV) were variably applied 
in early reports from China [2] and Europe [3]. Yet, the 
extent of airborne contamination of clinical areas during 
the use of HFNC has sparked intense debate and high-
lighted the need for inclusive investigation in this area.

SARS-CoV-2 may be spread by direct or indirect 
contact with infected individuals through respiratory 
secretions or droplet transmission, as well as through 
fomites [4]. Once airborne, the half-life of SARS-CoV-2 
is approximately one hour [95% credible interval, 0.64 to 
2.64] [5]. Airborne transmission was initially underesti-
mated; indeed in one analysis in February 2020 of 75,465 
cases in China, airborne transmission was not reported 
[6]. A later study by Liu et  al. from Wuhan analyzed 
aerosol samples using droplet digital polymerase chain 
reaction, and concluded that virus aerosol deposition on 
protective apparel or floor surface and their subsequent 
re-suspension was a conceivable transmission pathway 
[7]. These findings were further corroborated by San-
tarpia et al. on 13 isolated patients, who concluded that 
transmission may occur via contaminated objects and 
airborne transmission, as well as direct transmission via 
droplets [8]. Several other factors modulate the specific 

risk of healthcare workers (HCW) of being infected with 
SARS-CoV-2 and could be grouped into patient-related 
and HCW-related risk factors. Patient-related risks are 
associated with the volume and distance of respiratory 
particles generated and mobilized from the patient, the 
viral titre and long-term viability within the aerosolized 
particles, and finally the ability of the virus to penetrate 
innate host defenses. In contrast, HCW-related factors 
are associated to the HCW’s health status, comorbidities 
and immunocompetency, the length of time of exposure 
and adequacy of worn personal protective equipment 
(PPE). Patients with COVID-19 often present to the 
emergency department with substantial respiratory drive 
and persistent dry cough. Thus, based on the aforemen-
tioned evidence, viral transmission from respiratory par-
ticles and droplet dispersion may theoretically pose a 
significant risk to HCW, specifically in patients who are 
undergoing means of ventilatory support without shield-
ing their mouths, and during the early days of hospital 
admission, when the viral load is the highest [9].

Unfortunately, to date, the literature describing risks of 
airborne contamination by HFNC versus other means of 
support, i.e. NIV via face mask or helmet or nose mask, 
is heavily reliant on preclinical data, not specifically 
focused on SARS-CoV-2, and thus is inducing rather 
than answering controversy in the field (Table  1). In an 
important preclinical study by Gaeckle and collaborators 
[10], particle concentration and size from the respiratory 
tract of 10 healthy individuals receiving oxygen with vari-
ous modes of delivery were measured through an aerody-
namic particle spectrometer. Importantly, no increase in 
the concentration of aerosols generated was found with 
the use of HFNC or NIV when compared with breathing 
room air or non-humidified oxygen modalities. However, 
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it should be noted that this was a small study in healthy 
participants, without ongoing pulmonary disease, which 
limits extrapolations to patients infected by SARS-CoV-2. 
Indeed, these results were also contingent upon the 
method of sampling aerosolized particles, which in itself 
carries risk of sampling error. Furthermore, consistent 
results suggest that fitting of HFNC or NIV interfaces, 
i.e. nasal pillow/mask or face mask, plays a crucial role in 
droplet generation. In a study by Hui et al.[11], conducted 
on a human patient simulator of dispersion of traceable 
particles, the authors concluded that exhaled air disper-
sion was higher using NIV and dependent on the applied 
settings, as corroborated by substantial increases in dis-
persed air when NIV pressure was increased from 5 to 
20 cmH2O or HFNC flow from 10 to 60 L/min. However, 
the highest dispersion was found by loosening the HF 
nasal cannulas or the HF oxygen circuit tube [11]. Tran 
et al.[12] studied the transmission of SARS from patients 
undergoing ventilatory support to HCW. They found that 
the virus could be dispersed through NIV, but not from 
HFNC or BiPAP mask adjustment. The study was limited 
by the small population and questionable methodology, 
and further emphasized the current lack of systematic 
appraisal of airborne viral transmission from infected 
patients. Finally, an in silico computational fluid dynam-
ics simulation by Leonard et al. showed that using a sim-
ple surgical mask over the HFNC interface is effective in 
reducing distribution of aerosolized particles [13].

In the setting of SARS-CoV-2, evidence on this sub-
ject is highly limited and anecdotal. Various investigators 
have suggested that HFNC and NIV are associated with 
proven aerosolization of viable virus particles around 
the patient bedspace, but failed to establish a clear asso-
ciation with an increased number of HCW infections. To 
illustrate, one clinical study demonstrated that distribu-
tion of viable virus particles throughout the immediate 
clinical environment occurred with HFNC and NIV [14]. 
A separate clinical study showed that when staff were 
fully trained in the use of PPE, the rate of HCW infec-
tion whilst being in the immediate vicinity of HFNC 
was extremely low [15]. More high-quality evidence is 
clearly needed to better establish the true risk of infec-
tion to HCWs from aerosolization. For HFNC, the con-
tinued perception of a risk of viral aerosolization remains 
a significant obstacle to its uptake for management of 
hypoxemic respiratory failure in COVID-19, as high-
lighted by discordant recommendations on its use from 
health organizations and medical societies across the 
globe. Nevertheless, potential risks should be balanced 
with the described benefits with the use of HFNC, even 
in COVID-19 patients in the prone position.

Taken together, airborne contamination via generation 
of aerosols during HFNC must at this stage be assumed Ta
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as conceivable and potentially perilous to the HCW, 
until proven otherwise. Preclinical data, whilst useful to 
establish the mechanics of aerosolization, unfortunately 
do not capture the endpoint of absolute risk, which ulti-
mately depends on the quantity and viability of patho-
genic material and specific HCW risks. In the meanwhile, 
reducing dispersion through simple measures, such as 
surgical masks and careful fitting of the interfaces and 
sealing of the circuit on supported patients are strongly 
recommended. Further clinical research, and particularly 
systematic human studies, which can correlate the degree 
of ventilation-dispersed aerosols with the quantity and 
viability of dispersed virulent particles that are capable of 
causing infection, are urgently required.
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Abstract 

Modalities of fluid management in patients sustaining the acute respiratory distress syndrome (ARDS) are challenging 
and controversial. Optimal fluid management should provide adequate oxygen delivery to the body, while avoiding 
inadvertent increase in lung edema which further impairs gas exchange. In ARDS patients, positive fluid balance has 
been associated with prolonged mechanical ventilation, longer ICU and hospital stay, and higher mortality. Accord-
ingly, a restrictive strategy has been compared to a more liberal approach in randomized controlled trials conducted 
in various clinical settings. Restrictive strategies included fluid restriction guided by the monitoring of extravascu-
lar lung water, pulmonary capillary wedge or central venous pressure, and furosemide targeted to diuresis and/or 
albumin replacement in hypoproteinemic patients. Overall, restrictive strategies improved oxygenation significantly 
and reduced duration of mechanical ventilation, but had no significant effect on mortality. Fluid management may 
require different approaches depending on the time course of ARDS (i.e., early vs. late period). The effects of fluid 
strategy management according to ARDS phenotypes remain to be evaluated. Since ARDS is frequently associated 
with sepsis-induced acute circulatory failure, the prediction of fluid responsiveness is crucial in these patients to 
avoid hemodynamically inefficient—hence respiratory detrimental—fluid administration. Specific hemodynamic 
indices of fluid responsiveness or mini-fluid challenges should be preferably used. Since the positive airway pressure 
contributes to positive fluid balance in ventilated ARDS patients, it should be kept as low as possible. As soon as the 
hemodynamic status is stabilized, correction of cumulated fluid retention may rely on diuretics administration or renal 
replacement therapy.
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Introduction

Patients with the acute respiratory distress syndrome 
(ARDS) are characterized, to different degrees, by an 
alteration in pulmonary endothelial and epithelial per-
meability with associated lung edema. Acute circulatory 
failure is highly prevalent and potentially prognostic in 
ARDS patients [1]. Optimal fluid management in these 
patients remains challenging and controversial because it 
should provide an adequate oxygen delivery while avoid-
ing inadvertent increase in lung edema, thus balancing a 
liberal versus a restrictive fluid strategy approach. Posi-
tive fluid balance and low serum albumin concentration 
have been found to be independent risk factors for ARDS 
development [2]. Moreover, an increased body weight 
related to cumulative fluid balance has been associated 
with a worse outcome [3].

The present manuscript will describe the management 
of fluid balance according to both the cause and the tim-
ing of ARDS while summarizing the randomized con-
trolled trials (RCT) assessing a restrictive versus liberal 
strategy of fluid administration in this clinical setting.

Pathophysiology of ARDS and fluid therapy
The fundamental pathophysiologic hallmark of ARDS is 
increased permeability of the alveolar-capillary barrier, 
leading to non-cardiogenic pulmonary edema. When the 
normally well-regulated endothelial barrier is disrupted 
(e.g., direct damage from pathogens, indirect effects 
of pro-inflammatory signaling molecules, endothelial 
cell activation), plasma and inflammatory cells leak into 
the interstitial space and result in interstitial edema [4]. 
Hydrostatic and osmotic forces predict fluid movement 
from the vascular space to the interstitium, particularly 
with contemporary understanding of the extracellular 
matrix and the endothelial glycocalyx layer [4]. Once 
the normally tight alveolar epithelial barrier is breached, 
alveolar edema ensues and is then further worsened by 
a decrease in alveolar fluid clearance, leading to alveolar 
flooding and worsening of gas exchange.

As the airspaces are becoming flooded with fluid, 
the systemic inflammation and ensuing endothe-
lial permeability present in many ARDS patients lead 
to third spacing and relative intravascular volume 
depletion, manifesting as hypotension in a large pro-
portion of ARDS patients [5, 6]. The requirement 
for positive-pressure ventilation in many patients 
makes adequate cardiac preload vitally important, 
and patients frequently sustain concomitant vasodi-
latory shock and/or decreased cardiac output related 
to sepsis. Accordingly, fluid resuscitation is key in the 
early management of ARDS patients. However, even 
modest increases in pulmonary hydrostatic pressures 

in the setting of an inordinately permeable alveolar-
capillary barrier can lead to significant increases in 
pulmonary edema formation [7]. Further complicating 
the problem, increases in pulmonary hydrostatic pres-
sure can directly exacerbate local inflammation and 
increased permeability, likely via mechanical stretch 
of pulmonary vascular endothelial cells [8]. Thus, one 
of the fundamental challenges in the care of the ARDS 
patient is how to walk the tightrope between reducing 
fluid accumulation in the alveolar space and providing 
adequate intravascular volume to support cardiac out-
put and vital tissue perfusion (Fig. 1).

Fluid balance and outcome
Clinical data from patients with ARDS confirm that fluid 
overload is deleterious for patient outcomes. Early in 
the course of critical illness, positive fluid balance prior 
to the development of ARDS portends its development 
and a higher risk of dying [9]. Net positive fluid balance 
occurs in the majority of patients at the onset of ARDS 
even when closely monitored, and predicts prolonged 
mechanical ventilation, longer intensive care unit (ICU) 
and hospital stay, and higher mortality [10, 11]. Simi-
larly, increased hydrostatic pressure is common in ARDS 
patients, at least intermittently during the course of the 
disease, and associated with a higher risk of death [6, 12]. 
Intravenous fluid administration is necessary in many 
critically ill patients, and the ebb and flow phenomenon 
across time in these patients is evident in observing the 
lowest mortality for sepsis and ARDS patients receiving 
adequate early fluid administration followed by later con-
servative fluid management, compared to patients who 
received either inadequate early fluids or more liberal 
later fluid administration [13].

Restrictive vs. liberal fluid strategies
Compared to healthy subjects, ARDS patients present a 
higher amount of extravascular lung water (EVLW) for a 
given arterial pulmonary pressure and a linear increase 
in the fluid shift from capillaries to alveoli consequent 
to any increase in the pulmonary pressure [14]. Thus, a 
strategy aimed at reducing the level of pulmonary pres-
sure should reduce the pulmonary pressure gradient, 

Take‑home message 

Optimal fluid management in patients with the acute respiratory 
distress syndrome remains challenging and controversial because 
it should provide adequate oxygen delivery to the body while 
avoiding inadvertent increase in lung edema. We discuss the restric-
tive versus liberal strategy of fluid administration and describe the 
management of fluid balance in these patients with frequently 
associated acute circulatory failure.
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hence limit fluid accumulation into the lung and poten-
tially improve outcome. Humprey et al. [15] showed that 
ARDS patients, in whom pulmonary capillary wedge 
pressure (PCWP) was reduced of at least 25% within 48 h 
after ICU admission, had a better outcome compared to 
patients without such reduction. A retrospective study 
showed that EVLW was significantly higher in non-sur-
vivors than in survivors, and in ARDS patients compared 
to all other critically ill patients [16]. However, these data 
cannot determine if a larger fluid administration is only 
an indirect marker of ARDS severity or if it contributes 
to lung hypoxemia, and to heart and renal failure [1, 17].

To assess if a restrictive fluid management with or 
without diuretic therapy could improve patient outcome, 
several RCTs have been performed (Table 1). In a pioneer 
study, Mitchell et al. [18] randomized 101 ARDS patients 
to receive a fluid management strategy based on the 
monitoring of either PCWP (n = 49) or EVLW (n = 52). 
Patients managed with EVLW compared to PCWP moni-
toring had a significantly lower cumulative fluid balance 
and duration of mechanical ventilation, but similar vaso-
pressor requirements and mortality rate [18]. Subse-
quently, a large RCT evaluated a conservative compared 

to a liberal fluid strategy in ARDS patients according to 
therapeutic algorithms based on the value of PCWP 
or central venous pressure (CVP) [6]. More than one 
thousand patients were enrolled with a mean time from 
ARDS onset to ICU admission of 42  h. The conserva-
tive group received significantly less fluids compared to 
the liberal group from Day 1 to 4, resulting in a lower 
cumulative fluid balance on Day 7 (−  136 ± 491  mL vs 
6992 ± 502 mL: p < 0.001). When compared to the liberal 
strategy, the conservative group had a better oxygenation, 
lung compliance and higher number of ventilator-free 
days (14.6 ± 0.5 vs 12.1 ± 0.5 days: p < 0.001), but without 
statistically significant difference in the requirement of 
renal replacement therapy and mortality rate at 60 days 
(25.5% vs 28.4%: p = 0.30) [6]. Surgical ARDS patients 
who are often younger and with lower comorbidities 
compared to medical ARDS patients, develop ARDS in 
the context of multiple organ failure and thus might seem 
to require a different fluid management approach. In a 
subgroup analysis of the FACTT trial performed in surgi-
cal ARDS patients, the conservative group had a signifi-
cantly lower fluid balance during the first week following 
ICU admission and higher ventilator-free days compared 

Fig. 1 Schematic representation of summarized effects of positive-pressure ventilation on fluid balance and of the potential benefit–risk ratio of 
fluid administration in patients with the acute respiratory distress syndrome. H2O water, Na+ sodium, Paw airway pressure, Ppl pleural pressure
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to the liberal group [19]. These data suggest that conserv-
ative fluid management has potential beneficial effects, 
irrespective of ARDS etiology. A recent study applying 
a latent class sub-analysis on the patients enrolled in the 
FACTT trial, described two ARDS phenotypes with dis-
tinct responses to fluid management strategy [20]. When 
randomized to conservative fluid strategy, the hyperin-
flammatory phenotype characterized by higher levels 
of inflammatory cytokines had a higher mortality rate 
whereas the hypoinflammatory phenotype exhibited a 
lower mortality rate [20]. Accordingly, ARDS subtypes 
may require different approaches regarding fluid man-
agement, though these results have not been prospec-
tively validated.

ARDS patients are clinically characterized by low 
serum protein levels and hypoalbuminemia (i.e., 
decreased oncotic pressure) which can contribute to 
the development of pulmonary edema. Accordingly, 
the increase of intravascular oncotic pressure may 
reduce lung interstitial edema according to the degree 
of endothelial dysfunction [14]. A small-size RCT con-
ducted in ARDS patients mainly due to trauma evaluated 
a strategy of continuous infusion of furosemide together 
with 25  g of 25% human albumin to achieve a daily 
weight loss > 1 kg compared to standard of care [21]. The 
intervention group had a significantly higher diuresis, 
reduction in body weight and better oxygenation without 
deleterious effects on hemodynamics and renal function 
[21]. To evaluate the respective role of furosemide and 
albumin, the same authors randomized ARDS patients 
to receive either furosemide and albumin (n = 20), or 
solely furosemide (n = 20) for 3 days [22]. Patients treated 
with furosemide plus albumin had a significantly higher 
increase in oxygenation, serum albumin levels and lower 
cumulative fluid balance [22].

Incorporating the major RCTs on fluid management 
in ARDS in a systematic review, a recent meta-analy-
sis found that a conservative fluid strategy resulted in a 
decreased length of ICU stay and increased ventilator-
free days, but without significant benefit on mortality 
[23].

Assessment of fluid responsiveness
The ROSE (Resuscitation, Optimization, Stabilization, 
Evacuation) concept identifies four successive phases for 
fluid therapy, each of them having specific clinical and 
biological goals [24, 25]. In the initial resuscitation phase, 
according to the 1-h bundle, early and rapid administra-
tion of crystalloids is recommended in all patients with 
arterial hypotension or increased blood lactate level 
(> 4  mmol/L) to achieve adequate perfusion pressure 
[24–26]. Thereafter, during the optimization phase, flu-
ids should be administered according to individual needs 

[24, 25]. Thus, the assessment of fluid responsiveness 
(FR) is particularly relevant in ARDS patients with persis-
tent circulatory failure during the optimization phase, to 
avoid detrimental fluid overload without any associated 
beneficial hemodynamic effects. This potential threat 
increases over time since FR rapidly declines during the 
first hours of septic shock resuscitation [27]. As a general 
rule, the identification of FR in a given patient does not 
mean that he actually requires fluid loading since the pri-
mary goal of resuscitation is to optimize oxygen delivery 
and tissue perfusion to meet the metabolic demands of 
the organism, rather than normalizing any dynamic index 
of FR [28].

The pulmonary artery catheter (PAC), still suggested 
by some to be used in patients with severe shock and 
associated ARDS [29–31], is not accurate to predict 
FR. Transpulmonary thermodilution (TPTD) and criti-
cal care echocardiography (CCE) are currently the most 
frequently used techniques to hemodynamically assess 
critically-ill patients at the bedside, especially when ven-
tilated for ARDS. All parameters used to predict FR dur-
ing these hemodynamic assessments have limitations, 
including in ARDS patients (Fig. 2).

Hemodynamic benefit of fluid administration can 
be evaluated using the different FR indices provided by 
TPTD-derived real-time pulse wave analysis: increase 
in cardiac output (> 10%) induced by a 90° passive leg 
raising (PLR) or by an end-expiratory occlusion test 
(increase > 5%), and respiratory variations of continu-
ous pulse-pressure (PPV) and stroke volume (SVV) 
[32]. Importantly, low tidal volume used for protective 
ventilation in ARDS patients does not preclude the use 
of PPV and SVV as indicators of FR [32]. Indeed, it has 
been shown that an increase in the absolute value of 
PPV > 3.5% and SVV > 2.5% during a tidal volume chal-
lenge (i.e., an increase in tidal volume from 6 to 8  mL/
kg of predicted body weight for 1 min) could reliably 
predict FR [33]. The deleterious effects of excessive fluid 
administration can also be evaluated using two quanti-
tative parameters provided by TPTD: the EVLW which 
correlates with the severity of pulmonary edema and the 
pulmonary vascular permeability index, a marker of lung 
capillary leak. Both are independent predictors of mor-
tality and may indicate the risk of fluid accumulation in 
the lungs of ARDS patients [34]. Thus, when the risks of 
fluid administration are deemed to overcome potential 
benefits (i.e., high values of EVLW and pulmonary vas-
cular permeability index in severely hypoxemic ARDS 
patients), vasopressor support may be considered even in 
the presence of preload reserve.

CCE provides unparalleled information in ARDS 
patients since it identifies potential limitations of 
TPTD for accurate hemodynamic evaluation, including 



2257

potential source of errors for FR assessment such as 
right ventricular (RV) failure [35]. Since RV failure may 
alter the response to fluids despite significant PPV [36] 
and elevated intra-abdominal pressure may result in 
false-negative PLR [37], both conditions should be ruled 
out before inferring therapeutic changes (Fig.  3). The 
decreased performance of PPV in predicting FR has 
been well described by Mahjoub et  al. [38] who have 
reported that a PPV > 12% was associated with a 34% 
false-positive rate to predict FR in a population of criti-
cally ill patients. Interestingly, these patients could be 
adequately reclassified as non-responders based on the 
presence of decreased Doppler peak velocity of tricuspid 
annular motion, a surrogate marker of RV dysfunction 
[38]. These findings may suggest that “significant” PPV 
was related to RV afterload variations in non-responders 
while it reflected RV preload variations in fluid-respond-
ers. Indeed, the failing RV becomes more sensitive to an 
increase of its afterload and is less affected by preload 
variation [39]. In this case, PPV is predominantly 

mediated by inspiratory changes in transpulmonary pres-
sure, and fluid loading is unable to increase left ventric-
ular stroke volume and to reduce PPV. This situation is 
commonly encountered in ARDS patients with low pul-
monary compliance, elevated transpulmonary pressure, 
and frequently associated RV dysfunction [40]. Accord-
ingly, PPV should not be interpreted per se as a marker 
of FR in ventilated ARDS patients, but rather as a warn-
ing sign that should trigger a comprehensive hemody-
namic assessment using CCE to seek for underlying RV 
failure [41]. Respiratory variation of the superior vena 
cava is the most specific dynamic parameters of FR but 
requires to perform a transesophageal echocardiography 
[42]. Accordingly, it accurately indicates the absence of 
FR in patients with RV failure [41]. In contrast, respira-
tory variation of aortic Doppler velocity shares the same 
limitations than PPV [41, 42]. Respiratory variation of 
the inferior vena cava is mainly assessed using surface 
echocardiography and appears as the least accurate CCE 
indicator of FR since it may be altered by the level of 

Fig. 2 Summary of hemodynamic parameters available to predict fluid responsiveness in ventilated patients with the acute respiratory distress 
syndrome. The color code reflects the advantages (green) and drawbacks (red) of each test, with the orange color for neutrality. ARDS acute respira-
tory distress syndrome, CCE critical care echocardiography, CO cardiac output, IVC inferior vena cava, RV right ventricle, SVC superior vena cava, TEE 
transesophageal echocardiography, TPTD transpulmonary thermodilution. *End-expiratory occlusion with TPTD or combined end-expiratory and 
end-inspiratory occlusions with CCE
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Fig. 3 Proposed diagnostic algorithm in ventilated ARDS patients presenting with shock based on a hemodynamic assessment using critical care 
echocardiography during the resuscitation and optimization periods [24]. Fluid responsiveness should be assessed to avoid hemodynamically 
inefficient and potentially respiratory detrimental fluids administration. In patients with sinus rhythm, pulse pressure variation can be used as a 
warning sign for identifying the mechanism of left ventricular load dependency revealed by heart–lung interactions (i.e., right ventricular failure 
vs hypovolemia responsible for Δ-down; rarely severe left ventricular failure responsible for Δ-up). In patients with other cardiac rhythms, respira-
tory variations of the superior vena cava diameter are the most specific parameter to predict fluid responsiveness which requires transesophageal 
echocardiography. Alternatively, a passive leg raising may be used to assess fluid responsiveness. When values of hemodynamic indices are within 
the “grey zone” or in the presence of increased intra-abdominal pressure (risk of false-negative result), mini-fluid challenges may be considered. 1The 
diagnostic workup must include the precise clinical setting, ongoing therapy, clinical hemodynamic assessment and biological markers of tissue 
hypoperfusion. In ARDS patients, specific parameters of fluid responsiveness should be preferred.2When pulse pressure variation is in the “grey 
zone”, a passive leg raising may be performed to seek for fluid responsiveness. 3Right ventricular failure typically associates an acute dilatation of 
the right ventricular cavity and increased central venous pressure secondary to systemic venous congestion [36]. 4In ARDS patients, a ΔSVC cut-off 
of 31% predicts fluid responsiveness with a 90% specificity, at the expense of a low sensitivity of 43% [42]. Associated echocardiography findings 
consistent with decreased cardiac preload are frequently associated (e.g., hyperkinetic right ventricle with small cavity size, decreased diameter of 
the inferior vena cava with marked respiratory variation, significant respiratory variation of maximal left ventricular outflow tract Doppler velocity 
[41]. 5Repeated small aliquots (e.g., 250 mL) are preferable; both efficacy (percentage of increase of left ventricular stroke volume when compared 
to baseline) and tolerance (absence of significant increase in left ventricular filling pressure) of fluid challenge should be assessed using serial hemo-
dynamic assessment. 6To increase the sensitivity of superior vena cava respiratory variation, lower threshold value can be used (e.g. a 4% cut-off has 
a sensitivity of 89%) [42], or a mini-fluid challenge can be considered. 7: mini-fluid challenges consist in administrating intravenously a small volume 
of fluids over a very short period of time (e.g., 50–100 mL within 1 min) [46–48]. 8Intra-abdominal pressure should best be measured in patients at 
high risk of intra- abdominal hypertension [44] since elevated values may result in falsely negative passive leg raising [37]. ARDS acute respiratory 
distress syndrome, ΔSVC respiratory variation of the superior vena cava diameter, IAP intra-abdominal pressure, PPV pulse pressure variation, RV right 
ventricle
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intra-abdominal pressure [43]. Although not specifically 
validated in ARDS patients, the response of left ventricu-
lar stroke volume reflected by aortic Doppler velocity–
time integral changes to PLR is valuable to assess FR in 
ventilated patients [41]. Nevertheless, intra-abdominal 
pressure should be measured in ARDS patients at risk 
of intra-abdominal hypertension to interpret with cau-
tion hemodynamic effects of PLR [44]. Finally, the added 
effects of consecutive end-expiratory and end-inspiratory 
occlusions on aortic Doppler velocity–time integral can 
also reliably assess FR in ARDS patients [45].

Fluid challenge is still widely used in critically ill 
patients, but with marked heterogeneous practices. 
Importantly, fluid challenge allows the assessment of FR 
but not its prediction. Unnecessary fluid challenge must 
be avoided, especially in hypoxemic ARDS patients, since 
it contributes to positive hydric balance without expected 
beneficial hemodynamic effects. To optimize the speci-
ficity of CCE indices indicating FR, higher threshold 
values can be used (Fig. 3), at the expense of sensitivity 
[42]. Alternatively, mini-fluid challenges (a 50–100  mL 
fluid infusion within 1 min) can be performed. Changes 
in PPV or SVV [46], in cardiac output derived from pulse 
wave analysis [47], or in aortic velocity–time integral 
measured by CCE [48] induced by the rapid administra-
tion of 100 mL of fluids reliably predict FR. Nevertheless, 
the precision of the technique used to assess the response 
of cardiac output during the mini-fluid challenge must 
be taken into account since induced variations are small 
[49]. Finally, the tolerance of the fluid challenge must 
also be repeatedly assessed, either using TPTD-derived 
EVLW or left ventricular filling pressure assessed with 
CCE [41].

Origin of positive fluid balance and modality 
of correction
Cumulated fluid balance in ARDS patients is multifacto-
rial, especially in the presence of associated circulatory 
failure with low systemic vascular resistance requiring 
fluid resuscitation. In mechanically ventilated ARDS 
patients, positive airway pressure substantially contrib-
utes to positive fluid balance (Fig. 1). The increase in air-
way pressure raises intrathoracic pressure which in turn 
leads to a decrease in central arterial blood volume [50]. 
The resulting activation of baroreceptors increases the 
vasomotor tone, and the reabsorption of both sodium 
and water aimed at increasing blood volume [51].

However, in ARDS patients, the determinant of hemo-
dynamic changes is the pleural pressure rather than the 
airway pressure. Indeed, the change in pleural pres-
sure equals the product of airway pressure and the ratio 
between chest wall and respiratory system elastance [52]. 
This ratio in ARDS patients averages 0.3, ranging from 

0.2 to 0.9 [53]. Accordingly, for the same change in air-
way pressure, a tremendous difference of pleural pres-
sure change may be observed. Importantly, greater is 
the increase in pleural pressure, greater is its effect on 
fluid retention. What primarily accounts for fluid reten-
tion is the mean pleural pressure, of which the positive 
end-expiratory pressure (PEEP) is a major determinant. 
Indeed, for the same fluid input, the water retention in 
a 46-h experiment was twice as much important in ani-
mals treated with PEEP than without PEEP [54]. Simi-
larly, for the same mechanical power, we found that the 
positive fluid balance was dramatically higher in animals 
treated with high levels of PEEP [55]. Nevertheless, fluid 
retention ceases when a new equilibrium is reached after 
2–3 days [54].

Theoretically, used type of fluid could result in differ-
ences of water retention, as to reach the same intravas-
cular volume (the goal of fluid administration). Lower 
amount of fluids is required if colloids as albumin are 
associated with the crystalloid administration, when com-
pared to crystalloids alone [56]. However, particularly in 
full-blown ARDS, the increased vessel permeability may 
reduce the expected oncotic effect of the colloids used for 
blood volume expansion. What is rarely considered is how 
the infused fluids are distributed through the body com-
partments. In a 70-kg man, 1  l of intravenously infused 
crystalloids would increase the intravascular volume (the 
real aim of fluid therapy) by only 250  ml at equilibrium 
(which is likely reached in minutes), while the remaining 
750 ml would be distributed in the interstitial space [57]. 
Accordingly, large fluid retentions may be associated with 
concomitantly reduced intravascular volume.

Fluid retention is the unavoidable “price” to pay to 
allow the use of positive-pressure mechanical ventilation. 
Importantly, the consequences of positive fluid balance 
are not limited to the lung (partly protected by the high 
intra-alveolar pressure) but also involve other organs 
which interstitial edema may deeply affect the function 
[55]. Consequently, excessive fluid retention must be 
ideally prevented, or corrected. Prevention is based on 
keeping the positive airway pressure, especially PEEP, at 
a minimal level compatible with adequate oxygen trans-
port and organs function. Correction of fluid retention 
may rely on diuretics administration or renal replace-
ment therapy. The combined treatment with furosemide 
and albumin may accelerate by 1–2  days the correction 
of body fluid excess [21, 58] (if ARDS is not in full-blown 
phase). Otherwise, particularly if the kidney function is 
impaired or the airway pressure used are such that the 
hormonal response is fully shifted towards sodium and 
water reabsorption, renal replacement therapy should be 
considered. Indications and limits of this approach have 
been recently reviewed [59].
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Practical management of fluid balance according 
to the cause and timing of ARDS
To ensure that the management of fluid balance in ARDS 
patients is optimal, the clinician must carefully weigh 
the benefit–risk ratio of therapeutic interventions. With 
the exception of severe viral pneumonitis without car-
diac involvement, ARDS is most frequently not isolated 
in ICU patients, but rather associated with circulatory 
failure [1]. In these patients, hypovolemia may further 
jeopardize organ perfusion whereas fluid overload may 
worsen lung function. Greater volume of fluid adminis-
tered is associated with higher mortality after adjustment 
on severity [60].

According to the four-hit model of shock with ebb and 
flow phases [24], fluid resuscitation should be given ini-
tially to restore or maintain systemic hemodynamics 

when required, with constant concerns regarding its 
potential deleterious effects on gas exchange. To do so, 
prediction of FR together with close hemodynamic and 
tissue perfusion monitoring is key (Fig. 4). Once stabili-
zation of hemodynamics is obtained, fluid balance should 
then be normalized in evacuating excess fluids adminis-
tered during the resuscitation and optimization phases 
[24]. In practice, fluid management at the early phase of 
isolated ARDS aims at counteracting potential deleteri-
ous hemodynamic effects of positive-pressure ventilation 
(Fig. 1). During the resuscitation and optimization phases 
of shocked ARDS patients [24], hemodynamic assess-
ment combining CCE and CVP used as a safety marker 
to detect potential fluid overload or RV failure [36], asso-
ciated with indices of tissue dysoxia (e.g., lactate,  ScvO2, 
P[a-v]CO2) should be favored [28, 61]. Nevertheless, the 

Fig. 4 Proposed practical management of fluid balance according to the cause and timing of ARDS according to the four-hit theory/ROSE concept 
[24]. CVP central venous pressure, PAC pulmonary artery catheter, CCE critical care echocardiography, ScVO2 central venous oxygen saturation, P[v-a]
CO2 veno-arterial carbon dioxide tension difference, TPTD transpulmonary thermodilution
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type of hemodynamic monitoring to guide fluid manage-
ment in this specific population remains controversial. 
Although CCE is widely used as a first-line hemodynamic 
assessment tool at the bedside due to its unparalleled 
advantage of accurately identifying FR and potential RV 
failure [35], some experts still suggest the use of invasive 
monitoring using either TPTD or PAC during the early 
phase of resuscitation in this specific clinical setting [30, 
32]. During the stabilization and evacuation phases, the 
main goal of fluid management is to restore an equili-
brated (i.e., nil) fluid balance to facilitate ventilator 
weaning (Fig. 4). The precise timing for considering con-
servative fluid management and de-resuscitative meas-
ures remains to determine [23]. In the FACTT trial, the 
conservative strategy was initiated when shock had been 
resolved for > 12  h (i.e., off vasopressor support) [6]. In 
addition, the best therapeutic strategy to achieve this goal 
in RCTs has not yet been established (e.g., furosemide, 
furosemide combined with albumin) [22, 23]. Of note, 
the administration of albumin in the presence of altered 
lung permeability could result in a higher albumin and 
fluid loss in the extravascular space with a possible wors-
ening of the ARDS [62]. Finally, alternative therapeutic 
strategies based on other hemodynamic or pathophysi-
ological targets remain to be evaluated (e.g., EVLW).

To limit fluid administration, several approaches have 
been proposed in patients with septic shock. The first 
approach is to restrict the volume of fluids administered 
during ICU stay, after the resuscitation phase (i.e., after 
the initial management of septic shock). This restric-
tive strategy was tested in RCTs [63, 64]. It succeeded in 
significantly reducing administered resuscitation fluid 
volume, without increasing the rate of new organ fail-
ures. Importantly, these trials were not adequately pow-
ered to assess patient-centered outcomes [63, 64]. The 
second approach is the early administration of norepi-
nephrine as a strategy to reduce fluid administration in 
increasing venous return secondary to splanchnic veno-
constriction. Hamzaoui et  al. [65] showed that early 
norepinephrine administration in septic shock patients 
to reach and maintain a mean arterial pressure around 
65–70  mm Hg, increases venous return and cardiac 
output. Recently, Pemprikul et  al. [66] have tested the 
strategy of an early administration of fixed low doses of 
norepinephrine (0.05  µg/kg/min) compared to standard 
of care in a RCT enrolling patients with septic shock. 
In the intervention arm, the control of shock at 6 h was 
more frequent, with a lower incidence of cardiogenic pul-
monary edema and new-onset arrhythmias. Neverthe-
less, the median fluid volume administered exceeded 5 L 
on Day 1 and was similar in both groups [66]. These two 
therapeutic approaches were combined in the REFRESH 
pilot trial [67]. Ninety-nine patients with suspected 

sepsis and hypotension were randomized in the Emer-
gency Department to receive either a restricted fluid 
regimen (norepinephrine if the mean arterial pressure 
remained < 65 mmHg after 1 L of fluid loading), or stand-
ard of care. Not surprisingly, the median fluid volume 
administered during the first 6 h was significantly lower 
in the intervention arm than in controls, with a 30% 
relative reduction in total fluids administered up to 24 h 
and no safety signal. Nevertheless, both the low illness 
severity and mortality rate limit the external validity of 
this pilot trial [67]. Finally, one should keep in mind that 
fluids administered for hemodynamic resuscitation only 
account for approximately 10–30% of daily fluid intakes 
during the ICU stay [68, 69].

Fluid therapy in COVID-19 patients with ARDS should 
also be based on the timing of the disease. In the early 
phase, patients are characterized by a low amount of lung 
edema, near-normal elastance and low amount of atelec-
tasis (phenotype L), whereas in the later phase, patients 
present with a higher amount of lung edema, atelectasis 
and elastance (phenotype H) [70]. Accordingly, the phe-
notype L should require a lower amount of fluid com-
pared to phenotype H due to lower alteration in lung 
permeability and mean airway pressure (i.e., lower PEEP 
and transpulmonary pressure).

Future directions
As critical care medicine moves towards a personalized 
medicine approach, it will be important to consider how 
fluid therapy can be similarly individualized. Prior studies 
have focused on the use of physiologic data, particularly 
dynamic indices of FR, as tools to help bedside provid-
ers individualize fluid management. There is considerable 
complexity to personalizing fluid therapy as recent stud-
ies have suggested that clinical–biological phenotypes 
of ARDS may respond differently to fluid management 
[20] and that race/ethnicity may be associated with dif-
ferences in FR [71, 72]. Integrating the full breadth of 
clinical and physiological data to accurately identify the 
diverse phenotypes is an important first step prior to 
testing them prospectively for intended widespread clini-
cal implementation.

Conclusion
ARDS is characterized by an increased endothelial and 
epithelial permeability which promotes the passage of 
fluid into lung interstitial and alveolar space. Since ARDS 
is frequently associated with shock, fluid management 
is key to restore adequate organ perfusion while avoid-
ing diffuse tissue edema and positive fluid balance. Initial 
resuscitation should be guided by close hemodynamic 
monitoring aimed at predicting FR and avoiding undue 
venous congestion. Positive airway pressure should be 
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kept as low as possible since it contributes to positive 
fluid balance. Once the patient is hemodynamically sta-
ble, subsequent management should be based on the 
evacuation of excess fluids to normalize cumulated fluid 
balance and facilitate ventilator weaning. Although vari-
ous restrictive strategies aimed at reducing fluid admin-
istration have not yet been shown to improve mortality, 
tailored therapeutic management based on ARDS sub-
phenotypes remains to be tested to improve patient-cen-
tered outcome.
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Abstract 

ARDS, first described in 1967, is the commonest form of acute severe hypoxemic respiratory failure. Despite consider-
able advances in our knowledge regarding the pathophysiology of ARDS, insights into the biologic mechanisms of 
lung injury and repair, and advances in supportive care, particularly ventilatory management, there remains no effec-
tive pharmacological therapy for this syndrome. Hospital mortality at 40% remains unacceptably high underlining 
the need to continue to develop and test therapies for this devastating clinical condition. The purpose of the review 
is to critically appraise the current status of promising emerging pharmacological therapies for patients with ARDS 
and potential impact of these and other emerging therapies for COVID-19-induced ARDS. We focus on drugs that: 
(1) modulate the immune response, both via pleiotropic mechanisms and via specific pathway blockade effects, (2) 
modify epithelial and channel function, (3) target endothelial and vascular dysfunction, (4) have anticoagulant effects, 
and (5) enhance ARDS resolution. We also critically assess drugs that demonstrate potential in emerging reports from 
clinical studies in patients with COVID-19-induced ARDS. Several therapies show promise in earlier and later phase 
clinical testing, while a growing pipeline of therapies is in preclinical testing. The history of unsuccessful clinical trials 
of promising therapies underlines the challenges to successful translation. Given this, attention has been focused on 
the potential to identify biologically homogenous subtypes within ARDS, to enable us to target more specific thera-
pies ‘precision medicines.’ It is hoped that the substantial number of studies globally investigating potential therapies 
for COVID-19 will lead to the rapid identification of effective therapies to reduce the mortality and morbidity of this 
devastating form of ARDS.

Keywords: Pharmacologic therapy, Acute respiratory failure, Acute respiratory distress syndrome, Coronavirus, 
Mesenchymal stromal cells

Introduction

Acute respiratory distress syndrome (ARDS) is the com-
monest form of acute severe hypoxemic respiratory 
failure in the critically ill. First described in 1967, the 

management of ARDS remains supportive [1]. Despite 
considerable advances in our knowledge regarding the 
pathophysiology of ARDS, insights into the biologic 
mechanisms of injury and lung repair, and advances in 
supportive care, particularly ventilatory management, 
there remains no effective direct therapy for ARDS. 
Mortality and morbidity remain unacceptably high [2], 
underlining the need to continue to develop and test 
therapies for this devastating clinical condition. The 
lack of effective ARDS therapies has been further high-
lighted in the evolving COVID-19 pandemic, which 
causes severe acute respiratory failure and ARDS in 
3–5% of infected patients. The prior disappointing expe-
rience with potentially promising therapies that have 
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subsequently failed in large-scale clinical trials must also 
be borne in mind [3].

In this review, we assess the current status of prom-
ising emerging therapies for patients with ARDS. 
We focus on drugs that: (1) modulate the immune 
response, both via pleiotropic mechanisms and via 
specific pathway blockade effects, (2) modify epithelial 
and channel function, (3) target endothelial and vas-
cular dysfunction, (4) have anticoagulant effects, and 
(5) enhance ARDS resolution. We also critically assess 
drugs that demonstrate potential in emerging reports 
from clinical studies in patients with COVID-19-in-
duced ARDS.

Therapies in clinical trials for ARDS
Immunomodulatory therapies
A number of medications with a broad base of ‘pleio-
tropic’ immunomodulatory effects are in clinical trials for 
the treatment of ARDS or to prevent ARDS development 
(Figs. 1, 2). 

Steroids
Steroids have long been studied as a potential therapy 
for both early and late phase ARDS, with some stud-
ies suggesting potential benefit, via suppression of the 
pro-inflammatory cytokine response, while other stud-
ies demonstrating potential risks due to immune sup-
pression. A recent interesting open-label multicenter 
study examined the efficacy of high-dose dexametha-
sone regimen in patients with established moderate to 
severe ARDS (i.e., P/F ratio < 200 mmHg at 24 h follow-
ing ARDS diagnosis). Although terminated early for 
low recruitment, it was found that the mean number of 
ventilator free days was 4.8 days higher and the number 
of patient deaths was lower (21% versus 36%) following 
early treatment with dexamethasone [4]. The authors 
highlight the dosing regimen and time of administra-
tion as key to the use of steroid therapy in ARDS. Addi-
tional studies, focused on this specific moderate to 
severe ARDS population (diagnosed within 24  h), will 
be required to confirm and extend these interesting 
findings.

Ulinastatin
Ulinastatin is a urinary glycoprotein and protease 
inhibitor with potent antioxidant and anti-inflamma-
tory effects [5]. In a small phase 2 trial, patients (n = 40 
per group) with ARDS treated with ulinastatin injec-
tion (12 hourly for 14  days) demonstrated improved 
lung oxygenation and function and reduced duration of 
mechanical ventilation and reduced hospital stays com-
pared to standard care [5]. Ulinastatin therapy also sig-
nificantly lowered inflammatory cytokines and increased 

antioxidant activities [5]. Another phase 2 trial of uli-
nastatin is currently enrolling, and a number of other 
protease inhibitors are in the preclinical stages of testing.

Vitamin C
Vitamin C is recognized for its antioxidant and repara-
tive properties. In a phase 2 study of patients with sepsis-
induced ARDS, vitamin C did not reduce SOFA scores, 
which was the primary outcome, nor did it have an effect 
on biomarkers, even at high doses [6]. Of the secondary 
outcomes, vitamin C did reduce 28-day mortality. The 
time delay between onset of shock and development of 
ARDS delayed the administration of Vitamin C infusion 
when compared to other studies in sepsis [6]. A phase 
2 trial is currently recruiting SARS-CoV-2 patients for 
treatment with vitamin C (NCT04254533).

Carbon monoxide
Carbon monoxide (CO) is a gas produced endogenously 
by heme oxygenase, which protects against oxidative 
stress, cell death and suppresses inflammation [7]. Pre-
clinical lung injury studies have shown safety and promis-
ing efficacy of low-dose inhaled CO [8]. In an exploratory 
phase 1 study, eight patients with ARDS were treated 
with inhaled low-dose  CO (100–200 parts per million), 
which was well tolerated with trends toward a difference 
in lung injury severity score and a trend toward improved 
SOFA scores in the treatment group [9]. A phase 2 effi-
cacy study of CO in ARDS is currently recruiting.

Mesenchymal stromal cell (MSC) therapies
MSCs have immunomodulatory and pro-reparative 
effects and show efficacy in preclinical models of ARDS 
[10, 11]. A single IV infusion of allogeneic, bone marrow-
derived human MSCs was well tolerated in nine patients 
with moderate to severe ARDS in a 2015 phase 1 dose 
escalation trial [12]. However, in the subsequent phase 2a 
study in 60 participants, MSC treatment did not improve 
outcomes [13]. MSC viability was variable and may have 
altered their efficacy, while the patient group that had 
received MSC therapy was more severely ill at baseline 
[13]. A phase 1 study of an umbilical cord derived MSC 

Take home message 

Several ARDS therapies show promise in clinical studies, while a 
growing pipeline of therapies is in preclinical testing. The history 
of unsuccessful clinical trials of promising therapies underlines 
the challenges to successful translation. Attention is now focused 
on identifying biologically homogenous subtypes within ARDS, 
to enable us to identify more specific ‘precision medicines’ for this 
severe syndrome.
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Fig. 1 Classification of therapies in clinical studies by biologic target
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Fig. 1 continued

Fig. 2 Pharmacological therapies and their targets, in clinical testing for ARDS therapy
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in moderate–severe ARDS showed safety and potentially 
interesting immunomodulatory effects [14]. A prelimi-
nary report from an unpublished phase 1/2 trial of Mul-
tiStem® (bone-marrow-derived human MSCs) suggested 
that MultiStem® therapy enhanced the number of ven-
tilator-free days (VFDs) and ICU-free days and lowered 
mortality [15]. Another MSC trial using umbilical cord 
derived cells is currently recruiting (NCT03042143), and 
two others are ongoing (NCT02444455, NCT03608592).

Pathway‑specific immunomodulators to prevent ARDS
Dilmapimod
The p38 mitogen-activated protein kinase (MAPK) path-
way is activated during cellular stress and drives down-
stream production of inflammatory cytokines [16]. 
Dilmapimod is a specific p38MAPK inhibitor and potent 
anti-inflammatory. In a small dose response study in 
trauma patients at risk for ARDS development, a 24-h 
dilmapimod infusion was well tolerated and reduced 
the concentrations of the pro-inflammatory cytokines 
IL-6, IL-8 and soluble tumor necrosis factor receptor 1 
(TNFR1) [16]. The incidence of ARDS was low overall 
and not different between the groups [16].

Anti‑TNFR1
An anti-TNFR1 antibody selectively antagonizes TNF-α 
signalling through TNF receptor-1 (TNFR1), but not 
through TNFR2. In a volunteer study in 37 healthy 
humans challenged with a low dose of inhaled LPS, anti-
TNFR1 attenuated pulmonary neutrophil infiltration, 
inflammatory cytokine release, and reduced evidence 
of endothelial injury [17]. Targeting TNFR1 may have 
potential in ARDS and requires further investigation.

Therapies targeting epithelial/endothelial dysfunction
ARDS is a disorder involving injury and dysfunction of 
the pulmonary epithelium and endothelium, with result-
ant dysfunction of the alveolar–capillary barrier leading 
to lung edema. Consequently, targeting epithelial ion 
channels/channel dysfunction and endothelial/vascular 
dysfunction in ARDS constitute an important therapeu-
tic target.

AP‑301
AP-301 (also termed Solnatide) is an activator of alve-
olar epithelial sodium channels. Nebulized AP-301 
every 12  h for 7  days was recently shown to decrease 
extravascular lung water and reduce ventilation pres-
sures in a small phase 2 (n = 20 per group) randomized 
blinded exploratory study in patients with early ARDS 
(< 48 h of diagnosis) stratified based on SOFA score 
(SOFA score ≥ 11) [18]. Another, larger phase 2 study 
of AP-301 for the treatment of pulmonary edema in 

patients with moderate–severe ARDS is currently 
recruiting (NCT03567577), while another is recruit-
ing COVID-19 ARDS patients (EudraCT Number: 
2020-001244-26).

Citrulline
This nonessential amino acid is a substrate for nitric 
oxide synthase (NOS) in the formation of nitric oxide 
(NO). Low levels of citrulline are seen in patients with 
ARDS [19]. Citrulline deficiency may cause NOS to pro-
duce harmful nitrites, while a drop in NO can induce 
vasodilation, leukocyte adhesion, and alter other impor-
tant aspects of endothelial function [19]. A recently com-
pleted, small phase 2 study of lower-dose (n = 26) versus 
higher-dose (n = 24) citrulline for patients with sepsis-
induced ARDS showed no effect over placebo (n = 22) 
on the primary outcome measure (vasopressor depend-
ency index), but a full report has not been published 
(NCT01474863).

ACE2
Angiotensin II is a vasoconstrictor, which has been impli-
cated in lung inflammation and pulmonary edema, and is 
inactivated by angiotensin-converting enzyme 2 (ACE2). 
Angiotensin (1–7), the product of ACE2, attenuates ven-
tilator- or acid aspiration-induced lung injury and inflam-
mation [20] and reduces post-injury lung fibrosis [21]. 
Recombinant ACE2 administration was well tolerated in 
a phase 1 dose escalation study, while in the subsequent 
phase 2a study of 39 ARDS patients with concomitant 
infection/sepsis, there were no differences in lung or 
SOFA scores between the treatment and placebo groups 
[22].

Anticoagulants and thrombolytic therapies
Dysfunction of coagulation in ARDS plays a key role in 
ARDS pathogenesis. Consequently, anticoagulants and 
thrombolytics have also received attention as therapies 
for ARDS.

ALT‑836
Tissue factor (TF) is a glycoprotein that is upregulated in 
the lung during inflammation and leads to fibrin depo-
sition which incites further inflammatory effects [23]. 
Studies have observed that increased TF in the serum 
of ARDS patients correlates with higher mortality [23]. 
The anti-TF drug, ALT-836, was found to be safe when 
administered to ARDS patients in a phase 1, randomized, 
placebo-controlled, dose escalation study [24]. A phase 
2 efficacy study of ALT-836 in 150 septic patients with 
ARDS was completed in 2013, but these results have not 
been published.
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Heparin
Both heparin and antithrombin have been shown to 
dampen inflammation and ALI in preclinical models 
without negatively impacting systemic coagulation [25]. 
Nebulized heparin reduced the need for mechanical ven-
tilation in a small phase 2 study of 50 critically ill patients 
[26]. Prophylactic nebulized heparin enhanced alveolar 
perfusion and  CO2 elimination in patients following car-
diac surgery [27].

Streptokinase
Streptokinase binds plasminogen to form plasmin. Nebu-
lized streptokinase improved oxygenation and lung com-
pliance in a phase 3 trial in 60 patients with late phase 
(> 10 days) severe ARDS, suggesting promise as a rescue 
therapy for ARDS patients [28].

Potential therapies in preclinical ARDS studies
There are a substantial number of potential therapies in 
preclinical testing. We will concentrate on those demon-
strating particular promise in each of the key therapeutic 
target areas (Table 1, Fig. 3).

Pleiotropic immunomodulators
Elafin
Elafin is an endogenous and immunomodulatory pro-
tease inhibitor produced by lung epithelial cells among 
others. Low levels of elafin, due to dysregulated cleavage, 
are associated with high mortality in ARDS [29–31]. One 
study showed that a functional variant of elafin that was 
more resistant to degradation had enhanced therapeutic 
benefit in a mouse model of LPS-induced ALI [30]. Spe-
cifically, it dampened immune cell infiltration into the 
lung and lowered monocyte chemoattractant protein 
(MCP)-1 levels [30].

Alpha 1‑antitrypsin
Alpha 1-antitrypsin (AAT) is an endogenous protease 
inhibitor of several pro-inflammatory cytokines asso-
ciated with ARDS including interleukin-6, IL-1β, and 
TNF-α. AAT inactivation has been demonstrated in 
infected lung lobes in community-acquired pneumonia 
[32]. AAT significantly improved oxygenation, decreased 
pulmonary edema and BAL protein levels and inflam-
matory cytokines, and inhibited cell apoptosis in a dual-
hit mechanical ventilation and LPS-induced ALI rodent 
model [33]. Another study using the same dual-hit injury 
model in the rat (and a single-hit murine model) found 
no therapeutic benefit with AAT treatment [34], suggest-
ing that additional studies are needed to further under-
stand its therapeutic potential.

Pathway‑specific immunomodulators
Imatinib
The tyrosine kinase inhibitor imatinib has potent antioxi-
dant and anti-inflammatory effects in vivo and has been 
shown to ameliorate lung injury and mortality in single- 
and dual-hit ARDS preclinical models [35, 36]. There is 
also an ongoing ‘first-in-human study’ examining the 
effects of imatinib in healthy volunteers exposed to LPS 
with no results available yet (NCT03328117).

Bevacizumab
Bevacizumab, a human monoclonal antibody against vas-
cular endothelial growth factor (VEGF), has been investi-
gated in a model of high-permeability pulmonary edema 
in mice, which was induced by VEGF overexpression 
[37]. Bevacizumab was shown to reduce lung fluid and 
BAL protein levels [37]. Currently, there is a phase 2/3 
trial recruiting patients with SARS-CoV-2 pneumonia for 
treatment with bevacizumab (NCT04275414).

Anti‑IFN‑γ
Interferons appear to play a complex role in ARDS, with 
variable effects reported depending on the specific inter-
feron, whether type I, II or III, and ARDS etiologic agent. 
Interferon-β1α (Type I interferon), which has anti-viral, 
anti-inflammatory, and anti-fibrotic functions demon-
strated promise in a phase 2a study, but the subsequent 
phase 3 study did not show efficacy in ARDS [38]. In con-
trast, certain interferons may worsen influenza-induced 
ARDS, as evidenced by the finding that a monoclonal 
antibody to IFN-γ (Type II interferon) reduced the sever-
ity of murine H1N1 influenza-induced ARDS, reduced 
inflammation, and improved mortality [39]. Interest-
ingly, a recent study by Ziegler et al. showed that IFN-γ 
upregulates ACE2 expression in lung epithelial cells and 
hence could aid SARS-CoV-2 viral entry [40]. Anti-IFN-γ 
therapy may have potential as a therapy for COVID-19.

NLRP3 inflammasome inhibitors
The NLRP3 inflammasome is important in innate immu-
nity and causes caspase 1 activation and the release of 
pro-inflammatory cytokines such as IL-1β [41]. Pirfeni-
done, a  NLRP3 inflammasome inhibitor, was shown to 
suppress oxidative stress and apoptosis in  vitro [42]. In 
a LPS-induced ALI mouse model, pirfenidone reduced 
lung injury scores, lung cell infiltration, and lung perme-
ability, while also limiting caspase activation, inflamma-
tory IL-1β release and profibrotic, TGF-β release [42]. 
In a recently published abstract, tetracycline, another 
NLRP3 inflammasome inhibitor, was shown to reduce 
mortality, vascular leakage, and neutrophil infiltration 
in a murine LPS ALI model [43]. Caspase activation 
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and pro-inflammatory cytokine release were also dimin-
ished [43]. Currently, pirfenidone is under phase 3 
clinical investigation in the treatment of SARS-CoV-2 
(NCT04282902).

Targeting epithelial/endothelial dysfunction
TRPV4 inhibitors
The transient receptor potential vanilloid 4 (TRPV4) 
channel is a mechano-sensitive and immuno-sensitive 

calcium transport channel which functions to maintain 
pulmonary epithelial cell homeostasis. Increased TRPV4 
channel activity has been implicated in ARDS pathology 
particularly in the context of lung stiffness [44, 45], lead-
ing to alveolar epithelial and endothelial barrier dysfunc-
tion, activation of innate immune cells, and potentiation 
of pro-inflammatory cytokine release, oxidative stress, 
and extracellular matrix deposition [45, 46]. TRPV4 
−/− mice are protected against VILI [47] and chemically 

Table 1 Classification of therapies in preclinical studies classified by biologic target

Proposed therapy Mechanism of action Key studies and finding(s)

Immunomodulatory—pleiotropic effects
 1. Elafin Protease inhibitor, antimi-

crobial
1. A protease-resistant Elafin variant demonstrated enhanced anti-inflammatory activity in 

a murine LPS ALI model [30]

 2. Alpha-1-antitrypsin Protease inhibitor, anti-inflam-
matory, anti-apoptotic

1. Alpha-1-antitrpysin improved lung oxygenation and reduced lung permeability and 
inflammatory cytokines following injurious mechanical ventilation and LPS challenge in 
rodents [33]

2. Alpha-1-antitrpysin did not exert beneficial effects in a similar murine injury model [34]

Immunomodulatory—pathway specific
 1. Imatinib Protein–tyrosine kinase 

inhibitor
1. Imatinib lowered pulmonary edema, oxidative stress, apoptosis, and mortality in a LPS 

ALI mouse model [36]
2. Imatinib decreased pulmonary infiltrates and TNF-α release in a dual-hit, VILI, and LPS 

mouse model [35]
3. A first-in-human study of imatinib in the human-inhaled endotoxin model of lung injury 

was completed in 2017. Results remain pending. NCT03328117

 2. Bevacizumab Anti-VEGF 1. Bevacizumab reduced VEGF-induced pulmonary edema in the mouse lung [37]
2. A phase 2 study of bevacizumab in ARDS was withdrawn and is currently seeking fund-

ing. NCT01314066
3. Another phase 2 study of bevacizumab for SARS-CoV-2 is currently recruiting. 

NCT04275414

 3. Anti-IFN-γ IFN-γ neutralization 1. Anti-IFN-γ reduced lung inflammation and mortality in a H1N1 lung injury mouse 
model [39]

 4. Pirfenidone NLRP3 inflammasome inhibi-
tors

1. Pirfenidone inhibited lung injury and inflammation, caspase activation, and fibrosis in a 
murine LPS model [42]

2. A phase 3 study of pirfenidone for SARS-CoV-2 is underway. NCT04282902

 5. Tetracycline NLRP3 inflammasome inhibi-
tors

1. Tetracycline reduced inflammation, apoptosis, and mortality in an endotoxin-induced 
ALI model [43]

Epithelial/channel dysfunction
 1. GSK634775
 2. GSK1016790

TRPV4 inhibitors 1. TRPV4 channel inhibitors improve lung function and potentiate anti-inflammatory 
responses following acid instillation or chlorine gas exposure in murine models [48]

2. A first-in-human study of GSK2798745 following LPS challenge in healthy volunteers 
was terminated early due to a lack of positive outcomes (NCT03511105)

 3. GW328267C
 4. CGS-21680

Adenosine A2A receptor 
agonists

1. Adenosine A2A receptor agonists are reparative and anti-inflammatory in the lung fol-
lowing infection, acid, or mechanical injury [50, 51]

 5. RAGE Inhibitors RAGE neutralization 1. RAGE inhibition (peptides, monoclonal antibodies, or soluble RAGE decoy receptors) 
restored lung function in acid instillation lung injury models in mice and in piglets [53, 
54]

Endothelial/vascular dysfunction
 1. Haptoglobin Scavengers of plasma-free 

hemoglobin
1. Haptoglobin dampened oxidative stress and lung injury in a pneumonia model and was 

protective against injury in a blood lung injury model [55, 56]

Anticoagulants
 1. Antithrombin Endogenous anticoagulant 1. Nebulized antithrombin attenuated lung injury induced by intra-tracheal acid and 

endotoxin [25]

Pro-resolution effects
 1. Lipoxin A4 Endogenous pro-resolving 

lipid mediator
1. Lipoxin A4 protects against alveolar type II apoptosis, enhances their proliferation, and 

inhibits epithelial–mesenchymal transition following LPS challenge in mice [58]
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induced ALI [44], while TRPV4 channel inhibitors 
GSK2220691 and GSK2337429A also reduced ALI [44]. 
The TRPV4 inhibitors, GSK634775 and GSK1016790, 
attenuated acid instillation or chlorine gas-induced lung 
injury, decreasing lung edema, improving oxygenation, 
and attenuating immune cell infiltration and pro-inflam-
matory cytokine release [48]. However, a recent first-
in-human study of TRPV4 inhibitor, GSK2798745, in 
volunteers receiving inhaled LPS was terminated early for 
inefficacy (NCT03511105). The effect of TRPV4 appears 
cell and injury specific, affecting its utility as a therapeu-
tic target, as recently, macrophage TRPV4 activity has 
been shown to enhance macrophage phagocytosis and to 
confer protection against Pseudomonas aeruginosa infec-
tion in mice [49].

Adenosine A2A receptor agonists
Adenosine A2A receptors which are expressed on many 
cell types have been shown to regulate fluid transport 
as well as inflammation in the lung [50]. The adenosine 
A2A receptor agonist GW328267C enhanced alveolar 
fluid clearance in models of acid instillation, LPS, and live 
E.coli-induced lung injury [50]. Another adenosine A2A 
receptor agonist, CGS-21680, improved lung compliance 
and reduced neutrophil infiltration and pro-inflamma-
tory cytokine release in a rat VILI model [51].

RAGE inhibitors
The receptor for advanced glycation end-products 
(RAGE) is expressed primarily in alveolar type-1 epithe-
lial cells and is a regulator of epithelial barrier transport. 

Plasma-soluble RAGE concentrations constitute a 
marker of epithelial lung injury, are increased in ARDS 
patients, and can predict ARDS development in ‘at risk’ 
patients [52]. RAGE appears to drive lung injury also, as 
evidenced by the finding that blockade of RAGE (using 
peptides, monoclonal antibodies, or soluble RAGE decoy 
receptors) reduced acid-induced lung injury in mice [53] 
and piglets [54].

Haptoglobin
Plasma-free hemoglobin causes the formation of reac-
tive oxygen species and is elevated in clinical pneumonia 
or sepsis. Scavengers of plasma-free hemoglobin such as 
haptoglobin reduced iron availability, oxidative injury, 
and lung injury and increased survival in a preclinical 
model of S. aureus pneumonia [55]. Transgenic mice 
overexpressing haptoglobin were also protected from 
hemoglobin-included lung injury [56].

Pro‑resolution effects
Lipoxin A4
Lipoxin A4, which is an endogenous pro-resolving lipid 
mediator, enhanced alveolar epithelial wound repair, 
promoted differentiation of alveolar type II (ATII) cells 
to type I cells, promoted ATII proliferation and limited 
apoptosis in  vitro [57]. In a murine LPS-induced ALI 
model, lipoxin A4 enhanced alveolar epithelial type II 
cell proliferation, decreased apoptosis by limiting caspase 
3 activation and limited epithelial–mesenchymal transi-
tion as evidenced by immunofluorescent staining [58]. 

Fig. 3 Pharmacological therapies and their targets, in preclinical testing for ARDS therapy
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Lipoxin A4 warrants further investigation in other pre-
clinical ARDS models.

Emerging therapies for COVID‑19‑induced ARDS
The lack of proven therapies for COVID-19 ARDS has 
prompted a vast research effort to identify new targets 
or repurpose existing drugs to treat COVID-19-induced 
ARDS (Table  2). There are two distinct strategies being 
pursued, namely strategies that are targeted at the virus 
itself (reducing replication, ACE-2 receptor binding, etc.) 
and strategies that modulate the host immune response 
to the virus infection (targeted or nonspecific immune-
modulating drugs). Much of the data available in stud-
ies to date come from clinical case series, retrospective 
analyses, or uncontrolled clinical trials, and so definitive 
proof of efficacy for interventions is lacking. Neverthe-
less, given the urgent need for information on which to 
base treatment decisions, we have included such studies 
where better designed studies are lacking.

A positive effect of this global focus on severe COVID-
19 disease should be the acceleration of multiple potential 
therapies into clinical testing. Given the rapidly evolving 
nature of COVID-19 research, we indicate where have 
cited unpublished and/or un-reviewed reports in this 
section.

Antiviral therapies/strategies
Remdesivir
Remdesivir, a broad-spectrum antiviral originally 
investigated as an anti-Ebola drug [59], is an analogue 
of adenosine that disrupts viral RNA polymerase and 
viral replication [60]. Remdesivir inhibits MERS-CoV 
and SARS-CoV in vitro and in vivo [60]. A recent study 
showed that remdesivir was particularly effective against 
SARS-CoV-2 infection in vitro [61]. A study of compas-
sionate remdesivir use in 61 patients with SARS-CoV-2 
infection observed clinical improvement in 68% of cases 
with improved oxygenation and a decrease in patients 
requiring mechanical ventilation [62]. An unpublished 
recent report suggesting that remdesivir shortened 
recovery times but did not impact mortality rates has 
led to the drug being licensed for use in COVID-19 
patients in the USA. A recently completed phase 3 study 
of 237 COVID-19 patients in China showed no signifi-
cant improvement in clinical outcomes although there 
was a trend for enhanced recovery time with remdesivir 
treatment [63]. Most recently, a randomized, blinded, 
placebo controlled trial in over 1000 patients demon-
strated that Remdesivir shortened the time to recovery 
in adults hospitalized with COVID-19 and evidence 
of lower respiratory tract infection [64]. The results of 
several other phase 2/3 remdesivir clinical trials are 
awaited (Table 2).

Favipiravir
Favipiravir is a broad-spectrum antiviral RNA polymer-
ase inhibitor, already approved for use in influenza A and 
B [65]. A recent, open-label, control study, showed that 
favipiravir exhibited significant improvements in chest 
CT scans and viral clearance in COVID-19 patients [66]. 
Several other clinical studies are underway with one 
examining the potential of favipiravir in combination 
with tocilizumab.

Lopinavir/ritonavir
Lopinavir/ritonavir are HIV protease inhibitors and 
are generally used as part of combination therapies. A 
recently concluded, open-label trial of lopinavir/ritonavir 
in 199 severe COVID-19 patients unfortunately showed 
no clinical improvement, although the mortality rate 
was slightly lower in the treatment group (19.2% vs. 25%) 
[67]. Potential explanations include lopinavir/ritonavir 
use in late COVID-19 infection, its use as a single agent, 
and in relatively lower doses, which should be addressed 
in ongoing studies [67]. Of relevance, another recently 
completed phase 2 study showed that early combined 
treatment of lopinavir/ritonavir with IFN-β1β and riba-
virin reduced viral shedding and shortened hospital stays 
compared to lopinavir/ritonavir alone in mild–moderate 
COVID-19 patients [68].

Umifenovir
Umifenovir (also known as arbidol), an antiviral approved 
for influenza that can affect viral interaction and binding 
via ACE2, was recently shown to enhance viral clearance 
in comparison with lopinavir/ritonavir treatment, in a 
retrospective study of 50 COVID-19 patients [69]. An un-
reviewed preprint reporting an open-label, multicenter 
trial comparing arbidol with favipiravir in 240 COVID-19 
patients, with recovery at day 7 as the primary outcome 
measure, found no differences between these two treat-
ments [70]. A number of studies are currently examin-
ing the safety and efficacy of arbidol in patients with 
COVID-19.

Chloroquine and hydroxychloroquine
The antimalarial drugs, chloroquine and its hydroxylated 
version, hydroxychloroquine, disrupt ACE2 binding and 
hence viral entry and also affect endosomal and lysoso-
mal pH, which can inhibit the virus from merging with 
host cells [71]. These drugs also suppress pro-inflamma-
tory cytokine release [72]. Chloroquine has specifically 
been shown to inhibit influenza A H5N1 virus-induced 
lung injury in preclinical models [73] and SARS-CoV-2 
infection in  vitro [61]. A small clinical study recently 
showed that hydroxychloroquine in combination with 
azithromycin reduced viral load in 20 patients with 
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Table 2 Emerging therapies for SARS-CoV-2

Proposed therapy Mechanism of action Published findings to date Randomized controlled clinical trials in progress (selected 
from clinicaltrials.gov)

Antiviral therapies/strategies

 1. Remdesivir (GS-5734™) Nucleoside-based RNA 
polymerase inhibitor

Therapeutic in preclinical models 
of MERS-CoV and SARS-CoV and 
inhibits SARS-CoV-2 infection 
in vitro [60, 61]

Remdesivir potentially beneficial in 
report of 61 patients with SARS-
CoV-2 [62]

Trend for enhanced recovery in a 
phase 3 study of 237 patients with 
COVID-19 [63]

Remdesivir shortened the time to 
recovery in adults hospitalized with 
COVID-19 and evidence of lower 
respiratory tract infection [64]

1. Expanded Access Remdesivir (RDV; GS-5734™). NCT04302766
2. ACTT—Adaptive COVID-19 Treatment Trial. NCT04280705
3. Study of the Safety and Antiviral Activity of Remdesivir 

(GS-5734™) in Participants With Severe Coronavirus Disease. 
NCT04292899

4. A Phase 3 Randomized Study to Evaluate the Safety and 
Antiviral Activity of Remdesivir (GS-5734™) in Participants 
With Moderate COVID-19 Compared to Standard of Care 
Treatment. NCT04292730

5. The Efficacy of Different Anti-viral Drugs in COVID-19 Patients. 
NCT04321616

6. DISCOVERY—Trial of Treatments for COVID-19 in Hospitalized 
Adults. NCT04315948

7. The SOLIDARITY Trial. ISRCTN83971151

 2. Favipiravir Broad-spectrum RNA 
polymerase inhibitor

Blocks viral replication and recently 
shown to improve chest opacities 
and reduce viral load in SARS-CoV-2 
patients [66]

No benefit over arbidol in open-label 
trial [70]

1. THDMS-COVID-19—Various Combination of Protease Inhibi-
tors, Oseltamivir, Favipiravir, and Chloroquin for Treatment of 
COVID-19. NCT04303299

2. Favipiravir Combined with Tocilizumab in the Treatment of 
Corona Virus Disease 2019. NCT04310228

3. Clinical Study to Evaluate the Performance and Safety of 
Favipiravir in COVID-19. NCT04336904

 3. Lopinavir/ritonavir HIV protease inhibitors Unsuccessful in a recent trial of 199 
patients, infection was at advanced 
stage and very severe, however [67]

Triple therapy with lopinavir/ritonavir, 
IFN-β1β, and ribavirin reduced viral 
shedding and hospital stays in a 
phase 2 study [68]

1. ELACOI—The Efficacy of Lopinavir + Ritonavir and Arbidol 
Against Novel Coronavirus Infection. NCT04252885

2. The Efficacy and Safety of Lopinavir–Ritonavir in Hos-
pitalized Patients with Novel Coronavirus Pneumonia. 
ChiCTR2000029308

3. Treatment of Moderate to Severe Coronavirus Disease in 
Hospitalized Patients. NCT04321993

4. REMAP-CAP—Randomized, Embedded, Multifactorial 
Adaptive Platform Trial for Community-Acquired Pneumonia. 
NCT02735707

5. DISCOVERY—Trial of Treatments for COVID-19 in Hospitalized 
Adults. NCT04315948

6. The SOLIDARITY Trial. ISRCTN83971151

 4. Umifenovir (arbidol) Inhibits viral interaction 
and binding with host 
cells via ACE2

Retrospective analysis showed 
that arbidol treatment (n = 16) in 
comparison with lopinavir/ritonavir 
treatment (n = 36) reduced viral 
load in SARS-CoV-2 patients [69]

No benefit over favipiravir in open-
label trial [70]

1. UAIIC—Study of Umifenovir in COVID-19. NCT04350684
2. Study of Arbidol Hydrochloride Tablets in the Treatment of 

Pneumonia caused by Novel Coronavirus. NCT04260594
3. ELACOI—Efficacy of Lopinavir + Ritonavir & Arbidol Against 

Novel Coronavirus Infection. NCT04252885

 5. Chloroquine
 6. Hydroxychloroquine

Antimalarial drugs Inhibits viral entry and SARS-CoV-2 
infection in vitro [61]

Hydroxychloroquine plus azithromy-
cin reduced viral load in 20 COVID-
19 patients [74]

Concerns regarding cardiotoxicity 
and QT prolongation in COVID-19 
[75, 76]

A large observational study in 14,888 
COVID-19 patients treated with 
either hydroxychloroquine or 
chloroquine reported that these 
drugs increased the risk of mortality 
and increased the risk of de novo 
ventricular arrhythmia [77]

1. COPCOV—Chloroquine Prevention of Coronavirus Disease in 
the Healthcare Setting. NCT04303507

2. Comparison of Lopinavir/Ritonavir or Hydroxychloroquine in 
Patients with Mild Coronavirus Disease. NCT04307693

3. HC-nCoV—Efficacy and Safety of Hydroxychloroquine 
for Treatment of Pneumonia Caused by 2019-nCoV. 
NCT04261517

4. HYDRA—Study of Hydroxychloroquine Treatment for Severe 
COVID-19 Pulmonary Infection. NCT04315896

5. THDMS-COVID-19—Various Combinations of Protease Inhibi-
tors, Oseltamivir, Favipiravir, and Chloroquin for Treatment of 
COVID-19. NCT04303299

6. REMAP-CAP—Randomized, Embedded, Multifactorial Adap-
tive Platform Trial for Community- Acquired Pneumonia. 
NCT02735707

7. CLOCC—Combination Therapy With Camostat Mesi-
late + Hydroxychloroquine for COVID-19. NCT04338906

8. The Efficacy of Different Anti-viral Drugs in COVID-19 Patients. 
NCT04321616

9. DISCOVERY—Trial of Treatments for COVID-19 in Hospitalized 
Adults. NCT04315948

10. The SOLIDARITY Trial. ISRCTN83971151
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Table 2 (continued)

Proposed therapy Mechanism of action Published findings to date Randomized controlled clinical trials in progress (selected 
from clinicaltrials.gov)

 7. TMPRSS2 inhibitor 
(camostat mesilate)

Protease Inhibitor In vitro study showing SARS-CoV-2 
cell entry depends on ACE2 and 
TMPRSS2 and is blocked by pro-
tease inhibitor [78]

1. CamoCO-19—The Impact of Camostat Mesilate on SARS-
CoV-2 Infection. NCT02735707

2. CLOCC—Combination Therapy with Camostat Mesi-
late + Hydroxychloroquine for COVID-19. NCT04338906

 8. Baricitinib JAK inhibitor Anti-inflammatory and inhibitor of 
ACE2-mediated viral entry may be 
promising for viral ARDS [79]. Identi-
fied using a drug discovery search 
engine platform

Baricitinib well tolerated and poten-
tially beneficial over standard care in 
small clinical study [80]

1. Treatment of Moderate to Severe Coronavirus Disease 
(COVID-19) in Hospitalized Patients. NCT04321993

2. BARI-COVID—Pilot Study of Baricitinib in Symptomatic 
Patients Infected by SARS-CoV-2. NCT04320277

 9. Inactivated convales-
cent plasma

IV immunoglobulins Enhanced viral clearance and clinical 
outcome in 5 patients in a case 
study of SARS-CoV-2 [82]

Well tolerated in expanded access trial 
(un-reviewed preprint) [83]

1. Anti-SARS-CoV-2 Inactivated Convalescent Plasma in the 
Treatment of COVID-19. NCT04292340

2. Anti-COVID-19 Convalescent Plasma Therapy. NCT04338360

Immunomodulatory—pleiotropic effects

 1. Methylprednisolone Steroid, anti-inflamma-
tory

Retrospective studies of 46 and 
201 patients with SARS-CoV-2 
ARDS show that early and careful 
administration may have beneficial 
role [88, 89]. Steroid use may hinder 
viral clearance in MERS coronavirus 
infection [87]

1. Steroids-SARI—Glucocorticoid Therapy for Novel Coronavirus 
Critically Ill Patients With Severe Acute Respiratory Failure. 
NCT04244591

2. Efficacy and Safety of Corticosteroids in COVID-19. 
NCT04273321

3. MP-C19—Efficacy of Methylprednisolone for Patients With 
COVID-19 Severe ARDS. NCT04323592

4. REMAP-CAP—Randomized, Embedded, Multifactorial Adap-
tive Platform Trial for Community- Acquired Pneumonia. 
NCT02735707

 2. Thalidomide Immunomodulator, anti-
IL-6, pro-apoptotic

Therapeutic in preclinical model of 
viral ARDS [91]

1. Efficacy and Safety of Thalidomide in the Adjuvant Treatment 
of Moderate COVID-19. NCT04273529

2. Efficacy and Safety of Thalidomide Combined With Low-
dose Hormones in the Treatment of Severe COVID-19. 
NCT04273581

 3. Type I and Type III 
interferons

Antiviral, anti-inflamma-
tory, and anti-fibrotic

Interferons affect SARS and MERS 
differentially, but SARS-CoV-2 is 
particularly sensitive to interferon 
treatment [92, 94]

Triple therapy with IFN-β1β, lopinavir/
ritonavir, and ribavirin reduced viral 
shedding and hospital stays in a 
phase 2 study [68]

1. Study of IFN-α1β in the Treatment of Patients with Novel 
Coronavirus. NCT04293887

2. Study of Pegylated Interferon Lambda Treatment for COVID-
19. NCT04343976

3. A Study of Interferon-β1α in COVID-19. NCT04350671
4. DIC—A Study of Interferon-β1α, Compared to Interferon-

β1β and the Base Therapeutic Regiment in COVID-19. 
NCT04343768

5. Double Therapy With IFN-β1β and Hydroxychloroquine. 
NCT04350281

6. DISCOVERY—Trial of Treatments for COVID-19 in Hospitalized 
Adults. NCT04315948

7. REMAP-CAP—Randomized, Embedded, Multifactorial 
Adaptive Platform Trial for Community-Acquired Pneumonia. 
NCT02735707

4.MSCs Immunomodulatory and 
pro-resolution effects

Promising in preclinical and phase 1/2 
ARDS studies [10, 11, 15]

ACE2-/- MSCs were well tolerated, 
improved pulmonary function and 
immune response in a case series of 
7 COVID-19 patients [95]

1. REALIST—Study of MSC Repair in COVID-19-induced ARDS. 
NCT03042143

2. Study of UC-MSC Treatment for the 2019-Novel Coronavirus 
Pneumonia. NCT04269525

3. Mesenchymal Stem Cell Treatment for Pneumonia Patients 
Infected With COVID-19. NCT04252118

4. Study of Human Mesenchymal Stem Cells in the Treatment of 
COVID-19 Pneumonia. NCT04339660

5. Study of Mesenchymal Stem Cells for Severe Corona Virus 
Disease 2019. NCT04288102

6. Pilot Study of Inhale of MSC-Derived Exosomes for Treating 
Severe Novel Coronavirus Pneumonia. NCT04276987

7. MACOVIA—Study of MultiStem Administration for COVID-
19-Induced ARDS
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SARS-CoV-2 infection [74]. Conversely, concerns have 
been raised regarding potential adverse effects (e.g., car-
diotoxicity) with chloroquine and hydroxychloroquine, 
particularly at high doses and when used in combina-
tion with azithromycin, in COVID-19 patients [75, 76]. A 
major observational study in 14,888 COVID-19 patients 
treated with either hydroxychloroquine or chloroquine, 
alone or in combination with a macrolide, found that 
these patients had an increased risk of mortality and an 
increased risk of de novo ventricular arrhythmia [77]. A 
number of other and larger clinical investigations of chlo-
roquine and hydroxychloroquine, alone or in combina-
tion with other antivirals, are underway (Table 2).

TMPRSS2 inhibitor
SARS-CoV-2 viral entry into lung epithelial cells is depend-
ent on the ACE2 receptor, while priming of the viral spike 
protein is dependent on the host serine protease TMPRSS2 
[78]. A protease inhibitor of TMPRSS2 blocked viral entry 
in  vitro and may be a promising therapeutic option [78]. 
Clinical studies investigating the efficacy of TMPRSS2 
inhibitor, camostat mesilate, are currently recruiting.

Baricitinib
Another drug which may inhibit viral entry via ACE2 
receptor-mediated endocytosis is baricitinib, a JAK 
inhibitor, that also disrupts the cytokine cascade and 
dampens inflammation [79] and is an approved drug for 
rheumatoid arthritis. Baricitinib with its anti-inflamma-
tory and antiviral potential was identified using a data 
search with the BenevolentAI drug discovery platform. 
A recent study of 12 patients with moderate COVID-
19 observed that baricitinib administered at 4  mg/day 
for 14  days was well tolerated and improved outcome 
in these patients when compared to patients receiving 
standard care [80]. Other larger trials evaluating barici-
tinib for COVID-19 are underway.

Convalescent plasma
Hoffmann et  al. showed that SARS-CoV-1 serum from 
convalescent patients offered protection from SARS-
CoV-2 infection, and this option may perhaps be effec-
tive if used prophylactically [78]. Convalescent plasma 
has also been shown to reduce viral load and mortality 
in critically ill H1N1 patients [81] and most recently has 

Table 2 (continued)

Proposed therapy Mechanism of action Published findings to date Randomized controlled clinical trials in progress (selected 
from clinicaltrials.gov)

Immunomodulatory—pathway specific

 1. Tocilizumab
 2. Sarilumab

Human monoclonal anti-
body, IL6R antagonist

Improved chest CT, lung oxygenation 
and reduced immune cell counts in 
a retrospective study of 21 patients 
with SARS-CoV-2 [99]

1. Favipiravir Combined With Tocilizumab in the Treatment of 
Coronavirus Disease 2019. NCT04310228

2. Efficacy and Safety of Tocilizumab in the treatment of New 
Coronavirus Pneumonia. ChiCTR2000029765

3. TOCIVID-19—Tocilizumab in COVID-19 Pneumonia. 
NCT04317092

4. TACOS—Tocilizumab vs CRRT in Management of Cytokine 
Release Syndrome in COVID-19. NCT04306705

5. Efficacy and Safety of Sarilumab in Hospitalized Patients With 
COVID-19. NCT04315298

6. TOCIVID—Anti-IL-6 Treatment of Serious COVID-19 Disease 
With Threatening Respiratory Failure. NCT04322773

7. Treatment of Moderate to Severe Coronavirus Disease 
(COVID-19) in Hospitalized Patients. NCT04321993

 3. Anakinra Human monoclonal anti-
body, IL1-R antagonist

Post hoc analysis confirmed improved 
survival in a subgroup of sepsis 
patients [103]

1. ESCAPE—Personalized Immunotherapy for SARS-CoV-2 
Associated with Organ Dysfunction. NCT04339712

2. Study of Emapalumab and Anakinra in Reducing Hyperin-
flammation and Respiratory Distress in Patients with COVID-
19. NCT04324021

3. CORIMUNO-ANA—Efficacy of Anakinra In Patients With SARS-
CoV-2 Infection. NCT04341584

4. COV-AID—Treatment of COVID-19 Patients With Anti-inter-
leukin Drugs. NCT04330638

5. REMAP-CAP—Randomized, Embedded, Multifactorial 
Adaptive Platform Trial for Community-Acquired Pneumonia. 
NCT02735707

Other potential therapies

 1. Heparin Anticoagulant Low molecular weight heparin associ-
ated with better prognosis in severe 
COVID-19 patients with markedly 
elevated d-dimers [104]

1. CHARTER study—Nebulized Heparin for patients with COVID-
19 ARDS. ACTRN:1260000517976
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been shown to reduce viral load and improve outcome 
in a series of 5 cases of critically ill SARS-CoV-2 patients 
[82]. An un-reviewed preprint of the results from a large 
expanded access trial of 5000 COVID-19 patients treated 
with convalescent plasma (NCT04338360) showed that 
treatment was well tolerated [83]. Other trials assess-
ing the safety and efficacy of anti-SARS-CoV-2-inacti-
vated convalescent plasma in COVID-19 patients are 
underway.

Angiotensin II
SARS-CoV-2 binds to the ACE receptor on lung epi-
thelial cells, which is a key step in virus infection of 
these cells. This also leads to a decrease in ACE2 and an 
increase in detrimental angiotensin II. Losartan, which is 
an angiotensin II receptor antagonist, is currently under 
investigation in SARS-CoV-2 patients (NCT04328012).

Immunomodulatory—pleiotropic effects
Methylprednisolone
The role of steroids indications for COVID-19 patients 
is unclear, with effects reported that might be harm-
ful or beneficial depending on the specific clinical con-
text [84–86]. Some evidence suggests that steroid use 
may hinder viral clearance in MERS coronavirus infec-
tion [87]. However, the effects of steroids in COVID-19 
appear to depend on the dose and the degree of ‘hyper-
inflammation’ present, the stage of infection, and the 
presence of ARDS [85, 86]. A recent single-center, retro-
spective study of 46 patients with COVID-19 published 
as an un-reviewed preprint showed that early, low-dose, 
and short-term administration of methylprednisolone 
improved chest CT and clinical outcome in the treat-
ment group [88]. Another larger retrospective study of 
201 COVID-19 patients showed that methylprednisolone 
treatment in those with ARDS reduced the risk of death 
[89]. Currently, there are a number of phase 2/3 clinical 
trials investigating the efficacy and safety of methylpred-
nisolone in patients with COVID-19 ARDS. Hopefully, 
these studies should provide clarity on the role of ster-
oids in these patients. The recent press release suggest-
ing a mortality benefit for Dexamethasone in COVID-19 
patients in the RECOVERY trial is of particular interest 
in this regard.

Thalidomide
Thalidomide, an immunomodulatory drug that acts to 
enhance apoptosis, inhibits IL-6 and promotes T cell 
responses and has been shown to lead beneficial effects 
in preclinical bacterial- and viral-induced ARDS [90, 91]. 
Clinical phase 2 investigations of thalidomide for therapy 
against SARS-CoV-2 infection are underway.

Interferons
As discussed earlier, type I interferon, interferon-β1α, 
was ineffective as a sole agent in a recent phase 3 ARDS 
trial ARDS [38]. However, type I interferons have been 
shown to respond with different inhibitory potencies 
toward MERS and SARS [92] and, as such, interferons 
have been investigated, as an adjunct to antivirals, in 
these viral infections [93]. A recent study published as 
an un-reviewed preprint has observed that SARS-CoV-2 
infection is potentially sensitive to type I interferons 
[94]. As mentioned previously, a recent phase 2 study 
of triple therapy with lopinavir/ritonavir, ribavirin, and 
IFN-β1β enhanced the recovery of patients with SARS-
CoV-2 infection compared to lopinavir/ritonavir alone 
[68]. There are a number of other phase 2/3 clinical tri-
als investigating the efficacy of both type I or type III 
interferons (including REMAP-CAP, DisCoVeRy, and 
SOLIDARITY), either as sole agents or as co-therapies in 
patients with SARS-CoV-2 (Table 2).

Mesenchymal stromal cell (MSC) therapies
The immunomodulatory effects of MSCs have gener-
ated considerable interest as a potential therapeutic 
for COVID-19 ARDS. A recent study of 7 COVID-19 
patients observed that a single dose of ACE2-/- MSCs 
(10 million cells/kg) was well tolerated and improved pul-
monary function, reduced TNF-α release while enhanc-
ing IL-10 release in comparison with the placebo [95]. 
A number of other trials are investigating the effects 
of MSCs and MSC-derived exosomes in patients with 
SARS-CoV-2 infection (Table 2).

Immunomodulatory—pathway specific
A subgroup of severely ill COVID-19 patients develop 
a ‘cytokine storm’ profile with rapid and sustained 
elevations in cytokines such as IL-6, and fulminant 
organ failure with features in common with secondary 
hemophagocytic lymphohistiocytosis (HLH) [96]. This 
has led to interest in specific anti-cytokine therapies.

Tocilizumab and sarilumab
Tocilizumab and sarilumab are human monoclonal anti-
bodies that block the IL-6 receptor. IL-6 inhibition has 
been shown to be therapeutic in patients with adult-
onset Still’s disease complicated with SIRS and ARDS [97, 
98]. One recent non-controlled retrospective study of 21 
patients with COVID-19, published as an un-reviewed 
preprint, suggested that tocilizumab treatment may have 
decreased white cell counts and improved CT lung opac-
ity and lung oxygenation [99]. There are currently several 
phase 2/3 trials investigating tocilizumab and/or sari-
lumab for COVID-19 patients, with reports expected 
imminently.
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Anakinra
Anakinra is a recombinant IL-1 receptor antagonist that 
neutralizes the biologic activity of IL-1a and IL-1b by 
competitively inhibiting their binding to interleukin-1 
type I receptor and is widely used in rheumatic diseases. 
Anakinra did not improve mortality in patients with sep-
sis and septic shock in large phase 3 studies [100–102]. 
However, in a post hoc analysis anakinra improved sur-
vival in the subgroup of sepsis patients with features of 
HLH (ferritin elevation in excess of 2000  ng/ml, coagu-
lopathy, and liver enzyme elevations) [103]. Anakinra is 
being trialled in the ‘COVID domain’ of the REMAP-
CAP study (NCT02735707).

Other potential therapies
Heparin
Disordered coagulation, specifically, pulmonary micro-
vascular thrombosis is increasingly implicated in the 
pathogenesis of severe COVID-19 respiratory failure. 
Other thrombotic complications including deep venous 
thrombosis are also reported. Anticoagulant therapy, 
mainly with low molecular weight heparin, has been 
associated with better prognosis in severe COVID-19 
patients with evidence of coagulation activation such as 
markedly elevated D-dimers [104]. Consequently, hepa-
rin has been recommended by some expert consensus 
groups; however, its efficacy remains to be proven. Intra-
venous heparin is being trialled in the REMAP-CAP 
study (NCT02735707). Studies of nebulized heparin, 
such as the CHARTER study, are also in progress [105].

Finding ARDS therapies—future directions
Improved preclinical models
Understanding and, where relevant, addressing limi-
tations to current preclinical models may help reduce 
future ‘translational failures’ of potential therapies for 
ARDS. Preclinical models are designed to be reliable and 
reproducible but, in achieving this, may poorly model 
the complexity of ARDS. More clinically relevant experi-
menal models can provide initial proof-of-principle; it 
allows ineffective strategies to be rapidly discarded.

Issues such as multiple or sequential insults, the timing 
of insults, the role of  host factors such as age, sex, and 
premorbid conditions, and the usually prolonged dura-
tion of ARDS are not well reflected in current preclini-
cal models. Testing promising therapies in more complex 
and diverse animal models, of varying age and species, 
employing multiple hits, and modeling longer dura-
tions of ARDS, while challenging, may be a useful step 
prior to embarking on clinical studies. Multicenter trials, 
incorporating randomization and blinding for preclinical 
studies, may minimize bias and improve robustness by 
increasing heterogeneity.

Other useful ‘intermediate’ steps for promising thera-
pies prior to trials in ARDS patients may be the use of 
human models such as endotoxin inhalation in volun-
teers or testing in surgical populations, such as those 
undergoing one lung ventilation. Testing promising ther-
apies in the ex  vivo human lung perfusion model may 
provide proof of concept that the intervention can work 
in an acutely injured human lung.

Improved clinical trials
Improving our approach to clinical trial design and 
patient selection [106] may enhance the likelihood of 
finding effective therapies. One key issue relates to the 
heterogeneity of ARDS and the nonspecific nature of the 
ARDS clinical criteria, which may result in recruitment 
of patients who do not possess the underlying injury 
processes and biologic pathways characteristic of ARDS. 
‘Practical enrichment’ involves careful selection of can-
didates who are likely to complete the intervention and 
survive the study period. ‘Prognostic enrichment’ aims 
to reduce the numbers required to detect a significant 
difference by enrolling patients who are most likely to 
experience the primary endpoint. ‘Predictive enrichment’ 
involves selecting patients based on pathobiological fac-
tors that will predispose them to a treatment response. 
This latter approach may offer most promise, by selecting 
for patients who have a strong likelihood for a response 
to the intervention (and by the same token, select ‘out’ 
those who are unlikely to respond). This would reduce 
study noise, sample size, and study-associated harm. In 
ARDS, this approach has already borne fruit: an impor-
tant—positive—study of prone positioning randomized 
only patients who demonstrated an initial positive 
response to prone positioning. The use of adaptive clini-
cal trial designs, which permits modifications of the trial 
and/or statistical procedures after its initiation, e.g., to 
favor recruitment to intervention arms where favorable 
outcome data appears to be emerging, may also enhance 
the potential to identify effective interventions. The 
REMAP-CAP trial is an example of such a trial in a rel-
evant clinical population.

Targeting ARDS subtypes
Identifying patients more likely to respond to a specific 
pharmacologic intervention should increase chances of 
trial success. A key recent advance in our understand-
ing of the pathobiology of ARDS has been the ability to 
divide ARDS into subgroups or sub-phenotypes. Latent 
class analysis identifies one-third of ARDS patients with a 
‘hyper-inflammatory’ phenotype, and reanalysis of a large 
negative RCT of simvastatin in ARDS using this approach 
suggested benefit in the ‘hyperinflammatory’ group [107]. 
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ARDS phenotyping based on the focal versus diffuse 
distribution of lung infiltrates is also potentially feasible 
[108], as are transcriptomics-based approaches [109]. 
While prospective trials are required to validate pheno-
typing approaches, and subsequently to test therapies in 
specific phenotypes, this approach offers considerable 
hope for the repurposing of drugs previously deemed to 
have ‘failed’ clinical translation.

Conclusions
There is a host of potential drug therapies demon-
strating promise for ARDS, from drugs that modulate 
the immune response, specific inflammatory pathway 
blockers, epithelial and channel function modulators, 
endothelial and vascular dysfunction therapies, antico-
agulant drugs, and therapies that aid resolution of ARDS. 
A promising pipeline of therapies is also progressing 
through preclinical testing. An important area of investi-
gation is the potential for advances in our understanding 
of the pathobiology of ARDS and specifically the poten-
tial to identify biologically homogenous subtypes within 
ARDS, to enable us to target more specific therapies. It 
is hoped that the substantial number of studies globally 
investigating potential therapies for severe COVID-19 
patients will help the identification of effective therapies 
for ARDS.
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Abstract 

Current literature addressing the pharmacological principles guiding glucocorticoid (GC) administration in ARDS is 
scant. This paucity of information may have led to the heterogeneity of treatment protocols and misinterpretation 
of available findings. GCs are agonist compounds that bind to the GC receptor (GR) producing a pharmacological 
response. Clinical efficacy depends on the magnitude and duration of exposure to GR. We updated the meta-analysis 
of randomized trials investigating GC treatment in ARDS, focusing on treatment protocols and response. We syn-
thesized the current literature on the role of the GR in GC therapy including genomic and non-genomic effects, and 
integrated current clinical pharmacology knowledge of various GCs, including hydrocortisone, methylprednisolone 
and dexamethasone. This review addresses the role dosage, timing of initiation, mode of administration, duration, and 
tapering play in achieving optimal response to GC therapy in ARDS. Based on RCTs’ findings, GC plasma concentra-
tion–time profiles, and pharmacodynamic studies, optimal results are most likely achievable with early intervention, 
an initial bolus dose to achieve close to maximal GRα saturation, followed by a continuous infusion to maintain high 
levels of response throughout the treatment period. In addition, patients receiving similar GC doses may experience 
substantial between-patient variability in plasma concentrations affecting clinical response. GC should be dose-
adjusted and administered for a duration targeting clinical and laboratory improvement, followed by dose-tapering to 
achieve gradual recovery of the suppressed hypothalamic–pituitary–adrenal (HPA) axis. These findings have practical 
clinical relevance. Future RCTs should consider these pharmacological principles in the study design and interpreta-
tion of findings.
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Introduction

The results of recently published randomized controlled 
trials (RCTs) [1, 2] provide more robust evidence sup-
porting the efficacy and safety of prolonged gluco-
corticoid (GC) treatment in acute respiratory distress 
syndrome (ARDS), despite the heterogeneity in etiologies 
and severity. GCs are agonist compounds that bind to 
the ligand-binding domain of the glucocorticoid recep-
tor (GR) to produce a biological (or pharmacological) 
response. Most anti-inflammatory effects of GCs are 
mediated through the GRα isoform. The rationale for GC 
treatment in ARDS is similar to the one for severe coro-
navirus disease 2019 (COVID-19) [3] and is reviewed 
in the Digital Supplement 1. Prolonged (≥ 7  days) low-
to-moderate dose GC treatment is an intervention 
directed at the core pathogenetic mechanisms of ARDS 

(Digital Supplement 1; Table  S1), associated with res-
cue of the cellular concentrations and functions of acti-
vated GC-GRα (Fig. 1) and mitochondria [4], exerting a 
positive effect on all “layers”—cell biology, histology, and 
physiology—of the disease process, leading to acceler-
ated disease resolution (decreased allostatic load) and 
improved short- and long-term outcomes [5].

Take‑home message 

To date there is scant literature addressing the pharmacological 
principles guiding glucocorticoid administration in ARDS. This 
review addresses how the administration mode plays a more signifi-
cant role in affecting response than the specific molecule. Dosage 
(initial, overtime, and adjustments based on response), timing of 
initiation, mode of administration, duration of therapy, tapering, and 
co-interventions to support the glucocorticoid receptor α function 
are all essential elements to achieving optimal response to therapy.

Fig. 1 Relations on natural logarithmic scales between mean levels of nuclear NF-κB and nuclear GC-GRα during the natural progression of ARDS, 
and in response to prolonged methylprednisolone treatment. Mean intracellular changes of nuclear GC-activated GRα and NF-κB were observed 
by exposing peripheral blood mononuclear cells of a healthy volunteer to ARDS patient plasma samples collected longitudinally (days 1, 3, 5, and 8) 
and after randomization to methylprednisolone treatment (randomization day (R) and post-randomization days 3, 5, 7, and 10). The mean values of 
nuclear NF-κB are plotted against the mean nuclear GC-GRα levels. Improvers had a pre-defined improvement in lung injury score [45] and/or gas 
exchange component by day 7. The left panel shows ARDS patients with adaptive and maladaptive responses. In improvers, an inverse relationship 
was observed between these two transcription factors, with the longitudinal direction of the interaction shifting leftwards (decreased NF-κB) and 
upward (increased GC-GRα). Conversely, in non-improvers, NF-κB increased over time, while GC-GRα showed no significant changes. We defined 
the first interaction as GC-GRα-driven, and the second interaction as NF-κB-driven [80]. The right panel shows non-improvers-survivors randomized 
after day 8 of ARDS to methylprednisolone (n = 11) vs. placebo (n = 6). After natural logarithmic transformation and adjustment for repeated meas-
urements, partial correlations among responses to plasma from the methylprednisolone group were − 0.92 (p < 0.0001) both for nuclear NF-κB 
and nuclear GRα. For responses to plasma from the placebo group, no significant relationship was found between nuclear NF-κB and nuclear GRα 
(r = 0.11; p = 0.70) [7]. Prolonged methylprednisolone treatment was associated with upregulation in all measurements of GC-GRα-activity leading 
to reduction in NF-κB DNA-binding and transcription of inflammatory cytokines. Glucocorticoid treatment changed the longitudinal direction 
of systemic inflammation from dysregulated (NF-κB-driven, maladaptive response) to regulated (GRα-driven, adaptive response) with significant 
improvement in indices of alveolar-capillary membrane permeability and markers of inflammation, hemostasis, and tissue repair. Reproduced with 
permission from reference [5]



2286

The lack of a well-defined rationale for GC treat-
ment’s critical components has resulted in consider-
able heterogeneity in the protocols investigated in 
randomized controlled trials (RCTs). While most 
pharmacological data originate from literature inves-
tigating methylprednisolone, we believe that adminis-
tration mode is more important in affecting response 
than the specific molecule. The dosage (initial, over 
time, and adjustments based on response), the timing 
of initiation, mode of administration, duration, taper-
ing, and co-interventions to support the GRα function 
are all essential elements to achieving optimal response 
to therapy. We present a summary of the pharmaco-
logical principles that should guide GC treatment in 
ARDS patients based on results of RCTs, concentra-
tion–time profiles for different dosing regimens, and 
pharmacodynamic studies. This review takes also into 
consideration recent discoveries (Digital Supplement 
1) underscoring the central regulatory function of the 
activated GRα (GC-GRα) in critical illness throughout 
disease development and resolution (Fig. 2) [4].

Pharmacological principles of glucocorticoid 
actions
Binding affinity and potency
The magnitude of the in  vitro response to the GC drug 
is proportional to the number of GR complexes, and the 
binding affinity to the receptor, and is characterized by 
the maximum response a drug is able to produce [6]. The 
concentration of GRα in cells can be increased by exoge-
nous GC administration (Digital Supplement 1) [7]. Bind-
ing affinity is expressed as relative receptor affinity (RRA), 
and dexamethasone is frequently the reference point for 
RRA with an arbitrary RRA value of 100. The RRAs for 
hydrocortisone, methylprednisolone, and dexametha-
sone are 9, 42, and 100, respectively [8]. In vivo potency 
is a measure of the concentration, usually in plasma or 
serum that is required to produce a drug response, often 
expressed as concentration required to achieve 50% of 
the maximum therapeutic effect  (EC50 or  IC50) [9]. The 
RRA of GCs is strongly correlated with the inverse of 
their  IC50 for unbound, pharmacologically active con-
centrations [8]. RRA and  IC50 are the corresponding 
in  vitro and in  vivo parameters that characterize GC 
potency and are specific to a GC agonist molecule. How-
ever, drug effects in  vivo are the result of the interplay 

Fig. 2 Glucocorticoid receptor α as a cellular rheostat of homeostatic corrections. The glucocorticoid receptor α (GRα) acts as a cellular rheostat 
to ensure that a proper response is elicited by the neuroendocrine and immune systems throughout the three phases of homeostatic corrections. 
The serial sequence of regulatory functions includes the: (1) activation and reinforcement of innate immunity (ready-reinforce), (2) downregulation 
of pro-inflammatory transcription factors (repress), and (3) promotion of disease resolution (resolve- restore).by switching production from pro-
inflammatory to pro-resolving mediators, while at the same stimulating antifibrotic and antioxidant molecules that limit tissue damage and fibrosis, 
to help achieve optimal restoration of anatomy and function of the affected tissues, and (4) parallel support of adaptive immunity. Modified with 
permission from reference.[4]. TLR2 toll-like receptor 2, purinergic receptor P2Y2R; NLRP3 NOD-like receptor pyrin containing 3, APR acute phase 
response, TF transcription factor, NF-κB nuclear factor-κB, AP-1 activator protein-1, AnxA1 annexinA1, AnxA1 receptor, ALXR A4 lipoxin receptor, GILZ 
glucocorticoid-induced leucine zipper, TGFβ transforming growth factor β
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of pharmacokinetics, i.e., the time course of the effec-
tive GC concentrations at the target site produced by the 
applied dose strength and dosing regimens, and pharma-
codynamics, i.e., the GC’s concentration–effect relation-
ship determined by its potency. Thus, a lower in vitro GC 
potency (i.e. low RRA or correspondingly high  IC50) can 
be offset clinically by higher and/or more frequent doses, 
providing higher target site concentrations.

The genomic, non-genomic and mitochondrial GC 
signaling pathways are shown in the Digital Supple-
ment 1 (Figure S1) [4]. The GC genomic effects become 
evident as early as 30  min after cytosolic GRα binding 
to positive (transactivation) or negative (cis repression) 
GC response elements (GREs) in nuclear DNA, as well 
as to mitochondrial DNA GREs (mtGRE). Moreover, 
the GC-GRα complex interacts with other transcription 
factors, such as nuclear factor-κB (NF-κB) or activator 
protein-1 (AP-1) and alters their transcriptional activi-
ties. A recent review reported on the GC regulation of 
mitochondrial transcription, via activation of mtGRE 
[10]. The degree of cytosolic GRα saturation is a direct 
modulator of the intensity of (therapeutic) GC genomic 
effects [11]. Almost complete receptor saturation can be 
achieved by a methylprednisolone-equivalent single dose 
of 80–100  mg [11]. Specific non-genomic effects (not 
mediated by induction or repression of specific genes) of 
GCs take a few minutes to be expressed, are mediated by 
plasma membrane glucocorticoid receptors, and require 
higher GC concentrations. Rapid non-genomic actions 
include, anti-inflammatory regulation, e.g., inhibition of 
neutrophil degranulation and macrophage superoxide 
anion production, and vasomotor regulation, e.g., poten-
tiation of systemic response to norepinephrine and local 
induction of endothelial nitric oxide [12, 13].

Since GRα ultimately controls GC-mediated activity, 
any condition affecting its concentration, binding affin-
ity, transport to the nucleus, GREs interaction in the 
cell nucleus and mitochondria, cofactor activity, oxida-
tive stress, or interaction with other relevant transcrip-
tion factors (NF-κB; AP-1) and co-regulators, may affect 
the cell response to GCs [14, 15]. Recent reviews have 
investigated the various ways the pro-inflammatory envi-
ronment of critical illness can negatively influence GRα 
function [15–17]. It is noteworthy that the number and 
function of the activated GRα can be modulated by the 
administration of exogenous GCs and other co-interven-
tions to improve cellular responsiveness [4]. Randomized 
studies [7, 18, 19] suggested that quantitatively adequate 
and prolonged GC supplementation increased GRα num-
ber and action in both circulating and tissue cells, revers-
ing critical illness-related corticosteroid insufficiency 
(Digital Supplement 1; Table S1).

Determinants of clinical efficacy 
Clinical efficacy depends on both pharmacodynam-
ics (i.e., potency) and pharmacokinetics [i.e., exposure 
(= magnitude and duration) of the drug at the recep-
tor site]. Together, both processes determine efficacy: 
potency + presence at the receptor site → momentary 
effect course (effect duration) → sum of momentary 
effects → clinical efficacy [20]. Mathematically, pharma-
cokinetic/pharmacodynamic models can be applied to 
describe the momentary effect–time course that stem 
from a specific GC dosing regimen. This effect–time 
course is characterized by the duration of effect (i.e., 
the time until the effect drops below a specified value), 
as well as peak magnitude. The momentary effect–time 
course can be summed up as the area under the effect–
time curve (AUETC or AUEC) or as the area between the 
baseline and effect curve (ABEC), which drive the clinical 
effect [20]. The time to reach a pharmacokinetic steady 
state is determined by the elimination half-life of the 
drug.

As most pharmacological studies evaluating GCs come 
from the rheumatology literature, the currently used 
genomic potency of natural and synthetic GCs is mainly 
based on lymphocyte proliferation suppression assays 
and may not be necessarily applicable to critical care 
[21]. Thus, a re-evaluation of genomic potency based 
on inhibition of pro-inflammatory proteins is needed. 
Dose–response studies evaluating potencies for genomic 
and non-genomic GC effects reported different values 
(Digital Supplement 1; Table S2). Non-genomic activities 
related to prostaglandin (PG)  E2 inhibition, and arachi-
donic acid release through suppression of phospholipase 
A2 synthesis were studied in 549 epithelial cell cultures. 
The cells first stimulated with IL-1β and then incubated 
for 3  h with different GC molecules [22]. Contrary to 
the classic genomic responses, epithelial cells exposed to 
methylprednisolone had a higher non-genomic response 
than those exposed to dexamethasone.

Dose–response
It has been reported that GCs have a substantially higher 
potency for genomic than non-genomic effects. There-
fore, genomic effects are usually predominant at low 
GC doses. Increasing GC doses allows the genomic 
expression modulation to reach a maximum saturation 
level quickly and then plateau off, so that further dose 
increases may largely be limited to only extending the 
duration rather than the intensity of genomic expres-
sion modulation. Depending on how genomic expres-
sion modulation is transduced into specific biomarker 
or clinical effects, GC dose increases beyond that of 
saturation level may lead to only limited further gain in 
some genomic effects at the biomarker or clinical level, 
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but may still increase in others [23]. Conversely, non-
genomic effects are usually triggered at substantially 
higher doses than genomic effects and intensify in line 
with the increasing dose until leveling off at high-dose 
therapy. Consequently, the total clinical effect as the sum 
of genomic and non-genomic effects demonstrate con-
tinuous dose-dependent increases despite saturation of 
genomic expression modulation at moderate GC dose 
levels. However, the exact relationship between GC dose, 
cellular concentrations and clinical effects remains to be 
established, especially for non-genomic effects.

ARDS randomized trials: individual concentration–time 
courses
Various GCs and dosing regimens have been used to treat 
ARDS. The treatment protocols used in ten randomized 
controlled trials (RCTs) investigating prolonged GC 
treatment in patients with early (≤ 72 h) or late (≥ 7 days) 
ARDS is shown in Digital Supplement 1 (Table S3). This 
analysis examined methylprednisolone (n = 322) [24–28], 
hydrocortisone (n = 494) [29–32], and dexamethasone 
(n = 277) [1], for a duration of therapy between 7 and 
32  days. These RCTs reported that GC treatment was 
associated with a consistent improvement in systemic 
inflammation markers and oxygenation indices, and an 
important reduction in duration of mechanical ventila-
tion (MV) and intensive care unit stay (Digital Supple-
ment 1; Table S4).

The corresponding average GC plasma concentra-
tion–time profiles expressed as methylprednisolone 
equivalents based on RRA are shown in Fig. 3. The rep-
resentation reveals substantial differences among the 
different GC dosing regimens with regard to exposure. 
Indeed, infrequent dosing (with dosing intervals of 8 or 
24  h) leads to substantial time periods without relevant 
GC serum exposure where the maintenance of GC effects 
in the target organs and tissues would be dependent on 
either persistent GC local exposure in those effect sites, 
or on mechanisms of temporal persistence of the GC 
effects beyond those periods of relevant effect site expo-
sure. Conversely, continuous administration via infusion 
maintains high exposure levels throughout the day. The 

potential disadvantage regarding the delayed onset of 
high exposure seen with infusions can be corrected with 
pre-administration of an adequate loading dose (e.g., 
methylprednisolone 1  mg/kg loading dose followed by 
a 1  mg/kg/day infusion). For non-genomic effects, it is 
important that GC exposures in treatment regimens are 
maintained at continuously high exposure levels.

While the above simulations are based on average 
pharmacokinetic parameters in healthy individuals, GC 
elimination may be impaired in ARDS patients due to 
the well-described downregulation of drug metaboliz-
ing enzymes in generalized acute inflammation [33]. 
Yates et al. reported that ARDS patients had an on aver-
age ~ 50% reduced clearance for methylprednisolone 
compared to normal values at therapy onset, which 
returned to normal values with reduction of systemic 
inflammation within a few days [34]. Correspondingly, 
methylprednisolone plasma concentrations were ele-
vated relative to healthy individuals in the early treat-
ment phase (Fig. 4). Consequently, the exposure profiles 
depicted in Fig. 3 may be viewed as a worst-case scenario, 
i.e. lowest expected exposure for GC therapy in ARDS 
patients.

Glucocorticoid administration
Factors affecting prolonged GC treatment response in 
ARDS are described in Digital Supplement 1 (Figure S2). 
There is no clear definition for the quantitation of GC 
doses used in critical illness. In most critical care stud-
ies, the hydrocortisone daily equivalent of 400 [35]—500 
[36] mg (methylprednisolone 80–100  mg, dexametha-
sone 15–18.8  mg) is used to separate low from mod-
erate doses. Based on this definition, the early ARDS 
studies shown in the Digital Supplement 1 (Table  S3), 
investigated low-to-moderate dose GC treatment. A 
daily hydrocortisone equivalent of 1500  mg (methyl-
prednisolone 300  mg, dexamethasone 56.3  mg) may be 
considered a high dose, and between 500 and 1500  mg 
hydrocortisone equivalent a moderate dose. Most of the 
data examining the effect of timing, duration, and taper-
ing is extrapolated from individual patient data (IPD) 
meta-analysis (IPDMA) of four small-to-moderate size 

(See figure on next page.)
Fig. 3 Concentration–time profiles for different dosing regimens that have been used in the treatment of early ARDS. Glucocorticoid average 
plasma concentrations were simulated on the basis of published pharmacokinetic parameters for hydrocortisone (HC), methylprednisolone 
(MP) and dexamethasone (DX) and converted to MP equivalent concentrations using their reported relative receptor affinity (RRA) and fraction 
unbound to plasma proteins (fu) [8, 9]. Pharmacokinetic parameters used for the simulations were as previously described: Clearance 18, 21, and 17 
L/h; volume of distribution 33, 64, and 103 L for HC, MP and DX, respectively. The conversion to MP equivalent concentrations for HC and DX was 
performed according to the relationship: MP equivalent plasma concentration = HC or DX concentration × (fu,HC or DX/fu,MP) × (RRA HC or DX/RRA MP). 
The applied value for RRA and  fu were 9, 42, 100 and 0.20, 0.23, 0.32 for HC, MP and DX, respectively, as previously reported [8, 9]. fu determines the 
fraction of the drug concentration that is not bound to plasma proteins and is thus available to enter cells and interact with GC receptors, i.e., the 
fraction of the concentration that is pharmacologically active
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RCTs (n = 322) investigating methylprednisolone admin-
istration in early and late ARDS [28]. There is a potential 
therapeutic advantage in treating pulmonary disorders 

with drugs that have a high penetration into affected lung 
tissue (Digital Supplement 1).
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In 2017, the Corticosteroid Guideline Task Force of 
the Society of Critical Care Medicine (SCCM) and the 
European Society of Intensive Care Medicine (ESICM) 
released guidelines for GC treatment in critically ill 
patients [35]. The Task Force applied the Grading of Rec-
ommendations Assessment, Development and Evalua-
tion (GRADE) and the Evidence-to-Decision tool making 
a conditional recommendation for GC treatment provid-
ing an on-line detailed treatment protocol (Supplemen-
tal Digital Content 5, https ://links .lww.com/CCM/C918) 
(Fig. 5) [35].

Timing
Early initiation (preferably within 6 h of diagnosis) of GC 
treatment, before homeostatic corrections reach exhaus-
tion [4] is critical in decreasing the acute and long-term 
negative impact of the allostatic load imposed during 
vital organ support. In the IPDMA, early (< 72 h) as com-
pared to late (≥ 7 days) initiation of methylprednisolone 
treatment—when fibroproliferation is still in the early 
development stage (cellular with predominant type III 
procollagen)—was associated with faster disease resolu-
tion, determined by time to extubation [hazard ratio (HR) 
3.48; 95% confidence interval (CI) 2.07–5.85 in the early 
group vs. HR = 2.06; 95% CI 1.44–2.95 in late group] and 

ICU discharge, despite a lower daily methylprednisolone 
dose (1 mg/kg/day vs. 2 mg/kg/day) [28]. Noteworthy, in 
the early ARDS RCTs, methylprednisolone was adminis-
tered as a continuous infusion. Delaying treatment and 
only administering to patients that fail to improve by the 
third day of ARDS, as proposed by some investigators, 
may miss this important window to maximize treatment 
benefit.

Initial dosage
An adequate initial loading bolus is required, particularly 
when glucocorticoids are administered as a continuous 
infusion, to achieve prompt elevation of plasma GC lev-
els and approach maximal saturation of GC receptors 
(approximately 100  mg of methylprednisolone equiva-
lent) [11] in the cytoplasm and on the cell membrane for 
genomic and non-genomic actions. A methylpredniso-
lone dose of 1 mg/kg/day in early ARDS is similar to what 
is commonly used in other forms of interstitial lung dis-
eases [37], and close to the dexamethasone dose (20 mg) 
used in the recent DEXA-ARDS RCT [1]. Experimental 
[38] and clinical research [39, 40] suggest that pulse doses 
of methylprednisolone (1000 mg/day) is not beneficial in 
ARDS.

Fig. 4 Methylprednisolone pharmacokinetics in ARDS patients. a Time-dependent increase in methylprednisolone clearance [CLt (L/Hr)] in patients 
treated with a 1 mg/kg loading dose, followed by a 1 mg/kg/day continuous infusion. The high systemic inflammatory state may be responsible for 
the impaired methylprednisolone metabolism observed in early ARDS at the beginning of therapy. High levels of pro-inflammatory cytokines are 
known to inhibit the expression and activity of hepatic drug metabolizing enzymes, including multiple cytochrome P450 isozymes relevant for the 
metabolism of methylprednisolone. Inflammation resolves progressively during continuous therapy, leading to re-establishment of homeostatic 
conditions of drug metabolizing enzyme systems. This is reflected by a time-dependent increase in methylprednisolone clearance. It took about 
2 days (41.1 h) of methylprednisolone therapy to achieve 50% of the improvement in clearance towards the re-establishment of homeostasis.[34]. 
b Methylprednisolone plasma concentration–time profile in ARDS patients receiving the aforementioned dosing regimen. Methylprednisolone 
clearance is impaired during time period 1 and its concentrations are high enough to trigger genomic and non-genomic GC effects. This most likely 
establishes initial control of the generalized inflammatory state [33]. Inflammatory control is at least partially established during period 2 within 
2 days of therapy, leading to an increased hepatic methylprednisolone clearance, secondary to re-established drug metabolizing activity. The con-
centrations are maintained around 203 ± 147 ng/mL during period 3, exerting prolonged sustained anti-inflammatory activity. Reproduced with 
permission from Yates et al. [34]. Importantly, ARDS patients receiving similar GC doses experience a substantial variability in the resulting plasma 
concentrations due to between-patient variability; this may affect nati-inflammatory response to treatment

https://links.lww.com/CCM/C918
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An in vitro study commented positively on the impact 
GC dosage has on inflammation downregulation. In 
human monocytic cells activated with graded concen-
trations of lipopolysaccharide (LPS) and then exposed to 
increasing concentrations of methylprednisolone (Digital 
Supplement 1; Figure S3), the reduction in inflamma-
tory cytokine gene (TNF-α, IL-1β, and IL-6) transcrip-
tion (irrespective of baseline inflammation severity) was 
initially modest. It then reached an inflection point, fol-
lowed by a rapid reduction, most likely related to achiev-
ing close to maximal drug receptor saturation for a 
measurable genomic and non-genomic effect [41]. This 
finding emphasizes the relevance of adequate dose selec-
tion in achieving GRα saturation and optimal results. In 
one RCT [42], the response to hydrocortisone treatment, 
based on illness severity, provides some support for this 
concept.

Mode of administration
The concentration–time profiles in Fig.  3 suggest that 
optimal GR exposure can be achieved with an initial load-
ing bolus followed by a continuous infusion (daily dose 
over 24  h) to maintain high response levels throughout 
the treatment period. Limited data show that RCTs that 
implemented this administration method [26, 27, 29, 31], 
vs. RCTs that used intermittent bolus dosing, achieved 
quicker disease resolution with more mechanical ventila-
tion (MV)-free days (Digital Supplement 2; Figures  S1). 
In patients with septic shock (3 RCTs; n = 310), there is 
no evidence for a mortality benefit between continuous 
infusion and intermittent bolus [43].

Duration of glucocorticoid administration
Duration of GC administration and tapering are main 
determinants of treatment efficacy. The role of GC treat-
ment in ARDS and critical illness is to support the central 

Fig. 5 Protocol for prolonged methylprednisolone treatment in patients with early ARDS. This protocol was recommended in the 2017 guidelines 
of the Multispecialty Task Force of the Society of Critical Care Medicine and the European Society of Intensive Care Medicine (Supplemental Digital 
Content 5, https ://links .lww.com/CCM/C918) [35] Vitamin supplementation was not part of the recommended protocol. The dosage is adjusted to 
ideal body weight and rounded up to the nearest 10 mg (e.g., 77 mg rounded up to 80 mg). Thereafter I would state that 80 mg is an example for 
a patient with an ideal body weight of 77. Day 0, intravenous bolus (80 mg in 50 cc normal saline) over 30 min. Day 0-to ICU discharge: infusion is 
done by adding the daily dosage to 240 cc of normal saline and running it at 10 cc/h. If necessary, infusion can be changed to bolus every 6 h (1/4 
daily dose) or in the last 6 days to every 12 h (1/2 daily dose). If on day 3–5 there is no improvement or even worsening oxygenation indices the 
condition is considered “unresolving ARDS”. In this case, a protocol of similar duration of treatment, but with double the daily dose of methylpred-
nisolone (starting with 160 mg/day) is initiated. If the patient is extubated before day 14, the methylprednisolone infusion is advanced to day 15 
of drug therapy and tapered according to schedule. Oral administration should be delayed to 5 days after extubation, because enteral absorption 
of methylprednisolone, and likely other GCs, is compromised for days after extubation. Rapid tapering can be associated with rebound systemic 
inflammation in the presence of suppressed adrenal function with worsening of lung physiology and an increased mortality risk [60]. If patients 
worsen significantly, then GC treatment should be restarted again, and after improvement followed by slow tapering, to comply with the Food 
and Drug Administration’s package insert warnings (Reference ID: 3,032,293) [61]. Vitamin supplementation: ascorbic acid 1.5 g every 6 h mixed in 
100 ml saline solution × 4 doses per day; thiamine 100 mg every 12 h mixed in 100 ml dextrose 5% in water × 2 doses per day; vitamin D 480,000 IU 
dose (30 ml) × 1 dose. Recheck vitamin D level on day 5; if low, supplement 96,000 IU/day for 5 days

https://links.lww.com/CCM/C918)
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regulatory function played by the activated GRα in the 
acute phase (anti-inflammatory action) of the disease 
and throughout the fundamental albeit underappreciated 
phase of resolution [4]. The resolution phase is associated 
with multiple biochemical pathways, including switch-
ing production from pro-inflammatory to pro-resolving 
mediators, while also producing antifibrotic and anti-
oxidant proteins that limit tissue damage and fibrosis to 
achieve optimal restoration of anatomy and function [4, 
44].

It is essential to monitor response to treatment during 
intervention with daily assessment of lung [lung injury 
score (LIS) [45] and minute ventilation] and multiple 
organ function [Sequential Organ Failure Assessment 
(SOFA) score [46]] along with systemic inflammation 
markers [i.e., C-reactive protein (CRP)]. It sometimes 
takes two days before a CRP reduction is observed, as, 
initially, the GCs potentiate innate immunity (Fig.  2) 
[4]. Importantly, ARDS patients receiving similar GC 
doses experience a substantial variability in the resulting 
plasma concentrations due to between-patient variability 
and additional disease effects on the GC pharmacokinet-
ics, and this may affect clinical response (Fig. 4) [34]. Two 
RCTs tailored dosage and duration of therapy based on 
individual patient’s response [24, 26]. If no improvement 
was observed by day 5 or the condition worsened before 
then (Fig. 5), treatment was reset to day 1, doubling of the 
daily dose (i.e., from 80 to 160 mg methylprednisolone), 
including a new loading bolus [26]. Conversely, if the 
patient was successfully extubated (off MV > 24 h) before 
day 14, treatment was advanced to day 15. After extuba-
tion, oxygen requirements provide a simple modality to 
assess restoration of lung function. One pharmacoki-
netic study reported that intestinal methylprednisolone 
absorption is compromised for about 5 days after extu-
bation [34], and that is why switching to oral administra-
tion 5 days after MV removal may be a reasonable course 
of action. Figure 5 provides a summary of our suggested 
approach for methylprednisolone treatment.

Dexamethasone is an effective treatment in ARDS, as 
seen in the recently published DEXA-ARDS RCT [1] 
which examined moderate-to-severe ARDS and the 
RECOVERY RCT evaluating patients with COVID-
19-related ARDS [47]. A potential advantage of dexa-
methasone over alternative GCs is the single daily 
administration. The DEXA-ARDS treatment regimen 
provides a satisfactory alternative to the methylpred-
nisolone protocol. However, we believe there may be a 
potential benefit in continuing dexamethasone treatment 
following extubation and in adding a 6-to-8-day taper-
ing to the regimen (see below). Likewise, trials on hydro-
cortisone have suggested significant survival benefits in 
adults with ARDS [29–31]. Taken together these trials 

suggested that the favorable benefit to risk balance is a 
class effect.

Infection surveillance
It is essential to monitor for evidence of infection in the 
absence of fever during MV. In one RCT, infection sur-
veillance identified 56% of nosocomial infections in 
patients without fever [26]. As procalcitonin is a bacte-
rial infection biomarker that remains unaffected by GC 
treatment it is useful for early identification of infection 
[48–51], however, there is a lack of studies on ARDS 
patients receiving GC treatment. Additional infection 
monitoring parameters include an unexplained increase 
in minute ventilation (≥ 30%) or a worsening of the LIS 
or SOFA score. Unless contraindicated, surveillance 
bronchoscopic or non-bronchoscopic bronchoalveolar 
lavage (BAL) is useful for early identification of ventila-
tor-associated pneumonia and to monitor lung inflam-
mation (neutrophilia).

Tapering
Although GCs play a critical role in supporting homeo-
static corrections, this is achieved at the expense of 
reversible suppression of the hypothalamic–pitui-
tary–adrenal (HPA) axis. Unfortunately, the risk of GC 
treatment-associated adrenal suppression in critically 
ill patients with dysregulated systemic inflammation is 
underappreciated. The concept that HPA axis suppres-
sion is unlikely if GC treatment lasts less than 3  weeks 
[52] applies only to the outpatient setting and not to criti-
cally ill patients. Neither the total nor the highest dose or 
the GC treatment duration is a significant predictor of 
HPA axis recovery [53]. In the recent “Reduction in the 
Use of Corticosteroids in Exacerbated COPD (REDUCE) 
trial” that compared prednisone administration at 40 mg 
daily for 5 vs. 14 days, adrenal suppression was detected 
at hospital discharge and at thirty days in 38% and 9% of 
patients following randomization, respectively. No dif-
ferences were observed between 5 and 14  days of GC 
exposure [54]. Similarly to the experimental literature 
[55, 56], critical care RCTs have shown that abrupt GC 
discontinuation after a 3–14 days of treatment was rap-
idly followed by a rebound inflammatory response with 
severe clinical relapses in about one-third of the patients 
[25, 57–59], and a potential signal for increased mortal-
ity [25]. In the Steinberg trial [25], discontinuation of the 
study drug (administered as intermittent boluses) within 
48  h of successful extubation was associated with clini-
cal relapse in one-quarter of methylprednisolone-treated 
patients. These patients necessitated a return to MV and 
did not receive a re-institution of GC treatment. This 
led to poor outcomes with additional days of MV and a 
nine-fold increased risk of 60-day mortality (p = 0.001), 
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as compared to patients that did not return to MV [60]. 
In patients with sepsis with or without ARDS evidence 
for clinically significant rebound after termination of 
corticosteroids without tapering is missing [43]. Gradual 
tapering may (1) preserve the improvements achieved 
during GC administration, (2) sustain continuous reso-
lution and restoration of tissue homeostasis, (3) achieve 
gradual recovery of the suppressed HPA axis, (4) forestall 
disease relapse from rebound systemic inflammation, and 
(5) complies with the Food and Drug Administration’s 
package insert warnings (Reference ID: 3032293) [61].

Co‑interventions
The activated GRα interdependence with functional 
mitochondria and essential vitamin reserves provides a 
rationale for co-interventions that include prolonged GC 
treatment in association with rapid correction of hypo-
vitaminosis to improve cellular responsiveness. Oxidative 
stress has a direct deleterious impact on GR number and 
function [4]. Three vitamins, i.e. thiamine (vitamin B1), 
ascorbic acid (vitamin C), and vitamin D, are important 
for the proper functioning of the GR system and mito-
chondria, but their reserves are rapidly exhausted in 
critical illness [62]. A comprehensive list of suggested 
mechanisms for the efficacy of thiamine, ascorbic acid, 
and GCs in critical illness, and an updated rationale for 
the co-intervention were recently reviewed [4, 63]. The 
impact Vitamin C has on activated GRα activity is shown 
in the Digital Supplement 1 (Figure S4) [4]. A recent RCT 
on patients with sepsis-associated ARDS reported a pos-
sible reduction in 28-day all-cause mortality, although 
as this was a secondary outcome, it was under-powered 
[64]. However, other potential co-interventions directed 
at increasing GR expression, e.g., statins [65], melatonin 
[66], beta-blockers [67], calcium channel blockers [67], 
or directed at improving mitochondrial function [68–70] 
have not been investigated in association either with GC 
treatment in acute illness or alone in chronic critical 
illness.

Clinical efficacy
Digital Supplement 2; Figures  S3, S4, and S5 report the 
impact of prolonged GC treatment on the outcomes of 
duration of mechanical ventilation, length of ICU stay, 
and hospital mortality (relative risk 0.65; 95% confidence 
interval 0.50–0.85—number needed to save one life: 7.2). 
Importantly, the survival benefit observed during hos-
pitalization persisted after hospital discharge with fol-
low-up observations extending up to 60 days [1, 29, 42], 
4 months [24], 6 months [25], or one year (limit of meas-
urement) [26]. Survival rates at 2, 6, and 12 months were 
76% vs. 61% (p-value = 0.13), 67% vs. 46% (p value = 0.07), 
and 63.5% vs. 46% (p value = 0.13), respectively [26]. In 

aggregate data from four RCTs in patients (n = 945) hos-
pitalized with community-acquired pneumonia, early ini-
tiation of GC treatment prevented progression to ARDS 
(n = 945; 0.4% vs. 3.0%; RR 0.27, 95% CI 0.08, 0.87) [71]. 
Recent RCTs in COVID-19 patients provide additional 
support for prolonged GC treatment in early ARDS. 
Rationale for GC treatment in severe COVID-19 was 
recently reviewed [72]. A prospective meta-analysis of 
seven RCTs investigating critically ill adults with COVID-
19 (n = 1703) reported a significant reduction in 28-day 
mortality (32.7% vs.41.5%; OR 0.66, 95% CI, 0.53–0.82). 
There were no differences in survival benefit between 
the three corticosteroids investigated (dexamethasone 
for 10 days, hydrocortisone for 7 or 14 days, and meth-
ylprednisolone for 5 days), and no evidence for increased 
risk of serious complications [2]. These findings led the 
World Health Organization to recommend GC treatment 
for severe COVID-19 [73].

Therapeutic index
The therapeutic index is a measure of drug safety. Except 
for transient hyperglycemia (mostly within 36  h after 
an initial bolus), GC treatment is not associated with a 
higher risk of neuromuscular weakness, [74] gastrointes-
tinal bleeding, or nosocomial infection (Digital Supple-
ment 2; Figure S6). Moreover, GC treatment-associated 
downregulation of systemic and pulmonary inflammation 
might lower the risk of developing nosocomial infections 
by (1) decreasing MV duration, (2) achieving an inflam-
matory milieu less favorable for intra- and extra- cellular 
growth of the bacterial pathogens frequently encoun-
tered in ARDS (Staphylococcus aureus, Pseudomonas 
aeruginosa, and Acinetobacter sps.) [75], and (3) improv-
ing opsonization-dependent phagocytic neutrophil func-
tion [76] and intracellular killing [41]. Inflammation has 
a bidirectional effect on the growth of nosocomial path-
ogens; lower inflammatory cytokine levels—similar to 
values detected in ARDS survivors—suppress growth, 
whilst higher levels—similar to values detected in ARDS 
nonsurvivors—enhance bacterial growth in a dose-
dependent manner [75]. In LPS-activated immune cells 
exposed to graded doses of methylprednisolone, con-
centrations similar to the plasma levels (150–250 μg/ml) 
achieved in ARDS patients on methylprednisolone infu-
sion (1  mg/kg/day) [34] were associated with the most 
significant reduction in intracellular bacterial growth and 
TNF-α, IL-1β, and IL-6 gene expression.[41]

The endothelial GRα is a critical regulator of vascu-
lar homeostatic corrections, and essential for restoring 
the integrity of the blood–brain barrier [4]. In ARDS 
survivors, longer GC treatment was associated with 
lower anxiety scores (p value = 0.019) and a trend (p 
value = 0.05) for improvement in post-traumatic stress 
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syndrome score symptomatology [77], similar to the 
improvements previously reported in patients with septic 
shock [78].

Conclusions and future directions
To the best of our knowledge, this is the first review 
examining the pharmacological principles guiding GC 
treatment in ARDS which examines how each compo-
nent of the treatment protocol is relevant to achieve opti-
mal results. We suggest that future RCTs evaluating GC 
treatment in ARDS should consider these pharmacologi-
cal principles in their design and protocol. RCTs compar-
ing how different GC doses and duration of treatment 
impact on laboratory markers of inflammation and oxy-
genation, duration of mechanical ventilation, and short- 
and long-term morbidity and mortality have important 
clinical relevance. An effort is in progress to best char-
acterize subphenotypes in ARDS [79], to identify those 
more likely to benefit from an intervention. An approach 
based on these pharmacological principles may help to 
eventually personalize GC treatment protocols based on 
patients’ individual clinical and laboratory characteristics 
with longitudinal adjustments directed by measurement 
of physiological and laboratory markers.
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Invasive mechanical ventilation is a key component of 
critical care medicine. Resource-intensive and expensive, 
it is an essential intervention to support many patients 
through critical illness. Examining and estimating sys-
tem-wide capacity for mechanical ventilation, whether 
the system in question is a country, a region, or a group 
of hospitals, is often accomplished using population-level 
data. These data may be used to assess whether capabili-
ties match current or projected needs, and may be used 
to evaluate differences in use and outcomes across a sys-
tem or systems [1–3].

Specific uses for population‑level data
Population-level data are often used to better understand 
the epidemiology and outcomes of mechanical ventila-
tion. Such data have demonstrated that patients requiring 
mechanical ventilation span a wide age range, are highly 
comorbid, and account for an outsize percentage of over-
all hospital costs [4]. Studies across hospitals have shown 
substantial variation in use of mechanical ventilation and 
demonstrated the possibility of a volume–outcome rela-
tionship, with lower mortality at hospitals with higher 
rates of use [5, 6]. Population-level data have also been 
used to understand temporal trends in use of mechanical 
ventilation. Over time, use of mechanical ventilation has 
increased and the treated population has changed, with 
patients having a higher severity of illness [1, 7]. Fur-
thermore, in the United States, the use of tracheostomy 
also increased (until 2008), with a concomitant increase 
in the use of post-acute care facilities [7, 8]. Recognition 
of these trends was important, as they informed the need 
to move beyond in-hospital endpoints to follow patients 

post discharge to fully understand mechanical ventilation 
outcomes. Moreover, tracking of these trends can facili-
tate planning of post-acute care services to meet height-
ened demand.

Population-level data may be particularly useful for 
examining long-term outcomes requiring longitudi-
nal follow-up. Studies using population-level data have 
documented an increased risk of long-term mortality, 
a transient increase in risk of psychiatric diagnoses and 
psychoactive medication prescriptions, and an increased 
need for subsequent healthcare utilization after epi-
sodes of prolonged mechanical ventilation [9–11]. Fur-
thermore, outcome-focused studies have been used to 
identify patient populations where use of mechanical 
ventilation may be of limited benefit. A national study 
from Taiwan of patients with cancer who underwent pro-
longed mechanical ventilation demonstrated that 1-year 
mortality was 85.7%, and that patients with liver, lung 
or metastatic cancer had the worst survival [12]. In the 
United States, a study of nursing home residents with 
advanced dementia showed that use of mechanical ven-
tilation increased over time in this population without an 
associated improvement in survival [13]; moreover, this 
trend of increasing use for patients with dementia was 
confirmed in a separate study using Canadian data, sug-
gesting that such practices were not isolated to the US 
[2]. These studies, and others like them, have served to 
better inform the risk–benefit ratio for mechanical ven-
tilation by clarifying what the long-term risks are, as well 
as what the benefit (in terms of survival) is likely to be.

Considerations when using large databases 
to study mechanical ventilation
The information that can be learned about mechanical 
ventilation from any specific population-level database 
depends a lot on two main factors. The first is the abil-
ity to identify mechanical ventilation accurately in the 
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data (Table  1). The second is the specifics of the clini-
cal details collected that may allow for a more nuanced 
assessment of mechanical ventilation. In a hierarchy 
of potential information, at the bottom is the ability to 

identify whether mechanical ventilation was used at all 
during hospitalization; at the top is the ability to identify 
details of ventilator settings and measurements, such as 
compliance and driving pressures (Fig.  1). With some 

Table 1 Validity of codes for determining receipt of mechanical ventilation in selected population‑level data

ICD-9 International Classification of Disease, 9th edition, CCI Canadian Classification of Health Interventions

Data source Definition 
of mechanical 
ventilation

Comparison 
standard

Sensitivity Specificity Positive 
predictive 
value

Negative 
predictive 
value

Accuracy

Quan et al. [14] Hospital discharge 
data from three 
hospitals in 
Calgary

ICD-9 codes (96.7x) Chart review 87.0 99.7 93.0 99.5 0.9

Garland et al. [15] Canadian Dis-
charge Abstract 
Database

CCI codes (GZ.31.
CA-ND, 1.GZ.31.
CR-ND)

Prospectively 
collected 
clinical database 
(Winnipeg ICU 
database)

91.5 94.4 94.8 90.9 0.93

Blichert-Hansen 
et al. [16]

Danish National 
Patient Registry

Danish procedure 
codes

Chart review – – 100 – –

Wunsch et al. [17] Medicare data ICD-9 codes (96.7x) Prospectively 
collected 
clinical database 
(APACHE Out-
comes)

58.4 96.0 89.6 79.7 –

Kerlin et al. [18] Electronic health 
records from 
two US health 
systems

ICD-9 codes (96.7x) Chart review, vali-
dated electronic 
algorithm

38.0, 46.0 99.6, 99.6 – – 0.73, 0.69

Fig. 1 Schematic of information in databases including information on mechanical ventilation
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exceptions, large databases tend to include information 
that falls towards the bottom of this hierarchy. In par-
ticular, these databases often lack the clinical variables 
required to ascertain patient severity of illness, hinder-
ing the ability to adjust for differences in casemix. As the 
available detail increases, the cohort sample size often 
decreases, resulting in a loss of population coverage for 
databases with these most detailed components.

Some countries, such as the United Kingdom and 
Australia, have the ability to track essentially all use of 
mechanical ventilation at hospitals, linked with detailed 
clinical data that allow for a rich assessment of casemix 
and outcomes (although even these databases do not 
contain the detailed physiology and mechanical ventila-
tion settings described above). In the United States, pop-
ulation-level data are often collected for administrative 
purposes. Consequently, mechanical ventilation is often 
identifiable solely through International Classification of 
Diseases (ICD)-9 and -10 codes which, at their best, only 
indicate its use at some point during hospitalization and 
the broad duration of time (less than or more than 96 h). 
Moreover, when the validity of these procedure codes 
have been examined, they had high specificity (> 95%) 
but low sensitivity (42–58%), with substantial variabil-
ity in sensitivity across different US hospitals [17, 18]. 
The patients in a cohort defined by these ICD codes are, 
therefore, very likely to have received mechanical ventila-
tion. However, due to the low sensitivity, many patients 
who also received mechanical ventilation are likely to 
have been excluded. Knowledge of these performance 
characteristics is necessary to appropriately interpret 
population-level data, as understanding (and potentially 
quantifying) how misclassification may impact results 
will ensure robust conclusions from the data. Even taking 
these considerations into account, population-averaged 
data are of limited utility to guide clinical decisions for 
individual patients. While these data may inform discus-
sion of potential outcomes, the likelihood of a particular 
outcome occurring for a given patient is often poorly pre-
dicted, even when using high-quality clinical data [19].

Despite its shortcomings, population-level data have 
greatly furthered our understanding of how mechani-
cal ventilation is used and associated outcomes for 
patients. With growing facility with artificial intelli-
gence techniques that can process and enrich extremely 
large amounts of data, there is the potential to gain more 
nuanced insights from large population-level datasets 
that also include more detailed clinical information [20]. 
It is incumbent on us to continue to assess such real-
world evidence to improve our understanding of how to 
best provide life-sustaining therapies, such as mechanical 
ventilation.
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Abstract 

Proportional modes of ventilation assist the patient by adapting to his/her effort, which contrasts with all other 
modes. The two proportional modes are referred to as neurally adjusted ventilatory assist (NAVA) and propor-
tional assist ventilation with load-adjustable gain factors (PAV+): they deliver inspiratory assist in proportion to the 
patient’s effort, and hence directly respond to changes in ventilatory needs. Due to their working principles, NAVA 
and PAV+ have the ability to provide self-adjusted lung and diaphragm-protective ventilation. As these proportional 
modes differ from ‘classical’ modes such as pressure support ventilation (PSV), setting the inspiratory assist level is 
often puzzling for clinicians at the bedside as it is not based on usual parameters such as tidal volumes and  PaCO2 
targets. This paper provides an in-depth overview of the working principles of NAVA and PAV+ and the physiological 
differences with PSV. Understanding these differences is fundamental for applying any assisted mode at the bedside. 
We review different methods for setting inspiratory assist during NAVA and PAV+ , and (future) indices for monitoring 
of patient effort. Last, differences with automated modes are mentioned.

Keywords: Mechanical ventilation, Proportional modes, Inspiratory assist, Respiratory effort

Introduction

Proportional modes of ventilation work by amplifying 
the effort of the patient’s respiratory muscle activity, pro-
viding the necessary support to improve the imbalance 
between capacity and demand and to reach the patient’s 
ventilation goal at the same time. Proportional modes 
have the potential to provide lung and respiratory mus-
cle-protective ventilation by maintaining the patient’s 
control mechanisms against both lung overdistention and 
ventilator over-assistance, and avoiding the development 
of diaphragm disuse atrophy [1, 2]. Inspiratory assist is 
delivered in synchrony with patient effort during the total 
inspiratory cycle, and thus, by contrast with other modes, 

directly responds to changes in ventilatory demands [3, 
4]. This is fundamentally different from conventional par-
tially supported modes of ventilation such as pressure 
support ventilation (PSV), where the same pressure is 
delivered by the ventilator for every breath and is inde-
pendent of the metabolic needs and the magnitude of the 
patient’s effort and also, most often, of its timing. Hence, 
patient-ventilator asynchrony and ventilator over-assis-
tance are common and often unnoticed in conventional 
modes such as PSV [5–9].

Modes of proportional ventilation readily available 
in clinical practice on dedicated ventilators are neu-
rally adjusted ventilatory assist (NAVA) [3], and pro-
portional assist ventilation with load-adjustable gain 
factors (PAV+) [2]. Their physiological effects are 
very similar, but they differ in the signal used to con-
trol the ventilator. NAVA delivers inspiratory assist in 
proportion to the diaphragm electrical activity (EAdi), 
which closely reflects central respiratory drive and is 
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measured via a dedicated nasogastric (feeding) tube 
with embedded electrodes [3]. PAV+ delivers assist in 
proportion to the instantaneous flow and volume gen-
erated by the patient’s inspiratory effort or muscular 
pressure (Pmus), which is estimated from semi-contin-
uous automatic measurements of respiratory mechan-
ics applying the equation of motion of the respiratory 
system [10, 11]. As patients tailor the amount of assist 
themselves, proportional modes simplify the imple-
mentation of assisted mechanical ventilation [12]. An 
important barrier to wide implementation of those 
modes, however, is the unfamiliarity with the set-
tings and functioning, which differ from conventional 
modes. Real-time monitoring of respiratory drive 
(EAdi time course during NAVA) and patient effort 
(semi-continuous estimation of Pmus in PAV+) is 
also available in proportional modes and allows quan-
tification of the physiological response to changes in 
ventilatory assist. Although proportional modes have 
been increasingly used, setting inspiratory assist lev-
els remains a challenge at the bedside as it cannot be 
based on usual parameters such as tidal volumes and 
 PaCO2 targets [13, 14]. Moreover, safe targets for res-
piratory effort may vary among patients, depending 
on the severity of lung injury and diaphragm function 
[15–17]. The uncertainty regarding titration of inspira-
tory support with NAVA and PAV+ might be one of 
the reasons why there is still limited data showing 
improved clinical outcomes when using proportional 
modes as compared to conventional modes [18, 19], 
but clinical benefits of NAVA compared to PSV were 
recently demonstrated in difficult-to-wean patients 
[20, 21]. At the same time, despite having very com-
plex physiological consequences, PSV maintains an 
appearance of simplicity and is the most frequently 
used partially supported mode of ventilation [22].

This review provides a physiological understand-
ing of proportional modes during invasive mechani-
cal ventilation in the adult intensive care unit (ICU) 
population and their differences with PSV, which is 
fundamental to understand when applying any assisted 
mode at the bedside. We discuss methods for titrat-
ing inspiratory assist during NAVA and PAV+ , and 
(future) indices for monitoring of patient effort. Last, 
we also highlight key differences with automated 
modes.

Principles of operation
NAVA
Measured with a dedicated nasogastric feeding tube, 
EAdi reflects the intensity of the electrical field pro-
duced by the diaphragm contraction and is the clos-
est available signal to the respiratory centers’ output. 

EAdi is the most precise surrogate of neural respira-
tory drive provided that neuromuscular transmission 
and muscle fibre membrane excitability are intact, and 
the diaphragm is used as the main inspiratory muscle 
(i.e., no significant difference across different accessory 
muscles) [3, 23, 24]. EAdi mainly reflects crural dia-
phragm activity, but is representative of activity from 
the costal parts of the diaphragm. EAdi correlates well 
to transdiaphragmatic pressure [25, 26] and the signal 
remains reliable at different lung volumes [27]. Venti-
lator algorithms continuously correct for interference 
from cardiac activity and motion artefacts due to car-
diac contractions and esophageal peristalsis.

NAVA is unique compared to all other ventilator 
modes, as it uses EAdi to control the ventilator, espe-
cially triggering, level of inspiratory assist and cycle-off. 
Inspiratory pressure (Paw) applied above positive end-
expiratory pressure (PEEP) during NAVA is determined 
by the proportionality gain (NAVA level, in  cmH2O/
µV) set by the clinician:

Thus, when EAdi amplitude is 10 µV and the NAVA 
level 1.5  cmH2O/µV, peak Paw reaches 15  cmH2O 
above PEEP. Inspiratory assist is proportional to EAdi 
over the inspiratory cycle; it is triggered for every EAdi 
increase > 0.5  µV above baseline and is terminated 
when EAdi amplitude falls at 70% of its peak value, 
which probably approximates reasonably the end of the 
active contraction. The EAdi signal is pneumatically 
independent and thus triggering is not directly affected 
by the presence of leaks or intrinsic PEEP; assisted 
breaths can be triggered either by EAdi, Paw or flow, 
according to a hierarchy that follows the “first-come 
first-served” principle [3]. EAdi allows real-time moni-
toring of diaphragm activity, which is not limited to the 
use in NAVA mode and even possible in a non-intu-
bated patient. When using EAdi for monitoring pur-
poses, it is important to realize that an increase in EAdi 
can have many causes such as an increased mechanical 
load imposed on the respiratory muscles (e.g., increase 
in resistance), an increased ventilatory demand (e.g., 
increase in  CO2 production), or an increase in drive 

(1)Paw = (NAVA level × EAdi) + PEEP.

Take‑home message 

This review explains how proportional ventilation modes improve 
the match between the patient and the ventilator and provide the 
potential for both lung and diaphragm-protective ventilation. We 
discuss different methods to titrate inspiratory assist levels, which 
is a key challenge at the bedside, as optimal targets of respiratory 
muscle effort may vary among patients and over the course of 
critical illness.
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unrelated to the load (e.g., inflammation) [28–30]. 
Because tidal volume is  controlled primarily by the 
brain stem respiratory centres, changing the level of 
assist may not affect tidal volume.

PAV+
In PAV+ , the trigger functions similarly to other assisted 
modes of ventilation; the ventilator detects inspiratory 
effort by instantaneous measures of flow and volume 
that is pulled in by the patient and delivers pressure assist 
accordingly [10, 11]. The inspiratory assist is instanta-
neously calculated from the measured flow and volume 
using the equation of motion of the respiratory system 
and an adjustable gain that determines the percentage 
of the total pressure calculated to be delivered [2, 4]. The 
total pressure delivered to the respiratory system (Ptotal) 
is then the sum of Paw and Pmus and it overcomes both 
resistive and elastic recoil pressure:

The ventilator automatically calculates respiratory 
system resistance [10] and elastance [11] by performing 
short end-inspiratory occlusions every 8–15 breaths (of 
note: this is specific to PAV+ and does not exist in simple 
‘PAV’ or in ‘proportional pressure support’) and uses the 
gain as %assist:

(2)

Ptotal = Paw + Pmus

= (flow × resistance)

+ (volume × elastance).

(3)Paw = %assist × Ptotal.

Using Eq. 2, this relationship can be further written as

Paw is thus a fraction of Ptotal and proportional to 
the instantaneous Pmus during the full inspiratory 
cycle (Fig. 1); the gain indicates a percentage of respira-
tory muscle unloading, set by the clinician. Hence, if 
the gain is set at 75%, it means that the ventilator deliv-
ers 75% of the total pressure, the remaining 25% being 
assumed by the patient’s Pmus (Eq. 3): Paw equals three 
times Pmus along the inspiratory phase (Eq.  4). Prac-
tically, this gain can be between 5% and 85%. Indeed, 
assist levels close to 100% would put the patient at risk 
of over-assistance in case of errors in the automated 
calculations of respiratory mechanics resulting in over-
estimation of the pressure needed. Similar to NAVA, 
because the patient’s brain controls the desired volume, 
the volume delivered to the patient may show little var-
iations when varying the level of assist [31]. Inspiration 
is cycled-off when flow decreases to a low pre-set level 
(by default set to 3 L/min). This cycling-off mechanism 
usually makes the end of ventilator assistance extremely 
close to the end of the neural inspiration. PAV+ cannot 
be used during non-invasive ventilation, as end-inspir-
atory occlusions cannot be performed in the presence 
of leaks. In addition, estimations of Ptotal do not cor-
rect for intrinsic PEEP, if present, which may lead to an 
underestimation of the delivered pressure in patients 
with significant hyperinflation [32].

(4)Paw = Pmus × %assist / (100 − %assist).

Fig. 1 Example of the working principle of proportional assist ventilation with load-adjustable gain factors (PAV+). Short inspiratory occlusions are 
automatically performed (indicated by * in the flow signal) for the calculation of respiratory system resistance and compliance. Arrows indicate that 
airway pressure (Paw) is delivered proportional to the patient’s effort (esophageal pressure (Pes))
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Differences between proportional modes and PSV
Patient‑ventilator interactions: Pmus‑VT relationship 
and cycling‑off criterion
The main physiological differences between PSV and pro-
portional modes can be explained with the relationship 
between patient’s effort or Pmus and tidal volume (VT) 
delivered by the ventilator (Fig.  2a). During unassisted 
breathing, increases in Pmus result in a relatively linear 
increase in tidal volume (i.e., assuming a linear relation-
ship between Pmus and  PaCO2) [33, 34]. The slope of 
this relationship represents the efficiency of the respira-
tory muscles. With PSV, the Pmus-VT curve is shifted 
upwards and, therefore, does not start from zero volume 
(Fig. 2a); this is because a substantial tidal volume is still 
delivered despite minimal respiratory drive and no meas-
urable effort (e.g., due to sedation or over-assistance); 
this volume depends mostly on the pressure support level 
and the respiratory system compliance [35, 36]. The pres-
ence of this ‘minimum tidal volume’ erroneously suggests 
to clinicians that the patient is spontaneously breathing, 
while the patient only triggers the ventilator and relaxes 
his inspiratory muscles thereafter, implying ventilator 
over-assistance (Fig.  3) [35]. Ventilator over-assistance 
results in excessive tidal volumes, very low diaphragm 
activity and possibly risk of disuse atrophy [5, 37]. Exces-
sive inspiratory assist decreases patient effort to virtually 
zero [38] and leads to central apnea events during sleep 
as soon as the  PaCO2 apneic threshold is reached. Apneas 
result in arousals and awakenings, making deep (rest-
ful) sleep difficult [39]. The initial slope of the Pmus-VT 
relationship is unaffected in PSV, as a constant pressure 
is applied regardless of patient effort. As such, patients 

Pmus

VT

NAVA, 
PAV+

PSV

no assist

Pmus

Level of assist

Volume

Time

Target Pmus

Ti ventilator

Ti neural

Pmus

Level of assist

Volume

Lorem ipsum

Time

Target Pmus

Ti ventilator
Ti neural

a b c
PSV NAVA, PAV+

VT
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Fig. 2 a Schematic illustration of the relationship between patient effort (respiratory muscle pressure, Pmus) and tidal volume  (VT) in unassisted 
spontaneous breathing (dashed line), during pressure support ventilation (PSV) and for proportional modes such as proportional assist ventilation 
with load-adjustable gain factors (PAV+) and neurally adjusted ventilatory assist (NAVA). b Patient-ventilator interaction during PSV. Increasing the 
pressure support level increases  VT (blue line) and ventilator inspiratory time (Ti, green line), while patient effort (Pmus, grey dotted line) is down-
regulated. In addition, neural Ti (dark blue line) remains unaltered with increasing levels of assist which results in late cycling. c Patient-ventilator 
interaction during NAVA and PAV+. Ventilator assist is delivered proportional to the patient’s demand over the full inspiratory cycle (neural Ti = ven-
tilator Ti, note that the dashed green and dark blue lines overlap). Increasing the inspiratory assist level (NAVA level or PAV+ gain) downregulates 
Pmus (grey dotted line). Because the patient’s brain controls mainly the desired  VT, changing the level of assist often has only minimal effects on the 
 VT, as shown by the horizontal blue line on the Volume vs. level of assist curve

Fig. 3 Representative example of over-assistance during pres-
sure support ventilation (PSV). The patient was ventilated with an 
inspiratory pressure set at 10  cmH2O above a positive end-expiratory 
pressure of 8  cmH2O. A double-balloon nasogastric catheter was 
placed for measurements of esophageal pressure (Pes) and gastric 
pressure. Transdiaphragmatic pressure (Pdi) was calculated as gastric 
pressure minus Pes. As can be seen in the Pes waveform, the patient 
only triggers the ventilator (small drop in Pes) and relaxes inspiratory 
muscles thereafter, as demonstrated by the increase in Pes during the 
remaining of the inspiratory cycle and the absence of increases in Pdi
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with a high respiratory drive can also be under-assisted, 
with a risk of diaphragm load-induced injury and patient 
self-inflicted lung injury [15, 16]. Additionally, perfect 
patient-ventilator synchrony is frequently not achieved in 
PSV [19, 40, 41]. The risk of late cycling (i.e., mechani-
cal insufflation finishing after the end of inspiratory 
effort; also known as prolonged insufflation or prolonged 
cycling) is high during PSV, as insufflation cycles-off to 
exhalation once the flow has reached a set percentage of 
the peak inspiratory flow: the higher the assist, the longer 
the time to reach the cycling-off criterion and the longer 
the mechanical inspiratory time, thereby increasing the 
mismatch with the patient’s neural inspiratory time [42, 
43] (Fig.  2b). Since excessive ventilator assist promotes 
dynamic hyperinflation and decreases patient effort, 
this places the patient at risk of ineffective efforts [6, 8] 
(Fig. 2b). In addition, autotriggering resulting in delivery 
of a full breath may happen during PSV but not under 
proportional modes. Electrical artefacts in the EAdi sig-
nal can trigger some pressure delivery during NAVA; 
however, this will always be very low (proportional to the 
artefact) [44].

In contrast, during NAVA and PAV+, the proportional-
ity gain set by the clinician determines the slope of the 
Pmus-VT curve [2, 35] (Fig. 2a), meaning that more assist 
is delivered with increased patient’s ventilatory demands. 
As the curve starts at zero (i.e., no upward shift as in 
PSV) some activity of the respiratory muscles is required 
to maintain adequate ventilation and ventilator assist is 
terminated as soon as patient effort diminishes (Fig. 2a, 
c). Therefore, proportional modes provide patient-venti-
lator synchrony over the full inspiratory cycle, preventing 
ventilator over-assistance, diaphragm disuse and avoid-
ing apnea events during sleep. These principles explain 
why NAVA and PAV+ are more physiological as com-
pared to PSV [41].

Respiratory muscle unloading and neuromuscular 
coupling
In patients recovering from acute respiratory failure, 
muscle unloading was comparable between PSV lev-
els within the range of 7 to 25  cmH2O and NAVA levels 
ranging from 0.5 to 2.5  cmH2O/μV [38]. NAVA, how-
ever, improved patient-ventilator interactions, preserving 
breathing variability and allowing better synchronization. 
Interestingly, NAVA led to a larger contribution of the 
diaphragm to inspiratory efforts [45], which could poten-
tially improve gas exchange due to enhanced ventila-
tion in basal lung regions [46]. Another study confirmed 
improved diaphragm function with NAVA compared to 
PSV after prolonged controlled mechanical ventilation 
[47], while differences between PSV and PAV+ were not 
as pronounced [48]. However, in response to increases 

in elastic loading, a greater respiratory muscle efficiency 
was found with PAV+ compared to PSV [49, 50].

Proportional modes for lung and diaphragm‑protective 
ventilation
Proportional modes improve patient-ventilator syn-
chrony, neuromuscular coupling and gas exchange, 
and restore breathing variability [19, 41, 50–53]. This 
improved patient-ventilator interaction is a potential 
mechanism by which NAVA and PAV+ might provide 
lung and diaphragm-protective ventilation. Lung over-
distention is prevented due to two known physiological 
mechanisms. First, the Hering–Breuer inflation–inhi-
bition biological feedback mechanism downregulates 
respiratory drive (and thus EAdi amplitude and patient 
effort) at higher tidal volumes to avoid hyperinflation [27, 
54, 55]. Second, with increasing lung volumes the dia-
phragm shortens and may become a less effective pres-
sure generator, thereby decreasing effort [27, 56]. Indeed, 
Carteaux et  al. [38] showed that most patients could 
self-regulate their tidal volumes in a protective range 
(between 6 and 8 mL/kg PBW) despite increasing NAVA 
levels within a certain ‘reasonable’ range. Furthermore, it 
was recently shown that patients ventilated in PAV+ after 
acute respiratory distress syndrome were able to avoid 
lung overdistention, as indicated by a driving pressure 
kept below 15  cmH2O [57]. Increasing support levels 
during PSV, by contrast, increases tidal volumes despite 
a downregulation of neural drive [45]. Proportional 
modes may, therefore, protect the patient from harm-
ful tidal volumes and simultaneously prevent diaphragm 
disuse atrophy. It should be stressed, however, that exces-
sive respiratory drive may overwhelm lung-protective 
reflexes, and hence, additional caution is required when 
using proportional modes in patients with high respira-
tory drive and extremely impaired respiratory mechanics.

Clinical comparisons of proportional modes and PSV
The use of proportional modes, especially PAV+, has been 
associated with a shorter weaning duration compared 
to PSV [19] in small studies  and increased probability of 
remaining with assisted spontaneous ventilation [58]. It 
was reasoned that this was because of better patient-ven-
tilator interaction, reduced sedation requirements [12, 
59] and improvement in sleep quality [60–62]. Because of 
these reasons, increased patient comfort during propor-
tional modes is often assumed to be present but has rarely 
been measured [53, 63, 64]. Although reduced asynchro-
nies during sleep were reported, the direct effects of pro-
portional modes on sleep quality were small, improving 
sleep in two studies [60, 61] but not in all [62].

Differences in weaning duration or ICU outcome were 
not demonstrated in a large randomized study (n = 128) 
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that compared NAVA with PSV in patients recover-
ing from acute respiratory failure [18]. It is important to 
note, however, that EAdi monitoring was also available in 
the PSV group. In that study, NAVA reduced patient-ven-
tilator asynchrony and the rate of post-extubation appli-
cation of non-invasive ventilation, and feasibility and 
safety of NAVA over several days was successfully dem-
onstrated. A recent study confirmed acceptable adher-
ence to the assigned mode beyond 48 h when comparing 
NAVA with PSV [21]. Furthermore, Liu et  al. recently 
showed shorter weaning duration with NAVA compared 
to PSV in selected difficult-to-wean patients [20].

Setting inspiratory assist during NAVA
Different methods for NAVA titration starting from 
PSV or based on a thorough physiological assessment in 
NAVA mode exist and are summarized in Table 1. Before 
starting any titration, adequate EAdi catheter placement 
according to published recommendations [65] and the 
manufacturer’s positioning tool (using a calculated dis-
tance and ECG artefacts in the signal) and EAdi signal 
quality should be confirmed. If EAdi is abnormally low 
or absent despite correct catheter placement, ventilator 
over-assistance, excessive sedation, central apneas, severe 
diaphragm weakness or pre-existing neuromuscular dis-
eases should be considered as possible reasons for low 
EAdi. Direct phrenic nerve lesions could hamper NAVA 
application if no inspiratory EAdi can be measured, but 
this is quite rare.

NAVA “preview”
A grey curve (Fig.  4) displayed on the monitor during 
PSV shows a “preview” of the estimated Paw that would 
exist if the patient was ventilated in NAVA mode with 
current proportionality setting. The shape of the Paw 
curve resembles the EAdi profile (i.e., proportionality), 
while the amount of assist depends on the EAdi ampli-
tude and the selected NAVA level.

Airway pressure targets
The most frequently used method is setting the NAVA 
level such that inspiratory assist reaches the same peak 
Paw  (Pawpeak) that is obtained in PSV. However, when 
applying this method, differences in the shape of the Paw 
curve explain why the pressure delivered (i.e., area under 
the Paw curve) is generally lower with NAVA than PSV. It 
is suggested to target NAVA levels to obtain similar mean 
Paw  (Pawmean) values [45]. The main uncertainty regard-
ing the relevance of this method is whether support was 
adequate (no over-assist or under-assist) in PSV.

Ventilation targets
Coisel et al. [66] set the NAVA level to obtain the same 
minute ventilation as determined by a prior 5-min appli-
cation of PSV with tidal volumes of 6–8 mL/kg PBW and 
a respiratory rate of 20–30 breaths/min. Similar as for 
Paw targets, this method depends on the quality of the 
initial PSV titration. In addition, ventilation is not really 
‘controlled’ by the settings.

Assessment of physiological response to inspiratory assist
The above methods do not take advantage of the working 
principle of NAVA as a proportional mode. The following 
methods for NAVA titration are based on the fact that 
neural drive and patient effort, and not necessarily tidal 
volume, vary with the level of inspiratory assist.

Two‑phased response of Paw and tidal volumes
Starting from a condition of ventilator under-assist (i.e., 
minimal ventilator assist of ~ 3  cmH2O), Brander et  al. 
[67] assessed changes in Paw and tidal volumes during a 
stepwise increase in NAVA level. A two-phased response 
was observed: the initial increase in NAVA level resulted 
in a steep increase in both Paw and tidal volumes (first 
response) and, at some point, further increasing the 
NAVA level resulted in less Paw increase and no change 
in tidal volume (second response). The optimal NAVA 
level was identified at the transition point, describing a 
change from an initial insufficient assist level to an assist 
level that meets the patient’s respiratory demand as indi-
cated by a stable tidal volume. In the initial phase, the 
patient allows Paw and tidal volumes to increase, while 
in this second phase tidal volume reaches a plateau (EAdi 
downregulation) since  ventilation meets the patient’s 
demands. The same group confirmed this response in 
resistively loaded rabbits [54]. Another study compared 
this method to an initial NAVA level set using the pre-
view tool with matching NAVA  Pawpeak to the  Pawpeak 
measured during PSV; although not significant, a trend 
toward overestimation of the NAVA level when using the 
NAVA preview tool was reported [68]. It is not clear how 
often this procedure is feasible, since many patients do 
not demonstrate clearly these two phases [38].

Percentage of the maximum EAdi during a failed SBT
In difficult-to-wean patients, Rozé et  al. [69] set the 
NAVA level to obtain EAdi amplitudes corresponding 
to ~ 60% of the EAdi peak (level chosen arbitrarily) that 
was measured during a failed spontaneous breathing 
trial under PSV (PS 7  cmH2O, no PEEP); this level was 
referred to as  EAdimaxSBT. This procedure was repeated 
daily, allowing a progressive reduction of the NAVA 
level until extubation. Setting the NAVA level using 
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 EAdimaxSBT,  was reasoned to be a non-fatiguing and 
objective target more relevant than volumetric goals, but 
additional monitoring may be required in patients with 
excessive respiratory drive [70].

Neuroventilatory efficiency index (NVE)
In patients who had started weaning, Campoccia et al. 
[71] titrated NAVA to unloading targets. The ratio of 

unloading provided by the ventilator can be calculated 
as the tidal volume provided by the ventilator only, 
divided by total tidal volume (VTtot, volume resulting 
from patient effort + ventilator assistance). The tidal 
volume provided by the ventilator can be estimated by 
the difference between the assisted tidal volume minus 
the non-assisted tidal volume generated by the patient. 
The latter can be obtained during one unassisted 

Table 1 Methods of inspiratory assist titration in NAVA and PAV+ and their pros and cons

EAdi diaphragm electrical activity, EAdimaxSBT maximum EAdi amplitude during a spontaneous breathing trial (SBT), CPAP continuous positive airway pressure, NAVA 
neurally adjusted ventilatory assist, NVE neuroventilatory efficiency index, Paw airway pressure, PEEP positive end-expiratory pressure, Pmus muscular pressure, PTP 
pressure–time product, PS pressure support, PSV pressure support ventilation, VT tidal volume

Method Pros Cons

NAVA preview
Pawpeak matching Intuitive and straightforward

Implemented in the ventilator
Helpful for detecting asynchronies in PSV mode

Pawpeak matching does not guarantee similar assist 
levels due to differences in Paw profile

Depends on quality of initial PSV titration
Breath-by-breath variability in EAdi amplitude may 

make matching difficult
Does not consider variation in EAdi caused by the 

change from PSV to NAVA

Pawmean matching Same pros as above
Results in more similar assist levels between PSV and 

NAVA

Depends on quality of initial PSV titration
Breath-by-breath variability in EAdi amplitude may 

make matching difficult
Does not consider potential variation in EAdi caused 

by the change from PSV to NAVA

Ventilation matching Simple Depends on quality of initial PSV titration
One cannot control ventilation with NAVA
Does not incorporate the EAdi signal

NAVA titration based on patient’s response
Two-phased response of Paw and  VT Physiologically sound

Reflects changes in respiratory muscle output
Shown to result in a more personalized level com-

pared to using NAVA preview

May be difficult to perform at the bedside, espe-
cially when considering the curvilinear relation-
ship between EAdi and respiratory muscle effort 
depending on the level of assist

Achieving a two-phased response in patients with 
very high respiratory drive and/or an overwhelmed 
Hering–Breuer reflex can be difficult

60% of  EAdimaxSBT Physiologically sound
Provides daily re-assessment of the NAVA level and 

EAdi.
Can theoretically be applied during any assisted 

ventilation mode

Limited to the use during after a failed PS 7/PEEP 0 
 cmH2O SBT

EAdimaxSBT may be different according to the SBT 
method (i.e., T-piece or CPAP trial)

Does not take into account accessory respiratory mus-
cles that are often recruited during SBT failure

60% target is arbitrarily chosen; this may result in high 
inspiratory efforts in patients with high respiratory 
drive

Unloading based on NVE Physiologically sound
Easy to perform at the bedside
Recommended to use 40% unloading target

Limited to the weaning phase
NVE reflects ventilatory efficiency and not directly 

breathing effort
A zero-assist breath is not fully unassisted, as the venti-

lator always provides a minimum level of inspiratory 
pressure (2-3  cmH2O) that slightly overestimates 
NVE

PAV+ titration
Pawmean matching Simple and intuitive Depends on quality of initial PSV titration

Paw matching does not guarantee similar assist levels 
due to differences in Paw profile

Inspiratory effort (Pmus, PTPmus) Physiologically sound
Grid incorporated in the ventilator

Target values may be difficult to achieve in patients 
with excessive respiratory drive
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breath, where the NAVA level is zeroed. The neuroven-
tilatory efficiency index (NVE) can then be calculated 
(Fig. 5a). The NVE describes the capacity of the respira-
tory muscles to convert EAdi to tidal volume  (VT/EAdi, 
in mL/µV). The percentage of unloading provided by 
the ventilator is calculated as: (1-(NVE × EAdipeak/VTto

t)) × 100%. Unloading targets of 40% and 60% were fea-
sible to implement and less unloading was associated 

with greater diaphragm activity and improved ventila-
tion in the dorsal dependent lung regions [71].

Patients with high respiratory drive
For most patients the NAVA level can be kept below 2.5 
 cmH2O/μV [38]. Setting inspiratory assist in patients 
with high respiratory drive can, however, be especially 
challenging. High NAVA levels should be prevented to 
limit excessive inspiratory assist. Excessive pressures 
during inspiration could be prevented by appropriate 
Paw alarm settings, and NAVA will cycle-off at 3  cmH2O 
below the set maximal Paw. Paradoxically, the combina-
tion of high NAVA levels and a pressure limit has been 
used in several studies to deliver a square pressure like in 
PSV [72–74]. High support is then delivered at the start 
of a breath in synchrony with the patient’s demands, 
while excessive Paw is prevented. Of note, this  neurally 
triggered PSV mode is not yet  available for clinical use, 
and  using “alarm settings” to control the ventilator is 
potentially unsafe and cannot be recommended.

Potential EAdi‑derived indices
Patient‑ventilator breath contribution index
The inspiratory tidal volume (VT,insp) during NAVA 
reflects the volume resulting from the patient’s effort 
plus the proportional ventilator assist. An ‘effort-sharing’ 
index can be derived by comparing assisted to unas-
sisted breaths. This patient-ventilator breath contribution 
(PVBC) index is defined as the ratio of  VT,insp/ΔEAdi of 
an unassisted breath (i.e., NVE, as described above) to 

Fig. 4 Example of the neurally adjusted ventilatory assist (NAVA) 
preview during pressure support ventilation (inspiratory assist of 10 
 cmH2O above a positive end-expiratory pressure of 8  cmH2O). The 
grey curve shows a “preview” of the estimated airway pressure (Paw) 
that would exist if the patient was ventilated in NAVA mode. The 
shape of this Paw curve resembles the diaphragm electrical activity 
(EAdi) curve (i.e., proportionality). The amount of assist depends on 
the EAdi amplitude and the selected NAVA level (0.8  cmH2O/µV for 
this example)

a b

Fig. 5 a Example of the calculations of the neuroventilatory efficiency index (NVE) and the patient-ventilator breath contribution index (PVBC). 
An unassisted breath is obtained by reducing the neurally adjusted ventilatory assist level to zero for one breath. NVE is calculated as the ratio of 
the tidal volume to peak diaphragm electrical activity (EAdi). When dividing this NVE by the ratio of tidal volume and EAdi of the previous assisted 
breath, a PVBC index is obtained. b Example of the calculation of the neuromechanical efficiency index (NME) during an end-expiratory hold 
manoeuvre. During the occlusion (zero flow), the ratio of delta airway pressure (Paw) and EAdi represents the NME
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that of a breath with ventilator assistance (Fig.  5a) [73, 
75]:

 PVBC values can range between 0 (VT,insp fully provided 
by the ventilator) and 1 (VT,insp completely generated by 
the patient) and have been validated against measure-
ments of transpulmonary pressure [73, 75]. Reliability of 
PVBC improves when comparing unassisted and assisted 
breaths with similar respiratory drive (i.e., EAdi ampli-
tude and slope) [76]. PVBC interpretation is complex. For 
instance, high PVBC values can be found in patients with 
low respiratory drive that are ready to be weaned (patient 
effort is low but sufficient to perform the majority of the 
work), but also in patients with excessive respiratory 
drive (the patient is under-assisted). Interpretation must 
take into account absolute ventilator assist and patient 
effort.

Estimates of breathing effort
The neuromechanical efficiency index (NME) quanti-
fies the amount of pressure the respiratory muscles 
can generate, normalized to EAdi (in  cmH2O/μV) [26]. 
Calculating NME during brief end-expiratory occlu-
sions  (NMEoccl) can allow a non-invasive estimate: in 
the absence of airflow, changes in Paw equals changes 
in Pmus.  NMEoccl can thus simply be calculated at the 
bedside as  Pawoccl/EAdioccl [26, 77] (Fig.  5b). Taking an 
average of three out of five measurements with lowest 
variability is recommended [77].

NMEoccl could be used to estimate inspiratory muscle 
pressure during unoccluded tidal breathing, using the 
following equation: Pmus = EAdi ×  NMEoccl/1.5. The 
correction factor (/1.5) is required, because in the pres-
ence of an occlusion, the diaphragm generates more pres-
sure for the same EAdi than with an open airway [26]. 
NME calculations over a brief airway occlusion of 200 ms 
at inspiratory onset tightly reflect  NMEoccl [78], and esti-
mate inspiratory effort. A change in NME could also indi-
cate recruitment of accessory respiratory muscles, since 
EAdi is insensitive to recruitment of accessory muscles.

When using PVBC and NME in clinical practice, it is 
important to confirm adequate EAdi signal quality, as 
suboptimal signal filtering could affect reliability of these 
indices [44, 76, 77].

Setting inspiratory assist during PAV+
Some approaches have been described to set the gain for 
PAV+ and are described in Table 1.

Airway pressure targets
Costa et  al. [48] suggested to set PAV+ such that the 
same  Pawmean as in the current PSV mode is obtained, 

PVBC = (VT,insp/�EAdi)no-assist/(VT,insp/�EAdi)assist

and found that respiratory pattern, gas exchange and 
inspiratory effort where comparable while improving 
patient-ventilator interaction.

Inspiratory effort targets
Modifying the level of assistance during proportional 
modes mainly alters respiratory muscle unloading, as 
tidal volume remains relatively constant, insufflation time 
is kept close to the neural inspiratory time, and breath-
ing variability and synchronization are preserved. Theo-
retically, the amount of respiratory muscle unloading 
would, therefore, be a relevant target to adjust the level 
of assistance in proportional modes to optimize patient-
ventilator interactions. Carteaux et  al. [14] assessed the 
feasibility of setting PAV+ gain to target a predefined 
range of effort. They used the ability of PAV+ to deliver a 
pressure proportional to Pmus, where Pmus was recalcu-
lated based on estimates from Paw:

A grid built from this equation was available on the ven-
tilator monitor, providing an estimated  Pmuspeak for each 
combination of gain and delta Paw (i.e.,  Pawpeak – PEEP). 
Pmus between 5 and 10  cmH2O was defined as a good 
objective  to target a respiratory muscle pressure–time 
product (PTPmus, i.e., area under the Pmus curve dur-
ing inspiration) between 50 and 150  cmH2O.s.min−1. The 
gain was initially set to 50%, and subsequently adjusted 
to obtain  Pmuspeak values within the 5–10  target range. 
This approach was demonstrated feasible in clinical prac-
tice in most patients. It should be noted, however, that 
measurements of effort as provided by the ventilator 
may underestimate the patient’s true work of breathing, 
particularly when intrinsic PEEP is high [79]. Target val-
ues may be difficult to achieve in patients with excessive 
respiratory drive and impaired respiratory mechanics as 
lung-protective reflexes may be overridden [35, 57].

Monitoring of effort
During PAV+, the measured respiratory system resist-
ance and elastance values provide information on res-
piratory mechanics and their changes over time or in 
response to different levels of inspiratory assist [10, 11]. 
Because compliance and tidal volume are provided, the 
driving pressure is easily monitored. Furthermore, with 
these parameters, the ventilator can estimate Pmus on 
a semi-continuous basis, detecting changes in patient 
effort over time [4, 14].

Differences with automated modes
Automated ventilation modes such as adaptive sup-
port ventilation (ASV) and SmartCare™ continuously 
adapt certain ventilator settings to keep the patient’s 

Pmuspeak =
(

Pawpeak− PEEP
)

× ((100 − %assist) /%assist).
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respiratory variables within target ranges set by the cli-
nician [4, 80]. Although NAVA, PAV+, and automated 
modes all integrate closed-loop principles, it is impor-
tant to stress that automated modes do not deliver pro-
portional assist, nor directly measure patient effort. 
In contrast, automated modes incorporate algorithms 
that attempt to target a desired outcome by automati-
cally modifying ventilator settings according to changes 
in the patient’s condition [80]. This may reduce the 
clinician’s workload. Among them, ASV controls min-
ute ventilation by finding the optimum combination 
of respiratory rate and tidal volume using estimates of 
the respiratory system time constant [81]. This is based 
on Otis [82] and Mead [83] models, which postulated 
that there is an optimum respiratory rate minimiz-
ing breathing effort. ASV is suitable for both passive 
and spontaneously breathing patients, but does not 
necessarily deliver lung-protective ventilation, which 
depends on the initial parameters set by the clinician 
[84, 85]. Provided that it is properly programmed, ASV 
can provide safe ventilation in the general popula-
tion; however, caution is required in acute lung injury 
patients with less compromised compliance as higher 
tidal volumes may occur [86]. One important differ-
ence between automated and proportional modes is 
the greater importance, with the former, of the way the 
clinician correctly adjusts the settings. Studies have 
shown that ASV reduces weaning duration most fre-
quently in the postoperative period [87, 88]. The further 
evolved fully closed-loop ASV mode, IntelliVent-ASV, 
incorporates additional control for end-tidal  CO2 and 
oxygen saturation and has shown to be feasible and able 
to deliver relatively protective ventilation in passive and 
spontaneously breathing patients with different lung 
conditions [81, 89]. The automated IntelliVent-ASV 
weaning protocol provides automatic gradual decreases 
in inspiratory assist levels while assessing readiness to 
wean criteria, and has been associated with reduced 
mechanical ventilation duration in different settings 
[87, 88]. SmartCare™, a PSV-based mode, was specifi-
cally designed to automatically facilitate and expedite 
the weaning process. It is mainly based on respira-
tory rate and also integrates values of tidal volume and 
end-tidal  CO2  [90, 91]. Based on certain patient char-
acteristics and targets set by the clinician, automated 
weaning involves adaptations in the PSV level, followed 
by an automatic gradual reduction of the PSV level and 
weaning tests when the level of support is sufficiently 
low [91]. Compared to non-automated weaning strate-
gies, reductions in weaning time with SmartCare™ were 
demonstrated in several studies; adequately powered 
randomized clinical studies are warranted [92, 93].

Conclusion
During PSV ventilator over-assist and poor patient-ven-
tilator interaction are common and often unnoticed. Pro-
portional ventilation modes improve the match between 
the patient and the ventilator and provide the potential 
for both lung and diaphragm-protective ventilation. A 
key challenge is to titrate inspiratory assist levels at the 
bedside, as optimal targets of respiratory muscle effort 
may vary among patients and over the course of critical 
illness. During PAV+, titrating inspiratory assist to reach 
Pmus targets is feasible, and allows monitoring of breath-
ing effort. In NAVA, it can be recommended as a first 
approach to set inspiratory assist levels through match-
ing of  Pawmean as obtained in PSV, which is a simple and 
feasible method to perform at the bedside, and readjust 
subsequently. EAdi-derived indices such as the NME and 
PVBC hold future promise, but require further studies on 
their use during the course of mechanical ventilation and 
in weaning trials. Automated modes differ by requiring 
the clinician to set parameters to achieve a certain ven-
tilation goal.
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Abstract 

Mechanical ventilation may have adverse effects on both the lung and the diaphragm. Injury to the lung is mediated 
by excessive mechanical stress and strain, whereas the diaphragm develops atrophy as a consequence of low respira-
tory effort and injury in case of excessive effort. The lung and diaphragm-protective mechanical ventilation approach 
aims to protect both organs simultaneously whenever possible. This review summarizes practical strategies for achiev-
ing lung and diaphragm-protective targets at the bedside, focusing on inspiratory and expiratory ventilator settings, 
monitoring of inspiratory effort or respiratory drive, management of dyssynchrony, and sedation considerations. A 
number of potential future adjunctive strategies including extracorporeal  CO2 removal, partial neuromuscular block-
ade, and neuromuscular stimulation are also discussed. While clinical trials to confirm the benefit of these approaches 
are awaited, clinicians should become familiar with assessing and managing patients’ respiratory effort, based on 
existing physiological principles. To protect the lung and the diaphragm, ventilation and sedation might be applied to 
avoid excessively weak or very strong respiratory efforts and patient-ventilator dysynchrony.

Keywords: Mechanical ventilation’, Lung injury, Diaphragm weakness, Respiratory effort

Introduction

Lung and diaphragm-protective mechanical ventila-
tion is a novel approach that aims to limit side effects 
of mechanical ventilation in critically ill patients. This 
approach integrates the principles of lung-protective 
ventilation with the new concept of diaphragm-protec-
tive ventilation in an effort to simultaneously protect 
both organs. The approach centers on optimizing patient 
respiratory effort to avoid lung and diaphragm injury 
while maintaining acceptable respiratory homeostasis. 

Ultimately, the goal of the approach is to reduce the dura-
tion of mechanical ventilation, enhance survival, acceler-
ate recovery, and prevent long-term disability in patients 
with acute respiratory failure.

Principles and rationale
Principles of lung‑protective ventilation
Lung-protective ventilation can best be understood in 
terms of limiting global and regional mechanical stress 
(pressure applied to the lung) and strain (deformation 
from resting shape) (Fig. 1). Lung injury may occur from 
overdistension (volutrauma/barotrauma), repetitive tidal 
recruitment and collapse (atelectrauma), both result-
ing from heterogeneous insufflation of patchy alveo-
lar flooding or collapsed alveoli [1]. Importantly, lung 
injury may occur irrespective of whether the ventilator 
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(ventilator-induced lung injury, VILI), patient breathing 
effort (patient self-inflicted lung injury, P-SILI), or both 
together are generating the forces applied to the lung [2].

Bedside measures of stress are available (changes in 
transpulmonary pressure, driving pressure), but not for 
measuring the resulting strain, making it challenging to 
appropriately individualize mechanical ventilation set-
tings to maximize lung protection. Furthermore, even 
if global stress can be measured quite precisely using 
transpulmonary pressure calculated from airway and 
esophageal pressure, the effect of gravity on the edema-
tous lung makes the distribution of collapse and aeration 
very uneven between the dependent and non-depend-
ent lung regions; therefore, global indices do not reflect 
regional stress or strain. To minimize total stress and 
strain, dependent regions (usually prone to atelectasis) 
often require recruitment while non-dependent regions 
(usually well ventilated) require relief of overdistension.

During invasive ventilation, tidal volume  (VT) is rou-
tinely scaled to predicted body weight (PBW), which 
correlates with lung volume in healthy subjects. This 
correlation is much less accurate in patients with acute 
respiratory distress syndrome (ARDS) because of 
alveolar flooding and atelectasis, resulting in a “baby 
lung” much smaller than the predicted lung volume 
[3, 4]. Using the driving pressure to scale tidal volume 
to respiratory system compliance (Crs,  VT/Crs = air-
way driving pressure, ΔPaw) is particularly attractive 
because Crs is affected by the aerated lung size and 
could, therefore, better reflect the global strain  (VT/
baby lung). Driving pressure correlates with ARDS out-
comes among patients with the same  VT/PBW [5] and 
may be useful to guide tidal ventilation, although its 
role remains to be tested in a prospective trial. It should 
be acknowledged that static airway pressure is not a 
very reliable marker of lung stress (both at end-inspi-
ration and end-expiration), because it reflects contribu-
tions from both the lung and chest wall (two pressures 
acting in series). Obese patients are an example where 
high intrathoracic pressure (and therefore higher pla-
teau pressure) exist because of the weight imposed by 
the chest wall [6]. Lung stress is preferably measured as 
transpulmonary pressure  (PL), which allows to quantify 
the contribution of the lung and chest wall to changes 
in airway pressure.

Principles of diaphragm‑protective ventilation
The respiratory muscle pump drives alveolar ventilation 
and is composed of a number of skeletal muscles act-
ing in a highly organized fashion. The diaphragm is the 
primary muscle of inspiration and the lateral abdominal 
wall muscles are the most prominent expiratory muscles 
[7]. Mechanical ventilation is employed to unload the 

respiratory muscle pump and limit the consequences of 
high breathing effort (e.g., dyspnea sensation, respira-
tory failure, possible respiratory muscle injury). However, 
mechanical ventilation delivered as the predominant 
breathing source can also lead to diaphragm atrophy and 
injury with a substantial deleterious impact on patient 
outcome [8]. Clinical studies demonstrate that after 24 h 
of mechanical ventilation, 64% of patients exhibit dia-
phragm weakness [9] and at the time of weaning, dia-
phragm weakness is present in up to 80% of patients with 
weaning difficulties [10]. While many factors contrib-
ute to diaphragm weakness in the critically ill [11], both 
excessive and insufficient respiratory muscle unloading 
rapidly result in deleterious changes in diaphragm struc-
ture and function [11]. Low respiratory muscle effort, due 
to ventilator over-assist or sedation, may result in mus-
cle atrophy, while high effort has been associated with 
load-induced injury (Fig. 1). In a landmark study, Levine 
et al. demonstrated the development of diaphragm disuse 
atrophy in brain dead patients on controlled mechani-
cal ventilation [12] and subsequent studies confirmed 
the presence of time-dependent fiber atrophy in the dia-
phragm of ventilated patients [13, 14]. In line with these 
findings, ultrasound studies demonstrated that low dia-
phragm effort during mechanical ventilation is associated 
with time-dependent development of atrophy [15] and 
that atrophy is associated with poor outcomes [8]. It may 
be hypothesized that patients are at risk of developing 
load-induced diaphragm injury, as suggested by the pres-
ence of fiber injury, sarcomeric disruption, inflammation 
and contractile dysfunction in biopsies [13] and acute 
increases in diaphragm thickness on ultrasound [15]—
this hypothesis requires further confirmation.

Taken together, these considerations suggest that the 
diaphragm might be protected by titrating ventilation 
and sedation to restore early diaphragm activity while 
avoiding excess respiratory effort. The various lines of 
physiological and clinical evidence suggesting that a res-
piratory effort level similar to that of resting quiet breath-
ing is probably optimal for both lung and diaphragm 
protection were recently summarized elsewhere [16].

Take‑home message 

This review explains the principles of lung and diaphragm-pro-
tective mechanical ventilation. The overall aim of this approach is 
to limit the adverse effects of mechanical ventilation on the lung 
and the diaphragm at the same time. This requires understanding 
of the pathophysiology of ventilator-induced lung injury, critical 
illness-associated diaphragm weakness and especially respiratory 
drive. We discuss clinical applicable techniques to monitor lung and 
diaphragm function, and how to use these techniques to optimize 
ventilator settings and sedation. Future techniques that allow to 
control respiratory drive are discussed.
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Monitoring strategies
To implement lung and diaphragm-protective mechani-
cal ventilation, the variables that mediate injury, prin-
cipally lung stress and respiratory effort, should be 
monitored. The available monitoring techniques, their 
advantages and disadvantages, and proposed specific tar-
gets are summarized in Table 1.

Airway driving pressure, ΔPaw (i.e., plateau pressure—
PEEPtot), is a measure that aims to estimate global tidal 
lung stress [5]. ΔPaw can be measured either during con-
trolled or assisted ventilation by manual or automated 
short end-inspiratory and end-expiratory occlusions 
[17–19] Importantly, ΔPaw is determined by transpul-
monary driving pressure (ΔPL) and driving pressure 
across the chest wall (ΔPcw); thus changes in chest wall 
elastance affect ΔPaw, without affecting lung stress [20]. 
Because pendelluft and regional variations in lung stress 
are “dynamic” phenomena that cannot be detected under 
static conditions, the risk of excess regional lung stress 
during assisted breathing may be more accurately esti-
mated by dynamic ΔPL (ΔPL,dyn, peak  PL—end-expiratory 
 PL) rather than by static measures like ΔPaw [21, 22]. 
Esophageal pressure (Pes) monitoring, as an estimate of 
pleural pressure, can provide information about both the 
predisposition to end-expiratory collapse and atelectasis 
(end-expiratory  PL) and alveolar overdistension within 
the baby lung (elastance-derived plateau  PL) [23].

Monitoring and controlling respiratory muscle effort 
are major challenges in implementing lung and dia-
phragm-protective mechanical ventilation. The gold 
standard to quantify global respiratory muscle effort is 
the esophageal pressure–time product (PTP), while the 
PTP of the transdiaphragmatic pressure (Pdi, i.e., dif-
ference between gastric pressure (Pga) and Pes) during 
inspiration provides a measure of diaphragmatic effort 

[24]. The amplitude of Pes or Pdi during tidal breath-
ing provides a simple estimate of the pressure generated 
by all respiratory muscles (Pes), or the diaphragm (Pdi), 
whereas the expiratory increase in Pga reflects expiratory 
muscle activity. The diaphragm electrical activity (EAdi) 
is the most precise surrogate of respiratory drive and cor-
relates with indices of effort [25] but with considerable 
variability between patients. Also, values for peak EAdi 
in young healthy subjects during tidal breathing may 
vary between 4 and 29 μV [26]. Nevertheless, changes in 
EAdi are useful to monitor changes in patient’s respira-
tory drive and effort, especially to identify patients at risk 
for ventilator  over-assistance. Finally, Pes or EAdi can 
complement ventilator waveform analysis to facilitate the 
identification of patient-ventilator dyssynchronies.

Other less invasive techniques are available to monitor 
patient breathing efforts during mechanical ventilation at 
the bedside. Airway occlusion pressure  (P0.1), the deflec-
tion in Paw during the first 0.1 s of an inspiratory effort 
against an occluded airway, is an estimate of the respira-
tory drive and can be used to detect both very low and 
high effort [27]. The maximum deflection of Paw during a 
whole breath occlusion (ΔPocc) has been recently shown 
to accurately detect excessive respiratory muscle pres-
sure (Pmus) or ΔPL,dyn; this maneuver can also be used to 
assess different forms of patient-ventilator dyssynchrony 
[28, 29]. Ultrasound can be used to visualize and quantify 
the thickening of the diaphragm during inspiration in the 
zone of apposition (thickening fraction, TFdi) [30]. TFdi 
provides an index of diaphragmatic contractility and cor-
relates reasonably well with inspiratory effort (ΔPes) and 
EAdi [31].

In conclusion, although estimation of pleural pressure 
using an esophageal balloon appears to be the preferred 
technique to quantify lung stress and respiratory effort, 

Fig. 1 Principles of lung and diaphragm-protective ventilation. ΔP: change in airway pressure during inspiration; PEEP: positive end-expiratory pres-
sure; P-SILI: patient self-inflicted lung injury; VILI: ventilator-induced lung injury;  VT: tidal volume
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the technique is currently not widely implemented; 
moreover, the potential impact on patient outcome 
remains to be determined in clinical studies. We suggest 
routine monitoring of tidal volume, inspiratory plateau 
pressures and airway driving pressure to limit lung injury, 
and P0.1 to monitor respiratory drive and prevent inad-
equate effort (Table 1).

Clinical strategies to facilitate lung 
and diaphragm‑protective ventilation
Several strategies can be used to facilitate lung and dia-
phragm protective ventilation, including modulation of 
ventilator inspiratory and expiratory assist, drugs that 
modify respiratory drive and/or effort, extracorporeal 
 CO2 removal  (ECCO2R) and electrical stimulation of 
the respiratory muscles, as shown in Fig. 2. Here, we will 
briefly discuss these different strategies.

Inspiratory ventilator settings
A lung and diaphragm-protective ventilation approach 
aims to minimize lung stress and strain while limit-
ing diaphragm atrophy and injury. To achieve these 
goals, inspiratory ventilator settings can be adjusted to 
(1) modulate the patient’s inspiratory effort, (2) mini-
mize the dynamic lung stress, and (3) prevent or correct 
patient-ventilator dyssynchrony or any form of mismatch 
between needs and support.

Titrating the inspiratory ventilator settings to optimize 
respiratory effort requires a thorough understanding 
of the control of breathing under mechanical ventila-
tion [32, 33], acknowledging that the control of breath-
ing system responds to changes in ventilatory demands 
by modifying inspiratory effort (and thus tidal volume) 
to a greater extent than respiratory rate [34]. Therefore, 
the inspiratory ventilator settings will affect the inspira-
tory effort by modifying the delivered tidal volume, and 
thus, in spontaneously breathing patients, increasing 
pressure or volume assist will increase the delivered tidal 
volume and reduce the inspiratory effort (as respiratory 
drive depends mainly on the chemoreflex control of arte-
rial pH). Excessive assist, resulting in a tidal volume that 
is higher than the patient’s demands, may almost abolish 
the patient’s the inspiratory effort, and as such promote 
diaphragmatic atrophy. However, increasing inspiratory 
support may not attenuate inspiratory effort in the pres-
ence of high respiratory drive due to stimuli other than 
arterial pH/PaCO2, such as pain, anxiety, or stimulation 
of peripheral lung receptors by lung edema or inflam-
mation [32]. In such case, transpulmonary pressure (and 
hence dynamic lung stress) may progressively increase 
with increasing inspiratory support. Increasing  FiO2 to 
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increase  PaO2 and reduce the hypoxic stimulus to breathe 
may alleviate increased respiratory drive in some patients 
(hyperoxemia is not required to achieve this effect) [35].

In a volume-targeted mode, the patient’s effort will 
be modified mainly by the set tidal volume and the flow 
delivery profile (flow pattern and peak flow). In pressure-
targeted modes, the delivered tidal volume, and thus 
the patient’s inspiratory effort, is influenced by the set 
inspiratory pressure, rise time and cycling-off criterion, 
and of course the mechanical properties of the respira-
tory system [36]. Irrespective of the mode of assist, the 
delivered tidal volume and respiratory effort will together 
determine global and regional lung stress, depending on 
the mechanical properties of the respiratory system [37].

Neurally adjusted ventilatory assist (NAVA) delivers 
inspiratory assist proportional to the electrical activity 
of the diaphragm [38]. Increasing inspiratory assist will 
reduce diaphragm electrical activity (and vice versa) over 
a wide range of respiratory demand, and consequently 
tidal volume remains relatively stable over a wide range 
of assist [39]. In theory, pulmonary reflex mechanisms 
prevent patients from spontaneously inspiring large tidal 
volumes and NAVA may therefore facilitate lung-protec-
tive ventilation. Also, diaphragm inactivity due to over-
assistance is unlikely in NAVA, as low diaphragm activity 
will immediately reduce inspiratory assist. Future studies 
should confirm the role of NAVA in lung and diaphragm-
protective ventilation, but recent randomized trials 
suggest clinical benefit of NAVA (reduced time on  the 
ventilator) compared to pressure support mode [40, 41].

Expiratory ventilator settings
The expiratory ventilator setting (i.e., positive end-expir-
atory pressure, PEEP) has been traditionally adjusted to 
optimize oxygenation and/or lung mechanics [42, 43]. 
A higher PEEP ventilation strategy (of which there are 

several, generally resulting in 15 ± 4  cmH2O) is cur-
rently recommended over lower PEEP (approximately 
9 ± 3 cmH2O) in moderate and severe ARDS [44]. In the 
presence of spontaneous breathing during mechanical 
ventilation, a higher PEEP strategy offers several addi-
tional potential advantages to facilitate lung and dia-
phragm-protective ventilation (Fig.  1). First, in patients 
with significant lung recruitability, PEEP reduces the 
amount of atelectatic ‘solid-like’ lung and, therefore, can 
achieve a more homogeneous distribution of the tidal 
pleural pressure swing (∆Ppl) over the whole lung surface 
following a diaphragmatic contraction. The even distri-
bution of inspiratory dynamic stress can diminish inju-
rious asymmetric inflation associated with spontaneous 
effort (i.e., pendelluft), reducing regional lung stress in 
dependent lung regions [45]. Second, by increasing end-
expiratory lung volume, forcing the diaphragm to oper-
ate at a shorter length and thereby impairing diaphragm 
neuromuscular coupling [46, 47], increased PEEP can 
attenuate the force generated by diaphragmatic contrac-
tion [48]. Indeed, several clinical studies provide indirect 
evidence to suggest that higher PEEP may render sponta-
neous effort less injurious in patients with acute respira-
tory failure before intubation [49], in patients with ARDS 
[45, 50], and in pediatric patients with lung injury [51].

On the other hand, preliminary experimental evidence 
suggests that if the diaphragm is maintained at a shorter 
length during acute mechanical ventilation, the dia-
phragm muscle fibers could adapt to the reduced length 
by absorbing sarcomeres in series (i.e., longitudinal atro-
phy) [52]. This may result in fibers overstretching with 
the release of PEEP during a T-tube weaning trial or after 
extubation. The possibility of diaphragm weakness result-
ing from excess PEEP should therefore be borne in mind.

Fig. 2 Map of interventions to achieve lung and diaphragm-protective mechanical ventilation.  ECCO2R: extracorporeal carbon dioxide removal
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Resolving dyssynchrony
Patient-ventilator dyssynchronies may cause lung and/or 
diaphragm injury by increasing dynamic lung stress and/
or injurious diaphragmatic contractions, respectively. 
Dyssynchronies may occur during inspiration (flow star-
vation, short cycles, prolonged insufflation and reverse 
triggering), during expiration (auto-triggering, ineffective 
effort) or both during inspiration and expiration (reverse 
triggering and double triggering). We will briefly discuss 
dyssynchronies most relevant for lung and diaphragm-
protective ventilation; for more extensive discussion of 
dyssynchronies we refer to other reviews [53].

Reverse triggering, a diaphragmatic contraction trig-
gered by mechanical inflation, is common in fully sedated 
patients (in whom drive is abolished) [54]. Reverse trig-
gering can induce breath stacking resulting in excessive 
tidal volumes and high dynamic lung stress [55], and it 
may create eccentric diaphragm loading conditions with 
resultant muscle injury [56]. When necessary to avoid 
breath stacking, reverse triggering can be abolished by 
neuromuscular blocking agents. Alternatively, the devel-
opment of reverse triggering may indicate that sedation 
should be stopped to allow the patient to take control of 
ventilation.

In patients with relatively high respiratory drive and a 
low respiratory system time constant, the neural inspi-
ration time may exceed the mechanical inflation (pre-
mature cycling). In such cases, the contraction of the 
inspiratory muscles continues during mechanical expi-
ration and the diaphragm is forced to contract while 
lengthening (eccentric contraction). In volume-targeted 
modes, unmet high demands appear as ‘flow-starvation’, 
a downward curvature of inspiratory Paw, and the patient 
may experience dyspnea and distress, which can be 
resolved by increasing inspiratory flow rate using a decel-
erating flow pattern. Strong inspiratory efforts may result 
in double-triggering, breath stacking and, therefore, deliv-
ery of high tidal volumes. A better match of mechanical 
and neural inspiratory time can be achieved by increasing 
ventilator inspiratory time and using a decelerating flow 
pattern in volume-assist control mode, by decreasing the 
cycling-off criterion in pressure support mode, or using 
proportional modes of assist. Importantly, in patients 
with high respiratory drive, modification of inspiratory 
time may not suffice to resolve dyssynchrony. Increasing 
the level of assist to match the patient’s demands should 
be considered, but, if that results in an injurious high 
ventilation, other means to decrease the patient’s respira-
tory drive, such as sedation, may be required.

Another dyssynchrony occurring in patients with 
absent or low respiratory drive is auto-triggering, i.e., 
the delivery of a ventilator-assisted breath in the absence 
of patient effort. Auto-triggering due to strong cardiac 

oscillations transmitted to the Paw or airflow signal is 
more likely to occur when the respiratory system time 
constant is low, such as in ARDS. Air leaks and mois-
ture in the ventilator circuit are also common causes of 
auto-triggering.

Ineffective triggering (or  ineffective efforts)  develops 
when a patient’s effort fails to trigger a ventilator-deliv-
ered breath. Ineffective triggering is generally the con-
sequence of weak inspiratory efforts, either from low 
respiratory drive due to sedation, metabolic alkalosis 
or excessive ventilatory assist, or because of diaphragm 
weakness. When the respiratory system time constant is 
high, (i.e., obstructive lung disease), ventilator over-assis-
tance results in delayed cycling, dynamic hyperinflation, 
and increased intrinsic PEEP, predisposing to ineffec-
tive triggering. Decreasing the level of assist can there-
fore alleviate ineffective efforts [57]. Over-assistance in 
assisted ventilation can also induce apneas during sleep.

Interestingly, several studies have demonstrated that 
NAVA improves patient-ventilator interaction, especially 
reducing the risks of ineffective efforts and over-assist 
[39, 58]. Whether the reduced duration of mechanical 
ventilation reported in some NAVA trials [40, 41] results 
from improved patient-ventilator interaction remains to 
be investigated.

Sedation strategies
Sedation can facilitate lung and diaphragm-protective 
ventilation by ameliorating, when present, excessive 
respiratory effort. Complete suppression of respira-
tory drive and effort with sedation can also contribute 
to diaphragm disuse atrophy. A judicious approach to 
sedation is key and monitoring of respiratory drive and 
effort may be helpful in selecting the sedation strategy 
that facilitates lung and diaphragm-protective ventila-
tion. Before administering sedation to address excessive 
respiratory drive or ventilator dyssynchrony, ventilator 
settings should be adjusted and other factors increas-
ing respiratory drive such as metabolic acidosis or 
pain should be addressed. Relying on sedation alone 
to enhance patient–ventilator interaction without 
addressing these issues can paradoxically exacerbate 
dyssynchrony, prolong mechanical ventilation, and 
exacerbate diaphragm dysfunction [59]. Recent clini-
cal practice guidelines have recommended an “anal-
gesia-first approach” to minimize the risk of excessive 
sedation as opioids during mechanical ventilation were 
associated with less dyssynchrony and depressed con-
sciousness in comparison to sedative-based approaches 
[60].

Nevertheless, when elevated respiratory drive cannot 
otherwise be resolved, sedatives can attenuate the ven-
tilatory response to hypoxemia and hypercapnia and 
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cortical input to the respiratory centres [33] (Table 2). 
Propofol and benzodiazepines are gamma-aminobu-
tyric acid (GABA) agonists known to cause respiratory 
depression, primarily by reducing the amplitude of res-
piratory effort [61–63]. Because benzodiazepines are 
associated with a high risk of delirium and prolonged 
mechanical ventilation [64], propofol is the preferred 
sedative of choice for controlling high respiratory drive. 
Because propofol or benzodiazepines reduce the ampli-
tude of inspiratory effort, ineffective triggering may 
develop as sedation depth increases [61]. Inhalational 
sedation offers a potential alternative for controlling 
respiratory effort though clinical experience is limited 
to date [65]. To avoid excessive sedation, strategies 
aimed at active titration of sedatives or daily interrup-
tion of sedation should be employed and respiratory 
drive and effort should be monitored closely.

For patients without excessive breathing effort 
(Table  2), a multimodal analgesia approach that mini-
mizes opiate use is recommended to avoid diaphragm 
inactivity. Dexmedetomidine is a selective alpha-2 
agonist which, in contrast to propofol and benzodi-
azepines, provides sedation, anxiolysis, and analge-
sia without respiratory depression [66]. This property 
makes it an interesting drug of choice to preserve 
awareness and diaphragm contractility and at the same 
time limiting excess delirium risk in agitated patients 
without elevated respiratory drive.

Prone positioning
The prone position has been used for decades in early 
ARDS to improve oxygenation and over time an appreci-
ation for the lung-protective benefit of prone positioning 
has emerged [67]. As the amount of lung tissue is larger 
in dorsal lung regions, gravitational forces generate more 
dependent atelectasis in the supine position compared to 
prone position. Therefore, ventilation-perfusion match-
ing is improved in the prone position and, more impor-
tantly, the energy applied to the lung by mechanical 
ventilation is distributed among more (non-atelectatic) 

alveoli, reducing lung stress. This is the putative basis 
for the observed mortality benefit of prone positioning 
in patients with ARDS [68]. The mechanistic benefits 
of prone positioning may also apply under assisted ven-
tilation with spontaneous breathing, because the lung 
recruitment accrued by prone positioning may attenuate 
‘solid-like’ lung behaviour and reduce effort-dependent 
regional lung stress. Prone positioning improves oxygen-
ation in spontaneously breathing patients with COVID-
19 pneumonia [69]; it is possible that prone positioning 
could also reduce the risk of patient self-inflicted lung 
injury [70]. Thus, prone positioning might facilitate safe 
spontaneous breathing and diaphragm-protective venti-
lation as well as lung protection.

Future approaches to lung and respiratory 
muscle‑protective ventilation
Extracorporeal carbon dioxide removal
Eliminating  CO2 is the primary purpose of alveolar 
ventilation.  ECCO2R reduces the ventilatory demands, 
decreasing the respiratory effort, and thus may ame-
liorate dynamic lung stress.  ECCO2R is feasible and 
effective in reducing tidal volume, driving pressure, and 
mechanical power in patients with ARDS [71]. In spon-
taneously breathing patients,  ECCO2R can dampen res-
piratory drive and effort [72], theoretically reducing the 
requirement for ventilatory support or sedation to con-
trol respiratory effort. Karagiannidis et al. showed that 
increasing sweep gas flow, increasing  CO2 elimination, 
in ARDS patients undergoing extracorporeal mem-
brane oxygenation (ECMO) reduced respiratory drive, 
estimated by EAdi [73]. Mauri et  al. [7] also showed 
that higher  ECCO2R support reduced  P0.1, respiratory 
muscle effort, and transpulmonary pressure in spon-
taneously breathing patients recovering from severe 
ARDS [74]. Pilot clinical studies have explored the 
extreme possibility of extubating severe ARDS patients 
early after intubation by means of  ECCO2R: prelimi-
nary results were encouraging but they also recognized 

Table 2 Effect of sedation on respiratory drive, effort and breathing pattern

Drug class Inspiratory effort 
and tidal volume

Respiratory rate Ventilatory response 
to hypercapnia and hypox‑
emia

Effect on diaphragm function and patient‑ventilator 
interaction

Benzodiazepines ↓ ⟷ or ↑
↓ at high doses

↓ Delay restoration of diaphragm activity

Propofol ↓ ⟷ or ↑
↓ at high doses

↓ May ↑ dyssynchrony (i.e., ineffective efforts because of 
lower respiratory effort)

Opioids ⟷ or ↑ ↓ ↓ May ↓ dyssynchrony (i.e., fewer ineffective efforts 
because of slower, deeper respiratory efforts)

Dexmedetomidine ⟷ ⟷ ⟷ ↓ dyssynchrony by decreasing agitation/delirium
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the need to identify the subgroup of patients with a 
high probability of success [75–77].

Despite the appeal and physiological rationale of this 
strategy, there are relevant limitations. First, in some 
patients, non-chemoreceptive stimuli (pain, agitation, 
discomfort, metabolic acidosis, lung mechanical stimuli) 
may predominate and high respiratory drive may per-
sist despite  ECCO2R [78]. Second,  ECCO2R requires full 
anticoagulation and the risk of bleeding is not insubstan-
tial [79]. Third, the application of  ECCO2R may exacer-
bate hypoxemia by various mechanisms [80].

Partial neuromuscular blockade
Complete neuromuscular blockade may increase the 
risk for diaphragm disuse atrophy and increases seda-
tion requirements. Low-dose neuromuscular blockers 
(“partial neuromuscular blockade”) is an interesting com-
promise between total paralysis and strenuous breathing 
efforts, particularly when respiratory effort does inad-
equately respond to titration of ventilatory support or 
sedation. The feasibility of partial neuromuscular block-
ade has been evaluated in a proof of concept study in 
patients with moderate ARDS and high respiratory drive 
on partially supported modes [81]. Titration of rocuro-
nium decreased tidal volume from approximately 9 mL/
kg to approximately 6  mL/kg while maintaining Pdi at 
approximately 5  cmH2O (within the physiological range 
for diaphragm activity in healthy subjects). These pre-
liminary findings suggest that partial neuromuscular 
blockade could be a feasible approach to achieving lung 
and diaphragm-protective ventilation targets in patients 
with high respiratory effort. Importantly, partial neuro-
muscular blockade does not reduce respiratory drive, 
but only the mechanical consequences of high drive. 
This dissociation between central drive and respiratory 
muscle mechanical output may result in dyspnea [33]; 
adequate relief of dyspnea and distress must be ensured 
by judicious application of sedatives and opioids. Future 
clinical studies should confirm the safety and efficacy of 
prolonged partial neuromuscular blockade in ventilated 
patients.

Neuromuscular stimulation
Neuromuscular stimulation (“pacing”) uses electrical 
currents to generate muscle contraction in the absence 
of volitional efforts, making it an attractive intervention 
in incapacitated critically ill patients. There is growing 
interest in neuromuscular stimulation as a novel strategy 
to preserve or restore respiratory muscle activity and, in 
turn, to prevent or treat ICU-acquired diaphragm weak-
ness. In addition, by inducing diaphragm contractions, 
neuromuscular stimulation may improve lung aeration 

of dependent lung regions [82]. Pacing must be synchro-
nized with the ventilator and potentially injurious inspir-
atory efforts must be avoided.

There is as yet no clinical evidence of benefit from dia-
phragm pacing in ICU patients. Direct stimulation of 
the phrenic nerves by surgically implanted electrodes 
has been employed to restore spontaneous ventilation 
in patients with high-level spinal cord injury and cen-
tral hypoventilation syndrome [83]. The feasibility of 
direct pacing using temporary implanted electrodes for 
the prevention of diaphragm dysfunction is currently 
under investigation in cardiac surgery patients identi-
fied to be at risk for prolonged mechanical ventilation 
(NCT04309123). Preclinical work showed that this tech-
nique could reduce the development of diaphragm type II 
fiber atrophy [84, 85]. Recently, Reynolds et al. presented 
a first-in-human series of temporary transvenous phrenic 
nerve pacing in surgical patients and showed that this 
technology delivered safe and effective diaphragm con-
tractions [86]. This strategy is currently being studied as 
potential intervention for improving diaphragm strength 
in difficult-to-wean patients (NCT03096639). The role of 
transvenous phrenic nerve pacing for the prevention of 
diaphragm disuse atrophy remains to be investigated.

Neuromuscular stimulation strategies targeting the 
expiratory muscles of ICU patients are less well stud-
ied. This is surprising, as stimulation of the expiratory 
abdominal wall muscles can be employed noninvasively 
via surface electrodes placed over the abdominal wall. 
Feasibility of a breath-synchronized expiratory muscle 
stimulation technique during the early phase of mechani-
cal ventilation was recently demonstrated with prom-
ising results [87] and its efficacy is under investigation 
(NCT03453944).

Summary and future directions
Clinicians caring for mechanically ventilated patients are 
generally well aware of the risk of causing barotrauma, 
volutrauma, and atelectrauma. Given the mounting evi-
dence of clinically important diaphragm atrophy and 
injury, consideration must also be given to protecting the 
diaphragm. Based on the foregoing discussion about ven-
tilation and sedation, a basic algorithm and approach to 
lung and diaphragm-protective ventilation is presented 
in Fig. 3. Clinical trials testing new ventilation algorithms 
and sedation strategies targeted at optimizing respiratory 
effort are required to confirm the benefit of the lung and 
diaphragm-protective approach outlined in this paper. 
The benefit of adjunctive strategies such as  ECCO2R, par-
tial neuromuscular blockade and phrenic nerve stimula-
tion requires further evaluation, in particular to identify 
the subpopulations of patients most likely to benefit 
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from these more costly and invasive interventions. For 
the present, we encourage clinicians to incorporate rou-
tine monitoring of respiratory drive and effort in their 
clinical practice and to adjust the ventilator to achieve a 
physiological level of effort where possible while carefully 
attending to the effect on lung stress.
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Fig. 3 Clinical-physiological pathway for achieving lung and diaphragm-protective ventilation targets. It should be stressed that at each step clini-
cal evaluation of the patient, including signs of high breathing effort, agitation, and over-sedation is of major importance and should be interpreted 
together with clinical-physiological measurements as outlined in this pathway. ΔP: change in airway pressure during inspiration; P0.1: decrease in 
airway pressure during the first 100 ms of inspiratory effort against an occluded airway;  PaCO2: arterial carbon dioxide tension; PEEP: positive end-
expiratory pressure; Pes: esophageal pressure;  PL: transpulmonary pressure; Pocc: airway pressure deflection during a whole breath occlusion; RR: 
respiratory rate;  VT: tidal volume
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Abstract 

Purpose: We hypothesized that neurally adjusted ventilatory assist (NAVA) compared to conventional lung‑protec‑
tive mechanical ventilation (MV) decreases duration of MV and mortality in patients with acute respiratory failure 
(ARF).

Methods: We carried out a multicenter, randomized, controlled trial in patients with ARF from several etiologies. 
Intubated patients ventilated for ≤ 5 days expected to require MV for ≥ 72 h and able to breathe spontaneously were 
eligible for enrollment. Eligible patients were randomly assigned based on balanced treatment assignments with 
a computerized randomization allocation sequence to two ventilatory strategies: (1) lung‑protective MV (control 
group), and (2) lung‑protective MV with NAVA (NAVA group). Allocation concealment was maintained at all sites 
during the trial. Primary outcome was the number of ventilator‑free days (VFDs) at 28 days. Secondary outcome was 
all‑cause hospital mortality. All analyses were done according to the intention‑to‑treat principle.

Results: Between March 2014 and October 2019, we enrolled 306 patients and randomly assigned 153 patients to 
the NAVA group and 153 to the control group. Median VFDs were higher in the NAVA than in the control group (22 vs. 
18 days; between‑group difference 4 days; 95% confidence interval [CI] 0 to 8 days; p = 0.016). At hospital discharge, 
39 (25.5%) patients in the NAVA group and 47 (30.7%) patients in the control group had died (between‑group differ‑
ence − 5.2%, 95% CI − 15.2 to 4.8, p = 0.31). Other clinical, physiological or safety outcomes did not differ significantly 
between the trial groups.

Conclusion: NAVA decreased duration of MV although it did not improve survival in ventilated patients with ARF.
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unit, Ventilator‑free days, Mortality
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Introduction

The act of breathing is controlled by the respiratory 
center in the brainstem, which determines based on 
input from numerous sites the characteristics of each 
breath. The respiratory center sends a signal along 
the phrenic nerve that stimulates the diaphragm mus-
cle cells, causing muscle contraction and descent of 
the diaphragmatic dome as well as numerous other 
muscle groups. As a result, the pressure in the airway 
drops causing an inflow of air into the lungs. Neu-
rally adjusted ventilation assist (NAVA) captures the 
electrical activity of the diaphragm (Edi), feeds the 
Edi signal to the ventilator, and uses it to assist the 
patient’s breathing in synchrony with, and in propor-
tion to, the patient’s respiratory drive [1–5]. NAVA 
triggers, cycles and regulates gas delivery based on the 
diaphragmatic electromyography signal via a specially 
designed nasogastric tube. As the work of the ventila-
tor and the diaphragm is controlled by the same signal, 
coupling between the diaphragm and the ventilator is 
synchronized.

Patient–ventilator asynchrony is a common problem 
in patients with acute respiratory failure (ARF) receiv-
ing mechanical ventilation (MV). Asynchrony has 
been documented in both volume and pressure assist/
control, as well as pressure support ventilation. Recent 
data have shown that all patients managed with con-
ventional modes of MV have an asynchrony index > 5% 
at various points during the day [6]. Clinicians have a 
hard time identifying the presence of asynchrony at 
the bedside [7] despite that numerous ineffective trig-
gering has been associated with increased duration 
of mechanical ventilation [8]. Previous trials compar-
ing pressure support ventilation with NAVA [1,9–12] 
did not provide sufficient evidence for duration of 
MV or survival benefits in patients with ARF. We 
hypothesized that NAVA compared to conventional 
lung-protective MV would improve patient–ventilator 
interaction by making the transition to spontaneous 
breathing much quicker and easier, and would result 
in an increase of VFDs, a decrease in ventilator-asso-
ciated complications, and in a better survival. The goal 
of this study was to compare outcomes with NAVA 
versus conventional lung-protective MV in patients 
with ARF who are expected to require ventilatory sup-
port for at least 72  h. The primary outcome variable 
was VFDs. Secondary outcomes of interest were all-
cause ICU, hospital and 90-day mortality after rand-
omization, duration of MV in survivors, reintubation 
rate, and pulmonary complications.

Methods
Study design
This study was a multicenter, randomized, controlled 
trial conducted in 15 centers (14 in Spain and 1 in China), 
and designed in accordance with the fundamental prin-
ciples of the Declaration of Helsinki [13]. The trial pro-
tocol and the statistical analysis plan were previously 
published [14] (available in the Electronic Supplementary 
Material, ESM). The protocol was approved by the refer-
ral Ethics Committee (Hospital Clínico Universitario, 
Valencia, Spain). Patient representatives provided writ-
ten informed consent for inclusion into the trial. A data 
and safety monitoring board (DSMB) oversaw conduct of 
the trial, while remaining blind to the outcomes of inter-
est. The study conformed to current guidelines for rand-
omized clinical trials [15].

Patient population and randomization
Patients were eligible for inclusion if they met the fol-
lowing criteria during screening: age ≥ 18  years, 
hypoxemic  (PaO2/FiO2 ratio < 300  mmHg in a patient 
without chronic pulmonary disease) or hypercapnic 
 (PaCO2 > 45  mmHg in a patient with chronic pulmo-
nary disease, pH < 7.35 in a patient with chronic pulmo-
nary disease) ARF, intubated and mechanically ventilated 
for ≤ 5  days but expected to be ventilated for ≥ 72  h, 
and be able to trigger almost every mechanical breath. 
Patients were excluded from enrollment if they met any 
of the following conditions: moderate or severe acute 
respiratory distress syndrome [16], required noninva-
sive ventilation at the time of screening, were unable to 
breathe spontaneously, had neuromuscular or neuro-
logical disease, had any esophageal medical/surgical con-
traindication that might be traumatized by the insertion 
of the NAVA catheter, were pregnant, had body weight 
less than 35 kg, lack of informed consent, or had a poor 
short-term prognosis (as defined by a high risk of death 
within three months), and had other undefined reason 
for not participating.

Eligible, informed consented patients were randomized 
into two arms: (1) conventional lung-protective MV 
(control group) or (2) NAVA. Randomization was based 

Take‑home message 

In this randomized clinical trial in 306 patients with ARF from 
several etiologies, NAVA ventilation was significantly associated 
with increased ventilator‑free days and decreased duration of MV 
in ICU survivors, when compared to conventional lung‑protective 
MV. Whether these benefits can be translated into better hospital 
survival in some specific etiologies of ARF, remains to be determined 
in future trials.
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on a 1:1 ratio and stratified by centers using a computer-
generated assignment sequence with a variable block size 
of prenumbered, opaque, sealed envelopes sent to each 
participating ICU. There was no limitation in the num-
ber of enrolled patients per center during the trial except 
the availability of the Servo-i ventilator (Maquet, Sölna, 
Sweden). Patients, investigators and attending clinicians 
were unaware of the sequence of patients in each treat-
ment arm from those blocks. The trial characteristics did 
not allow the blinding of investigators to the intervention 
being tested.

Trial interventions
Patients in the control group were ventilated using 
either volume assist/control (A/C), pressure assist/con-
trol (A/C), pressure support (PS), or pressure-regulated 
volume control (PRVC), at the discretion of the medical 
team, using tidal volumes (VT) in the range of 4–8 ml/
kg predicted body weight (PBW) and plateau pressure or 
pressure (control or support) level setting of ≤ 30  cmH2O. 
During A/C the backup rate was set to ensure that the 
vast majority of the breaths were patients triggered.

Patients in the NAVA group were ventilated with 
Servo-i ventilators. We used one size NAVA catheter (Edi 
catheter 16 Fr.) in all patients. Placement of the NAVA 
catheter is similar to the placement of a typical nasogas-
tric tube; placement was achieved in all patients. Details 
for positioning the Edi catheter, initial NAVA settings, 
and subsequent adjustment of NAVA, are published in 
the original protocol [14]. The NAVA level was set ini-
tially at zero, then the maximum Edi was determined as 
the average level over the next three to five breaths with-
out ventilatory support with 5  cmH2O of positive end-
expiratory pressure (PEEP). The actual NAVA level was 
then titrated by the clinician to achieve: (1) an Edi equal 
to approximately 50% of the maximum Edi, (2) an aver-
age VT of between 4 and 8 ml/kg PBW, and (3) an aver-
age respiratory rate between 15 and 40 per min. During 
initial setting of NAVA,  PaCO2 occasionally increased 
to insure appropriate Edi activity. In addition, the trig-
ger sensitivity was set as sensitive as possible without 
causing auto-triggering and the maximum pressure limit 
in NAVA was set at 40  cmH2O. The NAVA catheter as 
recommended by the manufacturer was changed every 
5 days. As during the initial setting of NAVA, the maxi-
mum Edi was determined daily (see ESM). Maquet sup-
plied the NAVA catheters, but the company had no role 
in the trial design, data analysis, or data interpretation.

Minimal sedation and appropriate analgesia were main-
tained in all patients. Weaning was performed by a spon-
taneous breathing trial (SBT) [14,17]. Prior to starting 
SBT the patient had: (1) a partial reversal of the under-
lying cause of ARF, (2)  SpO2 > 88% or  PaO2 > 55  mmHg 

with  FiO2 ≤ 0.4 and PEEP ≤ 8  cmH2O, (3) hemodynamic 
stability, (4) a level of sedation appropriate for SBT, 
and (5) the ability to breathe spontaneously. The SBT 
was conducted for at least 30  min and no longer than 
120 min, and tested with a T-piece or with pressure sup-
port at 8  cmH2O with the same  FiO2 as during MV. The 
SBT could be repeated each day. If the patient passed the 
SBT, a decision for extubation (or disconnection of MV 
from tracheostomy) was taken, unless there was a reason 
not to extubate or reconnect.

Outcomes measures
The primary outcome was the number of VFDs, defined 
as the number of days alive and free from MV from rand-
omization and initiation of treatment to day-28 after ran-
domization. For calculating VFDs, we made the following 
considerations: (1) successful liberation from MV should 
last > 48 h without reintubation in a 28-day survivor; (2) 
extubations only count from the last successful extuba-
tion within a 28-day survivor; (3) VFDs were awarded 
zero days if the patient was ventilated for ≥ 28  days or 
died before 28  days (irrespective of intubation status). 
Secondary outcomes included all-cause ICU, hospital 
and mortality at 90 days after randomization, duration of 
MV in survivors, reintubation rate, and pulmonary com-
plications (see ESM).

Statistical analysis
For sample size calculations, we estimated that the aver-
age patient would have 21 VFDs with a standard devia-
tion of 6 VFDs, based on Wit et  al. [8]. We estimated 
that NAVA will increase VFDs by 2  days. Power analy-
sis was performed according to Schoenfeld et  al. [18]. 
With an alpha of 0.05 and a power of 80%, we estimated 
a sample size of 306 patients (153 in each group). Tem-
poral changes in organ dysfunction was assessed by the 
Sequential Organ Failure Assessment (SOFA) scale [19].

Descriptive statistics are expressed as mean ± stand-
ard deviation (SD), median and 25% and 75% percen-
tiles  (P25–P75), frequency, and percentages, depending 
on the nature and distribution of variables. Variables 
normally distributed were compared with the Student’s 
t-test. For variables without a normal distribution, the 
Mann–Whitney U-rank test was used for comparison. 
Categorical variables were compared using Fisher’s exact 
test. Primary and secondary outcomes are reported 
with between-groups observed differences and 95% 
confidence intervals (CI). The 95% CI for the difference 
between medians for VFDs in both groups was estimated 
using a bootstrap procedure (10,000 replications). Analy-
sis was performed according to the intention-to-treat 
principle, without adjustment for multiple comparisons. 
We analyzed time to death and probability of successful 
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weaning to day-90 after randomization in both groups 
using Kaplan–Meier curves. A two-sided p value of < 0.05 
indicated statistical significance. All statistical analyses 
were performed with R software (R Core Team 2019).

Results
Patient characteristics
From March 2014 through October 2019, a total of 310 
patients were enrolled: 155 assigned to the control group 

and 155 to the NAVA group. One patient in each arm 
was lost to follow-up due to transferring to other hospi-
tals, and one patient in each arm withdrew the consent 
after being enrolled. As a result, analysis was performed 
in 153 patients in each arm, as planned (Fig.  1). Most 
common reasons for exclusion before enrollment were 
moderate/severe acute respiratory distress syndrome, 
postsurgical patients requiring short MV, and severe 
neuromuscular or neurological disease. Twenty-three 

Fig. 1 Screening, enrollment, randomization, and analysis. Patients may have had more than one reason for being excluded after the assessment of 
eligibility. ARDS acute respiratory distress syndrome, NAVA neurally adjusted ventilatory assist, PBW predicted body weight
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patients (14 in the NAVA group and 9 in the control 
group) were enrolled despite having exclusion criteria, 
and 7 patients in the NAVA group did not receive the 
intervention. Median enrollment across participating 
sites was 18 patients  (P25–P75: 4–30 patients). During 
the study period (Table S1), seven centers abandoned the 
trial for reasons unrelated to the study. Enrollment into 
the trial was performed at 2.2 ± 1.5 days after the initia-
tion of MV. The time between intubation and enrollment 
was the same for both groups. Baseline characteristics at 
randomization did not differ between groups (Table  1). 
Main primary diagnoses were pneumonia, sepsis, and 
postsurgical patients.

Outcomes
In the intention-to-treat analysis, patients in the NAVA 
group had a higher median VFDs than patients in the 
control group (22 vs. 18 days, between-groups difference 
4 days, 95% CI 0 to 8 days; p = 0.016) (Table 2). All-cause 
ICU and hospital mortality, and mortality at 90 days after 
randomization did not differ significantly between the 
two groups (Table 2, Fig. 2).

Actual duration of MV in ICU survivors was shorter 
in the NAVA group than in control group (6.7 ± 7.7 vs. 
10.0 ± 12.9 days; between-group difference 3.3 days, 95% 
CI 0.61–5.97; p = 0.016). Within the 28  days after rand-
omization, 11.1% of patients (17 of 153) in the NAVA 

Table 1 Baseline characteristics of 306 patients with acute respiratory failure at randomization

Plus–minus values are means ± SD. Percentages may not total 100 because of rounding. There were no significant differences between the groups.  FiO2 denotes 
fraction of inspired oxygen

APACHE Acute Physiology and Chronic Health Evaluation II scores range from 0 to 71, PBW predicted body weight, PEEP positive end-expiratory pressure, SOFA 
Sequential Organ Failure Assessment score [19]

Characteristics NAVA group (N = 153) Control group (N = 153)

Age, years 63.9 ± 15.4 64.7 ± 14.1

Male gender, N (%) 100 (65.4) 101 (66)

Primary diagnoses, N (%)

 Pneumonia 49 (32) 49 (32)

 Sepsis 40 (26.1) 36 (23.5)

 Post‑surgical 22 (14.4) 18 (11.8)

 Chronic obstructive pulmonary disease 15 (9.8) 18 (11.8)

 Acute pancreatitis 5 (3.3) 4 (2.6)

 Aspiration 4 (2.6) 4 (2.6)

 Overdose/poisoning 4 (2.6) 4 (2.6)

 Trauma 3 (2) 5 (3.3)

 Heart failure 3 (2) 4 (2.6)

 Others 8 (5.2) 11 (7.2)

APACHE II score 16.1 ± 7 16.4 ± 7.2

Time from intubation to study inclusion, days 2.4 ± 1.5 2 ± 1.5

SOFA score 6.4 ± 3.1 6.8 ± 3.3

Tidal volume, ml/kg PBW 7.4 ± 1.4 7.2 ± 1.2

Respiratory rate (breaths/min) 19 ± 6 19 ± 5

Peak inspiratory pressure  (cmH2O) 22 ± 7 24 ± 7

Plateau pressure  (cmH2O) 19 ± 5 (n = 105) 20 ± 5 (n = 128)

PEEP  (cmH2O) 8 ± 2 8 ± 3

FiO2 0.44 ± 0.09 0.47 ± 0.12

PaO2 (mmHg) 106 ± 31 109 ± 36

PaO2/FiO2 (mmHg) 250 ± 87 244 ± 88

PaCO2 (mmHg) 43.1 ± 7.6 44.8 ± 9.8

pH 7.41 ± 0.09 7.39 ± 0.08

Ventilatory mode, N (%)

 Volume control 54 (35.3) 68 (44.4)

 Pressure control 18 (11.8) 15 (9.8)

 Pressure support 43 (28.1) 27 (17.6)

 Pressure‑regulated volume control 38 (24.8) 43 (28.1)
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group and 21.6% (33 of 153) in the control group devel-
oped extubation failure (p = 0.013), and required rein-
tubation or reconnection to MV (in case they had a 
tracheotomy). In patients with extubation failure, mean 
duration of MV (15.2 ± 11.2 vs. 15.3 ± 10.6  days) and 

number of hospital deaths (10/17 vs. 10/33) did not dif-
fer significantly between the trial groups. Figure S1 
illustrates the estimated Kaplan–Meier curve at 90 days 
for successful weaning. The decision to perform multi-
ple SBTs in one day was left up to the discretion of the 

Table 2 Primary and secondary outcomes*

* No missing data were observed for patients’ outcomes. ARDS acute respiratory distress syndrome. CI confidence interval, ICU intensive care unit, MV mechanical 
ventilation, SD standard deviation
¶  The width of CI for the median difference in ventilator-free days at 28 days should not be used to infer definitive treatment differences
§ Data included the period from randomization to hospital discharge
♣ Data included the period from randomization to ICU discharge

Variables NAVA group (N = 153) Control group (N = 153) Difference (95% CI) p value

Ventilator‑free days median  (P25-P75) 22 (3–25) 18 (0–24) 4 (0 to 8)¶ 0.016

All‑cause ICU deaths N (%) 30 (19.6) 27 (17.6) 2% (− 6.8 to 10.7) 0.66

All‑cause hospital deaths N (%) 39 (25.5) 47 (30.7) 5.2% (− 4.8 to 15.2) 0.31

All‑cause mortality at 90 days after randomization, N (%) 41 (26.8) 50 (32.7) 5.9% (− 4.3 to 16) 0.26

Total duration of MV in days, mean ± SD 7.8 ± 8.1 11.9 ± 16.2 ‑4.1 (− 7 to − 1.3) 0.005

Duration of MV in ICU survivors, days, mean ± SD 6.7 ± 7.8 (n = 123) 10 ± 13 (n = 126) 3.3 (0.6 to 6) 0.0162

Patients with extubation failure, N (%)§ 17 (11.1) 33 (21.6) 10.5% (2.2 to 18.7) 0.0135

Tracheostomy in ICU, N (%)♣ 32 (20.9) 32 (20.9) 0% (− 9.1 to 9.1) 1

Development of ARDS, N (%)♣ 16 (10.5) 19 (12.4) 2% (− 5.3 to 9.3) 0.59

Pneumothorax, N (%)♣ 3 (2) 4 (2.6) 0.6% (− 3.3 to 4.8) 0.7

Development of pneumonia, N (%)♣ 4 (2.6) 2 (1.3) 1.3% (− 2.4 to 5.3) 0.41

Fig. 2 Kaplan–Meier estimates of survival at 90 days after randomization
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managing clinician. After extubation, 37 (24%) patients 
in the NAVA group and 46 (30%) patients in the control 
group required NIV. NIV was used in 7/17 (41%) of rein-
tubated patients in the NAVA group and 10/33 (30%) of 
reintubated patients in the control group (p = 0.53).

Occurrence of pneumothorax was similarly distrib-
uted in both groups (Table 2). Major causes of ICU death 
were multisystem organ failure and refractory hypox-
emia (Table S2), mostly related to the underlying disease 
processes. Peak inspiratory pressure was significantly 
lower in the NAVA group at 24 h (p = 0.0038) and at day 
2 (p = 0.0126) after randomization. However, no other 
physiologic variables varied between groups during the 
trial (Table 3).

Adverse events
Rate of serious adverse events related to study protocol 
did not differ between the trial groups (Table  S3). One 
death resulted from a serious adverse event unrelated to 
the study protocol (details in ESM).

Discussion
The primary findings of our study are as follows: (1) 
The NAVA group had a greater number of VFD’s (22 
VFD’s) than the control group (18 VFD’s) (p = 0.016); (2) 
Actual duration of MV in ICU survivors was shorter in 
the NAVA group (6.7 + 7.7 days) than the control group 
10.0 + 12.9  days) (p = 0.016); (3) At 28  days after rand-
omization, 11.1% (17/153) in the NAVA group and 21.6% 
(33/153) in the control group required reintubation 
(p = 0.013).

Assisted MV is a complex process that requires a 
close interaction between the ventilator and the patient 
[20,21]. The complexity of this interaction is frequently 
underappreciated by the bedside clinician. All available 
studies on NAVA in patients with ARF have limitations 
regarding the clinical applicability of its theoretical physi-
ological benefits [22,23], mainly because patient popu-
lations were heterogeneous in terms of cause of ARF. 
Ideally under optimal conditions, NAVA has two impor-
tant features: the delivered pressure in synchrony with 
the diaphragmatic activity, and the VT controlled by the 
output of the patient’s respiratory center [24]. Since all 
that is set during NAVA is the proportion of effort pro-
vided by the ventilator to supplement the patient’s venti-
latory drive, for a given NAVA level, the airway pressure 
varies breath-by-breath in proportion to Edi. Three rand-
omized controlled trials on NAVA have been previously 
published [9,11,12]. Demoule et  al. [9] randomized 128 
patients ready for partial ventilatory support to NAVA or 
pressure support. The percentage of patients remaining 
on partial ventilatory support for the first 48 h after rand-
omization was 67.3% NAVA vs 63.3% control, VFDs were 

21 in NAVA and 17 in control (p = 0.12), post-extubation 
NIV was used in 43.6% NAVA vs 66% control (p < 0.001). 
NAVA did not affect mortality. Hadfield et al. [11] rand-
omized 78 patients at risk for prolonged MV to receive 
NAVA or pressure support. They found that NAVA was 
associated with more VFDs, however, no significant dif-
ferences were observed in duration of MV, ICU or hos-
pital stay. Although they also reported fewer hospital 
deaths in the NAVA group, no significant differences 
were observed in ICU, 28-day, or 90-day mortality. Most 
recently, Liu et al. [12] randomized the use of NAVA and 
pressure support in 99 difficult-to-wean patients. They 
observed that NAVA reduced the time of weaning and 
increased VFDs, with no effects on ICU, 28-day, or hos-
pital mortality. Our study primarily differs from these 
studies in that it accepted patients with ventilatory failure 
of all types and was used throughout the entire course 
of a patient’s need for ventilatory support. In a previous 
study, we reported that NAVA, as compared to pressure 
support ventilation, improved synchrony, reduced venti-
latory drive, increased breath-to-breath mechanical vari-
ability, and improved patient comfort in 12 mechanically 
ventilated pediatric patients [25]. In theory, NAVA offers 
protection against dangerous levels of volume and pres-
sure. Colombo et  al. [1] performed a physiologic study 
in 14 patients comparing NAVA and pressure support 
ventilation and found that NAVA averted the risk of over-
assistance and improved patient–ventilator interaction. 
Our trial was not a physiological study but investigators 
were encouraged to check routinely the optimal position-
ing of the NAVA catheter to determine the optimal set-
ting in terms of unloading patient’s respiratory muscles. 
No patient was excluded from the study as a result of an 
inability to properly place the NAVA catheter. We did not 
collect information regarding body position and intraab-
dominal pressure during the trial, but there is evidence 
suggesting that those factors do not compromise a sta-
ble signal of the NAVA catheter if its position is adjusted 
after changes in ventilator settings, clinical condition, or 
patient positioning [26]. On average, VT was maintained 
within the range of lung-protective ventilation (4–8 ml/
kg PBW) in both trial groups, despite that NAVA gener-
ates VTs that are independent of the assist level once the 
patient’s ventilation needs are satisfied [27], and NAVA 
settings were not adjusted solely on VT or  PaCO2 tar-
gets. In addition, by protocol plateau pressure was main-
tained < 30  cmH2O in both groups while NAVA level was 
adjusted on a daily level to 50% of the unassisted Edi.

Ventilatory assistance with NAVA remains under the 
patient’s control but we are unaware of what is the best 
time to begin NAVA. In our trial, titration of the NAVA 
level was performed in conjunction with gradual dis-
continuation of sedative agents. We acknowledge that 
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clinicians are accustomed to other modes of MV or to set 
the pressure support levels for liberating the patient from 
MV. Initially, clinicians and local investigators involved 
in the study were uncomfortable with a nasogastric tube 
that is used for feeding, administration of medication, 
and for sensing the electrical activity of the diaphragm. 
Since in NAVA the mechanical support is on-triggered 
and off-triggered by the Edi, the breathing pattern during 
NAVA is much less informative for clinicians than other 
modes of MV for subsequent adjustments. Our trial con-
firmed that clinicians have a limited accuracy for pre-
dicting duration of MV [28]. Mean VFDs in both groups 
were smaller than expected, probably due to the type of 
patients enrolled in the trial. Our inclusion criteria speci-
fied that expected duration of MV for enrolling a patient 
should be ≥ 72 h, and we estimated the sample size of the 
trial based on an average of 21 VFDs. However, the actual 
duration of MV after randomization in some patients was 
markedly larger than predicted, which could explain the 
high proportion of patients with tracheostomy (64/306, 
20.9%). In a multicenter trial comparing NAVA and pres-
sure support ventilation in 128 patients recovering from 
ARF, investigators reported 21 VFDs in the NAVA group 
[9]. Of note, the rate of reintubation in the NAVA arm of 
our trial was relatively low (11.1%). It is estimated that the 
reintubation rate after extubation failure for all indica-
tions is about 20% [29]. In a small study with 20 patients 
comparing NAVA or pressure support ventilation dur-
ing spontaneous breathing trials, the authors reported an 
extubation failure rate of 25%, much higher than in our 
trial [10].

We acknowledge some limitations of this trial. First, 
the study by its very nature was unblinded, which could 
have biased the decisions made by caregivers in the man-
agement of recruited patient. Second, weaning followed 
the ARDSnet protocol but the protocol determining 
when or if a patient should be reintubated could have 
been more detailed. Third, patient severity of illness was 
greater than expected in our study population. Fourth, 
since participating investigators were asked to estimate 
duration of MV regardless of their probability for sur-
vival, it is plausible that they underestimated the true 
severity of the underlying disease and the likelihood for 
successful weaning and survival. Fifth, most patients died 
in the ICU, and the most common causes of death were 
similar to those from patients with severe acute respira-
tory failure [30], a scenario that was not anticipated in 
our trial design. Sixth, the strict inclusion/exclusion cri-
teria for enrolling patients could have biased our results 
toward excluding difficult-to-wean patients ventilated 
for more than 5 days. Seventh, we could not be assured 
that some of the breaths in the control group could have 
been controlled mechanical breaths, or patients did not 

initiate breaths because of the function of the modes 
used. Finally, the diversity of diagnoses could limit the 
generalization of our findings.

Conclusion
In conclusion, ventilating patients with NAVA compared 
with conventional modes of partial ventilatory support 
increased the number of VFDs in a heterogeneous pop-
ulation of patients with ARF. Whether the theoretical 
benefits of NAVA can be translated into better survival 
in some specific etiologies of ARF or in difficult-to-wean 
patients without setting a specific time-period from the 
time of intubation remains to be determined in further 
trials. The unblinded nature of studies such as this always 
make interpretation of results difficult.
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Patient–ventilator interaction during assisted 
mechanical ventilation
Mechanical ventilation (in combination with sedation) 
can completely suppress patient respiratory drive and 
effort. While there are circumstances under which this 
may be desirable, maintaining spontaneous respiratory 
effort is generally preferred because it reduces atelecta-
sis, improves oxygenation, reduces pulmonary vascular 
resistance, and may prevent disuse diaphragm atrophy [1, 
2]. Vigorous respiratory effort during assisted ventilation, 
however, can induce unintentional patient self-inflicted 
lung injury (P-SILI). Large respiratory efforts increase 
tidal volumes and elevate both global and regional lung 
stress, increasing the risk of volutrauma in the baby lung 
and exacerbating respiratory failure [3, 4]. Vigorous dia-
phragm contractions may also cause load-induced dia-
phragm injury [2]. Spontaneous breathing is, therefore, 
not a panacea, and its benefits and risks depend heav-
ily on the magnitude of respiratory effort. Physiological 
principles and observational data suggest that a level of 
effort similar to that of resting quiet breathing is probably 
optimal [5].

Respiratory drive and effort also determine the risk 
of patient–ventilator asynchrony [6]. Asynchrony usu-
ally results either from low respiratory drive (ineffective 
efforts, reverse triggering), or from high respiratory drive 
and excessive effort (double triggering, flow starvation). 
Diagnosis and management of these asynchronies can 
be informed by an assessment of respiratory drive and 
effort.

In sum, assessing and managing patient respiratory 
effort are central to optimizing patient–ventilator inter-
action and mitigating its potential adverse effects.

The need for non‑invasive techniques to monitor 
patient–ventilator interaction and respiratory 
effort
Detecting adverse patient–ventilator interactions and 
excessive or insufficient respiratory effort is challenging. 
Respiratory rate is an unreliable indicator of respiratory 
effort as it is relatively unresponsive to changes in venti-
latory loading and can be influenced by multiple factors 
[7]. Airway pressure and flow provide no direct informa-
tion about inspiratory effort, though changes in effort can 
be suggested by changes in flow or pressure waveforms. 
Airway pressure is an unreliable marker to quantify 
global lung stress in the presence of respiratory effort, as 
it can underestimate the increased transpulmonary pres-
sure generated by negative pleural pressure swings from 
the contraction of the inspiratory muscles [8]. Therefore, 
basic inspection of ventilator waveforms is not sensi-
tive enough to rule out potentially injurious respiratory 
efforts [9].

Esophageal manometry can monitor patient–ventila-
tor interaction by evaluating the presence and intensity 
of the respiratory effort based on the esophageal pres-
sure swing (∆Pes), estimating the pressure generated by 
the respiratory muscles  (Pmus) [10]. However, as with 
other monitoring tools (i.e., diaphragm electrical activ-
ity),  Pes monitoring requires time, dedicated equipment, 
and some expertise to appropriately interpret the signals. 
Busy clinicians require simple, feasible, non-invasive 
techniques to evaluate patient–ventilator interaction and 
respiratory effort.*Correspondence:  ewan.goligher@utoronto.ca 
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Using a brief expiratory occlusion maneuver 
to detect adverse patient–ventilator interactions
When an end-expiratory airway occlusion is applied at 
random for the duration of a single inspiratory effort (or 
up to 5  s), spontaneous respiratory effort by the patient 
during the occlusion will generate a negative pressure 
deflection in the airway pressure that ‘unmasks’ the res-
piratory muscle effort (Fig.  1a). The magnitude of the 
negative pressure deflection during the occlusion (Pocc) 
is correlated with  Pmus during mechanically assisted 
breaths, because a single end-expiratory occlusion 
applied intermittently at random for a single breath does 
not alter the magnitude of diaphragm activation [11].

Pocc can be used to estimate both  Pmus and the 
dynamic transpulmonary driving pressure (∆PL,dyn), a 
measure of the dynamic mechanical stress applied to the 
lung during inspiration.  Pmus and ∆Pes can be estimated 
from Pocc by validated correction factors that adjust for 
chest wall elastance and the difference in chest wall kin-
ematics between occluded and non-occluded conditions 
(Fig. 1a). ∆PL,dyn can then be estimated by subtracting the 
estimated ∆Pes from the positive airway pressure swing 
during assisted breaths (Fig. 1a). Of note, ∆PL,dyn may be 
a better reflection of peak regional lung stress than quasi-
static transpulmonary driving pressure [12]. Although 
optimal values for these parameters have not been 
established, estimated  Pmus > 15  cm  H2O and estimated 
∆PL,dyn > 20  cm  H2O indicate that respiratory effort and 
dynamic lung stress, respectively, are likely excessive [11].

Using this simple method, clinicians can detect (a) 
excessive respiratory effort from the estimated value for 
 Pmus, (b) absent respiratory effort during apnea (no pres-
sure deflection during the 5  s occlusion), and (c) exces-
sive lung stress during spontaneous breathing from the 
estimated value for ∆PL,dyn. Thus, the key parameters 
reflecting potential risk of diaphragm and lung injury can 
be readily and reliably detected by measuring Pocc. The 
maneuver can also be used to monitor patients receiv-
ing neuromuscular blockade to confirm the absence of 
respiratory effort; if there is no negative deflection in 
airway pressure during a 5 s occlusion (i.e., Pocc = 0 cm 
 H2O), adequate paralysis has likely been achieved. The 

sensitivity of this approach has not yet been directly com-
pared against other commonly used methods to assess 
the adequacy of neuromuscular blockade (i.e., peripheral 
nerve stimulation).

Finally, an expiratory occlusion can differentiate vari-
ous dyssynchronies. For example, the expiratory occlu-
sion may unmask ineffective triggering if the patient’s 
intrinsic respiratory rate is much higher during the occlu-
sion than is apparent during the assisted breaths. When 
double cycling is observed, an end-expiratory occlusion 
will reveal whether this results from excessive and pro-
longed inspiratory effort or from reverse triggering (in 
which case the patient will generally be apneic during the 
pause) (Fig. 1b). If the ventilator appears to be triggered 
by the patient, but there are no respiratory efforts dur-
ing the occlusion, then autotriggering is likely (Figure E1, 
Online Supplement).

Limitations
This method has limitations. First, although Pocc can be 
used to accurately detect excess  Pmus and ∆PL,dyn, the esti-
mated values of these parameters are imprecise and can-
not replace direct measurement if precision is required. 
Second, the absence of respiratory effort during the 
occlusion does not rule out the presence of respiratory 
effort from reverse triggering (Fig.  1b). Finally, dynamic 
hyperinflation and intrinsic PEEP might lead to under-
estimation of the effort, particularly if intrinsic PEEP has 
not equilibrated against the occluded airway.

Conclusion
An expiratory occlusion maneuver is a simple, feasible, 
and non-invasive method of evaluating patient–ventilator 
interaction. The maneuver can detect absent or excessive 
respiratory effort or  excessive dynamic lung stress and 
can be used to differentiate various forms of patient–ven-
tilator dyssynchrony. This maneuver may provide a basic 
monitoring approach for lung and diaphragm-protective 
ventilation (‘safe spontaneous breathing’) to be tested in 
future clinical trials.
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Fig. 1 Representative tracings showing a) the airway occlusion maneuver in a spontaneously breathing patient at rest, and b) two patients with 
double triggering; one resulting from reverse triggering and the other resulting from a dissociation between neural and mechanical inspiratory 
time. Airway pressure  (Paw), flow, esophageal pressure  (Pes), and transpulmonary pressure  (PL) were recorded during the expiratory occlusion 
maneuver.  Pocc represents the inspiratory swing in airway pressure against an occluded airway. ∆Pes represents the dynamic esophageal pressure 
inspiratory swing. The dynamic transpulmonary driving pressure (∆PL,dyn) represents the dynamic mechanical stress applied to the lung during inspi-
ration. By applying previously validated correction factors, clinicians can use  Pocc to estimate respiratory muscle effort  (Pmus) and ∆PL,dyn. In panel b, 
during the expiratory hold, there is no respiratory effort from the patient with reverse triggering, signifying that the double triggering is occurring in 
the absence of spontaneous respiratory drive. Conversely, an inspiratory effort can be seen during the hold in the other patients’ tracing
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Abstract 

Neuromuscular blocking agents (NMBAs) inhibit patient-initiated active breath and the risk of high tidal volumes and 
consequent high transpulmonary pressure swings, and minimize patient/ ventilator asynchrony in acute respiratory 
distress syndrome (ARDS). Minimization of volutrauma and ventilator-induced lung injury (VILI) results in a lower 
incidence of barotrauma, improved oxygenation and a decrease in circulating proinflammatory markers. Recent 
randomized clinical trials did not reveal harmful muscular effects during a short course of NMBAs. The use of NMBAs 
should be considered during the early phase of severe ARDS for patients to facilitate lung protective ventilation or 
prone positioning only after optimising mechanical ventilation and sedation. The use of NMBAs should be integrated 
in a global strategy including the reduction of tidal volume, the rational use of PEEP, prone positioning and the use of 
a ventilatory mode allowing spontaneous ventilation as soon as possible. Partial neuromuscular blockade should be 
evaluated in future trials.

Keywords: Muscle relaxants, Protective ventilation, Prone positioning, Corticosteroids, ECMO, Sedation, PEEP

Introduction

Mechanical ventilation (MV) is the basis of the treatment 
of patients presenting with acute respiratory distress syn-
drome (ARDS). The respective roles of mechanical ven-
tilation with preserved spontaneous breathing (SB) and 
completely controlled mechanical ventilation using neu-
romuscular blocking agents (NMBAs) need to be clari-
fied at the very early phase of ARDS. However, these two 
seemingly opposing strategies should be complemen-
tary, and defining the appropriate timing using these two 
strategies successively is warranted.

The current SARS-CoV-2 pandemic is associated 
with NMBA shortage in different countries, suggesting 
their widespread use [1]. Even before the publication of 
specific studies regarding the use of NMBAs in ARDS 
patients, their use was not trivial. In a sub-study of the 

ALVEOLI trial comparing a high PEEP strategy to a low 
PEEP strategy, continuous NMBAs were used at baseline 
in 30% and 25.4% of the lower and higher PEEP groups, 
respectively, and in 45% and 33% of patients with lower 
and higher PEEP between day 0 and day 28 [2]. Factors 
that were found to be associated with NMBA use are 
mainly related to disease severity, as assessed by a high 
APACHE III score, a large alveolar–arterial oxygen gra-
dient, and a high plateau pressure [2]. Moreover, the 
use of prone positioning [3], permissive hypercapnia 
to ensure protective ventilation, extra-corporeal mem-
brane oxygenation (ECMO) [4] or high-frequency oscil-
latory ventilation may require the use of NMBAs [5]. 
The purpose of this narrative review is to present an 
updated discussion on the role of muscle paralysis dur-
ing mechanical ventilation in ARDS patients, based both 
on pathophysiological concepts and data obtained from 
clinical studies.
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Pharmacology of NMBAs
Physiologically, acetylcholine (ACh) is released from the 
presynaptic motor nerve terminus, diffuses across the 
synaptic cleft, and binds to ligand-gated nicotinic ace-
tylcholine receptors (AChRs) on the postsynaptic motor 
endplate. The binding of ACh increases the membrane 
permeability, which decreases the transmembrane poten-
tial. When the threshold potential is reached, the action 
potential is propagated, resulting in skeletal muscle cell 
contraction. The action of ACh is rapidly terminated by 
the enzyme acetylcholinesterase. NMBAs cause skeletal 
muscle relaxation by blocking the acetylcholine receptor 
neuromuscular junction [6]. These agents are classified 
by their mechanism of action and chemical structure. 
Depolarising NMBAs bind and activate AChRs, whereas 
non-depolarising NMBAs bind and competitively antag-
onize AChRs. Succinylcholine is the only depolaris-
ing agent but is not used as continuous infusion. The 
group of non-depolarising NMBAs is further subdivided 
according to their structure into benzylisoquinolinium—
e.g., atracurium, cisatracurium and mivacurium, and 
amino steroidal compounds—e.g., rocuronium, vecuro-
nium and pancuronium. Steroid compounds appear to 
further favor the occurrence of myopathies because of 
their structural analogy [7]. Moreover, they are metabo-
lized into active metabolites; the elimination of these 
metabolites can be disturbed in renal or liver failure, and 
there is a risk of accumulation, especially if administered 
for several days. On the contrary, benzylisoquinolines are 
metabolized to inactive compounds by plasma esterases, 
depending upon the plasma temperature and pH. There 
is no risk of a prolonged muscular block after ending 
the infusion of these agents even in critically ill patients 
with renal or liver failure [8]. The choice of the adequate 
non-depolarising NMBA depends on both the indication 
and patient’s comorbidities (e.g., renal and liver failure). 
Pancuronium was the first amino steroidal compound 
introduced clinically. It stimulates muscarinic receptors, 
especially cardiac receptors with an atropine-like effect 
(vagal blockade with tachycardia). Atracurium and cisa-
tracurium are preferred agents for continuous infusions 
due to the fact that their metabolism is unrelated to renal 
or hepatic function. They are both intermediate-acting 
NMBAs. Atracurium is metabolized through nonspe-
cific plasma esterase-mediated hydrolysis as well as by 
the Hofmann elimination reaction, which is independ-
ent of hepatic and renal function, making this agent an 
attractive option in the intensive care unit in patients 
with renal and/or hepatic dysfunction. Cisatracurium 
is an isomer of atracurium, with a fourfold increased 
potency and without the associated histamine release. 
It is metabolized through organ-independent mecha-
nisms via the Hofmann elimination reaction, making this 

benzylisoquinolinium drug one of the most commonly 
utilized NMBAs in critically ill patients who require neu-
romuscular blockade [9, 10] Main differences between 
benzylisoquinoliniums and other NMBAs are reported in 
Table 1.

Selecting a specific NMBA in the critically ill patient 
depends on the indication, patient’s comorbidities (liver 
or renal failure), interactions with other drugs, physi-
ological changes and risk factors that may affect the phar-
macokinetics of NMBAs, such as age-related changes, 
hypothermia, sepsis, and metabolic or electrolyte distur-
bances. Tachyphylaxis has also been documented with 
NMBAs use, and clinical guidelines recommend that 
patients who develop tachyphylaxis to one NMBA should 
try another drug (rather from another class) if neuromus-
cular blockade is still required [11].

Plausible beneficial effects of NMBAs in ARDS 
patients
Several pathophysiological hypotheses have been pro-
posed to explain why NMBAs used during the acute 
phase of moderate-to-severe ARDS might improve the 
outcomes. Figure 1 summarizes the key mechanisms. The 
main effects probably involve the following:

Reduction of patient‑to‑ventilator asynchronies and better 
adaptation to protective ventilation
Better control of the tidal volume by limiting inspira-
tory efforts and inhibition of active expiration help to 
decrease baro, volu and atelectrauma [12]. Thus, NMBAs 
limit the occurrence of high and large swings of transpul-
monary pressure related to strong inspiratory efforts, as 
well as expiratory collapse by inhibiting active expiration. 
Strong expiratory efforts can generate negative transpul-
monary pressure (when pleural pressure is higher than 
PEEP) and lead to alveolar collapse [13]. By the way, 
NMBAs could limit derecruitment and allow the main-
tenance of PEEP [13, 14]. These events are associated 
with a decrease in lung blood flow and alveolar–capil-
lary permeability. NMBAs also prevent breath stacking, 
a patient–ventilator interaction in which consecutive 
machine inspiratory cycles occur in close succession with 

Take‑home message 

The use of NMBAs should be considered during the early phase of 
severe ARDS for patients who despite deep sedation cannot be ven-
tilated according to lung protective ventilation criteria or patients in 
prone position only after adjusting mechanical ventilation settings 
and sedation. The use of NMBAs should be integrated into a global 
strategy involving low tidal volume, a judicious use of PEEP, prone 
positioning and the use of a ventilatory mode allowing spontane-
ous ventilation as soon as possible.
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incomplete exhalation between them, typically due to 
inspiratory muscle effort early during the machine expir-
atory phase. Breath stacking can result in regular expo-
sure to potentially injurious and occult high Vt despite 
ventilator settings consistent with a lung-protective 
strategy. By eliminating breath-stacking dyssynchrony, 
NMBAs ensure provision of the intended low-Vt strategy 
[15]. Inspiratory efforts can be clinically undetectable or 
associated with undiagnosed reverse triggering (a breath 
delivered by the ventilator triggering a contraction of the 
diaphragm responsible for a spontaneous breath [16]), 
which can be frequent even under deep sedation in non-
paralysed patients [17]. Finally, an elevated rate of asyn-
chronies has been shown to be associated with higher 
ICU and hospital mortality [18].

Lastly, paralysing ventilatory muscles to allow con-
trolled ventilation could facilitate the tolerance of per-
missive hypercapnia.

Decrease in oxygen consumption
NMBAs have been shown to decrease oxygen con-
sumption, mainly by eliminating muscular activity and 
improving systemic oxygenation, particularly in muscles 
implicated in respiratory function [19]. Through this 

mechanism, NMBAs likely reduce respiratory demand 
and cardiac output, followed by an increase in the mixed 
venous partial pressure of oxygen and the partial pres-
sure of arterial oxygen. Reducing the work of breathing 
during mechanical ventilation by neuromuscular paraly-
sis may lower the whole-body oxygen consumption in a 
significant manner (a 25% reduction has been reported 
[20]) and redistribute the blood flow to the splanchnic 
and other non-vital vascular beds [20]. Sparing oxygen 
consumption, NMBAs could reduce respiratory demand, 
contributing to reduce VILI from high minute ventila-
tion and excessive patient effort, whereas decreasing car-
diac output may decrease VILI from pulmonary vascular 
strain [21].

Increased thoraco‑pulmonary compliance and functional 
residual capacity
This might be associated with a decrease in the intra-pul-
monary shunt due to PEEP maintenance and lower ate-
lectasis in dependant regions of the lungs [22]. NMBAs 
improve the mechanical viscoelastic properties of the 
chest wall. An improved ventilation–perfusion ratio may 
also be related to a more uniform distribution of lung 
perfusion due to the application of lower pulmonary 

Table 1 Pharmacology of commonly used neuromuscular blocking agents

ED95 effective dose 95%: the amount of NMBA required to reduce twitch height by 95%. NF not feasible

Agent ED95/  
Intubating dose (mg/kg)

Onset time (min) Infusion 
dose  
(μg/kg/min)

Duration of action Elimination

Succinylcholine 0.5–0.6/1–1.2 0.5–1 s NF 10–12 min Metabolized by plasma 
cholinesterase. No active 
metabolite

Rocuronium 0.3/0.6
(1.2 for rapid sequence induc-

tion)

1.5–3
(1 for rapide induction dose)

5–12 20–70 min Eliminated by the liver (90%) 
and kidneys (10%). No active 
metabolite

Pancuronium 0.07/0.1 3–5 0.8–1.7 20–40 min Eliminated by the liver (15%) 
and kidneys (85%). Active 
metabolite = 3-OH-pancuro-
nium, accumulating in case of 
renal failure

Vecuronium 0.05/0.08–0.1 3–5 0.8–1.7 20–40 min Eliminated by the liver (60%) 
and kidneys (40%). Active 
metabolite = 3-desacetyl-
Vecuronium, accumulating in 
case of renal failure

Cisatracurium 0.05–0.07/0.15 4–7 1–3 35–50 min Hofmann elimination. No active 
metabolite

Atracurium 0.25/0.5 3–5 10–20 30–45 min Metabolized by plasma esterase 
and Hofmann elimination. 
Metabolite = laudanosine, 
possible neurologic toxicity at 
high continuous doses)

Mivacurium 0.08/0.25 2–3 5–6 12–20 min Metabolized by plasma 
cholinesterase. No active 
metabolite
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pressure, favouring the perfusion of ventilated areas and 
decreasing the intra-pulmonary shunt [23].

Better regional distribution of the tidal volume
NMBAs could avoid or limit the overdistension of high 
compliance territories and promoting the recruitment of 
areas with smaller compliance.

Anti‑inflammatory effects
The lower production of proinflammatory cytokines in 
the lung and the blood reported in patients receiving 
cisatracurium [24] has suggested an “anti-inflammatory” 
role for NMBAs. Two mechanisms could be involved: 
first, a reduced inflammation through the reduction 
of ventilator-induced lung injury (VILI). The second 
hypothesis is a direct “anti-inflammatory” effect of cisa-
tracurium (see “Biological effects” section).

Biological effects of NMBAs
NMBAs have multiple, potentially positive, biologi-
cal effects in humans [25]. In patients with moderate-
to-severe ARDS, NMBAs administration has been 
associated with lower local and systemic release of 
inflammation, epithelial dysfunction, and endothelial 
injury biomarkers, such as IL-8, surfactant protein-D, 
and von Willebrand factor [24, 26].

The biological plausibility of a direct anti-inflammatory 
effect of cisatracurium is based on the broad expression 
of its receptor, alpha-1-nicotine receptor (nAChRα1), on 
epithelial cells, endothelial cells, leukocytes and fibro-
blasts [27–30] (Table  S1, supplementary material 1). 
In the lungs, nAChRα1 signals as an alternative recep-
tor for urokinase on neutrophils, leading to the release 
of inflammatory cytokines such as IL-1α, TNF-α, and 
macrophage inflammatory protein-2 [27]. An in  vitro 
and in vivo animal study has been conducted to test the 
hypothesis that NMBAs are protective against biotrauma 
by their anti-inflammatory effects mediated by blocking 
the activity of nAChRα1 on epithelial cells, endothelial 
cells, and leukocytes [31]. Cisatracurium had intrinsic 
anti-inflammatory properties and its lung protection was 
primarily independent of the effects of synchrony. Sur-
rogates of lung injury, such as the wet to dry ratio and 
protein concentration in bronchoalveolar lavage fluid 
(BALF), were lower in rats treated with NMBA than 
in controls, in which perfect synchrony was achieved 
with anaesthesia alone. The anti-inflammatory effects 
of cisatracurium, as defined by the lower release of 
inflammatory cytokines by several cell types (epithelial, 
endothelial, and CD14 + cells) after challenge with LPS, 
BALF or plasma from ARDS patients, was mediated by 
nAChRα1 blockade. cisatracurium lacked its protective 

Fig. 1 Plausible beneficial effects of neuromuscular blocking agents (NMBAs) in ARDS patients
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effects when nAChRα1 was stably knocked down in cell 
clones.

Nevertheless, the putative direct anti-inflammatory 
effect of cisatracurium needs to be counterbalanced by 
muscular atrophy and weakness associated with pro-
longed use of heavy sedation and NMBAs and addressed 
for its clinical implications.

Risks of spontaneous breathing in ARDS
The maintenance of physiological respiratory muscle 
activity in ventilated patients has recognized benefits 
compared to controlled ventilation including improved 
alveolar recruitment, increased cardiac output, increased 
blood flow to vital organs, prevention of peripheral mus-
cles withering and reduced risk of diaphragm disuse atro-
phy [32]. However, accumulating evidence has alerted 
physicians, either directly or indirectly, to the risks of 
spontaneous breathing in various clinical settings—
e.g., non-intubated patients with acute respiratory fail-
ure [33], patients with ARDS [26, 34–38], patients with 
severe sepsis [39], patients with ARDS under ECMO [40], 
and paediatric patients with ARDS [41, 42]. Spontaneous 
breathing efforts may worsen lung injury, especially when 
the spontaneous effort is vigorous and/or lung injury is 
severe, termed patient self-inflicted lung injury (P-SILI) 
[43, 44]. Several potential mechanisms to explain the 
harm of spontaneous breathing efforts are summarized as 
follows: (1) global and local overdistension, (2) increased 
lung perfusion, (3) patient–ventilator asynchrony, and (4) 
derecruitment with expiratory muscle activity (Fig. 2).

First, a vigorous spontaneous effort will increase global 
transpulmonary pressure by decreasing pleural pres-
sure and thus increasing tidal volume (i.e., global over-
distension). Notably, vigorous spontaneous efforts will 
also carry the potential risk to increase local lung stress 
and strain (i.e., local overdistension) of dependent lung 
regions by drawing gas from other lung regions (called 
the Pendelluft phenomenon [45]) or directly from the 
trachea, despite a limiting tidal volume. The cause may be 
that, in the ‘solid-like’ atelectatic lung, negative inspira-
tory pleural pressure following diaphragmatic con-
traction is not transmitted but rather localized in the 
dependent lung regions where negative inspiratory pleu-
ral pressure is first generated [45]. Recent experimental 
data have confirmed that the bulk of effort-dependent 
lung injury occurs in the dependent lung regions, the 
same region where vigorous effort causes greater inspira-
tory stress and stretch [46]. Second, a spontaneous effort 
will increase lung perfusion and potentially cause lung 
oedema in ARDS. Vigorous spontaneous efforts will 
increase transmural pressure across pulmonary vessels, 
i.e., a net distending pressure of intrathoracic vessels, 
by decreasing pleural pressure. This mechanism may 

explain why spontaneous effort causes lung oedema dur-
ing volume-controlled mode [35], or during upper airway 
obstruction [47]. Third, high respiratory effort is known 
to be associated with breath stacking [48]. Breath stack-
ing—i.e., the occurrence of two consecutive inspirations 
separated by a short expiratory time–is potentially inju-
rious because the delivered tidal volume increases [16]. 
Fourth, during vigorous spontaneous breathing efforts, 
there is a shift of the diaphragm to the cephalad direc-
tion (to expire promptly) and a decrease in expiratory 
transpulmonary pressure despite the use of PEEP, causing 
derecruitment of dependent lung regions [13, 34]. Finally, 
strong respiratory efforts during MV could be deleteri-
ous not only for the lungs but also for the diaphragm. The 
concept of diaphragm-protective ventilation has recently 
been proposed as a complementary strategy besides lung 
protective ventilation [43].

Neuromuscular blockers and safety concerns
ICU‑acquired weakness
Muscles weakness, long-term sequelae of critical ill-
ness, affects roughly two-thirds of ICU survivors [49]. 
This neurological complication is often associated 
with prolonged mechanical ventilation [50], and pro-
longed ICU and hospital lengths of stay [51]. Criti-
cal illness-associated neuromyopathy is likely caused 
by multiple factors, including systemic inflammation, 
metabolic disorders, and interventions [49]. Notably, 
historically, ICU-acquired neuromuscular weakness 
was first described in patients receiving a high dose of 
corticosteroids and neuromuscular blockade for severe 
asthma [52]. Neuromuscular blockade is used to para-
lyse the patient with the expectation that, when the 
drug is withdrawn, the patient resumes rapid normal 
neuromuscular function. Curare and non-depolarising 
NMBAs may cause prolonged muscular weakness [53]. 
The risk of persistent paralysis is higher in patients 
with hepatic or renal dysfunction because most non-
depolarising NMBAs are cleared from the plasma by 
the kidneys and liver. Increased plasma clearance of 
NMBA also parallels the duration of drug infusion and 
concomitant use of aminoglycosides or corticosteroids. 
The chemical structure of many NMBAs incorporates 
a steroid moiety, which may increase the risk of ICU-
associated weakness. A notable exception is cisatracu-
rium, which is cleared by Hofmann elimination and has 
a different chemical structure. Indeed, no increase in 
ICU-associated weakness from cisatracurium was dem-
onstrated in two large RCTs [37, 54].

Prolonged neuromuscular blockade may deregulate 
acetylcholine metabolism and/or the function of Ach 
receptors with the upregulation of receptor subtypes 
that are less sensitive to acetylcholine. In rats, a relatively 
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short experimental period was not associated with sig-
nificant differences in the expression of known mediators 
of muscle atrophy, as demonstrated by similar diaphragm 
mRNA changes in expression of the muscle-specific 
ubiquitin ligases MuRF1 and Atrogin-1 [31]. However, 
the potential upregulation of nAChRα1 in muscle and 
other cell types associated with the continuous infusion 
of cisatracurium warrants further investigation in the 
future.

Additionally, prolonged blockade of the neuromuscu-
lar junction may cause muscle atrophy, particularly in the 
presence of corticosteroids, ischaemia, acidosis or elec-
trolyte disturbances [55]. Myopathy is a common com-
plication of the exposure to corticosteroids, particularly 
fluorinated derivatives—e.g., dexamethasone. Notably, 
corticosteroid toxicity is potentiated by non-depolarising 
neuromuscular drugs such as pancuronium because they 
bind to a common corticosteroid receptor. ICU-acquired 
weakness is more likely to occur in patients receiving 

Fig. 2 Schema to explain the harm of vigorous spontaneous effort in ARDS. When vigorous spontaneous effort is preserved during mechanical 
ventilation, transpulmonary pressure (Paw—Ppl = PL) reaches injuriously high, thereby increasing tidal volume and causing global overdistension. 
In addition, negative Ppl distends pulmonary capillary vessels and increases perfusion; the transmural pressure across pulmonary capillary vessels 
is increased (Pcap—Ppl =  + 30), promoting interstitial edema formation (right magnified panel). In the presence of injury, permeability is increased 
and, therefore, alveolar edema formation is accelerated (Right magnified panel). In ARDS, atelectasis is often present in dorsal (dependent) lung 
regions (dotted black area in lung). Since the presence of atelectatic ‘solid-like’ lung tissue may block the pressure transmission of negative ∆Ppl 
following diaphragmatic contraction, more negative ∆Ppl is localized in dorsal lung regions (negative ∆Ppl − 20cmH2O vs. − 10cmH2O in dorsal vs. 
ventral lung regions). In this way, greater local (dorsal) lung stress causes local overdistension by drawing gas from other lung regions—e.g., ventral 
lung (blue line; this is called pendelluft phenomenon [45]) or directly from a ventilator. Thus, the bulk of effort-dependent lung injury occurs in 
dorsal lung regions, where vigorous spontaneous effort causes greater inspiratory lung stress and stretch (three red lines in lower panel). In addition, 
vigorous spontaneous effort causes patient–ventilator asynchrony and derecruitment with active exhalation. Abbreviations: ARDS acute respiratory 
distress syndrome; Pcap capillary pressure; Ppl pleural pressure
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NMBA and corticosteroids concomitantly. It is also more 
likely to occur with a high dose of fluorinated corticos-
teroids and prolonged administration of a non-depolaris-
ing, long-acting NMBA. Nowadays, physicians are more 
likely to use short courses of short-acting NMBAs and a 
low dose of corticosteroids, which may be less likely to 
result in significant muscles weakness. In a recent meta-
analysis of three trials of neuromuscular blockade for 
ARDS (n = 431 patients), 73/223 and 62/208 (RR, 1.08; 
CI 0.83–1.41) patients had muscle weakness in the neu-
romuscular blockade and placebo groups, respectively 
[56]. Likewise, a systematic review and meta-analysis of 
16 observational studies suggested that the administra-
tion of NMBAs might not be associated with increased 
risk of critical illness-associated neuromyopathy [57]. 
In practice, the duration of immobilization, severity of 
organ dysfunction, and metabolic and electrolytes disor-
ders, as well as the concomitant use of other drugs alter-
ing neuromuscular function, may be more important to 
trigger ICU-acquired myopathy (or weakness) than neu-
romuscular blockade per se. Finally, a trial of cisatracu-
rium for ARDS found no evidence of an increased risk of 
acute quadriplegic myopathy, although a high proportion 
of patients also received corticosteroids [37].

Nevertheless, in routine, ICU physicians should not 
combine fluorinated corticosteroids and non-depolar-
ising NMBAs. We suggest using at a dose hydrocorti-
sone not exceeding 300 mg per day, and the duration of 
neuromuscular blockade should be as short as possible 
(ideally less than 48  h). All other risk factors of critical 
illness-associated neuromyopathy should be avoided—
e.g., maintaining normal glucose, pH and electrolytes lev-
els and avoiding aminoglycosides. Patients should benefit 
from prompt passive and active mobilization, as well as a 
rehabilitation programme.

Ventilator‑associated pneumonia (VAP)
NMBAs have not been demonstrated to increase the risk 
of ventilator-associated pneumonia (VAP). An ancillary 
study of ACURASYS showed that NMBAs were not asso-
ciated with a higher occurrence of bacterial VAP [58].

Pressure and corneal ulcers
In a prospective descriptive study focusing on more than 
500 ICU long stays and evaluating pressure ulcers grade 
2–4 occurrence, mechanical ventilation was associated 
with pressure sore occurrence but not NMBAs. Sedatives 
associated with turning, floating heels where negatively 
associated with pressure ulcers [59]. A recent interna-
tional study did not identify the use of NMBAs as being 
associated with pressure ulcers [60]. Preventing the risk 
of corneal ulcers in deeply sedated patients receiving 
NMBAs need careful and daily ocular protection.

Monitoring of NMBAs administration
Despite the lack of robust evidence, monitoring neu-
romuscular blockade is recommended in ICU patients 
[11]. Monitoring the depth of neuromuscular block-
ade aims to ensure that objectives for muscle relaxation 
are reached in an anesthetized patient, that the lowest 
NMBAs dose is used (which could limit the develop-
ment of ICU-acquired weakness), and, less frequently, 
that deleterious residual neuromuscular blockade after 
extubation is avoided. Different studies have shown that 
monitoring the level of neuromuscular blockade is asso-
ciated with a reduction in the amount of NMBAs along 
with a decreased incidence of persistent neuromuscular 
weakness and that the management of blockade in ARDS 
patients by nurses is a secure procedure [61, 62]. The 
depth of neuromuscular blockade should be assessed by 
repeated clinical and qualitative evaluation in addition 
to monitoring for adequate sedation and analgesia. The 
clinical evaluation based on the observation of skeletal 
muscle movement, respiratory efforts or the detection 
of patient–ventilator asynchronies must be coupled with 
a qualitative method to assess neuromuscular blockade. 
Train of four (TOF) supramaximal electrical impulses at 
a 2-Hz frequency applied every 0.5  s to the ulnar nerve 
(less frequently the posterior tibial nerve) of a non-par-
alysed limb, or to the facial nerve, produces four visual-
ized muscle twitches. TOF remains the easiest and most 
reliable method available for ICU patients. Increasing 
the dose of NMBA is associated with a decrease in the 
force of twitches. The evaluation of the decline in the 
twitch response can be performed by comparing the 
strength (TOF ratio) of the fourth twitch to that of the 
first twitch. However, the measurement of the TOF can 
be impaired by hypothermia, peripheral oedema, or 
incorrect positioning of electrodes. Notably, quantitative 
neuromuscular monitoring (using mechanomyography 
or acceleromyography, for example) is not routinely used 
in ICU patients.

When monitoring treatment with NMBAs, clinicians 
must be aware of the low correlation of blockade meas-
ured clinically and peripherally compared with that of 
the diaphragm [63]. Along these lines, differences exist 
in the time course of response to NMBAs between cen-
tral muscles (diaphragm), which recover earlier, and 
peripheral muscles (abductor pollicis). Depending on the 
clinical situation, physicians can use the ulnar or facial 
site, to achieve a TOF goal of 0, 1 or 2 twitches (as rec-
ommended for all ICU patients by the Neuromuscular 
Blockade Task Force [62]), or a TOF ratio exceeding 0.9. 
Furthermore, monitoring TOF recovery in response to 
facial nerve stimulation (as advised by the French recom-
mendations in ICU patients [64]) before extubation could 
expose patients to aspiration [65], whereas facial or ulnar 
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sites appear adequate to assess the depth of the relaxation 
of the diaphragm, particularly in ARDS patients.

Sedation monitoring in patients receiving NMBAs
Neither the ARDS et Curarisation Systematique (ACU-
RASYS) study nor the Reevaluation of Systemic Early 
Neuromuscular Blockade (ROSE) study used sedation 
surveillance monitors in the NMBA arms; all the patients 
received deep sedation, and neither trial allowed decreas-
ing the sedation after the initiation of NMBAs [37, 54]. 
Bispectral index (BIS) monitor is a noninvasive processed 
electroencephalogram that can identify accidental aware-
ness with recall (AWR) in patients undergoing general 
anaesthesia [66]. BIS values of 40–60 minimize the risk 
of AWR in operating rooms [66]. Despite minimal data 
to corroborate its use in the ICU [67], BIS monitoring 
is becoming more common in mechanically ventilated 
patients undergoing paralysis [68]. The current NMBA 
guidelines do not recommend the use of sedation-mon-
itoring devices to measure sedation [11]. There is a con-
cern for discordance in BIS readings in patients with 
critical illness-associated encephalopathy [69]. Electro-
magnetic fields from other devices and instruments in 
the ICU environment might also affect BIS readings [67, 
69]. The use of BIS monitors in clinical practice has been 
associated with increased rates of the down titration of 
sedatives, and the risk of under-sedating these patients 
needs to be always evaluated when using any monitoring 
devices to prevent long-term neuro-cognitive disorders, 
such as anxiety or post-traumatic stress disorder [66, 70]. 
BIS values should, moreover, be interpreted with caution 
as they have been shown to decline in fully awake volun-
teers under neuromuscular block [71, 72]. If BIS monitors 
are not employed for sedation monitoring, it is important 
to target deep sedation before NMBA initiation. Once 
deep sedation is achieved, a flat dose with no de-escala-
tion should be implemented for the sedation instructions 
[68]. Importantly, RCTs of NMBA infusions in ARDS are 
limited to 48 h, and adjunctive sedation monitors might 
be needed for prolonged NMBA use because of the risk 
of tachyphylaxis [37, 54].

Outcomes of ARDS patients receiving NMBAs
Seven randomized controlled trials (RCT) [13, 24, 37, 
54, 73–75] have studied NMBA infusions in patients 
with moderate-severe ARDS (Table  2). Conflicting 
results from the two largest randomized controlled 
trials (RCTs) [37, 54] evaluating the role of NMBAs in 
ARDS have further tempered the enthusiasm for their 
use as a front-line adjunctive therapy [76]. Impor-
tantly, significant differences were found in the tim-
ing of enrolment, ventilatory and non-ventilatory 
strategies and the initial severity among the patients 

enrolled in ACURASYS compared with those in ROSE; 
thus, the differences in the study design and method-
ology might explain the differences in the reported 
mortality [77, 78]. In the first multicentre RCT [73], a 
significant improvement in the  PaO2/FiO2 ratio and a 
strong tendency towards a lower mortality rate were 
observed in patients receiving NMBAs for 48  h. The 
same group of authors [24] confirmed the benefi-
cial effects of NMBAs on oxygenation and decreases 
in the plateau pressure,  FiO2 and PEEP. Again, a 
trend towards decreased mortality in patients receiv-
ing NMBAs was observed. This was the rationale for 
designing the ACURASYS study [37], which showed 
that a strategy including cisatracurium is associated 
with an improvement in the adjusted 90-day survival 
rate compared with placebo. The 28-day mortality 
was 23.7% with cisatracurium and 33.3% with the pla-
cebo (p = 0.05). The beneficial effects of cisatracurium 
on mortality were mainly observed in patients with 
a  PaO2/FiO2 ratio < 120  mmHg. The cisatracurium 
group had significantly more ventilator-free days than 
the placebo group during the first 28  days. NMBAs 
patients also presented less barotrauma. The PETAL 
(prevention and early treatment of acute lung injury) 
network aimed to re-evaluate the beneficial effects 
of NMBAs on mortality by designing the ROSE study 
[54] comparing the use of cisatracurium with man-
agement by light sedation very early in the course of 
moderate-to-severe ARDS. The primary endpoint was 
hospital mortality from any cause at day 90. The trial 
was stopped at the second interim analysis for futility. 
Neither in-hospital mortality nor ventilator-free days 
at day 90 were different between the groups. NMBAs 
neither improved oxygenation nor decreased the rate 
of pneumothorax but were more frequently associ-
ated with serious cardiovascular adverse events. Sig-
nificant methodological differences may explain these 
conflicting results between the ACURASYS and ROSE 
studies (Table  3) [37, 54]. First, the patients were 
included earlier in ROSE than in ACURASYS (the 
median times were 8  h and 16  h, respectively). This 
shorter delay in the ROSE study could have compro-
mised the adequate adjustment of both mechanical 
ventilation and sedation before inclusion. This finding 
likely explains why a significant proportion of eligible 
patients (N = 658) was excluded because of oxygena-
tion improvement from inclusion to randomization 
[37], although patients with a  PaO2/FiO2 < 150 at inclu-
sion could be included even if  PaO2/FiO2 reached but 
not exceeded 200 mmHg at the time of randomization 
(i.e., some patients had a  PaO2/FiO2 > 150). Moreo-
ver, more patients in ROSE (17.1%) than in ACURA-
SYS (4.3%) were excluded before enrollement because 
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already receiving NMBAs [79], suggesting that some of 
them might have benefited from neuromuscular block-
ade. Third, strategies in both studies concerning PEEP 
adjustment were really different: a high PEEP (ALVE-
OLI high PEEP strategy [80]) was applied in the ROSE 
study, while a moderate PEEP (ARMA strategy [81]) 
was used in the ACURASYS study [37, 54]. A recent 
study has suggested that high levels of PEEP and 
recruitment manoeuvres could worsen the outcomes 
[82]. These differences in PEEP strategy could explain 
at least in part the discrepancies between ACURASYS 
and ROSE studies. Sedation strategies were also differ-
ent during the first 2 days in the control group—light 
sedation in ROSE, heavy sedation in ACURASYS [37, 
54]. Importantly, in this latter study [37], no differ-
ence was found between the two groups (NMBAs and 
placebo) regarding the amount of sedatives received 
(no “oversedation” in the placebo group). These dif-
ferences in PEEP and sedation strategies may alter the 
level of VILI experience in both the control and inter-
vention arms in both studies, highlighting the complex 
interplay among patient effort, sedation, NMBAs, and 
ventilator management in ARDS [76]. Another main 
difference was the lower use of prone positioning in 
ROSE (16% vs. 29% in ACURASYS) and the quick tran-
sition towards ventilatory modes, allowing spontane-
ous breathing and a weaning protocol in ACURASYS; 
no such protocol was reported in ROSE [37, 54]. Over-
all, these distinct approaches might explain the large 
difference in mortality observed between ACURASYS 
and ROSE regarding NMBA groups (90-day mortalities 

of 31.6% and 42.5%, respectively); however, no differ-
ence was found between the two studies regarding the 
mortality of the control group [37, 54]. The conclusion 
that might be drawn from these two studies is that very 
early use of NMBAs, before optimizing MV and seda-
tion, using a strategy involving high PEEP levels does 
not modify the outcomes [37, 54]. Conversely, NMBAs 
(if sedation alone fails to improve respiratory status) 
integrated into an overall strategy including a reasoned 
use of PEEP, prone positioning and the rapid imple-
mentation of spontaneous breathing might improve 
the prognosis [37, 54]. Including the results of ROSE, 
three meta-analyses showed a reduction of early (21- 
to 28-day) mortality [83, 84] and late (90-day or ICU) 
mortality [83, 85] in patients receiving NMBAs. Early 
improvement of oxygenation was also retrieved in 
three of these meta-analyses [83, 84, 86]. A lower risk 
of barotrauma and no effect on the occurrence of ICU-
acquired weakness were constantly reported.

Partial neuromuscular blockade in patients 
with ARDS
In patients with ARDS, respiratory drive may be exces-
sive, mainly due to hypercapnic acidosis, hypoxemia, 
and inflammation, [87, 88]and lead to P-SILI [89]. Addi-
tionally, some preliminary data have suggested that 
prolonged strenuous diaphragm effort may result in 
load-induced diaphragm injury [90, 91]. The disadvan-
tages of full neuromuscular blockade also include the risk 
for the development of diaphragm disuse atrophy [92], 

Table 3 A comparison of ACURASYS and ROSE studies on specific methodological aspects

ARDS acute respiratory distress syndrome, H hour(s), MV mechanical ventilation, NA not available, NMBAs neuromuscular blocking agents, PEEP positive end-
expiratory pressure

ACURASYS [37] ROSE [54]

Time from ARDS to inclusion (hours, median, IQR) 16 (6–29) 7.6 (3.7–15.6)

Time from MV initiation to inclusion (hours, median, IQR) NMBAs 22 (9–41)
Placebo 21 (10–42)

NA

Excluded before enrollment because  
already receiving NMBAs (n)

42 655

NMBAs stop before the 48th hour No If  FiO2 ≤ 0.4 and PEEP ≤ 8  cmH2O after 12 h

NMBAs use after the 48th hour Weaning attempt at day 3 if  FiO2 ≤ 0.6 Left to the discretion of the treating clinician

Patients from the control group  
requiring NMBAs for injurious MV (%)

56 17–36

PEEP strategy  (cmH2O) Moderate PEEP (ARMA (6))
NMBAs 9.2 ± 3.2
Placebo 9.2 ± 3.5

High PEEP (ALVEOLI (5))
NMBAs 12. 6 ± 3.6
Control 12.5 ± 3.6

Prone positioning use (%) NMBAs 28
Placebo 29

NMBAs 16.8
Control 14.9

MV weaning protocolized Yes NA

90-day mortality (%) NMBAs 31.6
Placebo 41.4

NMBAs 42.5
Control 42.8
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peripheral skeletal muscle atrophy due to immobility and 
the need for a high dose of sedatives. Accordingly, instead 
of complete diaphragm paralysis, an alternative approach 
would be to titrate the diaphragm effort to maintain a 
physiological effort. From this perspective, low-dose 
NMBAs (“partial neuromuscular blockade”) is an inter-
esting compromise between total diaphragm paralysis 
and injurious high breathing effort. Interestingly, it has 

been demonstrated more than 40  years ago that low-
dose neuromuscular blockers (partial neuromuscular 
blockade) can be used to decrease respiratory muscle 
strength [93] while maintaining spontaneous breathing. 
The authors demonstrated that low-dose NMBA-induced 
respiratory muscle weakness but increased respiratory 
effort sensation. Therefore, partial neuromuscular block-
ade does not reduce respiratory drive, only respiratory 

Fig. 3 Place of neuromuscular blocking agents in the ventilatory strategy of ARDS patients
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muscle effort. In a proof-of-concept study recruiting 
patients with moderate ARDS and high respiratory drive, 
the feasibility of partial neuromuscular blockade was 
evaluated in patients on pressure support ventilation 
[94]. Careful titration with rocuronium decreased the 
tidal volume from 9.3 ± 0.6 ml/kg to 5.6 ± 0.2 ml/kg, ful-
filling the criteria for lung-protective ventilation. For rea-
sons incompletely understood, the reduction in minute 
ventilation due to a reduced tidal volume was not com-
pletely compensated by an increase in respiratory rate. 
Accordingly, patients developed mild respiratory aci-
dosis with partial neuromuscular blockade. After rocu-
ronium titration, the transdiaphragmatic pressure was 
decreased to ± 5.0  cmH2O, well within the physiological 
range for diaphragm activity during tidal breathing in 
healthy subjects. Although this strategy was applied for 
only 2 h in highly selected patients, it suggests that par-
tial neuromuscular blockade is a feasible and safe strategy 
to deliver lung- and diaphragm-protective ventilation in 
patients with a high respiratory effort. However, future 
clinical studies are warranted to confirm the safety and 
efficacy of prolonged partial neuromuscular relaxation in 
ventilated patients.

Future prospects and conclusions
Pharmacologic strategies such as NMBAs should not be 
used routinely in all patients with moderate-severe ARDS 
but need to be customized for the appropriate patient 
at the right time to evaluate their benefit [77]. The ini-
tial management of ARDS must follow a lung-protective 
strategy with the optimization of PEEP and sedation for 
individual patients [95]. After this initial optimization 
of mechanical ventilation and sedation, clinicians must 
integrate the use of NMBAs in a step-up fashion based 
on objective physiologic criteria  (PaO2/FiO2) and the 
presence of either asynchrony or unsafe ventilation [95]. 
Gas exchange improvement should prompt physicians 
to stop NMBAs and encourage spontaneous breathing 
activity (Fig. 3).

More research is needed to adjust the use of NMBAs 
in ARDS patients. First, the benefits observed may not 
apply to all NMBAs, considering that cisatracurium 
besylate has been used in all RCTs. Second, the optimal 
duration of infusion needs to be evaluated according to 
the patients’ profiles and/or responses to the treatments. 
Twenty-four hours of paralysis may be sufficient in some 
cases with prompt improvement. By contrast, in some 

Table 4 Summary of the main clinical recommendations for NMBAs use in clinical practice

ARDS acute respiratory distress syndrome, BIS bis spectral index, MV mechanical ventilation, NMBAs neuromuscular blocking agents, PEEP positive end-expiratory 
pressure, RASS richmond agitation-sedation scale, Vt tidal volume
1 Cisatracurium besilate was used in the largest RCT evaluating the effects of NMBAs on mortality (see Table 3). Recent data suggest that ARDS patients receiving 
cisatracurium had a lower duration of MV and ICU length of stay as compared with those receiving vecuronium [9]. Non-steroidal compounds (benzylisoquinolinium) 
are less associated with ICU-acquired weakness
2 TOF: train of four
3 Use with caution, BIS values might be decreased by NMBAs use
4 No increase in ICU-associated weakness from cisatracurium was demonstrated in two large RCTs [37, 54]and in three recent meta-analysis [83, 84, 86]

Issue Recommendation

Preferred neuromuscular blocker Cisatracurium  besilate1

Dosing recommendation No monitoring of neuromuscular block: 37.5 mg/h (ACURASYS dosing)
Monitoring of the  TOF2: objective 0/4 response at the ulnar site or 2/4 at the facial site [61, 63]

Timing of administration Early (acute phase of ARDS onset) and only after sedation/ventilator settings adjustments

Sedation monitoring /goals RASS − 4 to − 5 before NMBAs
BIS 40–603

Associated measures Protective MV (Vt, PEEP, Plateau pressure)
Prone positioning

Duration of administration 48 h at the acute phase of ARDS
Discontinue if  PaO2/FiO2 > 150 mmHg
After 48 h, reconsider the use of NMBA at least every 12hrs

Ventilatory settings after NMBAs stop Decrease sedation
Promote ventilatory modes allowing spontaneous breathing
Ensure protective MV

ICU-acquired weakness prevention Limit concomitant high-dose corticosteroids use
Prefer non-steroidal compound (especially cisatracurium)4

Shorten NMBA administration
Avoid hyperglycemia, maintain normal pH and electrolytes

Safety concerns Ocular care
Prevention of pressure ulcers (turning, nursing care)
Detect awareness: BIS monitoring, clinical evaluation (tachycardia, hypertension during stimulations)
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patients with very severe ARDS (including those requir-
ing ECMO with persistent high respiratory drive and/or 
prone positioning), longer durations are often required. 
Because NMBAs were used in more than 85% of patients 
from the PROSEVA study [96], whether the use of 
NMBAs is required in all moderate-to-severe ARDS 
patients requiring prone positioning must be specified. 
Third, the place of NMBAs to improve respiratory sys-
tem mechanics in patients without moderate-to-severe 
hypoxemia but with large swings in transpulmonary 
pressure deserves to be further explored. Finally, clini-
cians can be relieved regarding the potential harmful 
effects of NMBAs. Indeed, the use of a short course of a 
recent NMBA was not associated with an increased inci-
dence of ICU-acquired neuromyopathy [37, 54] (Table 3).

Considering the current definition of ARDS, the use of 
NMBAs should be considered during the early phase of 
severe ARDS for patients who require deep sedation to 
facilitate lung-protective ventilation or prone position-
ing [97]. However, as stated in a recent guideline [97], 
NMBA infusion must be discussed only after optimizing 
mechanical ventilation and sedation (the ACURASYS 
strategy). The use of NMBAs should be integrated into an 
overall strategy including the reduction of the tidal vol-
ume, a reasoned use of PEEP according to its impact on 
gas exchange and the haemodynamic status, the use of 
prone positioning and preferential choice of a ventilatory 
mode allowing spontaneous ventilation as soon as possi-
ble [95] (Table 4). Partial neuromuscular blockade needs 
further clinical evaluation but is a promising strategy.
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Since the mid-1980s, atelectasis has been demonstrated 
during anesthesia in lung healthy subjects [1] and in 
intensive care patients suffering from acute respiratory 
failure and requiring ventilator support [2]. In the latter 
case, there are additional causes of airless lung tissues, 
such as alveolar fluid filling and consolidation. The air-
less tissue is still perfused, causing a shunt with impair-
ment of the oxygenation of blood. Moreover, cyclic open-
ing and closing of alveolar units may harm the tissue and 
trigger an inflammatory reaction [3]. This is well known 
and has been considered a major morphological distur-
bance in the mechanically ventilated subject. However, 
there are indirect observations of another morphologi-
cal disturbance, some airways that are either continu-
ously closed or cyclically opening and closing during 
the ventilation. This airway closure is a normal phenom-
enon, although of small magnitude and seldom continu-
ous, in awake, spontaneously breathing healthy subjects. 
It begins in dependent lung regions and spreads out to 
include additional airways during the continuing expira-
tion [4]. However, during anesthesia and in acute respira-
tory failure airway closure is much more marked and may 
be of similar importance as alveolar airlessness in imped-
ing lung function, and promoting inflammation [5, 6].

Airway closure was initially demonstrated (or rather 
suggested) by single breath tracer gas recordings [4]. 
Recently, airway closure was also visually demonstrated 
by synchrotron radiation technique (Fig.  1) displaying 
different patterns of the closure phenomenon [7]. One 
was complete closure of dependent, peripheral airways, 
in line with what has been assumed since long. Another 

was repeated closures of the airway so that gas was 
trapped within a distance of the airway. This suggests a 
more complicated background for airway closure, not 
only trans-airway pressure but also changes in surface 
tension, liquid distribution within the airway and inter-
dependence between units [7, 8].

Airway closure increases with increasing age, a conse-
quence of loss of elastic tissue in the lung that may pro-
duce a positive pleural pressure in dependent regions 
[4]. Decrease in resting lung volume, functional residual 
capacity (FRC), promotes airway closure [4]. Factors that 
in combination reduce FRC, like anesthesia, age, obesity 
and head down positions for surgery will all increase like-
lihood for airway closure. Recently, complete airway clo-
sure has been suggested in ARDS [6]. In these patients, 
lung inflation starts when airway pressure reaches a 
critical level of opening pressure [9]. This has been mis-
taken in the past as being a lower inflection point indi-
cating recruitment of a collapsed lung. This phenomenon 
may be due to collapse of airways at end-expiration. 
The mechanism and actual location of this collapse is 
unknown and may not be identical to the classic airway 
closure that is related to transpulmonary pressure and, 
thus, is gravitationally oriented [4]. One possible, still 
speculative, mechanism is that the trachea is compressed 
by surrounding tissue that may be increased in obesity 
and/or displaced by body position, and by relaxation of 
tracheal smooth muscle [10]. Surfactant depletion may 
add to both central and peripheral airway instability and 
cause widespread closure and injury, also in distal airways 
[7, 8]. As a consequence, alveoli remain inflated at end-
expiration. A recent study of ARDS found one-third of 
patients depicting complete airway closure with reopen-
ing anywhere between 6 and 20 cm  H2O [11]. Complete 
airway closure has also been reported in 22% of obese 
anesthetized patients with normal lungs [12]. In patients 
with ARDS, obesity increases the incidence of airway 
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closure (more than 65% of patients with BMI > 39 kg/m2) 
[13]. Interestingly while auto-PEEP (or intrinsic PEEP) 
is easily eliminated by prolonging expiratory time, the 
level of airway opening pressure is not influenced by the 
duration of expiration and remains at a very reproducible 
level [11]. The absence of ventilation below this airway 

opening pressure has been visualized by electric imped-
ance tomography [9].

There are at least four major consequences of airway 
closure. Firstly, a continuously closed or briefly open air-
way will promote atelectasis because of absent or poor 
ventilation, alveolar gas being sucked up by the capillary 

A

B C

Fig. 1 a Study of airway closure in a rabbit whole-lung lavage and injurious ventilation model, using synchrotron radiation technique. The image 
is an iso-gravitational cut through the lung with the rabbit in an upright position. Note that small airways, 18th of 21 generations, are open when 
PEEP is 12 cm  H2O, but begin to close with PEEP 6 and that most small airways are closed at PEEP 3. Alveoli remain open but it may be anticipated 
that they close after some time, in particular if ventilation is with 100% oxygen [7]. b Low-flow inflation pressure–volume (P–V) curve from a patient 
without complete airway closure. P–V curve of the patient (blue) and the occluded circuit (red) separate immediately and cardiac oscillations can 
be seen throughout the whole P–V curve [13]. c Low-flow inflation P–V curve from a patient with complete airway closure. P–V curve of the patient 
(blue) superimposed to that of the occluded circuit (red) until airway pressure exceeded a critical level—airway opening pressure (black line at 
15 cm  H2O). After this, cardiac oscillations can be seen on the P–V curve [13]
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blood. Indeed, the atelectasis during anesthesia is almost 
always caused by airway closure [1]. The use of high 
inspired oxygen concentration speeds up the atelectasis 
formation because of rapid absorption of oxygen in the 
alveoli, whereas nitrogen in the alveoli will prevent or 
slow down atelectasis formation.

Secondly, the impaired ventilation by cyclic airway 
closure causes a ventilation/perfusion mismatch with 
impairment of oxygenation of blood. In addition, con-
tinuous airway closure promotes alveolar collapse, as 
said above, that causes a shunt and impairment of arterial 
oxygenation.

Thirdly, there are animal experiments suggesting that 
the beginning of an inflammatory reaction in the lung 
is not in dependent, collapsed/airless regions, nor in the 
uppermost, possibly over-aerated regions, but in a zone 
somewhere in the middle of the lung [14]. This zone is 
mostly poorly aerated, suggesting cyclic airway closure. 
Such cyclic closure results in a physical stress to the air-
way wall, opening and closing where surface forces have 
to be overcome and where the wall may suffer from 
damage [14]. Importantly, whereas atelectasis results in 
alveolar injury mostly in aerated regions, the repetitive 
opening and closing of distal airways occur also in lung 
regions that are atelectatic [15].

Fourth, the presence of airway closure makes measure-
ment of alveolar pressure at the airway opening impos-
sible or unreliable. Wrong estimates of driving pressure 
and compliance happen in case of airway closure because 
the alveolar pressure is not measured at the airway open-
ing even after an occlusion [13].

A simple technique to assess complete airway closure 
is by using the low-flow inflation pressure–volume curve 
pattern (Fig. 1). The presence of low inflection point asso-
ciated with, in the initial part of the curve, the absence 
of cardiac oscillations and very low compliance, close to 
the 2.5 mL/cm  H2O of an occluded breathing circuit, is 
suggestive of complete airway closure [11]. When pres-
sure exceeds the low inflection point, cardiac oscillations 
appear and compliance dramatically increases as com-
pared to the initial part of the curve. Even simpler is the 
use of a pressure–time curve using a low-flow inflation 
(see a video on rtmaven.com; this can be done on any 
ICU ventilator). This low inflection point corresponds 
to the pressure needed to start inflating the lungs and 
reflects the airway opening pressure. Setting PEEP at the 
level of this airway opening pressure is recommended to 
avoid or minimize the repetitive opening and closure of 
small airways.

In summary, airway closure is a frequent finding in 
anesthesia and intensive care and is a major cause of lung 
dysfunction and even inflammation. It is also a major 

cause of atelectasis. Its detection and prevention are 
important steps in optimizing ventilator support.
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Despite its obvious benefits, mechanical ventilation can 
inflict pulmonary structural damage [1] and destabilize 
hemodynamics [2]. Deleterious effects of mechanical 
ventilation—collectively known as ventilator-induced 
lung injury (VILI)—include inflammatory infiltration 
and vascular permeability, hyaline membrane formation, 
and pulmonary edema [3]. Interactive mechanical forces 
prompt biophysical, biochemical, and biomolecular 
alterations that ultimately lead to VILI [4]. Repeated non-
physiological stretching of lung tissue can release inflam-
matory mediators, alter gene expression, and either 
upregulate or downregulate synthesis of several extracel-
lular matrix proteins [5]. Therefore, understanding the 
physiological and biological consequences of mechani-
cal ventilation and becoming familiar with logical clinical 
strategies intended to prevent and minimize lung dam-
age are important clinical goals. These cannot be studied 
directly at the bedside for obvious ethical and logistical 
reasons. Yet, over the past two decades, the experimental 
laboratory has provided the needed guidance to develop 
approaches and equipment modifications essential to 
VILI prevention.

Animal models continue to elucidate mechanisms 
underlying the complex pathophysiology of VILI, aiding 
immeasurably in developing preventative and therapeu-
tic approaches. Important factors upon which to focus 
when selecting an animal model of VILI include availabil-
ity, cost, public opinion regarding the conduct of animal 
research (e.g., feelings toward dogs or primates compared 
to rodents), the number of animals that should be used, 

and the availability of species-specific reagents to meas-
ure inflammatory mediators, receptors, or other proteins 
[6]. Different species are best suited to different study 
objectives; if survival is the primary outcome of interest, 
rodents provide an ideal option, since large numbers are 
required. Mouse models of injury have specific reagents 
available and can be genetically modified. Conversely, 
if invasive monitoring or multiple blood samples are 
required, large animals share similarities of chest anat-
omy and mechanical properties with humans and pro-
vide easier anatomic access and adequate blood volumes. 
So far, no available animal model perfectly mimics cer-
tain key aspects of human VILI, limiting the breadth of 
our understanding and impeding rapid extrapolation of 
findings to the clinical setting. For example, the intensity 
and evolution of VILI differ between experimental and 
human studies. Importantly, most animal models do not 
receive therapies, such as fluid intake, which influence 
outcomes in humans. Despite such limitations, precise 
regulation of the components of the mechanical stimulus 
and the monitoring of their effects in animal models has 
enabled acquisition of detailed mechanistic knowledge of 
undeniable clinical import [7].

Recent laboratory discoveries
Mechanical forces
The experimental setting allows investigation of purely 
mechanical (wounding and signaling) stimuli on tis-
sue responses. Furthermore, mechanical forces can be 
explored over wide ranges and under conditions that 
would be neither feasible nor ethical in human patients. 
Some of these contributors, e.g. PEEP [8], may have 
protective or damaging influence, depending on range 
and biological substrate. Ventilation patterns have been 
explored both in small and large animals, which differ 
in their susceptibility to mechanical stresses and strain 
depending on size, age, and pre-existing inflammatory 
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state. Transpulmonary pressures, differing regional 
tidal excursions, and associated injury potentials have 
been measured in large animals, confirming the impor-
tance of local chest wall properties to VILI hazard [9]. 
The benefit of prone positioning for leveling the dis-
tribution of transpulmonary pressures and reducing 
gravitationally dependent VILI has been demonstrated 
clearly in healthy large animals and in models of pre-
injury [10].

Recent work has made clear that surpassing minimum 
thresholds for tidal stress and strain may be required to 
initiating lung injury in healthy as well as pre-injured 
lungs [4, 11] and that both static and dynamic stresses 
impact the actual strains experienced at the cellular level 
[7]. Micromechanical amplifiers of stress include geo-
metric heterogeneity within the parenchyma, differential 
viscoelastance and rates of parenchymal expansion, and 
progressive loading due to dropout of weaker stress-bear-
ing matrix fibrils as tidal cycling proceeds (If unrelieved 
or interrupted, the latter process may eventuate cata-
strophic alveolar barrier breakdown.). The propagation 
of parenchymal injury and the inflammatory process can 
now be traced by advanced imaging techniques. Accentu-
ated surface forces develop at the boundary of closed and 
open lung units, inciting inflammation. Such phenomena 
have been especially well demonstrated during repeated 
tidal opening and closing of small airways [4]. In that set-
ting, the importance of surfactant depletion and shear-
ing related to fluid movements have been experimentally 
verified, as has the protective effect of PEEP.

A series of ongoing studies have demonstrated that 
each individual element of tidal energy and power, even 
PEEP, contributes to tissue damage (albeit with different 
potency and effect) if it is applied above the aforemen-
tioned injury threshold [8, 11]. With that proviso, total 
power—the product of minute ventilation with the sum 
of flow resistive, tidal expansive, and baseline pressures—
is a single integrating variable with the potential to track 
VILI risk [11, 12]. Predictably, duration of a damaging 
ventilation pattern influences eventual injury expres-
sion. Interrupting the monotony of passive cycling with 
“noisy” or biologically variable ventilation appears to 
confer some protection [13].

Nonmechanical forces
Nonmechanical factors condition the injury resulting 
from an adverse ventilation pattern. These include vascu-
lar pressures and flows, body temperature,  PaO2,  PCO2 
and tissue pH (Fig. 1). Exactly similar patterns of inflation 
may cause radically different severities and types of VILI 
expression depending on the environment in which they 
occur.

The injury process is an ongoing competition between 
injurious with adaptive and reparative forces. The latter 
have been relatively little studied and are currently under 
investigation. At the cellular level, confocal microscopy 
has demonstrated lipid trafficking to the cellular sur-
face that attenuates modest degrees of boundary stretch, 
deformation, and signaling. Very recent work in animal 
experiments has also shown that recruiting pressures 

Fig. 1 Different factors associated with ventilator-induced lung injury (VILI). PEEP positive end-expiratory pressure, P-SILI patient self-inflicted lung 
injury
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reached gradually over longer intervals are better toler-
ated than those applied abruptly [14]. Similarly, poten-
tially injurious patterns of tidal stress may cause less 
damage if gradually escalated over time [15]. Recent 
experiments conducted in large animals have opened a 
new area of inquiry by demonstrating that slowing the 
initial release of ventilating pressures may attenuate the 
risk of VILI and improve hemodynamic tolerance [16].

Future research directions
Numerous questions regarding the safety of mechani-
cal ventilation remain to be explored in animal models. 
Foremost among these are projects to refine the compo-
nents of power as VILI risk factors, define time-depend-
ent thresholds for mechanical injury, explore expiratory 
events in VILI causation, and precisely determine the 
codependence of clinician-modifiable mechanical and 
non-mechanical influences (such as fluid loading) on 
VILI. The contributions of the vascular side of the alve-
olar-capillary barrier to VILI requires additional explora-
tion, as emphasized by the unique challenges presented 
by the vaso-centricity of COVID-19 pneumonia. Easing 
the abruptness of pattern transitions, as well as modify-
ing the flow patterns of both inspiration and expiration, 
hold considerable potential to mitigate the risk of VILI. 
Multiple unresolved issues remain regarding how best to 
differentiate acute lung injury from the additive insult of 
an adverse ventilation pattern, whether spontaneous or 
fully controlled. How best to track the emergence and 
progress of iatrogenic ventilation patterns is eminently 
worth investigating, as are the healing processes of adap-
tation and repair.
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Pulmonary hyperinflation is the increase in the relaxa-
tion volume of the respiratory system at the end of a tidal 
expiration (end-expiratory volume). This can occur due 
to a number of factors, acting alone or in combination, 
such as increased expiratory resistance impeding lung 
emptying (more pronounced in the presence of expira-
tory flow limitation in obstructive airway diseases, but 
also in acute respiratory distress syndrome (ARDS) and 
obesity), reduced lung recoil pressure (emphysema), 
increased minute ventilation and ventilatory demand, 
insufficient expiratory time, or over-support during the 
preceding inspiration leading to increased end-inspira-
tory volume and thus larger tidal volume to exhale [1].

In a seated normal subject quietly breathing, at the end 
of an expiration, alveolar and airway pressures are zero 
relative to atmosphere, and pleural pressure (as assessed 
by measuring the esophageal pressure with a dedicated 
air-filled balloon catheter placed at the distal part of the 
esophagus) is negative (around—5  cmH2O). However, 
in the presence of pulmonary hyperinflation the alveolar 
pressure remains positive throughout expiration [lead-
ing to development of intrinsic end-expiratory positive 
pressure (PEEPi)] and is transmitted to the pleural space 
to varying degrees depending on the compliance of the 
lung and chest wall. For instance, in the case of emphy-
sema the lungs are highly compliant, so most of the posi-
tive alveolar pressure is transmitted to the pleural space, 
unless severe hyperinflation is present leading to overdis-
tension and lower lung compliance.

The consequences of pulmonary hyperinflation during 
controlled mechanical ventilation are increased transpul-
monary pressure at end inspiration and increased deliv-
ered mechanical power [2] with its associated injurious 
effects and risk of barotrauma, due to increased strain 
(volume change) of the lung and hemodynamic compro-
mise [1, 3]. The more positive is the mean intrathoracic 
pressure, the more pronounced are its hemodynamic 
effects which are the result of a complex interaction 
between changes in preload secondary to changes in 
the venous return, right–left ventricle interactions, 
direct effects of lung inflation and mean alveolar pres-
sure (together with any regional differences in PEEPi), 
increase in right ventricle and decrease in left ventricle 
afterload increased pulmonary vascular resistance and 
effects on ventilation/perfusion ratio [1, 3] . At moder-
ate degrees of hyperinflation decreased venous return is 
the main mechanism leading to decreased cardiac out-
put. Furthermore, the hyperinflated lung compresses the 
pericardium (especially the pericardial fossa) increasing 
their pressure (pericardial and juxtacardial, respectively) 
which is transmitted to the right atrial cavity increasing 
the right atrial pressure, the downstream pressure for 
venous return [1]. However, pulmonary hyperinflation 
with the resulting PEEPi elevates the upstream pressure 
driving venous return (i.e., the mean systemic pressure) 
by both reflex and mechanical means independent of the 
abdominal pressure [1]. The positive intrathoracic pres-
sure may also change the resistive and elastic properties 
of peripheral veins and may increase venous resistance 
depending on the amount applied and the collapsibility 
of the veins. The net effect of all these phenomena is a 
decrease in the venous return [4, 5].

In the spontaneously breathing mechanically ventilated 
patient (assisted ventilation), the inspiratory effort of 
the patient decreases the mean inspiratory pressure and 
thus the mean intrathoracic pressure. The respiratory 
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consequences of hyperinflation during assisted mechani-
cal ventilation are overdistension, increased effort–work 
of breathing, and wasted/ineffective efforts. The work 
performed per breath is mathematically expressed as 
∫ Pressure × dVolume, i.e., the area on a pressure–vol-
ume diagram [6] [7]. The higher is the end-expiratory 
lung volume (hyperinflation), the higher is the recoil 
pressure of the respiratory system (PEEPi). At the very 
beginning of inspiration, the inspiratory muscles have to 
develop enough negative pressure to overcome this posi-
tive alveolar pressure (elastic threshold load) and render 
airway pressure negative so that the ventilator will be 
triggered. Consequently, with a constant tidal volume the 
higher the hyperinflation, the larger is the pressure devel-
opment by the inspiratory muscles (i.e., the elastic com-
ponent of the work of breathing) and thus the total work 
of breathing [4, 8]. From an “energy” point of view, even 
a low amount of PEEPi is a substantial amount of work: 
Moving 1L volume across a 10  cmH2O pressure gradi-
ent is 1 Joule of energy. This means that for a breath of 
500 mL and PEEPi 5  cmH2O, the patient has to dissipate 
0.25  J of energy per breath, only to compensate for this 
extra elastic load, which is enormous given that a normal 
subject dissipates 0.2–0.3 J per breath [7].

Wasted–ineffective efforts are inspiratory efforts fail-
ing to trigger the ventilator. This is usually due to inabil-
ity of the inspiratory muscles to overcome the sum of 
PEEPi and the pressure needed to trigger the ventilator 
due to hyperinflation which not only increases PEEPi 
but also renders the respiratory muscles weaker, due to a 
sub-optimal length tension relationship [1, 5]. A low res-
piratory drive (for instance, when a patient is under the 
effects of sedative drugs) may also contribute to the inad-
equate pressure generation by the respiratory muscles 
[9]. Sometimes, during assist volume or pressure control, 
prolonged imposed inspiratory time (machine inspiratory 
time) greater than the patient’s neural inspiratory time 
results in a situation where the ventilator is inflating the 
patient long after the inspiratory muscles have stopped 
their contraction, i.e., during the neural expiration. This 
results in high tidal volumes with increased end-inspira-
tory lung volume and a shorter time available for expira-
tion, both of which increase end-expiratory lung volume 
and thus predispose to wasted efforts [1, 10]. Wasted 
efforts can be detected on the airflow over time signal of 
the ventilator display as transient decreases of expiratory 
flow toward zero flow, or when the patient’s inspiratory 
effort rate (determined by clinical examination) is higher 
than the ventilator delivered respiratory rate (available on 
the ventilator display). A new improvement in care is that 
modern monitors can incorporate algorithms to detect 
ineffective efforts [11–13]. The consequences of wasted 
efforts were not adequately explored until recently, when 

it was shown that clusters of ineffective efforts are often 
present in mechanically ventilated critically ill patients 
and more important are associated with worse outcomes 
[12, 14] (Fig. 1).

To reduce the amount of wasted efforts, one should 
decrease the level of excessive ventilator assistance [15]. 
Since mean expiratory flow is one of the major deter-
minants of hyperinflation, during volume or pressure 
assist-control modes, reducing machine inspiratory time 
may reduce wasted efforts [10]. Similarly, during pres-
sure support increasing the expiratory trigger threshold 
(i.e., the cycling-off criterion) will stop the breath ear-
lier, and thus at a lower end-inspiratory volume, and will 
allow for more expiratory time and thus reduced end-
expiratory volume and PEEPi. Both will decrease wasted 
efforts [15]. Reducing the minute volume will also lower 
PEEPi. The addition of an external PEEP level lower than 
the PEEPi offers to the inspiratory muscles part of the 
pressure required to overcome PEEPi plus the trigger 
sensitivity [6]. The inspiratory effort may then become 
adequate to trigger the ventilator [1, 6, 15]. For this, an 
accurate measurement of PEEPi is needed. In passive 
mechanically ventilated patients, the actual positive end-
expiratory pressure is measured under static conditions 
as the plateau in airway pressure during a prolonged end-
expiratory airway occlusion (PEEPtot). This PEEPtot may 
be due to externally applied PEEP or PEEPi depending on 
which is larger. In case PEEPi is larger than the applied 
external PEEP, the PEEPtot is the average pressure after 
equilibration of lung areas with different regional PEEPi 
(due to different regional resistances and compliances). 
However, the externally applied PEEP may be exceeding 
some regional critical opening pressures and thus may 
be hyperinflating regions of the lung with lower regional 
PEEPi than the applied PEEP [4, 8]. Of course if the set 
PEEP is higher than any regional PEEPi, the PEEPtot 
equals the set PEEP. In highly heterogeneous lungs, how-
ever, some alveolar units may close before end-expira-
tion and thus have higher regional PEEPi that cannot 
be measured by the conventional end-expiratory airway 
occlusion [3]. For these reasons, in passively ventilated 
patients, the end-inspiratory plateau airway pressure is 
a useful clinical surrogate of the degree of pulmonary 
hyperinflation.

In spontaneously breathing patients, the decrease in 
Pes needed to abruptly bring expiratory flow to zero dur-
ing unoccluded breathing is taken as dynamic  PEEPi 
 (PEEPi,dyn), which has to be corrected for expiratory mus-
cle activity [8]. Thus, in assisted ventilation pulmonary 
hyperinflation induces an increase in inspiratory muscle 
effort and facilitates the appearance of wasted inspira-
tory efforts. The hyperinflation and its consequences can 
be minimized by decreasing excessive levels of inspiratory 
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assistance and hence reducing the mean expiratory flow, 
and by using external PEEP to counterbalance intrinsic 
PEEP in order to decrease its elastic load.
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Abstract 

In ARDS patients, the change from supine to prone position generates a more even distribution of the gas–tissue 
ratios along the dependent–nondependent axis and a more homogeneous distribution of lung stress and strain. 
The change to prone position is generally accompanied by a marked improvement in arterial blood gases, which is 
mainly due to a better overall ventilation/perfusion matching. Improvement in oxygenation and reduction in mortal‑
ity are the main reasons to implement prone position in patients with ARDS. The main reason explaining a decreased 
mortality is less overdistension in non‑dependent lung regions and less cyclical opening and closing in dependent 
lung regions. The only absolute contraindication for implementing prone position is an unstable spinal fracture. The 
maneuver to change from supine to prone and vice versa requires a skilled team of 4–5 caregivers. The most fre‑
quent adverse events are pressure sores and facial edema. Recently, the use of prone position has been extended to 
non‑intubated spontaneously breathing patients affected with COVID‑19 ARDS. The effects of this intervention on 
outcomes are still uncertain.

Keywords: Acute respiratory distress syndrome, Prone position, Lung protective ventilation, Ventilation/perfusion, 
Gravity

Introduction

Prone position has been used for many years and is now 
recommended for patients with severe or moderate-
to-severe acute respiratory distress syndrome (ARDS) 
receiving invasive mechanical ventilation with sedation 
and paralysis. In the still ongoing coronavirus disease 
2019 (COVID-19) pandemic prone position has largely 
been adopted by clinicians and is even used before intu-
bation in patients breathing spontaneously. This article 
summarizes the physiologic effects of prone position, 
how to set the ventilator, the evidence of its effects on 
patients’ outcome and future directions.

Effects of prone position on lung/chest wall 
mechanics, ventilation, perfusion and gas 
exchange
The lungs and chest wall, whose structures expand 
together and share identical volumes, have elastance 
properties that add in series: (Ers = El + Ew). Simulta-
neously, their compliance properties add in parallel: 
Crs = [(ClCw)/(Cl + Cw)]. Regional compliance of the 
lung and chest wall varies in response to differences in 
the anatomic shape of these structures, the local effects 
of gravity and the heterogeneous mechanical properties 
of the diseased lung. Therefore, in transitioning to the 
prone position, the compliance of the integrated respira-
tory system may stay unmodified, deteriorate or improve. 
These possible changes and their causes may best be 
understood by considering chest wall and lung separately.*Correspondence:  jmancebo@santpau.cat 
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Chest wall compliance
Total chest wall compliance is influenced by the stiffness 
or flexibility of its three anatomic boundaries: anterior, 
posterior and abdominal. In the supine position, varia-
tions of compliance are most strongly influenced by the 
abdominal and the anterior chest wall, while in prone 
position, the posterior chest and abdomen are the key 
determinants. For anatomical reasons, the posterior chest 
wall (including spine and the scapulae) isless compliant 
than the anterior component (sternum and ribs). Con-
versely, in the prone position, the bed surface impedes 
expansion of the anterior structures while abdominal 
compliance remains relatively unmodified. Consequently, 
the natural response to prone position is a decrease in 
overall chest wall compliance [1].

Lung compliance
In ARDS patients, lung compliance is primarily deter-
mined by the lung open to ventilation (i.e., by the num-
ber of open pulmonary units). Of note, the specific lung 
compliance is similar in ARDS patients and in normal 
individuals, suggesting that surfactant alterations or 
early fibrosis do not predominate in altering the intrin-
sic mechanical characteristics of the lung [2]. It follows 
that any change in lung compliance is primarily due to 
the opening of new pulmonary units and/or to improved 
mechanical characteristics of already opened units that 
reach a more favorable position on the volume–pressure 
curve [3]. In the prone position such a favorable shift may 
result from promoting the homogeneous distribution of 
total stress and strain [4].

With these considerations in mind, the expected 
response to prone position and decreased overall compli-
ance would be an increase in plateau pressure (in volume 
control ventilation) or a reduction of tidal volume (in 
pressure control ventilation). If these expected changes 
are not observed, it suggests improved lung compliance 
offsets the positional decrease in chest wall flexibility. 
Therefore, the simple observation of plateau pressure (or 
tidal volume) after a change from supine to prone may 
give an indication of the extent of lung recruitability.

Ventilation and perfusion
We believe it is extremely important to differentiate the 
concepts of inflation (a morphologic concept) and ven-
tilation (a physiologic concept, consequence of inflating 
the lungs). The CT scan allows a precise quantification 
of the extent of the inflation as a ratio between gas and 
tissue. In Fig.  1, we represent the gas tissue ratio in 
prone and in supine position, both in normal and ARDS 
patients [5]. As shown, the inflation of the pulmonary 
units is far more homogeneous in prone compared to 
supine, meaning that the forces applied to distend the 
lungs (the trans-pulmonary pressure, i.e., the lung stress) 
are more homogeneously distributed [6]. The primary 
reason is improved shape matching between the chest 
wall and the lung [4]. The gravitational gradient of pleu-
ral pressure, regional end-expiratory and end-inspiratory 
lung volumes, regional ventilation and ventilation-perfu-
sion ratios are all more uniform in the prone compared 
with the supine position [7–11].

Somewhat unexpectedly, perfusion distribution is simi-
lar in prone and supine positions [10, 12]. Importantly, 
counter to the zonal explanation for regional perfusion 
heterogeneity, the gravitational distribution of pulmo-
nary blood flow is only minimally altered by turning 
prone resulting in the bulk of perfusion continuing to 
go to dorsal regions when these are turned to the non-
dependent position [13, 14]. It follows that the observed 
changes in gas exchange (a direct function of the venti-
lation/perfusion ratio) are primary due to changes in 
regional ventilation.

Take‑home message 

Prone positioning has now assumed its rightful place in the armen‑
tarium of ARDS management. In the still ongoing COVID‑19 pan‑
demic prone positioning has largely been adopted by clinicians and 
is even used before intubation in spontaneously breathing patients. 
This article summarizes the physiologic effects of prone positioning, 
how to set the ventilator, its beneficial effects on patients’ outcome 
and future directions.

Fig. 1 The gas/tissue ratio (it may be thought as a volume of the 
pulmonary unit) as a function of the distance between the sternum 
and the vertebrae. As shown, in supine position, the gas/tissue ratio 
sharply decreases from the sternum to the vertebrae suggesting 
that both in normal and in ARDS patients the distending forces is 
about three times higher closer to the sternum than to the vertebrae. 
In prone position, the gas/tissue ratio is far more homogeneous, 
indicating a more even distribution of forces throughout the lung 
parenchyma
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Recruitability
The most striking change observed on CT scan when 
shifting from supine to prone position is the density 
redistribution from dorsal to ventral [15]. To interpret 
this finding, subsequent CT scan analyses culminated 
in the sponge model due to superimposed pressure [16]. 
Accordingly, in the wet lung, the progressive increase 
in pressure along the vertical axis from the lung weight 
squeezes gas from the most dependent lung units. 
Indeed, the most dorsal pulmonary units tend to be 
gasless in supine position [17]. This process is reversed 
(although not in a 1:1 ratio) by prone position. While 
prone, the dorsal, now nondependent pulmonary units, 
tend to open, while the ventral units, previously open, 
tend to collapse. It is worth noting that, usually, at the 
same airway pressure, the average density of the lung 
remains the same, as the tissue mass and the gas volume 
are not changed [15]. What may change, however, is gas 
distribution. Although it is often stated in the literature 
that prone position leads to recruitment [7], it is usually 
forgotten that repositioning is associated with collapse 
of the anterior lung regions although not in a 1:1 ratio. 
Therefore, the net effect of prone position on recruitabil-
ity depends on the lung shape (i.e., the relative mass of 
dependent compared to non-dependent sectors), and the 
effect of the curvature of the diaphragm on transmission 

of the abdominal pressure. In a hypothetical, perfectly 
round lung and homogeneous diaphragm dome, the 
recruitability would be zero as the dorsal opening would 
equal ventral collapse. In reality, the mass of the dorsal 
lung is greater than the ventral, explaining a final net 
recruitment (see Fig. 2).

Oxygenation
We have now all the elements needed to discuss gas 
exchange in relationship to the prone position. Indeed, 
three elements, likely to different extents, may contribute 
to the improvement of oxygenation.

1. The first element is the quantity of tissue open to ven-
tilation and perfusion during the respiratory cycle. If 
the recruitment of the dorsal lung exceeds the de-
recruitment of the ventral sectors, and because the 
distribution of perfusion is essentially unchanged, 
oxygenation should improve. Indeed, the perfusion 
remains the same, but the pulmonary units open to 
ventilation are more numerous when prone.

2. The second element is the degree of homogeneity of 
inflation. Inhomogeneity is associated with ventila-
tion maldistribution. Given that perfusion remains 
nearly constant, more homogeneous ventilation 
results in more homogeneous distribution of ventila-

Fig. 2 Due to the anatomical design, in supine position, the open, non‑dependent lung mass (at 50% of the sternum‑vertebra distance) is about 
40% of the total mass, while the dependent accounts for the 60%. As collapse is primarily a function of the superimposed hydrostatic pressure 
(including the shape and weight of the heart, which is mainly located in the left chest side), it follows that, while prone, more mass opens in the 
non‑dependent zones than collapses in the dependent sternal regions
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tion/perfusion ratios, which is reflected in decreased 
venous admixture and reduced dead space.

3. Regional changes in chest wall compliance may also 
contribute to improved oxygenation. Indeed, due to 
the lower compliance of the anterior chest wall and 
the curvature of the diaphragm, the distribution 
of tidal volume moves towards the posterior, para-
abdominal regions of the lung, where supine ventila-
tion is usually absent.

The improvement results from a reduction in shunt and 
ventilation-perfusion heterogeneity that occurs because 
the lungs, which anatomically resemble a cone, fit into 
their cylinder-like thorax enclosure with less distortion 
when patients are prone versus supine [12, 18–20]. This, 
in turn, decreases atelectasis in dorsal lung regions where 
shunt is preferentially distributed in ARDS [7, 12].

Carbon dioxide elimination
A variable that is usually ignored is the  PaCO2 response 
to prone position. When prone position is associated 
with decreased  PaCO2 for the same minute ventilation, 
clinical outcome appears more favorable [21]. Recruit-
ment of perfused and previously collapsed units results 
in reduced shunt and thus favors a reduction in  PaCO2 
[22]. Furthermore, more homogeneous inflation should 
be associated with a decreased dead space originating 
from pulmonary units that were relatively overinflated 
while supine. We may then wonder about the possible 
mechanisms that would increase  PaCO2 after proning. 
In unadjusted pressure controlled ventilation, the reduc-
tion of chest wall compliance in the prone position would 
tend to reduce tidal volume and consequently reduce 
alveolar ventilation. If in volume controlled ventilation 
the increase in pleural pressure due to the decreased 
chest wall compliance may reduce venous return, and if 
accompanied by a reduction of regional perfusion, will 
increase dead space.

Prone position and hemodynamics
In the APRONET study, one of the most frequently 
reported reasons for not doing prone position was a mean 
arterial pressure below 65 mmHg [23]. However, hemo-
dynamic impairment, a frequent condition in ARDS, is 
not by itself a contraindication to prone position. In the 
PROSEVA trial, which demonstrated a beneficial effect of 
prone position on survival, 72% of patients in the prone 
position group received vasopressors, a rate not differ-
ent from the control group. However, all patients were 
hemodynamically stable at the time of inclusion as a 
mean arterial pressure not maintained ≥ 65  mmHg was 
an exclusion criterion [24]. It is crucial to emphasize that 
prone position, when adequately performed, does not 

induce hemodynamic side effects and that it may even 
improve hemodynamics [25].

In a systematic review and meta-analysis, hemody-
namic impairment was not described among the few side 
effects of prone position and, patients in prone position 
had lower incidence of arrhythmias [26]. It is likely that 
the way physicians perform prone position may mod-
ify its impact on hemodynamics. Chiumello et  al. have 
reported that prone position when done with thoraco-
pelvic supports significantly decreased stroke volume 
and increased heart rate, while no effect was observed 
when prone position was done without any support, 
possibly because pelvic support could have decreased 
venous return [27]. Some configurations of thoracic sup-
port have the potential to increase intrathoracic pressure, 
which may potentially decrease systemic venous return.

One of the most interesting physiological effects of 
prone position is that it may also improve hemodynam-
ics. In the PROSEVA study, Guerin et  al. observed less 
cardiac arrests in the prone position group (6.8% versus 
13.5%) and the number of extra-pulmonary dysfunc-
tion-free days up to 28  days after randomization was 
also higher [24]. In 18 ARDS patients, all with a dilated 
right ventricle before proning, Jozwiak et  al. reported 
that cardiac index did not change in around half of the 
patients and increased in the other half, which was asso-
ciated with right ventricle unloading [28]. The patients in 
whom cardiac index increased, had a preload-dependent 
cardiac index when supine [28]. In a series of 42 severe 
ARDS patients, prolonged proning (18 h) led to the nor-
malization of right ventricle function in the 21 patients 
who initially had right ventricle systolic overload, named 
acute cor pulmonale. This right ventricle unloading was 
associated with a significant increase in cardiac index 
and a decrease in heart rate [29]. These effects may be 
explained by the impact of prone position on respiratory 
mechanics and blood gas exchange (Fig. 3). As a matter 
of fact, hypoxemia, hypercapnia, high driving pressure 
and plateau pressure ≥ 27  cmH2O are risk factors for 
developing acute cor pulmonale [30, 31]. By recruiting 
the lungs, prone position has the potential to decrease 
hypoxemia, hypercapnia, driving pressure and plateau 
pressure and thereby improve right ventricular function 
and hemodynamics. When clinically indicated in ARDS 
patients, inhaled nitric oxide should be better used in 
prone position because its additive effects on oxygena-
tion and pulmonary circulation [32]. Another potential 
mechanism is its ability to avoid applying too high PEEP, 
which has been reported to decrease survival and induce 
deleterious effects on hemodynamics when applied after 
aggressive staircase recruitment maneuvers [33]. How 
the effect of prone position on hemodynamics in gen-
eral and on right ventricle function in particular may 
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participate to its beneficial effect on outcome remains 
to be determined. We already know that improvement 
in blood gases does not explain the increase in survival 
observed in the PROSEVA study [34]. In other words, 
prone position could be beneficial in responders as well 
as non-responders when they are conventionally defined 
by changes in gas exchange parameters.

Clinical indications—for whom and when—and 
contraindications
There are two primary indications for implementing 
prone ventilation in patients with ARDS: the need to 
improve oxygenation, as previously discussed, and the 
potential for prone position to reduce mortality.

Although large animal studies demonstrated clear lung 
protective effects of prone positioning [35, 36], early ran-
domized trials conducted in unselected patients with 
oxygenation failure found that prone ventilation had no 

effect on mortality. Accordingly, for many years proning 
was only utilized as rescue therapy for severe hypoxemia. 
In retrospect, however, all of these early studies had 
methodological concerns that could have resulted in false 
negative conclusions (e.g., being under-powered to detect 
differences in mortality, only exposing patients to short 
durations of proning each day, using excessive sedation) 
[37].

In 2013, Guerin and colleagues found that prone ven-
tilation employed at least 16  h/day reduced 90-day 
mortality from 41 to 23.6% with no substantive adverse 
effects in patients with  PaO2/FIO2 ratio < 150 mmHg [24]. 
Despite this striking result, 5 years later prone ventilation 
was only being used in 33% of patients with severe ARDS. 
The most common explanation for why it was not being 
used was that oxygenation was not sufficiently impaired 
[23], perhaps in large part a carry-over from the idea that 
proning should only be used as rescue therapy for severe 

Fig. 3 Improvement in right ventricular (RV) function after a proning session of 18 h in a patient ventilated for a severe ARDS. Long‑axis mid‑
esophageal view by transesophageal echocardiography shows major RV dilatation (dotted yellow line) before prone positioning (upper image) and 
normalization when supine positioning was performed after several hours of proning (lower image). Main risk factors for RV overload are reported 
before and after in the tables. Pplat plateau pressure, DrivingP driving pressure, LV left ventricle
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hypoxemia. Perceived increase in workload and inad-
equate availability of trained staff likely contributed, as 
well.

In prone position, there is less over-distension in non-
dependent lung regions and less cyclical airspace opening 
and closing in dependent regions, the putative causes of 
ventilator-induced lung injury [7, 38]. To the extent that 
ventilator-induced lung injury complicates ARDS these 
beneficial effects suggest that prone ventilation should be 
implemented early rather than late in the course of the 
syndrome. Importantly, these effects occur in all lungs, 
even those that are completely normal and will there-
fore also occur in patients with mild or moderate ARDS. 
Several studies, however, report that prone ventilation 
does not reduce mortality for patients with  PaO2/FIO2 
ratio > 150 mmHg, but these are again under-powered for 
a mortality endpoint and/or were confounded by use of 
substantially greater levels of sedation. Interestingly, the 
confidence intervals in two meta-analyses of these stud-
ies indicate that additional trials might reduce mortal-
ity to a clinical meaningful extent in patients with mild 
or moderate ARDS [37]. In addition, it can be argued 
that the use of deep sedation and muscle paralysis is not 
mandatory for all patients. Instead, individual titration of 
these drugs is advised for routine clinical practice.

Contraindications
The only absolute contraindication of prone positioning 
is an unstable spinal fracture. Relative contraindications 
include hemodynamic instability, unstable pelvic or long 
bone fractures, open abdominal wounds and increased 
intracranial pressure that occurs if positioning of the 
head and neck partially obstructs cerebral venous drain-
age. In the latter instance, however, intracranial pressure 
can be measured and used as guidance to facilitate posi-
tioning to avoid this adverse effect. Patients with rheuma-
toid arthritis affecting the atlanto-occipital joint should 
not be proned until a neck collar has been placed. Mas-
sive obesity, an increasing ICU population worldwide, 
should not be considered a contraindication, as these 
patients often benefit. Late-term pregnancy has been 
suggested as a contraindication, but proper positioning 
to limit abdominal and pelvic compression and utilizing 
continuous monitoring of fetal heart tones allows pron-
ing of these patients as well. Some of these relative con-
traindications can be discussed on a case-by-case basis 
with the clinical team involved in the patient care.

Choice of ventilator settings
In ARDS, prone position may have synergistic lung-
protective effects with low tidal volume ventilation. The 
survival benefit of prone position appears dependent on 

concomitant use of low tidal volumes [39]. The mecha-
nisms explaining the survival benefit of prone position in 
ARDS have been already discussed.

Proning also may have synergistic effects with PEEP 
[40, 41]. Increasing PEEP in the heterogeneously aer-
ated supine ARDS lung can induce lung recruitment and 
decrease atelectrauma at the expense of exacerbating 
end-tidal regional hyperinflation. Because prone posi-
tioning lessens heterogeneity of regional lung strain and 
decreases chest wall compliance [42], higher PEEP may 
be less likely to contribute to regional hyperinflation with 
proning [40].

When considering ventilator settings for the prone 
ARDS patient, at a minimum patients should receive sup-
port consistent with the PROSEVA trial [24]. Such set-
tings would include low tidal volumes targeting around 
6 mL/kg predicted body weight, plateau airway pressure 
less than 30  cmH2O, with reduction in tidal volume as 
needed to achieve this goal, and at least moderate PEEP 
levels.

However, a few considerations suggest potentially more 
protective settings may be feasible with prone position-
ing. First, proning is often accompanied by continuous 
neuromuscular blockade [24]. Thus, potential trade-offs 
of deeper sedation and paralytics sometimes required 
for patient tolerance of ventilator settings are a non-fac-
tor when the decision to prone has been made. Second, 
proning often improves oxygenation and reduces dead-
space ventilation [43]. Improvements in gas exchange do 
not appear to predict survival benefit [34, 44], but they 
do create an opportunity to modify ventilator settings 
further before confronting limits of severe hypercap-
nia or hypoxemia. Thus, it may be beneficial to exploit 
proning-associated improvement in gas exchange and 
concomitant neuromuscular blockade to lower tidal vol-
umes below 6 mL/kg predicted body weight to the lowest 
values tolerated, or considering permissive hypercap-
nia as appropriate. PEEP titration is not likely to exhibit 
a unidirectional or linear relationship with lung protec-
tion even in context of neuromuscular blockade and 
proning [41]. If set too low, end-tidal collapse of small 
airways might occur, predisposing to atelectrauma, and 
lung may derecruit gradually over time, decreasing the 
aerated baby lung volume available for tidal ventilation 
[45]. If set too high, PEEP unequivocally can exacerbate 
end-tidal hyperinflation and hemodynamic instability 
[45]. The ideal PEEP titration strategy, irrespective of 
patient positioning, remains undefined, in part because 
how to address this competing tension between prevent-
ing atelectrauma and hyperinflation is unclear. It is worth 
emphasizing, however, that the effects on overdistension 
and atelectrauma will be less with prone position as com-
pared to supine.
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Lowering tidal volume to the lowest tolerated value 
helps mitigate this tension of PEEP titration by decreas-
ing risk of both atelectrauma and hyperinflation [45]. 
Clinical trials of prone positioning with patient-cen-
tered endpoints have consistently used relatively low 
PEEP strategies [5, 41] but have not attempted to lower 
tidal volume lower than 6 mL/kg predicted body weight 
so long as plateau pressure did not exceed 30  cmH2O. 
If even lower tidal volumes were targeted, higher PEEP 
could be instituted to homogenize lung aeration and 
regional mechanics with less risk of end-tidal tidal hyper-
inflation. While synergistic effects have been suggested 
[40, 41], the potential for clinical benefit is untested.

Regardless, whenever ventilator adjustments are 
made during prone position, reevaluation is warranted 
each time the patient is returned to supine position to 
ensure ventilator settings remain safe and well tolerated. 
Changes in gas exchange and mechanics with re-supi-
nation may necessitate ventilator adjustments with each 
turn.

How to implement prone position at the bedside
Absolute or relative contraindications to prone position 
have been previously mentioned. In contrast, prone posi-
tion can be performed in ECMO and ECCO2-r patients. 
In a recent international survey involving 23 ECMO 
centers, prone position was used in 6% of the patients at 
ECMO day 1 and in 15% of the patients throughout their 
ECMO course [46]. Unfortunately, prone position was 
used in only 26% of the cases before ECMO initiation 
[46].

Beds
Various types of bed are used. Many times, standard 
intensive care unit beds are used as in the PROSEVA 
study [24]. Low-air loss bed system is also employed in 
some ICUs [47]. In contrast, automated pronating beds 
are not used in many instances to prone the patients [48].

Prone position maneuver
There are many different ways to place a patient in the 
prone position. Local protocols should be followed when 
undertaking the maneuver to reduce the risk of injury 
to staff (back injuries) and patients. Usually, patients are 
placed with the arms parallel to the trunk or in swim-
ming “crawl” position, the abdomen unsupported, and 
with the face turned to the right or the left side. Such 
positions are changed every 2–4 h. Although eyes occlu-
sion is recommended to prevent conjunctivitis and cor-
neal ulcerations, application of thin hydrocolloid dressing 
for pressure ulcer prevention is controversial. Meticulous 
securing of endotracheal tube and intravascular cath-
eters is mandatory. Positioning of transverse rolls placed 

under the pelvis and the chest has not been proved to 
improve oxygenation, and often results in a decrease in 
chest wall compliance and an increased pleural pres-
sure [27, 49]. For patients with tracheostomy, specially 
designed disposable prone position head cushion with 
mirror improves the access to the endotracheal tube and 
facilitates endotracheal suctioning using a closed-system. 
The standard monitoring during the entire procedure 
should include pulse oximetry and invasive arterial blood 
pressure. In order to avoid complications, the pron-
ing maneuver requires practical skills and a complex 
and coordinated effort, involving physicians and nurses. 
When prone position is performed in ECMO patients 
[50, 51], at least six staff are involved, four performing 
the turning of the patient, one looking after the ECMO 
circuit and one (usually a physician) for the management 
and protection of the endotracheal tube (See video). It 
should be noted that without the particular pillow shown 
in the video, in particular when there is no cervical prob-
lem, prone position could also be implemented.

Duration of prone position
Research suggests that the longer a patient is given prone 
therapy, the greater the benefits [52, 53]. It is essen-
tial to underline that in the PROSEVA study [24], the 
prone position was done every day even if there was no 
improvement in oxygenation during the previous ses-
sion. Indeed, the mechanisms explaining the outcome 
improvement are complex and not likely to be limited 
to the improvement in gas exchange. The localization of 
lung infiltrates (chest X-ray, lung ultrasound, CT-scan) 
does not predict the improvement in oxygenation [54, 55]
even in ECMO patients [51]. When prone position was 
indicated by the lung morphology a trial found no benefit 
to patient outcome [56]. The usual criteria for stopping 
prone treatment are oxygenation improvement with the 
possibility of using a ventilatory mode allowing spontane-
ous or assisted ventilation,  PaO2/FIO2 ratio deterioration 
by more than 20% relative to supine or the occurrence 
of a life-threatening complication during prone position 
[24].

Adverse events
Various complications can occur during transitions to 
and from prone position, such as device displacement, 
vomiting, loss of venous access, accidental extubation, 
endotracheal tube displacement and obstruction, hemo-
dynamic instability, brachial plexus injury and pres-
sure ulcers [48]. Ocular complications, like increased 
intra-ocular pressure, have been described during pro-
longed prone position in normal volunteers [57]. Data 
in ARDS patients are scanty. A trial is ongoing testing 
strategies to prevent complications in prolonged prone 
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position sessions, including the ocular, in ARDS patients 
(NCT03125421). It has been suggested, however, that the 
incidence of barotrauma, ventilator-associated pneumo-
nia, accidental catheter removal and unplanned extuba-
tion is not different between prone position and supine 
position while endotracheal tube obstruction and pres-
sure sores increased with prone position [58]. In the 
PROSEVA trial [24], for example, there was no difference 
between the prone position group and the supine group 
regarding the incidence of accidental extubation, selec-
tive bronchial intubation or endotracheal tube obstruc-
tion. Likely, such complications can be avoided with staff 
training and collaboration. Once settled into the prone 
position, consequences and nursing workload related 
to maintaining the prone position are not increased. 
Reversible facial edema, however, is predictable when 
prone position is sustained. Only minor complications 
have been reported in ECMO patients [50, 51], but again, 
these procedures must be performed by very experienced 
and trained teams. Priority must be given to the safety in 
order to maximize benefits and minimize harm. Continu-
ous education and training should be provided to the car-
egivers [59].

Other risk factors for pressure ulcers than prone posi-
tion duration are observed in ARDS patients such as 
age, hemodynamic instability, other organ dysfunctions, 
length of stay in the ICU, immobilization and nutri-
tional status. It has been reported that at day 7, the rate 
of patients with pressure ulcers was higher in the prone 
position group than in the supine group (face and ante-
rior part of the thorax) [60]. However, at the time of ICU 
discharge, the rate of patients with pressure ulcers was no 
longer different between groups [48].

Clinical impact on outcomes and summary of trials
The role of mechanical ventilation in the prone posi-
tion has undergone rigorous evaluation over the past 3 
decades [58]. The evolution of the study designs dem-
onstrates how—with time and synthesis of prior stud-
ies—the optimal manner of delivery and right population 
may come to fruition over time.

Preliminary studies of prone position have consistently 
demonstrated an improvement in oxygenation across all 
severities of acute respiratory failure [61–64]. Further-
more, the impact on oxygenation has been found to be 
sustained when returned to ventilation in supine posi-
tion. But as previous studies across the ARDS literature 
have demonstrated, improving oxygenation does not 
always translate to important patient-centered clinical 
outcomes such as mortality [65].

Interestingly, mortality was not impacted by prone 
position until more recent studies. Early studies were 
characterized by including all severities of ARDS, shorter 

durations of prone position and lower thresholds to ter-
minate daily prone position sessions (Table  1) [62, 63]. 
However, a meta-analysis pooling data from the 4 largest 
studies in 2010 demonstrated a mortality benefit across 
the subgroup of severely hypoxemic patients [48, 62–64, 
66]. It was theorized that this cohort likely derives the 
greatest benefit from the physiologic impact of prone 
position given the greater amount of edema and alveolar 
collapse.

The totality of the literature prior to 2013 established 
the groundwork for the most recent trial of prone posi-
tion in moderate–severe ARDS by Guerin and colleagues 
[24]. Across the 466 patients enrolled in the PROSEVA 
trial, 28-day mortality was 16% in the prone group and 
33% in the supine group (p < 0.001; hazard ratio for death 
with prone position was 0.39 (95% confidence interval 
(CI) 0.25–0.63).

In a meta-analysis, eight randomized trials (2129 
patients) over 12 years, the effect of prone position across 
all severities of ARDS was evaluated. Prone position con-
ducted for greater than 12 h per day and studies restricted 
to moderate to severe ARDS were associated with a mor-
tality benefit [RR 0.74 (95% CI 0.56–0.99)] [58]. Prone 
position has consistently appeared to benefit the more 
hypoxemic subset of patients with ARDS; however, given 
the lack of granularity of the pooled data, an evaluation of 
the specific  PaO2/FiO2 threshold of 150 mmHg was not 
feasible. Up until this point, however, pooled data have 
demonstrated a consistent benefit across severe ARDS 
[7]. The 2017 American Thoracic Society/European 
Society of Intensive Care Medicine/Society of Critical 
Care Medicine clinical practice guideline of mechani-
cal ventilation in adult patients with ARDS strongly 
recommended that patients with severe ARDS receive 
prone positioning for more than 12  h per day [67]. The 
2019 guidelines of the French Society of Intensive Care 
Medicine (SRLF) for ARDS management strongly recom-
mended the implementation of prone position in ARDS 
patients with a  PaO2/FiO2 ratio below 150  mmHg [68]. 
Because no trial has been specifically performed in mild 
to moderate ARDS patients [37], a French trial is in prep-
aration to evaluate the specific  PaO2/FiO2 threshold at 
which prone position is beneficial.

Unanswered questions, new avenues of research 
and conclusion
Prone position has been shown effective in patients 
with moderate to severe ARDS, who received inva-
sive mechanical ventilation, a continuous infusion of 
neuromuscular blockade and low tidal volume [24]. 
Whereas prone position seemed underutilized, the 
COVID-19 pandemic showed that actually clinicians 
adopted this strategy widely. For instance, 76% of the 735 
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COVID-19-related ARDS patients included in a multi-
center cohort in Spain were proned, and prone was used 
in 63% of the mild ARDS patients [69]. Studies in pro-
gress indicate that the mechanisms of action in COVID-
19 pneumonia (for example redistribution of blood flow) 
may differ from those in other more familiar forms of 
ARDS [70], and authors have underlined that not all 
COVID-19 intubated mechanically ventilated patients 
can benefit of prone positioning [71].

Even though long prone position sessions are advo-
cated, the optimal duration is not definitely determined. 
Multimodality monitoring including lung and chest wall 
mechanics [72], electrical impedance tomography [73] 
and biomarkers may help clinicians to better determine 
the time to move the patient back to supine and/or to 
resume the prone position.

How ventilator settings should be adjusted in prone 
position is an unanswered issue. Clinicians mostly reduce 
 FiO2 as a result of the better oxygenation commonly 
observed with pronation. In trials, PEEP level in prone 
was found lower than expected [41], even though a low 
PEEP level may have contributed to the clinical benefit 
[24]. An attempt to use the esophageal pressure-guided 
strategy in prone failed, on average, to show physiological 
benefit as compared to a PEEP and  FiO2 table in humans 
[74] in line with experimental data [75].

Even though already in the pipeline (NCT04142736), 
the use of prone in spontaneously breathing non-intu-
bated patients has been boosted by the COVID-19 pan-
demic. To date results of observational studies reporting 
on the feasibility and efficacy on oxygenation of this 
strategy before intubation, in patients receiving high flow 
oxygen or non-invasive ventilation, are balanced [76, 77]. 
Trials are planned to verify if this strategy can reduce the 
rate of intubation and improve survival (NCT04391140).

In conclusion, prone position has now assumed its 
rightful place in the armamentarium of management of 
ARDS, and it would be important to know if prone posi-
tion in non-intubated patients can also confirm its ben-
eficial impact on clinical outcomes.
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Abstract 

Purpose: To provide clinical practice recommendations and generate a research agenda on mechanical ventilation 
and respiratory support in patients with acute brain injury (ABI).

Methods: An international consensus panel was convened including 29 clinician-scientists in intensive care medi-
cine with expertise in acute respiratory failure, neurointensive care, or both, and two non-voting methodologists. The 
panel was divided into seven subgroups, each addressing a predefined clinical practice domain relevant to patients 
admitted to the intensive care unit (ICU) with ABI, defined as acute traumatic brain or cerebrovascular injury. The 
panel conducted systematic searches and the Grading of Recommendations Assessment, Development and Evalua-
tion (GRADE) method was used to evaluate evidence and formulate questions. A modified Delphi process was imple-
mented with four rounds of voting in which panellists were asked to respond to questions (rounds 1–3) and then 
recommendation statements (final round). Strong recommendation, weak recommendation, or no recommendation 
were defined when > 85%, 75–85%, and < 75% of panellists, respectively, agreed with a statement.

Results: The GRADE rating was low, very low, or absent across domains. The consensus produced 36 statements (19 
strong recommendations, 6 weak recommendations, 11 no recommendation) regarding airway management, non-inva-
sive respiratory support, strategies for mechanical ventilation, rescue interventions for respiratory failure, ventilator libera-
tion, and tracheostomy in brain-injured patients. Several knowledge gaps were identified to inform future research efforts.

Conclusions: This consensus provides guidance for the care of patients admitted to the ICU with ABI. Evidence was 
generally insufficient or lacking, and research is needed to demonstrate the feasibility, safety, and efficacy of different 
management approaches.
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Introduction
Patients with acute brain injury (ABI) admitted to the 
intensive care unit (ICU) frequently require mechanical 
ventilation or other forms of respiratory support [1–6]. 
These patients can experience respiratory failure due to 
loss of airway protective reflexes or decreased respiratory 
drive and are at risk for pulmonary complications such 
as pneumonia and acute respiratory distress syndrome 
(ARDS) [3–6]. Mechanical ventilation is used as a mech-
anism to ensure reliable oxygen delivery and modulate 
cerebral hemodynamics through control of arterial car-
bon dioxide tension [1–6]. At the same time, mechanical 
ventilation can exert harmful effects on the brain due to 
complex physiological interactions between intratho-
racic, central venous and intracranial compartments 
[1–6]. Lung-protective ventilation, widely implemented 
in critically ill patients, may be withheld from brain-
injured patients due to such concerns [1–7]. There is 
lack of clarity not only about strategies of ventilation but 
also regarding decisions on tracheal intubation, ventila-
tor liberation, extubation, and tracheostomy in the ABI 
population [5–9]. Additionally, the safety and efficacy of 
advanced rescue therapies for severe respiratory failure 
such as prone positioning, alveolar recruitment maneu-
vers (ARMs), and extracorporeal membrane oxygenation 
(ECMO) are not established in this population [5].

To address these questions, we established a con-
sensus panel with two primary tasks. First, to provide 
evidence-based recommendations on best clinical prac-
tices for mechanical ventilation in patients with ABI. 
And second, to identify knowledge gaps and suggest an 
agenda for research in this area. The panel addressed 
seven domains of clinical practice relevant to the target 
population: (1) indications for endotracheal intubation; 
(2) non-invasive interventions to ensure oxygenation 
and ventilation; (3) settings of mechanical ventilation; 
(4) targets for arterial blood gases; (5) rescue interven-
tions in patients with concurrent ABI and severe res-
piratory failure; (6) criteria for ventilator liberation 
and tracheal extubation; and (7) criteria and timing for 
tracheostomy.

Methods
Panel selection and governance
A multidisciplinary international consensus panel was 
assembled with 29 intensivists who were selected for 
their established clinical and scientific expertise in 

neurointensive care and/or in acute respiratory fail-
ure and mechanical ventilation. Additional criteria for 
panel selection included representation from scientific 
societies and individuals with proven experience in 
consensus generation and guideline development. The 
consensus panel also included two non-voting method-
ologists who were invited to assist with literature data 
extraction, methodological rating, and who performed 
biostatistical tasks including meta-analysis and analysis 
of voting results.

The consensus was led by two chairpersons (RS, CR) 
who conceived of the project, established the aims, 
deliverables, milestones and timeline; engaged with 
European Society of Intensive Care (ESICM) leadership 
to obtain endorsement; organized and set the agenda 
for meetings; ensured communications with the panel; 
and drafted this report. Leaders in the  Neurocritical 
Care Society participated in the drafting of this manu-
script. The chairs worked closely within a six-member 
steering committee that included two methodologists 
(DP and MM) and two members of the panel (GC and 
KA). The consensus panel met by one teleconference 
and once in person, respectively, in July and in Octo-
ber 2019, the latter organized in conjunction with the 
ESICM LIVES Conference in Berlin, Germany. The 
steering committee met monthly by teleconference. 
The steering committee identified seven domains of 
clinical practice and generated a list of questions to be 
addressed by the panel (Table 1).

Consensus subgroups
The consensus panel was divided into seven subgroups, 
each tasked with one of the domains. Subgroups nomi-
nated a lead who served in a coordinating role, and sub-
group communications were undertaken by email and 
teleconferences. Subgroup members refined the pro-
posed question, generated the search strategy, performed 
the systematic search, and screened titles and abstracts 
based on predetermined inclusion and exclusion criteria.

Article selection, data extraction and reporting
Systematic review was conducted in accordance with the 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) recommendations. A system-
atic search was performed by two experts in each sub-
group, using MEDLINE, up to the dates indicated for 
each query in the Electronic Supplementary Material 

Keywords: Mechanical ventilation, Respiratory failure, ARDS, Traumatic brain injury, Acute stroke, Subarachnoid 
hemorrhage
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(ESM). The search codes for each subgroup are presented 
in the ESM. The search was set by including only origi-
nal studies published in English in peer-review journals. 
Additionally, reference lists of the pre-screened studies 
were manually checked, using an iterative approach. Dis-
agreements were discussed with the panel methodolo-
gists (DP, MM).

Studies were eligible for inclusion if they reported on 
adult patients with ABI, defined as an acute cerebral dis-
order consequent to trauma or to a cerebrovascular event 
(specifically subarachnoid hemorrhage, intracranial hem-
orrhage, or acute ischemic stroke). Studies on mechanical 
ventilation in other critically ill neurological populations 
(e.g., brain tumor, status epilepticus, anoxic–ischemic 
brain injury) were excluded. Significant intracranial pres-
sure elevation was defined as > 20 mmHg when invasive 
monitoring was available, or as clinical or radiological 
signs of intracranial hypertension [10].

Articles were included in the analysis if they met the 
following criteria: studies of adults (> 18 years) admitted 
to the ICU with ABI, defined as above; clearly defined 
intervention and control groups; reported data on rel-
evant outcome measures, such as clinical endpoints 
(survival, neurological or cognitive function, functional 
status) and/or physiological endpoints (intracranial pres-
sure, cerebral oxygenation, cerebral blood flow, cerebral 
perfusion pressure, measures of lung function). Data 
from articles selected for full-text analysis were extracted 
using a standardized electronic form structured accord-
ing to the population, intervention, comparison, and 
outcomes (PICO) model. Categorical variables were 
presented as event rates in treatment arms and controls, 
and absolute risks, absolute risk reductions, and rela-
tive risks computed. Continuous variables were reported 
as means or medians, standard deviation (SD) or inter-
quartile ranges (IQR). Absolute and relative risks from 
randomized controlled trials (RCTs) were represented 
in Forest plots. Reporting on evidence rating, consensus 
methodology, statistical analysis and generation of the 
research agenda are in the ESM. Statements were clas-
sified as a strong recommendation, weak recommenda-
tion, and no recommendation when, respectively, > 85%, 
75–85% and < 75% of votes were in favor.

Results

Results of the literature search, article selection, system-
atic review, GRADE rating and meta-analyses (when 
possible) for each domain are presented in the ESM. 
Overall, evidence was of low quality or lacking in nearly 
all domains and questions studied. The panel generated 
a total of 36 statements which are described hereafter, 

grouped according to the preestablished clinical prac-
tice domain (Table  1). Based on pre-established voting 
thresholds (ESM), 19 statements were strong recommen-
dations, 6 were weak recommendations, and 11 were no 
recommendations. Ten of the 36 statements were based 
on some level of scientific evidence, while the remaining 
26 were expert-determined (Table 1).

1. What are the indications for endotracheal intubation 
in patients with ABI?

Rationale

Despite the lack of scientific evidence, clinical experi-
ence in brain-injured patients and in critically ill patients 
helped the panel define a composite of factors that should 
inform the decision to intubate brain-injured patients. 
There was consensus regarding specific neurological fac-
tors as well as general factors such as acute respiratory or 
circulatory failure.

Recommendations

  • We recommend that in patients with ABI, the deci-
sion to proceed with endotracheal intubation should 
be guided by a combination of factors including the 
level of consciousness, severe agitation and combat-
iveness, loss of airway protective reflexes, significant 
ICP elevation (strong recommendation; no evidence; 
good practice statement).

  • We recommend that endotracheal intubation should 
be considered in patients with ABI who are comatose 
(Glasgow Coma Scale [GCS] ≤ 8) (strong recommen-
dation; no evidence; good practice statement).

  • We recommend that endotracheal intubation should 
be considered in patients with ABI when there is a 
loss of airway protective reflexes (strong recommen-
dation, no evidence; good practice statement).

  • We recommend that endotracheal intubation should 
be considered in patients with ABI who have a sig-
nificant elevation in intracranial pressure (strong 
recommendation, no evidence; good practice state-
ment).

  • We recommend that endotracheal intubation should 
be considered in patients with ABI who have clinical 
evidence of brain herniation (strong recommenda-
tion, no evidence; good practice statement).

  • We recommend that endotracheal intubation should 
be considered in patients with ABI who have non-
neurological indications for intubation (strong rec-
ommendation, no evidence; good practice state-
ment).
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  • We suggest that endotracheal intubation should be 
considered in patients with ABI who have severe agi-
tation and combativeness (weak recommendation, no 
evidence).

2. Is it safe and effective to use non‑invasive respiratory 
support in patients with ABI?

Rationale

The panel noted that the quality of evidence was very 
low and did not reach consensus on the use of non-inva-
sive ventilation in acute brain-injured patients with TBI. 
Based on clinical experience and data in other popula-
tions, the following was stated:

Recommendations

  • We are unable to provide a recommendation on the 
use of non-invasive positive pressure ventilation in 
patients with ABI who have hypercapnic or mixed 
hypercapnic/hypoxemic respiratory insufficiency (no 
recommendation, low evidence in favor).

  •
  • We suggest that high-flow nasal cannula oxygen 

therapy may be considered in patients with ABI who 
have hypoxemic respiratory failure that is refractory 
to conventional supplemental oxygen (weak recom-
mendation, no evidence).

3. Should we use specific mechanical ventilation settings 
in patients with ABI?

Rationale

The aim in this domain was to determine if specific 
ventilator settings [e.g., tidal volume, positive end expira-
tory pressure (PEEP)] would be beneficial in patients with 
ABI. An extensive review of the literature (ESM) revealed 
only marginal evidence for a specific strategy.

Recommendations

  • We recommend that in mechanically ventilated 
patients with ABI without ARDS who do not have 
clinically significant ICP elevation, the same level 
of PEEP should be used as in patients without brain 
injury (strong recommendation, very low evidence in 
favor).

  • We recommend that in mechanically ventilated 
patients with ABI without ARDS who have clinically 
significant ICP elevation that is PEEP-insensitive 

(patients who do not experience ICP elevation after 
increase of PEEP), the same level of PEEP should be 
used as in patients without ABI (strong recommen-
dation, no evidence; good practice statement).

  • We recommend that in mechanically ventilated 
patients with concurrent ABI and ARDS who do not 
have clinically significant intracranial pressure (ICP) 
elevation, a strategy of lung protective mechanical 
ventilation should be used (strong recommendation, 
no evidence, good practice statement).

  • We suggest that in mechanically ventilated patients 
with ABI without ARDS without clinically significant 
ICP elevation, a strategy of lung protective mechani-
cal ventilation should be considered (weak recom-
mendation, no evidence).

  • We are unable to provide a recommendation 
regarding lung protective mechanical ventilation in 
mechanically ventilated patients with ABI without 
ARDS who have clinically significant ICP elevation 
(no recommendation, no evidence).

  • We are unable to provide a recommendation 
regarding lung protective mechanical ventilation in 
mechanically ventilated patients who have concur-
rent ABI, ARDS, and clinically significant ICP eleva-
tion (no recommendation, no evidence).

4. Should we target specific values of partial pressure 
of oxygen  (PaO2) and partial pressure of carbon dioxide 
 (PaCO2) in patients with ABI?

Oxygen levels

Rationale

The panel concluded that there are enough data to 
suggest that both hypoxemia and hyperoxia should 
be avoided in ABI patients as both may have an unfa-
vorable impact on clinical outcomes. Although spe-
cific targets for PaO2 would optimally need to be 
individualized on the basis of disease-, context- and 
patient-specific features, the panel agreed on a general 
recommendation of normoxia.

Recommendations

  • We recommend that the optimal target range of 
 PaO2 in patients with ABI who do not have clini-
cally significant ICP elevation is 80–120  mmHg 
(strong recommendation, low-quality evidence).

  • We recommend that the optimal target range of 
 PaO2 in patients with ABI who have clinically sig-
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nificant ICP elevation is 80–120  mmHg (strong 
recommendation, no evidence; good practice state-
ment).

PaCO2 and short-term hyperventilation

Rationale

The panel considered at some length the question 
of  PaCO2 targets in ABI, including existing guidelines 
which recommend short-term mild hyperventilation 
in the management of TBI patients who have increased 
intracranial pressure [29]. Despite the overall low level 
of evidence on this topic, there was agreement to rec-
ommend targeting a normal range of  PaCO2 values in 
the absence of increased ICP and hyperventilation as 
a therapeutic option in patients with brain herniation. 
Conversely, panel members expressed differing views 
regarding hyperventilation as a therapeutic option 
in patients who have clinically significant ICP eleva-
tion, and a consensus was not obtained regarding this 
question.

Recommendations

  • We recommend that the optimal target range of 
 PaCO2 in patients with ABI who do not have clini-
cally significant ICP elevation is 35–45  mmHg 
(strong recommendation, low-quality evidence).

  • We recommend short-term hyperventilation as a 
therapeutic option in patients with ABI who have 
brain herniation (weak recommendation, no evi-
dence).

  • We are unable to provide a recommendation 
regarding the use of short-term hyperventilation as 
a therapeutic option in patients with ABI who have 
clinically significant ICP elevation (no recommen-
dation, no evidence).

5. Is it safe and effective to use rescue interventions 
to support severe respiratory failure in patients with ABI?

Alveolar recruitment maneuvers

Rationale

The panel felt that the issue was insufficiently inves-
tigated, and attention should be paid to achieving a bal-
ance between expected improvements in oxygenation 
and potentially detrimental effects on ICP and CPP.

Recommendations

  • We are unable to provide a recommendation regard-
ing the use of alveolar recruitment maneuvers in 
mechanically ventilated patients who have concur-
rent ARDS and ABI who do not have significant ICP 
elevation (no recommendation, very low evidence in 
favor).

  • We are unable to provide any recommendations 
regarding the use of alveolar recruitment maneu-
vers in mechanically ventilated patients who have 
concurrent ARDS and ABI who have significant ICP 
elevation (no recommendation, very low evidence in 
favor).

Prone positioning

Rationale

Despite the low level of evidence, the panel recom-
mended prone positioning when ICP is not increased, 
given the favorable effect on ARDS outcome and the 
potentially beneficial increases in brain oxygenation. 
However, questions remain regarding significant ICP 
elevation since prone position could mediate detrimental 
effects on intracranial physiology.

Recommendation

  • We recommend that prone positioning may be con-
sidered in mechanically ventilated patients who have 
concurrent moderate or severe ARDS  (PaO2/FiO2 
ratio < 150) and ABI, but do not have significant ICP 
elevation (strong recommendation, very low evi-
dence in favor).

  • We are unable to provide any recommendations 
regarding the use of prone positioning in mechani-
cally ventilated patients who have concurrent mod-
erate or severe ARDS  (PaO2/FiO2 < 150), ABI and 
significant ICP elevation (no recommendation, no 
evidence).

Neuromuscular blockers

Rationale

The panel found no studies on the use of neuromus-
cular blockers as a rescue therapy for patients with con-
current ABI and ARDS. However, based on evidence 
suggesting beneficial effects in severe ARDS [11–13], the 
panel ruled in favor of short-term use of neuromuscular 
blocker infusions.
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Recommendation

We recommend that short-term treatment with a neuro-
muscular blocker, in combination with appropriate seda-
tion, may be considered in mechanically ventilated patients 
who have concurrent ABI and severe ARDS (strong rec-
ommendation, no evidence; good practice statement).

Extracorporeal life support

Rationale

Experience with ECMO and extracorporeal  CO2 
removal  (ECCO2R) in ABI with severe respiratory failure 
patients is limited due to serious concerns regarding the 
safety of these techniques in patients with, or at risk of, 
intracranial hemorrhage and cerebral ischemia following 
ABI. Small case series and case reports were identified 
evaluating ECMO in patients with both ABI and ARDS, 
none which reported serious neurological complications 
[ESM—Group NV5]. However, after discussion, the panel 
did not reach a consensus on the use of these techniques.

Recommendations

  • We are unable to provide a recommendation regard-
ing the use of ECMO in mechanically ventilated 
patients who have concurrent ARDS and ABI (no 
recommendation, very low evidence in favor).

  • We are unable to provide a recommendation regard-
ing the use of  ECCO2R in mechanically ventilated 
patients who have concurrent ARDS and ABI (no 
recommendation, no evidence).

6. What are the criteria for ventilator weaning 
and extubation in patients with ABI?

Rationale

The panel identified variables that should be considered 
in the decision to wean and extubate this subpopulation 
including neurological and non-neurological features. 
A consensus was not reached regarding a specific GCS 
threshold to guide the decision to extubate.

Recommendations

  • We recommend that the decision to extubate patients 
with ABI should be guided by several factors includ-
ing the expected clinical trajectory of the underlying 
neurological condition, the level of consciousness, 
the presence of airway protective reflexes, and fac-

tors relevant to the extubation of non-neurological 
patients (strong recommendation, moderate evi-
dence in favor).

  • We recommend that the neurological status should 
be accounted for in making the decision to wean 
mechanical ventilation in patients with ABI (strong 
recommendation, no evidence; good practice state-
ment).

  • We recommend that the decision to extubate patients 
with ABI should account for the expected clinical 
trajectory of the underlying neurological condition 
(strong recommendation, no evidence; good practice 
statement).

  • We suggest that the decision to extubate patients 
with ABI should account for the level of conscious-
ness (weak recommendation, no evidence).

  • We recommend that the decision to extubate 
patients with ABI should account for airway protec-
tive reflexes (cough, gag, swallowing) (strong recom-
mendation, no evidence; good practice statement).

  • We are unable to provide any recommendations 
regarding a specific GCS threshold to be considered 
in the decision to extubate mechanically ventilated 
acute brain-injured patients (no recommendation, no 
evidence).

7. What are the indications for and optimal timing 
of tracheostomy in patients with ABI?

Indications for tracheostomy

Rationale

Despite the lack of high-quality evidence, based on 
clinical experience and on the literature from the gen-
eral ICU population, the panel determined that a major 
determinant in the decision to perform tracheostomy 
should be one or more failed attempts of extubation trials 
and persistently depressed responsiveness.

Recommendations

  • We recommend that tracheostomy should be con-
sidered in mechanically ventilated patients with ABI 
who have failed one or several trials of extubation 
(strong recommendation, no evidence; good practice 
statement).

  •  We suggest that tracheostomy should be consid-
ered in mechanically ventilated patients with ABI 
who have persistently reduced level of consciousness 
(weak recommendation, contradictory low-level evi-
dence).
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Timing of tracheostomy

Rationale

The panel noted that the decision regarding timing of 
tracheostomy varies considerably across countries and 
medical institutions and may depend considerably on 
local practices and policies. Therefore, the panel did not 
reach a consensus.

Recommendation

We are unable to provide a recommendation regard-
ing the optimal timing of tracheostomy in patients with 
ABI (no recommendation, contradictory low-quality 
evidence).

Discussion
The recommendations contained in this document are 
intended as guidance to clinicians managing patients 
admitted to the ICU with ABI. These recommendations 
were generated via a rigorous methodology that included 
a comprehensive systematic review and grading of avail-
able evidence, the engagement of a multidisciplinary, 
international expert panel, and the iterative refinement of 
consensus statements using the modified Delphi method. 
The principal limitation encountered was the paucity or 
lack of robust scientific evidence on many of the clinical 
questions posed, which means that several of the recom-
mendations are based on the collective expert opinions of 
the panel [14–19]. As a corollary of this limitation, sev-
eral knowledge gaps were identified, which have helped 
to establish an agenda for research (Table 2).

The decision to intubate a patient with isolated ABI in 
the absence of intrinsic respiratory failure is very com-
mon in emergency and intensive care medicine, yet sci-
entific evidence is lacking to support specific approaches. 
Intubation is lifesaving in severe ABI patients and not 
beneficial in milder forms of ABI, yet the role of intuba-
tion in intermediate severity ABI remains unclear [18]. 
Intubation commits patients to a course of mechanical 
ventilation and sedation, which significantly curtails the 
ability to clinically assess neurological function at the 
bedside. Studies are needed to explore strategies (includ-
ing timing) regarding endotracheal intubation in the ABI 
population. These studies should be stratified according 
to ABI etiology (TBI, SAH, ICH, AIS) and consider the 
relative importance of clinical factors such as neuro-
logical severity (e.g., GCS), presence of airway protec-
tive reflexes, agitation or combativeness, ICP elevation, 
predicted clinical trajectory (e.g., likelihood and time-
course of neurological worsening, the need for surgery 

or interventional management), and non-neurological 
injury or organ failure.

Invasive ventilation is used in patients with severe ABI 
to counter dysregulated breathing patterns and to main-
tain  PaO2 and  PaCO2 within physiological ranges [19]. 
This enables effective and reliable oxygen delivery to the 
brain and provides a mechanism to indirectly control 
cerebral perfusion via adjustment of minute ventilation 
and  PaCO2. Yet, these principles, well-established in neu-
rointensive care, seem at variance with lung protective 
strategies which aim to reduce ventilator-induced lung 
injury (VILI) via settings in which relative hypercap-
nia and hypoxemia may be permitted. Lung protective 
ventilation has been associated with significantly higher 
survival in clinical trials of patients with ARDS [20–24] 
and with improved outcomes in mechanically ventilated 
ICU and surgical populations who do not have ARDS 
[25, 26]. Although patients with ABI have consistently 
been excluded from these trials, the Consensus recom-
mended that patients with ABI who do not have ICP 
elevation should receive lung protective ventilation and 
PEEP as other mechanically ventilated patients would. 
Clinical trials are needed to determine the safety and 
efficacy of different lung protective ventilation strategies 
in ABI patients, both with and without ARDS. These tri-
als should be stratified by ABI etiology and neurologi-
cal severity and consider a range of different endpoints 
both proximal (neurophysiological impact, biomarkers 
of VILI) and more distal (mortality, neurological out-
come, duration of mechanical ventilation and stay in the 
hospital).

Regarding arterial blood gases, the consensus rec-
ommended avoidance of hyperoxia and hypoxia, both 
associated with poor outcome after ABI. The panel rec-
ommended maintaining  PaO2 80–120  mmHg, higher 
compared to the range commonly targeted in the general 
ICU population (55–80 mmHg)[27]. Overall, research is 
warranted to identify optimal  PaO2 targets in this popu-
lation. One approach will be to leverage large-scale multi-
site observational studies using multivariable modeling, 
to precisely determine associations between specific 
 PaO2 thresholds or target ranges and clinically significant 
outcomes in stratified ABI populations.

The panel recommended normocapnia in ABI patients 
without ICP elevation. It also recommended short-
term hyperventilation in patients with cerebral her-
niation. However, there was a lack of agreement on the 
use of short-term mild hyperventilation  (PaCO2 target 
30–35  mmHg) to treat elevations in ICP. Although it is 
part of the staircase approach for the management of ICP, 
hyperventilation causes cerebral vasoconstriction and 
has been associated with poor outcome in the Lung Safe 
cohort [28], perhaps due to an increase in mechanical 
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Table 2 Proposed scientific agenda on mechanical ventilation and respiratory support in ABI

Clinical context Knowledge gaps Study design considerations Endpoints of interest

ABI Clinical indications for intubation Pragmatic trials comparing different 
strategies/algorithms (including 
timing) regarding intubation in ABI 
patients stratified by etiology and 
severity

Mortality, neurological outcome
Duration of MV
Length of stay in ICU and hospital

Optimal PaO2 and PaCO2 levels Adequately powered observational 
data

Pragmatic trials comparing different 
 PaO2 and  PaCO2 targets in selected 
ABI patients/settings

Use of prognostic enrichment strate-
gies

Physiological effects
Mortality, neurological outcome

Role of lung protective ventilation Explanatory and pragmatic trials 
comparing LPV with conventional 
ventilation, or different intensities of 
LPV, in in ABI patients stratified by 
etiology and severity

Physiological effects
Markers of VILI
Mortality, neurological outcome
Duration of mechanical ventilation
Length of stay in ICU and hospital

Ventilator liberation Statistical models exploring factors 
independently associated with suc-
cessful extubation

Explanatory and pragmatic trials 
comparing different strategies for 
ventilator liberation in selected ABI 
patients/settings

Tracheostomy
Mortality, neurological outcome
Duration of mechanical ventilation
Length of stay in ICU and hospital

Clinical indications for tracheostomy Explanatory and pragmatic trials com-
paring tracheostomy vs extubation 
strategies in selected ABI patients/
settings

Use of predictive enrichment strate-
gies to optimize patient selection

Mortality, neurological outcome
Duration of mechanical ventilation
Length of stay in ICU and hospital

Timing of tracheostomy Explanatory and pragmatic trials 
comparing tracheostomy at dif-
ferent time-points in selected ABI 
patients/settings

Mortality, neurological outcome
Duration of mechanical ventilation
Length of stay in ICU and hospital

ABI and ICP elevation Role of short-term hyperventilation Analysis of high-resolution physi-
ological time series data

Pragmatic trials evaluating hyperven-
tilation strategies/durations for the 
management of clinically significant 
ICP elevation

Safety
Efficacy in reducing ICP
Mortality, neurological outcome

ABI and acute respiratory failure Role of non-invasive ventilation Analysis of observational data
Pragmatic trials comparing non-

invasive ventilation with invasive 
ventilation in selected ABI patients/
settings stratified by etiology and 
severity

Use of predictive enrichment strate-
gies to optimize patient selection

Safety (e.g., risk of aspiration)
Physiological effects
Conversion to invasive ventilation
Mortality, neurological outcome
Length of stay in ICU and hospital
Sedative use in ICU
Barriers to clinical neurological 

assessment in ICU

Role of high-flow oxygen therapy Analysis of observational data
Pragmatic trials comparing high-flow 

oxygen therapy with other invasive 
ventilation in selected ABI patients/
settings

Use of predictive enrichment strate-
gies to optimize patient selection

Safety (e.g., risk of aspiration)
Physiological effects
Conversion to invasive ventilation
Mortality, neurological outcome
Length of stay in ICU and hospital
Sedative use in ICU
Barriers to clinical neurological 

assessment in ICU

ABI and ARDS Role of lung protective ventilation Explanatory and pragmatic trials 
comparing LPV with conventional 
ventilation, or different intensities of 
LPV, in in ABI patients stratified by 
etiology and severity

Physiological effects
Sedative use in ICU
Mortality, neurological outcome
Duration of mechanical ventilation
Length of stay in ICU and hospital
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power [29]. While early studies have explored this issue 
[30], contemporary trials are needed to investigate the 
effect of short courses of hyperventilation, in conjunc-
tion with other measures, on physiological endpoints 
and clinical outcomes in patients who have intracranial 
hypertension.

Little is known about how ventilator liberation should 
be accomplished in the setting of ABI [31]. Available 
evidence and clinical experience suggest that decisions 
on ventilator weaning and tracheal extubation must 
integrate neurological features with other systemic vari-
ables, and this is the approach recommended by the 
panel. Mechanical ventilation may be prolonged unnec-
essarily, or tracheostomy performed prematurely, in a 
subset of patients who could have been successfully extu-
bated. Studies are needed to investigate more precise 
approaches for ventilator weaning and extubation in the 
target population. Multivariable models should be tested 
and validated to individualize management based on 
patient-specific clinical and physiological features. Clini-
cal trials should evaluate the effectiveness and efficacy 
of different liberation strategies. These trials could be 
designed to integrate tracheostomy either as a treatment 
arm or as an outcome variable.

Timely tracheotomy represents a means of effectively 
weaning sedation and discontinuing mechanical ventila-
tion in patients who require an artificial airway but are 
otherwise able to breathe independently. Yet studies 
indicate that the selection of ABI patients for tracheos-
tomy is highly variable, often dependent on regional or 

institutional factors [31, 32]. Our panel recommended 
consideration of this procedure in mechanically venti-
lated ABI patients who are persistently unconscious (but 
with an expected acceptable quality of life) or when one 
or several trials of extubation have failed; however, there 
was no consensus on the optimal timing of tracheostomy. 
Carefully designed studies would be needed to validate 
tracheostomy decision algorithms for patients with ABI, 
and to determine the optimal timing of this procedure 
based on patient-specific factors. Trials should consider 
stratification by ABI etiology, severity and predicted nat-
ural history.

The management of patients with concurrent ABI 
and acute respiratory failure is a specific scenario which 
merits further discussion. In the general ICU popula-
tion, there is extensive evidence supporting non-invasive 
strategies, such as BiPAP and high-flow nasal canula oxy-
gen, for patients who have acute respiratory failure and 
an underlying cause that can be effectively treated in a 
relatively short time frame [33]. Randomized trials in 
carefully selected respiratory failure patients show that 
when compared to invasive ventilation, non-invasive 
techniques can significantly improve outcomes includ-
ing survival [34]. Importantly, preserved consciousness 
and airway protective reflexes are generally viewed as 
prerequisites for the successful use of these methods. 
The consensus panel found very limited evidence on 
the use of non-invasive respiratory support in patients 
who have acute respiratory failure in the setting of ABI; 
however, it did recommend consideration of high-flow 

Table 2 (continued)

Clinical context Knowledge gaps Study design considerations Endpoints of interest

Role of neuromuscular blocker 
therapy

Analysis of observational data
Explanatory and pragmatic trials 

evaluating NMB therapy in selected 
patients with concurrent ABI and 
severe ARDS

Physiological effects
Mortality, neurological outcome
Duration of mechanical ventilation
Length of stay in ICU and hospital
Barriers to clinical neurological 

assessment in ICU

Role of prone positioning Analysis of observational data
Pragmatic trials evaluating prone 

positioning in selected patients 
with concurrent ABI and severe 
ARDS

Use of predictive enrichment strate-
gies to optimize patient selection

Safety
Physiological effects
Mortality, neurological outcome
Duration of mechanical ventilation
Length of stay in ICU and hospital
Sedative use in ICU
Barriers to clinical neurological 

assessment in ICU

Role of ECMO Analysis of observational data
Pragmatic trials evaluating manage-

ment with and without ECMO in 
selected patients with concurrent 
ABI and severe ARDS

Use of predictive enrichment strate-
gies to optimize patient selection

Safety
Neurological complications (e.g., 

intracranial hemorrhage)
Physiological effects
Mortality, neurological outcome
Length of stay in ICU and hospital

ICP intracranial pressure, ARDS acute respiratory distress syndrome, ECMO extracorporeal membrane oxygenation, ECCO2R extracorporeal carbon dioxide removal, VILI 
ventilator-induced lung injury, LPV lung protective ventilation, NMB neuromuscular blocker
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oxygen therapy in selected patients with hypoxemia. 
These results are likely a reflection of clinical observa-
tions among members of the panel that high-flow nasal 
cannula oxygen therapy might be beneficial and is associ-
ated with a low risk of adverse effects. Studies are needed 
to determine the indications, safety, and efficacy of non-
invasive strategies in selected ABI patients.

One additional clinical scenario which needs special 
consideration is that of patients who have ARDS in the 
setting of neurological injury. It has been reported that up 
to one-third of mechanically ventilated patients with ABI 
can develop ARDS [5]. Several interventions have been 
validated as effective rescue therapies to increase surviva-
bility in patients with ARDS refractory hypoxemia [5, 22]. 
These interventions, which include alveolar recruitment 
maneuvers, prone positioning, neuromuscular block-
ing agents, and ECMO, are increasingly used as part of a 
stepwise algorithm for patients in the severe ARDS stra-
tum; however, their feasibility and safety in ABI patients 
with ARDS are undetermined. A significant subset of ABI 
patients have concurrent spinal injuries and prone posi-
tioning might be unsafe in this group. ECMO generally 
requires systemic anticoagulation which could have cata-
strophic consequences in patients with recent ABI [35, 
36]. The consensus panel recommended consideration 
of prone positioning and neuromuscular blocking drug 
infusions, but it was unable to provide a recommenda-
tion on the use of alveolar recruitment or ECMO. Studies 
are needed to guide clinicians in selecting patients with 
concurrent ABI and ARDS who are most likely to benefit, 
and least likely to be harmed, by these therapies.

In summary, this consensus statement proposes 
guidance for clinicians on mechanical ventilation and 
respiratory support in critically ill ABI patients. As 
with all guidelines, the recommendations provided 
here must be implemented in a treatment plan that is 
individualized and considers not only physiological 
parameters but also patient co-morbidities and clinical 
trajectory. The panel found deficiencies in the scientific 
evidence across the domains studied, underscoring an 
urgent need for innovative and high-quality research 
to improve the care and outcomes in this population. 
Well-designed randomized controlled trials are needed 
to explore the role of different ventilator strategies 
and physiologic targets in this specific population. A 
promising direction is the possibility of personalizing 
therapy based on patient-specific clinical and physi-
ological features, for example, data from multimodal 
neuromonitoring techniques.

Electronic supplementary material
The online version of this article (https ://doi.org/10.1007/s0013 4-020-06283 -0) 
contains supplementary material, which is available to authorized users.

Author details
1 San Martino Policlinico Hospital, IRCCS for Oncology and Neuroscience, 
Genoa, Italy. 2 Anesthesia and Intensive Care Operative Unit, S. Martino 
Hospital, Belluno, Italy. 3 Implementation Science, The Helene Fuld Health 
Trust National Institute for EBP, College of Nursing, The Ohio State University, 
Columbus, OH, USA. 4 Department of Anaesthesia and Critical Care, Hôtel 
Dieu, University Hospital of Nantes, Nantes, France. 5 Department of Neurol-
ogy, University Hospital Heidelberg, Heidelberg, Germany. 6 Department 
of Neurology, Klinikum Kassel, Kassel, Germany. 7 Anesthesiology-Intensive 
Care Department, Aix-Marseille University, APHM, CHU Timone, Marseille, 
France. 8 Neurointensive Care Unit, ASST Grande Ospedale Metropolitano 
Niguarda, Milan, Italy. 9 Department of Anaesthesia and Critical Care, Hôpital 
Guillaume et René Laennec, University Hospital of Nantes, Saint-Herblain, 
France. 10 Department of Anesthesiology and Perioperative Intensive Care 
Medicine, Bicêtre Hospital, Assistance Publique Hôpitaux de Paris, Paris-
Saclay University, Paris, France. 11 Faculty of Medicine, Intensive Care Unit 
of the Shaare Zedek Medical Centre and Hebrew University, Jerusalem, Israel. 
12 University of Cambridge Division of Anaesthesia, Addenbrooke’s Hospital, 
Cambridge, UK. 13 Interdepartmental Division of Critical Care Medicine, Univer-
sity of Toronto, Toronto, ON, Canada. 14 Department of Physiology, University 
of Toronto, Toronto, ON, Canada. 15 Medecine Intensive-Réanimation, Hopital 
Edouard Herriot, University of Lyon, Lyon, France. 16 INSERM 955, Créteil, 
France. 17 First Department of Critical Care Medicine and Pulmonary Services, 
Evangelismos Hospital, National and Kapodistrian University of Athens Medical 
School, Athens, Greece. 18 Division of Pulmonary and Critical Care Medicine, 
Department of Medicine, New York-Presbyterian Hospital-Weill Cornell Medi-
cal Center, Weill Cornell Medicine, New York, NY, USA. 19 Department of Neu-
rointensive Care, Instituto Estadual do Cérebro Paulo Niemeyer, Rio de Janeiro, 
Brazil. 20 Department of Intensive Care Medicine, Olvg Hospital, Amsterdam, 
The Netherlands. 21 Laboratory of Experimental Intensive Care and Anesthe-
siology, Amsterdam University Medical Center, Amsterdam, The Netherlands. 
22 Servei Medicina Intensiva, Hospital Sant Pau, Barcelona, Spain. 23 Alma Mater 
Studiorum, Dipartimento di Scienze Biomediche e Neuromotorie, Università 
di Bologna, Bologna, Italy. 24 Department of Intensive Care Medicine, Hospital 
Español, Montevideo, Uruguay. 25 Department of Intensive Care Medicine, 
Centre Hospitalier Universitaire Vaudois (CHUV), University of Lausanne, 
Lausanne, Switzerland. 26 Department of Surgical Sciences and Integrated 
Diagnostics, University of Genoa, Genoa, Italy. 27 Department of Neurology, 
Mayo Clinic, Rochester, MN, USA. 28 Australian and New Zealand Intensive Care 
Research Centre (ANZIC-RC), School of Public Health and Preventive Medicine, 
Monash University, Melbourne, VIC, Australia. 29 Department of Critical Care 
Medicine, Hospital Israelita Alberto Einstein, São Paulo, Brazil. 30 Department 
of Critical Care Services, Neuroscience Institute, Maine Medical Center, 22 
Bramhall Street, Portland, ME 04102, USA. 31 Department of Emergency Care 
and Services, University of Helsinki and Helsinki University Hospital, Meilahden 
sairaala, Haartmaninkatu 4, 00029 HUS Helsinki, Finland. 32 Department 
of Anesthesiology and Critical Care Medicine, Johns Hopkins University School 
of Medicine, 600 N. Wolfe St, Phipps 455, Baltimore, MD 21287, USA. 33 Depart-
ment of Neurology, Johns Hopkins University School of Medicine, Baltimore, 
MD, USA. 34 Department of Neurosurgery, Johns Hopkins University School 
of Medicine, Baltimore, MD, USA. 35 Department of Intensive Care Medicine, 
Erasme Hospital, Université Libre de Bruxelles, Brussels, Belgium. 36 Depart-
ment of Intensive Care, Erasmus University Medical Center, Rotterdam, The 
Netherlands. 37 School of Medicine and Surgery, University of Milano - Bicocca, 
Milan, Italy. 

Author contributions
RS, CR: conception of the work, supervision of the consensus development, 
participation in literature review and interpretation, drafting the article, critical 
revision of the article, final approval of the version to be published. GC, KA, DP, 
MM: participation in the supervision of the consensus development, participa-
tion in literature review and interpretation, drafting and critical revisions of 
the manuscript, final approval of the version to be published. DP, MM: assisted 
with literature data extraction, methodological rating, and biostatistical tasks 
including meta-analysis and analysis of voting results. All authors: participation 
in literature review and appraisal, online consensus statement voting, critical 
review of the manuscript and approval of the final version of the manuscript.

Funding
None.

https://doi.org/10.1007/s00134-020-06283-0


2410

Compliance with ethical standards

Conflicts of interest
GC is Editor in Chief of ICM. MS received speaker fee and travel grant from 
BARD Medical (Ireland) and a research grant from GE Healthcare. JB received 
Speaker honoraria and travel support from Boehringer Ingelheim, Medtronic, 
Zoll, Sedana Medical. DS is PI of the SETPOINT2 trial on early tracheostomy in 
ventilated cerebrovascular ICU patients and participant in a PCORI Award for 
SETPOINT2. SE has support from Zoll, Siemens and Medtronic, research fund-
ing from Oridion, Diasorin, Haemonetics, participation in multicenter trials for 
Artisanpharma, Ely Lily, Takeda, Astra Zeneca, Eisai. The other authors have no 
COI to declare.

Endorsement
This project is endorsed by the Executive Committee of the European Society 
of Intensive Care Medicine. The content of the manuscript is affirmed by the 
Board of Directors of the Neurocritical Care Society for its educational value.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 13 September 2020   Accepted: 5 October 2020
Published online: 11 November 2020

References
 1. Del Sorbo L, Goligher EC, McAuley DF et al (2017) Mechanical ventila-

tion in adults with acute respiratory distress syndrome: summary of the 
experimental evidence for the clinical practice guideline. Ann Am Thorac 
Soc 14:S261–S270

 2. Kienbaum P, Pelosi P, Gama de Abreu M et al (2008) Temporal changes in 
ventilator settings in patients with uninjured lungs. Anesth Analg 2018:1

 3. Stevens RD, Lazaridis C, Chalela JA (2008) The role of mechanical ventila-
tion in acute brain injury. Neurol Clin 26:543–563

 4. Cinotti R, Bouras M, Roquilly A, Asehnoune K (2019) Management and 
weaning from mechanical ventilation in neurologic patients. Ann Transl 
Med 6:381

 5. Della Torre V, Badenes R, Corradi F, Racca F, Lavinio A, Matta B, Bilotta F, 
Robba C (2017) Acute respiratory distress syndrome in traumatic brain 
injury: how do we manage it? J Thorac Dis. 9(12):5368–5381

 6. Borsellino B, Schultz MJ, Gama de Abreu M, Robba C, Bilotta F (2016) 
Mechanical ventilation in neurocritical care patients: a systematic litera-
ture review. Expert Rev Respir Med 10(10):1123–1132

 7. Serpa Neto A, Hemmes SNT, Barbas CSV et al (2015) Protective versus 
Conventional ventilation for surgery: a systematic review and individual 
patient data meta-analysis. Anesthesiology 123:66–78

 8. Mascia L, Zavala E, Bosma K et al (2007) High tidal volume is associated 
with the development of acute lung injury after severe brain injury: an 
international observational study. Crit Care Med 35:1815–1820

 9. Pelosi P, Ferguson ND, Frutos-Vivar F et al (2011) Management and 
outcome of mechanically ventilated neurologic patients. Crit Care Med 
39:1482–1492

 10. Hawryluk GW, Aguilera S, Buki A et al (2019) A management algorithm for 
patients with intracranial pressure monitoring: the Seattle international 
severe traumatic brain injury consensus conference (SIBICC). Intensive 
Care Med 45(12):1783–1794

 11. Papazian L, Forel JM, Gacouin A et al (2010) Neuromuscular blockers in 
early acute respiratory distress syndrome. N Engl J Med 363(12):1107–1116

 12. Huang DT, Angus DC, Moss M et al (2017) Design and rationale of the 
reevaluation of systemic early neuromuscular blockade trial for acute 
respiratory distress syndrome. Am Thorac Soc 14(1):124–133

 13. The National Heart, Lung, and Blood Institute PETAL Clinical Trials 
Network (2019) Early neuromuscular blockade in the acute respira-
tory distress syndrome. N Engl J Med 380(21):1997–2008. https ://doi.
org/10.1056/NEJMo a1901 686

 14. Asehnoune K, Seguin P, Lasocki S et al (2017) Extubation success predic-
tion in a multicentric cohort of patients with severe brain injury. Anesthe-
siology 127(2):338–346

 15. Asehnoune K, Mrozek S, Perrigault PF et al (2017) A multi-faceted strategy 
to reduce ventilation-associated mortality in brain-injured patients. The 
BI-VILI project: a nationwide quality improvement project. Intensive Care 
Med 43(7):957–970

 16. Roquilly A, Cinotti R, Jaber S et al (2013) Implementation of an evidence-
based extubation readiness bundle in 499 brain-injured patients. A 
before-after evaluation of a quality improvement project. J Respir Crit 
Care Med 188(8):958–966. https ://doi.org/10.1164/rccm.20130 1-0116o c

 17. Godet T, Chabanne R, Marin J et al (2017) Extubation failure in brain-
injured patients: risk factors and development of a prediction score in a 
preliminary prospective cohort study. Anesthesiology 126(1):104–114. 
https ://doi.org/10.1097/aln.00000 00000 00137 9

 18. Asehnoune K, Roquilly A, Cinotti R (2018) Respiratory management in 
patients with severe brain injury. Crit Care 22:76

 19. Frisvold SK, Robba C, Guérin C (2019) What respiratory targets should 
be recommended in patients with brain injury and respiratory failure? 
Intensive Care Med

 20. Brower RG, Matthay MA, Morris A et al (2000) Ventilation with lower 
tidal volumes as compared with traditional tidal volumes for acute 
lung injury and the acute respiratory distress syndrome. N Engl J Med 
342(18):1301–1308

 21. Cavalcanti AB, Suzumura EA, Laranjeira LN et al (2017) Effect of lung 
recruitment and titrated positive end-expiratory pressure (PEEP) vs low 
peep on mortality in patients with acute respiratory distress syndrome: a 
randomized clinical trial. JAMA 318:1335–1345

 22. Guerin C, Reignier J, Richard JC et al (2013) Prone positioning in severe 
acute respiratory distress syndrome. N Engl J Med 368:2159–2168

 23. Pham T, Serpa Neto A, Pelosi P et al (2018) Outcomes of Patients Present-
ing with Mild Acute Respiratory Distress Syndrome: Insights from the 
LUNG SAFE study. Anesthesiology 130(2):263–283

 24. Gattinoni L, Tonetti T, Cressoni M et al (2016) Ventilator-related causes of 
lung injury: the mechanical power. Intensive Care Med 42:1567–1575

 25. Schultz MJ, Haitsma JJ, Slutsky AS, Gajic O (2007) What tidal volumes 
should be used in patients without acute lung injury? Anesthesiology 
106:1226-1231

 26. Simonis FD, Serpa Neto A, Binnekade JM et al (2018) Effect of a low vs 
intermediate tidal volume strategy on ventilator-free days in intensive 
care unit patients without ARDS: a randomized clinical trial. JAMA J Am 
Med Assoc 320:1872–1880

 27. Steyerberg EW, Wiegers E, Sewalt C (2019) Case-mix, care pathways, and 
outcomes in patients with traumatic brain injury in CENTER-TBI: a Euro-
pean prospective, multicentre, longitudinal, cohort study. Lancet Neurol 
18(10):923–934

 28. Laffey JG, Bellani G, Pham T et al (2016) Potentially modifiable factors 
contributing to outcome from acute respiratory distress syndrome: the 
LUNG SAFE study. Intensive Care Med 42(12):1865–1876

 29. Silva PL, Pelosi P, Rocco PRM (2020) Understanding the mysteries of 
mechanical power. Anesthesiology 132(5):949–950

 30. Muizelaar JP, Marmarou A, Ward JD et al (1991) Adverse effects of 
prolonged hyperventilation in patients with severe head injury: a rand-
omized clinical trial. J Neurosurg 75(5):731–739

 31. Quiñones-Ossa GA, Durango-Espinosa YA, Padilla-Zambrano H et al 
(2020) Current status of indications, timing, management, complica-
tions, and outcomes of tracheostomy in traumatic brain injury patients. J 
Neurosci Rural Pract 11(2):222–229

 32. Robba C, Galimberti S, Graziano F et al (2020) Tracheostomy practice and 
timing in traumatic brain-injured patients: a CENTER-TBI study. Intensive 
Care Med 46(5):983–994

 33. Masip J, Roque M, Sánchez B, Fernández R, Subirana M, Expósito JA 
(2005) Noninvasive ventilation in acute cardiogenic pulmonary edema: 
systematic review and meta-analysis. JAMA 294(24):3124–3130. https ://
doi.org/10.1001/jama.294.24.3124

 34. Frat JP, Thille AW, Mercat A et al (2015) High-flow oxygen through 
nasal cannula in acute hypoxemic respiratory failure. N Engl J Med 
372(23):2185–2196. https ://doi.org/10.1056/NEJMo a1503 326

 35. Cavayas YA, Del Sorbo L, Munshi L et al (2020) Intracranial hemorrhage 
on extracorporeal membrane oxygenation: an international survey. Perfu-
sion. 24:267659120932705

 36. Robba C, Ortu A, Bilotta F et al (2017) Extracorporeal membrane oxygena-
tion for adult respiratory distress syndrome in trauma patients: a case series 
and systematic literature review. J Trauma Acute Care Surg 82(1):165–173

https://doi.org/10.1056/NEJMoa1901686
https://doi.org/10.1056/NEJMoa1901686
https://doi.org/10.1164/rccm.201301-0116oc
https://doi.org/10.1097/aln.0000000000001379
https://doi.org/10.1001/jama.294.24.3124
https://doi.org/10.1001/jama.294.24.3124
https://doi.org/10.1056/NEJMoa1503326


Intensive Care Med (2020) 46:2411–2422
https://doi.org/10.1007/s00134-020-06196-y

ORIGINAL

Conservative oxygen therapy 
for mechanically ventilated adults 
with suspected hypoxic ischaemic 
encephalopathy
Paul Young1,2* , Diane Mackle1, Rinaldo Bellomo3,4,5,6, Michael Bailey3,5, Richard Beasley1, Adam Deane5,6, 
Glenn Eastwood3,4, Simon Finfer7,8, Ross Freebairn9, Victoria King3, Natalie Linke3, Edward Litton10, 
Colin McArthur1,11, Shay McGuinness1,12, Rakshit Panwar13,14 on behalf of the ICU-ROX Investigators and the 
Australian and New Zealand Intensive Care Society Clinical Trials Group

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature

Abstract 

Purpose: Liberal use of oxygen may contribute to secondary brain injury in patients with hypoxic-ischaemic enceph-
alopathy (HIE). However, there are limited data on the effect of different oxygen regimens on survival and neurological  
disability in HIE patients.

Methods: We undertook a post-hoc analysis of the 166 patients with suspected HIE enrolled in a trial comparing 
conservative oxygen therapy with usual oxygen therapy in 1000 mechanically ventilated ICU patients. The primary 
endpoint for the current analysis was death or unfavourable neurological outcome at day 180. Key secondary out-
comes were day 180 mortality, and cause-specific mortality.

Results: Patients with HIE allocated to conservative oxygen spent less time in the ICU with an  SpO2 ≥ 97% (26 h 
[interquartile range (IQR) 13–45 vs. 35 h [IQR 19–70], absolute difference, 9 h; 95% CI − 21.4 to 3.4). A total of 43 of 
78 patients (55.1%) assigned to conservative oxygen and 49 of 72 patients (68.1%) assigned to usual oxygen died or 
had an unfavourable neurological outcome at day 180; odds ratio 0.58; 95% CI 0.3–1.12; P = 0.1 adjusted odds ratio 
0.54; 95% CI 0.23–1.26; P = 0.15. A total of 37 of 86 patients (43%) assigned to conservative oxygen and 46 of 78 (59%) 
assigned to usual oxygen had died by day 180; odds ratio 0.53; 95% CI 0.28–0.98; P = 0.04; adjusted odds ratio 0.56; 
95% CI 0.25–1.23; P = 0.15. Cause-specific mortality was similar by treatment group.

Conclusions: Conservative oxygen therapy was not associated with a statistically significant reduction in death or 
unfavourable neurological outcomes at day 180. The potential for important benefit or harm from conservative oxy-
gen therapy in HIE patients is not excluded by these data.
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Introduction

Liberal use of oxygen as occurs with standard management 
of comatose post-cardiac arrest patients may contribute 
to secondary brain injury [1,2]. For example, exposure to 
hyperoxaemia worsens brain damage in animal models of 
cardiac arrest [3] and hyperoxaemia is independently asso-
ciated with increased mortality risk in some observational 
studies in humans [4–8]. However, this association has not 
been shown in all studies [9,10] and one potential concern 
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with conservative use of oxygen therapy is that it might 
increase exposure to hypoxaemia, which is strongly asso-
ciated with adverse outcomes in patients who are uncon-
scious after a cardiac arrest [9]. Only one randomized 
clinical trial evaluating the effect of different oxygen regi-
mens used in the intensive care unit (ICU) on survival and 
neurological disability in patients with hypoxic ischaemic 
encephalopathy has been reported [11]. This trial reported 
that conservative oxygen therapy resulted in similar out-
comes to liberal oxygen therapy in patients with hypoxic 
ischaemic encephalopathy but had the insufficient statisti-
cal power to detect differences in these outcomes [11].

We recently reported, in the subgroup of patients with 
suspected hypoxic ischaemic encephalopathy who were 
enrolled in the Intensive Care Unit Randomized Trial 
Comparing Two Approaches to OXygen therapy (ICU-
ROX) [12], that allocation to conservative oxygen therapy 
was associated with a decreased risk of death and with 
a numerically lower rate of unfavourable neurological 
outcomes at 180  days [12]. It is unclear whether these 
findings are indicative of true benefit with conservative 
oxygen therapy or are accounted for by chance baseline 
imbalances or other confounding factors that may affect 
outcomes in patients who have suffered a cardiac arrest.

Accordingly, we conducted a post-hoc analysis using 
data from the 166 patients with suspected hypoxic 
ischaemic encephalopathy included in ICU-ROX [12]. 
Our hypothesis was that, after adjustment for baseline 
variables that predict outcomes in cardiac arrest patients, 
use of conservative oxygen therapy would decrease the 
probability of dying or surviving with an unfavourable 
neurological outcome at day 180 post-randomization 
compared with usual oxygen therapy.

Methods
Trial design
We conducted a post-hoc analysis in the pre-speci-
fied subgroup of patients enrolled in ICU-ROX who 
were considered to have possible hypoxic ischaemic 
encephalopathy at the time of enrollment. ICU-ROX 
was a 1000-participant, multicenter, prospective, paral-
lel-group, randomised clinical trial. The protocol [13] 
and primary analysis [12] have been published previ-
ously. ICU-ROX was approved by the ethics commit-
tee responsible for each participating institution with 
approval granted to obtain specific additional data 
from the medical records of patients with suspected 
hypoxic ischaemic encephalopathy for this analysis. 
Written informed consent for enrollment, or consent 
to continue and to use patient data, was obtained from 
each patient or from a legal surrogate. Where a patient 

died before consent to continue could be obtained, 
data were included if allowed by local regulations and 
approved by the relevant ethics committee.

Patients
Patients included in ICU-ROX were mechanically venti-
lated adults aged ≥ 18 years who were expected to remain 
mechanically ventilated in the ICU beyond the calen-
dar day after recruitment. Randomization was required 
within 2 h of invasive mechanical ventilation and/or non-
invasive ventilation in an ICU. Otherwise, patients were 
considered to have missed the enrolment window.

The patients with suspected hypoxic ischaemic 
encephalopathy included in this analysis constituted a 
pre-specified subgroup that was defined pre-randomiza-
tion based on whether this diagnosis was documented in 
the clinical records. Specific instructions were provided 
to research coordinators that patients admitted follow-
ing cardiac arrest, should be defined as being suspected 
to have hypoxic ischaemic encephalopathy unless there 
was documentation of the patient obeying commands 
following the return of spontaneous circulation (ROSC), 
after the cardiac arrest and prior to the patient being 
sedated.

For this analysis, we obtained data from the medical 
records of patients with suspected hypoxic ischaemic 
encephalopathy that were not initially collected. These 
data comprised details pertaining to the cardiac arrest 
including the location of the arrest, whether the arrest 
was witnessed, whether there was a bystander response, 
the first monitored rhythm, the cause of the arrest, 
whether an ST elevation acute myocardial infarction 
(STEMI) was diagnosed, and the time until sustained 
ROSC [14]. We also recorded additional information 
about comorbidities of particular relevance to patients 
with cardiovascular disease. Full details of the data col-
lected specifically for this analysis are provided in the 
Electronic Supplementary Material (ESM).

Take home message 

In this post-hoc analysis of patients with suspected ischaemic 
encephalopathy who were enrolled in ICU-ROX, conservative 
oxygen therapy did not result in a statistically significant decrease in 
death or unfavourable neurological outcome at day 180 compared 
with usual oxygen therapy. The potential for clinically important 
benefit or harm from conservative oxygen therapy in patients with 
suspected hypoxic ischaemic encephopathy is not excluded by 
these data.
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Randomization and study treatment
Patients in ICU-ROX were randomly assigned to con-
servative oxygen therapy or usual oxygen therapy using a 
secure Internet-based randomization interface. The allo-
cation sequence was generated by the study statistician 
using computer-generated random numbers with varia-
ble block randomization in a 1:1 ratio stratified by centre.

In both treatment groups, the monitored lower limit 
alarm for oxygen saturation measured by pulse oxime-
try  (SpO2) was set at 90% by default but an alternative 
lower limit could be specified if clinically indicated. If an 
arterial blood gas showed a partial pressure of oxygen 
 (PaO2) < 60  mmHg or an unacceptably low arterial oxy-
gen saturation  (SaO2), the fraction of inspired oxygen 
 (FiO2) could be increased, irrespective of  SpO2.

In patients assigned to conservative oxygen, the  FiO2 
was reduced as much as possible down to a minimum of 
0.21 whilst still maintaining the  SpO2 above the accept-
able lower limit. We sought to minimize exposure to an 
 SpO2 ≥ 97% and hence minimize the risk of hyperoxae-
mia in patients assigned to conservative oxygen using 
an upper  SpO2 alarm limit set at 97%. This upper limit 
 SpO2 alarm was used whenever supplemental oxygen was 
administered in the ICU.

In patients assigned to usual oxygen, no specific meas-
ures limited  FiO2 or  SpO2 except that the use of upper 
alarm limits for  SpO2 was prohibited and the use of  FiO2 
less than 0.3 during invasive ventilation was discouraged.

Patients received their assigned oxygen therapy strategy 
until discharge from the ICU or 28 days from randomi-
zation, whichever occurred first. Treatment assignment 
was not disclosed to participants or their families.

For this analysis, we collected information about other 
treatments of particular relevance to cardiac arrest 
patients including the drugs that were administered dur-
ing resuscitation, whether targeted temperature manage-
ment was used, and if so, what temperature was targeted. 
We also recorded key neuroprognostic investigations 
that were performed (ESM).

Outcome measures
The primary outcome for this analysis was death or sur-
vival with an unfavourable neurological outcome at day 
180 defined as an Extended Glasgow Outcome Scale 
(GOS-E) category of 1–4. This outcome was ascertained 
by contacting patients or their next of kin.

Secondary outcomes were ICU, hospital, and day 180 
mortality, cause-specific mortality, survival time, ICU 
and hospital length of stay, ventilator-free days, and vaso-
pressor-free days.

Cause-specific mortality was categorized using a previ-
ously described method [15]. Ventilator-free days were 

defined as the total number of calendar days or part 
calendar days of unassisted breathing during the first 
28 days after randomization, all patients who died by day 
28 were assigned zero ventilator-free days [16]. Vasopres-
sor-free days were defined in an analogous fashion.

Statistical Analysis
The statistical analysis plan for ICU-ROX was reported 
before enrolment was completed [13]. Whilst not pre-
specified, the analysis reported here was conducted in 
accordance with the original analysis plan. We chose 
death or survival with an unfavourable neurological out-
come at day 180 as the primary outcome as the most 
relevant outcome for patients with hypoxic ischaemic 
encephalopathy. Analyses were conducted on an inten-
tion-to-treat basis. We defined the intention-to-treat 
population as all enrolled patients except those who 
withdrew consent for use of data. We conducted a post-
hoc best/worst analysis to account for missing primary 
outcome data.

For the primary analysis of death or survival with an 
unfavourable neurological outcome at day 180, we used 
an unadjusted Fisher’s exact test for equal proportions, 
and report frequency (percentage) per treatment group 
with an absolute difference, odds ratio, and associated 
95% confidence intervals. Other dichotomous endpoints 
were analysed in the same fashion. We conducted a sen-
sitivity analysis comparing GOS-E on the ordinal scale. 
Because there was insufficient proportionality between 
categories to enable ordinal logical regression, this analy-
sis was undertaken non-parametrically. We compared 
survival times using log-rank tests and present these as 
Kaplan–Meier curves and used a Cox proportional-haz-
ards model to calculate hazard ratios for survival. For 
continuous secondary outcomes, we used a Wilcoxon 
rank-sum test with differences between medians calcu-
lated using quantile regression employing a simplex algo-
rithm with 95% confidence intervals (CI) calculated using 
the inversion method [17].

Hierarchical multivariable analyses were performed 
for all binary outcomes using logistic regression and for 
survival using a Cox proportional-hazards model. These 
analyses incorporated adjustment for the independent 
covariates of age, cardiac arrest location outside the hos-
pital, shockable first monitored rhythm, time to ROSC, 
whether there was a medical cause for arrest, and whether 
the patient had a STEMI. A medical cause of cardiac 
arrest included cases in which the cause of the cardiac 
arrest was presumed to be cardiac, other medical cause 
(eg, anaphylaxis, asthma, GI bleed), and cases in which no 
obvious cause of the cardiac arrest was identified. These 
analyses were undertaken with patients nested in site and 
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site treated as a random variable. Covariates were pre-
specified based on their known associations with neuro-
logical outcome in cardiac arrest patients [14].

Analyses for variables that were measured repeatedly 
such as time-weighted  PaO2 were performed using mixed 
linear modelling (with each patient treated as a random 
effect) fitting main effect for treatment and time and an 
interaction between treatment and time to determine if 
groups behaved differently over time.

Analyses were conducted using SAS statistical soft-
ware, version 9.4 (SAS Institute). Statistical significance 
was determined using a two-sided hypothesis test with 
an alpha of 0.05.

Results
Patient characteristics
From September 2015 through May 2018, we enrolled 
1000 patients into ICU-ROX from 21 ICUs in Australia 
and New Zealand. There were 965 patients in the inten-
tion-to-treat population. A total of 166 patients were 
suspected to have hypoxic ischaemic encephalopathy 
at baseline with 87 (52.4%) of these randomized to con-
servative oxygen therapy. Data related to neurological 
outcomes at 6  months were missing for 16 participants 
(Fig.  1). The study groups had similar characteristics at 
baseline (Table 1) and the drugs given during resuscita-
tion were similar (Table 2).

Fig. 1 Participant flow. GOS-E Glasgow Outcome Scale—Extended, ICU intensive care unit, ICU-ROX intensive care unit randomized trial comparing 
two approaches to oxygen therapy
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Table 1 Characteristics of the patients at baseline

Plus-minus values are expressed as mean ± SD

AED automated external defibrillator, COPD chronic obstructive pulmonary disease, ICU intensive care unit, OR operating room, VF ventricular fibrillation, VT 
ventricular tachycardia, ROSC return of spontaneous circulation, SpO2 arterial oxygen saturation on pulse oximetry, PaO2 arterial partial pressure of oxygen, FiO2 
fraction of inspired oxygen, PaCO2 arterial partial pressure of carbon dioxide, PEEP positive end expiratory pressure
a A witnessed arrest was defined as one that was seen or heard by another person or was monitored
b Respiratory rate and  SpO2 data were available for 86 conservative oxygen patients and 78 usual oxygen patients;  PaO2 and  PaCO2 data were available for 79 
conservative oxygen patients and 71 usual oxygen patients

Characteristic Conservative oxygen 
(n = 87)

Usual oxygen  
(n = 79)

P value

Age—year, mean (SD) 62.3 ± 14.8 60.6 ± 16.1 0.49

Male sex—no. (%) 66 (75.9%) 62 (78.5%) 0.69

Comorbid conditions—no. (%)

 Hypertension 33 (37.9%) 24 (30.4%) 0.31

 Diabetes 24 (27.6%) 18 (22.8%) 0.48

 Ischaemic heart disease 18 (20.7%) 23 (29.1%) 0.21

 Asthma or COPD 17 (19.5%) 15 (19%) 0.93

 Previous myocardial infarction 10 (11.5%) 16 (20.3%) 0.12

 Previous cardiac arrhythmia 14 (16.1%) 8 (10.1%) 0.26

 Percutaneous coronary intervention 8 (9.2%) 10 (12.7%) 0.47

 Congestive heart failure 10 (11.5%) 6 (7.6%) 0.4

 Previous CABG 10 (11.5%) 5 (6.3%) 0.25

 Previous TIA or stroke 4 (4.6%) 7 (8.9%) 0.27

Cardiac arrest location—no. (%)

 Emergency department 3 (3.4%) 6 (7.6%) 0.24

 Hospital ward 5 (5.7%) 3 (3.8%) 0.56

 ICU 1 (1.1%) 0 (0%) 1.00

 Operating theatre 0 (0%) 1 (1.3%) 0.48

 Other location in hospital 1 (1.1%) 3 (3.8%) 0.35

 Home/residence 33 (37.9%) 32 (40.5%) 0.73

 Assisted living/nursing home 1 (1.1%) 2 (2.5%) 0.61

 Other location (not in hospital) 43 (49.4%) 32 (40.5%) 0.25

Witnessed  arresta—no. (%) 72 (82.8%) 61 (77.2%) 0.37

Bystander response—no. (%) 65 (74.7%) 56 (70.9%) 0.58

First monitored rhythm VF, VT, or AED shockable—no. (%) 58 (66.7%) 46 (58.2%) 0.26

Response time—mins, mean (SD); range 7.3 ± 6.3 5.0 ± 4.2 0.01

Time to defibrillation—mins, mean (SD) 9.7 ± 7 9.0 ± 5.2 0.56

Time until sustained ROSC—mins, mean (SD); range 26.5 ± 17.8 2–84 25.4 ± 14.7; 2–66 0.69

Cause of arrest—no. (%)

 Medical 84 (96.6%) 71 (89.9%) 0.08

 Asphyxia 3 (3.4%) 4 (5.1%) 0.71

 Drug overdose 0 (0%) 2 (2.5%) 0.23

 Drowning 0 (0%) 1 (1.3%) 0.48

 Traumatic 0 (0%) 1 (1.3%) 0.48

Presence of STEMI—no./N (%) 23/86 (26.7%) 29/77 (37.7%) 0.14

Physiologyb

 Respiratory rate—breaths per min 16.1 ± 3.5 16.4 ± 4.2 0.62

 SpO2—% 98 [96–100] 96 [95–99] 0.04

 PaO2—mmHg; median [IQR] 107 [86.8–172] 94.5 [82.5–141] 0.39

 PaCO2—mmHg 49.4 ± 13.8 47.4 ± 13.4 0.37

Physiological support

 FIO2 0.64 ± 0.23 0.64 ± 0.24 0.91

 PEEP—cmH2O; median [IQR] 5 [5–10] 8 [5–10] 0.13

 Inotropic/vasopressor support—no. (%) 33 (37.9%) 34 (43%) 0.5

Time from ICU admission to randomisation—hours; median [IQR] 1.25 [0.62–1.7] 1.1 [0.7–1.78] 0.84
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Oxygenation and process of care measures
Patients allocated to conservative oxygen spent less time 
in the ICU with an  SpO2 ≥ 97% (26 h [interquartile range 
(IQR) 13–45 vs. 35  h [IQR 19–70], absolute difference, 
−  9  h; 95% CI −  21.4 to 3.4), and more time receiving 
an  FIO2 of 0.21 than patients allocated to usual oxygen 
(25 h [IQR 8–43] vs. 0 h [IQR 0–6], absolute difference, 
25.0  h; 95% CI 18.7–31.1) (Table  2). The time-weighted 
 PaO2 over the first 10  days of mechanical ventilation 
was 84  mmHg (95% CI 78–90  mmHg) for the con-
servative oxygen therapy group and 88  mmHg (95% CI 
82–94  mmHg) for the usual oxygen therapy group; dif-
ference −  4 (95% CI −  12.2 to 4.2  mmHg); P = 0.33 
(Fig. 2). Highest and lowest daily  PaO2 during the first 28 
mechanical ventilation days are shown in Fig. 2. Patients 
allocated to conservative oxygen therapy were signifi-
cantly more likely to experience episodes of hypoxaemia 
 (PaO2 < 60  mmHg) and significantly less likely to expe-
rience episodes of hyperoxaemia  (PaO2 > 100  mmHg) 

than patients allocated to usual oxygen therapy (Table 2). 
Temperature management strategies used and neuropro-
gnostic tests performed were similar by treatment group 
(Table 2). The mean  FiO2 during the first 10 mechanical 
ventilation days was statistically significantly lower in 
the conservative oxygen group (Fig S1, ESM). The time-
weight daily  PaCO2 was similar by treatment group (Fig 
S2, ESM). The mean PEEP values by treatment group are 
shown in Fig S3 (ESM).

Primary outcome
A total of 43 of 78 patients (55.1%) assigned to con-
servative oxygen therapy and 49 of 72 patients (68.1%) 
assigned to usual oxygen therapy died or survived with 
an unfavourable neurological outcome at day 180; abso-
lute difference; − 12.9 percentage points; 95% CI − 28.3 
percentage points to 2.5 percentage points; odds ratio 
0.58; 95% CI 0.3–1.12; P = 0.14; adjusted odds ratio 0.54; 
95% CI 0.23–1.26; P = 0.15) (Table  3, Fig.  3). Analyses 

Table 2 Treatment and prognostication

a SSEP and NSE data were available for 86 conservative oxygen patients and 78 usual oxygen patients

Characteristics Conservative oxygen (n = 87) Usual oxygen (n = 79) P value

Pre-randomisation treatment
 Drugs given during resuscitation—no. (%)

  Adrenaline 60 (69%) 60 (75.9%) 0.32

  Amiodarone 24 (27.6%) 24 (30.4%) 0.69

  Vasopressin 0 (0%) 0 (0%) 1.00

  None given 24 (27.6%) 17 (21.5%) 0.37

  Unknown 2 (2.3%) 1 (1.3%) 1.00

Post-randomisation oxygen therapy
 Proportion of hours  SpO2 ≥ 97% 0.391 (0.254) 0.529 (0.257) 0.001

 Number of hours  SpO2 ≥ 97% 26 [13–45] 35 [19–70] 0.05

 Proportion of hours  SpO2 < 88% 0 [0–0.02] 0 [0–0.01] 0.37

 Number of hours  SpO2 < 88% 0 [0–2] 0 [0–1] 0.4

 Proportion of patients with at least one  PaO2 recording less 
than 60 mmHg

31 (87%) 15/79 (19%) 0.02

 Proportion of patients with at least one  PaO2 recording 
greater than 100 mmHg

51 (59%) 60 (76%) 0.02

 Proportion of hours  FiO2 0.21 0.37 [0.08–0.61] 0 [0–0.12] < 0.0001

 Number of hours  FiO2 0.21 25 [8–43] 0 [0–6] < 0.0001

Other post-randomisation treatment
 Targeted temperature management—no. (%) 72 (82.8%) 65 (82.3%) 0.94

  Target 32–34 °C—n/N (%) 3/72 (4.2%) 4/65 (6.2%) 0.79

  Target 36 °C—n/N (%) 51/72 (70.8%) 43/65 (66.2%)

  Other target—n/N (%) 18/72 (25.0%) 18/65 (27.7%)

Neuroprognostic tests performeda—no. (%)
 Somatosensory evoked potentials (SSEPs) 6 (7%) 8 (10.1%) 0.45

 Neurone specific enolase (NSE) 0 (0%) 0 (0%) 1.00

 Electroencephalogram (EEG) 8 (9.2%) 14 (17.7%) 0.11

 CT brain 39 (44.8%) 26 (32.9%) 0.12

 MRI brain 5 (5.7%) 10 (12.7%) 0.12
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accounting for missing data are shown in the ESM and 
indicate even greater imprecision in treatment estimates 
than the primary analyses. A survival curve focusing on 
the first 10 days following randomization is shown in Fig. 
S4 (ESM). In a sensitivity analysis considering the entire 
ordinal scale, the median GOS-E score was statistically 
significantly better with conservative oxygen therapy arm 
compared to usual oxygen therapy 4, IQR 1–7 vs. 1, IQR 
1–6; P = 0.03.

Secondary Outcomes
A total of 37 of 86 patients (43%) assigned to conserva-
tive oxygen therapy and 46 of 78 (59%) assigned to usual 
oxygen therapy had died by day 180; absolute difference; 
− 16 percentage points; 95% CI − 31.1 percentage points 
to − 0.8 percentage points; odds ratio 0.53; 95% CI 0.28–
0.98; P = 0.04; adjusted odds ratio 0.56; 95% CI 0.25–1.23; 
P = 0.15. ICU mortality and in-hospital mortality were 
not significantly different by treatment groups (Table 3). 
Brain damage was the commonest proximate cause of 
death and accounted for a similar proportion of deaths in 
the two treatment groups (Table 3).

ICU and hospital length of stay were similar by treat-
ment group; however, vasopressor-free days and 

ventilator-free days were statistically significantly higher 
in the conservative oxygen therapy group. Duration 
of ventilation among those patients who survived for 
28 days or more did not differ significantly by treatment 
group. However, the duration of vasopressor support 
among those patients who survived 28 days or more was 
1 day longer (95% CI 0.03–1.97) among those allocated to 
conservative oxygen therapy (Table 3).

Discussion
In this post-hoc analysis of patients with suspected 
hypoxic ischaemic encephalopathy from the ICU-ROX 
trial [12], conservative oxygen therapy was not associ-
ated with a statistically significant reduction in death or 
unfavourable neurological outcomes at day 180 com-
pared with usual oxygen therapy when the GOS-E was 
dichotomized into favourable and unfavourable outcome 
categories. While an analysis across the entire ordinal 
GOS-E favoured conservative oxygen therapy and the 
point estimate for the treatment effect favoured conserv-
ative oxygen therapy in the dichomotised analysis, the 
95% confidence interval in this latter analysis was wide. 
Moreover, in an analysis adjusting for baseline covariates 
that predict mortality in cardiac arrest patients, the con-
fidence interval was sufficiently wide that it encompassed 
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Fig. 2 PaO2 by treatment group while ventilated in ICU* (a time-weighted mean; b highest; c lowest). * The number of observations by group on 
each day is shown on the horizontal axis. The time-weighted mean daily  PaO2 was calculated from recordings of  PaO2 taken 6 h while the patient 
was invasively ventilated in the ICU up until day 10. The highest and lowest  PaO2 were recorded daily while the patient was invasively ventilated in 
ICU up until day 28. Data are presented as mean with error bars showing standard error mean. PaO2 arterial oxygen partial pressure, C conservative 
oxygen group, S standard (usual) oxygen group
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both clinically important benefit and clinically impor-
tant harm. Although day 180 mortality was statistically 
significantly reduced in the conservative group in the 
originally reported unadjusted analysis [12], this finding 
was not robust to the adjustment for differences in base-
line covariates reported in the current analysis. There 
was no statistically significant difference in mortality at 

other time points and, causes of death did not differ sig-
nificantly by treatment allocation. We did note statisti-
cally significant increases in both ventilator-free days and 
vasopressor-free days among patients assigned to con-
servative oxygen therapy.

The largest prior randomized clinical trial evaluat-
ing oxygen therapy in patients with suspected hypoxic 

Table 3 Primary outcome and key secondary outcomes

IQR interquartile range, CI confidence interval
a The widths of the confidence intervals for secondary analyses have not been adjusted for multiplicity and the intervals should not be used to infer definite 
differences between the groups
b Adjusted for age, cardiac arrest location outside the hospital, shockable first monitored rhythm, time to ROSC, whether there was a medical cause for arrest, and 
whether the patient had a STEMI. These analyses were undertaken with patients nested in site and site treated as a random variable
c All differences in medians [95% CI] were calculated using quantile regression
d P value for cause-specific mortality calculated using Chi-square test

Conservative oxygen 
(n = 87)

Usual oxygen  
(n = 79)

Estimatea (95% CI)

Odds ratio

Unadjusted P value Adjustedb P value

 Unfavourable neuro-
logical outcome at 
day 180—n/N (%)

43/78 (55.1%) 49/72 (68.1%) 0.58 (0.3–1.12)  0.10 0.54 (0.23–1.26) 0.15

 Day 180 mortality—
n/N (%)

37/86 (43%) 46/78 (59%) 0.53 (0.28–0.98)  0.04 0.56 (0.25–1.23) 0.15

 Died in ICU—n (%) 31 (35.6%) 37 (46.8%) 0.63 (0.34–1.17)  0.14 0.68 (0.31–1.48) 0.33

 Died in hospital—n 
(%)

37 (42.5%) 43 (54.4%) 0.62 (0.34–1.14); 0.13 0.65 (0.3–1.42) 0.28

Difference in medians 
(95% CI)

P value

ICU length of stay 
(days)—median [IQR]

3.01 [2.03–5.91] 3 [1.75–5.67] 0.01 (− 1.21 to 1.23) 0.99

Hospital length of stay 
(days)—median [IQR]

8.72 [3.89–17.6] 6.49 [2.31–14.2] 2.23 (− 1.04 to 5.5) 0.18

Vasopressor-free 
days—median [IQR]

23 [0–26] 0 [0–25] 23 (12.43–33.57) < 0.001

Duration of vasopres-
sors (days, survivors 
to day 28)—median 
[IQR]

3 [1–4], N = 51 2.5 [1.5–4]; N = 36 1 (0.03–1.97) 0.04

Ventilator-free days—
median [IQR]

21.1 [0–26.1] 0 [0–26] 21.08 (10.43–31.73) < 0.001

Duration of ventila-
tion (hours, survivors 
to day 28 only)—
median [IQR]

51 [27–92]; N = 51 45.5 [23–114]; N = 36 5.0 (− 27.3 to 37.3) 0.52

Cause-specific mortality—n/N (%) P  valued = 0.87

 Arrhythmia 8/37 (21.6%) 7/46 (15.2%)

 Brain death 3/37 (8.1%) 2/46 (4.3%)

 Brain damage (not 
brain death)

15/37 (40.5%) 20/46 (43.5%)

 Cardiogenic shock 9/37 (24.3%) 12/46 (26.1%)

 Distributive shock 1/37 (2.7%) 1/46 (2.2%)

 Hypoxic respiratory 
failure

1/37 (2.7%) 3/46 (6.5%)

 Metabolic 0/37 (0%) 1/46 (2.2%)
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ischaemic encephalopathy was  23 factorial trial from 
the COMACARE study group [11]. In this trial, 123 
patients resuscitated from out-of-hospital cardiac 
arrest were randomized to low-normal or high-nor-
mal  PaCO2 and to normoxia [arterial oxygen tension 
 (PaO2) 75–112.5  mmHg] or moderate hyperoxia  (PaO2 
150–187.5  mmHg) and to low-normal or high-normal 
mean arterial pressure for 36 h in the intensive care unit 
[11]. An important difference between the COMAC-
ARE trial and ICU-ROX was that the COMACARE 

trial systematically targeted moderate hyperoxaemia in 
the control arm. In contrast, in ICU-ROX, the control 
arm was usual care and no attempt was made to target 
hyperoxaemia. In ICU-ROX, allocation to conservative 
oxygen therapy was associated with a statistically sig-
nificant reduction in the proportion of hours that were 
spent with an  SpO2 of ≥ 97%. However, the magnitude 
of between-group differences in  PaO2 values in the sub-
group of ICU-ROX patients with hypoxic ischaemic 
encephalopathy was generally smaller than the difference 

Fig. 3 Kaplan–Meier estimates of the probability of survival and Glasgow Outcome Scale Extended (GOS-E) categories for patients with suspected 
hypoxic ischemic encephalopathy*. *Adapted from N Engl J Med, ICU-ROX investigators, Conservative Oxygen Therapy During Mechanical Ventila-
tion in the ICU, 382: 989–998 Copyright © 2020 Massachusetts Medical Society. Reprinted with permission. The number of observations in the 
Kaplan–Meier analysis is shown by treatment group on the horizontal axis. Adjusted hazard ratio, 0.67 (95% CI 0.43–1.03), P = 0.20. Adjusted for age, 
cardiac arrest location outside hospital, shockable first monitored rhythm, time to ROSC, whether there was a medical cause for arrest, and whether 
the patient had a STEMI. Analysis was undertaken with patients nested in site and site treated as a random variable. GOS-E Glasgow Outcome Scale, 
ROSC return of spontaneous circulation, STEMI ST elevation acute myocardial infarction
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between groups in the COMACARE trial. Despite these 
differences, our findings are broadly consistent with 
those of the COMACARE trial where there was no sta-
tistically significant effect of oxygen regimens on 30-day 
mortality rates or the proportion of patients with a good 
neurological outcome at 6  months but point estimates 
favoured normoxia. Our data do not preclude the pos-
sibility that oxygen regimens that target higher oxygen 
levels than those used in usual ICU practice are harmful. 
Patients allocated to conservative oxygen therapy were 
more likely to be exposed to hypoxaemia. The clinical 
relevance of the difference in oxygen exposure between 
groups that we observed, and of the increased frequency 
of hypoxaemia that we observed in patients allocated 
to conservative oxygen therapy, can only be established 
through the conduct of larger randomized clinical trials. 
If the magnitude of treatment effects on day 180 mortal-
ity and unfavourable neurological outcomes suggested 
by the point estimates observed in this study were con-
firmed in a larger trial, then the magnitude of separation 
in oxygen exposure we observed would clearly be impor-
tant and conservative oxygen therapy would be appropri-
ate to implement despite the associated risk of exposure 
to hypoxaemia associated with this therapy.

We sought to evaluate whether the difference in day 
180 mortality reported in the ICU-ROX trial in patients 
with suspected with hypoxic ischaemic encephalopa-
thy might be due to chance imbalances between treat-
ment groups. Accordingly, for this study we collected 
a wide range of data of particular relevance to cardiac 
arrest patients including arrest details, important co-
interventions like temperature management, and details 
of neuroprognostic tests performed. Although these were 
generally similar by treatment group, adjustment for 
pre-specified baseline covariates [14] resulted in a reduc-
tion in the precision of our treatment effect estimates. 
Our study has a number of limitations. The size of our 
sample precluded us adjusting for all potentially impor-
tant baseline variables. We cannot exclude the possibility 
that usual care patients were sicker as evidenced by their 
slightly lower average  SpO2 and slightly more frequent 
use of adrenaline during resuscitation. It is also possi-
ble that there were other imbalances between groups in 
important variables that we did not measure such as the 
number of shocks performed, airway control used, or in 
the use of mechanical compression devices. In addition, 
differences in outcomes between treatment groups may 
simply have occurred due to the play of chance. Although 
the use of neuroprognostic tests was similar by treatment 
group, the lack of standardization of decisions related to 
the withdrawal of active treatment, is a potential source 
of bias in this study. There were 16 patients where data 
relating to neurological outcomes at 180  days were not 

available. These data may not be missing at random 
because patients with better (or worse) outcomes might 
be harder to contact. We did not collect information 
related to oxygen delivery such as lactate and central 
venous oxygen saturation. Although we did not observe 
a significant increase in hypoxaemia among patients allo-
cated to conservative oxygen therapy, cardiogenic shock 
and arrhythmias were common causes of death, and 
the risk of these could potentially be affected by oxygen 
delivery.

This study includes the largest sample of patients in 
which oxygen therapy has been evaluated in hypoxic 
ischaemic encephalopathy in a randomized clinical 
trial. In this analysis conservative oxygen therapy was 
not associated with a statistically significant reduction 
in death or survival with the unfavourable neurological 
outcome at day 180. The potential for clinically impor-
tant benefit or harm from conservative oxygen therapy 
in patients with suspected hypoxic ischaemic encephopa-
thy is not excluded by these data. Our data can be used 
to inform the design of future trials and indicate that a 
sample size of 586 would provide 90% power to detect 
an absolute difference in the proportion of patients with 
an unfavourable neurological outcome at day 180 of 
13 percentage points, based on a control event rate of 
68.1%, and using a two-tailed test. Although some clini-
cians may choose to implement [18] conservative oxygen 
therapy in this patient population based on the consist-
ency of animal data [3], some observational data [4–8], 
and trends towards benefits from existing randomized 
controlled trials [6,12], further larger trials are needed to 
provide data that are sufficiently robust to generate clear 
clinical practice recommendations [19].

Electronic supplementary material
The online version of this article (https ://doi.org/10.1007/s0013 4-020-06196 -y) 
contains supplementary material, which is available to authorized users.

Author details
1 Medical Research Institute of New Zealand, Wellington, New Zealand. 
2 Intensive Care Unit, Wellington Hospital, Private Bag 7902, Wellington, 
New Zealand. 3 Australian and New Zealand Intensive Care Research Centre, 
Monash University, Melbourne, VIC, Australia. 4 Intensive Care Unit, Austin 
Hospital, Heidelberg, VIC, Australia. 5 University of Melbourne, Parkville, VIC, 
Australia. 6 Intensive Care Unit, Royal Melbourne Hospital, Parkville, VIC, 
Australia. 7 Division of Critical Care Division, The George Institute for Global 
Health, University of New South Wales, Sydney, NSW, Australia. 8 Malcolm 
Fisher Department of Intensive Care Medicine, Royal North Shore Hospital, St 
Leonards, NSW, Australia. 9 Intensive Care Unit, Hawkes Bay Hospital, Hastings, 
New Zealand. 10 Intensive Care Unit, Fiona Stanley Hospital, Murdoch, WA, 
Australia. 11 Department of Critical Care Medicine, Auckland City Hospital, 
Auckland, New Zealand. 12 Cardiothoracic and Vascular Intensive Care Unit, 
Auckland City Hospital, Auckland, New Zealand. 13 Intensive Care Unit, John 
Hunter Hospital, New Lambton Heights, NSW, Australia. 14 School of Medicine 
and Public Health, University of Newcastle, Newcastle, Australia. 

Acknowledgements
COORDINATING CENTERS: Medical Research Institute of New Zealand, Welling-
ton, New Zealand: Tanya Baker, Sally Hurford, Mary La Pine, Diane Mackle, Carla 

https://doi.org/10.1007/s00134-020-06196-y


2421

McInnes, Leanlove Navarra, Allison Pritchard, Raulle Sol Cruz and Anne Turner; 
Australian and New Zealand Intensive Care Research Centre, Melbourne, Aus-
tralia: Tessa Broadley, Victoria King, Dana Lee, Natalie Linke, Liadain Reid and 
Lynnette Murray. ICU-ROX INVESTIGATORS AND SITES: New Zealand Auckland 
City Hospital, Cardiothoracic and Vascular ICU: Aimee Blakemore, Magdalena 
Butler, Keri-Anne Cowdrey, Eileen Gilder, Jane Hallion, Stephanie Long, Shay 
McGuinness, Philippa Neal, Rachael Parke and Samantha Wallace; Auckland 
City Hospital, Department of Critical Care Medicine: Yan Chen, Colin McArthur, 
Rachael McConnochie, Lynette Newby and Catherine Simmonds; Christchurch 
Hospital: David Bowie, Brandon Burke, David Closey, Rosalind Crombie,  Neil 
Davidson, Andrew Greer, Seton Henderson, Louise Hitchings, David Knight, 
Jan Mehrtens, Kate Miller, Emmeline Minto, Stacey Morgan, Anna Morris, Kim 
Parker, Jay Ritzema-Carter, Jessica Roberts, Christian Sahl, Geoffrey Shaw and 
Katherine Townend; Hawke’s Bay Hospital: Llesley Chadwick, Debra Chalmers, 
Ross Freebairn, Michael Park, Penelope Park and Christine Rolls; Hutt Hospital: 
Carmel Chapman and Andrew Stapleton; Middlemore Hospital: Jefferson Agu-
ila, Anisha Dias, Alex Kazemi, Vivian Lai, Rima Song and Tony Williams; North 
Shore Hospital: Sheila Caniba, Maud Carpenter, Rica Dagooc, Danielle Hacking 
and Ywain Lawrey; Rotorua Hospital: Ulrike Buehner and Erin Williams; Taranaki 
Base Hospital: Jonathan Albrett, Carolyn Jackson and Peter Marko; Wellington 
Regional Hospital: Ben Barry, Nina Beehre, Dick Dinsdale, Samantha Edney, 
Frances Fitzjohn, Peter Hicks, Georgia Hill, Anna Hunt, Harriet Judd, Charlotte 
Latimer-Bell, Cassie Lawrence, Eden Lesona, Agnes McKay-Vucago, Leanlove 
Navarra, Chris Poynter, Alex Psirides, Yvonne Robertson, Hannah Smellie, Raulle 
Sol Cruz, Shawn Sturland, Bob Ure and Paul Young. Australia Alfred Hospital: 
Jasmin Board, Aidan Burrell, Tim Byrne, Eliza Dean, Emma Martin, Chris Mason, 
Phoebe McCracken, Sacha Richardson, Shirley Vallance and Meredith Young; 
Austin Hospital: Rinaldo Bellomo, Glenn Eastwood, Leah Peck and Helen Young; 
Fiona Stanley Hospital: Ege Eroglu, Edward Litton, Annemarie Palermo and 
Susan Pellicano; Flinders Medical Centre: Shailesh Bihari, Xia Jin, Russell Laver, 
Elisha Matheson, Kate Schwartz and Tapaswi Shrestha; Lyell McEwin Hospital: 
Timothy Beckingham and Natalie Soar; Monash Medical Centre: Dhiraj Bhatia, 
Lauren Bulfin, Timothy Crozier, Klaudija Lavrans, Julie Luong, Venkata Maduri, 
Michael Patterson, Chloe Peppin and Angela Wang; Queen Elizabeth Hospital: 
Catherine Kurenda, Sandra Peake, Nadeem Robaa and Patricia Williams; Royal 
Adelaide Hospital: Lukasz Badek, Stanley Bart, Marianne Chapman, Michael 
Davies, Adam Deane, Sarah Doherty, Kathleen Glasby, Samuel Gluck, Robert 
Grieve, Palesh Karr, Joanne McIntyre, Stephanie O’Connor, Alexis Poole, Eamon 
Raith, Benjamin Reddi, Justine Rivett, Sandeep Sethi, Joannies Yap and Nikki 
Yeo; Royal Melbourne Hospital: Yasmine Aliabdelhamind, James Anstey, Debo-
rah Barge, Kathleen Byrne, Adam Deane, Sarah Doherty, Paul Emery, Peter 
Forrest, Madeline Haile, Sandra Lussier, Tom Rechnitzer and Geoffrey Wigmore; 
St John of God (Murdoch): Annemarie Palermo, Susan Pellicano and Adrian 
Regli; St Vincent’s Hospital (Melbourne): Leanne Barbazza, Barry Dixon, Jennifer 
Holmes, John Santamaria, Roger Smith and Antony Tobin.

Compliance with ethical standards

Conflict of interest
Dr. Beasley reports receiving grant support from Fisher and Paykel Healthcare; 
and Dr. Freebairn, receiving travel support from Hamilton Medical and IMT 
(Bellavista). No other potential conflict of interest relevant to this article was 
reported.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 31 May 2020   Accepted: 20 July 2020
Published online: 18 August 2020

References
 1. Girardis M, Alhazzani W, Rasmussen BS (2019) What’s new in oxygen 

therapy? Intensive Care Med 45:1009–1011
 2. Skrifvars MB, Olasveengen TM, Ristagno G (2019) Oxygen and carbon 

dioxide targets during and after resuscitation of cardiac arrest patients. 
Intensive Care Med 45:284–286

 3. Pilcher J, Weatherall M, Shirtcliffe P, Bellomo R, Young P, Beasley R (2012) 
The effect of hyperoxia following cardiac arrest: a systematic review and 
meta-analysis of animal trials. Resuscitation 83:417–422

 4. Kilgannon JH, Jones AE, Parrillo JE, Dellinger RP, Milcarek B, Hunter K, 
Shapiro NI, Trzeciak S, Emergency Medicine Shock Research Network 
Investigators (2011) Relationship between supranormal oxygen ten-
sion and outcome after resuscitation from cardiac arrest. Circulation 
123:2717–2722

 5. Kilgannon JH, Jones AE, Shapiro NI, Angelos MG, Milcarek B, Hunter K, 
Parrillo JE, Trzeciak S, Emergency Medicine Shock Research Network 
Investigators (2010) Association between arterial hyperoxia follow-
ing resuscitation from cardiac arrest and in-hospital mortality. JAMA 
303:2165–2171

 6. Roberts BW, Kilgannon JH, Hunter BR, Puskarich MA, Pierce L, Donnino M, 
Leary M, Kline JA, Jones AE, Shapiro NI, Abella BS, Trzeciak S (2018) Asso-
ciation between early hyperoxia exposure after resuscitation from cardiac 
arrest and neurological disability: prospective multicenter protocol-
directed cohort Study. Circulation 137:2114–2124

 7. Helmerhorst HJ, Roos-Blom MJ, van Westerloo DJ, Abu-Hanna A, de 
Keizer NF, de Jonge E (2015) Associations of arterial carbon dioxide and 
arterial oxygen concentrations with hospital mortality after resuscitation 
from cardiac arrest. Crit Care 19:348

 8. Vaahersalo J, Bendel S, Reinikainen M, Kurola J, Tiainen M, Raj R, Pettila V, 
Varpula T, Skrifvars MB, FINNRESUSCI Study Group (2014) Arterial blood 
gas tensions after resuscitation from out-of-hospital cardiac arrest: associ-
ations with long-term neurologic outcome. Crit Care Med 42:1463–1470

 9. Bellomo R, Bailey M, Eastwood GM, Nichol A, Pilcher D, Hart GK, Reade 
MC, Egi M, Cooper DJ, Study of Oxygen in Critical Care G (2011) Arterial 
hyperoxia and in-hospital mortality after resuscitation from cardiac arrest. 
Crit Care 15:R90

 10. Ebner F, Ullen S, Aneman A, Cronberg T, Mattsson N, Friberg H, Hassager 
C, Kjaergaard J, Kuiper M, Pelosi P, Unden J, Wise MP, Wetterslev J, Nielsen 
N (2019) Associations between partial pressure of oxygen and neurologi-
cal outcome in out-of-hospital cardiac arrest patients: an explorative 
analysis of a randomized trial. Crit Care 23:30

 11. Jakkula P, Reinikainen M, Hastbacka J, Loisa P, Tiainen M, Pettila V, Toppila 
J, Lahde M, Backlund M, Okkonen M, Bendel S, Birkelund T, Pulkkinen 
A, Heinonen J, Tikka T, Skrifvars MB, COMACARE Study Group (2018) 
Targeting two different levels of both arterial carbon dioxide and arterial 
oxygen after cardiac arrest and resuscitation: a randomised pilot trial. 
Intensive Care Med 44:2112–2121

 12. Investigators I-R, the A, New Zealand Intensive Care Society Clinical Trials 
G, Mackle D, Bellomo R, Bailey M, Beasley R, Deane A, Eastwood G, Finfer 
S, Freebairn R, King V, Linke N, Litton E, McArthur C, McGuinness S, Pan-
war R, Young P (2020) Conservative oxygen therapy during mechanical 
ventilation in the ICU. N Engl J Med 382:989–998

 13. Mackle DM, Bailey MJ, Beasley RW, Bellomo R, Bennett VL, Deane AM, 
Eastwood GM, Finfer S, Freebairn RC, Litton E, Linke NJ, McArthur CJ, 
McGuinness SP, Panwar R, Young PJ (2018) Protocol summary and statisti-
cal analysis plan for the intensive care unit randomised trial comparing 
two approaches to oxygen therapy (ICU-ROX). Crit Care Resusc 20:22–32

 14. Neumar RW, Nolan JP, Adrie C, Aibiki M, Berg RA, Bottiger BW, Callaway 
C, Clark RS, Geocadin RG, Jauch EC, Kern KB, Laurent I, Longstreth WT 
Jr, Merchant RM, Morley P, Morrison LJ, Nadkarni V, Peberdy MA, Rivers 
EP, Rodriguez-Nunez A, Sellke FW, Spaulding C, Sunde K, Vanden Hoek 
T (2008) Post-cardiac arrest syndrome: epidemiology, pathophysiology, 
treatment, and prognostication. Circulation 118:2452–2483

 15. Ridgeon E, Bellomo R, Myburgh J, Saxena M, Weatherall M, Jahan R, Araw-
wawala D, Bell S, Butt W, Camsooksai J, Carle C, Cheng A, Cirstea E, Cohen 
J, Cranshaw J, Delaney A, Eastwood G, Eliott S, Franke U, Gantner D, Green 
C, Howard-Griffin R, Inskip D, Litton E, MacIsaac C, McCairn A, Maham-
brey T, Moondi P, Newby L, O’Connor S, Pegg C, Pope A, Reschreiter H, 
Richards B, Robertson M, Rodgers H, Shehabi Y, Smith I, Smith J, Smith N, 
Tilsley A, Whitehead C, Willett E, Wong K, Woodford C, Wright S, Young P 
(2016) Validation of a classification system for causes of death in critical 
care: an assessment of inter-rater reliability. Crit Care Resusc 18:50–54

 16. Schoenfeld DA, Bernard GR, Network A (2002) Statistical evaluation of 
ventilator-free days as an efficacy measure in clinical trials of treatments 
for acute respiratory distress syndrome. Crit Care Med 30:1772–1777

 17. Koenker RO, d’Orey V (1993) Computing regression quantiles. Appl Stat 
43:410–414



2422

 18. Young PJ, Nickson CP, Perner A (2020) When should clinicians act 
on non-statistically significant results from clinical trials? JAMA 
323:2256

 19. Sandroni C, Skrifvars MB, Soar J (2019) Vasopressors, antiarrhythmics, 
oxygen, and intubation in out-of-hospital cardiac arrest: possibly less is 
more. Intensive Care Med 45:1454–1458



Intensive Care Med (2020) 46:2423–2435
https://doi.org/10.1007/s00134-020-06286-x

NARRATIVE REVIEW

How to ventilate obese patients in the ICU
Audrey De Jong1, Hermann Wrigge2,3,4, Goran Hedenstierna5, Luciano Gattinoni6, Davide Chiumello6,7,8, 
Jean‑Pierre Frat9,10, Lorenzo Ball11,12, Miet Schetz13, Peter Pickkers14 and Samir Jaber1* 

© 2020 Springer‑Verlag GmbH Germany, part of Springer Nature

Abstract 

Obesity is an important risk factor for major complications, morbidity and mortality related to intubation procedures 
and ventilation in the intensive care unit (ICU). The fall in functional residual capacity promotes airway closure and 
atelectasis formation. This narrative review presents the impact of obesity on the respiratory system and the key 
points to optimize airway management, noninvasive and invasive mechanical ventilation in ICU patients with obesity. 
Non‑invasive strategies should first optimize body position with reverse Trendelenburg position or sitting position. 
Noninvasive ventilation (NIV) is considered as the first‑line therapy in patients with obesity having a postoperative 
acute respiratory failure. Positive pressure pre‑oxygenation before the intubation procedure is the method of refer‑
ence. The use of videolaryngoscopy has to be considered by adequately trained intensivists, especially in patients 
with several risk factors. Regarding mechanical ventilation in patients with and without acute respiratory distress 
syndrome (ARDS), low tidal volume (6 ml/kg of predicted body weight) and moderate to high positive end‑expiratory 
pressure (PEEP), with careful recruitment maneuver in selected patients, are advised. Prone positioning is a therapeu‑
tic choice in severe ARDS patients with obesity. Prophylactic NIV should be considered after extubation to prevent 
re‑intubation. If obesity increases mortality and risk of ICU admission in the overall population, the impact of obesity 
on ICU mortality is less clear and several confounding factors have to be taken into account regarding the “obesity ICU 
paradox”.

Keywords: Obesity, Obese, HFNC, Mechanical ventilation, NIV, Prone position, Prone positioning, ARDS, COVID‑19

Introduction

Obesity (defined by a body mass index (BMI) ≥ 30  kg/
m2) is a disease caused by excess or abnormal distribu-
tion of fat tissue and resulting in chronic diseases related 
to chronic inflammation and metabolic dysfunction [1]. 
Obesity has become a global epidemic with prevalences 
rising both in developed and developing countries. Front 
runners in 2020 are the United States of America (USA, 
36%) and Australasia (30%), with a prevalence expected 
to increase in the USA until 50% by 2030 [2], whereas 

European countries have prevalences between 20 and 
30%. The percentage of patients with obesity in the inten-
sive care unit (ICU) can be expected to increase con-
comitantly or even more since obesity increases the risk 
for a more severe disease course with more need for ICU 
admission and mechanical ventilation [3] as has been 
shown in trauma [4], traumatic brain injury [5] patients, 
out-of-hospital cardiac arrest [6], during the H1N1 pan-
demic [7] and recently also in patients affected by coro-
navirus disease 2019 (COVID-19) [8–11].

Obesity, especially abdominal obesity (android fat 
distribution) and severe obesity [12], results in altered 
respiratory anatomy and physiology and, therefore, com-
plicated airway management and adapted ventilator set-
tings during mechanical ventilation. Obesity appears to 
be associated with an increased risk of acute respiratory 
distress syndrome (ARDS) [13] and infection, mainly 
pneumonia [14], probably related to an imbalanced 
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production of adipokines [15]. In ventilated patients, 
obesity increases ICU length of stay and the duration of 
mechanical ventilation [16]. The phenomenon whereby 
obesity increases morbidity but seems to protect against 
mortality in selected critically ill patients, known as “obe-
sity paradox”, has been evocated in patients with ARDS 
[13] and in those on mechanical ventilation [16], even if it 
remains highly debated.

This narrative review will summarize current insights 
into the impact of obesity on the respiratory system and 
the measures to be taken to optimize airway management 
and mechanical ventilation in ICU patients with obesity.

Respiratory modifications: pathophysiology
The patient with obesity suffers from increased respira-
tory workload and impaired gas exchange. Both distur-
bances reduce physical capacity and health margin if 
exposed to respiratory stress. A basic triggering factor 
is reduced lung volume, caused by cranial displacement 
of the diaphragm by increased tissue mass in the abdo-
men, and by increased chest wall tissue. The decrease in 
resting lung volume after normal expiration, functional 
residual capacity (FRC), is 5–15% per 5 kg/m2 increase in 
BMI [17]. The consequence of the increased tissue mass 
will be greater in the supine than upright position, due 
to a stronger cranial displacement of the diaphragm. In 
addition, a further decrease in the FRC can be seen dur-
ing anesthesia with loss of respiratory muscle tone and, 
most likely, in ICU by the use of sedatives and muscle 
relaxants. The fall in FRC promotes airway closure and 
atelectasis formation, as will be discussed later, and an 
illustration of one representative case with no ventilation 
in the dorsal part of the lung, likely because of dependent 
atelectasis formation [18], is shown in Fig. 1.

There are several causes of increased work of breathing 
in the patient with obesity. One is the increased displace-
ment of tissue during the breathing, both in the abdo-
men and in the lung and chest wall. Another is increased 
airway resistance because of smaller airway dimensions, 
and increased asthma incidence. Finally, increased tissue 
resistance adds to the work of breathing [19]. The patient 
with obesity may easily develop respiratory fatigue on 
physical exercise and, in the most severe cases, already at 
rest.

It is often assumed that chest wall elastance or its 
inverse, chest wall compliance, is affected by obesity. 
However, the increased weight of the abdomen and 
of the chest wall requires work when moving the tis-
sue, but when the move is over, no additional pressure 
is required [19]. End-inspiratory and end-expiratory 
pauses should be long enough when measuring chest 
wall compliance. Lung compliance, on the other hand, 
is reduced [20]. The decreased lung volume may require 
pressure during inspiration to open closed units, and 
that may be recorded as a decrease in compliance.

Airways may close in dependent lung regions during 
an expiration, a normal age-dependent phenomenon. 

Take‑home message 

In patients with obesity, using non‑invasive ventilation (NIV) is advised 
both to prevent and treat acute respiratory failure. When invasive 
mechanical ventilation is needed, pre‑oxygenation with NIV and 
appropriated choice of intubation devices will decrease complications.

During invasive mechanical ventilation, patients with obesity are more 
prone to lung collapse and require higher PEEP to avoid it; low VT is 
calculated on predicted body weight. When acute respiratory distress 
syndrome occurs, careful recruitment maneuver might be used associ‑
ated with prone positioning.

a b c

Spontaneous breathing 
before intuba�on

Mechanical ven�la�on 
PEEP 5 cmH20

Spontaneous breathing 
a�er extuba�on

VENTRAL

DORSAL

Fig. 1 Impedance changes due to regional ventilation in a patient with obesity. Thoracic transversal electric impedance tomography images show 
impedance changes due to regional ventilation summarized for tidal ventilation cycles in a patient with a body mass index of 57 kg/m2. Images 
were recorded during spontaneous breathing before intubation (a) and about 1 h after extubation (c) in a patient without lung pathology. Note 
the ventral shift of ventilation during mechanical ventilation with a positive end‑expiratory pressure (PEEP) of 5  cmH2O (b), which is likely due to 
atelectasis formation in dependent lung areas. Obviously, the PEEP level was insufficient to keep the lung open
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While this has been known for many years, a more 
extensive, indeed complete airway closure has been 
shown during the last few years in anesthetised patients 
with obesity [21] or ICU patients with obesity on 
mechanical ventilation. This means that a certain air-
way pressure is needed to start inflation of the lungs 
and it is not caused by a time-dependent intrinsic 
positive end-expiratory pressure (PEEP). Where the 
complete closure occurs is not clear but may be in the 
most central airways and not in the periphery. The lat-
ter would require simultaneous closure of thousands of 
airways, as recently discussed [22]. Hopefully, the mor-
phology behind complete closure can be demonstrated 
in the near future.

A consequence of the classic airway closure is impeded 
ventilation where the closure occurs and the decrease 
in ventilation will be larger the longer the closure lasts 
during the respiratory cycle. If airways are continuously 
closed, as can be seen during anesthesia and most likely 
in ICU, the alveoli distal to the closure will collapse 
because of gas absorption [23]. The higher the oxygen 
concentration is in the inspired gas, the faster is the col-
lapse. With pure oxygen, it can take a few minutes and 
with air, a couple of hours. The complete closure, on the 
other hand, will delay onset of inspiration without affect-
ing the distribution per se.

Uneven ventilation distribution caused by airway clo-
sure will occur primarily in dependent lung regions. Per-
fusion of the lung, on the other hand, increases down the 
lung independent of anatomy. Regions that are poorly but 
still ventilated will cause ventilation–perfusion mismatch 
and regions that collapse because of continuous airway 
closure will cause shunt [23]. Both impede oxygenation 
[24] and a large shunt may even impair carbon dioxide 
 (CO2) elimination. With an extreme shunt, oxygenation 
is poorly or not at all improved by increasing oxygen in 
the inspired gas. Finally, in patient with obesity, there is 
significant heterogeneity in both resistance and compli-
ance, Therefore, inhomogeneous inflation or deflation 
of the lungs can cause dynamic pressure differences 
between regions and lead to interregional airflows known 
as pendelluft effect.

However, the patients with obesity are not a homoge-
neous group regarding the physiological modifications, 
the level of obesity and the fat distribution (gynoid versus 
android) being confounding factors that should be taken 
into account.

Management of the acute respiratory failure 
patient
Although hypoxemic acute respiratory failure (ARF) is 
not the first cause of ARF in the patient with obesity [25, 
26], hypoxemia is frequent as it is favored by increased 

oxygen consumption or work of breathing and atelecta-
sis formation, especially in cases of patients with mor-
bid obesity and during ARF [27]. Non-invasive strategies 
should first optimize body position with reverse Trende-
lenburg position, “beach chair position” or sitting posi-
tion, which improve respiratory compliance and gas 
exchange in patients with morbid obesity [28, 29].

In patients having postoperative hypoxemia or ARF, 
non-invasive ventilation (NIV) is recommended with 
moderate certainty of evidence, justified by a decreased 
need of intubation, mortality and morbidity as compared 
to standard oxygen [30, 31]. An observational study 
including 72 patients with ARF after abdominal surgery 
reported that NIV avoided intubation in 67% of cases 
[32]. In a post hoc analysis of a large trial of 830 postop-
erative thoracic patients [33], it was shown that among 
the 272 patients with obesity (mean BMI of 34  kg/m2), 
NIV was not superior to high-flow nasal cannula oxy-
gen therapy (HFNC), with treatment failure occurring 
in 15% and 13% in NIV and HFNC groups, respectively. 
Therefore, NIV could be considered as the first-line ther-
apy in patients with obesity having a postoperative ARF 
[34], but further studies are needed to confirm the role 
of Continuous Positive Airway Pressure (CPAP) and/or 
HFNC in this setting [35, 36] (Table 1).

Data addressing the management of hypoxemic ARF 
with non-invasive ventilatory/oxygen strategies are 
scarce, especially in patients with obesity. The recent 
international guidelines failed to offer a recommenda-
tion on the use of NIV in hypoxemic ARF [30]. One large 
trial has compared NIV with standard oxygen and HFNC 
in 310 non-selected patients with hypoxemic ARF [37]. 
Results showed lower mortality rates with HFNC than 
NIV, thereby suggesting deleterious effects of NIV. Simi-
larly, an observational study including 76 patients with 
BMI > 40  kg/m2 showed that, after adjustment on high 
severity scores, hypoxemic ARF caused by pneumonia 
was associated with NIV failure [38]. However, according 
to physiological abnormalities in patients with obesity, 
NIV could play a role, especially in patients with morbid 
obesity, through PEEP that may improve oxygenation and 
lung volume or alveolar recruitment [39]. Finally, possi-
ble use of NIV or HFNC as alternative to standard oxy-
gen in patients with obesity and hypoxemic ARF is not 
determined, and future trials are needed (Table 1).

Hypercapnic ARF in patients with obesity can not only 
be part of the clinical course of cardiogenic pulmonary 
edema, pneumonia, asthma, and exacerbation of chronic 
lung diseases, but also may be due to exacerbation of 
obesity hypoventilation syndrome (OHS) [40]. Positive 
airway pressure, i.e. CPAP (refer to one level of airway 
pressure) or NIV (refer to two levels of airway pres-
sures), is the recommended ambulatory treatment for 
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OHS patients [40]. Similarly, NIV is the usual treatment 
applied in OHS exacerbation, but no trial has evalu-
ated its benefit as compared to other oxygen strategies. 
NIV brings together potentially beneficial physiological 
effects, including PEEP preserving upper airway patency 
and pressure support to control central hypoventilation. 
However, an observational study including 33 severely 
patients with obesity reports a lower BMI (47 kg/m2) in 
patients with NIV success versus 62 kg/m2 in those who 
failed NIV [26]. In this setting, NIV may be an appropri-
ate treatment, but HFNC interspaced between NIV ses-
sions should be evaluated.

Airway management
In addition to the pathophysiological modification of 
the respiratory system discussed above, patients with 
obesity have peculiar morphological alterations poten-
tially associated with difficulties during mask ventilation 
and airway management: reduced neck mobility, limited 
mouth opening, increased size of pharyngeal and glos-
sal soft tissues, unfavorable conformation and position-
ing of the larynx, increased neck circumference and 
decreased thyromental distance [41]. Moreover, patients 
with obesity have a high incidence of obstructive sleep 
apnea [42], which is directly related to many of the com-
plications occurring during airway management of this 
sub-population of critically ill patients [43]. Obesity 
contributes to airway compression through increased 
airway fat deposits [44], and placing the patient with obe-
sity recumbent may lead to sudden death [36]. It is very 
important to encourage upright positioning and avoid 
supine positioning. Overall, obesity, especially super obe-
sity (BMI ≥ 40 kg/m2) with android fat distribution, is an 
important risk factor for major complications, morbid-
ity and mortality related to intubation procedures in the 
ICU [45].

Most of the literature existing on the airway manage-
ment of patients with obesity is related to the operating 
room setting [46]. In this context, several strategies are 
often recommended, including the adoption of ramped 
position using specific devices or pillows/blankets under 
the patient’s head and shoulder, pre-oxygenation with 
positive pressure ventilation [39] and the use of videola-
ryngoscopes [47]. However, compared to the elective sur-
gical patient with obesity, the intubation of the critically 
ill patient has profound differences in indications, timing 
and co-existing conditions; therefore, caution should be 
applied when translating in the ICU the recommenda-
tions based on evidence in the operating room. In the 
ICU, the incidence of difficult intubation is double com-
pared to the OR and the occurrence of severe complica-
tions is dramatically higher [46].

Pre-procedural patient preparation is key to successful 
intubation. An ideal preparation aims at prolonging time-
to-desaturation, which in patients with obesity is mainly 
related to the rapid loss of FRC after sedation. Concern-
ing positioning, a randomized controlled trial questioned 
the usefulness of the ramped position applied in critically 
ill patients [48]; however, the study included a large pro-
portion of patients without obesity. Therefore, patient 
positioning should be individualized on the patient 
anatomy, based also on the intensivist’s expertise. A 
semi-sitting position during pre‐oxygenation could help 
to decrease positional flow limitation and air trapping 
[43]. Conventional bag-mask ventilation can result in 
rapid desaturation in patients with morbid obesity. Sev-
eral studies confirmed that pre-oxygenation with CPAP 
or NIV improves oxygenation allowing a longer time 
window for intubation [39, 49]. For these reasons, posi-
tive pressure pre-oxygenation should be considered the 
reference in critically ill patients with obesity, consider-
ing that obesity carries an intrinsic increased risk for dif-
ficult mask ventilation. HFNC might also have a role [50], 
especially in rapid sequence intubation in non-severely 
hypoxemic patients, where avoidance of bag ventilation 
might be desirable but is associated with higher incidence 
of severe desaturation [51]. However, the value of HFNC 
value in patients with obesity must be clarified, and can-
not replace a preoxygenation using positive pressure [52]. 
The intubation maneuver should be always considered 
as potentially difficult in patients with obesity [46], with 
older age, higher BMI, high Mallampati and MACOCHA 
scores and reduced neck mobility being independent risk 
factors for both difficult mask ventilation and intubation. 
A meta-analysis in surgical patients with obesity sug-
gested an advantage of videolaryngoscopes over direct 
laryngoscopy [47]. In ICU patients with obesity, it seems 
reasonable to consider the use of videolaryngoscopes by 
adequately trained intensivists, especially in patients with 
several risk factors.

Mechanical ventilation in non‑ARDS patients
Translated concepts from anesthesia to ICU
Obesity is associated with abdominal and thoracic tissue 
mass, which transmit additional hydrostatic pressure via 
the chest wall and diaphragm to the pleural space and, 
thus, the alveoli. If pleural pressure is higher than intra-
alveolar pressure, the alveoli will collapse, and compres-
sion atelectasis will occur predominantly in dependent 
lung areas, where hydrostatic pressure is highest. For 
example, functional residual capacity is impaired by up to 
21% in non-ventilated subjects with obesity in the supine 
position [18] and total lung and vital capacity are reduced 
as well. Induction of anesthesia with muscle relaxation 
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following pre-oxygenation with 100%  O2 further reduces 
end-expiratory lung volume (EELV) by about 50%, if a 
positive end-expiratory pressure (PEEP) of 5  cmH2O 
is used after initiation of mechanical ventilation (Fig. 1) 
[18]. The main mechanism of gas exchange impairment 
is, therefore, shunt (atelectasis) in patients with obesity 
[24].

Recruitment maneuver
Because the opening pressure of alveoli is higher than 
the pressure needed to keep them open, application of an 
initial recruitment maneuver (RM) followed by adequate 
PEEP after intubation or disconnection of the patient 
from the ventilatory circuit seems intuitive. Due to the 
high pleural pressure in patients with obesity, open-
ing pressures up to 50  cmH2O applied during a RM in 
patients with obesity without lung injury may not result 
in full lung recruitment [53]. Potential side effects of 
applying such high airway pressures include a decrease in 
venous return and, thus, cardiac preload with a drop in 
cardiac output and systemic blood pressure. In addition, 
barotrauma such as pneumothorax or pneumomediasti-
num especially in patients with pre-existing structural 
lung damage such as emphysema, and a mechanically 
triggered boost of pre-existing lung inflammation may 
occur. Thus, RM is not generally recommended, and their 
use remains a decision based on individual risk/benefit 
considerations.

PEEP
In mechanically ventilated patients, PEEP is used to keep 
alveolar pressure above the closing pressure of alveoli 
thereby maintaining end-expiratory lung volume (EELV) 
and arterial oxygenation. In another words, PEEP does 
not strictly induce alveolar recruitment but PEEP avoids 
alveolar derecruitment by maintaining open alveoli. 
Thus, protective ventilation strategies may improve clini-
cal outcomes even in patients without ARDS [54]. Due to 
the superimposed pressure transmitted by adipose tissue 
on the pleural space, closing pressures in patients with 
obesity are higher and lungs of these patients are more 
prone to such complications (Fig. 2). Despite these con-
siderations, routinely used PEEP levels applied for venti-
lation of patients with obesity are often not higher than 
in normal weight patients [55]. In previous studies, dif-
ferent methods to find the individualized “best” PEEP in 
patients with obesity have been used. These approaches 
targeted improvements in oxygenation, lung mechanics, 
and regional ventilation distribution. In patients under-
going bariatric surgery, individualized PEEP resulted in 
a range of PEEP levels between 10 and 26  cmH2O with 
a median of 18  cmH2O [18] and restored EELV to the 
same level before intubation and initiation of mechanical 

ventilation. Other studies regularly found PEEP lev-
els > 15  cmH2O [56, 57]. However, a large trial of venti-
lation in patients with obesity during anesthesia did not 
demonstrate a difference in postoperative pulmonary 
complications for constant PEEP levels of 4 versus 12 
 cmH2O [58]. The PEEP levels in this pragmatic study, 
however, were not aiming at and resulting in full lung 
recruitment. As mentioned above, use of higher airway 
pressures is often associated with hemodynamic depres-
sion and higher requirements for fluids and vasopressors 
[58]. At least in the perioperative setting, evidence from 
meta-analyses and clinical trials are somewhat conflict-
ing regarding improved clinical outcomes [54, 59].

Tidal volume
Limiting tidal volume (VT) has been shown to reduce 
ventilation-associated lung injury and inflammation in 
non-selected patients with and without ARDS. The idea 
of normalizing VT for predicted body weight (PBW) 
is based on the expected lung volume (dependent on 
patient’s height and sex) and aims to limit the VT/EELV 
ratio, i.e., mechanical lung strain. As mentioned above, 
EELV is regularly below the values in a normal weight 
population. Thus, referencing VT to PBW per se can 
result in higher strain than in normal weight patients. If 
PBW is not formally calculated but just estimated, there 
is a tendency to overestimate PBW and, thus, VT in 
patients with obesity [55].

Positioning patients with obesity in ramped or sit-
ting positions and even early mobilization may facilitate 
unloading the diaphragm from increased abdominal 
pressure and may thereby improve aeration of depend-
ent lung areas. Early implementation of spontaneous 
breathing activity can preserve diaphragmatic tension, 
redistribute ventilation to dependent lung areas [60], may 
avoid diaphragmatic muscle atrophy caused by muscle 
relaxation [60] and reduce duration of mechanical venti-
lation [61].

Mechanical ventilation in ARDS patients
Anzueto et  al. [62] and Karla et  al. [63] showed that 
ARDS patients with obesity were ventilated with higher 
VT (per kg of PBW) compared to ARDS patients without 
obesity.

It is tempting to speculate that the amount of atelecta-
sis was different between patients with and without obe-
sity and that the higher VT was chosen by the clinicians 
to maintain an adequate alveolar ventilation. A study by 
Grasso et al. [64] tempted to confirm this hypothesis by 
reporting a decrease in the use of extracorporeal mem-
brane oxygenation (ECMO) in patients with abdominal 
hypertension by increasing the airway pressure—often 



2429

above 30  cmH2O—based on a transpulmonary pressure 
target. Interestingly, in the study by Karla et al. [63], the 
airway plateau pressure and driving pressure were simi-
lar between patients with and without obesity. Of note, 
in both studies, the outcome was similar between the two 
groups. Similarly, De Jong et  al. [65], in ARDS patients 
with obesity did not find any difference in driving pres-
sure between survivors and non survivors [66].

When 21 ARDS patients with obesity were compared 
to 44 patients with ARDS but with a normal BMI, it 
was found that the two groups had similar recruitability 
and changes in oxygenation when PEEP was increased 
from 5 to 15  cmH2O [67]. In these two groups, abdomi-
nal pressure and chest wall elastance were also similar. 
In contrast, Fumagalli et  al. [68] found an impressive 
improvement in oxygenation and lung elastance using 
higher PEEP (22  cmH2O) compared to lower PEEP (13 
 cmH2O). The higher PEEP was selected according to 
transpulmonary pressure, while the lower PEEP was 
selected according to a PEEP/FiO2 table. Once again, 
the abdominal pressure was not measured (or reported). 
The same authors in a retrospective study of patients 
with severe ARDS found better gas exchange, respiratory 
mechanics, and survival in 50 patients treated according 
to a personalized approach (based on transpulmonary 

pressure) compared to 70 patients treated with a stand-
ard protocol [69]. The personalized approach resulted 
in much higher PEEP levels of 20  cmH2O compared to 
9  cmH2O used in the standard approach. A retrospec-
tive analysis of the ALVEOLI trial showed improved out-
come using PEEP 12  cmH2O compared to 9  cmH2O [70]. 
In this trial, however, patients with a weight > 1 kg/cm of 
height and BMI usually > 50 kg/m2 were not included.

We may wonder why the reported effect of different lev-
els of PEEP differs among studies. We have to note that the 
BMI of the population of the different studies was 31 kg/
m2, as in the study of Chiumello et al. [67] and likely in the 
ALVEOLI study [70], versus a BMI higher than 50 kg/m2 
in the study by Fumagalli et al. [68]. Given such a different 
BMI, it is likely that the abdominal pressure and mechani-
cal impairment were different in the different populations. 
The normalized mechanical power, that has been shown 
being strongly associated with mortality [71], was not 
monitored. Moreover, RM was not consistently used, and 
their use and timing remain a matter of debate in ARDS 
patients with and without obesity [72]. A PEEP decre-
mental trial preceded by a RM may decrease lung over-
distension and collapse in ARDS obese patients [73]. In 
21 ARDS patients with severe obesity (BMI = 57 ± 12 kg/
m2) [74], RM was performed during pressure controlled 

Fig. 2 Effect of obesity in main pressures of the respiratory system. The respiratory system includes the lung and the chest wall, and the airway 
pressure is related to both transpulmonary and transthoracic pressures, which differ in the patient with obesity compared to the patient without 
obesity. The relative part of pressure due to transthoracic pressure is often higher in the patient with obesity than in the patient without obesity 
(elevated pleural pressure, which can be estimated by esophageal pressure). The plateau pressure represents the pressure used to distend the chest 
wall plus lungs. In patients with obesity, elevated plateau pressure may be related to an elevated transthoracic pressure, and not an increase in 
transpulmonary pressure with lung overdistension. FRC functional residual capacity
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ventilation with delta pressure of 10  cmH2O, PEEP was 
increased until a plateau pressure of 50  cmH2O for 1 min. 
After, the ventilator mode was switched to volume con-
trolled ventilation (5  ml/kg of PBW), and the PEEP 
dropped by 2  cmH2O every 30 s. The optimal PEEP was 
determined by the PEEP value with the best compliance 
of the respiratory system plus 2  cmH2O. Finally, a second 
lung RM was performed and the selected optimal PEEP 
was set. Required PEEP was increased to 8 [7, 10]  cmH2O 
above traditional ARDSnet settings with improvement 
of lung function, oxygenation and ventilation/perfusion 
matching, without impairment of hemodynamics or right 
heart function. Moreover, in a retrospective study [69], 
the same authors also reported that patients treated with 
RM and with higher PEEP were weaned from vasopres-
sors agents faster (and improved survival) than patients 
who were treated with low ARDSnet PEEP table. Future 
investigations would be beneficial to clarify the lung–
heart interaction when high airway pressure is used in the 
settings of high pleural pressure.

Given that the setting of mechanical ventilation (VT, 
PEEP) and the indicators of ventilator-induced lung 
injury (mechanical power, driving pressure) are crucially 
dependent on chest wall elastance, it is our opinion that 
it is difficult to propose any treatment if key variables 
such as transpulmonary pressure and intra-abdominal 
pressure are not measured or ignored (Fig. 2).

Prone position [75] also deserves attention in patients 
with ARDS and obesity. The safety and efficiency of this 
therapeutic were similar between patients with and with-
out obesity, and the ratio of alveolar pressure in oxygen 
over fraction of inspired oxygen  (PaO2/FiO2) was signifi-
cantly more increased after prone position in patients 
with obesity compared to patients without obesity [76]. 
Prone position is a therapeutic of choice in patients with 
severe ARDS and obesity, and the mechanisms of action, 
caution and clinical effects are detailed in Fig. 3. In case 
of severe ARDS after failure or inability to use prone 
positioning and neuromuscular blockers, veno-venous 
extracorporeal membrane oxygenation (ECMO) can also 
be safely used in ARDS obese patients [77, 78].

Weaning and extubation
The spontaneous breathing trial should be clearly sepa-
rated from the level of pressure support and PEEP set 
before extubation and the respiratory support following 
extubation. A physiological study specifically assessed 
the inspiratory effort during weaning of mechanical 
ventilation in critically ill patients with morbid obesity 
[79]. The main result of this study was that for patients 
with obesity, T-piece and pressure support ventilation 
0 + PEEP 0  cmH2O were the weaning tests predicting 
post-extubation inspiratory effort and work of breathing 

the most accurately [79]. If the work of breathing is 
closely the same between T-Tube and after extubation 
[79], the patient with obesity remains prone to atelecta-
sis, and therefore, atelectases should be avoided as much 
as possible. That is s why after a T-tube, the obese patient 
should be reconnected to mechanical ventilation, as 
already demonstrated in patients without obesity [80], 
and put again under pressure support with sufficient 
PEEP and pressure support. Similarly, following extuba-
tion, as detailed below, preventing atelectasis has to start 
as soon as possible, using CPAP or NIV.

Moreover, to perform extubation as soon as possible, 
sedation should be stopped as early as possible and ben-
zodiazepines avoided, even more than in patients without 
obesity due to prolonged release of drugs in patients with 
obesity [81].

Prophylactic NIV after extubation decreases the risk of 
ARF by 16% and length of ICU stay [82]. In hypercapnic 
ICU patients with obesity, using NIV after extubation is 
associated with decreased mortality [82]. A randomized 
controlled trial performed in patients with morbid obe-
sity undergoing bariatric surgery found an improvement 
of ventilatory function when CPAP was implemented 
immediately after extubation as compared to CPAP 
started 30 min after extubation [83] (Table 1). In case of 
positive pressure therapy already used at home, it should 
be reintroduced as early as possible in the ICU as soon 
as higher levels of assistance requiring the use of an ICU 
ventilator are no longer needed. Home positive pressure 
therapy could also be introduced in ICU for selected 
patients with obesity. CPAP is indicated for use in 
patients with severe obstructive sleep apnea syndrome, as 
first-line therapy in these indications. In the case of com-
bined obstructive apnea syndrome and moderate hyper-
capnia between 45 and 55 mmHg, a CPAP device will be 
offered as first-line therapy, and a NIV device, allowing 
ventilation at 2 pressure levels, will be offered in case of 
failure. If there is a history of respiratory decompensation 
with acute hypercapnic respiratory failure, hypercapnia 
greater than 55 mmHg and/or no associated obstructive 
sleep apnea syndrome, a NIV device will be offered [84].

HFNC was not found to be superior to standard oxygen 
to prevent extubation failure in 155 post-cardiac surgery 
patients with obesity [85]. Among cardiothoracic surgery 
subjects with obesity with or without respiratory failure, 
the use of continuous HFNC compared to NIV did not 
result in a worse rate of treatment failure [33] (Table 1). 
Similarly, in the study by Hernandez et al. [86] including 
20% of patients with obesity, among high-risk adults who 
have undergone extubation, preventive HFNC was not 
inferior to preventive NIV for reducing reintubation rate 
and postextubation respiratory failure. In a randomized 
controlled trial of the same team comparing HFNC 
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to standard oxygen [87] in high-risk non-hypercapnic 
patients including 22% of patients with obesity, the study 
was stopped due to low recruitment after 155 patients, 
without any difference in extubation failure rate found 
between the two groups.

The specificities of weaning and extubation in ICU 
patients with obesity are summarized in Supplemental 
Table 1. A summary of the main respiratory physiological 
modifications and some suggestions for mechanical ven-
tilation in critically ill patients with obesity are proposed 
in Fig. 4.

Obesity paradox
In the general population, obesity is one of the top 10 
risk factors of chronic diseases and a risk factor for 
death. Consistent with this trend in the general popula-
tion, the number of obese patients admitted to the ICU 
is rapidly increasing [88]. Obesity decreases life expec-
tancy in the population, and obesity in childhood is now 
a healthcare crisis for our next generation with unknown 
consequences. There are overwhelming scientific data 
on overall mortality/morbidity, the healthcare system 
shortcomings to deliver adequate care, and the social 
discrimination and injustice that individuals with obesity 
are subject on daily basis. However, in ICU, patients with 
obesity may be more likely to develop ARDS, but their 
survival sometimes appeared to be better, a phenomenon 
called the ‘obesity paradox’ [89]. Patients with obesity 
have immunological and pulmonary mechanics differ-
ences compared to patients without obesity detailed in 
the supplemental content (see Supplemental content 1). 

These differences are increased for patients with higher 
level of obesity.

Furthermore, clinicians may overestimate the lung size 
of patients with obesity, by considering real instead of 
PBW, and use higher VT during mechanical ventilation, 
risking ventilator-induced lung injury. The mentioned 
patient factors may also cause respiratory muscle fatigue 
and difficult weaning. Indeed, 2 meta-analyses show that 
in close to 200,000 ARDS patients, obesity is linked to a 
higher risk of developing ARDS and patients with obesity 
need mechanical ventilation for a longer period of time, 
compared to critically ill patients without obesity [13, 16]. 
As a consequence, ICU-length of stay is also prolonged in 
patients with obesity, while hospital length of stay is not 
[13, 16]. While patients with obesity are on mechanical 
ventilation for a longer period of time, these meta-anal-
yses also demonstrate a survival advantage for patients 
with obesity. This observation is coined the ‘obesity para-
dox’ as a survival benefit may appear counterintuitive in 
view of the detrimental alterations in respiratory func-
tion as described above. Several reasons to explain the 
obesity paradox in ARDS patients with obesity have been 
put forward. Apart from the described immunological 
differences, patients with obesity have more metabolic 
reserve and may, therefore, tolerate the catabolic stress 
of critical illness during ARDS better, because of energy 
stores in the form of adipose tissue.

It is important to also address the possibility that 
patients with obesity may have a lower threshold for ICU 
admission, e.g., because of the need of more nursing staff 
not available on the ward or monitoring purposes. This 

Fig. 3 Prone positioning in patients with obesity. ARDS acute respiratory distress syndrome. PaO2/FiO2 pressure of arterial oxygen to fractional 
inspired oxygen concentration
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would mean that patients with obesity admitted to the 
ICU are less sick and therefore may show a better sur-
vival because of selection bias, not representing a real 
phenomenon. As in the meta-analyses, adjustments for 
covariates like disease severity were not possible; this may 
appear plausible. In a large study in over 150,000 ICU 
patients, however, the obesity paradox remained present 
even when adjusted for several covariates including dis-
ease severity [90]. Also, patients with obesity may have 
been misclassified as ARDS if atelectasis is interpreted 
as bilateral infiltrates. Using a causal inference approach 
to reduce residual confounding bias due to missing data, 
it was found that the survival of patients without obesity 
would not have been improved if they had obesity [91], 
findings which question the obesity paradox.

Conclusion
In summary, patients with obesity are more likely to 
develop respiratory complications, including ARF and 
ARDS. Considering some physiological studies, for 
non-invasive management, using NIV has to be con-
sidered both for preventing and treating ARF, even if 
the level of proof is low, especially in comparison with 
HFNC. Airway management in critically ill patients 
with obesity poses specific challenges, and adequate 
patient evaluation, pre-oxygenation and choice of intu-
bation devices might improve outcomes. After intu-
bation procedure for invasive mechanical ventilation, 
patients with obesity being more prone to lung collapse 
require higher PEEP to avoid it. Low VT according to 
PBW should be used both in non-ARDS and ARDS 
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Pulmonary and chest wall
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Fig. 4 Main respiratory physiological modifications and suggestions for mechanical ventilation in critically ill patients with obesity. The main res‑
piratory physiological modifications (functional residual capacity decreased, abdominal pressure often increased, pulmonary and chest wall compli‑
ance often decreased, cephalic ascension of diaphragm, oxygen consumption and work of breathing increased) lead to shunt via atelectasis and 
gas exchange impairment. Comorbidities are often associated with obesity: obstructive apnea syndrome and obesity hypoventilation syndrome. 
Consequences on airway management, potentially difficult, include the preparation of adequate material for difficult intubation as videolaryngo‑
scopes, preoxygenation with noninvasive ventilation in a semi‑sitting position, considering adding apneic oxygenation (OPTINIV method), rapid 
sequence induction and recruitment maneuver following intubation after hemodynamic stabilization. Ventilatory settings include low or limited 
tidal volume (6–8 ml/kg/PBW or less), moderate to high PEEP (7–20  cmH2O) if hemodynamically well tolerated, recruitment maneuver (if hemody‑
namically well tolerated, in selected patients), monitoring of esophageal pressure if possible, use of prone positioning in a trained team in case of 
severe ARDS, without contra‑indicating ECMO. After extubation, CPAP or NIV should be considered early, as implementation of positive pressure 
therapies at home after evaluation. PBW predicted body weight, PEEP positive end‑expiratory pressure, ARDS acute respiratory distress syndrome, 
ECMO extracorporeal membrane oxygenation, CPAP continuous positive airway pressure, NIV noninvasive ventilation, HFNC high‑flow nasal cannula 
oxygen
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patients. RM is not systematically recommended, and 
their use remains a decision based on individual risk/
benefit considerations. Prone positioning should be 
used in severe ARDS patients with obesity.
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Abstract 

Exacerbations are part of the natural history of chronic obstructive pulmonary disease and asthma. Severe exacerba‑
tions can cause acute respiratory failure, which may ultimately require mechanical ventilation. This review summarizes 
practical ventilator strategies for the management of patients with obstructive airway disease. Such strategies include 
non‑invasive mechanical ventilation to prevent intubation, invasive mechanical ventilation, from the time of intuba‑
tion to weaning, and strategies intended to prevent post‑extubation acute respiratory failure. The role of tracheos‑
tomy, the long‑term prognosis, and potential future adjunctive strategies are also discussed. Finally, the physiological 
background that underlies these strategies is detailed.

Keywords: Mechanical ventilation, Chronic obstructive pulmonary disease, Asthma, Intrisic positive end‑expiratory 
pressure (PEEP), Non‑invasive ventilation, Weaning

Introduction

Respiratory failure from acute exacerbations of chronic 
obstructive pulmonary disease (COPD) or severe asthma 
is characterized by acute worsening of respiratory symp-
toms associated with the development of severe airflow 
limitation, gas trapping, dynamic hyperinflation and 
intrinsic positive end-expiratory pressure (PEEPi). In the 
most severe cases, these exacerbations may cause acute 
respiratory failure, which may require mechanical ven-
tilation. This review focuses on strategies for ventilation 
and describes the physiological background that under-
lies them. Even though the pathogenesis and clinical 
course of asthma and COPD differ, ventilator support 

management of the two conditions is similar in various 
respects.

Acute respiratory failure in COPD and asthma: the 
magnitude of the problem
COPD exacerbations are common and have impor-
tant clinical consequences, including an acute decline 
in quality of life, temporary or permanent reduction in 
lung function and exercise capacity, hospitalization, and 
increased mortality. They also have a major economic 
impact. According to cohort studies that enrolled unse-
lected critically ill patients receiving mechanical ventila-
tion (invasive or non-invasive) for more than 12 h [1], the 
proportion of patients managed for COPD exacerbation 
decreased from 10% in 1998 to 7% in 2016 (Fig. 1). This 
trend paralleled an increased rate of non-invasive ven-
tilation (NIV) use as first ventilatory support following 
intensive care unit (ICU) admission (from 16% in 1998 to 
51% in 2017). Simultaneously, overall mortality decreased 
(Fig. 1).
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Severe asthma exacerbation causing respiratory fail-
ure may lead to major mechanical ventilation-associated 
complications (e.g., barotrauma, cardiovascular collapse, 
atelectasis, and pneumonia) that can impact on morbid-
ity and mortality. Severe asthma exacerbation accounts 
for approximately 1% of mechanically ventilated patients 
admitted to the ICU [1]. NIV use in these patients 
increased from 3% in 1998 to 34% in 2016 [2].

Respiratory system mechanics and gas exchange
In terms of respiratory system mechanics, asthma 
and COPD are characterized by the development of 
dynamic hyperinflation, defined as increased relaxa-
tion volume of the respiratory system at the end of a 
tidal expiration. In healthy subjects, the end-expiratory 
alveolar and airway pressures are zero relative to the 
atmosphere, and pleural pressure is negative. In the 
presence of dynamic hyperinflation, the alveolar pres-
sure remains positive throughout expiration, leading to 
the development of auto-positive end-expiratory pres-
sure (auto-PEEP), also termed intrinsic PEEP or PEEPi 
[3] (Fig. 2).

In COPD, PEEPi is primarily caused by expiratory 
flow limitation, a complex phenomenon that is due to 
reduced lung recoil pressure (emphysema) leading to 
small airway collapse that increases airway resistance 
(see [4] for an extensive description). It is exacerbated 
by shortened expiratory time, due to increased respira-
tory rate, and increased tidal volume, the latter being, in 
general, a consequence of an augmentation of respira-
tory drive (and therefore a higher volume to exhale) [5]. 
The consequences of dynamic hyperinflation depend on 
whether patients are passively ventilated or triggering 
their ventilator. In passively ventilated patients, dynamic 
hyperinflation increases delivered mechanical power [6] 
with its associated risk of barotrauma and hemodynamic 
compromise [7]. In patients triggering their ventilator, 
initiation of inspiratory flow requires inspiratory force 
to overcome PEEPi [8], which translates into increased 
inspiratory effort during the triggering phase. Ultimately, 
this increased effort may fail to trigger the ventilator, 
leading to ineffective triggering, one of the most frequent 
dyssynchronies [5]. In terms of gas exchange, patients 
with COPD have complex patterns of V/Q distributions: 
low V/Q regions that remain perfused, high V/Q regions, 
and mixed patterns. COPD patients often exhibit small 
amounts of shunt (typically less than 10% of cardiac out-
put) [9].

Severe asthma exacerbation is characterized by a 
major increase in airway resistance due to bronchos-
pasm, airway inflammation, and mucus. Expiratory flow 
is dramatically reduced with resultant major dynamic 
hyperinflation [10]. This leads to an increased risk of 

barotrauma and hemodynamic compromise. Hypox-
emia in asthma is characterized by the presence of low 
V/Q units; hypoxemia is usually attenuated by compen-
satory redistribution of blood flow mediated by hypoxic 
vasoconstriction and changes in cardiac output [9, 11]. It 
has been described that in asthma patients, hypercapnia 
is mainly due to increased dead space ventilation caused 
by alveolar overdistension [11, 12]. However, this mecha-
nism has not been proved [9].

Heart–lung interactions in the mechanically 
ventilated COPD patient
The pathophysiological changes in the pulmonary system 
may have adverse effects on cardiac function.

COPD is associated with pulmonary hypertension, 
increased pulmonary vascular resistance, right ventri-
cle dilatation, and right ventricle hypertrophy. Both left 
ventricle systolic and left ventricle diastolic functions are 
often impaired in COPD patients. Among 148 patients 
admitted to the ICU for severe COPD exacerbation, 31% 
had an exacerbation that was definitely associated with 
left-heart dysfunction [13]. These cardiac alterations are 
caused by dynamic hyperinflation and the large swings 
in negative intrathoracic pressure developed by the res-
piratory muscles to overcome the inspiratory elastic 
threshold caused by PEEPi and increased airway resist-
ance. Dynamic hyperinflation is more detrimental to left 
ventricle hemodynamics than large swings in negative 
intrathoracic pressure [14]. Direct ventricular interac-
tion and significant septal flattening appear to be respon-
sible for reduced left ventricle end-diastolic volume and 
stroke volume [15]. Dynamic hyperinflation worsens 
the increase in right ventricular impedance (afterload 
effect), while large negative intrathoracic pressure swings 
increase the venous return to the right ventricle (preload 
effect). Both favor direct ventricular interaction with left-
ward shift of the septum.

Application of external PEEP up to values approaching 
PEEPi does not result in hemodynamic impairment in 
COPD [4]. Higher PEEP levels reduce cardiac index [16]. 
However, the effects of external PEEP on lung mechan-
ics and hemodynamics depend on many factors, such 
as airway characteristics, lung volumes, intravascular 

Take‑home message 

This review summarizes practical ventilator strategies to manage 
patients with asthma and chronic obstructive pulmonary disease 
(COPD). The causes, impact and management of dynamic hyperin‑
flation are discussed, as well as heart–lung interaction. We underline 
the importance of non‑invasive ventilation to prevent intubation. 
We provide key messages regarding ventilator settings in intubated 
patients. Future adjunctive strategies are discussed.
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volume status, vasomotor tone, etc., making the individ-
ual patient’s response difficult to predict [17].

Finally, patients with COPD are at increased risk 
of difficult weaning, and are susceptible to develop-
ing weaning-induced pulmonary edema in particular 
[18]. Diuretics and nitroglycerin are efficient in treating 
weaning-induced pulmonary edema in selected COPD 
patients [19, 20].

In patients with severe asthma, similar heart–lung 
interactions are observed. Because of the presence of an 
extremely severe hyperinflation, they may develop severe 
hypotension [21].

Non‑invasive ventilation in COPD over the decades
Delivering mechanical ventilation without intubation in 
patients with  CO2 retention was attempted during the 
1960s [22], but without becoming widely accepted; intu-
bation with invasive mechanical ventilation remained the 
rule for patients admitted for respiratory failure.

In the late 1980s, several groups treated patients 
with chronic or acute-on-chronic hypercapnic respira-
tory failure with a face mask [23–26]. The success was 
largely due to combining physiological assessment of 
the mechanisms of respiratory failure (including respira-
tory muscle function [26]) with new technologies (pres-
sure support ventilation [27]). In the early 1990s several 
studies demonstrated the efficacy of positive pressure 
ventilation usually delivered with pressure support ven-
tilation and PEEP [28, 29]. It is remarkable that some of 
the best results were obtained without any PEEP [26], 
highlighting the importance of pressure delivered dur-
ing inspiration. Randomized clinical trials showed that 
the intubation rate was dramatically reduced, resulting 
in improved outcomes, with fewer complications related 
to invasive mechanical ventilation and improved hospital 
survival [30–32] (Fig. 3).

Implementing NIV into practice took more than a dec-
ade [33] but NIV became the benchmark for treating 
acute respiratory failure due to severe COPD exacerba-
tion, bringing about a steady decrease in mortality over 
time [33]. Concomitantly, the risk of mortality increased 
in patients transitioned from NIV to invasive mechani-
cal ventilation. However, it is of note that COPD patients 
who failed NIV and were subsequently intubated were 
not at higher risk of mortality than those intubated as 
a first-line respiratory support [30, 33]. Technological 
improvements continued, stimulated by the need for 
efficient techniques in the hospital and by the extensive 
use of home NIV, which required more comfortable and 
user-friendly equipment [34]. Automated management of 
leaks progressively became the rule and ICU ventilators 
eventually became as efficient as dedicated ventilators in 
compensating for leaks and reducing patient-ventilator 
dyssynchronies [35, 36].

NIV is sometimes proposed as a ceiling of ventila-
tor assistance care [37–39]. A multicenter French study 
showed that patients with “do-not-intubate” orders 
who were managed with NIV had good quality of life 
6  months after discharge; caregivers of patients treated 
with NIV had similar stress and anxiety levels to those 
of caregivers of patients with no limitation on therapy 

Fig. 1 Rates of acute chronic obstructive pulmonary disease (COPD) 
exacerbation and severe asthma exacerbation among patients 
mechanically ventilated for acute respiratory failure (panel A) and 
evolution of ICU mortality (panel B) and hospital mortality (panel C) 
over time in these two populations. *p < 0.001 compared to period 
1998
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[39]. Because NIV relieves dyspnea [40], the technique 
has also been used to relieve dyspnea in dying patients 
receiving palliative care [41], although this approach has 
not gained widespread use.

In severe asthma exacerbation, retrospective studies 
have suggested that cautious use of NIV was associated 
with improved outcome [42]. However, no high-quality 
randomized controlled trial has highlighted benefits of 

NIV in severe asthma exacerbation, and the level of risk 
may be very high in cases of respiratory failure. As a con-
sequence, guidelines do not recommend NIV in severe 
asthma exacerbation [43, 44].

Management of invasive ventilation
Invasive ventilation is indicated in patients suffering a 
respiratory arrest, for instance, or who have failed NIV 

Fig. 2 Pressure–volume (P–V) relationship of the respiratory system when pressure is measured at the airway opening. In normal subjects, the 
end‑expiratory lung volume  (EELVNormal) is the relaxation volume of the respiratory system or functional residual capacity (FRC), where no inward or 
outward recoil pressure exists (the pressure of the respiratory system is 0 cmH2O relative to the atmosphere). To trigger the ventilator, the patient’s 
inspiratory muscles have to develop an inspiratory effort ≥ the trigger threshold set on the ventilator (2 cmH2O in the example). A tidal breath of 
500 ml delivered by the ventilator will increase the volume of the respiratory system to its end‑inspiratory lung volume  (EILVNormal). The normal elas‑
tic work of breathing  (Wel,n) represented by the triangular area is not excessive. In hyperinflated COPD or asthma patients, the end‑expiratory lung 
volume  (EELVHyperinfl) is greater than the respiratory system relaxation volume, increasing ΔFRC (Δ denoting the increase in volume from the normal 
FRC); at this increased volume, an inward recoil pressure exists (the pressure of the respiratory system is 7 cmH2O relative to the atmosphere). This 
pressure is called the intrinsic positive end‑expiratory pressure (PEEPi). (This pressure is usually measured by the end‑expiratory occlusion method 
with the patient relaxed). To trigger the ventilator, the patient’s inspiratory muscles first have to develop an inspiratory effort to overcome the 
positive inward recoil of the respiratory system present at the end of expiration (7 cmH2O, PEEPi) and then the trigger threshold set on the ventila‑
tor (2 cmH2O in the example). The pressure required to effectively trigger the ventilator (Peffect,trigger = 7 + 2 = 9 cmH2O in the example). If they fail 
to generate this amount (9 cmH2O), an ineffective triggering effort ensues, which does not trigger the ventilator. A similar tidal breath of 500 ml 
delivered by the ventilator will increase the volume of the respiratory system to its new end‑inspiratory lung volume  (EILVhyperinfl), where there is risk 
of overdistension (stress and strain of the lung) with its potentially injurious sequalae (this is the plateau pressure if measured by the end‑inspiratory 
occlusion method with the patient relaxed). The elastic work of breathing is mainly attributed to PEEPi (square shaded area,  WPEEPi) and is greatly 
increased leading to increased delivered mechanical power
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for any reason, including persistent clinical signs of 
increased work of breathing. As previously explained (see 
above section “Respiratory system mechanics and gas 
exchange”), acute exacerbations of COPD are character-
ized by dynamic hyperinflation leading to development 
of PEEPi. The presence of dynamic hyperinflation and 
PEEPi should be considered if expiratory flow does not 
cease at end-expiration (Fig. 4). With controlled mechan-
ical ventilation, total PEEP is measured during end-
expiratory occlusion. The reference standard technique 
for quantifying dynamic hyperinflation is measurement 
of end-inspiratory lung volume [45]. As this is cumber-
some in clinical practice, end-inspiratory plateau pres-
sure (Pplat) during controlled mechanical ventilation is a 
reasonable, albeit less sensitive, surrogate for monitoring 
hyperinflation [45]. Pplat is measured with end-inspir-
atory occlusion for ± 3  s. Peak pressure is not a reliable 
measure for hyperinflation.

It is important to stress that in the early phase of 
mechanical ventilation, the primary goal in these patients 
is not to normalize blood gases, but to prevent compli-
cations due to hyperinflation while maintaining a pH of 
around 7.25–7.30 [46].

Many ventilator modes are used in intubated patients 
with COPD; however, it is not known whether one is 
superior to another. A common ventilator mode is vol-
ume assist-control ventilation. With volume assist-
control ventilation, the inspiratory flow waveform can 
be set in the square pattern to facilitate monitoring of 
mechanics. To limit hyperinflation, minute ventilation 
is minimized, and sufficient time is allowed for expira-
tion [45]. As a reasonable starting point, use of a moder-
ate tidal volume, of around 6–8 ml/Kg, and a respiratory 
rate of 12/min, with constant inspiratory flow delivered 
at 60–90 l/min, has been proposed [47]. It has been pro-
posed to keep the inspiration-to-expiration ratio low, 
e.g., 1:4. If, with these ventilator settings, Pplat is not 
too high (e.g., < 28  cmH2O), the respiratory rate can 
be increased to improve gas exchange. If Pplat is high 
(e.g. > 28  cmH2O), minute ventilation could be reduced 
by limiting tidal volume and/or respiratory rate in 
patients with PEEPi. Increasing expiration time at similar 
minute ventilation (e.g. by increasing inspiratory airflow 
thus decreasing inspiratory time with constant respira-
tory rate and tidal volume) has a much smaller effect on 
hyperinflation [45].

Selecting appropriate PEEP in acute COPD exacerba-
tion may be complex and depends on whether or not the 
patient triggers her/his ventilator. In general, at the early 
phase of intubation, patients do not trigger their ven-
tilator. In theory, zero PEEP would be optimal in these 
COPD patients with “pure” high airway resistance, as 
PEEP reduces expiratory driving pressure and is therefore 

expected to increase hyperinflation. However, the physi-
ology appears more complex, with three possible effects 
of PEEP on hyperinflation [48]: (1) in patients with pure 
expiratory flow limitation, there is no change in hyperin-
flation (assessed by Pplat and by changes in end-expira-
tory lung volume) during progressive increase in PEEP 
until a threshold is reached; (2) any increase in PEEP 
increases Pplat and end-expiratory lung volume, and (3) 
a “paradoxical response” occurs, whereby increases in 
PEEP decrease Pplat and end-expiratory lung volume. A 
paradoxical response may be expected in patients with 
expiratory flow limitation and highly heterogeneous 
lungs [7, 49]. At the bedside, the effect of PEEP on hyper-
inflation is unpredictable [48], and it is therefore advised 
to measure Pplat while cautiously titrating PEEP. PEEP 
titration should be immediately stopped if Pplat increases 
[12].

In passively ventilated patients with expiratory flow 
limitation, the addition of external PEEP does not change 
either the degree of hyperinflation or the total PEEP until 
it approximates 80% of the original PEEPi. As soon as the 
patient is able to trigger the ventilator, moderate exter-
nal PEEP is added to counterbalance PEEPi and hence 
to reduce the effort needed to trigger the ventilator and 
improve patient-ventilator interaction [50]. It is of note 
that patients with COPD are susceptible to ventilator-
induced hyperinflation and dyssynchronies such as inef-
fective triggering (also called ineffective efforts or wasted 
efforts, Fig.  5) [50]. Because PEEPi increases the effort 
required to trigger the ventilator, a weak respiratory effort 
may fail to trigger it [51]. Ineffective triggering is associ-
ated with a less sensitive inspiratory trigger, a higher level 
of pressure support, a higher tidal volume, and a higher 
pH [50]. In patients with a high prevalence of ineffective 
triggering, markedly reducing pressure support or inspir-
atory duration to reach a tidal volume of about 6 ml/Kg 
predicted body weight was found to eliminate ineffective 
triggering in two-thirds of patients [52]. When pressure 
support is used, the pressure support level should not be 
set too high, to limit tidal volume (to around 6–8 ml/Kg) 
and subsequent dynamic hyperinflation [52]. Shortening 
insufflation time by decreasing the level of the expiratory 
trigger (also called cycling-off) may also help to reduce 
dynamic hyperinflation [52].

In severe asthma exacerbation, invasive mechani-
cal ventilation is associated with an increased risk of 
complications and significant mortality [53]. Post-
intubation hypotension is common, due to major 
lung hyperinflation, hypovolemia and sedation. 
Therefore, the indication for intubation should be 
limited to patients in life-threatening conditions (res-
piratory arrest, bradypnea, altered consciousness, 
patients totally exhausted and/or with severe and 
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worsening hypercapnia or major respiratory distress 
despite adequate medical treatment). Because of the 
major increase in expiratory resistance due to airway 
obstruction related to edema and bronchospasm, pul-
monary hyperinflation might be extremely high in 
asthmatics. The key ventilatory strategy is to mini-
mize hyperinflation, which is best achieved by reduc-
ing minute ventilation and lengthening expiratory time 
(low tidal volume, low respiratory rate [45] and high 
inspiratory airflow rate with the objective of targeting 
an inspiratory-to-expiratory time of 1:4 to 1:6). A low 
level of external PEEP (≤ 5  cmH2O) is recommended 
by some authors, although this strategy is disputed 
[54]. The degree of hyperinflation must be closely 
monitored (using end-inspiratory and end-expiratory 
holds) with the aim of limiting Pplat and obtaining the 
lowest possible total PEEP [53]. As in COPD, using a 
volumetric mode with square wave airflow delivery 
allows easier monitoring. As an effect of major reduc-
tion of minute ventilation,  PaCO2 might increase 
dramatically [46]; reduction of  PaCO2 is very much a 
secondary goal.

Weaning from mechanical ventilation
Readiness to wean needs to be screened on a daily basis 
according to guidelines (Fig.  3) [55]. In ready-to-wean 
patients, a spontaneous breathing trial is performed, 
with either T-tube or pressure support ventilation [56]. 
In patients who tolerate the spontaneous breathing 
trial, it is possible to proceed with extubation.

In COPD patients, prophylactic post-extubation NIV 
and use of high-flow nasal cannula both decrease the 
occurrence of acute respiratory failure and subsequent 
reintubation (Fig. 3) [57, 58]. The addition of NIV ses-
sions to high-flow nasal cannula use seems to be more 
efficient for preventing reintubation than use of high-
flow nasal cannula alone [59]. Finally, NIV can also 
hasten weaning in COPD patients who repeatedly fail 
spontaneous breathing trials [60].

In a series of 208 patients intubated for hypercapnic 
respiratory failure, 4.4% required ventilation via tra-
cheostomy at discharge [61]. The decision to opt for 
tracheostomy is made on the basis of considerations 
about, for example, the risks of the procedure versus 
its anticipated but unproven benefits [62]. In the diffi-
cult-to-wean patient, possible tracheostomy should be 

Fig. 3 Therapeutic options at the different stages of patient management. NIV non‑invasive ventilation, PEEP positive end‑expiratory pressure, NAVA 
neurally adjusted ventilator assist; PAV proportional assist ventilation
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the subject of a multidisciplinary discussion [63]. The 
patient and his or her family must be informed that tra-
cheostomy does not alter the prognosis of the causal 
disease. Although tracheostomy can improve comfort 
[64], it may unduly prolong suffering associated with 
the underlying illness. In a context of chronic respira-
tory failure, these ethical considerations must be care-
fully thought through and discussed with the patient 
and his or her family before performing a tracheostomy.

Long‑term outcome
In a small series of patients with COPD requiring pro-
longed mechanical ventilation (> 21 days), 2-year survival 
was 40% (68% in patients weaned from the ventilator 
and 22% in those not weaned) [65]. In another cohort of 
patients (59% with COPD) requiring prolonged ventila-
tion at a weaning center, 1-year survival was 49% [66].

A prospective longitudinal study investigated the effect 
of prolonged mechanical ventilation on survival and qual-
ity of life in 315 patients with various causes of respira-
tory failure (95 had COPD as primary or secondary cause 
of respiratory failure) [67, 68]. Among the patients who 
survived to discharge from the weaning facility, 54% were 
detached from the ventilator and 30% were still attached 
to the ventilator at the time of discharge from the facil-
ity. The 1-year survival was 63% for ventilator-detached 
patients and 22% for the ventilator-attached patients. 
Survival was not influenced by the underlying cause of 
respiratory failure, including COPD [68]. By 12 months, 
the SF36 physical-summary score and mental-summary 
score returned to pre-illness values, and 85% of patients 
indicated their willingness to undergo ventilation again 
[68, 69].

Do particular features emerge in middle‑income 
countries?
The burden of COPD and asthma is disproportionally 
high in low-resource countries due to high indoor/out-
door air pollution (smoking, exposure to coal indoors 
and to dust in the workplace) [70, 71]. The death toll from 
chronic respiratory diseases is a real challenge to the 
public health systems in developing countries, since the 
highest risk of dying from non-communicable disease is 
observed in low- and middle-income countries [72].

In addition, in most low- and middle-income countries, 
ICUs are scarce, and resources are limited. The avail-
ability of invasive mechanical ventilation, in particular, is 
limited, and its use is associated with a high risk of mor-
tality, especially from ventilator-associated pneumonia 
[73–75]. As in high-income countries, NIV should be 
preferred to invasive ventilation, particularly in cases of 
COPD exacerbation. A recent meta-analysis summariz-
ing experience of NIV in these countries reported a mod-
erate risk of mortality in adults (16%), and a mean NIV 
failure rate of 28.5% in adults in this population [73]. For 
COPD exacerbation, the use of NIV as the primary venti-
latory mode increased from a rate of 29% in 2000 to 97% 
in 2012 [76]. This change was associated with gradual 
falls in the rates of NIV failure (learning curve), ventila-
tor-associated pneumonia, and concurrent use of antibi-
otics [76]. These data suggest that guidelines regarding 
the preferential use of NIV therapy are not specific to 
high-income countries and should also be applied to low- 
and middle-income countries.

New avenues of research
NIV has well-known drawbacks. Patient tolerance may 
be poor due to patient discomfort, dyspnea, skin dam-
age, and claustrophobia [40]. Furthermore, caregiver skill 

Pressure

Flow

A B

Fig. 4 Schematic representation of pressure and flow recordings in two mechanically ventilated patients. In a healthy subject (panel A) expiratory 
flow ceases at end‑expiration, ruling out dynamic hyperinflation. In a COPD patient (panel B), expiratory flow does not cease at end‑expiration, 
which suggests dynamic hyperinflation and intrinsic positive end‑expiratory pressure (PEEPi)



2443

is important to the success of this technique. High-flow 
nasal cannula may be an alternative method [77, 78]. 
In a recent study conducted in 12 hypercapnic COPD 
patients with mild to moderate exacerbation who had ini-
tially required NIV, applying high-flow nasal cannula at 
30  l/min for a short duration reduced inspiratory effort, 
and resulted in an effect similar to that of NIV delivered 
at moderate levels of pressure support [78]. In addition, 
high-flow nasal cannula is a more comfortable technique 
than NIV [79, 80].

Given the fact that approximately 15% of COPD 
patients fail NIV, attempts have been made to improve 
the efficacy of NIV. These attempts include inhalation 
of helium and oxygen gas mixtures, which requires a 

complex setting and a specific ventilator. Because of its 
low density compared with air, helium/oxygen markedly 
enhanced the ability of NIV to reduce patients’ effort and 
to improve gas exchange [81]. However, despite some 
improvement of several physiological variables, rand-
omized controlled trials did not show a clinical benefit 
(i.e., reduction in intubation rate or mortality) [82, 83] 
with the use of helium/oxygen mixture. The relatively low 
rate of intubation already achieved with NIV alone may 
explain the lack of benefit with helium/oxygen mixture.

More recently, extracorporeal  CO2 removal has been 
considered as a possible adjunct to NIV to avoid intuba-
tion in patients not responding to NIV [84]. Combining 
NIV with direct removal of  CO2 is postulated to improve 

Fig. 5 Tracings (from top to bottom) of airway pressure (Paw), airflow (Flow), esophageal pressure (Pes), gastric pressure (Pga), transdiaphragmatic 
pressure (Pdi) and tidal volume (VOLUME) in a chronic obstructive pulmonary disease (COPD) patient exhibiting significant respiratory muscle effort 
during an episode of acute respiratory failure—due to a congestive heart failure during weaning—while mechanically ventilated with positive 
end‑expiratory pressure (PEEP) of 6 cmH2O and a pressure support level of 8 cmH2O. This patient shows dynamic hyperinflation (average corrected 
intrinsic PEEPi 8 cmH2O), and major recruitment of expiratory muscles (as reflected by the raising Pga during expiration). Of note, the presence of 
numerous ineffective triggering efforts indicated by the arrows (ventilator respiratory rate is about 18 breaths/min and the patient’s respiratory rate 
is about 28 breaths/min). From Cabello B, Mancebo J (2003) Withdrawal from mechanical ventilation in patients with COPD: the issue of congestive 
heart failure. In: Vincent J‑L (ed) Yearbook of intensive care and emergency medicine. Springer‑Verlag, Berlin, Heidelberg, pp 295–301
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alveolar ventilation and reduce the respiratory muscle 
workload. Extracorporeal  CO2 removal can also be used 
to accelerate weaning from endotracheal intubation as it 
may prevent ineffective shallow-breathing patterns and 
reduce inspiratory work by maintaining stable  PaCO2 
levels during unsupported breathing [85]. Although these 
devices eliminate carbon dioxide efficiently, experimental 
evidence of their effectiveness in patients with COPD is 
limited. Demonstrating benefits in COPD will be chal-
lenging because of complications associated with extra-
corporeal  CO2 removal [86].

Another strategy to improve the prognosis of COPD 
patients is to optimize patient-ventilator interaction. 
Contrary to what occurs with pressure support ventila-
tion, proportional modes of ventilation assist the patient 
by delivering a level of assistance that is proportional 
to his/her inspiratory effort [87]. There are two propor-
tional modes: neurally adjusted ventilatory assist (NAVA) 
and proportional assist ventilation (PAV). NAVA is a 
mode that triggers, cycles and regulates inspiratory air-
flow based on the diaphragmatic electromyography sig-
nal. There is no influence of PEEPi during the ventilator 
assistance, since it starts with the patient’s own breathing 
effort; furthermore, thanks to better patient-ventilator 
interaction, there should be no effect of leaks during NIV 
[88–90]. Several studies have shown that NAVA improves 
patient-ventilator interaction, diaphragm efficiency and 
patient comfort, as compared with pressure support 
ventilation [91]. However, no clear clinical advantage of 
NAVA over PAV has been demonstrated, although NAVA 
might be beneficial in difficult weaning [91, 92]. With 
PAV, the inspiratory assist is proportional to the activity 
of the inspiratory muscles, which is calculated from the 
measured flow and volumes using the equation of motion 
of the respiratory system [87]. PAV protects against high 
tidal volume and subsequent dynamic hyperinflation 
[93]. The use of PAV is associated with a shorter weaning 
time compared with pressure support ventilation [94].

A striking feature of patients treated with NIV or 
invasive ventilation is the high rate of ICU or hospital 
readmissions [95]. At least 50% of patients surviving an 
ICU stay will be readmitted within a year, and this per-
centage can reach 80% in some studies. Two factors may 
explain this high rate. First, patients may continue to 
need ventilation at home [96], but this practice has not 
been developed widely. Recent trials of home NIV for 
patients surviving an ICU admission suggest important 
potential benefits [34]. Second, many of these patients 
have untreated or undiagnosed comorbidities, especially 
sleep-related breathing disorders and cardiac dysfunction 
[97, 98]. New approaches are needed to reduce this high 
readmission rate.

Ultrasound can be used to evaluate respiratory mus-
cle function and help manage mechanically ventilated 
patients [99], as it can give a gross estimation of dia-
phragm function [100]. In patients presenting with 
acute exacerbations of COPD in the emergency room, 
diaphragm dysfunction was associated with NIV failure 
[101], but these results have not been prospectively vali-
dated. Diaphragm dysfunction is also associated with a 
higher risk of weaning failure [102, 103]. Ultrasound can 
also be used to examine extra-diaphragmatic inspiratory 
muscle function, focusing on the intercostal parasternal 
muscle for example [104] (Fig.  6). Increased parasternal 
intercostal activity is associated with diaphragm dys-
function and weaning failure [104]. Ultrasound can also 
be applied to image the lungs in COPD, and may be use-
ful in differentiating causes of acute dyspnea in these 
patients [105]. It can also help in identifying pneumo-
thorax, pleural effusion, consolidation or cardiogenic 
edema. Whether such ultrasound imaging of the respira-
tory muscles improves patient outcomes remains to be 
determined. In addition, training and skills are required 
to ensure safe and worthwhile implementation.

Summary
Mechanical ventilation is the cornerstone of the man-
agement of COPD and asthma patients presenting with 
life-threatening respiratory failure. Although NIV pre-
vents the majority of patients with COPD exacerbation 
from subsequently needing invasive ventilation, future 
efforts should focus on improving the efficacy of NIV and 
on evaluation of the high-flow nasal cannula technique. 
Invasive mechanical ventilation is reserved for patients 
who fail NIV and are subsequently intubated. The major 
goal during invasive mechanical ventilation is to limit 
hyperinflation; this is achieved through reduced minute 
ventilation, low tidal volumes and prolonged expiratory 
time. Normalization of blood gas is a secondary thera-
peutic goal. A low level of external PEEP may be applied 
to patients triggering their ventilator. Mechanical ventila-
tion of asthma patients follows the same rules except that 
the use of NIV is not presently recommended despite 
promising recent data. Weaning should be performed as 
expeditiously as possible with a daily screening test fol-
lowed by a trial of spontaneous breathing. In selected 
patients, prophylactic post-extubation NIV prevents 
post-extubation acute respiratory failure and subsequent 
reintubation. High-flow nasal cannula seems as efficient 
as NIV to prevent reintubation and the combination of 
NIV and high-flow nasal cannula may be even more effi-
cient. Finally, tracheostomy should be the subject of a 
multidisciplinary discussion.
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Abstract 

Red blood cell transfusions are a frequent intervention in critically ill patients, including in those who are receiving 
mechanical ventilation. Both these interventions can impact negatively on lung function with risks of transfusion‑
related acute lung injury (TRALI) and other forms of acute respiratory distress syndrome (ARDS). The interactions 
between transfusion, mechanical ventilation, TRALI and ARDS are complex and other patient‑related (e.g., presence of 
sepsis or shock, disease severity, and hypervolemia) or blood product‑related (e.g., presence of antibodies or biologi‑
cally active mediators) factors also play a role. We propose several strategies targeted at these factors that may help 
limit the risks of associated lung injury in critically ill patients being considered for transfusion.

Keywords: Acute respiratory distress syndrome, Anemia, Hypervolemia, Inflammatory response, Oxygen delivery, 
Transfusion‑associated circulatory overload, Transfusion‑related acute lung injury

Introduction

Anemia is a hallmark of critical illness, eliciting the fre-
quent administration of red blood cell (RBC) transfusion 
to critically ill patients. RBC transfusion in this set-
ting can be beneficial (Table  1). Indeed, as arterial oxy-
gen content  (CaO2) is a primary determinant of oxygen 
delivery  (DO2), RBC transfusion can be an effective way 
to increase  DO2 when there is impaired tissue perfusion. 
A recent review indicated that an increase in  DO2 after 
transfusion was associated with an increase in oxygen 
consumption  (VO2) [1]. This effect may also be help-
ful in severe hypoxemia, including in patients requiring 
mechanical ventilation or extracorporeal membrane oxy-
genation (ECMO) [2]. However, blood transfusions can 
also have important and even life-threatening compli-
cations (Table 1). In some patients, the benefits of RBC 

transfusion may outweigh its adverse effects and improve 
outcomes, but the conundrum is that there are currently 
no clear methods to determine which patients will bene-
fit from an RBC transfusion and which patients are at risk 
of harm [3, 4]. Although the indications for transfusion 
are less liberal than in the past, one in four patients still 
receives a RBC transfusion during their intensive care 
unit (ICU) stay [5, 6]. Thus, RBC transfusion remains an 
important intervention in the ICU.

Transfusions are more often administered to the sickest 
patients [5], whom are also the most likely to be mechan-
ically ventilated. Transfusion and mechanical ventilation 
can both contribute to the risk of acute respiratory dis-
tress syndrome (ARDS). These two interventions may be 
interrelated and act synergistically. This review summa-
rizes this interrelation between mechanical ventilation, 
transfusion and ARDS and provides recommendations 
on how to prevent lung injury following transfusion of 
patients receiving mechanical ventilation. We will also 
consider some perspectives for the future.*Correspondence:  jlvincent@intensive.org 
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Transfusion, ARDS and transfusion‑related acute lung 
injury (TRALI)
Observational studies have consistently suggested an 
association between RBC transfusion and ARDS, in par-
ticular in the critically ill and in trauma patients [7, 8], 
in what appears to be a dose-dependent manner [9, 10], 
although this dose dependency requires more detailed 
analysis [11, 12]. In trauma patients, the risk of ARDS fol-
lowing large transfusion volumes has decreased during 
the past years, most probably due to improved damage 
control resuscitation strategies and more limited use of 
fluids. This suggests that the risk of ARDS in transfused 
patients is not only related to volume infusion, but also 
includes an interaction between transfusion, fluid resus-
citation and other insults, such as mechanical ventilation, 

in a context of inflammatory lungs with pulmonary capil-
lary leakage.

 The term TRALI is used when lung injury and 
hypoxemia that cannot be solely attributed to fluid 
overload develop within 6  h following transfusion. 
Clinically, TRALI is indistinguishable from ARDS due 
to other causes. In an effort to distinguish transfusion 
from other causes of ARDS, the TRALI definition was 
recently revised [13]. TRALI type I refers to patients 
in whom no temporal relation to another ARDS 
risk factor is present, and type II refers to patients in 
whom either another risk factor for ARDS is present, 
or who already have some degree of hypoxemia but 
who were stable for at least 12  h prior to transfusion 
(Table 2). Although this most recent TRALI classifica-
tion includes a maximum of 6  h between transfusion 
and TRALI onset, the possibility of TRALI with a delay 
of 6 to 72 h after transfusion in mechanically ventilated 
critically ill patients has been proposed, and termed 
‘delayed TRALI’ [14]. The reported incidence of TRALI 
in the ICU is around 1–15%, depending on the spe-
cific patient population [15, 16]; however, in a broader 
sense, estimates of the association between transfusion 

Take‑home message 

Along with several host factors, transfusion and mechanical ventila‑
tion can both contribute to the risk of acute respiratory distress 
syndrome (ARDS). Optimizing ventilator settings, avoiding hyperv‑
olemia and correctly treating sepsis and shock may help prevent the 
development of lung injury post transfusion. 

Table 1 Some of  the main beneficial and  harmful effects 
of red blood cell (RBC) transfusion

Benefit of RBC transfusion Harm of RBC transfusion

Potential for improved oxygen 
delivery

Acute lung injury

 Reduced microcirculatory derange‑
ments during shock

Acute fluid overload

Improved subjective wellbeing, 
decreased fatigue

Acute kidney injury

Modulate host immune response

Allergic and hemolytic reactions

Bacterial contamination

Transmission of diseases

Table 2 Criteria for  transfusion‑related acute lung injury (TRALI). Reproduced from  [13] under  the Creative Commons 
Attribution‐NonCommercial‐NoDerivs License

a If altitude is higher than 1000 m, the correction factor should be calculated as follows: [(PaO2/FiO2) × (barometric pressure/760)]
b Use objective evaluation when LAH is suspected (imaging, e.g., echocardiography, or invasive measurement using e.g., pulmonary artery catheter)
c Onset of pulmonary symptoms (e.g., hypoxemia–lower P/F ratio or  SpO2) should be within 6 h of end of transfusion. The additional findings needed to diagnose 
TRALI (pulmonary edema on a lung imaging study and determination of lack of substantial LAH) would ideally be available at the same time but could be 
documented up to 24 h after TRALI onset
d Use  PaO2/FiO2 ratio deterioration along with other respiratory parameters and clinical judgement to determine progression from mild to moderate or severe ARDS

TRALI type I–Patients who have no risk factors for ARDS and meet the following criteria:
a. i. Acute onset

ii. Hypoxemia (PaO2/FiO2 ≤ 300a or  SpO2 < 90% on room air)

iii. Clear evidence of bilateral pulmonary edema on imaging (e.g. chest radiograph, chest CT, or ultrasound)

iv. No evidence of left atrial hypertension (LAH)b or, if LAH is present, it is judged to not be the main contributor to the hypoxemia

b. Onset during or within 6 h of  transfusionc

c. No temporal relationship to an alternative risk factor for ARDS

TRALI type II–Patients who have risk factors for ARDS (but who have not been diagnosed with ARDS) or who have pre-existing mild ARDS 
(PaO2/FiO2 of 200–300), but whose respiratory status deterioratesd and is judged to be due to transfusion based on:

a Findings as described in categories a and b of TRALI type I, and

b Stable respiratory status in the 12 h prior to transfusion
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and lung dysfunction in the critically ill appear to be as 
high as 43% [14, 17–19].

TRALI is mediated by the interaction of neutrophils 
with pulmonary endothelial cells [20]. TRALI depends 
on patient-related factors, such as mechanical ventila-
tion and host factors, and blood product-related factors 
(Table 3). In general, host factors reflect the presence of 
an inflammatory reaction from any cause, which attracts 
neutrophils to the pulmonary compartment. These 
primed neutrophils, trapped in the lung’s microvascula-
ture, are functionally hyperactive. The transfusion acts 
as a second step, activating the primed neutrophils and 
resulting in endothelial damage, with ensuing pulmo-
nary edema. Antibodies can result in TRALI, but many 
cases of TRALI are reported in which no antibodies are 
detected and in which the causative factor is not known.

All types of blood components have been associ-
ated with lung injury (Table  3). However, following 
implementation of “low risk TRALI donor” strategies 
including a male-only blood donation policy and donor 
deferral based on antibody screening and past history 
of pregnancy, TRALI following plasma transfusion has 
decreased substantially [21], rendering RBC transfusion 
the most common cause. TRALI mitigation efforts have 
also reduced the incidence of antibody-mediated TRALI 
secondary to apheresis platelet concentrate transfusion, 
and use of platelet additive solution has led to a decrease 
in TRALI secondary to buffy coat derived platelet con-
centrate [22]. However, there is evidence suggesting that 
non-immunologic TRALI following platelet transfu-
sion is likely to remain an issue in the context of a steady 
increase in platelet concentrate exposure. First, pro-
inflammatory biological response modifiers accumulate 

during platelet storage, which can induce neutrophil acti-
vation [23]. Second, an in vivo transfusion model showed 
that aged platelets induced lung injury [24].

Although the TRALI definition enables surveillance 
of transfusion reactions and stimulates homogeneity of 
transfusion research, it is important to understand that 
transfusion in the critically ill is also associated with pul-
monary injury that does not meet full TRALI criteria. In 
experimental models, transfusion induces a pro-inflam-
matory and pro-coagulant host response in the lung [24, 
25]. These data are underlined by findings in post-cardiac 
surgery patients, in whom transfusion of just 1–2 RBC 
units is already associated with increased pulmonary 
levels of pro-inflammatory cytokines [10]. Using a tech-
nique that detects pulmonary vascular permeability by 
measurement of labelled transferrin, pulmonary vascu-
lar permeability was shown to be increased in patients 
after cardiac surgery, probably due to an inflammatory 
condition following the use of cardiopulmonary bypass 
[26]. In these patients, a single RBC transfusion already 
increased pulmonary vascular permeability, with con-
comitant decreased oxygenation [26]. This study provides 
direct evidence that RBC transfusion is associated with 
increased pulmonary permeability. By contrast, other 
studies in hemorrhagic shock models suggest that fresh 
whole blood causes less lung injury and inflammation 
compared to lactated Ringers [27].

Transfusion and transfusion‑associated circulatory 
overload (TACO) mimicking ARDS
A second transfusion-related respiratory complication 
that can mimic both TRALI and ARDS is TACO. Like 
TRALI, TACO appears more common in the critically ill 
and typically presents with bilateral pulmonary infiltrates 
with hypoxemia. The incidence of TACO is very difficult 
to define, but is likely similar to that of TRALI. In con-
trast to ARDS and TRALI, the pathophysiology under-
lying the lung edema of TACO is hydrostatic in nature 
[28–30]. Risk factors are conditions associated with 
an impaired ability to handle fluid loading with a blood 
product, including cardiac or renal disease [31]. However, 
in addition to volume, other aspects of the transfused 
blood component may also play a role [28]. Importantly, 
differentiating TACO, TRALI and ARDS remains chal-
lenging, particularly considering that more than one of 
these conditions may co-exist.

Transfusion and mechanical ventilation
Observational studies have suggested that following 
transfusion, ARDS occurs much more frequently in 
patients receiving mechanical ventilation than in other 
patients [17]. This risk of ARDS following transfusion is 
higher in patients receiving high tidal volumes compared 

Table 3 Risk factors for  lung injury following  transfusion 
reported in observational studies

Patient‑related factors Blood product‑related factors

Mechanical ventilation Red blood cells
 Large tidal volume  HLA/HNA antibodies

 High peak pressure  Biolipids

 Duration of ventilation  sCD40L

Host factors  Duffy antigen

Disease severity (e.g., APACHE II score)  Extracellular vesicles

 Hypervolemia Plasma
 Sepsis  HLA/HNA antibodies

 Shock  Large volume

 Cardiac surgery Platelets
 Hematologic malignancy  Extracellular vesicles

 Alcohol abuse  sCD40L

 Liver disease  Biolipids

 Previous multiple transfusion
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to patients ventilated with lower tidal volumes [26]. Simi-
lar findings were noted in a large observational study that 
was restricted to TRALI patients, showing that mechani-
cal ventilation with high peak pressures was a risk factor 
for the development of TRALI [32]. Of note, the interac-
tion between transfusion and mechanical ventilation in 
the induction of lung injury can occur after just a short 
period of time. This was shown in a meta-analysis of 
almost 3,700 patients requiring ventilation for a general 
surgical procedure, where ventilation with high pulmo-
nary pressures and RBC transfusion were individually 
associated with occurrence of postoperative ARDS, but 
their combination was associated with the highest risk of 
developing ARDS [33]. There was also a significant inter-
action between transfusion and airway pressure as a risk 
factor for ARDS. These risks appear to be particularly 
present in patients undergoing high-risk procedures, 
such as cardiac, vascular, and thoracic surgeries, as well 
as those undergoing liver transplantation [22]. These pro-
cedures are also characteristically associated with a high 
risk for allogeneic blood transfusion.

In addition to these observational studies, direct evi-
dence of an interaction between mechanical ventilation 
and RBC transfusion is present in the experimental set-
ting. In an in vitro model of mechanical ventilation, incu-
bation with RBC products augmented the injury induced 
by stretching of lung cells [34]. And, in a mouse model, 
the occurrence of TRALI was enhanced by injurious ven-
tilation settings [35]. Interestingly, in a mouse hemor-
rhagic shock model, fresh whole blood caused less lung 
inflammation and capillary permeability compared to 
lactated Ringers [27]. It is apparent that the risk of blood 
products compared to crystalloid fluids with respect to 
lung injury is not straightforward and there may be cir-
cumstances where blood products may have less adverse 
inflammatory effects than crystalloids.

Taking these data together, it is reasonable to assume 
that mechanical ventilation and transfusion can act syn-
ergistically to induce ARDS, with mechanical ventila-
tion promoting pulmonary inflammation and priming 
pulmonary neutrophils, and transfusion contributing 
further to the process, resulting in increased pulmo-
nary vascular permeability. Thereby, hypervolemia as a 
result of liberal fluid loading (transfusion and fluids) will 
increase the leakage gradient across the hyper-permeable 
endothelium.

RBC transfusion and ARDS in children receiving mechanical 
ventilation
ARDS in children, when severe, carries mortality rates 
of 30–40%, which are similar to those in adults [36, 
37]. RBC transfusions are given to 20–40% of children 
receiving mechanical ventilation and are associated with 
increased risks of new or worsened lung injury [18, 19], 
and increased duration of mechanical ventilation [18, 19, 
38–43]. In studies including a total of more than 489,000 
children, RBC transfusion was independently associ-
ated with ARDS development or with longer duration of 
mechanical ventilation, after accounting for baseline dif-
ferences [18, 19, 38, 44, 45] (Table 4). While these studies 
suggest that RBC transfusion may be harmful in patients 
with severe pediatric ARDS (PARDS), these retrospective 
analyses are likely confounded by indication and most 
analyses to date have been insufficient to understand var-
iation in risk based on patient-specific pathophysiology.

Prevention of lung injury in mechanically ventilated 
patients in need of blood product transfusion
Patient‑related factors
The treating physician can potentially decrease the 
risk of lung injury developing following transfusion 
via several actions. The evidence for these measures is 

Table 4 Observational studies demonstrating adverse respiratory effects associated with  red blood cell (RBC) transfu‑
sion in critically ill and injured children

NTD National Trauma Database; aSHR adjusted subdistribution hazard ratio; aOR adjusted odds ratio; OI oxygenation index; MV mechanical ventilation; PARDS 
pediatric acute respiratory distress syndrome; ALI acute lung injury

Population N Design Findings References

Children with PARDS 353 Single center retrospective RBC transfusion independently associated with longer time to 
extubation (aSHR 0.65 [0.51, 0.83])

[44]

Traumatically injured children 488,381 Registry study (NTD) Transfusion independently associated with ARDS develop‑
ment (aOR 4.7 [4.3, 5.2])

[45]

Critically ill children 842 Single center retrospective 43% rate of new or worsened respiratory dysfunction associated 
with RBC transfusion; RBC transfusion independently associated 
with longer duration of MV (aHR 0.59 [0.45, 0.79])

[19, 38]

Critically ill children with ALI 79 Single center retrospective RBC transfusion associated with increase in OI (11.7–18.7 vs. 
12.3–11.1 in non‑transfused) and longer duration of MV (15.2 vs. 
9.5, p < 0.001)

[18]
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not substantiated by a large body of evidence, but they 
largely follow from known pathophysiologic mechanisms 
(Fig. 1).

Application of a restrictive RBC transfusion trigger 
should be considered, although transfusions should not 
be withheld if patients require transfusion based on the 
available evidence [4]. Assessing the balance between 
oxygen delivery and consumption may provide a more 
personalized approach to identifying patients who may 
benefit from transfusion [46]. Lung protective ventilation, 
with limited tidal volumes and plateau pressures, should 
be applied not only in those patients who already have 
ARDS, but also in patients without ARDS who require 
mechanical ventilation. Based on the pathophysiology of 
the interaction between transfusion and vascular leakage, 
avoiding fluid overload and administering diuretics when 
needed, can be considered, because reducing volume 
will reduce the leakage gradient in the lung. As shock is 
a risk factor for TRALI, probably via the induction of an 
inflammatory response, it may be beneficial to adminis-
ter vasopressors prior to a blood transfusion; however, 
the possible benefits of such an approach are unknown. 
Of interest, a recent single center trial showed that early 
administration of low-dose arginine vasopressin (AVP) 
during the resuscitation of trauma patients with hem-
orrhagic shock significantly decreased the amount of 
blood products used and improved fluid balance with-
out increasing overall complications [47]. AVP may 
promote hemostasis by inducing von Willebrand factor 

exocytosis from endothelial cells, increasing the proco-
agulant capacity of platelets. Whether this intervention 
also reduces the risk of ARDS remains to be determined. 
Experimental research in TRALI models has suggested 
a beneficial effect of aspirin on lung injury development 
[48]; however no benefit was found in observational stud-
ies in critically ill patients [49] or in patients with a risk 
factor for ARDS [50].

Although TRALI patients have increased levels of pro-
inflammatory cytokines, including interleukin (IL)-6 and 
IL-8 [51], we do not support modulating inflammation 
with corticosteroids during transfusion, because this 
is not supported by the current evidence. Of note, lev-
els of the anti-inflammatory cytokine IL-10 are reduced 
in TRALI [52], and there is experimental evidence that 
boosting the anti-inflammatory response by injection of 
IL-10 abrogates TRALI [53]. However, boosting the anti-
inflammatory response with IL-10 prior to a transfusion 
seems rather excessive.

Blood product‑related factors
The contribution of antibodies to TRALI due to plasma 
rich products has been largely eliminated by implementa-
tion of male donor only strategies. The causative factor 
in blood products that contributes to non-immune medi-
ated lung injury, is largely unknown. It may be related to 
cellular debris, vesicles or other biologically active media-
tors that accumulate during storage, such as lysophos-
phatidylcholines, soluble CD40 ligand and extracellular 

Fig. 1 Some suggested methods to limit the risks of lung injury associated with transfusion, based on pathophysiological concepts
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vesicles. These mediators have various pro-inflammatory 
actions, including the priming of neutrophils. From this, 
it may be inferred that the age of the RBCs being trans-
fused may be a factor in TRALI. However, although acute 
lung injury has not been the primary outcome of stud-
ies investigating the impact of the age of RBCs on out-
come of critical illness, several trials did not detect any 
benefit from the use of fresh RBCs [54], which implies 
age has only a very modest effect, if any. The same holds 
true for platelet storage duration [55]. Other measures 
are under investigation. These include washing or filter-
ing of RBCs, as washing of RBCs prior to transfusion 
was found to reduce markers of inflammation in experi-
mental settings [56] and in children undergoing cardiac 
surgery [57], although this effect was not confirmed in 
adults [58]. A randomized trial of point-of-care wash-
ing of RBCs to prevent both TRALI and TACO in car-
diac surgery patients is currently ongoing [59]. Another 
aspect that is currently receiving attention is the way in 
which blood products are manufactured. In an in  vitro 
model of mechanical ventilation, apheresis-derived RBC 
products induced lung injury, whereas filtered RBC prod-
ucts did not, suggesting that manufacturing method has 
an impact on the safety of a blood product [34]. Improve-
ment in storage solutions for RBCs may improve quality, 
which may lead to improved outcomes. For example, a 
new RBC storage solution that mitigates oxidative injury 
has been shown to reduce inflammation and organ injury 
in an animal model of hemorrhagic shock [60]. Solvent 
detergent treated plasma may be associated with a lower 
risk of TRALI without impairment of efficacy compared 
to the use of non-pathogen reduced frozen plasma [61].

Finally, we may need to think about blood transfusion 
as a ‘mini-transplantation’, implying that we may need to 
match the recipient to the donor in a more detailed way 
than just checking the blood type. In this regard, male 
recipients of female RBC products (sex-mismatched 
transfusion) had increased mortality compared to recipi-
ents of a sex-matched transfusion [62]. In relation to 
ARDS, the risk was only noted with donor blood from 
women who had been pregnant [63], suggesting that anti-
bodies associated with TRALI may have played a role. 
Although not all studies concur [64], this finding requires 
further study.

Conclusions
Mechanically ventilated patients are the sickest criti-
cally patients with the highest exposure to blood com-
ponent transfusion. Mechanical ventilation and the 
underlying condition of ICU patients may play key roles 
in the relationship between transfusion and ARDS. This 
review highlights several preventive measures that may 

potentially minimize the risk of ICU patients developing 
transfusion-associated ARDS.
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The spectrum of coronavirus disease 19 (COVID-19) 
ranges from asymptomatic to mild respiratory disease, 
pneumonia, acute respiratory distress syndrome (ARDS), 
multiorgan failure, and death. About 5% of COVID-
19 patients require ICU admission and ~ 3.5% develop 
ARDS, although this number depends on reporting bias, 
practice patterns, and resource availability. In this Edi-
torial, we present a viewpoint on the ventilatory man-
agement of COVID-19-induced ARDS, based on the 
underlying pathophysiology. Our message is simple: after 
almost a year of treating ARDS caused by COVID-19, 
everything—and nothing—has changed [1].

Pathophysiology of COVID‑19 ARDS
The angiotensin-converting enzyme 2 (ACE2) receptor is 
the functional SARS-CoV-2 receptor, and along with the 
transmembrane serine protease 2 (TMPRSS2) is required 
for viral entry into cells [2]. The ubiquity of this receptor 
can explain many manifestations of COVID-19. The lung 
is a prime target for SARS-CoV-2 because of its huge 
surface area which is in direct contact with the inspired 
air (and possible SARS-CoV-2 virions), and the expres-
sion of ACE2 in surfactant-producing alveolar type-II 
cells. Infection of the latter likely explains the atelectasis 
and pneumonia observed in COVID-19 patients. ACE2 
expression in many cell types can also explain other organ 
involvement in COVID-19 (e.g., heart, kidney, blood ves-
sels, skin), and perhaps some of the more unique findings 
including anosmia (olfactory support cells) and “happy 
hypoxemia” (carotid body).

The available pathological findings of COVID-19 ARDS 
suggest diffuse alveolar damage along with pulmonary 
vasculature involvement [3], which have been recognized 
as important features of ARDS for decades. Widespread 
pulmonary macro/microthrombi are commonly found in 
autopsies of patients with ARDS from any etiology at any 
phase of the disease. The biggest controversy is whether 
the pathophysiology of COVID-19 ARDS is different 
from non-COVID-19 (classical) ARDS. A number of edi-
torials, opinion pieces, and small reports have suggested 
that COVID-19 ARDS is atypical, since some patients 
with severe hypoxemia had relatively normal respiratory 
compliance, with implications for ventilatory manage-
ment [4, 5]. However, the heterogeneity of classical ARDS 
is well documented, and alterations of gas-exchange and 
respiratory system compliance in COVID-19 ARDS [6–
8] appear comparable to, and within the range of values 
reported for classical ARDS [9], including in a case series 
published in 2006 [10]. Some of the differences found 
may be due to differences in setting PEEP, reinforcing the 
need to individualize PEEP, as opposed to using a “one-
size-fits-all” approach [11].

Ventilatory management
Although some patients with COVID-19 can be managed 
with supplemental oxygen and non-invasive ventilation, 
patients with severe respiratory failure require endotra-
cheal intubation and invasive mechanical ventilation. 
Some authors have recommended early intubation to 
avoid the risk of patient self-induced lung injury [4, 5], or 
that measurement of “esophageal pressure swings is cru-
cial” to decide when to intubate [5]. However, a paucity 
of data exists to justify this approach, and there are very 
compelling reasons to oppose a policy of early intubation 
[12]. Until more data are available on this issue, we rec-
ommend using similar criteria regarding intubation that 
are used for classical ARDS [11].
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There is significant variability in ventilatory practice 
when treating patients with ARDS. Since, as discussed 
above, COVID-19 ARDS is similar to classical ARDS, 
the foundations of ventilatory management should 
also be similar: provide lung protective ventilation [11]. 
Although there is no unique recipe on how best to venti-
late an ARDS patient, protective ventilation with low tidal 
volumes (4–8  mL/kg predicted body weight), plateau 
pressures < 30 cmH2O and driving pressures < 15 cmH2O, 
is strongly associated with improved outcomes in ARDS 
patients. Patients with moderate-to-severe ARDS  (PaO2/
FiO2 ratio < 150  mmHg) should be ventilated in the 
prone position unless there are contraindications. Prone 
positioning reduces the pleural pressure gradient and 
leads to more uniform distribution of ventilation and 
lung strain, usually leading to an improvement in oxy-
genation and, most importantly, decreasing ventilator-
induced lung injury. It has been suggested that prone 
positioning should be minimized in COVID-19 ARDS 
patients with higher compliances, based on the argument 
that the putative different respiratory physiology makes 
prone ventilation unlikely to be beneficial [5]. However, 
although there is great heterogeneity, COVID-19 ARDS 
patients appear to have similar recruitability [7]. The oxy-
genation response to prone positioning appears similar to 
non-COVID-19 ARDS: Ziehr et al. found that  PaO2/FiO2 
increased from a median of 150  mmHg in the supine 
position to 232 mmHg in the prone position [13].

Extracorporeal membrane oxygenation (ECMO)
Early in the pandemic, a number of small case reports 
suggested that mortality of patients treated with ECMO 
was > 90%. However, recent studies suggest that COVID-
19 patients placed on ECMO have reasonable outcomes. 
In a series of 83 patients with severe COVID-19 ARDS 
treated with ECMO, estimated 60-day mortality (31%) 
was similar to previous studies of severe classical ARDS 
[14]. A recent study using the Extracorporeal Life Sup-
port Organization (ELSO) Registry examined the out-
comes of 1035 COVID-19 patients who received ECMO 
[15]. In the subset of patients with ARDS (n = 799), the 
vast majority of whom received vvECMO, the cumula-
tive 90-day hospital mortality was 38%, a figure similar to 
the 35% 60-day mortality in the EOLIA trial [16]. As with 
virtually all studies, in COVID-19 there was an increased 
mortality with increasing age. These data suggest that 
vvECMO is a viable therapy in COVID-19 patients with 
very severe ARDS, and for now it seems reasonable to 
use EOLIA inclusion criteria to identify suitable candi-
dates in centers experienced with the use of ECMO.

Concluding remarks
COVID-19 ARDS is ARDS, a syndrome which, notwith-
standing the significant heterogeneity, has been amena-
ble to significant improvements in its management. In 
the same vein, subphenotypes should be properly defined 
and management changes should be clearly demon-
strated [17]; everything else is speculation. Recent stud-
ies demonstrating that corticosteroids decrease mortality 
in ventilated COVID-19 patients are an excellent exam-
ple of validating proposed management changes [18]. 
Although the data are still limited and we have much to 
learn in this ongoing pandemic, we have enough evidence 
at this point to recommend that the ventilatory manage-
ment of patients with COVID-19 ARDS should be similar 
to other causes of ARDS, tailored to the specific patient.
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Prolonged mechanical ventilation (MV) is associated 
with complications and prolonged intensive care unit 
(ICU) stay [1, 2]. Weaning time (referring to the first 
attempt to separate the patient from the ventilator, what-
ever its modality) accounts for up to 50% of the duration 
of MV. In this short review, we set out what we consider 
to be the ten most important tips for accelerating the 
weaning and extubation process.

1. Less is more: avoid unnecessary sedation

One cannot conceive of weaning without optimizing 
sedation and limiting the use of paralytics. Sedation pro-
tocols (nursing-protocolized targeted sedation or daily 
sedative interruption) have been associated with shorter 
duration of MV in both medical and surgical patients [3, 
4] in comparison with no protocols, and are currently 
recommended by international guidelines [1, 4].

2. Diaphragm-protective ventilation to prevent respira-
tory muscle complications of MV

Prolonged controlled mode ventilation is associated 
with numerous complications including respiratory mus-
cle dysfunction/atrophy, also called ventilator-induced 
diaphragm dysfunction [2], and with poor outcome. High 
tidal volumes, excessive inspiratory efforts and patient-
ventilator asynchronies are associated with both lung and 
diaphragm injuries. The effort-dependent lung injury has 

been termed “patient self-inflicted lung injury” (PSILI) 
[5].

3. Daily screen for spontaneous breathing trial (SBT)

To be eligible for an SBT under the European guide-
lines, the condition that led to the patient’s intubation 
must be improving and the patient’s vitals must be within 
physiological ranges with low or no organ support, or 
within acceptable limits for specific patients [6]. Whether 
some of these items should be reconsidered remains to be 
tested in future studies (e.g. should we revise the classical 
respiratory criteria:  PaO2/FiO2 > 150  mmHg,  FiO2 < 40%, 
PEEP < 8cmH2O) ?

4. Which SBT?

Choosing the best SBT at the bedside is not an easy 
task and no large study has ever compared different tri-
als considering different clinical vignettes and respira-
tory physiology patterns. The T-Tube trial is the SBT that 
closely reflects post-extubation inspiratory effort. How-
ever, the goal of the SBT should be, rather, to answer the 
question “can I wean and extubate my patient with a low 
risk of reintubation based on this SBT?”. When choos-
ing an SBT, it is important to remember that an “easy” 
trial, characterized by high assistance (e.g. pressure sup-
port  7cmH2O with PEEP  5cmH20) and short duration 
(30 min), is associated with a higher risk of post-extuba-
tion respiratory failure than a tougher test (60–120 min 
of T-Tube), which is associated with a higher rate of SBT 
failure and subsequent delayed extubation [7]. This is the 
reason why the most recent guidelines suggest that the 
SBT may be performed if it has a low level of assistance 
and a short duration (pressure support  7cmH2O, PEEP 
 0cmH20, 30 min) [1].
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5. Protocolized or semi-automated weaning strategy

Daily and systematic use of a checklist in a ventilator 
liberation protocol is associated with 25 more ventilator- 
free hours and one more ICU-free day compared with 
no protocol. Whether automated and semi-automated 
algorithms available on modern ventilators could fur-
ther increase the ventilator-free days remains uncertain 
and may be further explored in difficult-to-wean patients. 
Similarly, proportional modes of ventilation which assist 
the patient by adapting to his/her effort could be consid-
ered in selected patients [8].

6. Quickly intervene when an SBT fails

Performing an SBT as soon as the patient becomes 
“eligible” should be considered as a “stress test”, both 
because it may shorten the duration of invasive MV and 
because it may unmask one or several undiagnosed con-
ditions (with positive pressure) that should be addressed 
and treated before the next trial.

7. Inspiratory muscle load/force generation ratio

SBT failure reflects an imbalance between inspiratory 
muscle load and neuromuscular efficiency. Because of 
specific muscle characteristics and load discrepancies 
between respiratory and limb muscle groups, the res-
piratory load/efficiency balance cannot be extrapolated 
from the examination of limb muscles [9]. In patients 
in whom the load/efficiency balance is altered, expira-
tory muscles are recruited, and a better understanding 
of their function during acute respiratory failure has 
recently been highlighted [10].

8. Weaning vs extubation failure risk factors

Difficult-to-wean patients make up 20% of the 
mechanically ventilated critically ill population; being 
older than 65  years and being affected by cardiopul-
monary comorbidities are the main known risk factors 
[11]. Besides weaning risk factors, Jaber et al. compared 
the risk of airway-related vs non-airway-related risk 
factors for reintubation within 48  h following extuba-
tion (defined extubation failure) and reported that 
three risk factors were specific to airway failure (female 
sex, duration of ventilation > 7 days, copious secretions) 
and two others (non-obese status, SOFA score ≥ 8) to 
non-airway failure [12].

9. Post-extubation respiratory support

Ten to 15% of patients will need to be reintubated 
within 48 to 72 h post extubation [12]. Standard oxygen 
therapy should probably be used only in easy-to-wean 
patients with no or few extubation failure risk factors. On 
the other hand, in high-risk patients, the combination of 
high-dose non-invasive ventilation (NIV) (at least 12  h 
per day for 48  h following extubation) with high-flow 
nasal oxygen (HFNO) is associated with less reintubation 
in comparison with HFNO alone [11]. In low- to moder-
ate-risk patients, prophylactic HFNO has been associated 
with a lower rate of reintubation than standard oxygen 
therapy in medical but not surgical patients [13–15]. 
Likewise, HFNO is probably not inferior to NIV alone in 
preventing post-extubation respiratory failure [14] and 
may be considered as a first-line prophylactic respiratory 
support option in patients with a moderate risk of wean-
ing failure. In expert centers, NIV may also be used as a 
weaning strategy in patients who failed the SBT, as a way 
to provide positive pressure without the side effects of 
the tracheal tube and sedation [16–18].

10. Tracheostomy

Early vs late tracheostomy has not been associated with 
a better prognosis in the general ICU population ver-
sus the neurocritically ill population. Patients who may 
be considered eligible for a late tracheotomy (> 10  days 
of MV) are those that maybenefit, for instance, from 
gradual weaning and constant airway/mucus plugging 
control.

Weaning and extubation success depends on careful 
monitoring, especially in high-risk patients, of adequate 
pain/sedation management, patient/ventilator interac-
tion, and respiratory load/neuromuscular efficiency. A 
low pressure spontaneous breathing trial of short dura-
tion represents the best compromise between unneces-
sary prolonged MV and hazardous reintubation. Finally, 
the association between HFNO and NIV may be consid-
ered as a post-extubation respiratory support option in 
selected high-risk patients.
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Abstract 

Extracorporeal life support (ECLS) can support gas exchange in patients with the acute respiratory distress syndrome 
(ARDS). During ECLS, venous blood is drained from a central vein via a cannula, pumped through a semipermeable 
membrane that permits diffusion of oxygen and carbon dioxide, and returned via a cannula to a central vein. Two 
related forms of ECLS are used. Venovenous extracorporeal membrane oxygenation (ECMO), which uses high blood 
flow rates to both oxygenate the blood and remove carbon dioxide, may be considered in patients with severe ARDS 
whose oxygenation or ventilation cannot be maintained adequately with best practice conventional mechanical 
ventilation and adjunctive therapies, including prone positioning. Extracorporeal carbon dioxide removal  (ECCO2R) 
uses lower blood flow rates through smaller cannulae and provides substantial  CO2 elimination (~ 20–70% of total 
 CO2 production), albeit with marginal improvement in oxygenation. The rationale for using  ECCO2R in ARDS is to 
facilitate lung-protective ventilation by allowing a reduction of tidal volume, respiratory rate, plateau pressure, driving 
pressure and mechanical power delivered by the mechanical ventilator. This narrative review summarizes physiologi-
cal concepts related to ECLS, as well as the rationale and evidence supporting ECMO and  ECCO2R for the treatment of 
ARDS. It also reviews complications, limitations, and the ethical dilemmas that can arise in treating patients with ECLS. 
Finally, it discusses future key research questions and challenges for this technology.

Keywords: Acute respiratory failure, Extracorporeal membrane oxygenation, Mechanical ventilation, Outcome

Introduction

In a prospective international study conducted in 459 
ICUs across 50 countries, acute respiratory distress syn-
drome (ARDS) represented 10.4% of total intensive care 
unit (ICU) admissions [1]. Over the past two decades, in-
hospital mortality from ARDS has remained very high at 
approximately 40% [1]. Despite strong experimental and 
clinical evidence [2] that lung protection improves out-
comes in ARDS, it remains underutilized [1].

With the ultimate goal of protecting the injured lung, 
and improving oxygenation, there has been increasing 
adoption of extracorporeal life support (ECLS) in adult 
patients with very severe ARDS. Advances in support-
ive care, innovations in technologies and insights from 
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recent clinical trials have contributed to improved out-
comes and a renewed interest in the scope and use of 
ECLS [3–5].

This narrative review provides a summary of some 
physiological concepts related to ECLS, as well as the 
rationale and evidence supporting the two main forms of 
ECLS for the treatment of ARDS: extracorporeal mem-
brane oxygenation (ECMO) and extracorporeal  CO2 
removal  (ECCO2R). We also highlight evidence on com-
plications, limitations, and the ethical dilemmas that can 
arise in treating patients with ECLS. Finally, we discuss 
future key research questions and challenges for this 
technology.

What is ECLS and how does it provide gas 
exchange?
Extracorporeal life support
Membrane oxygenators are artificial “organs” designed 
to replace the lungs’ gas exchange function by supply-
ing oxygen and removing carbon dioxide  (CO2) from 
blood. Full-flow venovenous ECMO (VV-ECMO), 
bicaval dual-lumen jugular VV-ECMO, and  ECCO2R 
are modalities of ECLS for severe ARDS (Fig. 1). Dur-
ing full-flow VV-ECMO venous blood is typically with-
drawn from the inferior vena cava through the femoral 
vein, and then reinjected into the jugular vein  (Vf-Vj 

ECMO) or the contralateral femoral vein  (Vf-Vf ECMO) 
after passing through the membrane oxygenator [6]. 
The high blood flow (commonly 4–8 L/min) and diffu-
sion of gases between blood and the “sweep gas” flow-
ing through the membrane lung’s fibers provide oxygen 
and remove carbon dioxide directly from blood, hence 
allowing lower intensity mechanical ventilation.

Bicaval, dual-lumen jugular VV-ECMO was initially 
considered promising given the single jugular cannu-
lation. However, ECMO blood flow rates  (QECMO) are 
limited by the diameter of the shared lumen for drain-
age, and its effectiveness is very dependent on optimal 
placement of the reinfusion port so that oxygenated 
blood is directed toward the tricuspid valve, limiting its 
use in some patients during the acute phase of ARDS. 
In a recent large international report, it was used in 
only 7% of patients as the primary ECLS approach [7].

Take‑home message 

This review provides a summary of physiological concepts related to 
ECLS, as well as the rationale and evidence supporting the two main 
forms of ECLS for the treatment of ARDS: extracorporeal membrane 
oxygenation (ECMO) and extracorporeal  CO2 removal  (ECCO2R). It 
also highlight evidence on complications, limitations, the ethical 
dilemmas in treating patients with ECLS and discusses future key 
research questions and challenges for this technology.

Fig. 1 Three different modalities of ECLS for acute respiratory distress syndrome. A Femoro-jugular venovenous extracorporeal membrane 
oxygenation (VV-ECMO) which enables full oxygenation and carbon dioxide removal in the acute phase of ARDS. Typical mechanical ventilation 
settings (EOLIA settings) aim to further protect the lung by reducing VT, RR, and ∆P; B Dual-lumen jugular VV-ECMO is an alternative cannulation 
strategy; C Extra-corporeal  CO2 removal, which may facilitate lung-protective ventilation by allowing a reduction of VT, Pplat, RR, ∆P and mechanical 
power (SUPERNOVA pilot settings) by ensuring partial carbon dioxide removal with marginal oxygenation in mild-to-moderate ARDS. VCV volume-
controlled ventilation, PEEP positive end-expiratory pressure, VT tidal volume, Pplat plateau pressure, BIPAP/APRV biphasic positive airway pressure/
airway pressure release ventilation, RR respiratory rate, ∆P driving pressure, Fr French, ARDS acute respiratory distress syndrome, ECLS extracorporeal 
life support, MV mechanical ventilation, FdO2 fraction on oxygen in the sweep gas, MO, membrane oxygenator, Qecmo (QE) ECMO flow in L/min. 
Major changes between the three settings are highlighted in bold font. a Modified EOLIA settings with a set RR lower than in EOLIA. Decreasing 
respiratory rate (< 10–15 breaths/min) to reduce mechanical power seems desirable, although it may be achieved in most ARDS patients only with 
deep sedation and neuromuscular blockade
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Oxygenation
Understanding the physiological determinants of gas 
exchange is crucial for optimal application of ECMO. 
The oxygen content of blood is dependent on haemoglo-
bin level, the partial pressure of oxygen  (PO2), the oxy-
hemoglobin dissociation curve, and to a lesser extent, 
the dissolved oxygen. This has implications for the mini-
mal blood flow required to provide full oxygenation 
(if required) [8], which is on the order of 4 + liters per 
minute.

The ability to oxygenate blood largely depends on the 
size and properties of the membrane oxygenator,  QECMO, 
and the difference in  PO2 between the blood flowing into 
the oxygenator and the  PO2 of the gas delivered to the 
membrane lung (sweep gas), typically oxygen or a blend 
of oxygen and air. The linear relationship between  QECMO 
and oxygen transfer favors the use of large drainage can-
nulas (23–29 Fr) to provide full oxygenation support. The 
drained venous blood oxygen saturation (i.e., pre-oxygen-
ator oxygen saturation), is the second major component 
determining oxygen transfer during ECMO. It is affected 
by the recirculation (i.e. reinfused oxygenated blood 
which is withdrawn through the drainage cannula before 
it can circulate through the lung). Recirculation can be 
minimized either by femoral-jugular cannulation with a 
sufficient distance between the two tips of the cannulas, 
or using a properly positioned jugular dual-lumen can-
nula [9].

Because the (well-oxygenated) blood returned to the 
right atrium from the membrane oxygenator mixes with 
the remaining native venous return, an increase in car-
diac output at constant ECMO flow rates will result in 
decreased systemic arterial oxygenation when native lung 
gas exchange is sufficiently impaired. In a physiological 
study performed in ten severe ARDS patients receiv-
ing  Vf-Vj ECMO,  QECMO/cardiac output ratio ≥ 60% was 
associated with adequate blood oxygenation and oxygen 
delivery [8]. Other factors that affect systemic oxygena-
tion include the complex interplay between intrapulmo-
nary shunt, oxygen fraction to the native lung, oxygen 
fraction to the membrane lung, and total oxygen con-
sumption [10].

Carbon dioxide removal
At any given blood flow, carbon dioxide removal is more 
efficient than oxygenation. At physiological levels, the 
carbon dioxide content of a given volume of blood is sub-
stantially higher than the oxygen content, and thus, for a 
given ECMO flow rate a greater percent of the patient’s 
 CO2 production can be removed compared with the per-
centage of the oxygen consumption that can be provided 
[10, 11]. As well,  CO2 is more soluble than  O2, allowing 

it to diffuse across the membrane circuit with greater 
efficiency. To understand the performance of available 
 ECCO2R devices, it is important to understand that  CO2 
removal will increase with increases in  CO2 blood con-
tent, the partial pressure of venous  CO2  (PvCO2), artifi-
cial lung surface area, as well as increases in sweep gas 
and blood flow through the membrane lung, although 
with ceiling effects for both. Blood flow rates of 1–3 L 
per minute (L/min) may be sufficient to fully remove the 
entire  CO2 production of most patients, but insufficient 
to provide the patient’s full  O2 consumption. For a given 
membrane lung size and blood flow rate,  CO2 removal 
will be increased with increasing sweep gas flow rate up 
to ~ 10–12 L/min [8]; a high  PCO2 will increase the gradi-
ent for diffusion of  CO2 out of the membrane; and artifi-
cial blood acidification can increase the amount of  CO2 
available to the membrane [12, 13].

Rationale and potential indications of ECLS 
in patients with ARDS
Historically, ECMO was restricted to patients dying 
from refractory hypoxemia [10, 14]; however, recently 
it has become the standard of care in experienced ICUs 
for patients with very severe ARDS [15]. Beyond its 
ability to rescue patients with very severe gas exchange 
abnormalities not responding to standard treatment, the 
ECMO to Rescue Lung Injury in Severe ARDS (EOLIA) 
trial strongly suggested that the main benefit of ECMO 
is through ameliorating ventilator-induced lung injury 
(VILI) [16]. Patients who were enrolled in the EOLIA 
trial due to severe respiratory acidosis (arterial pH < 7.25 
with  PaCO2 ≥ 60  mmHg for > 6  h), rather than solely 
due to severe hypoxemia, appeared to benefit most [16], 
likely due to a reduction in ventilator-induced lung injury 
(VILI) secondary to decreased tidal volume (VT), respir-
atory rate (RR), plateau pressure (Pplat), driving pressure 
(∆P), and mechanical power [7, 10, 17].

ECMO has a number of beneficial effects. Minimizing 
hypoxemia decreases tissue hypoxia, which may reduce 
organ dysfunction including neurocognitive sequelae 
[18]. ECMO decreases respiratory acidosis and right 
ventricular afterload and, therefore increase cardiac out-
put [19]. Moreover, ECMO may reduce diaghragmatic 
myotrauma, by improving blood gases, hence decreas-
ing respiratory drive. Keeping patients ambulatory when 
ECLS is used as a bridge to lung transplantation has been 
reported, but it is as yet unclear whether such a strat-
egy is beneficial in ARDS patients [20]. If this strategy is 
applied, then close monitoring of respiratory drive [21] 
appears desirable to prevent additional lung injury due to 
patient respiratory effort [22].

Ideally, ECMO should be used in patients meeting 
EOLIA criteria (Tables 1 and 2) after proven conventional 
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management (including lung protective mechanical ven-
tilation [2] and prone positioning [23]) for severe ARDS 
have been applied and failed [15, 24]. Less frequently, res-
cue ECMO may be deployed when a patient is too unsta-
ble for prone positioning, or when this is the only way to 
facilitate safe transport from a non-expert centre that is 
unable to apply evidence-based conventional practices 
[15]. Lastly, employing ECMO when severe right heart 
failure, or other severe decompensation occurs, so-called 
salvage ECMO (referred to as “rescue” in EOLIA) should 
be avoided, where possible, as it is associated with higher 
mortality [16].

Rationale and potential indications for  ECCO2R 
in ARDS
When ECLS is applied at relatively low blood flow (e.g., 
400–1000 mL/min) it can provide substantial  CO2 elimi-
nation (~ 20–70% of total  CO2 production), albeit with 
marginal improvement in oxygenation. Under these con-
ditions, the technique is referred to as extra-corporeal 
 CO2 removal  (ECCO2R). The rationale for using  ECCO2R 
in ARDS is to facilitate lung-protective ventilation by 
allowing a reduction of VT, Pplat, RR, ∆P and mechanical 
power [25]; the extent of lung protection depends on the 
volume of  CO2 that can be removed by the device [26]. 
There is currently limited evidence to support the use of 
 ECCO2R for ARDS outside the research setting [11, 27].

Current evidence for the use of VV‑ECMO in severe 
ARDS
First successfully deployed in a patient with ARDS in 
1971, ECMO gained momentum due to two unrelated 
events in 2009: (1) the influenza A(H1N1) pandemic, in 
which national observational cohorts from France [28], 
Italy [29], United Kingdom (UK) [30], Australia and 
New Zealand [31], reported unexpected low mortality 

(21–36%) in severely ill ARDS patients treated with 
ECMO; and, (2) publication in 2009 of the CESAR trial 
conducted in the UK [32], which evaluated a strategy of 
transfer to a single-center which had ECMO capability 
versus a strategy in which patients were treated conven-
tionally at designated treatment centers (Table  2). The 
primary endpoint (composite of mortality or severe dis-
ability six months after randomization) was lower for 
the 90 patients randomized to the ECMO group (37% 
vs. 53%, p = 0.03). However, the study had numerous 
methodological issues. For example, many patients ran-
domized to the ECMO arm did not receive ECMO (by 
design) and lung protective ventilation was not mandated 
in the control group.

The more recent multicenter, international EOLIA [16] 
trial has helped to define the role and safety of ECMO in 
managing severe ARDS, despite the fact that it was not 
“traditionally positive” [33]. Patients who fulfilled inclu-
sion criteria (Table  2) were randomized to standard 
of care, including protocolized mechanical ventilation 
(n = 125), or to ECMO (n = 124) with protocolized reduc-
tion of ventilator pressures, volumes, and respiratory 
rates. Ninety percent of standard care patients and 66% 
of ECMO patiens received a trial of prone positioning at 
some time during their course. Cross-over (i.e., receiv-
ing ECMO in the standard care group) was restricted to 
patients who were profoundly hypoxemic or hemody-
namically unstable. The trial was stopped early for futil-
ity; there was an non-significant 11% absolute difference 
in 60-day mortality (p = 0.087). ECMO-treated patients 
had a significant reduction of cardiac failure, renal fail-
ure, and need for dialysis. There was a similar incidence 
of hemorrhagic stroke in the two groups.

Following the publication of EOLIA, Goligher et  al. 
re-analysed the results of the trial using a Bayesian 
approach, [34] which demonstrated a high likelihood of a 

Table 1 Proposed indications and contraindications to ECMO for ARDS

a After proven conventional management (including lung protective mechanical ventilation, prone positioning and possibly neuromuscular blockade) for severe 
ARDS have been applied and failed. Less frequently, rescue ECMO may be deployed when a patient is too unstable for prone positioning, or when this is the only way 
to facilitate safe transport from a non-expert centre that is unable to apply evidence-based conventional practices
b With respiratory rate increased to 35 breaths per minute and mechanical ventilation settings adjusted to keep a plateau airway pressure of ≤ 32 cm of water

Indications Relative contraindications Absolute contraindications

EOLIA entry  criteriaa

PaO2/FiO2 < 50 mmHg for > 3 h
PaO2/FiO2 < 80 mmHg for > 6 h
pH < 7.25 with a  PaCO2 ≥ 60 mmHg for > 6 hb

Invasive mechanical ventilation for more than 
7–10 days

Contraindication to anticoagulation
Severe coagulopathy
Advanceed age
Salvage ECMO (referred to as “rescue” in EOLIA), 

i.e., employing ECMO when severe right heart 
failure, or other severe decompensation occurs

Moribund state with established multiple organ 
failure

Prolonged cardiac arrest
Severe anoxic brain injury
Massive intracranial hemorrhage
Severe chronic respiratory failure with no possibility 

of lung transplantation
Metastatic malignancy or hematological disease 

with poor short-term prognosis
Other advanced comorbidities with poor short-

term prognosis
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survival benefit using ECMO, even when a strongly skep-
tical prior distribution was used. The individual patient 
data meta-analysis of CESAR and EOLIA included a total 
of 429 patients and showed that 90-day mortality was sig-
nificantly lower in the VV-ECMO group compared with 
the control group (36% vs. 48%; relative risk, 0.75, 95% CI 
0.60–0.94; p = 0.013; I2 = 0%) [35]. Patients randomised 
to ECMO had more days alive out of the ICU and with-
out respiratory, cardiovascular, renal and neurological 
failure.

The EOLIA trial [16], the post hoc Bayesian analysis 
[34], and systematic reviews and meta-analysis [35, 36] 
all consistently supported the use of venovenous ECMO 
in adults with severe ARDS treated in expert centers. As 
stated in the editorial addressing the Bayesian analysis, it 
is no longer a question of “Does ECMO work? because 
that question appears to be answered but by how much 
does ECMO work, in whom, and at what cost?” [37].

ECMO during outbreaks of infectious diseases
ECMO has played an important role during previous 
respiratory viral outbreaks [31]. In a non-randomized 
study, transfer to an ECMO center was associated with 
lower hospital mortality compared with matched non-
ECMO-referred patients [30]. Similarly, a retrospective 
chart review of 35 Middle East respiratory syndrome 
coronavirus (MERS-CoV) patients with refractory res-
piratory failure reported a lower in-hospital mortality 
rate in 17 patients who received ECMO compared with 
those who received conventional oxygen therapy [38]. 
Due to resource and human constraints, ECMO cannot 
easily be employed extensively in such outbreaks. Wide-
spread application of proven conventional management 
approaches (i.e., protective mechanical ventilation, and 
prone positioning) before ECMO, and strict selection of 
patients most likely to benefit [39, 40] are all key since 
any health system could be rapidly overwhelmed if large 
numbers of patients require ECMO.

A recent study reported results on 83 patients 
under the age of 70 who fulfilled EOLIA trial criteria 
and received ECMO for very severe COVID-19-re-
lated ARDS [41]. Contrary to results early in the pan-
demic suggesting dismal outcomes for ECMO-treated 
COVID-19 patients [42], the estimated probability of 
death 60  days post-ECMO initiation was 31% (95% CI 
22–42%) [41]. These results were similar to those from 
the EOLIA trial (35% at day 60) [16] and from the large 
prospective LIFEGARD registry (39% at day 180) [7]. A 
large (n = 1035) registry study of ECMO for COVID-19 
involving predominantly respiratory failure, yielded an 
estimated cumulative incidence of in-hospital mortal-
ity of 37.4% (95% CI 34.4–40.4) at 90  days after initia-
tion of ECMO, offering provisional support for the use of 

ECMO in highly selected patients with COVID-19 [43]. 
A very recent study identified a subgroup of patients with 
COVID-19-related ARDS characterised by low static 
compliance of the respiratory system and high D-dimer 
concentration that have a markedly increased mortality 
compared with other patients (56% vs. 28%) [44]. These 
patients may potentially be considered for wider use of 
ECMO.

ECCO2R in the context of mild‑to‑moderate ARDS
Investigation of the potential benefits of ultra-protective 
ventilation [45] have led to renewed interest in  ECCO2R. 
The technique has markedly improved in recent years 
[11], using more biocompatible circuits [10, 46], dual-
lumen heparin-coated catheters with a diameter closer to 
dialysis catheters than to ECMO cannulas [47], and ultra-
sonography-guided catheter insertion.

ECCO2R allows for a reduction in VT, Pplat, ∆P [48], 
mean minute ventilation [49], and therefore enhances 
protective or ultra-protective ventilation [50]. An 
increase in positive end-expiratory pressure (PEEP) 
to counteract derecruitment, induced by the tidal vol-
ume reduction [51], appears desirable. In this context, 
 ECCO2R may be associated with a significant reduction 
of systemic and pulmonary inflammatory mediators 
[49]. The strategy of ultraprotective lung ventilation with 
extracorporeal  CO2 removal (SUPERNOVA) pilot study 
included 95 patients with moderate-to-severe ARDS 
in 23 ICUs.  ECCO2R allowed a significant decrease in 
mechanical power with reductions of Pplat (27 to 24 
 cmH2O), VT (6 to 4 mL/kg), RR (28 to 24 breaths/min), 
and minute ventilation (10 to 6 L/min) [51]. Despite 
the significant reduction of minute ventilation, pH was 
maintained > 7.3, and the increase in  PaCO2 was < 20% 
from baseline. However, this strategy may not benefit all 
patients equally [48, 52], as the lung-protective benefits 
of  ECCO2R increase with higher alveolar dead space frac-
tion, lower respiratory system compliance, and higher 
device performance [25]. Therefore, these patients [52] 
should preferentially be enrolled in randomized con-
trolled trials, and worsening hypoxemia, reported in up 
to 40% of patients [53] should be addressed. The hypox-
emia can be secondary to a decreased mean airway pres-
sure, and a lower ventilation-perfusion ratio, or due 
to a lower partial pressure of alveolar oxygen due to a 
decreased lung respiratory quotient and hypoventilation 
in the native lung [54].

The  CO2 removal performance and device-related 
adverse events differ across available  ECCO2R devices 
[26]. The SUPERNOVA pilot study used three different 
devices [45]. A lower incidence of membrane clotting 
was reported with two higher flow (800–1000  mL/min) 
devices (14%), with significantly higher rates of adverse 
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events with the low blood flow device (300–500  mL/
min), despite similar anticoagulation regimens [26, 51].

Although theoretically very appealing, the impact on 
outcomes of a strategy combining ultra-protective ven-
tilation and  ECCO2R is unknown, as only physiologi-
cal proof-of-concept and feasibility studies are available; 
randomized controlled trials are ongoing (Table 2). Inter-
estingly, the XTRAVENT study, which used a pump-
less arterio-venous  ECCO2R device in moderate ARDS, 
observed similar mortality between the intervention 
group (40 patients ventilated with 3  mL/kg predicted 
body weight (PBW) and  ECCO2R) and the control group 
(39 patients ventilated with 6 mL/kg PBW) [48]. Of note, 
in a post hoc analysis, the treated subgroup with a ratio of 
partial pressure of arterial oxygen to fraction of inspired 
oxygen  (PaO2/FiO2) < 150 mmHg achieved earlier wean-
ing than the controls.

Specific management during VV‑ECMO
The main goals of ECMO are to provide adequate gas 
exchanges while minimizing VILI. In the acute phase of 
ARDS, using a large venous drainage cannula—a pre-
requisite for high  QECMO (> 4 L/min)—enables adequate 
oxygenation while applying “ultra-protective lung ven-
tilation”. How much the intensity of mechanical ventila-
tion should be decreased, and whether or not we should 
maintain the lungs open to avoid complete lung collapse, 
are still a matter of debate [55, 56]. Some degree of ven-
tilation, while maintaining PEEP ≥ 10  cmH2O, during 
ECMO improved survival in a retrospective study [57]. 
On the other hand, a larger reduction in mechanical ven-
tilation intensity through lower driving pressure [58] was 
associated with lower mortality and near-apneic ventila-
tion resulted in fewer histological lesions of lung injury 
in an animal model [59]. Similarly, decreasing respiratory 
rate (< 10–15 breaths/min) to reduce mechanical power 
seems desirable [49, 50], although it may be achieved in 
most ARDS patients only with deep sedation and neuro-
muscular blockade. This strategy may be less appropriate 
as the patients’ course progresses as it may delay physical 
and cognitive rehabilitation. Future trials should assess 
these strategies in severe ARDS patients during ECMO.

Several techniques have been used to optimize lung 
recruitment while minimizing lung injury during ECMO. 
First, individualization of PEEP during ECMO using 
transpulmonary pressure measurements [60] or elec-
trical impedance tomography (EIT) [61] appear prom-
ising. Second, some centers currently perform prone 
positioning during ECMO with a goal of reducing VILI 
[41, 62]. Two recent retrospective series of severe ARDS 
patients showed that prone positioning, while on-ECMO 
demonstrated higher ECMO-weaning and survival 
rates [62, 63]. However, randomized controlled trials of 

prone positioning during ECMO are needed before rec-
ommending this practice routinely. Lastly, the use of 
pressure-controlled ventilation [7] may allow for easy 
detection of patient recovery by observing increases in 
VT during ECMO.

When the patient is stabilized, preventing diaphragm 
atrophy by introducing spontaneous breathing activity 
may be desirable. However, even during this rehabilita-
tion phase of severe ARDS, the respiratory drive of the 
patient may still be (too) high, which may be controlled 
by increasing sweep gas flow which lowers  PaCO2 [22]; 
the efficacy of this maneuver may be assessed by meas-
urement of patient effort and work of breathing. Venti-
lation strategies on ECMO integrating repiratory drive 
monitoring deserve investigation. Patients receiving 
ECMO may also benefit from less sedation and early 
rehabilitation, and retrospective studies have found that 
rehabilitation, including mobilization, during ECMO was 
feasible and safe, even in patients with very high severity 
of illness [20, 64].

In some circumstances, severe hypoxemia persits under 
VV-ECMO. This situation requires a multi-step approach 
[65] that should begin with a complete circuit check, fol-
lowed by ensuring adequate positiniong of cannulas to 
minimize blood recirculation and optimize the ratio of 
ECMO blood flow to cardiac output. Moderate hypother-
mia to decrease tissue oxygen utilization (with a depres-
sant effect on cardiac output). Short-acting beta-blockers 
have been used for refractory hypoxemia to decrease the 
extracorporeal blood flow-to-systemic blood flow ratio 
 (QE:QS) [10], which will improve arterial oxygenation but 
will simultaneously decrease cardiac output, and there-
fore will have an overall variable effect on tissue oxygen 
delivery and so should be approached with caution if 
oxygen delivery is not directly measured, especially given 
the very limited data supporting this approach. Packed 
red blood cells may be transfused with the idea of maxi-
mizing oxygen delivery. However, the optimal transfu-
sion threshold for these patients has not been established 
and transfusion is associated with adverse outcomes in 
the setting of ARDS [65]. Prone positioning (PP) during 
ECMO may also be effective by increasing the proportion 
of poorly-aerated areas in dependent lung regions [62]. 
Further data are needed to better understand the risk-to-
benefit ratio of this intervention.

ECMO weaning, which is typically performed before 
weaning from mechanical ventilation [7], should be 
tested when native lung function has sufficiently recov-
ered allowing adequate oxygenation and safe (or pro-
tective) mechanical ventilation settings (e.g., ventilator 
 FiO2 ≤ 60%, sweep gas flow < 8 L/min, and VT ≥ 4.5 mL/
kg PBW with Pplat ≤ 24  cmH2O or ∆P ≤ 14  cmH2O) and 
involves regular trials with the sweep gas turned off. A 
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detailed ECMO weaning algorithm is proposed in Fig. 2. 
Based on EOLIA, current weaning success criteria for safe 
decannulation from ECMO [16] are:  PaO2 ≥ 60  mmHg, 
 SaO2 ≥ 90%, with  FiO2 ≤ 60%;  PaCO2 ≤ 50  mmHg or 
pH ≥ 7.36, with respiratory rate ≤ 28/min; Pplat ≤ 28 
 cmH2O; and no signs of acute cor pulmonale.

Modern management of VV-ECMO with heparin-
coated surfaces and high  QECMO have allowed for a 

substantial decrease in systemic anticoagulation [66]. 
Unfractionated heparin (target aPTT 40–55  s) or anti-
Xa activity (0.2–0.3  IU/mL) are commonly used [16]. 
However, these may need to be revised upwards in 
high inflammatory syndromes or infections associated 
with vascular injury, such as COVID-19-related ARDS, 
although the data on this are not clear [41].

Close daily monitoring to reduce ECLS-related com-
plications is mandatory, and requires intensive educa-
tion and training (Fig. 3). Although relatively infrequent 
in the EOLIA trial [16], intracranial hemorrhage is asso-
ciated with poor outcomes. The rapidity with which 
 CO2 is reduced after ECLS initiation has been impli-
cated in development of neurological complications and 
the sweep gas flow through the oxygenator should be 
adjusted to avoid a drop in  PaCO2 > 20 mm Hg/h over the 
first 24-h of ECMO in most patients [67, 68]. Similarly, 
interactions between the blood, the pump, and the artifi-
cial surfaces of the circuit and membrane generate blood 
trauma and activate coagulation and fibrinolysis path-
ways associated with increased inflammatory responses. 
Daily monitoring of platelet count, fibrinogen, anticoagu-
lation levels and other parameters are aimed at recogniz-
ing the onset of complications such as clotting, bleeding 
and hemolysis, and the need to change portions of the 
circuit. In addition, thrombosis and hemolysis appear to 
be more frequent with low-flow ECMO or  ECCO2R. The 
clotting risk is directly related to the type of device, the 
extracorporeal blood flow, and the size of the cannulas 
[26]. Lastly, the ECLS population may be particularly sus-
ceptible to nosocomial infections because of concomitant 
critical illness, indwelling catheters, and prolonged hos-
pitalization. Management of infections during ECLS is 
more challenging due to alterations in pharmacokinetics 
of antimicrobial agents in the presence of an extracorpor-
eal circuit [69].

ECMO activity organization, long‑term outcomes, 
and ethical questions
An analysis of the international ELSO Registry reported 
an association between higher annual ECMO volume 
and lower case-mix—adjusted mortality for ECMO-
treated neonates and adults [70] A position paper [71] by 
an international group of experts advocated for a regional 
and inter-regional ECMO network of hospitals around 
an ECMO referral center with a mobile ECMO unit to 
retrieve the most severe patients.

Patients supported with ECMO generally have pro-
longed ICU and hospital lengths of stay [16, 40, 72], 
which likely contribute to worse pulmonary function, 
quality of life, and psychological status. However, the 
long-term prognosis after ECMO for ARDS has been 
insufficiently evaluated. Patients in the ECMO arm of 

• VCV mode: FiO2: 0.3-0.5; PEEP ≥ 10 cmH2O; VT lowered to 
obtain a Pplat ≤ 24 cmH2O; RR 10-20/mina

• BIPAP/APRV: FiO2: 0.3-0.5 ; Phigh ≤ 24 cmH2O; Plow ≥ 10 cmH2O; 
RR 10-20/mina

The pump ou�low and FdO2  adjusted for 65≤ PaO2 ≤ 90 mm Hg or SaO2 ≥ 
90%. Sweep gas flow to get PaCO2 ≤ 45 mm Hg. 

• FiO2 ≤ 60%  and
• Sweep gas flow <8L/min and
• In VCV: VT ≥4.5mL/kg PBW obtained with Pplat ≤ 24 cmH2O or
• In BIPAP/APRV: VT ≥4.5mL/kg PBW obtained with a driving 

pressure ≤14 cmH2O 

Check 
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MV during
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NO
Con
nue same 

MV se�ngs
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• VT 6mL/kg PBW; RR ≤ 28/min; PEEP 6-14 cmH2O; 

FiO2 ≤60%

• Resul�ng Pplat ≤ 28 cmH2O ? 

NO
Sweep gas flow 
and MV back to 
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al se�ngs

YES
• Turn off  the sweep gas flow 
• Maintain ECMO flow >3L/min
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weaning trial
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YES
• Blood gas at H1, H6 , (and H12)
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Sweep gas flow 
and MV back to 
ini
al se�ngs

A�er 1 to 12-hour weaning trial :

• PaO2 ≥ 60 mmHg, SaO2 ≥ 90%, with 
FiO2 ≤ 60% 

• PCO2 ≤ 50 mmHg or pH ≥7.36, with RR 
≤ 28/min

• Pplat ≤ 28 cmH2O
• and if no signs of acute cor pulmonale

Withdrawal 
of ECMO

Withdraw ECMO YES

NO

Fig. 2 VV-ECMO weaning algorithm in severe acute respiratory 
distress syndrome. VV-ECMO venovenous extracorporeal membrane 
oxygenation, VCV volume-controlled ventilation, PEEP positive end-
expiratory pressure, VT tidal volume, Pplat plateau pressure, BIPAP/
APRV biphasic positive airway pressure/airway pressure release 
ventilation, Phigh high pressure, Plow low pressure, RR respiratory rate, 
MV mechanical ventilation, FdO2 fraction on oxygen in the sweep gas, 
PBW predicted body weight, H hour. a Modified EOLIA settings with 
a set RR lower than in EOLIA. Decreasing respiratory rate (< 10–15 
breaths/min) to reduce mechanical power seems desirable, although 
it may be achieved in most ARDS patients only with deep sedation 
and neuromuscular blockade
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the CESAR trial [32], and 12 influenza A(H1N1) ECMO-
treated patients [73] had comparable or better health-
related quality of life compared with those ARDS patients 
treated with conventional management. Eighty-four six-
month survivors reported persistent physical and emo-
tional-related difficulties, with anxiety, depression, or 
post-traumatic stress syndrome symptoms reported, by 
34, 25 and 16% respectively [40].

Venovenous ECMO can be associated with com-
plex ethical dilemmas, particularly in  situations where 
patients are unlikely to recover sufficiently to transi-
tion to conventional mechanical ventilation, and are 

not candidates for lung transplantation [74]. In these 
circumstances, criteria regarding continuation or with-
drawal of ECMO are not strictly established and may dif-
fer among caregivers, ECMO centers, and countries. In a 
recent survey of 539 physicians from 39 countries across 
6 continents, these decisions were strongly influenced by 
whether a patient’s or surrogate’s wishes were known, the 
level of consciousness of the patient, and perceived “futil-
ity” of the clinical situation [75]. Weighing the potential 
benefits and risks of ECMO using predictive survival 
models [39, 40], and improving doctor-patient/surrogate 
communication surrounding the benefits and limitations 

Fig. 3 Clinical management and daily monitoring of ECMO for ARDS. VV-ECMO venovenous extracorporeal membrane oxygenation, VCV volume-
controlled ventilation, PEEP positive end-expiratory pressure, VT tidal volume, Pplat plateau pressure, RR respiratory rate, ∆P driving pressure, BIPAP/
APRV biphasic positive airway pressure/airway pressure release ventilation, Phigh high pressure, Plow low pressure, UFH Unfractionated heparin, aPTT 
activated partial thromboplastin time, PK/PD pharmacokinetic/pharmacodynamics, RASS richmond agitation-sedation scale, P0.1 drop in airway pres-
sure observed during the first 100 ms of an inspiratory effort made against the occluded airway opening, Pven venous pressure (i.e. inlet pressure) 
on ECMO, Part arterial pressure (i.e., outlet pressure) on ECMO, ∆P on ECMO trans-membrane oxygenator pressure gradient or pressure drop, i.e., the 
difference betweenthe pressure of the blood at the inlet and at the outlet of the membrane lung, usually 10–50 mmHg. a Modified EOLIA settings 
with a set RR lower than in EOLIA
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of ECMO before its initiation are crucial. Shared deci-
sion-making with patients and family regarding end-of-
life decisions on ECMO are recommended [75].

Challenges for the future: research agenda
The EOLIA trial took 5.5  years to enroll 249 patients. 
Given the logistical hurdles, a new randomized controlled 
trial comparing ECMO versus conventional mechanical 
ventilation management seems highly unlikely. The major 
question now is rather: “How to provide better ECMO 
care?”.

The management of mechanical ventilation dur-
ing ECMO warrants further investigation. Studies are 
needed to investigate the impact of strategies such as 
larger reductions in mechanical ventilation intensity, 
frequent use of prone positioning, close control of res-
piratory drive, and ECMO without invasive mechanical 
ventilation. More work is needed to decrease the burden 
of ECMO-induced coagulopathy and associated bleed-
ing, which is particularly important for  ECCO2R. This 
includes work on improved biocompatible materials to 
reduce hemorrhagic or thrombotic adverse events; on 
pump technology to minimize shear stress, and hemoly-
sis especially at low flows [76]. Beyond safety, the degree 
of benefit of ultra-protective ventilation remains to be 
proven [77] and large clinical trials to investigate the 
impact of  ECCO2R for ARDS on outcomes are urgently 
needed (Table 2). Moreover, future research should focus 
on the selection of patients who will most likely benefit 
from the use of extracorporeal support [52, 78]. Impor-
tantly, research networks, such as the International 
ECMO Network (ECMONet; www.inter natio nalec monet 
work.org), and large ECMO registries, such as the reg-
istry of the Extracorporeal Life Support Organization 
(ELSO; www.elso.org), will be critical to achieving these 
future research aims.

Conclusion
Although VV-ECMO is now a safe and viable strategy 
for severe ARDS when performed in experienced cent-
ers, it should not be a substitute for proven conventional 
ARDS management. Therefore, the initial management 
of patients with severe ARDS should always include lung 
protective ventilation and prone positioning, unless con-
traindicated or not technically feasible [79]. Future efforts 
in the field should focus on the improvement of ECMO 
care and elucidation of  ECCO2R on patient-centred out-
comes [80].
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