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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.
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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
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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

Table 1 Current and evolving standards of care in ARDS

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.

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

Current standards Evolving standards

Ventilatory support
Tidal volume limitation—target 6 ml/kg PBW
Plateau pressure limitation <30 cmH,O

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

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

WECMO after prone positioning if:
- P/F<80
- Difficult to safely ventilate

Pharmacotherapy
Early steroids for ARDS with COVID-19
Conservative fluid strategy for patients not in shock

Ventilatory support
Driving pressure limitation < 15 cmH,O
Minimize delivered mechanical power
Individual titration of PEEP using one of several methods
- Best compliance
- Measured recruitability (R:l)
- 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
Neuromuscular blockade when indicated

- Severe hypoxemia

- Severe dyssynchrony

+ Markedly increased respiratory drive

- Difficult to safely ventilate

Pharmacotherapy
Early steroids for other causes
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 PaO,/FiO, 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
(V1) to 6 mL/kg predicted body weight (PBW), com-
pared with V1 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 cmH,0O 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 (AP =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 AP 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 Vi, respiratory rate, peak pressure and AP
[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 AP-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 cmH,O as used in the ExPress trial,
[26]), or to target oxygen saturation (e.g., the use of a
PEEP-FiO, table, which assigns higher levels of PEEP
at higher required FiO,). A PEEP/FiO, 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 FiO, tables in the
ALVEOLI and LOVS trials [27, 28]. Individually, none
of these trials (ExPress, ALVEOLI, LOVS) comparing
higher (day 1 mean 15.3 cmH,0) versus lower (day 1
mean 9.0 cmH,0) 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 PaO,/FiO, below
200, and a trend for increased mortality in patients with
PaO,/FiO, 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 AP) 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
(P exp); the PEEP can then be set to maintain P, exp
around 0. This approach was compared with the original
ARDS Network lower PEEP-FiO, 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-FiO,
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 (PaO,/
FiO, <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
(wWECMO) 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(HIN1)-
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 vwvECMO 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 vwvECMO 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
(ECCO,R) 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, f2-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.

Author details

! Department of Anesthesiology and Operative Intensive Care Medicine, CCM
/ CVK Charité — Universitatsmedizin Berlin, Freie Universitat Berlin, Humboldt-
Universitét Zu Berlin, Berlin, Germany.  Berlin Institute of Health, ARDS/ECMO
Centrum Charité, Charité - Universitatsmedizin Berlin, Berlin, Germany. * Divi-
sion of Critical Care, Hospital Interzonal de Agudos San Martin de La Plata,
Buenos Aires, Argentina. * Facultad de Ciencias Medicas, University of Nacional
de La Plata, Buenos Aires, Argentina. ° Division of Pulmonary and Critical Care

Medicine, Johns Hopkins School of Medicine, Baltimore, MD, USA. ® Australian
and New Zealand Intensive Care Research Centre (ANZIC-RC), Monash Uni-
versity, Melbourne, Australia. ’ Data Analytics Research and Evaluation (DARE)
Centre, Austin Hospital and University of Melbourne, Melbourne, Australia.

8 Department of Critical Care Medicine, Hospital Israelita Albert Einstein, Sao
Paulo, Brazil. ° Department of Anesthesia, Division of Critical Care, Washington
University, Saint Louis, MO, USA. '® Keenan Research Center, Li Ka Shing Knowl-
edge Institute, St. Michael’s Hospital, Unity Health Toronto, Interdepartmental
Division of Critical Care Medicine, University of Toronto, Toronto, ON, Canada.
' Department of Medicine, School of Clinical Medicine, University of Cam-
bridge, Cambridge, UK. '? Department of Anesthesiology and Intensive Care
Medicine, Osaka University Graduate School of Medicine, Suita, Japan. ' Uni-
versity of Regensburg, Regensburg, Germany. ' Interdepartmental Division

of Critical Care Medicine, Departments of Medicine and Physiology, Institute
for Health Policy, Management and Evaluation, University of Toronto, Toronto,
Canada. ° Division of Respirology and Critical Care, University Health Network
and Sinai Health, Toronto General Hospital Research Institute, Toronto, Canada.

Compliance with ethical standards

Conflicts of interest

NF declares personal fees from Getinge and Xenios, outside the present work.
ASN declares personal fees from Drédger, outside the present work. AS declares
personal fees from Apeiron, Baxter, and Xenios, outside the present work.

CS's laboratory is financially supported by the Wellcome Trust, the Medical
Research Council, GlaxoSmithKline plc, AstraZeneca, and the NIHR Cambridge
Biomedical Research Centre.

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

Received: 28 September 2020 Accepted: 13 October 2020
Published online: 6 November 2020

References

1. Shankar-Hari M, Fan E, Ferguson ND (2018) Acute respiratory distress
syndrome (ARDS) phenotyping. Intensive Care Med. https://doi.
org/10.1007/500134-018-5480-6

2. Sinha P, Churpek MM, Calfee CS (2020) Machine learning classifier mod-
els can identify ARDS phenotypes using readily available clinical data.
Am J Respir Crit Care Med. https://doi.org/10.1164/rccm.202002-03470
C

3. DavidG A, Bigelow DB, ThomasL P, BernardE L (1967) Acute respiratory
distress in adults. Lancet 290:319-323. https://doi.org/10.1016/50140
-6736(67)90168-7

4. Murray JF, Matthay MA, Luce JM, Flick MR (1988) An expanded defini-
tion of the adult respiratory distress syndrome. Am Rev Respir Dis
138(720):723

5. Bernard GR, Artigas A, Brigham KL et al (1994) Report of the American-
European consensus conference on ARDS: definitions, mechanisms,
relevant outcomes and clinical trial coordination The Consensus Com-
mittee. Intensive Care Med 20(225):232

6. The ARDS Definition Task Force (2012) Acute respiratory distress
syndrome: the berlin definition. JAMA 307:2526-2533. https://doi.
org/10.1001/jama.2012.5669

7. Ferguson ND, Fan E, Camporota L et al (2012) The Berlin definition of
ARDS: an expanded rationale, justification, and supplementary mate-
rial. Intensive Care Med 38(1573):1582. https://doi.org/10.1007/50013
4-012-2682-1

8. Bellani G, Laffey JG, Pham T et al (2016) Epidemiology, patterns of care,
and mortality for patients with acute respiratory distress syndrome in
intensive care units in 50 countries. JAMA 315:788-800. https://doi.
0rg/10.1001/jama.2016.0291

9. 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


https://doi.org/10.1007/s00134-018-5480-6
https://doi.org/10.1007/s00134-018-5480-6
https://doi.org/10.1164/rccm.202002-0347oc
https://doi.org/10.1164/rccm.202002-0347oc
https://doi.org/10.1016/s0140-6736(67)90168-7
https://doi.org/10.1016/s0140-6736(67)90168-7
https://doi.org/10.1001/jama.2012.5669
https://doi.org/10.1001/jama.2012.5669
https://doi.org/10.1007/s00134-012-2682-1
https://doi.org/10.1007/s00134-012-2682-1
https://doi.org/10.1001/jama.2016.0291
https://doi.org/10.1001/jama.2016.0291

2165

20.

21

22.

23.

24.

25.

26.

27.

28.

Webb HH, Tierney DF (1974) Experimental pulmonary edema due to
intermittent positive pressure ventilation with high inflation pressures.
Protection by positive end-expiratory pressure. Am Rev Respir Dis
110:556-565

Dreyfuss D, Saumon G (1998) Ventilator-induced Lung Injury: lessons
from experimental studies. Am J Respir Crit Care Med 157(294):323
Hickling KG, Walsh J, Henderson S, Jackson R (1994) Low mortality rate
in adult respiratory distress syndrome using low-volume, pressure-
limited ventilation with permissive hypercapnia: a prospective study.
Crit Care Med 22(1568):1578

Slutsky AS (1994) Consensus conference on mechanical ventila-
tion—January 28-30, 1993 at Northbrook, lllinois, USA. Part I. European
Society of Intensive Care Medicine, the ACCP and the SCCM. Intensive
Care Med 20:64-79

Amato MB, Barbas CS, Medeiros DM et al (1998a) Effect of a protective-
ventilation strategy on mortality in the acute respiratory distress
syndrome. N Engl J Med 338(347):354

Brochard L, Roudot-Thoraval F, Roupie E et al (1998) Tidal volume reduc-
tion for prevention of ventilator-induced lung injury in acute respiratory
distress syndrome. The Multicenter Trail Group on Tidal Volume reduc-
tion in ARDS. Am J Respir Crit Care Med 158:1831-1838

Brower RG, Shanholtz CB, Fessler HE et al (1999) Prospective, rand-
omized, controlled clinical trial comparing traditional versus reduced
tidal volume ventilation in acute respiratory distress syndrome patients.
Crit Care Med 27(1492):1498

Stewart TE, Meade MO, Cook DJ et al (1998) Evaluation of a ventila-
tion strategy to prevent barotrauma in patients at high risk for acute
respiratory distress syndrome. Pressure- and volume-limited ventilation
strategy group. N Engl J Med 338:355-361

Chiumello D, Brochard L, Marini JJ et al (2017) Respiratory support in
patients with acute respiratory distress syndrome: an expert opinion.
Crit Care 21:240. https://doi.org/10.1186/513054-017-1820-0

Amato MBP, Meade MO, Slutsky AS et al (2015) Driving pressure and
survival in the acute respiratory distress syndrome. N Engl J Med
372:747-755. https://doi.org/10.1056/nejmsa1410639

Goligher EC, Combes A, Brodie D et al (2019) Determinants of the effect
of extracorporeal carbon dioxide removal in the SUPERNOVA trial:
implications for trial design. Intensive Care Med 45:1219-1230. https://
doi.org/10.1007/500134-019-05708-9

Gattinoni L, Tonetti T, Cressoni M et al (2016) Ventilator-related causes of
lung injury: the mechanical power. Intensive Care Med 42:1567-1575.
https://doi.org/10.1007/500134-016-4505-2

Neto AS, Deliberato RO, Johnson AEW et al (2018) Mechanical power
of ventilation is associated with mortality in critically ill patients: an
analysis of patients in two observational cohorts. Intensive Care Med
44:1914-1922. https://doi.org/10.1007/500134-018-5375-6

Urner M, Juni P, Hansen B et al (2020) Time-varying intensity of
mechanical ventilation and mortality in patients with acute respiratory
failure: a registry-based, prospective cohort study. Lancet Respir Med.
https://doi.org/10.1016/52213-2600(20)30325-8

Romano MLP, Maia IS, Laranjeira LN et al (2020) Driving pressure—lim-
ited strategy for patients with acute respiratory distress syndrome. A
pilot randomized clinical trial. Ann Am Thorac Soc 17:596-604. https://
doi.org/10.1513/annalsats.201907-5060¢

Suter PM, Fairley B, Isenberg MD (1975) Optimum end-expiratory
airway pressure in patients with acute pulmonary failure. N Engl J Med
292(284):289. https://doi.org/10.1056/nejm197502062920604

Mercat A, Richard JC, Vielle B et al (2008) Positive end-expiratory
pressure setting in adults with acute lung injury and acute respiratory
distress syndrome: a randomized controlled trial. JAMA J Am Med Assoc
299:646-655

Meade MO, Cook DJ, Guyatt GH et al (2008) Ventilation strategy using
low tidal volumes, recruitment maneuvers, and high positive end-
expiratory pressure for acute lung injury and acute respiratory distress
syndrome: a randomized controlled trial. JAMA J Am Med Assoc
299:637-645

Brower RG, Lanken PN, Macintyre N et al (2004) Higher versus lower
positive end-expiratory pressures in patients with the acute respiratory
distress syndrome. N Engl J Med 351(327):336. https://doi.org/10.1056/
nejmoa032193

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Briel M, Meade M, Mercat A et al (2010) Higher vs lower positive
end-expiratory pressure in patients with acute lung injury and acute
respiratory distress syndrome: systematic review and meta-analysis.
JAMA 303:865-873. https://doi.org/10.1001/jama.2010.218

Calfee CS, Delucchi K, Parsons PE et al (2014) Subphenotypes in acute
respiratory distress syndrome: latent class analysis of data from two
randomised controlled trials. Lancet Respir Med 2:611-620. https://doi.
0rg/10.1016/52213-2600(14)70097-9

Goligher EC, Kavanagh BP, Rubenfeld GD et al (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 190:70-76. https://doi.org/10.1164/
rccm.201404-06880c¢

Investigators WG for the AR for ARDST (ART), Cavalcanti AB, Suzumura
EA 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. https://doi.org/10.1001/jama.2017.14171

Young DJ, Lamb S, Shah S et al (2013) High frequency oscillatory ven-
tilation against conventional artificial ventilation for adults with acute
respiratory distress syndrome. N Engl J Med 368:806

Ferguson ND, Cook DJ, Guyatt GH et al (2013) High-frequency oscil-
lation in early acute respiratory distress syndrome. N Engl J Med
368:795-805. https://doi.org/10.1056/nejmoal215554

Constantin J-M, Jabaudon M, Lefrant J-Y et al (2019) Personalised
mechanical ventilation tailored to lung morphology 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. https://doi.
0rg/10.1016/52213-2600(19)30138-9

Amato MBP, Barbas CSV, Medeiros DM et al (1998b) Effect of a protec-
tive-ventilation strategy on mortality in the acute respiratory distress
syndrome. N Engl J Med 338:347-354. https://doi.org/10.1056/nejm1
99802053380602

Crotti S, Mascheroni D, Caironi P et al (2001) Recruitment and derecruit-
ment during acute respiratory failure: a clinical study. Am J RespirCrit
Care Med 164(131):140

Pelosi P, Goldner M, McKibben A et al (2001) Recruitment and dere-
cruitment during acute respiratory failure: an experimental study.
Am J Respir Crit Care Med 164:122-130. https://doi.org/10.1164/ajrcc
m.164.1.2007010

Sahetya SK, Hager DN, Stephens RS et al (2020) PEEP titration to mini-
mize driving pressure in subjects with ards: a prospective physiological
study. Respir Care 65:583-589. https://doi.org/10.4187/respcare.07102
Chen L, Sorbo LD, Grieco DL et al (2019) Potential for lung recruitment
estimated by the recruitment-to-inflation ratio in acute respiratory
distress syndrome. Am J Respir Crit Care. https://doi.org/10.1164/
rccm.201902-03340c¢

Talmor D, Sarge T, Malhotra A et al (2008) Mechanical ventilation guided
by esophageal pressure in acute lung injury. N Engl J Med 359:2095-
2104. https://doi.org/10.1056/nejmoa0708638

Beitler JR, Sarge T, Banner-Goodspeed VM et al (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. JAMA. https://doi.org/10.1001/
jama.2019.0555

Costa ELV, Borges JB, Melo A et al (2009) Bedside estimation of
recruitable alveolar collapse and hyperdistension by electrical imped-
ance tomography. Intensive Care Med 35:1132-1137. https://doi.
0rg/10.1007/s00134-009-1447-y

Mauri T, Eronia N, Turrini C et al (2016) Bedside assessment of the effects
of positive end-expiratory pressure on lung inflation and recruitment
by the helium dilution technique and electrical impedance tomogra-
phy. Intensive Care Med 42:1576-1587. https://doi.org/10.1007/s0013
4-016-4467-4

Yoshida T, Amato MBP, Kavanagh BP (2018) Understanding spontane-
ous vs. ventilator breaths: impact and monitoring. Intensive Care Med
44:2235-2238. https://doi.org/10.1007/500134-018-5145-5

van Haren F, Pham T, Brochard L et al (2018) Spontaneous breath-

ing in early acute respiratory distress syndrome: insights from the


https://doi.org/10.1186/s13054-017-1820-0
https://doi.org/10.1056/nejmsa1410639
https://doi.org/10.1007/s00134-019-05708-9
https://doi.org/10.1007/s00134-019-05708-9
https://doi.org/10.1007/s00134-016-4505-2
https://doi.org/10.1007/s00134-018-5375-6
https://doi.org/10.1016/s2213-2600(20)30325-8
https://doi.org/10.1513/annalsats.201907-506oc
https://doi.org/10.1513/annalsats.201907-506oc
https://doi.org/10.1056/nejm197502062920604
https://doi.org/10.1056/nejmoa032193
https://doi.org/10.1056/nejmoa032193
https://doi.org/10.1001/jama.2010.218
https://doi.org/10.1016/s2213-2600(14)70097-9
https://doi.org/10.1016/s2213-2600(14)70097-9
https://doi.org/10.1164/rccm.201404-0688oc
https://doi.org/10.1164/rccm.201404-0688oc
https://doi.org/10.1001/jama.2017.14171
https://doi.org/10.1056/nejmoa1215554
https://doi.org/10.1016/s2213-2600(19)30138-9
https://doi.org/10.1016/s2213-2600(19)30138-9
https://doi.org/10.1056/nejm199802053380602
https://doi.org/10.1056/nejm199802053380602
https://doi.org/10.1164/ajrccm.164.1.2007010
https://doi.org/10.1164/ajrccm.164.1.2007010
https://doi.org/10.4187/respcare.07102
https://doi.org/10.1164/rccm.201902-0334oc
https://doi.org/10.1164/rccm.201902-0334oc
https://doi.org/10.1056/nejmoa0708638
https://doi.org/10.1001/jama.2019.0555
https://doi.org/10.1001/jama.2019.0555
https://doi.org/10.1007/s00134-009-1447-y
https://doi.org/10.1007/s00134-009-1447-y
https://doi.org/10.1007/s00134-016-4467-4
https://doi.org/10.1007/s00134-016-4467-4
https://doi.org/10.1007/s00134-018-5145-5

2166

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

large observational study to understand the global impact of severe
acute respiratory failure study. Crit Care Med Online First. https://doi.
0rg/10.1097/ccm.0000000000003519

Brochard L, Slutsky A, Pesenti A (2017) Mechanical ventilation to mini-
mize progression of lung injury in acute respiratory failure. Am J Respir
Crit Care 195(438):442. https://doi.org/10.1164/rccm.201605-1081cp
Yoshida T, Nakahashi S, Nakamura MAM et al (2017) Volume-controlled
ventilation does not prevent injurious inflation during spontaneous
effort. Am J Respir Crit Care 196:590-601. https://doi.org/10.1164/
rccm.201610-19720c¢

Mireles-Cabodevila E, Kacmarek RM (2016) Should airway pres-

sure release ventilation be the primary mode in ARDS? Respir care
61(761):773. https://doi.org/10.4187/respcare.04653

Zhou Y, Jin X, Lv Y et al (2017) Early application of airway pressure
release ventilation may reduce the duration of mechanical ventilation
in acute respiratory distress syndrome. Intensive Care Med 43:1648-
1659. https://doi.org/10.1007/500134-017-4912-z

Ganesan SL, Jayashree M, Singhi SC, Bansal A (2018) Airway pressure
release ventilation in pediatric acute respiratory distress syndrome:

a randomized controlled trial. Am J Respir Crit Care 1:9. https://doi.
org/10.1164/rccm.201705-09890c¢

Sun X, LiuY, Li N et al (2020) The safety and efficacy of airway pressure
release ventilation in acute respiratory distress syndrome patients: a
PRISMA-compliant systematic review and meta-analysis. Medicine
99:e18586. https://doi.org/10.1097/md.0000000000018586

Frat J-P, Thille AW, Mercat A et al (2015) High-flow oxygen through
nasal cannula in acute hypoxemic respiratory failure. N Engl J Med
372:2185-2196. https://doi.org/10.1056/nejmoa1503326

Bellani G, Laffey JG, Pham T et al (2017) Noninvasive ventilation of
patients with acute respiratory distress syndrome. Insights from

the LUNG SAFE Study. Am J Respir Crit Care 195:67-77. https://doi.
0rg/10.1164/rccm.201606-13060¢

Patel BK, Wolfe KS, Pohlman AS et al (2016) Effect of noninvasive
ventilation delivered by helmet vs face mask on the rate of endotra-
cheal intubation in patients with acute respiratory distress syndrome:

a randomized clinical trial. JAMA 315:2435. https://doi.org/10.1001/
jama.2016.6338

Rochwerg B, Granton D, Wang DX et al (2019) High flow nasal cannula
compared with conventional oxygen therapy for acute hypoxemic
respiratory failure: a systematic review and meta-analysis. Intensive Care
Med 45:563-572. https://doi.org/10.1007/500134-019-05590-5

Ferreyro BL, Angriman F, Munshi L et al (2020) Association of noninva-
sive oxygenation strategies with all-cause mortality in adults with acute
hypoxemic respiratory failure: a systematic review and meta-analysis.
JAMA. https://doi.org/10.1001/jama.2020.9524

Robba C, Robba C, Battaglini D et al (2020) Distinct phenotypes require
distinct respiratory management strategies in severe COVID-19. Respir
Physiol Neurobi 279:103455. https://doi.org/10.1016/j.resp.2020.103455
Marini JJ, Gattinoni L (2020) Management of COVID-19 respiratory
distress. JAMA. https://doi.org/10.1001/jama.2020.6825

Grasselli G, Tonetti T, Protti A et al (2020) Pathophysiology of COVID-
19-associated acute respiratory distress syndrome: a multicentre
prospective observational study. Lancet Respir Med. https://doi.
0rg/10.1016/52213-2600(20)30370-2

Cummings MJ, Baldwin MR, Abrams D et al (2020) Epidemiology, clini-
cal course, and outcomes of critically ill adults with COVID-19 in New
York City: a prospective cohort study. Lancet. https://doi.org/10.1016/
s0140-6736(20)31189-2

Ferrando C, Suarez-Sipmann F, Mellado-Artigas R et al (2020) Clinical
features, ventilatory management, and outcome of ARDS caused by
COVID-19 are similar to other causes of ARDS. Intensive Care Med. https
.//doi.org/10.1007/500134-020-06192-2

Fan E, Beitler JR, Brochard L et al (2020) COVID-19-associated acute
respiratory distress syndrome: is a different approach to manage-
ment warranted? Lancet Respir Med. https://doi.org/10.1016/52213
-2600(20)30304-0

Guérin C, Reignier J, Richard J-C et al (2013) Prone positioning in severe
acute respiratory distress syndrome. N Engl J Med 368:2159-2168. https
///doi.org/10.1056/nejmoal1214103

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Gattinoni L, Tognoni G, Pesenti A et al (2001) Effect of prone positioning
on the survival of patients with acute respiratory failure. N Engl J Med
345(568):573

Albert RK, Keniston A, Baboi L et al (2014) Prone position-induced
improvement in gas exchange does not predict improved survival in
the acute respiratory distress syndrome. Am J Respir Crit Care Med
189:494-496. https://doi.org/10.1164/rccm.201311-2056LE

Sud S, Friedrich JO, Adhikari NKJ et al (2014) Effect of prone positioning
during mechanical ventilation on mortality among patients with acute
respiratory distress syndrome: a systematic review and meta-analysis.
CMAJ 186(E381):90. https://doi.org/10.1503/cmaj. 140081

Fan E, Sorbo LD, Goligher EC et al (2017) An Official American Thoracic
Society/European Society of Intensive Care Medicine/Society of Critical
Care Medicine Clinical Practice Guideline: Mechanical Ventilation in
Adult Patients with Acute Respiratory Distress Syndrome. Am J Respir
Crit Care 195:1253-1263. https://doi.org/10.1164/rccm.201703-0548st
Guérin C, Beuret P, Constantin JM et al (2018) A prospective interna-
tional observational prevalence study on prone positioning of ARDS
patients: the APRONET (ARDS Prone Position Network) study. Intensive
Care Med 44:22-37. https://doi.org/10.1007/500134-017-4996-5
Carsetti A, Paciarini AD, Marini B et al (2020) Prolonged prone position
ventilation for SARS-CoV-2 patients is feasible and effective. Crit Care
24:225. https://doi.org/10.1186/513054-020-02956-w

Coppo A, Bellani G, Winterton D et al (2020) Feasibility and physiologi-
cal effects of prone positioning in non-intubated patients with acute
respiratory failure due to COVID-19 (PRON-COVID): a prospective cohort
study. Lancet Respir Med. https://doi.org/10.1016/52213-2600(20)30268
X

Papazian L, Forel J-M, Gacouin A et al (2010) Neuromuscular blockers in
early acute respiratory distress syndrome. N Engl J Med 363(1107):1116.
https://doi.org/10.1056/nejmoa1005372

Price DR, Mikkelsen ME, Umscheid CA, Armstrong EJ (2016) Neuro-
muscular blocking agents and neuromuscular dysfunction acquired

in critical illness. Crit Care Med 44:2070-2078. https://doi.org/10.1097/
ccm.0000000000001839

Girard TD, Alhazzani W, Kress JP et al (2016) An Official American
Thoracic Society/American College of Chest Physicians Clinical Practice
Guideline: Liberation from Mechanical Ventilation in Critically Ill Adults.
Rehabilitation protocols, ventilator liberation protocols, and cuff leak
tests. Am J Respir Crit Care. https://doi.org/10.1164/rccm.201610-2075st
Moss M, Ulysse CA, Angus DC, Lung NNH, Blood Institute PETAL, Trials
C (2019) Early neuromuscular blockade in the acute respiratory distress
syndrome. N Engl J Med 381:785-788. https://doi.org/10.1056/nejmc
1908874

Slutsky AS, Villar J (2019) Early paralytic agents for ARDS? yes, no, and
sometimes. N Engl J Med 380:2061-2063. https://doi.org/10.1056/
nejme1905627

Griffiths MJD, Evans TW (2005) Inhaled nitric oxide therapy in adults. N
Engl J Med 353(2683):2695. https://doi.org/10.1056/nejmra051884
Adhikari NKJ, Dellinger RP, Lundin S et al (2014) Inhaled nitric oxide
does not reduce mortality in patients with acute respiratory distress
syndrome regardless of severity: systematic review and meta-analysis.
Crit Care Med 42(404):412. https://doi.org/10.1097/ccm.0b013e3182
a27909

Peek GJ, Mugford M, Tiruvoipati R et al (2009) Efficacy and economic
assessment of conventional ventilatory support versus extracorporeal
membrane oxygenation for severe adult respiratory failure (CESAR): a
multicentre randomised controlled trial. The Lancet 374(1351):1363.
https://doi.org/10.1016/50140-6736(09)61069-2

Noah MA, Peek GJ, Finney SJ et al (2011) Referral to an extracorporeal
membrane oxygenation center and mortality among patients with
severe 2009 influenza A(HTN1). JAMA 306:1659-1668. https://doi.
0rg/10.1001/jama.2011.1471

Pham T, Combes A, Rozé H et al (2012) Extracorporeal membrane
oxygenation for pandemic influenza A(H1N1)-induced acute respira-
tory distress syndrome. Am J Respir Crit Care 187:276-285. https://doi.
org/10.1164/rccm.201205-08150¢

Kumar A, Zarychanski R, Pinto R et al (2009) Critically Il patients with
2009 influenza A(HTN1) infection in Canada. JAMA 302:1872-1879.
https://doi.org/10.1001/jama.2009.1496


https://doi.org/10.1097/ccm.0000000000003519
https://doi.org/10.1097/ccm.0000000000003519
https://doi.org/10.1164/rccm.201605-1081cp
https://doi.org/10.1164/rccm.201610-1972oc
https://doi.org/10.1164/rccm.201610-1972oc
https://doi.org/10.4187/respcare.04653
https://doi.org/10.1007/s00134-017-4912-z
https://doi.org/10.1164/rccm.201705-0989oc
https://doi.org/10.1164/rccm.201705-0989oc
https://doi.org/10.1097/md.0000000000018586
https://doi.org/10.1056/nejmoa1503326
https://doi.org/10.1164/rccm.201606-1306oc
https://doi.org/10.1164/rccm.201606-1306oc
https://doi.org/10.1001/jama.2016.6338
https://doi.org/10.1001/jama.2016.6338
https://doi.org/10.1007/s00134-019-05590-5
https://doi.org/10.1001/jama.2020.9524
https://doi.org/10.1016/j.resp.2020.103455
https://doi.org/10.1001/jama.2020.6825
https://doi.org/10.1016/s2213-2600(20)30370-2
https://doi.org/10.1016/s2213-2600(20)30370-2
https://doi.org/10.1016/s0140-6736(20)31189-2
https://doi.org/10.1016/s0140-6736(20)31189-2
https://doi.org/10.1007/s00134-020-06192-2
https://doi.org/10.1007/s00134-020-06192-2
https://doi.org/10.1016/s2213-2600(20)30304-0
https://doi.org/10.1016/s2213-2600(20)30304-0
https://doi.org/10.1056/nejmoa1214103
https://doi.org/10.1056/nejmoa1214103
https://doi.org/10.1164/rccm.201311-2056LE
https://doi.org/10.1503/cmaj.140081
https://doi.org/10.1164/rccm.201703-0548st
https://doi.org/10.1007/s00134-017-4996-5
https://doi.org/10.1186/s13054-020-02956-w
https://doi.org/10.1016/s2213-2600(20)30268-x
https://doi.org/10.1016/s2213-2600(20)30268-x
https://doi.org/10.1056/nejmoa1005372
https://doi.org/10.1097/ccm.0000000000001839
https://doi.org/10.1097/ccm.0000000000001839
https://doi.org/10.1164/rccm.201610-2075st
https://doi.org/10.1056/nejmc1908874
https://doi.org/10.1056/nejmc1908874
https://doi.org/10.1056/nejme1905627
https://doi.org/10.1056/nejme1905627
https://doi.org/10.1056/nejmra051884
https://doi.org/10.1097/ccm.0b013e3182a27909
https://doi.org/10.1097/ccm.0b013e3182a27909
https://doi.org/10.1016/s0140-6736(09)61069-2
https://doi.org/10.1001/jama.2011.1471
https://doi.org/10.1001/jama.2011.1471
https://doi.org/10.1164/rccm.201205-0815oc
https://doi.org/10.1164/rccm.201205-0815oc
https://doi.org/10.1001/jama.2009.1496

2167

83.

84.

85.

86.

87.

88.

89.

90.

o1

92.

93.

94.

95.

Miller RR, Markewitz BA, Rolfs RT et al (2010) Clinical findings and
demographic factors associated with ICU admission in utah due to
novel 2009 influenza A(H1N1) infection. Chest 137:752-758. https://doi.
0rg/10.1378/chest.09-2517

Combes A, Hajage D, Capellier G et al (2018) Extracorporeal membrane
oxygenation for severe acute respiratory distress syndrome. N Engl J
Med 378:1965-1975. https://doi.org/10.1056/nejmoa1800385
Harrington D, Drazen JM (2018) Learning from a trial stopped by a data
and safety monitoring board. New Engl J Med 378:2031-2032. https://
doi.org/10.1056/nejme 1805123

Munshi L, Walkey A, Goligher E et al (2019) Venovenous extracorporeal
membrane oxygenation for acute respiratory distress syndrome: a
systematic review and meta-analysis. Lancet Respir Med. https://doi.
0rg/10.1016/52213-2600(18)30452-1

Goligher EC, Tomlinson G, Hajage D et al (2018) Extracorporeal
membrane oxygenation for severe acute respiratory distress syndrome
and posterior probability of mortality benefit in a post hoc bayesian
analysis of a randomized clinical trial. JAMA. https://doi.org/10.1001/
jama.2018.14276

Abrams D, Ferguson ND, Brochard L et al (2019) ECMO for ARDS:

from salvage to standard of care? Lancet Respir Med. https://doi.
0rg/10.1016/52213-2600(18)30506-x

Barbaro RP, MacLaren G, Boonstra PS et al (2020) Extracorporeal mem-
brane oxygenation support in COVID-19: an international cohort study
of the extracorporeal life support organization registry. Lancet. https://
doi.org/10.1016/50140-6736(20)32008-0

Combes A, Peek GJ, Hajage D et al (2020) ECMO for severe ARDS: sys-
tematic review and individual patient data meta-analysis. Intensive Care
Med. https://doi.org/10.1007/500134-020-06248-3

Investigators O behalf of the ES of ICMTG and the “Strategy of U-P

lung ventilation with ECR for N-O moderate to severe A (SUPERNOVA),
Combes A, FanelliV et al (2019) Feasibility and safety of extracorporeal
CO2 removal to enhance protective ventilation in acute respiratory
distress syndrome: the SUPERNOVA study. Intensive Care Med. https://
doi.org/10.1007/500134-019-05567-4

Bein T, Weber-Carstens S, Goldmann A et al (2013) Lower tidal volume
strategy (=3 ml/kg) combined with extracorporeal CO2 removal versus
‘conventional’ protective ventilation (6 ml/kg) in severe ARDS. Intensive
Care Med 39:847-856. https://doi.org/10.1007/500134-012-2787-6
Steinberg KP, Hudson LD, Goodman RB et al (2006) Efficacy and safety
of corticosteroids for persistent acute respiratory distress syndrome. N
Engl J Med 354(1671):1684. https://doi.org/10.1056/nejmoa051693
Meduri GU, Bridges L, Shih M-C et al (2016) Prolonged glucocorticoid
treatment is associated with improved ARDS outcomes: analysis of
individual patients'data from four randomized trials and trial-level
meta-analysis of the updated literature. Intensive Care Med 42:829-840.
https://doi.org/10.1007/500134-015-4095-4

Lewis SR, Pritchard MW, Thomas CM, Smith AF (2019) Pharmacological
agents for adults with acute respiratory distress syndrome. Cochrane

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

108.

Db Syst Rev 7:CD004477. https://doi.org/10.1002/14651858.cd004477.
pub3

Zayed Y, Barbarawi M, Ismail E et al (2020) Use of glucocorticoids in
patients with acute respiratory distress syndrome: a meta-analysis and
trial sequential analysis. J Intensive Care 8:43. https://doi.org/10.1186/
540560-020-00464-1

Group RC, Horby P, Lim WS et al (2020) Dexamethasone in hospitalized
patients with Covid-19 - preliminary report. N Engl J Med. https://doi.
org/10.1056/nejmoa2021436

Investigators TWC for the R-C, Angus DC, Derde L et al (2020) Effect of
hydrocortisone on mortality and organ support in patients with severe
COVID-19. JAMA. https://doi.org/10.1001/jama.2020.17022

Network NH Lung, and Blood Institute Acute Respiratory Distress
Syndrome (ARDS) Clinical Trials, Wiedemann HP, Wheeler AP et al (2006)
Comparison of two fluid-management strategies in acute lung injury. N
Engl J Med 354(2564):2575. https://doi.org/10.1056/nejmoa062200
Grissom CK, Hirshberg EL, Dickerson JB et al (2015) Fluid manage-
ment with a simplified conservative protocol for the acute respiratory
distress syndrome*. Crit Care Med 43(288):295. https://doi.org/10.1097/
ccm.0000000000000715

Semler MW, Wheeler AP, Thompson BT et al (2016) Impact of initial
central venous pressure on outcomes of conservative versus liberal
fluid management in acute respiratory distress syndrome. Crit Care
Med 44:782-789. https://doi.org/10.1097/ccm.0000000000001555
Famous KR, Delucchi K, Ware LB et al (2017) Acute respiratory distress
syndrome subphenotypes respond differently to randomized fluid
management strategy. Am J Respir Crit Care 195(331):338. https://doi.
0rg/10.1164/rccm.201603-06450¢

Maitland K, Kiguli S, Opoka RO et al (2011) Mortality after fluid bolus

in African children with severe infection. N Engl J Med 364:2483-2495.
https://doi.org/10.1056/nejmoal101549

Byrne L, Obonyo NG, Diab SD et al (2018) Unintended consequences:
fluid resuscitation worsens shock in an ovine model of endotoxemia.
Am J Respir Crit Care 1:12. https://doi.org/10.1164/rccm.201801-00640C
Matthay MA, McAuley DF, Ware LB (2017) Clinical trials in acute respira-
tory distress syndrome: challenges and opportunities. Lancet Respir
Med 5:524-534. https://doi.org/10.1016/52213-2600(17)30188-1

Villar J, Ferrando C, Martinez D et al (2020) Dexamethasone treatment
for the acute respiratory distress syndrome: a multicentre, randomised
controlled trial. Lancet Respir Med. https://doi.org/10.1016/52213
-2600(19)30417-5

Sinha P, Calfee CS (2019) Phenotypes in acute respiratory distress
syndrome. Curr Opin Crit Care 25:12-20. https://doi.org/10.1097/
mcc.0000000000000571

Sinha P, Delucchi KL, Thompson BT et al (2018) Latent class analysis of
ARDS subphenotypes: a secondary analysis of the statins for acutely
injured lungs from sepsis (SAILS) study. Intensive Care Med 44:1859-
1869. https://doi.org/10.1007/500134-018-5378-3


https://doi.org/10.1378/chest.09-2517
https://doi.org/10.1378/chest.09-2517
https://doi.org/10.1056/nejmoa1800385
https://doi.org/10.1056/nejme1805123
https://doi.org/10.1056/nejme1805123
https://doi.org/10.1016/s2213-2600(18)30452-1
https://doi.org/10.1016/s2213-2600(18)30452-1
https://doi.org/10.1001/jama.2018.14276
https://doi.org/10.1001/jama.2018.14276
https://doi.org/10.1016/s2213-2600(18)30506-x
https://doi.org/10.1016/s2213-2600(18)30506-x
https://doi.org/10.1016/s0140-6736(20)32008-0
https://doi.org/10.1016/s0140-6736(20)32008-0
https://doi.org/10.1007/s00134-020-06248-3
https://doi.org/10.1007/s00134-019-05567-4
https://doi.org/10.1007/s00134-019-05567-4
https://doi.org/10.1007/s00134-012-2787-6
https://doi.org/10.1056/nejmoa051693
https://doi.org/10.1007/s00134-015-4095-4
https://doi.org/10.1002/14651858.cd004477.pub3
https://doi.org/10.1002/14651858.cd004477.pub3
https://doi.org/10.1186/s40560-020-00464-1
https://doi.org/10.1186/s40560-020-00464-1
https://doi.org/10.1056/nejmoa2021436
https://doi.org/10.1056/nejmoa2021436
https://doi.org/10.1001/jama.2020.17022
https://doi.org/10.1056/nejmoa062200
https://doi.org/10.1097/ccm.0000000000000715
https://doi.org/10.1097/ccm.0000000000000715
https://doi.org/10.1097/ccm.0000000000001555
https://doi.org/10.1164/rccm.201603-0645oc
https://doi.org/10.1164/rccm.201603-0645oc
https://doi.org/10.1056/nejmoa1101549
https://doi.org/10.1164/rccm.201801-0064oc
https://doi.org/10.1016/s2213-2600(17)30188-1
https://doi.org/10.1016/s2213-2600(19)30417-5
https://doi.org/10.1016/s2213-2600(19)30417-5
https://doi.org/10.1097/mcc.0000000000000571
https://doi.org/10.1097/mcc.0000000000000571
https://doi.org/10.1007/s00134-018-5378-3

	Current and evolving standards of care for patients with ARDS
	Abstract 
	Introduction
	Defining ARDS
	Current and evolving standards

	Ventilatory management
	Pressure and volume limitation
	Current standards
	Evolving standards

	PEEP and lung recruitment
	Current standards
	Evolving standards

	Spontaneous breathing in ARDS patients
	Evolving standards

	ARDS due to COVID-19
	Evolving standards


	Ventilation adjuncts
	Prone positioning
	Current standards
	Evolving standards

	Neuromuscular blockade
	Current standards

	Inhaled nitric oxide (iNO)
	Current standards

	Extracorporeal lung support
	Current standards
	Evolving standards


	Pharmacotherapy
	Steroids
	Evolving standards

	Fluid management
	Current standards
	Evolving standards

	Other specific pharmacotherapies
	Evolving standards


	Conclusion
	References




