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cute respiratory distress syndrome (ARDS) is a life-

threatening form of respiratory failure, characterized by

acute, diffuse, inflammatory lung injury,! that results in
increased alveolar capillary permeability and the development of
nonhydrostatic pulmonary edema. Clinically, ARDS manifests as
marked hypoxemia and respiratory distress; patients often pro-
gress to respiratory failure that requires invasive mechanical
ventilation in the intensive care unit (ICU). The risk of death is
high. A variety of conditions can cause ARDS, including pneumo-
nia, extrapulmonary sepsis or septic shock, trauma and pan-
creatitis. Despite consensus guidelines on the management of
ARDS,?* substantial worldwide variation in management con-
tinues, and gaps in evidence remain, including in the context of
ARDS associated with COVID-19.5¢ We provide an update on the
diagnosis and management of ARDS for the generalist clinician,
based on recent clinical practice guidelines, systematic reviews
and original studies (Box 1).

What is ARDS and how is it diagnosed?

Acute respiratory distress syndrome was originally described in
1967 as a clinical syndrome characterized by acute onset of tachy-
pnea, hypoxemia and loss of lung compliance after a variety of
stimuli; the original description also noted that ARDS was not
responsive to usual and ordinary methods of respiratory therapy.”
The hallmark of this syndrome is diffuse lung inflammation, result-
ing in development of pulmonary edema. Morphologically, the
acute phase of ARDS is characterized by diffuse alveolar damage.!
Formal diagnostic criteria for ARDS were not widely accepted until
the 1994 American-European Consensus Conference (AECC).® The

Box 1: Evidence used in this review

We conducted a targeted search of MEDLINE, Embase and the
Cochrane Database of Systematic Reviews, from inception to

Feb. 20, 2021, for randomized controlled trials, scoping reviews,
systematic reviews, meta-analyses and clinical practice guidelines.
We searched for the terms “acute respiratory distress syndrome,”
“ARDS,” “respiratory failure” and “acute lung injury.” We further
enhanced our search by evaluating the reference lists of selected
articles and supplemented our search with literature from our own
collections.

KEY POINTS

e Acute respiratory distress syndrome (ARDS) can arise from a
variety of causes, and manifests clinically as acute hypoxemic
respiratory failure, characterized by acute, diffuse,
inflammatory lung injury that leads to increased alveolar
capillary permeability and development of nonhydrostatic
pulmonary edema.

e Clinical diagnosis of ARDS is made on the basis of the Berlin
definition, with severity of the disease and prognosis for survival
based on the degree of hypoxemia.

e The mainstay of therapy in ARDS is invasive mechanical
ventilation using a lung-protective strategy, but other
adjunctive therapies have been trialed with various degrees
of efficacy.

e Clinically and radiographically, severe COVID-19 appears similar
to ARDS; management of severe COVID-19 should focus on the
principles of ARDS therapy, with added insight from recent high-
quality randomized trials.

AECC criteria include the acute onset of hypoxemia, the presence
of noncardiogenic, bilateral infiltrates on chest radiographs and
the absence of left atrial hypertension. The presence of hypoxemia
was quantified using the ratio of partial pressure of arterial oxygen
and the fraction of inspired oxygen (Pao,/Fi0,), with a Pao,/FiO,
<200 mm Hg required for diagnosis of ARDS. The AECC definition
was limited by several factors, namely the lack of an explicit time
of onset, potential interobserver variability of the chest radiograph
and the requirement for pulmonary artery catheterization to rule
out left atrial hypertension.!

In 2012, the clinical criteria for diagnosis of ARDS were refined
to address these limitations, resulting in the Berlin definition.®
For diagnosis of ARDS, the patient must have new or worsening
symptoms within 1 week of a known clinical insult; bilateral
opacities observable on anteroposterior chest radiographs that
are not due to effusions, nodules or lobar or lung collapse; and
hypoxemia, defined by a Pao,/FiO, <300 mm Hg and a minimum
positive end-expiratory pressure = 5 cm H,0, that is not fully
explained by cardiac failure or fluid overload (Figure 1).

The Berlin definition also identified mutually exclusive categories
of ARDS severity based on the degree of hypoxemia, including mild
(Pao,/Fi0, 200-300 mm Hg), moderate (Pao,/FiO, 100-200 mm Hg)
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Figure 1: Anteroposterior chest radiograph showing bilateral pulmonary
infiltrates, consist with acute respiratory distress syndrome.

and severe (Pao,/FiO, < 100 mm Hg) ARDS. These categories
correspond to prognosis, with higher severity associated with
increased mortality rates in the data sets used for derivation of
the criteria.®®

What is the burden of ARDS?

In the LUNG SAFE prospective cohort study, the Berlin definition
was used to identify patients with ARDS from 459 ICUs in 50 coun-
tries across 5 continents.® In this study, ARDS accounted for 10.4%
of all ICU admissions and 23.4% of patients requiring mechanical
ventilation. The most common causes of ARDS were pneumonia,
extrapulmonary sepsis, aspiration and trauma. The median dura-
tion of mechanical ventilation of patients with ARDS was 8 (inter-
quartile range 4-16) days. The number of deaths was substantial,
with 39.6% of patients dying in hospital, and increased with
severity of ARDS (34.9%, 40.3% and 46.1% of patients with mild,
moderate and severe disease dying in hospital, respectively).
Administrative data show that, although mortality rates from
ARDS have decreased overall in the last 2 decades, racial and sex
disparities still exist and survivors have substantial morbidity.*
Survivors of ARDS show severe muscle weakness and fatigue that
persist up to 5 years after hospital discharge, which result in
impaired functional ability and reduced exercise tolerance.! 13
Furthermore, survivors describe important psychological, cogni-
tive and economic sequelae associated with ARDS.*3

What are the mainstays of treatment?

The LUNG SAFE study found variations in the use of evidence-based
treatments for ARDS across centres in Europe.” Few therapies are
based on strong evidence, but over the past 2 decades, important
advances have been made in the management of the syndrome, par-
ticularly related to ventilation. These have subsequently been incor-
porated into clinical practice guidelines.2* Figure 2 summarizes a
suggested approach to the management of patients with ARDS.

Mechanical ventilation
Lung-protective mechanical ventilation is the cornerstone of
ARDS therapy. The recommendations of recent clinical practice
guidelines relating to mechanical ventilation are summarized in
Table 1. The predominant goal is avoidance of ventilator-
induced lung injury, an iatrogenic form of lung injury that wors-
ens inflammation and is associated with worse outcomes in
patients who are mechanically ventilated.*® Ventilator-induced
lung injury occurs when excessive mechanical stress (e.g., large
tidal volume) is translated into an inflammatory response (i.e.,
volutrauma) that can propagate through the circulation and lead
to distant organ failure (i.e., biotrauma). Randomized trials have
shown that ventilation with lower tidal volumes relative to pre-
dicted body weight and limiting plateau pressures resulted in
substantially improved mortality rates among patients with
ARDS.? Lung-protective ventilation comes at the cost of possi-
ble hypercapnia and resultant acidosis, which may be tolerated if
itis not severe.®

Existing guidelines suggest consideration of higher levels of
positive end-expiratory pressure in patients with moderate-to-
severe ARDS.2** Maintaining higher positive end-expiratory pres-
sure has the potential advantage of minimizing cyclical alveolar
collapse and subsequent shearing injury to the lungs. However,
excess positive end-expiratory pressure may also impair hemo-
dynamics and lead to lung overdistention. This therapy has
been shown to be efficacious only in patients with moderate-to-
severe ARDS.Y

Other methods to improve ventilation, such as high-
frequency oscillatory ventilation have not been found to be effi-
cacious?*® and guidelines have recommended against the rou-
tine use of high-frequency oscillatory ventilation in patients with
ARDS.>* Noninvasive ventilation may be considered in patients
with mild ARDS, but is unlikely to be beneficial in patients with
more severe disease.'* In a recent meta-analysis, high-flow nasal
cannula oxygen therapy was shown to reduce the need for intu-
bation and mechanical ventilation in patients with acute hypox-
emic respiratory failure, but not to reduce mortality rates.3!

Prone positioning

The incidence of ventilator-induced lung injury may be reduced
by placing patients in the prone position. Mechanical ventilation
in the supine position can result in atelectasis and derecruitment
of the most dependent lung regions. Prone positioning redistrib-
utes mechanical forces through the injured lung, resulting in
more homogeneous lung inflation and recruitment of alveoli in
the dependent lung regions. In patients with ARDS and a Pao,/
FiO, < 150 mm Hg, high-quality evidence shows that prone posi-
tioning reduces the risk of death without an increase in serious
complications.®® Therefore, use of routine prone positioning in
patients with severe ARDS is recommended by guidelines.>*

Extracorporeal life support

The use of venovenous extracorporeal membrane oxygenation
(VV-ECMO) has emerged as a viable treatment option for
patients with severe ARDS, Previously considered a rescue
therapy for refractory ARDS, sufficient evidence now exists
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Diagnosis of ARDS
by Berlin definition?®

Assess severity

Mild
Pa0,/Fi0, 200-300 mm Hg

Severe
Pa0,/FiO, =100 mm Hg

Moderate
Pa0,/FiO, 100-200 mm Hg

If patient is clinically stable and Lung-protective invasive mechanical ventilation15-16

maintained on noninvasive LELILES . Measure patient height and calculate PBW

ventilation (e.g., HFNC), « Controlled mechanical ventilation with a tidal volume of 6 mL/kg of PBW
continue with noninvasive « Target plateau pressures < 30 cm H,0

ventilation, as tolerated.!4 « Consider higher PEEP in patients with moderate or severe disease!’

Improving Worsening

+ Deep sedation and prone positioning (12-16 h before supination):8
« Consider neuromuscular blocking agents!®-21

Improving « Consider lung volume recruitment manoeuvres

Improving Worsening

Consider other therapies based on individual patient factors
« HFOV22-23

Continue current strategy « Corticosteroids24

De-escalate as tolerated « Nitric oxide2s

«» Pulmonary vasodilators26

Worsening or not applicable

VV-ECMO27-29

Consider in refractory hypoxemia despite trial of above therapies,
and particularly if meeting any of the following criteria:2?

+ Pa0,/Fi0, <80 mm Hg for >6 h

» Pa0,/Fi0, <50 mm Hg for >3 h

|mpr°ving . pH <7.25 with PaC0O,=6 h

Early discussion with local ECMO referral centre

Worsening

Y

Reassess strategy and consider
other causes of respiratory failure

Figure 2: Suggested treatment algorithm showing risk stratification and tiered approach to therapy for patients with acute respiratory distress syn-
drome (ARDS). Note: HFNC = high-flow nasal cannula, HFOV = high-frequency oscillatory ventilation, PEEP = positive end-expiratory pressure,
PBW = predicted body weight, VV-ECMO = venovenous extracorporeal membrane oxygenation.
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Table 1: Summary of mechanical ventilation interventions for the acute respiratory distress syndrome (ARDS) and
recommendations from the clinical practice guidelines of the American Thoracic Society (ATS), European Society of Intensive

Care Medicine (ESICM), Society of Critical Care Medicine (SCCM), Societé de réanimation de langue Francaise (SRLF) and
Intensive Care Society (ICS)

ARDS

Intervention severity Rationale

Low tidal volumes Any Mechanical ventilation may

(4-8 mL/kg predicted potentiate acute lung injury, and

body weight) lower tidal volumes may mitigate
VILI

Lower inspiratory Any Increased plateau pressures may

pressures (plateau contribute to VILI, even with

pressure <30 ¢cm H,0) appropriate tidal volumes

Higher PEEP instead Moderate/  Higher PEEP may optimize

of lower PEEP severe alveolar recruitment, and acts to
decrease intrapulmonary shunt
and reduce the risk of VILI

Prone positioning Severe Prone positioning improves lung
recruitment, primarily in
dependent regions, and therefore
increases end-expiratory lung
volume, improves ventilation-
perfusion matching and decreases
VILI

High-frequency Moderate/  Method of ventilation that

oscillatory ventilation severe provides very small tidal volumes
at higher mean airway pressures,
therefore minimizing tidal stress
and strain

Recruitment Any Recruitment manoeuvres (i.e.,

manoeuvres transient elevations in applied
airway pressures) may reduce
atelectasis and increase end-
expiratory lung volume by
opening collapsed alveoli

VW-ECMO Severe Extracorporeal oxygenation and

removal of carbon dioxide can
replace the function of diseased
lungs in ARDS, and allow for
minimal ventilator settings to
reduce incidence of VILI

Strength of recommendation

ATS/ESICM/SCCM?

Strong
recommendation for
routine use

Strong
recommendation for
routine use

Conditional
recommendation for
routine use

Strong
recommendation for
routine use (>12 h
per day)

Strong
recommendation
against routine use

Conditional
recommendation for
routine use

No recommendation
on the basis of poor
evidence at the time
of guideline
development

SRLF?

Strong agreement for
routine use

Strong agreement for
routine use

Strong agreement for
routine use

Strong agreement for
routine use (in
patients with Pao,/
FiO, <150 mm Hg;

16 consecutive hours)

Strong agreement
against routine use

Strong agreement
against routine use

Strong agreement for
use in severe ARDS
with Pao,/FiO, < 80 or
in cases of refractory
hypoxemia

Note: PEEP = positive end-expiratory pressure, VILI = ventilator-induced lung injury, VV-ECMO = venovenous extracorporeal membrane oxygenation.

regarding the efficacy of VV-ECMO in patients with severe ARDS
who are deteriorating despite other therapies being opti-
mized.?"? For these patients, VV-ECMO can act as a bridge to
recovery. Deoxygenated blood is diverted via cannulae from
the systemic circulation to an extracorporeal membrane lung
that oxygenates and clears carbon dioxide from the blood, and
returns the oxygenated blood to circulation. The use of such
extracorporeal gas exchange support allows for the use of
lower ventilatory pressures to the injured lung, minimizing
ventilator-induced lung injury in severely ill patients. As ECMO
is a valid treatment, clinicians should discuss potential cases
with ECMO referral centres early in a patient’s disease course
rather than as a last resort.

Pharmacologic therapy

1Ccs*

Strong
recommendation
for routine use

Strong
recommendation
for routine use

Weak
recommendation
for routine use

Strong
recommendation
for routine use
(>12 h per day)

Strong
recommendation
against routine
use

No
recommendation
on the basis of
poor evidence at
the time of
guideline
development

Weak
recommendation
for use in selected
patients

Corticosteroids have been much studied as a pharmacological
therapy for ARDS. Theoretically, they act to decrease overall lung
inflammation in ARDS, and may reduce the risk of death in severe
ARDS.?* However, the use of corticosteroids in critically ill
patients is also associated with important adverse events,
including hypernatremia, hyperglycemia and neuromuscular
weakness. The latter can be devastating to patients with ARDS,
and clinicians must consider and weigh these potential risks.
Adjunctive therapy with neuromuscular blockade and associ-
ated deep sedation may also be considered for patients with
ARDS receiving mechanical ventilation. Delivery of regular, low
tidal volumes may be difficult in the patient who is awake and
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spontaneously breathing (and often tachypneic), a situation
referred to as patient-ventilator dysynchrony.32 Therefore, deep
sedation and neuromuscular blockade have been trialled in
combination with mechanical ventilation for severe ARDS. Find-
ings from studies of early use of neuromuscular blockade in
patients with ARDS are conflicting.!** However, it may be con-
sidered for optimization of oxygenation and ventilation, if not
recommended as a routine intervention, in all patients with
moderate-to-severe ARDS.%!

Other pharmacologic therapies for ARDS have also been trial-
led, with various degrees of success. Maintaining a conservative
fluid balance in tandem with use of diuretics has been shown to
reduce the duration of mechanical ventilation and improve lung
function in patients with ARDS, and should be considered rou-
tinely.*® Inhaled nitric oxide may theoretically reduce pulmonary
vascular resistance and ventilation-perfusion mismatch, although
randomized data do not support a mortality benefit, and may in
fact suggest harm.? Finally, the use of aerosolized prostacyclin for
ARDS has been studied,? but further study of its effects is required
before it could be recommended for routine use.

Is ARDS that is associated with COVID-19 a
distinct entity?

The COVID-19 pandemic brought the management of ARDS into
the spotlight in 2020. Development of ARDS secondary to
severe COVID-19 was (and is) common, and it was unclear
whether COVID-19-associated ARDS was a distinct entity from
other forms of ARDS, and whether a different management
strategy was necessary.>* Consideration of alternate strategies
for COVID-19-associated ARDS arose from early reports.>® Two
distinct ARDS phenotypes were described among patients with
COVID-19: type H, marked by high pulmonary elastance, high
ventilation/perfusion ratio, high lung weight, and high alveolar
recruitability (consistent with typical severe ARDS), and the
more novel type L, marked by low values for the same vari-
ables.*®* Some experts suggested that most patients with COVID-
19-associated ARDS would initially present with type L charac-
teristics, with only some transitioning to type H, and asserted
that clinicians should therefore consider early intubation in
patients with type L ARDS, further suggesting that these
patients might tolerate higher tidal volumes without risk of
ventilator-induced lung injury.353%

However, accumulating evidence does not support this char-
acterization of COVID-19-associated ARDS.* First, patients with-
out COVID-19 who meet the Berlin definition of ARDS are known
to have variable degrees of pulmonary elastance and recruit-
ability,® and the idea of distinct phenotypes among patients
with ARDS has been previously proposed and shown in a more
rigorous fashion.*” Despite this, identification of phenotypes has
not yet translated into differences in the management of ARDS
by clinicians.?* Second, further reports evaluating the lung
mechanics of patients with COVID-19-associated ARDS show
that these patients are similar to conventional patients with
ARDS.®® In fact, the proposed phenotypes of COVID-19-
associated ARDS likely represent the natural evolution of ARDS.

As such, using existing evidence-based therapies that protect
the lungs and avoid iatrogenic injury likely represents the best
way forward.® Although future evidence may change manage-
ment approaches, no convincing evidence currently suggests
that COVID-19-associated ARDS is a distinct entity, or that an
alternative treatment strategy is necessary, particularly with
regard to ventilation. In fact, therapies that are commonly used
for the treatment of ARDS may be effective for COVID-19-
associated ARDS.

Patients with COVID-19 may benefit from noninvasive venti-
lation (namely high-flow nasal cannula) and prone positioning
while awake, both of which appear to improve hypoxemia and
avoid intubation,*# and are the subject of ongoing randomized
trials. Most notable is the use of steroids (primarily dexametha-
sone), which has been shown to reduce mortality rates among
mechanically ventilated patients with COVID-19.%2%* Although
the use of tocilizumab, a monoclonal antibody, may be effective
in reducing mechanical ventilation and death in hospitalized
patients with COVID-19,*# the use of therapeutic anticoagula-
tion among patients with severe COVID-19 does not appear to
be beneficial.*® Finally, many patients with ARDS, whether asso-
ciated with COVID-19 or not, may require a lengthy duration of
mechanical ventilation. Therefore, tracheostomy may become
necessary, and clinicians should adhere to recommendations
related to safety, conduct and management of tracheostomy.*’

What uncertainties remain regarding the
management of ARDS?

Important areas for future study in ARDS therapy are summa-
rized in Figure 3. Although lung-protective ventilation with tradi-
tional pressure- or volume-targeted modes have been the cor-
nerstone of ARDS management, novel ventilatory modes may
also be efficacious. First, airway pressure release ventilation
(APRV) is a pressure-control mode of ventilation that may min-
imize ventilator-induced lung injury. This approach periodically
deflates the lungs (“release”) from a higher level of continuous
positive airway pressure, rather than trying to inflate the lung to
ideal lung volumes by overcoming poor compliance with higher
pressures. Theoretically, by maintaining continuous pressures
at moderate levels, APRV may reduce ventilator-induced lung
injury. However, a recent randomized trial found that APRV had
no impact on mortality rates in ARDS, although it was associ-
ated with reduced duration of mechanical ventilation and ICU
length of stay, compared with volume-controlled, lung-
protective ventilation.®® Further clinical trials on the efficacy of
APRV are needed.

The potential for exacerbation of lung injury through patient
self-inflicted lung injury (P-SILI) is another interesting area of
study. Although supported by a strong physiologic rationale,
there is a paucity of human data to understand P-SILI.* Theoret-
ically, the risk of P-SILI may be mitigated by controlling respira-
tory drive and effort through neuromuscular blockade, sedation
or extracorporeal life support. At present, there is limited evi-
dence that controlling respiratory effort and drive is associated
with improved outcomes in patients with ARDS.*
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Noninvasive oxygenation and ventilation strategies — High-flow nasal oxygen and helmet
noninvasive positive pressure ventilation may be helpful in early phases of ARDS by
preventing initiation of invasive mechanical ventilation.

Invasive ventilation strategies — Airway pressure release ventilation (APRV), neurally
adjusted ventilatory assist (NAVA) or proportional assist ventilation (PAV) are ventilatory
modes that can potentially mitigate the risk of ventilator-associated diaphragm
dysfunction and patient-ventilator dyssynchrony.

Spontaneous breathing and inspiratory effort — Monitoring and interventions targeting
respiratory drive (P0.1) and effort (P_ ) may mitigate patient self-inflicted lung injury.

occ!

Recruitment — Techniques such as electrical impedance tomography (EIT), recruitment
to inflation ratio (R/I ratio) and lung ultrasound may help identify patients that benefit
from recruitment or prone positioning.

Intensity of mechanical ventilation — Higher driving pressure or mechanical power is
associated with higher risk of death at any time point of mechanical ventilation, up to

30 days. It remains unclear if intervention on these variables translates into better

Target of mechanical
ventilation — monitoring tools

survival.

Phenotype A
® Phenotype B
Phenotype C .
Phenotype D st rategl es.
Phenotype E
Phenotype F
Phenotype G

-30 20 -10 0 10 20 30

Heterogeneity of ARDS — As a clinical syndrome, ARDS includes different entities with
distinct pathophysiology that could potentially benefit from different threrapeutic

Identification of phenotypes — Clinical variables, lung mechanics and biomarkers could
define subphenotypes with common biological characteristics, allowing for prediction
and treatment enrichment.

Exhaled breath analysis — Identification of biomarkers in exhaled breath may be useful

for diagnosis, disease trajectory tracking and outcome prediction monitoring in patients

ARDS
phenotypes

with ARDS.

Immunomodulation — Pharmacologic interventions targeting different inflammatory
pathways are actively being assessed in preclinical and clinical studies.

Mesenchymal stem cells — Administration of these cells for the modulation of lung repair
by the release of cytokines and growth factors that modulate local inflammatory response

is the subject of preclinical studies.

Extracorporeal CO, removal — Clinical benefit has been shown for patients with severe

ARDS. Ongoing research is assessing the role of extracorporeal CO, removal (ECCO,R) to

Emerging therapies

facilitate lung-protective ventilation.

Figure 3: Future directions in the management of acute respiratory distress syndrome (ARDS).

Finally, although VV-ECMO is beneficial for patients with severe
ARDS for whom conventional management is failing, another
emerging form of extracorporeal life support that may be valuable
in the management of moderate-to-severe ARDS is extracorporeal
carbon dioxide removal.** For patients receiving mechanical venti-
lation with very low tidal volumes, there is a risk of hypoventilation
and resultant hypercapnea and acidosis. Extracorporeal carbon

dioxide removal can facilitate very low tidal volumes by providing
an extracorporeal method to reduce carbon dioxide. Unlike VV-
ECMO, this approach uses smaller catheters, though there are
important associated risks, mainly related to bleeding.>? Extracor-
poreal carbon dioxide removal may be considered for patients
with moderate ARDS and may prevent progression to severe dis-
ease; trials to study its efficacy are ongoing.
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Conclusion

Acute respiratory distress syndrome causes respiratory failure
that most commonly occurs secondary to pneumonia, sepsis,
trauma or aspiration. Increasing severity of hypoxemia in ARDS is
associated with high risk of mortality. Management of ARDS is
largely focused on supportive management, lung-protective ven-
tilation and minimizing iatrogenic forms of lung injury, with
extracorporeal life support as an option for patients who con-
tinue to deteriorate despite these supportive therapies. Acute
respiratory distress syndrome that is associated with COVID-19
does not appear to be distinct from the conventional syndrome,
and existing therapies should remain the mainstay of treatment.
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