
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Journal of Intensive Medicine 1 (2021) 42–51 

Contents lists available at ScienceDirect 

Journal of Intensive Medicine 

journal homepage: www.elsevier.com/locate/jointm 

Review 

Ten golden rules for individualized mechanical ventilation in acute 

respiratory distress syndrome 

Denise Battaglini 1 , 2 , # , Marco Sottano 1 , 3 , # , Lorenzo Ball 1 , 3 , Chiara Robba 1 , 3 , 
Patricia R.M. Rocco 4 , Paolo Pelosi 1 , 3 , ∗ 

1 Anesthesia and Intensive Care, San Martino Policlinico Hospital, IRCCS for Oncology and Neuroscience, Genoa 16132, Italy 
2 Department of Medicine, University of Barcelona, Barcelona 08007, Spain 
3 Department of Surgical Sciences and Integrated Diagnostics, University of Genoa, Genoa 16126, Italy 
4 Laboratory of Pulmonary Investigation, Carlos Chagas Filho Institute of Biophysics, Federal University of Rio de Janeiro, Rio de Janeiro 21941-901, Brazil 

a r t i c l e i n f o 

Keywords: 

Acute respiratory distress syndrome (ARDS) 
Protective mechanical ventilation 
Extracorporeal CO 2 removal (ECCO 2 R) 
Extracorporeal membrane oxygenation 
(ECMO) 

a b s t r a c t 

Considerable progress has been made over the last decades in the management of acute respiratory distress 
syndrome (ARDS). Mechanical ventilation(MV) remains the cornerstone of supportive therapy for ARDS. Lung- 
protective MV minimizes the risk of ventilator-induced lung injury (VILI) and improves survival. Several parame- 
ters contribute to the risk of VILI and require careful setting including tidal volume (V T ), plateau pressure (P plat ), 
driving pressure ( ΔP), positive end-expiratory pressure (PEEP), and respiratory rate. Measurement of energy 
and mechanical power allows quantification of the relative contributions of various parameters (V T , P plat , ΔP, 
PEEP, respiratory rate, and airflow) for the individualization of MV settings. The use of neuromuscular blocking 
agents mainly in cases of severe ARDS can improve oxygenation and reduce asynchrony, although they are not 
known to confer a survival benefit. Rescue respiratory therapies such as prone positioning, inhaled nitric oxide, 
and extracorporeal support techniques may be adopted in specific situations. Furthermore, respiratory weaning 
protocols should also be considered. Based on a review of recent clinical trials, we present 10 golden rules for 
individualized MV in ARDS management. 
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Acute respiratory distress syndrome (ARDS) was first de-
cribed more than 50 years ago [1] . Despite substantial research
n effective causal/supportive therapies since then, ARDS re-
ains hard to treat,with 33.2 deaths in every 100,000 ARDS-
elated cases in the United States and between 2.6 and 7.2 in
very 100,000 people in Europe, with a declining annual rate
2] . 
It is estimated that more than 3 million people/year are af-

ected by ARDS [3] , accounting for up to 10% of intensive care
nit (ICU) admissions each year globally and requiring mechan-
cal ventilation (MV) that can itself damage the already injured
RDS lung [4] . Ventilator-induced lung injury (VILI) is the main
onsequence of injurious MV [5] . Great effort has been made to
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dentify possible ventilatory strategies to mitigate VILI risk in
ritically ill patients with ARDS [6] . Several randomized con-
rolled trials (RCTs) and observational studies have investigated
he role of lung-protective MV on ARDS outcome, thus revolu-
ionizing conventional ventilatory management [7–11] . More-
ver, extracorporeal carbon dioxide removal (ECCO 2 R) [12] , ex-
racorporeal membrane oxygenation (ECMO) [13] , inhaled va-
odilators [14] , neuromuscular blocking agents (NMBAs) [15] ,
nd prone positioning [16–17] have been discussed by multidis-
iplinary groups in recent guidelines as potential rescue strate-
ies for more severe cases [18–19] . 
The aim of this review is to provide health practitioners with

n up-to-date list of golden rules for diagnosing, classifying, and
reating ARDS according to new findings in this research area. 
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ule 1. Classification of severity 

ARDS is a syndrome and not a disease [20] , that is charac-
erized by inflammatory lung injury resulting in parenchymal
tiffening and consolidation, alveolar closure, altered vascular
ermeability, an increase in lung water content and, eventu-
lly, severe gas exchange failure with acute onset of hypox-
mia. The most current definition of ARDS is the Berlin defi-
ition, proposed in 2012 by a consensus panel of experts [21] ,
hich ontlines the following 4 criteria that must be simultane-
usly met for a diagnosis of ARDS: (1) a certain degree of hy-
oxemia, evaluated by measuring the partial pressure of oxygen
PaO 2 )/fraction of inspired oxygen (FiO 2 ) ratio; (2) acute on-
et of hypoxemia, with respiratory symptoms beginning within
 week of clinical insult; (3) presence of bilateral opacities on
hest imaging that are not fully explained by pleural effusion,
lveolar/lobar collapse, or nodules; and (4) absence of cardiac
ailure and/or fluid overload. The Berlin definition also classi-
es ARDS severity based on the PaO 2 /FiO 2 ratio with a positive
nd-expiratory pressure (PEEP) or continuous positive airway
ressure > 5 cmH 2 O: mild ARDS (PaO 2 /FiO 2 ratio between 200
nd 300), with a predicted mortality of 27%; moderate ARDS
PaO 2 /FiO 2 ratio between 100 and 200), with a predicted mor-
ality of 32%; and severe ARDS (PaO 2 /FiO 2 ratio < 100), with a
redicted mortality of 45% [21] . In 2013, Villar et al. [22] mod-
fied the definition of ARDS severity with the aim of assessing
CU mortality risk according to the PaO 2 /FiO 2 ratio; the authors
ested 2 levels of PEEP and FiO 2 (PEEP ≥ 5 and ≥ 10 cmH 2 O and
iO 2 ≥ 0.5 and 1.0) at 24 h after ARDS diagnosis, and concluded
hat ARDS risk stratification is best achieved with PEEP ≥ 10
mH 2 O and FiO 2 ≥ 0.5, with a mortality rate of 17%, 41%, and
8% in mild, moderate, and severe ARDS groups, respectively.
s with ARDS risk stratification, ARDS phenotypes have yet to
e clearly defined. Calfee et al. [23] incorporated 2 phenotypes
nto their definition of ARDS. Phenotype 1 is characterized by
ess severe inflammation and shock. Phenotype 2 is character-
zed by higher plasma concentrations of inflammatory biomark-
rs, lower serum bicarbonate concentrations, more frequent use
f vasopressors, and higher prevalence of sepsis; it is also asso-
iated with a higher mortality, fewer ventilator-free days, and
ifferent responses (e.g., mortality and ventilator-free days) to
igh PEEP vs. low PEEP, which is similar to the phenotype of
oronavirus disease 2019(COVID-19) [24] . Thus, the Berlin def-
nition and the classification of ARDS severity and prognostic
ccuracy remain controversial. 

ule 2. Tidal volume(V T ), plateau pressure(P plat ), and 

riving pressure( 𝚫P) 

The previous convention for MV in ARDS was a tidal volume
V T ) of 10–15 ml/kg of predicted body weight (PBW) [8] .Over
he past decades, much has been learned concerning the detri-
ental sequelae of MV such as lung overdistention (e.g., in the
ase of a high V T ) with subsequent volutrauma, which along
ith atelectrauma and biotrauma constitutethe basis for VILI
25–26] . A multicenter RCT conducted in 2000 changed the
linical management of ARDS. The trial was interrupted after
nrolling 861 patients because of a higher mortality rate and
ewer ventilator-free days in patients treated with conventional
 T (12 ml/kg of PBW and P plat of 50 cmH 2 O) compared to
43 
hose treated with a lower V T (6 ml/kg of PBW and P plat of 30
mH 2 O) [8] . The ARDSNet study attempted to maintain the par-
ial pressure of carbon dioxide (PaCO 2 ) as close to the normal
ange as possible, resulting in a higher respiratory rate (25–30
reaths/min), which is often required to maintain PaCO 2 below
0 mmHg but can lead to dynamic hyperinflation and insuffla-
ion. Although hypercapnia can induce catecholamine release
nd increase pulmonary vascular resistance, it also suppresses
nflammation and the production of free radicals [27] . Current
uidelines suggest the use of a heated humidifier to control hy-
ercapnia; however, V T can be increased over 6 ml/kg (PBW) in
he case of marked and persistent hypercapnia with an already
ncreased respiratory rate and reduced dead space [19] . A re-
ent study comparing V T ≤ 6.5 ml/kg and ≥ 6.5 ml/kg found
hat an increase of 1 ml/kg PBW was associated with an in-
reased risk of death (hazard ratio = 1.23, 95% confidence in-
erval [CI]: 1.06–1.44, P = 0.008) [28] . In contrast, in the LUNG
AFE study, V T ≥ 7.1 ml/kg was not associated with increased
ortality but P plat , PEEP, and ΔP were shown to significantly
nfluence outcome measures [29] . Thus, P plat is an important
arameter in the pathogenesis of VILI along with V T and PEEP,
ll of which are included in the calculation of static compliance
30] . A lower V T was associated with better survival but only if
 plat was < 27 cmH 2 O [31] ; on the other hand, a high V T was as-
ociated with increased oxygenation and improved compliance
ut also a higher rate of mortality [31–32] . A recent study re-
orted that P plat was a more important determinant of mortal-
ty and outcome than ΔP [33] . ΔP is defined as V T /C rs (respi-
atory system compliance). In this formula, V T is normalized
o C rs of the damaged respiratory system and may be a better
redictor of survival than V T scaled to normal lung volume us-
ng PBW, which is determined by height and sex [34] . In other
ords, ΔP represents the distending pressure in the respiratory
ystem when V T is delivered by the ventilator. V T , PEEP, and
 plat may contribute to VILI but can also interact in a complex
anner; therefore, the relationship between any single param-
ter and mortality is unclear [35] . As C rs is directly associated
ith normal aerated lung volume, it was suggested the ΔP is the
est parameter for predicting mortality in ARDS patients [36] . A
osthoc analysis of published trials demonstrated that ΔP was
ighly correlated with mortality rate [34] . PEEP and V T may
ave protective effects only in association with a decreasd ΔP.
nother study suggested targeting ΔP to below 13–15 cmH 2 O
37]. Whether PEEP should be set to minimize the value of ΔP
s debated; this increased mortality rate in a recent trial [38] .
hus, setting parameters based on a reduction in ΔP is not rec-
mmended, and P plat remains the most important parameter for
rotecting against lung damage [33] . Finally, the best ΔP should
ot be used to optimize MV in ARDS. 

ule 3. PEEP 

PEEP is an essential aspect of ARDS management [21] . Bene-
ts of using PEEP include alveolar recruitment, reduction of in-
rapulmonary shunt, and arterial oxygenation [39] ; on the other
and, detrimental effects include an increased end-inspiratory
ung volume and elevated risks of volutrauma and VILI [40] .
urrent guidelines recommend reserving high PEEP for patients
ith moderate or severe ARDS and avoiding it in mild cases
41] . In a secondary analysis of the Lung Open Ventilation
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tudy, patients with ARDS who showed improved oxygenation
ith high PEEP had a lower risk of death (odds ratio = 0.8; 95%
I: 0.72–0.89), while changes in compliance and dead space
ere unrelated to mortality [42] . The threshold for defining
igh vs. low PEEP is 12 cmH 2 O [19] . A recent meta-analysis
omparing low V T combined with high or low PEEP found that
 high PEEP improved survival (relative risk [RR] = 0.58; 95%
I: 0.41–0.82; P = 0.05) [43] . Three large RCTs comparing high
nd moderate PEEP levels in ARDS patients ventilated with low
 T (6 ml/kg PBW) did not find any differences in mortality [44–
6] . High PEEP was associated with lower mortality in patients
ith moderate and severe ARDS and higher mortality in those
ith mild ARDS [47] . A high PEEP level is associated with in-
reased static stress, but is required to avoid repeated opening
nd closing of alveolar units [48] . The ART trial demonstrated
hat a PEEP value > 15 cmH 2 O was associated with increased
ortality, especially in patients with hemodynamic impairment
nd pneumonia [38] . Therefore, we do not recommend using
n average PEEP level > 15 cmH 2 O as this could compromise
emodynamic function and increase the need for fluids. 
There are no definitive recommendations on how to set PEEP.

n patients with moderate or severe ARDS, setting PEEP ac-
ording to either transpulmonary pressure (P L ) or PEEP/FiO 2 

id not influence mortality [38] . The best way to individual-
ze PEEP is to use a low PEEP/PaO 2 /FiO 2 table [49] , as pa-
ients who require more PEEP have more recruitable lungs
nd vice versa. On the other hand, the use of the best ΔP or
tress index, as well as P L at end expiration was associated
ith higher PEEP in less recruitable lungs and lower PEEP in
ore recruitable lungs. PEEP should be individualized, but with-
ut using ΔP and compliance as titration methods, giving that
ompliance decreases with lung volume and recruitment (and
s influenced by V T ); that is, the higher the compliance, the
ower the ΔP. Higher PEEP increases intratidal recruitment,
hich in turn increases compliance (although this is undesir-
ble). Changes in ΔP from airway pressure may be partly ex-
lained by changes in chest wall compliance in patients with
igh abdominal pressure. The following thresholds should be re-
pected to minimize the risk of VILI: P plat should be maintained
s low as possible ( < 25–27 cmH 2 O); and ΔP should be low to
educe mechanical power (MP) in association with a reduction
f V T , although a lower ΔP does not reduce MP in association
ith the optimal PEEP (set as ΔP). Finally, the outdated con-
ept of high vs. low PEEP should be abandoned. In an experi-
ental model, a higher PEEP increased static strain and VILI,
hile volutrauma caused more lung damage than atelectrauma
50–51] . 
PEEP should be set at the lowest level that is needed to at-

ain minimal acceptable oxygen saturation (SpO 2 ) (88–92%) or
aO 2 (55–70 mmHg) [52] . PaO 2 and oxygen delivery can be op-
imized by increasing blood pHa and reducing PaCO 2 , which in-
reases hemoglobin concentration, cardiac output, and arterial
xygen content. Clinicians should exercise caution when adopt-
ng lung-protective strategies, particularly with low oxygen tar-
ets and permissive hypercapnia [53] . PEEP should also be set
o protect the right ventricle, because the recruitment of lung
nits leads to derecruitment of capillaries. At high PEEP, more
uids are needed to achieve capillary recruitment and improve
ight ventricle function and lymphatic flow drainage from the
ungs is reduced [54] . 
t

44 
Personalized ventilatory treatment optimized based on chest
-rays and computed tomography (CT) scans did not yield bet-
er outcomes and was even associated with a worse outcome
55] , suggesting that chest imaging is not the best approach to
ptimize MV in ARDS patients. 
Obese patients are at a particularly high risk of developing
RDS because of anatomic and physiologic alterations affect-
ng the chest wall, lungs, pharynx, face, and neck [56] . These
atients present with reduced functional residual capacity and
ung compliance, hypoxia, and ventilation/perfusion mismatch.
pplying PEEP in this population is important to mitigate atelec-
asis and distal airway closure. In this regard, airway occlusion
t end-inspiration is a useful method for individualizing PEEP
ccording to a patient’s specific physiology [57–59] . 
We do not recommend using a PEEP level > 15 cmH 2 O. Low

 T combined with the minimum PEEP level needed to achieve
aturation/PaO 2 targets (88%–92%/55–70 mmHg) [52] is the
est option to avoid repeated collapse and reopening of alve-
li, essentially by closing down the lungs and keeping them at
est to minimize VILI [60] . The distinction between high and
ow PEEP should be abolished and PEEP should be individ-
alized based on the functional characteristics of each ARDS
atient. 

ule 4. Recruitment maneuvers(RMs) 

The total weight of the lungs is increased in ARDS due to
nterstitial and alveolar edema. As a result, atelectasis in depen-
ent areas of the lungs is common; the collapse of alveoli not
nly reduces the total lung surface available for gas exchange
ut also promotes lung injury by increasing shear stress in areas
ocated at the interface between aerated and collapsed alveoli,
hich undergo cyclic recruitment and derecruitment [61] . RMs
ecrease the intrapulmonary shunt and improve oxygenation
nd compliance. Thus, RMs can be considered as a protective
open lung approach ” to MV; although it can lead to hemody-
amic impairment and overdistension, which is more harmful
han atelectrauma [62–63] . 
A recent meta-analysis of 6 RCTs involving 1423 ARDS pa-

ients showed a reduction in mortality with the use of RMs.
otably, 5 of the studies used a high PEEP in the interven-
ion group, suggesting that RMs can be used in combination
ith an open lung-protection strategy. In the study that did not
dopt the cointervention and used only periodic RMs without
igher PEEP, mortality was reducted although the quality of
vidence was low. All 6 studies showed improved oxygenation
fter 24 h (mean increase: 52 mmHg; 95% CI: 23–81 mmHg)
64] . In another meta-analysis of 10 trials using high PEEP only
 n = 3), RMs only ( n = 1), or their combination ( n = 6), there
as no differences in mortality rate (RR = 0.96, 95% CI: 0.84–
.09, P = 0.5), or incidence of barotrauma (RR = 1.22, 95% CI:
.93–1.61, P = 0.16) [7] . Regarding the detrimental effects asso-
iated with RMs, there was no increase in the risk of barotrauma
4 trials; RR = 0.84; 95% CI : 0.46–1.55) or incidence of hemody-
amic compromise (3 trials; RR = 1.30; 95% CI : 0.92–1.78) [64] .
arious lung RMs have been used including high airway pres-
ure sustained for a limited amount of time, a stepwise increase
n PEEP with fixed ΔP, etc [65–68] ; this heterogeneity may limit
he accuracy of meta-analyses. 
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Further studies are needed to evaluate the beneficial effects
f RMs; at present, they are not recommended in treatment
uidelines for patients with severe ARDS [19] . 

ule 5. Neuromuscular blocking agents(NMBA4) 

NMBAs act by inhibiting patients’ active breathing. Patients
ith severe ARDS may benefit from NMBAs, especially those
ith higher APACHE-II score, alveolar-arterial oxygen gradi-
nts, and P plat , who require rescue therapies such as prone posi-
ion and ECMO [16–17,69] . NMBAs reduce patient-ventilator
synchronies and oxygen consumption and increase compli-
nce, functional residual capacity, and regional distribution of
 T , resulting in anti-inflammatory effects [16,70] . NMBAs also
lay a critical role in limiting decruitment and maintaining
EEP, thereby reducing fluctuations in P L caused by strong in-
piratory effort and expiratory alveolar collapse [71] . A major
ide effect of long-term NMBA administration is muscular weak-
ess, which can be a detrimental during in weaning from MV. 
A recent meta-analysis evaluating the effects of NMBAs on

he outcome of ARDS patients found that NMBAs did not re-
uce mortality risk at 28 days (RR = 0.9; 95% CI: 0.78–1.03;
 = 0.12) and 90 days (RR = 0.81; 95% CI: 0.62–1.06; P = 0.06),
ut significantly reduced ICU mortality risk (RR = 0.72; 95%
I: 0.57–0.91; P = 0.007), ventilator-free-days, and duration of
V,and increased oxygenation (e.g., by decreasing the inci-
ence of asynchronies) [72] . This meta-analysis did not include
he ROSE trial [72] , because the authors used a modified PEEP
able and not the National Heart, Lung, and Blood Institute pro-
ocol used in the other RCTs; moreover, the patients were only
ightly sedated, in contrast to the deep-sedation strategy used
n the other trials. This could explain why in the ROSE trial,
RDS patients had a lower rate of vasopressor use, shorter in-
ubation time, and lower mortality rate. In the ROSE trial, pa-
ients with moderate-to-severe ARDS were randomly divided
nto 2 groups(heavy sedation with NMBAs and light sedation
ith placebo); the same high PEEP ventilation and fluid con-
ervation strategies were used in both groups to avoid the con-
ounds of co-intervention. There were no differences in mortal-
ty rate at 28 and 90 days, and the incidence of muscle weak-
ess was similar between groups [73] . In the ACURASYS trial,
ortality at 90 days did not differ between the NMBA (31.6%;
5% CI: 25.2–38.8) and placebo (40.7%; 95% CI: 33.5–48.4)
roup ( P = 0.08), although mortality at 28 days differed slightly
t 23.7% (95% CI: 18.1–30.5) and 33.3% (95% CI: 26.5–40.9)
n the NMBA and placebo groups, respectively ( P = 0.05) [10] . 
In summary, NMBAs do not reduce mortality risk at 28

nd 90 days, ventilator-free days, or duration of MV, but im-
rove oxygenation and reduce barotrauma without affecting
CU weakness. Fig. 1 outlines a management algorithm for the
se of NMBAs in patients with moderate-to-severe ARDS. 

ule 6. Assisted ventilation 

In the acute phase of ARDS, it is reasonable to maintain the
atients on continuous NMBA treatment in a protective, con-
rolled ventilation mode. When there is clinical improvement,
ithdrawal from MV should be initiated. Spontaneous breath-
ng has favorable effects such as reducing the wasting of res-
iratory muscles and improving oxygenation and compliance
45 
74] . NMBAs and sedatives are first withdrawn until a sponta-
eous breathing effort is observed. Return to spontaneous ven-
ilation is as inevitable as it is challenging. There are several
roblems associated with so-called pressure-support ventilation
PSV) modes. Spontaneous breathing can increase the inflam-
atory response and VILI [75] and an intense breathing effort
ue to exaggerated respiratory drive can worsen patient self-
nflicted lung injury caused by the hyperinflation of aerated
ung areas with increased strain. As a general rule, criteria for
rotection similar to those applied to controlled ventilation in
RDS [36] must be met for assisted spontaneous ventilation.
ith regard to the ventilator mode before weaning and extu-
ation, a recent non-inferiority RCT comparing assisted venti-
ation without or with the sigh maneuver in acute hypoxemic
atients showed that 23% of patients in the latter group failed
o remain on pressure-control ventilation, compared to 30% in
he assisted ventilation only group (absolute difference, − 7%;
5% CI: − 18% – 4%; P = 0.015), highlighting the clinical benefit
f using the sigh maneuver during assisted ventilation [76] . 

ule 7. Prone positioning 

The ventilation of dependent areas is severely impaired in
he supine position in ARDS patients compared to non-ARDS pa-
ients [77] . Because of gravity, dependent areas are also more
xtensively perfused, resulting in hypoxemia due to ventila-
ion/perfusion mismatch. Marked increases in oxygenation are
requently observed in ARDS patients in the prone position as
 more homogeneous ventilation/perfusion ratio is achieved
nd intrapulmonary shunt is consequently diminished [78] . The
rone position not only improves oxygenation but also reduces
he risk of VILI [79] . Improved oxygenation with no change in
aCO 2 leads to the redistribution of perfusion instead of re-
ruitment because regional ventilation does not improve. On
he other hand, improved oxygenation associated with reducted
aCO 2 leads to recruitment and increases regional ventilation
nd survival [80] . 
Conflicting findings have been reported regarding the bene-

ts of the prone position. The Prone-supine-II RCT [81] , which
nrolled 342 adult ARDS patients with moderate and severe hy-
oxemia, found no significant differences in overall survival at
8 days and 6 months between supine and prone patients (for
0 h/day); however, complications were significantly higher in
he latter group. A recent meta-analysis of 8 RCTs also showed
o difference in mortality between groups but in a subgroup
nalysis, mortality was lower in patients who were pronated for
 12 h/day;moreover, PaO 2 /FiO 2 ratio was higher and compli-
ations such as pressure sores and endotracheal tube obstruc-
ion were more frequent in the prone position group [82] . In
he PROSEVA trial involving 466 patients with severe ARDS,
he intervention group (237 patients) remained in the prone po-
ition for 16 h/day (an average of 4 sessions of prone positioning
er patient); mortality was significantly lower in these patients
t 28 days and at 90 days while the rate of complications was
omparable to that in the supin groups, except for cardiac arrest
 which occurred more frequently in the latter [83] . These data
uggest that prone positioning may have clinical benefits in se-
ere cases of ARDS, provided that it is maintained for at least
6 h. 
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Fig. 1. Proposed algorithm for NMBAs use in ARDS patients. NMBA use is suggested when moderate to severe ARDS is present. NMBAs plays a pivotal role in 
limiting decruitment and maintaining PEEP, allowing a reduction in swings of transpulmonary pressure due to strong inspiratory effort and expiratory alveolar 
collapse. ARDS: Acute respiratory distress syndrome; BGA: Blood gas analysis; BIS: Bispectral index; ICU: Intensive care unit; NMBA: Neuromuscular blocking agent; 
PBW: Predicted body weight; PEEP: Positive end-expiratory pressure; RASS: Richmond Agitation Sedation Scale. 
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Current guidelines recommend cycles of prone positioning
asting at least 16 h for patients with PaO 2 /FiO 2 < 150 in order
o reduce mortality. Pronation is cost effective and relatively
asy to implement, although the correct and safe positioning
f patients requires technical skills and extreme caution [18] .
rone positioning for 1 day (12–18 h) repeated 3 times (2–5
ays) is a reasonable schedule. 
Prone positioning is the best technique for opening up the

ungs and keeping them open, but at minimal acceptable oxy-
enation and airway pressure and lower PEEP. In this context,
EEP should be set to minimize injurious static strain. 

ule 8. Other rescue therapies 

Rescue therapies for ARDS are indicated when other less in-
asive strategies are unsuccessful. ECCO 2 R with a blood flow
p to 1.500 ml/min is an effective therapy for ARDS patients
ith either hypoxemic or hypercapnic respiratory failure. Arti-
cial lungs are commercially available, that may be used within
 conventional system of centrifugal pumps separate from or
ithin a continuous renal replacement therapy circuit [84] . In
ur opinion, the circuits and pumps should be further improved
n the near future. This system is attractive because it allows
ow-flow CO 2 removal in severe cases of ARDS, while avoid-
ng the invasiveness of high-flow ECMO. Low-flow CO 2 removal
aintains oxygenationwith less MP, and can be easily and safely
pplied at the bedside [84–85] . ECCO 2 R protects against VILIg
y reducing V T and P plat while also controlling respiratory aci-
osis [86] ; however, questions remain regarding its indications
46 
s most of the data come from observational studies of small
ase series or from retrospective analyses. A consensus state-
ent published in 2020 on ECCO 2 R use in ARDS patients de-
ned the target criteria for MV as follows: ΔP < 14 cmH 2 O, P plat 
 25 cmH 2 O, and a respiratory rate of 20–25 breaths/min. In-
ications for starting ECCO 2 R include ΔP > 15–20 cmH 2 O, P plat 
 30–35 cmH 2 O, PaCO 2 ≥ 60 mmHg, pH < 7.25, respiratory
ate > 20–30 breaths/min, PaO 2 /FiO 2 < 150, and PEEP > 8–15
mH 2 O [86] . 
Inhaled nitric oxide (iNO) is another rescue strategy often

sed in ARDS patients who do not respond to conventional treat-
ents. iNO was first reported in 1987 as an endogenous va-
odilator to treat pulmonary hypertension and other pulmonary
iseases; it was recently, shown to be advantageous for ventila-
ion/perfusion mismatch. Current data indicate that iNO can be
afely applied, although potential adverse effects include methe-
oglobinemia, reduced platelet aggregation, systemic vasodi-
ation, and renal dysfunction. Thus, iNO should be used care-
ully in patients with renal diseases, and renal function should
e strictly monitored during the treatment [87] . 

ule 9. ECMO 

While low-flow systems such as ECCO 2 R (0.5–1.5 L/min) pro-
ide adequate flow for both oxygenation and CO 2 removal, high-
ow systems such as ECMO (2–4 L/min) provide too much flow
or minimal oxygenation and CO 2 removal (for which a low
lood flow is needed) [86–88] . In the EOLIA trial, ECMO was
sed in patients who were already pronated but did not show
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Fig. 2. Proposed algorithm for rescue strategies. ECCO 2 R: Extracorporeal CO 2 removal; FiO 2 : Fraction of inspired oxygen; iNO: Inhaled nitric oxide; PaCO 2 : Partial 
pressure of carbon dioxide; PaO 2 : Partial pressure of oxygen; VV-ECMO: Venous-venous extracorporeal membrane oxygenation. 

s  

i  

g  

4  

v  

w  

h  

p  

s  

t  

g  

p  

w  

O  

o  

(  

A  

m  

t  

l  

o  

W  

t  

m  

h  

a
 

s

R

 

s  

s  

d  

h  

t  

2  

[  

a  

p  

l
r

 

i  

P  

y  

d  

a  

b  

t  

l  

t  

t  

i  

e  

d  
ufficient improvement. The trial failed to demonstrate a signif-
cant difference in 60-day mortality between ECMO and control
roups [69] . A recent meta-analysis of 2 RCTs with a total of
29 patients reported a lower 60-day mortality in the venous-
enous ECMO group (RR = 0.73; 95% CI: 0.58–0.92; P = 0.008),
hereas 3 other studies reported a higher incidence of major
emorrhage in patients receiving ECMO [89] . Not all centers
articipating in these trials adopted the conventional rescue
trategies for severe ARDS cases, and some lacked expertise in
he use of ECMO. The latest Extracorporeal Life Support Or-
anization guidelines for initiating ECMO include hypoxic res-
iratory failure with a mortality risk ≥ 50% (PaO 2 /FiO 2 < 150
ith FiO 2 > 90% and/or Murray score of 2–3, Age-Adjusted
xygenation Index[AOI] score of 60, or APSS score [based
n age, PaO 2 /FiO 2 , and the P plat ]), a risk of mortality ≥ 80%
PaO 2 /FiO 2 < 100 with FiO 2 > 90%, and/or Murray score 3–4,
OI score > 80, or APSS score of 8); retention of PaCO 2 despite
aximal settings for MV; severe air leak syndrome; patients on
he list for lung transplantation; or cardiac or respiratory col-
apse [90–92] . ECMO should also be used to reduce the risk
f VILI by adopting an ultra-protective ventilator strategy [93] .
hile absolute contraindications are not available, relative con-
raindications should be considered such as > 7 days of maxi-
al MV settings; immunosuppression; central nervous system
emorrhage, damage or terminal malignancy; and increased
ge [88] . 
A strategy for selecting patients who may benefit from rescue

trategies is presented in Fig. 2 . 
47 
ule 10. Weaning from mechanical ventilation 

Once lower desirable levels of pressure support under as-
isted ventilation have been achieved, sedatives and analgesics
hould be reduced and a spontaneous breathing trial (SBT) con-
ucted. Post-extubation respiratory failure is associated with a
igh risk of mortality [94–96] . Daily interruption of sedation
o assess the levels of agitation and pain has been adopted since
000; this practice can reduce days on MV and length of ICU stay
97] . Weaning from MV can be categorized as simple, difficult,
nd prolonged [98] . Several methods have been proposed to
redict successful weaning from MV, each with advantages and
imitations; the most commonly used metric is the frequency/V T 

atio [99] . 
Weaning strategies that are often used in general ICU patients

nclude PSV or a T-tube trial. In an RCT comparing 30 min of low
SV (8 cmH 2 O and 0 PEEP) and 2 h with a T-tube, the former
ielded greater success with extubation. However, although the
ecision to connect the patient to a high-flow nasal cannula or
dminister NIV after extubation, or to reconnect the patient 1 h
efore extubation was made during the randomization phase,
he PSV arm received high-flow nasal cannulation or NIV for a
onger period than the T-tube arm (25% vs. 19%; P = 0.01), po-
entially confounding the final results [100] . Moreover, in some
rials, patients were reconnected to the ventilator for a certain
nterval before extubation, whereas in others they were directly
xtubated after passing an SBT. Another RCT conducted in 2017
emonstrated that a 1-h rest period after passing an SBT reduced
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Fig. 3. Simplified formulas for mechanical power (MP) for volume-controlled and pressure-controlled ventilation. A: Mechanical power formula for volume-control 
ventilation. B: Mechanical power formula for pressure-controlled ventilation. Elastic static, dynamic, and resistive forces in yellow, blue, and green, respectively. 
MP: Mechanical power; PCV: Pressure-controlled ventilation; PEEP: Positive end-expiratory pressure; P peak: Peak pressure; P plat : Plateau pressure; RR: Respiratory 
rate; VCV: Volume-controlled ventilation; V T : Tidal volume. Modified from Giosa et al. [120] . 

t  

p  

s  

a  

h  

c  

o  

f  

A  

w  

d  

t  

C  

d  

t  

r  

i  

u  

t  

d  

a

C

 

C  

I  

v  

t  

r  

p  

l  

l  

h  

t  

a  

t
 

g  

s  

fl  

t  

l  

p  

f

F

 

e  

i  

[  

r  

t  

s  

t  

T  

d  

p  

a  

b  

i  

s  

s  

b  

p

he rate of reintubation within 48 h after extubation [101] . A
ractical guideline for weaning is performing the SBT with in-
piratory pressure augmentation and a PEEP level between 0
nd 5 cmH 2 O followed by extubation and NIV in patients at
igh risk of extubation failure (e.g., patients with hypercapnia,
hronic obstructive pulmonary disease, congestive heart failure,
r other serious comorbidities) [102] . Personalized approaches
or weaning general ICU patients need to be safer and faster.
s specific studies on weaning in ARDS are not yet available,
e recommend following local protocols based on current evi-
ence obtained from the general ICU population. Additionally,
he role of respiratory physiotherapy is critical in this setting.
hest physiotherapy should be initiated as soon as possible even
uring controlled MV to improve outcome and reduce complica-
ions. In particular, assisted mobilization, postural therapy, neu-
omuscular electrical stimulation, and respiratory muscle train-
ng can reduce muscle weakness in ICU patients, and while man-
al or ventilator hyperinflation [103] , positioning [104] , an ac-
ive breathing cycle, and subglottic secretion drainage can re-
uce respiratory complications such as atelectasis, ventilator-
ssociated pneumonia, and tracheobronchitis [105] . 

OVID-19 ARDS 

Severe acute respiratory syndrome coronavirus-2 (SARS-
oV-2) was first identified in Wuhan, China in December 2019.
t rapidly became a pandemic. Most cases of infection with the
irus are limited to mild febrile illness, but some develop ARDS
hat requires ICU admission and critical care [106–107] . The
espiratory management of COVID-19 ARDS is based on distinct
henotypes according to chest CT findings [24,108–110] and
ung physiology; these include phenotype 1, with preserved
ung compliance but few alveolar areas to recruit, along with
igh-perfusion areas; phenotype 2, with nonhomogeneously dis-
48 
ributed atelectasis; and phenotype 3, featuring low compliance
nd inhomogeneous distribution of atelectasis(very similar to
raditional ARDS) [108] . 
In addition to the protective MV strategy recommended for

eneral ARDS patients, for phenotype 1 COVID-19 ARDS, we
uggest using moderate PEEP to redistribute pulmonary blood
ow from non-ventilated to more ventilated areas. For pheno-
ype 2, we recommend using moderate-to-high PEEP to improve
ung recruitment; rescue therapies can also be considered. For
henotype 3, we suggest adopting the current recommendations
or typical (non-COVID) ARDS [ 24,105–111 ]. 

uture perspectives 

Recent studies have demonstrated that not only static param-
ters (PEEP, P plat , and ΔP) but also dynamic parameters (airflow,
nspiratory time, and respiratory rate) can cause lung damage
112] . MP, the product of mechanical energy and respiratory
ate, is a measure of the amount of energy imparted to the pa-
ient by the mechanical ventilator. A related parameter, inten-
ity, is MP normalized to the lung surface area [ 5–114 ]. For
he same MP, intensity is higher for a smaller surface area [5] .
hree or more equations have been proposed to calculate MP
epending on the ventilatory setting. We propose that the sim-
lest equations be adopted at the bedside in the case of pressure-
nd volume-control ventilation [115–118] ( Fig. 3 ). MP should
e maintained below 12 J/min in ARDS, and below 17 J/min
n non-ARDS. Moreover, MP levels > 27 J/min should be con-
idered during ECMO [119] . The concept of MP is new and
till under investigation; although it is appealing, it may not
e useful in clinical practice for setting MV parameters in ARDS
atients. 
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onclusions 

Over the last few decades there has been substantial progress
n ARDS management. MV should follow the criteria for pro-
ective ventilation to minimize the risk of VILI. When it is im-
ossible to optimize MV settings, rescue treatments should be
nitiated. These approaches must be undertaken by considering
he treatment center’s experience and benefits tor the patient.
n general, V T , P plat , ΔP, PEEP and PaO 2 should be minimized,
hile increasing hemoglobin level, and permissive atelectasis
nd hypoxemia should be allowed. Thus, the strategy of closing
own the lungs and keeping them resting can minimize VILI in
RDS. 
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