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Abstract 

Treatment of respiratory failure has improved dramatically since the polio epidemic in the 1950s with the use of 
invasive techniques for respiratory support: mechanical ventilation and extracorporeal respiratory support. However, 
respiratory support is only a supportive therapy, designed to “buy time” while the disease causing respiratory failure 
abates. It ensures viable gas exchange and prevents cardiorespiratory collapse in the context of excessive loads. 
Because the use of invasive modalities of respiratory support is also associated with substantial harm, it remains the 
responsibility of the clinician to minimize such hazards. Direct iatrogenic consequences of mechanical ventilation 
include the risk to the lung (ventilator-induced lung injury) and the diaphragm (ventilator-induced diaphragm dys-
function and other forms of myotrauma). Adverse consequences on hemodynamics can also be significant. Indirect 
consequences (e.g., immobilization, sleep disruption) can have devastating long-term effects. Increasing awareness 
and understanding of these mechanisms of injury has led to a change in the philosophy of care with a shift from 
aiming to normalize gases toward minimizing harm. Lung (and more recently also diaphragm) protective ventila-
tion strategies include the use of extracorporeal respiratory support when the risk of ventilation becomes excessive. 
This review provides an overview of the historical background of respiratory support, pathophysiology of respiratory 
failure and rationale for respiratory support, iatrogenic consequences from mechanical ventilation, specifics of the 
implementation of mechanical ventilation, and role of extracorporeal respiratory support. It highlights the need for 
appropriate monitoring to estimate risks and to individualize ventilation and sedation to provide safe respiratory sup-
port to each patient.

Keywords:  Mechanical ventilation, Extracorporeal membrane oxygenation, Respiratory failure, Ventilator-induced 
lung injury, Myotrauma

Historical overview of respiratory support

The concept of respiratory support stretches back 
through history [1], but consistent assistance for human 
breathing using a machine only began in 1928 when 
Philip Drinker and Louis Agassiz Shaw Jr. invented a 
negative pressure ventilator for polio patients with res-
piratory muscle paralysis [2]. These devices were large, 
expensive, cumbersome for provision of nursing care, 
and provided no airway protection; they became wide-
spread over the following decades but were infrequently 
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used to care for patients without polio. During the same 
time-period, rudimentary positive pressure ventilators 
were invented for care of patients in the operating room. 
However, even throughout the 1940s, such machines 
were not in routine use, and were viewed as safe only for 
short-term care.

The Copenhagen polio epidemic provided the neces-
sary demonstration that prolonged, positive pressure 
ventilation was a safe and effective means of respiratory 
support [3]. In a severe polio outbreak beginning in July 
1952, hundreds of patients in Copenhagen and surround-
ing area needed respiratory support, but they were cared 
for at the infectious disease hospital which had only one 
tank respirator (iron lung) and 6 cuirass respirators. 
Out of necessity, they tracheostomized the patients and 
hand-ventilated them. The results were dramatic: mor-
tality dropped from 87 to ~ 30%. Mechanical ventila-
tors that could provide prolonged support for patients 
outside the operating room soon followed, and the first 
intensive care unit was created. It also did not take long 
for physicians to recognize the potential for this technol-
ogy in patients with many different forms of respiratory 
failure. The stage was then set for 70 years of remarkable 
advancements in our understanding of respiratory physi-
ology/pathophysiology, and improvements in ventilator 
technology and ventilatory strategies [4].

Pathophysiology of respiratory failure 
and rationale for respiratory support
General principles
Respiratory support in acute respiratory failure consists 
of techniques aimed at maintaining blood gases compat-
ible with life by:

1.	 Modifying alveolar gas composition: fraction of 
inspired oxygen or FiO2

2.	 Modifying end-expiratory lung volume: continuous 
or end-expiratory positive airway pressure (CPAP or 
PEEP respectively), and high-flow nasal cannula.

3.	 Substituting, partially or totally the ventilatory mus-
cle function: non-invasive ventilation (NIV) and 
invasive mechanical ventilation (MV)

4.	 Substituting for lung function (extracorporeal 
devices)

In most cases, respiratory support is only a support-
ive therapy designed to “buy time” while the disease that 
causes respiratory failure abates. Therefore, the optimal 
respiratory support for a given patient at a given time is 
the one providing viable arterial blood gases (PaO2 of 
60–90  mmHg, PaCO2 < 60  mmHg) and adequate oxy-
gen delivery to the vital organs with minimal (ideally nil) 
adverse consequences (e.g., hemodynamic consequences, 

ventilation-induced lung injury (VILI) [5] and diaphragm 
dysfunction [6]). A rational approach for respiratory sup-
port must consider the fraction of physiological dead 
space and venous admixture, i.e., fraction of cardiac out-
put flowing through gasless intra-pulmonary regions, 
or through a patent foramen ovale or bronchial-venous 
anastomoses, the mechanical status of the lung, i.e., lung 
volume and recruitability, the equation of motion of the 
respiratory system, and the potential iatrogenic harm 
(see Figs. 1, 2, 3).

The equation of motion describes the relationship 
between the total force applied to the respiratory system 
(Ptot) and its opposing forces (i.e., the elastic—Pel—and 
resistive pressures—Pres) (see Fig.  3). It helps the clini-
cian understand the pressures measured and displayed by 
the ventilator and quantify the global work per breath or 
power of breathing per minute.

Oxygen administration
The simplest respiratory support is provided by increas-
ing FiO2 during spontaneous breathing. This support 
alone is often sufficient when the venous admixture frac-
tion is lower than ≈ 20%, the lung mechanics are near 
normal and the necessary ventilation for CO2 clearance 
is sustainable by unaided respiratory muscles, i.e., physi-
ological dead space is modestly altered. Prolonged levels 
of very high FiO2 can lead to pulmonary “oxygen toxicity” 
but the exact dose–response curve, or duration is unclear 
[7]: clinicians generally attempt to keep FiO2 < 60–70%. 
To accomplish this without escalating respiratory support 
usually requires a venous admixture <  ~ 30%. Administra-
tion of oxygen at high flow with active humidification 
through a nasal cannula provides a modest increase in 
positive end-expiratory pressure (4–8 cmH2O), washout 
of CO2 from the upper airways and is associated with 
decreased inspiratory effort in some patients [8].

CPAP/PEEP
Venous admixture may be decreased by CPAP sufficient 
to keep previously atelectatic units open and perfused. 
Such support may suffice if the lung volume returns 
to near-normal after recruitment, and if respiratory 
mechanics and dead space are only modestly altered so 
that the respiratory muscles can sustain adequate minute 

Take‑home message 

Invasive mechanical ventilation and extracorporeal respiratory sup-
port are both life-saving and associated with substantial risks of 
harm. Understanding the pathophysiology, the acceptable trade-
offs and carefully monitoring patient’s physiological needs and 
responses can help individualizing sedation and ventilation to pro-
vide safe and effective respiratory support.
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ventilation, i.e., avoiding severe acidemia (pH < 7.2) with-
out fatigue. However, spontaneous breathing may be 
harmful as discussed later. Most frequently PEEP is used 
in combination with some form of positive inspiratory 
pressure.

Mechanical ventilation
From a physiological standpoint, mechanical ventila-
tion substitutes partially or totally for respiratory muscle 
function decreasing the oxygen cost of breathing to pre-
vent a catastrophic event, while attempting to assure safe 
FiO2 and airway pressures.

The ventilatory support is primarily applied when the 
lung volume is consistently reduced, atelectatic/consoli-
dated units are extensive, and both venous admixture 
and physiological dead space fractions exceed ≈ 30%. 
In these conditions, to maintain adequate gas-exchange, 
minute ventilation must be higher than normal (Ventila-
tory Ratio ≥ 1.5[9]) and oxygen cost of breathing might 
become excessive resulting in respiratory muscle fatigue 
and collapse as discussed later.

Timing for invasive mechanical ventilation
The decision to intubate a patient with respiratory fail-

ure is largely clinical, with no widely agreed upon objec-
tive criteria to guide decision-making. The most common 
trigger for intubation is “respiratory distress” which is 
determined by severe dyspnea and an estimated high 
work of breathing (i.e., excessive respiratory muscle pha-
sic contraction including “accessory” muscles) due to 
increased ventilatory demands and altered respiratory 
mechanics. Respiratory distress can be associated with 
systemic consequences that all accelerate the indication 
for invasive ventilation, such as decreased level of con-
sciousness, hemodynamic instability, and even cardiac 
arrest.

Importantly, in the case of shock, mechanical ventila-
tion by decreasing the oxygen cost of breathing can effec-
tively reduce lactate production and prevent death due to 
respiratory muscle fatigue [10]. Therefore, a major car-
diovascular stress in patients with respiratory distress, 
accelerate the “indication” for invasive MV.

Fig. 1  Conceptual framework of the interaction between respiratory support techniques and physiological background. As shown, the same target 
requires different techniques depending on the physiological status of the lung. Representative computed tomography (CT) scans are shown. The 
consolidated/not aerated tissue is, from left to right, represents 5–12–34–63%. The triggers for escalating respiratory support are also indicated. 
The addition of positive pressure (CPAP) is intended to reduce atelectasis and therefore venous admixture and limit the risk of oxygen toxicity and 
further reabsorption atelectasis if the FiO2 is close to 1. As the gas volume of the lung decreases (the lung becomes heavier and the compliance 
lower) the effort to move the lung increases and additional ventilatory support is necessary either non-invasively or invasively. Finally, with a very 
large venous admixture and refractory hypoxemia, extracorporeal support is the only viable option. PaO2 arterial partial pressure of oxygen, PaCO2 
arterial partial pressure of carbon dioxide, FiO2 inspiratory fraction of oxygen, CPAP continuous positive airway pressure, NIV non-invasive ventilation, 
MV mechanical ventilation, ECCO2R extracorporeal CO2 removal, ECMO extracorporeal membrane lung oxygenation, P-SILI patient self-inflicted lung 
injury
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Another frequent trigger for intubation is deteriorating 
gas exchange. Although increasing hypercapnia and res-
piratory acidosis, often associated with a decreased level 
of consciousness, clearly indicate that the ventilatory sys-
tem is failing, hypoxemia is more complex to interpret, 
making the decision to intubate (or not) more difficult. 
A good example of this difficulty is the perceived “exces-
sive” use of mechanical ventilation during the early coro-
navirus disease 2019 (COVID-19) pandemic when the 
decision to intubate was based primarily on oxygenation 
levels [11].

One concept that has gained traction over the past few 
years is the use of invasive MV to prevent patient unin-
tentional self-inflicted lung injury (P-SILI) in patients 
with very high respiratory effort [12]. However, there is 
a paucity of evidence to confirm this approach, and the 
lack of an explicit biomarker for P-SILI makes it difficult 
to standardize its clinical use.

Change in the philosophy of care 
Over the past half century, there has been a change in 

philosophy with respect to MV. In the 1960s and ‘70  s, 
the major goal of MV was to maintain near-normal blood 
gases, with little regard to iatrogenic consequences of the 
ventilatory management. Therefore, tidal volumes were 
not uncommonly on the order of 10–20 ml/kg of actual 
body weight, with correspondingly high airway distend-
ing pressures [13]. The recognition that the forces on the 
lung generated during ventilation can cause harm (e.g., 
VILI [5], and severe hemodynamic consequences), and 
that respiratory acidosis may be reasonably well tolerated 
[14], led to a change in goals and philosophy. It became 
more important to minimize harm (see below) using 
lung protective strategies than to always have normal 
blood gases. This change in philosophy has been evident 

Fig. 2  Basic pathophysiology of acute respiratory failure, risks, and benefits of invasive respiratory support. Acute respiratory failure in critically 
ill patients basically occurs as a combination of deranged oxygenation due to various degrees of ventilation perfusion mismatch and deranged 
ventilation secondary to an imbalance between the excessive metabolic and mechanical loads and a decreased cardiorespiratory capacity (coordi-
nated activity of the brain, respiratory muscles, and cardiovascular function) as shown in the center of the image. Both mechanical ventilation and 
extracorporeal respiratory support aim at restoring the imbalance between load and capacity improving ventilation. The former acts through posi-
tive pressure ventilation assisting the respiratory muscles and improving overall capacity and the latter through CO2 removal decreasing metabolic 
load. They also improve oxygenation through various mechanisms. In the top and bottom of the image, some of the benefits and costs of each 
technique are listed. CO2 carbon dioxide, V/Q ventilation perfusion, ECLS extracorporeal life support, VILI ventilator-induced lung injury
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not only in ventilatory strategy, but also in the increased 
use of extracorporeal lung support in many patients (see 
below), with the concept that the side effects of extra-
corporeal life support (ECLS) may be less injurious than 
with mechanical ventilation, especially in patients with 
extremely injured lungs.

Iatrogenic consequences of mechanical ventilation
General principles
The possible direct harm of mechanical ventilation on 
the lungs arises largely from the conflict between high 
minute ventilation/PEEP and the “baby-lung” size and 
the potential hemodynamic compromise due to exces-
sive pleural and alveolar pressures [5]. VILI primarily 
depends on excessive dynamic lung strain, the volume 
deformation of the lung, (i.e., the ratio of end-inspiratory 
inflated volume including that due to PEEP relative to 

Fig. 3  The equation of motion during passive, assisted and un-assisted breathing. General elements of the equation of motion are displayed: A, the 
total pressure applied to the respiratory system (left) equals the opposing forces that operate during inflation (right), i.e. resistive pressure (green), 
elastic pressure (blue), and initial pressure (yellow). B On the left side of the equation, it can be seen that  the only source of energy inflating the 
respiratory system during passive mechanical ventilation is the ventilator. On the right, the airway pressure tracing for a single mechanical breath on 
volume-controlled ventilation with a set inspiratory pause is displayed with the partitioning into its opposing forces. C highlights that the total pres-
sure applied during assisted ventilation is the sum of the ventilator’s positive pressure and patient’s muscular pressure (left side of the equation). On 
the right, representative airway pressure and esophageal pressure tracings of a single breath in pressure support are displayed. Muscular pressure 
is the difference between the chest wall recoil pressure (passive increase in pleural pressure during lung inflation) and the negative deflection in 
pleural pressure (measured with esophageal pressure). We do not display a partitioning of the total pressure applied into its opposing forces dur-
ing assisted ventilation which is more complex and beyond the scope of this review. D shows that the only source of pressure for inflation during 
un-assisted ventilation is the patient’s muscular pressure (left). On the right esophageal pressure tracing of a single un-assisted breath is displayed. 
Partitioning of the total pressure generated by the respiratory muscles can also be performed and is displayed. Pres resistive pressure, Pel elastic pres-
sure, Pinitial initial pressure, Rrs resistance of the respiratory system, Ers elastance of the respiratory system, Vol volume, PEEP positive end-expiratory 
pressure, Pvent positive pressure applied by the ventilator, Paw airway pressure, Pmus muscular pressure, Pcw chest wall recoil pressure, PEEPi intrinsic 
positive-end expiratory pressure



1279

the Functional Residual Capacity) and lung stress (i.e., 
transpulmonary pressure applied to the lung); and to a 
lesser extent on the respiratory rate. These factors deter-
mine the energy applied by the ventilator on the lung 
parenchyma as represented by the power equation [15].

Normal strain is approximately 0.25 while, in acute 
lung injury, it may easily exceed 1.0 leading to baro- and 
volutrauma [16]. Additionally, repetitive small airways 
and alveoli opening and closure during tidal beathing 
can lead to atelectrauma and bronchiolotrauma [17], two 
additionally recognized mechanisms of VILI. PEEP rep-
resents a two-sided coin, on the one hand it keeps the 
lung and small airways open but, conversely, it increases 
stress and strain of open pulmonary units. Importantly, 
the harm of mechanical ventilation concerns only the 
aerated “baby-lung”, where stress and strain are applied 
[18]. Therefore, when lung volume is severely reduced, 
even low tidal volumes may cause intolerable stress and 
strain, particularly if associated with higher PEEP. In fact, 
higher driving pressure (plateau pressure minus PEEP) 
representing the ratio between tidal volume and the 
“size” of the “baby-lung” (estimated by the respiratory 
system’s compliance) has consistently been shown to be 
the strongest predictor of poor outcome in patients with 
acute respiratory failure [19].

Additionally, in patients with already hyperinflated 
lungs, e.g., chronic obstructive pulmonary disease, the 
main issue is avoidance or minimization of hyperinflation 
and auto or intrinsic PEEP [20].

Over the past decade, there has been a resurgence of 
interest in the impact of invasive MV on diaphragm func-
tion, both in terms of atrophy due to underuse, and dia-
phragm injury due to excessive use [21].

Deleterious effects of mechanical ventilation on hemo-
dynamics can be significant. Excessive stress resulting in 
alveolar overdistention and increased pulmonary vas-
cular resistance can lead to right ventricular failure and 
shock (i.e., acute cor pulmonale). Additionally, increased 
intrathoracic pressure in the context of relatively low 
intravascular volume can decrease cardiac output by pri-
marily decreasing ventricular preload. These can lead to 
a lower cardiac output and oxygen delivery despite rela-
tively adequate oxygenation and, therefore, need to be 
systematically considered.

Finally, there are other potential adverse short- and 
long-term consequences related to the need for sedation 
and opioids, relative immobility, sleep disruption [22], or 
distressing experiences during MV. For example, post-
traumatic stress disorder was recently found to occur 
more frequently in patients that experienced dyspnea 
while receiving invasive MV [23].

Patient–ventilator interactions
There are different ways by which MV can be provided 
and often patients transition from one condition to 
another over the course of their stay in intensive care 
unit (ICU). Initially, passive (controlled) mechanical 
ventilation is frequently used, where the ventilator is the 
only energy source inflating the respiratory system at 
a fixed rate. Traditionally, when the patient’s condition 
improves, sedation is decreased allowing for respiratory 
muscle activity, and lung inflation results from the sum 
of positive pressure from ventilator and negative pres-
sure generated by the patient’s respiratory muscles. The 
patient’s breathing activity combined with positive pres-
sure from the ventilator can also become a potential 
source for excessive lung strain/stress [24] (see Fig. 3).

Additionally, timing of a patient’s respiratory effort 
can be synchronous or dyssynchronous with the ventila-
tor’s insufflation and exhalation with important conse-
quences, either directly, e.g., breath-stacking after double 
triggering, or indirectly, e.g., misleading monitoring of 
respiratory rate in case of ineffective efforts (see Fig. 4). 
Dyssynchrony has been associated with poor outcomes, 
although this does not necessarily mean causation [22].

Implementation of invasive mechanical ventilation
Technical aspects and modes of mechanical ventilation
Modern mechanical ventilators deliver a mixture of 
air and oxygen with positive pressure regulated by pro-
portional, microprocessor-controlled valves to obtain a 
desired output of flow [23]. There are different ways by 
which mechanical insufflation can be delivered, these are 
called ventilatory modes. For any mode, each mechani-
cal breath is characterized by different variables, also 
used for mode classification. First, the trigger variable 
determines the start of mechanical insufflation, it can 
be time (usually referred to as “controlled breaths” and 
determined by the set frequency in controlled modes) or 
patient’s effort, generating a change in flow or pressure 
sensed by the ventilator (usually referred to as “triggered 
breaths”). In spontaneous modes of ventilation (pressure 
support or proportional modes), all breaths are triggered. 
Second, the limit variable, which is the parameter that the 
ventilator controls during insufflation, being flow (and 
indirectly volume by also adjusting insufflation time) or 
pressure. Third, the cycling-off variable that determines 
the change from insufflation to exhalation. While in con-
trolled modes the cycling-off variable is time, it can be 
flow or electrical activity of the diaphragm in spontane-
ous modes [20].

There is often a misconception that patient’s breath-
ing effort is always lower or absent during controlled 
modes of ventilation compared to spontaneous modes of 
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ventilation, specifically pressure support (see Fig. 4) but 
there are several caveats.

First, controlled modes can be “overrun” by the 
patient’s own breathing when the patient’s respiratory 
rate becomes higher than the set respiratory rate. In these 
cases, patients usually trigger every breath and the venti-
lator’s set rate is used as a back-up. The same modes used 
for controlled “passive” ventilation can therefore become 
assisted modes, delivering the same output (pressure or 
volume) with every breath but at a rate determined by 
the patient, and therefore the term “assist-control” venti-
lation is frequently used.

Second, even when all mechanical breaths are initi-
ated by time (i.e., controlled), a patient’s breathing effort 
might still occur in the form of reverse triggering efforts 
in which patient’s breathing efforts are “entrained” by the 
passive insufflations [25], a phenomenon which is very 

frequent in the transition from fully controlled to assisted 
mechanical ventilation [26] (see Fig. 4).

Third, pressure support ventilation, the most frequently 
used spontaneous mode of ventilation [27], is user-
friendly, rapidly decreases work of breathing with higher 
pressures, and decreases patient’s respiratory rate. How-
ever, the decrease in respiratory rate can be artificial and 
not reflect the “real” breathing pattern, especially in the 
context of patient–ventilator dyssynchronies [28]. One 
misconception here is that pressure support necessar-
ily reflects a “good” spontaneous activity of the patient. 
However, as with any pressure targeted mode, once the 
ventilator is triggered by a minimal effort, it will deliver 
a breath that is similar to any breath delivered during 
“passive” controlled ventilation. In fact, during excessive 
levels of pressure support (over-assistance), it is common 
for the patient’s respiratory drive and breathing effort to 

Fig. 4  Different forms of patient–ventilator interaction. During assisted mechanical ventilation, the total work to inflate the lungs is a combina-
tion of the work done by the ventilator and the patient. Various clinical conditions are shown where varying proportion of work is done by the 
patient or the ventilator as schematically illustrated by the scale on the side of each panel (clockwise A–D). A Shows a patient with synchronous 
assisted ventilation and equal work performed by the patient and the ventilator. D and B show excessive or insufficient work done by the ventilator 
as compared to patient’s needs (over- and under-assistance) resulting in low and excessive respiratory effort respectively. These conditions are 
associated with potential adverse consequences. Diaphragm disuse atrophy and sleep disruption can occur with over-assistance (in the context of 
apnea events as shown in the ventilator screen leading to frequent arousals and awakenings). Conversely, under-assistance with excessive effort can 
lead to patient self-inflicted lung injury and diaphragm load-induced injury. C Shows a unique condition, the occurrence of reverse triggering with 
strong efforts. During this condition, passive breaths (where the ventilator performs all the work) alternate with machine trigger breaths followed by 
patient’s effort that can lead to breath-stacking (as seen on the ventilator’s screen). Potential adverse consequences are also displayed including the 
occurrence of potentially injurious eccentric contractions (diaphragm contraction during lengthening—exhalation). Vent ventilator, P-SILI patient 
self-inflicted lung injury
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be extremely low, with insufflation occurring passively 
[29].

In several other modes “controlled” breaths can be 
delivered intermittently and intermixed with assisted 
breaths (synchronized intermittent mandatory ventila-
tion), or combining breaths by removing synchronization 
and shortening expiratory time (airway pressure release 
ventilation), by adding volume or volume minute targets 
to pressure-controlled modes (dual modes, adaptive sup-
port ventilation) or even by adding complex algorithms 
to drive the whole ventilation (Intellivent). Despite some 
potentially useful features, they all have important draw-
backs which should be taken into account by clinicians.

Proportional modes have a different approach for 
assisting ventilation, providing positive pressure instan-
taneously proportional to patient’s effort or drive to 
breathe. Proportional assist ventilation (PAV +) provides 
assistance in proportion to the pressure generated by the 
respiratory muscles (Pmus) [30] and Neurally adjusted 
ventilatory assist (NAVA) to the electrical activity of the 
diaphragm (EAdi) [31]. Pmus for PAV + is calculated 
from airway pressure and flow using the equation of 
motion (see Fig. 3) [30] and EAdi for NAVA is measured 
via an array of electrodes placed via a nasogastric tube 
(NAVA catheter) [31]. From a physiological standpoint, 
given that support follows patient’s instantaneous effort, 
they reduce patient–ventilator dyssynchronies, and also 
help the patient adapt to any changes in demand. In 
clinical studies PAV + and NAVA have been shown to 
improve patient–ventilator synchrony [32, 33], breathing 
variability [34, 35], diaphragm function relative to pres-
sure support [36] and tolerance to assisted ventilation 
[37]. A recent clinical trial suggests that the use of NAVA 
may shorten duration of mechanical ventilation [38].

Liberation from mechanical ventilation
Liberating patients from mechanical ventilation requires 
at least partial resolution of the underlying reason for 
mechanical support and relative general clinical stability 
(readiness to wean) together with an acceptable balance 
between mechanical and metabolic loads and cardiores-
piratory capacity [39]. Both delayed and premature lib-
eration is associated with poor clinical outcomes [40, 41]. 
Patients should start the liberation process as soon as 
possible and be adequately assessed for the likelihood of 
being able to breathe independently.

A systematic approach to weaning includes screening 
patients first to determine their readiness to wean, fol-
lowed by a diagnostic test simulating post-extubation 
conditions (“spontaneous breathing trial” (SBT)) where 
patients receive little or no ventilator support [42]. 
Patients who tolerate an SBT, and who can maintain 
airway protection, and generate an adequate cough can 

usually be safely extubated. Daily screening and appro-
priate conduct of SBTs were shown to reduce duration 
of mechanical ventilation compared to an approach 
using gradual reduction of ventilatory support [43, 44]. 
According to a large observational study, most patients 
(> 60%) are extubated within 1 week of starting the libera-
tion process. However, there is a subgroup of patients in 
whom the liberation process takes longer, and mortality 
is substantially higher [41]. Weaning-induced pulmonary 
edema (often associated with fluid overload) is probably 
the most frequent reason for initial weaning difficulties 
and can be adequately treated [45]. Respiratory muscle 
weakness is also often a major determinant of weaning 
failure [46], and thus preserving respiratory muscle func-
tion during mechanical ventilation is key for a faster lib-
eration process.

Lung and diaphragm protective ventilation
Understanding the pathophysiology of VILI allowed 
the design of strategies to minimize harm during pas-
sive mechanical ventilation. The use of low tidal volumes 
(4–8 ml/kg of predicted body weight (PBW)) and limit-
ing inspiratory pressures (plateau pressure < 30 cmH2O) 
to prevent volu- and barotrauma has been shown to 
improve clinical outcomes compared to higher tidal 
volumes (12 ml/kg PBW), and a higher limit on plateau 
pressure [47]. Limiting driving pressure and titrating 
PEEP on recruitability are examples of physiologically 
sound approaches that will need to be tested in future tri-
als (NCT03963622).

Applying adequate PEEP can limit atelectrauma by 
keeping alveolar units open at end-expiration and poten-
tially increase the size of the aerated lung (recruitment), 
decreasing the strain during tidal inflation. However, 
selecting the best PEEP for a specific patient is always 
a compromise between potential for recruitment and 
overdistention, which needs to be carefully assessed 
even during low tidal volume ventilation [48]. Another 
approach to limiting VILI in patients with ARDS is to 
place the patient in the prone position which makes the 
distribution of ventilation more uniform, minimizing 
regional stress and strain. This approach has been shown 
to improve survival in patients with moderate-severe 
ARDS [49].

Additionally, recognizing the relevance of maintain-
ing adequate respiratory muscle function during invasive 
MV has led to the development of ventilatory strategies 
that simultaneously optimize protection of both the lung 
and diaphragm. These strategies include minimizing 
sedation and neuromuscular blocking agents, avoiding 
excessive and very low inspiratory efforts, and optimizing 
patient–ventilator synchrony [50].
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Monitoring to minimize iatrogenesis
Numerous physiological parameters can be measured at 
the bedside to estimate the risk of harm and, can be used 
to individualize ventilator settings and sedation to best 
match a patient’s respiratory mechanics and metabolic 
needs.

During passive ventilation, measuring basic respira-
tory mechanics (e.g., plateau and driving pressure) is key 
to adjusting tidal volume or set pressure to avoid exces-
sive stress to minimize VILI [19]. Based on recent data, 
the benefit of using lower tidal volumes may be greater in 
patients with smaller “baby-lungs” (i.e., higher elastance) 
suggesting that using respiratory mechanics, specifically 
measurement of driving pressure, to titrate tidal vol-
ume might be beneficial [51]. Other specific maneuvers 
can be used to help maximize lung recruitment while 
minimizing overdistension; these include the single 
breath maneuver for measurement of the recruitment 
to inflation ratio [52], or more complex maneuvers using 
sophisticated monitoring devices (electrical impedance 
tomography) [53]. An esophageal balloon can be used to 
measure end-expiratory transpulmonary pressure (lung 
distending pressure at end-expiration) to help estimate 
the risk of atelectrauma and may be particularly relevant 
in obese patients [54].

Monitoring respiratory drive and inspiratory effort may 
be helpful in estimating patient’s ventilatory needs, res-
piratory muscle energy consumption, and risk of harm 
related to excessive and low inspiratory effort. The gold 
standard to measure inspiratory effort is change in pleu-
ral pressure generated by respiratory muscle contraction, 
which allows quantification of strength and timing of 
respiratory efforts (synchronous or dyssynchronous), as 
well as the lung distending pressure during assisted ven-
tilation [55]. Several non-invasive techniques (e.g., airway 
occlusion pressure (P0.1), single breath expiratory occlu-
sion pressure (Pocc)) can be used to estimate respira-
tory drive and hence of potentially injurious inspiratory 
efforts [56, 57]. Additional techniques such as respira-
tory muscle ultrasound and electrical activity of the dia-
phragm are available. Current and future randomized 
clinical trials (e.g., NCT03963622, NCT03612583) will 
inform about the efficacy of the widespread use of these 
techniques aiming for a “safe” drive and effort to improve 
clinical outcomes and define relevant targets.

Future of mechanical ventilation
As physiological understanding of the complex interac-
tion between the risks of harm and benefits of mechani-
cal ventilation and technical development of monitoring 
tools progress, the amount of data for decision-making 
becomes overwhelming. In this context, automated 
tools for analysis [58], decision support systems aided by 

artificial intelligence integrating physiological data [59, 
60], and automated modes of ventilation might help clini-
cians efficiently care for patients while minimizing harm. 
These will need to be rigorously developed, validated, 
and prospectively tested.

Extracorporeal respiratory support
Physiological rationale and potential iatrogenesis
There is a subgroup of patients with very severe hypox-
emia and severely deranged respiratory mechanics in 
whom application of sufficient positive pressure ventila-
tion to achieve minimally viable gas exchange markedly 
increases the risk of harm. In these patients, an alterna-
tive approach for providing adequate gas-exchange while 
allowing the lung to heal is extracorporeal respiratory 
assistance provided through a membrane lung. Two 
main techniques are available: low-flow extracorporeal 
carbon dioxide removal (ECCO2R) and high-flow Extra-
Corporeal Membrane Oxygenation (ECMO). ECCO2R 
allows reduction of minute ventilation (tidal volume and 
frequency) by carbon-dioxide removal while ECMO also 
provides substantial oxygenation.

One of the major physiological benefits of ECMO is 
the potential complete replacement of ventilation, mini-
mizing or possibly eliminating the risk of harm due to 
excessive lung stress and strain in patients with higher 
risk of VILI due to small “baby-lungs”. However, there 
are substantial costs associated with extracorporeal 
respiratory support. Using ECMO is resource inten-
sive requiring specific expertise. Most patients under 
ECMO require anticoagulation and the risk of bleed-
ing is considerable (18% (CI 6–30%) absolute risk dif-
ference vs best conventional ventilation in a recent 
randomized controlled trial (RCT) [61]). Additionally, 
there are specific deleterious consequences on the lungs 
when patients are connected to ECMO and ventilation 
is reduced (or eliminated): reduction in end-expiratory 
lung volume, reabsorption atelectasis and elimination 
of the mechanism of hypoxic vasoconstriction. For this 
reason, some positive pressure and, possibly, ventilation 
still needs to be applied carefully. Evidence on how to 
set the ventilator during ECMO is scarce, however aim-
ing for a lower driving pressure (< 14 cmH2O) while 
maintaining some PEEP (provided inspiratory pressures 
are in the safe range) seems reasonable based on lim-
ited current evidence [61, 62].

Clinical evidence on the use of extracorporeal respiratory 
support
The development of the artificial membrane lung allowed 
the application of extracorporeal respiratory assistance 
outside the operating room, with the first successful use 
of this technique published in 1972 [63]. Early results 
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(150 patients, up to 1974), however, were disappointing 
(approximately 90% mortality) [64].

The first randomized trial ever performed in the 
intensive care setting tested the efficacy of ECMO [65]. 
Unfortunately, it showed a similar mortality rate (90%) in 
both the ECMO and control groups, and the technique 
was nearly abandoned. In this trial, the configuration of 
ECMO was veno-arterial and mechanical ventilation was 
applied with high pressures and volumes in all groups, 
with the only difference being a lower FiO2 with ECMO. 
The technique itself also had considerable technical prob-
lems, with an average daily blood loss of nearly 5 liters!

Kolobow introduced a new device and a new concept: 
the carbon-dioxide membrane lung. Its application at rel-
atively low extracorporeal blood flow rates (1–1.5 l/min) 
achieved the clearing of nearly all the total metabolic CO2 
production, allowing a proportional decrease of mechan-
ical ventilation, thus providing almost total lung rest [66]. 
Although this ECCO2R, did not demonstrate a survival 
advantage in a small randomized study [67], several cent-
ers continued using extracorporeal respiratory support. 
Bartlett et  al. in the United States [68] used ECMO in 
neonates and adults (establishing the Extracorporeal Life 
Support Organization registry in 1989), along with others 
(using ECCO2R or ECMO) [69, 70] in Europe. A prom-
ising positive randomized trial in 2009 (the CESAR trial 
[71]) renewed interest in extracorporeal support.

However, the worldwide dissemination of this tech-
nique was largely attributable to the influenza A(H1N1) 
pandemic in 2009 with the publication of a cohort from 
Australia and New Zealand with high survival with 
ECMO [72]. Since the H1N1 pandemic, the use of ECMO 
and ECCO2R has progressively increased in clinical prac-
tice. The benefits of ECMO were once again tested in 
the EOLIA trial [61]. The results did not show a statis-
tically significant mortality benefit in the ECMO group. 
However, a subsequent post hoc analysis, along with 
several meta-analyses, demonstrated a mortality benefit 
with ECMO [73]. During COVID-19 pandemic, ECMO 
has played a prominent role in many parts of the world. 
However, outcomes with ECMO appear to be evolving 
(in the wrong direction) over the course of the pandemic, 
highlighting the importance of careful patient selection 
and management together with adequate expertise and 
organization in centers providing ECMO [74].

A European study demonstrated feasibility of ECCO2R 
[75], but a more recent randomized trial did not show an 
advantage of using ECCO2R with lower tidal volumes as 
compared to standard low tidal volume ventilation (6 ml/
kg) [76]. It must be noted, however, that the CO2 extrac-
tion in this trial was too limited to allow sufficient reduc-
tion in the intensity of mechanical ventilation.

Future of extracorporeal respiratory support
Beyond technical improvements of extracorporeal sys-
tems, it is likely that extracorporeal support will proceed 
along two main paths: low-flow ECCO2R, which allows 
reduction of the intensity of mechanical ventilation; and 
high-flow ECMO, a technique providing adequate oxy-
genation and CO2 removal allowing for virtual “lung rest”. 
Both ECCO2R and ECMO buy time for the patient to 
heal. Which patients will benefit the most and which of 
these “buying-time” techniques provides the greatest bal-
ance of effective support while minimizing damage in a 
given patient will need to be determined.

Conclusions
The treatment of respiratory failure has improved dra-
matically since the 1950’s polio epidemic. Although there 
have many been technological advances (better venti-
lators, improved monitors, more effective and smaller 
ECMO devices), the major advance has likely been a 
better physiological and biological understanding that 
life-saving respiratory support (mechanical ventilation) 
can also markedly harm patients. This can occur by 
inflicting injury to the lungs, the diaphragm, impairing 
hemodynamics and having a potential negative impact 
on patient’s physical status and mental health. The way 
specific pathophysiological conditions are interpretated 
at the bedside and how ventilatory strategies are applied 
should also be considered. Future research to improve 
outcomes in patients with respiratory failure will have to 
address these existential trade-offs of current ventilators 
and extracorporeal respiratory support systems.

Author details
1 Keenan Research Centre for Biomedical Science, Li Ka Shing Knowledge 
Institute, St Michael’s Hospital, Unity Health Toronto, Toronto, Canada. 
2 Interdepartmental Division of Critical Care Medicine, University of Toronto, 
Toronto, Canada. 3 Division of Respirology, Department of Medicine, University 
Health Network and Sinai Health System, Toronto, Canada. 4 Department 
of Anesthesia and Intensive Care, IRCCS San Raffaele Scientific Institute, Milan, 
Italy. 5 Department of Critical Care Medicine, Sunnybrook Health Sciences 
Centre, Toronto, Canada. 6 Sunnybrook Research Institute, Toronto, Canada. 
7 Department of Anesthesia and Pain Medicine and Interdepartmental Divi-
sion of Critical Care Medicine, University of Toronto, Toronto, Canada. 8 Division 
of Pulmonary and Pulmonary Critical Care Medicine, Department of Medicine, 
Faculty of Medicine Ramathibodi Hospital, Mahidol University, Bangkok, Thai-
land. 9 Division of Critical Care Medicine, Department of Medicine, University 
of Western Ontario and Lawson Health Research Institute, London Health 
Sciences Centre, London, Canada. 10 Department of Adult Critical Care, Guy’s 
and St Thomas’ NHS Foundation Trust, Health Centre for Human and Applied 
Physiological Sciences, London, UK. 11 Division of Pulmonary, Allergy, and Criti-
cal Care Medicine, Department of Medicine, Columbia University, Vagelos 
College of Physicians and Surgeons, New York, USA. 12 Center for Acute 
Respiratory Failure, Columbia University Irving Medical Center, New York, USA. 
13 Department of Pulmonary and Critical Care Medicine, University of Min-
nesota and Regions Hospital, St. Paul, USA. 14 Department of Anesthesiology, 
University Medical Center Göttingen, Göttingen, Germany. 



1284

Funding
Funding was provided by Keenan Chair in Critical Care and Acute Respiratory 
Failure (LB).

Declarations

Conflicts of interest
IT reports personal fees from Medtronic, Getinge and MbMED SA, outside of 
the submitted work. LB’ laboratory reports research grants from Medtronic, 
equipment support from Philips, equipment support from Sentec, equipment 
support from Air Liquide, grants and equipment support from Fisher Paykel, 
grants from Draeger, outside the submitted work. He received lecture fees 
from Fisher Paykel. DB receives research support from ALung Technologies. 
He has been on the medical advisory boards for Abiomed, Xenios, Medtronic, 
Inspira and Cellenkos. He is the President-elect of the Extracorporeal Life 
Support Organization (ELSO) and the Chair of the Executive Committee of the 
International ECMO Network (ECMONet).

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

Received: 18 April 2022   Accepted: 16 May 2022
Published: 12 June 2022

References
	1.	 Slutsky AS (2015) History of mechanical ventilation from Vesalius to 

ventilator-induced lung injury. Am J Respir Crit Care Med 191:1106–1115. 
https://​doi.​org/​10.​1164/​rccm.​201503-​0421PP

	2.	 Drinker P, Shaw LA (1929) An apparatus for the prolonged administration 
of artificial respiration: I. A design for adults and children. J Clin Investig 
7:229–247. https://​doi.​org/​10.​1172/​JCI10​0226

	3.	 Lassen H (1956) Management of life-threatening poliomyelitis, Copenha-
gen, 1952–1956, with a survey of autopsy-findings in 115 cases. [Trans-
lated from the Danish by Hans Andersen and others]. H. & S. Livingstone 
Ltd.

	4.	 West JB (2005) The physiological challenges of the 1952 Copenhagen 
poliomyelitis epidemic and a renaissance in clinical respiratory physiol-
ogy. J Appl Physiol (1985) 99:424–432. https://​doi.​org/​10.​1152/​jappl​physi​
ol.​00184.​2005

	5.	 Slutsky AS, Ranieri VM (2013) Ventilator-induced lung injury. N Engl J Med 
369:2126–2136. https://​doi.​org/​10.​1056/​NEJMr​a1208​707

	6.	 Levine S, Nguyen T, Taylor N et al (2008) Rapid disuse atrophy of 
diaphragm fibers in mechanically ventilated humans. N Engl J Med 
358:1327–1335. https://​doi.​org/​10.​1056/​NEJMo​a0704​47

	7.	 Munshi L, Ferguson ND (2020) Evolving issues in oxygen therapy in acute 
care medicine. JAMA 323:607–608. https://​doi.​org/​10.​1001/​jama.​2019.​
22029

	8.	 Mauri T, Turrini C, Eronia N et al (2017) Physiologic effects of high-flow 
nasal cannula in acute hypoxemic respiratory failure. Am J Respir Crit Care 
Med 195:1207–1215. https://​doi.​org/​10.​1164/​rccm.​201605-​0916OC

	9.	 Sinha P, Calfee CS, Beitler JR et al (2019) Physiologic analysis and clinical 
performance of the ventilatory ratio in acute respiratory distress syn-
drome. Am J Respir Crit Care Med 199:333–341. https://​doi.​org/​10.​1164/​
rccm.​201804-​0692OC

	10.	 Aubier M, Trippenbach T, Roussos C (1981) Respiratory muscle fatigue 
during cardiogenic shock. J Appl Physiol Respir Environ Exerc Physiol 
51:499–508. https://​doi.​org/​10.​1152/​jappl.​1981.​51.2.​499

	11.	 Doidge JC, Gould DW, Ferrando-Vivas P et al (2021) Trends in intensive 
care for patients with COVID-19 in England, Wales, and Northern Ireland. 
Am J Respir Crit Care Med 203:565–574. https://​doi.​org/​10.​1164/​rccm.​
202008-​3212OC

	12.	 Brochard L, Slutsky A, Pesenti A (2017) Mechanical ventilation to minimize 
progression of lung injury in acute respiratory failure. Am J Respir Crit 
Care Med 195:438–442. https://​doi.​org/​10.​1164/​rccm.​201605-​1081CP

	13.	 Lamy M, Fallat RJ, Koeniger E et al (1976) Pathologic features and mecha-
nisms of hypoxemia in adult respiratory distress syndrome. Am Rev Respir 
Dis 114:267–284. https://​doi.​org/​10.​1164/​arrd.​1976.​114.2.​267

	14.	 Hickling KG (1992) Low volume ventilation with permissive hypercapnia 
in the Adult Respiratory Distress Syndrome. Clin Intensive Care 3:67–78. 
https://​doi.​org/​10.​1097/​00003​246-​19942​2100-​00011

	15.	 Costa ELV, Slutsky AS, Brochard LJ et al (2021) Ventilatory variables and 
mechanical power in patients with acute respiratory distress syndrome. 
Am J Respir Crit Care Med 204:303–311. https://​doi.​org/​10.​1164/​rccm.​
202009-​3467OC

	16.	 Chiumello D, Carlesso E, Cadringher P et al (2008) Lung stress and strain 
during mechanical ventilation for acute respiratory distress syndrome. 
Am J Respir Crit Care Med 178:346–355. https://​doi.​org/​10.​1164/​rccm.​
200710-​1589OC

	17.	 Tsuchida S, Engelberts D, Peltekova V et al (2006) Atelectasis causes 
alveolar injury in nonatelectatic lung regions. Am J Respir Crit Care Med 
174:279–289. https://​doi.​org/​10.​1164/​rccm.​200506-​1006OC

	18.	 Gattinoni L, Marini JJ, Pesenti A et al (2016) The “baby lung” became 
an adult. Intensive Care Med 42:663–673. https://​doi.​org/​10.​1007/​
s00134-​015-​4200-8

	19.	 Amato MBP, Meade MO, Slutsky AS et al (2015) Driving pressure and sur-
vival in the acute respiratory distress syndrome. N Engl J Med 372:747–
755. https://​doi.​org/​10.​1056/​NEJMs​a1410​639

	20.	 Pham T, Brochard LJ, Slutsky AS (2017) Mechanical ventilation: state of the 
art. Mayo Clin Proc 92:1382–1400. https://​doi.​org/​10.​1016/j.​mayocp.​2017.​
05.​004

	21.	 Goligher EC, Brochard LJ, Reid WD et al (2019) Diaphragmatic myotrauma: 
a mediator of prolonged ventilation and poor patient outcomes in acute 
respiratory failure. Lancet Respir Med 7:90–98. https://​doi.​org/​10.​1016/​
S2213-​2600(18)​30366-7

	22.	 Rittayamai N, Wilcox E, Drouot X et al (2016) Positive and negative effects 
of mechanical ventilation on sleep in the ICU: a review with clinical 
recommendations. Intensive Care Med 42:1–11. https://​doi.​org/​10.​1007/​
s00134-​015-​4179-1

	23.	 Demoule A, Hajage D, Messika J et al (2022) Prevalence, intensity and 
clinical impact of dyspnea in critically ill patients receiving invasive 
ventilation. Am J Respir Crit Care Med. https://​doi.​org/​10.​1164/​rccm.​
202108-​1857OC

	24.	 Bellani G, Grassi A, Sosio S et al (2019) Driving pressure is associated with 
outcome during assisted ventilation in acute respiratory distress syn-
drome. Anesthesiology 131:594–604. https://​doi.​org/​10.​1097/​ALN.​00000​
00000​002846

	25.	 Akoumianaki E, Lyazidi A, Rey N et al (2013) Mechanical ventilation-
induced reverse-triggered breaths: a frequently unrecognized form of 
neuromechanical coupling. Chest 143:927–938. https://​doi.​org/​10.​1378/​
chest.​12-​1817

	26.	 Mellado Artigas R, Damiani LF, Piraino T et al (2021) Reverse triggering 
dyssynchrony 24 h after initiation of mechanical ventilation. Anesthesiol-
ogy 134:760–769. https://​doi.​org/​10.​1097/​ALN.​00000​00000​003726

	27.	 van Haren F, Pham T, Brochard L et al (2019) Spontaneous breathing 
in early acute respiratory distress syndrome: insights from the large 
observational study to UNderstand the Global Impact of Severe Acute 
Respiratory FailurE Study∗. Crit Care Med 47:229–238. https://​doi.​org/​10.​
1097/​CCM.​00000​00000​003519

	28.	 Brochard L, Telias I (2018) Bedside detection of overassistance during 
pressure support ventilation. Crit Care Med 46:488–490. https://​doi.​org/​
10.​1097/​CCM.​00000​00000​002913

	29.	 Pletsch-Assuncao R, Caleffi Pereira M, Ferreira JG et al (2017) Accuracy of 
invasive and noninvasive parameters for diagnosing ventilatory overas-
sistance during pressure support ventilation. Crit Care Med 46:1. https://​
doi.​org/​10.​1097/​CCM.​00000​00000​002871

	30.	 Younes M (1992) Proportional assist ventilation, a new approach to venti-
latory support. Theory Am Rev Respir Dis 145:114–120. https://​doi.​org/​10.​
1164/​ajrccm/​145.1.​114

	31.	 Sinderby C, Navalesi P, Beck J et al (1999) Neural control of mechanical 
ventilation in respiratory failure. Nat Med 5:1433–1436. https://​doi.​org/​10.​
1038/​71012

	32.	 Bosma K, Ferreyra G, Ambrogio C et al (2007) Patient-ventilator interac-
tion and sleep in mechanically ventilated patients: pressure support ver-
sus proportional assist ventilation. Crit Care Med 35:1048–1054. https://​
doi.​org/​10.​1097/​01.​CCM.​00002​60055.​64235.​7C

	33.	 Bosma KJ, Read BA, Bahrgard Nikoo MJ et al (2016) A pilot randomized 
trial comparing weaning from mechanical ventilation on pressure 

https://doi.org/10.1164/rccm.201503-0421PP
https://doi.org/10.1172/JCI100226
https://doi.org/10.1152/japplphysiol.00184.2005
https://doi.org/10.1152/japplphysiol.00184.2005
https://doi.org/10.1056/NEJMra1208707
https://doi.org/10.1056/NEJMoa070447
https://doi.org/10.1001/jama.2019.22029
https://doi.org/10.1001/jama.2019.22029
https://doi.org/10.1164/rccm.201605-0916OC
https://doi.org/10.1164/rccm.201804-0692OC
https://doi.org/10.1164/rccm.201804-0692OC
https://doi.org/10.1152/jappl.1981.51.2.499
https://doi.org/10.1164/rccm.202008-3212OC
https://doi.org/10.1164/rccm.202008-3212OC
https://doi.org/10.1164/rccm.201605-1081CP
https://doi.org/10.1164/arrd.1976.114.2.267
https://doi.org/10.1097/00003246-199422100-00011
https://doi.org/10.1164/rccm.202009-3467OC
https://doi.org/10.1164/rccm.202009-3467OC
https://doi.org/10.1164/rccm.200710-1589OC
https://doi.org/10.1164/rccm.200710-1589OC
https://doi.org/10.1164/rccm.200506-1006OC
https://doi.org/10.1007/s00134-015-4200-8
https://doi.org/10.1007/s00134-015-4200-8
https://doi.org/10.1056/NEJMsa1410639
https://doi.org/10.1016/j.mayocp.2017.05.004
https://doi.org/10.1016/j.mayocp.2017.05.004
https://doi.org/10.1016/S2213-2600(18)30366-7
https://doi.org/10.1016/S2213-2600(18)30366-7
https://doi.org/10.1007/s00134-015-4179-1
https://doi.org/10.1007/s00134-015-4179-1
https://doi.org/10.1164/rccm.202108-1857OC
https://doi.org/10.1164/rccm.202108-1857OC
https://doi.org/10.1097/ALN.0000000000002846
https://doi.org/10.1097/ALN.0000000000002846
https://doi.org/10.1378/chest.12-1817
https://doi.org/10.1378/chest.12-1817
https://doi.org/10.1097/ALN.0000000000003726
https://doi.org/10.1097/CCM.0000000000003519
https://doi.org/10.1097/CCM.0000000000003519
https://doi.org/10.1097/CCM.0000000000002913
https://doi.org/10.1097/CCM.0000000000002913
https://doi.org/10.1097/CCM.0000000000002871
https://doi.org/10.1097/CCM.0000000000002871
https://doi.org/10.1164/ajrccm/145.1.114
https://doi.org/10.1164/ajrccm/145.1.114
https://doi.org/10.1038/71012
https://doi.org/10.1038/71012
https://doi.org/10.1097/01.CCM.0000260055.64235.7C
https://doi.org/10.1097/01.CCM.0000260055.64235.7C


1285

support versus proportional assist ventilation. Crit Care Med 44:1098–
1108. https://​doi.​org/​10.​1097/​CCM.​00000​00000​001600

	34.	 Akoumianaki E, Prinianakis G, Kondili E et al (2014) Physiologic compari-
son of neurally adjusted ventilator assist, proportional assist and pressure 
support ventilation in critically ill patients. Respir Physiol Neurobiol 
203:82–89. https://​doi.​org/​10.​1016/j.​resp.​2014.​08.​012

	35.	 Wrigge H, Golisch W, Zinserling J et al (1999) Proportional assist versus 
pressure support ventilation: effects on breathing pattern and respiratory 
work of patients with chronic obstructive pulmonary disease. Intensive 
Care Med 25:790–798. https://​doi.​org/​10.​1007/​s0013​40050​954

	36.	 di mussi R, Spadaro S, Mirabella L, et al (2016) Impact of prolonged 
assisted ventilation on diaphragmatic efficiency: NAVA versus PSV. Crit 
Care 20:1–12. https://​doi.​org/​10.​1186/​s13054-​015-​1178-0

	37.	 Xirouchaki N, Kondili E, Vaporidi K et al (2008) Proportional assist ventila-
tion with load-adjustable gain factors in critically ill patients: comparison 
with pressure support. Intensive Care Med 34:2026–2034. https://​doi.​org/​
10.​1007/​s00134-​008-​1209-2

	38.	 Kacmarek RM, Villar J, Parrilla D et al (2020) Neurally adjusted ventilatory 
assist in acute respiratory failure: a randomized controlled trial. Intensive 
Care Med 46:2327–2337. https://​doi.​org/​10.​1007/​s00134-​020-​06181-5

	39.	 Perren A, Brochard L (2013) Managing the apparent and hidden dif-
ficulties of weaning from mechanical ventilation. Intensive Care Med 
39:1885–1895. https://​doi.​org/​10.​1007/​s00134-​013-​3014-9

	40.	 Thille AW, Harrois A, Schortgen F et al (2011) Outcomes of extubation fail-
ure in medical intensive care unit patients. Crit Care Med 39:2612–2618. 
https://​doi.​org/​10.​1097/​CCM.​0b013​e3182​282a5a

	41.	 Béduneau G, Pham T, Schortgen F et al (2017) Epidemiology of weaning 
outcome according to a new definition. The WIND study. Am J Respir Crit 
Care Med 195:772–783. https://​doi.​org/​10.​1164/​rccm.​201602-​0320OC

	42.	 Sklar MC, Burns K, Rittayamai N et al (2017) Effort to breathe with various 
spontaneous breathing trial techniques. A physiologic meta-analysis. 
Am J Respir Crit Care Med 195:1477–1485. https://​doi.​org/​10.​1164/​rccm.​
201607-​1338OC

	43.	 Esteban A, Frutos F, Tobin MJ et al (1995) A comparison of four methods 
of weaning patients from mechanical ventilation. Spanish Lung Failure 
Collaborative Group. N Engl J Med 332:345–350. https://​doi.​org/​10.​1056/​
NEJM1​99502​09332​0601

	44.	 Ely EW, Baker AM, Dunagan DP et al (1996) Effect on the duration of 
mechanical ventilation of identifying patients capable of breathing spon-
taneously. N Engl J Med 335:1864–1869. https://​doi.​org/​10.​1056/​NEJM1​
99612​19335​2502

	45.	 Mekontso Dessap A, Roche-Campo F, Kouatchet A et al (2012) Natriu-
retic peptide-driven fluid management during ventilator weaning: a 
randomized controlled trial. Am J Respir Crit Care Med 186:1256–1263. 
https://​doi.​org/​10.​1164/​rccm.​201205-​0939OC

	46.	 Dres M, Dubé B-P, Mayaux J et al (2017) Coexistence and impact of limb 
muscle and diaphragm weakness at time of liberation from mechanical 
ventilation in medical intensive care unit patients. Am J Respir Crit Care 
Med 195:57–66. https://​doi.​org/​10.​1164/​rccm.​201602-​0367OC

	47.	 Network ARDS, Brower RG, Matthay MA et al (2000) Ventilation with 
lower tidal volumes as compared with traditional tidal volumes for acute 
lung injury and the acute respiratory distress syndrome. N Engl J Med 
342:1301–1308. https://​doi.​org/​10.​1056/​NEJM2​00005​04342​1801

	48.	 Terragni PP, Rosboch G, Tealdi A et al (2007) Tidal hyperinflation during 
low tidal volume ventilation in acute respiratory distress syndrome. 
Am J Respir Crit Care Med 175:160–166. https://​doi.​org/​10.​1164/​rccm.​
200607-​915OC

	49.	 Guérin C, Reignier J, Richard JC et al (2013) Prone positioning in severe 
acute respiratory distress syndrome. N Engl J Med 368:2159–2168. 
https://​doi.​org/​10.​1056/​NEJMo​a1214​103

	50.	 Goligher EC, Dres M, Patel BK et al (2020) Lung- and diaphragm-protec-
tive ventilation. Am J Respir Crit Care Med 202:950–961. https://​doi.​org/​
10.​1164/​rccm.​202003-​0655CP

	51.	 Goligher EC, Costa ELV, Yarnell CJ et al (2021) Effect of lowering vt on 
mortality in acute respiratory distress syndrome varies with respiratory 
system elastance. Am J Respir Crit Care Med 203:1378–1385. https://​doi.​
org/​10.​1164/​rccm.​202009-​3536OC

	52.	 Chen L, del Sorbo L, Grieco DL et al (2020) Potential for lung recruit-
ment estimated by the recruitment-to-inflation ratio in acute respiratory 
distress syndrome. A clinical trial. Am J Respir Crit Care Med 201:178–187. 
https://​doi.​org/​10.​1164/​rccm.​201902-​0334OC

	53.	 Costa EL v, Borges JB, Melo A, et al (2012) Bedside estimation of recruita-
ble alveolar collapse and hyperdistension by electrical impedance 
tomography. Applied physiology in intensive care medicine 1: physiologi-
cal notes—technical notes—seminal studies in intensive care, Third 
Edition 165–170. https://​doi.​org/​10.​1007/​978-3-​642-​28270-6_​34

	54.	 Coudroy R, Vimpere D, Aissaoui N et al (2020) Prevalence of complete 
airway closure according to body mass index in acute respiratory distress 
syndrome. Anesthesiology 133:867–878. https://​doi.​org/​10.​1097/​ALN.​
00000​00000​003444

	55.	 Pham T, Telias I, Beitler JR (2020) Esophageal manometry. Respir Care 
65:772–792. https://​doi.​org/​10.​4187/​respc​are.​07425

	56.	 Telias I, Junhasavasdikul D, Rittayamai N et al (2020) Airway occlusion 
pressure as an estimate of respiratory drive and inspiratory effort during 
assisted ventilation. Am J Respir Crit Care Med 201:1086–1098. https://​
doi.​org/​10.​1164/​rccm.​201907-​1425OC

	57.	 Bertoni M, Telias I, Urner M et al (2018) Detecting excessive spontaneous 
effort and lung stress during assisted mechanical ventilation by an end-
expiratory occlusion maneuver. Intensive Care Med Exp 6:571

	58.	 Pham T, Montanya J, Telias I et al (2021) Automated detection and quan-
tification of reverse triggering effort under mechanical ventilation. Crit 
Care 25:60. https://​doi.​org/​10.​1186/​s13054-​020-​03387-3

	59.	 Zhang B, Ratano D, Brochard LJ et al (2021) A physiology-based mathe-
matical model for the selection of appropriate ventilator controls for lung 
and diaphragm protection. J Clin Monit Comput 35:363–378. https://​doi.​
org/​10.​1007/​s10877-​020-​00479-x

	60.	 Mamdani M, Slutsky AS (2021) Artificial intelligence in intensive care 
medicine. Intensive Care Med 47:147–149. https://​doi.​org/​10.​1007/​
s00134-​020-​06203-2

	61.	 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/​NEJMo​a1800​385

	62.	 Serpa Neto A, Schmidt M, Azevedo LCP et al (2016) Associations between 
ventilator settings during extracorporeal membrane oxygenation for 
refractory hypoxemia and outcome in patients with acute respiratory 
distress syndrome: a pooled individual patient data analysis: mechanical 
ventilation during ECMO. Intensive Care Med 42:1672–1684. https://​doi.​
org/​10.​1007/​s00134-​016-​4507-0

	63.	 Hill JD, O’Brien TG, Murray JJ et al (1972) Prolonged extracorporeal 
oxygenation for acute post-traumatic respiratory failure (shock-lung syn-
drome). Use of the Bramson membrane lung. N Engl J Med 286:629–634. 
https://​doi.​org/​10.​1056/​NEJM1​97203​23286​1204

	64.	 Gille JP (2021) Respiratory support by extracorporeal circulation with 
a membrane artificial lung (author’s transl). Bull Physiopathol Respir 
(Nancy) 10:373–410

	65.	 Zapol WM, Snider MT, Hill JD et al (1979) Extracorporeal membrane oxy-
genation in severe acute respiratory failure. A randomized prospective 
study. JAMA 242:2193–2196. https://​doi.​org/​10.​1001/​jama.​242.​20.​2193

	66.	 Kolobow T, Gattinoni L, Tomlinson TAJE (1977) Control of breathing using 
an extracorporeal membrane lung. Anesthesiology 46:138–141

	67.	 Morris AH, Wallace CJ, Menlove RL et al (1994) Randomized clinical trial 
of pressure-controlled inverse ratio ventilation and extracorporeal CO2 
removal for adult respiratory distress syndrome. Am J Respir Crit Care 
Med 149:295–305. https://​doi.​org/​10.​1164/​ajrccm.​149.2.​83060​22

	68.	 Bartlett RH, Gazzaniga AB, Jefferies MR et al (1976) Extracorporeal mem-
brane oxygenation (ECMO) cardiopulmonary support in infancy. Trans 
Am Soc Artif Intern Organs 22:80–93

	69.	 Lewandowski K, Rossaint R, Pappert D et al (1997) High survival rate in 
122 ARDS patients managed according to a clinical algorithm including 
extracorporeal membrane oxygenation. Intensive Care Med 23:819–835. 
https://​doi.​org/​10.​1007/​s0013​40050​418

	70.	 Gattinoni L, Pesenti A, Mascheroni D et al (1986) Low-frequency positive-
pressure ventilation with extracorporeal CO2 removal in severe acute 
respiratory failure. JAMA 256:881–886. https://​doi.​org/​10.​1001/​jama.​1986.​
03380​07008​7025

	71.	 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. Lancet 374:1351–1363. https://​
doi.​org/​10.​1016/​S0140-​6736(09)​61069-2

	72.	 Australia and New Zealand Extracorporeal Membrane Oxygenation 
(ANZ ECMO) Influenza Investigators, Davies A, Jones D et al (2009) 

https://doi.org/10.1097/CCM.0000000000001600
https://doi.org/10.1016/j.resp.2014.08.012
https://doi.org/10.1007/s001340050954
https://doi.org/10.1186/s13054-015-1178-0
https://doi.org/10.1007/s00134-008-1209-2
https://doi.org/10.1007/s00134-008-1209-2
https://doi.org/10.1007/s00134-020-06181-5
https://doi.org/10.1007/s00134-013-3014-9
https://doi.org/10.1097/CCM.0b013e3182282a5a
https://doi.org/10.1164/rccm.201602-0320OC
https://doi.org/10.1164/rccm.201607-1338OC
https://doi.org/10.1164/rccm.201607-1338OC
https://doi.org/10.1056/NEJM199502093320601
https://doi.org/10.1056/NEJM199502093320601
https://doi.org/10.1056/NEJM199612193352502
https://doi.org/10.1056/NEJM199612193352502
https://doi.org/10.1164/rccm.201205-0939OC
https://doi.org/10.1164/rccm.201602-0367OC
https://doi.org/10.1056/NEJM200005043421801
https://doi.org/10.1164/rccm.200607-915OC
https://doi.org/10.1164/rccm.200607-915OC
https://doi.org/10.1056/NEJMoa1214103
https://doi.org/10.1164/rccm.202003-0655CP
https://doi.org/10.1164/rccm.202003-0655CP
https://doi.org/10.1164/rccm.202009-3536OC
https://doi.org/10.1164/rccm.202009-3536OC
https://doi.org/10.1164/rccm.201902-0334OC
https://doi.org/10.1007/978-3-642-28270-6_34
https://doi.org/10.1097/ALN.0000000000003444
https://doi.org/10.1097/ALN.0000000000003444
https://doi.org/10.4187/respcare.07425
https://doi.org/10.1164/rccm.201907-1425OC
https://doi.org/10.1164/rccm.201907-1425OC
https://doi.org/10.1186/s13054-020-03387-3
https://doi.org/10.1007/s10877-020-00479-x
https://doi.org/10.1007/s10877-020-00479-x
https://doi.org/10.1007/s00134-020-06203-2
https://doi.org/10.1007/s00134-020-06203-2
https://doi.org/10.1056/NEJMoa1800385
https://doi.org/10.1007/s00134-016-4507-0
https://doi.org/10.1007/s00134-016-4507-0
https://doi.org/10.1056/NEJM197203232861204
https://doi.org/10.1001/jama.242.20.2193
https://doi.org/10.1164/ajrccm.149.2.8306022
https://doi.org/10.1007/s001340050418
https://doi.org/10.1001/jama.1986.03380070087025
https://doi.org/10.1001/jama.1986.03380070087025
https://doi.org/10.1016/S0140-6736(09)61069-2
https://doi.org/10.1016/S0140-6736(09)61069-2


1286

Extracorporeal membrane oxygenation for 2009 influenza A(H1N1) acute 
respiratory distress syndrome. JAMA 302:1888–1895. https://​doi.​org/​10.​
1001/​jama.​2009.​1535

	73.	 Goligher EC, Tomlinson G, Hajage D et al (2018) Extracorporeal mem-
brane 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 320:2251–2259. https://​doi.​org/​10.​
1001/​jama.​2018.​14276

	74.	 Barbaro RP, MacLaren G, Boonstra PS et al (2021) Extracorporeal 
membrane oxygenation for COVID-19: evolving outcomes from the 
international Extracorporeal Life Support Organization Registry. Lancet 
398:1230–1238. https://​doi.​org/​10.​1016/​S0140-​6736(21)​01960-7

	75.	 Combes A, Fanelli V, Pham T 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 
45:592–600. https://​doi.​org/​10.​1007/​s00134-​019-​05567-4

	76.	 McNamee JJ, Gillies MA, Barrett NA et al (2021) Effect of lower tidal 
volume ventilation facilitated by extracorporeal carbon dioxide removal 
vs standard care ventilation on 90-day mortality in patients with acute 
hypoxemic respiratory failure: the REST randomized clinical trial. JAMA 
326:1013–1023. https://​doi.​org/​10.​1001/​jama.​2021.​13374

https://doi.org/10.1001/jama.2009.1535
https://doi.org/10.1001/jama.2009.1535
https://doi.org/10.1001/jama.2018.14276
https://doi.org/10.1001/jama.2018.14276
https://doi.org/10.1016/S0140-6736(21)01960-7
https://doi.org/10.1007/s00134-019-05567-4
https://doi.org/10.1001/jama.2021.13374

	The physiological underpinnings of life-saving respiratory support
	Abstract 
	Historical overview of respiratory support
	Pathophysiology of respiratory failure and rationale for respiratory support
	General principles
	Oxygen administration
	CPAPPEEP
	Mechanical ventilation

	Iatrogenic consequences of mechanical ventilation
	General principles
	Patient–ventilator interactions

	Implementation of invasive mechanical ventilation
	Technical aspects and modes of mechanical ventilation
	Liberation from mechanical ventilation
	Lung and diaphragm protective ventilation
	Monitoring to minimize iatrogenesis

	Future of mechanical ventilation
	Extracorporeal respiratory support
	Physiological rationale and potential iatrogenesis
	Clinical evidence on the use of extracorporeal respiratory support
	Future of extracorporeal respiratory support

	Conclusions
	References




