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Ventilatory management of patients on ECMO
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Abstract
Extracorporeal membrane oxygenation (ECMO) is the final treatment offered to patients of acute respiratory distress syndrome
(ARDS). The survival (to discharge) of patients on veno-venous ECMO is approximately 59% with an average duration of
8 days. The ventilatory management of lungs during the ECMOmay have an impact on mortality. An ideal ventilation modality
should promote recovery, prevent further damage to the alveoli, and enable weaning from mechanical ventilation. This article
reviews the concept of “baby lung” in ARDS and the current evidence for the use of lung protective ventilation, prevention of
ventilator-induced lung injury, recommended modes of mechanical ventilation, ideal ventilatory parameters (tidal volume,
positive end expiratory pressure, plateau pressure, respiratory rate, fractional inspired oxygen concentration), and use of adjuncts
(prone positioning, neuromuscular blocking agents) during the ECMO course.
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Introduction

Extracorporeal membrane oxygenation (ECMO) is the final
treatment offered to patients of acute respiratory distress
syndrome (ARDS). As published by the Extracorporeal
Life Support Organization (ELSO), the survival (to dis-
charge) of patients on veno-venous ECMO is approximate-
ly 59%with an average duration of 8 days [1]. The initiation
of ECMO in ARDS not only improves the gas exchange but
also provides rest to the damaged lungs. The ventilatory
management of lungs during the ECMO may have an im-
pact on mortality [2–4]. Although a recent study concluded
that the mechanical ventilation settings, during ECMO,
does not affect the patient prognosis [5], an ideal ventilation
modality should promote recovery, prevent further damage
to the alveoli, and enable weaning from mechanical venti-
lation. In a worldwide survey of 141 centers, Marhong et al.
reported that the primary goal of ventilation in patients on
veno-venous ECMO for ARDS was “lung rest” in 77% of

centers and “lung recruitment” in 9% of the participating
centers. Ninety percent of centers followed a practice of
weaning ECMO first [6].

Ventilator-induced lung injury

Ventilator-induced lung injury (VILI) may be caused by baro-
trauma, volutrauma, atelectrauma, lung inflammation, oxygen
toxicity, and increased mechanical power during ventilation.
The various strategies that have improved the outcomes in
ARDS patients are limiting the tidal volume (avoiding
volutrauma), reducing alveolar pressure (avoiding barotrau-
ma), minimizing cyclical complete collapse and reopening
of the alveoli (avoiding atelectrauma), recruitment of the af-
fected lung (using positive end expiratory pressure, PEEP),
lower fraction of inspired oxygen (FiO2) levels to achieve
optimal oxygenation, and preventing increase in mechanical
power of ventilation (7–17).

Mechanical power of ventilation per minute is the energy
spent per breath multiplied by respiratory rate (RR). The pow-
er increases exponentially with the increase in tidal volume,
driving pressure of each breath (ΔPaw), flow, and RR. The
mechanical power increases with increase in PEEP [16]. It is
an independent risk factor for mortality in the intensive care
unit (ICU), ventilator-free days, and duration of ICU and hos-
pital stay [17]. Mechanical power more than 17 J/min has
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been associated with risk of death [17]. In the EOLIA (ECMO
to Rescue Lung Injury in severe ARDS) trial, a decrease in
mechanical power by 66% (28 to 10 J/min) was associated
with increased survival (81/124 vs 68/125) in patients on
veno-venous ECMO [18, 19]. The EOLIA trial, however,
was not designed to study the effect of mechanical power on
outcomes of veno-venous ECMO.

“Baby lung” concept in ARDS

The initial opinion about the status of the lungs in ARDS
began to change in the 1980s with the availability of com-
puted tomography (CT) scan images which showed that
the lung involvement is heterogenous with areas of normal
aeration scattered (with normal elasticity) among the con-
solidated areas [20]. This “baby lung” was believed to be a
structurally normal lung in the non-dependent areas of the
lungs. It was established that the total pulmonary compli-
ance, in ARDS patients, was dependent on the compliance
of this baby lung. Extracorporeal assistance was only used
in patients with respiratory compliance of less than 20 ml/
cm H2O. However, repeated CT imaging of patients in
supine and prone position revealed that the “baby lung”
is a functional entity rather a structural entity because the
gravity-dependent densities shifted to the new dependent
lung zones as soon as the position was changed [21].
Gattitoni et al. explained in their paper that the amount of
stress (K × strain, where K is Young’s modulus) and strain
(change in length of fibers of lung skeleton, Δ L) will
depend on the size of the baby lung when being ventilated
with the same tidal volume of 6 ml/kg [21]. Therefore, it
may be prudent to decide on an individualized tidal volume
for each patient rather than using a single value-based cal-
culation (for, e.g., 6 ml/kg) for all patients. Also, it is ob-
served that there is an increase in the stress at the junction
of open and closed tissues and these junctions often exist in
gravity-dependent zones of the lung.

Mechanical ventilation

Mode of mechanical ventilation

The options available for the mode of mechanical ventilation
in ARDS patients are controlled ventilation, pressure-assisted
spontaneous ventilation, airway pressure release ventilation
(APRV), and neurally adjusted ventilator assist (NAVA) in
combination with ECMO. The preferred initial mode of ven-
tilation during ECMO is controlled (62%), followed by sup-
port (21%) and APRV (4%). NAVA has been reported in
occasional case reports and series [6].

Controlled ventilation

Out of the controlled modes, pressure-controlled mode is the
preferred mode of ventilation [22]. Schmidt et al. [23] reported
an increase in the utilization of pressure-targeted modes of
ventilation pre- and post-ECMO (from 55 to 90%). Volume-
controlled mode is used in 50% of patients prior to ECMO
placement but the percentage of pressure-targeted modes in-
creases from 69% on day 1 to 82% on day 14 of ECMO [5].

Pressure-assisted spontaneous ventilation

In pressure support ventilation (PSV), the termination criteri-
on for breath (flow cycled) is constant. This may lead to pa-
tient ventilator asynchrony. The work of breathing progres-
sively increases with the increase in the termination criterion
from 1 to 45% of the peak inspiratory flow. It has been ob-
served that setting the threshold to 5% of the peak inspiratory
flow might be the optimal value for patients with acute lung
injury (ALI) or ARDS. This may also decrease the patient
ventilator asynchrony in ARDS [24]. The termination criteri-
on for breath (at 5% and 40% of peak inspiratory flow) has
also been studied at different pressure support levels (5 and
15 cmH2O) in PSV. A 5% cycling off criterion and a pressure
support of 15 cm H2O have been shown to reduce the respi-
ratory rate and increased the tidal volume without modifying
the work of breathing [25]. In this study, the inspiratory rise
time was also studied at 0% and 40% of breath cycle time. The
shortest inspiratory rise time was associated with reduced
work of breathing by more than 50% [25].

Airway pressure release ventilation

Airway pressure release ventilation (APRV) is a pressure-
targeted mode of ventilation where the patient breathes spon-
taneously at two different levels of pressure (PHigh and PLow)
with intermittent mandatory breaths. The PHigh is applied as
continuous positive pressure for a defined duration (THigh) and
only released intermittently up to PLow for short duration
(TLow). These releases help in expiration of built-up carbon
dioxide during THigh. The use of APRV decreases
atelectrauma, use of sedation, and neuromuscular blocking
agents (NMBAs) requirement, and increases oxygenation
and recruitment of the alveoli [26–28]. Early use of APRV
in ARDS reduces both duration of mechanical ventilation and
ICU stay [29, 30]. Despite its beneficial effects, there are only
occasional case series documenting the use of APRV mode
during ECMO therapy [31, 32]. It is possible to achieve
ultraprotective tidal volumes (mandatory breaths) and low
transpulmonary pressures (spontaneous breaths) with APRV
during the ECMO course. One indirect advantage of APRV is
preservation of diaphragmatic function due to fewer require-
ments of NMBAs.
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Neurally adjusted ventilatory assist

Neurally adjusted ventilatory assist (NAVA) is a closed-
loop ventilation mode which depends on the electrical
activity of the diaphragm (EAdi) to trigger ventilation.
The EAdi signal (measured in microvolts) is multiplied
by a factor called NAVA level and transposed into pres-
sure support. The description of the use of NAVA on
veno-venous ECMO (VV ECMO) is limited to one case
series only [33]. The authors (Karagiannidis) were able
to achieve protective lung ventilation with NAVA where
at a preset PEEP level of 10 or more the mean peak
inspiratory pressure (PIP) did not cross 30 cm H2O
[33]. The authors also established that the tidal volume
(TV) achieved by the patient’s own respiratory effort on
active ECMO was not more than 6 ml/kg. A cessation of
the sweep flow on ECMO (inactive ECMO) caused an
immediate increase in the minute ventilation of the pa-
tients with tidal volumes of not more than 8 ml/kg. The
NAVA mode offers the advantage of regulating TV by
the patient (in proportion to EAdi), early establishment
of spontaneous breathing, and avoiding disuse atrophy of
diaphragm. It has been proved that complete diaphrag-
matic inactivity and mechanical ventilation for 18–69 h
leads to marked atrophy of diaphragmatic fibers in
humans [34].

Ventilatory parameters

Tidal volume

In an international survey, out of the 141 centers taking
part, 31% used ≤ 4 ml/kg TV, 45% centers used 4–6 ml/
kg tidal volume, and only 2% centers reported using 7–
9 ml/kg TV during mechanical ventilation for patients on
respiratory ECMO. The rest (21%) of the centers had no
strict criteria on usage of fixed TV range [6]. Another
study reported a TV of < 6 ml/kg in 81% of adult cen-
ters, of which 34% reported using TV below 4 ml/kg
during veno-venous ECMO [22]. A TV < 4 ml/kg (in
comparison with TV > 4 ml/kg) following ECMO initia-
tion is associated with lower mortality as well [4]. In the
absence of large randomized studies comparing ultra-
protective ventilation (TV ≤ 4 ml/kg) with protective
ventilation (TV = 4–6 ml/kg) during the course of
ECMO, a definite recommendation cannot be made for
the use of TV < 4 ml/kg. A decrease in TV and RR is
reported in almost all studies immediately after initiation
of ECMO. This decrease in TV decreases driving pres-
sure and mechanical power of ventilation, which is an
independent factor for survival.

Positive end expiratory pressure

As per conventional teaching, decrease in tidal volume and
increase in PEEP recruit the functional alveoli and may help in
improving gas exchange and decrease airway pressures
(ARDS net protocol) [35]. In patients suffering from ARDS
and with established ECMO support, 80% of centers report
using PEEP more than 5 cm H2O (58%, 6–10 cm H2O; and
22%, > 10 cm H2O) [6]. The application of “individualized”
PEEP mitigates atelectrauma by preventing complete collapse
and reopening of the alveoli with each breath. However, there
is an increased risk of barotrauma at higher levels of PEEP. If
there is no recruitment of the alveoli, with increasing levels of
PEEP, there is an increase in the static alveolar strain that may
lead to overdistention of the alveoli and an increase in plateau
and driving pressures (plateau pressure - PEEP).
Exceptionally high levels of PEEP may cause hemodynamic
instability due to decrease in venous return. Contrarily, if al-
veolar recruitment occurs with the application of PEEP, there
is a decrease in the plateau and driving pressures. Therefore,
instead of using fixed combinations of PEEP and tidal vol-
ume, it is desirable to use individualized PEEP settings on the
basis of response as measured by objective criteria (plateau
and driving pressures).

It is almost impossible to achieve optimal tidal volume in
the early period of the VV ECMO. The TV may be as low as
< 2 ml/kg in a setting of high PEEP. Animal studies have
shown that high PEEP (in patients with very low tidal volume)
may achieve convective ventilation and prevent atelectasis
during apneic oxygenation on ECMO support [36]. It may,
however, lead to alveolar distension and hemodynamic
compromise.

Positron emission tomography (PET) scans had shown that
although baby lung has a near-normal compliance it still dis-
plays greater inflammatory activity than collapsed non-
aerated lung areas as measured by pulmonary transcapillary
escape rate [37]. The use of PEEP during ECMO has been
shown to decrease the inflammation in the baby lung (38–40).

Plateau pressure

During mechanical ventilation on ECMO, it is desirable to
achieve a plateau pressure (Pplat) less than 30 cm H2O and
preferable to keep it below 25 cmH2O. Higher values of Pplat
(29 vs 25 cm H2O) on day 1 of ECMO have been associated
with ICU death [40]. In a systematic review of 49 studies of
veno-venous ECMO, lower plateau pressures (19–22 vs 31–
36 cm H2O) were associated with less mortality (28% vs
46%). The lowest mortality was observed in studies reporting
a combination of low plateau pressures (≤ 26 cm H2O) and
low tidal volumes (≤ 4 ml/kg) [4]. An increase in Pplat by
1 cmH2O in patients on ECMO decreases the odds of hospital
survival by 21% [41].
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Fractional inspired oxygen concentration and
respiratory rate

With sufficient oxygenation provided by ECMO, it is
advisable to reduce FiO2 levels to less than 40% to re-
duce toxic effects of oxygen on lungs [4]. It may not be
possible in all patients; therefore, a strategy to minimize
the FiO2 to maximum while maintaining arterial oxygen
saturation levels between 85 and 90% is acceptable. At
our institute, the practice is to keep 100% FiO2 on
ECMO at the time of initiation and gradually decrease
the FiO2 on ventilator < 40% while attaining a target
SpO2 (peripheral oxygen saturation) of 85%. During the
course of ECMO, a decrease of FiO2 on membrane ox-
ygenator is also attempted with the same saturation tar-
get. The low FiO2 to the lungs decreases the possibility
of absorption atelectasis and oxygen-free radical injury
[42]. There is no universal consensus on respiratory rate
values during veno-venous ECMO. Although the ELSO
guidelines recommend a RR as low as 5/min, various
studies have quoted RR between 5 and 30 breaths per
minute [18, 40, 43].

Adjuncts to mechanical ventilation on ECMO

Neuromuscular blockers and prone positioning are the two
most commonly used adjuncts during ECMO therapy.

Prone positioning

The use of prone positioning and lung protective ventila-
tion in patients with ARDS leads to significant reduction in
mortality [44]. The use of prone position during ECMO
course is fraught with the possibility of complications
(bleeding and mechanical). Kimmoun et al. in their study
of 17 patients with 27 sessions of proning reported no
serious adverse events [45]. There was an increase in
PaO2 (partial pressure of oxygen in arterial blood)/FiO2

ratio by 20% in all patients who were proned after 7 days
of ECMO and in 50% patients who were proned within
7 days of ECMO initiation [45]. The complications of
prone positioning during ECMO are bleeding (10–13%),
edema (12.2%), hemodynamic instability (9.5%), air en-
trainment in the ECMO circuit (2.0%), and pneumothorax
(2.0%) [46]. In terms of severity, neither of these compli-
cations is serious except for occasional patients. Therefore,
it is only reasonable to assume that prone ventilation dur-
ing ECMO can be used to improve oxygenation status with
an acceptable complication risk. A recent study has shown
an increase in utilization of prone position during course of
ECMO by 42% [47].

Neuromuscular blocking agents

The incidence of NMBA usage during ECMO varies from
12.6 to 58.2% [47, 48]. Current evidence shows no survival
benefit with the use of NMBA in patients with ARDS [49].
However, the use of NMBA in ARDS prevents patient venti-
lator asynchrony and improves oxygenation. Therefore, it is
not uncommon to use NMBA in the initial 24–48 h after
commencing ECMO support. The prolonged use of NMBA
may cause impaired diaphragmatic function and is a risk fac-
tor for critical illness myopathy as well [34].

Extracorporeal carbon dioxide removal

The approximate carbon dioxide (CO2) production per minute
in an average adult is 250 ml/min. The content of carbon
dioxide in venous blood is 52 ml/min. Therefore, an estimated
flow of 500ml/min during ECMO is sufficient to remove CO2

from the body. The requirement of such low flows during
extracorporeal carbon dioxide removal (ECCO2R) obviates
the need of a pump so that the membrane lung is connected
to the arterial and venous cannulae directly. This rapid remov-
al of CO2 allows a decrease in the minute ventilation by de-
creasing the RR and TV both, thus decreasing Pplat and en-
abling protective ventilation [22]. In patients undergoing me-
chanical ventilation for ARDS, the use of extracorporeal CO2

removal helps in decreasing the driving pressure
(Pplat – PEEP) by achieving low tidal volume of 3 ml/kg in
comparison with 6 ml/kg with conventional lung protective
ventilation [50].

Ventilatory protocol for veno-venous ECMO at our
center

Once the full flows on ECMO have been established, the
lungs are ventilated with a volume-controlled mode. The ini-
tial settings are as follows: TV of 3–4 ml/kg, FiO2 on ventila-
tor 100%, PEEP 12–15 cm H2O, inspiratory:expiratory (I:E)
ratio 1:1.5 to 1:2.0, and RR 10/min. The FiO2 is decreased to
< 40% once the PaO2 (in successive blood gas reports) stabi-
lizes. Packed red blood cell transfusion is done to improve
oxygen delivery by increasing the hematocrit to more than
36%. The Pplat is maintained at a level of less than 25 cm
H2O. If the Pplat is > 25 cm H2O, RR and TV are further
reduced to reach the target of 25 cm H2O. In patients where
the lung compliance is abysmal, or later during the ECMO
run, a switch from volume to pressure control mode is often
made to maintain peak airway pressures less than 40 cm H2O.
In arterial blood gas analysis, the following targets are follow-
ed: pH 7.3–7.4; PaO2, 50–60 mmHg; SaO2 (oxygen satura-
tion), 80–90%; PaCO2 (partial pressure of carbon dioxide in
arterial blood), 35–40 mmHg, and hematocrit 36–40%.
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For the first 24–48 h, the patient is kept sedated and para-
lyzed, and then a “sedation-only” strategy is followed for an-
other 24–48 h. A policy of “intermittent sedation” is followed
after 96 h of ECMO initiation. After 3–4 days of ECMO, when
the patient is on the sedation-only regimen, the ventilatory
mode is switched to synchronized intermittent mandatory ven-
tilation (SIMV) with pressure support for spontaneous breaths.
In this mode, we choose pressure support between 10 and
15 cm H2O, a negative pressure trigger of 2 to 3 cm H2O for
spontaneous breaths, an expiratory trigger of 25% of peak in-
spiratory flow, and an inspiratory rise time of 5% of breath
cycle time. However, this is only possible in patients who begin
improving, after 4–5 days, on ECMO. Patients who do not
show improvement within the first 4–5 days are very irritable
(e.g., non-resolving sepsis), and the sedation-only strategy du-
ration gets prolonged until 5–7 days. Such non-improving pa-
tients are maintained on volume-controlled ventilation only.

Conclusions

The use of extracorporeal support in patients with ARDS is
increasing because it helps in achieving protective and
ultraprotective ventilation of lungs. There is no conclusive ev-
idence to recommend one mode of mechanical ventilation over
another. A decrease in mechanical power of ventilation seems
to have a beneficiary effect on outcomes. A low ventilation
driving pressure (< 15 cm H2O) and tidal volume (< 4 ml/kg)
are associated with better survival. Prone position and NMBAs
can be safely used for better oxygenation and patient–ventilator
synchrony, respectively. In the era of precision medicine, it is
desirable to have personalized ventilatory settings for every
patient to minimize ventilator-induced lung injury.
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