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Ventilation during extracorporeal
support
Why and how

Introduction

Veno-venous extracorporeal membrane
oxygenation (ECMO) is a technique pro-
viding temporary respiratory support in
patients with respiratory failure refrac-
tory to conventional treatment.

During veno-venous ECMO, blood is
drained fromapatient’s vein andpumped
through an artificial, membrane lung,
where it is oxygenated and carbon diox-
ide (CO2) is removed. Thereafter, the
blood is delivered back into the patient’s
venous system.

Historical background

Following the enthusiasmof the first suc-
cessful ECMO applications, five decades
ago the National Institutes of Health
(NIH, Bethesda MD, USA) sponsored
the first randomized trial comparing
ECMO to conventional therapy in acute
respiratory distress syndrome (ARDS)
patients [30]. The trial was interrupted
for futility after the enrollment of the
first 90 patients asmortality reached 90%
in both arms. It is worth underlining
that the chosen settings of mechani-
cal ventilation likely contributed to the
study failure. At that time, the main
concern of mechanical ventilation was
the high fraction of inspired oxygen,
while the detrimental effects of positive
pressure ventilation had not been fully
appreciated. Indeed, the inspiratory
oxygen fraction (FiO2) was reduced in
the ECMO group, while all the other
ventilatory parameters were mostly un-

changed. Of note, tidal volumes were as
high as 10–15ml/kg, leading to airway
plateau pressures in the range between 40
and 50 cmH2O [22]. The discouraging
results of the National Institute of Health
(NIH) study led to the abandonment of
the ECMO technique worldwide.

Some years later, Kolobow et al.
pointed out that “severely diseased lungs
have a chance to heal only if the en-
vironment remains conducive to their
healing. This environment does not
consist of high airway pressures, high
tidal volumes, high PEEP, high FiO2,
or a severe pulmonary hypoperfusion
with severe and lethal lung tissue al-
kalosis” [12]. The goal of ECMO was
shifted from “buying time for the lung
to heal” to “rest the lung” and to protect
it from further damage, a concept later
known as ventilator-induced lung injury
(VILI). In the same years, Gattinoni and
Kolobow proposed to exploit ECMO
to decrease respiratory rate, tidal vol-
ume, and airway pressure favoring lung
healing (low frequency positive pressure
ventilation, LFPPV; [7]). In 1994, how-
ever, the negative results of a second
randomized clinical trial on the topic
where published [21]. As a consequence,
only few centers continued to provide
veno-venous ECMO as a last resource in
selected patients with respiratory failure.
However, a renewed interest in ECMO
rose after the publication of the CESAR
trial, a prospective randomized trial
conducted in the United Kingdom [23].
In addition, the 2009 H1N1 influenza
pandemic led to the widespread use of

ECMO as a successful rescue therapy,
first in Australia and New Zealand and
then worldwide [3].

Pathophysiology of extra-
corporeal gas exchange

During extracorporeal support, blood
oxygenation and CO2 removal are con-
trolled by different physiologic mecha-
nisms.

The oxygen transfer to the patient de-
pends on the blood flow through the ar-
tificial lung, on inlet venous hemoglobin
concentration and oxygen saturation.
Hemoglobin concentration and mixed
venous oxygen saturation (normally
around 70%) limit the ability to provide
oxygen to the patient. Therefore, high
extracorporeal blood flows (4–7 l/min)
are needed to provide a normal oxygen
supply (i. e., 250ml/min).

At variance, the CO2 content of blood
ishigh, (normallyaround0.5 l/lofblood).
Therefore, total CO2 removal (that is the
removal of the minute CO2 production)
could be achieved at a blood flow in the
range of 0.5 l/min [29]. Kolobow and
Gattinoni showed that when CO2 was
removed by the artificial lung, awake
healthy lambs reduced their spontaneous
ventilation. By removing CO2 at incre-
mental rates, it was possible to decrease
ventilationdowntocompleteapneawhen
totalCO2 productionwas removed extra-
corporeally ([11]; apneic oxygenation).
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TOTAL REST STRATEGY
PRO:
• Minimize Overdistention
• Lower Airway Pressure
CON:
• Atelectrauma
• Right Ventricular Failure
• Higher Intrapulmonary Shunt

OPEN LUNG STRATEGY
PRO:
• Minimize Atelectrauma
• Lower Vt /EELV ratio
CON: 
• Overdistention

Fig. 19 Walking
the tightrope be-
tween the total lung
rest strategy and
open lung strat-
egy. Vt tidal volume;
EELV end expiratory
lung volume

Mechanical ventilation—why?

The main target of extracorporeal sup-
port is tominimize the risk of VILIwhile
achieving viable blood gases. The CO2

removal by the artificial lung allows pro-
portional decreases of natural lung ven-
tilation, thus, implementing a protective
ventilator strategy. However, a progres-
sive decay of respiratory system com-
pliance, likely caused by lung collapse,
can be observed during very low tidal
volume ventilation with low PEEP lev-
els. Indeed, it was shown that a PEEP
greater than 20 cmH2O was necessary to
prevent lung collapse in apneic lambs
with healthy lungs, while at lower PEEP
levels, a respiratory rate of 2 bpm with
plateau pressures of 25–30 cmH2O was
required [6].

Additional risks associated with hy-
poventilation are reabsorption atelecta-
sis, favoring life-threatening hypoxemia
during low-flow extracorporeal carbon
dioxide removal (ECCO2R) [6] and right
ventricular failure as a result of lung col-
lapse and pulmonary hypertension.

Mechanical ventilation—how?

The optimal management of the natu-
ral lung during ECMO is still debated,
with great variability of reported ven-
tilatory settings and less than 30% of
ECMO centers explicitly sharing their

mechanical ventilation protocol [16].
From 1986–2006 only minor changes
in mechanical ventilation settings have
been observed, with reported PEEP val-
ues around 10 cmH2O, respiratory rate
of 10 bpm, and a mean airway pressure
around 16 cmH2O [2].

Subsequently several studies [17, 27,
28] have documented the changes in ven-
tilatory settings occurring after initiation
of extracorporeal respiratory support. In
all cases, mechanical ventilatory support
was reduced: tidal volume on average by
2ml/kg (from6 to 4 ml/kg), plateau pres-
sure on average by 5 cmH2O (from 31 to
26 cmH2O),drivingpressureby5 cmH2O
(from 19 to 14 cmH2O), respiratory rate,
when reported, by 4 bpm (from 22 to
18 bpm), FiO2 on average by 0.3, PEEP
by 1 cmH2O (from 14 to 13 cmH2O). Of
note, Serpa Neto et al. point out that, in
their analysis, driving pressure was the
only ECMOventilatory parameter show-
ing an independent association with in-
hospital mortality [28].

Interestingly, Marhong et al. reported
mechanical ventilation settings also pre
and post ECCO2R initiation and de-
scribed an increase in PEEP (from 13 to
17) and no change in FiO2 [17].

It might be interesting to under-
line that some authors suggest reducing
tidal volumes to values even lower than
4ml/kg predicted body weight (PBW).
In this regard, Marhong et al. report

that 31% of centers used tidal volumes
lower that 4ml/kg PBW and 45% of the
centers used tidal volumes between 4
and 6ml/kg [16]. Favorable outcome
has been reported using tidal volumes
as low as 1.9ml/kg [18].

The importance of inspiratory pres-
sure limitation to a maximum of
25–30 cmH2Ois recognizedbyallECMO
centers. Extracorporeal Life Support
Organization (ELSO) guidelines recom-
mend a limit at 25 cmH2O [4]; in the
CESAR trial peak inspiratory pressures
of 20–25 cmH2O were reported as ben-
eficial [23]. Pham et al. suggested
that reduced plateau pressure (26 vs
32 cmH2O) during the first day under
ECMO in H1N1 ARDS was significantly
associated with survival while increasing
values of plateau pressure under ECMO
were associated with death [24].

No common guidelines exist about
PEEP settings during ECMO. The two
extreme approaches are the total lung
rest strategy with the application of very
low PEEP and tidal volume and possible
lung collapse and the open lung strategy
with low tidal volume and higher PEEP
levels (15–20 cmH2O), possibly coupled
with recruitment maneuvers (. Fig. 1).
It is worth noting that lung collapse
might lead to the complete lack of the
oxygenation function of the native lung,
thus, often requiring higher extracor-
poreal blood flows. Moreover, diffuse
alveolar collapse might lead to increased
pulmonary vascular resistance and acute
failure of the right heart. In this case,
conversion from veno-venous to veno-
arterial ECMO might become necessary
to unload the right ventricle [9].

ELSO guidelines propose the ap-
plication of a moderate PEEP level
(10 cmH2O; [4]). In the CESAR trial,
PEEP was quickly reduced to
10–15 cmH2O [23]; by contrast, other
experts suggestkeepingPEEPunchanged
or even to increase it [27]. The Karolin-
ska group reported an original approach
in a group of 13 patients treated with
ECMObecause of influenzaA/H1N1-re-
lated severe respiratory failure. Patients
were ventilated with pressure control or
pressure-support ventilation with set-
tings reduced to resting levels as soon
as possible. Peak inspiratory pressures
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were adjusted to 20–25 cmH2O, PEEP
at 5–10 cmH2O, and FiO2 at 0.4. Rather
low levels of arterial oxygenation were
tolerated (median nearly 85%), as a con-
sequence of a very modest contribution
to arterial oxygenation of the collapsed,
rested natural lung. Acute right heart
failure was treated in 4 patients switch-
ing veno-venous ECMO to veno-arterial
ECMO [9]. Arterial oxygenation values
were on average even lower than that
achieved before connection to ECMO.

Schmidt et al., on the other hand, re-
ported that during the first 3 ECMOdays
higher PEEP levels were independently
associated with improved survival [27].
Marhong et al., analyzing the ELSO reg-
istry database, reported that in 77% of
ECMO centers, a lung rest strategy was
the major goal of mechanical ventilation.
The application of periodic recruitment
maneuvers can be an alternative to avoid
lung collapse [16].

Prone position has been shown ef-
fective in decreasing mortality in severe
ARDS patients [8] but no systematic data
on its safety and efficacy in ECMO pa-
tients are available. Some centers use
prone position during ECMO: it may be
however associated with complications
such as compression or inadvertent re-
moval of the vascular cannulas which
may lead to reduction or interruption of
the extracorporeal support [5].

Ventilator FiO2 is reduced during
ECMO to limit oxygen toxicity and the
risk of resorption atelectasis. In the
CESAR trial FiO2 was reduced to 30%
[23]. A marked FiO2 reduction implies
that, if the native lung still contributes to
arterial oxygenation, highextracorporeal
blood flows are necessary.

The setting of respiratory rate is an-
other controversial issue. Expert opin-
ions provide a wide range of frequency,
from 4 to 30 breaths per minute. Re-
cent literature on mechanical ventilation
settings during ECMO reports moderate
reduction of respiratory rate after ECMO
onset in order to keep pH and CO2 in
normal ranges [26].

We strongly advocate a low (<6 bpm)
respiratory rate (and an associated de-
crease of the time spent at high pressure
by the native lung) in order to minimize
the risk ofVILI, given the fact that hyper-
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Abstract
The main target of extracorporeal support
is to achieve viable gas exchange, while
minimizing the risk of ventilator-induced
lung injury, achieved through a decreased
mechanical ventilation load on the natural
lung. However, during veno-venous extra-
corporeal membrane oxygenation (ECMO),
mechanical ventilation is still necessary in
order to prevent lung collapse and/or if
extracorporeal blood flow is not sufficient to
guarantee adequate gas exchange. In this
review, we will summarize the physiology
of extracorporeal support and the rationale
for continuing mechanical ventilation in this
context. Furthermore, we will review the
current clinical practice among ECMO centers
and their suggestions regarding mechanical

ventilator settings. While optimal ventilatory
settings are still a matter of debate, the use
of a strategy combining low tidal volume
and limited inspiratory pressures is accepted
worldwide. On the contrary, the choice of
applied positive end-expiratory pressure
(PEEP) varies between the total rest strategy
and open lung strategy. Finally, the use of
assisted or spontaneous ventilation will be
discussed.

Keywords
Mechanical ventilation · Ventilator-induced
lung injury · Respiratory failure · Positive
end expiratory pressure · Extracorporeal
membrane oxygenation

Beatmung während der extrakorporalen Kreislaufunterstützung.
Warum und wie

Zusammenfassung
Hauptziel der extrakorporalen Lungenunter-
stützung (ECLS) ist es, einen ausreichenden
Gasaustausch sicherzustellenund gleichzeitig
das Risiko für beatmungsinduzierte
Schädigungen an der Lunge zu minimieren.
Dies wird durch eine Verringerung der
mechanischen Belastung für die Lunge des
Patienten erreicht. Während der venovenösen
extrakorporalen Membranoxygenierung
(ECMO) erfolgt zusätzlich eine mechanische
Beatmung, um einerseits einen pulmonalen
Kollaps zu vermeiden und/oder andererseits,
wenn der extrakorporale Blutfluss keinen
adäquaten Gasaustausch ermöglicht, diesen
mit sicherzustellen. In dieser Übersichtsarbeit
werden zusammenfassend die Physiologie
der extrakorporalen Unterstützung und die
Rationale für die Fortführung der mechani-
schen Beatmung unter diesen Bedingungen
dargestellt. Darüber hinaus werden die
gegenwärtig von ECMO-Zentren praktizierten

klinischen Regime ebenso beschrieben wie
die unterschiedlichen Empfehlungen für die
Einstellungen an den Beatmungsgeräten. Die
optimalen Einstellungen sind nach wie vor
Gegenstand kontroverser Diskussionen, doch
die Strategie, ein geringes Tidalvolumen und
begrenzte inspiratorischeDrücke miteinander
zu kombinieren, findet weltweit Akzeptanz.
Die Wahl des eingesetzten positiven
endexpiratorischen Drucks (PEEP) dagegen
variiert zwischen der „total rest strategy“
und der „open lung strategy“. Schließlich
wird der Einsatz assistierter bzw. spontaner
Beatmungsformen diskutiert.

Schlüsselwörter
Mechanische Beatmung · Beatmungsindu-
zierter Lungenschaden · Respiratorisches
Versagen · Positiver endexpiratorischerDruck ·
Extrakorporale Membranoxygenierung

capnia is rarely present in ARDS patients
during ECMO.

Assisted ventilation during ECLS

After sufficient improvement of a pa-
tient’s condition, mechanical ventilation
can be switched from controlled to as-
sistedmode. Protective assistedmechan-

ical ventilation may improve the muscle
function and gas exchange, decreasing
the risk of diaphragm dysfunction and
the need of sedation and help weaning
from the ventilator [25]. Karagiannidis
et al. reported in 6 patients treated with
ECMO and ventilated with neurally ad-
justed ventilator assist (NAVA) that ven-
tilatory response to decreased sweep gas
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flow was rapid, and patients immediately
regulated PaCO2 tightly towards a phys-
iological pH value [10]. Mauri et al. re-
ported the successful use of NAVA in the
recovery phase of patients with severely
impaired lung function. Moreover, ma-
nipulation of CO2 elimination, at least
during the recovery phase of ARDS, acts
as a modulator of the drive to breathe
[19].

While most groups delay assisted
ventilation until the native lung per-
formance improves substantially, others
almost immediately switch the ventilator
to pressure support mode. The Karolin-
ska group reported a very low mortality
rate (24%) during their experience in
17 severe ARDS patients treated with
extracorporeal support coupled with
minimal sedation and pressure support
ventilation (PSV) with low tidal volumes
[15].

In ARDS patients, this approach may
require particular attention in the selec-
tion of candidates. In fact, the potential
benefits of spontaneous ventilation need
to be evaluated togetherwith its potential
detrimental effects [14]. Indeed, high in-
spiratoryeffortsandveryhighrespiratory
drive, often independent from the blood
gas and pH value have been described in
the acute phase of ARDS [13, 20]. Very
high inspiratory efforts may worsen lung
injury by generating elevated transpul-
monary pressures [1]. While the patho-
physiology of spontaneous breathing in
ARDS patients has been, so far, only par-
tially understood, it is conceivable that
pulmonary receptors activated by stimuli
such as edema, inflammation, and mi-
croembolism might play a key role. In
these cases, extracorporeal CO2 removal
through full ECMOsupport is frequently
not sufficient to control the inspiratory
efforts and keep transpulmonary pres-
sure in a safe range [10] and an approach
including deep sedation and controlled
mechanical ventilation is indicated.

Conclusions

The management of ventilation during
ECMO is still evolving. Lung protection
whilewarranting viable blood gases is the
target of the procedure. The early times,
aiming at optimal oxygenation achieved

by high tidal volumes and airway pres-
sures, have definitely faded away, but the
debate about the optimal compromise
between lung recruitment and lung rest
is not settled yet.
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