
REVIEW Open Access

Extracorporeal gas exchange: when to start
and how to end?
L. Gattinoni1* , F. Vassalli1, F. Romitti1, F. Vasques2, I. Pasticci1, E. Duscio1 and M. Quintel1

Introduction
In the last decade, primarily following the H1N1 pan-
demics [1], the extracorporeal respiratory assist is in-
creasingly used [2, 3]. The acronym “ECMO”, i.e.,
ExtraCorporeal Membrane Oxygenation, is, however,
somehow misleading as the artificial extracorporeal as-
sist may affect both oxygenation and CO2 removal, as
well as the hemodynamics, depending on how it is ap-
plied. In this commentary, we will limit our discussion
to the respiratory extracorporeal support in veno-venous
mode, primarily discussing the aspects, which are usually
under-evaluated.

Various options for extracorporeal support
Table 1 was first published more than 40 years ago [4]
and summarizes the main characteristics and options
through which the extracorporeal support may be ap-
plied. As shown, all the possible application were fore-
seen and most of them actually tested in the following
years. As shown, two main features characterize the
extracorporeal support: cannulation (veno-venous vs
veno-arterial) and extracorporeal blood flow.

� In the veno-venous configuration, the artificial and
the natural lung are connected in series, as the blood
flow entering the membrane lung is re-directed into
the natural lung, after the artificial gas exchange.
The hemodynamics are not affected by this config-
uration, which works solely as a respiratory support.
In contrast, in the veno-arterial configuration, the
artificial and the natural lung are arranged in paral-
lel: the flow leaving the artificial lung is diverted in
the arterial section and the natural lung is propor-
tionally under-perfused. The greatest difference be-
tween veno-venous and veno-arterial approach is
not related to the gas exchange, as the amount of

oxygen transferred and CO2 removed are exactly the
same (if the operating conditions of the membrane
lung are the same), but to the hemodynamic impact,
as the veno-arterial configuration provides both re-
spiratory and cardiac support.

� The second feature is the amount of blood flow and
gas flow used to ventilate the artificial lung: to
oxygenate venous blood entering the membrane
lung, the gas flow required equals the oxygen
sufficient to fully saturate the hemoglobin passing
through the artificial lung. As an example, if 1 l of
venous blood with10 g/dL of hemoglobin and
saturation 70% enters the membrane lung every
minute, a transfer of 42 ml of 100% oxygen per
minute from the gas compartment of the membrane
lung would be sufficient to fully saturate the blood
leaving the membrane lung. Therefore, being the
possibility to “charge” oxygen limited by the
hemoglobin concentration and its saturation in the
venous blood, the oxygen transfer to the membrane
lung is primarily function of the extracorporeal
blood flow. In the previous example, 4 l of
extracorporeal blood flow, in the absence of re-
circulation, would provide fully saturated blood with
a gas flow into the membrane lung of only 168 ml/
min. All the gas is absorbed, and no gas leaves the
membrane lung

The CO2 transfer, due to the physicochemical charac-
teristics of CO2 in the blood, follows a complete differ-
ent scheme. The CO2 content in the blood is primarily
function of the strong ion difference: for the same
PCO2, the CO2 content depends on the difference be-
tween expected and actual strong ion difference (i.e., the
base excess). As an example, at a base excess of − 10
mEq/L and PCO2 40 mmHg compared to a base excess
of 0 mEq/L at the same PCO2, the total amount of CO2

in the blood (dissolved + bicarbonate + carbo-amino
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compounds) goes from 37 to 50 ml/dL. In normal condi-
tions, with pH close to 7.4 and PCO2 in the range of
40–50mmHg, the amount of total CO2 in the blood is
roughly 1 ml per mmHg of CO2, i.e., with a PCO2 of 45
mmHg and base excess 0 mEq/L (strong ion difference
42mEq/L), the CO2 content is about 45 mL/dL. This
means that the near total metabolic production of CO2

is equivalent to the CO2 present in about 500 ml of
blood. Therefore, if the blood flowing through the mem-
brane lung is ventilated at a very high rate, the total
metabolic CO2 production may be cleared from an
amount of blood similar with the one used during con-
tinuous veno-venous hemofiltration.
Therefore, to provide 200 ml/min of oxygen, high

extracorporeal blood flow is required, with minimum
ventilation of the artificial lung, while the same amount
of CO2 may be cleared for less than one fourth of the
blood flow, but very high ventilation is required. The
physiology of the gas exchange with the artificial lung
clearly indicates that the oxygenation and CO2 removal
function may be easily dissociated in the artificial extra-
corporeal system, and this accounts for the tremendous
possibility of intervention which is possible using the
artificial lung systems.

Rationale
The veno-venous extracorporeal support, through differ-
ent settings, recognizes two primary rationales:

� Rescue intervention for tissue hypoxia, primarily due to
respiratory failure (high-flow veno-venous ECMO) [5]

� Reduction of mechanical ventilation and related
damages in ARDS [6–8], status asthmaticus [9, 10],
and COPD exacerbation (low-flow ECCO2R or
minimally invasive ECCO2R) [11, 12]. To this, another
possible use of minimally invasive ECCO2R may be
considered for COPD patients in order to improve the
quality of life by programmed CO2 dialysis [13]

Rescue high-flow V-V ECMO
The rescue applies when hypoxemia is per se “life-threaten-
ing”. Obviously, this condition cannot be defined neither by
a single value of PaO2, nor by a combination of more
variables (e.g., hypoxemia and hypercapnia). Indeed, the
life-threatening hypoxemia is a clinical judgment, which
accounts for age, comorbidities, pathophysiological alter-
ations, and time course of the disease of the patient. As far
as we know, the PaO2 of 19mmHg is the lowest level of ar-
terial PO2 recorded in healthy living subjects on the Everest
[14]; this values are the same recorded in turtles [15], pen-
guins [16], and whales [17] during deep immersions; and,
most interestingly, these are the normal values during hu-
man fetal life [18]. This stresses the nonsense of considering
a single value of PO2 as life-threatening threshold, without
considering the perfusion pattern. Indeed, it is common in
ICU, during extracorporeal support, to observe occasionally
patients without any relevant organ failure, but the lung,
despite PaO2 as low as 30mmHg if the hemodynamics are
adequate. Therefore, we believe that the attending physician
is the most qualified “measuring tool” to detect hypoxemic
life-threatening conditions, as he/she may integrate the
myriad of information beyond PaO2 levels, posing the
patient at immediate risk of dying. In reality, the bulk of
studies dealing with ECMO, since the first randomized
controlled trial by Warren Zapol in the middle of 1970s
[19], used the hypoxemia threshold as entry criteria for
high-flow ECMO (see Table 2). Of note, the most recent
ECMO study, i.e., EOLIA trial [20], used criteria not very
different from those used four decades before and provided
a strong signal that ECMO, used as a rescue therapy of
severe hypoxemia, may lead to survival benefits.

Low-flow extracorporeal CO2 removal
The definition of low flow is absolutely arbitrary, as it
may range from 300 to 400 ml/min up to 1000–1500ml/
min. In this range of flow, the clearing of CO2 relative to
the metabolic production may range from 20 up to
100% depending on input CO2, membrane lung surface,

Table 1 Comparative technical difficulty of hemodialysis, extracorporeal removal of carbon dioxide, and extracorporeal oxygenation

Renal hemodialysis Extracorporeal removal of carbon dioxide Extracorporeal oxygenation

Extracorporeal blood flow (ml/min) 200–300 500–1000 2000–4000

Blood pumping optional optional required

Hemodynamic changes small small major

Vascular access A-V shunt or
A-V fistula

A-V shunt or
A-V fistula or
V-V pumping

V-A or
V-V

Surgical complexity simple simple complex

Complexity of equipment moderate simple advanced

Requirement for heparin small small large

Table 1 Reproduced with permission from Gattinoni et al., Control of intermittent positive pressure breathing (IPPB) by extracorporeal removal of carbon dioxide,
British Journal of Anesthesia, © 1978 Elsevier Inc. [4]
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and sweep gas flow [21]. The main difference between
low and high-flow extracorporeal support, in our opin-
ion, is that the contribution to the oxygenation is limited
at low flow, i.e., not higher than 30% at 1500ml/min of
extracorporeal blood flow and negligible at 300–400ml/min.
The concept of extracorporeal CO2 removal was introduced
by Kolobow when the dismal results of the Zapol’s trial were
informally known (90% mortality in control and ECMO
groups). The initial input for extracorporeal CO2 removal by
Kolobow was to explore the possibility of CO2 dialysis in
COPD patients, aiming at quality of life improvement. For
this purpose, he developed a special artificial lung with high
surface and thin membrane (the carbon dioxide membrane
lung, CDML) to maximize CO2 removal [22]; however, when
testing the performances of the CDML, we found that re-
moving CO2 in healthy spontaneously breathing sheep
allowed a complete control of their ventilation [6]. Indeed, if
50% of CO2 produced by an animal in 1min is removed
through the artificial lung, the animal reset its own ventila-
tion by decreasing alveolar ventilation by 50%, at constant
PaCO2. This observation led to the idea of using the
extracorporeal CO2 removal to decrease the impact of
high pressure/volume ventilation, which was the rule at
that time in ARDS patients. The idea of CO2 dialysis
was abandoned in favor of the idea of “lung rest” in
severe ARDS [4, 23]. These physiological principles are
still valid today and provide a basis for introducing a
“gentle” ventilation in ARDS.

Due to these premises, the indication to apply ECCO2R
as a tool to decrease the harms of mechanical ventilation
should be based on a hypothetical threshold, defining the
risk of unacceptable ventilation-induced lung injury
(VILI). Unfortunately, as far as we know, this approach
has never been used and also for ECCO2R the indications
are based on the impairment of oxygenation. In the last
few years, we tried to identify a comprehensive variable to
estimate the risk of VILI, i.e., the mechanical power, which
accounts for excessive tidal volume, excessive driving
pressure, respiratory rate, inspiratory flow, and PEEP. This
approach led to consistent result in experimental animals
and appears promising when the mechanical power has
been tested in large ARDS population [24–26].

Extracorporeal support: when to start
High-flow veno-venous ECMO
The main drive to begin the high-flow extracorporeal
support in ARDS patient is hypoxemia, when its level is
considered as “life-threatening” [27]. As shown in Table 2
in which we summarize the entry criteria of the larger
randomized trials, the PaO2/FIO2 used to apply the
extracorporeal support is always below 100, a level
which was used to define the refractory hypoxemia since
the first description of ARDS [28], indicating that even
100% FIO2 was insufficient to restore normal oxygen
tension in the arterial blood. Undoubtedly, the primary
indication for V-V ECMO remains the hypoxemia. We

Table 2 Entry criteria of extracorporeal support trials

Study Patients
enrolled

Inclusion criteria

NIH adult ECMO trial
Zapol et al. 1979, JAMA

90 Severe ARF:
-PaO2 < 50 mmHg for at least 2 h despite 100% FIO2 and 5 cmH2O of PEEP (fast entry)
-PaO2 < 50 mmHg for at least 12 h despite 60% FIO2 and 5 cmH2O of PEEP or a Qs/Qt > 30% with 100%
of FIO2 and 5 cmH2O PEEP

PCIRV vs ECCO2R
Morris, 1994, Am J Respir
Crit Care Med

40 -ARDS (defined as P(a/A)O2 < 0.2, bilateral chest radiographic infiltrates, total compliance < 50ml/cmH2O,
wedge pressure < 15 mmHg and no signs of heart failure)

-ECMO criteria:
- PaO2 < 50 mmHg for at least 2 h despite 100% FIO2 and 5 cmH2O of PEEP (fast entry)
- PaO2 < 50 mmHg or Qs/Qt > 30% for at least 12 h despite 60% FIO2 and 5 cmH2O of PEEP, in a > 48 h

ICU patients (slow entry)

CESAR trial
Peek et al. 2009, Lancet

180 -Severe but potentially reversible respiratory failure
(Murray score > 2.5 or hypercapnia with arterial pH < 7.2)

-Age 18–65

-Ventilation/high FIO2 < 7 days

-No cranial bleeding

-No contraindication to heparin

-No contraindication to continuation of the active treatment

EOLIA trial
Combes et al. 2018, NEJM

249 -ARDS

-Mechanical ventilation < 7 days

-With (despite ventilator optimization):
• PaO2/FIO2 < 50 for at least 3 h
• PaO2/FIO2 < 80 for at least 6 h
• Arterial pH < 7 .25 with PaCO2 > 60 mmHg for at least 6 h
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may wonder, however, if a real threshold for hypoxemia
exists, as the patient with different biological resources,
comorbidities, and hemodynamics may present different
“adequate” PaO2. In addition, the same PaO2/FIO2

threshold below 100 may encompass different shunt
fractions depending on several factors [29]. Therefore, it
is not surprising (and luckily it is the best solution) that,
in clinical practice, are the attending physicians, usually
in team, to decide if that particular hypoxemia in a given
patient is such as to require the membrane lung applica-
tion, considering its values together with a myriad of
other anamnestic and pathological information.
The use of high-flow V-V ECMO, as a rescue for

life-threatening hypoxemia, has never been questioned.
Few noted that paradoxically the PaO2 in control and
ECMO patients is the same throughout the clinical course,
as clearly shown in EOLIA trial. Therefore, we may wonder
if the use of high flow is really necessary in patients with
adequate hemodynamics. To rationally answer this
question, the mechanisms of oxygenation during high-flow
V-V ECMO must be discussed. Let us assume that in a
patient, in whom 4–5 L/min of extracorporeal blood flow
are applied, the amount of oxygen transfer per minute is
close to the total oxygen consumption (200–300ml/min).
This has two major consequences:

� The oxygen transfer in the natural lung decreases
proportionally to the increase of oxygen saturation
of hemoglobin perfusing the open lung units.
Indeed, the PO2 in the pulmonary capillaries,
perfusing the open lung units, only depends on
FIO2, barometric pressure, and respiratory quotient.
Therefore, the drive for the oxygen transfer in the
natural lung is the difference between PAO2 (equal
to the pulmonary capillary partial pressure) and the
PVO2/saturation of the blood entering the venous
side. Higher PvO2 and oxygen saturation implies
decrease of oxygen transfer. It is worth to
understand that the capillary PO2 of the ideally
perfused pulmonary unit does not change, whatever
is the ECMO blood flow.

Second, the increased oxygen content in the venous
side increases the hemoglobin oxygen saturation in the
pulmonary artery and decreases the hypoxic vasocon-
striction, which, although dampened, is well-presented
and effective in ARDS patients [30]. Indeed, the hypoxic
vasoconstriction depends both on alveolar hypoxia, unlike
in ARDS patients ventilated with high FIO2, and on oxy-
gen partial pressure in the mixed venous blood [31, 32].
When the saturation of the blood perfusing the gasless re-
gions increases, the fraction of blood flowing through
them increases remarkably up to 60–70%. This explains
why the PaO2, in high veno-venous blood flow, at the

beginning of extracorporeal support, does not increase
dramatically, but only by few mmHg. Indeed, the oxygen-
ation gain in the arterial side, therefore, is only due to the
increased oxygen saturation of the blood flowing through
the shunted area, which increases due to the release of
hypoxic vasoconstriction. In Fig. 1, this phenomenon is
quantitatively exemplified.

Low-flow ECMO: when to start
Low-flow ECMO is a tool to allow the decrease of the
possible damage of mechanical ventilation in the baby
lung, by reducing minute ventilation, while maintaining
normal CO2. As the harm of mechanical ventilation de-
rives from unphysiological stress and strain repeated
over time up to the near-total lung capacity of the baby
lung, the rationale indication for extracorporeal support
should be based on thresholds derived from lung me-
chanics. As far as we know, however, this approach has
never been used and the primary criteria for ECCO2R
application are similar to the ones used for high-flow
ECMO, i.e., hypoxemia. Interestingly, even the recently
proposed trial that combines low-flow extracorporeal
CO2 removal and ultra-protective lung strategy indicates
as entry criteria the presence of moderate ARDS, based
on oxygenation criteria [33].
We recently proposed the mechanical power as a uni-

fying variable to select the harmful threshold of mechan-
ical ventilation [34]: indeed, mechanical power includes
tidal volume, driving pressure [35], respiratory rate [36],
flow [37], and positive end-expiratory pressure [38].
Each one has been shown, isolated or in association, to
cause ventilator-induced lung injury. In experimental an-
imals of middle size, a possible threshold around 13 J/
min discriminates between major and relatively minor
ventilator damage and we are trying to investigate a pos-
sible threshold in human beings. Nowadays, the minim-
ally invasive ECCO2R is primarily suggested for the
treatment of COPD exacerbation, while in severe ARDS
the technique is not considered, due to low impact on
blood oxygenation.
Recently, we found that a relevant amount of CO2

may be cleared in a minute with an extracorporeal blood
flow not greater than 400 ml/min, when adequate mem-
brane lung surface and sweep gas flow are used [21]. De-
pending on the metabolic CO2 production, this set may
provide from 50% to near 100% of metabolic CO2 clear-
ing, while the oxygen added artificially is not greater
than 10–20ml/min. If we consider that the severe ARDS
patients, treated with high-flow ECMO, are still venti-
lated with minute ventilation ranging from 6 to 10 L/
min, we may wonder if such effect cannot be reached
with the minimally invasive approach instead of
high-flow ECMO. Indeed, in hemodynamically stable pa-
tients, even low oxygenation (circa 50 mmHg) can be
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well tolerated if the hypoxic vasoconstriction is main-
tained, while the modification of mechanical ventilation
could be similarly reduced. It is possible that, in the near
future, the actual difference between ECMO and
ECCO2R in severe ARDS will be reconsidered under the
light of these pathophysiological mechanisms.

Extracorporeal support: when to stop
The logical indication to stop either ECMO or ECCO2R
should be the cessation of the condition for which
ECMO or ECCO2R have been instituted. Therefore, the
condition for stopping high-flow ECMO would be the
maintenance of adequate oxygenation without extracor-
poreal support and, for ECCO2R, the mechanical ventila-
tion below any harmful threshold. In practice, the
approach used in the clinical practice to remove the
extracorporeal support is more pragmatic than rational.
Actually, the “weaning process” starts from the begin-
ning of the extracorporeal support by progressively redu-
cing the possible harmful component of mechanical

ventilation (FIO2 and pressures). Indeed, during full
blown ARDS, the severely hypoxemic patients at the be-
ginning are kept sedated/paralyzed with relatively high
mean airway pressure, while the minute ventilation is re-
duced at different extent. During this phase, any attempt
of a spontaneous breathing may be ineffective as the re-
spiratory drive of the patient, independently of normal
blood gases, is so high that the spontaneous breathing
would be more dangerous than whatever mechanical
ventilation applied [39]. However, when the disease lead-
ing to ARDS is under control, the respiratory drive tends
to normalize. The steps of weaning relate first to progres-
sive decrease of FIO2 down to 40–50%, then to decrease
of PEEP (1–2 cmH2O/h). The steps are interrupted if the
oxygenation deteriorates. When it is possible to maintain
oxygenation with circa 40% oxygen and circa 10 cm H2O
of PEEP, the patients are usually ready for disconnection.
Nowadays, at this stage, we test the patient capability to
breathe spontaneously and/or to tolerate pressure support
ventilation by a stepwise decrease of the sweep gas flow,

Fig. 1 In the right square, we present the starting conditions of this analysis. In the left upper panel, we present the decrease of the total ventilation
to maintain an unchanged PCO2 (lower right panel) when the extracorporeal blood flow is increased. In the left lower panel, we show which would
be the arterial PO2 as a function of the extracorporeal blood flow, if the shunt fraction would be unmodified. As shown, an extracorporeal blood flow
of 1.5 L/min, if the shunt increases to 0.4 to 0.7 (a common finding in this condition), the PaO2 increase, if any, is negligible
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while measuring at the same time the esophageal pressure
swings. If the negative swings of esophageal pressure are
< 15 cm H2O at a respiratory rate < 30 rpm, the patient is
decannulated. This is one of the several possible ways,
which are anyway based on the achievement of two tar-
gets: adequate oxygenation and arterial PCO2 during safe
spontaneous/mechanical ventilation.

Acknowledgements
We thank Ilse Liselotte Munz for her generous donation to the Department
of Anesthesia of Göttingen Universität.

Funding
None declared by the authors. Publication of this supplement was supported
by Fresenius Kabi.

Availability of data and materials
Table 1 was reproduced with permission from Gattinoni et al., Control of
intermittent positive pressure breathing (IPPB) by extracorporeal removal of
carbon dioxide, British Journal of Anesthesia, © 1978 Elsevier Inc. [4].

About this supplement
This article has been published as part of Critical Care, Volume 23
Supplement 1, 2019: Future of Critical Care Medicine (FCCM) 2018. The full
contents of the supplement are available at https://ccforum.biomedcentral.
com/articles/supplements/volume-23-supplement-1.

Authors’ contributions
All authors provided intellectual contributions and read and approved the
final version of the manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

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

Author details
1Department of Anesthesiology, Emergency and Intensive Care Medicine,
University of Göttingen (UMG), Robert-Koch-Straße 40, 37075 Göttingen,
Germany. 2Department of Adult Critical Care, Guy’s and St Thomas’ NHS
Foundation Trust, London, UK.

Received: 11 April 2019 Accepted: 15 April 2019
Published: 14 June 2019

References
1. Australia New Zealand Extracorporeal Membrane Oxygenation Influenza

Investigators, Davies A, Jones D, Bailey M, Beca J, Bellomo R, Blackwell N,
Forrest P, Gattas D, Granger E, et al. Extracorporeal membrane oxygenation
for 2009 influenza A(H1N1) acute respiratory distress syndrome. Jama. 2009;
302(17):1888–95.

2. Gattinoni L, Carlesso E, Langer T. Clinical review: extracorporeal membrane
oxygenation. Crit Care. 2011;15(6):243.

3. Quintel M, Gattinoni L, Weber-Carstens S. The German ECMO inflation:
when things other than health and care begin to rule medicine. Intensive
Care Med. 2016;42(8):1264–6.

4. Gattinoni L, Kolobow T, Tomlinson T, White D, Pierce J. Control of
intermittent positive pressure breathing (IPPB) by extracorporeal removal of
carbon dioxide. Br J Anaesth. 1978;50(8):753–8.

5. Hill JD, De Leval MR, Fallat RJ, Bramson ML, Eberhart RC, Schulte HD, Osborn JJ,
Barber R, Gerbode F. Acute respiratory insufficiency. Treatment with prolonged
extracorporeal oxygenation. J Thorac Cardiovasc Surg. 1972;64(4):551–62.

6. Kolobow T, Gattinoni L, Tomlinson TA, Pierce JE. Control of breathing using
an extracorporeal membrane lung. Anesthesiology. 1977;46(2):138–41.

7. Marcolin R, Mascheroni D, Pesenti A, Bombino M, Gattinoni L. Ventilatory
impact of partial extracorporeal CO2 removal (PECOR) in ARF patients.
ASAIO Transactions/Am Soc Artificial Internal Organs. 1986;32(1):508–10.

8. Gattinoni L, Pesenti A, Mascheroni D, Marcolin R, Fumagalli R, Rossi F. Low-
frequency positive-pressure ventilation with extracorporeal CO2 removal in
severe acute respiratory failure. JAMA. 1986;256(7):881–6.

9. Schneider TM, Bence T, Brettner F. "Awake" ECCO2R superseded intubation
in a near-fatal asthma attack. J Intensive Care. 2017;5:53.

10. Brenner K, Abrams DC, Agerstrand CL, Brodie D. Extracorporeal carbon
dioxide removal for refractory status asthmaticus: experience in distinct
exacerbation phenotypes. Perfusion. 2014;29(1):26–8.

11. Burki NK, Mani RK, Herth FJ, Schmidt W, Teschler H, Bonin F. A novel
extracorporeal CO(2) removal system: results of a pilot study of hypercapnic
respiratory failure in patients with COPD. Chest. 2013:143(3):678–86.

12. Hilty MP, Riva T, Cottini SR, Kleinert EM, Maggiorini A, Maggiorini M. Low
flow veno-venous extracorporeal CO2 removal for acute hypercapnic
respiratory failure. Minerva Anestesiol. 2017;83(8):812–23.

13. Alessandri F, Pugliese F, Mascia L, Ranieri MV. Intermittent extracorporeal
CO2 removal in chronic obstructive pulmonary disease patients: a fiction or
an option. Curr Opin Crit Care. 2018;24(1):29–34.

14. Grocott MP, Martin DS, Levett DZ, McMorrow R, Windsor J, Montgomery HE,
Caudwell Xtreme Everest Research G. Arterial blood gases and oxygen
content in climbers on Mount Everest. N Engl J Med. 2009;360(2):140–9.

15. Williams CL, Hicks JW. Continuous arterial PO2 profiles in unrestrained,
undisturbed aquatic turtles during routine behaviors. J Exp Biol. 2016;219(Pt
22):3616–25.

16. Knower Stockard T, Heil J, Meir JU, Sato K, Ponganis KV, Ponganis PJ. Air sac
PO2 and oxygen depletion during dives of emperor penguins. J Exp Biol.
2005;208(Pt 15:2973–80.

17. Shaffer SA, Costa DP, Williams TM, Ridgway SH. Diving and swimming
performance of white whales, Delphinapterus leucas: an assessment of
plasma lactate and blood gas levels and respiratory rates. J Exp Biol. 1997;
200(Pt 24):3091–9.

18. Rychik J. Fetal cardiovascular physiology. Pediatr Cardiol. 2004;25(3):201–9.
19. Zapol WM, Snider MT, Hill JD, Fallat RJ, Bartlett RH, Edmunds LH, Morris AH,

Peirce EC 2nd, Thomas AN, Proctor HJ, et al. Extracorporeal membrane
oxygenation in severe acute respiratory failure. A randomized prospective
study. JAMA. 1979;242(20):2193–6.

20. Combes A, Hajage D, Capellier G, Demoule A, Lavoué S, Guervilly C, Da
Silva D, Zafrani L, Tirot P, Veber B, et al. Extracorporeal membrane
oxygenation for severe acute respiratory distress syndrome. N Engl J Med.
2018;378(21):1965–75.

21. Duscio E, Cipulli F, Vasques F, Collino F, Rapetti F, Romitti F, Behnemann T,
Niewenhuys J, Tonetti T, Pasticci I, et al. Extracorporeal CO2 removal: the minimally
invasive approach, theory, and practice. Crit Care Med. 2018;47(1):33–40.

22. Kolobow T, Gattinoni L, Tomlinson T, White D, Pierce J, Iapichino G. The
carbon dioxide membrane lung (CDML): a new concept. Trans Am Soc Artif
Intern Organs. 1977;23:17–21.

23. Gattinoni L, Agostoni A, Pesenti A, Pelizzola A, Rossi GP, Langer M, Vesconi
S, Uziel L, Fox U, Longoni F, et al. Treatment of acute respiratory failure with
low-frequency positive-pressure ventilation and extracorporeal removal of
CO2. Lancet. 1980;2(8189):292–4.

24. Tonetti T, Vasques F, Rapetti F, Maiolo G, Collino F, Romitti F, Camporota L,
Cressoni M, Cadringher P, Quintel M, et al. Driving pressure and mechanical
power: new targets for VILI prevention. Ann Transl Med. 2017;5(14):286.

25. Vasques F, Duscio E, Cipulli F, Romitti F, Quintel M, Gattinoni L.
Determinants and prevention of ventilator-induced lung injury. Crit Care
Clin. 2018;34(3):343–56.

26. Gattinoni L, Marini JJ, Collino F, Maiolo G, Rapetti F, Tonetti T, Vasques F,
Quintel M. The future of mechanical ventilation: lessons from the present
and the past. Crit Care. 2017;21(1):183.

27. Maiolo G, Collino F, Vasques F, Rapetti F, Tonetti T, Romitti F, Cressoni M,
Chiumello D, Moerer O, Herrmann P, et al. Reclassifying acute respiratory
distress syndrome. Am J Respir Crit Care Med. 2018;197(12):1586–95.

28. Ashbaugh DG, Bigelow DB, Petty TL, Levine BE. Acute respiratory distress in
adults. Lancet. 1967;2(7511):319–23.

Gattinoni et al. Critical Care 2019, 23(Suppl 1):203 Page 6 of 7

https://ccforum.biomedcentral.com/articles/supplements/volume-23-supplement-1
https://ccforum.biomedcentral.com/articles/supplements/volume-23-supplement-1
John Vogel


John Vogel


John Vogel


John Vogel




29. Gattinoni L, Vassalli F, Romitti F. Benefits and risks of the P/F approach.
Intensive Care Med. 2018;44(12):2245–7.

30. Cressoni M, Caironi P, Polli F, Carlesso E, Chiumello D, Cadringher P, Quintel
M, Ranieri VM, Bugedo G, Gattinoni L. Anatomical and functional
intrapulmonary shunt in acute respiratory distress syndrome. Crit Care Med.
2008;36(3):669–75.

31. Marshall C, Marshall B. Site and sensitivity for stimulation of hypoxic
pulmonary vasoconstriction. J Appl Physiol Respir Environ Exerc Physiol.
1983;55(3):711–6.

32. Marshall BE, Marshall C. A model for hypoxic constriction of the pulmonary
circulation. J Appl Physiol (1985). 1988;64(1):68–77.

33. Combes A, Fanelli V, Pham T, Ranieri VM. Feasibility and safety of
extracorporeal CO2 removal to enhance protective ventilation in acute
respiratory distress syndrome: the SUPERNOVA study. Intensive Care Med.
2019;45(5):592–600.

34. Gattinoni L, Tonetti T, Cressoni M, Cadringher P, Herrmann P, Moerer O,
Protti A, Gotti M, Chiurazzi C, Carlesso E, et al. Ventilator-related causes of
lung injury: the mechanical power. Intensive Care Med. 2016;42(10):1567–75.

35. Protti A, Cressoni M, Santini A, Langer T, Mietto C, Febres D, Chierichetti M,
Coppola S, Conte G, Gatti S, et al. Lung stress and strain during mechanical
ventilation: any safe threshold? Am J Respir Crit Care Med. 2011;183(10):
1354–62.

36. Cressoni M, Gotti M, Chiurazzi C, Massari D, Algieri I, Amini M,
Cammaroto A, Brioni M, Montaruli C, Nikolla K, et al. Mechanical power
and development of ventilator-induced lung injury. Anesthesiology.
2016;124(5):1100–8.

37. Protti A, Maraffi T, Milesi M, Votta E, Santini A, Pugni P, Andreis DT, Nicosia F,
Zannin E, Gatti S, et al. Role of strain rate in the pathogenesis of ventilator-
induced lung edema. Crit Care Med. 2016;44(9):e838–45.

38. Collino F, Rapetti F, Vasques F, Maiolo G, Tonetti T, Romitti F, Niewenhuys J,
Behnemann T, Camporota L, Hahn G, et al. Positive end-expiratory pressure
and mechanical power. Anesthesiology. 2018;130(1):119–30.

39. Crotti S, Bottino N, Ruggeri GM, Spinelli E, Tubiolo D, Lissoni A, Protti A,
Gattinoni L. Spontaneous breathing during extracorporeal membrane
oxygenation in acute respiratory failure. Anesthesiology. 2017;126(4):678–87.

Gattinoni et al. Critical Care 2019, 23(Suppl 1):203 Page 7 of 7


	Introduction
	Various options for extracorporeal support
	Rationale
	Rescue high-flow V-V ECMO
	Low-flow extracorporeal CO2 removal
	Extracorporeal support: when to start
	High-flow veno-venous ECMO

	Low-flow ECMO: when to start
	Extracorporeal support: when to stop

	Acknowledgements
	Funding
	Availability of data and materials
	About this supplement
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

