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Abstract: Veno-venous extracorporeal membrane oxygenation (VV ECMO) has started to be applied
in awake spontaneously breathing patients as an alternative to invasive mechanical ventilation. As the
physiologic cardiorespiratory variability is increased in this condition, the dynamic interaction between
patient respiratory activity and extracorporeal system function affects the clinical management. The
effect of extracorporeal CO, removal on patient respiratory drive is variable and not always predictable,
with some patients responding to CO, removal with a decrease in respiratory rate and effort and other
patients demonstrating a persistently high work of breathing independent on CO, unload. While the
pathophysiological mechanisms of this different interactions are still to be clarified, improved monitoring
ability is needed both to titrate the support in responders and to avoid the risk of ventilation injury in non-
responders. Acute changes in patient respiratory patterns may also occur during spontaneous breathing,
making it difficult to maintain constant levels of extracorporeal respiratory support, also because changes
in the distribution of venous blood volume due to lung-heart interactions affect extracorporeal blood
flow. Assessment of native lung function and of its evolution over time is challenging while respiratory
gas exchanges are provided by the extracorporeal system, since both oxygenation and decarboxylation
capabilities can be fully evaluated only when alveolar ventilation is restored reducing extracorporeal CO,
removal. The rationale for using “awake ECMO?” varies across different types of acute respiratory failure: the
pathophysiological mechanisms of the underlying disease affect the patient-ECMO interaction and the goal
of support. In this review we discuss the pathophysiology, technical challenges and monitoring issues of the

use of ECMO in awake spontaneously breathing patients with acute respiratory failure of different etiologies.
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Introduction extended to different pathologies [acute respiratory distress

Veno-venous extracorporeal membrane oxygenation (VV syndrome (ARDS), end-stage respiratory failure bridged to

ECMO) is going through a new era since the technological
improvements over the last 10 years have made it safer and (COPD)] and its use is widespread all over the world. As

easier to use. Its clinical indications have gradually been a direct consequence, this respiratory support has started

lung transplantation, chronic obstructive pulmonary disease
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to be considered as alternative to invasive ventilation,
which is known to have serious adverse effects in many
patients with respiratory failure (1,2). There may be
several pathophysiological benefits of maintaining patients
non intubated and spontaneously breathing: the best
ventilation-perfusion matching would be preserved (3-5),
the muscle tone would allow a better lung expansion at end
expiration avoiding the formation of atelectasis (6-8), the
incidence of ventilator/intubation-associated pneumonia
would be reduced (9), the hemodynamic side effects of the
sedative agents would decrease, the venous return would
be enhanced by the lower intrathoracic pressure during
spontaneous breathing and this mechanism could ameliorate
cardiac filling and then cardiac output (10). Keeping
patients awake can have some additional advantages: (I) the
patients can actively perform physical rehabilitation leading
to a reduction of the critically-ill polyneuropathy (11-13);
(II) less use of sedatives could reduce the incidence of
delirium (14,15); (IIT) moreover, the awake status allows the
patient to communicate with nurse and medical staff and
with relatives and friends.

However caution has been made using VV ECMO in
awake spontaneous breathing conditions and one should not
forget that you are handling a powerful and invasive device.
The main warnings must be on the ventilation control: on
the one hand unassisted spontaneous hyperventilation has
to be avoided, since it could be as harmful as the invasive
ventilation per se and could also mean higher work of
breathing and increased oxygen consumption (16-19); on
the other hand, hypoventilation (possible consequence of
high levels of CO, removal) has to be prevented, because
it leads to derecruitment and worsening of the respiratory
failure. Lastly, the risk of cannulae and devices displacement
is higher in awake patients. For these reasons a close
monitoring of awake patients on VV ECMO is desirable to
minimize the possible drawbacks related to this approach.

In this article we will focus on the pathophysiology and the
patient-machine interaction during awake ECMO, and we
will also point out some of the technical aspects and monitor
issues of the management of this invasive respiratory support
in spontaneously breathing patients. The rationale for the
awake VV ECMO in different types of respiratory failure will
be discussed at the end of the paper.

Pathophysiology and patient-machine interactions

Extracorporeal gas exchange is driven by the same rules as
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in human physiology. Carbon dioxide removal is primarily
dependent on ventilation (i.e., the fresh gas flow, being
carbon dioxide content almost linearly related to carbon
dioxide tension—Pco,) and to a lesser, but not ignorable
extent on partial CO, tension in the blood entering the
circuit (input Pco,) and blood flow (in a logarithmic
relationship) (20). On the other hand, oxygen transfer
is greater with lower input saturation, but it is mainly
dependent on perfusion (i.e., the extracorporeal blood flow),
being blood oxygenation a saturable process due to the
oxygen-hemoglobin association-dissociation curve (sigmoid
shape) (21).

Practically, physicians change extracorporeal blood flow
and gas flow to adjust oxygenation and decarboxylation,
respectively. But the awake, spontaneously breathing patient
is an independent and unpredictable variable interacting
with ECMO support. This can occur both for mechanical
reasons, with impact on ECMO drainage and re-infusion
(i.e., extracorporeal blood flow), and for pathophysiological
reasons, depending on patient response to ECMO CO,
clearance and O, transfer.

Physio-metabolic interactions

In VV ECMO the total amount of extracorporeal blood
flow is drained from and returned to the central venous
compartment. Therefore, no direct hemodynamic
modifications (e.g., change in preload or afterload) or
heart support are generated, and all the effects on patient
pathophysiology result from carbon dioxide removal and
oxygen transfer by the artificial lung.

Carbon dioxide removal is the primary and more efficient
effect of VV ECMO support. Correction of respiratory
acidosis, if present, can reduce pulmonary vascular resistances,
tachycardia and disproportionately high cardiac output (22).
Some patients physiologically respond to CO, removal with
a proportional decrease in their alveolar ventilation, while
some others do not (20,23,24). Reasons for not responding
are various, including agitation and discomfort, cough,
systemic consequences of the pulmonary disease (i.e., septic
shock, hemodynamic derangement, fever, increased oxygen
consumption), or different mechanisms involved in control
of breathing and dyspnea maintenance other than pH/
P,co, levels (25). In responder patients the increase of CO,
removal results in parallel decrease in minute ventilation
until apnea (100% CO, removal). Hypoventilation will
lower the global ventilation to perfusion ratio of natural
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Figure 1 Extracorporeal CO, removal for liter of sweep gas flow
as a function of partial pressure of CO, entering the membrane
lung (pCO, pre-ML). Clinically, the lower the pCO, pre-ML,
the higher gas flows required to remove the same amount of CO,.
In ARDS patients with low level of pCO, pre-ML the amount of
CO, removed at maximum gas flow was not sufficient to decrease
respiratory distress. ARDS, acute respiratory distress syndrome;
COPD, chronic obstructive pulmonary disease. Reprinted with

permission from reference (24).
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Figure 2 Systemic and pulmonary systolic arterial pressures traces
before and after the connection to femoro-femoral VV ECMO in
an awake patient bridged to lung transplantation. The patient was
spontaneously breathing and severely hypoxemic. Carbon dioxide
arterial tension was normal (around 39 mmHg) both before and
after bypass connection. As shown, pulmonary arterial systolic
pressure progressively improved from around 100 to 60 mmHg
after VV ECMO start. VV ECMO, veno-venous extracorporeal

membrane oxygenation.
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lung and could lead to reabsorption atelectasis (facilitated by
the use of high inspiratory oxygen fractions), lung collapse
and worsening hypoxemia (26). From a practical point of
view, in these patients the fresh gas flow must be titrated to
relieve dyspnea and correct high-volume ventilation, while
avoiding severe hypoventilation, apnea and lung collapse.
Non-invasive application of positive airway pressure (helmet
CPAP or facial mask NIV) can help limiting alveolar
collapse. Adequate dyspnea control and minute ventilation
reduction will reduce the work of breathing and respiratory
muscles oxygen consumption (which may be as high as 50%
of total oxygen consumption during severe dyspnea), thus
improving oxygenation and end-organ oxygen delivery (27).

Non-responder patients will continue to hyperventilate
despite CO, removal. This augmented ventilation will lower
P,co, and carbon dioxide tension of blood entering the
membrane lung (input Pco,), thus reducing the ability of
extracorporeal CO, clearance and leading to a vicious circle
(Figure I) (24).

Regarding oxygen transfer, correction of hypoxemia may
per se reduce severe dyspnea in non-hypercapnic patients (28).
By increasing venous oxygen saturation and venous oxygen
tension VV ECMO could impair the physiologic response of
hypoxic pulmonary vasoconstriction, thus increasing shunt (29).
This could limit ECMO effect on arterial saturation, but
could reduce pulmonary arterial pressures providing indirect
right ventricular unloading (Figure 2).

Finally, the artificial lung is not only a gas exchanger, but a
heat exchanger too. ECMO circuit acts as a “thermoregulating
system” which modulates patient temperature and could often
mask fever. This physical means of temperature control can
be useful in sedated paralyzed septic patients, since reduction
in body temperature will lower oxygen consumption and
improve the Vo,/Do, balance. Conversely, the physiological
mechanisms of fever production counteracted by the circuit
heat exchanger result in an undetected increase in oxygen
consumption in awake patients.

Mechanical interactions

Extracorporeal blood flow depends on cannula type
(diameter, holes disposition and the M-number) and
position, and on central volume status (that is preload,
venous return and central veins blood volume). Switch from
positive pressure ventilation to spontaneous breathing can
largely affect extracorporeal blood flow, as a consequence of
the changes in the distribution of venous blood volume due
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to lung-heart interactions and of the preload dependency of
centrifugal pumps.

Either an increase in extravascular pressure or a decrease
in blood flow in the vein containing the drainage cannula,
could cause vein collapse, leading to a reduction or even an
interruption of blood flow. The hemodynamic effects of cyclic
changes in intrathoracic pressure during spontaneous breathing
are usually negligible in normovolemic patients with healthy
lungs (30). Nevertheless, inspiratory intrathoracic pressure
could become very negative and diaphragmatic excursion
more pronounced in case of respiratory distress, causing both
blood shift from inferior to superior vena cava and collapse of
inferior vena cava due to increased abdominal pressure (31).
The net result is a reduction in extracorporeal blood flow if
the drainage cannula is positioned in the inferior vena cava
(femoral cannulation). The effects of intrathoracic pressure
on central blood volume also explains why the application of
some kind of positive airway pressures (CPAP or NIV) can
improve extrathoracic venous drainage (increased resistance
to venous return causing increased blood volume in the
inferior vena cava). A decrease in blood flow due to drainage
difficulties can therefore induce a vicious circle in the awake
patient. Any reduction in blood flow will result in reduction of
extracorporeal oxygen delivery. If blood flow becomes very low
(or even stops), CO, removal will be impaired too, and patient
will experience sudden dyspnea, which further compromises
ECMO inflow, particularly in case of femoral cannulation.
Temporary stop of centrifugal pumps (to interrupt the
suctioning effect on vein walls), sedation (to reduce anxiety
and inspiratory drive) and/or non-invasive ventilation (which
supports dyspnea and increases intrathoracic pressure) may
help interrupting this vicious circle. Bi-caval cannulas, draining
from both intra- and extra-thoracic compartments, are less
affected by this kind of interactions.

Monitoring during awake ECMO

Respiratory monitoring in awake, non-intubated patients has
two major challenges: (I) Assessing the native lung function while
respiratory gas exchanges are provided by the extracorporeal
system; (II) evaluating respiratory pattern and work of breathing
while patdents are not connected to a ventlator.

Evaluation of native lung function

Oxygenation
VV ECMO cannot provide full arterial oxygenation,
since it is a shunted circuit which can fully saturate a
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limited amount of cardiac output (no more than 50-60%).
Moreover, oxygenation through the native lung may
be further impaired by the partial reversal of hypoxic
vasoconstriction induced by the increased PvO, and by
the imbalance of stoichiometric exchange of oxygen and
carbon dioxide through the alveolar-capillary membrane
induced by extracorporeal CO, removal (as established
by the alveolar gas equation with respiratory quotient as
denominator). The latter effect states that native lung
oxygenation properties cannot be properly evaluated
without adequate CO, exhalation. From a practical point of
view, this means that oxygenation capability of native lung
can be fully tested only when alveolar ventilation is restored
reducing extracorporeal CO, removal. With this known
limitations, functional intrapulmonary shunt (calculated by
means of central venous and arterial blood oxygen contents)
is the best way to evaluate oxygen transfer by natural lungs.

Unfortunately, tidal volumes and therefore lung
compliance cannot be measured in non-intubated patients.

Finally, regarding lung imaging, chest X-ray are feasible
at the bedside, but radiologic improvement often follows by
several days functional and clinical gain.

Decarboxylation

At steady state CO, elimination equals CO, production.
During extracorporeal CO, removal total CO, elimination
equals extracorporeal plus patient CO, excretion.
Extracorporeal CO, clearance can be easily measured
sampling the gas exiting the membrane lung (air gas-analysis)
and multiplying the resulting CO, content by the
extracorporeal sweep gas flow. Conversely, quantification
of natural lung CO, excretion may be problematic in non-
intubated patients, since no volumetric capnometry and/or
tidal ventilation data are available. Side-stream capnography
devices that measure end-tidal CO, in spontaneously
breathing patients are now available, but could give only
an approximate idea of patient Vco,. End-tidal CO, values
from spontaneously breathing patients are often unstable,
and if hypoventilation is pronounced, no data will be
displayed. Moreover, data cannot be related to properly
measured tidal ventilation, and volumetric capnometry
is not applicable. The end-tidal CO, values provided by
these analyzers could be used to calculate patient alveolar
dead space with the standard equation (P,co, - P.co,)/
P.co,, but this approach has a lot of limitations in this
context. As a consequence of both underlying lung disease
and hypoventilation induced by extracorporeal CO,
removal, pulmonary units with extremely low ventilation to
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perfusion ratio may be overrepresented, so a “shunt effect”
may significantly affect dead space calculation by standard
formulas. Extracorporeal CO, removal per se will reduce
alveolar ventilation and artificially increase physiologic
dead space. In this context, CO, elimination capability
through the natural lung could be appropriately evaluated
only when extracorporeal CO, removal is reduced to
completely restore patient ventilation. In clinical practice,
we daily measure extracorporeal CO, extraction, making
inference on patient CO, elimination based on total oxygen
consumption (i.e., artificial plus native lungs Vo,), assuming
respiratory quotient equal to 1 (i.e., Vco,/Vo, =1). Some
devices aiming to detect VCO, from native lungs in non-
intubated spontaneous breathing patients undergoing
helmet CPAP are currently under implementation and
investigation (32).

In conclusion, no absolute evaluation of both oxygenation
performance and carbon dioxide elimination ability of the
native lung can be done, until extracorporeal support is
sustained. However, daily measurements of intrapulmonary
shunt and artificial lung VCO, under stable conditions allow
an estimation of the relative contributions to respiratory gas
exchange from the native and artificial lung. While absolute
values of these two parameters have to be interpreted with
caution, their temporal course allows to assess the evolution
of native lung disease during the ECMO run.

Evaluation of patient’s respiratory pattern and efforts

With the possible rare exceptions of patients with
tracheostomy, spirometric measures are not easily obtained
and airways pressures and tidal volumes cannot be
monitored. However, persistently high inspiratory efforts
(i.e., high transpulmonary pressures) and/or high tidal
volumes ventilation may worsen respiratory failure due to
ventilation induced lung injury.

Clinical examination looking for signs and symptoms of
respiratory distress (e.g., dyspnea, rapid shallow breathing
pattern, use of accessory muscles of respiration, suprasternal
and supraclavicular recession, active exhalation, etc.) and
respiratory rate evaluation remain the keystones of respiratory
monitoring in non-intubated, non-tracheostomized patients.

By providing a surrogate of pleural pressure measurement,
esophageal pressure monitoring allows a bedside estimation
of respiratory effort in these patients (33).

In ventilated patients esophageal trace shows positive
excursions synchronous with mechanical inspiration,
representing the amount of pressure spent for distending
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the thorax (i.e., it gives information about “chest wall”
elastance). Subtracting this amount of pressure to the
total driving pressure provided by the ventilator measured
during an inspiratory pause (static conditions), we can
compute the transpulmonary pressure, which is the driving
pressure for lung inflation and the total stress applied to
the lung. Conversely, esophageal trace shows an inspiratory
decrease corresponding to the negative excursion of pleural
pressure generated by the inspiratory muscles (i.e., the
chest wall) and directly transmitted to the alveoli (so giving
some information about the “lung”) during spontaneous
unassisted inspiration. Differently from the situation above,
the esophageal swings are not evaluated in static conditions,
since no inspiratory/expiratory pauses can be done in non-
intubated patients. Therefore, they represent the pressure
applied to the alveoli to win both the elastic workload (i.e.,
transpulmonary pressure producing alveolar inflation)
and the resistive workload (generating flow through the
airways).

Both high transpulmonary pressures and high negative
inspiratory pressures due to resistive workload are
potentially injurious to the lung. In fact, negative pleural
pressures against increased resistance decrease alveolar
pressures without changing alveolar inflation (i.e., no stress
and strain), but increase transmural capillary pressures
(due to increased venous return, cardiac output, and
left ventricular afterload) and could lead to hydrostatic
pulmonary edema (ex-vacuo pulmonary edema). Moreover,
it has been shown that this kind of pulmonary edema can
induce (or worsen) lung inflammation (34).

In conclusion, the lack of tidal volumes and airway
pressure monitoring remain a limitation in this approach,
but our efforts are targeted to limit esophageal pressure
swings, so as to ensure low transpulmonary pressures (which
generate tidal volumes) and reducing the risk of worsening
pulmonary edema in the setting of already increased lung
permeability. Control of esophageal excursions is not
different from control of dyspnea and patient’s respiratory
drive, and can be achieved primarily manipulating fresh
gas flow on ECMO, or with light sedation if this is not
enough. When pleural swings and patient efforts are not
controllable in this way, we believe it’s time to change to
a more “conventional” invasive ventilatory strategy (i.e.,
intubation, deep sedation, and even paralysis).

Hemodynamics

Hemodynamic monitoring during awake ECMO is not
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different from what applied in the ventilated patients.
In patients on ECMO support, we usually prefer invasive
monitoring with the pulmonary artery catheter, which
provides both cardiac output (thermodilution technique) and
continuous direct pulmonary artery pressure measurements.
Cardiac output is an important parameter to contextualize
effective oxygenation support provided by ECMO, which is
related to the extracorporeal blood flow to patient cardiac
output ratio (providing that no significant recirculation
occurs). Clinicians should be aware that subtraction
artifacts may affect thermodilution measurements of
cardiac output during ECMO support, with consequent
overestimation errors, in particular when bi-caval cannulas
or intrathoracic drainage are used. Pulmonary artery
pressures measurements are of maximal relevance in case of
right heart decompensation, but they also increased if lung
derecruitment and collapse occur and could therefore be
useful in non-intubated patients, in which classic respiratory
mechanics (i.e., compliance) cannot be measured.

The rationale for awake VV ECMO in different
types of respiratory failure

The awake ECMO approach has been consistently applied
in patients with end-stage respiratory failure bridged to
lung transplantation since less than 10 years ago (35-38).
A randomized trial published by the Hannover group in
2012 showed a lower mortality in patients treated with the
awake ECMO strategy compared with the conventional
ECMO treatment in patients intubated on mechanical
ventilation (36). The maintenance of the muscular tone
with a daily physical activity seems to reduce the muscles
deconditioning while waiting organ allocation. Moreover
the avoidance of the intubation and mechanical ventilation
reduce the incidence of respiratory and hemodynamic
complications. The awake ECMO seems to reduce the
postoperative complications after transplantation as well
(11,38,39). Most of the transplant center around the world
are now applying this strategy, as we do in our center. We
documented that these patients consistently respond to the
increase of the extracorporeal CO, clearance reducing the
respiratory rate and effort (24). Titration of extracorporeal
support is essential to allow dyspnea relief while preventing
the detrimental effects of hypoventilation, mainly
derecruitment and inability to cough.

The rationale of the awake VV ECMO is different in
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COPD patients in whom the extracorporeal CO, removal
allows to reduce respiratory distress thus interrupting
the vicious cycle of dynamic hyperinflation, which is
often exacerbated by invasive mechanical ventilation.
As COPD patients are often more hypercapnic than
hypoxic, the hypoventilation-induced hypoxia is easily
counterbalanced by increased inspired oxygen fraction
through non-invasive devices. Moreover, clearance of
50-60% of the patient’s CO, production could be enough
to obtain relief from dyspnea in all COPD patients (24).
These data can support the clinical use of less invasive
low flow extracorporeal systems implemented in the last
few years (40-44).

In our experience awake ECMO in ARDS patients is
more complicated: respiratory drive control appears more
difficult to achieve in this group and the risk of ventilation-
induced lung injury is higher. The pathophysiology of
ARDS, usually characterized by a high degree of lung
inflammation, parenchymal consolidation and atelectasis
that lead to low lung compliance, in addition to the
concomitant extrapulmonary organ dysfunctions and
often septic shock, could justify the lower or absent
response to the extracorporeal CO, removal. There are
few experiences published on VV ECMO in ARDS so
far (45,46). In our observational study (24) spontaneous
breathing ECMO has been performed in only 27% of the
ARDS patients and only 50% of them responded to the
extracorporeal CO, removal by decreasing significantly
their respiratory rate and effort (Figure 3). Shunt fraction
increased problematically and it was difficult to maintain
oxygenation in a safe range.

Conclusions

Awake ECMO is a promising treatment strategy for
patients with acute respiratory failure of different
etiologies. This approach leads to a paradigm shift: while
the conventional management of these patients with
intubation and mechanical ventilation allows a close
monitoring and a tight control of physiologic parameters,
the awake spontaneously breathing patient is a less
predictable and less controllable variable interacting
with the artificial respiratory support. Safe and effective
use of awake ECMO requires deep knowledge of patient
cardiorespiratory pathophysiology and improved ability of
monitoring its dynamic changes.
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Figure 3 Respiratory rate responses to change in sweep gas flow for individual patients of the three groups. All the bridge to lung transplant
(n=9) and the COPD (n=6) patients decreased their respiratory rate below the threshold level of 10, while only 50% of ARDS (n=8) did so,

despite maximum level of gas flow. ARDS, acute respiratory distress syndrome; COPD, chronic obstructive pulmonary disease. Reprinted

with permission from reference (24).
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