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Rehabilitation While Receiving Extracorporeal Lung Support
Summary

Extracorporeal lung support can be achieved using extracorporeal membrane oxygenation (ECMO)
and extracorporeal CO2 removal. The ECMO systems allow a total lung support, providing both
blood oxygenation and CO2 removal. Unlike ECMO, extracorporeal CO2 removal refers to an
extracorporeal circuit that provides a partial lung support and selectively extracts CO2 from blood.
The concept of partial extracorporeal lung support by removing only CO2 without effect on oxy-
genation was first proposed in 1977 by Kolobow and Gattinoni, with the aim to reduce breathing
frequency, ventilator tidal volumes, and inspiratory pressures, facilitating lung-protective ventila-
tion. Patients with end-stage chronic lung disease can survive, while waiting for lung transplanta-
tion, only if treated with mechanical ventilation or extracorporeal lung support. ECMO has been
considered a suitable approach as a bridge to lung transplantation for patients with advanced
respiratory failure waiting for lung transplantation. Extracorporeal CO2 removal has been pro-
posed for the treatment of COPD patients suffering from exacerbation to avoid invasive mechanical
ventilation. The rationale is to combine the improvement of alveolar ventilation by using noninva-
sive ventilation with muscle unload provided by removing CO2 directly from the blood, using an
extracorporeal device. Increasing attention has been given to the possibility of patients performing
a variety of physical activities while receiving extracorporeal lung support. This is possible thanks
to the continuous development of technology together with the customization of sedative protocols.
Awake extracorporeal support is a specific approach in which the patient is awake and potentially
cooperative while receiving ECMO. The present analysis aims to synthesize the main results ob-
tained by using extracorporeal circuits in patients with respiratory failure, particularly in those
patients with hypercapnia. Key words: extracorporeal membrane oxygenation; physiotherapy; respi-
ratory insufficiency; critical illness; lung transplantation; survival; CO2. [Respir Care
2018;63(9):1174–1179. © 2018 Daedalus Enterprises]

Introduction

Extracorporeal lung support can be achieved using ex-
tracorporeal membrane oxygenation (ECMO) and extra-
corporeal CO2 removal.1 The ECMO systems allow a total

lung support, providing both blood oxygenation and CO2

removal. Blood flow and the oxygen-carrying capacity,
which is dependent on the hemoglobin concentration and
on the venous blood oxyhemoglobin saturation, control
oxygenation.2 In contrast, CO2 removal depends not only
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on the blood flow but also on the gas flow through the
membrane (sweep gas).2 Moreover, ECMO devices could
also provide adequate hemodynamic support in patients suf-
fering from both cardiac and pulmonary failure. Unlike
ECMO, extracorporeal CO2 removal refers to an extracorpo-
real circuit that provides a partial lung support and selectively
extracts CO2 from blood.3

The concept of partial extracorporeal lung support by
removing only CO2 without effect on oxygenation was first
proposed in 1977 by Kolobow and Gattinoni,4 with the aim
to reduce breathing frequency, ventilator tidal volumes, and
inspiratory pressures, facilitating lung-protective ventilation.
Extracorporeal CO2 removal devices require a minimally in-
vasive approach and present many advantages compared with
conventional ECMO systems, including a lower blood flow
(range from 300 up to 1,500 mL/min vs 5,000 mL/min).3,5

This is due to the physical dissolving of CO2 and its better
diffusion capacity than that of hemoglobin-bound oxygen.
Because of the lower blood flows, the cannula size is smaller
(12–14 French), causing less vascular trauma. Continuous
infusion of heparin is still needed to prevent clotting of the
circuit.

In the last decade, some important technical issues have
been pointed out also in an attempt to ameliorate the per-
formance and ease of use of extracorporeal CO2 removal
devices, such as the importance of large artificial lung
surface and the use of acidification in the circuit to achieve
a better CO2 removal.6,7 In addition, a respiratory electro-
dialysis has been developed that selectively modulates pH
and electrolyte concentration and greatly enhances CO2

removal by applying an electrical field to blood.8 The
present analysis aims to synthesize the main results ob-
tained by using extracorporeal circuits in patients with
respiratory failure, particularly in those patients with hy-
percapnia.

Extracorporeal Lung Support as a Bridge to Lung
Transplantation

Patients with end-stage lung failure due to a chronic
respiratory disease can survive, while waiting for lung
transplantation, only if treated with mechanical ventilation
or extracorporeal lung support. ECMO has been consid-
ered a suitable approach as a bridge to lung transplantation
for patients with advanced respiratory failure waiting for
lung transplantation.9 The possibility of maintaining pa-
tients awake and interactive while they receive extracor-
poreal support (awake ECMO) has increased the diffusion
of this practice in end-stage respiratory failure disorders,
such as COPD, cystic fibrosis, pulmonary fibrosis, pulmo-
nary arterial hypertension, bronchiolitis obliterans syn-
drome, and sarcoidosis.9 A systematic review described
data from 14 studies, including 441 subjects with end-
stage diseases undergoing ECMO as a bridge to transplan-
tation. Post-transplant survival was similar when compar-
ing data from mechanically ventilated and ECMO-bridged
subjects.9 In this group, mortality before transplantation
ranged between 17 and 50%. Among the factors that can
affect mortality, the most frequent are multiple organ fail-
ure, sepsis, cardiac failure, and bleeding. One-year sur-
vival post-transplantation ranged between 50 and 90%.
Contraindications to ECMO as a bridge option have been
identified in sepsis, neurological impairments, severe mal-
nutrition, and severe graft dysfunction, regardless of pa-
tient age.

To enhance ECMO outcomes in bridged-to-transplant
patients, noninvasive ventilation (NIV) has been recog-
nized as an alternative to mechanical ventilation with the
aim to prevent ventilator-associated complications. Endo-
tracheal intubation in patients with end-stage lung disease
waiting for lung transplantation is associated with a poor
outcome.10 In contrast to ECMO, which has been reported
in several studies as a successful bridging technique in
patients with primarily hypoxic terminal respiratory fail-
ure, the use of extracorporeal CO2 removal as a bridge to
lung transplant in patients with primarily hypercapnic ter-
minal insufficiency is still limited.11 The largest series,
which described the use of extracorporeal CO2 removal as
a bridge to lung transplant in a total of 20 subjects with
hypercapnic respiratory failure, was reported by Schellon-
gowski et al.11 Two different extracorporeal CO2 removal
devices were used; 10 subjects were supported by a pump-
driven venovenous iLA (interventional lung assist) active
system and the others by the pumpless arteriovenous No-
valung iLA device (ILA, Novalung, Heilbronn, Germany).
No difference in terms of CO2 reduction was found. Four
subjects were switched to full ECMO because of persistent
hypoxemia and/or additional cardiac failure. Nineteen sub-
jects (95%) were successfully transplanted. The overall
survival at 1 y was 72%.11 However, given the paucity of
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evidence, the efficacy of extracorporeal CO2 removal as a
bridge to lung transplantation in addition, or as an alter-
native, to mechanical ventilation remains controversial.

Extracorporeal Lung Support in Respiratory
Diseases

Severe Asthma

Near-fatal asthma is a life-threatening subset of asthma,
sometimes requiring mechanical ventilation.12 Because of
air-flow obstruction with hyperinflation and the develop-
ment of intrapulmonary shunt, often caused by atelectasis
and mucous plugging, patients with severe asthma fre-
quently show a rapid onset with severe hypoxemia as well
as a persistent hypercapnia.12 Other relevant pathophysio-
logic events include lactic acidosis with signs of exhaustion,
worsening of mental status, and hemodynamic instability.12

Despite the fact that NIV, together with conventional medical
treatment, decreases respiratory muscle work and improves
alveolar ventilation, it is not recommended for patients with
acute severe asthma due to the lack of evidence.13 In addition,
intubation in this scenario could be challenging and not with-
out risks. Therefore, extracorporeal lung support has been
considered a valid option in the management of patients with
severe asthma to avoid sedation and intubation and their neg-
ative effects. In the case of a hypercapnic pediatric patient,
the use of ECMO has been described as a viable therapeutic
option to treat hypercapnic respiratory failure accompanied
by a left-lung atelectasis.14 Recently, Schneider et al15 dem-
onstrated that extracorporeal CO2 removal was an effective
tool for management of severe respiratory acidosis in a pa-
tient with a near-fatal asthma attack who was failing NIV.
Following resolution of the acute attack, after 34 h of extra-
corporeal CO2 removal treatment, the patient was completely
weaned without any complication.

Acute Interstitial Lung Disease

Idiopathic interstitial pneumonias are a group of heter-
ogeneous lung diseases with unknown etiology. The case
reported by Petzoldt et al16 was affected by nonspecific
interstitial pneumonia, the first line treatment for which is
high-dose corticosteroids. The authors described the suc-
cessful management of a patient with severe refractory
hypercapnia and signs of encephalopathy using the arte-
riovenous pumpless extracorporeal lung assist device (No-
valung, Talheim, Germany) as rescue therapy.16 Because
of the poor prognosis of other forms of idiopathic inter-
stitial pneumonias, such as the idiopathic pulmonary fi-
brosis, the use of extracorporeal CO2 removal should be
limited to potentially reversible conditions or to use as a
transplantation bridge.

COPD

Respiratory support is often needed in patients with se-
vere COPD exacerbation, and NIV is currently considered
the preferred choice for these patients when acute hyper-
capnic respiratory failure occurs.13 Although NIV reduces
mortality, the need for endotracheal intubation, and the
length of hospital stay in these patients,13 it can fail. In
addition, COPD patients who require intubation after NIV
failure usually have a poor outcome with high mortality
rates.17 Moreover, NIV is not indicated in patients with
cardiac and respiratory arrest, and it could be difficult to
apply when patients are agitated, unable to protect the
airway, and unable to manage excessive secretions.18

Thus, extracorporeal CO2 removal has been proposed
for the treatment of patients suffering a COPD exacer-
bation to avoid invasive mechanical ventilation. The
rationale is to combine the improvement of alveolar
ventilation by using NIV with muscle unloading pro-
vided by removing CO2 directly from the blood, using
an extracorporeal device. Similarly, a physiologic basis
for the application of extracorporeal CO2 removal to
accelerate the weaning process from the endotracheal
intubation has been demonstrated.19,20 In fact, extracor-
poreal CO2 removal was able to reduce inspiratory ef-
fort, avoiding the shallow-breathing pattern and main-
taining stable PaCO2

levels when applied during T-piece
weaning trial in severely hypercapnic COPD subjects
previously intubated for an episode of respiratory aci-
dosis.19

Although extracorporeal low-blood flow devices are ex-
tremely efficient from a physiologic standpoint, scientific
evidence is still limited. The majority of data are from case
reports and observational studies, one of them quite large
but performed in different groups of subjects (ie, those re-
ceiving NIV with a high likelihood of requiring invasive
ventilation, those who could not be weaned from NIV, and
finally those receiving invasive ventilation who had failed
attempts to wean).21 Randomized controlled studies have
never been done. There have been 3 case-control studies
published to date. In a retrospective study using a pump-
less extracorporeal lung assist, 21 cases were matched
with contemporaneous controls (only one fourth of the
sites) based on diagnosis, age, Simplified Acute Phys-
iology Score II, and pH � 0.05 before extracorporeal
CO2 removal or intubation. Nineteen (90%) of the 21
subjects treated with pumpless extracorporeal lung as-
sist did not require intubation.22 Median PaCO2

levels
and pH in arterial blood before treatment were 84 mm Hg
and 7.28, respectively; within 24 h, median PaCO2

levels
and pH had significantly improved to 52.1 mm Hg and
7.44.

Twenty-five subjects considered at risk of NIV failure
were treated with NIV plus extracorporeal CO2 removal
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by Del Sorbo et al.23 NIV criteria for failure were identified
as the presence of 2 or more of the following conditions for
a duration of at least 2 h: (1) frequency � 30 breaths/min,
(2) arterial pH � 7.30, (3) PaCO2

� 20% of the baseline
value, and (4) use of accessory muscles or paradoxical
abdominal movements. Compared with 21 matched NIV
historical control subjects, the adjunction of extracorporeal
CO2 removal to NIV was able to reduce acutely CO2

levels, decreasing the relative risk of intubation by 73%
(hazard ratio 0.27, 95% CI 0.07–0.98, P � .047). How-
ever, relevant extracorporeal CO2 removal-associated ad-
verse events were observed in 13 subjects (52%).23 A sys-
tematic review assessed the efficacy and safety of
extracorporeal CO2 removal in 87 subjects with hypercap-
nic respiratory failure across 10 different studies, showing
heterogeneous data.3 Sources of heterogeneity included
the subjects’ characteristics, the types of extracorporeal
CO2 removal devices, the anticoagulation protocols, and
the sizes of the vascular access. Despite these limitations,
the majority of subjects in this review successfully were
sustained on NIV and avoided intubation (93%); further-
more, more than half of the subjects were weaned from
mechanical ventilation (53%). These high success rates in
the primary outcomes, however, must be interpreted very
cautiously, given the clear selection bias associated with
case series data. Besides, all of the studies were associated
with a high rate of complications; a total of 11 major and
30 minor complications were found.

Only 3 studies presented data on ICU and hospital stay
and mortality, and they proved to be contrasting.3 The
available physiologic data, comparing primarily pre- with
post-extracorporeal CO2 removal changes in the same
patients, suggest rapid and sustained improvements in
ventilatory parameters, including pH, PaCO2

, and breath-
ing frequency, but not in oxygenation as measured us-
ing PaO2

/FIO2
. Another multi-center case-control study24

showed that intubation was avoided in 14 of 25 extra-
corporeal CO2 removal subjects (56%). Once again, rel-
evant extracorporeal CO2 removal-associated adverse
events were observed in over one third of cases. Last,
despite the shorter period of invasive mechanical ven-
tilation in the extracorporeal CO2 removal group, there
were no significant differences in stay or in 28-d mor-
tality (16% vs 12%) and 90-d mortality (28% vs 28%)
rates between the 2 groups. In conclusion, the topic
appears to be clinically relevant and innovative. These
data provide the basis for randomized clinical trials
needed to assess the risk– benefit balance of extracor-
poreal CO2 removal in COPD exacerbations. In addi-
tion, further investigations are needed to elucidate more
clearly the cost-effectiveness as well as ethical impli-
cations of this treatment.

Rehabilitation While Receiving Extracorporeal
Lung Support

Increasing attention has been given to the possibility of
patients performing a variety of physical activities while
receiving extracorporeal lung support. This is attainable
thanks to the continuous development of technology to-
gether with the customization of sedative protocols. Awake
extracorporeal support is a specific approach in which the
patient is awake and potentially cooperative while receiv-
ing ECMO. A systematic review found that ambulation
was possible in patients awaiting lung transplantation dur-
ing awake venovenous ECMO. Both passive or active
range-of-motion exercises, postural transfers, and in-bed
positioning have been found to be major interventions car-
ried out during venovenous ECMO support, usually start-
ing within the first 2–5 d of treatment.25 A recent consen-
sus agreement provided best-practice evidence for the
provision of rehabilitation in patients receiving ECMO
support. This document has been recently released with
the endorsement of the Association of Chartered Physio-
therapists in Respiratory Care Committee.26 It highlighted
the importance of a multidisciplinary approach to ECMO
patients, and, for the first time in the literature, described
detailed procedures related to the rehabilitation treatment
in such patients.

Decannulation is a potential life-threatening risk, and a
specialized team should be trained to provide mobilization
in ECMO patients. With reference to the rehabilitation
procedures, patient safety must be guaranteed by planning
an appropriate pretreatment evaluation and by recognizing
that any team member has the authority to interrupt the
progression of physiotherapy treatment in the presence of
any concern. In addition, mobilization should be performed
by at least 2 clinicians.26 Thus, major indications for phys-
iotherapy can be summarized by the following objectives:
prevention of bed-related complications, improvement of
functional ability and mood restoration, optimization of an
early recovery, and improvement of clearance of secre-
tions, and pulmonary ventilation.26 Whereas an increasing
number of experiences have been published regarding re-
habilitation and ECMO support, less evidence has been
found on physiotherapeutic treatment in patients receiving
extracorporeal CO2 removal. In a pilot study, active daily
rehabilitation was provided in 5 subjects with COPD who
underwent CO2 removal to facilitate extubation by using
upper-body venous configuration via a dual lumen cannula
with the goal of daily ambulation while in the ICU.20

Summary

We have reviewed what is known about extracorporeal
lung support for ventilatory failure. What emerged was
that the management of patients undergoing extracorpo-
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real lung support is a multidisciplinary matter involving
several professions, including respiratory therapists, tho-
racic surgeons, physiotherapists, nurses, and intensiv-
ists.20,25,26 The creation of an international registry in 1989
by the Extracorporeal Life Support Organization has con-
tributed to collecting data from 75,000 ECMO patients,
enhancing the knowledge of extracorporeal life support
procedures.27 Together with the Extracorporeal Life Sup-
port Organization, the International ECMO Network is
contributing to developing best practices for the organiza-
tion of ECMO procedures.27 In addition, from the avail-
able data, it appears that the safety of patients receiving
venovenous ECMO is the major concern for professionals
involved in the physiotherapeutic intervention.25,26,28 Last,
there is another important aspect that needs to be under-
lined. The development of national networks of rehabili-
tative interest for ECMO patients has provided indications
for a multidisciplinary approach in such a particular class
of patients.26 This will represent in the near future an area
of great development worthy of further investigation. Ex-
tracorporeal CO2 removal is today a consolidated tech-
nique that can help patients to survive life-threatening sit-
uations. In particular, extracorporeal CO2 removal can
contribute to avoiding endotracheal intubation in COPD
patients at risk of failure or failing NIV and can be a
rescue therapy (bridge to lung transplantation) in severe
hypercapnia. Preliminary physiologic studies show that
extracorporeal CO2 removal may also reduce respiratory
distress during a weaning trial, suggesting that it may be
appropriate in the weaning process. Extracorporeal CO2

removal should be performed within an environment with
appropriate staff allocation.
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