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intervention to avoid worsening respiratory acidosis, thereby preventing or shortening the duration of

invasive mechanical ventilation (IMV) in patients with exacerbation of chronic obstructive pulmonary disease

(COPD). This review will present a comprehensive summary of the pathophysiological rationale and clinical

evidence of ECCO,R in patients suffering from severe COPD exacerbations.
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Introduction

Extracorporeal carbon dioxide removal (ECCO,R) has been
proposed as an adjunctive intervention to avoid worsening
respiratory acidosis, thereby preventing or shortening
the duration of invasive mechanical ventilation (IMV) in
patients with exacerbation of chronic obstructive pulmonary
disease (COPD). Despite being highly efficient from a
physiological perspective, high-quality data assessing the
risk-benefit ratio of this technology in patients with COPD
are lacking. The present review summarizes the current
evidence for the use of ECCO,R, with a particular focus on
the pathophysiological rationale and clinical experience in

patients with COPD.

Severe COPD exacerbations
Definition and epidemiology

COPD) is a common, preventable, and treatable disease
characterized by persistent respiratory symptoms and
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airflow limitation that is due to airway and/or alveolar
abnormalities, usually caused by significant exposure
to noxious particles or gases (1). It is a major source of
morbidity, mortality, and healthcare costs in the Western
world (2-4), and it is projected to be the third leading cause
of death| worldwide in 2020 (5).

The natural course of the disease consists of periods
of clinical stability interrupted by episodes of acute
worsening of respiratory symptoms that result in additional
therapy, termed exacerbations (1). COPD exacerbations
negatively impact health status, rates of hospitalization,
and disease progression: in particular, inpatient mortality
from exacerbation range from 4% to 30% (6) and |5-year
mortality rate after hospitalization is about 50% (7).

Pathophysiology of COPD exacerbations

Expiratory flow limitation caused by the increased resistance of
the small airways is the pathophysiological hallmark of COPD

and worsens during exacerbations. The increase airway
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COPD exacerbation
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Figure 1_ exacerbations. COPD, chronic obstructive pulmonary disease; ECCO,R,

extracorporeal carbon dioxide removal; RR, respiratory rate; V-, tidal volume.

resistance is associated with the
which defines the of
during

(®).

The direct consequence of a longer time constant is the

of the lung

development of dynamic alveolar hyperinflation, which is
the excessive increase in end-expiratory lung volume above
the relaxation volume of the respiratory system, generating
intrinsic positive end-expiratory pressure (8,9).

The acute worsening of dynamic hyperinflation during
COPD exacerbations causes several detrimental effects
on respiratory mechanics, muscle efficiency, alveolar
ventilation/perfusion matching, and cardiovascular stability,
leading to gas exchange abnormalities (9-11). In particular,
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and

with the - of
increase

may be quickly
in the setting of increased dynamic
hyperinflation (10), resulting in worsening hypercapnia
and possibly decreased cardiac output. In the most

short and lon

to the

in

severe cases, a vicious cycle arises that results from the

anxiety, fever, and increased
sympathetic activation: this mechanism promotes further
increase in lung elastance, dynamic hyperinflation, and
muscle fatigue (10,13) (Figure I).
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Management of COPD exacerbations

Although preventing the development of acute events
is crucial, when COPD exacerbations do occur, several
pharmacological therapies are available (1). Non-invasive
ventilation (NIV) is recognized as the gold standard in the
management of COPD exacerbations with hypercapnic
respiratory failure (1,14), as it improves gas exchange and
work of breathing, and reduces the need for endotracheal
intubation and mortality (15-22).

However,
to be between

rate estimated
satients (14,21,23,24).
due to
than those treated
with (14). In a
recent multicenter observational investigation of 3,520

atients with COPD exacerbation,
h of patients . Hospital
for those treated with
Indeed, tracheal
intubation and IMV have several detrimental side
effects that may concur to determine high morbidity
and mortality, such as the increased risk for ventilator-

carries a

or with

patients treated with

and for those who

ventilation, and the need for sedation. these data

associated complications, tracheostomi and prolonged

suggest that
would considerably

or shortening its duration
in severe COPD

exacerbations.

- in COPD exacerbations
ECCO,R physiological principles

ECCO,R is a technique of respiratory support that
achieves extracorporeal decarboxylation atk
(about ﬁ) through an extracorporeal veno-
Venous or artero-venous circuit, significant
(25). Differently from O,,
kinetics in blood is characterized by
of

on blood

plasma around

and steep

dissociation curve
in the physiologic range in which CO, removal occurs

(26,27). Therefore, extracorporeal rates as

would be theoretically required to
However,

several

by the artificia

I lung (27,28), which averages
(€O, oo + i blood
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ECCO,R technical properties

ECCO,R devices consist of a drainage cannula placed in a

large central vein or artery, a membrane lung, and a return

luni, a

ensuring the
(25,29).
Blood flow through ECCO,R circuits can be achieved
in one of two ways. By exploiting high arterial pressure,

cannula into the venous system. In the

pumpless artero-venous extracorporeal carbon dioxide
removal (AV-ECCO,R) results in less blood trauma but
requires large bore arterial cannulas and an adequate
cardiac output. Veno-venous extracorporeal carbon dioxide
removal (h) uses mechanical pumps, which
draw blood from a large central vein and propel it into

the same or another vein (25,29). Different configurations
are available in modern ECCO,R systems, but the most

common one is the

. A single
double-lumen cannula is placed in the

or femoral vein.

of cannulation-associated adverse events and patient

discomfort (.)

After the first experimental evidence of the feasibility of
ECCO,R in the late 19705 (30), improved understanding
of the physiology of extracorporeal gas exchange and

This configuration reduces the incidence

technological advances have led to the development of more
sophisticated devices which provide CO, removal with

and lower risk for adverse effects (26,28,29).
with complex fi

ber arrangement, and
the REBRh provide better

and gas exchange efficiency and

and

the use of
of
devices are relativel

. The newer ECCO,R

simple to use since they require
(p o BEISTE

(even in the range of

insertion of a

and work with

). However, their in terms of

as they around
metabolic - production (typically

Pathopbysiological rationale for ECCO,R in COPD
exacerbations

During COPD exacerbations the volume of CO,
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eliminated via the lungs is reduced because of worsening of muscles (34). These effects may also importantly result in a
dynamic alveolar hyperinflation and ventilation-perfusion remarkable reduction of the total CQ body production and
mismatching (26) with development of severe hypercapnia. hence of alveolar ventilation demand, creating a virtuous
In addition, in patients with COPD exacerbation CG, cycle Figure 1.

production is estimated to be 23% higher than the normal Furthermore, treatment with ECCO,3 NBZ CF CFOFODJBN
value of 200-250 mL/min due to additional work of by leading to an improvement in right ventricular function.
breathing and increased metabolism (26). Intermediate-high flow ECCO,R has proven to reduce
Therefore, during COPD exacerbation relieving the right ventricular afterload and improve right ventricular
native lung from at least part of the CQ elimination function in COPD exacerbations (35). This effect was

with ECCO ,R could potentially improve the acid-base  mainly ascribed to a reduction in hypoxic and hypercapnic
balance; reduce patient’s work of breathing with consequent pulmonary vasoconstriction, besides the decrease in
reduction in respiratory rate and ventilator drive, and lower  airway pressures after the institution of ECCGR. Given
alveolar ventilation (27). Instead of mechanically increasing the known deleterious effect of acute (36) and chronic
BMWFPMBS WFOUJMBUJPO XJUI *.7 JQ3U3% paiM& B BypettZrgibrsid QatiBris-vidith COPD
lung to increase CQ elimination, the application of exacerbation and other types of acute respiratory failure (39),
ECCO,R may allow lower tidal volumes and respiratory  this suggested hemodynamic effect of ECC{R could be
rate, resulting in the extension of the expiratory time,  of clinical importance. However, further studies are needed
suiting better the high expiratory time constant of the to confirm these results and to broaden them to low-flow
SFTQJSBUPSZ TZTUFN XJUI FYQJSBUPE&CZCOMRX MINJUBUJPO #Z UIFTF
physiological mechanisms ECCGR can counteract the
WJ_DJPVT DJSDMF PG EZOBNJD IZQ_FSJQ/OOI\PQJPJ}FIQCEO(FXI](EE I_J,EI_:FCE.JSJNFOUBM
respiratory and cardio-vascular consequences. The derived
beneficial effects on respiratory mechanics, ventilatory In the first anecdotal experience of ECCGR applied in
muscle efficiency, work of breathing, and cardiovascular COPD exacerbation, a 19-year-old woman with bullous
function may improve gas exchanges and relieve dyspnea, emphysema and lung infection failed various attempts of
thus potentially preventing NIV failure or facilitate weaning weaning from IMV (40). A CT scan showed the presence
from IMV (26,27) (Figure ). PG IZQFSJO6BUJPO PG NVMUJQMF MVOH CV
by the high tidal volumes required to provide adequate
CO, clearance. The application of a low blood flow
(0.4-0.6 L/min) VV-ECCO ,R device allowed the patient
51F QIZTJPMPHJDBM CFOFOUT PGRWIF B®Ie\NIDetelPliDer@d &$H Gny artificial mean of
patients with severe COPD exacerbations were highlighted respiratory support. Interestingly, a subsequent CT showed
in two recent systematic reviews (31,32). In a physiologic a decrease of the size of the bullae with expansion of the
meta-analysis, the institution of ECCQR was associated residual lung parenchyma, suggesting that the ECCR
with a rapid and sustained improvement in pH, arterial DPOUSJCVUFE UP SFEVDF UIF EZOBNJD BMW
partial pressure of carbon dioxide (PaC¢, and respiratory Since then, although high-quality studies are still lacking,
rate, but not in oxygenation (31). Moreover, improvement  several case reports and case series described the effective
in pH continued between 1 and 24 h post cannulation, use of ECCO,R in patients with COPD exacerbations to
whereas PaCQ and respiratory rate did not change after  avoid the initiation of IMV after NIV failure (41-51), and
1 h. This difference was hypothesized to be attributable to to facilitate early extubation in patients requiring IMV
improvements in metabolic rather than respiratory acidosis (50,52-54). Moreover, few case-control studies were
(e.g., improved circulation, administration of diuretics or published that assessed the effectiveness of ECEOIn
blood transfusions). avoiding intubation in patients suffering from COPD
Moreover, the use of ECCOR in patients with COPD exacerbations (55-57). A summary of the design, outcome,
exacerbation has been demonstrated to reduce inspiratory complication data, and device characteristics of these
effort (33) and work of breathing (34), thus potentially  studies is reported in two recent systematic reviews (31,32).
contributing to the reduction in metabolic acidosis through Following is a brief description of the studies characterized
a decrease in the intracellular acidosis within the respiratory by the higher number of included patients.

2J[UKQNQIKECN GHHGEVU
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Case series

A multicenter pilot study provided data in favor of the
feasibility of dual lumen VV-ECCO,R for consistent
removal of CO,over several days at relatively low blood
OPXT
ventilated with NIV and with a very high likelihood of
requiring IMV (n=7); patients who had failed two weaning
attempts from NIV and refused IMV (n=2); patients who
were already on IMV and had either failed two or more
weaning attempts or failed one weaning attempt and did
not wish to continue IMV (n=11). ECCO,R allowed to

Page 5 of 11

acidosis, in 14 patients supported with IMV (3 patients with
COPD exacerbation).

Case control studies

51SFF HSPVQT PG QBUJFOUTn XE Sifst dlidivak stedy ev@lBatidd-t@dJeffectiveness of

ECCO,R to avoid intubation in patients with COPD
exacerbation refractory to NIV, Kluge et al. (55) observed
that the application of a mid-flow AV-ECCO,R device
prevented intubation in 19/21 patients (90%), including
14 patients with COPD exacerbation. These patients were
recruited in 4 hospitals and were retrospectively compared

BWPJE *.7 JO BMM UIF QBUJFOUT JO Utbra m&tdhdd ldahRol @roBpOoE 2U pati¥riis @ho received

off NIV both patients in the second group, whereas only
3/11 patients in the third group were weaned off IMV. One

patient died as a result of a retroperitoneal bleed following
catheterization. In their feasibility single-center study (53),
Abramset al.reported that all five patients included were
successfully extubated within 24 h and ambulating within
48 h of ECCO,R support.

Spinelli et al. (45) showed in six patients with COPD
exacerbation who received IMV after NIV failure that
ECCO ,R was functional in maintaining spontaneous
breathing and in controlling patient’s respiratory rate. By
progressively increasing the sweep gas flow, a respiratory
rate of less than 15 breaths per minute could be achieved in
all patients.

In a case series of 30 patients who refused endotracheal
intubation after NIV failure (49), ECCO ,R was associated
XJUul
30 historical controls, who received conventional treatment
with endotracheal intubation. None of the patients treated
with ECCO ,R experienced bleeding events; however, eight
patients required the substitution of the circuit due to
clotting.

In another small case series, Mot al. (50) describes
the use of VV-ECCO,R in 14 patients, including 5 patients
with COPD exacerbation and 9 with ARDS. In total, four
circuit-related complications were reported, none resulting
in serious adverse outcomes. VV-ECCGR allowed
avoiding intubation or achieving early extubation in 4 out of
5 patients with COPD exacerbation.

In a recently published case series, Hiltet al. (51)
described the efficiency and feasibility of VV-ECCGR in
two acute hypercapnic respiratory failure scenarios. Besides
confirming the avoidance of IMV in 6 patients at risk of
NIV failure (1 patient with COPD exacerbation), ECCO,R
was effective in supporting the maintenance of lung
protective ventilation, while correcting severe respiratory

© Annals of Translational Medicine. All rights reserved.
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IMV and were selected based on underlying diagnosis, age,
simplified acute physiology score Il (SAPS II) and pH at
ICU admission. The AV-ECCO ,R strategy was associated
with significantly fewer tracheostomies (10%vs. 67%,
P=0.004), and a trend toward shorter hospital length of
stay (23vs. 42 days, P=0.06). Considerable complications
occurred, including two major and seven minor bleeding
events, a femoral artery pseudoaneurysm and a case of
heparin-induced thrombocytopenia type 2. Despite all
efforts of matching, the patients supported with the AV-
ECCO,3 EFWJDF
the initiation of the intervention than the controls. In
addition, 43% of patients in this group were awaiting lung
transplantation, but none in the control group.

In another multicenter retrospective study with historical
control published by Del Sorboet al. (56), a rigorous

B TJHOJODBOU EFDSFBTF JO NP SrbBchiddiAeth@ (GRNRBIY WES &ppHetUid compare
QBUJFOUT TVQQPSUFE XJUIJRRBIeNWEX 6P X 77

because of the risk of NIV failure after COPD exacerbation
with 21 patients who received only NIV. The addition
of ECCO,R to NIV significantly decreased the risk of
intubation (hazard ratio 0.27, 95% CI: 0.07-0.98). Among
secondary endpoints, ICU and hospital length of stay were
similar, whereas hospital mortality was significantly lower
(8% vs.33%, P=0.035) when ECCQR was added. Thirteen
patients (52%) experienced adverse events related to
ECCO R, mainly consisting of mechanical events (i.e., clots
in the circuit, pump malfunction, membrane lung failure).

In their multicenter case-control study (57), Braune
et al.investigated the feasibility and safety of a mid-flow
VV-ECCO ,R device to avoid IMV in 25 patients with
COPD exacerbation after NIV failure. Intubation was
avoided in 56% of patients; 7 patients were intubated
because of progressive hypoxemia and 4 due to ventilatory
failure despite ECCO,R and NIV. These patients were
retrospectively compared with 25 patients selected by the

Ann Trans| Med2018;6(2):31
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Table 1 Ongoing or completed clinical trials on ECCOR in critically ill patients with COPD or hypercapnic respiratory failure

Study Status Study design Identifier Study title

Nava et al. Active, recruiting Interventional single- NCT02259335 Weaning from mechanical ventilation using
group trial extracorporeal CO2 removal (WeanPRO)

Not specified  Active, not recruiting  Prospective NCT02965079 Registry on the experience of extracorporeal CO 2
observational removal in intensive care units (REXECOR)

Morelli etal.  Completed Interventional single- NCT02564406 Extracorporeal CO2 removal in hypercapnic patients
group trial

Nava et al. Active, recruiting Interventional single- NCT02260583 Effect of extracorporeal CO2 removal in stable
group trial hypercapnic COPD patients

Diehl et al. Active, recruiting Interventional single- NCT02586948 Physiological study of minimally invasive ECCOzR
group trial in exacerbations of COPD requiring invasive

mechanical ventilation (EPHEBE)

Hill et al. Not yet recruiting Multicenter randomized NCT03255057 Extracorporeal CO:2 removal for mechanical
controlled trial ventilation avoidance during acute exacerbation of
COPD (VENT-AVOID)

Barrett etal.  Active, recruiting Randomized controlled NCT02086084 ECCO:R as an adjunct to NIV in AECOPD
trial

Stefanetal.  Completed Interventional single NCT02590575 “Low flow” CO 2 removal on RRT
group trial

ECCO:R, extracorporeal carbon dioxide removal; COPD, chronic obstructive pulmonary disease; CO 2, carbon dioxide; NIV, non-invasive
ventilation; AECOPD, acute exacerbation of chronic obstructive pulmonary disease; RRT, renal replacement therapy.

following matching criteria: the presence of hypercapnic %QORNKECVKQPU
respiratory failure, age, SAPS Il on ICU admission, and
pH at the time of NIV failure. Although the duration

of mechanical ventilation was significantly lower in the
ECCO,R group (8vs.14 days, P=0.02), ICU and hospital
length of stay did not differ significantly between the

As previously described the application of ECCER in
patients suffering from COPD exacerbations was associated
with adverse events, which represent a major clinical
concern because of their frequency and potential severity.
two groups, and neither did mortality. Fourteen major These complications include patient-related events (i.e.,
ECCO,R-associated adverse events were observed in worsening of hypoxemia; anticoagulation-related bleeding;
11 patients (44%). hemolysis; heparin-induced thrombocytopenia), circuit
Overall, despite its sound pathophysiologic rationale, placement events (i.e., cannulation site bleeding; cannulas
current evidence regarding the use of ECCGR in patients malposition, displacement or kinking; vascular occlusion;
with COPD remains limited to low-quality studies with a ~ thrombosis; hematoma or aneurism/pseudoaneurysm
non-randomized design, including important differences ~ formation), and mechanical events (malfunctioning or
in patient selection, type of ECCQOR device used, and failure of pump, membrane, gas exchanger; clots formation;
anticoagulation strategy (31). Moreover, length of stay and ~ air embolism) (27,31).
TVSWJIJWBM XFSF OPU DPOTJTURwhenM Z J drsthecagse Fantrel studigsgan the utilization of ECCOR
compared to controls (31,32). Finally, major complications  in COPD exacerbations, major complications ranged from
related to ECCO,R therapy are frequent and may 10-44% (55-57). More generally, in a systematic review
DPVOUFSCBMBODF UIF QPUFOUJBM CFiba dgluped I0\sidias T(§ECpatie ns WA YoEes @ inenced

or early termination of intubation (58). More data will ECCO,R-related adverse events (31). Eleven major
be forthcoming on the application of ECCO,R in the complications (i.e., complications causing death or life-
management of patients with COPD exacerbations from a  threatening conditions in the absence of treatment, directly
number of ongoing or planned clinical trials Table ). related to a device complication; transfusion2 units of

© Annals of Translational Medicine. All rights reserved. atm.amegroups.com Ann Transl Med2018;6(2):31



Annals of Translational Medicine, Vol 6, No 2 January 2018

packed red cells; or the need for open surgery) and 30 minor
complications (i.e., bleeding requiring <2 units of packed
red cells; transient thrombocytopenia at most 90x 2.
without clinical consequence; or non-life-threatening
event related to catheter insertion) were reported. Of the
11 major complications, 73% were clinically significant
bleeding episodes. Of the 30 minor complications, 43%
were minor bleeding episodes related either to device
insertion or systemic anticoagulation, 30% were related
to device malfunction, and 13% consisted of transient
thrombocytopenia.

Bleeding and thrombosis

The occurrence of bleeding events is the most frequent
complications of ECCO,R. Indeed, the major advantage
of the low flow is that relatively small vascular cannulas
(13-17 Fr) can be used, although some double lumen
cannulas can reach up to 24 Fr (57). However, the low
flow may result in a high risk of clotting, thus requiring
full anticoagulation (58). Major bleeding events occur in
10-36% patients (43,55-57), potentially resulting in life-
threatening complications or death. Kalbhenret al.recently
assessed the blood cell injury and acquired coagulation
disorders during ECCO,R support and reported ECCOR

to be associated with hemolysis, thrombocytopenia, acquired

Page 7 of 11

in more sophisticated point-of-care tests (e.g., rotational
thromboelastometry and platelet aggregometry) for
monitoring global coagulation function during ECCO,R,

the evidence on the concordance between these techniques
and conventional tests is still controversial (59,61,62)
and further prospective studies are necessary to assess
the usefulness of point-of-care coagulation monitoring
methods in decreasing hemorrhagic and thromboembolic
complications (63).

Other complications of ECCO ,R
Among less frequent complications of ECCGR support,
major adverse events can be caused by vein and/or
arterial cannulation, such as lower limb ischemia in AV-
ECCO R, which has been reported only in ARDS patients
(64-66), femoral artery pseudoaneurysm (55,66), and vein
perforation (43,56).
"MPOH XJUI
of hypercapnic respiratory failure at an early stage (e.g.,

FWPMVUJPO PG JOOMUSBUFT SFTQJSBUPS

worsening of hypoxemia can occur during ECCER because
pulmonary vasodilation resulting from excessive CO
removal could abolish physiologic hypoxic vasoconstriction,
thereby increasing pulmonary shunt fraction (67,68). In
addition, excessive C@Qremoval may lead to a reduction

WPO 8JMMFCSBOE TZOESPNF BOE GB bitiBa® velime &H inbrédsedDrigk dB MdbeOtabis, especially

with relevant clinical bleeding in 57% patients (59).

Nevertheless, many of the complications were caused
by insufficient anticoagulation. Circuit clotting occurred
in 24% of patients in the study from Del Sorboet al. (56),
XIPTF EFWJDF XBT TFU BU WFSZ MPX
Of note, in 2 of these patients, the resulting severe
respiratory acidosis necessitated endotracheal intubation. In
the case series from Morellet al. (49), circuit clotting was
reported in 27% of patients and required the substitution
of the circuit. Moreover, membrane lifetime was limited by
obstructing clot formation in 61% of the membranes used
in the case-series from Hiltyet al.(51), who applied blood
OPXT PG r N- NJO
associated with less clotting events. Braurg al. (57) used
mean blood flow of 1.3 L/min and reported thrombotic
events in 8% patients, but more hemorrhagic complications
(36% of major bleeding events).

These data highlight the challenging management of
the delicate balance between hemorrhagic and thrombotic
risk in these patients, and the uncertainty on the optimal
therapeutic targets for anticoagulation during extracorporeal
circulation (60). Furthermore, despite growing interest

© Annals of Translational Medicine. All rights reserved.
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during spontaneous ventilation (69). Nonetheless,
during severe COPD exacerbation with severe alveolar
hyperinflation the occurrence of hypoxemia secondary
to the use of ECCO,R is infrequent and can usually be
@éredied WikhBriodest ddsesNflsOpplemental oxygen.

Future perspectives

Recent advances in technology are focused on the
development of minimally invasive devices, which provide
adequate CQ removal with improved safety and ease of use,
such as gas-exchange catheters (29). Moreover, innovative

JJHIFS CMPPE o6& proBiQigymiz®odsRo @ &ximize CQremoval, such as

respiratory dialysis that uses bicarbonate-free dialysates, are
being investigated in animal models (29). However, these
methods may be impractical for clinical use due to acid-
base derangements, hemolysis, cardiac arrhythmias, and
depletion of micronutrients, despite several approaches
to replace bicarbonate have been attempted (29,32).
Other techniques that have been evaluated include the
combination of ECCO,R and continuous renal replacement
therapies, acidification of the blood with lactic acid, the

Ann Trans| Med2018;6(2):31
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addition of carbonic anhydrase to the membrane, and to declare.
electrodialysis (32,70). These strategies may improve
physiologic advantages of ECCER, while at the same time
reducing its risks; however studies demonstrating safety and
FGoDBDZ BSF OFFEFE CFGPSF JNQMFNEOGIgha Strajddy ToFthe dHdana3ip, ManhapémbeBtMnd
innovations into clinical practice. prevention of COPD, global initiative for chronic
obstructive lung disease (GOLD) 2017. Available online:
http://goldcopd.org
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