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Abstract Purpose: To evaluate
whether extracorporeal carbon diox-
ide removal by means of a pumpless
extracorporeal lung-assist (PECLA)
device could be an effective and safe
alternative to invasive mechanical
ventilation in patients with chronic
pulmonary disease and acute hyper-
capnic ventilatory failure not
responding to noninvasive ventilation
(NIV). Methods: In this multicen-
tre, retrospective study, 21 PECLA
patients were compared with respect
to survival and procedural outcomes
to 21 matched controls with conven-
tional invasive mechanical
ventilation. Matching criteria were
underlying diagnosis, age, Simplified
Acute Physiology Score II and pH at
ICU admission. Results: Of the 21
patients treated with PECLA, 19

(90 %) did not require intubation.
Median PaCO, levels and pH in
arterial blood prior to PECLA were
84.0 mmHg (54.2-131.0) and 7.28
(7.10-7.41), respectively. Within

24 h, median PaCO, levels and pH
had significantly improved to 52.1
(33.0-70.1; p < 0.001) and 7.44

(7.27-7.56; p < 0.001), respectively.
Two major and seven minor bleeding
complications related to the device
occurred. Further complications were
one pseudoaneurysm and one hepa-
rin-induced thrombocytopenia type 2.
Compared to the matched control
group, there was a trend toward a
shorter hospital length of stay in the
PECLA group (adjusted p = 0.056).
There was no group difference in the
28-day (24 % vs. 19 %, adjusted

p = 0.845) or 6-month mortality

(33 % vs. 33 %). Conclusions: In
this study the use of extracorporeal
carbon dioxide removal allowed
avoiding intubation and invasive
mechanical ventilation in the majority
of patients with acute on chronic
respiratory failure not responding to
NIV. Compared to conventional
invasive ventilation, short- and long-
term survivals were similar.
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Introduction

Endotracheal intubation and subsequent mechanical ven-
tilation are often a necessary and life-saving treatment for
patients with severe respiratory failure. However, the side
effects of the endotracheal tube, the invasive mechanical
ventilation itself and the accompanying analgosedation
may trigger a vicious cycle leading to prolonged weaning
and may even contribute to mortality [1, 2]. The main
underlying pathophysiological mechanisms are ventila-
tor-associated pneumonia (VAP) and ventilator-induced
lung injury (VILI) as well as a range of neurological
disorders associated with prolonged analgosedation
[3-5].

Despite the evidence that lung-protective ventilation
can reduce the degree of lung injury and in turn morbidity
and mortality in patients with acute respiratory distress
syndrome (ARDS), avoiding invasive mechanical venti-
lation whenever possible is essential [6].

In selected populations, especially in patients with acute
hypercapnic respiratory failure, noninvasive ventilation
(NIV) is a well-established means to support the failing
ventilatory pump and thus to avoid intubation and invasive
mechanical ventilation [7, 8]. However, this approach often
fails for a variety of reasons and is therefore followed by
intubation and invasive mechanical ventilation. The prog-
nosis of these patients depends on the severity of the
chronic underlying respiratory disease. For example intu-
bated patients with cystic fibrosis (CF) or advanced chronic
obstructive pulmonary disease (COPD) have a poor prog-
nosis [9, 10].

Extracorporeal technologies such as extracorporeal
membrane oxygenation (ECMO) have been used for more
than 30 years in patients with severe, life-threatening
respiratory failure to improve gas exchange [11, 12].
However, its use is restricted to highly specialised centres
because of invasiveness, complexity and costliness. More
recently, minimally invasive extracorporeal devices for
selective carbon dioxide removal have become available.
So far, these have been used and studied in intubated and
mechanically ventilated patients with ARDS to allow for
more lung-protective ventilation [13-16].

To our knowledge, no study has yet been published
that evaluates the use of a device for selective extra-
corporeal carbon dioxide removal in awake patients
with acute hypercapnic respiratory failure in order to
avoid endotracheal intubation. Therefore, the purpose of
this matched case control study was to compare the
feasibility, effectiveness and safety of a pumpless
extracorporeal lung assist (PECLA) with conventional
mechanical ventilation in patients with acute hypercap-
nic respiratory failure unresponsive to noninvasive
ventilation.

Methods
Study design

This observational study was conducted in four tertiary-
level hospitals in Germany, comprising three university
hospitals [Department of Intensive Care Medicine, Uni-
versity Medical Center Hamburg-Eppendorf; Department
of Internal Medicine, Infectious Diseases and Respiratory
Medicine, Charité-Universititsmedizin Berlin; Depart-
ment of Medicine III, University of Halle (Saale)] and
one, large university-affiliated hospital (Department of
Cardiology and Intensive Care, Klinikum Bogenhausen,
Munich). All centres have an established record of
treating critically ill patients with acute respiratory
insufficiency and have considerable experience with NIV
and extracorporeal lung-assist devices. The data were
analysed retrospectively. The institutional review boards
of all participating centres approved anonymised data
collection and analyses. All patients or their legal repre-
sentatives had given informed consent to treatment with
the PECLA at the time of intervention.

PECLA patients

All non-intubated patients who were treated with PECLA
for acute hypercapnic respiratory failure between 1 Jan-
uary 2007 and 31 December 2010 were included. All
patients initially received standard treatment including
NIV, antibiotic and bronchodilator therapy, nutritional
support and physiotherapy, according to international
guidelines [17, 18]. Criteria for initiation of NIV were
respiratory acidosis (pH < 7.35) and/or clinical signs of
ventilatory pump failure in patients with chronic pul-
monary disease. Criteria for failure of NIV and intubation
were (1) worsening respiratory acidosis, (2) worsening
oxygenation, (3) increasing respiratory rate, and (4)
clinical signs suggestive of respiratory muscle fatigue
and/or increased work of breathing. The decision to use a
PECLA in these patients was always made by at least two
senior intensivists. These procedures were applied in
patients with potentially reversible respiratory failure
when endotracheal intubation carried a high risk of sec-
ondary complications because of prolonged invasive
mechanical ventilation.

Pumpless extracorporeal lung assist (PECLA)

The device used for extracorporeal carbon dioxide
removal was a pumpless, percutaneous extracorporeal
lung assist (interventional lung assist; iLA®, Novalung
GmbH, Heilbronn, Germany). In brief, the cannulas are



1634

inserted under local anaesthesia without sedation in the
femoral artery and vein by means of the Seldinger tech-
nique. Technical details and procedures are presented in
the electronic supplementary material and have been
described previously [13, 14]. For weaning of the device
the sweep gas flow is reduced stepwise under close
monitoring of blood gases and respiration of the patient.
Finally, when a sweep gas flow of only 1 1/min is reached
and respiratory parameters remain stable, the cannulas are
removed manually, followed by compression of the
insertion site. All patients received anticoagulation with
heparin to achieve a mild prolongation of the activated
partial thromboplastin time (45-55 s).

Controls

Controls were patients who had been admitted with acute
hypercapnic respiratory failure and were treated with inva-
sive mechanical ventilation after failing NIV. All controls
were selected from a large database of patients who had
been admitted during the study period to the Department of
Intensive Care Medicine at the University Medical Center
Hamburg-Eppendorf. The Department consists of ten
intensive care units with 120 beds and serves all specialties
of adult intensive care medicine. We compared the PECLA
patients with cases matched 1:1 based on the following
criteria: (1) underlying diagnosis; (2) age + 10 years; (3)
simplified acute physiology score (SAPS) I, assessed within
the first 24 h after ICU admission, = 6 points; (4)
pH £ 0.05 before PECLA or intubation. If more than one
match was available, a random selection was done. All
control patients received analgosedation with continuous
infusion of propofol and sufentanil, and underwent daily
awakening and spontaneous breathing trials for ventilatory
weaning according to the centre’s clinical protocols.

Data collection

All data were routine clinical data, retrospectively col-
lected and anonymised from medical records. Aspects
covered were: demographics, admission diagnoses, dis-
charge diagnoses, length of stay in the intensive care unit
(ICU) and hospital, diagnostic procedures and treatment,
reason for and duration of noninvasive or invasive
mechanical ventilation, ventilator settings, vital signs,
laboratory values, and arterial blood gases before and
after initiation of the PECLA. Survival data were obtained
from records and/or telephone follow-up. Adverse events
associated with the PECLA were also recorded.

Statistical Analysis

The software used for analyses of data was SigmaPlot for
Windows, version 11.0 (SyStat Software, Inc., Chicago, IL,

USA), SPSS 18.0 (IBM® SPSS® Statistics Version 19) or
STATA 12.0 (StataCorp, College Station, TX, USA). To
increase the statistical robustness with regards to the rela-
tively small numbers of cases all quantitative findings are
presented as medians (with range), irrespective of scale and
distribution. Pre-post PECLA changes in the three main
ventilatory physiological parameters arterial partial pres-
sure of carbon dioxide (PaCO,), arterial pH (pH) and
respiratory rate (RR) were tested for significant differences
between two predefined time intervals: before and 21-24 h
after implementation of PECLA. Exact Wilcoxon rank-
sum tests were used for non-parametric changes with time
and comparisons of matched samples. In order to adjust for
residual baseline differences and to increase the power of
the analyses, outcomes were additionally analysed apply-
ing mixed logistic regression models with baseline
covariates as fixed and pairs as random effects or Cox
regression models with baseline covariates as regressors
and with pairs as shared frailties. Two-sided p < 0.05
values were considered significant.

Results

Baseline patient characteristics

Between 1 January 2007 and 31 December 2010, a total
of 21 non-intubated patients received a PECLA. All
patients had hypercapnic ventilatory pump failure and
were started on NIV after admission to the ICU. At the
time of implementation of the PECLA, all patients had
failed NIV and had a clear indication for endotracheal
intubation. The reasons for NIV failure were variable and
in some cases multiple. In 18 cases (86 %), hypercapnia
was refractory to NIV despite optimising noninvasive
ventilatory settings; four patients (19 %) did not tolerate
NIV and became progressively noncompliant; in 11
patients (52 %) clinical signs of respiratory muscle fati-
gue set in despite continuous and prolonged NIV. The
median score on the Glasgow Coma Scale (GCS) on ICU
admission was 14 (5-15); this fell to 11 (5-15) before
initiation of the PECLA. The main cause of respiratory
insufficiency refractory to NIV was acute exacerbation of
severe COPD (n = 14). Figure 1 shows a flowchart of all
patients admitted to the ICU at the University Medical
Center Hamburg-Eppendorf with this primary diagnosis.
Nine of the 21 patients (43 %) were listed for and
awaiting lung transplant. Two patients (10 %) had
expressed a clear desire not to be intubated under any
circumstances. These 21 patients were matched with 21
controls. Complete matching was possible for all prede-
fined criteria. The matching variables and baseline patient
characteristics are shown in Table 1; a detailed list of all
comorbidities is presented in the electronic supplementary
material (Table 1 ESM).
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Admitted to ICU
with AECOPD
n=257
\
NIV Intubated No ventilation
n=171(67%) n=57(22%) n=29(11%)
NIV failure NIV success
n =56 (33%) n=115(67%)

Intubated PECLA

n=53(95%) | | n=3(5%)

Fig. 1 Flowchart of all patients admitted to the Department of
Intensive Care Medicine at the University Medical Center Ham-
burg-Eppendorf 2007-2010 with acute exacerbation of severe
chronic obstructive pulmonary disease (AECOPD). In three (5 %)
patients with NIV failure, PECLA was considered but was not
possible because of peripheral arterial disease. NIV = noninvasive
ventilation, PECLA = pumpless extracorporeal lung assist

Intubation rate in the PECLA group

Nineteen out of 21 patients (90 %) did not require
intubation for respiratory failure after initiation of the
PECLA. Of the two intubated patients (10 %), one patient
with an acute exacerbation of COPD developed upper

airway obstruction with subsequent hypoxaemia on the
first day on PECLA. She subsequently developed multi-
organ failure and died on the ventilator 21 days after ICU
admission. The second patient had received a lung
transplant 19 years earlier and was admitted with pneu-
monia under immunosuppression. He required intubation
after the PECLA cannulas had to be removed because of
major local bleeding on day 5. He then developed mul-
tiorgan failure and died on the ventilator 52 days after
ICU admission.

Clinical course and outcomes

The median duration of PECLA support and mechanical
ventilation in the PECLA group was 9 days (range
1-116); the median duration of mechanical ventilation in
the control group was 21 days (range 1-47; p = 0.944).
Table 2 in the electronic supplementary material gives
technical details regarding the PECLA cannulas and
number of membrane replacements.

Tracheostomy rates differed significantly (p = 0.004)
between the PECLA group (10 %) and the control group
(67 %). Patients with PECLA had a shorter median ICU
(15 vs. 30 days) and hospital stay (23 vs. 42 days) than
the patients with invasive mechanical ventilation. There
was a trend towards a shorter length of hospital stay, but
this did not reach statistical significance (adjusted

Table 1 Comparison of matching criteria and patient characteristics between the PECLA group and the mechanical ventilation (control)

group
PECLA group MYV group p-value
(n=21) (n=21)
Matching criteria
1. Underlying diagnosis
COPD (GOLD stage IV) 14 (66.7) 14 (66.7) 1
Cystic fibrosis 2 (9.5) 2(9.5) 1
Pulmonary GvHD 2 (9.5 2 (9.5) 1
Pulmonary fibrosis 1(4.8) 1 (4.8) 1
Bronchial asthma 1 (4.8) 1(4.8) 1
Pneumonia post lung transplant 1 (4.8) 1 (4.8) 1
2. Age (years) 58 (27-80) 58 (23-79) 0.488
3. SAPS 1I score 39 (22-66) 40 (28-60) 0.183
4. pH before PECLA/MV 7.28 (7.10-7.41) 7.27 (7.11-7.42) 0.587
Baseline characteristics
Gender, female (%) 11 (52) 12 (57)
Pa0O,/FI0, before PECLA/MV 208 (153-396) 179 (113-591) 0.320
PaCO, (mmHg) before PECLA/MV 84.0 (54.2-131.0) 65.0 (39.2.-108.0) 0.001
Respiratory rate (/min) PECLA/MV 27 (15-36) 27 (12-45) 0.185
Ventilatory parameters (NIV)
Inspiratory pressure (mbar) 20 (12-24) 18 (11-27) 0.332
PEEP (mbar) 5(2-9) 5 (4-8) 0.116
Tidal volume (ml) 366 (250-816) 352 (200-621) 0.486
Minute volume (I/min) 9.5 (5.1-13.2) 7.7 (4.8-20) 0.141
Duration of NIV prior to PECLA or MV (h) 7 (2-127) 7 (1-216) 0.249

Values given as median (range) or number (%). PECLA pumpless
extracorporeal lung assist, MV invasive mechanical ventilation,
GOLD Global Initiative for Chronic Obstructive Lung Disease,

GvHD graft-versus-host disease, SAPS Simplified acute physiology
score, PEEP positive end-expiratory pressure, NIV noninvasive
ventilation
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Table 2 Comparison of outcomes between the PECLA group and the mechanical ventilation group

PECLA group MV group p value p value*
(n=21) (n =21)
Outcome
Intubation, n (%) 2 (10) 21 (100) <0.001 <0.001
28-day mortality, n (%) 5 (24) 4 (19) 1 0.845
6-month mortality, n (%) 7 (33) 7 (33) 1 0.897
Time on PECLA/MV (days) 9 (1-116) 21 (1-47) 0.944 0.944
Length of ICU stay (days) 15 (4-137) 30 (4-66) 0.577 0.263
Length of hospital stay (days) 23 (4-137) 42 (4-248) 0.342 0.056
Tracheostomy, n (%) 2 (10) 14 (67) 0.004 0.004

Values given as median (range) or no (%). PECLA pumpless extracorporeal lung assist, MV mechanical ventilation

* Adjusted for baseline characteristics of patients (Table 1)

p = 0.056). There was no difference in 28-day (24 % vs.
19 %) or 6-month mortality (33 % vs. 33 %) between the
two groups (Table 2).

Physiological changes post PECLA

Median values for PaCO,, pH, arterial partial pressure for
oxygen (Pa0,), arterial O,-saturation (O2-Sat), and the
PaO,/FIO, ratio as well as the respiratory rate (RR) from
the time of ICU admission until 7 days after implantation
of the PECLA are displayed in the electronic supple-
mentary material (Table 3 ESM). Changes of the three
main ventilatory physiological parameters PaCO,, pH and
RR from ICU admission until 24 h after PECLA start are
displayed in more detail in Fig. 2. Changes in all three

PaCoO,

parameters from pre-PECLA to 21-24 h post-PECLA
were significant (p < 0.001).

Complications

There were no immediate complications attributed to the
implantation of the device. The haemodynamic state was
not significantly altered with the institution of the PE-
CLA. Two major and seven minor bleeding complications
occurred during the course of the PECLA treatment. In
one patient, a major bleed at the insertion site on day 7
required bedside surgical repair. In the second patient,
bleeding led to removal of the cannulas on day 5 and to
subsequent intubation and invasive mechanical ventila-
tion. One patient developed a pseudoaneurysm of the

pH Respiratory rate

140

7.6 3
120 3 7.5 3

100 7.4 3

mmHg
pH

7,3 4
60 3 7,2

40 3 713

20 3

Respirations / min

15 -

10 -

&

70 3

I | [ I I | I I [ | | I
icu | B | 58 13161 21-24 icu | BL
NIV 0-4 912 17-20 NIV

0-4

I | [ | [ | I | I | I | I |
58 |13-16 | 21-24 icu | BL | 58 |13-16|21-24
9-12 17-20 NIV 04 912 17-20

Time intervals
(on ICU admission (ICU), during NIV (NIV), baseline pre PECLA (BL), 0-24 hours after start of PECLA)

Fig. 2 Sequential changes in arterial partial pressure of carbon dioxide (PaCO,), pH, and respiratory rate over time from ICU admission
until 24 h after PECLA implantation. Boxplots display medians, 10th, 25th, 75th and 90th percentiles. *p < 0.001 BL vs. 21-24 h
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femoral artery and another patient developed a heparin-
induced thrombocytopenia type 2.

Discussion

In our study the application of a pumpless extracorporeal
lung-assist (PECLA) device prevented intubation in the
majority of patients with acute hypercapnic respiratory
failure who were not responding to NIV. Compared to the
matched control group who received invasive mechanical
ventilation, there was a trend to a shorter hospital length
of stay. The ICU length of stay and the overall survival
rate did not differ significantly.

To our knowledge, this is the first study addressing
the feasibility, effectiveness and safety of selective
extracorporeal carbon dioxide removal in patients with
hypercapnic respiratory failure to avoid intubation and
invasive mechanical ventilation. Until now, extracorpo-
real carbon dioxide removal devices have been used
almost exclusively to enable lung-protective ventilation in
patients who are already intubated and mechanically
ventilated. Only a few case reports have described their
use in spontaneously breathing patients, nearly all in
patients on waiting lists for lung transplantation [19, 20].
Crotti et al. reported the case of a patient with an acute
hypercapnic exacerbation of COPD failing NIV who was
successfully treated with a pump-driven venovenous
extracorporeal system to avoid intubation [21].

Fuehner et al. recently presented a retrospective study
evaluating the use of ECMO in awake patients with right
heart failure or terminal respiratory failure, mostly with
severe hypoxemia, as a bridge to lung transplantation
[22]. Twenty of 26 patients were bridged to lung trans-
plantation with the extracorporeal device. Despite these
encouraging results, the authors stated that since ECMO
is associated with serious complications, it should be used
only in experienced centres. In contrast to this study, the
majority of our patients had severe COPD, and only a few
patients were listed for lung transplantation.

These results emphasise the potential value of using an
extracorporeal lung-assist device in selected patients [23].
In our study, 14 of the 21 patients were experiencing
acute hypercapnic respiratory failure because of acute
exacerbations of severe COPD. It is well known that
patients with severe chronic lung disease such as
advanced COPD or cystic fibrosis when intubated and
invasively mechanically ventilated are often difficult to
wean, have a prolonged ICU stay and a high mortality
[9, 10]. In particular, this is true for patients listed for lung
transplantation or undergoing haematopoietic stem cell
transplantation [24, 25]. Extracorporeal carbon dioxide
removal can avoid the drawbacks and complications
associated with intubation, sedation and prolonged
mechanical ventilation, allowing patients to breath

spontaneously, to communicate, to eat and drink, as well
as to receive active physiotherapy (Fig. 3).

The basic concept of extracorporeal carbon dioxide
removal can be seen from the original description of
extracorporeal membrane oxygenation (ECMO), which
appeared in the clinical setting more than 30 years ago. At
that time, Hill et al. were the first to report the successful
use of extracorporeal circulation to treat acute hypoxaemic
respiratory failure in an adult patient [11]. In 1977, Kolo-
bow and Gattinoni described a technique of extracorporeal
removal of carbon dioxide through an extracorporeal
membrane. They found that pulmonary ventilation could
be supported by extracorporeal carbon dioxide removal
[26, 27]. However, the high incidence of side effects, the
complexity and the costs involved limited the use of this
strategy. Technological improvements led to the develop-
ment of minimally invasive and highly effective devices
for extracorporeal carbon dioxide removal that caused
relatively few side effects. Such devices include the single
use, pumpless interventional lung assist used in our study
(iLA®; Novalung GmbH, Heilbronn, Germany) and the
decapneization system Decap® (Hemodec, Salerno, Italy)
[14, 15].

Of course, the limitations and side effects of a
pumpless extracorporeal lung assist need to be discussed.
First, because the PECLA is a pumpless device, a cardiac
index greater than 3 I/min/m* and a mean arterial pressure
above 70 mmHg are necessary to allow for the circulatory
tolerance of an artificial arterio-venous shunt of up to
25 % of cardiac output. Second, the arterial cannulation
can cause vascular complications. Episodes of lower limb
ischaemia from arterial cannulation were frequently
observed in the early period after introduction of the
PECLA when large (17-19 French) cannulas were used

Fig. 3 Spontaneously breathing patient with an acute exacerbation
of COPD receiving ventilatory support from a PECLA. The venous
cannula is inserted in the right femoral vein, and the arterial
cannula is placed in the left femoral artery (the patient gave consent
for publication of this picture)
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[14]. Subsequent studies with smaller arterial cannulas
(13-15 French) have had lower complication rates [16, 28].
In our series of 21 patients there were two major device-
related complications, both related to local bleeding. Major
complications related to lower limb ischaemia, haemolysis
or thromboembolic problems were not observed. Pump-
driven venovenous low-flow devices for extracorporeal
CO, removal may overcome some of the vascular and
haemodynamic limitations of a pumpless system, albeit
being potentially more susceptible to technical failure
because of their higher technological complexity.

Our study has some methodological limitations. First,
the interpretation of the results is limited by the design.
Due to the retrospective nature of the study, data for
short- and long-term side effects of ventilator-associated
and analgosedation-associated complications are lacking.
The relatively small number of patients reduces the power
of the study with respect to an alpha error, not detecting a
potential true difference of outcomes between the two
strategies. Despite all efforts of matching, the PECLA-
patients had significantly worse respiratory failure with
respect to hypercapnia than the controls. Additionally, 9
of the 21 patients (43 %) in the PECLA group were listed
for and awaiting a lung transplant, as opposed to none in
the control group. Second, although all patients were
treated as part of routine care, it needs to be emphasised
that this treatment took place in expert centres. Therefore,
the results may not be generalisable to other centres.

For almost 60 years now, mechanical ventilation has
been used as a standard treatment procedure for patients
with respiratory insufficiency [29]. We describe a novel
approach in which an extracorporeal device replaces
intubation and invasive mechanical ventilation in selected

patients with acute hypercapnic respiratory failure. This
approach would carry the modern concept of lung-pro-
tective ventilation to the next level, beyond the use of a
ventilator.

Further evaluation of technological innovations and
improvements in extracorporeal lung support might be
key for a substantial change in the management of acute
hypercapnic respiratory failure. These novel extracorpo-
real devices may have the potential to become a regular
therapeutic option for selected patients with acute respi-
ratory failure who fail NIV, and may avoid the excess
morbidity and mortality associated with intubation and
invasive mechanical ventilation [30-32].

Conclusion

The results of our preliminary study suggest that the pre-
emptive application of extracorporeal carbon dioxide
removal is a feasible therapeutic option to prevent intu-
bation and invasive mechanical ventilation in selected
patients with episodes of acute hypercapnic respiratory
failure. Larger, prospective, randomised trials on the
efficacy, effectiveness and efficiency are needed to further
evaluate this new strategy.
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