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Abstract

Introduction: Hypercapnic respiratory failure is associated
with high morbidity and mortality. Low-flow extracorporeal
CO, removal (ECCO,R) has been shown to facilitate lung-
protective ventilation or spontaneous breathing. However,
three multicenter randomized trials have failed to show
benefit which could potentially be a result of patient
selection. In this study, we aimed to characterize prognostic
scores developed for extracorporeal membrane oxygenation
therapy which could potentially assist with the selection of
patients for ECCO,R. Methods: A total of 70 patients admitted
to the intensive care unit at the University Hospital of Zurich
between 10/2009 and 02/2017 with hypercapnic respiratory
failure were treated with ECCOSR if pH <7.25 and/or PaCO, >
9 kPa experiencing respiratory exhaustion during spontaneous
breathing in obstructive lung disease or reaching the limits of
lung protective ventilation (n = 22 and n = 48) in patients
with restrictive lung pathologies. Data including baseline

characteristics and respiratory parameters were collected
prospectively. Scores were calculated retrospectively. Results:
The underlying diseases were acute respiratory distress syn-
drome (n = 27), chronic-obstructive pulmonary disease (n = 12),
bronchiolitis obliterans syndrome (BOS; n = 9), cystic fibrosis (n =
10), pulmonary fibrosis (n = 8), and other causes (n = 4). The 180-
day mortality was 45.7% with the highest rate observed in PF and
BOS patients as well as in patients who had been mechanically
ventilated >6 days before initiation of ECCO,R. The modified
PRedicting dEath for SEvere hypercapnic respiratory failure on vv-
ECCO,R (PRESERVE-CO,) score differentiated well between
survivors and non-survivors (4.3 + 22 vs. 69 + 26, p < 0.01),
whereas the modified Respiratory ECMO Survival Prediction
(RESP-CO,) score showed no significant distinction. Receiver
operating characteristics analysis of the PRESERVE-CO, score
revealed an area under the curve of 0.78, suggesting a cut-off
of 7 points. Conclusion: Careful selection of patients for ECCO,R
therapy may help to improve outcomes. The proposed PRE-
SERVE-CO, score may serve as a guide. A score of 7 points or
higher is associated with an unfavorable outcome regarding the
180-day mortality in the specific patient cohort of this study, but
future studies to externally validate this score are required.
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Introduction

Hypercapnic respiratory failure in critically ill patients
is associated with high morbidity and mortality. Two
distinct disease groups are commonly linked to hyper-
capnic respiratory failure and can be broadly classified as
restrictive and obstructive lung disease. The former
primarily includes the juxtaposition of maximizing ox-
ygenation and minimizing ventilator induced lung in-
jury in early acute respiratory distress syndrome (ARDS)
and the late phase of ARDS as well as less frequent
interstitial pulmonary diseases, while the latter encom-
passes chronic-obstructive pulmonary disease (COPD),
bronchiolitis obliterans syndrome (BOS) and other
conditions. In both groups the primary treatment goal in
the intensive care unit (ICU) is to implement a bridge-
to-recovery strategy using the most appropriate tech-
nique. In ARDS and other restrictive pulmonary dis-
eases, successful recovery largely depends on minimizing
the negative effects of mechanical ventilation (MV),
particularly ventilator induced lung injury [1]. In acute
exacerbation of COPD or other pulmonary diseases with
predominantly chronic disease course, recovery is
heavily influenced by preventing neuromuscular de-
conditioning [2], which depends on the need and du-
ration of sedation and MV [3].

However, balancing the risks and benefits of the
treatment options, including MYV, extracorporeal
membrane oxygenation (ECMO) or low-flow extracor-
poreal CO, removal (ECCO,R), remains challenging.
Regarding ECCO,R, three multicenter randomized trials
have failed to show an outcome benefit so far, potentially
because of poor patient selection [4-6]. But tools for
patient selection are missing for ECCO,R. Tools such as
the PRedicting dEath for SEvere ARDS on vv-ECMO
(PRESERVE) score [7, 8] and Respiratory ECMO Sur-
vival Prediction (RESP) [9, 10] score provide some
guidance on ECMO use, but it remains unclear how to
select patients for ECCO,R with predominantly hy-
percapnic respiratory failure. This issue is particularly
relevant in case with predominantly hypercapnic re-
spiratory failure were severe oxygenation deficits are
absent such as in patients with exacerbation of COPD
[11, 12]. These situations are not represented by the
current scores, and it remains unclear whether existing
scoring systems for ECMO are also applicable to predict
outcome after ECCO,R treatment in patients suffering
from hypercapnic respiratory failure.

In this study, we aimed to characterize prognostic
scores developed for ECMO therapy which could po-
tentially assist with the selection of patients for ECCO,R.
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The two scores were modified to account for awake
spontaneously breathing patients (PRESERVE-CO, and
RESP-CO,) [13].

Methods

All protocols and procedures conformed to the
Declaration of Helsinki. The study protocol was re-
viewed and approved by the Ethics Committee at the
University of Zurich (BA SEC 2021-00912). Written
informed consent for subsequent use of health-related
data was obtained from patients and/or relatives as
required.

Study Population and Design

The study was conducted from October 2009 to
February 2017 at a tertiary hospital in Zurich Switzer-
land. All patients treated with low-flow ECCO,R for
hypercapnic respiratory failure within the study period
were prospectively included and treatment data recor-
ded. Modified PRESERVE and RESP scores (PRE-
SERVE-CO, and RESP-CO, scores) were calculated
retrospectively and their predictive power for 180-day
mortality was tested. ECCO,R therapy was initiated in
accordance with the clinical standard operating proce-
dure and the decision of the attending ICU physician [2].
The clinical standard operating procedure defined the
following criteria for progressive hypercapnic respira-
tory failure: (1) in an alert and spontaneously breathing
patient, further referred to as awake patient, a
pH < 7.25 and/or PaCO, >9 kPa despite respiratory
support with either nasal cannula, high flow oxygen
therapy (HFOT) and/or noninvasive ventilation (NIV).
(2) in an invasively ventilated patient a pH <7.25 and/or
PaCO, > 9 kPa while reaching the limits of lung protective
ventilation. Lung protective ventilation was defined as
tidal volumes <6 mL/kg ideal body weight, peak inspi-
ratory pressure (Ppeak) <30 mbar, being a surrogate for
inspiratory plateau pressure, driving pressure (dP) <15
mbar and respiratory rate (RR) <25/min. The first cri-
terion was applied for patients with obstructive lung
diseases whereas the second one exclusively for patients
with restrictive lung diseases. In ARDS patients, we did
not aim to achieve ultra-protective ventilation, similar to
the publication of Combes et al. [14] in Critical Care.

ECCO,R therapy could be initiated either as a bridge
to recovery or as a bridge to lung transplant. Discon-
tinuation of ECCO,R treatment was performed either at
recovery of hypercapnic respiratory failure, defined as a
pH >7.25 and/or PaCO, <9 kPa with compensated
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spontaneous breathing in awake patients or lung-
protective ventilation in mechanically ventilated pa-
tients, at transfer to the operating theater for lung
transplant, at upgrade to ECMO therapy or at death,
respectively, withdrawal of life-sustaining therapy. Ex-
clusion criteria for ECCO,R treatment were
thrombocytopenia <100 G/L, contraindications for
heparin therapy (such as previous bleedings or heparin
antibodies), pregnancy and indication for ECMO ther-
apy according the attending physician following the
extracorporeal life support organization guidelines [15].

ECCO2R and Respiratory Support Treatment

Protocol

ECCO,R treatment was performed using an
ultrasound-guided established vascular access, prefera-
bly of the right internal jugular or left subclavian vein.
Using Seldinger technique, a 13 French double lumen
hemofiltration catheter was inserted with its tip posi-
tioned at the right atrium by real-time digital fluoros-
copy imaging. Treatment with the peristaltic pump low-
flow ECCO,R system (Prolung, Estor, Milan, Italy),
equipped with a polypropylene gas-exchanger mem-
brane, was initiated with a target blood flow of 400 mL/
min and a flow of medical air of 10 L/min. Arterial, pre-
membrane and post-membrane blood gas analysis were
performed at t = 0 (before ECCO,R treatment initiation),
1, 4, 8, 16, 24 h, and every 24 h thereafter for the first
120 h of ECCO,R treatment. The results were recorded
alongside ECCO,R blood and airflow rates and extra-
corporeal circuit pressures, respirator settings in me-
chanically or noninvasively ventilated patients, RR, heart
rate, and mean arterial blood pressure. Anticoagulation
was performed using an initial bolus of 5000 IU heparin,
and continuous administration afterward with a target of
systemic anti-factor Xa activity of 0.3-0.4 IU/mL. The
anti-factor Xa activity was monitored every 24 h or every
6 h following any adjustment of heparin dose. Platelet
count, plasma fibrinogen concentration, and interna-
tional normalized ratio were monitored every 24 h.

In the awake group NIV, nasal HFOT, or oxygen
supplementation via nasal cannula was additionally used
for respiratory support. After establishment of ECCO,R
treatment, the goal was to achieve respiratory com-
pensation with a reduction of RR and clinically com-
pensated work of breathing. ECCO,R airflow was down
titrated after weaning of NIV and terminated after a 24-h
period of respiratory compensation with reduced air-
flow. In case of worsening respiratory failure with either
failure to reach respiratory compensation or progressive
hypoxemia with systemic arterial hemoglobin oxygen

Prediction of Mortality on ECCO,R

saturation <88% despite FiO, >90%, treatment was es-
calated by intubation and MV and/or veno-venous
ECMO (vv-ECMO) [15].

Invasive MV (IMV) was performed using either
Hamilton S1 (Hamilton medical, Bonaduz, Switzerland) or
Evita IV (Drager Medical, Liibeck, Germany) respirators.
As ventilation modes either a bilevel positive airway
pressure mode or Adaptive Support Ventilation® mode
were used. After initiation of ECCO,R on t = 0, the primary
aim was to reduce tidal volumes, Ppeak, dP, and RR within
the first hour of treatment while maintaining PaCO, <
9 kPa and pH >7.25. ECCO,R airflow was down titrated
according to pH level by the treating physician. Blood flow
was only reduced if mandated by negative catheter inlet
pressure. In case of failure to reach lung-protective ven-
tilation or in case of progressive hypoxemia with systemic
arterial hemoglobin oxygen saturation <88% with
FiO, >90%, the treatment was either escalated using vv-
ECMO or switched to comfort measures in accordance
with the presumed wishes of the patient.

Calculation of the Modified PRESERVE-CO, and

RESP-CO, Scores

The scores were calculated retrospectively based on
values before initiation of ECCO,R. For the represen-
tation of non-intubated patients with the PRESERVE
score and the RESP score the scores were modified
accordingly and named PRESERVE-CO, score and
RESP-CO, score (Tables 1, 2). In the PRESERVE-CO,
score, in the non-intubated patients the criteria for the
duration of MV and plateau pressure were scored zero
points. The PEEP value was derived from NIV, and for
patients receiving HFOT, a PEEP value below 10 mbar
was assumed. There were three points assigned for re-
spiratory exhaustion due to hypercapnic respiratory
failure, which is the leading cause of intubation in these
patients. Accordingly, the total score remained un-
changed between the modified and the original version
of the PRESERVE score.

Regarding the RESP-CO, score for the non-intubated
patient the criteria for neuromuscular blockade, inhalative
nitric oxide (iNO) and duration of IMV as well as
Ppeak >42 mbar was scored zero point. For respiratory
exhaustion, due to hypercapnic respiratory failure 3 points
were added. Accordingly, the total score remained un-
changed between the modified and the original version.

Statistical Analysis

Patient characteristics, respiratory variables, and
blood gas measurements were compared between
different time points and between treatment protocols
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Table 1. PRESERVE Score and modification predicting outcomes in patients receiving ECCO,R therapy

Parameter PRESERVE score for mechanical Modified PRESERVE score (PRESERVE-CO,)
ventilated patients at the time of for awake patients at the time of ECCO,R
ECCO,R insertion insertion

Age <45 years 0

Age 45-55 years 2

Age >55 years 3

Body mass index >30 -2

Immunocompromised 2

SOFA >12 1

No prone positioning before ECCO,R 1

MV >6 days 1 (0)

PEEP <10 mbar 2 2

Plateau pressure >30 cm H,0 2 (0)

Respiratory exhaustion due to 0 3

hypercapnic respiratory failure

Scoring parameters used to calculate the PRESERVE score and the modified PRESERVE score (PRESERVE- CO2) are shown. The
PRESERVE score originally developed for mechanical ventilated patients was modified to allow scoring of awake, spontaneously
breathing patients. Parameters in parentheses (0) are not applicable and therefore excluded in the modified score. ECCO2R,
extracorporeal CO2 removal; MV, mechanical ventilation; PEEP, positive end-expiratory pressure; PRESERVE-CO2, modified
Predicting death for severe ARDS on vv-ECMO score; SOFA, Sequential Organ Failure Assessment.

and 180-day mortality using one- or two-way linear
mixed effect model analysis [16] with the effect in
question entered as fixed effects and intercepts for sub-
jects and per-subject random slopes representing the
effect on the dependent variables entered as random
effects. p values were calculated using a likelihood ratio
test of the full model with the effect in question against a
“null model” that lacks the effect in question [17]. p values
for individual fixed effects were obtained via the Sat-
terthwaite approximation [18]. The Shapiro-Wilk test was
used to test for normal distribution (online suppl. Fig. S2;
for all online suppl. material, see https://doi.org/10.1159/
000550776). For the variables deviating significantly from
the normal distribution (online suppl. Table S1), the
median (IQR) is reported in Tables 3 and 4. Cut-offs to
maximize sensitivity and specificity of the PRESERVE-
CO, and RESP-CO, scores regarding the 180-day mor-
tality were determined via receiver operating character-
istics (ROC) curves. The 180-day mortality was compared
between patients with high and low scores using a Cox
proportional hazards model. A two-sided p < 0.05 was
considered statistically significant. A competing risk
analysis according to the methodology described in detail
by Scrucca et al. [19] was performed using the R package
“casebase,” version 0.10.6.
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Alluvial flow diagrams were used to visualize multi-
variable interrelations between categorical treatment
variables and outcomes. Fully scripted and reproducible
data management pathways within the R environment
for statistical computing, version 4.4.2 [20] were used for
all statistical analyses. Values are specified as the mean +
standard deviation or median (interquartile range), as
appropriate.

Results

Patient Characteristics

A total of 70 patients with ECCO,R were included in
the study, 22 of these patients were awake and 48 were on
IMV. The etiology for respiratory failure was ARDS (n =
27), COPD (n = 12), cystic fibrosis (CF) (n = 10), BOS
after lung transplantation (n = 9), pulmonary fibrosis
(PF) (n = 8), and others (n = 4). The latter included
exacerbated bronchial asthma and obesity hypo-
ventilation syndrome (Table 3). The patients suffering
from ARDS could be separated in two groups: primary
ARDS from pneumonia (n = 18) and secondary ARDS
postoperative (n = 2), due to sepsis (n = 4) or due to a
hematologic neoplasia (n = 3). The overall 180-day
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Table 2. RESP Score and modification predicting outcomes in patients receiving ECCO,R therapy

Parameter RESP score for mechanical ventilated Modified RESP score (RESP- CO,) for awake
patients at the time of ECCO,R insertion patients at the time of ECCO,R insertion

Age 18-49 years 0

Age 50-59 years -2

Age >60 years -3

Immunocompromised -2

Acute respiratory diagnosis group
Viral pneumonia 3
Bacterial pneumonia 3
Asthma 1
Trauma and burn 3
Aspiration pneumonitis 5
Other acute respiratory diagnosis 1
Non-respiratory or chronic 0

respiratory diagnosis

CNS dysfunction -7

Acute non-pulmonary infection -3
HCO; infusion -2

Cardiac arrest -2

PaCO, =75 mm Hg -1

Neuromuscular blockade 1

S

iNO -1

—
(=)

MV <48 h 3

MV 48 h to 7 days

S

MV >7 days 0

S

Ppeak >42 cm H,0 -1

S

Respiratory exhaustion due to 0
hypercapnic respiratory failure

w

This table outlines the original RESP score, used in mechanically ventilated patients at the time of ECCO,R initiation and the
modified version (RESP-CO, score) adapted for awake patients. The modified score omits parameters that are not applicable to
awake patients and incorporates an additional point for hypercapnic respiratory failure (3 points). CNS, central nervous system;
ECCO,R, extracorporeal CO, removal; iNO, inspiratory nitric oxide; MV, mechanical ventilation; PEEP, positive end-expiratory
pressure; RESP-CO,, modified Respiratory ECMO Survival Prediction score.

mortality of the patients was 45.7%. Mortality was 75%
for patients with PF, 67% for BOS and 10% for CF
patients. A total of 12 patients underwent lung trans-
plantation, one of each suffering from COPD, BOS, and
PF and 9 patients with CF.

Clinical Pathways and Outcome of Patients

Undergoing ECCO,R Therapy

The clinical courses of the individual patients are
illustrated in Figure 1. Figure la depicts patient’s tra-
jectories from initial diagnosis, ECCO,R protocol and

Prediction of Mortality on ECCO,R

bridging strategy to weaning success or withdrawal of life
support therapy. The survivors are shown in turquois,
the non-survivors in red.

In all ARDS patients, ECCO,R was implemented with
the intention of bridge to recovery but resulted in a 180-
day mortality of 59%. In total, 93% (25/27) ARDS pa-
tients were mechanically ventilated at the time point of
ECCO,R implementation. The 2 awake ARDS patients
presented clinically primarily with hypercapnic failure in
addition to hypoxia, one suffering from a fungal
pneumonia, the other from pulmonary sepsis associated

Blood Purif 5
DOI: 10.1159/000550776

9z0z |14dv GT uo 3sanb Ag ypd "9.,055000 /2,266¥Y /922055000 /6STT 0T / 10p /ypd -8 |2 13 Je /ndq wod *1ab 1es //:d 13y wo iy papeo jumod



Table 3. Patient characteristics and preexisting or acute pulmonary conditions in ECCO2R patients

All Awake Invasively Estimates  Survivors Non- Estimates p value
patients patients ventilated + SE survivors + SE
patients (95% Cl) (95% Cl)

Patient characteristics

N (%) 70 22 (31.4) 48 (68.6) 38 (54.3) 32 (45.7)
(100.0)

Age, mean (IQR), years  56.0 48.45 64.23 - 55.76 64.59 - 0.07
(16.9)  (29.44-63.23) (54.67-67.04) (40.85-66.08) (54.67-67.84)

Weight, mean (IQR), kg  70.7 60 70.5 - 65 (48.25-80) 70 (62-79.25) - 0.32
(23.7)  (45.75-68.5) (62-83.5)

Height, mean (SD), cm 169 (8) 165 (8) 171 (8) 6+2 168 (9) 171 (8) 3+2(-1-7) 0.19

(2-10)

Sex (male), n (%) 45 10 (45.5) 35 (72.9) 3.2+1.7 20 (52.6) 25 (78.1) 3.241.7 0.02
(64.3) (1.1-9.5) (1.2-9.7)

Preexisting conditions

Previous CNS 70 22 (100.0) 48 (100.0) 1 38 (100.0) 32 (100.0) 1 1

condition = none, n (%) (100.0)

Immunosuppression, n (%) 26 7 (31.8) 19 (39.6) 14+1.72 13 (34.2) 13 (40.6) 1.32+1.6  0.58
(37.1) (0.5-4.3) (0.5-3.5)

Preexisting or acute

pulmonary condition

Chronic-obstructive 12 4(18.2) 8 (16.7) 0.9+£2.0 10 (26.3) 2 (6.2) 0.2+2.3 0.02

pulmonary disease, n (%) (17.1) (0.3-3.7) (0.0-0.8)

Cystic fibrosis, n (%) 10 9 (40.9) 1(2.1) 0.0£3 9 (23.7) 1(3.1) 0.1£3.0 <0.01
(14.3) (0-0.2) (0.0-0.6)

Pulmonary fibrosis, n (%) 8 (11.4) 1 (4.5) 7 (14.6) 3.6+3.0 2 (5.3) 6 (18.8) 42+24 0.07

(0.6-69.3) (0.9-29.9)

Bronchiolitis obliterans, 9 (12.9) 5 (22.7) 4 (8.3) 0.3+2.1 3(7.9) 6 (18.8) 2.7+2.1 0.18

n (%) (0.1-1.3) (0.7-13.7)

ARDS, n (%) 27 2(9.1) 25 (52.1) 10.9+2.2 11 (28.9) 16 (50.0) 2.5+1.7 0.07
(38.6) (2.8-72.9) (0.9-6.7)

Others, n (%) 4(57) 1(45) 3(6.2) 3 (7.9 1(3.1)

with an unknown, non-malignant stenotic process in the
lung. Both patients survived.

Regarding the patients with PF ECCO,R was initi-
ated with the intention of bridge to transplantation in
25% of the patients, these patients all survived. In total,
180-day survival was 25%. Seven of the 8 patients were
on IMV.

In all but one COPD patients, ECCO,R was initiated
with the intention of bridge to recovery. In total, 12
patients with COPD were included. In total, 8 of 12
with the intention of rapid weaning after intubation
for MV and 4 of them with the intention to support
spontaneous breathing and avoid intubation. Ac-
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cording to ECCO,R treatment intention, ECCO,R
treatment duration was 2.1 + 1.6 days and 8.0 + 5.1
days, respectively. ECCO,R weaning was successful in
10 out of 12 patients and these patients survived 180
days. ECCO,R was initiated with the intention of
bridge to transplant in all 10 patients with CF. Only
one patient was invasively ventilated at that time point.
A total of 9 patients were bridged successfully to
transplantation, one patient died before transplanta-
tion due to a septic shock.

Figure 1b shows secondary airway up- and downgrade
as well as the need for secondary upgrade to vv-ECMO.
While on ECCO2R 9 patients needed intubation for IMV
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Table 4. Physiological status and treatment-associated factors at the start of ECCO2R treatment and outcome with survival time

and 180-day mortality

All Awake patients Invasively  Estimates + Survivors Non- Estimates + p-value
patients ventilated  SE (95% Cl) survivors SE (95% Cl)
patients
Physiological status at ECCO,R treatment start
SOFA score, 84 (43) 3 (3-6) 9 (7-12) - 7 (3-10) 9 (7-12.25) - <0.01
mean (IQR)
SAPS score, 46 (21) 29 (16) 53 (18) 24+5 39 (22) 54 (16) 15+5 (6-25) <0.01
mean (SD) (15-33)
PRESERVE-CO, 5.51 3.67 (2.2) 6.34 (2.5) 2.67+0.63 4.28 (2.7) 6.91 (2.6) 2.63+0.58 <0.01
score (SD) (2.7) (1.4-3.9) (1.5-3.8)
RESP-CO, score —0.97 0.19 (3.3) -1.49 (34) -1.68+0.88 -0.22 (3.3) -1.81 (3.4) —1.5+£0.82 0.05
(3.4) (-3.4-0.1) (-3.2-0.01)
Mechanically 6.5(7.9) - 3 (1-10) - 0 (0-1) 3 (0-10.25) - <0.01
ventilated
before ECCO,R
[days],
mean (IQR)
Prone 4 (6) - 4 (8) - 0 (0) 4 (13) -
positioning
before ECCO,R,
n (%)
Neuromuscular 7 (10.1) - 7 (14.9) - 4 (10.8) 3 (9.4) 0.9+2.2 0.84
blockade before (0.2-4.2)
ECCO5R, n (%)
iNO before 21 - 21 (43.8) - 8 (21.1) 13 (40.6) 2.57+£1.7 0.07
ECCO,R, n (%)  (30.0) (0.9-7.6)
PEEP [mbar], 8.0 (3.1) 6.0 (1.1) 8.5 (3.2) 2.5+1.1 8.14 (3.1) 791 (3.13) —0.23+0.94 0.81
mean (SD) (0.4-4.7) (-2.1-1.6)
Ppeak [mbar], 305 18 (15.75-24) 32 (30-35) - 29 (25-33) 32 - 0.02
mean (IQR) (6.9) (31.75-35)
P/F ratio [mm 169 (95) 232.1 128.08 - 173.86 133.85 - 0.24
Hgl, mean (IQR) (171.69-314.37) (92.1-173.5) (102.19-234.18) (105-166.31)
Ventilatory ratio, 3.58 3.17 (1.5) 3.66 (1.4) 0.49+0.52 3.04 (1.5) 4,05 (1.2) 1.01+0.36 <0.01
mean (SD) (1.4) (-0.5-1.5) (0.3-1.7)
PaCO, [kPA], 9.08 9.47 (2.3) 8.92 (1.9) —0.56+0.53 8.92 (2.3) 9.27 (1.7) 0.35+0.49 047
mean (SD) (2.0) (-1.6-0.5) (-0.6-1.3)
HCO3 [mmol/L], 30.0 33.9 (8.0) 28.3 (5.5) —-5.6x1.7 31.4 (6.8) 28.4 (6.7) —-3.0£1.6 0.06
mean (SD) (6.8) (-8.9 (-6.2-0.2)
to —2.4)
Outcome
Survival time 104.0 145.5 (66.9) 85.0 (85.1) —60.6+20.6
[days], (84.2) (=100.9
mean (SD) to —20.3)
180-day 32 5(22.7) 27 (56.2) 3.3x1.6
mortality, n (%) (45.7) (1.3-8.5)

Prediction of Mortality on ECCO,R
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and 2 patients could be extubated after implementation
of ECCO2R.

In total, 22.9% (16/70) of the patients needed an
upgrade from ECCO,R to vv-ECMO. Only 2 of these
patients were not invasively ventilated, both were CF
patients. Of the vv-ECMO patients, 9 patients were
successfully transplanted, 2 recovered and in 5 patients
withdrawal of life sustaining therapy was performed.
Additionally, we have calculated a combined secondary
endpoint “ECCO,R success,” excluding all patients that
have either needed an upgrade to vv-ECMO, have not
reached the goal of avoiding intubation, or have died
during treatment. Successful bridge-to-transplant was
considered ECCO,R success. This combined endpoint of
ECCO,R success was reached in 27/70 patients.

Treatment-Associated Factors and Predictive Value

of the PRESERVE-CO, and RESP-CO, Scores

Physiological status as well as treatment-associated
factors is shown in Table 4 for IMV as well as awake
patients. Before initiation of ECCO,R SOFA and SAPS
scores were significantly (<0.0001) lower in the awake
than in the IMV group. HCO; was significantly higher in
awake patients (mean 33.9 versus 28.3 mmol/L, -5.6 +
1.7 (—8.9 to —2.4). Before initiation of ECCO,R IMV was
performed for a median of 6.5 days. SOFA as well as
SAPS Score correlated with survival. IMV duration
before ECCO,R initiation as well as prone positioning
was associated with mortality, whereas neither neuro-
muscular blockade nor iNO before ECCO,R showed an
association. Awake patients on NIV had a significantly
lower PEEP, Ppeak and P/F ratio. Mean ventilatory ratio,
as an assessment of efficiency of ventilation [21], was not
statistically different in between the two groups at EC-
CO,R initiation but significantly different between
survivors and non-survivors (p < 0.01). Also, Ppeak was
statistically significant regarding survival. The survival
time for awake ECCO,R patients was significantly longer
with 145.5 + 66.9 days in comparison to mechanically
ventilated patients with 85.0 + 85.1. The 180-day mor-
tality was significantly lower in the awake versus the IMV
group (22.7% vs. 56.2%).

The PRESERVE-CO, score was significantly higher in
the ventilation group, whereas there was no significant
difference in the RESP-CO, score. Regarding 180-day
mortality the PRESERVE-CO, score differentiated well
between survivors and non-survivors (4.3 + 2.7 vs. 7.0 +
2.6, p < 0.01), while the RESP-CO, score did not (1.5 +
0.82 (3.2 - 0.01), p = 0.05).

ROC analysis revealed an area under the curve of 0.78
and 0.66, suggesting a cut-oft of 7 for the PRESERVE-
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CO, score and 0 for the RESP-CO, score (Fig. 2a) to
differentiate 180-day mortality. The Kaplan-Meyer
curves discriminate patients with PRESERVE-CO,
score >7 points versus <7 points (Fig. 2b). The survival
probability rapidly falls in patients with equal or more
than seven points in the PRESERVE-CO, score within
the first days of ICU treatment.

The competing risk analysis yielded 26 events (death),
32 censorings (survival), and 12 competing events
(transplantation). For the PRESERVE-CO, score >7, a
hazard ratio of 5.09 was found for prediction of mortality
(p < 0.0001), considering lung transplantation as a
competing risk (online suppl. Fig. S1).

Adverse Events

One patient developed a heparin-induced thrombo-
cytopenia, and the anticoagulation was switched to bi-
valirudin (Angiox®). There was one catheter-related
thrombosis and a non-catheter-related bleeding in a
different patient.

Discussion

Hypercapnic respiratory failure in critically ill patients
remains associated with a high morbidity and mortality.
Severe hypercapnia leads to systemic microvascular
vasodilation resulting in increased cerebral blood flow
and elevated intracranial pressure. Within the pulmo-
nary circulation, hypercapnia induces vasoconstriction,
thereby worsening ventilation-perfusion mismatch [22].

Unlike ECMO which supports oxygenation and
ventilation ECCO,R exclusively removes CO,. In con-
trast to hypoxic respiratory failure, were prone posi-
tioning and iNO are well established rescue strategies
nothing similar exists for hypercapnic respiratory
failure [23].

ECCO,R is used in clinical practice as bridge to re-
covery but also as bridge to transplant in selected pa-
tients. But to date, no validated scoring system exists to
guide patient selection, particularly in awake, sponta-
neously breathing patients. However, proper patient
selection is crucial to minimize poor outcomes and
unnecessary therapies. Existing prognostic tools such as
the PRESERVE and RESP scores [8-10, 24] were de-
veloped for intubated patients with ARDS requiring vv-
ECMO therapy and are not applicable in awake spon-
taneously breathing patients with primarily hypercapnic
respiratory failure.

Our study demonstrates that a modified version of the
PRESERVE score, the PRESERVE-CO, score, can
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predict long-term outcomes prior to ECCO,R initiation.
Specifically, patients with a PRESERVE-CO, score >7
exhibited a 180-day mortality rate exceeding 70%,
whereas those with a score <7 had a mortality of <30%.
This clear discrimination suggests that the PRESERVE-
CO, score may be a valuable tool for guiding clinical
decision making regarding ECCO,R candidacy.

Interestingly the ROC analysis identified an optimal
cut-off of 7 points, consistent with the original PRE-
SERVE score, which was internally and externally [8]
validated for prediction of 180-day mortality in patients
treated with vw-ECMO for severe ARDS [9]. However,
the original PRESERVE score includes variables not
applicable in spontaneously breathing patients — such as
duration of MV, prone positioning, PEEP, and plateau
pressure — making it necessary to modify the score for
our target population. This is particularly relevant for
patient groups, such as those with severe COPD exac-
erbation, in whom intubation often leads to prolonged
MV, muscle wasting and difficult to wean situation. For
such patients, a robust selection tool for initiation of
ECCO,R is crucial.

The RESP score was developed to address limitations
of the PRESERVE score [10] and includes the respi-
ratory diagnosis, central nervous system dysfunction,
non-pulmonary infections, cardiac arrest, neuromus-
cular blockade, iNO use, bicarbonate use as well as
PaCOQ,. The modification of the RESP score, the RESP-
CO, score did not differentiate between survivors and
non-survivors in our study. A possible explanation is
that several diagnoses that often lead to primarily
hypercapnic respiratory failure, such as COPD, CF, and
PF, are not represented in the score. Instead, the di-
agnoses included in the RESP score primarily lead to
hypoxemic respiratory failure. Although the concept of
ECCO,R was proposed early in the development of
extracorporeal support technologies, so far the three
performed multicenter trials with more than 500 pa-
tients failed to show an outcome benefit or even showed
signals of harm in the subgroup undergoing NIV and
regarding rate of intracranial hemorrhage [4-6].

Fig. 1. Alluvial plots illustrating clinical trajectories of patients
undergoing ECCO2R panels (a) and (b) show patient trajectories
over different stages of care and clinical decision points associated
with ECCO,R. Each horizontal axis represents a categorical
clinical variable; the width of the flow corresponds to the number
of patients. Flow color indicates 180-day mortality (red for non-
survivors and blue for survivors). a shows the trajectories from the
diagnosis to ECCO,R therapy, bridging strategy to the weaning
outcome, respectively, withdrawal of life-sustaining therapy.
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Therefore, the ESICM guideline recommend against
ECCO,R treatment in ARDS outside of clinical trials
[23, 25]. But there are some limitations in these studies.
First, the device used in the Xtravent trial was a passive
arteriovenous device and is not comparable with cur-
rent devices that are low-flow, veno-venous and use a
peristaltic roller pump [5]. This development may lead
to a reduction of adverse events due to less coagulation
activation [26]. Second, a nonselective population of
ARDS patients was included in these trials, but a re-
duction of VT physiologically benefits only a specific
patient group, the group with low respiratory system
compliance [6]. A sub-analysis of the REST trial
population showed a positive effect ton mortality of
ECCO,R treatment in these patients [27]. Further on
the use of ECCO,R was limited to tertiary hospitals [28,
29]. However, the risk-benefit ratio remains the core
challenge and careful patient selection is the key [14, 30,
31]. As the guidelines state, more research is desper-
ately needed and an individualized approach to EC-
CO,R treatment seems justified.

Our data confirms a high mortality in ARDS patients
treated with ECCO,R. ECCO,R does not address
hypoxia a hallmark sign of early ARDS but addresses
the core problem of ARDS the limited lung compliance.
ECCO,R allows lung-protective ventilation despite the
reduced lung compliance and leads to less application
of mechanical power to the sick lung [32]. Additionally,
ARDS patients often suffer from multi-organ failure,
while ECCO,R like ECMO is most beneficial in cases
with isolated respiratory failure [30, 33]. This is sup-
ported by our findings showing favorable outcomes in
patients with hypercapnic respiratory failure due to
COPD and as a bridging to lung transplant strategy in
patients with CF. However, with the CF transmem-
brane conductance regulator modulator therapies cases
of severe respiratory failure are becoming increasingly
rare in this patient group [34, 35]. In our study the
number of complications related to ECCO,R was low in
contrary to other recent studies having intracranial
hemorrhage in 4.5% of the patients [6] or the high

b shows details of the clinical course such as secondary airway
escalation or de-escalation and upgrade to vv-ECMO. ECCO,R,
extracorporeal CO, removal; vv-ECMO, veno-venous extracor-
poreal membrane oxygenation; ECCO,R-LPV, extracorporeal
CO, removal extended lung-protective ventilation; ARDS, acute
respiratory distress syndrome; CLAD, chronic lung allograft
dysfunction; BOS, bronchiolitis obliterans syndrome; CF, cystic
fibrosis; COPD, chronic obstructive pulmonary disease; PF,
pulmonary fibrosis; WLST, withdrawal of life-sustaining therapy.
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Fig. 2. Performance and prognostic value of the PRESERVE-CO,
and the RESP-CO, Score for patients with ECCO,R. a Receiver
operating characteristic (ROC) curves comparing the PRE-
SERVE-CO, score and the RESP-CO, score. The area under the
curve was higher for the PRESERVE-CO, score with an optimal
cut-off of 7 points. b Kaplan-Meier curves stratified by the
PRESERVE-CO, score cut-off of 7 points. Patients with a
PRESERVE-CO, score >7 points (red curve) had significantly

bleeding complication rate as shown in earlier studies
using the NOVALUNG device [36].

This study has several limitations. As this study is a
small, single-center and observational, the generaliz-
ability of the results is not given and the findings should
be considered hypothesis-generating. The suggested
score cut-off is referential at this stage and a future study
with a bigger cohort, or external datasets and prospective
studies are needed for external validation of our results.
Another important limitation is the heterogenous
population with the case mix of two physiologically
distinct populations like the restrictive (ARDS) and
obstructive (COPD) lung pathologies.

A further aspect regarding generalizability is the
choice of the ventilator modes that are not available in
every hospital. Another aspect is the increasing use of
prone positioning in non-intubated patients in routine

Prediction of Mortality on ECCO,R

lower survival compared to those with scores <7 (blue curve). A
clear discrimination can be seen within the first days of ICU
treatment. AUC, area under the curve; ECCO,R, extracorporeal
CO, removal; ICU, intensive care unit; PRESERVE-CO,, mod-
ified Predicting death for severe ARDS on vv-ECMO score; RESP-
CO,, modified Respiratory ECMO Survival Prediction score;
ROC, receiver operating characteristic; vv-ECMO, veno-venous
extracorporeal membrane oxygenation.

clinical practice, which is not currently accounted for in
existing scoring systems. Additionally, parameters such
as the duration and settings of NIV, as well as the du-
ration and flow rates of HFOT could be integrated into
future iterations of the score.

Neither the PRESERVE-CO, score nor the RESP-CO,
score incorporates dP, which, according to the Amato
et al. [37], is a key predictor of mortality. Likewise,
mechanical power of ventilation where RR is a key value
is not considered. In spontaneously breathing patients,
quantifying the work of breathing may further refine risk
stratification and should be implemented in future
scores [38]. Another extension of the scores would be to
implement other organ dysfunctions as, for example,
kidney failure. For optimization of the use of ECCO,R, a
score should be developed to predict need to upgrade to
vv-ECMO besides mortality.
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Conclusions

In hypercapnic respiratory failure, careful selection of
patients for ECCO,R therapy may help to improve
outcomes. The proposed PRESERVE-CO, score may
serve as a guide. A score of 7 points or higher is asso-
ciated with an unfavorable outcome regarding the 180-
day mortality in the specific patient cohort of this study,
but the suggested score cut-off is referential at this stage.
Further prospective studies are needed to externally
validate the score and refine it further for this specific
patient population before using it in a clinical setting.
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