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Abstract

Purpose A systematic review and meta-analysis to evaluate the impact of extracorporeal carbon dioxide removal
(ECCO,R) on gas exchange and respiratory settings in critically ill adults with respiratory failure.

Methods We conducted a comprehensive database search, including observational studies and randomized
controlled trials (RCTs) from January 2000 to March 2022, targeting adult ICU patients undergoing ECCO,R. Primary
outcomes were changes in gas exchange and ventilator settings 24 h after ECCO,R initiation, estimated as mean

of differences, or proportions for adverse events (AEs); with subgroup analyses for disease indication and technology.
Across RCTs, we assessed mortality, length of stay, ventilation days, and AEs as mean differences or odds ratios.

Results A total of 49 studies encompassing 1672 patients were included. ECCO,R was associated with a significant
decrease in PaCO,, plateau pressure, and tidal volume and an increase in pH across all patient groups, at an overall
19% adverse event rate. In ARDS and lung transplant patients, the PaO,/FiO, ratio increased significantly while ventila-
tor settings were variable. "Higher extraction” systems reduced PaCO, and respiratory rate more efficiently. The three
available RCTs did not demonstrate an effect on mortality, but a significantly longer ICU and hospital stay associated
with ECCO,R.

Conclusions ECCO,R effectively reduces PaCO, and acidosis allowing for less invasive ventilation. "Higher extraction”
systems may be more efficient to achieve this goal. However, as RCTs have not shown a mortality benefit but increase
AEs, ECCO,R’s effects on clinical outcome remain unclear. Future studies should target patient groups that may ben-
efit from ECCO,R.
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Introduction

Extracorporeal carbon dioxide removal (ECCO,R)
implies the removal of carbon dioxide (CO,) from the
blood across a gas exchange membrane without influenc-
ing oxygenation to a clinically relevant extent. ECCO,R
can be provided by heterogenous techniques, thus the
method has to be rather regarded as a therapeutic inten-
tion than as a specific technical procedure [1]. The term
ECCO,R has been proposed first during the late sev-
enties by Kolobow and Gattinoni in a study using an
arterio-venous pumpless circuit in an animal model [2].
In 1986, Gattinoni's group reported on patients suf-
fering from severe acute respiratory distress syndrome
(ARDS) undergoing ECCO,R by low-flow venovenous
(VV) extracorporeal gas exchange to enable more pro-
tective ventilator settings [3]. The revival of ECCO,R was
spurred by awareness of mechanical ventilation risks,
aiming for ultraprotective ventilation with tidal vol-
umes well below 6 mL/kg/predicted body weight. This
led to the development of devices for CO, removal, like
the arterio-venous Interventional Lung Assist (ILA®,
Novalung, Heilbronn, Germany), increasing its use in
ARDS patients [4]. Reducing ventilation invasiveness in
ARDS patients by ECCO,R has been the main therapeu-
tic target under investigation to date [5, 6]. ECCO,R is
used in hypercapnic lung failure, such as in acute exacer-
bated chronic obstructive pulmonary disease (AECOPD),
targeting intubation avoidance or weaning, and in ter-
minal fibrosis for lung transplantation (LTX) bridging,
promoting spontaneous breathing and ambulation [1,
7-9]. As effective extracorporeal elimination of CO, can
be achieved at much lower blood flow than necessary for
oxygenation, specially designed low-flow set-ups have
been developed for the purpose of ECCO,R using smaller

cannulas and membranes based either on continuous
renal replacement therapy (CRRT) or on extracorporeal
membrane oxygenation (ECMO) technology [10, 11].

The efficacy of CO, removal depends on the partial
pressure gradient at the membrane, the diffusion coeffi-
cient, the cross-sectional area of membrane lung, as well
as blood flow and sweep gas flow [10, 12-14]. CO, extrac-
tion tends to be less efficient in CRRT-based systems due
to their lower blood flow and membrane surface, unlike
ECMO-based systems with centrifugal pumps and larger
membranes. A post hoc analysis of the SUPERNOVA
trial [6] investigating the effects of ECCO,R in patients
with moderate ARDS compared the subgroups treated
with “lower extraction” and “higher extraction” systems
[15]. Although the goal of reduced tidal volumes could
be achieved in both groups, this was more frequently the
case in the “higher extraction” group.

The therapeutic goal of ECCO,R depends on indica-
tion: In ARDS, it is to enable less invasive ventilation;
in chronic obstructive pulmonary disease (COPD) or
LTX bridging, it aims to reduce ventilatory strain, pro-
moting spontaneous breathing or avoiding mechanical
ventilation.

No systematic analysis of ECCO,R's clinical effects,
varying by indication and technology, exists yet. We con-
ducted a systematic review to assess its effects on gas
exchange and respiratory settings dependent on the dif-
ferent indications and its extraction capacity (“higher”
versus “lower”).

Methods

The review protocol was registered on PROSPERO (Reg-
istration No: CRD 42020154110) on 24th January 2021.
The reporting adhered to the PRISMA guidelines [16].
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The PRISMA checklist is provided as Additional file 1:
File A.

Our objective was to examine the effect of contempo-
rary ECCO,R systems on gas exchange and respiratory
settings in critically ill adults, and in subgroups defined
by technology and indications.

Criteria for considering studies for this review

Types of studies

We included observational studies with at least a before-
after comparison and randomized controlled trials. Only
studies published after the year 2000 were considered to
focus on contemporary ECCO,R systems. Animal studies
were not included. We excluded abstracts, editorials, case
reports, and case series with fewer than 10 subjects, and
reviews. We did not impose any language restrictions.

Participant criteria

We focused on adult patients (>18 years of age) in criti-
cal or emergency care settings undergoing ECCO,R
who had respiratory failure conditions such as ARDS,
AECOPD, or were bridged to LTX. These patients could
be either on invasive or non-invasive ventilation (NIV).

Intervention types
Our primary goal was to evaluate the effects of contem-
porary extracorporeal CO, removal systems on CO,
blood levels. Systems primarily designed for oxygenation
(ECMO) were not included.

The criteria for considering studies to this review is
available in the Additional file 2: File B.

Outcome measures

We focused on six specific outcome metrics with
respect to ventilation (peak inspiratory or plateau pres-
sure, positive end-expiratory pressure (PEEP), tidal vol-
ume, respiratory rate, arterial blood CO, concentration
(PaCO,), arterial blood CO, to fraction of inspired oxy-
gen ratio (PaO,/FiO, ratio), and pH). Primary outcomes
were changes in gas exchange and ventilatory settings
within the first 24 h of ECCO,R initiation. If a study
presented results at a different time frame, we selected
the data point closest to the 24-h mark. Peak inspira-
tory or plateau pressure, tidal volume, PaCO,, and pH
were regarded as important outcomes, while respiratory
rate, PEEP, and PaO,/FiO, ratio were considered ancil-
lary outcomes. Moreover, we recorded adverse events
as reported. The overall number of devices associated
adverse events were recorded, “clinically significant”
adverse events were categorized into bleeding, throm-
botic and ischemic events as well as technical or cannula-
tion associated events, respectively. “Bleeding” comprises
events reported as “clinically significant’, “clinically
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relevant” or “major’, “thrombotic and ischemic events”
comprise membrane or pump clotting, cannula throm-
bosis, intravascular thrombosis or embolism as well as
cannulation associated limb ischemia. Air in circuit, cir-
cuit leakage, pump failure, device malfunction or cannula
breakdown were categorized as “technical or cannulation
associated” If the same patient underwent more adverse
events, all of them were counted.

For controlled trials, we assessed the duration of venti-
lation, length of stay (ICU, hospital), mortality (ICU, hos-
pital, 60-day), health-related quality of life at 6 months
after inclusion and adverse events. Carbon dioxide
extraction capacity (“higher” versus “lower”) was catego-
rized according to [15], where systems allowing blood
flows >500-600 mL/min and using gas exchange mem-
branes exceeding a surface of 0.60 m* were categorized as
“higher extractors”.

Search methods for identification of studies

We built a tailored search algorithm for each database,
using intervention-related terms for the topic “extracor-
poreal CO, removal”. The detailed search strategy is avail-
able in the Additional Information (Additional file 1: File
Q).

A medical information specialist (BW) conducted a
comprehensive electronic search from 1st January 2000
to 2nd March, 2022. Databases consulted included:
MEDLINE, EMBASE.com, Cochrane Central Register of
Controlled Trials (CENTRAL), Scopus, LILACS, Clini-
calTrials.gov and Web of Science Core Collection (SCI-
EXPANDED, SSCI, AHCI, CPCI-S, CPCI-SSH, ESCI).
We did not apply any language limitations.

Data collection and analysis

Study selection

Using Covidence software (Covidence systematic review
software, Veritas Health Innovation, Melbourne, Aus-
tralia. Available at www.covidence.org), two independ-
ent reviewers (AS, CK) scrutinized the electronic search
outcomes. The process of excluding non-relevant studies
unfolded in stages, as outlined in Fig. 1.

Initially, studies not meeting the criteria were identified
and excluded based on their titles and abstracts. Then,
reviewers (AS, CK) independently reviewed the full texts
of the remaining articles for relevance. Discrepancies in
their selections were collaboratively resolved after each
review phase.

Data extraction and management

Two reviewers (AS, CK) independently extracted data
on study design, setting, population, intervention, and
outcomes using a pre-established form. We sought the
most granular numerical data pivotal for our analyses. If


http://www.covidence.org
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Identification of studies via databases and registers

Identification

Records identified from:
Databases
Medline (910)
Central (116)
Embase (1731)
Web of Science Core
Collection (1227)
Scopus (1347)
Liliacs (20)
Registers
ClinicalTrials.gov (54)
TOTAL: 5405

!

Screening

[

]

Included

.

Records screened
(2335)

Records removed before
screening:

Duplicate records removed
(2295)

Records marked as ineligible
by automation tools (775)
Records removed for other
reasons (0)

TOTAL: 3070

A 4

Reports sought for retrieval

Records excluded by a human
(2079)

(256)
I

Reports assessed for eligibility
(256)

Reports not retrieved

v

Studies included in review
(n =49)

Reports of included studies
(n =49)

\4

Reports excluded:

No Full-text articles (108)
Wrong outcome (22)
Letter to the editor (21)
Case series (12)
Wrong intervention (10)
Study ongoing or only
registered (9)

Wrong comparator (8)
Editorial (3)

Not on ECCO2R (2)
Review (2)

Wrong indication (2)
Wrong setting (2)

Case report (2)

Wrong study design (1)
Less than 5 patients (1)
Preliminary data (1)

TOTAL: 207

Fig. 1 PRISMA flow diagram for new systematic reviews which included searches of databases and registers only
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crucial data was graphically represented, it was manually
gleaned by the same two reviewers (AS, CK) without aid
of any software. Discrepancies in data extraction were
resolved through discussion, with a third party (TS, HH
or AH) available for arbitration if required.

Assessment of risk of bias in included studies

To assess bias risk in before-after comparisons we used
the ROBINS-I tool [17] both in the intervention arm of
the randomized trials and in the non-randomized stud-
ies. Two independent reviewers (AS, CK) conducted bias
evaluation for each study. Disagreements were resolved
through discussion, with a third party (TS, HH or AH)
mediating when necessary.

Measures of treatment effect

Within and across studies we used the mean of differ-
ences (intra-individual difference) as the measure of
treatment effect. Where the studies lacked measures of
variability for these intra-individual differences (change
values) we used a range of correlation coefficients to cal-
culate the appropriate standard deviation of change val-
ues as described in the Cochrane Handbook. Across the
randomised controlled trials (RCT), we used the odds
ratio for the assessment of mortality effects, and the
mean difference between groups for effects on length of
stay and ventilation days.

Dealing with missing data

In instances of missing data, we contacted the corre-
sponding authors for information, avoiding data impu-
tation models. For isolated missing values like standard
deviations, we replaced them with the average across the
other studies. Data in the studies were presented as mean
or medians, standard deviations, ranges, interquartile
ranges, standard errors, or confidence intervals. Assum-
ing normal distribution for outcomes, we converted
medians to means and transformed interquartile ranges,
standard errors, and confidence intervals into standard
deviations using methods from the Cochrane Handbook.

Assessment of heterogeneity

We assessed clinical heterogeneity based on clinical
expert knowledge, and methodological heterogeneity by
assessing study design details. We assessed statistical het-
erogeneity by inspecting forest plots and by calculating
the I” statistics, which we interpreted in the respective
context.

Data synthesis

In the absence of relevant clinical or methodological
heterogeneity, we planned pooling the study outcomes.
Given the nature of the intervention and populations we
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assumed some degree of underlying heterogeneity, there-
fore we used random effects models as default. Meta-
analysis for primary outcomes was conducted using
Stata’s 'metan’ routine (Stata Corp, College Station, TX)
calculating pooled mean differences with 95% confidence
intervals. We calculated pooled adverse event rates with
95% confidence intervals using multilevel mixed-effects
Poisson regression. We avoided combining effects from
different study designs, such as effects from before-after
comparisons with effects from interventional parallel-
group controlled trials, but we used the before-after
effects from the intervention group from RCTs. RCTs
outcomes, including mortality, ventilator-free days,
length of stay, and adverse events were analysed using
Stata’s ‘meta’ routine. We report our estimates of binary
outcomes from RCTs as odds ratio with 95% confidence
intervals. For outcomes with a low frequency, we calcu-
lated the Peto odds ratio instead. Subgroup analyses were
pre-defined based on the underlying disease (ARDS,
COPD, bridging to LTX), and technology used (lower
versus higher extraction systems).

Sensitivity analysis

Sensitivity analyses were conducted to evaluate the influ-
ence of bias risk on key outcomes, categorizing studies
based on their ROBINS-I risk levels (low, moderate, seri-
ous, or critical).

Results

After searching the databases, 5405 articles met our
inclusion criteria for further screening (Fig. 1 and Addi-
tional file 1: File B and C). After removing duplicates and
ineligible records with electronic tools, 2,079 papers were
excluded by the screening team as irrelevant based on
title and abstract. After a full text review of 256 studies,
207 were excluded, resulting in 49 studies for inclusion.
These comprised three prospective open-label rand-
omized studies, 18 prospective observational, and 28 ret-
rospective observational studies, totalling 1,661 ECCO,R
patients. The median number of patients per study was
20 (range 7—186). Additional file 1: Table S1 summarizes
the main characteristics of the studies included. Nota-
bly, two studies reported separate cohorts for ARDS and
COPD patients undergoing ECCO,R with distinct ther-
apeutic goals [18, 19]. Since the results were reported
separately without pooling, each cohort was treated as
an individual study, leading to 51 datasets being ana-
lysed independently. Additional file 1: Table S1 marks
two such trials as (a) and (b). In Augy et al’s study [19], 70
ECCO,R patients with various indications were included,
but parameters on gas exchange and ventilation for only
ARDS and COPD patients (cohort a: n=24, cohort b:
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n=30) were analysed. Device characteristics used in
ECCO,R are detailed in Additional file 1: Table S2.

Of the six ventilation parameters of interest (plateau
pressure, PEEP, tidal volume, respiratory rate, PaCO,,
PaO,/FiO, ratio, and pH), only PaCO, could be extracted
from all studies, except for one [20]. Only 16 studies
reported on all six parameters [4, 6, 18, 21-33]. Addi-
tional file 1: Table S3 shows the parameters available for
each included study. Risk of bias assessment (Robins-I
tool) revealed 4 studies with a low risk [31, 34-36], 14
with moderate risk [6, 8, 19, 30, 33, 37—44], and 30 with
serious risk [4, 18, 21-29, 32, 45-60]. Three studies were
categorized as critical risk [61-63] (Additional file 1: Fig-
ure S1).

Overall data

Pooling all studies revealed a significant overall reduction
in PaCO, following ECCO,R initiation (Additional file 1:
Figure S2a) although in 6 out of 50 studies, no decrease
or even an increase in PaCO, was observed [6, 25, 26, 29,
31, 58]. This included five studies with the primary goal
of reducing tidal volume and concomitantly avoiding res-
piratory acidosis by ECCO,R. Tidal volume was reduced
from 6 to 4 ml/kg (predicted body weight) in four studies
[6, 25, 26, 29] and from 6.5 to 4.5 ml/kg (predicted body
weight) in one study [31]. In another study on patients
suffering from coronavirus disease 2019 (COVID-19)
ARDS with hypercapnia, ECCO,R was not able to reduce
PaCO, significantly [58]. Concomitantly with overall
decrease of PaCO,, pH increased significantly (Addi-
tional file 1: Figure S2b).

Oxygenation, expressed by PaO,/FiO, ratio, increased
significantly overall. There were 18 studies out of 37 how-
ever, which did not observe a significant increase (Addi-
tional file 1: Figure S3a). PEEP levels remained grossly
unchanged (Additional file 1: Figure S3b). Significant
reductions were seen in both plateau pressure and tidal
volume, with exception in 6/27 and 10/29 studies, respec-
tively (Additional file 1: Figures S4a and 4b). A significant
reduction of respiratory rate could be observed overall
(except for 8/30 studies) (Additional file 1: Figure S4c).

Diagnoses subgroups

Table 1 outlines diagnoses and main ECCO,R therapy
targets. Across ARDS, COPD and LTX subgroups,
PaCO, significantly decreased, and pH significantly
increased (Fig. 2a, b). PEEP levels remained unchanged
in all three subgroups (Additional file 1: Figure S5b).

ARDS

PaCO, decreased and pH increased (Fig. 2a, b) in
ARDS patients. PaO,/FiO, ratio increased significantly
(Additional file 1: Figure S5a), and plateau pressure
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and respiratory rate decreased (Fig. 3a, b). Tidal vol-
ume reduction was statistically significant only in ARDS
patients (Fig. 3c).

AECOPD

PaCO, decreased and pH increased to a statistically
significant extent (Fig. 2a, b). PaO,/FiO, ratio did not
increase to a statistically significant extent (Additional
file 1: Figure S5a) while respiratory rate decreased sig-
nificantly (Fig. 3b). Tidal volume did not change to sig-
nificant extent (Fig. 3c). Of note, only 2 studies reported
on plateau pressure in COPD patients, which did not
decrease significantly (Fig. 3a).

Bridge to LTX

PaCO, decreased and pH increased as in ARDS and
AECOPD patients (Fig. 2a, b). PaO,/FiO, ratio increased
significantly (Additional file 1: Figure S5a). Plateau pres-
sure significantly decreased (Fig. 3a), while no study
reported on significant changes in respiratory rate
(Fig. 3b). Only one study reported on plateau pressure
changes. Tidal volume did not change to significant
extent (Fig. 3¢).

Lower extraction versus higher extraction

Higher extraction ECCO,R devices were used in 22 stud-
ies and lower extraction devices in another 22, with five
studies (seven datasets) using both types (Table 1). In
both subgroups, PaCO, was significantly reduced, more
so with higher extraction devices (Fig. 4a). For ARDS
patients, the lowest PaCO, decrease was seen with lower
extraction devices (Additional file 1: Figure S6a). A sim-
ilar trend was observed in pH increase (Fig. 4b). PaO,/
FiO, ratio increased significantly in both subgroups,
while PEEP remained unchanged (Additional file 1: Fig-
ure S7a and b). However, in COPD/LTX patients, the
PaO,/FiO, ratio did not significantly increase in either
extraction subgroup (Additional file 1: Figure S8a). In
both higher and lower extraction subgroups, plateau
pressure and tidal volume decreased significantly (Addi-
tional file 1: Figure S9a and b). However, in COPD and
LTX patients, no significant reduction in plateau pressure
was observed with lower extraction devices (Additional
file 1: Figure S10a). Tidal volume reduction was signifi-
cant in ARDS patients for both extraction subgroups,
but not in COPD/LTX patients (Additional file 1: Figure
S10b). The respiratory rate significantly declined in both
extraction subgroups, notably more in the higher extrac-
tion group In ARDS patients, the use of lower extraction
devices did not lead to a significant reduction in respira-
tory rate (Additional file 1: Figure S10c).
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Table 1 Summary of studies included for analysis (for details on each study refer to Additional file 1: Table S1)

Diagnosis subgroup Patients (n) on ECCO,R Device(s) (number of studies) Type of study (number of

studies)

Primary clinical goals (number
of studies)

ARDS

Bridge to LTX

AECOPD

Mixed

1179 in 27 studies

44 in 3 studies

140 in 8 studies

298 in 12 studies

Higher extraction systems:
AV ILA® (16)

ILA Activve® (2)
Cardiohelp HLS 5.0® (2)

Lower extraction systems:
RRT+ECCO,R (2)

Prismalung® (5)
Hemolung RAS® (6)
Abylcap® (1)
EQUA-smart® (1)

Higher extraction systems:
AVILA® (3)

ILA Activve® (1)

Lower extraction systems:
Decap Smart® (1)

Higher extraction systems:
AVILA® ()

ILA Activve® ()

Cardiohelp HLS 5.0® (1)
Lower extraction systems:
Hemolung RAS® (5)
Decap Smart® (1)
Prismalung® (1)

Higher extraction systems:
AVILA® (3)

ILA Activve® (1)
Homburg Lung (1)

Lower extraction systems:
Hemolung RAS® (3)
RRT+ECCO,R (1)
ProLung® (2)

Decap Smart® (1)
Prismalung® (1)

Cohort, retrospective (11)
Cohort, prospective (11)

Randomized prospective trial
@

Cohort, retrospective (3)

Cohort, retrospective (2)
Cohort, prospective (5)

Randomized open-label pro-
spective trial (1)

Cohort, retrospective (10)
Cohort, prospective (2)

Improve gas exchange (4)

More protective ventilation/
reduction of tidal volume (10)

Improve gas exchange +more
protective ventilation (10)

Safety, effects on pH, ventilator
settings, and hemodynamics (1)

Reduction of PaCO, and ICP (1)

More protective ventilation,
facilitate weaning, avoid intuba-
tion (1)

Improve gas exchange (2)

Improve gas exchange + more
protective ventilation (1)

Avoid intubation (6)
Facilitate weaning (1)
Reduction of PaCO, (1)

Improve gas exchange (7)

Improve gas exchange +more
protective ventilation (2)

Avoid intubation (2)
More protective ventilation (3)

ECCO,R, Extracorporeal carbon dioxide removal; ARDS, acute respiratory distress syndrome; COPD, chronic obstructive pulmonary disease; AECOPD, acute
exacerbated chronic obstructive pulmonary disease; LTX, lung transplantation; RRT, Renal replacement therapy; ICP, Intracranial pressure

Effects from randomized controlled trials (RCTs)

We identified three RCTs: two with mild to moderate
ARDS patients [20, 31]. And one with AECOPD patients
on NIV [36]. The aim of the ARDS trials was to reduce
the invasiveness of ventilation to an “ultraprotective
level” in the ECCO,R arms, while standard “protective”

ventilation was used in the control arms. In the AECOPD
study, patients on NIV with high risk of failure were ran-
domized to NIV plus ECCO,R or continued NIV only.
All studies reported on mortality and length of hospi-
tal/ICU stay, but only the ARDS studies mentioned ven-
tilation duration. None assessed health-related quality of
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difierence Weight
Study n vith 85% CI (%)
ARDS
Liebold 2002 L] 70 -27.00( -29.98, 2402 1.90
Bein 2004 E 3 30 -33.10( -39.43, 2677 1.83
Bein 2006 90 2600 -30.06, 21.94) 188
Fldrchinger 2008 | | 134 3200( -35.35, -28.65) 189
Weber-Carstens 2009 — 10 -65.00( 63,11, -36.89] 096
Zimmermann 2009 | | 51 -3200( -34.29, 2071 1.91
Muller 2009, | | 96 -30.90[ -34.98, 2682 1.88
Nierhaus 2011 13 -26.00( -35.07, -16.93] 1.74
Cho 2012 - 11 -4320([ -53.73, -32.67] 1.68
Forster 2013 L 3 10 -1500( -21.23, -8.77) 183
Ried 2013 26 -24.00( -32.25, 16.75] 1.7
Allardet-Servant 2015 B n 300( -165, 765 187
Munoz-Bendix 2015 B 10 -60[ 868 -512 191
Fanelii 2016 M 15 000[ 662 662 182
Peperstraste 2017 - 10 -1800[ -27.51, -8.48] 172
Winiszewski 2018 M 15 800[-1370, -230] 184
Schmidt 2018 W20 1000 7.08 1292 1.90
Augy 2019 M 2¢ 700(-1065 -335 189
Moerer 2019 B 1 272( 505 039 191
Combes 2019 B o5 080 227, 067 192
Pestana 2020 B 3 10 -3000( -40.29, -19.71] 1.69
Consales 2020 21 -27.20( -32.32, -22.08] 1.86
Potran 2020 73 -30.80( -38.29, -2531] 1.85
Ding 2021 M 12 -600[-1368, 168 179
Akkanti 2021 20 2100 -27.02, -1498] 1.84
McNammee 2021 W18 680 583 827 192
Inal 2021 ] 26 3400 -40.31, -27.69] 1.83
Heterogeneity: ° = 235.77, I’ = 98.72%, H* = 78.14 <‘ -18.55[ -24.50, -12:61]

Test of ©,= 0 Q(26) = 2023.17. p = 0.00

COPD
Kiuge 2012 = 21 3200 -3857, -26.43] 182
Burki 2013 7 -21.00[ -25.86, -16.14] 1.86
Del Sorbo 2015 25 -25.00( -31.90, -18.10] 1.81
Braune 2016 ] 25 -31.00( -36.23, -25.77] 1.86
Seller 2017 12 -21.11[ -28.28, -13.94) 1.80
Winiszewski 2018 11 -25.50( -30.28, -20.72] 1.87
Augy 2019 30 -1650( -1881, -14.18] 1.91
Diehl 2020 12 -19.00( -22.90, -15.10] 1.88
Inal 2021 49 2400 -28.41, -1959] 187
Barrett 2022 | 18 -13.80[ -16.94, -10.66] 1.90
Heterogeneity: T* = 20.03, I* = 85.93%, H = 7.11 4 2253 -26.22, -18.83)

Testof 6, = 6: Q(9) = 64.36, p = 0.00

LTx

Fischer 2006 —— 12 -77.00( -94.09, -59.91] 1.40
Ricci 2010 - 12 -1679[ -25.20, -838) 176
Schellongowski 2015 —— 20 -5200( -72.83, -31.17] 1.24

Heterogeneity: 1* = 894.36, I’ = 93.89%, H* = 16.37
Testof 8 = B: Q(2) = 42.70, p = 0.00

-47.89 [ 82,99, -12.60]

Overall L 3
Heterogeneity: T = 234.40, I’ = 98.51%, H’ = 67.02
Testof 6 = 6; Q(39) = 2398.67, p = 0.00

2139 26,28, -16.50]

Test of group differences: Q,(2) = 3.40, p = 0.18

Rancom-effects REML model

Page 8 of 14
difference Weight
Study n with 95% CI (%)
ARDS
Bein 2006 90 0.18[ 0.16, 020] 216

Florchinger 2008
Weber-Carstens 2009

134 019 047, 021] 216
10 028[ 014, 042 1.18
51 021[ 019, 023 216

u

|

———

L

| | 9% 0.17( 015, 019 216
+

L]
L

k2

Zimmermann 2009

Muller 2009,

Nierhaus 2011 13 0.9 009, 029] 153
Cho 2012 11 024 018, 030] 1.89
Forster 2013 10 0.10[ 0.06, 0.14] 205
Ried 2013 26 0.19( 015, 023] 205

Allardet-Servant 2015
Munoz-Bendix 2015

1 006[ 000, 0.12] 1.89
10 004[ 002, 006] 216

-

L
Fanelli 2016 ‘.‘ 15 0.03[ -0.01, 007] 205
Peperstraete 2017 R 3 10 012[ 008, 0.16) 205
Winiszewski 2018 - 16 009( 005, 013 205
Schmidt 2018 . 3 20 -007[ 0.1, 003 205
Augy 2019 | 24 007[ 005, 009 216
Nentwich 2019 i 20 004[ 000, 008 205
Combes 2019 | | 95 005 003, 007] 216
Pestana 2020 E 3 10 020 016, 024] 205
Consales 2020 E 3 22 020( 016, 024] 205
Petran 2020 | | 73 047[ 015, 0.19) 216
Akkanti 2021 R 3 29 011[ 007, 015 205
McNammee 2021 | | 190 001 003, 001] 216
nal 2021 | | 2 020[ 018, 022 216
Heterogeneity: 1= 0.01, ¥ = 97.22%, H¢ = 36.00 ‘ 0.12( 009, 0.16)
Test of = 0; Q(23) = 787.46, p = 0.00
copp
Kiuge 2012 | | 21 016[ 0.14, 048] 216
Burki 2013 — 7 010[-008, 028 091
Del Sorbo 2015 | | 25 007[ 005 009 216
Braune 2016 - 25 0.16[ 012 020] 205
Seiler 2017 E 3 12 0.12[ 008, 0.16] 205
Winiszewski 2018 | | 11 043[ 041, 015 216
Augy 2019 R i 30 009[ 005, 013 205
Diehl 2020 | | 12 010( 008, 012 216
Inal 2021 | 49 045[ 013, 017] 216
Barrett 2022 | | 18 0.10[ 008, 0.12] 216
Heterogeneity: T = 0.00, ¥ = 85.18%, H = 6.75 ¢ 0.12( 010, 0.14)

Testof 0, = 0; Q(@) = 65.21, p = 0.00

LTx

Fischer 2006 —— 12 026[ 018, 034] 1.71
Ricci 2010 E 3 12 005[ 001, 009] 205
Schellongowski 2015 - 20 0.19[ 013, 025 1.89

‘ 0.16[ 0.04, 0.29]
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Random-effects REML model

Fig. 2 Change of (a) PaCO,, mmHg, and (b) pH within 24 h after initiating ECCO,R (diagnoses subgroups)

life. No significant differences in mortality or ventilator-
free days at day 28 (VFD-28), were observed between
ECCO,R and control groups, but ECCO,R groups had
longer ICU and hospital stays (Table 2).

Adverse events

All studies but three [40, 58, 62] reported on device asso-
ciated adverse events, involving 1551 patients. Overall,
the adverse event rate was 19% (95% CI 12-28). Rates
of bleeding events, thrombotic or ischaemic events, and
technical adverse events were 5%, 7% and 2%, respec-
tively (Table 3 and Additional file 1: Table S4). A num-
ber of studies reported on adverse events aside these

categories like haemolysis or thrombocytopenia, in most
cases not affecting therapy. Haemolysis was reported in
42 patients, in 38 cases associated with the Hemolung
RAS® system. Thrombocytopenia was reported in three
studies only affecting 17 patients. Lower limb ischemia
was reported in 34/658 patients leading to compart-
ment syndrome in 10 and amputation in 3 patients, all
of them associated with arterial cannulation using the
pumpless arterio-venous ILA® system. These events were
categorized as “thrombotic or ischemic” Eleven cases of
intracerebral haemorrhage were reported, categorized as
“bleeding” Among RCTs the overall adverse event rate,
bleeding and technical adverse events were significantly
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Fig. 3 Change of (a) plateau pressure, cmH,0, (b) respiratory rate, breaths/min, and (c) tidal volume, mL within 24 h after initiating ECCO,R

(diagnoses subgroups)

higher than in the intervention group compared to con-
trols (Table 2).

Risk of bias

Among the studies analysed, only 4 were categorized
as having a low risk of bias (Additional file 1: Figure
S1). Subgroup analysis based on the Robins-I category
showed minimal bias impact on the parameters studied
(Additional file 1: Figure S1la—g). Overall, before-after
studies demonstrated a robust effect on CO, removal and
related parameters.

Discussion

ECCO,R, using specifically designed devices has been in
use for about two decades, with a variety of devices intro-
duced for different clinical indications and therapeu-
tic goals. However, no systematic analysis of the effects
of ECCO,R has yet pooled data from studies across all
devices and indications.

Our main finding is that the primary goal of ECCO,R,
i.e., elimination of carbon dioxide, reduction of PaCO,,
and acidosis can be achieved irrespective of device and
indication. Devices designed for higher extraction and
those for lower extraction both produce similar effects,
though higher extraction devices do so more markedly.
In ARDS patients, higher extraction devices more effi-
ciently reduce PaCO,, tidal volume, and respiratory rate,
while in COPD/LTX patients, they more effectively lower
plateau pressure.

A retrospective subgroup analysis of data from a
prospective cohort study on ARDS patients indicated

that “ultraprotective” ventilation was more commonly
achieved using devices with higher CO, extraction
capacity [15]. “Higher extraction” is not a well-defined
term, but instead refers to ECCO,R systems with larger
gas exchange membrane surface operating at blood flows
over 600 mL/min. Additional file 1: Table S2 indicates that
“lower extraction” devices operate at blood flows below
500 mL/min and are mainly based on CRRT technology.
The Hemolung RAS system falls in between, operating
around 500 mL/min, with a relatively small membrane
surface of 0,59 m> In agreement with Combes et al. [15]
we thus categorized the Hemolung RAS system as “lower
extractor” Higher extraction systems typically oper-
ate above 800 mL/min of blood flow and utilize larger
membranes. Our results suggests that in scenarios such
as spontaneously breathing patients (e.g., in AECOPD or
during bridging to LTX to avoid mechanical ventilation)
or in individuals with a very high carbon dioxide burden,
lower extraction devices may not be adequate to achieve
therapeutic goals. Lower extraction devices are promoted
as easier to use and less invasive, yet there is no proven
reduction in side effects such as bleeding. Notably, bleed-
ing rates were high with the Hemolung RAS system [15,
31], potentially due to hemolysis induced by the centrif-
ugal pump, which appears to increase at low blood flow
rates [64].

Despite the proven beneficial effects on gas exchange
and mechanical ventilation, evidence remains debatable.
The concept of “ultraprotective” ventilation in ARDS
patients enabled by ECCO,R, although shown to reduce
biotrauma [65], has failed to improve clinical outcomes
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Fig.4 Change of (a) PaCO,, mmHg, and (b) pH within 24 h after initiating ECCO,R (lower extraction and higher extraction subgroups)

[20, 31]. In the light of more favourable evidence with
respect to VV ECMO in severe ARDS [66, 67], the role of
ECCO,R in ventilating below standard protective settings
remains questionable. When pooling the so far published
three randomized prospective trials, we could not detect
any effect on mortality (Table 2). The trials, however, are
heterogeneous: The Xtravent Study on ARDS patients
was stopped prematurely and thus underpowered but
showed at least a positive effect on duration of ventila-
tion in the subgroup with more severe ARDS [20]. The
large and well-conducted REST Trial demonstrated no
mortality benefits from ECCO,R and revealed a nega-
tive impact on ventilation duration [31]. Adverse events

related to ECCO,R were frequently recorded. The third
RCT involved a small cohort of eighteen spontane-
ously breathing patients with AECOPD undergoing NIV
with a high risk of failure. ECCO,R improved physi-
ological parameters and reduced the duration of NIV.
However, no mortality benefits were observed. Despite
varied ECCO,R indications and study designs, all studies
reported on a longer hospital stay in ECCO,R patients,
a finding that became significant upon data pooling
(Table 2). This increased hospitalization may stem from
different clinical management of ECCO,R patients in
open-label studies [36], and a higher incidence of adverse
events such as bleeding [31].
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Table 2 Randomized controlled trials

Page 11 of 14

Trial Bein 2013 McNamee 2021 Barrett 2022 Pooled effect size
[95% confidence interval]
Patients (n) ECCO,R=40 ECCO,R=200 ECCO,R=9
Control=39 Control=205 Control=9
Diagnosis/Indication ARDS ARDS AECOPD
Mortality Hospital: 17.5% versus 15.4%;  90-day: 41.5% versus 39.5%:  Hospital: 34% versus 11%; OR0.89[0.62, 1.29]
p=1.000 p=068 p=058
Length of stay ICU: ICU: ICU: Days at ICU: 3.78 [0.40, 7.17]
(days) 31.3+23 versus 229+11; 14 (7 to 26) versus 13 (7 6.7 (5.5-7.3) versus 1.9 Days in Hospital: 4.82 [2.33,
p=0.144 t022); p=067 (1.7-2.2) h; p=0.001 7.32]

Ventilator free days (VFD)

Quality of Life at 6 months

Adverse events (PetoOR
[95% confidence interval])

any AE
Bleeding
Thrombosis
Technical

Hospital: 46.7 +33 ver-
sus35.1+£17; p=0.113

VFD 28:
10.0+£8 versus 9.3+9;
p=0.779

Not reported

Not reported
Not reported
Not reported
Not reported

Hospital: 22 (8 to 39) ver-
sus 18 (9to 35); p=0.65

VFD 28:
7.1 (8.8) versus 9.2 (9.3);
p=0.02

Not reported

11.18 [4.67, 26.76]
5.58[2.93,10.63]
4.01 [0.80, 20.09]
8.01[2.14,29.96]

Hospital: 10 (9.2-14.0) ver-
sus 5.2 (4.3-8.9); p=0.014

Not reported

Not reported

15.55[0.70, 346]
9.65[0.87,107]
Not reported
7.391[0.15,372]

VFD-28:—1.21 [-3.77,1.35]

PetoOR

1146 [4.95, 26.54]
5.79[3.11,10.78]
4.01[0.80, 20.09]
7.94[227,27.74]

Overall, the reported adverse events rate was as high
as 19%. This number has to be regarded with caution as
adverse events were defined heterogeneously and often
assessed from retrospective studies. Severity of adverse
events was not categorized according to standard criteria
in most studies. The reported adverse events rate ranged
between zero to 77%, pointing towards a considerable
heterogeneity between studies concerning definition
and documentation of adverse events. Our data how-
ever underline that ECCO,R can lead to severe adverse
events, many of them coagulation associated like major
bleeding or thrombotic events. While for bleeding, we
detected no major difference between higher and lower
extraction systems, rate of thrombotic or ischemic events
occurred more often in patients treated by higher extrac-
tions systems. It has to be taken into account however,
that a part of the ischemic events were specifically due to
arterial cannulation using a pumpless system. The only
large, prospective, randomized trial assessing outcome
and complications in 412 patients with acute hypox-
emic respiratory failure [31] found no mortality ben-
efit, and a high rate of serious adverse events associated
with ECCO,R. These results indicate that ECCO,R is
not appropriate for broad clinical adoption in ARDS and
should be used with extreme caution, most likely in the
setting of rigorously designed research protocols.

It seems that hypercapnic lung failure represents a
more rewarding indication for ECCO,R, which has
been shown to be a useful tool to prevent mechanical

ventilation in patients suffering from AECOPD and fail-
ure of NIV [34, 35, 41], as well as a therapeutic option to
bridge patients with terminal hypercapnic lung failure to
LTX [8, 9]. ECCO,R has also been reported as success-
ful therapy in refractory status asthmaticus. Only case
reports on the use of low-flow ECCO,R systems have
been published so far. There are however retrospective
studies on the use of ECMO [68-70]. VV ECMO with
the primary goal of treating hypercapnia has been shown
to be a very successful option for refractory asthma [70].
As high-flow extracorporeal gas exchange systems were
not within the scope of our review and ECMO settings
were not reported in most of these studies, we chose to
exclude this indication from our analysis. Our findings
however suggest that in hypercapnic patients suffering
from AECOPD or during bridging to LTX, higher extrac-
tion devices may be superior regarding their effects on
plateau pressure and especially the more pronounced
effect on respiratory rate, which could contribute to a
reduction of overinflation in patients with obstructive
lung diseases. Again, high-quality evidence supporting
the effectiveness of ECCO,R in treating hypercapnic lung
failure remains lacking, thus classifying it as experimen-
tal therapy.

Our findings are subject to several limitations. First,
the therapeutic goals of ECCO,R throughout the tri-
als included were heterogeneous: Some studies included
hypercapnic patients with the goal to reduce acido-
sis, while others set out to reduce tidal volume and
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ventilation pressures enabled by ECCO,R. Studies on
AECOPD and/or bridging to LTX aimed for avoid-
ing mechanical ventilation or assisting weaning. As one
might expect, the effect on CO, levels was more pro-
nounced in studies including hypercapnic patients.
Interestingly though, when pooling all available data, the
effects were quite homogenously directed in the same
direction. Moreover, not all studies reported on all data
(Additional file 1: Table S3). In spontaneously breath-
ing patients, ventilatory settings were not reported and
changes in respiratory rate were either dependent on the
patients themselves (if breathing spontaneously) or on
the ventilation protocol applied. Second, we found a con-
siderable risk of bias in most of the studies included in
our work. Only four studies were categorized as yielding
a low risk of bias. When analysing the data according to
risk of bias category, however, results were quite uniform
in each category.

In summary, we found a robust effect of ECCO,R on
CO, removal and related parameters. Data from three
RCTs, however, did not indicate a significant mortality
benefit. Additionally, ECCO,R was associated with a high
rate of serious adverse events. Based on existing evidence,
ECCO,R cannot be recommended for ARDS outside of
clinical trials. While it may show greater effectiveness in
hypercapnic lung failure, it remains experimental.
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