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Abstract 

Background: Patients presenting with acute hypercapnic respiratory failure due to exacerbations of chronic obstruc-
tive pulmonary disease (AECOPD) are typically managed with non-invasive ventilation (NIV). The impact of low-flow 
extracorporeal carbon dioxide removal  (ECCO2R) on outcome in these patients has not been explored in randomised 
trials.

Methods: Open-label randomised trial comparing NIV (NIV arm) with  ECCO2R  (ECCO2R arm) in patients with AECOPD 
at high risk of NIV failure (pH < 7.30 after ≥ 1 h of NIV). The primary endpoint was time to cessation of NIV. Secondary 
outcomes included device tolerance and complications, changes in arterial blood gases, hospital survival.

Results: Eighteen patients (median age 67.5, IQR (61.5–71) years; median GOLD stage 3 were enrolled (nine in each 
arm). Time to NIV discontinuation was shorter with  ECCO2R (7:00 (6:18–8:30) vs 24:30 (18:15–49:45) h, p = 0.004). 
Arterial pH was higher with  ECCO2R at 4 h post-randomisation (7.35 (7.31–7.37) vs 7.25 (7.21–7.26), p < 0.001). Par-
tial pressure of arterial  CO2  (PaCO2) was significantly lower with  ECCO2R at 4 h (6.8 (6.2–7.15) vs 8.3 (7.74–9.3) kPa; 
p = 0.024). Dyspnoea and comfort both rapidly improved with commencement of  ECCO2R. There were no severe or 
life-threatening complications in the study population. There were no episodes of major bleeding or red blood cell 
transfusion in either group. ICU and hospital length of stay were longer with  ECCO2R, and there was no difference in 
90-day mortality or functional outcomes at follow-up.

Interpretation: There is evidence of benefit associated with  ECCO2R with time to improvement in respiratory acido-
sis, in respiratory physiology and an immediate improvement in patient comfort and dyspnoea with commencement 
of  ECCO2R. In addition, there was minimal clinically significant adverse events associated with  ECCO2R use in patients 
with AECOPD at risk of failing or not tolerating NIV. However, the ICU and hospital lengths of stay were longer in the 
 ECCO2R for similar outcomes.
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Background
Chronic obstructive pulmonary disease (COPD) is 
characterized by progressive and not fully revers-
ible expiratory airflow limitation with intermittent acute 
exacerbations (AECOPD) complicated by hypercapnic 
respiratory failure (arterial partial pressure of carbon 
dioxide  (PaCO2) > 6.5  kPa (49  mmHg) and pH < 7.35) 
[1]. In these patients, non-invasive ventilation (NIV) 
decreases the rate of tracheal intubation [2] and provides 
a significant survival benefit [2]. However, 15–30% of 
patients on NIV experience treatment failure and receive 
invasive mechanical ventilation (IMV) [3]. Reasons for 
NIV treatment failure include device or mask intoler-
ance, discomfort, or unresolving respiratory acidosis, 
tachypnoea and respiratory distress [4–6]. These patients 
are at significantly higher risk of death [7].

Extracorporeal carbon dioxide removal  (ECCO2R) 
pumps venous blood through an extracorporeal cir-
cuit with a gas exchanging membrane to clear  CO2 [8, 
9].  ECCO2R has been shown to have physiological ben-
efits in pre-clinical trials [10] and uncontrolled case 
series in AECOPD [11–13]. To date, there have been no 
randomised controlled trials on the role of  ECCO2R in 
AECOPD. There are 6 further trials currently registered 
with clinicaltrials.gov [14].

The hypothesis for this trial is that  ECCO2R results in 
faster correction of hypercapnia and earlier cessation 
of NIV, by at least 12 h. Time to cessation of NIV is an 
important outcome as longer duration of NIV is associ-
ated with greater complications and discomfort—both 
independent predictors of NIV failure [5, 6].

Methods
This study was a randomised, open-label, parallel-arm 
trial comparing standard therapy using NIV (NIV arm) 
with  ECCO2R added to NIV  (ECCO2R arm) in adults 
with AECOPD. Patients were included if they were 
over 18  years of age, had a history of COPD present-
ing with AECOPD and with a persisting pH < 7.30 due 
to hypercapnia after initial medical therapy and at least 
1 h of NIV. Patients were randomised following written 
informed consent by the patient or nominated legal rep-
resentative. Randomisation was computer-generated and 
allocation was concealed in opaque, sealed envelopes. 
Patients were excluded if they had acute multiple organ 

failure, intolerance, allergy or contraindication to heparin 
or a contraindication to NIV.

Patients were randomised to continuation of NIV 
alone or to the addition of  ECCO2R to NIV. The full trial 
methodology has been published [15] (Additional file 1: 
Appendix S1 and Additional file 2: Figure S1). NIV was 
delivered using an ICU ventilator in NIV mode (Drae-
ger V500, Germany) with a mask specifically designed 
for dual limb ventilators (Freemotion, Fisher and Paykel, 
New Zealand).  ECCO2R was delivered using the Hemol-
ung Respiratory Assist System (ALung Technologies, 
USA). The device has a cross-sectional membrane area 
of 0.59m2 and has an extracorporeal blood flow between 
300 and 500 mL/min. Cannulation was with a dual lumen 
cannula inserted in either femoral or jugular veins using 
previously published methods [11]. Membrane  VCO2 
reported by the device was recorded. This has been previ-
ously shown to be consistent with that calculated using 
trans-membrane blood gases [16].  ECCO2R and heparin 
were managed in accordance with agreed institutional 
protocols (Additional file 1: Appendix S1).  ECCO2R was 
weaned as the respiratory failure improved, with a goal 
of maintaining a respiratory rate of 25 or less and a pH 
7.35–7.45. Once the sweep gas flow was reduced to 1L/
minute for at least 4 h, the sweep gas was discontinued 
for 4–12 h. If there were no signs of respiratory failure at 
this point then the  ECCO2R device was stopped and the 
cannula removed.

The primary outcome was time to discontinuation of 
NIV. Time to cessation of NIV was based on a combina-
tion of patient preference and physiological indicators—
improvement in respiratory rate to less than 25 and pH 
more than 7.35. Short breaks for meals or patient com-
fort were allowed and did not count as discontinuing 
NIV. It was estimated that the addition of  ECCO2R would 
reduce NIV duration by at least 12 h. When patients in 
the NIV arm had ceased NIV they were transferred to the 
ward the same day. The estimated sample size—1:1 enrol-
ment ratio—was 12 patients in each arm. This would 
achieve 80% power to reject the null hypothesis of equal 
means when the population mean difference is 12 h with 
a standard deviation of 10 h with alpha level of 5% and a 
loss to follow-up of 10%. The trial was ceased early due 
to the onset of the SARS-2 Coronavirus pandemic result-
ing in all non-COVID-19-related research being ceased 
in the UK.

Trial registration The trial is prospectively registered on ClinicalTrials.gov: NCT02086084. Registered on 13th March 
2014, https:// clini caltr ials. gov/ ct2/ show/ NCT02 086084? cond= ecco2 r& draw= 2& rank=8

Keywords: Acute exacerbations of chronic obstructive pulmonary disease, AECOPD, Extracorporeal  CO2 removal, 
ECCO2R, Non-invasive ventilation, NIV
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Secondary outcomes included physiological measure-
ments, ICU and hospital length of stay (LOS) and out-
comes (90-day mortality). Adverse outcomes included 
incidence of major haemorrhage (according to the ISTH 
bleeding score [17]), thrombosis, haemolysis, mechani-
cal complications and need for IMV. Subjective discom-
fort and dyspnoea were measured using a visual analogue 
scale (VAS) (0–100 mm). A higher score indicates greater 
subjective discomfort or dyspnoea. Quality-of-life meas-
urements, including the COPD assessment test (CAT) 
[18], the St George’s respiratory questionnaire (SGRQ) 
[19] and the EuroQuol-5D–5L [20] were administered at 
the 90-day follow-up visit. Recruitment was ceased by the 
investigators due to slow recruitment and with the onset 
of the SARS-CoV-2 pandemic leading to the cessation of 
all non-COVID research in critical care in the NHS.

Ethical approval
The trial protocol was approved by the Cambridge NHS 
Human Research Authority Research Ethics Committee 
(14/EE/0109).

Statistics
Statistical analysis was performed using Prism 9.1.1 for 
Mac (GraphPad, San Diego, USA). All data is presented 
as median (inter-quartile range). Data was tested for nor-
mal distribution using a Kolmogorov–Smirnov test and 
presented as median (inter-quartile range). Inter-group 
differences with continuous unpaired, non-parametric 
data were compared using a Mann–Whitney U test. 
Inter-group differences with discrete paired, non-para-
metric data were compared using a Wilcoxon matched 
pairs signed rank test. Intra-group differences over time 
with continuous, parametric data were compared using 
a one-way ANOVA with Dunnett’s correction for post-
hoc comparisons. Intra-group differences over time with 
continuous non-parametric data were compared using 
Friedman’s test with Dunnett’s correction for post-hoc 
comparisons. Categorical data were compared using a 
Chi-squared analysis. Survival was analysed using a log-
rank test. Statistical significance was defined as p < 0.05.

Results
Baseline characteristics
Between December 2017 and March 2020, 261 poten-
tially eligible patients were screened, 32 patients met 
inclusion criteria, 18 consented and were randomised 
(Fig. 1). Nine were randomised to each group (Table 1). 
All patients had severe COPD (median GOLD stage 3 
in both groups), but no patients were receiving chronic 
domiciliary ventilation. Two were lost to follow-up, one 
from each group, and were considered alive for the anal-
ysis (data from the UK NHS database). Patients in both 

groups were comparable although baseline respiratory 
rate was higher with  ECCO2R (24 [20–28] vs 29 [26–32] 
breaths/min, p < 0.05), haemoglobin was higher with 
 ECCO2R (130 (120–136) vs 151(143–157) g/L p < 0.05), 
as was c-reactive protein (13 (3.5–16) vs 32 (30–51) 
mg/L, p < 0.05).

ECCO2R
All patients were cannulated via the femoral vein by 
patient choice as they preferred to not lie flat for jugular 
insertion. Blood and sweep flow rates were all within the 
operating range of the device (Additional file 3: Table S6). 
 ECCO2R was ceased after a median (IQR) of 96 (60–138) 
h following successful weaning for all patients.  CO2 
clearance through the membrane lung  (VCO2ML) was 
a median of 88 (83–104) mL/min in the first hour and 
was maintained during the first 48  h (Additional file  3: 
Table S6).

Physiological changes post‑randomisation
Levels of respiratory support did not differ between 
groups (Additional file 3: Table S1). The respiratory rate 
was higher with  ECCO2R compared with NIV at base-
line and 12 h post randomisation (22(20–24) vs 17 (15–
19) breaths/min, p = 0.038) (Fig.  2a, Additional file  3: 
Table  S1). There was no significant difference in res-
piratory rate over the first 48 h with NIV (Fig. 2a, Addi-
tional file 3: Table S1). There was, however, a significant 
reduction in respiratory rate with  ECCO2R compared to 
baseline at four (22 (20–25) vs 29 (26–32) breaths/min, 
p = 0.039), eight (20 (20–22) vs 29 (26–32) breaths/min, 
p = 0.015), twelve (22 (20–24) vs 29 (26–32) breaths/min, 
p = 0.015), 24 (21 (20–23) vs 29 (26–32) breaths/min, 
p = 0.039) and 48  h (17 (16–23) vs 29 (26–32) breaths/
min, p = 0.015).

Arterial pH was not significantly different between the 
two groups (Fig.  2b, Additional file  3: Table  S1). With 
 ECCO2R, the arterial pH in was significantly higher 
than baseline at each timepoint for the first 48 h (Fig. 2b, 
Additional file 3: Table S1). With NIV, the arterial pH was 
significantly higher than baseline at 8 h (7.32 (7.28–7.33) 
vs 7.27 (7.21–7.27), p = 0.022) and remained significantly 
higher at 12 and 24 h (Fig. 2b).

Partial pressure of arterial  CO2  (PaCO2) was signifi-
cantly lower with  ECCO2R compared with NIV at 4 h 
(6.8 (6.2–7.15) vs 8.3 (7.74–9.3) kPa; p = 0.024) following 
randomisation (Fig. 2c). With  ECCO2R, the arterial  CO2 
was significantly lower than baseline at each timepoint 
for the first 48 h. With NIV, the arterial  CO2 was not sta-
tistically different to baseline at any timepoint in the first 
48 h.
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Time on NIV
Four patients in the NIV arm ceased NIV against the 
treating clinician’s advice. Median time from randomi-
sation to cannulation and commencing  ECCO2R was 
2:27 (1:22–2:50) h (Table  2). Time from randomisation 
to pH > 7.35 was significantly lower with  ECCO2R (5:32 
(3:39–11:48) vs 23:58 (22:48–26:55) h, p = 0.024). Time 
to NIV discontinuation was significantly shorter with 
 ECCO2R (7:00 (6:18–8:30) vs 24:30 (18:15–49:45) h, 
p = 0.004) (Table 2, Fig. 3a).

Subjective discomfort and dyspnoea
ECCO2R resulted in a rapid and significant reduction in 
VAS for discomfort (84 (78–87) vs 13 (4–65), p = 0.0156) 
and dyspnoea (85 (80–87) vs 20 (7–52), p < 0.01). There 
were no significant differences between  ECCO2R and 
NIV in either dyspnoea or discomfort at any timepoint. 

The discomfort and dyspnoea scores did not change 
between days 1 and 2 for NIV or  ECCO2R (Fig. 4, Addi-
tional file 3: Table S2).

Biochemistry and haematology data
Haematological, biochemical and coagulation param-
eters over the first 2 days are described (Additional file 3: 
Table S3). Serum bilirubin levels were significantly higher 
with  ECCO2R compared with NIV at day 2 (14 (10–22) 
vs 5 (4.5–7.5) umol/L; p = 0.013). The platelet count was 
lower with  ECCO2R compared with NIV at day 2 (96 
(73–124) vs 225 (169–244) ×  109/L; p = 0.044) and base-
line (96 (73–124) vs 204 (163–308) ×  109/L, p = 0.0001). 
Fibrinogen remained significantly higher with  ECCO2R 
compared with NIV at baseline (4.3 (4.1–5) vs 2.2 (1.5–
2.3) g/L, p < 0.001), days 1 and 2. APTTr was significantly 

CONSORT Flow Diagram 

Excluded (n=243) 
• pH > 7.30 (n=129) 
• NIV not required (n=45) 
• Required intubation (n=29) 
• Declined to participate (n=14) 
• On domiciliary NIV (n=14) 
• Palliative care (n=10) 
• Metabolic acidosis (2) 

Analysed (n=9)

Lost to follow-up (uncontactable) (n=1) 

Discontinued NIV (intolerance) (n=4) 

Allocated to NIV alone (n=9) 
• Received NIV (n=9)
• Work of breathing measurements (EIT, n=8; 

Oesophageal pressure, n=4; EMG, n=5)

Lost to follow-up (uncontactable) (n=1) 

Discontinued ECCO2R (n=0) 

Allocated to ECCO2R (n=9) 
• Received ECCO2R (n=9)
• Work of breathing measurements (EIT, 

n=7; Oesophageal pressure, n=5; EMG, 
n=7)

Analysed (n=9)

Assessed for eligibility (n=261) 

Alloca�on

Analysis

Follow-Up

Randomized (n=18) 

Enrollment 

Fig. 1 Consort diagram
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higher with  ECCO2R, who were on a heparin infusion at 
day 2 (1 (1–1.1) vs 1.6 (1.4–2.7), p = 0.0013).

Complications
There were no severe or life-threatening complica-
tions in either group. The number of complications 
related to NIV was higher than  ECCO2R (Additional 
file  3: Table  S4). The majority of NIV-related complica-
tions were due to discomfort. Four patients stopped NIV 
due to discomfort, no patients stopped  ECCO2R. There 

were no patient complications related to cannulation for 
 ECCO2R. There was one  ECCO2R cannula which throm-
bosed prior to commencement of  ECCO2R and was 
changed without adverse incident. There was no major 
bleeding in either group. No patient required red blood 
cell transfusion. One patient with  ECCO2R received a 
pool of platelets. No patient in either group underwent 
IMV, while they were on therapy. One patient who had 
received  ECCO2R required IMV later in the hospital stay 
due to development of a hospital acquired pneumonia.

Table 1 Demographic data

All data is presented as median (IQR) .* p < 0.05

NIV ECCO2R

Demographic data

 Age (years) 69 (61–71) 65 (63–71)

 BMI 22.19 (21.72–30.9) 24.67 (23.78–26.99)

 Sex (F) 3 5

 FEV1 (L) 0.84 (0.59–1.1) 0.97 (0.7–1.32)

 FEV1 (% predicted) (%) 38 (21–45) 39.8 (39–46)

 FVC (L) 2.3 (1.34–2.6) 2.6 (1.7–3.3)

 FVC (% predicted) (%) 63 (33–105) 82 (63–92)

 FEV1/FVC 48 (32–49) 44 (37–48)

 GOLD stage 3 (3–4) 3 (3–3)

 Pack years smoked 40 (20–60) 40 (39–45)

Baseline observations

 Systolic blood pressure (mmHg) 120 (105–144) 130 (112–139)

 Respiratory rate (breaths/min) 24 (20–28) 29 (26–32)* ( p = 0.0371)

  SpO2 (%) 91 (90–92) 91 (87–93)

 Heart rate (beats/min) 100 (86–113) 109 (100–116)

Presenting arterial blood gas

  PaO2 (kPa) 8.67 (8.63–10.57) 7.33 (7.1–8.55)

  PaCO2 (kPa) 9.18 (8.94–10.31) 9.75 (8.14–9.78)

 pH 7.23 (7.23–7.27) 7.26 (7.25–7.28)

  HCO3 (mmol/L) 31 (28.2–31.4) 29.5 (28.88–30.64)

Initial NIV settings

 EPAP  (cmH2O) 5 (5–5) 6 (5–6)

 IPAP  (cmH2O) 18 (15–22) 18 (16–20)

  FiO2 (%) 32 (26–40) 35 (28–40)

Arterial blood gas after 1 h NIV

  PaO2 (kPa) 8.37 (8.05–8.83) 8.89 (7.9–9.41)

  PaCO2 (kPa) 9.16 (8.23–10.02) 9.34 (8.49–9.65)

 pH 7.27 (7.24–7.27) 7.27 (7.25–7.27)

  HCO3 (mmol/L) 29.1 (26.7–30.8) 27.9 (27.7–30.52)

Baseline laboratory investigations

 Leukocytes (×  109/L) 8.9 (6.8–10.4) 9.1 (8.3–11.8)

 Haemoglobin (g/L) 130 (120–136) 151 (143–157)* ( p = 0.0411)

 Platelets (×  109/L) 251 (172–288) 204 (163–308)

 Creatinine (umol/L) 99 (57–136) 77 (69–80)

 Bilirubin (umol/L) 6 (4–6) 7 (5.5–12)

 C-reactive protein (mg/L) 13 (3.5–16) 32 (30–51)* ( p = 0.0199)
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Length of stay
The ICU and hospital LOS were significantly longer with 
 ECCO2R than NIV (161:45 (132:27–174:50) vs 45:49 
(40:22–53:00) h, p = 0.001 and 240:00 (219:52–337:31) vs 
124:00 (103:38–213:15) h, p = 0.014).

90‑day survival and symptoms at follow‑up
Survival with  ECCO2R was 6/9 (ICU), 6/9 (hospital) 
and 5/9 at 90-day follow-up. Survival with NIV was 9/9 

(ICU), 8/9 (hospital) and 7/9 at 90-day follow-up. There 
was no difference in survival between NIV and  ECCO2R 
at any timepoint out to 90 days (Fig. 3b, Additional file 3: 
Table S5).

The CAT (NIV: 22.5 (19.3–27.3),  ECCO2R 26 (20–28)) 
and SGRQ (NIV: 71 (49.7–77.5),  ECCO2R: 55.3 (54.3–
64.9)) were similar at follow-up. EuroQoL 5D–5L VAS 
was no different (NIV: 37.5 (21.25–50),  ECCO2R: 45 
(36.25–55)).

Discussion
The data shows that in patients with hypercapnic respira-
tory failure due to AECOPD, addition of  ECCO2R to NIV 
leads to faster resolution of hypercapnia and tachypnoea, 
a significant improvement in dyspnoea and discomfort 
and earlier NIV discontinuation. The study demonstrates 
that  ECCO2R is safe, feasible and could be commenced 
within 2 h of randomisation. ICU and hospital LOS were 
both significantly longer with  ECCO2R.

This study has demonstrated an earlier normalisa-
tion of arterial pH with  ECCO2R compared with NIV by 
more than 18 h. Given that four patients in the NIV arm 
withdrew from NIV against treating clinician’s advice, it 
is possible that this is an underestimate. The improve-
ment in respiratory acidosis is consistent with results 
from observational studies exploring  ECCO2R [11–13, 
21]. In this study we report that  ECCO2R led to a signifi-
cant reduction in respiratory rate with at 8 h, while there 
was no reduction in respiratory rate with NIV over the 
first 48 h. Other studies have demonstrated a reduction 
in respiratory rate associated with  ECCO2R between 1 
and 24 h after commencement [11, 21]. Despite randomi-
sation there was a difference in baseline respiratory rate 
between the two groups and it is possible that this con-
tributed to the apparent improvement in respiratory rate 
in the first few hours after commencing  ECCO2R.

Fig. 2 Respiratory rate, arterial pH and  PaCO2 over the first 48 h. 
a: Respiratory rate over the first 48 h (* statistically significant 
difference between the NIV and  ECCO2R groups (p < 0.05); ^ 
statistically significant difference over time in the  ECCO2R group 
compared with baseline (time 0) (p < 0.05)); b: Arterial pH over 
the first 48 h (* statistically significant difference between the NIV 
and  ECCO2R groups (p < 0.05); ^ statistically significant difference 
over time in the  ECCO2R group compared with baseline (time 0) 
(p < 0.05); # statistically significant difference over time in the NIV 
group compared with baseline (time 0) (p < 0.05)); c:  PaCO2 over the 
first 48 h (* statistically significant difference between the NIV and 
 ECCO2R groups (p < 0.05); ^ statistically significant difference over 
time in the  ECCO2R group compared with baseline (time 0) (p < 0.05); 
# statistically significant difference over time in the NIV group 
compared with baseline (time 0) (p < 0.05))
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The optimal blood flow rate for provision of  ECCO2R is 
currently a subject of significant debate, with physiologi-
cal evidence clearly demonstrating that higher blood flow 
rates are associated with greater  CO2 clearance with a 
maximum sweep flow to blood flow ratio (i.e., membrane 

ventilation:perfusion) of 10:1 [16, 22–26]. In the pre-
sent study, the blood flow was a median of 400 mL/min 
and the improvement in respiratory rate and acidosis 
suggests that in AECOPD in spontaneously breathing 
patients, removing  CO2 at an average rate of ~ 90  mL/
minute (roughly equivalent 30–40% of the theoretical 
total  CO2 production of ~ 3 mL/kg/minute) was clinically 
meaningful.

Adverse consequences of NIV included significant dis-
comfort (13/18 (72.2%) patients), consistent with other 
reports [4, 27]. This contributed to the withdrawal of NIV 
in 4/9 (44.4%) of the NIV group despite having persist-
ing respiratory acidosis. By comparison, no patients with 
 ECCO2R requested withdrawal of treatment and only 
one patient reported discomfort associated with the can-
nula insertion site.

ECCO2R was associated with significant and sustained 
improvements in dyspnoea and discomfort (Fig.  4) as 
measured by the VAS [28]. Dyspnoea is a complex symp-
tom which is incompletely understood but likely relates 
to the neurological impact of hypoxia and hypercapnia 
within the brainstem as well as respiratory muscle activ-
ity [29]. Given the relationship between hypercapnia 
and dyspnoea, it is plausible that this resulted from the 
impact of  ECCO2R on arterial  CO2 and pH.

In keeping with other studies, adverse consequences of 
 ECCO2R included development of hyperbilirubinaemia 
and thrombocytopaenia at day 2 [11–13, 30]. Thrombo-
cytopaenia is commonly associated with pumped extra-
corporeal circuits [31]. The underlying mechanisms are 
incompletely understood, but may relate to platelet dam-
age as blood transits the pump [31]. Hyperbilirubinaemia 
is thought to be due to red cell injury and the increase 
in free haemoglobin supports this [31]. Blood trauma 

Table 2 Time to event following randomisation

Mean (± SD) time is presented in the format hours:minutes (*p < 0.05)

NIV ECCO2R

First time pH > 7.35 15:22 (± 12:11) 10:57 (± 14:00)

NIV duration 37:28 (± 35:53) 7:15 (± 2:17)*

ECCO2R duration 100:05 (± 53:48)

First sat out of bed 21:53 (± 24:46) 63:06 (± 53:09)

First stand with assistance 33:40 (± 39:08) 59:46 (± 51:16)

First walk with assistance 44:27 (± 57:37) 91:08 (± 77:58)

First oral intake 31:19 (± 40:37) 24:38 (± 19:07)

ICU discharge 59:58 (± 37:54) 177:42 (± 87:10)*

Hospital discharge 160:16 (± 85:05) 276:04 (± 88:27)*

Fig. 3. a Probability of remaining on NIV over time; b probability of 
survival to 90 days

Fig. 4 Change in dyspnoea and discomfort according to the visual 
analogue scale where 0 is least dyspnoeic/uncomfortable and 100 
is most dyspnoeic/uncomfortable (§ p<0.05 difference between 
measurement and baseline within in the ECCO2R group)
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has been linked to blood flow rates of 1L/minute or less 
blood flow rates, pump revolutions per minute over 3000 
and negative pressures, all of which are limitations of the 
technique [32, 33]. Fibrinogen levels were significantly 
elevated with  ECCO2R. Both hypo- and hyperfibrinoge-
naemia have been reported in patients requiring extra-
corporeal support and mechanisms are incompletely 
understood [30, 34]. Despite changes in platelets and 
fibrinogen and evidence of haemolysis there were no epi-
sodes of significant bleeding or thrombosis with  ECCO2R 
and no need for blood transfusion. Other studies have 
shown a significant risk of bleeding with  ECCO2R [21], 
possibly due to endothelial dysfunction contributed to by 
both the underlying disease and the circuit [35]. Other 
complications relating to  ECCO2R included minor site 
bleeding, circuit/cannula thrombosis and one device fail-
ure and these plus the need for anticoagulation remain a 
limitation of the technique [30].

There is benefit for early rehabilitation in critical illness 
[1, 36]. It is, therefore, a little concerning that although 
the time to rehabilitation was did not reach statistical 
significance, it was numerically longer. This may be due 
to the route of cannulation and familiarity with mobiliza-
tion with femoral cannulation. The importance of reha-
bilitation should be considered in future trials.

ICU and hospital lengths of stay were both 4–5  days 
longer with  ECCO2R than with NIV. This was due to a 
longer ICU LOS—time from ICU discharge to home 
discharge was equal in both groups. This compares with 
other retrospective work which has found that the ICU 
LOS was shorter with  ECCO2R compared with inva-
sive mechanical ventilation [37]. The longer ICU stay is 
contributed by the differences in the protocolised care 
between the techniques. With NIV, nurse-led wean-
ing occurred 24/7, based around arterial blood gases, 
respiratory rate and patient preference. Patients were 
discharged to the ward during daytime if they had been 
off NIV overnight. In addition, patients who consist-
ently declined NIV (4/9) were discharged to a ward bed 
regardless of pH and this will have contributed to the 
lower ICU length of stay in the NIV arm. The protocol for 
patients receiving  ECCO2R did not allow weaning over-
night. There was a median of 8 h [7–24] from cessation of 
 ECCO2R to decannulation and unit protocols required a 
further overnight stay for observation. ICU, hospital and 
90-day mortality were not significantly different between 
groups; however, the study was not powered to detect a 
mortality difference. All in-hospital deaths were due to 
the underlying disease. Results of the CAT, SGRQ and 
EuroQoL 5D–5L index were not significantly different 
between groups and indicate that patients in both groups 
had significantly impaired health-related quality of life at 
follow-up [38].

This study is limited by the small sample size of only 
nine in each group, 3 patients short of the planned enrol-
ment in each group. Despite this the primary end point 
of a reduction in time to cessation of NIV of at least 12 h 
was met. Despite randomisation there were baseline dif-
ferences between groups, notably a higher respiratory 
rate, haemoglobin and C-reactive protein with  ECCO2R. 
The withdrawal from NIV by four patients in the NIV 
arm led to an earlier reduction in NIV than would have 
been advised by the treating clinical team and resulted 
in earlier than expected discharge of patients from ICU 
at this point. These differences could have contributed 
to the study results and there could have been further, 
unmeasured differences between groups. It is possi-
ble that the higher respiratory rate at baseline led to the 
apparent improvement in the  ECCO2R group. The small 
size limits the interpretation of the adverse consequences 
of  ECCO2R as less common adverse consequences would 
not have been detected. Only one device was used with 
a 400 mL blood flow and consequently we cannot com-
ment whether this is the optimal blood flow for manage-
ment of patients with AECOPD.

The study’s strengths are that it is the first randomised, 
controlled trial of  ECCO2R in a population of patients 
with severe COPD and severe exacerbations and pow-
ered to physiological endpoints.

Conclusions
There is evidence of benefit associated with  ECCO2R 
with time to improvement in respiratory acidosis, 
improvement in respiratory physiology from baseline 
and an immediate improvement in patient comfort and 
dyspnoea with commencement of  ECCO2R and minimal 
clinically significant adverse events associated with its 
use in a population of patients with AECOPD at risk of 
failing or not tolerating NIV. However, the ICU and hos-
pital lengths of stay were longer in the  ECCO2R for simi-
lar outcomes.
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