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A B S T R A C T   

Background: Hypercapnia worsens lung vascular dysfunction during acute respiratory distress 
syndrome (ARDS). We tested whether an extracorporeal carbon dioxide removal (ECCO2R) device 
based on a renal replacement therapy platform (Prismalung®) may reduce PaCO2 and alleviate 
lung vascular dysfunction in ARDS patients with refractory hypercapnia. 
Methods: We planned to prospectively include 20 patients with moderate-to-severe ARDS, pul-
monary vascular dysfunction on echocardiography, and PaCO2 ≥ 48 mmHg despite instrumental 
dead space reduction and the increase in respiratory rate. Hemodynamics, echocardiography, 
respiratory mechanics, and arterial blood gases were recorded at 2 (H2), 6 (H6) and 24 (H24) 
hours as ECCO2R treatment was continued for at least 24 h. 
Results: Only eight patients were included, and the study was stopped due to worldwide shortage 
of ECCO2R membranes and the pandemic. Only one patient fulfilled the primary endpoint cri-
terion (decrease in PaCO2 of more than 20 %) at H2, but this objective was achieved in half of 
patients (n = 4) at H6. The percentage of patients with a PaCO2 value < 48 mmHg increased with 
time, from 0/8 (0 %) at H0, to 3/8 (37.5 %) at H2 and 4/8 (50 %) at H6 (p = 0.04). There was no 
major change in hemodynamic and echocardiographic variables with ECCO2R, except for a sig-
nificant decrease in heart rate. ECCO2R was prematurely discontinued before H24 in five (62.5 %) 
patients, due to membrane clotting in all cases. 
Conclusions: This pilot study testing showed a narrow efficacy and high rate of membrane 
thrombosis with the first version of the system. Improved versions should be tested in future 
trials. 
Trial registration: Registered at clinicaltrials.gov, identifier: NCT03303807, Registered: October 6, 
2017, https://clinicaltrials.gov/ct2/show/NCT03303807.  
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1. Introduction 

Acute respiratory distress syndrome (ARDS) complicated by pulmonary hypertension was first reported in the 1970s by Zapol and 
Snider [1]. The condition is generated by an increase in the pulmonary vascular resistance, whilst patients are on respirator support, 
that progressively leads to right ventricular (RV) failure and ultimately to acute cor pulmonale and refractory circulatory failure [1]. 
Pulmonary vascular dysfunction and RV failure are common in moderate-to-severe ARDS (up to 70 % of patients develop pulmonary 
hypertension) and had often been associated with a worse outcome before the wide-scale introduction of low-tidal volume ventilation 
[2–6]. The use of protective mechanical ventilation has not remarkably changed the landscape since several pulmonary vascular 
dysfunction markers are still documented as independent predictors of mortality in ARDS patients, such as blood (e.g., 
angiopoietin-2/angiopoietin-1 ratio) [7], respiratory (e.g., dead-space fraction) [8], or hemodynamic (e.g., the level of central venous 
pressure or transpulmonary gradient surpasses that of pulmonary artery occlusion pressure) [9,10] parameters. Acute cor pulmonale is 
still common in the era of protective mechanical ventilation (20 % of patients with moderate-to-severe ARDS) and is often associated 
with a worse outcome [11,12], unless specific measures aiming at correcting it are implemented [13,14]. 

ARDS-related pulmonary vascular dysfunction is mediated by several factors, including mechanical compression (by interstitial 
edema and injurious mechanical ventilation) [15,16], vaso-occlusion (by microvascular thromboemboli) [17], and vasoconstriction. 
The latest mechanism is probably central, with a role for circulating mediators, hypoxic vasoconstriction [18], and most importantly, 
hypercapnia [19]. 

Carbon dioxide removal is a novel and appealing strategy to reduce partial pressure of carbon dioxide (PaCO2) and to alleviate 
pulmonary vascular dysfunction, with the potential of improving ARDS outcome. For such, various extracorporeal CO2 removal 
(ECCO2R) devices have been developed, of which a device that functions with renal replacement therapy (RRT) Prismaflex® platform 
(Prismalung®) [20]. We hypothesized that this device may prove useful in reducing PaCO2 in ARDS patients with refractory hyper-
capnia in order to alleviate lung vascular dysfunction and RV failure. 

2. Method 

2.1. Study design and procedure 

This pilot study was run in three intensive care units (ICUs) with high skills for ARDS and ECCO2-R management, from January 
2018 to February 2019. This clinical trial was approved by the concerned ethical committee: Comité de Protection des Personnes Ile-de- 
France XI, Paris, France (no 2016-A01689-42), and registered on www.clinicaltrials.gov (ClinicalTrials.gov identifier: NCT03303807). 

2.2. Patients 

Patients were included if met all of the following criteria: i) moderate-to-severe ARDS according to Berlin criteria (respiratory 
failure within one week of a known clinical insult or new or worsening respiratory symptoms; with bilateral chest opacities not fully 
explained by effusions or lobar/lung collapse or nodule, and not fully explained by cardiac failure or fluid overload; and an arterial 
oxygen tension to fraction of inspired oxygen ratio (PaO2/FiO2) ≤200 mmHg with a positive end-expiratory pressure (PEEP) ≥ 5 
cmH2O) [21]; pulmonary vascular dysfunction on echocardiography, as defined by at least one of the following: ii) pulmonary hy-
pertension (pulmonary artery systolic pressure >40 mmHg), a dilated right ventricle (end-diastolic RV/left ventricle (LV) area ratio 
>0.6), or interventricular septal dyskinesia [11]; iii) refractory hypercapnia, as defined by an arterial PaCO2 ≥ 48 mmHg despite 
instrumental dead space reduction (use of a heated humidifier) and the increase in respiratory rate (RR) without inducing intrinsic 
positive end-expiratory pressure [12]. Patients were excluded if presented at least one of the following criteria: age <18 years, 
pregnancy, lactation, contra-indication to curative anticoagulation, thrombopenia <50 G/L, heparin-induced thrombopenia, allergy to 
heparin, and refractory hypoxemia with an indication to extracorporeal membrane oxygenation (ECMO), namely PaO2/FiO2 < 50 
mmHg with FiO2 ≥ 80 % for >3 h, despite optimization of mechanical ventilation (tidal volume-VT set at 6 mL/kg and trial of PEEP 
≥10 cm H2O), and despite the use of adjunctive therapies (including neuromuscular blocking agents, prone position and/or inhaled 
nitric oxide) [22]. 

2.3. ECCO2R system 

A low-flow CO2 removal device (Prismalung®, Baxter) was used with a conventional RRT platform (Prismaflex®, Baxter), using a 
hemopurification kit (HP-X®, Baxter). In patients already treated with continuous RRT for renal failure or metabolic acidosis, a 
decarboxylation gas exchanger membrane was integrated into the RRT circuit (HF1400®, Baxter). For this purpose, standard tubes and 
Luer-lock system were used to connect the hollow fiber, polymethylpentene-made, 0.23 m2-surface area, gas exchange membrane to 
the extracorporeal circuit. In case a patient had not already been equipped with a dialysis catheter, a 13-Fr hemodialysis venous 
catheter (Gamcath™®; Gambro-Baxter) was aseptically and percutaneously threaded through the right jugular or femoral vein under 
ultrasonographic guidance. Systemic curative anticoagulation with sodium heparin was set throughout the CO2 removal process to 
maintain anti Xa activity at 0.2–0.5 IU/mL. Our team relied on the Prismaflex® platform to continuously monitor venous, arterial line, 
and filter pressures. 
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2.4. Study protocol 

All patients were sedated, paralyzed, and ventilated with a target VT of 6 mL/kg (predicted body weight) and a target plateau 
pressure below 30 cmH2O. After priming, the patient was put on the Prismaflex® platform where the extracorporeal blood flow was 
gradually increased to attain a target value between 200 and 400 mL/min. Gas flow through the gas exchanger was set to 10 L/min, 
with an oxygen concentration between 0.21 and 1. Each attending physician could manage refractory hypoxemia and/or hypercapnia 
with nitric oxide, prone positioning and/or ECMO, at their discretion. The ECCO2R treatment was continued for at least 24 h (unless 
dysfunction) and for a maximum of 72 h. The potential for weaning off ECCO2R was assessed daily if the following criteria were all 
present: i) resolution of pulmonary vascular dysfunction on echocardiography, with a pulmonary artery systolic pressure ≤40 mmHg, 
an end-diastolic RV/LV area ratio ≤0.6, and normal kinetics of interventricular septum; ii) an arterial PaCO2 ≤ 40 mmHg with a RR <
25/min, not inducing intrinsic positive end-expiratory pressure; iii) a PaO2/FiO2 ratio >200 mmHg. ECCO2R weaning was initiated by 
changing the MV parameters following the conventional ARDSnet settings (VT = 6 mL/kg, PEEP = 5–10 cmH2O, RR < 25 breaths/min 
without inducing intrinsic PEEP, FiO2 = 40 %) and by stopping the sweep-gas flow through the ECCO2R device. If the patient condition 
remained unchanged for at least 2 h after initiating the weaning, i.e., with no worsening of hypoxemia, no hypercapnia, nor pulmonary 
vascular dysfunction, the ECCO2R device was removed. According to the manufacturer of Prismalung® device, the maximum duration 
of the membrane is estimated at 72 h. 

2.5. Data collection 

The following parameters were recorded at baseline (H0), 2 h (H2), 6 h (H6), and 24 h (H24) after the initiation of CO2 removal: i) 
hemodynamics: blood pressure, heart rate, catecholamine dose; ii) echocardiography: RV size (RV/LV area ratio), LV shape (eccen-
tricity index), tricuspid regurgitant jet velocity, tricuspid annular plane systolic excursion, and aortic velocity time index [11]; iii) 
arterial blood gases with PaO2, PaCO2, bicarbonates, and lactate; iv) respiratory mechanics: plateau pressure, total PEEP, RR, tidal 
volume. 

The primary endpoint was the percentage of patients with hypercapnia reduction (defined as a 20 % decrease in PaCO2 at H2 of 
ECCO2R initiation). Secondary endpoints included: i) the change in PaCO2, hemodynamic, and echocardiographic variables; ii) the 
percentage of patients with a PaCO2 value < 48 mmHg at various time points; iii) ECCO2R discontinuation and adverse events. Serious 
adverse events were a priori defined and prospectively collected as: any clinical event causing death, representing immediate life- 
threat, bringing along permanent disability/severe incapacity, or requiring long hospital stay; OR any event that may put the pa-
tient at risk and necessitates medical or surgical intervention to halt one of these outcomes; AND any event judged clinical trial- 
induced by the attending physician. An adverse event was defined as: study related if it could be linked to a study procedure; or 
non-study related if was initially related to the underlying disease or to ARDS and its complications. Other adverse events that did not 

Table 1 
Clinical characteristics of eight included patients with acute respiratory distress syn-
drome, pulmonary vascular dysfunction and refractory hypercapnia.  

Characteristics Value, N = 8 

Sex (male/female) 5/3 
Age (years) 59 [37–81] 
Body mass index (kg/m2) 29 [27–44] 
SAPS II 46 [44–51] 
SOFA score at ECCO2R insertion 8 [6–12] 
ARDS risk factor  

Pneumonia 6 (75)  
Aspiration 1 (13)  
Other 1 (13) 

Pre-ECCO2R therapy  
Vasopressors 1 (38)  
Dialysis 2 (25)  
Steroids 3 (38)  
Neuromuscular blockade 7 (88)  
Prone positioning 4 (50)  
Nitric oxide 1 (13)  
Recruitment maneuvers 0 (0)  
ECMO 0 (0) 

Time from intubation to ECCO2R initiation (days) 1.9 [1.7–6.5] 
Outcome  

Mechanical ventilation duration (days) 24 [16–33]  
ICU length of stay (days)* 24 [18–34]  
Day-28 mortality 3 (38) 

Data are median (Quartile 1- Quartile3) or n (%). SAPS II: Simplified Acute Physiology 
Score II, SOFA: Sequential Organ Failure Assessment, ECCO2R: extracorporeal carbon 
dioxide removal, ICU: intensive care unit. *28 days if the patient is not yet discharged at 
day 28. 
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meet these definitions were recorded in the patients’ healthcare file. After ECCO2R weaning, patients were followed up for adverse 
events until ICU discharge or day 28 after enrollment, whichever comes first. 

2.6. Statistical analyses 

Data were analyzed using the IBM SPSS Statistics 24 statistical software package (IBM Corp, Armonk, New York, USA) and R 2.15.2 
environment (The R Foundation for Statistical Computing, Vienna, Austria). Continuous data were expressed as median (25th–75th 
percentiles) and compared using the Friedman test. Categorical variables, expressed as percentages, were evaluated using the Cochran 
Q test. Two-sided p values less than 0.05 were considered significant. 

The number of patients to be included was estimated based on the following assumptions. We expected a mean arterial PaCO2 of at 
least 48 ± 15 mmHg at the initiation of CO2 removal [11,13,14]. Based on data available at the time of the protocol writing [20] we 
anticipated a success rate (reduction in arterial PaCO2 of 20 % or more after 4 h of therapy with the Prismalung®) in at least 20 % of 
patients (the strategy would be considered insufficiently effective below this threshold). We postulated a success rate of 50 % above 
which the strategy would be considered sufficiently effective with a beta risk of 10 % (power of 90 %). With these hypotheses, we 
needed to include 19 patients with a one-step Fleming plan. If eight successes were observed on 19 patients, the alternate efficacy 
hypothesis would not be rejected. We decided to include a total of 20 patients. 

3. Results 

The study was stopped in February 2019 and could not be prolonged further due to worldwide shortage of ECCO2R membranes. 
Only eight patients were included, with moderate (n = 5) or severe (n = 3) ARDS. Two patients underwent jugular cannulation and six 
femoral cannulation. Patients’ baseline characteristics are shown in Table 1. 

Prior to inclusion, seven patients were given neuromuscular blocking agents and four were put in prone position. Ventilatory, 
hemodynamic and echocardiographic parameters during the protocol are presented in Table 2. 

Ventilatory settings were in accordance with protective ventilation and did not change during the protocol. There was a trend 
towards a decrease in PaCO2 from 53.5 [52–56.5] at H0, to 52 [46.5–58.5] at H2 and 48.5 [41–55] mmHg at H6 (p = 0.09), while 

Table 2 
Ventilatory, hemodynamic and echocardiographic parameters during extracorporeal carbon dioxide removal in eight patients with acute respiratory 
distress syndrome, pulmonary vascular dysfunction and refractory hypercapnia.  

Parameters Baseline (Hour 0) Hour 2 Hour 6 P value* 

Ventilation 
VT (ml/kg PBW)b 5.95 [5.68–6.13] 5.95 [5.37–6.38] 6.00 [5.82–6.14] 0.71 
RR (breaths/min) 27.5 [23.5–33.5] 27.5 [24.5–33.5] 25 [23.5–32.5] 0.87  
PEEP (cmH2O)b 12.5 [8–13] 11.5 [9–16] 11 [9.5–12] 0.42  
Pplat (cmH2O)b 23.5 [19.5–26] 23.5 [19–29.5] 22 [18.5–27] 0.94 

Blood gases  
pH 7.28 [7.21–7.30] 7.31 [7.24–7.35] 7.33 [7.26–7.36] 0.13  
PaO2/FiO2 (mmHg) 111 [79–173] 123 [96–155] 154 [109–156] 0.96  
PaCO2 (mmHg)b 53.5 [52–56.5] 52 [46.5–58.5] 48.5 [41–55] 0.09  
HCO3 (mmol/L) 24.7 [21.8–29.4] 24.5 [20.9–28.2] 24 [21.3–27.4] 0.07  
Lactate (mmol/L) 1.2 [1.0–1.9] 1.5 [1.1–2.0] 1.6 [1.1–2.4] 0.37 

Temperature (◦C) 37.6 [36.7–38.2] 37.4 [36.2–38.3] 36.1 [36.1–37.0] 0.04 
Patients on ECCO2R 8/8 (100 %) 6/8 (75 %) 6/8 (75 %) 0.26 
Patients with PaCO2 < 48 mmHg 0/8 (0 %) 3/8 (37.5 %) 4/8 (50 %) 0.04 
ECCO2R  

Blood flow (ml/min) 300 [275–300] 300 [250–350] 300 [250–320] 0.61  
Sweep-gas flow (L/min) 10 [9.5–10] 10 [10–10] 10 [9,10] 0.22 

Hemodynamics  
Mean arterial pressure (mmHg) 72 [66–77] 81 [76–92] 87 [85–95] 0.10  
Heart rate (beats/min) 108 [93–124] 86 [80–122] 83 [71–95] <0.01  
Shock (need for vasopressor) 4/8 (50 %) 4/8 (50 %) 4/8 (50 %) >0.99  
Norepinephrine dose (mg./h)* 1.95 [1.15–6.7] 1.75 [1.15–6] 1 [0.95–3.75] 0.53 

Echocardiography  
TR jet velocity (m/s) 2.9 [2.7–3.2] 2.6 [2.5–2.8] 2.7 [2–2.8] 0.45  
TAPSE (mm) 19 [18–23] 21 [20–22] 22 [19–23] 0.39  
RV/LV ratio 0.74 [0.72–0.78] 0.75 [0.68–1.01] 0.65 [0.56–0.82] 0.21  
LV eccentricity index 1.02 [0.97–1.21] 1.13 [1.07–1.15] 1.02 [0.99–1.14] 0.85  
VTI LVOT (cm) 20.1 [16–23.6] 17 [16–21.6] 17.5 [17–22.5] 0.16 

Values presented as median (1st-3rd quartile) or n (%) for continuous and categorical data, respectively; *p values are derived from Friedman test for 
continuous variables and Cochran Q test for categorical variables. VT: tidal volume; PBW: predicted body weight; RR: respiratory rate; PEEP: end- 
expiratory positive pressure; Pplat: plateau pressure; PaO2: partial alveolar oxygen pressure; FiO2: fraction of inspired oxygen; PaCO2: partial alve-
olar carbon dioxide pressure; HCO3-: bicarbonate; ECCO2R: extracorporeal carbon-dioxide removal; TR: tricuspid regurgitant; TAPSE: Tricuspid 
annular plane systolic excursion; LV: left ventricle; VTI LVOT: velocity-time integral of left ventricular outflow tract. *in patients receiving 
norepinephrine. 
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PaO2/FiO2 did not change. Only one patient fulfilled the primary endpoint criterion (decrease in PaCO2 of more than 20 %) at H2, but 
this objective was achieved by half of patients (n = 4) at H6. There was no major change in hemodynamic and echocardiographic 
variables, except for a significant decrease in heart rate. The percentage of patients with a PaCO2 value < 48 mmHg increased with 
time, from 0/8 (0 %) at H0, to 3/8 (37.5 %) at H2 and 4/8 (50 %) at H6 (p = 0.04). 

Overall median duration of ECCO2R was 16.5 [1.4–37.5] hours. Median value of anti-Xa activity was 0.2 international units (IU)/ 
mL [0.2–0.6] at H6 and 0.2 IU/mL [0.2–2] at H24. ECCO2R was prematurely discontinued before H24 in five (62.5 %) patients, in 
relation to membrane clotting in all cases. Other adverse events included one cannulation-related complication and one resolutive 
hypothermia. The overall day-28 mortality was 37.5 % (n = 3 deaths). 

4. Discussion 

Our pilot study demonstrated that the use of a low-flow ECCO2R device mounted on an RRT platform to reduce PaCO2 in ARDS 
patients with refractory hypercapnia and lung vascular dysfunction was feasible, with encouraging, albeit perfectible results. A high 
rate of membrane thrombosis was observed in this selected critically-ill population. 

4.1. Refractory hypercapnia and lung vascular dysfunction 

We included a population of severe ARDS with refractory hypercapnia and lung vascular dysfunction. Low tidal volumes are more 
commonly used nowadays to provide pulmonary protective ventilation though often give rise to hypercapnia in the majority of ARDS 
patients [23]. Hypercapnia can exacerbate hypoxic vasoconstriction [24,25] and can also directly induce vasoconstriction of the 
pulmonary vasculature, as shown in experimental animals [26,27], young healthy volunteers [28], brain-dead patients subjected to 
apnea tests [29], cardiac-surgery patients [30], and patients with ARDS [31,32]. Patients with cor pulmonale exhibited higher PaCO2 
levels as compared to their counterparts in all published clinical studies assessing RV function by echocardiography during ARDS [11, 
13,33,34]. Acidosis and hypercapnia induced by tidal volume reduction were associated with impaired RV function and hemody-
namics in a physiological clinical study of severe ARDS [35]. 

The pharmacological manipulation of pulmonary vascular tone (using inhaled nitric oxide) is possible in ARDS patients, though not 
proven beneficial in terms of mortality [36]. Another option to unload the RV may be prone position [37,38], but its routine 
implementation is not easy. Two technical solutions have been developed to mitigate hypercapnia in ARDS patients ventilated with 
low tidal volumes: i) increasing the RR (which is often limited by the occurrence of intrinsic positive end-expiratory pressure) [39]; ii) 
replacing the heat and moisture exchanger by a heated humidifier to reduce instrumental dead space and hence PaCO2 [40]. However, 
normocapnia is rarely achieved with these strategies [35], as it was the case in our patients. In these patients with lung vascular 
dysfunction and refractory hypercapnia despite increased respiratory rate and reduced dead space, ECCO2R seems a valuable option to 
be tested. 

4.2. Low-flow ECCO2R device mounted on an RRT platform 

We chose to study a low-flow ECCO2R device mounted on an RRT platform as we believe that it has several advantages, including 
the use of moderate-sized catheters, and the dual implementation with RRT. However, we observed moderate efficacy of the system. 
Although half of patients reached hypercapnia control after H6, only one patient fulfilled the primary endpoint at H2. This moderate 
efficacy is in line with other human studies using this technology [41]. Apparently, the CO2-removal rate achieved by this device is 
lower than that achieved by other systems operating with similar blood flows [42,43], perhaps because of its smaller membrane 
oxygenation surface. 

In our study, ECCO2R was prematurely discontinued before H24 in 62.5 % of patients, in relation to membrane clotting in all cases. 
These results are in line with another similar report where membrane clotting occurred in half of the patients [41]. This high rate of 
clotting despite adequate anticoagulation may be favored by factors linked to the technique (e.g., low flow rate) and/or the patient (e. 
g., enhanced coagulopathy in ARDS patients with lung vascular dysfunction). Technical improvements in future systems may include 
strategies of regional circuit anticoagulation, higher blood flows and/or membranes with lower biological interactions. 

4.3. Limitations 

Our study has several limitations. The main limitation is the very small sample size and premature end. We could not resume 
inclusions due to the COVID-19 pandemic and the evolutions of the Prismalung platform. Future studies are warranted to compare this 
new platform to other ECCO2R devices. However, to our knowledge, this is the only study addressing the role of ECCO2R in patients 
with lung vascular dysfunction and refractory hypercapnia. To date, the vast majority of ECCO2R studies focuses on ultraprotective 
ventilation. Second, we could not analyze oxygenator membranes after their use with regard to clotting. This important point warrants 
further research to scrutinize the precise origin of clotting in this platform. Third, we did not record transmembrane pressures and 
could not assess their role in membrane thrombosis. 

5. Conclusions 

In conclusion, our study tested the feasibility of CO2 removal using an RRT platform-mounted low-flow ECCO2R device in ARDS 
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patients with lung vascular dysfunction, and showed a narrow efficacy and high rate of membrane thrombosis with the first version of 
the system. Improved versions should be tested in future trials. 
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