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|INTRODUCTION 
 
 
 
 
Mechanical ventilation remains the signature tool of critical care and has greatly contributed 
to the tremendous progress in the treatment of critically ill patients. In most cases mechanical 
ventilation provides sufficient gas exchange to keep patients alive.  
 
However, within the past decade a growing body of evidence has evolved that positive 
pressure ventilation in acute respiratory failure is a double edged sword. Ventilator 
associated lung injury (VALI) summarizes barotrauma, volutrauma and biotrauma induced by 
mechanical ventilation. Remote organ injury as a consequence of ventilator induced lung 
injury has also been proven. A vicious circle is initiated when the failing lung is forced to 
perform with unphysiological positive pressure instead of being allowed to rest and heal. A 
basic treatment principle is ignored.  
 
Essentially we need solutions to provide adequate gas exchange and acid base status while 
maximizing pulmonary and remote organ protection. For the past fifty years numerous 
physicians and scientists have proposed concepts that enable patients to breath outside the 
natural lung. Most of these concepts have failed because of a lack of technologies. They 
were too complex and invasive, labour intensive and costly, and ultimately resulted in 
numerous complications. Only in recent years technologies have evolved that allow providing 
focussed respiratory assist with cost efficient single use devices.  
Since 2003 the Novalung® iLA Membrane Ventilator® is a first of a kind lung assist device that 
enables physicians to provide the desired level of ventilation without creating VALI. 

 
The iLA Membrane Ventilator® allows a paradigm shift from prioritizing intrapulmonary gas 
exchange and “protective ventilation” settings towards real lung protection.  
Recent data show that an early implementation of the iLA Membrane Ventilator® reduces the 
duration of total lung support, thus length of stay in the ICU and cuts finally the elevated 
treatment costs. The overall result is an increase in survival of treated patients.  

 
This fourth edition of the iLA Membrane Ventilator® Compendium of Evidence documents the 
evolving body of scientific evidence on interventional lung assist treatment. It is work in 
progress while peer reviewed publications continue to appear at a rate of more than one per 
month. The iLA Study Group deserves credit for inspiring, creating, and realizing many of 
these early studies. 
 
You are cordially invited to join a very promising discussion that can broaden the toolbox of 
caregivers treating patients in respiratory failure. For any question or information please don’t 
hesitate to contact us: info@novalung.com 
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�  PROTECTIVE VENTILATION & RESCUE 

BRONCHIAL FISTULAE IN ARDS PATIENTS: MANAGEMENT WIT H AN 
EXTRACORPOREAL LUNG ASSIST DEVICE. 
HOMMEL M, DEJA M, VON DOSSOW V, DIEMEL K, HEIDENHAIN C, SPIES C, WEBER-CARSTENS S. 
EUR RESPIR J. 2008 DEC;32(6):1652-5.         CE1-88 
 
 
 
Objective 
Patients with bronchial tree lesions feature, in particular, a high risk for developing bronchial 
fistulae after surgical repair when the clinical situation is complicated by acute lung injury 
(ALI)/acute respiratory distress syndrome (ARDS) and mechanical ventilation is needed. The 
current authors hypothesised that extracorporeal carbon dioxide removal would significantly 
decrease inspiratory airway pressures, thus promoting the protection of surgical bronchial 
reconstruction. 
 
 
Study Design 
Case series. 
 
 
Study Population 
4 patients following surgical reconstruction of bronchial fistulae in whom ALI/ARDS 
developed and mechanical ventilation with positive end-expiratory pressure was required. 
 
 
Methods 
Gas exchange, tidal volumes, airway pressures, respiratory frequency, vasopressor and 
sedation requirements were analysed before and after initiation of a pumpless extracorporeal 
lung assist device (iLA Membrane Ventilator®; Novalung GmbH, Talheim, Germany). 
 
 
Results 
Initiation of iLA treatment enabled a reduction of inspiratory plateau airway pressures from 
32.4 to 28.6 cmH2O (3.2 to 2.8 kPa), increased the percentage of assisted spontaneous 
breathing (7.2 to 40.7), effectively treated hypercapnia (from 73.6 to 53.4 mmHg (9.8 to 7.1 
kPa) and abolished respiratory acidosis (from pH 7.24 to 7.41). All patients survived and 
were discharged to rehabilitation clinics. 
 
 
Commentary 
In patients after surgical bronchial reconstruction complicated by acute lung injury/ acute 
respiratory distress syndrome, use of pumpless extracorporeal carbon dioxide removal was 
safe and efficient. Initiation of the pumpless extracorporeal lung assist device (iLA Membrane 
Ventilator®) enabled a less invasive ventilator management, which may have contributed to 
healing of surgical bronchial repair. 
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� PROTECTIVE VENTILATION & RESCUE 

EXTRACORPOREAL PUMPLESS INTERVENTIONAL LUNG ASSIST IN CLINICAL 
PRACTICE: DETERMINANTS OF EFFICACY. 
MÜLLER T, LUBNOW M, PHILIPP A, BEIN T, JERON A, LUCHNER A, RUPPRECHT L, RENG M, LANGGARTNER J, WREDE CE, 
ZIMMERMANN M, BIRNBAUM D, SCHMID C, RIEGGER GA, PFEIFER M. 
EUR RESPIR J. 2008 NOV 14. [EPUB AHEAD OF PRINT]       CE1-87 
 
 
 
Objective 
The present study sought to evaluate the factors determining the efficacy of iLA and 
calculate its contribution to gas exchange. 
 
 
Study Design 
Retrospective cohort study. 
 
 
Study Population 
96 patients with severe ARDS. 
 
 
Methods 
Between 1996 and 2007 a total of 168 patients have been treated with an interventional lung 
assist (iLA Membrane Ventilator®, Novalung GmbH, Talheim, Germany) at the University 
Hospial of Regensburg, Germany. Altogether 96 out of 168 patients had been equipped for 
clinical reasons with a pulmonary artery catheter and in these hemodynamic parameters, 
total body oxygen consumption and carbon dioxide production were calculated and 
gastransfer through the iLA was analysed. 
 
 
Results 
The measurements demonstrated a significant dependency of blood flow via the iLA – device 
on cannula size (1.59 +/- 0.52 l/min for 15 Fr, 1.94 +/- 0.35 l/min for 17 Fr,and 2.22 +/- 0.45 
l/min for 19 Fr, p < 0.001) and on mean arterial pressure. The oxygen transfer capacity 
averaged 41.7 +/- 20.8 ml/min, carbon dioxide removal was 148.0 +/- 63.4 ml/min. Within two 
hours of iLA treatment, PaO2/FiO2 increased significantly and a fast improvement of PaCO2 
and pH was observed. In most patients a significant increase of cardiac output after start of 
iLA was observed. 
 
 
Commentary 
To date, smaller cannulae (15 F) for arterial approach have become a well accepted safe 
clinical standard, contributing to further reduction of complication rate for ischemic 
complications of the upper limb. Blood flow across these cannula allows sufficient carbon 
dioxide elimination thereby facilitating ultra-protective ventilation beyond ARDSnet criteria. 
So, despite limited contribution to oxygen transfer the iLA enables a more protective 
ventilation in severe respiratory failure. 
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� PROTECTIVE VENTILATION & RESCUE �

SUCCESSFUL EXTUBATION OF AN „UNWEANABLE“ PATIENT WI TH SEVERE 
ANKYLOSING SPONDYLITIS (BECHTEREW`S DISEASE) USING A PUMPLESS 
EXTRACORPOREAL LUNG ASSIST 
BEIN T, WITTMANN S, PHILIPP A, NERLICH M, KUEHNEL T, SCHLITT HJ 
INTENSIVE CARE MED 2008; JUL 26 (EPUB AHEAD OF PRINT)                            CE1-81 
 
 
 
Objective 
To support weaning from mechanical ventilation by a pumpless arteriovenous extracorporeal 
interventional lung assist (iLA) in a patient in whom “conventional” weaning failed.   
 
 
Study Design 
Case Report 
 
 
Study Population 
A 46-year-old male patient with severe ankylosing spondylitis and respective limited motion 
of the chest wall. 
 
 
Methods 
The patient presented with acute abdominal pain due to a coecum perforation to the 
Emergency Service. For laparotomy, fiber-optical intubation was needed. The postoperative 
period was complicated by peritonitis and pneumonia requiring prolonged mechanical 
ventilation. After recovery, several attempts to wean the patient from the ventilator failed due 
to tachypnea (breaths per minute > 40) and a progressive hypercapnia resulting in acidosis 
(arterial pH < 7.25). Non-invasive ventilation was not tolerated due to anxiety. Tracheostomy 
was denied because of the extremely problematic anatomic situation. Thus, iLA was used  
allowing for a sufficient extracorporeal CO2 removal to facilitate weaning and extubation.  
 
 
Results 
Within the next days, an increased spontaneous breathing activity allowed de-escalation of 
the ventilator`s support. The artificial ventilation support was withdrawn 2 days after the start 
of the iLA and iLA was stopped 13 days after implementation. There were no complications 
(bleeding, ischemia) observed during the treatment. 
 
 
Commentary 
This case report describes for the first time the clinical use of a pumpless arteriovenous 
extracorporeal interventional lung assist (iLA) to support the breathing pump. The result may 
provide a rationale to implement iLA as a reliable strategy to support weaning in patients with 
an “acute-on chronic” lung failure or weaning failure following prolonged time on the 
ventilator.�
 �
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� PROTECTIVE VENTILATION & RESCUE 

PRE-EMPTIVE NOVALUNG-ASSISTED CARBON-DIOXIDE REMOVA L IN A PATIENT 
WITH CHEST, HEAD AND ABDOMINAL INJURY 
MCKINLAY J, CHAPMAN G, ELLIOT S, MALLICK A 
ANAESTHESIA 2008;63:767-770.                               CE1-80 
 
 
Objective 
To evaluate pre-emptive use of iLA without anticoagulation in posttraumatic raised 
intracranial pressure (ICP) to control ICP and thereby to limit possible secondary brain injury. 
 
 
Study Design 
Case Report 
 
 
Study Population 
A 20 year-old male suffering severe multiple trauma following car accident. 
 
 
Methods 
As the patient was hemodynamically stable been admitted to the ER, he was deemed 
suitable for diagnostic whole body computerised tomography (CT). Head CT showed a 
fracture of the left temporal bone with intracranial air, a small temperoparietal extradural 
haematoma without displacement of midline structures but a generally oedematous brain. 
Chest CT revealed a left pleural effusion with extensive left pulmonary contusions and a left-
sided pneumothorax. As a splenic laceration and free fluid in the pelvis was noted, the 
patient was planned for exploratory laparotomy. Despite bilateral chest drains, gas exchange 
performance of the lung worsened and it was not possible to ventilate the patient with a lung 
protective strategy as the peak airway pressures exceeded 40cm H2O resulting in a 
worsening respiratory acidosis (pH 7.19, PaCO2 7.9 kPa) . Prior to laparotomy, ICP monitor 
was inserted recording an initial ICP of 26mmHg. At this time, it was decided, to use the iLA 
Membrane Ventilator. 
 
Results 
The pre-emptive use of the iLA Membrane Ventilator was able to facilitate simultaneous 
adoption of lung and brain protective strategies by removal of carbon dioxide and thus 
controlling ICP. On iLA, the ICP dropped to less than 15mmHg allowing instigation of a 
protective ventilator strategy using a tidal volume of 6 ml/kg with a peak airway pressure �  
30cmH2O. The patient remained for 5 days on the iLA. Protracted weaning was successfully 
finished on day 17 and the patient was discharged home on day 23. 
 
 
Commentary 
The iLA Membrane Ventilator represents an adjunct therapy for patients with lung and head 
injuries. Early use of iLA may have prevented further lung injury and secondary brain injury. 
So, the device can be used in the management of these patients providing a means of tight 
carbon dioxide control and to accomplish lung and cerebral protective strategies.  
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� PROTECTIVE VENTILATION & RESCUE 

EXTRAPULMONARY VENTILATION FOR UNRESPONSIVE SEVERE ACUTE 
RESPIRATORY DISTRESS SYNDROME AFTER PULMONARY RESEC TION 
IGLESIAS M, MARTINEZ E, BADIA JR, MACCHIARINI P 
ANN THORAC SURG 2008;85:237-44                           CE1-78 

 
 
 
Objective 
To evaluate the feasibility of integrating an artificial, pumpless extracorporeal membrane 
ventilator (iLA) to near static mechanical ventilation and its efficacy in patients with severe 
postresectional Acute Respiratory Distress Syndrome (pARDS). 
 
 
Study Design 
Prospective, open clinical trial in a single center. 
 
 
Study Population 
Patients undergoing pulmonary resection between January 2005 and December 2006, who 
exhibited a severe ARDS unresponsive to optimal conventional treatment.  
 
Methods 
If the patients met inclusion criteria, management included placement of the arteriovenous 
femoral transcutaneous iLA, lung rest at minimal mechanical ventilator settings, and 
optimization of systemic oxygen consumption and delivery. 
 
 
Results 
Among 239 pulmonary resections, 7 patients (2.9%) experienced severe pARDS following 
4±0.8 days of conventional therapy.The iLA was left in place 4.3±2.5 days. The devive 
allowed an extracorporeal carbon dioxide removal of 255±31 mL/min, lung(s) rest (tidal 
volume 2.7±0.8mL/kg, respiratory rate 6±2 beats/min, fraction of inspired oxygen 0.5±0.1), 
early improvement of respiratory function, and significant reduction of plasmatic interleukin-6 
levels and Murray score (1.25±0.1). All but 1 patient (14%) who died of multiorgan failure 
were weaned from mechanical ventilation 8±3 days after removal of the iLA, and all of them 
were discharged from the hospital. 
 
 
Commentary 
Despite recent advances, mortality from pARDS remains high at approximately 40 to 60% in 
contemporary series. In a retrospective evaluation of patients undergoing pneumonectomy 
between 2001 and 2004 at the same department, severe pARDS had developed in 9 of 71 
patients (12.6%) and, among them, 7 or 77% died despite optimal conventional treatment. 
In conclusion, the use of iLA allowed for a lung resting status, contributing to less lung and 
systemic inflammatory response, and may explain the lower mortality observed in those 
patients. �



�

 
Compendium of Evidence 
iLA Membrane Ventilator® 

Literature Review 
 

11 

� PROTECTIVE VENTILATION & RESCUE 

INHIBITION OF THROMBOCYTE AGGREGATION DURING EXTRAC ORPOREAL LUNG 
ASSIST: A CASE REPORT 
PHILIPP  A, MÜLLER T, BEIN T, FOLTAN M, SCHMID FX, BIRNBAUM DE, SCHMID C 
PERFUSION. 2007; 22(4):293-7          CE1-73 

 
 
 
Objective 
The authors describe a method that complements conventional continuous heparinisation 
with the administration of acetylsalicylic acid (ASA) to inhibit thrombocyte aggregation in 
extracorporeal lung assist (iLA). 
 
 
Study Design 
Case report 
 
 
Methods 
In a patient treated with iLA for acute lung failure, a marked drop in blood flow rate in the 
extracorporeal system occurred on day 4 despite adequate anticoagulation. Simultaneously, 
gas exchange performance worsened, which was considered further evidence for possible 
deposits in consequence of clotting. ASA was given daily by injecting 100mg of the 
substance into the arterial line of the extracorporeal circuit for 31 days. The effectiveness of 
ASA was checked through clinical observation of the membrane lung, calculation of gas 
exchange capacity and measurement of the inhibition of thrombocyte aggregation according 
to Born. Following use, electron-microscopical analysis of the dismantled oxygenator was 
performed. 
 
 
Results 
With ASA application, blood flow, CO2 elimination and oxygenation capacity returned to 
normal. Clinically and electron-microscopically, only minor deposits on the gas exchange 
membrane could be detected. Measurements of aggregation showed a suppression of the 
ability of thrombocytic aggregation of about 25%, this effect occurred within 12-24 hours and 
could be maintained during treatment without difficulty. 
 
 
Commentary 
Based on theoretical considerations, clinical experiences and scientific literature, a method 
was developed to avoid or respectively treat coagulation-related functional impairment of iLA. 
Thereby, in addition to heparin administration, low dose ASA is given. The effect was 
demonstrated in a case presentation and could subsequently be confirmed in a series of 
cases.  
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� PROTECTIVE VENTILATION & RESCUE 

EXTENDED USE OF ECC 
FOLTAN M, PHILIPP A, BIRNBAUM DE 
PERFUSION. 2007; 22(3):173-8          CE1-72 
 
 
 
Objective 
The authors report about the special applications of miniaturized extracorporeal systems 
(MECC) in their clinic. Application of MECC with different indications as used at the 
University Hospital Regensburg in the period of 1998 up to November 2006. 
 
 
Study Design 
Summary of a single-center clinical experience 
 
 
Methods 
Experience with warming-up in drowning patients, circulatory arrest in deep hypothermia as 
an option for surgery of cerebral aneurysms, aortic surgery under circulatory arrest, life 
support systems, extracorporeal pulmonary support and inter hospital transfer with 
percutaneous extracorporeal lung assist (PECLA) or transportable minimal extracorporeal 
circulation is described.  
 
 
Results 
Concerning PECLA treatment, detailed clinical results at the University Hospital have 
recently been published (CE1-45). In 151 applications, a total of 192 gas exchange devices 
were necessary for a total time of perfusion of 1.056 days. Single applications lasted for 
more than 4 weeks. Of 151 patients, 78 could be weaned successfully from the system. 
 
 
Commentary 
Extracorporeal circulation today is a topic beyond cardiac surgery. Extension of this method 
allows applying therapy, which could not be possible without this ongoing development in 
perfusion.  
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� PROTECTIVE VENTILATION & RESCUE 

EARLY TREATMENT WITH ARTERIOVENOUS EXTRACORPOREAL L UNG ASSIST AND 
HIGH-FREQUENCY OSCILLATORY VENTILATION IN A CASE OF  SEVERE ACUTE 
RESPIRATORY DISTRESS SYNDROME 
MUELLENBACH RM, WUNDER C, NUECHTER DC, SMUL T, TRAUTNER H, KREDEL M, ROEWER N, BREDERLAU J 
ACTA ANAESTHESIOL SCAND. 2007 JUL;51(6):766-9        CE1-68 

 
 
 
Objective 
To demonstrate the complimentary effects of arteriovenous extracorporeal lung assist (AV-
ECLA) and high frequency osscilation ventilation (HFOV) in the treatment of ARDS with 
severe hypoxemia. 
 
 
Study Design 
Case-report. 
 
 
Methods 
Following car accident, a 22-year old male suffered severe bilateral lung contusions and 
consecutively developed severe ARDS. AV-ECLA was started shortly after ICU admission, 
as the most beneficial effect on outcome was observed when AV-ECLA was started in an 
early stage of ARDS. As oxygenation (PaO2/FiO2-ratio = 61 mmHg) did not improve with 
increasing PEEP (26 cm H2O) and PIP was still very high (39 cm H2O), HFOV (FiO2 = 1.0; 
frequency = 8-10 Hz; bias flow = 30l/min; pressure amplitude = 40-60 cm H2O; inspiratory 
time = 50%) was started. 
 
 
Results 
Oxygenation improved (PaO2/FiO2-ratio = 137mmHg) and OI decreased to 24 within 2 hours 
during HFOV. Blood flow across AV-ECLA remained at 1.8-2.0 lpm ensuring normocapnia, 
and the intracranial pressure was never above 17mmHg. FiO2 was stepwise reduced to 0.4 
and the patient could be weaned back to PCV at day 5. 
 
 
Commentary 
The combination of two innovative treatment modalities resulted in rapid stabilization and 
improvement of gas exchange during severe ARDS refractory to conventional lung protective 
ventilation. Application of AV-ECLA enables carbon dioxide removal and thereby fascillates 
protective ventilatory strategies being applied to the patient. With severe hypoxemia, the 
application of AV-ECLA allows the complimentary use of HFOV for oxygenation with 
oscillatory frequencies of up to 10-15 Hz, minimizing the risk of baro- and volutrauma. 
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� PROTECTIVE VENTILATION & RESCUE USE 

CLINICAL EXPERIENCE WITH THE ILA MEMBRANE VENTILATO R PUMPLESS 
EXTRACORPOREAL LUNG-ASSIST DEVICE 
WALLES T 
EXPERT REV MED DEVICES. 2007 MAY;4(3):297-305       CE1-70 

 
 
 
Objective 
This article reviews the present state of clinical Novalung® device implementation focusing on 
encountered limitations and conceivable future developments in the field. 
 
 
Study Design 
Review. 
 
 
Methods 
A total of 8 retrospective, clinical studies, enrolling 225 patients altogether, were reviewed 
and analyzed with respect to success rate (survival %) and complications like thrombus 
formation, limb ischemia, infection, plasma leakage and bleeding at the cannula-site. 
 
 
Results 
It is noteworthy that 213 patients were reported by the University Hospital of Regensburg 
(Germany) in seven studies published between 2000 and 2006. The iLA application 
represents a reliable treatment with survival rate of 56 % and a comparatively low 
complication rate of 29 %. 
 
 
Commentary 
Extracorporeal CO2 removal in patients with acute lung failure and ventilator refractory 
hypercapnia is advancing in clinical practice. For the iLA, the conducted system 
modifications during the last few years resulted in a continuous improvement of the device.   
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� PROTECTIVE VENTILATION & RESCUE USE 

PUMPLESS EXTRACORPOREAL CARBON DIOXIDE REMOVAL FOR LIFE-
THREATENING ASTHMA 
ELLIOT SC, PARAMASIVAM K, ORAM J, BODENHAM AR, HOWELL SJ, MALLICK A. 
CRIT CARE MED. 2007 MAR;35(3):945-8         CE1-64 

 
 
 
Objective 
To report the use of pumpless extracorporeal carbon dioxide removal in two cases of acute 
severe asthma. 
 
 
Study Design 
Case reports 
 
 
Methods 
Extracorporeal arteriovenous carbon dioxide removal using the Novalung device was 
installed in a 74-yr-old male and 52-yr-old female with life-threatening asthma and 
progressive hypercapnia and severe acidosis that proved nonresponsive to all other 
therapies. 
 
 
Results 
The addition of extracorporeal carbon dioxide removal to mechanical ventilation corrected 
hypercapnia and acidosis, allowing reduction of other supportive measures. In both cases, 
adequate gas exchange was maintained until their underlying condition improved sufficiently 
for device removal. The two patients were subsequently weaned from mechanical ventilation 
and made a full recovery. 
 
 
Commentary 
Extracorporeal carbon dioxide removal proved to be a valuable adjunct to mechanical 
ventilation and other medical treatment. 
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� PROTECTIVE VENTILATION & RESCUE USE 

EXTRACORPOREAL CARBON DIOXIDE REMOVAL USING THE NOV ALUNG® IN A 
PATIENT WITH INTRACRANIAL BLEEDING 
MALLICK A, ELLIOT S, MCKINLAY J, BODENHAM A 
ANAESTHESIA. 2007;62(1):72-4         CE1-61 

 
 
 
Objective 
To report the use of iLA Membrane Ventilator in a case of intracranial bleeding with lung 
failure. 
 
 
Study Design 
Case Report. 
 
 
Study Population 
One adult. 
 
 
Methods 
A neurosurgical patient who required repeated surgery for intracranial haematoma developed 
acute respiratory distress syndrome. The resultant arterial partial pressure of carbon dioxide 
remained unacceptably high. Interventional Lung Assist device (iLA) was connected from the 
right femoral artery to left femoral vein and treatment by extracorporeal carbon dioxide 
removal was started. 
 
 
Results 
iLA use reduced the arterial carbon dioxide, corrected the respiratory acidosis and enabled 
control of the intracranial pressure. Subsequently the requirements for both respiratory and 
cardiovascular support were reduced. The patient made a complete neurological recovery.  
 
 
Commentary 
Raised intracranial pressure proved difficult to manage whilst attempting to maintain optimal 
gas exchange. This is quite typical for neurosurgical patients as some treatment principles of 
protective ventilation are contradictory to treatment principles for the treatment of raised 
intracranial pressure, e.g. permissive hypercapnia. This creates a dilemma for the treating 
team which – as in this case – can be solved by the application of iLA.  
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� PROTECTIVE VENTILATION & RESCUE USE 

VON BAGDAD NACH REGENSBURG 
BEIN T, PHILIPP A, DORLAC W, TAEGER K, NERLICH M, HANS JS 
DTSCH ARTZEBL 2006;103(42):A 2797-801        CE1-59 

 
 
 
Objective 
To describe early iLA initiation and use in patient transport under battlefield conditions. 
 
 
Study Design 
Case Report. 
 
 
Study Population 
One young adult with blast injury to the lung, traumatic lower leg amputation and subsequent 
acute lung failure. 
 
 
Methods 
iLA was initiated after rapid clinical deterioration subsequent to initial stabilisation.  
 
Results 
iLA allowed protective ventilation and transport to advanced medical facilities from Bagdad to 
Europe. After 15 days iLA was removed and the patient could be extubated shortly after that. 
No major complications occurred. 
 
 
Commentary 
This case has several interesting aspects: Blast injury is a complex and difficult to treat 
condition, combining indirect and direct damage to the lung. The ease of use of the system 
allowed treatment commencement and MEDEVAC under battlefield conditions. Several 
patients from this scenario underwent similar procedures. 



 
Compendium of Evidence 
iLA Membrane Ventilator® 
Literature Review 
 
18 

� PROTECTIVE VENTILATION & RESCUE USE 

SUCCESSFUL USE OF PORTABLE EXTRA-CORPOREAL CARBON-D IOXIDE 
REMOVAL IN A PATIENT WITH UNCONTROLLABLE HYPERCAPNI A 
BEED M, JAYAMAHA J, SHERMAN R, MAHAJAN R 
BRITISH JOURNAL OF INTENSIVE CARE 2006;SPRING:24-26        CE1-50 

 
 
 
Objective 
To report the case of a successful iLA use in acute ventilatory failure. 
 
 
Study Design 
Case report. 
 
 
Study Population 
A 23-year-old man with acute lung failure. 
 
 
Methods 
A patient with pneumonia was oxygenated with an FiO2 of 0,4, PEEP 10 cmH2O in BIPAP 
mode and later in with HFOV but developed respiratory acidosis. iLA therapy was 
commenced as a result. 
 
 
Results 
ILA was employed for 5 days successfully to remove CO2 and to normalize pH. Shortly after 
inotropic requirement rapidly diminished. The patient was discharged after full recovery. 
 
 
Commentary 
This iLA application shows once more the successful role in CO2 removal.  
 
What makes this case especially interesting is the fact that transferral to an ECMO center 
was ruled out due to patient instability and that the iLA device was quickly transported to the 
hospital instead. The authors elaborate on the ease of use extreme portability and therefore 
see a role for iLA in smaller hospitals. 
 
The authors also speculate that certain manoeuvres aimed at improving oxygenation would 
have been impossible without iLA. 
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� PROTECTIVE VENTILATION & RESCUE USE 

ROLE OF EXTRACORPOREAL LUNG ASSIST IN THE TREATMENT  OF ACUTE 
RESPIRATORY FAILURE  
KOPP R, DEMBINSKI R, KUHLEN R 
MINERVA ANESTESIOL 2006;72(7):589-95         CE1-49 

 
 
 
Objective 
To give an overview over past, current and future concepts of extracorporeal lung assist. 
 
 
Study Design 
Review article. 
 
 
Results 
ILA is described in the context of earlier developments (ECMO) and future concepts (long 
term lung assist). 
 
 
Commentary 
The article provides a complete overview on the existing and historical devices. ILA is 
described as a simple method in cases of lung failure which allows the use of a more 
protective ventilation strategy. 
 
It is of great interest to read that the author’s express the need for formally established 
indications for iLA and well controlled clinical trials. 
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� PROTECTIVE VENTILATION & RESCUE USE 

AN UPDATE IN INTERVENTIONAL LUNG ASSIST DEVICES AND  THEIR ROLE IN 
ACUTE RESPIRATORY DISTRESS SYNDROME  
VON MACH MA, KAES J, OMOGBEHIN B, SAGOSCHEN I, WIECHELT S, KAISER K, SAUER O, WEILEMANN LS 
LUNG 2006;184:N.N.           CE1-47 

 
 
 
Objective 
To report the case of a successful iLA use in acute ventilatory failure.  
 
 
Study Design 
Case report. 
 
 
Study Population 
A patient with acute lung failure. 
 
 
Methods 
A patient with varicella pneumonia was treated for 8 days with iLA. 
 
 
Results 
Hypoxemia and hypercapnia showed significant improvement. The patient made a complete 
recovery. 
 
 
Commentary 
This iLA application shows once more the successful role in CO2 removal.  
 
The authors provide a discussion on interventional lung assist. 



�

 
Compendium of Evidence 
iLA Membrane Ventilator® 

Literature Review 
 

21 

� PROTECTIVE VENTILATION & RESCUE USE 

A NEW PUMPLESS EXTRACORPOREAL INTERVENTIONAL LUNG A SSIST IN 
CRITICAL HYPOXEMIA/HYPERCAPNIA  
BEIN T, WEBER F, PHILIPP A, PRASSER C, PFEIFER M, SCHMID FX, BUTZ B, BIRNBAUM D, TAEGER K, SCHLITT H. 
CRIT CARE MED 2006;34(5):1372-7         CE1-45 

 
 
 
Objective 
To analyze the results of a large number of iLA uses in a university hospital. 
 
 
Study Design 
Retrospective study. 
 
 
Study Population 
Ninety patients with acute respiratory distress syndrome. 
 
Methods 
Interventional lung assist was inserted in 90 patients with acute respiratory distress 
syndrome. Oxygenation improvement, carbon dioxide elimination, hemodynamic variables, 
and the amount of vasopressor substitution were reported before, 2 hrs after, and 24 hrs 
after implementation of the system. Statistical analysis of the collected patient data was 
performed. 
 
Results 
Interventional lung assist led to an acute and moderate increase in arterial oxygenation 
(Pao2/Fio2 ratio 2 hrs after initiation of iLA [median and interquartile range], 82 mm Hg [64-
103]) compared with pre-iLA (58 mm Hg [47-78], p < .05). Oxygenation continued to improve 
for 24 hrs after implementation (101 mm Hg [74-142], p < .05). Hypercapnia was promptly 
and markedly reversed by iLA within 2 hrs (Paco2, 36 mm Hg [30-44]) in comparison with 
before (60 mm Hg [48-80], p < .05]. The incidence of complications was 24.4%, mostly due 
to ischemia in a lower limb. Thirty-seven of 90 patients survived, creating a lower mortality 
rate than expected from the Sequential Organ Failure Assessment score. 
 
Commentary 
The publication was compiled by a group with large experience in iLA use. Although it may 
cover a learning curve (especially in lower limb perfusion problems) the data describe a 
clinical reality which makes this publication very valuable. 
 
It is especially interesting to read that the ventilator settings of the patients could be changed 
towards less aggressive settings. 
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� PROTECTIVE VENTILATION & RESCUE USE 

ADJUNCTS TO MECHANICAL VENTILATION IN ARDS 
LYNCH JE, CHEEK JM, CHAN EY, ZWISCHENBERGER JB 
SEMIN THORAC CARDIOVASC SURG. 2006;18(1):20-7.       CE1-57 

 
 
 
Objective 
To examine the mechanism of action and the latest clinical trial information of several 
adjunctive therapies of ARDS. 
 
 
Study Design 
Literature Review. 
 
 
Results 
The following list focuses on adults: 
 
Prone Positioning temporarily improves gas exchange but randomized clinical trials have 
failed to prove improvement in mortality. 
 
Several clinical trials have shown that nitric oxide improves oxygenation but does not lower 
mortality or increase ventilator-free days. 
 
Despite attempts to prove it with clinical trials, currently there are no evidence-based date to 
support the use of exogenous surfactant in adults with ARDS. 
 
ECMO is as complex, technically demanding treatment with little evidence-based outcome 
data, it lacks technological proress. 
 

Reports on the use of pumpless extracorporeal lung assist have been favourable, a 70 % 
survival rate has been described in 400 patients. Prospective randomized outcome studies 
are required.
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� PROTECTIVE VENTILATION & RESCUE USE 

MANAGEMENT OF ACUTE RESPIRATORY DISTRESS SYNDROME U SING PUMPLESS 
EXTRACORPOREAL LUNG ASSIST 
RUETTIMANN U, UMMENHOFER W, RUETER F, PARGGER H 
CAN J ANAESTH 2006;53(1):101-5         CE1-41 

 
 
 
Objective 
To describe the use of a pumpless extracorporeal lung assist device in the treatment of 
severe acute respiratory distress syndrome (ARDS). 
 
 
Study Design 
Case report of post-traumatic ARDS with mechanical lung damage, hypercarbia and 
impaired but acceptable oxygenation. ILA treatment lasted for seven days until lung 
recovery. Mechanical ventilation was at times reduced to apnoeic ventilation during iLA.  
 
 
Study Population 
A 15-year-old girl with life threatening trauma. 
 
 
Methods 
ILA was combined with apnoeic ventilation, spontaneous ventilation and nitric oxide 
application. 
 
 
Results 
The patient recovered without sequelae. No complications occurred. PEEP adjustment and 
nitric oxide application were used to improve oxygenation. 
 
 
Commentary 
Acute lung failure with elevated paCO2 is a prototype indication for iLA and apnoeic 
ventilation is the marked expression of reduced ventilatory invasiveness during iLA. The 
authors discuss possible mechanisms that define the variable effects on oxygenation. 
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� PROTECTIVE VENTILATION & RESCUE USE 

PUMPLESS EXTRACORPOREAL LUNG ASSIST (PECLA) IN PATI ENTS WITH ACUTE 
RESPIRATORY DISTRESS SYNDROME AND SEVERE BRAIN INJU RY 
BEIN T, SCHERER MN, PHILIPP A, WEBER F, WOERTGEN C 
J TRAUMA. 2005;58(6):1294-7          CE1-34 

 
 
 
Objective 
Employ interventional Lung Assist (iLA) to avoid the detrimental effects of hypercapnia on 
intracranial pressure and cerebral outcome in patients suffering from acute severe brain 
injury and ARDS. 
 
 
Study Design 
Single group retrospective analysis. 
 
 
Study Population 
5 patients with acute severe brain injury and ARDS. 
 
 
Results 
80% survival with good neurologic function. 
20% mortality due to multiorgan failure as a consequence of multi-trauma. 
Intracranial pressure was reduced.  
No bleeding complications. 
 
 
Commentary  
This is the first attempt at solving the conflict between lung protection and cerebral protection 
in patients suffering from both acute brain and lung injury. 
Relevant for approx. 25-30% of multi-trauma patients. 
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� PROTECTIVE VENTILATION & RESCUE USE 

LONG-TERM TREATMENT OF SEVERE RESPIRATORY FAILURE W ITH AN 
EXTRACORPOREAL LUNG ASSIST – A CASE REPORT  
DSCHIETZIG T, LAULE M, MELZER C, BAUMANN G 
INTENSIVMED 2005;42:365-370         CE1-37 

 
 
 
Objective 
Show possibility and feasibility of treatment with iLA over 100 days. 
 
 
Study Design 
Case Report. 
 
 
Study Population 
1 patient. 
 
 
Results 
38yr old patient with pulmonary fibrosis (sarcoidosis) listed for lung transplant since 2003. 
Acute severe pneumonia upon admission. CATscan: severe diffuse fibrosis, bilateral 
infiltrations. Recurrent episodes of pneumonia, hypoxemia could be managed with apnoeic 
oxygenation (high PEEP, low tidal volume) plus carbon dioxide removal with iLA.  
Patient died on day 100 in septic multiorgan failure that had developed on day 99 (additional 
Xigris and cortisone treatment was added). 
 
“Striking simplicity and feasibility” of iLA “together with a low rate of serious complications”. 
No bacterial growth on all Novalung® iLA devices examined. 
 
 
Commentary 
Very detailed case report with excellent handling of iLA in off-label use for long-term (> 100 
days) pulmonary support. Very thoughtful discussion of potential of iLA. 
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� PROTECTIVE VENTILATION & RESCUE USE 

THE PRESENT ROLE OF INTERVENTIONAL LUNG ASSIST (ILA ) IN CRITICAL CARE 
MEDICINE 
BREDERLAU J, ANETSEDER M, MUELLENBACH R, WURMB T, SCHWEMMER U, ROEWER N. 
ANASTHESIOL INTENSIVMED NOTFALLMED SCHMERZTHER 2005;40(2):74-8      CE1-03 

 
 
 
Objective 
This brief review describes the present role of iLA in critical care medicine. 
 
 
Study Design 
Review. 
 
 
Methods 
The key technologies to perform pumpless extrapulmonary lung assist are the development 
of a lung assist device with low resistance to blood flow and without the need for full 
heparinization (Novalung®). 
The authors report a pressure gradient of 15 cm H2O or lower and a blood flow of 3 l/min 
across the Novalung® iLA device. This allows to use the Novalung® device without a 
mechanical blood pump at mean arterial pressure of about 75 mmHg considering the 
additional resistance of the cannula that are in series with the lung assist device and the 
central venous pressure that needs to be overcome. The system can provide complete CO2 
elimination at low blood flow. Oxygenation will depend on both the arterial blood pressure on 
cannula size determining shunt flow iLA therefore enables the dissociation of oxygenation 
and ventilation. The authors’ propose a number of medical indications: 
Severe pneumonia, trauma, smoke gas inhalation, chemical ware fare, combined chest and 
head injury, pulmonary fistula. 
Contra indications: 
CI < 3l/min/m2, MAP < 70 mmHG, NYHA > 2, septical shock, HIT II, peripheral artery 
disease. 
 
 
Commentary 
The authors discuss protective ventilation strategies including HFOV and propose to assess 
complications in a larger trial. Another focus is the combination of iLA with lung protective 
ventilation strategies and weaning protocols. 
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� PROTECTIVE VENTILATION & RESCUE USE 

INTERVENTIONAL LUNG ASSIS IN ACUTE RESPIRATORY DIST RESS SYNDROME. A 
RATIONAL TOOL FOR MILITARY MEDICINE?  
BREDERLAU J, MUELLENBACH R, KREDEL M, WURMB T, SCHWEMMER U, ROEWER N 
INT. REVIEW OF THE ARMED FORCES MEDICAL SERVICES 2005;78(4):283-8      CE1-46 

 
 
 
Objective 
To review the role of iLA with a special focus on military medicine. 
 
 
Study Design 
Review article. 
 
 
Commentary 
The article provides a very detailed overview on iLA use with a focus on practical aspects. 
iLA is favourably compared with ECMO. 
 
The article describes advantages of iLA use which may also play a role in civilian casualties, 
e.g. as a result of disaster: No requirement for extensive logistics and high mobility. 
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� PROTECTIVE VENTILATION & RESCUE USE 

MILITARY AND CIVILIAN APPLICATIONS FOR PUMPLESS EXT RACORPOREAL LUNG 
ASSIST 
MILLER S, BRENNAN K, TAYLOR J, IVEY M, BOYLSTON B 
AMMA CONFERENCE  HANDBOOK 2005; P20         CE1-51 

 
 
 
Objective 
To report the use of iLA in cases of acute lung failure in a forward military treatment facility 
and subsequent medical air evacuation. 
 
 
Study Design 
Case Report. 
 
 
Study Population 
Two patients. 
 
 
Methods 
iLA application in two patients with blast injuries with severe hypoxemia and hypercapnia. 
 
 
Results 
The patients survived. 
 
 
Commentary 
The authors underline that the device requires only very limited resources. It is suitable for air 
evacuation of casualties with lung injury.�
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� PROTECTIVE VENTILATION & RESCUE USE 

PUMPLESS EXTRACORPOREAL LUNG ASSIST IN SEVERE BLUNT  CHEST TRAUMA 
BREDERLAU J, ANETSEDER M, WAGNER R, ROESNER T, PHILIPP A, GREIM C, ROEWER N 
J CARDIOTHORAC VASC ANESTH 2004;18(6):777-9         CE1-04 

 
 
 
Objective 
Use of iLA in a patient with severe blunt chest trauma with bilateral lung contusion and 
bilateral open femoral fractures from a high-speed motorcycle accident. 
 
 
Study Design 
Case report. 
 
 
Study Population 
27-year-old man. 
 
 
Methods 
On admission 4 hours after trauma the patient had extremely impaired lung function (PaO2 = 
60 mmHg), and continued to deteriorate. ILA was initiated 12 hours after the trauma. 
 
 
Results 
Oxygenation and significant CO2 elimination were possible at 2.2 to 2.5 l/min shunt flow. This 
allowed to focus mechanical ventilation on lung protection instead of gas exchange. On day 
6 the patient’s pulmonary function improved. However contracture of the left calf muscles 
occurred and after eventful decannulation the patient developed a compartment syndrome of 
the lower left leg. Following fasciotomy amputation was required below the knee. It remains 
unclear whether arterial cannulation or trauma was the leading cause of lower extremity 
ischemia. 
 
 
Commentary 
This case report shows the need of careful arterial cannulation and continuous monitoring of 
the perfusion of the cannulated leg. To reduce the risk of ischemia smaller arterial cannula 
are used today (13–19 Fr). 



 
Compendium of Evidence 
iLA Membrane Ventilator® 
Literature Review 
 
30 

� PROTECTIVE VENTILATION & RESCUE USE 
HIGH-FREQUENCY OSCILLATORY VENTILATION AND AN INTER VENTIONAL LUNG 
ASSIST DEVICE TO TREAT HYPOXAEMIA AND HYPERCAPNIA  
DAVID M, HEINRICHS W 
BR J ANAESTH 2004;93(4):582-6          CE1-10 
 
 
 
Objective 
Case report on combined use of iLA and high frequency oscillation. 
 
 
Study Design 
Case report. 
 
 
Study Population 
1 patient with severe acute respiratory failure after aspirating burning paraffin oil when 
performing as a fire-eater.  
 
 
Methods 
Measurement of ABG, ventilator settings, clinical course. 
 
 
Results 
Severe ARDS and consecutive renal failure developed within 24 hours after aspiration of 
burning paraffin oil (paO2/FiO2 ratio10.7 KPa, paCO 12 KPa, pH < 7.2). HFO was not 
capable of controlling CO2 and pH, therefore iLA was initiated to enable lung protective 
ventilation while normalizing paCO2 and pH. No iLA associate complications occurred during 
the 13 day treatment with iLA. The patient survived and was discharged from hospital. 
 
 
Commentary 
This case report demonstrates the benefit of combining iLA and HFO in severe acute 
respiratory failure. 
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� PROTECTIVE VENTILATION & RESCUE USE 

PUMPLESS EXTRACORPOREAL LUNG ASSIST USING ARTERIO-V ENOUS SHUNT IN 
SEVERE ARDS. EXPERIENCE WITH 30 CASES 
BEIN T, PRASSER C, PHILIPP A, MULLER T, WEBER F, SCHLITT HJ, SCHMID FX, TAEGER K, BIRNBAUM D 
ANAESTHESIST. 2004;53(9):813-9          CE1-02 

 
 
 
Objective 
Show safety and feasibility of iLA as an rescue device for patients with a extremely low 
probability of survival. 
 
 
Study Design 
Retrospective analysis. 
 
 
Study Population 
30 patients with severe acute lung injury. 
 
 
Methods 
Interventional Lung Assist was established with the Novalung® device for 6.5 days on 
average. Carbon dioxide removal as well oxygenation was required. Large arterial cannula 
were used in this study (comment: these authors have now moved to smaller cannula) 
resulting in a larger shunt blood flow than required for CO2 removal. This allowed a certain 
amount of oxygenation. 
 
 
Results 
The authors conclude that interventional Lung Assist is a simple treatment modality with low 
personal requirements and simple handling. The required arterial cannulation is associated 
with specific complications known from other treatments requiring arterial access. 
The authors consider the opportunity to abolish full heparanization as a major advantage of 
iLA. The authors discuss the use of iLA in severe head and chest injury and for MEDEVAC. 
They conclude that iLA may be appropriate for patients with severe hypercarbia. iLA should 
be used not only as a rescue modality but rather as an extrapulmonary ventilator very early 
after injury. 
 
 
Commentary 
These authors are pioneers of the procedure and have submitted in the meantime a 
manuscript reporting on rescue use of iLA in 90 patients. 
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� PROTECTIVE VENTILATION & RESCUE USE 

ARTIFICIAL LUNG: BENCH TOWARD BEDSIDE  
LICK SD, ZWISCHENBERGER JB 
ASAIO J. 2004;50(1):2-5           CE1-18 

 
 
 
Objective 
Review applications and attachment modes of artificial lungs. Distinguish artificial lungs from 
ECMO. 
 
 
Study Design 
Review. 
 
 
Commentary 
Visionary paper by one of the leading groups in artificial lung studies. 
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� PROTECTIVE VENTILATION & RESCUE USE 

EXTRACORPOREAL MEMBRANE OXYGENATION BY ACUTE RESPIR ATORY 
DISTRESS SYNDROME 
KOPP R, HENZLER D, DEMBINSKI R, KUHLEN R  
ANAESTHESIST 2004;53(2):168-74          CE1-17 

 
 
 
Objective 
Review ECMO in Acute Respiratory Distress Syndrome. 
 
 
Study Design 
Review. 
 
 
Methods 
Review. 
 
 
Results 
Venovenous ECMO – despite unsatisfactory trial results – remains a treatment option in very 
severe ARDS with hypoxemia. 
Smaller ECMO systems and pumpless interventional lung assist can broaden the 
applications of extracorporeal gas exchange in ARDS. This is particularly important in light of 
the growing body of evidence on ventilator associated lung injury. Prospective randomized 
trials should be performed to assess these new treatment options. 
 
 
Commentary 
New developments such as iLA may extend the indications for extracorporeal lung assist 
from use only as ultima ratio to less severe respiratory failure to enable lung protective less 
invasive mechanical ventilation. 
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� PROTECTIVE VENTILATION & RESCUE USE 

NEW TECHNOLOGIES FOR RESPIRATORY ASSIST  
MATHEIS G 
PERFUSION. 2003;18(4):245-51          CE1-20 

 
 
 
Objective 
Review new technologies for respiratory assist. 
 
 
Study Design 
Review. 
 
 
Methods 
Review. 
 
 
Results 
Three types of artificial lungs/lung assist devices beyond ECMO are reviewed: 

·  Intravascular lung assist with catheter based intravenacaval gas exchange 
·  Interventional pumpless lung assist with an artificial lung interposed in a systemic 

arteriovenous shunt between femoral artery and vein. 
·  Total artificial lung interposed in a pulmonary shunt between pulmonary artery and 

left atrium. 
 
 
Commentary 
Artificial lungs have lingered behind progress with artificial hearts, but current experimental 
and clinical data generated with devices enabled by state of the art technologies may open 
new treatment options for patients with acute or chronic respiratory failure. 
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� PROTECTIVE VENTILATION & RESCUE USE 

INTERVENTIONELLE EXTRAKORPORALE LUNGENUNTERSTÜTZUNG  (ILA) MITTELS 
ARTERIO-VENÖSEM SHUNT UND EINEM NEU ENTWICKELTEN LO W RESISTANCE 
LUNG ASSIST DEVICE (LAD) 

PHILIPP A, FOLTAN M, GIETL M, RENG M, BIRNBAUM DE 
KARDIOTECHNIK 2003;2003(1):7-13          CE1-22 

 
 
 
Objective 
Describe iLA from a more technical – perfusion oriented point of view. Describe technical 
issues and potential problems. 
 
 
Study Design 
Description, case presentation, summary of cases. 
Outlook. 
 
 
Study Population 
78 patients. 
 
 
Methods 
Retro perspective observation. 
 
 
Results 
ILA in patients with respiratory failure, which cannot be controlled by other means, is a 
therapeutic option. In comparison to standard ECMO iLA shows fewer side effects and 
complications. A paracorporeal system could be the next step in the development. 
 
 
Commentary 
This paper addresses mainly perfusionists, which are focused on the technical side of any 
extracorporeal treatment. 
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� PROTECTIVE VENTILATION & RESCUE USE 

HYBRID MANAGEMENT OF AORTIC RUPTURE AND LUNG FAILUR E: PUMPLESS 
EXTRACORPOREAL LUNG ASSIST AND ENDOVASCULAR STENT-G RAFT 
SCHMID FX, PHILIPP A, LINK J, ZIMMERMANN M, BIRNBAUM DE 
ANN THORAC SURG 2002;73(5):1618-20          CE1-27 

 
 
 
Objective 
Report on a case of acute traumatic aortic rupture in a patient suffering multiple chest injuries 
in a head on car collision.  
 
 
Study Design 
Case report. 
 
 
Study Population 
1 20-year-old male. 
 
 
Methods 
Patient’s respiratory function had deteriorated dramatically in a remote hospital and who was 
deemed to be too unstable to undergo transportation or surgical intervention. An emergency 
facission from the rescue helicopter team initiated iLA and after rapid stabilization of gas 
exchange during iLA support transfered the patient to the next trauma center. Where the 
rupture of the descending aorta was treated with a stent draft. The patient recovered from his 
lung injuries after a total of 7 days on iLA and made an uneventful recovery. 
 
 
Commentary 
The same report was published in German:  
 
Extracorporeal lung support and endovascular stent in traumatic aortic rupture and severe 
lung failure. 
SCHMID FX, PHILIPP A, FALTERMEIER H, SCHADINGER U, LINK J, BIRNBAUM D. 
UNFALLCHIRURG 2002;105(7):647-50 
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� PROTECTIVE VENTILATION & RESCUE USE 
TOTAL EXTRACORPOREAL ARTERIOVENOUS CARBON DIOXIDE R EMOVAL IN 
ACUTE RESPIRATORY FAILURE: A PHASE I CLINICAL STUDY  
CONRAD SA, ZWISCHENBERGER JB, GRIER LR, ALPARD SK, BIDANI A. 
INTENSIVE CARE MED 2001;27(8):1340-51         CE1-09 
 
 
 
Objective 
Evaluate the safety and efficacy of extracorporeal CO2 removal. 
 
 
Study Design 
Phase I within group series trial, 2 centers. 
 
 
Study Population 
8 patients with acute hypercapnic respiratory failure or hypoxemic respiratory failure 
managed with permissive hypercapnia. 

 
 
Methods 
Sequential measurement of ABG, hemodynamics, ventilator settings, laboratory values, 
complications. 
 
 
Results 
PaCO2 decreased within 2 hours from 90.8 to 51.8 mmHg despite decreased minute 
ventilation (6.92 to 3.00 l/min). pH normalized from 7.19 to 7.37. These improvements 
persisted during the full period of gas exchange support. Hemodynamics were not 
significantly altered throughout the procedure. Apnea trials in four patients allowed PaCO2 
values from 57–85 mmHg. 
 
 
Commentary 
This clinical phase I trial shows that pumpless extracorporeal CO2 removal is capable of 
complete CO2 removal during acute respiratory failure. In conjunction with protective (i.e. 
reduced) mechanical ventilation PaCO2 and pH could be normalized rapidly and maintained 
normal throughout the treatment period. 
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� PROTECTIVE VENTILATION & RESCUE USE 

PUMPLESS EXTRACORPOREAL LUNG ASSIST - EXPERIENCE WI TH THE FIRST 20 
CASES 
LIEBOLD A, RENG CM, PHILIPP A, PFEIFER M, BIRNBAUM DE.  
EUR J CARDIOTHORAC SURG 2000;17(5):608-13         CE1-19 

 
 
 
Objective 
Test the feasibility and efficacy of pumpless extracorporeal lung assist with iLA. 
 
 
Study Design 
Prospective oberservational clinical trial.  
 
 
Study Population 
20 adult patients (mean age 41 years meeting the criteria of the American-European 
consensus conference on ARDS). 
 
 
Methods 
Patients were enrolled after interdisciplinary consensus on the reversibility of the individual 
patients pulmonary injury. In 4 patients iLA was installed after ECMO had failed due to 
thrombus formation within the system or pump head disfunction. Those patients were 
switched to iLA according to inclusion criteria. Patients underwent a protective ventilation 
protocol while on iLA.  
 
 
Results 
Within 24 hours after initiating iLA a significant improvement in Oxygenation paO2 48.1 
mmHg CO2 removal paCO2 32.7 mmHg was observed. 60% of patients could be discharged 
from hospital. During iLA no spontaneous bleeding forcing the interruption of treatment or 
signs of lymph ischemia were noted. In one case localized bleeding at the arterio punctures 
required surgical intervention. On thrombus in cannula required cannula replacement. 4 of 
the prototype lungs had to be exchanged due to plasma leakage or thrombus formation. 3 
devices lasted for 24, 27 and 32 days respectably.  
 
 
Commentary 
This study was performed with a prototype of iLA that utilized a standard gas exchange 
membrane, which caused the reported incidence of plasma leakage. With the PMP 
membrane used since 2003 no plasma leakage has been observed. 
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� PROTECTIVE VENTILATION & RESCUE USE 
EVALUATION OF A DISPOSABLE PLASTIC, LOW VOLUME, PUM PLESS 
OXYGENATOR AS A LUNG SUBSTITUTE  
RASHKIND WJ, FREEMAN A, KLEIN D, TOFT RW  
J PEDIATR 1965;66:94-102           CE1-24 

 
 
 
Objective 
Show feasibility of pumpless lung assist in a femoral artery to vein shunt in animals and 
humans. 
 
 
Study Design 
1. Animal experiment, canine model (puppies). 
2. Observational clinical study. 
 
 
Study Population  
15 puppies. 
10 moribund infants and children with respiratory failure due to pulmonary or congenital 
cardiac disease. 
 
 
Methods  
Animal model: Tracheal obstruction to create hypercapnia and hypoxemia or complete 
pulmonary capillary-alveolar block. 
 
Attachment of artificial lung between 1 or both femoral arteries and vein for 4–27 hours 
(clinical trials).  
 
Endpoints: Arterial blood pressure, oxygen saturation (continuously), arterial blood gases in 
inflow and outflow blood, serum ketone, shunt blood flow. 
 
 
Results 
Oxygen partial pressure increased from inflow (27–119 mmHg) to outflow (59–654 mmHg), 
and PaCO2 dropped from 40–85 mmHg (inflow) to 26–53 mmHg (outflow). Depending on the 
method, blood flow amounted to 42 - 101 ml/min/kg body weight. Gas exchange could be 
maintained via the homologous lung perfused by the heart. 
All children awakened after marked lowering of their pCO2, and became alert and 
responsive. No neurologic sequel was observed. One child is alive 18 months after lung 
assist without apparent harm. 
 
 
Commentary 
Landmark study that for the first time demonstrates feasibility of interposing an artificial lung 
in a systemic arteriovenous shunt in humans. Cannulation is considered the critical part of 
the technique: “It is essential to use the largest-caliber thinnest-wall cannula that can be 
inserted”. Small filling volume was achieved thus allowing to use normal saline to fill the lung 
prior to use. 
 
 



 
Compendium of Evidence 
iLA Membrane Ventilator® 
Literature Review 
 
40 

� CRITICAL CARE TRANSPORT / MEDEVAC 

FROM BAGHDAD TO GERMANY: USE OF A NEW PUMPLESS EXTR ACORPOREAL 
LUNG ASSIST SYSTEM IN TWO SEVERELY INJURED US SOLDI ERS 
ZIMMERMANN M, PHILIPP A, SCHMID FX, DORLAC W, ARLT M, BEIN T 
ASAIO J. 2007 MAY-JUN;53(3):E4-6          CE1-71 

 
 
 
Objective 
Describe the use of an extracorporeal pumpless interventional lung assist system (iLA) for 
long distance air transport, thereby enabling lung protective ventilation strategy, in US 
soldiers with severe acute respiratory distress syndrome received from enemy action in Iraq. 
 
 
Study Design 
Case report 
 
 
Methods 
Following blast injury, radiographs revealed signs of acute respiratory distress syndrome, 
and blood gas values suggested hypoxic and hypercapnic decompensation despite 
maximum ventilatory support available under the prevailing condition. Immediately after 
implementation of the iLA, oxygenation increased markedly, and carbon dioxide elimination 
improved. The patient was stabilized and then transferred to Germany by air transportation 
(MEDEVAC, ambulance helicopter). 
 
 
Results 
ILA therapy was uneventfully implemented in both cases. The system was removed after 15 
and 8 days of continuous operation, respectively, and both soldiers were successfully 
weaned from mechanical ventilation. 
 
 
Commentary 
Interventional, extracorporeal pump-free pulmonary support opens up new possibilities for 
pulmonary protection due to ease of use, effectiveness, and low costs; however, there is 
concern of distal limb ischemia. Experiences to date are encouraging, although randomized 
studies are lacking, and the procedure carries significant risks. 
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� CRITICAL CARE TRANSPORT / MEDEVAC 

AERO-MEDICAL EVACUATION WITH INTERVENTIONAL LUNG AS SIST IN LUNG 
FAILURE PATIENTS 
KJAERGAARD B, CHRISTENSEN T, NEUMANN PB, NURNBERG B 
RESUSCITATION 2006;EPUB AHEAD OF PRINT         CE1-60 

 
 
 
Objective 
Scientifically evaluate the feasibility of iLA in long range aero-medical evacuation. 
 
 
Study Design 
Animal study. 
 
 
Study Population 
Eight female pigs. 
 
 
Methods 
Cannulation was performed in the right axillary artery and the right jugular vein. Mechanical 
ventilation was adjusted to below half of the needed minute volume prior to the use of iLA. 
The animals went through different modalities of transportation in ambulances, helicopters 
and aircraft. Two of the pigs were tested in a hypobaric chamber, and another two animals 
underwent a 7.5 h intercontinental transportation from Denmark to Greenland in a Hercules 
C130J transport airplane. The setting was a mobile intensive care compartment aboard the 
airplane. 
 
 
Results 
It was possible to maintain physiological PaCO2 and PaO2 in normal flight altitudes with iLA. 
Compared to pump-driven ECMO systems iLA is safer and more efficient. The current study 
demonstrates the feasibility of iLA during military aeromedical evacuation. No serious 
complications occurred. 
 
 
Commentary 
This work is of interest because recent use of iLA in military medicine demonstrated the need 
for such an enabling device and procedure to evacuate and treat patients, e.g. in case of 
blast injury which requires transport to larger hospitals with better treatment capabilities. 



 
Compendium of Evidence 
iLA Membrane Ventilator® 
Literature Review 
 
42 

� CRITICAL CARE TRANSPORT / MEDEVAC 

VON BAGDAD NACH REGENSBURG 
BEIN T, PHILIPP A, DORLAC W, TAEGER K, NERLICH M, HANS JS 
DTSCH ARTZEBL 2006;103(42):A 2797-801         CE1-59 

 
 
 
Objective 
To describe early iLA initiation and use in patient transport under battlefield conditions. 
 
 
Study Design 
Case Report. 
 
 
Study Population 
One young adult with blast injury to the lung, traumatic lower leg amputation and subsequent 
acute lung failure. 
 
 
Methods 
iLA was initiated after rapid clinical deterioration subsequent to initial stabilisation.  
 
 
Results 
iLA allowed protective ventilation and transport to advanced medical facilities from Bagdad to 
Europe. After 15 days iLA was removed and the patient could be extubated shortly after that. 
No major complications occurred. 
 
 
Commentary 
This case has several interesting aspects: Blast injury is a complex and difficult to treat 
condition, combining indirect and direct damage to the lung. The ease of use of the system 
allowed treatment commencement and MEDEVAC under battlefield conditions. Several 
patients from this scenario underwent similar procedures. 
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� CRITICAL CARE TRANSPORT / MEDEVAC 

INTERHOSPITALTRANSFER EINES PATIENTEN MIT SCHWERER 
RESPIRATORISCHER INSUFFIZIENZ IN FOLGE EINER LEGION ELLOSE MITTELS 
EINSATZ EINER PECLA (PUMPLESS EXTRACORPOREAL LUNG A SSIST) 
BRÜNNLER T, PHILIPP A, SCHÖLMERICH J, BIRNBAUM DE, RENG CM 
INTENSIVMED 2006;43(7):589-92         CE1-62 

 
 
 
Objective 
To report an interhospital transfer applying pumpless extracorporeal lung assist (iLA) in a 
severe case of pulmonary failure.  
 
 
Study Design 
Case Report. 
 
 
Study Population 
One young patient, a 25-year-old man, developed respiratory failure due to legionnaire’s 
disease. 
 
 
Methods 
After failed antibiotic treatment and mechanical ventilation the patient received iLA to enable 
transport from the ICU of a county hospital to the medical ICU of a university hospital. 
 
 
Results 
The initiation of iLA resulted in dramatic improvement within the next 6 days. The patient 
could be successfully weaned from iLA after 12 days and from mechanical ventilation after 
another 5 days. 
 
 
Commentary 
In conclusion, pumpless extracorporal lung assist improved gas exchange and hemodynamic 
performance in this case of severe respiratory failure, so that the patient could be transported 
to a center for maximal intensive care treatment. Transport was necessary to allow treatment 
in a higher level facility and may have contributed to the patient’s survival. 
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� CRITICAL CARE TRANSPORT / MEDEVAC 

INTERHOSPITAL TRANSPORTATION OF PATIENTS WITH SEVER E LUNG FAILURE ON 
PUMPLESS EXTRACORPOREAL LUNG ASSIST 
ZIMMERMANN M, BEIN T, PHILIPP A, ITTNER K, FOLTAN M, DRESCHER J, WEBER F, SCHMID FX 
BR J ANAESTH 2006 ;96(1):63-6          CE1-40 

 
 
 
Objective 
To describe the use of pumpless extracorporeal interventional Lung Assist (iLA) for 
transportation of patients with severe life-threatening acute lung failure from tertiary hospitals 
to a specialized centre. 
 
 
Study Design 
Patients with severe lung failure requiring interhospital transport, in whom implementation of 
an iLA system at a tertiary hospital for air/ground transportation was performed. 
 
 
Study Population 
Eight patients. 
 
 
Methods 
Retrospective analysis. 
 
 
Results 
After implementation of iLA, a rapid increase in CO2-elimination was observed and a 
significant improvement in oxygenation was noted. During transport, no severe complications 
or mortality occurred. 
 
 
Commentary 
This paper is relevant because it describes the successful use of the iLA system in an 
important setting: Lung failure patients frequently require transport under intensive care 
conditions. The small size, easy to use iLA which does not need additional energy or 
equipment works in transport conditions as well. Note that although improved oxygenation is 
cited as a result iLA’s primary indication is improvement of ventilation. 
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� CRITICAL CARE TRANSPORT / MEDEVAC 

DIE HERSTELLUNG DER TRANSPORTFÄHIGKEIT MITTELS PUMP ENLOSER 
EXTRAKIORPORALER LUNGENUNTERSTÜTZUNG (PECLA) 
GIETL M, PHILIPP A, RENG M, ZIMMERMANN M, KAISER M, SCHMID FX, BIRNBAUM DE  
KARDIOTECHNIK 2002;2002:11-24         CE1-14 

 
 
 
Objective 
Demonstrate feasibility of pumpless interventional Lung Assist for critical care transport. 
 
 
Study Design  
Observational clinical trail (1 group). 
 
 
Study Population  
6 patients with severe respiratory failure. 
 
 
Methods 
Patients received interventional Lung Assist at remote facility and were transported by 
ambulance (2 pts.) or helicopter (4 pts.) to a major trauma center.  
 
 
Results 
Patients mean age was 37 years. iLA was used for 7.7 days. Long-term survival after 
treatment in trauma center in 4 patients (complete recovery). 1 patient died after treatment 
with iLA. 1 patient with multiple injury died while still on the system.  
 
 
Commentary 
This paper shows feasibility of MEDEVAC with iLA in all cases safe critical care transfers 
from a remote facility to a trauma center could be achieved. This type of critical care transfer 
usually is a high-risk situation for patients with severe respiratory failure. 
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� BRIDGE TO TRANSPLANTATION 

BRIDGE TO LUNG TRANSPLANTATION WITH THE EXTRACORPOR EAL MEMBRANE 
VENTILATOR NOVALUNG IN THE VENO-VENOUS MODE: THE IN ITIAL HANNOVER 
EXPERIENCE 
FISCHER S, HOEPER MM, TOMASZEK S, SIMON A, GOTTLIEB J, WELTE T, HAVERICH A, STRUEBER M 
ASAIO J. 2007 MAR-APR;53(2):168-70         CE1-67 

 
 
 
Objective 
To describe initial experience with the Novalung® extracorporeal membrane ventilator in a 
pump-driven veno-venous mode in bridge-to-lungtransplantation (Ltx) patients suffering 
severe ventilator-refractory hypoxemia. 
 
 
Study Design 
Observational study on two case report. 
 
 
Methods 
For veno-venous cannulation, a 22F 5-stage Heartport cannula was inserted into a femoral 
vein for drainage and a 17F single-stage cannula was inserted into an internal jugular vein 
for blood return percutaneously. Blood flow was provided by a centrifugal pump. 
This setting enabled blood flow across the device of 4.5 to 5.1 lpm in patient 1 and 3.5 to 3.7 
lpm in patient 2. 
 
 
Results 
The length of veno-venous support was 17 days in patient 1 and 9 days in patient 2. Both 
were successfully bridged to Ltx. PaO2 improved from 38 mmHg (patient 1) and 37 mmHg 
(patient 2) before Novalung® implantation to 77 mmHg and 122 mmHg at 6 hours post 
implantation. On day 7, measures of PaO2 in both patients showed values of 92 mmHg and 
76 mmHg, respectively. 
 
 
Discussion 
The Novalung® iLA Membrane Ventilator™ has not been approved for pump-driven 
venovenous operation so far. Nevertheless, this approach has proven it`s feasibility and 
appeared to be safe, as none of the typical side-effects of ECMO were seen with the veno-
venous Novalung® in these patients. Improvement in arterial oxygenation was seen from the 
early beginning of iLA therapy and remained constant for the following 7 days. 
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� BRIDGE TO TRANSPLANTATION 

THE NOVALUNG(R) ILA MEMBRANE VENTILATOR: TECHNICAL ASPECTS 
FISCHER S, STRUEBER M 
CTSNET THORACIC INTERNET PORTAL 2006;SEP 2006       CE1-58 

 
 
 
Objective 
To provide an overview about technical and clinical aspects of the iLA Membrane Ventilator. 
 
 
Study Population 
The authors quote experiences from the use of iLA in up to 1200 patients. 
 
 
Methods 
Literature Review. 
 
 
Results 
iLA use allows for protective ventilation. The authors report on their positive experience in 
patients with terminal lung diseases, in which the procedure is being used as a bridge to 
transplant. 
 
The authors speculate about the combination iLA with a pump for patients with circulatory 
failure. 
 
 
Commentary 
The importance lies in the large experience quoted and the special application in terminal 
lung failure. Without iLA these patients would suffer from a mortality rate of nearly 100%. 
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� BRIDGE TO TRANSPLANTATION  
BRIDGE TO LUNG TRANSPLANTATION WITH THE NOVEL PUMPL ESS 
INTERVENTIONAL LUNG ASSIST DEVICE NOVALUNG  
FISCHER S, SIMON AR, WELTE T, HOEPER MM, MEYER A, TESSMANN R, GOHRBANDT B, GOTTLIEB J, HAVERICH A, STRUEBER M. 
J THORAC CARDIOVASC SURG 2006;131(3):719-23        CE1-44 

 
 
Objective 
To test whether interventional Lung Assist Novalung implantation is an effective bridge to 
lung transplantation strategy in patients with ventilation-refractory hypercapnia (the role of 
iLA in LTx has not been investigated previously).  
 
 
Study Design 
Prospective study on lung transplant patients in one university hospital. 
 
 
Study Population 
Patients with end stage lung failure and high urgency status developing ventilation-refractory 
hypercapnia with accompanying severe respiratory acidosis while awaiting lung 
transplantation. 
 
 
Methods 
Between March 2003 and March 2005, twelve of the high-urgency recipients had severe 
ventilation-refractory hypercapnia and respiratory acidosis. These patients were connected to 
the novel pumpless interventional lung assist Novalung for bridge to lung transplantation. 
 
 
Results 
The length of interventional lung assist Novalung support was 15 +/- 8 days (4-32 days). pH 
and PaCO2 levels in arterial blood prior to interventional lung assist Novalung implantation 
were 7.121 +/- 0.1, and 128 +/- 42 mm Hg, respectively. Six hours after interventional lung 
assist Novalung implantation, pH, and PaCO2 levels had changed to 7.344 +/- 0.1 (P < .05), 
and 52 +/- 5 mm Hg (P < .05), respectively. Oxygenation did not improve significantly. Four 
patients died of multiorgan failure, 2 patients before and 2 after lung transplantation. Thus, 
10 out of 12 patients were successfully bridged to lung transplantation, and 8 are still alive 
(1-year survival, 80%). Ventilatory peak pressures and PEEP level could be reduced after 
iLA implantation. 
Three patients required replacement of the device for accidental clotting at activated clotting 
times of less than 150 seconds. None of the patients showed signs of malperfusion of the 
lower extremities 
 
 
Commentary 
This study is important for several reasons: 
·  It demonstrates the applicability of the iLA as a bridge to LTx in patients with end-stage 

lung failure. 
·  It compares favourably iLA application to ECMO which is a contraindication in most 

centers to LTx. 
·  It shows again that iLA indication is ventilatory failure, it only limitedly improves 

oxygenation. 
·  The authors state that interventional lung assist is their favored treatment for patients with 

ventilation-refractory lung failure with predominant hypercapnia and respiratory acidosis. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 

ARTERIOVENOUS EXTRACORPOREAL LUNG ASSIST ALLOWS FOR  MAXIMIZATION 
OF OSCILLATORY FREQUENCIES: A LARGE-ANIMAL MODEL OF  RESPIRATORY 
DISTRESS. 
MUELLENBACH RM, KUESTERMANN J, KREDEL M, JOHANNES A, WOLFSTEINER U, SCHUSTER F, WUNDER C, KRANKE P, ROEWER N, 
BREDERLAU J. 
BMC ANESTHESIOL. 2008 NOV 14;8:7.                            CE1-81 
 
 
 
Objective 
Although the minimization of the applied tidal volume (VT) during high-frequency oscillatory 
ventilation (HFOV) reduces the risk of alveolar shear stress, it can also result in insufficient 
CO2 elimination with severe respiratory acidosis. It has been hypothesized that in a model of 
acute respiratory distress (ARDS) the application of high oscillatory frequencies requires the 
combination of HFOV with arteriovenous extracorporeal lung assist (av-ECLA) in order to 
maintain or re-establish normocapnia. 
 
 
Study Design 
Experimental animal study. 
 
 
Study Population 
8 female pigs (56.5 ± 4.4 kg) undergoing induction of ARDS by repeated saline lavage. 
 
 
Methods 
After induction of ARDS, a recruitment manoeuvre was performed and intratracheal mean 
airway pressure (mPaw) was adjusted 3 cmH2O above the lower inflection point (Plow) of the 
pressure-volume curve. All animals were ventilated with oscillatory frequencies ranging from 
3–15 Hz. The pressure amplitude was fixed at 60 cmH2O. At each frequency gas exchange 
and hemodynamic measurements were obtained with a clamped and de-clamped av-ECLA. 
Whenever the av-ECLA was de-clamped, the oxygen sweep gas flow through the membrane 
lung was adjusted aiming at normocapnia. 
 
 
Results 
Lung recruitment and adjustment of the mPaw above Plow resulted in a significant 
improvement of oxygenation (p < 0.05). Compared to lung injury, oxygenation remained 
significantly improved with rising frequencies (p < 0.05). Normocapnia during HFOV was only 
maintained with the addition of av-ECLA during frequencies of 9 Hz and above. 
 
 
Commentary 
In this animal model of ARDS, maximization of oscillatory frequencies with subsequent 
minimization of Vt leads to hypercapnia that could only be reversed by adding av-ECLA. So, 
the combination of iLA and HFOV could facilitate a very protective ventilation strategy, 
improving both oxygenation (HFOV) and removal of carbon dioxide (iLA).  
Nevertheless, in this study, the Viasys Sensormedics 3100B was used. One should consider, 
that the use of a more powerful ventilator for HFOV like the Novalung Vision � , could allow a 
more effective removal of carbon dioxide. 
 



 
Compendium of Evidence 
iLA Membrane Ventilator® 
Literature Review 
 
50 

� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 

OPTIMAL POSITIVE END-EXPIRATORY PRESSURE DURING PUM PLESS 
EXTRACORPOREAL LUNG MEMBRANE SUPPORT. 
JUNGEBLUTH P, IGLESIAS M, GO T, SIBILA O, MACCHIARINI P. 
ARTIF ORGANS. 2008 NOV;32(11):885-90.        CE1-86 
 
 
 
Objective 
The aim of this study was to determine the optimal positive end-expiratory pressure (PEEP) 
required during extracorporeal lung membrane support (interventional lung assist [iLA]; 
Novalung GmbH, Hechingen,Germany). 
 
Study Design 
Experimental animal study. 
 
Study Population 
20 healthy pigs. 
 
Methods 
The animals were initially (4 h) mechanically ventilated with a tidal volume (VT) of 10mL/Kg, 
respiratory rate (RR) of 20 breaths/min, PEEP of 5 cmH2O and fraction of inspired O2 (FiO2) 
of 1.0. Thereafter, the iLAs were placed arteriovenously transfemorally and settings were 
reduced to reach near static ventilation (VT �  2 mL/Kg, RR 4 breaths/min, PEEP of 5, FiO2 
1.0). Then, animals were assigned to four study groups evaluating 5 cmH2O increasing levels 
of PEEP for 8 h. 
 
 
Results 
Gas exchanges with PEEP �  10 cmH2O were significantly worse than those with PEEP > 12 
cmH2O, and this without hemodynamical imbalance.  
In detail, the combined effects of static ventilation, PEEP �  10 mmHg and peripheral 
arteriovenous (AV) shunt resulted in a statistical reduction of SVR, mSAP,PaO2/FiO2, and 
pSaO2 and in an increase of RVSWI, mPAP, CO, and PVR. However, PEEP levels of 15 and 
20 mmHg were associated with pulmonary and systemic hemodynamics similar to the pre-
iLA situation and near physiological gas exchange. The PaO2/FiO2 and pSaO2 showed a 
significant correlation to PEEP elevation (r = 0.97;P < 0.05; r = 0.93; P < 0.05). ELWI and 
ELWV were 
significantly higher during the iLA period compared with the pre-iLA situation, but there were 
no in-between group differences observed. 
 
 
Commentary 
The present findings demonstrate the necessity of high PEEP levels to provide near 
physiological gas exchange during this new ventilatory study. High levels of PEEP were 
clinically unexpectedly well tolerated and negative effects easily balanced by reverse impacts 
of the AV-shunt and the device. This study suggests that the iLA may provide adequate gas 
exchange during static ventilation with PEEP levels > 10 cm H2O and this without pulmonary 
or systemic hemodynamic imbalance. 
 
The use of an extracorporeal lung membrane and static ventilation may represent the 
optimum ventilation strategy for patients suffering from respiratory failure, ventilatory-induced 
lung injury and other severe respiratory disorders. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 

USE OF A PULSATILE VENTRICULAR ASSIST DEVICE (BERLI N HEART EXCOR) AND 
AN INTERVENTIONAL LUNG ASSIST DEVICE (NOVALUNG) IN AN ANIMAL MODEL. 
WERMELT JZ, HONJO O, KILIC A, VAN ARSDELL G, GRUENWALD C, HUMPL T. 
ASAIO J. 2008 SEP-OCT;54(5):498-503.         CE1-84 
 
 
 
Objective 
Pulsatile ventricular assist devices (VADs) are used in pediatric patients mainly as a bridge 
to heart transplantation. If severe respiratory failure occurs, extracorporeal membrane 
oxygenation (ECMO) is currently the treatment of choice. ECMO has the potential for severe 
complications. Interventional lung assist (iLA) devices, e.g., the iLA Membrane Ventilator® 

(Novalung), are used in patients with isolated lung failure. This study aimed to show the 
feasibility of the combined use of the EXCOR VAD (10 ml and 30 ml blood pumps) and the 
iLA Membrane Ventilator®. 
 
 
Study Design 
Experimental animal study. 
 
 
Study Population 
Three 30 kg and three 10 kg pigs. 
 
 
Methods 
There were two separate experiments within this study. First, a bench test was carried out to 
analyze pressure and flow through both devices. 
Second, 10 kg and 30 kg pigs received support with the VAD and iLA in series. Pressures 
and flow were measured systematically before and behind the iLA. 
 
 
Results 
Flow was unaffected by the iLA. The mean arterial pressure was reduced (mean of 13 
mmHg) by the iLA. There were no obvious difficulties observed within the interaction of VAD 
and iLA. The combined use of both devices is feasible and able to provide sufficient 
perfusion pressures. Oxygenation and CO2 clearance was effectively supported by the iLA. 
 
 
Commentary 
Patients with myocardial and respiratory failure may benefit from the combinat of EXCOR 
VAD and iLA Membrane Ventilator®. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 

APNEIC OXYGENATION COMBINED WITH EXTRACORPOREAL ART ERIOVENOUS 
CARBON DIOXIDE REMOVAL PROVIDES SUFFICIENT GAS EXCH ANGE IN 
EXPERIMENTAL LUNG INJURY 
NIELSEN ND, KJAERGAARD B, KOEFOED-NIELSEN J, STEENSEN CO, LARSSON A 
ASAIO 2008;54:401-405.                             CE1-82 
 
 
 
Objective 
To evaluate if apneic oxygenation, using an open lung approach, combined with 
extracorporeal CO2 removal, would provide adequate gas exchange in acute lung injury. 
 
 
Study Design 
Prospective experimental animal study 
 
 
Study Population 
9 anesthetized and mechanically ventilated pigs (85-95 kg). 
 
 
Methods 
Severe ARDS was induced by surfactant depletion. After a lung recruitment maneuver, the 
tracheal tube was connected to 20 cm H2O continous pressure (100% O2) for oxygenation of 
the blood. A pumpless membrane ventilator (iLA) was connected in an arteriovenous shunt 
for CO2 removal. PaO2 and PaCO2 were recorded for 3.5 hours.  
 
Results 
PaO2 was 464 (403, 502) mmHg (median and interquartile range) throughout the experiment. 
The O2 uptake through the lungs was 185 (164, 212) ml/min. PaCO2 increased asymptomatic 
towards 60 mmHg. The CO2 removal through the membrane ventilator was 180 (150,180) 
ml/min. 
 
 
Commentary 
The method provided adequate gas exchange in this experimental model, suggesting that it 
might have potential as an alternative treatment modality in acute lung injury.�
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 

EXTRACORPOREAL LUNG MEMBRANE PROVIDES BETTER LUNG P ROTECTION 
THAN CONVENTIONAL TREATMENT FOR SEVERE POSTPNEUMONE CTOMY 
NONCARDIOGENIC ACUTE RESPIRATORY DISTRESS SYNDROME 
IGLESIAS M, JUNGEBLUTH P, PETIT CAROLE, MATUTE MP, ROVIRA I, MARTINEZ E, CATALAN M, RAMIREZ J, MACCHIARINI P 
J THORAC CARDIOVASC SURG 2008;135:1362-71.                          CE1-79 
 
 
 
Objective 
To compare conventional or protective ventilation treatment to pumpless extracorporeal lung 
membrane (Interventional Lung Assist, iLA) support and near-static ventilation in a pig model 
of postpneumonectomy severe postresectional acute respiratory distress syndrome 
(pARDS). 
 
 
Study Design 
Prospective, randomized experimental animal study. 
 
 
Study Population 
5 different treatment groups of adult pigs, each group included 5 animals. 
 
 
Methods 
Pigs underwent left thoracotomy without (group I) or with left pneumonectomy (groups II-V). 
Pigs in group II were observed only, whereas in those belonging to groups III to V, 
surfactant-depletion severe pARDS was induced. This was followed by observation and 
conventional ventilation (group III; Vt 10-12ml/Kg, PEEP 5cmH2O), protective ventilation 
(group IV; Vt 6 ml/Kg, PEEP 10-15cmH2O) or iLA support and lung rest (group V; Vt 1-2 
ml/Kg, PEEP 10-15cmH2O). Furthermore, all animals in group IV and V additionally received 
conventional treatment (steroids, and nitric-oxide). Primary outcome was extubation 12 hours 
postoperatively or pARDS, secondary measures included hemodynamics and lung function, 
lung cytokine assays and surfactant evaluation and histopathologic features. 
 
 
Results 
All but one pig belonging to group V could be extubated compared with none in groups III 
and IV (p<0.01), and only their lungs normalized cytokine release (p<0.001) and surfactant 
(p<0.03) and displayed fewer parenchymal lesions (p<0.05). 
 
 
Commentary 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES�
PUMPLESS EXTRACORPOREAL LUNG ASSIST FOR PROTECTIVE MECHANICAL 
VENTILATION IN EXPERIMENTAL LUNG INJURY 
DEMBINSKI R, HOCHHAUSEN N, TERBECK S, UHLIG S, DASSOW C, SCHNEIDER M, SCHACHTRUPP A, HENZLER D, ROSSAINT R, 
KUHLEN R 
CRIT CARE MED. 2007; 35(10):2359-66          CE1-76 

 
 
 
Objective 
To test the hypothesis that ventilation with 3ml/kg tidal volume (Vt) combined with iLA 
reduces ventilator-associated organ injury in experimental acute lung injury (ALI) when 
compared to ventilation with 6ml/kg tidal volume without iLA.  
 
 
Study Design 
Prospective, randomized, controlled trial. 
 
 
Study Population 
14 pigs. 
 
 
Methods 
ALI was induced by repeated saline lung lavages. All animals were ventilated in a volume-
controlled mode with FiO2 1.0 and PEEP of 5 cm H2O with Vt of 3ml/kg plus iLA 
(interventional group) or with Vt of 6 ml/kg (control group). Organ function in vivo was 
determined by laboratory analyses, including calculations of pulmonary ventilation/perfusion 
distribution. Histologic assessment of organ injury was performed post mortem after 24 hrs. 
 
 
Results 
In both groups gas exchange improved significantly in the course of the study. Animals in the 
interventional group had severe ventilation / perfusion mismatch, as indicated by increased 
perfusion to lung areas with a low ventilation / perfusion ratio (p<.05).Other variables did not 
reveal any statistical difference between the groups. 
 
 
Commentary 
Obviously, ventilation with Vt <6ml/kg may cause pulmonary de-recruitment when PEEP is 
not adequately increased. The low PEEP level used in both groups may not allow clinical 
conclusions. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 

COMBINATION OF ARTERIOVENOUS EXTRACORPOREAL LUNG AS SIST AND HIGH-
FREQUENCY OSCILLATORY VENTILATION IN A PORCINE MODE L OF LAVAGE-
INDUCED ACUTE LUNG INJURY: A RANDOMIZED CONTROLLED TRIAL 
BREDERLAU J, MUELLENBACH R, KREDEL M, KUESTERMANN J, ANETSEDER M, GREIM C, ROEWER N 
J TRAUMA. 2007 FEB;62(2):336-46         CE1-65 

 
 
 
Objective 
To compare the combined effects of arteriovenous extracorporeal lung assist (AV-ECLA) and 
high-frequency oscillatory ventilation (HFOV) on pulmonary gas exchange, hemodynamics, 
and respiratory parameters in a lavage-induced porcine lung injury model. 
 
 
Study Design 
Prospective, randomized animal study in 33 healthy female pigs. 
 
 
Methods 
ARDS was induced by saline lung lavage until the PaO2 decreased to 53 + 8 mmHg. The 
animals were randomly assigned to four groups: 
Group 1, pressure-controlled ventilation (PVC) with Vt of 6ml/kg BW; group 2, PCV with Vt of 
6 ml/kg BW and AV-ECLA; group 3, HFOV; group 4, HFOV and AV-ECLA. In group 2 and 4, 
the femoral artery and vein were cannulated and a low-resistance membrane lung was 
interposed. After isolated evaluation of AV-ECLA, the mean airway pressure was increased 
by 3 cm H2O from 16 to 34 cm H2O every 20 minutes, accompanied by blood gas analyses 
and measurements of respiratory and hemodynamic variables. 
 
 
Results 
Only in AV-ECLA-treated animals was normocapnia achieved. No significant increase of 
PaO2 attributable to AV-ECLA alone was detected. Mean airway pressure augmentation 
resulted in a significant increase in PaO2 in all groups. Peak inspiratory pressure was 
significant lower in HFOV-treated animals. 
 
 
Discussion 
The combination of AV-ECLA and HFOV resulted in normocapnia and comparable PaO2, 
although a smaller ventilator pressure amplitude was applied. Long-term animal studies are 
needed to assess whether this approach results in further lung protection. 
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Objective 
To evaluate the contribution of arterio-venous extracorporeal lung assist (AV-ECLA) to 
pulmonary gas exchange in a porcine lavage-induced acute lung injury model. 
 
 
Study Design 
Prospective experimental animal study in 33 healthy female pigs. 
 
 
Methods 
Following saline lung lavage until decrease of PaO2 to 51 ± 16 mm Hg and a stabilization 
period of 1 hour, AV-ECLA was implemented by femoral vascular access. Animals were 
mechanically ventilated in a pressure-controlled mode, at standard PEEP being applied of 5 
cm H2O. Following, under apnoeic oxygenation, variations of sweep-gas flow were performed 
every 20 minutes in order to evaluate the membrane lungs efficacy, in terms of carbon 
dioxide (CO2) removal and oxygen (O2) uptake. 
 
 
Results 
AV-ECLA is highly effective in eliminating CO2. If combined with apnoeic oxygenation, 
normocapnia was not achievable. With respect to oxygenation, AV-ECLA did not increase 
PaO2 at PEEP of 5cm H2O and increased Qs/Qt. 
 
 
Discussion 
AV-ECLA is an effective treatment modality in ARDS. The author concluded, that although 
nearly complete CO2 elimination can be achieved, oxygenation must be provided with a 
ventilator, following the rules of lung protective ventilation. Oxygenation depends on lung 
recruitment and might be maintained applying a Vt-even lower than 6 ml/kg body weight. 
Nevertheless, the effect of a higher PEEP on oxygenation has not been examined in this 
setting. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES  

PERCUTANEOUS VENOVENOUS CO2 REMOVAL WITH REGIONAL 
ANTICOAGULATION IN AN OVINE MODEL 
CARDENAS VJ, MILLER L, LYNCH JE, ANDERSON MJ, ZWISCHENBERGER JB 
ASAIO J 2006;52(4):467-470          CE1-55 

 
 
 
Objective 
To develop and test a simplified venovenous circuit with regional citrate anticoagulation. 
 
 
Study Design 
Animal study. 
 
 
Study Population 
Five sheep. 
 
 
Methods 
The healthy animals received a double lumen catheter for the pump-driven extracorporeal 
circuit. Regional anticoagulation consisted of a continuous citrate infusion to the inflow limb. 
Systemic calcium levels were maintained by calcium chloride infusion through a central line. 
The study lasted 24 hours. 
 
 
Results 
CO2 transfer was directly proportional to gas flow and blood flow. Normocapnia was 
maintained despite a 75% reduction in minute ventilation. At 24 hours there was no 
siginificant clot formation in the circuit and no hemorrhage occurred. 
 
The ionized calcium levels were persistently higher than the target level. A progressive 
decline in calcium chelation was observed with increasing blood flow. 
  
 
Commentary 
ECMO therapy requires systemic anticoagulation. The authors use the regional citrate 
anticoagulation to avoid possible complications associated with systemic heparin. This 
method is known from hemodialysis. 
 
Blood flow in this application may be too high to achieve the desired effect on coagulation. 
The fact that no clots occurred may be explained instead by the high blood flows and the low 
resistance of the membrane. Also, 24 hours may not be long enough to evaluate coagulation 
effects in extracorporeal CO2 removal. Patients may suffer from coagulation abnormalities 
which were not addressed in the study. 
 
Intensive care patients receive systemic anticoagulation with or without AVCO2R. The iLA 
system does not require additional heparin dosage so this method is unnecessary in iLA 
applications.  
 
While the double lumen catheter may help avoid complications from 2 puncture sites it 
introduces the risk of damage to the blood cells through the pump.�
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ARTIFICIAL LUNG: PROGRESS AND PROTOTYPES 
ZWISCHENBERGER BA, CLEMSON LA, ZWISCHENBERGER JB 
EXPERT REV MED DEVICES 2006;3(4):485-497        CE1-54 

 
 
 
Objective 
To chronicle the development of the artificial lung from past to future. 
 
 
Study Design 
Review. 
 
 
Methods 
Review of literature data and personal experience in the ongoing development process of an 
artificial lung. 
 
 
Results 
The author regards the paracorporeal artificial lung as a possible treatment for acute and 
chronic lung failure.  
 
ECMO has not become an established method on adult respiratory failure because of high 
complication rates. Major problems are the high doses of heparine and the large cannulae 
necessary. Pumpless arterio-venous CO2 removal solves many of the problems when used 
with ultra-low resistance, polymethylpentene membranes with low levels of anticoagulation. 
Intravenous oxygenation in vitro seemed promising, but in vivo tests have not repeated the 
successes.  
 
The paracorporeal artificial lung is intended for chronic use in ambulatory patients with acute 
or chronic lung failure. A prototype for the treatment of a sheep model of lung failure has 
been developed and feasibility was proved. Survival rates with the device were higher than 
with conventional ventilation alone. A different surgical technique has to be developed for 
use in man. Long-term biocompatibility and hemodynamics are also problems that still wait 
for a solution. In an outlook into the future the author discusses engineered tissue as a 
possible option. 
 
 
Commentary 
A very complete look into the past and present of lung replacement devices. iLA has 
addressed some of the problems mentioned but obviously additional steps in technology and 
medicine are necessary.�
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 

OXYGENATION EFFECT OF INTERVENTIONAL LUNG ASSIST IN  A LAVAGE MODEL 
OF ACUTE LUNG INJURY: A PROSPECTIVE EXPERIMENTAL ST UDY  
ZICK G, FRERICHS I, SCHÄDLER D, SCHMITZ G, PULLETZ S, CAVUS E, WACHTLER F, SCHOLZ J, WEILER N 
CRIT CARE 2006;10(2):R56          CE1-48 
 
 
Objective 
The aim of the study was to test the hypothesis that a pumpless arteriovenous extracorporeal 
membrane oxygenator (interventional lung assist (ILA)) does not significantly improve 
oxygenation in a lavage model of acute lung injury. 
 
 
Study Design 
Prospective, experimental animal study. 
 
 
Study Population 
The experiments were performed on seven pigs (48–60 kg body weight). 
 
 
Methods 
The pigs were anesthetized and mechanically ventilated. Both femoral arteries and one 
femoral 
vein were cannulated and connected with ILA. Acute lung injury was induced by repeated 
bronchoalveolar lavage until the arterial partial pressure of O2 was lower than 100 Torr for at 
least 30 minutes during ventilation with 100% O2. 
 
 
Results 
ILA was applied with different blood flow rates through either one or both femoral arteries. 
ILA 
significantly increased the arterial partial pressure of O2 from 64 (± 13) Torr to 71 (± 14) Torr 
and 74 (± 17) Torr with blood flowthrough one and both femoral arteries, respectively. O2 
delivery 
through ILA increased with extracorporeal shunt flow (36 (± 14) ml O2/min versus 47 (± 17) 
ml O2/min) and reduced arterialization of the inlet blood. Pulmonary artery pressures were 
significantly reduced when ILA was in operation. 
 
 
Commentary 
The results indicate that iLA use may not be justified if the improvement of oxygenation is the 
primary therapy goal. This is in full accordance with the list of indications supplied by the 
manufacturer. The study is important because it underlines that iLA is a ventilating rather 
than an oxygenating device.  
 
Although oxygenation may improve significantly it is difficult to judge the clinical impact. iLA  
reduces the pulmonary artery blood pressures. It is difficult to judge if this is a desired effect 
(reduction of right heart workload) or not (increase of ventilation perfusion mismatch). 
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EXPERIMENTAL SAFETY AND EFFICACY EVALUATION OF AN E XTRACORPOREAL 
PUMPLESS ARTIFICIAL LUNG IN PROVIDING RESPIRATORY S UPPORT VIA THE 
AXILLARY VESSELS 
IGLESIAS M, SIBILA O, ALDABO I, PETIT CS, MARTINEZ E, MATUTE P, MACCHIARINI P 
AATS 68TH ANNUAL MEETING 2006         CE1-56 

 
 
 
Objective 
Test the safety and feasibility of implanting the iLA in the axillary vessels and its capability to 
provide respiratory support during apnoeic ventilation in adult pigs. Also to analyze the 
influence of iLA application in cytokines. 
 
 
Study Design 
Animal study. 
 
 
Study Population 
Ten pigs. 
 
 
Methods 
The animals were treated initially (4 hrs) with an aggressive ventilator protocol (tidal volume 
527 ± 62 mL, PEEP 5.1 ± 0.3 mm Hg, peak inspiratory pressure 21.5 ± 2.8 mm Hg, 
respiratory rate 21.9 ± 2.8 bpm and FiO2 1.0) followed by near apnoeic ventilation (tidal 
volume 98 ± 15 mL, PEEP 20±2mm Hg, peak inspiratory pressure 22.3 ± 2.4 mmHg, 
respiratory rate 4±0.3 bpm and FiO2 1.0) under iLA support (4 hrs) attached to the right 
axillary artery and vein. Bronchoalveolar lavages were performed hourly to monitor lung 
cytokines (IL-1� , TNF-�  and PCR). Hemodynamic and intrathoracic volume variables were 
continuously monitored. 
 
Results 
Blood flow through iLA was 1.7 ± 0.4 L/min (30 ± 14% of the cardiac output), and the 
pressure gradient across it was 10±2 mm Hg. After implantation, iLA induced hemodynamic 
modifications (Table) requiring transient vasoactive support.  
 
During iLA, mean O2 transfer was 225.7 ± 70 ml/min, PaO2/FiO2 ratio 323.6 ± 126, and CO2 
removal 110 ± 4 mL/min, without needing to modify the apnoeic ventilatory settings or 
triggering hypercapnia. There were no coagulation disorders. 
 
IL-1�  and TNF-�  increased significantly during the aggressive ventilation period and 
recovered to normal values during lung rest (p < 0.05). 
 
Commentary 
This experimental study demonstrates the feasibility of providing efficient gas exchange in 
extracorporeal (axillary) pumpless ventilatory support during apnoeic ventilation. The authors 
suggest iLA’s potential ambulatory clinical application. 
 
Most important is the demonstration that increased cytokines, reflecting aggressive 
mechanical ventilation and causing remote organ damage were influenced: iLA application 
returned the levels back to baseline values. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 

HEMODYNAMIC ANALYSIS AND DESIGN OF A PARACORPOREAL ARTIFICIAL LUNG 
DEVICE 
HA RR, WANG D, ZWISCHENBERGER JB, CLARK JW JR 
CARDIOVASC ENG 2006;6(1):10-29         CE1-53 

 
 
 
Objective 
To create a mathematical model of the pulmonary circulation with an artificial lung attached 
and to analyze the hemodynamic consequences.  
 
 
Study Design 
Mathematical model. 
 
 
Methods 
Review of literature data development of a mathematical model. The parameters of the 
modelled artificial lung circuit were fit to natural data.  
 
 
Results 
A realistic model was obtained. Inlet graft length was identified as the most important factor 
influencing the impedance. 
 
 
Commentary 
This modelling effort is important for the development of an artificial lung because it can 
characterize the hemodynamic load on the right ventricle and it identifies the parameters 
influencing this load. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES  

SEVENTY-TWO HOUR GAS EXCHANGE PERFORMANCE AND HEMOD YNAMIC 
PROPERTIES OF NOVALUNG ILA AS A GAS EXCHANGER FOR A RTERIOVENOUS 
CARBON DIOXIDE REMOVAL 
ZHOU X, LORAN DB, WANG D, HYDE BR, LICK SD, ZWISCHENBERGER JB. 
PERFUSION. 2005;20(6):303-8.         CE1-42 

 
 
 
Objective 
to evaluate the device for short-term CO2 removal performance and hemodynamic response. 
 
Study Design 
Prospective study. 
 
 
Study Population 
Six adult sheep. 
 
 
Methods 
Six adult sheep received pumpless iLA. The iLA  circuit was placed on the sheep for 72 
hours. Hemodynamics and PaCO2 were measured; CO2 removal was calculated while 
varying sweep gas flow rates (Qg), device blood flow rates (Qb), and PaCO2. 
 
Results 
Hemodynamic variables remained normal throughout the study. CO2 removal increased with 
increases in sweep gas flow rate or blood flow rate. Mean CO2 removal was 119.3 ml/min for 
blood flow 1 L/min, sweep gas flow 5 L/min, and PaCO2 40-50 mmHg. PaCO2 was 
proportional to CO2 clearance. 
 
 
Commentary 
This reference is of importance because it demonstrates that Novalung® iLA can provide 
near total CO2 removal with limited blood flow rate or gas flow rate. It also shows that through 
CO2 removal PaCO2 is controlled. It also demonstrates the very low resistance to blood flow. 
The measured performance characteristics were stable through the study period. The 
duration of the study period is about half the typical duration of use in patients. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 
A POLYMETHYLPENTENE FIBER GAS EXCHANGER FOR LONG-TE RM 
EXTRACORPOREAL LIFE SUPPORT 
TOOMASIAN JM, SCHREINER RJ, MEYER DE, SCHMIDT ME, HAGAN SE, GRIFFITH GW, BARTLETT RH, COOK KE 
ASIAO J. 2005;51(4):390-7          CE1-39 
 
 
 
Objective 
Compare safety, effectiveness and long term (72 hours) performance of two long term 
artificial lungs for use in venovenous extracorporeal life support (Novalung iLA and Medtronic 
Kolobow SRML). 
 
 
Study Design 
Prospective two group experimental safety and effectiveness study (n = 5 per group). 
 
 
Study Population 
10 adult Dorset sheep (35–45 kg). 
 
 
Methods 
Oxygen and carbon dioxide exchange performance, device pressure gradient, haematology, 
blood biochemistry, and pathology.  
 
 
Results 
Superiority of Novalung® iLA in venovenous ECLS in both oxygen and carbon dioxide 
exchange performance, lower pressure gradient, lower platelet consumption. 
No difference between devices in terms of plasma leakage (none), low plasma free 
haemoglobin, leukocyte counts, blood chemistry, and pathology. 
 
 
Commentary 
This study demonstrates the advantages of employing the Novalung® iLA device for 
venovenous ECLS / ECMO.  
The device has been designed primarily for extrapulmonary carbon dioxide removal in a 
pumpless arteriovenous shunt. When used for ECLS / ECMO with a mechanical blood pump 
the Novalung® iLA outperforms the only currently FDA approved long term gas exchanger 
due to low pressure gradient, long term durability, and superior oxygen and carbon dioxide 
exchange performance. 
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TOWARD AMBULATORY ARTERIOVENOUS CO 2 REMOVAL: INITIAL STUDIES AND 
PROTOTYPE DEVELOPMENT 
WANG D, LICK S, ALPARD SK, DEYO DJ, SAVAGE C, DUARTE A, CHAMBERS S, ZWISCHENBERGER JB 
ASAIO J 2003;49(5):564-7          CE1-29 

 
 
 
Objective 
Evaluate optimal vascular access and a lung prototype for pumpless extracorporeal CO2 
removal in ambulatory patients. 
 
 
Study Design  
Experimental animal study. 
 
 
Study Population  
5 adult sheep (22–46 kg). 
 
 
Methods  
6 and 8 mm grafts were anastomosed end to side to the carotid artery and jugular vein, then 
tunnelled to exit the skin. Four access methods were tested to perfuse this AV loop:  
1) two 14 F dialysis needles, 2) 12 and 14 F arterial and venous cannulae placed into the 
graft but short of the arterial anastomosis, 3) the same arterial cannula advanced upstream 
past the anastomosis, and 4) transecting the loop graft and connecting it end to end to the 
artificial lung. 
 
 
Results  
Blood flow through the artificial lung amounted to 100–150 ml/min in 1), 300 ml /min in 2), 
900 ml/min in 3), and in 4) 500–900 ml/min were achieved with a 6mm graft loop, and up to 
2000 ml/min with an 8 mm graft.  
The authors consider long term ambulatory extracorporeal carbon dioxide removal using a 
tunnelled arteriovenous graft feasible with a low resistance artificial lung. 
 
 
Commentary 
Potential solution for CO2 retention in end stage COPD patients to decrease work of 
breathing. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 
THE EFFECT OF AUGMENTED HEMODYNAMICS ON BLOOD FLOW DURING 
ARTERIOVENOUS CARBON DIOXIDE REMOVAL 
JAYROE JB, WANG D, DEYO DJ, ALPARD SK, BIDANI A, ZWISCHENBERGER JB 
ASAIO J 2003;49(1):30-4          CE1-15 

 
 
 
Objective 
Further define the limits of extracorporeal CO2 removal through hemodynamic augmentation 
and evaluation peak end expiratory pressure (PEEP). 
 
 
Study Design  
Animal trial. 
 
 
Study Population  
8 adult sheep (Suffolk ewes). 
 
 
Methods  
Evaluate the effects of an alpha agonist (phenylephrine) and a beta agonist (isoproterenol) 
on shunt blood flow, MAP, HR and cardiac output over 48 hours of arteriovenous pumpless 
CO2 removal (n = 5 animals and the effect of PEEP on these variables (n = 3 animals). 
 
 
Results 
Phenylephrine increased  MAP from 2.4 % to 94.4 % of baseline without significant 
compromise in cardiac output (9.4 % of baseline at 95 % increase in MAP). Shunt flow 
through lung assist device increased up to 67 % of baseline. 
Isoproterenol infusion increased cardiac output 33–146 % of baseline but decreased MAP 9-
54 % and shunt flow through lung assist device (11–42 %). 
CO2 removal remained constant throughout the study. 
At PEEP levels of 5, 10, 15, and 20 cm H2O shunt flow was never decreased more than 2.7 
% from baseline at zero PEEP. 
 
 
Commentary 
Extracorporeal CO2 removal is dependent upon circuit blood flow. Pressure is essential in 
maintaining the driving force for blood through the gas exchange circuit. The alpha agonist is 
more efficient in maintaining MAP and augmenting shunt flow. 
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ARTERIO-VENOUS CO2 REMOVAL (AVCO 2R) PERIOPERATIVE MANAGEMENT: RAPID 
RECOVERY AND ENHANCED SURVIVAL  
ZWISCHENBERGER JB, SAVAGE C, WITT SA, ALPARD SK, HARPER DD, DEYO DJ  
J INVEST SURG 2002;15(1):15-21         CE1-30 

 
 
 
Objective 
Evaluate outcome of extracorporeal CO2 removal compared with mechanical ventilation only. 
 
 
Study Design 
Randomized prospective experimental outcome study comparing extracorporeal CO2 
removal (n = 9) with sham (n = 9). 
 
 
Study Population  
18 adult sheep. 
 
 
Methods  
Smoke inhalation injury (LD 50) plus 40% 3rd degree burn.  
Measurement of ABG, CO2 removal performance, PaO2/FiO2 ratio, mechanical ventilation 
settings, outcomes. 
 
 
Results 
All 8 animals undergoing extracorporeal CO2 removal survived, while significant reduction of 
mechanical ventilation allowed lung protection. Only 3 out of 8 animals in the sham group 
survived 7 days after randomization. Extracorporeal CO2 removal amounted to 92 to 116 
ml/min (93–97 % of CO2 production) at shunt flows of 11–14 % of cardiac output while 
increasing ventilator free days to 3.9 versus 0.2 in sham animals. 
 
 
Commentary 
Substantial outcome improvement and significantly more ventilator free days with 
extracorporeal CO2 removal give valuable information on the potential of this method in 
smoke inhalation/burn injury patients. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 
LOW-DOSE VERSUS HIGH-DOSE HEPARINIZATION DURING ART ERIOVENOUS 
CARBON DIOXIDE REMOVAL  
MURPHY JA, SAVAGE CM, ALPARD SK, DEYO DJ, JAYROE JB, ZWISCHENBERGER JB  
PERFUSION 2001;16(6):460-8          CE1-21 

 
 
 
Objective 
Compare low dose and high dose systemic heparinization in pumpless lung assist. 
 
 
Study Design 
Randomized prospective experimental outcome study comparing extracorporeal CO2 
removal at ACT > 300 seconds (n = 6) with ACT < 200 seconds (n = 7). 
 
 
Study Population 
13 adult sheep. 
 
 
Methods  
Smoke inhalation injury (LD 50) plus 40% 3rd degree burn. 
Measurement of ABG, CO2 removal performance, PaO2/FiO2 ratio, mechanical ventilation 
settings, outcomes after 72 hours. 
 
 
Results 
Low dose systemic heparinization (ACT < 200 seconds) with a heparin coated gas exchange 
device does not increase thrombogenicity during extracorporeal lung assist for smoke / burn-
induced severe lung injury in sheep. 
 
 
Commentary 
Substantial outcome improvement and significantly more ventilator free days with 
extracorporeal CO2 removal give valuable information on the potential of this method in 
smoke inhalation/burn injury patients. 
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HEMODYNAMIC STABILITY DURING ARTERIOVENOUS CARBON D IOXIDE REMOVAL 
FOR ADULT RESPIRATORY DISTRESS SYNDROME: A PROSPECT IVE RANDOMIZED 
OUTCOMES STUDY IN ADULT SHEEP 
JAYROE JB, ALPARD SK, WANG D, DEYO DJ, MURPHY JA, ZWISCHENBERGER JB 
ASAIO J 2001;47(3):211-4          CE1-16 

 
 
 
Objective 
Evaluate the ability of extracorporeal CO2 removal to maintain hemodynamic stability during 
treatment of ARDS. 

 
 
Study Design  
Randomized prospective experimental outcome study comparing extracorporeal CO2 
removal (n = 20) with sham (n = 8). 

 
 
Study Population  
28 adult sheep (Suffolk ewes). 

 
 
Methods  
Smoke inhalation injury (LD 50) plus 40% 3rd degree burn.  
Measurement of ABG, CO2 removal performance, PaO2/FiO2 ratio, mechanical ventilation 
settings, outcomes. 
 
 
Results 
At 48 hours after start of extracorporeal CO2 removal heart rate, mean arterial pressure, 
cardiac output, pulmonary artery pressure, pulmonary arterial wedge pressure and central 
venous pressure were not different between groups. 
Extracorporeal CO2 removal allowed significant reduction in minute ventilation, FiO2, tidal 
volume, peak inspiratory pressure, and respiratory rate while normocapnia was achieved. 
 
 
Commentary 
Extracorporeal CO2 removal is an effective method that is hemodynamically well tolerated. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 
PERCUTANEOUS EXTRACORPOREAL ARTERIOVENOUS CARBON DI OXIDE 
REMOVAL IMPROVES SURVIVAL IN RESPIRATORY DISTRESS S YNDROME: A 
PROSPECTIVE RANDOMIZED OUTCOMES STUDY IN ADULT SHEE P 
ZWISCHENBERGER JB, ALPARD SK, TAO W, DEYO DJ, BIDANI A  
J THORAC CARDIOVASC SURG 2001;121(3):542-51        CE1-31 

 
 
 
Objective 
Evaluate outcome of extracorporeal CO2 removal compared with mechanical ventilation only. 
 
 
Study Design 
Randomized prospective experimental outcome study comparing extracorporeal CO2 
removal (n = 9) with sham (n = 9). 
 
 
Study Population 
18 adult sheep. 
 
 
Methods 
Smoke inhalation injury (LD 50) plus 40% 3rd degree burn.  
Measurement of ABG, CO2 removal performance, PaO2/FiO2 ratio, mechanical ventilation 
settings, outcomes. 
 
 
Results 
All 8 animals undergoing extracorporeal CO2 removal survived, while significant reduction of 
mechanical ventilation allowed lung protection. Only 3 out of 8 animals in the sham group 
survived 7 days after randomization. Extracorporeal CO2 removal amounted to 92 to 116 
ml/min (93-97 % of CO2 production) at shunt flows of 11–14 % of cardiac output while 
increasing ventilator free days to 3.9 versus 0.2 in sham animals. 
 
 
Commentary 
Substantial outcome improvement and significantly more ventilator free days with 
extracorporeal CO2 removal give valuable information on the potential of this method in 
smoke inhalation/burn injury patients. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 
INTERLEUKIN-8, AQUAPORIN-1, AND INDUCIBLE NITRIC OX IDE SYNTHASE IN 
SMOKE AND BURN INJURED SHEEP TREATED WITH PERCUTANE OUS CARBON 
DIOXIDE REMOVAL 
SCHMALSTIEG FC, CHOW J, SAVAGE C, RUDLOFF HE, PALKOWETZ KH, ZWISCHENBERGER JB  
ASAIO J 2001;47(4):365-71          CE1-25 

 
 
 
Objective 
IL8, Aquaporin-1 and iNO synthase in extracorporeal CO2 removal in smoke and burn injured 
sheep. 
 
 
Study Design 
Randomized prospective experimental outcome study comparing extracorporeal CO2 
removal plus ventilator (n = 5) with ventilator treatment alone (n = 5). 
 
 
Study Population 
10 adult Suffolk ewes. 
 
 
Methods 
Smoke inhalation injury (LD 50) plus 40% 3rd degree burn. 
 
 
Results 
Specific decrease of IL-8, myeloperoxidase activity, and reduction of neutrophils in lung 
parenchyma in animals that received percutaneous extracorporeal carbon dioxide removal 
(AVCO2R). AVCO2R allowed significant reduction of tidal volumes and respiratory rates. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 

PUMPLESS EXTRACORPOREAL LUNG ASSIST AND ADULT RESPI RATORY 
DISTRESS SYNDROME 
RENG M, PHILIPP A, KAISER M, PFEIFER M, GRUENE S, SCHOELMERICH  
LANCET 2000;356(9225):219-20         CE1-33 

 
 
 
Objective 
To present safety and efficacy of pumpless extracorporeal lung assist in severe acute 
respiratory failure. 
 
 
Study Design 
Single arm observational study. 
 
 
Study Population 
10 adult patients with severe ARDS. 
 
 
Methods 
Patients fulfilling fast or slow entry criteria of the US-ECMO study were enrolled. Patients 
with cardiac failure were excluded. 1 patient in whom ECMO had failed was switched to 
pumpless lung assist. 
 
 
Results 
Neither plateled count nor haemolysis were significantly effected by iLA. None of the patients 
had iLA-induced major or minor bleeding. 8 out of 10 patients were weaned from iLA therapy, 
7 were discharged from hospital. 3 patients died. (1 pt.: 8 days after iLA from multiple organ 
failure. 2 pt.: during iLA) No device or procedure associated complications were reported. 
 
 
Commentary 
This report on the first patients treated with an prototype of Novalung® iLA demonstrates  a 
potential benefit of interventional lung assist in severe ARDS. The authors point out that iLA 
is easier to operate and more cost efficient and requires no transfusions as opposed to 
ECMO. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 
FEASIBILITY OF A PUMPLESS EXTRACORPOREAL RESPIRATOR Y ASSIST DEVICE 
DE SOMER F, VAN BELLEGHEM Y, FOUBERT L, CAES F, FRANCOIS K, DUBRULLE F, VAN NOOTEN G. 
J HEART LUNG TRANSPLANT 1999;18(10):1014-7        CE1-11 
 
 
 
Objective 
Evaluate feasibility and efficacy of pumpless extracorporeal respiratory assist with a 
prototype membrane lung (Cobe Cardiovascular, Denver, CO). 
 
 
Study Design 
Animal trial, short term (20 min treatment period). 
 
 
Study Population 
5 pigs. 
 
 
Methods 
Measurement of pressure drop across membrane lung, ABG, hemodynamics, carbon dioxide 
removal capacity at various arterial blood pressures (baseline, baseline - 20 % and - 40 %, 
baseline + 20 % and + 40 %) obtained by administration of sodium nitroprusside or 
phenylephrine. 
 
 
Results 
A linear relationship between mean arterial pressure and AV shunt flow (14–25 % of cardiac 
output) was observed. The carbon dioxide removal capacity ranged from 41 to 104 ml 
CO2/l/min depending on paCO2 (40–100mmHg). 
 
 
Commentary 
This short term animal trial with a prototype gas exchanger showed feasibility and efficacy in 
the absence of major complications. However, the authors note that the microporous 
membrane used would necessitate device exchange due to plasma leak in long term use.  
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 
REDUCED VENTILATOR PRESSURE AND IMPROVED P/F RATIO DURING 
PERCUTANEOUS ARTERIOVENOUS CARBON DIOXIDE REMOVAL F OR SEVERE 
RESPIRATORY FAILURE 
ALPARD SK, ZWISCHENBERGER JB, TAO W, DEYO DJ, BIDANI A 
ANN SURG 1999;230(2):215-24         CE1-01 

 
 
 
Objective 
Identify the effects of extrapulmonary CO2 removal on ventilator pressures and P/F in a large 
animal model of severe acute lung injury created by smoke inhalation and cutaneous flame 
burn injury. 
 
 
Study Design 
Experimental study in a large animal model. 
 
 
Study Population 
9 adult sheep. 
 
 
Methods 
Animals were placed on extrapulmonary lung assist with an experimental device within 40 to 
48 hours of injury. 
 
 
Results 
AV shunt flow was 10–15 % of cardiac output, equivalent to 800 to 900 ml/min. This allows to 
achieve removal of 95% of CO2 production. While maintaining normocapnia. This allows the 
reduction of both tidal volume and pressure to achieve lung protective ventilation. 
 
 
Commentary 
This paper is relevant for burn patients because smoke inhalation is the most frequent cause 
of death in these patients. Due to the significant fall in lung compliance in smoke injury a 
means of extrapulmonary CO2 removal can give the lung time to heal because compliance 
may gradually return.  
The paper discusses the disadvantages of ECMO in this scenario and concludes that extra 
pulmonary CO2 removal can be an effective treatment modality in smoke inhalation and burn 
injury based on both the present experimental and initial clinical data (5 patients). 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 

HIGH FLOW/LOW RESISTANCE CANNULAS FOR PERCUTANEOUS ARTERIOVENOUS 
CARBON DIOXIDE REMOVAL 
FRANK BR, TAO W, BRUNSTON RL JR, ALPARD SK, BIDANI A, ZWISCHENBERGER JB. 
ASAIO J 1997;43(5):M817-20          CE1-13 
 
 
 
Objective 
Compare pressure/flow characteristics of commercially available vascular cannulas. 
 
 
Study Design 
Bench and in vivo animal studies. 
 
 
Study Population 
3 sheep (adult Suffolk ewes). 
 
 
Methods 
Bench tests: 40% glycerine was pumped through cannulas at various flows and resultant 
pressures were recorded at inlet and outlet of cannulas. Flow reversal was performed to 
simulate arterial and venous use. M numbers were determined with a nomogram using flows 
at which no significant luminar change occurred. 
 
Animal study: MAP was varied between 65 and 105 mmHg, and cannula pairs were selected 
with the venous cannula 4 Fr larger to minimize resistance. A graph was used to 
demonstrate the relationship of arteriovenous blood flow to carbon dioxide removal and 
resultant arterial PaCO2. 
 
 
Results 
 
Table 2. The Predicted Carbon Dioxide Removal of Each Pair of 
Cannulas 

 CO2 Removal (ml/min)  

Combinations of MAP = MAP = Increase in CO2 

Cannulas 65 mmHg 105 mmHg Removal (%) 

8 Fr A/12 Fr V 118 157 33 
10 Fr A/14 Fr V 244 310 27 
12 Fr A/16 Fr V 370 480 29 
14 Fr A/18 Fr V 409 508 24 

 
 
Commentary 
The currently used dedicated iLA cannula have a number of additional features required for 
this particular use. However, this remains the first study to assess vascular cannulas for use 
with pumpless membrane lungs in an arteriovenous shunt. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 
ORGAN BLOOD FLOW DURING ARTERIOVENOUS CARBON DIOXID E REMOVAL 
BRUNSTON RL JR, TAO W, BIDANI A, TRABER DL, ZWISCHENBERGER JB 
ASAIO J 1997;43(5):M821-4          CE1-05 

 
 
 
Objective 
This is an important safety study that determined organ blood flow during extrapulmonary  
CO2 removal. 
 
 
Study Population 
5 female sheep. 
 
 
Methods 
Using color coded microspheres adverse hemodynamic effects were observed through out 
the study despite up to a 25% arterial venous shunt. Organ blood flow expressed and as a 
percentage of baseline at each level of shunt are summarized. 
 
 
Results 
No statistically significant differences were seen after analysis of the raw data. However, 
organ blood flow, expressed as percent of baseline measurements, revealed modest 
alterations in flow distribution. Cerebrum, cerebellum, stomach, ileum, colon, renal cortex, 
pancreas, and adrenal gland all demonstrated approximately a 10 % decrease in perfusion 
upon initiation of extracorporeal flow (at 5 % of CO), but remained stable at higher shunt 
flows up to 25 % of CO. The most marked decrease was seen in skeletal muscle perfusion, 
with a 23 % initial reduction followed by a sustained 30-40% decrease throughout the study. 
Conversely, myocardium and skin showed varying degrees of increased perfusion, ranging 
from 2–70 %. The liver revealed an increase that peaked at nearly 200 % over baseline at 
25 % shunt. Despite a 25 % AV shunt, vital organ perfusion (brain, heart, kidney, and 
mesentery) is well maintained within 80 % of baseline in the conscious animal. 
 
 
Commentary 
In this study, the conscious animal, with all autoregulation mechanisms intact, was able to 
maintain all critical organs within 20 % of baseline perfusion, despite an arteriovenous shunt 
equal to one-fourth the resting cardiac output. Arterial blood gases and systemic pH 
remained consistently. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 
TOTAL ARTERIOVENOUS CO 2 REMOVAL: SIMPLIFYING EXTRACORPOREAL 
SUPPORT FOR RESPIRATORY FAILURE 
BRUNSTON RL, ZWISCHENBERGER JB, WEIKE T 
ANN THORAC SURG 1997;64(6):1599-604; DISCUSSION 1604-5      CE1-06 

 
 
 
Objective 
Describe the concept of extracorporeal CO2 removal. 
 
 
Study Design 
Experimental study in a large animal model in two settings: healthy animals to evaluate 
performance characteristics and animals with burn induced respiratory failure to evaluate 
application. 
 
 
Study Population 
10 adult suffolk ewes (5 in each setting). 
 
 
Methods 
Setting 1: Animals were placed on extrapulmonary lung assist and respirator settings and 

flows changed to evaluate performance of the extrapulmonary system. 
Setting 2: 24 hours after induction of respiratory failure animals were placed on the system 

for 6 hours and again ventilator settings varied. 
 
 
Results 
All animals survived the procedure. Respirator settings could be adjusted to less damaging 
values. Method showed to be efficient and safe. 
 
 
Commentary 
This early paper shows that extrapulmonary lung assist is a valid option and in comparision 
to standard pump based ECMO less complicated, safe and efficient. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 
PROLONGED HEMODYNAMIC STABILITY DURING ARTERIOVENOU S CARBON 
DIOXIDE REMOVAL FOR SEVERE RESPIRATORY FAILURE 
BRUNSTON RL JR, TAO W, BIDANI A, ALPARD SK, TRABER DL, ZWISCHENBERGER JB. 
J THORAC CARDIOVASC SURG 1997;114(6):1107-14       CE1-07 

 
 
 
Objective 
To show prolonged hemodynamic stability during arteriovenous CO2 removal over a 7 day 
period. 
 
 
Study Design 
Experimental study. 
 
 
Study Population 
6 adult female sheep. 
 
 
Results 
AV shunt flow throughout the 7 day period ranged from 1.24 to 1.43 l/min equivalent to 26 % 
of cardiac output. Heart rate, mean arterial pressure and pulmonary pressure remained 
relatively constant and were not statistically different compared with baseline at any time 
during the study. Likewise there were no significant changes in systemic or pulmonary 
vascular resistance associated with the AV shunt. 
 
 
Commentary 
This study in a large animal model of ARDS provides a valuable statement on the 
hemodynamic stability during an AV shunt used for extrapulmonary gas exchange. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 
SIGNIFICANT REDUCTION IN MINUTE VENTILATION AND PEA K INSPIRATORY 
PRESSURES WITH ARTERIOVENOUS CO2 REMOVAL DURING SEVERE 
RESPIRATORY FAILURE  
TAO W, BRUNSTON RL JR, BIDANI A, PIRTLE P, DY J, CARDENAS VJ JR, TRABER DL, ZWISCHENBERGER JB  
CRIT CARE MED 1997;25(4):689-95         CE1-28 

 
 
 
Objective 
Quantify extracorporeal CO2 removal with a pumpless extracorporeal gas exchange device 
and its effects on the reduction of ventilatory volumes and airway pressures. 
 
 
Study Design 
Prospective experimental study. 
 
 
Study Population 
5 adult female sheep. 
 
 
Methods 
Cotton smoke inhalation injury (LD 50). 
Measurement of ABG, CO2 removal performance, mechanical ventilation settings. 
 
 
Results 
Maximum CO2 removal performance amounted to 102 ml/min (96% of total CO2 production) 
allowing to reduce minute ventilation from 10.5 to 0.5 l/min and peak inspiratory pressures 
from 40.8 to 19.7 mmHg, extracorporeal blood flow ranged from 1154 to 1277 ml/min. PaO2 
was maintained > 13.3 kPa at maximally reduced ventilator support. MAP and cardiac output 
did not change significantly. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 
DETERMINATION OF LOW BLOOD FLOW LIMITS FOR ARTERIOV ENOUS CARBON 
DIOXIDE REMOVAL 
BRUNSTON RL JR, TAO W, BIDANI A, CARDENAS VJ JR, TRABER DL, ZWISCHENBERGER JB. 
ASAIO J 1996;42(5):M845-9          CE1-08 

 
 
 
Objective 
This study aims at determining the low blood flow limits required for arterio venous extra 
pulmonary CO2 removal. 
 
 
Study Design 
Experimental study. 
 
 
Study Population 
5 adult Suffolk ewes. 
 
 
Results 
The study shows that hemodynamic variables during extrapulmonary CO2 removal are 
stable. Blood flow and sweep gas flow were modified independently to determine the optimal 
extra corporeal blood flow. With 19 % arterio venous shunt no significant change in 
hemodynamics was observed with CO2 removal as high as 1417 ml/min. Even a reduction of 
blood flow to 500 ml/min did not result in hypercapnia. 
 
 
Commentary 
The authors describe arteriovenous CO2 removal as a simple technique both in monitoring 
and maintenance. Mechanical ventilation needed to maintain hermocapnia could be reduced 
16 % of base line. This allows the lung to rest and gives time to heal. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 

FEMORAL ARTERIOVENOUS EXTRACORPOREAL CARBON DIOXIDE  ELIMINATION 
USING LOW BLOOD FLOW 
YOUNG JD, DORRINGTON KL, BLAKE GJ, RYDER WA. 
CRIT CARE MED 1992;20(6):805-9.         CE1-43 

 
 
 
Objective 
To test if hemofiltration equipment can be combined with a high-performance extracorporeal 
lung to achieve high rates of CO2 removal at blood flow rates (< 600 ml/min). 
 
 
Study Design 
Prospective experimental animal study. 
 
 
Study Population 
Nine healthy sheep. 
 
 
Methods 
A hemofiltration system was used with an artificial lung (5 m2, hollow fibre membrane) 
instead of the hemofilter cartridge. Either propelled by the arteriovenous pressure difference 
or by the pump, blood was driven through the device. Oxygen was used as sweep gas. 
 
 
Results 
In the pumpdriven circuit CO2 removal rates of 130 to 180 ml/min were achieved with blood 
flow rates between 470 an 600 ml/min. With the pumpless shunt, up to 90 ml/min of CO2 
were eliminated. 
 
 
Commentary 
This article is relevant because it shows that standard hemofiltration equipment can be 
combined with an appropriate extracorporeal gas exchange system to achieve a removal of 
the basal metabolic CO2 production at low blood flow rates. Hemofiltration equipment is 
frequently found and commonly used in intensive care units.  
 
This makes it possible to use extracorporeal CO2 removal as often as hemofiltration, thus 
allowing a routine decrease in ventilation invasiveness in many patients on intensive care. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 
PROLONGED PUMPLESS ARTERIOVENOUS PERFUSION FOR CARB ON DIOXIDE 
EXTRACTION 
Awad JA, Deslauriers J, Major D, Guojin L, Martin L 
Ann Thorac Surg 199;51(4):534-40         CE1-35 

 
 
 
Objective 
Evaluate outcome of extracorporeal CO2 removal compared with mechanical ventilation only. 
 
 
Study Design 
Prospective experimental outcome studies evaluating extracorporeal CO2 removal. 
 
 
Study Population 
15 mongrel dogs (short term studies), 9 sheep (3–7 day experiments). 
 
 
Methods 
Systemic artery to vein shunt with various interposed cardiac surgery oxygenators. 
Measurement of ABG, CO2 removal performance, oxygenation performance, pressure 
gradients, cardiac index and work. 
 
 
Results 
Some increase in cardiac output, cardiac index and cardiac work, but less than expected 
from the added extracorporeal shunt flow. Practically no hemolysis, relatively stable 
haemoglobin and hematocrit levels, and safe platelet levels after 3–7 days. Efficient CO2 
removal and less efficient oxygenation due to arterial inflow. 
The authors clearly distinguish pumpless extracorporeal lung assist from ECMO and propose 
the technique to be used at an earlier stage of respiratory failure in patients with good 
cardiac function because of the simplicity and comparative safety in comparison with ECMO. 
Cost effectiveness and the possibility of using less specialized personal, and the ease of 
exchanging the device in case of failure are seen as further advantages. A key advantage is 
that this procedure practically eliminates the danger of brain emboli in the absence of 
intracardiac shunts. Extracorporeal lung assist may promote parenchymal healing, and 
reverse hypoxic pulmonary vasoconstriction. 
 
 
Commentary 
Visionary study that outlines the perspectives and technology needs for pumpless 
extracorporeal lung assist. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 
TOTAL EXTRACORPOREAL CO 2 REMOVAL IN A PUMPLESS ARTERY-TO-VEIN 
SHUNT 
BARTHELEMY R, GALLETTI PM, TRUDELL LA, MACANDREW J, RICHARDSON PD, PUEL P, ENJALBERT A. 
TRANS AM SOC ARTIF INTERN ORGANS 1982;28:354-8       CE1-36 

 
 
 
Objective 
Feasibility of pumpless extracorporeal CO2 removal. 
 
 
Study Design 
Prospective experimental outcome studies evaluating extracorporeal CO2 removal. 
 
 
Study Population 
14 sheep. 
 
 
Methods 
5–24 hours pharmacologic respiratory paralysis. 
Systemic artery to vein shunt with interposed cardiac low resistance gas exchangers. 
Measurement of CO2 removal performance, oxygen inlet pressure, systemic arterial 
pressure, pressure gradients across artificial lung, extracorporeal blood flow rate. 
 
 
Results 
Pressure gradient of gas exchange device amounted to 30 mmHg at 1 l/min blood flow. 
Efficient CO2 removal (transfer rate 92–180 ml/min). 
Problems with thrombosis within the first few hours of use of the gas exchange device (off 
label use of oxygenator).  
Pumpless extracorporeal CO2 removal is effective, simple, minimizes blood trauma, and 
decreases the need for supervisory personnel and monitoring. 
 
 
Commentary 
The authors discuss the vasoconstrictive effect of elevated paCO2 with systemic 
hypertension which after normalization of carbon dioxide levels may require a lower pressure 
gradient across the gas exchange device. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 

CONTROL OF BREATHING USING AN EXTRACORPOREAL MEMBRA NE LUNG 
KOLOBOW T, GATTINONI L, TOMLINSON TA, PIERCE JE 
ANESTHESIOLOGY 46 (1977):138-141         CE1-52 

 
 
 
Objective 
To analyze the effect of extracorporeal CO2 removal on spontaneous ventilation. 
 
 
Study Design 
Animal study. 
 
 
Study Population 
Seven lambs. 
 
 
Methods 
The animals received pumpless extracorporeal circulation with a membrane lung and also 
tracheostomy. Spontaneous ventilation and gas transfer were measured while blood flow and 
sweep gas flow were varied. The experiments lasted two to three days during which the 
lambs were connected to the AVCO2R device. During this time they were neither sedated nor 
anesthetized. 
 
 
Results 
The decrease in spontaneous alveolar ventilation was proportional to the fraction of total 
carbon dioxide removed by the membrane lung. When extracorporeal CO2 removal neared 
100 percent of production alveolar ventilation ceased. Apnoeic oxygenation was possible in 
these phases. 
  
 
Commentary 
The authors describe fundamental aspects of extracorporeal CO2 removal: Pumpless use 
because only low blood flow is necessary, the high effectiveness of extracorporeal ventilation 
and the increased CO2 removal at higher paCO2 levels.  
 
They also describe a phenomenon that is not yet routinely used in patient treatment but that 
is very promising: Extracorporeal CO2 removal controls the ventilatory drive. This can be 
used to increase or decrease the ventilatory effort of spontaneously breathing patients, thus 
combining phases of ventilatory rest with training phases. This could be a new treatment 
option for patients who suffer from exhaustion. Usually we want to avoid connection to 
mechanical ventilators because this may further deteriorate muscle function.�
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 
EVALUATION OF A DISPOSABLE PLASTIC, LOW VOLUME, PUM PLESS 
OXYGENATOR AS A LUNG SUBSTITUTE  
RASHKIND WJ, FREEMAN A, KLEIN D, TOFT RW  
J PEDIATR 1965;66:94-102          CE1-24 

 
 
 
Objective 
Show feasibility of pumpless lung assist in a femoral artery to vein shunt in animals and 
humans. 
 
 
Study Design 
1. Animal experiment, canine model (puppies). 
2. Observational clinical study. 
 
 
Study Population  
15 puppies. 
10 moribund infants and children with respiratory failure due to pulmonary or congenital 
cardiac disease. 
 
 
Methods  
Animal model: Tracheal obstruction to create hypercapnia and hypoxemia or complete 
pulmonary capillary-alveolar block. 
 
Attachment of artificial lung between 1 or both femoral arteries and vein for 4–27 hours 
(clinical trials).  
 
Endpoints: Arterial blood pressure, oxygen saturation (continuously), arterial blood gases in 
inflow and outflow blood, serum ketone, shunt blood flow. 
 
 
Results 
Oxygen partial pressure increased from inflow (27–119 mmHg) to outflow (59–654 mmHg), 
and PaCO2 dropped from 40–85 mmHg (inflow) to 26–53 mmHg (outflow). Depending on the 
method, blood flow amounted to 42–101 ml/min/kg body weight. Gas exchange could be 
maintained via the homologous lung perfused by the heart. 
All children awakened after marked lowering of their pCO2, and became alert and 
responsive. No neurologic sequelae were observed. One child is alive 18 months after lung 
assist without apparent harm. 
 
 
Commentary 
Landmark study that for the first time demonstrates feasibility of interposing an artificial lung 
in a systemic arteriovenous shunt in humans. Cannulation is considered the critical part of 
the technique: “it is essential to use the largest-caliber thinnest-wall cannula that can be 
inserted”. Small filling volume was achieved thus allowing to use normal saline to fill the lung 
prior to use. 
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� PHYSIOLOGY OF INTERVENTIONAL LUNG ASSIST / EXPERIMENTAL STUDIES 
AN EXPERIMENTAL STUDY OF RESPIRATION MAINTAINED BY HOMOLOGOUS 
LUNGS 
POTTS WJ, RIKER WL, DEBORD R  
J LAB CLIN MED 1951;38(2):281-5         CE1-23 

 
 
 
Objective 
Show feasibility of interposing a homologous or artificial lung between aorta and inferior vena 
cava. 
 
 
Study Design 
Animal experiment, canine model. 
 
 
Study Population 
1 donor animal, 1 recipient animal. 
 
 
Methods 
Surgical attachment of homologous lung between aorta and inferior vena cava. 
 
 
Results 
Gas exchange could be maintained via the homologous lung perfused by the heart. 
 
 
Commentary 
A classic experiment that for the first time demonstrates feasibility of interposing a lung in a 
systemic arteriovenous shunt. 
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|iLA MEMBRANE VENTILATOR ® PROCEDURE 
 
 
 
 
1. iLA MEMBRANE VENTILATOR ® CONCEPT 

 

The iLA Membrane Ventilator® is an 
extrapulmonary ventilation system that breathes for 
the patient and thus allows to focus on real lung 
protection. Basically, oxygenation can be provided 
even during apnoea or spontaneous breathing 
while maintaining a physiological FRC by PEEP. 
The generation of tidal volume is required for 
carbon dioxide (CO2) removal only. That’s why the 
main function of the iLA Membrane Ventilator® is to 
eliminate carbon dioxide. 

As a result mechanical ventilation can be dramatically reduced – or even avoided – so further 
pulmonary and remote damage can be prevented. This implements a coordination of two 
lungs! 

 

The iLA Membrane Ventilator® is supplied with blood from the heart just like a natural organ. 
Gas exchange is achieved via a sweep gas flow through a heparin-coated diffusion 
membrane, which is resistant to plasma leakage and is connected to the patient via arterial 
and venous NovaPort® femoral cannulae.  

A therapy using the iLA Membrane Ventilator® is indicated for respiratory acidosis due to 
primary hypercapnic lung failure. A rational indication also exists for hypercapnic patients 
with exacerbated COPD and to support ventilator weaning.  

The iLA Membrane Ventilator® is approved for use for up to 29 days. 

Patient’s lung: 

Oxygenation 

iLA Membrane Ventilator®: 

Ventilation 

NovaPort®: 

Femoral vascular access 

NovaFlow®: 

Ultrasonic flow measurement 
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2. TECHNOLOGY 

 

The iLA Membrane Ventilator® is a lung assist device which exchanges carbon dioxide and 
oxygen via diffusion across a plasma tight membrane made of polymethyl pentene (PMP). 

All blood contact surfaces of the iLA Membrane Ventilator® are coated with a protein and 
heparin. This special Novalung® coating creates a stable, biocompatible and non-
thrombogenic surface. The design of the iLA Membrane Ventilator® allows a very low 
resistance for blood flow. The geometry of the hollow fiber mats creates a very precise 
spacing between the gas exchange fibers. Homogenous blood flow is another result of this 
design philosophy.  

The blood flows along the outside of the hollow fibers while 
the gas phase is located inside the fiber. Due to the selective 
permeability of the coated fiber for oxygen and carbon dioxide 
gas exchange is provided by diffusion across the hollow fiber 
wall. The gradient in the partial pressure of carbon dioxide and 
oxygen between blood and gas phase provides the driving 
force for diffusion. 

 
 

Specially designed percutaneous NovaPort® cannulae provide vascular access for the iLA 
Membrane Ventilator®. By cannulating the femoral artery and vein a shunt is provided to 
drive blood through the iLA Membrane Ventilator®. Due to the low resistance of the 
membrane an efficient blood flow of 1.0 - 1.5 l/min in average can be achieved at a mean 
arterial pressure above 60 mmHg. The amount of blood flow is controlled by the pressure 
gradient and the viscosity of the blood (haematocrit). 

 

 

3. 24/7 CLINICAL SUPPORT 

 

Providing 24/7 Clinical Support is part of Novalung’s service concept. Maximizing user’s 
confidence and patient’s security in order to optimize patient’s outcome is the overall 
objective of this service. As the 24/7 Clinical Support team has generated substantial 
expertise in clinical use of the iLA Membrane Ventilator® each primary clinical use will be 
assisted by one of the specialists trained in intensive care medicine. The experienced team 
is available for telephone or on-site support 24/7. Just call. Day and Night. 

 

24/7 Clinical Support: 

Germany: 0700-novalung / international: +49 69 1339  4115 

 

ga  
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4. CLINICAL IMPLEMENTATION OF THE ILA MEMBRANE VENT ILATOR® 

 

Prior to the first clinical use of the iLA Membrane Ventilator® Novalung’s 24/7 Clinical Support 
Team has to be contacted via the 24/7 hotline. In case of any uncertainty or question 
regarding indications the Clinical Support specialist on call will assist via telephone or on-site 
(on site in Germany within six hours) in the decision making. Based on the current clinical 
experience the Clinical Support Team may also recommend not using the iLA Membrane 
Ventilator® when outcome improvement cannot be expected.  

Instructions for use and treatment protocols including ultra-protective ventilation settings are 
reviewed in hospital and implemented in the presence of the Clinical Support specialist. 

The iLA Membrane Ventilator® will be deaired and filled with normal saline prior to 
cannulation. It is important to fill the device according to the instructions for use to achieve 
maximum performance and durability. 

Typically cannulae sizes of 13 or 15 F (90 mm) arterial and 15 or 17 F (140 mm) venous are 
used for the vascular femoral access. To ensure sufficient distal blood flow to the cannulated 
limb the inner diameter of the artery will be measured by duplex. It must be at least 20% 
higher than the diameter of the cannula. The cannulae are inserted by Seldinger’s technique. 
It is important to ensure that guide wire, dilator and cannula can move freely and are not 
inserted with force. 

 

! Perfusion of the arterially cannulated leg must be monitored. We recommend continuous 
pulse oxymetry and frequent clinical assessment. 

 

After fixation of the cannula the iLA Membrane Ventilator® will be connected. It is important to 
properly deair the connections. After connecting the device by clicking it into the holder the 
blood flow can be released slowly. 

! Blood flow through the iLA Membrane Ventilator® should be released slowly over 30 to 60 
seconds to avoid circulatory problems. 

Monitoring of blood flow through the iLA Membrane Ventilator® must be performed 
continuously with the transit time Doppler of the NovaFlow® blood flow monitor. 



�

 
Compendium of Evidence 
iLA Membrane Ventilator® 

iLA Membrane Ventilator® Procedure 
 

89 

 

 

 

 

 

 

 

Adequate anticoagulation is recommended with a target PPT of �  55 sec. (corresponds 5 I.E. 
kg/h). Oxygen will be provided by an ordinary O2 flowmeter without humidifier. The flow of 
oxygen will be slowly increased over several hours up to a maximum flow of 10-12l /min. 
Ventilation parameters have to be reduced accordingly to achieve maximum pulmonary and 
remote organ protection. The targets are: tidal volume 3–4ml kg/KG and a physiological 
respiratory rate. 

! Increase performance of the iLA Membrane Ventilator® over several hours. Acute, extreme 
reduction of CO2 levels may reduce cerebral perfusion. 

 

! Note: Please read also carefully the procedural description. You can order it via e-mail to 
info@novalung.com. 

 

 

5. NOVALUNG ACADEMY™: TRAINING AND EDUCATION 

 

Clinical training is an essential part of Novalung’s service concept. The Novalung 
Academy™  has made to its business serving as an independent service provider offering 
training, support and procedural innovations in the clinic. The Novalung Academy™ offers a 
wide range of courses enabling nursing staff and physicians to implement new therapeutic 
approaches in intensive care. 

! Course contents, dates and registration at: www.novalung-academy.com . 
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|HEALTH ECONOMICS 
 
� KEY FINDINGS 
 
 
 
“AVCO 2R decreases the foreign-surface exposure, is much l ess labor-intensive and 
complex than ECMO, and may achieve the ventilatory support necessary to improve 
survival.”  
Alpard, S. K., Zwischenberger, J. B., et al. (1999). "Reduced ventilator pressure and improved P/F ratio during 
percutaneous arteriovenous carbon dioxide removal for severe respiratory failure." Ann Surg 230(2): 215-224. 
 
 
“Compared with pump-driven systems pECLA is charact erised by low costs and 
reduced personnel requirements.” 
Bein, T., Prasser, C., et al. (2004). "Pumpless extracorporeal lung assist using arterio-venous shunt in severe 
ARDS. Experience with 30 cases." Anaesthesist 53(9): 813-819. 
 
 
“pECLA is a promising alternative compared with con ventional pumpdriven ECMO, 
since ECMO-devices are associated with various comp lications and limitations 
(heparin infusion, mechanical stress on cellular bl ood components, high expenditure 
of technical and financial means, demand for perfus ionist staff).” 
Bein, T., Scherer, M. N., et al. (2005). "Pumpless extracorporeal lung assist (pECLA) in patients with acute 
respiratory distress syndrome and severe brain injury." J Trauma 58(6): 1294-1297. 
 
 
“The risks associated with intrahospital transfers can be avoided, and costs can be 
diminished.”  
Brederlau, J., Anetseder, M., et al. (2004). "Pumpless extracorporeal lung assist in severe blunt chest trauma." J 
Cardiothorac Vasc Anesth 18(6): 777-779. 
 
 
“So, I think AVCO 2R is definitely less labor intensive than venovenou s ECMO.“ 
Dr. Zwischenberger : Brunston, R. L., Jr., Zwischenberger, J. B., et al. (1997). "Total arteriovenous CO2 removal: 
simplifying extracorporeal support for respiratory failure." Ann Thorac Surg 64(6): 1599-1604; discussion 1604-
1595.  
 
 
“Total CO 2 removal and the resultant reduction in ventilator support are comparable to 
those achieved by traditional ECMO. However, use of  AVCO2R is much simpler, both 
in monitoring and maintenance.” 
Brunston, R. L., Jr., Tao, W., et al. (1997). "Prolonged hemodynamic stability during arteriovenous carbon dioxide 
removal for severe respiratory failure." J Thorac Cardiovasc Surg 114(6): 1107-1114.  
 
 
“Pumpless arteriovenous carbon dioxide removal is a n alternative to pumped systems 
that is simpler, easier to initiate, and may be ass ociated with fewer complications.” 
Conrad, S. A., Zwischenberger, J. B., et al. (2001). "Total extracorporeal arteriovenous carbon dioxide removal in 
acute respiratory failure: a phase I clinical study." Intensive Care Med 27(8): 1340-1351. 
 
 
“The potential advantages of AVCO 2R include technical simplicity, low resource 
utilization, and safety.” 
Conrad, S. A., Zwischenberger, J. B., et al. (2001). "Total extracorporeal arteriovenous carbon dioxide removal in 
acute respiratory failure: a phase I clinical study." Intensive Care Med 27(8): 1340-1351.  
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“Our study looks at the feasibility of using a low- resistance oxygenator in an AV 
approach, which is both easy to install and consume r friendly. ” 
De Somer, F., Van Belleghem, Y., et al. (1999). "Feasibility of a pumpless extracorporeal respiratory assist 
device." J Heart Lung Transplant 18(10): 1014-1017.  
 
 
“Besides the encouraging early clinical results pEC LA should also contribute to cost 
effectiveness in the management of acute lung failu re. Oxygenator longevity, no 
additional costs for pump-heads, pumps and warming- devices, decreased costs of 
complication management and less need for transfusi ons will further decrease 
therapy costs as compared to conventional ECLA ther apy.”   
Liebold, A., Reng, C. M., et al. (2000). "Pumpless extracorporeal lung assist - experience with the first 20 cases." 
Eur J Cardiothorac Surg 17(5): 608-613.  
 
 
“For current practice, ease of availability and han dling, high effectiveness, low 
complication rate and relatively low costs made the  method preferable to pump driven 
ECLA.”  
Liebold, A., Reng, C. M., et al. (2000). "Pumpless extracorporeal lung assist - experience with the first 20 cases." 
Eur J Cardiothorac Surg 17(5): 608-613.  
 
 
“Compared with conventional ECLA, pumpless ECLA is cheap, because oxygenators 
may be used for a longer time (mean 10·8 days). Mac hines are easier to operate and no 
additional pump heads, pumps, and warming devices a re needed.” 
Reng, M., Philipp, A., et al. (2000). "Pumpless extracorporeal lung assist and adult respiratory distress syndrome." 
Lancet 356(9225): 219-220.  
 
 
“Compared with conventional pump-driven ECLA, pumpl ess ECLA offers a number of 
advantages.” 
Schmid, F. X., Philipp, A., et al. (2002). "Hybrid management of aortic rupture and lung failure: pumpless 
extracorporeal lung assist and endovascular stent-graft." Ann Thorac Surg 73(5): 1618-1620.  
 
 
“Arteriovenous CO 2 removal can be applied as an easy and cost-effecti ve treatment to 
minimize ventilator-induced barotrauma and volutrau ma during severe respiratory 
failure.” 
Tao, W., Brunston, R. L., Jr., et al. (1997). "Significant reduction in minute ventilation and peak inspiratory 
pressures with arteriovenous CO2 removal during severe respiratory failure." Crit Care Med 25(4): 689-695.  
 
 
“Ease of use, effectiveness and relatively low cost s make the method attractive for the 
transfer of patients between centres.” 
Zimmermann, M., Bein, T., et al. (2006). "Interhospital transportation of patients with severe lung failure on 
pumpless extracorporeal lung assist." Br J Anaesth 96(1): 63-66. 
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|DEFINITION 
 
iLA Membrane Ventilator® brand by Novalung for the first extracorporeal lung assist 
 
Other terms used for this procedure: 
iLA    interventional Lung Assist 
AVCO2R:   Arteriovenous carbon dioxide removal  
pECLA:    pumpless extracorporeal lung assist 
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