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Abstract 
Lung transplant is the standard of care for patients with end-stage lung disease refractory to medical management. There is currently a critical organ shortage for lung transplantation with only 17% of offered organs being transplanted. Of those patients receiving a lung transplant, up to 25% will develop primary graft dysfunction, which is associated with an 8-fold increase in 30-d mortality. There are numerous mechanical lung assistance modalities that may be employed to help combat these challenges. We will discuss the use of mechanical lung assistance during lung transplantation, as a bridge to transplant, as a treatment for primary graft dysfunction, and finally as a means to remodel and evaluate organs deemed unsuitable for transplant, thus increasing the donor pool, improving survival to transplant, and improving overall patient survival. 
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Core tip: Numerous modalities of mechanical lung assistance may be employed throughout the course of a lung transplant patient. The use of cardiopulmonary bypass for lung transplantation is controversial and should be employed only when necessary for hemodynamic stability. Extracorporeal membrane oxygenation or extracorporeal lung assist devices improve survival to transplant as well as improve survival in patients with primary graft dysfunction. These techniques should be implemented early and appropriately according to patient factors. Ex-vivo lung perfusion has been shown to be safe in clinical trials and holds promise for increasing the donor pool and thus decreasing waiting list mortality. 
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INTRODUCTION
Lung transplantation is the standard of care for end-stage lung disease refractory to medical management[1,2]. There are an increasing number of patients awaiting lung transplant despite increases in lung transplant surgeries performed each year[3]. Only 15%-20% of available donor lungs are deemed suitable for transplant[3]. The shortage of suitable donor organs and extensive wait times have led to further progression of the recipient’s native lung disease at the time of transplant, increased respiratory failure prior to transplant, and increased mortality while awaiting transplantation. Patient mortality may reach as high as 20% the first year on the waiting list and up to 40% after 2 years[4]. 
Mechanical circulatory support may be required in the course of lung transplantation whether pre-operatively, intra-operatively, or post-operatively. Mechanical lung assistance (MLA) whether extracorporeal membrane oxygenation (ECMO) or extracorporeal lung assist (ECLA) has been used as a bridge to transplant in those patients undergoing respiratory failure prior to donor lung availability. The possibility of using ECMO in potential donors to increase the number of viable organs has also been proposed[5]. The use of cardiopulmonary bypass (CPB) or ECMO during lung transplant surgery is controversial. Lung transplant recipients who develop severe primary graft dysfunction (PGD) have increased early and late mortality, perioperative complications, and development of bronchiolitis obliterans syndrome[6,7]. For those patients with PGD, ECMO and ECLA have been used as salvage therapies similar to their use in acute respiratory distress syndrome (ARDS). Furthermore, ex-vivo lung perfusion (EVLP) is an innovative technique, which may increase available donor organs by reconditioning previously untransplantable organs while allowing for continuous assessment of suitability for transplant. 

USE OF CARDIOPULMONARY SUPPORT DURING LUNG TRANSPLANTATION
Overview
Mechanical circulatory support in the form of CPB or ECMO is frequently employed for lung transplantation[1]. However, due to improvements in single-lung ventilation techniques and hemodynamic support, neither is always necessary[1]. The components of a CPB circuit and an ECMO circuit are illustrated in Figures 1 and 2, respectively[8,9]. The requirement for mechanical circulatory support during lung transplantation depends upon right ventricular function, pulmonary hypertension, and ability to tolerate single-lung ventilation[1]. 

Indications
The most common indication for the use of CPB during lung transplantation is primary or secondary pulmonary hypertension, mean pulmonary artery pressure ≥ 25 mmHg[10-12]. CPB is used in patients with pulmonary hypertension to prevent sudden and further increase in pulmonary artery pressure, which may lead to acute right ventricular failure during clamping of the pulmonary artery. Another common indication for CPB is en-bloc double-lung transplantation[11,12]. Indications for unplanned CPB include: intra-operative hemodynamic instability, acute right ventricular failure, impaired gas exchange, technical difficulties, and increased pulmonary pressure[10,12]. Gammie et al[12] reports their most common indication for unplanned CPB as hypoxemia and hypotension during single-lung ventilation employed for contralateral hilar dissection, occurring in 5 out of 8 patients (62.5%). In their case series, Triantafillou et al[13] reported 11 out of 18 patients (61%) requiring CPB for instability after complete pulmonary perfusion was transferred to transplanted lung. Bronchiectasis has been flagged as a possible risk factor for requiring CPB with 3 out of 9 patients with this diagnosis (33%) requiring CPB in one series[12]. One could speculate that this may be secondary to associated pulmonary hypertension.

Advantages of CPB
Proponents of CPB note maintenance of circulation and gas exchange, controlled reperfusion, and immunosuppressive effects as advantages of this approach[11,14]. Marczin et al[11] argue that controlled partial pulmonary reperfusion allowed by CPB may improve graft function. Studies have shown that reducing initial lung perfusion pressure can improve graft function[11,14]. This then raises the question of sequential double lung transplant, in which the first lung transplanted will have to accommodate 100% of cardiac output during the implantation of the second lung, sometimes leading to PGD. In this situation, some authors suggest initiation of CPB after the implantation of the first lung, allowing for shorter CPB time and controlled reperfusion[11]. Pharmacologic agents such as prostacyclin or nitric oxide have also been used to control reperfusion pulmonary artery pressures[11]. Inhaled nitric oxide and inhaled prostacyclin are selective pulmonary vasodilators which decrease pulmonary vascular resistance through increases in intracellular cyclic guanosine monophosphate (cGMP) and cyclic adenosine monophosphate (cAMP) respectively thus decreasing pulmonary artery perfusion pressure[7,15]. Szeto et al[16] retrospectively reviewed 50 patients undergoing lung transplant for chronic obstructive pulmonary disease (COPD). They aimed to remove possible confounding of multiple disease processes and use of unplanned CPB. They compared 14 patients undergoing elective CPB to 36 controls. They found no significant differences in duration of mechanical ventilation, ICU stay, length of stay, creatinine levels, PaO2:FiO2 at 1, 24, or 48 h, 30-d mortality, or 1 and 3-year survival. They concluded that CPB has no deleterious effects on early lung function or clinical outcome[16]. Burdett et al[17] performed a larger retrospective review comparing 53 CPB patients to 206 non-CPB patients. They similarly found no difference in PaO2:FiO2 ratios at 1 and 24 h post-transplant and no differences in duration of mechanical ventilation or transbronchial biopsy at 30 d[17]. Pochettino et al[18] found no significant differences in the following clinical outcome measures: duration of mechanical ventilation, re-intubation, re-operation for bleeding, sepsis, PGD, renal dysfunction, length of stay, or mortality. De Boer et al[14] showed a significant survival benefit in emphysema patients when CPB was employed. This survival benefit was observed in patients with 2 HLA-DR mismatches as compared to those with 0 or 1 mismatches with immunosuppressive effects of CPB implicated as the source of survival benefit.

Airway management 
[bookmark: _GoBack]Marczin et al[11] suggest that CPB provides advantages in airway management, especially for small patients and those with suppurative lung disease in which double-lumen endotracheal tubes may present difficulties[11]. They state a single-lumen endotracheal tube provides better access for removal of thick secretions. Pochettino et al[18] reported decreased perioperative pneumonia post-bilateral lung transplant in cystic fibrosis patients when CPB was employed (P = 0.02). They attributed this to decontamination of the operative field facilitated by CPB. CPB allows for simultaneous explantation of both infected lungs followed by lavage of native tracheal bronchial airways. Pochettino et al[18] commented on a different technique employed by the University of North Carolina in a similar study. Their group performed vigorous bronchoscopic washing of native lungs prior to explantation, thus allowing for single-lung ventilation and avoidance of CPB. 

Drawbacks of CPB
Use of CPB has been associated with early graft dysfunction due to activation of inflammatory mediators, increased operative and ischemic times, longer post-operative mechanical ventilation, increased pulmonary edema, increased mortality, as well as increased bleeding complications due to systemic heparinization[1,10,12,19]. Pochettino et al[18] reported significant increase in fresh frozen plasma and platelet transfusions in patients undergoing CPB. Burdett et al[17] showed significant increases in blood transfusions (P < 0.02), and Szeto et al[16] showed significant increase transfusions of platelets and fresh frozen plasma, each with (P < 0.001) in CPB groups[16,17]. Gammie et al[12] reported 11.4 units of perioperative blood transfusions in their CPB group compared to 6.0 units in their no-CPB group, (P = 0.01). Dalibon et al[19] again showed significant differences in blood transfusions as well as duration of graft ischemia, duration of mechanical ventilation, pulmonary edema, and mortality at 48 h, 1 mo, and 1 year all being greater in CBP groups. 

Inflammatory response to CPB
Inflammatory manifestations of CPB have been implicated in respiratory failure, ARDS, renal insufficiency, neurological deficits, and systemic inflammatory response syndrome (SIRS)[20]. CPB alone invokes an inflammatory response thus far indistinguishable from ARDS and ischemia-reperfusion injury (IRI), including: activation of polymorphonuclear neutrophils (PMNs), macrophages, and monocytes; release of cytotoxic and chemotactic factors; increase in circulating cytokines such as endotoxin, interleukins, and tumor necrosis factor; complement activation; platelet activation and sequestration; and endothelial damage[20-23]. Hypo-oncotic pressure resulting from large crystalloid priming volumes has been associated with endotoxin translocation[24]. In recent years decreased priming volumes and use of colloid priming have been implemented in attempt to reduce this response. Reintroduction of activated blood from the surgical field into the CPB circuit leads to increased tissue plasminogen activator (tPA) and fibrinolytic activity[24]. Interaction of blood cells with the CPB circuit results in complement activation. The balance of coagulation and anticoagulation remains a constant debacle in both ECMO and CPB. Thrombin plays an integral role in inflammation and coagulation and results in chemoattraction of monocytes and thus production of tissue factor as well as activation of endothelial cells, neutrophil adherence, and endothelial damage[20,21]. Tissue factor leads to diffuse fibrin deposition throughout the microvasculature, followed by fibrinolysis which in turn leads to increased thrombin production, platelet aggregation and consumption[21]. Anti-thrombin III (ATIII), identified as having potential anti-inflammatory and protective effects, may deficient post-CPB as well, possibly due to heparinization, hemodilution, or consumption[20]. Systemic anticoagulation required for CPB compounded with often friable parenchyma and significant pleural adhesions may be directly responsible for increased peri-operative blood transfusions which come with their own share of inflammatory reactions, including transfusion related acute lung injury (TRALI). Transplanted lungs inevitably undergo cold and warm ischemia. Ischemia-reperfusion injury (IRI) has been shown to lead to pulmonary vasomotor dysfunction due to constriction of pulmonary vascular smooth muscle in the absence of hypoxia thus increasing pulmonary vascular resistance (PVR)[23]. Reperfusion of the transplanted lung with activated blood components from CPB circuit has been shown to exacerbate pulmonary vasomotor dysfunction in a dog model of autologous lung transplantation[23].
Strategies are underway to help confront the inflammatory response to CPB. Aprotinin is a serine protease inhibitor, which has been shown to reduce bleeding and need for peri-operative transfusions, with possible anti-inflammatory effects related to inhibition of leukocyte transmigration through vascular endothelium[20]. Heparin-coated circuits have reduced but not ameliorated complement activation[22,24]. Baufreton et al[24] prospectively evaluated the inflammatory response in 29 patients undergoing coronary artery bypass grafting and found that centrifugal pumps (CFP) resulted in increased intra-operative complement and neutrophil activation in comparison to roller pumps. Both groups showed significant increases in TNF-α, IL-6, and IL-8; however IL-8 was significantly greater at 2 h in the CFP group (P = 0.02)[24]. Leukocyte depletion, and monoclonal antibodies are also being investigated[21]. 
There is sufficient evidence to implicate CPB in lung damage on both a cellular level and in clinical outcomes. Both a multi-center prospective trial and a systematic review and meta-analysis found CBP to be a significant independent risk factor for PGD[25,26]. A 10-year retrospective analysis yielded increased time on mechanical ventilation, pulmonary edema, blood transfusions, as well as 48 h, 1 mo, and 1-year mortality when CPB was compared to non-CPB[19]. High-volume centers such as the University of Toronto are aiming to avoid CPB, which may be justified. 

CPB and early graft dysfunction
The effects of CPB on early graft dysfunction is not a new question as evidenced by the retrospective review performed by Aeba et al[27] on 100 lung transplant recipients from 1990-1992. They found significantly lower arterial/alveolar oxygen tension ratios of 0.48 ± 0.19 in the CPB group compared to 0.60 ± 0.22 in non-CPB group (P = 0.025). The CPB had more severe pulmonary infiltrates within 12 h after reperfusion than non-CPB group (P = 0.034). Prolonged intubation, > 7 d occurred in 29/55 in CPB compared to 8/45 in non-CPB group (P = 0.003). The non-CPB group showed better graft (P = 0.05) and patient (P = 0.033) survival at one month. Gammie et al[12] retrospectively reviewed 94 double-lung transplantations and showed similar results. The reported significantly longer mean ischemic times (P = 0.04), increased perioperative blood transfusions (P = 0.01), worse arterial/alveolar oxygen tension ratios (P = 0.001), more severe pulmonary infiltrates (P = 0.005), and longer median duration of intubation in the CPB group (P = 0.002)[12]. However, despite these findings, Gammie et al[12] found no significant differences in 30-d mortality or 1-year survival between the two groups. It has been argued by proponents of CPB, that CPB groups are heavily weighted with patients having pulmonary hypertension, and perhaps the poor outcomes are not due to CPB. Gammie et al[12] performed a multivariate logistic regression analysis to address this concern, and pulmonary hypertension was not found to be an independent predictor of early graft dysfunction. Oto et al[28] noted that 80% of their patients requiring ECMO for PGD had undergone CPB, as compared to CPB use in only 16% of the patients not requiring ECMO for PGD, (P = 0.0001). Hartwig et al[29] similarly showed 66.7% of patients requiring ECMO for primary graft failure (PGF) had undergone CPB, compared to 16.2% in non-ECMO group, (P < 0.001).

PGD
PGD a severe form of acute lung injury (ALI) occurs in approximately 10%-25% of lung transplant patients, with an 8-fold increase in 30-d mortality[26]. Multiple strategies may be employed to minimize ischemia-reperfusion injury (IRI) and PGD. The Toronto group first removes the native lung with the least perfusion[30]. Alveolar recruitment by holding sustained inspiration is thought to improve capillary recruitment and lead to decreased pulmonary vascular resistance (PVR). Toronto holds sustained inflation twice with a peak pressure < 25 cm H20, and positive end-expiratory pressure (PEEP) of 5 cm H20. They also remove their pulmonary artery clamp gradually over a 10-minute period[21]. Liu et al[26] performed a systematic review and meta-analysis of the clinical risk factors for PGD after lung transplant. Upon evaluation of 10042 patients, the following recipient risk factors showed a significant association with PGD: female gender, African American race, idiopathic pulmonary fibrosis (IPF), sarcoidosis, PPH, BMI ≥ 25 kg/m2, and use of CPB. The following recipient factors were not found to significantly correlate with PGD: age, cystic fibrosis, secondary pulmonary hypertension (SPH), intra-operative inhaled nitric oxide (iNO), nor type of transplant, single verses bilateral[26]. Diamond et al[25] performed a 10-center, prospective cohort study from March 2002 to December 2010, collecting data on 1255 patients, 211 (16.8%) of which developed grade 3 PGD by International Society for Heart and Lung Transplantation (ISHLT) criteria. They elevated recipient and donor factors, finding the following independent risk factors for PGD to be significant: donor smoking, FiO2 during reperfusion, single lung transplant, use of CPB, overweight/obese BMI, sarcoidosis, and pulmonary artery hypertension (PAH)[25].

CPB vs ECMO for lung transplant
ECMO has been used as an alternative to CPB in lung transplantation. The key differences between ECMO and CPB are peripheral verses central cannulation and duration of support. The details of ECMO circuits are discussed later in the ECMO section. ECMO supports hemodynamic stability and gas exchange while allowing for lower doses of heparinization thus presumably decreasing bleeding complications. It also has the added benefit being able to provide support in all phases of transplantation. 
Bittner et al[1] retrospectively reviewed 47 lung transplants performed at a single institution between 2003 and 2005. The purpose of their study was to compare the use of ECMO and CPB in lung transplant. Patients who underwent a combined heart-lung or lung-kidney transplant, coronary artery bypass, atrial septal defect repair, or emergency CPB support were excluded. Seven patients underwent CPB and 8 employed ECMO. Despite presumed benefits of decreased bleeding complications with ECMO, transfusion requirements for during the operation and 72 h afterward were 13.25 ± 1.6 units of PRBC for ECMO group verses 5.1 ± 2.8 for CPB group (P = 0.02). Activated clotting time (ACT) was kept > 450 s for CPB and between 160-220 s for ECMO group. Patients undergoing lung transplant without extracorporeal support received 2.7 ± 0.9 units PRBC in the same time period (P = 0.001). Indication for transfusion was hematocrit < 30%; however later they state liberal blood product administration for intravascular volume. Weaning from mechanical ventilation was shorter in CPB group 3.9 ± 3.7 d verses 10.8 ± 6.6 d in the ECMO group (P = 0.03). Severe graft ischemia-perfusion injury, defined as ISHLT grade III, occurred in 9% CPB verses 13% in ECMO group, which is one patient per group. The ECMO patient survived after clot evacuation from thorax whereas CPB patient required ECMO support, massive blood transfusions, and passed on post-operative day 10 due to resistant coagulopathy, right heart failure, and intracranial bleeding. Similarly, Ko et al[31] concluded in their series of 10 single and 3 bilateral sequential lung transplantations that ECMO rather than CPB should be used.

MECHANICAL CIRCULATORY SUPPORT AS A BRIDGE TO TRANSPLANT
Due to extensive wait times, deterioration in pulmonary status while awaiting lung transplantation, and detrimental effects of mechanical ventilation, MLA is increasingly employed as a bridge to lung transplantation[2,4]. There are two main forms of MLA, or extracorporeal life support (ECLS), which we will discuss, ECMO and ECLA. Let us first define each. 
ECMO has become a general term, which now encompasses venoarterial (VA) and venovenous (VV) extracorporeal blood oxygenation and CO2 removal. While venovenous ECMO is typically thought of for respiratory support, it may not be sufficient in pre-lung transplant patients, many of which have concomitant pulmonary hypertension and right heart failure. An ECMO circuit (Figure 2) contains a centrifugal pump, membrane oxygenator, inflow and outflow cannulas or cannula, and tubing with the potential to add ports for hemodialysis or ultrafiltration if needed[3,9]. Peripheral cannulation for ECMO usually employs a combination of the following vessels depending on whether VA- or VV-ECMO is indicated: femoral artery, femoral vein, carotid artery, and internal jugular vein. A bicaval dual-lumen cannula is now available, which is inserted via the internal jugular vein, and potentially allows for increased mobility in awake VV-ECMO patients. 
ECLA, the NovaLung® System (NovaLung GmbH, Heilbronn, Germany), sometimes referred to as Interventional Lung Assist (iLA) is illustrated in Figure 3[32]. It is a pumpless, extracorporeal, biocompatible, membrane composed of polymethylpentene (PMP) fibers, which provides gas exchange via simple diffusion[3]. ECLA is designed to function without a mechanical pump; however, one may be added if higher flows are needed. The device is typically implanted across an arteriovenous shunt between the femoral artery and femoral vein after heparinization. Flow rates of up to 2.5 L/min can be achieved depending on size of cannula and mean arterial pressure. Flow rates of 5.5 L/min may be achieved with the addition of an external pump. Because this device only receives approximately 15%-20% of cardiac output, it only oxygenates approximately 1/5 of venous return to the heart and is not recommended for severe hypoxia (PaO2/FiO2 < 80 mmHg)[33,34].

ECMO as a bridge to lung transplant
Early data on ECMO as a bridge to LTx were unfavorable[33,35,36]. Fischer reported a perioperative mortality of up to 60% in patients bridged to LTx with ECMO[4].
This could be attributed to the early attempts being in post-LTx patients with severe PGD, a patient population with severe immunocompromise and numerous other comorbidities. Over the last decade, technical advances in extracorporeal circuits such as centrifugal pumps, heparin-coated circuits, and polymethylpentene membrane oxygenators, among other advances have contributed to improved outcomes[33]. Hayes et al[5] reports 1-year survival rates between 58% to 92% for patients bridged to LTx with ECMO. 
Jackson et al[35] reported 3 cases in which ECMO was used successfully as a bridge to LTx; however each of these cases were complicated by bleeding requiring reoperation and massive transfusion in the post-operative period. 
Bermudez et al[37] performed a single-center retrospective analysis of 1305 patients undergoing lung or heart-lung transplant between 1991 and 2010. Seventeen patients (1.3%) were bridged with ECMO, 5/17 (29%) between 1991-1993 and 12/17 (71%) after 2005. These patients were compared to non-ECMO control group. Statistically significant differences between the two groups included: double lung transplant 88% of ECMO group vs 54%, mean ischemic time 344 min for ECMO group vs 244, 48% of ECMO group required ECMO post-operatively due to PGD compared to 7.3% in control group. Increased post-operative ECMO for PGD was attributed to longer ischemic times and CPB or ECMO during transplantation. While ECMO group had increased perioperative morbidity, there were no significant differences in 30 d, 1-year, or 3-year survival or allograft function at 1-year[37]. 
Lehmann et al[2] concluded that veno-arterial (VA) ECMO can be successfully used as a bridge to LTx as well as being utilized during LTx as a means for circulatory support. Lehmann et al[2] performed a retrospective analysis of 143 patients undergoing LTx at their institution, 15 patients received MLA preoperatively, 14 ECMO, and 1 ECLA. Of the 5 ECLA patients, 4 were converted to ECMO after 10 d and one was weaned from MLA and went on to LTx. Two of the fifteen patients died prior to LTx due to intracranial hemorrhage and mutli-organ failure (MOF). Eight patients from the MLA group were on mechanical ventilation, while 5 were awake and extubated. Six patients from the non-MLA group were on mechanical ventilation pre-transplant. Length of mechanical assistance pre-LTx ranged from 6 h to 30 d. There were no significant differences in demographic data, ischemia times, or intraoperative pulmonary arterial pressure (PAP). There were more sternotomies and bilateral sequential LTx performed in MLA group as well as 5 stroke events and 4 reoperations for bleeding. There was no significant difference in 30-d, 90-d, 1-year, and 5-year survival between MLA and non-MLA groups. Ten/13 (76.9%) survived to discharge[2].

ECLA as a bridge to lung transplant 
Fischer et al[4] reported on 12 patients with severe ventilation-refractory hypercapnia and respiratory acidosis, which were bridged to lung transplant with ECLA. At the time of Medical Advisory Secretariat Systematic Review in 2010, the Fisher case series was the only one to describe use of iLA as a bridge to LTx. It was compared to six studies using iLA for treatment of ARDS. While all studies showed an improvement in hypercapnia and acidosis, the pre-LTx group showed a drastic improvement over the first 6 h with PaO2, pH, and PaCO2 improving from 71 ± 27 mmHg, 7.21 ± 0.1, 128 ± 42 mmHg to 83 ± 17 mmHg, 7.34 ± 0.1 (P < 0.05), and 52 ± 5 mmHg (P < 0.05), respectively. However, these drastic improvements level off after 6 h whereas other groups continue to have significant improvements over subsequent days. These plateaus in the pre-LTx group may represent the inability of end-stage lungs for further improvement as compared to acute respiratory conditions associated with ARDS. Furthermore, PaO2/FiO2 ratio dropped after 24 h on iLA in pre-LTx group while continuing to improve in all other groups (135 pre, 150 2-6 h, 168 24 h, 139 2-7 d). Similarly, there was also an increased in PEEP requirements between 3-7 d in pre-LTx group from 6.8 ± 2.7 to 8.2 ± 1.4. iLA may be an effective bridge to LTx, improved survival and outcomes may be dependent on optimal timing of implementation[4].
ECLA with a pulmonary artery to left atrial shunt (PA-LA) ECLS has also been proposed. Strueber et al[38] reported 4 cases of the use of PA-LA ECLS as a bridge to lung or heart-lung transplantation. All 4 patients survived to transplantation with mean time on ECLS of 17.5 d. Two patients required VA-ECMO for hemodynamic stabilization prior to PA-LA cannulation. They found that with PA-LA ECLS right ventricular function was able to recover, potentially eliminating the need for heart-lung transplantation. Extubation is possible with PA-LA ECLS[38]. 
Nosotti et al[39] reported on 4 cases in which ECMO was used as a bridge to transplant. While this is a small number of patients, they highlighted several key concerns in this patient population. Out of their 4 patients one had reoperation for hemothorax, one died from an ischemic stroke, and one had caval thrombosis adequately treated with heparin. This highlights the fine balance of coagulation management necessary in ECMO patients. They also commented on critical illness myopathy, which would likely be similar with mechanical ventilation in this same patient population, but again an important consideration. Furthermore, they commented that formerly healthy patients posted for emergent transplant do not have time to cope with being listed for organ transplantation and thus have significant psychiatric disturbances and depression[39]. It could be argued that any patient undergoing salvage therapies such as ECMO may experience such disturbances. Awake ECMO may address the later two issues as well as avoidance of complications associated with general anesthesia, intubation, and mechanical ventilation such as hemodynamic collapse on induction and pulmonary and systemic inflammation associated with long-term ventilation[40,41]. 

Awake/ambulatory ECMO as a bridge to lung transplant
This brings us to Olsson et al[42] who in 2010 were the first to report on five patients with cardiopulmonary failure secondary to pulmonary hypertension in which VA-ECMO was used in awake, spontaneously breathing patients. All patients were cannulated under local anesthesia without sedation, and with the exception of two patients who later required intubation secondary to bleeding complications, all patients were able to eat, drink, and participate in active physical therapy as well as psychotherapy. In this series, there were no reports of limb ischemia, hemolysis, platelet activation, systemic inflammatory response, or clinically evident embolic events; however 60% (3/5) of patients had significant bleeding events, two of which necessitated endotracheal intubation and one requiring repeat blood transfusions. 
Fuehner et al[40] went on to report on 26 patients receiving awake ECMO as a bridge to LTx and compared these to 34 patients in whom mechanical ventilation (MV) was used as a bridge to LTx. Of note, 18 patients (53%) in the MV group were placed on ECLS prior to LTx (4 VV-ECMO, 12 AV-ECLA, and 2 PA-LA ECLA). Eight patients in the awake ECMO group (31%) required blood transfusion for bleeding complications (puncture sites, n = 6; epistaxis, n = 1; hemoptysis, n = 1). Seven patients (27%) required intubation and only 3 of these survived to discharge. Five (19%) developed sepsis, 1/5 survived to LTx. Patients in the ECMO group required significantly less days on MV after LTx, (P = 0.04). ECMO group had an improved survival to transplant, improved survival post-transplant, with overall 6-mo survival 62% ECMO group vs 35% MV group, (P = 0.05). If only those patients who received LTx are considered 80% ECMO group vs 50% MV group at 6-mo, (P = 0.02). Patients in the ECMO group also trended towards shorter ICU stays and shorter hospital stays[40].
The myriad of extracorporeal support strategies available as a bridge to lung transplantation should be employed in the following order if possible: iLA (hypercarbia, respiratory acidosis), VV-ECMO (severe hypoxia, hypercarbia), VA-ECMO or PA-LA ECLS (need for hemodynamic support, pulmonary HTN, right heart failure) (Table 1). Oxygenation requires flows 3-5 L/min whereas CO2 removal requires flows (0.5-1.0 L/min)[43]. It has been suggested that even VA-ECMO does not successfully unload the right ventricle[33]. Proponents of PA-LA ECLS state that this cannulation strategy may be employed in those patients who would benefit from an atrial septostomy as this decreases the work of the right ventricle and uses the elevated pulmonary artery pressure to drive flow across the oxygenator. By creating an oxygenating shunt PA-LA ECLS decreases right ventricular work while avoiding central hypoxemia created by an atrial septostomy. It is noted that patients with this degree of right ventricular failure will likely need peripheral VA-ECMO cannulation for hemodynamic support prior to induction of anesthesia. 
Awake MLA has many benefits and should be employed whenever possible. In patients with pure respiratory failure VV-ECMO and ECLA offer safe bridging strategies. Hypercarbic respiratory failure may be bridged with ECLA, whereas hypoxic respiratory failure benefits from the higher flows provided by VV-ECMO. In patients with concomitant pulmonary hypertension and right ventricular failure, VA-ECMO and PA-LA ECLA are the two main options for bridging these patients to transplant. Olsson et al[42] were able to achieve cannulation and successful bridging to transplant with VA-ECMO without sedation, intubation, or mechanical ventilation thus avoiding the potential drawbacks of each. PA-LA ECLS provides immediate decrease in right ventricular afterload but has the necessity of general anesthesia, endotracheal intubation, and sternotomy or thoracotomy. None of the current case series provide hemodynamic data to assess improvement in right ventricular function. Further studies need to be done to assess the pros and cons of these two potential bridging strategies for this frequent scenario of pulmonary hypertension and right heart failure. 

Post-transplant
Severe graft failure is the most common cause of death in the first 30 d post-lung transplant[2]. The incidence of pulmonary graft failure (PGF) in patients post-lung transplant ranges from 13%-35%[28]. PGF requiring ECMO support ranges from 2.1%-7.4% of lung transplants performed in the reported series[2,28]. Use of MLA has been reported in 2.1%-5.5% of lung transplants for treatment of severe graft failure. PGF is defined as the inability of a pulmonary allograft to sustain ventilation and oxygenation despite full mechanical support[44]. There are varying definitions of early PGF with some authors classifying it as < 7 d post-LTx and others within 24 h[44]. Multiple factors have been associated with early PGF, including: prolonged ischemic time, ischemia-reperfusion injury, prolonged CPB, blood transfusions, circulatory arrest, significant active infection in recipient pulmonary bed, technical complications, and quality of donor lung[28,44]. Of the possible contributors to early PGF, ischemia-reperfusion injury (IRI) is one of the most well-recognized complications of LTx, accounting for approximately one-third of 30-d mortality[29]. Patients experiencing IRI may present with worsening compliance, hypoxemia, diffuse pulmonary infiltrates, and copious airway secretions[29]. Late PGF is often multifactorial and may be irreversible[28,44].
Glassman et al[44] concluded that ischemia-reperfusion injury and acute graft dysfunction could be successfully reversed with early aggressive intervention. They reported on 17 cases of ECMO support for severe graft failure in 16 patients between 1991 and 1993. These patients represented 7.4% of the 215 patients who underwent transplant during this time period. They noted significant differences in outcome depending on early (< 7 d post-LTx) or late (≥ 7 d post-LTx) initiation of ECMO support. In the early group, 80% (8/10) patients were weaned from ECMO and 70% (7/10) were long-term survivors, and 71% (5/7) had normal long-term lung function. In the late group, 0% (0/7) survived to discharge[44].
Oto et al[28] reported on 10 (2.1%) of 481 LTx patients at their institution that were placed on ECMO for severe PGF. They compared 4 patients from (1990-1999) and 6 patients from (2000-2003). There was a significantly different time from transplant to initiation of ECMO support between these two groups with mean of 21 d in “early” group to a mean of 0.5 d for the recent group, (P = 0.01). PaO2 12 h post-initiation was significantly better in recent group 341 ± 90 mmHg vs 90 ± 23 mmHg, (P = 0.03). There was improved survival between “early” and recent groups; however this could be explained by observation of Glassman et al[44] above that ECMO is effective in early PGF, but not in late PGF. Oto et al[28] have the lowest reported incidence of ECMO use for PGF of any of the reported series, at 2.1% of their LTx cases. They attribute this to: (1) pretreatment of donor lungs with prostacyclin; (2) prospective T-cell and B-cell crossmatching; (3) less use of CPB; (4) inhaled nitric oxide during implantation; and (5) use of differential ventilation for unilateral PGF. While the incidence of bleeding improved from 50% in “early” group to 32% in recent group, the mortality rate for patients with bleeding complications was 100% suggesting that even with improved ECMO technology bleeding is still a significant problem[28]. 
Hartwig et al[29] reported 23 patients requiring ECMO support for PGF. They compared those receiving VA- vs VV-ECMO. There were no significant differences in patient demographics, underlying pulmonary disease, or type of transplant between the two groups. However, there were significantly larger numbers of COPD/A1AT, Retransplant, and PPH patients in the ECMO group compared to non-ECMO group, with relative risk (RR) 0.272, 5.93, 5.76, respectively. CPB was used in 66.7% of those patients needing ECMO post-op as compared to 6.6% in the non-ECMO group, (P < 0.001). While not reaching statistical significance, (P = 0.062), donor/recipient BSA ratios indicated that the donor was smaller than the recipient in the majority of ECMO cases. VA-ECMO group had more complications, 30 of 39. VV-ECMO group had 87.5% 30-d survival, and a 3-year survival comparable to non-ECMO group. Survival data for VA-ECMO group was not explicitly provided. They concluded that VV-ECMO was associated with fewer complications and improved outcomes in comparison to VA-ECMO and recommend early initiation of VV-ECMO in all LTx patients with severe IRI unless severe cardiac dysfunction refractory to VV-ECMO is present[29]. 

Blood stream infections associated with mechanical circulatory support
Of the studies reviewed, very few comment on blood stream infections or the incidence thereof. Fischer et al[4] reported positive blood cultures in 7/12 (58.3%) of patients bridged to LTx with the NovaLung ® iLA. In their case series of awake ECMO as a bridge to LTx, Olsson et al[42] reported 2/5 (40%) patients with infectious complications: one who died of septic multiorgan failure on the 8th day of ECMO support and one who died 2 mo post-LTx of septic multiorgan failure. Similarly, Bermudez et al[37] reported sepsis in 7/17 (41%) of patients bridged to LTx with ECMO. Of these 3 were bacterial and 4 fungal. Of the fungal infections 3/4 (75%) were caused by Aspergillus. 
Fuehner et al[40] reported 5/26 (19.2%) with sepsis-like syndrome, all with negative blood cultures, 4 who went on to die of multisystem organ failure prior to transplant. In patients requiring ECMO post-transplant due to primary graft failure had the following reported rates of sepsis: Hartwig et al[29] 5/23 (21.7%); Oto et al[28] reported 2/10 (20%); Wigfield et al[45] 4/22 (18.2%). Fischer et al[46] queried the ELSO database and found 151 patients who underwent ECMO for PGD post-LTx, of these 15% were found to have septic complications.
Aubron et al[47] performed a retrospective review of 146 ECMO cases lasting greater than 48 h. They reported a 16.4% occurrence of blood stream infections (BSI), with Candida being the most common pathogen. Sequential Organ Failure Assessment (SOFA) score prior to cannulation [Odds ratio (OR) 1.23] and the duration of ECMO therapy (OR 1.08) were independent predictors of BSI. While BSI was associated with significant increase in ICU and overall hospital length of stay, it was not associated with increased mortality. Of note, these patients were not given prophylactic antibiotics but likely received antibiotics for underlying disease processes or surgical procedures. This study is of all ECMO patients at one institution and does not specifically represent lung transplant patients. 
In a similar study, Pieri et al[48] retrospectively identified 46 patients undergoing ECMO (24 VA and 22 VV) for greater than 48 h in the time period reviewed. This study similarly found infection rate to correlate with SOFA score, duration of ECMO therapy, as well as ICU and hospital length of stay. Blood stream infection was identified in 8/46 (17.4%) of ECMO patients (4 VA and 4 VV). Causative organisms included: Candida albicans (2), Candida parapsilosis (2), Klebsiella pneumonia (2), Candida tropicalis (1), Corynebacterium minutissimum (1), Staphylococcus epidermidis (1), and Acinetobacter baumanii (1). They note that 42% of ECMO centers use prophylactic antibiotics while only 2% report routine use of antifungal agents. 
There have been no randomized controlled trials to evaluate the most appropriate prophylactic antimicrobial regimens for patients undergoing ECMO. This data could be beneficial in management of ECMO patients and could be combined with institutional antibiograms to provide the best possible prophylactic regimens for these patients. 

EVLP
Shortage of suitable donor organs
The issue of critical organ shortage for lung transplantation has already been previously mentioned. In 2013, 1923 lung transplants were performed in the United States, and 174 patients died while on the waiting list[49]. Only 15%-20% of offered organs meet criteria for transplantation[3,50,51]. Figure 4 demonstrates the disparity between available organs and those meeting criteria for transplant. The International Society for Heart and Lung Transplantation (ISHLT) lists the following as the currently accepted ‘ideal’ lung donor criteria: age < 55 years, ABO compatible, clear chest radiograph, approximate size match, clear chest X-ray, PaO2/FiO2 > 300 on 100% FiO2 and positive end expiratory pressure (PEEP) of 5 cm H2O, < 20 pack-year smoking history, absence of chest trauma, no evidence of aspiration/sepsis, no prior cardiopulmonary surgery, absence of organisms on sputum gram stain, and clear bronchoscopy[52]. Failure of donor lungs to meet criteria is largely due to events leading up to death which result in poor organ, including: barotrauma, pulmonary edema, aspiration, and pneumonia as well as direct effects of brain death[53]. Brain death is thought to lead to neurogenic pulmonary edema and inflammatory lung injury due to hemodynamic changes and cytokine storm associated with brain death[53]. 
EVLP is an innovative use of mechanical circulatory support in an attempt to expand the available donor pool[50]. This technology utilizes components of CPB or ECMO to isolate the lung and evaluate its function outside the body as a means of assessing suitability for transplant. The theorized mechanisms of benefit are removing interstitial fluid, washing out of inflammatory mediators, and allowing for alveolar recruitment at low airway pressures. Similar to the benefits observed when ECMO is utilized for PGD, EVLP aims to provide a platform for organ reconditioning which will allow previously untransplantable organs to meet criteria for transplantation. 

History of ex-vivo perfusion
First written ideas of ex-vivo perfusion are tracked back to 1812. In 1866, a frog heart was kept alive ex-vivo for 48 h, and a perfused liver ex-vivo was capable of producing urea. In 1935, Alexis Carrel successfully perfused a cat thyroid for 18 d using the Lindbergh pump, placing both men on the front of Time magazine[54]. They performed several experiments showing that whole organs including ovary, thyroid, kidney, and heart could maintain functionality and cell proliferation ex-vivo[53]. 

Support for use in humans
Animal models of EVLP showed no detrimental effects to the organ or recipient and additionally showed improved oxygenation, decreased mean airway pressure, pulmonary artery pressure, and inflammatory markers[55]. In our own rat and porcine models, EVLP provides a platform for organ evaluation, reconditioning, disease modeling, and administration of therapeutic agents[56]. Preclinical porcine models by Cypel and colleagues showed that normal and injured donor lungs could be maintained on EVLP for up to 12 h with excellent post-transplant lung function[57]. 
In 2001, Steen et al[58] published on the first ex-vivo perfused human lung transplant, a non-heart-beating donor lung transplanted into a 54 years old female with COPD yielding excellent function. Cypel and colleagues went on to perform a prospective, non-randomized clinical trial in which 23 high-risk donor lungs were placed on EVLP for 4 h and if physiologically appropriate, transplanted into human recipients. Three patients first underwent a safety and logistic feasibility study in which standard criteria donor lungs were transplanted, one with conventional methods and one after 1 hour of EVLP with similar outcome. Twenty of the 23 high-risk donor lungs met criteria for transplant with improvement in median PO2:FiO2 from 335 mmHg donor lung to 414 and 443 mm Hg at 1 and 4 h of EVLP, respectively (P < 0.001). These 20 lungs were transplanted and compared to 116 conventional lung transplants performed during the same time period. The incidence of PGD within 72 h of transplant was 15% for EVLP group, while 30% for control group. The EVLP group had no significant differences in length of stay, mechanical ventilation requirements, bronchial complications, and 1-year survival[53]. 
In a similar study conducted in Italy, incidence of PGD immediately after transplant and at 72 h was evaluated in EVLP (n = 8) and standard (n = 28) lung transplant groups[59]. Eleven donor lungs initially underwent EVLP, 3 failed to meet criteria for transplantation, 2 secondary to infection, and 1 due to poor gas exchange. They note that EVLP allowed for identification and confirmation of right lower lobe infection that was not evident on xray or CT scan performed on the day of donation. Increase in mean PaO2:FiO2 showed significant improvement at 1, 2, 3, and 4 hours on EVLP (P < 0.05). Lung radiographs performed post-EVLP showed resolution of edema. In the standard lung transplant group, 50% (14/28) patients had PGD 3 at time zero, 7 of which continued through 72 h. Consistent with early mortality associated with PGD 3, 4 of these 7 patients did not survive to hospital discharge. In the EVLP group, 37.5% (3/8) patients had PGD 3 at time zero, all of which resolved by 72 h resulting in 0% PGD 3 at 72 h.
Sage et al[60] performed a similar study in France in which 32 pairs of unsuitable donor lungs were reconditioned with ex-vivo perfusion per the Toronto technique. Of these, 31 were deemed suitable for transplant. One pair of lungs became progressively edematous with decreasing PaO2:FiO2. Reconditioned lungs were compared with 81 double-lung transplants performed during the same time period. EVLP resulted in a significant improvement in median PaO2:FiO2 (P < 0.0001). There were no significant differences in PGD at 72 h, length of mechanical ventilation, lCU or hospital length of stay, 30-d mortality, or one-year survival. 
In utilizing unsuitable donor lungs reconditioned with EVLP, increased incidence of PGD was one of the primary concerns. These studies have shown that this concern is not validated, and in fact lungs reconditioned with EVLP may have lower incidence of PGD when compared with standard lung transplant controls. 

Donor selection
EVLP seeks to make marginal donors a viable option. Marginal donors can be defined as those with arterial oxygen tension:fraction of inspired oxygen (PaO2:FiO2) ratios < 300, pulmonary edema, blood transfusions > 10 units, donation after cardiac death (DCD), pneumonia, or poor inflation/deflation at the time of procurement. Those with pneumonia or other active infection, severe mechanical lung injury (contusions in more than one lobe, or gross gastric aspiration remain excluded. 

Donation after cardiac death
In controlled DCD donors, graft assessment may occur prior to life support and therefore, EVLP is not typically employed for organ assessment[61,62]. In uncontrolled DCD donors, duration of warm ischemia is often unknown and assessment prior to cardiac arrest is not possible. In these donors, EVLP provides a means of organ assessment and remodeling. Snell et al[63] used a dog model to compare all Maastricht categories with varying preservation techniques with all groups achieving a PaO2:FiO2 between 472 to 586 mmHg without a significant increase in lung weight. Similarly, Inokawa et al[64] used a rat EVLP transplant model to compare four groups: heart beating donors (HBD), non-heart-beating donors (NHBD) without ex-vivo perfusion, NHBD perfused with Earle’s solution, and NHBD perfused with Earle’s solution supplemented with washed porcine erythrocytes[64]. Blood samples obtained from the transplanted left pulmonary vein did not show significant differences in oxygenation between the two groups. At explantation wet-to-dry ratios were greater in left transplanted lungs as compared to native right lungs; however, there were no significant differences between the four groups. Steen et al[58] were the first to report on clinical transplantation of DCD donor lungs after assessment by EVLP. In their review, Yeung and colleagues list the following advantages provided by EVLP: (1) facilitates recruitment of atelectactic lung; (2) facilitates bronchoscopic clearance of airway secretions; (3) removal of clots via transient retrograde perfusion; and (4) improves ventilation/perfusion matching by avoiding interference of stiff chest wall and immobile diaphragm. As EVLP strategies improve, they are providing not only a means of assessment but a platform for organ remodeling and delivery of therapeutic agents. 

Clinical trials
The HELP trial was a prospective, non-randomized performed from September 2008 through September 2009, which enrolled 102 lung transplant patients. Donor lungs initially rejected for transplant based on current criteria were placed on EVLP with Steen at 37 °C for 4 h. Rejected organs reaching a PaO2/FiO2 > 400 mmHg while on EVLP were transplanted into 16 recipients. These patients were compared to 86 controls receiving standard lung transplants during this same period. PGD scores, 30-d mortality, duration of intubation, length of ICU stay, and length of hospital stay were found to be equivalent in both groups[50].
A multi-center prospective trial, NOVEL, is currently underway at 6 US lung transplant centers: New York Presbyterian-Columbia University Hospital, University of Colorado Medical Center, Brigham and Women’s Hospital, Duke University Medical Center, University of Pennsylvania Medical Center, and University of Maryland Medical Center. This phase I clinical trial is funded by XVIVO Perfusion (Vitrolife, Inc, Englewood, CO) and will evaluate 30-d mortality, PGD, ICU length of stay, mechanical ventilation and ECLS utilization, and survival. We anxiously await the results of this trial in hopes that EVLP will achieve FDA support and help us decrease the number of patients dying while awaiting lung transplant. 

CONCLUSION
There are numerous established and emerging mechanical circulatory support modalities that may be employed throughout the course of a lung transplant patient. The use of CPB during lung transplantation is controversial. There are a paucity of randomized controlled trials to evaluate the utility of CPB in lung transplantation. The trials that have been reviewed here are inconsistent in their findings; further proving the need for higher powered studies. While the detrimental effects of CPB are well documented, right ventricular failure and/or hemodynamic instability are indications for the use of mechanical circulatory support during lung transplantation. VA-ECMO may also be used for this purpose and has the added benefits of peripheral cannulation and ability to span multiple phases of care, from bridging to post-operative support. Randomized controlled trials need to be performed to further investigate this controversial issue. 
Extracorporeal support may also be required as a bridge to lung transplant as long wait times may result in respiratory failure prior to organ availability. To this avail, the least invasive modality should be employed if possible for the relative indication: iLA (hypercarbia, respiratory acidosis), VV-ECMO (severe hypoxia, hypercarbia), VA-ECMO or PA-LA ECLS (need for hemodynamic support, pulmonary HTN, right heart failure). These same modalities may be applied with the same order of preference for post-operative support or PGF. All of these modalities may be performed in awake patients and should be whenever possible. 
While increased wait times necessitate bridging with mechanical circulatory support, EVLP may be emerging as the answer to increasing organ utilization and thus decreasing wait times. EVLP has shown excellent results in animal models as well as reproducible results in human studies around the world. We now anxiously await the results of ongoing clinical trials that may lead to the approval of EVLP for widespread use. 

REFERENCES
1 Bittner HB, Binner C, Lehmann S, Kuntze T, Rastan A, Mohr FW. Replacing cardiopulmonary bypass with extracorporeal membrane oxygenation in lung transplantation operations. Eur J Cardiothorac Surg 2007; 31: 462-467; discussion 467 [PMID: 17188884 DOI: 10.1016/j.ejcts.2006.11.050]
2 Lehmann S, Uhlemann M, Leontyev S, Meyer A, Garbade J, Seeburger J, Laflamme M, Bittner H, Mohr F. Fate of patients with extracorporeal lung assist as a bridge to lung transplantation versus patients without - a single-center experience. Perfusion 2015; 30: 154-160 [PMID: 24988948 DOI: 10.1177/0267659114540975]
3 Extracorporeal lung support technologies - bridge to recovery and bridge to lung transplantation in adult patients: an evidence-based analysis. Ont Health Technol Assess Ser 2010; 10: 1-47 [PMID: 23074408]
4 Fischer S, Simon AR, Welte T, Hoeper MM, Meyer A, Tessmann R, Gohrbandt B, Gottlieb J, Haverich A, Strueber M. Bridge to lung transplantation with the novel pumpless interventional lung assist device NovaLung. J Thorac Cardiovasc Surg 2006; 131: 719-723 [PMID: 16515929 DOI: 10.1016/j.jtcvs.2005.10.050]
5 Hayes D, Higgins RS, Kilic A, Kirkby S, Pope-Harman AL, Preston TJ, Whitson BA. Extracorporeal membrane oxygenation and retransplantation in lung transplantation: an analysis of the UNOS registry. Lung 2014; 192: 571-576 [PMID: 24816903 DOI: 10.1007/s00408-014-9593-6]
6 Whitson BA, Prekker ME, Herrington CS, Whelan TP, Radosevich DM, Hertz MI, Dahlberg PS. Primary graft dysfunction and long-term pulmonary function after lung transplantation. J Heart Lung Transplant 2007; 26: 1004-1011 [PMID: 17919620 DOI: 10.1016/j.healun.2007.07.018]
7 Khan TA, Schnickel G, Ross D, Bastani S, Laks H, Esmailian F, Marelli D, Beygui R, Shemin R, Watson L, Vartapetian I, Ardehali A. A prospective, randomized, crossover pilot study of inhaled nitric oxide versus inhaled prostacyclin in heart transplant and lung transplant recipients. J Thorac Cardiovasc Surg 2009; 138: 1417-1424 [PMID: 19931670 DOI: 10.1016/j.jtcvs.2009.04.063]
8 Machin D, Allsager C. Principles of cardiopulmonary bypass. Continuing Education in Anaesthesia. Critical Care Pain 2006; 6: 176-181 [DOI: 10.1093/bjaceaccp/mkl043]
9 Butt W, Maclaren G. Extracorporeal membrane oxygenation. F1000Prime Rep 2013; 5: 55 [PMID: 24404382 DOI: 10.12703/p5-55]
10 Diso D, Venuta F, Anile M, De Giacomo T, Ruberto F, Pugliese F, Francioni F, Ricella C, Liparulo V, Rolla M, Russo E, Rendina EA, Coloni GF. Extracorporeal circulatory support for lung transplantation: institutional experience. Transplant Proc 2010; 42: 1281-1282 [PMID: 20534281 DOI: 10.1016/j.transproceed.2010.03.114]
11 Marczin N, Royston D, Yacoub M. Pro: lung transplantation should be routinely performed with cardiopulmonary bypass. J Cardiothorac Vasc Anesth 2000; 14: 739-745 [PMID: 11139121 DOI: 10.1053/jcan.2000.18592]
12 Gammie JS, Cheul Lee J, Pham SM, Keenan RJ, Weyant RJ, Hattler BG, Griffith BP. Cardiopulmonary bypass is associated with early allograft dysfunction but not death after double-lung transplantation. J Thorac Cardiovasc Surg 1998; 115: 990-997 [PMID: 9605066 DOI: 10.1016/S0022-5223(98)70396-4]
13 Triantafillou AN, Pasque MK, Huddleston CB, Pond CG, Cerza RF, Forstot RM, Cooper JD, Patterson GA, Lappas DG. Predictors, frequency, and indications for cardiopulmonary bypass during lung transplantation in adults. Ann Thorac Surg 1994; 57: 1248-1251 [PMID: 8179394 DOI: 10.1016/0003-4975(94)91367-6]
14 de Boer WJ, Hepkema BG, Loef BG, van der Bij W, Verschuuren EA, de Vries HJ, Lems SP, Ebels T. Survival benefit of cardiopulmonary bypass support in bilateral lung transplantation for emphysema patients. Transplantation 2002; 73: 1621-1627 [PMID: 12042650 DOI: 10.1097/00007890-200205270-00017]
15 Ichinose F, Roberts JD, Zapol WM. Inhaled nitric oxide: a selective pulmonary vasodilator: current uses and therapeutic potential. Circulation 2004; 109: 3106-3111 [PMID: 15226227 DOI: 10.1161/01.cir.0000134595.80170.62]
16 Szeto WY, Kreisel D, Karakousis GC, Pochettino A, Sterman DH, Kotloff RM, Arcasoy SM, Zisman DA, Blumenthal NP, Gallop RJ, Kaiser LR, Bavaria JE, Rosengard BR. Cardiopulmonary bypass for bilateral sequential lung transplantation in patients with chronic obstructive pulmonary disease without adverse effect on lung function or clinical outcome. J Thorac Cardiovasc Surg 2002; 124: 241-249 [PMID: 12167783 DOI: 10.1067/mtc.2002.121303]
17 Burdett C, Butt T, Lordan J, Dark JH, Clark SC. Comparison of single lung transplant with and without the use of cardiopulmonary bypass. Interact Cardiovasc Thorac Surg 2012; 15: 432-46; discussion 436 [PMID: 22714587 DOI: 10.1093/icvts/ivs264]
18 Pochettino A, Augoustides JG, Kowalchuk DA, Watcha SM, Cowie D, Jobes DR. Cardiopulmonary bypass for lung transplantation in cystic fibrosis: pilot evaluation of perioperative outcome. J Cardiothorac Vasc Anesth 2007; 21: 208-211 [PMID: 17418733 DOI: 10.1053/j.jvca.2006.09.001]
19 Dalibon N, Geffroy A, Moutafis M, Vinatier I, Bonnette P, Stern M, Loirat P, Bisson A, Fischler M. Use of cardiopulmonary bypass for lung transplantation: a 10-year experience. J Cardiothorac Vasc Anesth 2006; 20: 668-672 [PMID: 17023286 DOI: 10.1053/j.jvca.2006.01.004]
20 Levy JH, Tanaka KA. Inflammatory response to cardiopulmonary bypass. Ann Thorac Surg 2003; 75: S715-S720 [PMID: 12607717 DOI: 10.1016/S0003-4975(02)04701-X]
21 McRae K. Con: lung transplantation should not be routinely performed with cardiopulmonary bypass. J Cardiothorac Vasc Anesth 2000; 14: 746-750 [PMID: 11139122 DOI: 10.1053/jcan.2000.18601]
22 Asimakopoulos G, Smith PL, Ratnatunga CP, Taylor KM. Lung injury and acute respiratory distress syndrome after cardiopulmonary bypass. Ann Thorac Surg 1999; 68: 1107-1115 [PMID: 10510030 DOI: 10.1016/S0003-4975(99)00781-X]
23 Fullerton DA, McIntyre RC, Mitchell MB, Campbell DN, Grover FL. Lung transplantation with cardiopulmonary bypass exaggerates pulmonary vasomotor dysfunction in the transplanted lung. J Thorac Cardiovasc Surg 1995; 109: 212-26; discussion 212-26; [PMID: 7853874 DOI: 10.1016/S0022-5223(95)70381-0]
24 Baufreton C, Intrator L, Jansen PG, te Velthuis H, Le Besnerais P, Vonk A, Farcet JP, Wildevuur CR, Loisance DY. Inflammatory response to cardiopulmonary bypass using roller or centrifugal pumps. Ann Thorac Surg 1999; 67: 972-977 [PMID: 10320237 DOI: 10.1016/S0003-4975(98)01345-9]
25 Diamond JM, Lee JC, Kawut SM, Shah RJ, Localio AR, Bellamy SL, Lederer DJ, Cantu E, Kohl BA, Lama VN, Bhorade SM, Crespo M, Demissie E, Sonett J, Wille K, Orens J, Shah AS, Weinacker A, Arcasoy S, Shah PD, Wilkes DS, Ware LB, Palmer SM, Christie JD. Clinical risk factors for primary graft dysfunction after lung transplantation. Am J Respir Crit Care Med 2013; 187: 527-534 [PMID: 23306540 DOI: 10.1164/rccm.201210-1865OC]
26 Liu Y, Liu Y, Su L, Jiang SJ. Recipient-related clinical risk factors for primary graft dysfunction after lung transplantation: a systematic review and meta-analysis. PLoS One 2014; 9: e92773 [PMID: 24658073 DOI: 10.1371/journal.pone.0092773]
27 Aeba R, Griffith BP, Kormos RL, Armitage JM, Gasior TA, Fuhrman CR, Yousem SA, Hardesty RL. Effect of cardiopulmonary bypass on early graft dysfunction in clinical lung transplantation. Ann Thorac Surg 1994; 57: 715-722 [PMID: 8147645 DOI: 10.1016/0003-4975(94)90573-8]
28 Oto T, Rosenfeldt F, Rowland M, Pick A, Rabinov M, Preovolos A, Snell G, Williams T, Esmore D. Extracorporeal membrane oxygenation after lung transplantation: evolving technique improves outcomes. Ann Thorac Surg 2004; 78: 1230-1235 [PMID: 15464477 DOI: 10.1016/j.athoracsur.2004.03.095]
29 Hartwig MG, Appel JZ, Cantu E, Simsir S, Lin SS, Hsieh CC, Walczak R, Palmer SM, Davis RD. Improved results treating lung allograft failure with venovenous extracorporeal membrane oxygenation. Ann Thorac Surg 2005; 80: 1872-189; discussion 1872-189; [PMID: 16242472 DOI: 10.1016/j.athoracsur.2005.04.063]
30 Kaiser LR, Pasque MK, Trulock EP, Low DE, Dresler CM, Cooper JD. Bilateral sequential lung transplantation: the procedure of choice for double-lung replacement. Ann Thorac Surg 1991; 52: 438-45; discussion 445-6 [PMID: 1898130 DOI: 10.1016/0003-4975(91)90903-4]
31 Ko WJ, Chen YS, Lee YC. Replacing cardiopulmonary bypass with extracorporeal membrane oxygenation in lung transplantation operations. Artif Organs 2001; 25: 607-612 [PMID: 11531710 DOI: 10.1046/j.1525-1594.2001.025008607.x]
32 Gómez-Caro A, Badia JR, Ausin P. [Extracorporeal lung assist in severe respiratory failure and ARDS. Current situation and clinical applications]. Arch Bronconeumol 2010; 46: 531-537 [PMID: 20937437 DOI: 10.1016/S1579-2129(11)60006-2]
33 Cypel M, Keshavjee S. Extracorporeal life support as a bridge to lung transplantation. Clin Chest Med 2011; 32: 245-251 [PMID: 21511087 DOI: 10.1016/j.ccm.2011.02.005]
34 Matheis G. New technologies for respiratory assist. Perfusion 2003; 18: 245-251 [PMID: 14575413 DOI: 101191/0267659103pf6884oa]
35 Jackson A, Cropper J, Pye R, Junius F, Malouf M, Glanville A. Use of extracorporeal membrane oxygenation as a bridge to primary lung transplant: 3 consecutive, successful cases and a review of the literature. J Heart Lung Transplant 2008; 27: 348-352 [PMID: 18342760 DOI: 10.1016/j.healun.2007.12.006]
36 Jurmann MJ, Haverich A, Demertzis S, Schaefers HJ, Wagner TO, Borst HG. Extracorporeal membrane oxygenation as a bridge to lung transplantation. Eur J Cardiothorac Surg 1991; 5: 94-97; discussion 98 [PMID: 2018660]
37 Bermudez CA, Rocha RV, Zaldonis D, Bhama JK, Crespo MM, Shigemura N, Pilewski JM, Sappington PL, Boujoukos AJ, Toyoda Y. Extracorporeal membrane oxygenation as a bridge to lung transplant: midterm outcomes. Ann Thorac Surg 2011; 92: 1226-131; discussion 1226-131; [PMID: 21872213 DOI: 10.1016/j.athoracsur.2011.04.122]
38 Strueber M, Hoeper MM, Fischer S, Cypel M, Warnecke G, Gottlieb J, Pierre A, Welte T, Haverich A, Simon AR, Keshavjee S. Bridge to thoracic organ transplantation in patients with pulmonary arterial hypertension using a pumpless lung assist device. Am J Transplant 2009; 9: 853-857 [PMID: 19344471 DOI: 10.1111/j.1600-6143.2009.02549.x]
39 Nosotti M, Rosso L, Palleschi A, Lissoni A, Crotti S, Marenghi C, Colombo C, Costantini D, Santambrogio L. Bridge to lung transplantation by venovenous extracorporeal membrane oxygenation: a lesson learned on the first four cases. Transplant Proc 2010; 42: 1259-1261 [PMID: 20534275 DOI: 10.1016/j.transproceed.2010.03.119]
40 Fuehner T, Kuehn C, Hadem J, Wiesner O, Gottlieb J, Tudorache I, Olsson KM, Greer M, Sommer W, Welte T, Haverich A, Hoeper MM, Warnecke G. Extracorporeal membrane oxygenation in awake patients as bridge to lung transplantation. Am J Respir Crit Care Med 2012; 185: 763-768 [PMID: 22268135 DOI: 10.1164/rccm.201109-1599OC]
41 Hayes D, Whitson BA, Black SM. Extracorporeal membrane oxygenation in adult organ procurement. Clin Transplant 2014; 28: 935-936 [PMID: 25213715 DOI: 10.1111/ctr.12406]
42 Olsson KM, Simon A, Strueber M, Hadem J, Wiesner O, Gottlieb J, Fuehner T, Fischer S, Warnecke G, Kühn C, Haverich A, Welte T, Hoeper MM. Extracorporeal membrane oxygenation in nonintubated patients as bridge to lung transplantation. Am J Transplant 2010; 10: 2173-2178 [PMID: 20636463 DOI: 10.1111/j.1600-6143.2010.03192.x]
43 Zwischenberger BA, Clemson LA, Zwischenberger JB. Artificial lung: progress and prototypes. Expert Rev Med Devices 2006; 3: 485-497 [PMID: 16866645 DOI: 10.1586/17434440.3.4.485]
44 Glassman LR, Keenan RJ, Fabrizio MC, Sonett JR, Bierman MI, Pham SM, Griffith BP. Extracorporeal membrane oxygenation as an adjunct treatment for primary graft failure in adult lung transplant recipients. J Thorac Cardiovasc Surg 1995; 110: 723-76; discussion 723-76; [PMID: 7564439 DOI: 10.1016/S0022-5223(95)70104-4]
45 Wigfield CH, Lindsey JD, Steffens TG, Edwards NM, Love RB. Early institution of extracorporeal membrane oxygenation for primary graft dysfunction after lung transplantation improves outcome. J Heart Lung Transplant 2007; 26: 331-338 [PMID: 17403473 DOI: 10.1016/j.healun.2006.12.010]
46 Fischer S, Bohn D, Rycus P, Pierre AF, de Perrot M, Waddell TK, Keshavjee S. Extracorporeal membrane oxygenation for primary graft dysfunction after lung transplantation: analysis of the Extracorporeal Life Support Organization (ELSO) registry. J Heart Lung Transplant 2007; 26: 472-477 [PMID: 17449416 DOI: 10.1016/j.healun.2007.01.031]
47 Aubron C, Cheng AC, Pilcher D, Leong T, Magrin G, Cooper DJ, Scheinkestel C, Pellegrino V. Infections acquired by adults who receive extracorporeal membrane oxygenation: risk factors and outcome. Infect Control Hosp Epidemiol 2013; 34: 24-30 [PMID: 23221189 DOI: 10.1086/668439]
48 Pieri M, Agracheva N, Fumagalli L, Greco T, De Bonis M, Calabrese MC, Rossodivita A, Zangrillo A, Pappalardo F. Infections occurring in adult patients receiving mechanical circulatory support: the two-year experience of an Italian National Referral Tertiary Care Center. Med Intensiva 2013; 37: 468-475 [PMID: 23040766 DOI: 10.1016/j.medin.2012.08.009]
49 Valapour M, Skeans MA, Heubner BM, Smith JM, Hertz MI, Edwards LB, Cherikh WS, Callahan ER, Snyder JJ, Israni AK, Kasiske BL. OPTN/SRTR 2013 Annual Data Report: Lung. Am J Transplant 2015; 15 (S2): 1-28 [DOI: 10.1111/ajt.13200]
50 Cypel M, Yeung JC, Liu M, Anraku M, Chen F, Karolak W, Sato M, Laratta J, Azad S, Madonik M, Chow CW, Chaparro C, Hutcheon M, Singer LG, Slutsky AS, Yasufuku K, de Perrot M, Pierre AF, Waddell TK, Keshavjee S. Normothermic ex vivo lung perfusion in clinical lung transplantation. N Engl J Med 2011; 364: 1431-1440 [PMID: 21488765 DOI: 10.1056/NEJMoa1014597]
51 Punch JD, Hayes DH, LaPorte FB, McBride V, Seely MS. Organ donation and utilization in the United States, 1996-2005. Am J Transplant 2007; 7: 1327-1338 [PMID: 17428283 DOI: 10.1111/j.1600-6143.2007.01779.x]
52 Orens JB, Estenne M, Arcasoy S, Conte JV, Corris P, Egan JJ, Egan T, Keshavjee S, Knoop C, Kotloff R, Martinez FJ, Nathan S, Palmer S, Patterson A, Singer L, Snell G, Studer S, Vachiery JL, Glanville AR. International guidelines for the selection of lung transplant candidates: 2006 update--a consensus report from the Pulmonary Scientific Council of the International Society for Heart and Lung Transplantation. J Heart Lung Transplant 2006; 25: 745-755 [PMID: 16818116 DOI: 10.1016/S1053-2498(03)00096-2]
53 Cypel M, Keshavjee S. The clinical potential of ex vivo lung perfusion. Expert Rev Respir Med 2012; 6: 27-35 [PMID: 22283576 DOI: 10.1586/ers.11.93]
54 Carrel A. The culture of whole organs: I. technique of the culture of the thyroid gland. J Exp Med 1937; 65: 515-526 [PMID: 19870615 DOI: 10.1084/jem.65.4.515]
55 Mulloy DP, Stone ML, Crosby IK, Lapar DJ, Sharma AK, Webb DV, Lau CL, Laubach VE, Kron IL. Ex vivo rehabilitation of non-heart-beating donor lungs in preclinical porcine model: delayed perfusion results in superior lung function. J Thorac Cardiovasc Surg 2012; 144: 1208-1215 [PMID: 22944084 DOI: 10.1016/j.jtcvs.2012.07.056]
56 Nelson K, Bobba C, Ghadiali S, Hayes D, Black SM, Whitson BA. Animal models of ex vivo lung perfusion as a platform for transplantation research. World J Exp Med 2014; 4: 7-15 [PMID: 24977117 DOI: 10.5493/wjem.v4.i2.7]
57 Cypel M, Yeung JC, Hirayama S, Rubacha M, Fischer S, Anraku M, Sato M, Harwood S, Pierre A, Waddell TK, de Perrot M, Liu M, Keshavjee S. Technique for prolonged normothermic ex vivo lung perfusion. J Heart Lung Transplant 2008; 27: 1319-1325 [PMID: 19059112 DOI: 10.1016/j.healun.2008.09.003]
58 Steen S, Sjöberg T, Pierre L, Liao Q, Eriksson L, Algotsson L. Transplantation of lungs from a non-heart-beating donor. Lancet 2001; 357: 825-829 [PMID: 11265950 DOI: 10.1016/s0140-6736(00)04195-7]
59 Boffini M, Ricci D, Bonato R, Fanelli V, Attisani M, Ribezzo M, Solidoro P, Del Sorbo L, Ranieri VM, Rinaldi M. Incidence and severity of primary graft dysfunction after lung transplantation using rejected grafts reconditioned with ex vivo lung perfusion. Eur J Cardiothorac Surg 2014; 46: 789-793 [PMID: 25061216 DOI: 10.1093/ejcts/ezu239]
60 Sage E, Mussot S, Trebbia G, Puyo P, Stern M, Dartevelle P, Chapelier A, Fischler M. Lung transplantation from initially rejected donors after ex vivo lung reconditioning: the French experience. Eur J Cardiothorac Surg 2014; 46: 794-799 [PMID: 25061219 DOI: 10.1093/ejcts/ezu245]
61 Oto T. Lung transplantation from donation after cardiac death (non-heart-beating) donors. Gen Thorac Cardiovasc Surg 2008; 56: 533-538 [PMID: 19002751 DOI: 10.1007/s11748-008-0315-y]
62 Yeung JC, Cypel M, Waddell TK, van Raemdonck D, Keshavjee S. Update on donor assessment, resuscitation, and acceptance criteria, including novel techniques--non-heart-beating donor lung retrieval and ex vivo donor lung perfusion. Thorac Surg Clin 2009; 19: 261-274 [PMID: 19662970 DOI: 10.1016/j.thorsurg.2009.02.006]
63 Snell GI, Oto T, Levvey B, McEgan R, Mennan M, Higuchi T, Eriksson L, Williams TJ, Rosenfeldt F. Evaluation of techniques for lung transplantation following donation after cardiac death. Ann Thorac Surg 2006; 81: 2014-2019 [PMID: 16731122 DOI: 10.1016/j.athoracsur.2006.01.014]
64 Inokawa H, Sevala M, Funkhouser WK, Egan TM. Ex-vivo perfusion and ventilation of rat lungs from non-heart-beating donors before transplant. Ann Thorac Surg 2006; 82: 1219-1225 [PMID: 16996911 DOI: 10.1016/j.athoracsur.2006.05.004]

P-Reviewer: Ho KM, Raja SG S-Editor: Ji FF L-Editor: E-Editor:

[image: E:\jifangfang\送修稿\2015-1-20\16068\Slide1.jpg]
Figure 1 Cardiopulmonary bypass circuit is an open circuit in which venous blood drains into the venous reservoir by gravity (40-70 cm below the level of the heart) or siphonage. Cardiopulmonary bypass circuit is considered an open circuit: blood from the cardiotomy reservoir, blood transfusions, or other fluids may be added into the circuit. Blood then passes through an oxygenator or gas-exchanger and is returned to the arterial system by utilizing a roller or centrifugal pump[8]. Figure from Machin et al[8], with permission of Oxford University Press. 
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Figure 2 Schematic illustrating the components of an extracorporeal membrane oxygenation circuit: centrifugal pump, membrane oxygenator, inflow and outflow cannulas or cannula, and tubing with the potential to add ports for hemodialysis or ultrafiltration[9]. ECMO: Extracorporeal membrane oxygenation.
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Figure 3 Extracorporeal lung assist, Interventional Lung Assist, or the NovaLung® System. A: Flow measure across the system, in this case 1.77 L of blood per minute; B: Arterial and venous lines, oxygen inflow, and extracorporeal membrane made of polymethylpentene (PMP) which provides gas exchange by simple diffusion; C: Exchange membrane and arterial and venous cannulations; D: AV cannulation diagram for extracorporeal lung assist, note the absence of a pump[32]. 
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Figure 4 Only 15%-20% of donor organs meet standard criteria for lung transplant. 

Table 1 Comparison of mechanical circulatory support modalities
	
	Open/closed
	Pump
	Cannulation
	Indications
	Phase of transplant

	CPB
	Open
	Yes
(Centrifugal or Roller)
	Central
(intrathoracic)
	Hemodynamic instability
Pulmonary Hypertension
Right ventricular failure
En bloc double-LTx
	Intraoperative

	ECLS/iLA
	Closed
	No
(Pump may be added)
	Usually peripheral
(also PA-LA)
	Refractory: 
Hypercarbia (PCO2 > 80 mmHg)
	Bridge to Tx (Awake)


	VV-ECMO
	Closed
	Yes
(Centrifugal or Roller)
	Peripheral
(BCDLC)
	Refractory:
Hypoxia (PaO2:FiO2 < 80 mmHg)
Hypercarbia PCO2 > 80 mmHg
	Bridge to Tx (Awake)
Graft Salvage 

	VA-ECMO
	Closed
	Yes
(Centrifugal or Roller)
	Peripheral
(sometimes Central)
	Hemodynamic instability
Pulmonary Hypertension
Right heart failure
	Bridge to Tx
Intraoperative
Graft Salvage


CPB: Cardiopulmonary bypass; ECLS: Extracorporeal lung support; iLA: Interventional lung assist; VV: Venovenous; VA: Venoarterial; ECMO: Extracorporeal membrane oxygenation; PA-LA: Pulmonary artery-left atrium; BCDLC: Bi-caval dual lumen cannula.
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