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Abstract 

A boundless spectrum of chronic lung diseases is said to effect over 500 million persons 

globally. Lung transplantation is a well-established therapeutic option for patients suffering 

from end-stage lung diseases, however waitlist mortality and primary graft failure remain 

major determinants as post-transplantation 5-year survival is just above 50 percent. Recent 

innovations in lung transplantation have been aimed at increasing organ availability, 

improving allograft quality, function, and longevity. Ex-vivo Lung Perfusion (EVLP) is an 

exciting modality responsible for multiple paths of lung allograft reconditioning as well as 

significantly extending preservation times. Mechanical circulatory support (MCS), specifically 

extracorporeal membrane oxygenation (ECMO) has consistently gained popularity not only 

for its use as a bridge to transplantation, but also its intraoperative role. In tandem, EVLP and 

ECMO have shown promising results in increasing the number of lung transplantations 
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performed, therefore decreasing waitlist mortality. Primary graft dysfunction (PGD) and 

chronic lung allograft rejection (CLAD) continue to be the most feared predictors of poor 

outcomes. In this review we will highlight the historical progression of lung transplantation, 

its encumbrance, and the most recent advancements in promising techniques for long-term 

allograft protection and patient survival.  
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1. Introduction 

Chronic respiratory disease remains one of the most common non-infectious diseases, affecting 

over 500 million people worldwide [1]. The causes of chronic respiratory disease vary, presenting 

with multiple different phenotypic patterns including obstructive lung disease, pulmonary vascular 

disease, infectious lung disease, as well as those classified as restrictive lung diseases. Some of the 

common diagnoses requiring lung transplantation include chronic obstructive pulmonary disease 

(COPD), cystic fibrosis, alpha-1-anti-trypsin deficiency (AATD), idiopathic pulmonary arterial 

hypertension (IPAH), Idiopathic pulmonary fibrosis (IPD), pulmonary sarcoidosis, and 

pneumoconiosis. However mutable its past, lung transplantation remains a viable option and the 

current “gold standard” for carefully selected patients with end stage lung disease.  

In June of 1963, Dr. James Hardy and his colleagues at Mississippi embarked on the first human 

lung transplant. However, the patient survived only 18 days [2]. Following nearly fifteen years of 

experience, there seemed to be little to offer to those suffering from respiratory failure, in dire need 

of a solution. Of the nearly 40 transplants attempted by the year 1980, there were no long-term 

survivors. Most lung transplant recipients had expired during the third post-operative week due to 

dehiscence of the bronchial anastomosis [2]. Following the advent of membrane oxygenation, Dr. 

Joel Cooper made an additional attempt at lung transplantation with hopes that respiratory support 

may increase chances of long-term survival [2]. The patient again succumbed to disruption of the 

bronchial anastomosis by the third postoperative week. This shortcoming led the Toronto group to 

become the epicenter for transplantation research in animals, postulating that the likely major 

limiting factors of success stemmed from allograft rejection, ischemia, and immunosuppressive 

drugs. It would later be discovered that bronchial complications could be consequent to the 

immunosuppressive and anti-inflammatory effect of azathioprine and prednisone, respectively [3, 

4]. At the time, new immunosuppressive medications like cyclosporine, as well as advancements in 

surgical techniques, such as initiating angiogenesis via wrapping the omentum around the bronchial 

anastomosis, proved to be a step in the direction of long-term allograft survival [4]. In June of 1983, 

Dr. Joel Cooper and the Toronto Lung Transplant group would perform the first successful lung 

transplant [5]. Again, defying odds in 1986 the Toronto Lung Transplant group led by Dr. Cooper and 

Dr. Patterson performed the first successful double-lung transplant [5]. 
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At the turn of the 21st century, increasing technology and refined surgical techniques proved to 

breathe life into the field of lung transplantation. According to the International Society for Heart 

and Lung Transplantation (ISHLT) the number of lung transplants performed from Jan 2001-Dec 

2009 reached over 21,800, nearly double that of the previous decade [6]. Although the total number 

of lung transplants has steadily increased, so has the cohort of patients requiring treatment [7]. Per 

a recent UN report the global population was projected to reach its highest, at 8 billion persons as 

of November 2022. Population demographics have shown a shift to an aging population, living 

longer with more comorbidities. It is estimated that by 2050 the proportion of persons over 60 will 

nearly double, a cohort known to show age-associated changes in intrinsic lung mechanisms as well 

as a host of other comorbidities [8]. In 2017 the lung transplant waiting list sat at roughly 2,500 

patients, with nearly 30% expected to die before lungs became available [7]. Advancements have 

continued to try and combat the main roadblocks that hinder lung transplant success (i.e donor 

shortage, proper candidate selection, primary graft dysfunction (PGD), and Chronic lung allograft 

dysfunction (CLAD)). In this review we aim to present the most recent advancements made in the 

field of lung transplantation as well as offer insight through our own professional experience in a 

high-volume transplant center. For clarity, these advancements have been categorized by 

respective stage within the lung transplant process known as pre-operative, intra-operative, and 

finally post-operative management. It is our hope to provide a thought-provoking discussion of 

potential therapeutics for those involved in the care of these most vulnerable patients.  

2. Methods and Results 

In order to analyze and understand advancements and future directions in lung transplantation, 

the authors completed a non-systematic narrative review of the current literature. The primary 

source used was PUBMED, using the following strings search: 

(I) “Lung Transplantation” AND “Ex vivo Lung Perfusion” OR “EVLP”  

(II) “Lung Transplantation” AND “Mechanical Circulatory support (MCS)” OR “Extracorporeal 

Membrane Oxygenation (ECMO)” 

(III) “Lung Transplantation” And “Primary Graft Dysfunction (PGD)” AND/OR “Chronic 

Allograft Rejection” 

(IV) “Lung Transplantation” AND “Preservation” 

(V) Manual selection of manuscripts by authors.  

We also evaluate the technical aspect of lung transplantation including management and surgical 

techniques, as we investigate our own professional experiences compared with that of other high-

volume centers. Finally, we offer a technical and descriptive point of view regarding the 

advancements made in the field of lung transplantation and allograft protection, not only at our 

own institution but also in the global scenario.  

2.1 Pre-operative Barriers – Expanding the Donor Pool 

According to a recent Organ Procurement Transplantation Network (OPTN)/Scientific Registry of 

Transplant Recipients (SRTR) statement, over 3000 candidates were added to the lung transplant 

waiting list in 2021 [9]. Considering the continuance of evidence-based research, we have witnessed 

a steady decline in pre-transplant mortality from as high as 21.6 deaths per 100 waitlist years in 

2010 to 17.6 deaths per 100 patient-years in 2021 [9]. However, donor availability remains a 
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significant factor in waitlist mortality, while its reported that procurement of transplantable lungs 

occurs in only 15-20% of all available donors [10]. Preoperative barriers halting the success of lung 

transplantation range from donor shortage, proper candidate selection, and organ viability. 

Increasing availability and access to high-quality organs remains a primary focus in improving both 

short and long-term patient outcomes. Several recent advancements have led to steadily increasing 

number of lung transplants performed annually, including expansion of donor criteria to include 

marginal donors, donation after circulatory death (DCD), living-donor lobar lung transplantation 

(LDLLT), and ex-vivo lung perfusion (EVLP). 

2.1.1 Lung Allocation Score 

In 2005, the lung allocation score (LAS) was first introduced in the United States, its purpose 

simply to decrease waitlist mortality by directing organs to individuals with the predicted greatest 

potential transplantation survival benefit [11]. Lungs were allocated based on donor and recipient 

compatibility, geography, as well as calculated expected survival benefit [11, 12]. Prior to 

introduction of the LAS, lung allocation was primarily based on time accrued on the waitlist, often 

leading to healthier patients with a slower disease progression being listed earlier and accruing 

more time allowing them to surpass the sickest patients who inevitably add to waitlist mortality. 

The main focus of the the LAS is on reducing waitlist mortality, since waitlist survival carries twice 

the weight of posttransplant survival [13]. In 2015, the Thoracic Organ Transplantation Committee 

proposed revisions to the LAS model in hopes of refining organ allocation and improving outcomes. 

Some of these included increased creatinine and bilirubin, elevated left atrial pressure or central 

venous pressure (CVP), 6-minute walk distance, and the need for oxygen therapy needed at rest 

[11].  

In general, lung transplantation remains a last resort for patients with end stage lung disease 

that have exhausted all other therapeutic options, the ISHLT states acceptable candidates are those 

with chronic end stage lung condition who have a high 2- year mortality risk without a transplant 

(>50%), as well as high-likelihood (>80%) of short-term and long-term survival permitted by allograft 

survival [14]. In a recent update from the International Society for Heart and Lung Transplantation 

(ISHLT), Leard and colleagues presented a comprehensive consensus document on the selection of 

potential candidates for lung transplantation [14]. The authors went on to outline an abundance of 

caution that must be taken while selecting potential candidates. It imperative that lung allocation 

adheres to the fundamental ethical principles of utility, justice, and respect for persons [14]. The 

LAS promised stratification of these vulnerable patients based on clinical severity and appropriate 

organ allocation, with those in the mid-priority groups (LAS = 50-79), achieving the greatest survival 

benefit from transplantation without compromising overall transplant outcomes [12, 15]. However, 

the paradigm shift of medical urgency has led to sicker patients are presenting later in disease 

course. As recently as 2020, it was reported that 76% of lung transplant candidates were on the 

waiting list fewer than 90 days [16]. In fact, with increasing experience and technological 

advancements, many high-volume centers including our own are considering transplantation in 

older patients and those patients with increased comorbidities including coronary artery disease 

(CAD), previous sternotomy, previous coronary artery bypass graft (CABG), and previous lung 

volume reduction surgery. Indications for lung transplant and referral have been extensively studied 

and reported elsewhere [14, 17].  
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It is imperative that whilst clinical in nature, the approach to candidate selection be both patient-

centered and disease specific. As of March 9th, 2023, the United States adopted a new continuous 

distribution framework for organ allocation termed the Composite Allocation Score (CAS). The 

Organ Procurement and Transplantation Network (OPTN)/United Network for Organ Sharing (UNOS) 

Lung Transplantation Committee sought and developed a new system hoping to improve 

transplantation access, avoiding futile transplants, efficiently placing organs, and reduce the role 

played by geography in organ allocation [13, 18]. The new CAS outlines organ equity through 

tabulating one composite score based on five main goals: medical urgency, posttransplant 

outcomes, biological disadvantages, patient access, and efficiency each with matched attributed [13, 

18-20]. Under this new method, continuous, point-based priorities during each match run allow 

multiple factors to be considered, assigning each candidate a lung composite allocation score, with 

the highest score receiving offer first [19]. Hopes are high that with the removal of hard geographical 

boundaries and the combining of multiple scores during the match run will improve adaptability 

and consistency across organs, while decreasing waitlist mortality and increasing post-transplant 

survival [13, 19].  

2.1.2 Donation after Circulatory Death 

Several strides have been made in recent decades to equate organ supply and its ever-increasing 

demand. One of the most significant methods used to close this gap has stemmed from non-heart 

beating donors. Donors are typically classified into either donation after brain death (DBD) or 

donation after circulatory death (DCD). Over the last 20 years, the Maastricht classification has 

evolved for the characterization of DCD scenarios in hopes of quantifying organ viability and long-

term allograft survival [21]. In 2015, with the purpose of clarification, the European Society for 

Organ Transplantation (ESOT) working group, developed the modified Maastricht classification of 

DCD [21]. DCD donors are typically classified as either controlled (cDCD) (Maastricht category III and 

IV), or uncontrolled (uDCD) (Maastricht category I and II). Of note, countries such as the Netherlands, 

and Belgium where physician-assisted euthanasia is acceptable, a fifth category DCD-V has been 

proposed [22, 23].  

Donation after circulatory death is made feasible when judicious efforts are made to preserve 

the organ in situ. Thomas Egan first reported on the unique properties of the lung, different from 

other solid organs in that it does not rely solely on vascular perfusion for cellular respiration but can 

be accomplished via simple diffusion [24]. In validation of this concept, prevention of alveolar 

collapse has been proved a critical factor in protection from warm ischemia damage, as well as 

inflation with room air being found equivalent to that of 100% FiO2 [25]. With hopes of increasing 

the donor pool, several studies have reported the use of cDCD, with outcomes in PGD and mortality 

like those of traditional DBD organs [26]. However, largely due to ethical concerns, most of the 

experience with the use of uDCD has been limited to centers in Spain and Italy.  

Operating under presumed consent, following a short “hands off” period, the Spanish DCD 

protocol allows for reinstitution of organ perfusion (VA-ECMO) and donor preservation methods 

(intrathoracic cooling) prior to judicial or familial consent [27]. Once consent is obtained, the donor 

can then be taken for procurement. Suberviola and colleagues reported a simpler lung-only protocol 

focusing solely on continuous chest compressions and mechanical ventilation prior to obtaining 

consent for donation [28]. Once consent is obtained the donor may be given heparin, as well as 
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insertion of bilateral chest tubes for the addition of Perfadex solution to achieve topical cooling [28]. 

A unique caveat to this protocol for cDCD is that it almost entirely occurs in the ICU. This significantly 

decreases donor warm ischemia times, associated with improved graft prognosis [28]. Interestingly, 

Valenza et al., reported in situ lung preservation with lung recruitment maneuvers, CPAP, and 

protective mechanical ventilation allowing up to 4 hours of total warm ischemia time [29]. In 

attempt to comply with ethical concerns in North America, Healey and the Toronto group recently 

reported good outcomes with simple in situ preservations methods allowed only after consent, 

including CPAP of 20 cm H2O and prone positioning of the donor without reinstitution of circulation, 

subsequently followed by EVLP evaluation [30]. However, utilization rates remained low, likely due 

to irreversible warm ischemic damage during the initial hands-off period. In hopes of increasing 

utilization protocol modifications have allowed for lung inflation 15 minutes following death 

declaration [30]. 

Evidence continues to support the use of lungs from DCD donors as a valuable resource in 

expanding the donor pool. The DCD category has increased the number of available organs for 

transplantation, accounting for nearly 20% of all deceased organ donors [31]. Experience with the 

unique uDCD subgroup is slowly making its way to the US, calling for increased conversation on its 

ethical concerns, limitations, and cost to the healthcare system. It is possible that as advancements 

continue to be made these uDCD can alleviate a substantial burden, in turn decreasing waitlist 

mortality. Lung preservation methods including alveolar recruitment, extracorporeal circulation, 

preservation, and EVLP remain on the front line in overcoming the battle of supply and demand. 

2.1.3 Living-Donor Lobar Lung Transplantation 

The idea of lobar transplantation was developed as a hopeful alternative to whole-lung 

transplantation in children and small adult recipients due to lack of size matched cadaveric donors 

[32]. Starnes and his colleagues at the University of Southern California (USC) in 1993, first reported 

the use of living-donor lobar lung transplantation (LDLLT) in extremely ill patients with a high risk of 

short-term waitlist mortality [32]. In LDLLT, with the use of 3 transplant teams, right and left lower 

lobes are resected from 2 healthy donors and implanted in recipient in place of the whole right and 

left lung, respectively [33, 34]. Intermediate results proved promising in terms of functional 

outcome and survival [32]. In the first decade following its introduction, 123 patients underwent 

LDLLT at USC. Despite the critical condition of the majority of LDLLT recipients, survival rates of 70%, 

54%, and 45% at 1-,3-, and 5-years respectively, was comparable to that reported of with double-

lung cadaveric transplantation [35]. Likely due to ethical concerns involving associated risks to 

potential donors as well as changes in lung allocation, the use of LDLLT in the USA has steadily 

decreased. However, in Japan, experience with LDLLT provides a reasonable option in hopes of 

equating supply and demand, for DCD has yet to be approved and median waitlist times are greater 

than 24 months [36]. In fact, Kyoto University reported by the end of 2019 of the 760 lung 

transplantations performed, 234 were LDLLT (30.8%) [34]. The authors reported 5- and 10-year 

survival rates after LDLLT of 79% and 64.6% respectively, comparable to that of their cadaveric lung 

transplant 5- and 10-year survival rates of 65.7% and 60.3% respectively [34]. These results can likely 

be attributed to living-donor lobar grafts being healthier non-injured grafts with significantly shorter 

ischemic times compared to conventional cadaveric transplantation. As with DBD and DCD donation, 

CLAD remains a significant barrier to long term survival in LDLLT. Date and colleagues reported the 
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majority of their LDLLT recipients experienced unilateral CLAD however shown to develop later in 

postoperative period, proving the possible protective effect of using 2 donors for a single recipient 

[34, 36, 37]. In their most recent study, long-term survival after LDLLT was reported to be 73.3% at 

15 years, with 5-year survival following diagnosis of CLAD still promising at 66.9% [36]. 

2.1.4 Bridging to Transplantation 

Conventional therapies for those requiring respiratory support revolved around early initiation 

of mechanical ventilation (MV) with positive end-expiratory pressure with permissive hypercapnia, 

strict fluid regimens, and the use of pulmonary vasodilators. Historically, endotracheal intubation 

and mechanical ventilation were the sole strategy available to bridge critically ill patients 

experiencing respiratory compromise to transplantation. Although a significant number of these 

patients continue to have insufficient pulmonary gas exchange, requiring MV prior to transplant is 

now known to significantly lower 1-year survival rates [38]. Owing to its risk of severe complications 

(i.e, ventilation-induced lung injuries, infection, and need for sedation leading to profound 

deconditioning), bridging with mechanical ventilation has been associated with increased mortality 

both pre- and post-transplantation, necessitating the need for more invasive support strategies [39, 

40]. Adoption of the LAS has effectively allocated organ transplantation to patients with the highest 

acuity, consequently driving the need for more invasive bridging to transplant (BTT) strategies in 

the form of mechanical circulatory support [41, 42]. 

In recent decades, the combination of significant technical advancements and extensive 

experience in high volume centers, extracorporeal membrane oxygenation (ECMO) has become a 

staple tool in lung transplantation. Once a considerable contraindication to lung transplant, ECMO-

BTT is known to significantly improve survival outcomes without severe disability [43]. ECMO allows 

infusion of oxygenated blood directly into circulation while simultaneously clearing carbon dioxide. 

Several studies have shown ECMO-BTT is effective in reducing mortality, albeit dependent on 

carefully selected patient populations, institutional experience, and early ambulation [38, 41, 44]. 

Extracorporeal membrane oxygenation can effectively provide respiratory support, cardiac support, 

or both based on cannulation sites. In patients with isolated pulmonary failure in the absence of 

hemodynamic instability or RV dysfunction, veno-venous ecmo (VV-ecmo) is preferred to veno-

arterial (VA-ecmo) [42, 45, 46]. However, it is not uncommon for worsening pulmonary vascular 

resistance and ensued right ventricular dysfunction to call for conversion to VA-ecmo, providing 

both cardiac and pulmonary support [42]. VV-ECMO cannot effectively address the high pulmonary 

vascular resistance or the right ventricular dysfunction commonly present in patients with fibrotic 

or vascular lung diseases [47]. These patients are best supported with venoarterial (VA) ECMO [42, 

47]. The framework for mechanical circulatory support for BTT in the lung transplant candidate 

remains patient specific. If the patient does not have pulmonary hypertension with right ventricular 

dysfunction, we pursue a strategy of dual-lumen internal jugular cannulation VV ECMO to facilitate 

ambulation. In the presence of pulmonary hypertension and right ventricular dysfunction or 

hemodynamic instability, we initially pursue femoral VA cannulation with routing distal perfusion 

catheter placement. If North-South syndrome develops, flows are inadequate, or ambulation 

cannot be achieved with peripheral ECMO, the patient is converted to central ECMO.  

The positive impact of early ambulation and aggressive physical therapy on outcomes in critically 

ill patients is a well-accepted theory. This is also true in ECMO-BTT patients and is associated with 
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both successful transplantation and post-transplantation survival [38, 44, 48-50]. Bain and 

colleagues reported a 22% reduction in total hospital cost, 73% reduction in post-transplant ICU 

cost, and 11% reduction in total cost when compared to non-ambulatory ecmo patients [38]. 

Aggressively pursuing early extubation and ambulation may prevent risks associated with patient 

deconditioning. Several cannulation strategies with this goal in mind have been reported, including 

femoral, internal jugular, and axillary access [48]. Particularly with use of the Avalon Elite™ or 

Crescent® dual-lumen veno-veno ECMO cannula single-site access via the right internal jugular or 

left subclavian vein can be achieved, allowing for easier participation in physical therapy, better 

ambulation, and improved patient comfort [45]. Although proven successful, ECMO comes with its 

own unique risks that can influence post-transplantation morbidity and mortality including renal 

dysfunction, infection, and bleeding [38, 51]. With the use of mechanical circulatory support (MCS), 

differences in institutional volume, proper candidate section, as well as the primary pathology can 

all influence patient outcomes throughout the entirety of the transplantation process. Institutional 

variations of success across on the international scale emphasizes the importance appropriate 

patient selection on patient outcomes [51]. In efforts to improve these outcomes Habertheuer et 

al., developed a 24-point risk stratification score based solely on recipient variables, termed the 

STABLE risk score [51]. Retrospective analysis of the UNOS database allowed selection of significant 

variables that could be used to quantify the risk of in hospital mortality associated with 

implementation of ECMO as a BTT. Those found to have significant prognostic value included age, 

days on waitlist, dialysis on waitlist, transplant center volume (+/- 50 Ltx/yr), and total bilirubin level 

[51]. Each 1-point increase offered a 22% increase in risk of in-hospital mortality [51]. Internal 

validation proved the STABLE risk score could reproducibly aide in pre-transplant selection, 

improving posttransplant outcomes [51]. 

2.1.5 Organ Preservation 

Hypothermia induced cellular damage is an often-underappreciated cause of PGD, leading to 

poor post-transplantation outcomes [31]. Conventional methods of transportation, which have 

been in practice for decades include static cold preservation with the lungs triple bagged and placed 

in a cooler of ice slurry. Per an ISHLT consensus statement, it is imperative to avoid direct contact 

between the allograft and ice as it can cause local tissue injury and damage to pulmonary 

endothelium, resulting in an increased risk of PGD [52]. As one can imagine with this method, it can 

be very difficult to maintain a uniform temperature across the allograft, leading to substantial 

temperature gradients across the organ interstitium [53]. Static cold preservation can often lead to 

unpredictable outcomes as allograft temperatures rapidly decrease, often below 2°C [54]. 

Intermittent freezing and thawing are undesirable as it can cause irreversible cellular damage not 

identified until the post-transplantation period [52]. For this reason, optimal storage temperatures 

are thought to range between 4-8°C, however limiting preservation times to 6-8 hours [31, 53]. 

Following report of excellent outcomes showing reduction in severe PGD, post-transplant MCS, as 

well as reduction in post-transplant ECMO/VAD in hearts preserved with the SherpaPak, efforts 

were made to bring this technology to the field of lung transplantation [55, 56]. The Paragonix 

LungGuard is an FDA cleared, CE marked donor lung preservation system reported to be able to 

maintain a homogeneous temperature for over 40 hours. The device consists of a rigid outer shell, 

triple bag system, temperature probe, as well as display and Bluetooth data transmission 
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throughout the entire transportation process. The Global Utilization And Registry Database for 

Improved preservAtion of doNor LUNGs (GUARDIAN-LUNG), is a multi-center retrospective-

prospective registry comparing donor lungs preserved with conventional ice storage and those 

preserved with the Paragonix LungGuard [57]. Comparisons of peri-operative and short-term 

outcomes are currently underway.  

With the goal of prolongation of preservation times, the Toronto Lung group recently published 

a pilot study on the effects of 10°C lung storage for a period of 36 hours [58]. In this proof-of-concept 

study, the lungs were found to poses higher levels of mitochondrial protective metabolites, less 

edema, and better physiological function compared to those stored at the standard 4°C [58]. The 

group went on to evaluate the use of intermittent normothermic ex-vivo lung perfusion and its 

ability to provide a cellular recharge allowing for up to 3 days of lung preservation [59]. Continued 

advancements in organ preservation and reconditioning open the door for the possibility of semi-

elective lung transplantation and the associated better outcomes when performed during the day 

by a rested team [58, 59]. 

2.1.6 Unmanned Aircraft Systems (UAS) 

The disparity between the number of recipients awaiting organs and number of available 

transplantable organs remains the limiting factor to successful patient outcomes. The current 

system for organ transportation hinges on commercial airlines and couriers, without any real ability 

for real-time monitoring of organ location or function [60]. Unmanned aircraft systems (UAS) or 

drones, have the unique ability to overcome the obstacle of geographic location with significant 

reduction in cold ischemic times [61]. In the current era, drone-delivery in the medical community 

has been used for delivery of biological samples, blood products, search and rescue, as well as 

automated external defibrillators (AED) [62, 63]. In 2021, Scalea et al., reported the first successful 

delivery of a human kidney that was ultimately transplanted into a recipient [64]. Although data 

regarding the use of UAS for organ delivery in the transplant community is scarce, this successful 

flight proves its possibility. The use of UAS has the potential to improve access to transplantable 

organs and decrease cold ischemia times, offering better post-transplant outcomes [61, 65]. 

Although interest is gaining in this innovative technology, several barriers including cost, healthcare 

policy, and acceptable risk still need to be addressed.  

2.1.7 Ex-vivo Lung Perfusion (EVLP) 

Over a decade of experience and clinical research has brought ex-vivo lung perfusion (EVLP) to 

the forefront of lung transplantation as an extraordinary asset. EVLP allows the lung allograft to 

remain perfused while permitting the opportunity for assessment, reconditioning, and treatment 

of marginal donor lungs. Lung donor availability has historically been low, often due to low number 

of neurologically determined death donors (NDD) and low rates of acceptable grafts thought to be 

as low as 18.6-30% [66]. The lungs are the only internal organ constantly exposed to the outside 

environment, putting them at increased risk for several complications that may ultimately lead to 

allograft failure. Common lung injuries often associated with the process of both brain and 

circulatory death include aspiration of gastric contents, pneumonia, ventilator associated 

barotrauma, as well as neurogenic and hydrostatic pulmonary edema [66]. These primary and 

secondary injuries lead to severe ischemia-reperfusion injury, recognized as a major cause of 
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primary graft dysfunction (PGD), the most common cause of early post-transplant mortality as well 

as chronic lung allograft dysfunction (CLAD) [67, 68]. Over recent years, the extension of donation 

criteria has led to the discovery of additional problems associated with DCD lungs, including 

aspiration, warm ischemia, hypoxia, and acute respiratory insufficiency syndrome (shock lung) [66, 

69, 70]. The use of EVLP has been shown to successfully expand the lung donor pool with 

comparable short and long-term outcomes [15, 66, 69]. Jirsch et. al, first attempted to perform 

isolated EVLP in 1970, however they were unable to maintain the alveolar-capillary barrier, leading 

to significant edema and peripheral vascular resistance (PVR) related injuries [66]. It wasn’t until 

2001, when Steen and colleagues developed a buffered perfusate solution with a high dextran 

content and antioxidant properties (STEEN solution), to protect the vascular endothelium from 

ischemic changes that EVLP became a reality [70, 71]. Termed the Lund protocol, Steen and 

colleagues were able to use EVLP to evaluate the lungs of a non-heart beating donor, successfully 

transplanting the lungs [70]. As success ensued, EVLP began gaining traction globally as a way of 

physiologic assessment of marginal lungs. In 2011 Toronto group published their results in the New 

England Journal of Medicine (NEJM) reporting a series of 20 cases of lung transplantation using EVLP 

evaluated lungs with comparable outcomes to that of standard donors [66, 69, 70, 72]. By using an 

optimal lung protective strategy consisting of a low tidal volume ventilation and a low flow rate 

combined with a centrifuge pump permitted assessment and organ viability up to 12 hours, the 

Toronto group reported a near 70% increase in transplant volume without significant changes in the 

donor pool [72, 73].  

There are currently 4 commercially available EVLP devices: the Organ Care System™ (OCS); XPS™ 

(XVIVO Perfusion AB); Lung Assist® (Organ Assist) and the Vivoline® LS1 [10, 66]. The basic set up of 

these systems typically consist of a centrifugal pump, heater/cooler, reservoir, membrane 

oxygenator, leukocyte filter, flow sensor, pressure transducers, ventilator, plastic organ chamber, 

bronchoscope set up, as well as specific cannulas and tubing. The OCS system is the only portable 

EVLP, in other words, this system is taken to the donor organ and is connected in the donor 

operating room. Rapid re-perfusion of the lung allograft mitigates the deleterious effects of cold 

ischemia maintaining it in a physiologic state [66]. Today the majority of high-volume transplant 

centers with an active EVLP program follow either the Toronto or Lund protocol. The main 

differences lie within the Toronto protocol and their use of an acellular perfusate, and a closed 

system via a silicone cuff anastomosed to the left atrium allowing for significantly increased 

preservation times [10, 70]. The Toronto protocol remains the most used protocol, as they are often 

credited for the significant role played in the advancement of EVLP technology as they continue to 

produce high quality EVLP based research. Their outcomes proved that the clinical use of EVLP 

provides equivalent outcomes when using DCD lungs and high-risk NDD lungs [66]. Several studies 

have reported validation of the use of EVLP. The INSPIRE trial showed non-inferiority of OCS lungs, 

while the EXPAND trial showed an 87% donor utilization rate with excellent post-transplant 

outcomes [66, 74]. At the inception of EVLP, lung function was finally able to be assessed in a 

physiological manner prior to transplantation. Continued measurements of pulmonary oxygenation, 

pulmonary vascular resistance, airway pressure, and pulmonary compliance for a minimum of 3 

hours allows confident transplantation of once marginal lungs now with known good function [68]. 

Lengthened preservation times have opened the door to advancing diagnostics and targeted 

therapies. Recent advancements in molecular techniques including cell-based and gene therapy, as 
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well as pharmaceuticals have shown continued improvement in the rehabilitation of marginal donor 

lungs [68].  

Several innovative trials have emerged using EVLP as a platform for treatment of infection, 

sepsis-induced injury, gastric-acid aspiration damage, and pulmonary embolism [75]. There 

continues to be promising results in the ability to mitigate infections like Hepatitis C (HCV), 

Cytomegalovirus (CMV), and Epstein-Barr Virus (EBV) [76-79]. Illicit drug use remains a significant 

problem across the US, with up to 20% of organ donors testing positive for Hepatitis C (HCV) [76]. 

Historically, seropositive HCV was an absolute contraindication for transplantation due to its high 

rate of transmission as well as significantly worse post-transplant outcomes prior to the advent of 

better anti-viral HCV therapy [76-78]. Several reports have shown success in initiating a course of 

DAAs such as sofosbuvir plus velpatasvir immediately post-transplant, to prevent vertical 

transmission from HCV positive donor lungs to seronegative recipients [76, 78]. The mechanical 

effect of EVLP to maintain lung function and decrease viral load prior to transplantation was first 

reported by the Toronto group in a 2016 case report [80]. The Toronto group reported after a 9-

hour run of EVLP with a complete circuit change at the 3-hour mark reduced HCV RNA viral load by 

86% and 84% in the perfusate and lung tissue itself, respectively [78, 80]. Although able to reduce 

viral load, EVLP alone was not found to be strong enough to prevent post-transplant viremia. After 

encouraging results, Toronto went on to evaluate the effect of light-based therapies (LbT) such as 

ultraviolet C (UVC) and photodynamic therapy (PDT) when added to the EVLP model. Although 

unable to provide complete viral elimination, positive results showed delayed and significantly 

lower HCV viral RNA concentration in HCV negative recipients [76, 78]. Latent human 

cytomegalovirus (CMV) is thought to be found among 83% of the world’s population, and nearly 50% 

of donors [81]. CMV related complications are often due to post-transplant reactivation, ranging 

from tissue invasive viral disease, as well as PGD/CLAD [81]. Treatment modalities remain 

challenging due to the virus often being latent at time of transplantation, rendering antivirals 

ineffective. In a Toronto pre-clinical trial, the addition of an immunotoxin (F49A-FTP) to the standard 

EVLP protocol showed a significant reduction in post-transplant CMV reactivation [81]. Like CMV, 

Epstein-Barr virus can be found in up to 95% of the general population [79]. Immunosuppression is 

often required post-transplant, putting these patients at increased risk of uncontrolled proliferation 

of EBV-infected B-cells and ultimately posttransplant lymphoproliferative disorder (PTLD) [79]. It 

was recently reported that the addition of monoclonal antibody rituximab (RTX) to EVLP perfusate 

was successfully able to bind CD20+ cells and induce B-cell depletion within 24 hours post-

transplantation, compared to two or more weeks when given to patient intravenously [79]. Cypel 

et. al also reported the addition of IL-10 therapy improved pulmonary function by inducing a shift 

from proinflammatory to anti-inflammatory state [82]. 

EVLP has proven itself to be an integral part of lung transplantation, successfully expanding the 

donor pool as well as providing opportunity for significant translational research. EVLP techniques 

allow the lung allografts to remain in a physiologically active and ventilated state, allowing a growing 

multitude of different treatment interventions that often require longer preservation times. 

However feasible, EVLP requires specific clinical expertise as well as substantial institutional costs. 

Specifically at low-volume transplant centers, delays in evaluation and donor management, and 

even operating room access has often led to poor organ recovery and poor outcomes. In order to 

overcome this obstacle, the creation of specialized donor care facilities across the United States, 

Spain, and Canada have been associated with better donor management and in turn improved 
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organ yield, decreased ischemic times, and decreased costs [83]. Centralized ex vivo lung 

assessment and repair centers have been gaining interest as a method of increasing utilization of 

marginal lungs, in return a higher transplant volume. In this centralized EVLP model, donor lungs 

are retrieved and transported to nearby dedicated EVLP center [83]. Following some time on EVLP, 

once the organ is considered suitable for transplant it can be offered to surrounding transplant 

centers and transported to accepting facility [83]. Continued success with EVLP has shown its 

potential to prolong organ preservation, treat marginal lungs, and improve transplantation 

outcomes. Centralization of EVLP allows for low-volume, small transplant centers to bring this 

revolutionary method to their patient population at a fraction of the cost [83]. 

2.2 Intra-operative  

2.2.1 Mechanical Circulatory Support 

In practice, the majority of lung transplants are successfully performed without the use of 

intraoperative support. In appropriately selected patients, off-pump lung transplantation can be 

associated with significantly shortened need for mechanical ventilation, decreased length of stay in 

ICU, as well as better post-op survival [84]. These results can likely be attributed to overall status of 

patients prior to transplant. However, as we’ve witnessed a shift in more high acuity patients 

presenting for lung transplant, intraoperative mechanical circulatory support is often required to 

maintain hemodynamic stability and optimize patient outcomes. The use of intraoperative MCS 

provides the ability to overcome severe pulmonary hypertension as well as right ventricle failure 

following clamping of the pulmonary artery. It is also useful in the event of global hypoxia or 

hypercapnia during single lung ventilation. For decades, cardiopulmonary bypass (CPB) has shown 

success in cardiac surgery, gradually becoming the method of choice for intraoperative support 

during lung transplantation [42, 84]. Of recent years, the utility of CPB in lung transplantation has 

come into question as it has been associated with activation of the inflammatory cascade, as well 

as data supporting its role in acute lung injury and acute respiratory distress syndrome when used 

for other procedures [85]. Recent literature has highlighted CPB as an independent risk factor for 

in-hospital mortality, increased rates intra- and post-op bleeding, increased requirements of blood 

products, renal failure requiring dialysis, as well as significantly higher rates of primary graft 

dysfunction [42, 84-88]. Based on the 2022 expert consensus document from the American 

Association for Thoracic Surgery (AATS), VA-ECMO is the preferred intraoperative extracorporeal 

support for lung transplantation [42]. Several reports have effectively compared the intraoperative 

use of VA-ECMO vs CPB, identifying superior short- and long-term outcomes in mortality and PGD 

[84-87]. An additionally important, well established perioperative factor is length of controlled 

reperfusion [89]. The ability of VA-ECMO to manage reperfusion to newly implanted lung following 

contralateral pneumonectomy, as well as postoperatively can significantly protect an already 

borderline organ [89-91]. 

2.2.2 Bronchial Artery Revascularization 

Bronchial anastomotic dehiscence was the Achilles heel of Lung transplantation in its early years 

[92]. Lack of bronchial healing was thought to be due to a combination of transection of bronchial 

artery vascularization, rejection, and effect of immunosuppression [92]. In situ the lungs are 
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perfused via the pulmonary artery (PA) and bronchial artery (BA). As its name suggests, the 

bronchial artery serves an important role in the maintenance of bronchial homeostasis as it serves 

the bronchus with nutrient rich blood. Therefore, until neo-revascularization, thought to occur over 

2-4 weeks postoperatively, the donor airways are dependent solely on retrograde flow from the 

poorly oxygenated pulmonary artery [93]. Airway ischemia, inflammation, and subsequent necrosis 

have been suggested in the inducement of chronic allograft dysfunction (CLAD), affecting up to 50% 

of patients at 5-year post transplantation [93-95]. Initial efforts to overcome airway complications 

and reduce the risk of tracheal anastomotic necrosis led to the incorporation of new surgical 

techniques to aide in early bronchial revascularization. One revascularization method was the use 

of an omental pedicle wrapped around the bronchial anastomosis [92]. For several years this was 

widely adopted across several high-volume centers and reported to restore bronchial circulation 

within days, significantly reducing complications due to bronchial dehiscence and stenosis [92]. An 

area of great debate across the lung transplantation community remains whether there is a 

substantial need for bronchial arterial revascularization (BAR) at time of transplantation. In a recent 

systematic review of the literature, Ahmad and colleagues assessed the outcomes of BAR after 

transplantation, in hopes of determining its ability to improve early tracheal healing and delay onset 

of CLAD [95]. Unfortunately, this was met with significant limitations as there is only a handful of 

surgeons and literature investigating the technique. Available documented experience in the clinical 

setting is sparse and is largely dated to the 1980-1990s [92, 96, 97]. Although a limited cohort, 

results did show BAR as a viable technique to improve bronchial healing when compared to the 

initial en bloc technique for bilateral lung transplant without BAR [98]. In the present day, BAR has 

been abandoned by most large-volume institutions owing to its associated bleeding risk, technically 

demanding and increased warm ischemia time dues to extended operative time. The procedure of 

choice today remains single sequential double lung transplant (SSLTx), with care during hilar 

dissection not to devascularize the recipient bronchial stump to avoid ischemic complications [99, 

100].  

2.3 Post Operative Management 

Since Dr. Cooper’s first successful lung transplant in 1983, nearly 70,000 adult lung transplant 

procedures have been reported to the International Thoracic Organ Transplant Registry of the 

International Society for Heart and Lung Transplantation (ISHLT) [2, 94]. Despite ever changing 

patient characteristics, severity at timing of transplantation, and donor shortage the number of 

adult lung transplants has steadily increased, as have median survival rates from 4.2 years in the 

1990s to the most recent era showing a median survival 6.7 years [94, 101]. However, lung 

transplant survival remains one of the lowest among other solid organs with 5-year patient survival 

of only 59% [102]. Despite the multitude of recent advancements made, a major barrier to long 

term graft and patient survival remains chronic lung allograft dysfunction (CLAD), occurring in nearly 

half of lung transplant recipients by the 5th post-operative year [2, 94, 102]. CLAD is the term used 

to describe a persistent decline in FEV1 ≥20% from baseline FEV1 for at least 3 months, despite 

investigation and treatment of secondary causes [103]. CLAD is then subcategorized based on 

presenting phenotype as bronchiolitis obliterans syndrome (BOS) which is obstructive in nature, 

restrictive allograft syndrome (RAS) or mixed [103]. In the immediate postoperative period ≤72 

hours, primary graft dysfunction (PGD) a form of acute respiratory distress syndrome (ARDS), is 
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characterized by pulmonary edema with diffuse alveolar damage [67]. Severe PGD still occurs in up 

to 30% of lung transplant recipients and is a known independent risk factor for development of 

CLAD [67]. 

2.3.1 Pain Control  

Several entry incisions exist for lung transplantation. Whether it be an anterolateral or 

posterolateral thoracotomy, median sternotomy, or clamshell thoracosternotomy all are associated 

with significant postoperative pain that can impair both respiratory function and participation in 

physical rehabilitation [104, 105]. Painful incision sites following transplantation can significantly 

impair chest wall mechanics leading to ineffective chest wall expansion that may increase the risk 

of atelectasis, ventilation/perfusion mismatch, hypoxemia, and infection [104]. Additionally, poor 

management of acute post-operative pain is associated with post-thoracotomy pain syndrome 

(PTPS) [104-106]. PTPS is chronic pain that persists along a thoracotomy incision for at least 2 

months post-op, it is described as typical neuropathic pain with features of burning and dysesthesia 

[106]. Therefore, adequate pain management remains a crucial piece of decreasing morbidity and 

mortality associated with lung transplantation. One of the simplest and easiest forms of pain control 

for decades has revolved around systemic opioid analgesia. Opioids however are associated with 

multiple adverse effects, including respiratory depression, sedation, post-operative nausea and 

vomiting, urinary retention, ileus, as well as eventual tolerance and dependence [105, 106]. Of 

recent years, thoracic epidural anesthesia (TEA) has become a technique of choice for post 

thoracotomy pain management as it adequately controls postoperative pain while allowing for 

continued dosing without the associated risk profile of systemic opioids [104, 105]. TEA has been 

found to be associated with decreased ICU length of stay as well as mechanical ventilation duration 

[105]. On the contrary, TEA is not always feasible due to its associated risks of epidural abscess, 

epidural hematoma, sympathetic blockade, and is often contraindicated in the setting of ECMO as 

bridge to recovery [104-106]. Recent alternatives to TEA include regional analgesia as intercostal 

nerve blockade with liposomal bupivacaine injections or intercostal cryoanalgesia. Intercostal nerve 

blockage interrupts pain signals to the spinal cord, allowing significant pain relief post-op, however 

this modality is short lived and may require additional techniques such as erector spinae plane block 

with a single injection or continuous intercostal catheter [104, 106]. A more recent modality to 

prevent both short and long-term post thoracotomy pain, cryoanalgesia has been gaining traction 

in the transplant community. Cryoanalgesia involves mechanical freezing and killing of intercostal 

axons while leaving the nerve sheath intact [107]. This allows for several months of significant pain 

control as the nerve fibers slowly regenerate within the undamaged nerve sheath [107]. Data 

around cryoanalgesia has been mainly limited to a few studies in posterolateral thoracotomy [108, 

109]. In a recent single center retrospective study of 72 patients undergoing bilateral lung 

transplantation via clamshell incision, Isaza and colleagues found cryoanalgesia to be a safe 

alternative to TEA with equivalent postoperative analgesic effects [107]. At our institution we are 

currently using cryo nerve blocks from levels 3-7 in the posterior intercostal spaces for post 

operative pain control as well as TEA preop when feasible. Cryoanalgesia deserves continued 

investigation and large-scale studies demonstrating its true value to the transplant community. 
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2.3.2 Immunosuppressive Therapy  

Prior to the introduction of cyclosporine in the 1980s, prolonged allograft survival was more of a 

wish than a reality [110, 111]. Primarily due to T-lymphocyte proliferation, recipients showed high 

incidence of acute cellular rejection (ACR), with frequency and severity shown to be associated with 

increased risk of CLAD [111]. Immunosuppression in lung transplantation requires a delicate balance 

aimed at preventing acute and chronic rejection while preventing infectious complications, drug 

toxicities, and malignancies [112]. Although advancements in understanding and clinical use have 

been evident, currently no FDA-approved immunosuppressants exist solely for lung transplantation 

[111]. Instead we rely on data compiled from other organ transplants and individual center 

experience, with the goal of developing an individualized approach to each patient [110-112]. 

Although heavily debated across institutions, induction immunosuppression is said to be used in >80% 

of lung transplant centers [94, 111]. Administered in the peri-operative or in the immediate post-

operative period, induction immunosuppression is utilized to reduce the risk of t-cell mediated ACR 

through the inhibiting T-cell proliferation or overall depletion [110-112]. Commonly used agents for 

induction therapy include basiliximab, anti-thymocyte globulin (ATG), and alemtuzumab. The use of 

basiliximab, an interleukin-2 (IL-2) receptor antagonist, has increased in recent years due to its 

tolerability, benefits in reducing ACR, and improved long term survival [110-113]. Although there 

has not been a consensus in induction therapy, use of alemtuzumab and ATG continue to decline as 

can caused severe myelosuppression and cytokine storm [110-112]. 

Following initial induction therapy, maintenance therapy can be regarded as one of the most 

important aspects of immunosuppression in transplant recipients. Taken indefinitely, the purpose 

of lifelong immunosuppression is to prevent acute and chronic rejection, however it must be 

approached with caution as these medications are often associated with significant toxicities [110]. 

The mainstays of maintenance therapy include a calcineurin inhibitor (tacrolimus or cyclosporine), 

an anti-metabolite (mycophenolate or azathioprine), and corticosteroids [110-112]. Calcineurin 

inhibitors (CNI) have been shown to reduce T-cell activation and proliferation through the inhibition 

of nuclear factor of activated T-cells (NFAT), preventing activation of acute phase reactants [111]. 

In recent years tacrolimus has surpassed the use of cyclosporine as the CNI of choice following the 

publishing of a large prospective, randomized, controlled, multicenter trial demonstrating its 

superiority resulting in a lower 3-year cumulative risk of CLAD compared to cyclosporine, however 

survival benefit was not significant [114, 115]. These results can likely be associated with its side 

effect profile including, neurotoxicity, hypertension, hyperlipidemia, and hyperkalemia in addition 

to its numerous drug interactions as it is primarily metabolized through the CYP 3A4 system [111, 

112]. The prevalence of chronic kidney insufficiency is reported to be as high as 23.7%, 36.7%, 75.4% 

within 1-, 5-, and 10 years respectively [116]. The progressive decline in renal function seen in 

patients on CNIs offers a significant source of morbidity and mortality in the lung transplantation 

population. Thought to be renal-sparing, Belatacept inhibits T-cell co-stimulation, therefore 

preventing T-cell proliferation and cytokine production [111]. Following its 2011 approval to replace 

CNI immunosuppression in kidney transplant recipients, Timofte and colleagues evaluated its use 

as a renal-sparing agent. in their retrospective analysis of 8 patients Belatacept was associated with 

improvement in renal function and allowed reduction in CNI exposure without increased immune-

mediated lung injury [116]. In a larger prospective cohort study of 85 lung recipients converted to 

belatacept from CNI within 1 year of transplant, Benninger et. al., reported no decline in graft 
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function with stabilization of renal function [117]. Mycophenolate is an anti-metabolite that 

preferentially inhibits de novo purine synthesis in T- and B-lymphocytes, preventing their 

proliferation [110, 112] In recent years mycophenolate has become the anti-metabolite of choice 

as it has demonstrated favorable effects in preventing ACR in other solid organ transplant, as well 

as beneficial effects in patients with existing CLAD [112]. Finally, corticosteroids provide widespread 

inhibitory effects on the immune system via multiple pathways, leading to a decrease in T-cell 

proliferation and macrophage activation, altered lymphocyte migration, as well as inhibition of 

cytokine production [111]. Although well documented side-effects associated are associated with 

long term corticosteroid therapy, data continues to support the indefinite use of low-dose regimens 

[112]. Appropriate immunosuppressive therapy in transplant recipients requires an extensive 

breadth of knowledge and should be tackled from a multidisciplinary approach to ensure best 

possible patient outcomes.  

2.3.3 Detection of Rejection 

Despite several advancements and shifts toward more potent immunosuppressive therapy, 

acute and chronic allograft rejection continue to be a significant source of morbidity and mortality 

in lung transplant recipients. Acute rejection is estimated to occur in nearly 30-50% of lung 

transplant recipients and is a major risk factor for chronic rejection, the most common cause of 

death after the first year [118]. Early recognition of rejection and aggressive treatment throughout 

the immediate short-term and long-term post operative period is imperative to patient survival. 

ABO-identical matching of transplanted organs with recipients prevents erythrocyte destruction by 

donor lymphocytes, which is a major cause of hyperacute rejection and earlier onset of CLAD [119]. 

Hyperacute rejection can occur within minutes of transplantation up to 24 hours postoperatively 

and is an antibody mediated reaction that can range in severity leading to significant alveolar injury 

and subsequent death [120]. Due to these concerns, historically ABO-identical matches in solid 

organ transplants have been preferred. Unfortunately, sensitized candidates often have worse 

outcomes as well as longer waitlist times due to difficulty finding a suitable donor. Perioperative 

desensitization techniques aimed to reduced donor-specific antibodies such as plasma exchange, 

intravenous immune globulin, and antithymocyte globulin have been reported, showing promising 

results with equivalent graft survival compared to unsensitized recipients [121]. In a recently 

published follow up study, the Toronto group reported long-term graft survival as well as CLAD-free 

survival of patients desensitized with their protocol did not differ from those non-sensitized 

recipients [122].  

The most common complication in the early postoperative period is primary graft dysfunction 

(PGD), responsible for nearly 50% of early (30-day) deaths [123, 124]. PGD is characterized by 

noncardiogenic pulmonary edema caused by ischemic pulmonary vascular injury and increased 

pulmonary vascular permeability resulting in diffuse alveolar damage and hyaline membrane 

formation [120]. It often occurs within the first 72 hours following transplant becoming most severe 

by post-op day 4 or 5, presenting as progressive dyspnea and decline in lung function [120]. PGD 

can be classified based on presence of radiographic pulmonary infiltrates and a decline PaO2/FiO2 

(P/F ratio) ranging from grade 0-3, of which grade 3 being the most severe with a P/F ratio <200 and 

presence of infiltrates consistent with pulmonary edema [125]. Several risk factors for PGD have 

been reported as described by the ISHLT working group on PGD, as recipient comorbidities, prior 
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thoracic surgery, underlying disease, and surgical complications [123]. The main treatment modality 

for PGD remains supportive therapy and ECMO-BTT techniques [67, 120, 124]. 

Rejection continues to be a significant barrier to long term survival in lung transplantation. Nearly 

30% of lung transplant recipients are reported to experience at least one episode of acute rejection 

during the first postoperative year, with severity and frequency reported as a major cause of CLAD 

[120, 126, 127]. As mentioned previously, an immunosuppressive maintenance immunosuppressive 

regimen is crucial to is prevention, however at the cost of increased risk of an infection which is also 

an important risk factor of acute rejection [126]. Recipients experiencing acute rejection can present 

sub-clinically or clinically with dyspnea, cough, sputum production, and pyrexia. Acute rejection is 

often diagnosed based on the presence of perivascular and interstitial mononuclear cell infiltrates 

in lung tissue, requiring repeated surveillance transbronchial biopsies along with its inherent risks 

[120, 126, 127]. Histopathologic grading of acute rejection ranges from A0 (none) to A4 (severe), 

which is described as diffuse perivascular, interstitial, and air-space infiltrates of mononuclear cells; 

alveolar pneumocyte damage and endothelialitis [128]. In the most recent era, significant 

advancements in the sensitivity of genomic sequencing have fought to overcome the limitations of 

histopathology and presented as an elusive counterpart to repeated transbronchial biopsies. Donor-

derived cell-free DNA (ddcfDNA) are short cell-free DNA fragments released into circulation by dying 

cells and has recently been reported to accurately detect acute rejection in lung transplant patients 

[129-131]. In a recent multicenter cohort study, Jang and colleagues reported on ddcfDNA and its 

correlation with spirometry and histopathology, reliability in detecting rejection with a high 

negative predictive value, as well as rising ddcfDNA levels preceding acute rejection capturing those 

patients possibly missed by histopathology [130]. 

Chronic Lung allograft Dysfunction (CLAD) remains the most fearful diagnosis in lung transplant 

recipients. It is the leading cause of death after the first year, reported to develop in as many as 50% 

of recipients in 5 years [126, 127, 132]. CLAD is defined by the ISHLT as a persistent decline in forced 

expiratory volume (FEV1), ≥20% from baseline for at least 3 months [132-134]. CLAD can then be 

sub-classified based on obstructive or restrictive pathology. Restrictive allograft syndrome (RAS) is 

defined as a persistent decline lung function accompanied by a decrease ≥10% total lung capacity 

[120]. RAS is associated with a significantly worse prognosis, with a median survival of 6-18 months 

[120]. Bronchiolitis obliterans syndrome (BOS) represents the most common form of CLAD occurring 

in over 67% of cases of chronic rejection [120, 132]. BOS thought to be caused to a variety of 

immune-mediated and non-immune processes leading to chronic inflammation and occlusive 

fibrosis of the terminal bronchioles [120]. Due to its peripheral predilection, detection modalities 

are often limited to non-invasive spirometry and imaging. High-resolution computed tomography 

(HR-CT) has been an important tool to aide in the diagnosis, with characteristic findings including 

mosaicism and expiratory air trapping [135]. Treatment of BOS is often difficult and is often 

characterize by stabilization or slowing of functional decline instead of complete resolution [118]. 

Owing to its anti-inflammatory and anti-microbial properties, azithromycin is an established 

treatment option. Azithromycin, a macrolide antibiotic, has been shown to improve FEV1 in patients 

suffering from BOS is often recommended as initial treatment unless contraindicated [132, 136]. 

Extracorporeal photopheresis (ECP) has been reported as salvage therapy in the setting of BOS, 

however, may deserve early introduction. ECP is an immunomodulatory treatment that uses 

leukapheresis and light-based therapy. Of significance, unlike many immunosuppressant drugs, ECP 

is not associated with an increased risk of infection [118]. Several reports have highlighted the 
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favorable effect of ECP on transplant recipients with BOS. In reviewing their single center experience 

with ECP, Benden and colleagues reported a significant reduction in the rate of lung function decline 

as well as the ability to reach clinical stabilization in those with acute rejection [137]. More recently, 

in a retrospective descriptive audit of their experience with ECP as a rescue therapy, Vaziani and 

colleagues described ECP and its ability to arrest lung function decline in 67% of patients with CLAD 

who failed previous immunosuppressive augmentation [138].  

3. Discussion 

In the modern era, lung transplantation is a well-established treatment modality for those 

experiencing life-threatening respiratory compromise. Since the first successful lung transplantation 

in 1983, the last 40 years have produced several innovative methods that have been responsible for 

the propulsion of the field. The constant push for better results has revolutionized lung organ 

allocation, expansion of donor criteria with comparable outcomes across DBD and DCD donors and 

living lobar transplants. Largely owed to the advent of membrane oxygenation, advancements in 

mechanical circulatory support strategies have had major leaps as ECMO now shows usefulness in 

bridging to transplant, intraoperative mechanical circulatory support, as well as postoperative 

recovery. The ability to revive lungs ex-vivo is no small accomplishment. EVLP has and continues to 

become an integral part in the field of lung transplantation while different clinical applications are 

constantly explored. Significant strides have been made in the understanding of the 

pathophysiology of graft failure and rejection. Immunosuppressive therapy, cell-free DNA, and 

extracorporeal photopheresis are just a few of the innovative ways aimed at decreasing allograft 

failure and increasing long-term patient survival. 

4. Conclusions 

For the majority, the act of breathing is an unconscious and effortless process necessary for 

everyday life. Our lungs are responsible for capturing precious oxygen for delivery to the entire body 

while simultaneously expelling carbon dioxide. However, when patients are affected by pulmonary 

conditions breathing becomes a burden that consumes their day-to-day activity, often limiting their 

function and most importantly, quality of life. Lung transplantation has become a valuable tool that 

is able to reduce patients’ suffering while adding quality years to their life. As to be imagined, this 

is no mean task. Each lung transplant is made possible by a multidisciplinary team composed of 

physicians, nurses, technologists, therapists, researchers and countless other healthcare providers 

all with the goal of successfully giving the gift of breath to a patient in need. It is often said, “it takes 

a village”. Over the last 4 decades we have made significant strides in the art and science of lung 

transplantation, and it is now the fold standard for patients with end stage lung failure. There is 

however much more work to be done. As patients continue to present at different stages, each with 

their own unique set of co-morbidities and disease progression we rely on the continued experience 

and innovations aimed at increasing access and improving long-term results while alleviating 

suffering and improving quality of life. All of this would not be possible without the generosity of 

the organ donor. Truly a selfless gift of life, and second wind affording a breath of fresh air!  
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