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Abstract Normothermic ex vivo lung perfusion is a novel
strategy of donor lung preservation that preserves the meta-
bolic activity of the organ. There are therefore opportunities
for further lung evaluation and therapeutic intervention during
the ex vivo stage. We review our clinical experience with this
technique and offer perspectives for future development.

Keywords Normothermic ex vivo lung perfusion . Clinical
lung transplantation

Introduction

With the many successes achieved in clinical lung transplan-
tation over the last 30 years, the demand for lung transplanta-
tion around the world has continued to increase. Unfortunate-
ly, the supply of acceptable donor organs remains extremely
limited not only due to the inadequate absolute number of
organ donors but also because the utilization rate of available
donor lungs is only in the range of 15–20 % [1]. The large
majority of donor lungs are rejected due to injuries sustained
during complications of brain death and intensive care. The
consequence is that wait-list mortality can be as high as 15–
25 % [2].

The low utilization rate presents a unique opportunity to
expand the donor pool. Given the large number of rejected
donor organs, improved utilization alone could largely meet
the current organ demand. Ex vivo lung perfusion (EVLP)
demonstrates promise towards realizing this goal. Improved
evaluation using EVLP will provide clinicians with more con-
fidence to utilize questionable organs, and EVLP-based treat-
ment strategies will allow the use of organs currently deemed
too injured to be safely transplanted.

In this article, we will review the early development of
EVLP, the current state-of-the-art, and future directions for
this technology.

Background

The primary strategy for solid organ preservation today, in-
cluding lung, is that of cold static preservation [3]. Central to
this strategy is the use of hypothermia to reduce cellular met-
abolic activity in order to maintain cellular viability. The con-
sequence is that it precludes any meaningful lung evaluation
or manipulation during the preservation phase. Ex vivo lung
perfusion represents a different paradigm of lung preservation
where the maintenance of metabolic activity and organ func-
tion is a primary goal. Indeed, the concept of warm ex vivo
perfusion as a preservation strategy is not a new one. As early
as 1935, Carrel and colleagues proposed “whole-organ cul-
ture” as a means of preserving donor solid organs for trans-
plantation [4]. Jirsch et al., in 1970, attempted to preserve and
evaluate lungs in this manner for cases of distant procure-
ment [5]. In both eras, attempts failed due to the inability
to maintain the air-fluid barrier of the lung, leading to the
development of edema. Essentially, further injury to the
donor lung was being inflicted by the perfusion circuit
and technique itself.

This article is part of the Topical Collection on Thoracic Transplantation

* Shaf Keshavjee
shaf.keshavjee@uhn.ca

1 Division of Thoracic Surgery, Toronto Lung Transplant Program,
Toronto General Hospital, University of Toronto, 200 Elizabeth
Street, 9N946, Toronto, ON M5G 2C4, Canada

Curr Transpl Rep (2015) 2:324–328
DOI 10.1007/s40472-015-0079-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s40472-015-0079-0&domain=pdf


Modern Ex Vivo Lung Perfusion Strategies

In the modern era, ex vivo lung perfusion was revisited by
Steen in Sweden. Using a buffered extracellular type solution
with an optimized colloid osmotic pressure (Steen solution)
combined with blood as the lung perfusate, Steen performed
short-term perfusion for ex vivo evaluation of lungs donated
following uncontrolled cardiac death (DCD) [6–9]. Since the
ultimate goal of Steen’s studies was to utilize EVLP for func-
tional lung evaluation, the perfusion times were short (1 h).

Erasmus et al. were able to extend EVLP to 6 h before
circuit-induced injury became apparent [10]. In order for
EVLP to serve not only as a platform for lung evaluation but
also as a platform for the delivery of therapeutic strategies,
stable, and reliable EVLP for longer periods beyond 1 h would
be needed. Our group in Toronto was able to extend this to
beyond 12 h by implementing four key lung protective strat-
egies [11]. First, we utilized an acellular perfusate. Prior stud-
ies from Egan’s group had shown that mere ventilation of a
donor lung was adequate to preserve cell viability in non-
perfused lungs [12]. Indeed, we have found that the continu-
ous oxygenation of the acellular perfusate by ventilation of the
lung provides ample oxygen delivery to the ex vivo lung with
preservation of function over 12 h of EVLP. This avoids the
problem of a limited lifespan of red blood cells within the
harsh perfusion environment and the resultant production of
pro-inflammatory RBC breakdown products [13]. It also sig-
nificantly simplifies clinical use. Second, we chose to perfuse
the lungs at 40 % of the estimated cardiac output. This lower
flow rate reduces the hydrostatic pressure stress, and conse-
quently, the development of edema. Third, we believe that
maintenance of a positive left atrial pressure of around 3–
5 mmHg is vital to long-term EVLP. This small but positive
LA pressure tents open the distal veins and prevent collapse of
the veins from occurring during decreases of flow during al-
veolar expansion at inspiration [14]. The absence of positive
LA pressures can also lead to unstable alveolar geometry and
result in decreased lung compliance [15]. Indeed, we have
recently demonstrated, in a porcine model, lung deterioration
by 6 h of EVLP in cases where the left atrium was left open
[16]. Finally, the use of a centrifugal pump is felt to be helpful.
With each breath, distension of the alveoli will apply pressure
to the peri-alveolar vessels, increasing the pulmonary vascular
pressure slightly. As a consequence of how a centrifugal pump
functions, increased resistance to the pump will result in de-
creased rotation and flow. Thus, the pumpwill back off during
times of increased pulmonary vascular resistance rather than
force fluid through, potentially causing injury or edema.

Our strategy is described in detail elsewhere [11]. In brief,
the Toronto EVLP System is composed of a circuit with a
centrifugal pump, a leukocyte filter, a hollow-fiber oxygenator
heat exchanger, and a hardshell reservoir. It is primed with 2 L
of Steen solution (XVIVO Perfusion, Denver CO), 500 mg

methylprednisolone (Solu-medrol; Sandoz Canada, Boucher-
ville, Canada), 3000 IU of unfractionated heparin (Organon,
Canada), and antibiotic (500 mg imipenem/cilastatin,
Primaxin; Merck, Whitehouse Station, NJ). Following cannu-
lation of the donor lungs, a 1-h graduated warm up and step-
wise increase in perfusion flow is started. The lungs are per-
fused at 10 % of the targeted flow at room temperature for the
first 10 min. At 10 min, the flow is raised to 20 % of targeted
flow and the perfusate temperature is increased to 30 °C. At
20 min, the temperature is raised to 37 °C and the flow in-
creased to 30 % of target. Ventilation is started (7 mL/kg,
PEEP 5 cm H2O, and 7 cycles/min) when the temperature
reaches 33 °C. Once the lungs are being ventilated, the gas
mixture to the oxygenator (86 % N2, 8 % CO2, and 6 % O2) is
turned on at a sweep of 1 L/min for a post-membrane pCO2 of
around 35–40mmHg. The flow is then increased to 30, 50, 80,
and finally 100 % of target at the subsequent 10-min intervals.
The left atrial pressure is carefully maintained at 3–5 mmHg
by adjusting the height of the reservoir.

Adequate feedback to the surgeon about the function of the
lung during EVLP is as important as the perfusion strategy
itself. Given that the end phenotypic result of lung injury is the
development of pulmonary edema, the evaluation strategy is
based on serial observation for changes in lung physiologic
parameters. Lung compliance and airway pressure are mea-
sured at each hour. Increasing pulmonary edema will decrease
compliance and increase airway pressure, and thus the trends
in these parameters are more important than the individual
measurements themselves. Thus, we currently perfuse lungs
for a minimum of 4 h before a final decision is made for
transplantation. PO2 is a vital parameter for in vivo assess-
ment; however, due to the use of an acellular perfusate, pO2

can be a less sensitive measure of lung injury and a deterio-
rating pO2 is considered a late sign of lung dysfunction [17].
In addition to physiologic measurements, we also routinely
assess the donor lung during EVLP with sequential lung ra-
diographs and bronchoscopic examination.

The Toronto EVLP technique is only one strategy of EVLP
to evolve from pre-clinical studies. Others have used different
techniques and devices for ex vivo lung perfusion with vary-
ing results. Based on Steen’s initial work, the Lund technique
utilizes an open atrium, a cellular perfusate, and perfusion at
full estimated cardiac output. Their strategy is detailed else-
where [18]. Wallinder et al. report on 11 EVLPs over an 18-
month period using this technique [19]. While in-hospital stay
was similar to their contemporaneous lung transplant controls,
ICU length of stay and time on mechanical ventilation was
actually found to be longer in their EVLP group. The
DEVELOP-UK (Vivoline) trial using this technique has re-
cently been prematurely terminated, and publication of the
results is pending.

The OCS Lung system (Transmedics) is another EVLP
strategy, unique in that it is a mobile system where donor

Curr Transpl Rep (2015) 2:324–328 325



lungs are perfused immediately after retrieval and transported
perfused to the implantation center. This EVLP strategy is
predicated upon the theory that any amount of cold ischemia
is damaging to the donor lung. However, there has not been
any experimental or clinical evidence to support this theory as
of yet. Indeed, Mulloy et al. demonstrate superior lung func-
tion in a DCD porcine model following the addition of cold
static preservation when compared to total normothermic per-
fusion for the same period of time [20]. We have not observed
a negative impact on patient outcomes with prolonged static
cold preservation times preceding or following our EVLP
treatment. The ongoing INSPIRE and EXPAND Transmedics
trials will further explore this strategy in standard and extend-
ed criteria lungs, respectively. However, unfortunately, neither
of these trials is designed to answer this question. As the
control group does not ever undergo EVLP, it will remain
unclear if minimizing pre-EVLP cold ischemic time is bene-
ficial. The users of this technology will need to decide if the
additional logistical challenges and expense is worth the pre-
sumed benefits.

Clinical Results

Using the Toronto EVLP strategy outlined above, we pub-
lished the outcomes of the first clinical trial, the Human Ex
Vivo Lung Perfusion (HELP) trial, in 2011 [21]. Out of 23
high risk donors, 20 were evaluated on EVLP to be appropri-
ate for transplantation. Using these extended donor lungs, no
differences in the rate of PGD, days on mechanical ventilation
after transplant, ICU stay, hospital stay, or 30-day mortality
were found when compared to contemporary transplantation
using traditionally accepted donors. These results have held
true in long-term follow-up of over 60 transplanted EVLP
lungs [22, 23]. Our technique has proven to be reproducible
in centers around the world. Aigner et al. published the Vienna
experience in 2012 where they describe the results of nine
EVLP double lung transplants with similar outcomes to their
conventional transplant population [24]. The NOVEL trial is
the first prospective multicenter trial to evaluate EVLP. Out of
42 EVLP lungs and 42 controls, early and midterm results
between patients that received EVLP and standard criteria
lungs are equivalent, despite all EVLP lungs being initially
rejected as unsuitable for transplantation [25].

More exciting are the early gains in donor yield that have
come with EVLP. The use of EVLP was responsible for a
28 % increase in lung transplant activity at our center. These
early gains have been largely due to the superior evaluation of
donor lungs on EVLP. The objective and serial evaluation
which can occur during EVLP has provided clinicians the
confidence to transplant previously questionable organs. In-
deed, due to the inherent difficulty of assessing function in the
donor, improved lung evaluation would likely greatly expand

the use of donation after cardiac death (DCD) lungs. Around
10–15 % of our recent lung transplant volume now comes
from DCD lungs, with posttransplant outcomes similar to
lungs from brain dead donors. Though we and others have
previously utilized DCD organs successfully without EVLP
evaluation, 50 % of our DCD lungs have been further evalu-
ated with EVLP prior to transplantation in our most recent
series [26]. Whether EVLP should be routinely utilized for
evaluation of DCD lungs remains to be determined.

Currently, two trials using the Toronto technique are ongo-
ing: the Vienna trial and the Perfusix trial. The Vienna trial is
randomizing standard criteria lungs between EVLP and stan-
dard preservation. Until now, studies using the Toronto tech-
nique have perfused only extended criteria lungs and the Vi-
enna study will explore the potential of additional benefit of
EVLP on “acceptable lungs”. The Perfusix trial will explore
the use of centralized centers for EVLP. Rather than develop
EVLP expertise at each individual transplant center, centrali-
zation of equipment, personnel, and expertise in strategic geo-
graphical locations may be able to serve the EVLP need of
multiple transplant centers.

Future Directions

EVLP offers an unprecedented opportunity for the therapeutic
manipulation of donor lungs prior to transplantation. Already,
strategies using existing therapies such as thrombolytic treat-
ment for lungs affected by pulmonary emboli have been suc-
cessfully employed [27, 28]. Employment of other drugs dur-
ing EVLP such as antibiotics for lungs rejected due to pneu-
monia, surfactant for lungs injured by aspiration, and terbuta-
line for edematous lungs remains under study [29–31]. One
major advantage of therapy during EVLP is that the lungs are
isolated from other organs, and thus medication doses other-
wise harmful to other organs can be utilized. In addition, the
lack of hepatic and renal clearance mechanisms will lead to
prolonged half-lives of most therapeutic agents. We have
harnessed these unique EVLP characteristics to develop a
clinically applicable gene therapeutic strategy for donor lungs.
Using rat and pig models of lung transplantation, we first
demonstrated benefit of IL-10 gene therapy to donor lungs
[32, 33]. We then showed that the metabolic activity and the
12 h of stability provided by EVLP were adequate for gene
expression prior to transplantation [34, 35]. Finally, we dem-
onstrated that the isolation of donor lungs from the circulating
immune system during EVLP mitigated vector-associated in-
flammation, a major concern of gene therapy [36, 37]. These
unique aspects of EVLP can likely be exploited for other
therapeutic and regenerative strategies, including stem cell
therapies. A solitary treatment strategy for all lung injury is
unlikely to exist. More likely, we will start treating donor
lungs using a “personalized approach”—like we do patients;
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identify the illness and deliver a therapy targeted to that ill-
ness. Establishing an EVLP treatment arsenal for the various
important donor lung injuries will be a target for research in
the future.

Rapid diagnosis as well as feedback regarding success or
failure of therapy will be vital to transplant decision-making
and thus developments in evaluation strategies will also be
required in the near future. Many potential biomarkers have
been previously identified to distinguish between injured
lungs and good lungs. These have included cytokine profiles
such as IL-6/IL-10 ratio and gene expression signatures
[38–40]. However, their clinical employment has been limited
due to the timeframe needed to obtain a result. New develop-
ments in rapid protein and gene detection may 1 day provide
real-time readouts of therapeutic effects at the molecular level
[41], for example, visualizing a fall in IL-6 production follow-
ing IL-10 gene therapy.

Another future avenue of study will be to better understand
the effect of EVLP itself on the donor lung. Though we have
achieved physiologic stability during 12 h of EVLP, it is un-
likely that the lung is stable at a cellular level. We have begun
to study the gene expression changes occurring during EVLP
and have seen gene expression signatures pointing towards
decreased inflammation and increased regeneration by 6 h of
EVLP [42]. We have also explored the metabolic changes
occurring during EVLP in perfusate metabolite levels and
found marked changes in glycolysis, tricarboxylic acid cycle,
and fatty acid beta-oxidation metabolism at 4 h of EVLP [43].
A better understanding of these processes will ultimately al-
low us to extend EVLP to a timeframe of days to weeks.

Conclusions

EVLP is a novel strategy for lung preservation which facili-
tates donor lung evaluation, intervention, and recovery. Clin-
ical outcomes following EVLP and lung transplantation have
been equivalent or superior to conventional lung transplanta-
tion despite the use of marginal donor organs. More impor-
tantly, centers using EVLP have been able to increase their
lung transplant activity. We anticipate that future development
of EVLP treatment strategies will ultimately allow for the use
of the majority of the existing donor pool and eliminate
waitlist mortality.
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