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INTRODUCTION

Thoracic organ transplantation is the standard of care for 
end-stage heart and lung disease [1,2]. The world’s first 
heart transplant was performed by Christiaan Barnard in 
December 1967 at Groote Schuur Hospital in Cape Town 
[3], while James D. Hardy and Webb conducted their first 
lung transplant at the University of Mississippi Hospi-
tal on June 11, 1963 [4]. Korea’s first successful single 
lung transplantation took place in 1996. Although 157 
lung transplants were performed in 2019, 277 patients 
remained on the waiting list, highlighting a significant 

disparity between the demand for and the availability of 
donor lungs [5,6]. Korean waitlist mortality for lung trans-
plants increased by 7.9% from 2018, with the death of 82 
listed candidates [5]. The first successful heart transplan-
tation in Korea was carried out in 1992 [7]. Up until 2020, 
only 174 of the 774 patients (22.5%) on the waitlist in 
Korea have received donor hearts [8]. The global accep-
tance rate of thoracic organs from brain-dead patients is 
approximately 23%, and the annual waiting list mortality 
rate for patients with critical heart and lung failure has 
consistently been between 10% and 20% [9–11].

To address the shortage of organs, the International 

Ex vivo lung perfusion and the Organ Care 
System: a review
Menander M, Sandeep Attawar, Mahesh BN, Owais Tisekar, Anoop Mohandas

Institute of Heart and Lung Transplant, Krishna Institute of Medical Sciences (KIMS) Hospital, Secunderabad, India

With the increasing prevalence of heart failure and end-stage lung disease, there is a 
sustained interest in expanding the donor pool to alleviate the thoracic organ shortage 
crisis. Efforts to extend the standard donor criteria and to include donation after cir-
culatory death have been made to increase the availability of suitable organs. Studies 
have demonstrated that outcomes with extended-criteria donors are comparable to 
those with standard-criteria donors. Another promising approach to augment the donor 
pool is the improvement of organ preservation techniques. Both ex vivo lung perfusion 
(EVLP) for the lungs and the Organ Care System (OCS, TransMedics) for the heart have 
shown encouraging results in preserving organs and extending ischemia time through 
the application of normothermic regional perfusion. EVLP has been effective in improv-
ing marginal or borderline lungs by preserving and reconditioning them. The use of OCS 
is associated with excellent short-term outcomes for cardiac allografts and has im-
proved utilization rates of hearts from extended-criteria donors. While both EVLP and 
OCS have successfully transitioned from research to clinical practice, the costs associ-
ated with commercially available systems and consumables must be considered. The 
ex vivo perfusion platform, which includes both EVLP and OCS, holds the potential for 
diverse and innovative therapies, thereby transforming the landscape of thoracic organ 
transplantation. 

Keywords: Ex vivo lung perfusion; Heart failure; Heart and lung transplantation

Clin Transplant Res 2024;38:23-36
https://doi.org/10.4285/ctr.23.0057

Review Article

Received October 19, 2023
Revised January 29, 2024
Accepted March 8, 2024

Corresponding author: Menander M
Institute of Heart and Lung Transplant, 
Krishna Institute of Medical Sciences 
(KIMS) Hospital, 1-8-31/1, Minister Rd, 
Krishna Nagar, Secunderabad 500003, 
India
E-mail: menander_18@yahoo.com

© The Korean Society for Transplantation
This is an Open Access article distributed 
under the terms of the Creative Commons 
Attribution Non-Commercial License 
(http://creativecommons.org/licenses/
by-nc/4.0/) which permits unrestricted 
non-commercial use, distribution, and 
reproduction in any medium, provided the 
original work is properly cited.

pISSN 3022-6783
eISSN 3022-7712



 https://doi.org/10.4285/ctr.23.005724

Clin Transplant Res · March  2024 · Volume 38 · Issue 1

Society for Heart and Lung Transplantation (ISHLT) has 
broadened the ideal donor criteria to include extend-
ed-criteria donors (ECDs) and donation after circulatory 
death (DCD) [12,13]. Additionally, techniques such as ex 
vivo lung perfusion (EVLP) and the Organ Care System 
(OCS, TransMedics) are being employed to recondition 
and repair organs. Research has demonstrated that trans-
plants using ECDs yield acceptable outcomes, though 
they may be less than optimal, or at times, noninferior 
[14]. These results may be attributed not only to improved 
donor management but also to advancements in clinical 
expertise and recipient care, which have collectively con-
tributed to redefining the acceptance criteria for thoracic 
organ donation.

A list of extended donor criteria for heart and lungs is 
presented as the following [15]: extended heart criteria; (1) 
age >55 years, (2) cold ischemic time >360 minutes, (3) 
donor/recipient weight ratio <0.80 or ≥1.30, (4) hepatitis 
C positivity, (5) drug use history, (6) renal insufficiency 
(serum creatinine >2.0 mg/dL), (7) left ventricular ejection 
fraction <50%, and (8) DCD. Extended lung criteria: (1) age 
≥55 years, (2) infiltrates on chest radiograph, (3) PaO2/
FiO2 ratio (P/F ratio) <300 at a fraction of inspired oxygen 
(FiO2) of 1.0 and positive end-expiratory pressure (PEEP) 
of 5 cmH2O, (4) purulent secretions on bronchoscopy or 
evidence of aspiration/sepsis, and (5) cigarette use histo-
ry (>20 pack-years).

Both EVLP and OCS are machine perfusion technolo-
gies that enable the preservation, resuscitation, assess-
ment, repair, and reconditioning of cardiac and pulmonary 
allografts outside the body prior to scheduled transplan-
tation [16]. This review compiles findings on the use of 
EVLP and OCS in thoracic organ transplantation. It aims 
to provide insights into the development, techniques, and 
outcomes of EVLP and OCS.

EX VIVO LUNG PERFUSION

Background
The first successful lung transplant, performed by Hardy 
and Webb in 1963, utilized a DCD donor, with the pul-
monary graft sourced from an individual who had suc-
cumbed to myocardial infarction [4]. The introduction of 
Maastricht's classification of DCD in 1995, along with the 
significant contributions of Thomas M. Egan, spurred in-
creased interest in the use of DCD donors [17–19].

Love et al. [20] reported the first successful case of a 
single lung transplantation from a controlled DCD in 1995. 
Outcomes of lung transplants from DCD donors have 
been found to be comparable to those from donation after 
brain death (DBD) donors [21–23]. As the use of DCD do-
nors gains momentum, there is a growing interest in the 
use of EVLP for lung evaluation and reconditioning.

Stig Steen and Ex Vivo Perfusion
The concept of ex vivo organ perfusion was conceived as 
early as 1935 by Carrel and Lindbergh [24]. In 1970, Jirsch 
et al. [25] attempted to perfuse canine lungs for storage 
prior to transplantation at the University of Alberta, Can-
ada, but their efforts were unsuccessful. Subsequent at-
tempts at ex vivo perfusion were similarly disappointing.

Steen and colleagues in Lund developed the world's 
first EVLP circuit for clinical use, which facilitated the 
improved assessment of lungs from donors, particularly 
those from uncontrolled DCD. In 2001, Stig Steen suc-
cessfully performed a single lung transplant from an un-
controlled DCD following EVLP. Along with his team, he 
reported the first successful lung transplant from a mar-
ginal donor after perfusion and reconditioning using EVLP 
in 2005.

The commercially available EVLP systems—OCS Lung, 
XPS (XVIVO Perfusion AB), Lung Assist (Organ Assist), 
and Vivoline LS1 (Vivoline Medical AB)—as well as other 

HIGHLIGHTS

• Ex vivo lung perfusion (EVLP) and the Organ Care Sys-
tem (OCS) are based on the concept of normothermic 
regional perfusion, which is a machine perfusion tech-
nique.

• Ex vivo perfusion aids in preserving, assessing, repair-
ing, and conditioning organs under conditions close to 
physiological state, thereby expanding the donor pool.

• EVLP encompasses three strategies: Lund, Toronto, 
and Hannover.

• The OCS is the only ex vivo heart perfusion platform 
where warm, oxygenated, and nutrient-enriched donor 
blood is circulated, perfusing the coronary arteries.

• Ex vivo perfusion offers a platform for innovative thera-
pies such as molecular profiling, immune and stem cell 
treatments, pharmacological interventions, and isch-
emia-reperfusion injury prevention.
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indigenous EVLP systems, are based on three strategies: 
Lund, Toronto, and Hannover. Details of the various EVLP 
strategies are provided in Table 1. The general technique 
and procedure for conducting EVLP, subsequent to the 
standard harvesting of donor lungs, are described as 
follows. The indications of EVLP for both brain-dead do-
nors and DCD donors are: (1) best P/F ratio <300 mmHg; 
(2) signs of pulmonary edema, either on chest X-ray or 
physical examination at the donor site; (3) poor lung 
compliance in the examination during the procurement 
operation; (4) high-risk history, such as >10 units of blood 
transfusion or questionable history of aspiration; (5) DCD 
donors with a >60-minute interval from withdrawal life 
support to cardiac arrest; and (6) pulmonary embolism 
or focal consolidations due to infection, aspiration, or 
lung contusion [26,27]. Donor lungs with significant con-
solidation due to infection, trauma, or gross aspiration 
deemed unsuitable for transplantation are excluded. The 
principles of EVLP are as follows: (1) gradual rewarming 
to achieve normothermia and gradual cooling later; (2) 
gradual increase in the flow rate in EVLP as the lungs are 
rewarmed based on the donor’s predicted cardiac output; 
(3) protective lung ventilation; and (4) perfusate with in-
creased colloid osmotic pressure [28]. 

All EVLP circuits in the world are based on the Lund 

group’s design. The core components of the circuit in-
clude a pump that circulates perfusate through a leuko-
cyte filter and an oxygenator before reaching the lungs 
via a pulmonary artery cannula. The pulmonary venous 
return flows into the reservoir either through the left atri-
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Fig. 1. Schematic representation of an ex vivo lung perfusion (EVLP) cir-
cuit. PA, pulmonary artery; LA, left atrium.

Table 1. Various ex vivo lung perfusion protocols
Criteria Lund Toronto Hannover

Transport No No Yes
Perfusate Steen Steen OCS solution/Perfadex (XVIVO) 
Cellular/acellular Packed RBCs; hematocrit 

14%–15%
Acellular Packed RBCs; 15%–25%

Pump Roller Centrifugal Piston (pulsatile)
Target flow 100% cardiac output 40% cardiac output 2–2.5 L/min
Target mean PA pressure (mmHg) <20 <15 <20
Left atrium pressure (mmHg) Open 0 Closed with mean pressure of 3–5 Open 0
Steady state (min) 60 60 15
Gas mixture 7% CO2, 93% N2 8% CO2, 6% O2, 86% N2 -
Tidal volume (mL/kg) 3–8 7 6 
Respiratory rate 12 7 10
PEEP (cmH2O) 5 5 5–7
FiO2 (%) 50 21 21
Temperature to start perfusion (°C) 15 25 32
Temperature to start ventilation (°C) 32 32 34
Temperature at evaluation (°C) 37 37 37
OCS, Organ Care System (TransMedics); RBC, red blood cell; PA, pulmonary artery; PEEP, positive end-expiratory pressure; FiO2, fraction of inspired 
oxygen.
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um (LA) or a closed LA cannula, allowing the perfusate to 
be recirculated (Fig. 1). An endotracheal tube is inserted 
for ventilation at a temperature of 32 °C [26]. The circuit is 
primed with 2.0 L of Steen solution (Toronto and Lund) or 
OCS/Perfadex (XVIVO) solution (Hannover) with 500 mg 
of methylprednisolone 3,000 IU of unfractionated hepa-
rin, and an antibiotic as additives. Isotonic trometamol is 
added to maintain the pH between 7.35 and 7.45 in the 
Lund protocol [29].

The LA cuff is trimmed and sewn to the LA cannula 
using 4-0 polypropylene running sutures in the Toronto 
protocol, while the LA remains open in the Lund and Han-
nover strategies. The pulmonary artery cannula is secured 
with two heavy silk ties proximal to its bifurcation. The 
trachea is clamped at the level of the carina, and an endo-
tracheal tube is inserted and secured with two heavy silk 
ties (Fig. 2). A second retrograde flush with 1 L of Perfa-
dex is then performed. The inflated lungs are transferred 
to the EVLP dome, and the pulmonary artery is connected 
to the circuit after deairing. In the Toronto protocol, which 
employs a closed LA system, the LA line is connected. 
Perfusion is initiated gradually and increased every 10 
minutes to reach a steady state, according to the proto-
col. The endotracheal tube is connected, and ventilation 
is initiated once the set temperature is reached (Fig. 3). A 
gas mixture is started after the resumption of ventilation, 
aiming for a postmembrane partial pressure of CO2 of 
35–40 mmHg, with adjustments made to the sweep gas 
as needed. In the Toronto and Lund protocols, an oxygen-
ator is used to remove oxygen from the perfusate using 
the gas mixture. In contrast, the Hannover protocol, which 

utilizes a portable OCS, employs an oxygenator to add 
oxygen to the perfusate, similar to a conventional cardio-
pulmonary bypass circuit.

Assessment and evaluation vary depending on the 
EVLP strategy and are conducted hourly. According to 
the Toronto protocol, ventilation settings are adjusted to 
a tidal volume of 10 mL/kg and a rate of 10 breaths per 
minute, with an FiO2 of 100% for 5 minutes during the 
evaluation phase. Measurements of pulmonary artery 
pressure, LA pressure, peak airway pressure, plateau 
pressure, and both dynamic and static compliance are 
recorded. Perfusate gas analysis is performed using 
samples taken from both the venous and arterial sides. A 
lung X-ray is routinely taken at the 1-hour mark of EVLP 
and subsequently every 2 hours. In the Lund protocol, an 
incremental PEEP trial is conducted at 36 °C during the 
reconditioning phase to aid in lung recruitment. The eval-
uation commences with the initiation of sweep gas, and 
blood gas analysis samples are collected from the LA and 
from the circuit postoxygenator after 10 minutes. The FiO2 
is then reduced to 21%, and following a further 10-minute 
interval, additional blood samples are taken. Finally, the 
FiO2 is set back to 100% for a third set of blood gas analy-
ses.

The duration of perfusion typically ranges from 2 to 
7 hours according to the Lund protocol and may be ex-
tended to as long as 12 hours under the Toronto protocol. 
In the Hannover protocol, perfusion times vary between 

Fig. 2. Ex vivo lung perfusion cannulation: green cannula in the left atrium, 
yellow cannula in the pulmonary artery, and endotracheal tube in trachea.

Fig. 3. Manual ex vivo lung perfusion circuit. The lung within the dome is 
within the in-line sensors.
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3 and 10 hours; this protocol is primarily utilized to pro-
long ischemia time while maintaining the lungs at warm 
temperatures. The perfusate solution within the circuit is 
replaced hourly to compensate for any loss of perfusate 
and to assist in the reconditioning and repair of the lungs. 
A decision regarding the suitability of the lungs can gen-
erally be made within approximately 2 hours using the 
Lund technique and within 2 to 3 hours with the Toronto 
technique. In the case of OCS, once the portable unit ar-
rives at the recipient center, the lungs are assessed and a 
decision is made immediately (Table 2).

Once the lungs are accepted, perfusion is stopped, 
and the lungs are ventilated with 50% FiO2. They are then 
cooled to 10 °C using the Lund strategy and to 15 °C us-
ing the Toronto strategy. The inflow and outflow cannulae 
are clamped and severed. The endotracheal tube is also 
clamped to keep the lungs inflated. A final antegrade 
flush is performed with 500 to 1,000 mL of Steen solution. 
Afterward, the cannulae are removed, and the trachea is 
sealed with staples. Topical cooling with Perfadex and ice 
is applied following the same protocol as conventional 
preservation methods. In the Hannover OCS technique, 
once the lungs are accepted, the recipient operation con-
tinues as usual. A single lung is isolated for ventilation 
and perfusion within the device, while the contralateral 
lung remains active. Prior to implantation, each lung is 
flushed with a cold perfusate [26,29–31].

Outcomes of Ex Vivo Lung Perfusion Protocols
Stig Steen's successful transplantation of an ex vivo-per-

fused lung laid the groundwork for the Lund protocol of 
EVLP. In 2011, Lindstedt et al. [32] compared outcomes 
between recipients of double lung transplants using stan-
dard lungs and those who received transplants following 
ex vivo perfusion at the University Hospital of Lund during 
2006 and 2007. 

In the DEVELOP UK multicentric trial, which utilized the 
Lund protocol for EVLP, the 12-month survival rate for the 
EVLP group was lower than that of the standard group. 
However, the data also indicated that there might be no 
significant difference in survival between the two groups. 
Additionally, one-third of all organs subjected to EVLP 
were deemed suitable for transplantation [33].

The first clinical trial of EVLP was reported by Cypel et 
al. [26] in 2011. The incidence of primary graft dysfunc-
tion (PGD) after 72 hours was lower in the EVLP group 
than in the control group (15% vs. 30.1%), with no cases 
of severe PGD in the EVLP group at that time point. The 
rates of bronchial complications requiring intervention 
were comparable between the two groups. There was no 
significant difference in the median duration of mechani-
cal ventilation (2 days), nor in the length of intensive care 
unit (ICU) and hospital stays. The 1-year survival rate was 
80% for the EVLP group and 83.6% for the control group.

Slama et al. [34] conducted a prospective randomized 
trial in 2017 to investigate the role of EVLP in lung trans-
plantation. The study found that the conversion rate of 
EVLP to transplant was 89.74%. Results indicated that 
the incidence of PGD greater than grade 1 was lower in 
the EVLP group compared to the control group (5.7% vs. 

Table 2. Criteria for the acceptance of lungs on ex vivo lung perfusion 
Criteria Lund Toronto Hannover

P/F 
>300 >400

P/F ratio when the system is stable at 
donor and before transplantation on 

the recipient side
Macroscopic examination Absence of edema and no  

consolidation or infarction on palpation
Absence of edema and no  
consolidation on palpation

Absence of edema and no  
consolidation on palpation

Collapse test Satisfactory lung deflation after 
endotracheal tube disconnection

- -

Pulmonary artery pressure Stable or improving Stable or improving Within 15% of baseline value
Airway pressure Stable or improving Stable or improving Within 15% of baseline value
Pulmonary compliance Stable or improving Stable or improving Within 15% of baseline value
Pulmonary vascular resistance Stable Stable Within 15% of baseline value
Lung X-ray - Clear -
Bronchoscopy - No purulent secretions or erythema -
P/F, PaO2/FiO2.
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19.5%), and the requirement for postoperative extracor-
poreal membrane oxygenation (ECMO) was also reduced 
in the EVLP group (5.7% vs. 12.2%). The duration of in-
tubation, as well as ICU and hospital stays, were similar 
between the two groups. The 30-day survival rate was 
97.1% for the EVLP group and 100% for the control group.

In the EXPAND trial conducted by Loor et al. [35] and 
published in 2019, the use of the OCS for lungs from ECDs 
and DCD donors was evaluated. The study reported that 
87% of the lungs were successfully transplanted following 
preservation with OCS. Among these, 54% were from ECDs 
and DCD donors. The incidence of PGD grade 3 (PGD3) 
within the first 72 hours was 44%. The 30-day posttrans-
plant survival rate was 99%.

Loor et al. [36] evaluated the short- and long-term 
outcomes of the OCS Lung EXPAND International Trial fol-
lowing lung transplantation with the use of the OCS Lung 
System. They discovered that there is a high utilization 
rate of both ECD and DCD donor lungs for transplantation, 
with similar or improved long-term posttransplant clinical 
outcomes when compared to those from standard do-
nors.

Future of Ex Vivo Lung Perfusion 
Allograft assessment
Along with the physical examination of the donor lung, 
EVLP allows for bronchoscopic sampling for diagnostic 
testing, including molecular analysis [37]. Imaging mo-
dalities such as lung ultrasound and magnetic resonance 
imaging can be considered in conjunction with lung 
X-rays [38,39]. The study of biomarkers and proinflamma-
tory gene expression could aid in assessing the organ's 
response to ischemia and reperfusion, monitoring inflam-
mation and immune responses, and modifying the immu-
nosuppression protocol [40].

Antimicrobial treatment
Transmission of infection through a donor organ is an 
inherent risk in transplantation. The risk factors for infec-
tion are higher in EVLP compared to lungs harvested in 
the standard manner, due to the nature of the inclusion 
criteria, such as prolonged mechanical ventilation, DCD 
lungs, and reduced or absent airway reflexes. Infection 
may impair gas exchange due to cell damage, and the 
activation of the immune system can also lead to reduced 
immune tolerance in the recipient. EVLP allows for the 
targeted treatment of donor lungs in isolation, including 
the removal of endotoxins, and can permit suprathera-

peutic drug levels without the associated toxicity to other 
donor or recipient organs [41–45].

Broad-spectrum antibacterial agents used during 
EVLP can reduce bacterial load and endotoxin levels, as 
well as alter proinflammatory markers. This results in a 
significant improvement in gas exchange and pulmonary 
mechanics. Interestingly, inhaled nitric oxide, which has 
been demonstrated to possess antimicrobial properties, 
has been safely administered in a preclinical model of 
EVLP. It was used continuously for 12 hours at a concen-
tration of 200 parts per million without the associated 
risks of side effects such as systemic hypotension and 
methemoglobinemia [46]. Hepatitis C viral load reduction 
with ultraviolet C light application (wavelengths of 200–
280 nm) has appeared to be useful for disinfection and 
reduction of donor transmission of hepatitis C [47].

Allograft function optimization
Although directed immunomodulation therapies such as 
the administration of the anti-inflammatory agent alpha 
1-antitrypsin or the allograft B cell depleting agent ritux-
imab are still under investigation, they are based on the 
understanding that a proinflammatory state is associated 
with organ rejection, which in turn is caused by the recip-
ient's immune system recognizing the transplanted organ 
as foreign [48,49]. The conventional multidrug immuno-
suppressive protocol can increase the risk of infection 
and may lead to damage in other end organs. Isolated 
treatments with cyclosporine and methylprednisolone 
have demonstrated benefits for physiological parameters 
and gas exchange during early graft function in preclinical 
models. Furthermore, therapies using modified adenovi-
rus or lentivirus-based vectors during EVLP can deliver 
gene therapy directly to the organ, potentially reducing 
proinflammatory signaling without affecting other organ 
systems in the recipient [50–53].

Immunomodulation of donor lungs during EVLP has 
the potential to diminish recognition and sensitization of 
the recipient's immune system. By increasing tolerance 
markers, this approach could improve long-term allograft 
function and recipient survival.

ORGAN CARE SYSTEM

Heart transplantation has progressed since Christiaan 
Barnard performed the first human heart transplant 
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in 1967, building on the foundational work of Norman 
Shumway in Cape Town, to become the standard of care 
[3,54,55]. The donor in that inaugural procedure was a 
nonheartbeating donor, now referred to as a DCD donor, 
who had sustained a severe, irreversible brain injury in 
a road traffic accident and was declared dead following 
the cessation of cardiac activity after life support was 
withdrawn in the operating room [17,18]. Barnard's team 
quickly initiated circulatory support to perfuse and cool 
the donor's heart before it was harvested for transplanta-
tion.

Heart failure carries the highest mortality rate among 
all organ failures and is associated with a diminished 
quality of life [56]. Heart transplantation stands as the de-
finitive treatment for heart failure, boasting a median sur-
vival period of 10 to 15 years [54,57]. Despite the growing 
number of transplant centers worldwide, the increasing 
prevalence of heart failure has resulted in an organ short-
age [58]. According to the 2020 Korean Heart Failure 
White Paper, the estimated prevalence of heart failure in 
Korea has risen from 0.77% in 2002 to 2.24% in 2018 [59]. 
The number of heart transplants performed in Korea has 
climbed to 1,513 cases between 1992 and 2017, with the 
majority of transplants in Asia being carried out in Taiwan 
and Korea [60]. Strategies to expand the donor pool in-
clude the use of ECDs, improved organ preservation tech-
niques, the utilization of repairable hearts, and the use of 
DCD donors [61,62].

The heart is traditionally preserved using cold static 
preservation, also known as static cold storage (SCS), 
after retrieval. This method may provide an acceptable 
level of protection for up to 6 hours [63]. Although SCS is 
considered the gold standard, the donor heart is still sub-
ject to time-dependent ischemic and reperfusion injuries, 
which can impact cardiac function following transplanta-
tion. Prolonged cold ischemia time is recognized as a risk 
factor for primary graft failure and early mortality post-
transplant [64,65]. Enhancing organ preservation tech-
niques could expand the donor pool by reducing ischemic 
injury [62]. Furthermore, renewed interest in DCD, support-
ed by data from animal studies and retrospective studies 
on pediatric heart transplants, has underscored the need 
for improvements in organ preservation methods [66,67].

The OCS is currently the sole ex vivo heart perfusion 
platform that utilizes warm, oxygenated, and nutrient-en-
riched donor blood to perfuse the coronary arteries [68]. 
Deoxygenated blood enters the right atrium via the coro-
nary sinus and flows through the tricuspid valve into the 

right ventricle. It is then ejected through the pulmonary 
artery to an oxygenator before being returned to the res-
ervoir. The technology is based on the restoration of heart 
function following the initiation of cardiopulmonary by-
pass after cardiac arrest, a process known as normother-
mic regional perfusion [69,70].

The components of the OCS Heart system include 
the OCS Heart console and the heart perfusion set. The 
console is an electromechanical, portable device with a 
wireless monitor that features an infusion pump, a cir-
culatory pump, batteries, a data card, a gas delivery sub-
system, and various probes. The heart perfusion set is a 
single-use, biocompatible device designed for perfusion 
and monitoring. It consists of a heart perfusion module, 
a blood collection set, a heart instrumentation tool set, a 
heart solution set, a cardioplegic arrest set, and a moni-
toring accessories package. The system requires an in-
ternet connection (Wi-Fi) to store, interpret, and compile 
data.

The perfusate comprises an OCS solution, insulin, 
antibiotics, methylprednisolone, sodium bicarbonate, 
multivitamins, and fresh donor blood. A diaphragmatic 
pump generates pulsatile flow. This system reduces cold 
ischemia time by keeping the heart in a warm, perfused 
state during transport, which extends the safe retrieval 
distance, lowers the incidence of primary graft failure, and 
expands the donor pool. The OCS system enables contin-
uous monitoring of all heart parameters, including cardiac 
output, aortic pressure, lactate levels, and coronary blood 
flow in the graft. Arterial and venous end lactate levels act 
as surrogate markers for coronary blood flow [71].

Operative Technique
The first step: retrieval of the heart 
•DBD donors: a sternotomy is performed to allow a 
thorough evaluation of the heart. If deemed suitable for 
transplantation, the OCS disposable module is unpacked 
and the machine is assembled. Following complete dis-
section, a cardioplegia cannula is inserted into the as-
cending aorta, and a venous drainage cannula is placed 
in the right atrium. Between 1,200 and 1,500 mL of donor 
blood is collected from the right atrial cannula into a hep-
arinized bag to prime the OCS machine in preparation for 
cross-clamping. The standard technique of heart retrieval 
involves administering Custodiol cardioplegia after the 
cross-clamp is applied, continuing until the heart is ex-
planted.
•DCD donors: after the administration of 30,000 units of 
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heparin and the withdrawal of life support, if electrome-
chanical arrest occurs within the designated time frame, a 
prompt sternotomy is performed after a 5-minute wait, and 
the pericardium is then opened. Between 1,200–1,500 mL 
of donor blood is collected into a heparinized bag via a 
large venous cannula placed in the right atrium to prime 
the OCS machine for the procedure. The subsequent 
steps for heart retrieval are identical to those used for 
DBD donors [72].

Preparation and management of heart on Organ Care 
System 
The heart is prepared for OCS on the back table [73]: (1) 
Insertion of aortic cannula; an appropriately sized aortic 
tip cannula is attached to the ascending aorta using a 
cable tie. This serves as the point of suspension for the 
heart on the device and provides the route for the delivery 
of perfusate. (2) Insertion of a pulmonary artery cannula; 
the pulmonary artery is cannulated using a 30-French 
straight cannula secured with polypropylene sutures. (3) 
Insertion of a left ventricular vent to avoid air entrapment 
and distension of the left ventricle. (4) Closure of the infe-
rior vena cava and superior vena cava along with a patent 
foramen ovale, so that most of the coronary perfusate is 
directed from the coronary sinus to the pulmonary artery 
cannula. (5) Insertion of temporary pacing wires in the 
ventricular muscle. (6) Placement of defibrillation pads 
under the atrioventricular groove. 

The heart is then attached to the OCS machine using 
an aortic cannula, and perfusion is initiated with the left 
ventricle oriented anteriorly. Continuous blood flow is 
maintained through the aortic cannula to de-air the aorta. 
The left ventricular vent and pulmonary artery cannula 
are vented to the cradle of the OCS box, which serves as a 
reservoir. Coronary perfusion commences once the aortic 
cannula is connected to the OCS machine at 37 °C, and the 

heart typically begins to beat within a few minutes. If the 
heart fibrillates, it is defibrillated. Ventricular pacing wires 
are placed once the heart achieves sinus rhythm and are 
set to pace at 80 beats per minute. The heart is sustained 
with a coronary flow of approximately 700–800 mL/min 
and an aortic pressure of around 75 mmHg by adjusting 
the solution rate and aortic blood flow. The heart is cov-
ered with a sterile drape for manipulation, if necessary, 
during transport, and the lid of the tray is closed. Frequent 
blood gas measurements are taken from both arterial and 
venous ends to monitor the lactate trend and the levels 
of potassium and calcium, and left ventricular contractil-
ity is periodically evaluated. However, the assessment of 
the heart's function is limited since the heart is not under 
load. The heart is paced but not subjected to volume load 
in either ventricle, which means the ejection fraction can-
not be easily determined. In the OCS module, the donor 
heart rests on the right ventricle and is suspended from 
the ascending aorta; thus, it is not in the same anatomical 
position as it is during procurement, which limits direct 
visualization (Fig. 4). 

Upon arrival at the recipient hospital, the heart's con-
tractility and function are reassessed. The decision to 
proceed with transplantation is based on the heart's func-
tion, hemodynamic parameters, and lactate levels (Table 
3). If the heart is deemed suitable for transplant, the aortic 
vent is closed first, and the pulmonary artery cannula is 
disconnected from the OCS spout. After reducing the OCS 
flow, the aortic line is clamped, and 1 L of cold Del Nido 
cardioplegia is administered. Following cardioplegia, the 
aortic cannula is removed, and the heart is prepared for 
transplantation [71,72].

AO PA

LV RV

LA RA

LV vent

Reservoir

PA outflow cannula

SPO2 probe

02
cylinder

Gas
exchange

Chiller

Warmer

PUMP

Fig. 4. Schematic diagram of an Organ Care System circuit. AO, aorta; PA, 
pulmonary artery; LV, left ventricle; RV, right ventricle; LA, left atrium.

Table 3. Allograft assessment on OCS
OCS module 

measurements
Laboratory studies Surgical intervention

Aortic pressure Lactate absolute value Ex vivo coronary 
angiography

Coronary flow Lactate differential 
between arterial  
and venous blood

Clinical evaluation

Blood temperature Calcium levels -
Heart rate Potassium levels -
Mixed venous oxygen 

saturation
- -

Pulmonary artery pressure - -
OCS, Organ Care System (TransMedics).
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Advantages of Organ Care System 
OCS may reduce cold ischemic time and extend cardiac 
graft preservation, which could be particularly benefi-
cial for patients with a history of cardiac surgery (such 
as congenital heart disease with surgical intervention or 
previous ventricular assist device implantation), where 
posttransplant mortality is higher. This approach allows 
for the safe lysis of all adhesions and preparation for re-
cipient cardiectomy [74,75]. Additionally, it enables the 
implanting surgeon to evaluate the donor heart's quality 
before taking any irreversible actions with the recipient. 
Stamp et al. [76] reported the longest preservation of a 
donor heart using OCS, achieving an ischemic time of ap-
proximately 10.5 hours prior to transplantation in 2015.

The OCS enables the procurement and transportation 
of hearts over greater distances, thereby increasing the 
donor pool [77]. The OCS for hearts is particularly use-
ful for evaluating ECD hearts, which may include factors 
such as donor age over 55 years, decreased left ventric-
ular ejection fraction, left ventricular hypertrophy, history 
of donor cardiac arrest, anticipated prolonged ischemic 
time (exceeding 4 hours), history of alcohol or substance 
abuse, and uncertain coronary artery disease (CAD) status 
[78]. Additionally, a coronary angiogram can be performed 
ex vivo to assess for CAD [79]. Elevated aortic pressure 
and lactate levels serve as surrogate markers for signif-
icant CAD when an angiogram is not possible [71]. The 
OCS system offers the chance to procure marginal hearts 
and to assess their function in real time after establishing 
coronary perfusion. If heart function shows improvement, 
these hearts may be successfully transplanted with favor-
able outcomes [78]. Looking ahead, the OCS may facilitate 
potential interventions, such as gene therapy, to alter the 
immune profile of the graft and decrease the likelihood of 
rejection [80].

To reduce the deleterious effects of prolonged cold 
ischemia, the use of the Sherpapak system (Paragonix 
Technologies) is on the rise for transporting donor hearts. 
This system preserves the heart within a controlled 
temperature range of 4 °C to 8 °C in a single-use, sterile 
disposable box. Utilization of the Sherpapak system has 
been associated with a lower incidence of severe PGD 
posttransplant and a decreased need for acute mechan-
ical circulatory support devices. There has been a reduc-
tion in the use of ECMO and ventricular assist devices, 
as well as a decrease in the placement of new intraaortic 
balloon pumps. Further studies are required to determine 
whether Sherpapak provides an advantage in terms of 

prolonged ischemia compared to the OCS [81–84].

Outcomes of Organ Care System 
Isath et al. [85] conducted a study on ex vivo heart per-
fusion using the OCS for cases where ischemic time ex-
ceeded 4 hours. The study demonstrated the successful 
utilization of donor hearts from extended distances, which 
would not have been considered otherwise. Hospital 
survival rates in the OCS group were 100%, compared to 
92.3% in the conventional group. The incidence of PGD 
was comparable between the two groups, with 12.5% 
in the OCS group and 15.4% in the conventional group. 
Notably, no patients in the OCS group required posttrans-
plant venoarterial ECMO support, whereas one patient in 
the conventional group did [85].

In the first randomized trial to compare DCD heart 
transplantation with standard criteria DBD (the OCS DCD 
Heart Trial), there was an overall DCD heart utilization rate 
of 89%, which demonstrated excellent patient and graft 
survival outcomes when compared to DBD donor hearts. 
Patient survival at 6 months was 94.4% for DCD recipients 
versus 88.6% for the control group, and the graft survival 
rate at 6 months was 98.9% for DCD recipients compared 
to 96.7% for the control group. Both patient and graft sur-
vival at 1 year were superior in the DCD group compared 
to the control group. The incidence of moderate or severe 
ISHLT PGD was 20% in the DCD arm versus 9.1% in the 
control arm [86].

In the PROCEED II trial, donor hearts demonstrated 
similar short-term clinical outcomes whether preserved 
with the OCS or with standard cold storage. The 30-day 
patient and graft survival rates were 94% in the OCS group 
and 97% in the control group. Adverse events occurred in 
13% of patients in the OCS group and in 14% of patients in 
the standard cold storage group [87].

CONCLUSION

Both EVLP and OCS were developed as platforms to eval-
uate donor graft function and optimize their performance 
prior to transplantation, with the goal of expanding the 
donor pool. However, they have yet to achieve widespread 
use and are currently employed only in major transplant 
centers.

Multiple studies have demonstrated the feasibility 
and utility of EVLP since its inception in the early 2000s, 
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despite its resource-intensive nature. A significant initial 
investment of time and resources is required, including 
capital for the equipment and hands-on training. Conse-
quently, there is a demand for institutional and national 
commitment to the growth of lung transplant programs. 
Despite these challenges, EVLP has proven to be profit-
able at the institutional level by increasing the volume of 
transplant programs. Over time, further developments in 
the field have the potential to revolutionize lung trans-
plantation. EVLP presents a viable pathway to expand the 
lung donor pool, with the potential to decrease waitlist 
times and interim mortality. The future of EVLP hinges on 
the development of therapeutic strategies for infection 
control and immunomodulation, which could extend the 
function of allograft lungs.

OCS is the only ex vivo heart perfusion platform that 
utilizes warm, oxygenated, and enriched donor blood, 
thereby reducing cold ischemia. This system enables 
the physiological and metabolic assessment of hearts in 
a consistent and reproducible manner. OCS offers new 
opportunities to expand the donor pool by enabling the 
use of DCD hearts, the procurement of marginal hearts, 
and the acquisition of hearts from distant locations. Ad-
ditionally, it offers clinicians more options for assessing 
donor hearts [89]. OCS introduces innovative approaches 
that enhance the safety and effectiveness of heart trans-
plantation, particularly in the face of growing surgical 
complexity. There is potential for OCS to reduce the risk 
of primary allograft failure, also known as PGD, which is 
a promising development considering the increasingly 
complex risk profiles of both donors and recipients in re-
cent years.

Similar to EVLP, OCS requires significant resources 
and personnel. A clear set of guidelines for the use of 
both EVLP and OCS, along with a collective effort from 
government agencies, medical institutions, and clinicians, 
is urgently needed to ensure the proper allocation of re-
sources and to advance the field of thoracic organ trans-
plantation.
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