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Abstract

Heart transplantation remains the gold standard treatment for end-stage heart failure. With
an increasing population and improving medical therapy there is an increasing number of
patients who would benefit from heart transplantation but are unable to receive one due to a
shortage of suitable donor organs. This ongoing need, and significant limitations with
traditional cold static storage (CSS), have driven the development of machine perfusion
technology that have expanded the donor pool. Machine perfusion is divided into
hypothermic and normothermic, with both technologies perfusing the heart with oxygenated
solution to reduce the degree of ischaemia-reperfusion injury that occurs. Both technologies
have allowed for the safe retrieval and transplantation of hearts with prolonged ischaemic
times or following donation after circulatory determination of death and have significantly
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increased the potential donor pool and number of transplants able to be safely performed.
The aim of this review is to summarise the current options available to clinicians for donor
heart organ preservation, with a focus on how the development of machine perfusion
technology has allowed for the recovery of hearts previously considered unrecoverable using
CSS.
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1. Chapter 1 - Introduction

The development of machine perfusion technology has allowed for the retrieval, recovery and
subsequent transplantation of hearts that would previously have been considered unrecoverable
with traditional cold static storage techniques. This review will provide an overview of the current
machine perfusion techniques available within the cardiac transplantation field, along with
background information on the development and successful use of this technology.

2. Background

Heart transplantation remains the gold standard treatment of symptomatic end-stage heart
failure refractory to medical therapy, and provides a mortality and morbidity benefit to patients [1].
From the first human allotransplantation performed by Christiaan Barnard in 1967 [2], there are now
over 8,900 heart transplants performed globally each year [3]. Despite the increasing numbers of
heart transplants, a key limitation remains the supply of donor organs, with only 117 heart
transplants performed in Australia in 2022 despite there being between 73-86 patients who would
be transplantable at any point in time if a suitable organ was available [4, 5].

To increase the number of donor organs available for transplantation, research efforts have
focussed on ways to broaden the pool of potential donors by including marginal donors who
previously may not have been deemed suitable for organ donation. Marginal donors include those
of advanced age, donors with poor left ventricular (LV) function, and donors with a predicted
prolonged ischaemic time. Concerns regarding the use of organs from marginal donors
predominantly relates to development of primary graft dysfunction (PGD) and failure post-
operatively, which remains the leading cause of early mortality following heart transplantation,
accounting for 39.5% of early post-transplant deaths [6-8]. These research efforts have led to
improved organ preservation, allowing for the refinement of current storage techniques and the
development of machine perfusion technologies, that have enabled the transplantation of organs
previously considered unsafe to use.

There are three different approaches currently used for organ preservation in clinical practice —
cold static storage (CSS), hypothermic machine perfusion (HMP), and normothermic machine
perfusion (NMP). CSS is the mainstay of donor organ preservation, involving the use of hypothermic
cold storage in combination with a preservation solution. While traditionally CSS has been
performed using an insulated portable cooler and ice, technology has been developed to improve
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the temperature stability of hearts during storage [9]. Machine perfusion devices typically refer to
devices that perfuse the myocardium with an oxygenated solution (comprised of blood
supplemented with various buffer and additive agents) to help diminish the risk of ischaemia-
reperfusion injury (IRI), either in combination with hypothermia (HMP) or at a more physiologic
temperature (NMP). Each of these preservation approaches has their own strengths and
weaknesses, and as more trials are performed showing the benefits of machine perfusion, it is
anticipated that the usage of CSS will decrease in future years.

3. Cold Static Storage (CSS)

To fully understand the benefits that machine perfusion offers, it is important that the premise
and rationale of CSS is also discussed. CSS represents the most widely used technique for preserving
retrieved donor hearts [10, 11], and is the current standard of care for donation following
neurological determination of death (DNDD) at our institution. CSS relies on the use of hypothermia
to slow down the rate of cellular metabolism, as well as the use of specially formulated preservation
solutions designed to limit the impact of ischaemia-reperfusion injury to the donor heart.

Donor hearts retrieved using CSS are flushed with cold preservation solution in-vivo to induce
rapid diastolic arrest and facilitate cooling of the organ. The heart is then rapidly explanted and
stored within a sterile plastic bag containing either cold saline or preservation solution, followed by
two further sterile plastic bags containing cold fluid and ice slush. The organ is then placed within
an insulated portable cooler filled with ice and transported to the implanting hospital, where the
heart is removed from the plastic bags and implanted into the transplant recipient.

From the moment of cessation of circulation in the donor to removal of cross-clamp in the
recipient the donor heart is suffering ischaemic insult, with cellular and biochemical changes
occurring within cells. The cooling of the myocardium via cold preservation solution and storage in
ice results in the slowing of biochemical reactions within the cells, decreasing the rate of degradation
of essential cellular components, in addition to slowing the lysis of lysosomes that release autolytic
enzymes [12]. Multiple cardiac preservation solutions exist that contain differing concentrations of
electrolytes and additive agents, each with their own strengths and weaknesses compared to the
other solutions. Regardless of the solution, all are based on the same key principles. They all induce
rapid diastolic arrest (when used for DNDD) via a reduction in the transmembrane gradient,
minimising the use of high-energy phosphate compounds such as adenosine triphosphate. Secondly,
the solutions help provide myocardial protection against injury caused by global ischaemia and the
subsequent reperfusion injury, creating a biochemical environment that helps to maintain the
structural components of myocardial cells during arrest [12, 13]. Cardiac preservation solutions
should also have a degree of reversibility, allowing for quick resumption of cardiac activity when
appropriate, as well as having no toxic effects on the heart or other organ systems when used [13].

The use of CSS has significant benefits which has led to its ongoing use as the standard of care
for DNDD organ retrievals. CSS is relatively cheap with minimal resources and disposable equipment
required to use, nor does it require any specialised equipment or training. CSS has been shown to
have consistent outcomes and is a reliable method of organ procurement, particularly when there
is no concern or suspicion of organ marginality.

However, there are drawbacks to the use of CSS, with the development of progressive ischaemic
injury to the organ an inevitable consequence of an increasing duration of preservation. Limited
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ischaemic times restrict the distance from where organs may be safely procured, with increasing
ischaemic periods associated with worse short- and long-term survival, as well increasing rates of
organ rejection [7, 14]. While the degree of organ injury increases with each minute of ischaemic
time [15], there appears to be an inflection point at four hours with significant differences in overall
survival and graft failure found on both univariate and multivariate analysis after this timepoint [16].
The influence of prolonged organ ischaemic time on recipient outcomes is especially noticeable in
organs from older donors, as these organs demonstrate a reduced capacity to withstand ischaemic
stress compared to those from younger donors [7, 14].

CSS also results in thermal injury to the organs themselves, worsening the impact of ischaemic
damage. After four hours of storage the temperature in the myocardium can be below 0°C, well
below the recommended guidelines of 5-10°C [17], with histological evidence of mitochondrial
injury and disruption of myofilaments in a canine model [18]. Even when stored at temperatures
within the recommended guideline, damage to endothelial cells can still occur, with significant rises
in cytosolic calcium and sodium levels found after even brief periods of hypothermia [19, 20], leading
to increased endothelial cell swelling [21]. Longer periods of cold storage result in significant damage
to the endothelial cells, with cellular blebbing and formation of intercellular gaps seen in cells stored
in hypothermic conditions for over 3 hrs [22]. CSS also has limited use in the scenario of extended
criteria or donation after circulatory determination of death (DCDD) donors, with animal studies
showing poor results with most hearts unable to be weaned off cardiopulmonary bypass (CPB).
Hearts that were able to be weaned off bypass had significantly reduced cardiac output (CO)
(compared to hearts perfused via machine perfusion), and increased degree of cell death [23-27].
As such CSS is not felt to be a viable method of preserving organs following DCDD.

3.1 Modern CSS Technology

While traditional CSS has been accomplished using ice and an insulated portable cooler, new CSS
devices have been developed to improve the cold preservation of organs. The SherpaPak (Paragonix
Technologies, MA, USA) was designed to provide an environment that maintains a stable optimal
temperature between 4-8°C, with the donor heart affixed to a connector and temperature probe
before being suspended within a cannister containing cold cardioplegia. The cannister is then
surrounded by disposable cooling packs and is designed to be easily transported while maintaining
a stable temperature (Figure 1) [17, 28].
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Figure 1 SherpaPak. (Image courtesy of Paragonix Technologies, Inc. All rights reserved.).
A — Paragonix SherpaPak, showing all components of the system. B — Heart suspended
in cardioplegia-containing cannister.

SherpaPak has shown potential to improve organ preservation in clinical practice. In a single-
centre retrospective study examining short-term outcomes in 34 patients following use of the
SherpaPak, a 0% incidence of severe PGD was found, with 25/34 patients (74%) having no evidence
of any PGD. In this study, however, there was no comparison made to transplants performed with
regular CSS [29]. Results published from the GUARDIAN-Heart registry, an industry-funded
retrospective review of patients undergoing heart transplantation using either CSS or SherpaPak,
showed mixed results for its use. Recipients of hearts preserved with SherpaPak were less likely to
have severe PGD (both in the overall and propensity-matched cohort), however there was no
difference in 30-day or 1-year survival following transplantation. For recipients of transplants where
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the ischaemic time was longer than 4 hours the use of SherpaPak resulted in a decreased rate of
severe PGD and increased 30-day survival, however there was no difference in one-year survival [30].
These findings indicate there may be a role for SherpaPak for organs with longer ischaemic times,
however its benefit in day-to-day practice remains uncertain and it has not yet achieved widespread
use in place of traditional CSS.

4. Hypothermic Machine Perfusion

Hypothermic Machine Perfusion (HMP), most commonly referring to Hypothermic Oxygenated
Perfusion (HOPE) or non-ischaemic hypothermic perfusion (NIHP), involves the perfusion of the
organ at cold temperatures with an oxygenated perfusate, aiming to combine the known protective
benefit of hypothermia while reducing the obligatory ischaemic insult that occurs during the organ
retrieval and transport process. The use of HMP has allowed for the recovery and use of donor hearts
with significantly prolonged ischaemic times, longer than would have been possible through
standard CSS [31, 32]. Another variant of HMP involves the use of deoxygenated perfusate and this
is referred to as hypothermic deoxygenated (nitrogenated) perfusion (HNPE), however this is not
used in clinical cardiac preservation.

4.1 XVIVO Heart Assist Transport (XHAT)

Currently the only available option for HMP is the XHAT, previously known as the XVIVO Heart
Perfusion System (XVIVO Perfusion AB, Gothenburg, Sweden), seen in Figure 2. This consists of the
XVIVO Heart Assist Transport, XVIVO Heart Assist Transport Perfusion Set (XHATPS), XVIVO Heart
Solution (XHS), and XVIVO Heart Solution Supplement (XHSS) [31]. The perfusion system is
automatic with pressure-controlled flow, an automatic gas exchange system supplied by a 95%
oxygen/5% carbon dioxide gas cylinder, a leukocyte arterial filter, cooler unit, batteries, and software
to run the system and provide user feedback on perfusion [33, 34]. The perfusion solution used
within the XHAT is an albumin-based, hyper-oncotic, cardioplegia solution that is supplemented with
a cocktail of brain death hormones (XHSS) and meropenem. The system is primed with 2.5 litres of
this perfusion solution, along with 300 to 500 mL of donated packed red blood cells aiming for a
haematocrit between 10-15% [31]. The packed red blood cells may either be blood group O-
negative, or recipient-matched blood group if this is known at the time of preparing the system.
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Figure 2 XVIVO Heart Assist Transport (XHAT) (Images courtesy of XVIVO Perfusion AB).
A —XVIVO self de-airing cannula with circuit connections and de-airing port. The cannula
is inserted and secured in the ascending aorta, and a silastic tube placed through the
mitral valve. B — XHAT circuit. Red arrows indicate the perfusion circuit with the blue
arrows indicating circuit used for priming, flushing and de-airing. C — XVIVO Heart Assist
Transport.

The donor heart is arrested via infusion of the supplemented heart solution into the aortic root,
with cardiectomy as would be performed for any routine organ retrieval. Following this, the
ascending aorta is cannulated with a self de-airing XVIVO aortic cannula, and a split silastic tube is
placed through the mitral valve into the left ventricle and secured to the left atrial wall (to prevent
distension of the left ventricle during perfusion) [31]. The heart is then submerged into a reservoir
containing the perfusion solution and the aortic cannula is connected to the perfusion circuit, and
following de-airing of the circuit perfusion is commenced. The donor heart is then perfused at a
pressure of 20 mmHg, resulting in a flow of 150—-200 mL/min, at a temperature of 8°C [31, 33, 34].

4.1.1 Development of HMP

Research efforts into the development of HMP have been taking place for many years, with a
research group from The Alfred Hospital (Melbourne, Australia) showing the protective benefits of
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continuous perfusion of a cold crystalloid oxygenated solution in a greyhound DCDD model in 2011
[35], as well as in a human DCDD heart model in 2014 [36].

Further work into the development of HMP was published in 2016 and was performed using a
porcine model of brain death and heart transplantation with an early version of the XHAT. After the
establishment of brain death, the porcine heart was excised, connected to the perfusion circuit, and
perfused for 24 hours. The protocol for perfusion in these early experiments involved 15 minutes of
perfusion, followed by 60 minutes of non-perfusion (i.e., perfused for 20% of the time). Following
perfusion the heart was then transplanted into a recipient pig, with all 10 animals in the experiment
able to be weaned from CPB. A control group was included with three hearts preserved via CSS
(preserved at 4°C with St Thomas solution for 24 hours). None of these three hearts were able to be
weaned from CPB, with the animals dying after one hour despite high dose vasoactive support [33].
Subsequent work from the same research group found that there was preservation of endothelium-
dependent relaxation and contraction, as well as preservation of coronary smooth muscle
contraction following a perfusion time of 8 hours [37].

HMP also appears to induce a degree of donor heart immunodepletion, in addition to the
immunodepletion provided by the leukocyte arterial filter present in the XHAT. In six pig hearts that
were perfused with HMP for eight hours, there was decreased phosphorylation of six proteins linked
to IRI—STAT2, STAT5a/5b, STAT6, CREB, and WNK1. There was also a decreased level of nine proteins
known to be linked to cell death pathways, including p53, TNF receptor 1, and pro-caspase 3, and
on histological examination there was no evidence seen of ischaemic or endothelial disruption.
Following transplantation of the hearts preserved with HMP, there was also found to be reduced
recipient leukocyte recruitment into the graft compared to organs preserved with CSS [38].

Further animal studies performed using an ovine model of heart transplantation showed that
organs preserved using HMP were more likely to be weaned from bypass, required less vasoactive
support, and had lower blood lactate levels compared to transplants performed using CSS. In these
studies the period of CSS was two hours compared to two separate HMP groups — two hours HMP
and eight hours HMP [34], demonstrating the protective benefit HMP had in hearts preserved for
longer periods than would usually be accepted in clinical practice.

4.1.2 Evidence for Use of HMP

The first in-human clinical use of HMP was published in 2020 as a non-randomised trial comparing
the outcomes following heart transplantation of 6 patients who received a heart preserved with
XVIVO HMP compared to 25 patients who received a heart preserved with routine CSS. The median
total preservation time in the HMP group was 223 minutes, with a median perfusion time of 140
minutes, compared to a median ischaemic time of 194 minutes in the CSS group. The primary
composite outcome was defined as freedom from severe PGD within 24 hours post-transplant,
freedom from use of extracorporeal membrane oxygenation (ECMO) within seven days post-
transplant, and freedom from acute cellular rejection (ACR) greater or equal to Grade 2R. All six
patients in the HMP group remained free of the primary composite outcome, compared to 18
patients (72%) in the CSS group. While the patients in the HMP group were more likely to require
renal replacement therapy immediately following transplantation, no patients had persisting renal
impairment at later follow-up [39].
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The recently published HOPE Study provided strong clinical evidence for the benefit of HMP for
donor hearts with long preservation times [31]. This was a single-arm, multicentre non-randomised
trial on donor hearts with a projected preservation time of 6-8 hours. It was deemed to be unethical
to randomise patients to transplantation with CSS with an ischaemic time >6 hours, so patient
outcomes were compared to historical International Society of Heart and Lung Transplantation
(ISHLT) Registry data. Thirty-six patients were included in the study, of which 29 had a long
preservation time >6 hours. The median preservation time in this long preservation cohort was 414
minutes, with the longest preservation time being 527 minutes [32] and 4 hearts travelling greater
than 3,000 km (1864 miles) from donor hospital to recipient hospital. The primary outcome was
severe PGD and secondary graft dysfunction (SGD), defined by the need for post-transplant
mechanical circulatory support (MCS). Three patients required post-op MCS, 2 in the long-
preservation arm and 1 in the short preservation arm. One of the cases in the long-preservation arm
was deemed to have severe PGD requiring a temporary right ventricular assist device (VAD), with 1
patient from each arm developing severe SGD (1 due to mechanical right ventricular outflow tract
obstruction, the other due to pre-existing non-obstructive right coronary artery disease). There was
no 30-day mortality of any patients enrolled in the trial, which contrasted strongly to the comparison
ISHLT Registry data showing increasing rates of 30-day all-cause mortality with increasing
preservation time.

4.2 Benefits

The use of HMP offers significant benefits to both transplant recipients and the transplant surgical
team. As shown in the HOPE study [31, 32] preservation of donor hearts can be extended beyond 8
hours without the development of fatal PGD allowing for the acceptance, transport, and
transplantation of hearts that previously would be unable to be retrieved with CSS due to the risk of
development of PGD. A recently published case report described the successful transplantation of a
heart retrieved in the French West Indies and transplanted in Paris, with a total preservation time of
12 hours and 6 minutes [40]. This means that despite the significant distances present between
cities in Australia and New Zealand, as well as in North America including Canada and the United
States of America (USA), there is no longer a donor heart that cannot be transported to a transplant
centre and even raises the possibility of trans-Atlantic organ retrieval and transplantation occurring.

The use of HMP may also allow for friendlier surgical operating times, allowing for the heart to
be “parked” at the recipient hospital on the machine and for the implant to occur during daylight
hours. The ability to have long preservation times also provides a buffer to surgeons in the case of
complex congenital or re-do transplant surgeries, as well as VAD-explant transplant surgeries. HMP
was also used in the world-first xenotransplantation of a genetically modified porcine heart [41].
More recently, a world-first report of three successful human heart transplants from DCDD donors
using HMP following direct procurement of the DCDD heart has been reported [42].

4.3 Limitations

Despite the benefit of perfusing donor organs with an oxygen-rich perfusate, there is no ability
to assess the functionality of organs following retrieval with HMP. Thus, there remains a “leap of
faith” that must be taken when implanting an organ into a patient following DCDD that has not had
its functionality assessed.
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HMP has been used for DCDD kidney transplantation successfully, with kidneys preserved with
HMP showing decreased rates of delayed graft failure and higher creatinine clearance 1-month post
transplantation compared to kidneys preserved with CSS [43]. Oxygenated perfusate has also shown
benefit in DCDD kidney transplants, with kidneys preserved with HOPE showing increased function
and lower rates of graft failure 12-months post-transplant compared to kidneys preserved with
HNPE [44].

Animal studies have been performed examining the impact of HMP for DCDD heart
transplantation. In a murine model simulating DCDD, hearts were preserved for 30 minutes with
either CSS, HOPE or HNPE, before being reperfused ex-vivo. The hearts preserved via HOPE were
found to have higher CO compared with CSS and HNPE [45], with further work from the same group
showing there appears to be preservation of endothelial nitric oxide production in heart preserved
with HOPE [46]. A porcine DCDD transplant model has been used to assess the impact of the XVIVO
Heart Perfusion System, comparing 2 hrs CSS to 3 hrs HMP. Following transplantation all hearts were
able to be weaned from CPB (excluding hearts that suffered technical issues), however it was noted
the hearts preserved with HMP were able to be weaned quicker than those preserved with CSS. The
HMP group was found to have preserved contractile function after storage and transplantation,
particularly in hearts retrieved via a direct procurement protocol [27]. Further animal studies are
also being carried out within our own research group regarding the feasibility of using HMP for DCDD
heart transplantation.

Early work with HMP has shown significant benefit in allowing the retrieval and transplantation
of hearts previously unable to be accepted, and within our own institution participation in the HOPE
trial has changed our clinical practice and led to an increase in the number of transplants able to be
performed. It remains unclear if there would be any benefit in using HMP instead of CSS in cases
where short ischaemic times are anticipated, however, given known issues with cold static storage
further research is warranted to answer this question.

The financial impact of using currently commercially available HMP systems, along with NMP
systems must also be considered and may pose a significant challenge to uptake of the technology
worldwide. All machine perfusion technologies will cost more than CSS in terms of consumables
required, however as the technology becomes more developed it is hoped the overall costs will
reduce. In addition, there is likely a financial benefit in allowing staff to operate during normal
working hours (so no overtime rates are required to be paid), and by increasing the number of
transplantations performed the burden on the healthcare system of recurrent hospitalisations of
patients with heart failure will likely be reduced.

5. Normothermic Machine Perfusion

NMP involves the perfusion of the heart with warm oxygenated perfusate, and allows for not
only the reduction of ischaemic insult that occurs during CSS but also the opportunity to assess the
organ ex-vivo prior to organ transplantation. Evaluation of donor hearts for viability occurs via visual
assessment of contractility of the right ventricle, and lactate profile over the duration of perfusion.
While initially an absolute lactate concentration of <5 mmol/L was required for transplantation, it
appears the concentration does not correlate to clinical outcomes and need for post-transplantation
MCS [47]. In our own centre’s clinical practice with DCDD we now accept hearts showing a reduction
in overall lactate levels as well as lactate extraction (venous lactate level being less than the arterial
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lactate level) [48], with post-transplantation MCS rates in our recent experience of 7%. Other
additional biomarkers may have a role in assessing donor heart viability (such as cardiac troponin
I/T, tumour necrosis factor-a, brain natriuretic peptide) however currently there is limited research
into the clinical utility of these markers [49].

5.1 TransMedics Organ Care System

NMP is currently performed via the use of the Organ Care System (OCS) Heart System
(TransMedics, Andover, Massachusetts, USA), the only commercially available device (Figure 3). This
is composed of a portable heart console with wireless controller and pulsatile perfusion pump, a
disposable single-use heart perfusion set, and heart solution that is used to prime the circuit along
with 1.2-1.5 L of donor blood [48, 50-52]. The OCS functions by pumping warm oxygenated blood
retrogradely into the aorta, perfusing the coronary arteries, and coronary sinus effluent flow is
ejected via the right ventricle into a catheter secured into the pulmonary artery, with blood returned
to the reservoir. The flow of warm blood allows the heart to be reanimated ex-vivo on the OCS,
preserving the heart in the warm, near-physiologic state during transportation. The wireless
controller displays system information during the preservation period including aortic pressure,
coronary flow rate, temperature, and oxygen saturations. The controller allows for alterations to the
rate of infusions of adrenaline and OCS Maintenance Solution to help ensure flow parameters
remain in the recommended ranges (mean aortic pressure 65-90 mmHg, mean coronary flow 650-
850 mL/min) [52-54].

§U¥ TransMedics
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Figure 3 TransMedics OCS Heart System [55].
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Organ procurement techniques vary slightly between DNDD and DCDD donors. In DNDD
procurement starts as usual with opening of the pericardium and visual assessment of biventricular
function and palpation of the coronary arteries, however just prior to cross-clamp application and
arrest of the donor heart, 1.2-1.5 L of donor blood is collected and used to prime the perfusion
module. In DCDD donors, blood collection is performed as soon as possible after opening the
sternum via a cannula inserted into the right atrium, with donor blood collected in a heparin-primed
bag [52]. Since 2020 our institution has also added tirofiban to the bag (in addition to heparin) to
help prevent platelet clotting of the leucocyte filter [48]. Following blood collection an aortic cross-
clamp is applied and the heart flushed with cardioplegia solution, allowing for cessation of
circulation in DNDD donors, and cooling and organ preservation in both DCDD and DNDD donors.
Cardiectomy is performed and on a back table the aorta and pulmonary arteries are cannulated, an
LV vent is inserted into the left atrium, and the superior vena cava and inferior vena cava are sutured
closed. Following this, the heart is mounted on the OCS device and perfusion of warm blood is
commenced [50].

5.1.1 History and Experience with NMP

The first clinical use of NMP was in the PROTECT | trial, a non-randomised trial in which 20
patients underwent transplantation with hearts preserved via the OCS system. All patients reached
the primary endpoint of 30-day survival, and the 6 patients that were transplanted at Papworth
Hospital (Cambridge, United Kingdom) were still alive 5 years following their transplant [54, 56]. The
PROCEED Il trial was the first randomised trial examining the OCS Heart System, with 130 patients
randomly assigned 1:1 either to standard CSS or preservation with the OCS, and was designed as a
non-inferiority trial with a 10% margin. The primary endpoint was 30-day patient and graft survival,
which was reached in 94% of the OCS group and 97% of the CSS group, with non-inferiority shown.
There was no difference found between the groups for secondary endpoints of severe organ
rejection, cardiac-related serious adverse events, or median intensive care unit (ICU) stay [51]. Given
the absence of clear superiority of OCS over CSS, along with the substantial cost, logistical and
technical challenges associated with OCS, its ongoing use in standard-criteria donors was not
pursued, and attention was instead turned to extended-criteria donors (ECD).

The OCS Heart EXPAND Trial was a prospective, multi-centre trial evaluating the OCS device with
ECD. This included donors with an expected ischaemic time of >4 hours, or an expected total
ischaemic time of >2 hours plus one of LV hypertrophy, ejection fraction 40-50%, downtime >20 min,
or donor age >55 years. In the initial report, 75 of the 93 retrieved donor hearts were successfully
transplanted (utilisation rate 81%), with 30-day survival and 6-month survival 94.7% and 88%
respectively [57]. At 2-years, 116 of 138 donor hearts were transplanted (utilisation rate 84%) with
a 2-year survival of 85.3% in these patients compared to 87.8% in patients transplanted with
standard criteria hearts (p = 0.8893) [58]. The success of the OCS EXPAND trial has led to the
publication of case series and reports of OCS being used successfully for multiple marginal donors
and ECD worldwide, with hospitals reporting a 14% increase in the number of heart transplantations
performed [59], and others having successful preservation times of 10 hours with patient survival to
at least 1-year [60].
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5.1.2 NMP in DCDD Donors

The biggest impact of NMP has been in supporting the development of distant procurement and
recovery of donor hearts following DCDD. The first successful clinical heart transplantation was
performed in 1967 by Christiaan Barnard and the team at Groote Schuur Hospital with a heart
donated after circulatory death [2]. At that time, brain death criteria did not exist, and early
transplantation was carried out with donors and recipients co-located in adjacent operating theatres
[61]. Subsequent development of brain death legislation led to DNDD becoming standard for heart
transplantation. However, the ongoing desire to increase the potential donor pool and number of
patients able to be helped with heart transplantation, along with a progressive increase in the
number of organs (kidney, liver, lungs) retrieved following DCDD, has led to ongoing efforts to make
heart transplantation following DCDD viable.

Following extensive pre-clinical studies performed by our research group examining methods to
improve cardioprotection [23, 62-65], the world’s first heart transplants performed with distant
procurement of hearts donated after circulatory death was performed in 2014 at St Vincent’s
Hospital Sydney (Sydney, Australia) [66]. Since that time, our group has published its experience and
improvements in technique, and we most recently completed our 100" successful DCDD heart
transplant [48, 50]. The successful development of heart transplantation following DCDD donation
has led to a dramatic increase in the number of heart transplantations performed with excellent
patient outcomes reported worldwide.

Our own institution’s experience of 74 DCDD transplants showed an overall survival of 94% at 1-
year and 88% at 5-years post-transplantation, which was comparable to transplantations performed
from DNDD donors over the same period (87% 1-year survival, 81% 5-year survival, p = 0.31). Overall,
16% of patients who underwent transplantation from DCDD donors required ECMO post-transplant
for severe PGD, however this rate decreased to 8% in our contemporary transplant cohort [48].

A randomised trial in the USA comparing DCDD with OCS to DNDD transplantation with standard
CSS showed a 6-month survival of 94% for DCDD compared to 90% in the DNDD group (p < 0.001 for
non-inferiority) in the as-treated groups, with 80 patients in the DCDD group and 86 patients in the
DNDD group. However, patients in the DCDD group were more likely to develop severe PGD
compared to patients in the DNDD group (15% vs 5%) [67]. A United Kingdom retrospective cohort
study of 50 DCDD transplants performed with the TransMedics OCS showed a 30-day survival of 94%
compared to 93% for 179 DNDD transplants that occurred over the same period (p = 0.72), and a
similar 1-year survival rate between the two groups (84% for both groups, p = 0.91). There was,
however, a significantly higher rate of ECMO support post transplantation (40% DCDD vs 16% DNDD,
p = 0.0006) [68].

5.2 Benefits

The impact NMP has had on the rate of transplantation has been sizeable, with the combination
of published series and our institutional experience reporting nearly 500 DCDD transplantations
performed with the OCS, offering a lifechanging transplantation to patients that would otherwise
not be possible [48, 67-69]. This has led to an increase in the heart transplant donor pool by around
30% [48, 68, 70], in addition to hearts retrieved from DNDD donors that are recovered using NMP
and subsequently transplanted.
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5.3 Limitations

NMP, along with HMP, has a significant financial cost associated with it that is not present with
routine CSS. In addition to the cost of consumables, staff require special training to mount hearts to
the TransMedics OCS, and more staff are required to attend donor organ retrievals when NMP is
being used. Hearts preserved with NMP also develop significant myocardial oedema as total
perfusion time increases, however it is unclear if this impacts patient outcomes following
transplantation.

6. Conclusion

The development of machine perfusion technologies has allowed for a significant number of
donor hearts to be retrieved and recovered, enabling the successful transplantation of organs that
would not have been possible with standard CSS. The use of HMP has shown clear benefit for DNDD
donor organs where long ischaemic times would previously have resulted in an unacceptable risk to
the recipient, and NMP has allowed for the development of DCDD heart transplantation,
dramatically increasing the number of transplants able to be performed. Further research is needed
to determine if there is a benefit in using HMP in DNDD donors with short ischaemic times,
particularly given the cost of using these machines, as well as if HMP can be successfully used for
DCDD donors. With ongoing research work into improving donor heart organ preservation, it is
hoped that increased rates of donor heart utilisation will result in any patient who requires a heart
transplantation being able to receive one a timely manner, decreasing wait-list times and improving
patient quality of life.
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ACR acute cellular rejection

co cardiac output
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CSS cold static storage
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0cCs Organ Care System

PGD primary graft dysfunction
SGD secondary graft dysfunction
VAD ventricular assist device

XHAT XVIVO Heart Assist Transport

XHATPS  XVIVO Heart Assist Transport Perfusion Set
XHS XVIVO Heart Solution

XHSS XVIVO Heart Solution Supplement

Acknowledgments

The authors would like to thank Brett Goodbun and Linda Gustafsson from XVIVO Perfusion AB
for their assistance with obtaining images of the XVIVO Heart Assist Transport.

Author Contributions

Sanjay Dutta: Conceptualisation, Writing — Original Draft, Writing — Review & Editing. Jeanette E.
Villanueva: Conceptualisation, Writing — Review & Editing. Yashutosh Joshi: Conceptualisation,
Writing — Review & Editing. Ling Gao: Conceptualisation, Writing — Review & Editing. Paul Jansz:
Conceptualisation, Writing — Review & Editing. Peter S. Macdonald: Conceptualisation, Writing —
Review & Editing, Supervision.

Funding

Sanjay Dutta is supported by a National Health and Medical Research Council (NHMRC)
Postgraduate Scholarship (2030847). Yashutosh Joshi is supported by a National Heart Foundation
of Australia Postgraduate Scholarship. The views expressed in this publication are those of the
authors and do not reflect the views of the NHMRC. The funders had no role in the study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests

Yashutosh Joshi and Peter Macdonald have been provided research modules for pre-clinical
studies by both TransMedics and XVIVO Perfusion.

References

1. Freudenberger RS, Kim J, Tawfik I, Sonnenberg FA. Optimal medical therapy is superior to
transplantation for the treatment of class |, Il, and Il heart failure. Circulation. 2006; 114: 1-62-
I-66.

2. Barnard CN. The operation: A human cardiac transplant: An interim report of a successful
operation performed at Groote Schuur Hospital, Cape Town. S Afr Med J. 1967; 41: 1271-1274.

3. Global Observatory on Donation and Transplantation. International report on organ donation
and transplantation activities 2022. Global Observatory on Donation and Transplantation; 2023.
Available from: https://www.transplant-observatory.org/wp-content/uploads/2016/02/2022-
data-global-report VF 2.pdf.

Page 15/20


https://www.transplant-observatory.org/wp-content/uploads/2016/02/2022-data-global-report_VF_2.pdf
https://www.transplant-observatory.org/wp-content/uploads/2016/02/2022-data-global-report_VF_2.pdf

OBM Transplantation 2024; 8(3), doi:10.21926/obm.transplant.2403222

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Organ and Tissue Authority. Australian Donation and Transplantation Activity Report 2022
[Internet]. Canberra, ACT, Australia: Organ and Tissue Authority; 2022. Available from:
https://www.donatelife.gov.au/sites/default/files/2023-
02/0TA%202022%20Donation%20and%20Transplantation%20Activity%20Report.pdf.
Australia & New Zealand Organ Donation Registry. Organ waiting list [Internet]. Adelaide,
Australia: Australia & New Zealand Organ Donation Registry; 2022. Available from:
https://www.anzdata.org.au/anzod/publications-2/organ-waiting-list/.

Taylor DO, Edwards LB, Boucek MM, Trulock EP, Keck BM, Hertz MI. The Registry of the
International Society for Heart and Lung Transplantation: Twenty-first official adult heart
transplant report—2004. J Heart Lung Transplant. 2004; 23: 796-803.

Lund LH, Khush KK, Cherikh WS, Goldfarb S, Kucheryavaya AY, Levvey BJ, et al. The Registry of
the International Society for Heart and Lung Transplantation: Thirty-fourth adult heart
transplantation report—2017; Focus theme: Allograft ischemic time. J Heart Lung Transplant.
2017; 36: 1037-1046.

Khush KK, Cherikh WS, Chambers DC, Harhay MO, Hayes D, Hsich E, et al. The International
Thoracic Organ Transplant Registry of the International Society for Heart and Lung
Transplantation: Thirty-sixth adult heart transplantation report—2019; Focus theme: Donor and
recipient size match. J Heart Lung Transplant. 2019; 38: 1056-1066.

Paragonix Technologies. Paragonix SherpaPak Cardiac Transport System [Internet]. Waltham,
MKA: Paragonix Technologies, Inc. Available from:
https://www.paragonixtechnologies.com/sherpapak.

Vela MM, Saez DG, Simon AR. Current approaches in retrieval and heart preservation. Ann
Cardiothorac Surg. 2018; 7: 67-74.

Villanueva JE, Joshi Y, Emmanuel S, Gao L, Macdonald PS. Expanding donor heart utilization
through machine perfusion technologies. Curr Transplant Rep. 2022; 9: 219-226.

Jahania MS, Sanchez JA, Narayan P, Lasley RD, Mentzer RM. Heart preservation for
transplantation: Principles and strategies. Ann Thorac Surg. 1999; 68: 1983-1987.

Chambers DJ, Fallouh HB. Cardioplegia and cardiac surgery: Pharmacological arrest and
cardioprotection during global ischemia and reperfusion. Pharmacol Ther. 2010; 127: 41-52.
Russo MJ, Chen JM, Sorabella RA, Martens TP, Garrido M, Davies RR, et al. The effect of ischemic
time on survival after heart transplantation varies by donor age: An analysis of the united
network for organ sharing database. J Thorac Cardiovasc Surg. 2007; 133: 554-559.

Marasco SF, Esmore DS, Negri J, Rowland M, Newcomb A, Rosenfeldt FL, et al. Early institution
of mechanical support improves outcomes in primary cardiac allograft failure. J Heart Lung
Transplant. 2005; 24: 2037-2042.

John MM, Shih W, Estevez D, Martens TP, Bailey LL, Razzouk AJ, et al. Interaction between
ischemic time and donor age on adult heart transplant outcomes in the modern era. Ann Thorac
Surg. 2019; 108: 744-748.

Copeland H, Hayanga JW, Neyrinck A, MacDonald P, Dellgren G, Bertolotti A, et al. Donor heart
and lung procurement: A consensus statement. J Heart Lung Transplant. 2020; 39: 501-517.
Hendry PJ, Walley VM, Koshal A, Masters RG, Keon WIJ. Are temperatures attained by donor
hearts during transport too cold? J Thorac Cardiovasc Surg. 1989; 98: 517-522.

Larsen T, Solberg S, Johansen R, Jgrgensen L. Effect of cooling on the intracellular concentrations
of Na*, K* and Cl" in cultured human endothelial cells. Scand J Clin Lab Invest. 1988; 48: 565-571.

Page 16/20


https://www.donatelife.gov.au/sites/default/files/2023-02/OTA%202022%20Donation%20and%20Transplantation%20Activity%20Report.pdf
https://www.donatelife.gov.au/sites/default/files/2023-02/OTA%202022%20Donation%20and%20Transplantation%20Activity%20Report.pdf
https://www.anzdata.org.au/anzod/publications-2/organ-waiting-list/
https://www.paragonixtechnologies.com/sherpapak

OBM Transplantation 2024; 8(3), doi:10.21926/obm.transplant.2403222

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Haddad P, Cabrillac JC, Piche D, Musallam L, Huet PM. Changes in intracellular calcium induced
by acute hypothermia in parenchymal, endothelial, and kupffer cells of the rat liver. Cryobiology.
1999; 39: 69-79.

Parolari A, Rubini P, Cannata A, Bonati L, Alamanni F, Tremoli E, et al. Endothelial damage during
myocardial preservation and storage. Ann Thorac Surg. 2002; 73: 682-690.

Hidalgo MA, Mann DJ, Fuller BJ, Green CJ. Effects of depolarizing or non-depolarizing
preservation solutions on human endothelial cells during cold hypoxia. Clin Sci. 1996; 90: 135-
141.

lyer A, Gao L, Doyle A, Rao P, Cropper JR, Soto C, et al. Normothermic ex vivo perfusion provides
superior organ preservation and enables viability assessment of hearts from dcd donors. Am J
Transplant. 2015; 15: 371-380.

Brant SM, Cobert ML, West LM, Shelton JM, Jessen ME, Peltz M. Characterizing cardiac donation
after circulatory death: Implications for perfusion preservation. Ann Thorac Surg. 2014; 98:
2107-2114.

Choong JW, Ou R, Lim YW, Rosenfeldt FL. Cold crystalloid perfusion provides cardiac
preservation superior to cold storage for donation after circulatory death. Transplantation.
2016; 100: 546-553.

Rosenfeldt F, Ou R, Salamonsen R, Marasco S, Zimmet A, Byrne J, et al. A novel combination
technique of cold crystalloid perfusion but not cold storage facilitates transplantation of canine
hearts donated after circulatory death. J Heart Lung Transplant. 2016; 35: 1358-1364.
Moeslund N, Ertugrul IA, Hu MA, Dalsgaard FF, llkjaer LB, Ryhammer P, et al. Ex-situ oxygenated
hypothermic machine perfusion in donation after circulatory death heart transplantation
following either direct procurement or in-situ normothermic regional perfusion. J Heart Lung
Transplant. 2023; 42: 730-740.

Hess NR, Ziegler LA, Kaczorowski DJ. Heart donation and preservation: Historical perspectives,
current technologies, and future directions. J Clin Med. 2022; 11: 5762.

Bitargil M, Haddad O, Pham SM, Goswami RM, Patel PC, Jacob S, et al. Controlled temperatures
in cold preservation provides safe heart transplantation results. J Card Surg. 2022; 37: 732-738.
Shudo Y, Leacche M, Copeland H, Silvestry S, Pham SM, Molina E, et al. A Paradigm shift in heart
preservation: Improved post-transplant outcomes in recipients of donor hearts preserved with
the sherpapak system. Asaio J. 2023; 69: 993-1000.

McGiffin DC, Kure CE, Macdonald PS, Jansz PC, Emmanuel S, Marasco SF, et al. Hypothermic
oxygenated perfusion (HOPE) safely and effectively extends acceptable donor heart
preservation times—Results of the Australian and New Zealand trial. J Heart Lung Transplant.
2024; 43: 485-495.

Emmanuel S, Muthiah K, Tardo D, MacDonald P, Hayward C, McGiffin D, et al. Advances in
cardiac machine perfusion: Exceeding 8 hours from procurement to implant without requiring
extracorporeal membrane oxygenation. J Heart Lung Transplant. 2023; 42: 1766-1767.

Steen S, Paskevicius A, Liao Q, Sjoberg T. Safe orthotopic transplantation of hearts harvested
24 hours after brain death and preserved for 24 hours. Scand Cardiovasc J. 2016; 50: 193-200.
See Hoe LE, Li Bassi G, Wildi K, Passmore MR, Bouquet M, Sato K, et al. Donor heart ischemic
time can be extended beyond 9 hours using hypothermic machine perfusion in sheep. J Heart
Lung Transplant. 2023; 42: 1015-1029.

Page 17/20



OBM Transplantation 2024; 8(3), doi:10.21926/obm.transplant.2403222

35.

36.

37.

38.

309.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Choong JW, Lim YW, Ou R, Salamonsen RF, Rosenfeldt FL. 593 Continuous crystalloid
microperfusion provides cardiac preservation superior to cold storage during prolonged donor
heart preservation. J Heart Lung Transplant. 2011; 30: S199.

Rosenfeldt F, Ou R, Woodard J, Esmore D, Marasco S. Twelve-hour reanimation of a human heart
following donation after circulatory death. Heart Lung Circ. 2014; 23: 88-90.

Qin G, Sjoberg T, Liao Q, Sun X, Steen S. Intact endothelial and contractile function of coronary
artery after 8 hours of heart preservation. Scand Cardiovasc J. 2016; 50: 362-366.

Critchley WR, Stone JP, Liao Q, Qin G, Risnes |, Trafford A, et al. Non-ischemic heart preservation
via hypothermic cardioplegic perfusion induces immunodepletion of donor hearts resulting in
diminished graft infiltration following transplantation. Front Immunol. 2020; 11: 1621.

Nilsson J, Jernryd V, Qin G, Paskevicius A, Metzsch C, Sjoberg T, et al. A nonrandomized open-
label phase 2 trial of nonischemic heart preservation for human heart transplantation. Nat
Commun. 2020; 11: 2976.

Lebreton G, Leprince P. Successful heart transplant after 12 h preservation aboard a commercial
flight. Lancet. 2024; 403: 1019.

Griffith BP, Goerlich CE, Singh AK, Rothblatt M, Lau CL, Shah A, et al. Genetically modified
porcine-to-human cardiac xenotransplantation. N Engl J Med. 2022; 387: 35-44.

Brouckaert J, Vandendriessche K, Degezelle K, Van De Voorde K, De Burghgraeve F, Desmet L, et
al. Successful clinical transplantation of hearts donated after circulatory death using direct
procurement followed by hypothermic oxygenated perfusion: A report of the first 3 cases. J
Heart Lung Transplant. 2024. doi: 10.1016/j.healun.2024.07.018.

Jochmans I, Moers C, Smits JM, Leuvenink HG, Treckmann J, Paul A, et al. Machine perfusion
versus cold storage for the preservation of kidneys donated after cardiac death: A multicenter,
randomized, controlled trial. Ann Surg. 2010; 252: 756-764.

Jochmans |, Brat A, Davies L, Hofker HS, van de Leemkolk FE, Leuvenink HG, et al. Oxygenated
versus standard cold perfusion preservation in kidney transplantation (COMPARE): A
randomised, double-blind, paired, phase 3 trial. Lancet. 2020; 396: 1653-1662.

Wyss RK, Méndez Carmona N, Arnold M, Segiser A, Mueller M, Dutkowski P, et al. Hypothermic,
oxygenated perfusion (HOPE) provides cardioprotection via succinate oxidation prior to
normothermic perfusion in a rat model of donation after circulatory death (DCD). Am J
Transplant. 2021; 21: 1003-1011.

Egle M, Mendez-Carmona N, Segiser A, Graf S, Siepe M, Longnus S. Hypothermic oxygenated
perfusion improves vascular and contractile function by preserving endothelial nitric oxide
production in cardiac grafts obtained with donation after circulatory death. J Am Heart Assoc.
2024; 13: e033503.

Cernic S, Page A, Messer S, Bhagra S, Pettit S, Dawson SN, et al. Lactate during ex-situ heart
perfusion does not predict the requirement for mechanical circulatory support following
donation after circulatory death (DCD) heart transplants. J Heart Lung Transplant. 2022; 41:
1294-1302.

Joshi Y, Scheuer S, Chew H, Ru Qiu M, Soto C, Villanueva J, et al. Heart transplantation from dcd
donors in australia: Lessons learned from the first 74 cases. Transplantation. 2023; 107: 361-
371.

Page 18/20



OBM Transplantation 2024; 8(3), doi:10.21926/obm.transplant.2403222

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Bona M, Wyss RK, Arnold M, Méndez-Carmona N, Sanz MN, Guensch DP, et al. Cardiac graft
assessment in the era of machine perfusion: Current and future biomarkers. ] Am Heart Assoc.
2021; 10: e018966.

Chew HC, lyer A, Connellan M, Scheuer S, Villanueva J, Gao L, et al. Outcomes of donation after
circulatory death heart transplantation in Australia. J Am Coll Cardiol. 2019; 73: 1447-1459.
Ardehali A, Esmailian F, Deng M, Soltesz E, Hsich E, Naka Y, et al. Ex-vivo perfusion of donor
hearts for human heart transplantation (PROCEED ll): A prospective, open-label, multicentre,
randomised non-inferiority trial. Lancet. 2015; 385: 2577-2584.

TransMedics Inc. TransMedics Organ Care System OCS Heart User Guide [Internet]. Andover,
MA: TransMedics Inc.; 2021. Available from: https://www.fda.gov/media/147298/download.
Pinnelas R, Kobashigawa JA. Ex vivo normothermic perfusion in heart transplantation: A review
of the TransMedics® Organ Care System. Future Cardiol. 2022; 18: 5-15.

Messer S, Ardehali A, Tsui S. Normothermic donor heart perfusion: Current clinical experience
and the future. Transpl Int. 2015; 28: 634-642.

TransMedics Inc. OCS Heart [Internet]. Andover, MA: TransMedics Inc.; 2023 [cited date 2024
March 6]. Available from: https://www.transmedics.com/ocs-heart/.

Tenderich G, El-Banayosy A, Rosengard B, Tsui S, Wallwork J, Hetzer R, et al. 10: Prospective
multi-center European trial to evaluate the safety and performance of the Organ Care System
for heart transplants (PROTECT). J Heart Lung Transplant. 2007; 26: S64.

Schroder JN, D'Alessandro D, Esmailian F, Boeve T, Tang P, Liao K, et al. Successful Utilization of
Extended Criteria Donor (ECD) hearts for transplantation - Results of the OCS™ Heart EXPAND
trial to evaluate the effectiveness and safety of the OCS heart system to preserve and assess
ECD hearts for transplantation. J Heart Lung Transplant. 2019; 38: S42.

Schroder JN, Shah A, Anyanwu A, D'Alessandro D, Streuber M, Mudy K, et al. Increasing
Utilization of Extended Criteria Donor After Brain Death (DBD) hearts seldomly used for
transplantation in the U.S. due to limitation of ischemic cold storage - 2-year results of the OCS
Heart EXPAND Prospective Multi-Center Trial (OCS Heart EXPAND). J Heart Lung Transplant.
2022; 41: S73.

Wong Y, Maddicks-Law J, Raymond P, Davidson M, Thomson B, Sharma V, et al. Real world
experience with transmedics organ care system in cardiac transplantation with donor organs
associated with marginal risk factors. J Heart Lung Transplant. 2021; 40: $195-S196.

Stamp NL, Shah A, Vincent V, Wright B, Wood C, Pavey W, et al. Successful heart transplant after
ten hours out-of-body time using the TransMedics Organ Care System. Heart Lung Circ. 2015;
24:611-613.

Windsor HM. A heart transplantation: 3. Surgical and postoperative surgical aspects. Med J Aust.
1969; 1: 666-670.

lyer A, Gao L, Doyle A, Rao P, Jayewardene D, Wan B, et al. Increasing the tolerance of DCD
hearts to warm ischemia by pharmacological postconditioning. Am J Transplant. 2014; 14: 1744-
1752.

Gao L, Hicks M, MacDonald PS. Improved preservation of the rat heart with celsior solution
supplemented with cariporide plus glyceryl trinitrate. Am J Transplant. 2005; 5: 1820-1826.
Watson AJ, Gao L, Sun L, Tsun J, Doyle A, Faddy SC, et al. Enhanced preservation of pig cardiac
allografts by combining erythropoietin with glyceryl trinitrate and zoniporide. Am J Transplant.
2013; 13: 1676-1687.

Page 19/20


https://www.fda.gov/media/147298/download
https://www.transmedics.com/ocs-heart/

OBM Transplantation 2024; 8(3), doi:10.21926/obm.transplant.2403222

65.

66.

67.

68.

69.

70.

Watson AJ, Gao L, Sun L, Tsun J, Jabbour A, Ru Qiu M, et al. Enhanced preservation of the rat
heart after prolonged hypothermic ischemia with erythropoietin-supplemented Celsior
solution. J Heart Lung Transplant. 2013; 32: 633-640.

Dhital KK, lyer A, Connellan M, Chew HC, Gao L, Doyle A, et al. Adult heart transplantation with
distant procurement and ex-vivo preservation of donor hearts after circulatory death: A case
series. Lancet. 2015; 385: 2585-2591.

Schroder JN, Patel CB, DeVore AD, Bryner BS, Casalinova S, Shah A, et al. Transplantation
outcomes with donor hearts after circulatory death. N Engl J Med. 2023; 388:2121-2131.
Messer S, Rushton S, Simmonds L, Macklam D, Husain M, Jothidasan A, et al. A national pilot of
donation after circulatory death (DCD) heart transplantation within the United Kingdom. J Heart
Lung Transplant. 2023; 42: 1120-1130.

Hess NR, Hong Y, Yoon P, Bonatti J, Sultan I, Serna-Gallegos D, et al. Donation after circulatory
death improves probability of heart transplantation in waitlisted candidates and results in post-
transplant outcomes similar to those achieved with brain dead donors. ) Thorac Cardiovasc Surg.
2024; 167: 1845-1860.

Jawitz OK, Raman V, DeVore AD, Mentz RJ, Patel CB, Rogers J, et al. Increasing the United States
heart transplant donor pool with donation after circulatory death. J Thorac Cardiovasc Surg.
2020; 159: e307-e309.

Page 20/20



