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Abstract

Purpose of review With increasing survival of patients with stage D heart failure, the
demand for heart transplantation has increased. The supply of donor hearts remains
relatively limited. Strategies have been investigated and new technologies have been
developed to expand the current donor pool. These new approaches will be discussed
herein.
Recent findings Donor hearts are often considered “marginal” due to risk factors such as
older age, size mismatch with the intended recipient, prolonged ischemic time, presence
of left ventricular hypertrophy, and hepatitis B/C infection. We reviewed recent data
regarding the use of donor hearts with these risk factors and suggest ways to safely
liberalize current donor heart acceptance criteria. New technologies such as temperature-
controlled transport systems and ex vivo cardiac perfusion methods have also demon-
strated promising short-term and intermediate outcomes as compared with routine cold
storage, by promoting heart preservation and enabling heart procurement from remote
sites with shorter cold ischemic time. Recent use of hearts from donation after circulatory
death donors has demonstrated comparable outcomes to conventional donation after
brain death, which can further expand the current donor pool.
Summary Careful selection of “marginal” donor hearts, use of ex vivo cardiac perfusion,
and acceptance of hearts after circulatory death may expand our current cardiac donor
pool with comparable outcomes to conventional donor selection and preparation
methods.
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Introduction

With the advancement in heart failure therapies and
mechanical circulatory support, more patients are now
surviving with stage D heart failure. Heart transplanta-
tion is the final option for patients with heart failure
refractory tomedical or device-based therapies. The chal-
lenge facing the increasing demand for heart transplan-
tation is the limited donor organ supply. Society guide-
lines [1] and consensus statement [2] have been

published to aid with optimal donor selection in order
to best utilize the scarce organ supply. Recently, there
has been a growing interest in expanding the standard
donor pool by accepting marginal donor hearts, incor-
porating novel transport systems to allow for remote
procurement, and recommencement of donation after
circulatory death. This article will explore recent ap-
proaches to expand the cardiac donor pool (Fig. 1).

Donor selection

Different characteristics of cardiac organ donors have been studied to under-
stand their impact on post-transplant outcomes.

Donor age
Expansion of the donor pool has resulted in the use of the hearts from older
donors. A recently published ISHLT Thoracic Transplant Registry report showed
that median donor age worldwide increased from 31 to 35 years from the
1992–2000 era to the 2010–2018 era [3••]. This was largely driven by an
increase in donor age in Europe. It was observed that younger donor hearts
are associated with improved recipient 1-year survival and survival to 5 years
(conditional on survival to 1 year). On further analysis, younger donor age
appeared to benefit recipients who are at least 40 years of age, but not younger
recipients [3••]. In a contemporary multicenter series including more than
2000 patients from 8 Spanish hospitals, Roig and colleagues [4] also reported

Fig. 1. Summary of new approaches to cardiac donor selection and preparation. LVH, left ventricular hypertrophy; HBV, hepatitis B;
HCV, hepatitis C.
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that donor age ≥ 50 years is associated with higher incidence of cardiac allograft
vasculopathy (CAV) at 5 years (RR 1.67).

Therefore, donor age ≥ 50 years portends a higher risk for CAV development
and worse recipient survival. However, with the increased demand for donor
hearts and a limited donor pool, treating clinicians must weigh the increased
risk of accepting an older donor heart against the risk of remaining on the wait
list and its associated morbidity and mortality.

Donor/recipient size matching
Undersized transplanted hearts could be disadvantaged compared to size-
matched hearts. An undersized heart, for example, may require a higher heart
rate to maintain adequate cardiac output due to smaller stroke volume [5]. In
addition, for patients with mild to moderate pulmonary arterial hypertension,
oversized donor hearts were often preferred, as it was believed that a larger heart
may better tolerate higher pulmonary arterial pressures [6]. After reviewing the
UNOS registry from 2007 to 2016, Kransdorf and colleagues [7•] that reported
the donor/recipient predicted heart mass (PHM) ratio ≤ 0.86 conferred in-
creased 1-year mortality post-transplant (HR 1.34). They did not find differ-
ences in 1-year survival post-transplant for recipients with undersized donors
based on height, weight, BMI, or BSA [7•].

Recently, the ISHLT 2019 Thoracic Transplant Registry report ana-
lyzed data on donor/recipient size matching by PHM and found that
donor/recipient size mismatch was associated with increased recipient
mortality [8••]. Both undersized (greater than − 10% PHM mismatch)
and oversized (greater than + 10% PHM mismatch) donor hearts were
associated with increased 1 year mortality [8••]. It is possible that the
association between oversizing and increased mortality may be due to
selection bias, with preferential use of oversized donor hearts for high-
risk recipients such as those with pulmonary hypertension.

Ischemic time
As donor hearts are procured from more remote locations, the cold ischemic time
lengthens. Furthermore, after the US Organ Procurement and Transplantation
Network revised the adult heart allocation system in 2018, the number of heart
transplants increased [9], with a concurrent increase in median distance between
donor and recipient centers from 83 to 216 miles [9]. With donor hearts procured
frommore remote locations, it was reported that themean total ischemic increased
from3.0 to 3.4 h (P G .001) [9]. A recent ISHLT registry report showed that ischemic
timeG 4 h is associated with improved recipient 30-day and 5-year survival com-
pared to longer ischemic time. The survival curves between shorter and longer
ischemic time diverge within the first few months, suggesting that ischemic time
mostly impacts short-term post-transplant survival [10].

Presence of donor left ventricular hypertrophy
The use of donor hearts with left ventricular hypertrophy (LVH) has yielded mixed
results in terms of recipient outcomes. Kuppahally and colleagues [11] reported that
recipients of donor hearts with LVH (≥1.2 cm) had worse survival and higher
incidence of CAV. Subsequently, Pinzon and colleagues [12] reviewed the UNOS
database between 2006 and 2010 with almost 3000 recipients and stratified donor
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hearts into groups without LVH (G 1.1 cm), with mild LVH (1.1 to 1.3 cm), and
moderate-severe LVH (≥1.4 cm). They found similar 30-day and 1-year survival
across recipients from all three groups. However, the hearts from donors with
additional risk factors such as older age or prolonged cold ischemic time (≥ 4 h)
had worse survival [12], suggesting an interaction between LVH and other donor
risk factors.

The 2010 ISHLT guidelines for the care of heart transplant recipients state
that using hearts from donors with LVH with wall thickness G 1.4 cm and
without accompanying ECG findings of LVH may be appropriate (Class IIa
recommendation) [1].

Donor left ventricular dysfunction
Donor hearts with regional wall motion abnormalities or left ventricular dysfunc-
tion are often declined for transplant [13]. However, donor hearts with initial left
ventricular dysfunction often demonstrate functional recovery during donor man-
agement [14]. This is thought to be due to the catecholamine surge after brain death
which can cause transient LV dysfunction that is highly reversible [15]. Chen and
colleagues [16] reviewed the UNOS database and studied clinical outcomes of
recipients of donor hearts with three categories of left ventricular function, as
measured by the ejection fraction (EF): EFG 40%, EF 40–50%, and EF≥50%. All
recipient groups were found to have a similar incidence of postoperative stroke,
primary graft failure, pacemaker requirement, acute rejection, andmortality at 1 year.
Importantly, LV function normalized post-transplant in recipients of hearts with LV
dysfunction. This study demonstrated that carefully selected donor hearts with left
ventricular dysfunction can be used safely for transplantation.

Donor biomarkers
Biomarkers are not used routinely in donor selection. However, some biomarkers
are nevertheless drawn during donor management, including troponin, natriuretic
peptides, and several inflammatorymarkers. Prior studies have explored association
of various levels of the above biomarkers with transplant outcomes.

Troponin
Troponin levels correlate to the degree of myocardial damage [17]. The catechol-
amine surge associated with brain death may cause transient myocardial ischemia
and injury, resulting in elevated cardiac troponin levels [18]. Troponin levels in
donors with subarachnoid hemorrhage were found to be elevated and were asso-
ciatedwith left ventricular dysfunction; however, the left ventricular dysfunctionwas
largely reversible and was not associated with post-transplant outcomes [19, 20]. A
study of the UNOS database showed that receipt of a donor heart with an elevated
troponin level in the context of preserved left ventricular functionwas not associated
with primary graft failure, CAV, ormortality [21]. These findings suggest that cardiac
troponin levels may not be a good indicator of donor heart suitability for trans-
plantation in the setting of preserved ventricular function.

Natriuretic peptides
B-type natriuretic peptide (BNP) and N-terminal pro-B-type natriuretic peptide
(NT-proBNP) are used for heart failure diagnosis and prognostication. These
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peptides are released in response to increased ventricular wall stress. An elevated
NT-proBNP level has been found to be correlated with donor left ventricular
dysfunction [22]. Higher donor BNPwas also found to be correlated with lower
cardiac output 12 days post-transplant and longer hospital stay [23]. Large
studies are needed to further investigate the utility of donor natriuretic peptide
levels for donor selection.

Donors with infection
The section examines infectious diseases of interest in cardiac donor selection in
the modern era.

Donors with hepatitis B
Hepatitis B (HBV) infection is common worldwide; however, the prevalence
varies geographically, with low rates in the United States and Western Europe
and high rates in Southeast Asia and sub-Saharan Africa. HBV is unlikely to be
transmitted with cardiac transplantation [24–26], as the majority of recipients
have received vaccination or are treated with prophylactic lamivudine after
transplantation. In one study, only 1 of 33 patients who did not receive
prophylactic lamivudine or did not have prior immunity developed HBV
viremia after receiving a heart from an HBV core antibody positive donor
[25]. Notably, of the remaining 32 patients, 5 received lamivudine prophylaxis,
7 had prior HBV immunity, and the remainder had neither, and they all did not
develop HBV. Therefore, the hearts from HBV-infected donors may be safely
used for transplant, especially if recipients receive prior HBV vaccination or
lamivudine prophylaxis.

Donors with hepatitis C
Hepatitis C (HCV) infection is another common blood-borne infection in the
United States. A recent review of the Scientific Registry of Transplant Recipients
(SRTR) database revealed that between 2000 to 2017, the 4th most common
donor cause of death was from drug overdose (10.8%) due to the on-going
opioid epidemic. Overdose-death donors are more likely to be HCV positive
(1.3% vs 0.2%) [27].

HCV infection is likely to be transmitted from HCV viremic donors to
recipients, with transmission rates from 80 to 100% [28, 29]. A review of the
SRTR data from 1994 to 2003 found that recipients of HCV-positive donor
hearts have higher short-term and long-term mortality, are more likely to
develop CAV (8.8% vs 3.6%), and are at increased risk of dying from liver
disease (13.7% vs 0.4%) [30], compared to recipients of HCV-negative hearts.
Similar findings were reported from a more recent SRTR analysis from 1995 to
2013 which showed that HCV-negative recipients of HCV-positive donor hearts
have increased mortality (HR 1.78) and a higher incidence of graft failure
causing death or re-transplantation [31].

Prior to 2014, the mainstay of HCV treatment was interferon-based, which was
associated with cardiotoxicity and increased risk of acute rejection [32, 33]. Since
2014, several direct-acting antiviral drugs have been developed to treat HCV. These
drugs are well tolerated and may achieve a sustained virologic response of up to
99% at 12 weeks [34]. Initial studies of sofosbuvir-based direct-acting antiviral drug
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regimens in liver and kidney transplant recipients with HCV demonstrated encour-
aging results with high sustained virologic response (87 to 100%) and minimal
interaction with transplant immunosuppressive therapies [35, 36]. Given these
promising findings, there has been rapidly growing interest in using hearts from
HCV-positive donors. Several reports have demonstrated similar survival, as well as
similar incidence of acute rejection and malignancy, in recipients of HCV-positive
donor hearts who were treated with direct-acting antivirals after transplant, com-
pared to those who received HCV-negative donor organs [37, 38]. The largest study
to date is a prospective observational cohort from Vanderbilt University that report-
ed outcomes on 80 recipients of HCV-positive donor hearts from 2016 to 2019
[39••]. These recipients had excellent survival at 30days (92%) and at 1 year (90%),
comparable to recipients of HCV-negative donors [39••]. In addition, treatment
with direct-acting antivirals resulted in 100% sustained virologic response at
12 weeks despite immunosuppression. However, the incidence of cardiac allograft
vasculopathy at 1-year in recipients of HCV-positive donor hearts was increased
(31% vs 15%), with themajority (78%) having CAV grade 1 [39••]. The Vanderbilt
group also reported a trend towards higher incidence of severe primary graft
dysfunction in recipients of HCV+ donor hearts. They attributed this observation
to the fact that HCV-positive hearts were preferentially offered to candidates with
critical illnesswhowere receivingmechanical circulatory support,which is also a risk
factor for primary graft dysfunction [39••]. These findings suggest that utilization of
hearts from HCV-positive donors is safe and feasible and represents an important
way to expand the donor pool in the modern era. Further studies are needed to
better understand long-term outcomes after transplantation of HCV-positive donor
hearts.

Donors with HIV
Currently, cardiac transplantation from donors with HIV is restricted to research
protocols. A case of unintentional HIV transmission due to laboratory error was
reported [40]. The recipient received antiretroviral therapy within 48 h post-
transplant andwas alive andwell at 4 years. A study involving 27 kidney transplants
fromHIV-positive donors toHIV-positive recipients demonstrated short-term safety
[41]. Due to a multitude of ethical implications, research in this area will likely be
limited.

Donor selection during the COVID-19 pandemic
Given the uncertainty of donor COVID-19 infection on transplant outcomes,
patients with COVID-19 infection are excluded from organ donation. It has been
recommended that COVID-19 risk assessment be implemented by obtaining
targeted donor travel and social history and COVID-19 testing during donor
management [42].Depending on the trajectory of the pandemic and immunization
status, donor selection criteria regarding COVID-19 infection may evolve.

Donor management

Brain death causes a systemic inflammatory response and neurohormonal
imbalance, which can result in hemodynamic instability and donor organ
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dysfunction. Use of vasoactive therapy and hormonal replacement therapy are
discussed below.

Vasoactive therapy
There are no definitive guidelines for the use of vasoactive therapy in
brain dead donors [43]. However, several studies have investigated the
effects of different vasoactive therapies on donor heart function.

Norepinephrine and epinephrine are often used in the critical care unit for
hemodynamic support. However, norepinephrine and epinephrine may cause
downregulation of beta-adrenergic receptors, and this could theoretically wors-
en donor heart contractility post-transplant [44]. Studies performed to date
have reported divergent results on the impact of norepinephrine and epineph-
rine on donor heart function. Norepinephrine has been reported to be associ-
ated with lower donor right ventricular contractility and poorer recipient sur-
vival [45–47]. On the contrary, a retrospective analysis of German registry data
demonstrated no difference in recipient survival by donor norepinephrine
administration [48]. Currently, use of vasoactive therapy during donor man-
agement varies substantially between donor hospitals and organ procurement
organizations.

Hormonal therapy
Brain death results in deficits in production of endogenous hormones, such as
cortisol, vasopressin, and thyroid hormone. A retrospective cohort study report-
ed that combination hormonal replacement during donor management with
corticosteroids, vasopressin, and thyroid hormone, as compared to no or partial
hormonal replacement, was associated with better recipient 1 year survival
(89.9% vs 83.9%) and reduced incidence of early cardiac allograft dysfunction
(OR 0.52) [49].

Vasopressin level falls after brain death, which can lead to hemodynamic
compromise and a catecholamine surge [50]. Administration of vasopressin
during donor management is postulated to reduce catecholamine requirement
and has been associated with improved donor cardiac function [51]. Further-
more, one study observed improved cardiac index (from 3.18 to
3.72 L min−1 m-2) after substitution of norepinephrine with vasopressin [51];
definitive studies, however, are lacking.

There is conflicting evidence supporting isolated thyroid hormone replace-
ment. While case series have reported a beneficial effect of thyroid hormone
therapy during donor management, placebo controlled trials have not demon-
strated any benefit of isolated thyroid hormone therapy on donor cardiac index
and vasoactive therapy requirements [52].

Donor heart transport
Temperature-controlled donor heart transport

Donor organ transport is one of the final steps in donor management. During
donor organ transport, ischemic injury ensues. Cold storage systems are used to
slow down the ischemic injury process [53]. Traditional cold storage systems
could result in uneven cooling and freeze injury to the donor heart. The novel
SherpaPak cardiac transport system (Paragonix) is the only US Food and Drug
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Administration–approved system that maintains uniform cooling of the donor
heart [54]. Procurement with the SherpaPak involves filling the organ canister
with cold preservation solution. The donor heart is perfused with standard
solution followed by procurement. The procured heart is then anchored in
the organ canister and the organ canister is placed within the outer canister,
which is surrounded by ice packs. The system contains a temperature sensor and
the ice packs maintain a steady temperature of 4 to 8 °C. Naito and colleagues
[54] reported their experience using the SherpaPak to transfer donor hearts with
a transportation time within the SherpaPak of 3 h 25 min and a total ischemic
time of 5 h and 12 min without organ dysfunction. They suggest that the
SherpaPak system could reduce the risk of primary graft failure by optimizing
temperature during transport [54]. Further studies are needed to determine
whether the SherpaPak could expand the donor pool by allowing for longer
ischemic time.

Ex vivo cardiac perfusion
As suggested earlier, prolonged ischemic time, especially 9 4 h, is associated
with early graft dysfunction and reduced recipient survival. Rather than relying
on static cold storage, which is the current standard of care during transport,
organ preservation techniques have been developed that allow for ex vivo
cardiac perfusion in order to preserve donor organ function and expand the
donor pool by enabling procurement from distant locations [55, 56]. Different
methods of ex vivo cardiac perfusion have been described, including normo-
thermic and hypothermic ex vivo perfusion.

The Organ Care System (OCS; Transmedics) is the only normothermic
ex vivo perfusion platform available clinically. It is a portable system allowing
temperature-regulated and oxygenated blood to perfuse the donor heart, which
continues beating and remains metabolically active during transport. In 2015,
the ex vivo perfusion of donor hearts for human heart transplantation (PRO-
CEED II) trial evaluated clinical outcomes when using the OCS compared to
static cold storage for donor heart transport. PROCEED II was a prospective,
open-label, multicenter randomized trial that enrolled 130 donors, with 67
randomly assigned to the OCS arm and the remaining assigned to static cold
storage. Thirty-day recipient and graft survival, adverse events, and severe rejec-
tion rates were found to be similar between the OCS and cold storage groups
[57]. The mean cold ischemic time for the OCS group was 113 min, compared
to 195 min in the control group [57]. A follow-up study of a subset of the
PROCEED II cohort demonstrated no difference in 2-year survival, CAV devel-
opment, and incidence of acute rejection between the two groups [58••]. The
OCS was also studied in the single-arm OCS Heart EXPAND Trial, which
included marginal donors with an anticipated total ischemic time of ≥ 4 h or
≥ 2 h with LVH, EF 40–50%, downtime ≥ 20min, and/or age 9 55 years. With a
mean perfusion time of 6.35 h, recipient short-term survival (95% 30-day and
88% at 6 months) and incidence of graft dysfunction at 24 h after transplant
(10.7%) for the 75 donor hearts perfused with the OCS were acceptable [59].

Hypothermic ex vivo perfusion infuses cold preservation solution
into the donor coronary arteries to deliver oxygen and remove metabo-
lites. Nilsson recently reported the first in-human experience of their
nonischemic heart preservation (NIHP) system in which the donor heart
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is perfused with a cold (8 °C) mixture of oxygenated cardioplegic
solution and red blood cells. They studied the NIHP system in a non-
randomized phase II study and applied this system to 6 donor hearts
[60]. The median preservation time in the NIHP group was 223 min as
compared to 194 min in the static cold storage group. Recipients of the
hearts transported with NIHP had 100% event-free survival (including
PGD within 24 h, ECMO use within 7 days, or acute cellular rejection
greater than 2R within 180 days) at 6 months as compared to 72% of
patients within the static cold storage group. This finding was attributed
to less endothelial damage and less ischemia/reperfusion injury associ-
ated with NIHP system. It was also proposed that, in the event of
interruption to the ex vivo perfusion system, the hypothermic NIHP
system provides additional protection to the donor heart as compared
to a normothermic system [60].

These technologies support development of ex vivo cardiac perfusion sys-
tems as a viable way to expand donor heart utilization by allowing procurement
from remote locations, reducing ischemia/reperfusion injury, and enabling
further assessment of “marginal” donor hearts.

The new era: recommencement of donation after circulatory
death

Donation after circulatory death (DCD) donors have irreversible brain
injury but do not meet standard brain death criteria. The first DCD
heart transplant was performed by Dr. Christiaan Barnard in 1967
[61]. However, over the decade following Barnard’s DCD transplant,
brain death became legally accepted and, as the function of the hearts
from donation after brain death (DBD) donors could be readily assessed
before procurement, this led to a lack of enthusiasm for DCD trans-
plantation. Over the past decade, due to the increasing demand for
donor hearts and efforts to expand the donor pool, DCD transplantation
has been recommenced in Europe, Australia, and the USA.

DCD donor selection
DCD donor selection criteria differ between centers and regions. The Royal
Papworth Hospital group in the UK selects donor aged 18 to 57 years and
ejection fraction 950% prior towithdrawal of life support therapy, who have no
history of myocardial infarction, coronary or valvular heart disease, congenital
heart disease, insulin-dependent diabetes, hepatitis B and C/HIV infection, or
history of malignancy [62••]. The donor selection criteria for the St. Vincent’s
Hospital group in Australia are slightly different than the Royal Papworth
group. Their initial donor selection criteria from July 2014 to December 2017
included donor age G 40 years with no prior history of cardiac disease, stable
hemodynamics with minimal inotropic/vasopressor support, and ≤ 30 min
warm ischemic time fromwithdrawal from life support. In January 2018, the St
Vincent’s group expanded their DCD donor acceptance criteria to include
donors age G 55 years and refined their acceptable warm ischemic time to
30 min from systolic BP G 90 mmHg [63••].
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DCD donor heart procurement
Several techniques have been developed to alleviate themyocardial dysfunction
caused by ischemia/reperfusion injury, including avoidance of hypothermia
and supplementation of the perfusion solution [64, 65]. Normothermic
ex vivo perfusion with the OCS has allowed for better organ preservation and
has enabled viability assessment of DCD hearts [66]. The majority of centers
utilize direct procurement followed by ex vivo perfusion (DP-ESP), with donor
in situ cardioplegia followed by rapid explantation and reanimation in ex situ
normothermic perfusion on the OCS. In addition to the DP-ESP method, the
Royal Papworth Hospital also uses normothermic regional perfusion followed
by ex vivo perfusion (NRP-ESP)—wherein perfusion is initially restored within
the donor in situ using extracorporeal membrane oxygenation (ECMO) with
arch vessel cross-clamping to avoid cerebral perfusion, and assessment of donor
cardiac function prior to transport in the OCS. With DP-ESP, the heart is
inspected visually for evaluation, whereas NRP-ESP allows for additional car-
diac assessment including echocardiography. These techniques for DCD heart
procurement have been reported to have similar 30-day survival outcomes as
compared to the hearts procured from brain dead donors [67].

DCD recipient outcomes
Messer and colleagues published the Papworth Hospital DCD experience of 26
DCD heart transplants. They reported similar 90-day survival between the DCD
and DBD groups (92% vs 96%, respectively, p = 1.00). There was no difference
in outcomes between DP-ESP and NRP-ESP for DCD heart retrieval. The cause
of death for the 3 DCD recipients who died within 90 days included primary
graft dysfunction, opportunistic fungal infection, and antibody mediated rejec-
tion [62••].

More recently, the St Vincent’s Hospital group reported their 5-year DCD
experience. They performed 69 DCD heart retrievals, of which 32 were
transplanted (the remainder did not progress to circulatory arrest within
30 mins from withdrawal from life support, were declined for transplant due
to inadequate recovery of left ventricular function, or had OCS failure). Ten
DCD recipients required ECMOdue to delayed graft function. The survival rates
comparing DCD and DBD recipients were similar at 1, 3, and 5 years, 96%,
94%, and 94% for DCD recipients compared to 89%, 83%, and 82% for DBD
recipients, respectively [68].

Conclusion

Due to the increasing demand for donor hearts, the criteria for acceptable
organs are being challenged. Donors that were once viewed as marginal are
being increasingly accepted for transplantation. Reassuringly, studies have
demonstrated excellent survival outcomes after transplantation of donor hearts
with left ventricular dysfunction. As well, with the advent of modern therapeu-
tics and technologies, donor with HCV infection can now be safely used for
transplantation, with administration of direct-acting antiviral therapy to the
recipient. Donor hearts can be procured remotely and transported via
temperature-controlled systems or ex vivo cardiac perfusion, and donation after
circulatory death donors can now be included in the cardiac donor pool.
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Evidence-based donor selection and management guidelines may consolidate
our current knowledge, in order to maximize the use of available donor hearts
for transplantation.
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