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Heart transplant advances: Ex vivo organ-preservation
systems
Benjamin S. Bryner, MD, Jacob N. Schroder, MD, and Carmelo A. Milano, MD
A donor heart undergoing ex vivo perfusion on the
TransMedics Organ Care System.

CENTRAL MESSAGE

Ex vivo heart perfusion enables
expansion of the donor pool and
to date shows comparable out-
comes to the standard of care.
Feature Editor Note—In the accompanying article, the
team from Duke presents the underlying concepts and
early data surrounding the implementation of ex vivo
organ preservation in heart transplantation. Cold storage
is currently the standard practice in donor-heart
preservation, yet with this approach, prolonged ischemic
times lead to greater rates of primary graft dysfunction.
The goal of ex vivo heart preservation is to minimize
ischemic damage during storage, facilitate longer periods
of storage, and allow opportunity for detailed evaluation
of marginal donor hearts prior to transplantation.
Currently, one device, the TransMedics Organ Care
System, or “heart-in-a-box,” has received the CE mark of
approval in Europe and is undergoing review for Food
and Drug Administration approval in the United States.
The authors review the theory of operation of the device
and discuss how knowledge gaps regarding its best use
may be addressed in the future.

Leora B. Balsam, MD
BACKGROUND: COLD STORAGE AND ITS
SHORTCOMINGS

Traditional storage of donated hearts has built on strate-
gies for cardioplegia used during cardiac surgery, as well
as preservation solutions used in the transplantation of other
solid organs. While cold storage has supported heart trans-
plantation for decades and allowed it to expand, the process
of cold storage results in ischemic damage. Ischemic time is
correlated with primary graft dysfunction (PGD) and 1-year
post-transplant survival in a nearly linear manner.1 Unlike
other solid organs, hearts are sensitive to ischemic times
longer than 4 hours. This relationship varies with donor
age, but heart donation is persistently limited by this narrow
time frame.2 This limits the effective range across which
donor hearts can be transported and the overall number of
donors whose hearts are actually used for transplantation.
From the Division of Thoracic and Cardiovascular Surgery, Department of Surgery,

Duke University, Durham, NC.

Received for publication March 2, 2021; accepted for publication April 22, 2021;

available ahead of print Aug 25, 2021.

Address for reprints: Benjamin S. Bryner, MD, DUMC 3867, Durham, NC 27710

(E-mail: ben.bryner@duke.edu).

JTCVS Open 2021;8:123-7

2666-2736

Copyright� 2021 TheAuthors. Published by Elsevier Inc. on behalf of The American

Association for Thoracic Surgery. This is an open access article under the CCBY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.xjon.2021.04.020
This in turn contributes to longer waiting times for heart
transplantation, greater waitlist mortality, and presumably
lower listing rates because recipients may be assumed to
have a prohibitively long wait time ahead of them. The
new heart-allocation system promotes greater organ sharing
overall but with the disadvantage of greater overall mean
ischemic time.3
ADVANTAGES OF EX VIVO PERFUSION
Ex vivo organ preservation may enable the expansion of

the overall number of heart transplants and lower rates of
early graft dysfunction. These are realized through (1)
safe extension of the time between procurement and trans-
plantation and (2) ex vivo assessment of extended criteria
hearts.
Ex vivo perfusion has also facilitated donation of hearts

after circulatory determination of death (DCD), allowing
the inclusion of heart transplantation with that of other solid
organs in that avenue of donation. The theoretical chal-
lenges of DCD heart transplantation are similar to those
associated with expanded-criteria or long-distance cold
storage transplantation (increased ischemia–reperfusion
injury) but also include the lack of opportunity to inspect
the heart before arrest and uncertainty surrounding the var-
iable “agonal” period while the donor is hypotensive and
hypoxemic but has not yet progressed to asystole. Pulmo-
nary vasoconstriction, increased pulmonary wedge
JTCVS Open c Volume 8, Number C 123

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:ben.bryner@duke.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.xjon.2021.04.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xjon.2021.04.020&domain=pdf


Special Issue of Invited Presentations: Adult: Heart Transplant: Invited Expert Opinions Bryner, Schroder, Milano
pressure, and a catecholamine surge contribute to right ven-
tricular distention during this period.4,5 Ex vivo perfusion
enables a period of recovery and evaluation before the final
decision to transplant the organ.
CLINICAL EXPERIENCE WITH EX VIVO
PERFUSION

While multiple competing platforms have been intro-
duced for ex vivo perfusion of liver and lung allografts,
the only platform that has achieved clinical success for
ex vivo heart perfusion is the Organ Care System (OCS;
TransMedics, Andover, Mass) (Figure 1). This platform
was first examined in the PROTECT I trial (Prospective
Multi-Center European Trial To Evaluate the Safety and
Performance of the Organ Care System for Heart Trans-
plants), a single-arm study done in 4 centers in England
and Germany, which demonstrated safety among 20 hearts
transplanted out of 25 hearts instrumented on OCS from
2006 to 2007.6 The PROTECT II trial followed in 2007-
2008, although results have not been formally published.
The OCS has subsequently been CE marked for use in the
FIGURE 1. The TransMedics Organ Care System is the only platform for

ex vivo heart perfusion that has been used for human transplantation.
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European Union. The US-based PROCEED II (Random-
ized Study of Organ Care System Cardiac for Preservation
of Donated Hearts for Eventual Transplantation) trial
demonstrated noninferiority of outcomes for 67 transplants
transported with the OCS platform relative to 63 cold static
storage control cases.7 The US trial was a randomized trial
limited to low-risk heart transplant cases. Both of PRO-
CEED II trials reported comparable short-term outcomes.
Further analysis of a subset of the PROCEED II participants
showed no significant difference in outcomes with OCS at
2 years.8

Further clinical testing was performed in the US-based
EXPAND (International Trial to Evaluate the Safety and
Effectiveness of The Portable Organ Care System Heart
For Preserving and Assessing Expanded Criteria Donor
Hearts for Transplantation) trial, which analyzed high-risk
transplants with anticipated prolonged ischemic times
(>4 hours) or marginal donor heart features (left ventricular
hypertrophy, ejection fraction of 40%-50%, donor down-
time>20 minutes, donor age>55 years). The short-term re-
sults of the EXPAND trial were presented in 2019, showing
excellent short-term outcomes in 75 patients transplanted
from a total of 93 hearts recovered and perfused on OCS.9

Full results were expected to follow at the 2020 International
Society for Heart and Lung Transplantation meeting
(canceled because of the coronavirus disease 2019
[COVID-19] pandemic). The primary end point in EXPAND
was freedom from death or severe primary graft dysfunction;
the study cohort exceeded a predetermined historical perfor-
mance measure to demonstrate noninferiority. The device re-
mains investigational in the United States at this time.

The use of OCS for transplantation of DCD hearts was
first reported in 2015 by the St Vincent’s (Sydney) group,
who used OCS for 3 recipients.10 The ongoing US Donation
after Circulatory Death Heart OCS Trial randomizes three-
quarters of patients to the experimental arm in which DCD
transplantation is possible, although participants may un-
dergo standard-of-care transplant if that becomes available
first. To ensure enough participants are in the control arm,
one-quarter are randomized to only receive a standard-of-
care heart.

The main potential advantage of ex vivo heart perfusion
is the expansion of the donor pool by the use of hearts not
previously considered for transplantation. This may be
due to marginal characteristics of the heart or remote loca-
tion of the donor that would otherwise lead to a prohibi-
tively long ischemic time. Expanding the donor pool
allows recipients to receive better size- and
immunologically-matched hearts. Ex vivo perfusion allows
for greater flexibility and safety margin in the explant of the
recipient’s native heart in the case of multiple previous ster-
notomies or congenital abnormalities. Other reviews have
outlined these and other theoretical benefits of ex vivo
perfusion.11,12
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TRANSMEDICS OCS
The TransMedics OCS works on a Langendorff model,

in which perfusate is delivered via an external pump into
the aortic root (retrograde), closing the aortic valve, and di-
recting perfusate into the coronary arteries (as opposed to
circulation powered by the ventricles themselves in which
blood would flow across the aortic valve).13 This model al-
lows for consistent delivery of perfusate and measurement
of flow.
FIGURE 2. A donor heart undergoing perfusion on the TransMedics Or-

gan Care System. (Wires for myocardial pacing have not yet been placed.)
Recovery
Recovery of the heart from a donor who has been

declared dead proceeds similarly to a cold-storage recovery
but with an additional step: just before crossclamp is
applied, a large cannula is inserted into the right atrium
and 1200 cc of donor blood is rapidly collected. This blood
is emptied into the OCS reservoir along with additives while
the donor heart is clamped, flushed with cold preservation
solution, topically cooled with ice, and explanted.
Preparation for Perfusion
Instrumentation consists of (1) insertion of an aortic can-

nula: this cannula is the point of suspension of the heart on
the device and the route for delivery of perfusate; (2) inser-
tion of a pulmonary artery cannula; (3) insertion of a left
ventricular vent to avoid air entrapment and distention of
the LV; (4) closing of the inferior vena cava and superior
vena cava so most of the coronary perfusate is directed
from the coronary sinus to the pulmonary artery cannula;
and (5) insertion of temporary pacing wires in the ventricu-
lar muscle. The heart is then attached to the OCS machine
and perfusion is begun (Figure 2). The heart is quickly
warmed to 34�C, defibrillation is performed if needed,
and the heart is paced.
Management of the Heart on OCS
Assessment of the function of the heart is limited since

the heart is not loaded (an inherent feature of the Langen-
dorff model). The heart is paced but not loaded with volume
in either ventricle, so ejection fraction cannot be easily
measured or approximated. (The Papworth group has
described the modification of the OCS to allow pressure–
volume loop measurement using Millar catheters, although
this has not been used clinically.14) The heart is not in the
same anatomic position where it is evaluated during pro-
curement (it rests on the right ventricle and is suspended
from the ascending aorta only), limiting direct visualization
of function somewhat. The platform does allow access to
the coronary ostia for catheterization, when prerecovery
angiography is not available.15 Flow is controlled by
altering the force of each linear pump stroke (frequency
can be altered by synchronizing pump strokes with the
QRS complex). Pressures are measured in the aortic root
and in the pulmonary artery cannula (also the sites of
perfusate sampling).

Perfusion Management and Evaluation
The main mode of evaluation of hearts is biochemical.

Trends in perfusate lactate have been obtained and recorded
for all the trials of the OCS, as lactate has been shown to
correlate with post-transplant outcomes.16 Baseline lactate
is measured in the donor serum before arrest. Lactate levels
are measured in samples of the perfusate being pumped to
the aorta and from the perfusate returning to the reservoir
from the pulmonary artery; the values are trended as well
as the differential which indicates whether the heart is
absorbing or secreting lactate.
While lactate is the end point and best proxy of viability,

parameters measured during heart perfusion include flow
delivered to the aorta, flow through the pulmonary artery re-
flecting coronary artery flow, temperature, oxygen satura-
tion, hematocrit, and pulmonary artery pressure. The
pressure in the aortic root is measured and controlled with
infusion of a solution containing adenosine, causing coro-
nary dilation, effectively reducing the outflow resistance
of the pump. In our experience, myocardial edema develops
quickly when the coronaries see excessive perfusate flow.
Indeed, we believe myocardial edema is the factor that
pushes us to minimize the total amount of perfusion time.
We have found that providing the lowest amount of aortic
flow that allows us to keep lactate levels low minimizes
edema and reduces primary graft dysfunction. Stable lactate
levels have been a criterion for heart acceptance in all trials
evaluating OCS, but other (admittedly more qualitative)
factors go into that decision as well. Just as with a cold-
storage heart, consideration of recipient and donor factors
JTCVS Open c Volume 8, Number C 125
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(eg, height and weight match, severity of the recipient’s
illness, immunologic matching, etc) and subjective assess-
ment of the heart are important factors in determining
whether to use a heart after perfusion for transplantation.
In our experience no one factor has been highly predictive
of primary graft dysfunction: While a donor heart that ex-
hibits a rising lactate, visibly increasing edema and high
root pressure despite high amounts of adenosine infusion
may be at obviously high risk of PGD, the presence of
only one of these factors usually does not indicate high
PGD risk (and does not indicate that the heart should be
discarded). Further research is needed to identify other me-
tabolites (or a panel of compounds) that helps predict post-
transplant function. Based on our experience, the degree of
myocardial edema during perfusion would likely correlate
with primary graft dysfunction; however, an objective and
“real-time” measure would need to be developed to opera-
tionalize this relationship.

CONCLUSIONS/FUTURE DIRECTIONS
The financial impact of this technology has been difficult

to assess. The Ontario provincial health authority was un-
able to draw any strong conclusions about the theoretical
economic impact of OCS for DCD transplantation despite
a thorough review.17 The cost of the machine as well as
that of the disposables presents a barrier to entry for
lower-volume transplant programs, whereas larger pro-
grams may be able to amortize that cost over a significant
increase in the number of transplants that can be performed.
At our center, we have noted substantially decreased wait
times in trial participants; we theorize that this leads to
decreased need for temporary mechanical circulatory sup-
port and lower waitlist mortality, which helps justify the
costs. We also believe that ex vivo perfusion leads to less
PGD than would be seen in cold storage of donor hearts
when ischemic times would be prolonged by long travel
time and unpredictable time requirements for explanting a
durable left ventricular assist device. This reduction in
PGD, while not yet quantified, would support cost-
effectiveness of ex vivo perfusion.

Ex vivo perfusion has considerable potential as a plat-
form for interventions on the donor heart: these could
include gene therapy or other treatments to modify the im-
mune profile of the graft and reduce rejection.18 This may
be of importance, since there is evidence that ex vivo perfu-
sion induces inflammatory responses during perfusion.
Ex vivo perfusion is an appealing platform since therapeutic
substances can be administered directly to the coronaries
and without the absorptive capacity of other organs.

Our emerging understanding of the physiology of ex vivo
heart perfusion may prompt us to revisit some of the con-
cepts surrounding preservation solution and initial flushing
that have been carried over from the cold static storage
model.19 Finally, a durable “working-mode” perfusion
126 JTCVS Open c December 2021
platform has been elusive but would offer more direct
assessment of function during perfusion, as well as poten-
tially reducing some of the inflammatory response seen in
Langendorff retrograde aortic perfusion.20

In conclusion, ex vivo heart perfusion has already
enabled significant expansion of the donor pool, the use
of hearts that would otherwise have been excluded due to
geographic or donor-related factors, and to date shows com-
parable outcomes with the standard of care.
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