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BACKGROUND: After a severe shortage of brain-dead donors, the demand for heart transplantation
has never been greater. In an attempt to increase organ supply, abdominal and lung transplant
programs have turned to the donation after circulatory-determined death (DCD) donor. However,
because heart function cannot be assessed after circulatory death, DCD heart transplantation was
deemed high risk and never adopted routinely. We report a novel method of functional assessment
of the DCD heart resulting in a successful clinical program.
METHODS: Normothermic regional perfusion (NRP) was used to restore function to the arrested
DCD heart within the donor after exclusion of the cerebral circulation. After weaning from
support, DCD hearts underwent functional assessment with cardiac-output studies, echocardiog-
raphy, and pressure-volume loops. In the feasibility phase, hearts were transported perfused
before evaluation of function in modified working mode extracorporeally. After the establishment
of a reliable assessment technique, hearts with demonstrable good function were then selected for
clinical transplantation.
RESULTS: NRP was instituted in 13 adult DCD donors, median age of 33 years (interquartile
range [IQR], 28–38 years), after a median ischemic time from withdrawal to perfusion of
24 minutes (IQR, 21–29; range, 17–146 minutes). Two of 4 hearts in the feasibility phase were
unsuitable for transplantation after functional assessment. Nine DCD hearts were transplanted in
the clinical phase, with 100% survival. The median intensive care duration was 5 days (IQR,
4–5 days), with 2 patients requiring mechanical support. There were no episodes of rejection
(total, 1,436 patient-days; range, 48–297). During the same period, we performed 20 standard
heart transplants using brain-dead donors.
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CONCLUSIONS: NRP allows rapid reperfusion and functional assessment of the DCD donor heart, ensuring
only viable hearts are selected for transplantation. This technique minimizes the risk of primary graft dysfunction
and maximizes confidence in DCD heart transplantation, realizing a 45% increase in our heart transplant activity.
J Heart Lung Transplant 2016;35:1443–1452
r 2016 Published by Elsevier Inc. on behalf of International Society for Heart and Lung Transplantation. All
rights reserved.
Despite major advances in the management of end-stage
heart failure, including ventricular assist devices and total
artificial hearts, there remains no intervention equivalent to
heart transplantation offering comparable survival or quality
of life.1 Unfortunately, owing to a limited number of
donation after brain death (DBD) donors, this life-saving
treatment is rationed worldwide.2 In the United Kingdom
(UK), the demand for heart transplantation has never been
greater, with the heart transplant waiting list growing
rapidly. Of those patients, 41% will die or deteriorate to
the extent that they are permanently removed from the
waiting list before a suitable heart becomes available.3

In an effort to reduce waiting times, donation after
circulatory-determined death (DCD) donor organs have
been increasingly used by abdominal and lung transplant
programs, with excellent outcomes.4–7

Although the world’s first successful human heart
transplant performed by Christiaan Barnard in 1967 used a
heart from a DCD donor, heart transplantation after
circulatory arrest was never adopted into routine clinical
practice because of concerns about the effect of the warm
ischemic period on donor heart function.8 In 2008, DCD
heart transplantation was re-explored clinically in Colorado
after frustration at the high mortality rate of infants on the
heart transplant waiting list. DCD hearts were successfully
transplanted in 3 children.9 Traditional cold storage was
used; however, to achieve success through this basic
myocardial protection technique, the donors were colocated
with the recipients. Furthermore, ante-mortem heparin-
ization and cannulation were used while also reducing
the observation period from 3 minutes to 75 seconds
before declaration of death after asystole. In contrast,
ante-mortem interventions, including heparinization, are
prohibited within the UK, and there is a mandatory period
of 5 minutes after circulatory arrest before death can be
declared.10

Surgeons in Sydney, Australia, recently transplanted
3 DCD adult hearts using a technique of direct procurement
and perfusion (DPP) using the TransMedics (Andover, MA)
Organ Care System (OCS).11 Instead of performing a
functional assessment of cardiac contractility before trans-
plantation, surgeons relied on lactate as a metabolic
substrate marker during perfusion on the OCS. Lactate
may be a logical choice but has yet to be proven as a
reliable indicator of transplant outcome in Langendorff
perfused hearts. The validity of lactate as a metabolic
marker was recently called into question in the Randomized
Study of Organ Care System Cardiac for Preservation
of Donated Hearts for Eventual Transplantation
(PROCEED II) trial comparing traditional cold storage
against continuous perfusion for the transportation of
DBD hearts.12,13

In an effort to reduce the risk associated with DCD heart
transplantation and to fulfill the demands of our clinical
program, we set out to determine whether functional
assessment of the DCD heart was possible after a period
of normothermic regional perfusion (NRP) within the donor,
thus ensuring only DCD hearts with acceptable contractile
function would be selected for transplantation.

Methods

The research protocol was approved by the UK Donation Ethics
Committee (UKDEC), Local Regional Ethics Committee
(05/Q0104/111), and National Health Service Blood and Trans-
plant (NHSBT), the responsible body for transplantation within the
UK. The protocol was confined to Maastricht 3 DCD donors in
3 hospitals within the East of England between April 2014 and
July 2015.14

A specialist nurse in organ donation obtained research consent
from the donor’s next of kin. The decision to withdraw life-
sustaining therapy (WLST) was made by a multidisciplinary team
involving the patient’s family and at least 2 senior Intensive
Therapy Unit (ITU) physicians after recognizing futility in the
continuation of treatment. WLST was then undertaken by an ITU
doctor guided by local protocol. Mechanical asystole was
recognized when the arterial waveform showed loss of pulsation.
A 5-minute “hands-off” period was observed between mechanical
asystole and the declaration of death, in accordance with guidance
from the Academy of Medical Royal Colleges.10

After declaration of death, the donor was transferred to the
operating room, where a midline sternotomy was performed under
sterile conditions, and 30,000 units of heparin were injected into
the heart. The brachiocephalic trunk, left common carotid artery,
and left subclavian arteries were cross-clamped to exclude cerebral
circulation following guidance from the Academy of Medical
Royal Colleges.10 Cannulae were then placed in the ascending
aorta and right atrium before being connected to an integrated
circuit consisting of a centrifugal pump and oxygenator (Life Box,
Sorin, Milan, Italy). NRP was commenced with a target flow rate
of 5 liters/min, maintaining a mean arterial pressure of 50 mm Hg
at a temperature Z 351C. Perfusion was restored to the potentially
transplantable organs (heart, lungs, liver, pancreas, and kidneys)
while excluding the limbs, pelvis, neck, and head. The absence of
cerebral perfusion was cross-checked by carotid Doppler as
directed by the UKDEC. Intravenous infusions of dopamine
and vasopressin were commenced at 5 µg/kg/min and 4 U/h
respectively. Arterial troponin and lactate blood sampling were
undertaken during NRP.

When cardiac contractility had recovered sufficiently, the
donor was weaned off NRP, and a pulmonary artery catheter



Figure 1 This flow diagram highlights the differences in
functional assessment performed during the feasibility phase and
clinical phase. Pulse-volume loops were used to validate standard
clinical assessment techniques (Swan-Ganz catheterization and
echocardiography). FWIT, functional warm ischemic time; NRP,
normothermic regional perfusion, OCS, Organ Care System
(TransMedics, Andover, MA).
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(Edwards Lifesciences, Irvine, CA) was floated to obtain
thermodilution cardiac output and direct pressure measurements.
A transesophageal echocardiogram was performed to assess
biventricular and valvular function. Figure 1 summarizes the
differences in functional assessment between the feasibility and
clinical transplantation phases.

Feasibility phase

To establish feasibility of the technique, conductance catheters
(Millar Instruments, Houston, TX) were inserted into both
ventricles, and load-independent functional indices were under-
taken from pressure-volume (PV) loops after weaning from NRP.
Retrieval of the heart was then undertaken by venting the heart,
clamping the ascending aorta, and starting antegrade perfusion of
500 ml of St. Thomas’ Hospital No 2 cardioplegic solution at 41C.
The heart was placed onto the OCS, which had been primed with
donor blood. During transport back to Papworth Hospital, the
lactate in the perfusate was sampled periodically.

During the feasibility phase in Donor Hearts A to D, the OCS
was modified in-house to permit volume loading of the left
ventricle. A centrifugal pump was used to fill the left atrium in
increments of 5 mm Hg up to a left atrial pressure of 20 mm Hg
while afterload was continually maintained at 60 mm Hg by a
column of blood. Functional assessment was again undertaken
using PV loops. After 2 hours in the working mode, perfusion
was terminated and the heart fixed in formalin for histologic
examination.
Clinical phase: DCD heart transplantation

After the feasibility study was completed, the program was
extended to clinical transplantation of DCD hearts retrieved from
donors aged younger than 50 years. Patients on the active heart
transplant waiting list with low pulmonary vascular resistance
(PVR o 3 Wood units) were counseled and consented by
independent transplant physicians. The acceptability criteria for
transplantation after NRP and functional assessment of the donor
heart included:
�
 cardiac index (CI) Z 2.5 liters/min/m2
�
 central venous pressure r 12 mm Hg

�
 pulmonary capillary wedge pressure r 12 mm Hg

�
 left ventricular ejection fraction Z 50% on transesophageal
echocardiography

After retrieval, all donor hearts were transported on the OCS,
with the exception of Donor Heart 3, where, uniquely, the donor
and recipient were within the same hospital. The OCS was not
modified or put into a working mode during the clinical phase.
Hearts were transplanted orthotopically with continuous retrograde
cold blood cardioplegia during implantation with the exception of
Donor Heart 1, where difficulty was encountered in cannulating
the coronary sinus. Immunosuppression was identical to the DBD
program.
Results

Seventeen potential DCD donors were attended, 8 during
the feasibility phase and 9 during the clinical program.
During the feasibility phase, 3 of the potential 8 donors
did not arrest within 2 hours and 1 was excluded due to
incomplete documentation. Most of the donors in the
feasibility (Table 1) and clinical phases (Table 2) were
young adults, with a median age of 33 years (interquartile
range [IQR], 28–38 years). Traumatic brain injury was the
leading cause of death. Vasoconstrictor support with
norepinephrine before withdrawal ranged from 0.00 to
0.58 µg/kg/min (median, 0.07; IQR, 0.00–0.25 µg/kg/min).
The time from withdrawal of support to blood reperfusion of
the heart ranged from 17 to 146 minutes (median, 24; IQR,
21–29 minutes). This is the time from donor extubation to
heart reperfusion and is inclusive of the agonal period, the
observation period after mechanical asystole, and the time
needed to declare death and prepare for NRP. In some
instances (Donor 8), a prolonged agonal period, which is
caused by the continued respiratory drive sometimes



Table 1 Feasibility Phase: Donor Demographics, Timings, and Functional Assessment

Variables Donor

Demographics A B C D
Age, years 24 28 21 51
Sex M F M M
Blood group Aþ Aþ A– Aþ
Height, cm 185 168 156 177
Weight, kg 80 85 55 96
Cause of death TBI TBI TBI TBI
Norepinephrine before WLST, µg/kg/min 0.58 0 0.29 0.36
Mean arterial pressure, mm Hg 93 88 93 73

Ischemic timings, min
WLST to start of FWIT 10 4 5 2
WLST to asystole 17 7 5 9
WLST to death 22 12 10 14
WLST to NRP 31 24 17 21
FWIT to NRP 21 20 12 19
Asystole to NRP 14 17 12 12
Knife to skin to NRP 6 9 4 5
NRP duration 113 114 82 60

Hemodynamic assessment after NRP weaning
Cardiac index, liters/min/m2 2.2 2.7 3.0 2.1
Cardiac output, liters/min 4.0 5.2 4.6 4.5
Heart rate, beats/min 90 99 90 100
Central venous pressure, mm Hg 4 8 6 16
Pulmonary capillary wedge pressure, mm Hg 9 9 14 14
Mean arterial pressure, mm Hg 31 51 70 50

LV PV loop assessment after weaning of NRP
dP/dt max, mm Hg/s 949 1,497 1,230 1,007
dP/dt min, mm Hg/s –133 –774 –1,242 –437
Tau, ms 86.8 30.8 49.1 50.2
Ea, mm Hg/ml 2.99 1.31 1.06 1.33
Ees, mm Hg/ml 1.00 1.47 1.28 0.88
EDPVR, mm Hg/ml 0.15 0.03 0.09 0.23
Pre-load recruitable stroke work, mm Hg � μl 68.7 84.6 50.6 46.8
Ees/Ea 0.34 1.12 1.21 0.66

RV PV loop assessment after NRP weaning
dP/dt max, mm Hg/s … 480 286 337
dP/dt min, mm Hg/s … –197 –131 –112
Tau, ms … 66.8 77.5 115.3
Ea, mm Hg/ml … 0.50 0.45 0.44
Ees, mm Hg/ml … 0.56 0.55 0.29
EDPVR, mm Hg/ml … 0.02 0.04 0.23
Pre-load recruitable stroke work, mm Hg � μl … 20.6 10.9 2.7
Ees/Ea … 1.12 1.21 0.65

LV PV loop functional assessment in working mode on modified OCS
Heart rate, beats/min 107 100 102 105
Developed pressure, mm Hg 58 118 91 84
dP/dt max, mm Hg/s 559 1,442 1,322 719
dP/dt min, mm Hg/s –277 –951 –792 –692
Tau, ms … 48.0 59.6 46.9
Ea, mm Hg/ml 9.44 7.10 6.10 3.77
Ees, mm Hg/ml 4.60 8.79 5.96 2.42
EDPVR, mm Hg/ml 1.89 0.13 0.42 0.41
Pre-load recruitable stroke work, mm Hg � μl 38.4 118.5 73.5 40.2
Ees/Ea 0.49 1.24 0.98 0.64

Troponin I after reperfusion with NRP, ng/liter
30 min 459 129 647 884
60 min 778 1,116 2,537 1,403
120 min 1,614 2,422 1,500 7,219

Ea, arterial elastance; EDPVR, end-diastolic pressure volume relationship; Ees, end systolic elastance; F, female; FWIT, functional warm ischemic time;
LV, left ventricle; M, male; NRP, normothermic regional perfusion; OCS, Organ Care System (TransMedics), PV, pressure-volume; TBI, traumatic brain injury;
WLST, withdrawal of life sustaining therapy.
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Table 2 Clinical Phase: Donor Demographics, Timings, and Functional Assessment

Variable Donor

1 2 3 4 5 6 7 8 9
Demographics before WLST

Age, years 33 28 38 29 38 43 32 36 44
Sex M M M M M M F M F
Blood group Oþ Aþ Aþ Oþ A– Oþ O– Aþ Aþ
Height, cm 172 180 183 196 170 178 175 180 163
Weight, kg 75 80 114 105 80 90 66 75 63
Cause of death ICH ICH ICH TBI ICH TBI ADEM HBI TBI
Norepinephrine before WLST, µg/kg/min 0 0.13 0.14 0 0.03 0 0.24 0 0
Mean arterial pressure, mm Hg 85 91 73 77 85 87 110 79 93

Ischemic timings, min
WLST to start of FWIT 43 6 4 1 4 6 2 130 10
WLST to asystole 45 8 15 2 17 13 8 131 12
WLST to death 54 13 21 7 22 18 13 138 17
WLST to NRP 60 18 29 17 28 24 21 146 23
FWIT to NRP 17 12 25 16 24 18 19 16 13
Asystole to NRP 15 10 14 15 11 11 13 15 11
Knife to skin to NRP 4 5 5 7 5 3 3 5 4
NRP duration 52 52 190 61 34 27 45 29 40

Hemodynamic assessment after weaning off NRP
Cardiac index, liters/min/m2 3.2 2.8 2.9 4.1 3.6 3.5 2.9 4.5 2.8
Cardiac output, liters/min 6.0 5.6 6.9 9.5 6.9 7.1 5.2 8.8 4.6
Heart rate, beats/min 85 122 92 135 105 125 118 100 148
CVP, mm Hg 10 6 3 9 0 10 2 7 0
PCWP, mm Hg 12 9 11 8 11 8 10 6 8
MAP, mm Hg 85 79 70 39 97 77 88 104 62
Left ventricular EF, % 58 66 70 60 68 70 59 67 66

ADEM, acute disseminated encephalomyelitis; CVP, central venous pressure; EF, ejection fraction; F, female; FWIT, functional warm ischemic time; ICB,
intracerebral hemorrhage; M, male; MAP, mean arterial pressure; NRP, normothermic regional perfusion; PCWP, pulmonary capillary wedge pressure; TBI,
traumatic brain injury; WLST, withdrawal of life-sustaining therapy.
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encountered in patients with hypoxic brain injury, extended
this time considerably.

The functional warm ischemic time, from donor systolic
blood pressure o 50 mm Hg to donor heart reperfusion,
was 12 to 25 minutes (median, 18; IQR, 16–20 minutes).
The time from mechanical asystole to donor heart perfusion
varied from 10 to 17 minutes (median, 13; IQR, 11–15
minutes). This period was relatively short because WLST in
most donors was undertaken within the anesthetic room
adjacent to the theater, which reduced transportation time of
the donor after declaration of death. From the onset of NRP,
all donor hearts spontaneously reverted to sinus rhythm
within 5 minutes.

Feasibility phase

In the feasibility phase, all but 1 donor heart (Donor A) was
capable of independently supporting the donor’s circulation.
Donor A had suffered a traumatic spinal cord transection
and remained hypotensive despite boluses of vasopressin on
NRP. Functional assessment suggested that 2 of the 4 donor
hearts (A and D) would be unsuitable for transplantation
because of a cardiac index of o 2.5 liters/min/m2 or filling
pressures of 4 12 mm Hg (Table 1). Poor contractility of
these hearts correlated with low developed pressures and a
low rate of pressure change over time (dP/dt max). This
was further supported by the load-independent PV loop
assessment of contractility and ventriculoarterial coupling,
both within the donor and in working mode on the OCS
(Figure 2). Donor hearts A and D had a coupling ratio
(Ees/Ea) substantially below 1, indicating inadequate
contractility to support the circulation. Histologic analysis
of DCD Donor Heart A revealed mild evidence of ischemic
injury (Figure 3), and 2-hour troponin levels were
substantially higher in Donor Heart D (peak 7,219 ng/liter),
more than double that of the other hearts studied.

Clinical phase—DCD heart transplantation

The first heart in the clinical phase, Donor Heart 1, was
found to have excellent function after assessment despite a
1-hour interval between WLST and reperfusion (Table 2).
The heart was transplanted and the recipient weaned from
cardiopulmonary bypass (CPB) on the second attempt with
an intraaortic balloon pump (IABP) and moderate inotropic
support. The IABP was removed on Post-Operative Day 1,
with all further support weaned by Day 2 after repeated
cardiac indices of 4 4 liters/min/m2.

The second recipient was a 24-year-old man on the
urgent heart waiting list who was hospitalized for inotropic



Figure 2 Pressure-volume (PV) loops are shown for the (Top)
left ventricle (LV) and (Bottom) right ventricle (RV). In Donor
Heart C, this load-independent assessment of LV and RV function
was measured after obtaining a family of PV loops during a pre-
load reduction, achieved by inflow occlusion of the inferior vena
cava. Typically, the LV PV loop is rectangular in shape and the RV
PV loop is triangular in shape. End-systolic elastance (Ees) is a
measure of ventricular contractility and describes the maximal
pressure that can be generated by the LV and RV for a given
volume. Ees is calculated from the gradient of the linear regression
of the end-systolic point on the PV loop for each beat. The end-
diastolic PV relationship (EDPVR) is a measure of ventricular
compliance and describes the passive filling properties of the
LV and RV. EDPVR is calculated from the gradient of the
linear regression of the end-diastolic point on the PV loop for
each beat.

Figure 3 Photomicrograph (hematoxylin and eosin stain at
original magnification �400) of the donation after circulatory-
determined death Donor Heart A shows a few neutrophils in the
peri-vascular interstitium (arrow), with no evidence of myocyte
necrosis, microvascular thrombi, or contraction band necrosis.
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support. After the satisfactory functional assessment of
Donor Heart 2, the transplant was performed, and he was
weaned from CPB on the first attempt and extubated within
4 hours of returning to the ITU.

The third heart for transplantation, Donor Heart 3, was
retrieved from a 38-year-old man with acute respiratory
distress syndrome. He was supported with extracorporeal
membrane oxygenation (ECMO) for 3 weeks before
suffering a catastrophic intracerebral hemorrhage. WLST
consisted of stopping ECMO in the anesthetic room. After
declaration of death, the donor was transferred into the
operating room where the existing ECMO cannula was
used to provide venous drainage while an arterial return
catheter was placed in the ascending aorta. After satisfactory
functional assessment, the recipient was prepared for
transplantation in an adjacent operating theater. The donor
heart was retrieved using cold crystalloid cardioplegia and
stored in ice briefly for 5 minutes before being transplanted
into the awaiting recipient in the adjacent theater. The heart
was easily weaned from CPB on minimal inotropic support.

Before WLST, Donor 4 became hemodynamically
unstable in the ITU, requiring boluses of vasoconstrictor,
and may have been exposed to a prolonged period of
hypotension. NRP was used but complicated by thrombus,
despite heparinization, necessitating pre-mature weaning
from the circuit despite heparinization. Functional assess-
ment was undertaken with a systemic mean arterial pressure
of 40 mm Hg, but with cardiac outputs of 4 9 liters/min.
Once the heart was instrumented onto the OCS, visual
contraction was good and lactate profiles trended downward
(Figure 4). The heart was transplanted but required several
attempts before weaning from CPB on high-dose inotropic
support and an IABP. On arrival in the ITU, donor function
appeared to be improving, with a cardiac index of 2.5 liters/
min/m2. Twelve hours after transplantation, the recipient
suffered a brief episode of ventricular fibrillation lasting 60
seconds. As a safety precaution, peripheral ECMO was
inserted to offload the ventricle. The recipient was easily
weaned from ECMO after 7 days of support and was ready
for discharge to the ward on Post-Operative Day 15.
This was delayed by the development of necrotizing fasciitis
in his abdominal wall likely related to the groin cannulation
site and required débridement and skin grafting. He sub-
sequently recovered and was discharged home.

DCD hearts transplants in Recipients 5 to 9 were
uneventful and easily weaned from CPB on the first attempt
with minimal inotropic support in routine fashion (Table 3).
Recipient 6 developed a prolonged post-operative ileus on
the ward that took 14 days to resolve after conservative
management and subsequently delayed discharge home.
DCD heart transplant 8 was performed in a 51-year-old
man with dilated cardiomyopathy who had been fitted with
a HeartWare ventricular assist device (VAD) 3 years
previously. The VAD explant was prolonged, and
subsequently, the heart was supported on the OCS for more



Figure 4 Trends in arterial lactate sampling during (Left) normothermic regional perfusion (NRP) and (Right) Organ Care System
(OCS; TransMedics) support.
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than 7 hours before transplantation. To date, all 9 DCD heart
transplant recipients have been discharged home with no
episodes of rejection detected throughout routine surveil-
lance totaling 1,436 patient-days (range, 48–297 days).

Discussion

Despite almost half a century passing since the world’s first
successful human heart transplant, also from a DCD donor,
and an overwhelming body of large-animal evidence
demonstrating viability,15–20 there still remains uncertainty
surrounding the safety of DCD heart transplantation.
Quantifying the injury that the heart has sustained during
the agonal phase after WLST and the warm ischemic period
after circulatory arrest has not been possible until now.
Although other centers have attempted to mitigate risk by
including only young donors and short ischemic times, the
perils of primary graft dysfunction in the recipient remain
substantial because, previously, 1 in 3 transplant recipients
required ECMO support.9,11

To overcome this risk and establish confidence in DCD
heart transplantation, we developed a novel technique of
functional assessment within the donor.21 Albeit clinically
successful, with a 100% survival rate, 1 in 9 of our
recipients required brief ECMO support. Interestingly, in
this case, the lactate profile during perfusion on the OCS
trended downward and did not indicate this donor heart to
be at high risk (Figure 4). After the protracted recovery of
Recipient 4, we have since revised our acceptability criteria
to ensure that assessment of cardiac function within the
donor is undertaken with physiologic arterial systemic
pressures, with mean arterial pressures Z 60 mm Hg. After
this refinement, we did not have to rely on mechanical
support or high-dose inotropic support in the subsequent
5 heart transplants.

The confidence afforded by functional assessment has
become invaluable in our program, as clearly illustrated in
Donor Heart 8, where the combined agonal and warm
ischemic period exceeded 2 hours. Prior, this heart would
automatically have been rejected from other DCD heart
programs upon breaching the 30-minute limit of accept-
ability.11 Rather, this heart was revealed to be of excellent
quality after the functional assessment and went on to be
transplanted successfully into an elective patient fitted with
a Heart Ware ventricular assist device.

In the absence of functional assessment, surgeons are solely
dependent on perfusate lactate levels as a biochemical marker of
transplantability, although this has never been validated. To
transplant, reliance is on a total lactate concentration of o
5 mmol/liter in the perfusate combined with myocardial lactate
uptake.11 If we had ignored the functional assessment and had
applied this threshold as the sole marker in our series, 50% of
our patients would not have received an allograft. Indeed, of the
3 hearts that would have been deemed adequate on OCS lactate
profiles, 1 recipient required ECMO support. In this series, we
did not observe a correlation between the arterial lactate profile
on the OCS and the functional assessment of the DCD donor
heart. The correlation coefficient was 0.19 between the cardiac



Table 3 Clinical Donation After Circulatory-Determined Death Heart Recipient Transplant Outcomes

Variables Recipient

1 2 3 4 5 6 7 8 9
Demographics

Age, years 59 23 61 58 58 64 55 51 41
Sex M M M M F M M M F
Blood group Aþ Aþ Aþ Oþ Aþ Oþ Bþ Aþ Aþ
Height, cm 174 188 175 174 161 173 175 178 163
Weight, kg 93 77 74 85 69 80 69 80 67
Etiology DCM HCM DCM HCM DCM DCM DCM DCM VAD RVC
TPG, mm Hg 7 4 7 8 8 5 8 8 7
PVR, Woods units 1.9 1.3 1.9 2.2 3.0 1.3 2.8 2.1 2.2

Transplant
OCS duration, min 170 173 - 170 184 166 139 428 209
Implant duration, min 39 41 37 45 32 32 32 31 38

ITU mechanical support
IABP, days 1 No No 9 No No No No No
ECMO, days No No No 7 No No No No No

First 24 hours of inotropic support in ITU
Dopamine, µg/kg/min 5.9 5.0 4.3 5.3 5.1 3.7 5.3 3.6 4.0
Epinephrine µg/kg/min 0.04 0.06 0.00 0.12 0.02 0.02 0.04 0.05 0.05
Enoximone, µg/kg/min 1.2 0.0 0.0 1.5 3.1 0.0 3.0 2.3 0.0
Norepinephrine, µg/kg/min 0.06 0.00 0.00 0.124 0.00 0.00 0.00 0.06 0.00
Vasopressin, units/min 0.00 0.003 0.00 0.07 0.05 0.00 0.00 0.00 0.00

Cardiac performancea

Cardiac output, liters/min 5.5 4.8 4.4 5.0 4.2 4.3 5.1 5.2 5.0
Cardiac index, liters/min/m2 2.7 2.4 2.3 2.5 2.4 2.3 2.8 2.5 2.9
Mean arterial pressure, mm Hg 70 80 86 61 77 83 91 64 67
Central venous pressure, mm Hg 8 7 8 10 8 9 10 11 11
PADP, mm Hg 14 13 14 17 13 11 7 16 13

Discharge
ITU stay, days 4 5 4 29 5 5 7 5 4
Hospital stay, days 20 15 19 80 17 38 17 29 26

CPB, cardiopulmonary bypass; DCM, dilated cardiomyopathy; ECMO, extracorporeal membrane oxygenation; F, female; HCM, hypertrophic
cardiomyopathy; IABP, intraaortic balloon pump; ITU, intensive therapy unit; M, male; PADP, pulmonary artery diastolic pressure; PVR, pulmonary
vascular resistance; RVC, right ventricular cardiomyopathy; TPG, transpulmonary gradient; VAD, ventricular assist device.

aCardiac performance is the first set of cardiac output measurements obtained in the ITU on returning from the theater on specified inotropic support.
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index of the DCD donor heart and the initial arterial lactate level
on the OCS and 0.28 between cardiac index after NRP and the
change in lactate on the OCS against time. Without the
functional assessment, we believe that in the cautious early
stages of a clinical DCD heart program, many good-quality
DCD donor hearts would have been unnecessarily abandoned.

In addition to permitting functional assessment, the use of
NRP affords earlier restoration of coronary circulation to the
arrested heart. When the previously described direct procure-
ment and perfusion technique was used,11 DCD hearts
endured an average functional warm ischemia period of
17.3 minutes (range, 11–21 minutes) before cardioplegic
infusion. After cardioplegia, an additional 23 to 28 minutes of
ischemia was encountered while explanting and instrumenting
the heart on the OCS before blood reperfusion.11 Using NRP
resulted in coronary blood reperfusion being restored within
17.8 minutes (range, 12–25 minutes), expediting coronary
blood perfusion by 10 to 20 minutes compared with the direct
procurement and perfusion technique. This critical reduction
in ischemia is likely to increase the chance that a DCD donor
heart could be recovered sufficiently for transplantation.
Furthermore, if a DCD heart failed to meet the criteria for
transplantation after weaning from NRP, in all likelihood, it
would not be accepted if it were placed directly on the OCS.
Therefore, NRP potentially avoids the unnecessary expendi-
ture of wasting an OCS module on a DCD heart that is
destined to be declined.

NRP benefits abdominal organ perfusion and has
subsequently become well established within the UK22

and parts of Europe for DCD liver and kidney trans-
plantation. It has been shown to increase the donor pool 23,24

and may reduce the incidence of ischemic cholangiopathy
associated with DCD liver donation and delayed graft
failure in kidney transplantation. NRP may also reduce the
high rates of organ injury25,26 and discard associated with
DCD organ retrieval by avoiding the haste required to
remove the organs.

DCD donation has been hugely successful during the last
decade in the UK, increasing from 1.1 to 7.9 donors per
1 million population.27 DCD kidney transplantation has
increased 7-fold, and DCD liver transplantation now
constitutes 25% of the national liver transplant program.
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However, DCD donor hearts still remain an untapped source
for transplantation. Previous US and European forecasts
predicted that DCD donation would increase heart trans-
plantation by 17%.28,29 In a recent study in collaboration
with NHSBT, reviewing more than 3,000 potential DCD
donors within the UK, 50 DCD donors were identified
per year that would be suitable for cardiac donation. This
has the potential to increase UK heart transplant activity by
30%.30 In addition to the 9 DCD heart transplants under-
taken using NRP since the introduction of the clinical DCD
transplant program at Papworth Hospital, we have per-
formed 20 DBD heart transplants during the same 9-month
period. DCD donors have therefore increased our overall
cardiac transplant activity by 45%.

In some countries, NRP has raised ethical discussion in
relation to restoration of heart function within the donor
despite cerebral exclusion. Through open debate and
dialogue between intensivists, ethicists, legal experts, lay
members of the public, and governing bodies of organ
donation and transplantation, NRP is now accepted within
the UK to restore function to transplantable organs in DCD
donors. This respects the definition of death as described by
the Academy of Medical Royal Colleges10 and maximizes
the potential number of donated organs that can be
transplanted while fulfilling the wishes of the donors.
Further debate on this important but emotive topic is
inevitable and welcome.

In conclusion, NRP can be used to promptly restore
perfusion to the DCD donor heart, enabling a functional
assessment. This quality check enables prediction of
function within the recipient and reduces the risk of primary
graft dysfunction. We believe this technique will provide
surgeons with the confidence to restore and select the
greatest number of suitable DCD donor hearts for trans-
plantation, realizing a 45% increase in our heart transplant
activity.
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