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The resuscitation of hearts donated after circulatory
death (DCD) is gaining widespread interest; however,
the method of initial reperfusion (IR) that optimizes
functional recoveryhasnot been elucidated.We sought
to determine the impact of IR temperature on the
recovery of myocardial function during ex vivo heart
perfusion (EVHP). Eighteen pigs were anesthetized,
mechanical ventilation was discontinued, and cardiac
arrest ensued. A 15-min standoff period was observed
and then hearts were reperfused for 3min at three
different temperatures (58C;N¼6, 258C;N¼ 5, and358C;
N¼7) with a normokalemic adenosine–lidocaine crys-
talloid cardioplegia.Hearts thenunderwentnormother-
micEVHP for 6hduringwhich timemyocardial function
was assessed in a working mode. We found that IR
coronary blood flow differed among treatment groups
(58C¼ 483#53, 258C¼722# 60, 358C¼ 906# 36mL/
min, p< 0.01). During subsequent EVHP, less myocar-
dial injury (troponin I: 58C¼ 91# 6, 258C¼64#16,
358C¼57# 7pg/mL/g, p¼0.04) and greater preserva-
tion of endothelial cell integrity (electron microscopy

injury score: 58C¼ 3.2#0.5, 258C¼ 1.8# 0.2, 358C¼
1.7# 0.3, p¼ 0.01) were evident in hearts initially
reperfused at warmer temperatures. IR under pro-
foundly hypothermic conditions impaired the recovery
of myocardial function (cardiac index: 58C¼ 3.9#0.8,
258C¼6.2# 0.4, 358C¼ 6.5#0.6mL/minute/g, p¼0.03)
during EVHP. We conclude that the avoidance of
profound hypothermia during IR minimizes injury and
improves the functional recovery of DCD hearts.

Abbreviations: CaO2, oxygen content in arterial blood
(aortic root); CvO2, oxygen content in venous blood
(pulmonary artery); CBF, coronary blood flow; CVR,
coronary vascular resistance; DCD, donation after
circulatory death; dP/dt maximum, maximum rate of
pressure change in the left ventricle; dP/dt minimum,
minimum rate of pressure change in the left ventricle;
EVHP, ex vivo heart perfusion; MVO2, myocardial
oxygen consumption; PaO2, partial pressure of oxygen
in arterial blood (aortic root); PvO2, partial pressure of
oxygen in venous blood (pulmonary artery)
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Introduction

Cardiac transplantation remains the ‘‘gold-standard’’ treat-
ment for eligible patients with advanced heart failure. A
critical shortage of suitable organs from traditional brain-
dead donors has prompted a renewed interest in donation
after circulatory death (DCD) to expand the donor pool;
however, following donor extubation the DCD heart is
forced to function in an increasingly hypoxemic environ-
ment while attempting to maintain systemic oxygen
delivery. Consequently, the DCD heart experiences signifi-
cant global ischemia during the hypoxemic cardiac arrest
and warm-ischemic standoff period that ethically define
death (1). Subsequent reperfusion causes intracellular
calcium overload and the propagation of myocyte death
through the development of hypercontracture, activation of
calcium-dependent proteases, generation of reactive oxy-
gen species, activation of the mitochondrial permeability
transition pore, and initiation of apoptotic pathways (2–4).
Concern regarding the degree of ischemic injury suffered
following donor extubation, and the severity of reperfusion
injury sustained at the time of organ procurement has
limited the clinical transplantation of DCD hearts.
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An extensive body of literature supports the notion that
therapeutic interventions delivered at the onset of reperfu-
sion provide a significant opportunity to resuscitate the
ischemic heart; however, the therapeuticwindow is narrow
and optimal success is realized in the first minutes after
reperfusion (5,6). Therefore, in the DCD context, the
pathogenesis of ischemia–reperfusion injury can be miti-
gated by optimizing the composition of the initial reperfu-
sion solution that is delivered at the time of organ
procurement. Administration of reactive oxygen species
scavengers, sodium–hydrogen exchange inhibitors, and
activators of ischemic postconditioning pathways (i.e.
erythropoietin, glyceryl trinitrate, adenosine, and insulin)
have been shown to minimize reperfusion injury and
improve the functional recovery of DCD hearts (7–10).
Clinical application of this tailored approach has now
resulted in the successful transplantation of human hearts
donated after circulatory death (11).

Optimizing the conditions of the initial reperfusion may
further improve DCD heart resuscitation. Initial reperfusion
with a cardioplegic solution inhibits the myocardial contrac-
tile unit at the onset of reoxygenation, facilitates the
repletion of myocardial energy stores and restoration of
intracellular ion homeostasis prior to myocardial contrac-
tion, and prevents the development of myocardial hyper-
contracture (12,13). However, these reparative processes
may be inhibited if the cardioplegia is delivered under
profoundly hypothermic conditions. Hypothermia markedly
lowers the activity of the ion pumps that are required to
restore intracellular ion homeostasis in the DCD heart
and may exacerbate ischemia–reperfusion injury (14–17).
Previous studies have suggested that the avoidance
of profound hypothermia during initial reperfusion may
support aerobic metabolism and improve functional recov-
ery (12,18), yet the optimal temperature for the initial
reperfusion of DCD hearts has not been previously
investigated. Therefore, we sought to determine whether
the avoidance of profound hypothermia during initial
reperfusion would minimize myocardial injury and improve
the functional recovery of DCD hearts during ex vivo heart
perfusion (EVHP).

Materials and Methods

All animals received humane care in compliancewith theNational Institute of

Health’s Guide for the Care of Laboratory Animals. Institutional Animal Care

Committees approved the experimental protocol. Eighteen DCD pig hearts

were allocated to three treatment groups according to the temperature of

the initial reperfusion solution that was delivered at the time of organ

procurement: 58C (N¼ 6), 258C (N¼ 5), 358C (N¼ 7). In addition, the hearts

from three pigs that did not undergo the DCD withdrawal protocol were

included as normal controls.

DCD heart procurement

Pigs (42# 1 kg) were sedated with an intramuscular injection of tiletamine

(2.4mg/kg), zolazepam (2.4mg/kg), and xylazine (0.9mg/kg). Orotracheal

intubation was established and general anesthesia was maintained with

2–3% isoflurane. A median sternotomy was performed and 1000 units

(U)/kg of heparin was delivered intravenously. 7F and 6F catheters were

placed into the internal jugular vein and common carotid artery formonitoring

of central venous and aortic pressures, respectively. Normovolemic

hemodilution with 1000mL of warmed Lactated Ringer’s solution was

undertaken to facilitate the harvest of 500mL of whole donor blood for

priming of the EVHP circuit. The fraction of inspired oxygen was reduced to

25% and then mechanical ventilation was discontinued. When pulsatility on

the arterial pressure tracing was no longer evident, circulatory death was

declared and a 15-min warm ischemic standoff period was observed

(Figure 1). Donor animals were then exsanguinated into a Brat2 cell saver

(Sorin Group Canada Inc., Markham, Ontario, Canada) and a simultaneous

rapid cardiectomy was performed. The heart was emptied of blood,

weighed, and the aortic cannula was inserted.

DCD heart initial reperfusion

Hearts were assigned to three treatment groups according to the

temperature of the initial reperfusion solution: 58C (N¼ 6), 258C (N¼ 5),

and 358C (N¼ 7). Following procurement, hearts were reperfused for 3min

at the target temperature and an aortic root pressure of 40mmHg (Figure 1).

The Myocardial Protection System (MPS) 2 (Quest Medical Inc., Allen, TX)

was utilized to precisely control the pressure and temperature during the

initial reperfusion. Myocardial temperature was also monitored using a

temperature probe inserted into the anterolateral wall of the left ventricle.

The initial reperfusion solution was a normokalemic adenosine–lidocaine

cardioplegia prepared daily, and comprised NaCl (111.8mmol/L), KCl

(5.9mmol/L), CaCl2 (0.22mmol/L), MgCl2 (2.6mmol/L), NaHCO3

(32mmol/L), NaH2PO4 (1.2mmol/L), glucose (10mmol/L), mannitol

(120mmol/L), pyruvate (1mmol/L), reduced glutathione (3mmol/L), adeno-

sine (400mmol/L), lidocaine (500mmol/L), and insulin (10 IU/L). This solution

was developed based on previous studies demonstrating improved

myocardial protection compared with depolarizing hyperkalemic cardiople-

gic solutions (19). The solution was rendered hypocalcemic to minimize

calcium influx via reverse sodium–calcium exchange during the initial

reperfusion (19,20). In addition, reduced glutathione was included as an

antioxidant, pyruvate as a metabolic substrate, and adenosine and insulin as

ischemic postconditioning agents (4).

Normal control heart procurement

Normal control animals (N¼ 4) were anesthetized and prepared in the same

fashion as the DCD donor animals. Following normovolemic hemodilution,

the donor animals were exsanguinated and a simultaneous rapid cardiec-

tomy was performed. The heart was emptied of blood, weighed, the aortic

cannula was inserted, and the heart was immediately connected to the

EVHP circuit.

Ex vivo heart perfusion

A Medtronic Affinity NT oxygenator, venous reservoir, 2 modified

BioMedicus 540 centrifugal pumps (Medtronic), and a leukocyte filter

(LeukoGuard LG; PALL Medical, Port Washington, NY) were used to

construct the EVHP circuit as described previously (21). Computer control of

the centrifugal pumpswith automated feedback loops was used to maintain

precise control of aortic diastolic and left atrial pressures. The transition from

a Langendorff perfusion mode (left atrial pressure¼ -1 mmHg) to a working

heart mode (left atrial pressure¼ 8 mmHg) was accomplished by increasing

the revolutions per minute on the left atrial centrifugal pump, while aortic

diastolic pressure was maintained by controlling the revolutions per minute

on the aortic centrifugal pump. Cardiac outputwas determined bymeasuring

the flow through the left atrial line in working heart mode.
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Immediately following the 3-min initial reperfusion period (DCD hearts) or

the rapid cardiectomy (normal control hearts), hearts were connected to the

EVHP circuit and perfused via the aortic root at 40mmHg, a left atrial

pressure of %1mmHg, and a temperature of 228C. Hearts were then

gradually rewarmed to 378C over a 30-min period, during which time a

cannulawas placed in the pulmonary artery, a cone-shaped left atrial cannula

(XVIVO Perfusion AB, G€oteborg, Sweden) was sewn to the common

orifice of the pulmonary veins, and the superior and inferior vena cava

were oversewn. Hearts were perfused ex vivo in a normothermic beating

state for a total duration of 6 h (Figure 1). At 1 (T1), 3 (T3), and 5 (T5) h the

hearts were paced in an AAI mode at 105 beats/min and were transitioned

into a working mode by increasing the left atrial pressure to 8 mmHg. Once

a steady state was reached, perfusate samples were obtained from the

aortic root and coronary sinus, and assessments of myocardial function,

metabolism, and coronary blood flow were carried out (Figure 1).

Ex vivo perfusate solution

The ex vivo perfusate solution consisted of 1000mL of STEEN solution

(XVIVO Perfusion AB) and 500mL of whole donor blood. Additional blood

collected during donor exsanguination was centrifuged and washed with

1000mL of 0.9% saline solution. The red blood cell concentrate obtained

was added to the perfusate solution to achieve a hemoglobin concentration

of 45 g/L. Perfusate pH, partial pressure of oxygen, partial pressure of carbon

dioxide, and electrolyte, hemoglobin, and lactate concentrations were

measured using an ABL800 Flex Analyzer (Radiometer Medical ApS,

Brønshøj, Denmark). Oxygen and gas flow through the membrane

oxygenator were titrated to maintain a pH of 7.25–7.35 and an arterial

partial pressure of oxygen (PaO2) of 100–200 mmHg. Infusions of insulin

(2.25U/h) and dobutamine (4mg/min) were maintained over the duration of

EVHP.

Myocardial injury

Myocardial edema: Hearts were emptied of blood and weighed at the

beginning (T0) and end (T6) of EVHP (Figure 1). The total weight gained

was expressed as a percent of the original heart weight as follows:

Weight gain ð%Þ ¼ ½End % EVHP heart weight ðgramsÞ % Start

% EVHP heart weight ðgramsÞ)=Start
% EVHP heart weight ðgramsÞ:

Troponin-I: Plasma samples were obtained from coronary sinus effluent,

and the amount of troponin-I that accumulated in the perfusate between

T0 and T5 was determined using a Pig Cardiac Troponin-I ELISA Kit

(Life Diagnostics, West Chester, PA) and normalized to the heart weight

(pg/mL/g).

Electron microscopy: Myocardial specimens from a random subset of

animals (normal control, N¼ 3; 58C, N¼ 3; 258C, N¼ 3; 358C, N¼ 3) were

examined using electron microscopy. Three samples of the anterolateral

wall of the left ventricle (subepicardium, middle, subendocardium) were

Figure 1: Experimental protocol for (A) normal control hearts (N¼4), and (B) hearts donated after circulatory death that were reperfused at
58C (N¼6), 258C (N¼5), and 358C (N¼7). CVR, coronary vascular resistance; IR, initial reperfusionwith normokalemic adenosine–lidocaine

crystalloid cardioplegia; LAP, left atrial pressure; MV, mechanical ventilation; MVO2, myocardial oxygen consumption.

Hypothermia Inhibits DCD Heart Resuscitation
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obtained and fixed in a 0.1M phosphate buffer with 3% glutaraldehyde

and then 1% osmium tetroxide. Samples were then dehydrated and

embedded in Epon 812. Three blocks from each sample (nine blocks per

animal) were randomly selected, sectioned, stained with uranyl acetate

and lead citrate, and photographed using a Philips CM 10 electron

microscope (Philips Electronics, Eindhoven, The Netherlands). An anato-

mist (JT) evaluated samples in a blinded fashion using a coded grid, and

assigned endothelial and myocyte injury scores (0¼ normal, 1¼mild–

moderate, 2¼moderate, 3¼moderate–severe, 4¼ severe injury). My-

ocytes were examined for alterations in cell integrity, including disruption

of myofibrils and loss of organelles. Capillaries were examined for the loss

of endothelial cell integrity, including the presence and severity of

endothelial cell edema.

Coronary vascular resistance

Coronary blood flow (CBF) was determined by averaging two timed

collections of pulmonary arterial blood flow. Coronary vascular resistance

(CVR) was then calculated as follows:

CVR ðmmHg *min=mL=100 gramsÞ
¼ aortic diastolic presuure ðmmHgÞ=CBF ðmL=minÞ
100 grams heart weight:

Myocardial metabolism

Myocardial oxygen consumption (MVO2) was determined by multiplying

CBF with the arterial-venous oxygen content difference:

MVO2 ðmLO2 =min=100 gramsÞ ¼ ½ðCaO2 % CvO2Þ
* CBF)=100 grams heart weight:

Arterial (CaO2) and venous (CvO2) oxygen content were calculated as

follows:

CaO2 ðmLO2=100mLÞ ¼ ½1:34 ðmLO2=gram hemoglobinÞ
* hemoglobin concentration ðgrams=100mLÞ
* oxygen saturation ð%Þ)
þ ½0:00289 ðmLO2=mmHg=100mLÞ
* PaO2 ðmmHgÞ);

and

CvO2 ðmLO2=100mLÞ ¼ ½1:34 ðmLO2=gram hemoglobinÞ
* hemoglobin concentration ðgrams=100mLÞ
* oxygen saturation ð%Þ)
þ ½0:00289 ðmLO2=mmHg=100mLÞ
* PvO2 ðmmHgÞ);

where PaO2 and PvO2 represent the partial pressure of oxygen in blood

samples from the aortic root and coronary sinus, respectively. Myocardial

lactate metabolism was determined by measuring the difference in lactate

concentration between coronary sinus and aortic root blood samples as

follows:

Lactate metabolism ðmmol=LÞ ¼ Coronary sinus lactate ðmmol=LÞ
% Arter ial lactate ðmmol=LÞ:

Myocardial function

The cardiac index was determined by measuring the blood flow on the left

atrial line (Bio-Probe Transducer Model TX-40; Medtronic) indexed for

heart weight (mL/min/g). Additionally, the maximum (dP/dt maximum) and

minimum (dP/dt minimum) rate of pressure change, and the developed

pressure were measured using a 5F conductance catheter (Ventri-Cath 507;

Millar Inc., Houston, TX) placed in the left ventricle and analyzed using

LabChart 7 Pro Version 7.2.5 (ADInstruments Inc., Colorado Springs, CO).

Statistical analysis

Normally distributed continuous variables were reported as mean# stan-

dard error and non-normally distributed continuous variables were reported

asmedian (range). The analysis of variancewas used to evaluate differences

among the three treatment groups. A p-value <0.05 was considered

statistically significant. Analyses were performed using GraphPad Prism

V6.0c (GraphPad Software Inc., La Jolla, CA).

Results

Initial reperfusion
DCD hearts sustained equivalent periods of warm ischemia
(58C¼28# 1, 258C¼29# 1, 358C¼28# 1 minutes,
p¼ 0.498) prior to initial reperfusion. Therewas nosignificant
difference in the electrolyte composition, osmotic, or oncotic
pressures of the initial reperfusion solution among treatment
groups (Table S1). Average myocardial temperature during
the 3-min initial reperfusion period varied according
to treatment group (58C¼ 10#1, 258C¼ 25# 1, 358C¼
35# 08C, p<0.001, Table 1). Initial reperfusion under
profoundly hypothermic conditions resulted in increased
CVR, reduced CBF, and lower coronary sinus lactate
concentration (Table 1).

Myocardial injury during ex vivo heart perfusion

Myocardial edema: There was no significant difference
in the development ofmyocardial edema over the 6-h EVHP
interval among treatment groups (58C¼29# 5, 258-
C¼ 27#6, 358C¼ 25# 3% weight gain, p¼0.800). Nor-
mal control hearts gained 12# 1% of their original heart
weight during EVHP.

Table 1: Impact of cardioplegia temperature on myocardial temperature, coronary vascular resistance, and coronary sinus lactate

concentration during the 3-min initial reperfusion period

Parameter, mean (SE) 58C 258C 358C p value

Myocardial temperature (8C) 10 (1) 25 (1) 35 (0) <0.001
CVR (mmHg!min/mL/100 g) 0.042 (0.005) 0.021 (0.002) 0.018 (0.001) <0.001

Coronary blood flow (mL/min) 483 (53) 772 (60) 906 (36) <0.001
Coronary sinus lactate (mmol/L) 0.73 (0.06) 1.33 (0.03) 1.75 (0.15) <0.001

CVR, coronary vascular resistance; SE, standard error.
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Troponin-I: The accumulation of troponin-I in the EVHP
perfusate solution during EVHP was significantly higher in
hearts exposed to profound hypothermia during the 3-min
initial reperfusion period (Figure 2).

Electron microscopy: Examination of myocardial speci-
mens obtained from the anterolateral wall of the left
ventricle at T6 revealed greater capillary endothelial cell
edema and a trend towards greatermyocyte injury in hearts
exposed to profound hypothermia during the 3-min initial
reperfusion period (Figure 2). Endothelial cell edema was
of sufficient severity to cause capillary occlusion in many
specimens obtained from 58C hearts.

Coronary vascular resistance during ex vivo heart
perfusion
There was no significant difference in CVR among
treatment groups at T1; however, hearts initially reperfused
at 358C exhibited significantly lower CVR at T3 and a trend
towards lower CVR at T5 (Figure 3).

Myocardial metabolism during ex vivo heart
perfusion
There was no significant difference in MVO2 among
treatment groups at T1 and T3; however, hearts initially
reperfused at 358C exhibited greaterMVO2 at T5 compared
to hearts initially reperfused at 258C and 58C (Figure 3).
There was no significant difference in the lactate concen-
tration among treatment groups at T1; however, at T3
and T5 the arterial and venous lactate concentrations
were significantly lower in hearts initially reperfused at
358C (Figure 4).

Myocardial function during ex vivo heart perfusion
Initial reperfusion temperature significantly impacted the
recovery of myocardial function during EVHP. Systolic
(dP/dt maximum) and diastolic (dP/dt minimum) function of
donor hearts are displayed in Figure 5. In hearts initially
reperfused at 358C, the diastolic function was significantly
better at all time points during EVHP and the systolic
functionwas superior at T5. The impact of initial reperfusion

Figure 2: (A) Electron microscopy of myocardial specimens from the anterolateral wall of the left ventricle, (B) electron microscopy injury
scores, and (C) concentration of troponin-I in the perfusate solution according to initial reperfusion temperature. Electron microscopy injury

scores and troponin-I concentrations from normal control hearts are included for reference.C, capillary lumen; u, edematous capillary
endothelium resulting in capillary occlusion; F, normal capillary endothelium.

Hypothermia Inhibits DCD Heart Resuscitation
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temperature on the cardiac index and developed pressure
are displayed in Figures S1 and S2.

Discussion

DCD hearts have been proposed as an additional donor
source in an attempt to mitigate the current organ shortage

that limits cardiac transplantation. Translational experi-
ments have clearly demonstrated that optimizing the
composition of the initial reperfusion solution and the
conditions of its delivery at the time of organ procurement
impacts DCD heart viability. In order to realize the potential
of DCD heart transplantation, it is important to establish an
evidence-based resuscitation strategy that optimizes func-
tional recovery and organ viability (22). Many authors have
speculated that the avoidance of profound hypothermia
during initial reperfusion may optimize DCD heart resusci-
tation; however, this has not been systematically evalu-
ated. We have now demonstrated in a large-animal model
that the avoidance of profound hypothermia during initial
reperfusion minimizes myocyte and endothelial injury, and
improves the functional recovery of DCD hearts.

The delivery of a profoundly hypothermic cardioplegic
solution at the time of organ procurement is standard
practice when procuring hearts from brain dead donors, to
minimizemetabolic demands during the subsequent period
of cold static storage. In the context of DCD, however,
organ preservation using normothermic ex vivo perfusion
has been shown to provide superior outcomes in experi-
mental models (23) and has been employed in clinical DCD
transplantation (11).With this inmind, the potential benefits
of cooling the DCD heart at the time of procurement only to
rewarm it minutes later upon initiation of EVHP seem
questionable. Simply unloading and arresting the donor
heart reduces myocardial metabolic demands by 80–
90% (24,25). The benefit of further reducing metabolic
demands, by inducing a profoundly hypothermic state in the
short period of time between procurement and initiation of
EVHP, may be outweighed by the negative impact of
profound hypothermia on the reparative processes essen-
tial for resuscitation of the vulnerable DCD heart. This
proposal, however, must be accompanied by the caveat
that the time between organ procurement and initiation of
EVHP is short. We accomplished this by inserting only the
aortic cannula before initiation of EVHP and completing the

Figure 3: (A) Coronary vascular resistance and (B) myocardial
oxygen consumption measured in working mode after 1 (T1), 3
(T3), and 5 (T5) h of normothermic ex vivo heart perfusion. p values

represent results of the analysis of variance comparing the three
treatment groups (58C, 258C, and 358C).

Figure 4: Arterial and venous lactate concentrationsmeasured inworkingmode after 1 (T1), 3 (T3), and 5 (T5) h of normothermic
ex vivoheart perfusion. p values represent results of the analysis of variance comparing the three treatment groups (58C, 258C, and 358C).
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remaining donor heart dissection and cannulation with the
heart beating.

Ischemia reperfusion injury in the DCD heart: Follow-
ing donor extubation, the DCD heart is forced to function
in an increasingly hypoxemic environmentwhile attempting
to maintain systemic oxygen delivery. This hypoxemia
results in a transition to anaerobic metabolism, the
development of intracellular acidosis, and activation of
the sodium–hydrogen exchanger (2). Reperfusion at the
time of organ procurement rapidly normalizes the extracel-
lular pH and creates a large hydrogen ion gradient across
the plasmamembrane that causes further sodium influx via
the sodium–hydrogen exchanger and the sodium–bicar-
bonate co-transporter (4). This increase in intracellular
sodium forces the sodium–calcium exchanger to function
in reverse mode and import calcium ions across the
sarcolemma. The resultant intracellular calcium overload
that develops during the initial reperfusion of ischemic
myocardium plays an important role in the pathogenesis of
myocardial hypercontracture and ischemia–reperfusion
injury (26).

Optimizing the composition of the solution delivered at the
time of organ procurement may mitigate the detrimental
effects of ischemia–reperfusion injury and enhance the

resuscitation of DCD hearts. For example, the addition of a
sodiumhydrogen exchange inhibitor (7,9) or an antioxidant
(8) to the initial reperfusion solution has been shown
to minimize ischemia–reperfusion injury and optimize
functional recovery. The delivery of pharmaceutical agents
that activate ischemic postconditioning pathways (erythro-
poietin, glyceryl trinitrate, p38 mitogen-activated protein
kinase inhibitors) has also been shown to optimize DCD
heart resuscitation (7,27). Taken together, these studies
demonstrate that interventions delivered at the onset
of reperfusion that target pathways involved in the
pathogenesis of ischemia–reperfusion injury can optimize
the resuscitation of DCD hearts.

Controlling the conditions of the initial reperfusion may
further minimize ischemia–reperfusion injury. The reactiva-
tion of ATP production in calcium-overloaded cardiomyo-
cytes after prolonged ischemia causes calcium oscillations
that provoke uncontrolled myofibrillar activation and the
development of hypercontracture (28,29). Therefore, initial
reperfusion of ischemic myocardium should maintain
cardiac arrest to provide an opportunity for the restoration
of intracellular ion homeostasis prior to myocardial contrac-
tion (8). Previous studies have demonstrated that hearts
subjected to a period of ischemia exhibit better functional
recovery when reperfused with a cardioplegic solution
compared to reperfusion with unmodified blood (30,31).
Furthermore, Rosenkranz et al (32) have shown that
following warm ischemia, hearts reperfused with blood
recover 33% of baseline function, while those reperfused
with cold or warm cardioplegia recover 63% and 85% of
baseline function, respectively. These results not only
suggest that initial reperfusion of ischemic myocardium
with a cardioplegic solution is protective, but also that
delivery of the solution at warmer temperatures provides
additional benefit.

Rationale for avoiding profound hypothermia during
initial reperfusion: The avoidance of profound hypother-
mia during the initial reperfusion of ischemic myocardium
may produce an environment that facilitates the resump-
tion of metabolic activity at a sufficient rate to allow
restoration of myocardial energy stores and the recovery of
ionic homeostasis (32–34). The cardiomyocyte is depen-
dent on the sodium–potassium ATPase to restore the
normal sodium gradient and repolarize the cell membrane.
Once this has been achieved, the sodium–calcium ex-
changer can return to a forward mode of operation, extrude
excess calcium from the cell, and restore ionic homeostasis
(29). However, there is evidence to suggest that hypother-
mia inhibits sodium–potassium ATPase activity during
the reperfusion of ischemic myocardium (17). Most
enzymatic processes have a 1.5–2.5-fold decrease in
enzyme activity rate for every 108C decrease in tempera-
ture (35), and profound hypothermia has been shown to
decrease the efficiency of oxidative phosphorylation and
limit the synthesis of ATP (36). Taken together, these

Figure 5: Systolic (dP/dt [rate of pressure change in the left
ventricle] maximum) and diastolic (dP/dt minimum) function
of hearts measured in working mode after 1 (T1), 3 (T3), and
5 (T5) h of normothermic ex vivo heart perfusion. p values

represent results of the analysis of variance comparing the three
treatment groups (58C, 258C, and 358C).
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studies suggest that initial reperfusion with a profoundly
hypothermic cardioplegia is likely to inhibit sodium-potas-
siumATPase activity and the generation of ATP required for
the restoration of ionic homeostasis (17).

The protective effect of terminal warm blood cardioplegia
in cardiac surgery exemplifies the potential benefits of
avoiding hypothermia during the initial reperfusion of DCD
hearts. Previous work in animal models has demonstrated
that delivery of a warm cardioplegia following ischemic
arrest reduces reperfusion arrhythmias, lowers troponin
levels, and improves functional recovery (37–39). Luo
et al (40) have demonstrated in a clinical randomized trial
of patients undergoing elective valve replacement that
terminal warm cardioplegia limited myocardial injury
and improved function postoperatively. In this study, the
protective effect of terminal warm cardioplegia was
equivalent to that achieved with ischemic preconditioning.
Likewise, Toyoda et al (41) showed in a randomized trial of
pediatric patients that terminal warm cardioplegia reduced
reperfusion arrhythmias and lowered troponin levels. Since
DCD hearts have sustained ischemic injury during the
anoxic arrest and warm ischemic standoff period prior to
organ procurement, application of the terminal warm
cardioplegia concept to the initial reperfusion of DCD
hearts may optimize their resuscitation (22).

Translational experiments in animalmodels have advocated
for the avoidance of profound hypothermia during the initial
reperfusion to facilitate DCD heart resuscitation. In these
studies, the initial reperfusion solution was delivered at
temperatures ranging from 208C to 378C (8,18,22,42–44);
however, the optimal temperature has not been examined
systematically. Our results demonstrate that avoidance of
profound hypothermia during the initial reperfusion reduced
CVR, increased oxygen delivery, and improved thewashout
of lactate from the myocardium. These changes may have
optimized the restoration ion homeostasis prior to myocar-
dial contraction andminimized ischemia–reperfusion injury,
as evidenced by the lower troponin levels during subse-
quent EVHP and preserved myocyte ultrastructure. The
recovery of myocardial function was best preserved in
hearts reperfused at warmer temperatures. The beneficial
impact of initial reperfusion at 358C was most apparent
in the preservation of diastolic function during EVHP. The
negative effects of hypothermia on sarcoplasmic reticular
calcium handling may account for this observation (45).
Finally, initial reperfusion at 58C was associated with
endothelial cell injury in our study, which is in accordance
with previous research demonstrating that endothelial cells
exhibit significantly decreased cell adhesion and increased
permeability at profoundly hypothermic temperatures (46).
The endothelial cell protection afforded by initial reperfusion
at warmer temperatures is important, given the known
association between endothelial injury, the development
of cardiac allograft vasculopathy, and long-term graft
survival (47). The importance of optimal endothelial function
is not limited to cardiac allografts, and our observations

regarding the importance of initial reperfusion temperature
may be applicable to other DCD organs as well.

Limitations: The results of this study suggest that initial
reperfusion temperature impacts the recovery ofmyocardial
function during EVHP; however, further studies are required
to determine whether posttransplant outcomes would be
similarly affected. We included uninjured hearts as a normal
control group; however, successful DCD heart transplanta-
tion may be possible without achieving normal heart
function in the ex vivo setting. Future transplant studies
are required to determine cutoff values for functional and
metabolic parameters that predict successful transplanta-
tion. It may be beneficial to include hearts from brain-dead
donor animals as a control group in future studies. The
impact of initial reperfusion temperature on myocardial
energy stores, and intracellular sodium and calcium
concentrations were inferred based on previously published
literature and were not directly quantified in this study.

Conclusions

How the DCD heart is treated in the first minutes of
reperfusion significantly impacts the severity of ischemia–
reperfusion injury. The avoidance of profound hypothermia
during initial reperfusion with a normokalemic adenosine–
lidocaine cardioplegia minimizes myocyte and endothelial
injury, and improves the functional recovery of DCD hearts
during ex vivo perfusion. Therefore, the conditions under
which cardioplegia is delivered during organ procurement is
an important variable impacting organ viability.
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Table S1: Initial reperfusion solution properties.

Figure S1: Cardiac index of heartsmeasured inworking
mode after 1 (T1), 3 (T3), and 5 (T5) h of normothermic
ex vivo heart perfusion. !p values represent results of the
analysis of variance comparing the three treatment groups
(58C, 258C, and 358C).

Figure S2: Developed pressure of hearts measured
in working mode after 1 (T1), 3 (T3), and 5 (T5) h
of normothermic ex vivo heart perfusion. !p values
represent results of the analysis of variance comparing the
three treatment groups (58C, 258C, and 358C).
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