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Background. Hearts donated after circulatory death
may represent an additional donor source. The influx of
sodium and calcium ions across the sarcolemma play a
central role in the pathogenesis of ischemia-reperfusion
injury; however, this process may be inhibited if the
initial reperfusion solution is rendered hypocalcemic and
acidic. We sought to determine the calcium concentration
and pH of the initial reperfusion solution that yielded
optimal functional recovery of hearts donated after
circulatory death during ex vivo heart perfusion.

Methods. Pigs were anesthetized, mechanical ventila-
tion was discontinued, and a 15-minute standoff period
was observed after circulatory arrest. Hearts were reper-
fused with a normothermic cardioplegia of varying
calcium concentrations (part 1 [50 mmol/L, n [ 4; 220
mmol/L, n [ 9; 500 mmol/L, n [ 4; and 1,250 mmol/L, n [
5]) and pH (part 2 [7.9, n [ 5; 7.4, n [ 9; 6.9, n [ 8; and
6.4, n [ 6]). Myocardial function was then assessed in a
physiologic working model 1 hour after initiation of
normothermic ex vivo heart perfusion.

Results. The calcium concentration and pH of the car-
dioplegic solution affected the development of myocar-
dial edema (part 1: 50 mmol/L [ 5.8% ± 0.9%; 220 mmol/
L [ 4.3% ± 0.4%; 500 mmol/L [ 7.0% ± 0.6%; and 1,250
mmol/L [ 6.6% ± 0.8% weight gain, p [ 0.015; part 2:
7.9 [ 3.6% ± 0.4%, 7.4 [ 4.3% ± 0.4%, 6.9 [ 3.7% ± 0.6%,
and 6.4 [ 6.4% ± 1.3% weight gain, p [ 0.056) and the
recovery of myocardial function (cardiac index part 1: 50
mmol/L [ 2.6 ± 0.6; 220 mmol/L [ 6.0 ± 0.8; 500 mmol/L [
2.3 ± 0.5; and 1,250 mmol/L [ 1.9 ± 0.6 mL $ mL1 $ gL1,
p < 0.001; part 2: 7.9[ 1.5 ± 0.7; 7.4[ 6.0 ± 0.8; 6.9 [ 8.4 ±
1.8; and 6.4 [ 3.1 ± 0.8 mL $ mL1 $ gL1, p [ 0.003)
during ex vivo heart perfusion.
Conclusions. Initial reperfusion of hearts donated after

circulatory death with a hypocalcemic and moderately
acidic cardioplegia minimizes edema and optimizes func-
tional recovery during subsequent ex vivo heart perfusion.

(Ann Thorac Surg 2016;-:-–-)
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Cardiac transplantation remains the gold standard
treatment for patients with advanced heart failure

[1]. Despite a growing number of eligible recipients a
critical shortage of suitable organs from brain dead do-
nors has resulted in a static transplant volume [1].
Donation after circulatory death (DCD) may represent a
novel avenue to expand the donor pool. The DCD heart,
however, experiences global ischemia during the hypox-
emic cardiac arrest and warm-ischemic standoff period
that ethically defines death [2]. Reperfusion at the time of

organ procurement creates a large hydrogen ion gradient
across the sarcolemma that activates the sodium-
hydrogen exchanger (NHE) and causes sodium influx
into the myocyte [3]. With loss of the sodium gradient, the
sodium-calcium exchanger (NCX) functions in reverse
mode and imports calcium ions into the cell (Fig 1). This
intracellular calcium overload plays a central role in the
pathogenesis of ischemia-reperfusion injury (IRI) [3, 4].
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Concern regarding the severity of IRI sustained after
organ procurement has limited the clinical trans-
plantation of DCD hearts.

Application of a tailored approach to the initial reper-
fusion of DCD hearts provides an opportunity to resus-
citate these organs and facilitate successful clinical
transplantation [5]. The pathogenesis of IRI can be miti-
gated by optimizing the composition of the cardioplegic
solution delivered at the time of organ procurement.
Pharmacologic inhibition of the NHE and NCX have

been shown to minimize IRI [6–8]; however, such in-
hibitors are not clinically available. Alternatively, delivery
of acidic and hypocalcemic solutions have been shown
to limit sodium entry by NHE and calcium entry by
NCX, respectively [9–11]. Taken together, these results
suggest that initial reperfusion of DCD hearts with a
hypocalcemic and acidic cardioplegia may minimize
IRI. Therefore, we sought to determine what initial
reperfusion solution calcium concentration and pH
would optimize the functional recovery of DCD hearts
during ex vivo heart perfusion (EVHP).

Material and Methods

The University of Manitoba Animal Care Committee
approved the experimental protocol. All animals received
care in compliance with the National Institute of Health’s
“Guide for the Care of Laboratory Animals.” Forty-one
DCD pig hearts were allocated to eight treatment
groups according to the composition of the initial reper-
fusion solution that was delivered after organ procure-
ment (Fig 2). Part 1 of the experimental protocol
examined the impact of initial reperfusion calcium
concentration on DCD heart resuscitation: 50 mmol/L

Fig 1. (A) Ionic changes during
ischemia. Anaerobic metabolism re-
sults in the production of hydrogen
ions that activate the sodium-
hydrogen exchanger and cause the
accumulation of sodium ions inside
the myocyte. The sodium-potassium
adenosine triphosphatase (ATPase) is
not able to extrude the excess sodium
ions and maintain the normal mem-
brane potential because of a lack of
available ATP. Consequently, as
ischemia progresses, there is an
accumulation of sodium and
hydrogen ions inside the myocyte
and depolarization of the membrane
potential. (B) Ionic changes during
reperfusion. Reperfusion washes out
the hydrogen ions that have accu-
mulated in the interstitial space and
creates a large gradient for sodium-
hydrogen exchange. The influx of
sodium ions into the myocyte during
early reperfusion forces the sodium-
calcium exchanger to function in
reverse mode and import calcium
ions across the sarcolemma. Intra-
cellular ionic homeostasis cannot be
restored until the sodium-potassium
ATPase is able to reestablish the
resting membrane potential and
normal intracellular sodium levels,
which will allow the sodium-calcium
exchanger to return to a forward
mode of operation and extrude excess
calcium from the cytoplasm. (RyR ¼
ryanodine receptor.)

Abbreviations and Acronyms
ATP = adenosine triphosphate
CBF = coronary blood flow
CVR = coronary vascular resistance
DCD = donation after circulatory death
dP/dt = rate of pressure change
EVHP = ex vivo heart perfusion
IRI = ischemia-reperfusion injury
NCX = sodium-calcium exchanger
NHE = sodium-hydrogen exchanger
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(n ¼ 4); 220 mmol/L (n ¼ 9); 500 mmol/L (n ¼ 4); and 1,250
mmol/L (n ¼ 5). Part 2 examined the impact of initial
reperfusion pH on DCD heart resuscitation: 7.9 (n ¼ 5);
7.4 (n ¼ 9); 6.9 (n ¼ 8); and 6.4 (n ¼ 6). Hearts allocated
to the 220 mmol/L group in part 1 were also used as
the pH 7.4 group in part 2 of the experimental protocol
(Fig 2, Table 1; Supplement Tables 1–4).

Heart Procurement
Hearts were procured from anesthetized donor pigs
(weight 43" 1 kg) after cessation ofmechanical ventilation,
as previously described [12]. Briefly, after donor extuba-
tion, circulatory arrestwas declaredwhenpulsatility on the
arterial pressure tracing was no longer evident. An addi-
tional 15-minute warm ischemic standoff period was

Fig 2. Experimental protocol exam-
ining the impact of initial reperfu-
sion calcium concentration (part 1)
and pH (part 2) on the resuscitation
of hearts donated after circulatory
death. (A) Fifteen minutes after
declaration of circulatory arrest,
hearts were reperfused with a car-
dioplegic solution of varying [Ca2þ]
and pH and then perfused ex vivo for
1 hour before functional and meta-
bolic assessments were carried out.
(B) Experimental groups according
to the [Ca2þ] and pH of the car-
dioplegic solution delivered during
the 3-minute initial reperfusion.
xHearts from the [Ca2þ] 220 mmol/L
group in part 1 also represented the
pH 7.4 group in part 2.

Table 1. Impact of Initial Reperfusion Calcium Concentration and pH on Myocardial Function During Ex Vivo Heart Perfusion

Functional Parameter [Ca2þ] 50 mmol/L [Ca2þ] 220 mmol/La [Ca2þ] 500 mmol/L [Ca2þ] 1,250 mmol/L p Value

dP/dt maximum, mm Hg/s 962 (93) 1,217 (102) 757 (44) 745 (81) 0.006
dP/dt minimum, mm Hg/s $640 (123) $904 (117) $476 (74) $391 (62) 0.013
Developed pressure, mm Hg 81 (13) 111 (9) 74 (8) 60 (10) 0.008
Stroke work, mm Hg*mL 496 (162) 1,520 (231) 403 (110) 348 (123) <0.001

pH ¼ 7.9 pH ¼ 7.4a pH ¼ 6.9 pH ¼ 6.4 p Value

dP/dt maximum, mm Hg/s 506 (212) 1,217 (102) 1,310 (109) 816 (97) <0.001
dP/dt minimum, mm Hg/s $281 (122) $904 (117) $980 (79) $490 (92) <0.001
Developed pressure, mm Hg 47 (20) 111 (9) 114 (6) 73 (10) <0.001
Stroke work, mm Hg*mL 312 (165) 1,471 (253) 1,957 (395) 696 (251) 0.005

a The 220 mmol/L group in part 1 of the experimental protocol is equivalent to the pH ¼ 7.4 group in part 2 of the experimental protocol.

Values are mean (SE).

dP/dt ¼ rate of pressure change; SE ¼ standard error.
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observed, and then donor animals were exsanguinated
into a cell-saving device (Brat2; Sorin Group Canada,
Markham, ON, Canada) and a simultaneous rapid car-
diectomy was performed. The heart was emptied of blood
and weighed, and the aortic cannula was inserted.

Initial Reperfusion
Hearts were assigned to eight treatment groups according
to the composition of the initial reperfusion solution
(Fig 2; Supplement Tables 1, 2). All hearts underwent a
controlled reperfusion at an aortic root pressure of 40 mm
Hg for 3 minutes at 35%C [12]. The MPS2 (Quest Medical,
Allen, TX) was utilized to precisely control the pressure
and temperature during the initial reperfusion.

Ex Vivo Heart Perfusion
An Affinity NT oxygenator, venous reservoir, two modi-
fied BioMedicus centrifugal pumps (Medtronic, Minne-
apolis, MN), and a leukocyte filter (LeukoGuard LG; Pall
Medical, Port Washington, NY) were used to construct the
EVHP circuit, as previously described [13]. Immediately
after completion of the 3-minute initial reperfusion
period, hearts were connected to the EVHP circuit,
perfused through the aortic root at 40 mm Hg, and grad-
ually rewarmed to 37%C over a 30-minute period
[12]. During this time, a cannula was placed in the pul-
monary artery, and a left atrial cannula (XVIVO Perfusion,
Englewood, CO) was sewn to the common orifice of
the pulmonary veins. One hour after initiation of EVHP,
hearts were paced in an AAI mode at 105 beats per minute
and were transitioned into a working mode by increasing
the left atrial pressure to 8mmHg. Once a steady state was
reached, perfusate samples were obtained from the aortic
root and coronary sinus, and assessments of myocardial
function and metabolism were carried out.

Ex Vivo Perfusate Solution
The ex vivo perfusate solution consisted of 1,000 mL
STEEN solution (XVIVO Perfusion) and 500 mL whole
donor blood. Additional blood collected during the donor
exsanguination was centrifuged and washed with 1,000
mL 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,
oxygen, carbon dioxide, 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 7.35 and an
arterial partial pressure of oxygen of 100 to 200 mm Hg.
Infusions of insulin (2.25 units/h) and dobutamine
(4 mg/min) were maintained over the duration of EVHP.

Myocardial Injury
MYOCARDIAL EDEMA. Hearts were emptied of blood and
weighed at the beginning and end of EVHP. The amount
of weight gained was normalized to the initial heart
weight.

TROPONIN-I. The amount of troponin-I accumulation in the
perfusate was determined using a pig cardiac troponin-I
enzyme-linked immunosorbent assay kit (Life Di-
agnostics, West Chester, PA).
METABOLIC ASSESSMENTS. Coronary vascular resistance
(CVR), myocardial oxygen consumption, and lactate meta-
bolism were calculated as described in the Supplement.
MYOCARDIAL FUNCTION. Cardiac index was determined by
measuring the blood flow on the left atrial line (Bio-Probe
Transducer TX-40; Medtronic) indexed for heart weight
(mL $ min$1 $ g$1). Additionally, the maximum rate of
pressure change (dP/dtmax), minimum rate of pressure
change (dP/dtmin) and developed pressure were
measured using a 5F conductance catheter (Ventri-Cath
507; Millar, Houston, TX) and analyzed using LabChart 7
Pro Version 7.2.5 (ADInstruments, Colorado Springs,
CO). Stroke work was also calculated as described in the
Supplement.

Statistical Analysis
Normally distributed continuous variables were reported
as mean " SE. The one-way analysis of variance was used
to evaluate differences among the treatment groups. A
p value less than 0.05 was considered statistically signifi-
cant. Analyses were performed using GraphPad Prism
6.0c (GraphPad Software, La Jolla, CA).

Results

Part 1, Calcium Concentration
INITIAL REPERFUSION. The composition of the initial reperfu-
sion solution for each treatment group inpart 1 is displayed
in Supplement Table 3. Hearts sustained equivalent pe-
riods of warm ischemia (50 mmol/L ¼ 27.8 " 0.5, 220 mmol/
L¼ 27.7" 0.4, 500 mmol/L¼ 28.3" 0.5, and 1,250 mmol/L¼
28.4" 0.4minutes, p¼ 0.551) before initial reperfusion. The
CVR and coronary blood flow (CBF) during the initial
reperfusion were comparable among treatment groups
(data not shown).
MYOCARDIAL INJURY. Hearts reperfused with a calcium
concentration of 220 mmol/L developed less myocardial
edema during EVHP (Fig 3); however, the accumulation
of troponin-I in the perfusate during EVHP was not
significantly different among treatment groups (50 mmol/
L ¼ 28 " 6, 220 mmol/L ¼ 22 " 5, 500 mmol/L ¼ 21 " 5, and
1,250 mmol/L ¼ 41 " 9 pg/mL, p ¼ 0.855).
MYOCARDIAL METABOLISM. There was no significant differ-
ence in CVR, myocardial oxygen consumption, arterial
lactate, venous lactate, or the venoarterial lactate differ-
ence among treatment groups during EVHP (Figs 4–6).
MYOCARDIAL FUNCTION. Initial reperfusion calcium concen-
tration significantly impacted the recovery of myocardial
function. Hearts initially reperfused with a calcium
concentration of 220 mmol/L exhibited the highest cardiac
index during subsequent EVHP (Fig 7). The dP/dtmax, dP/
dtmin, developed pressure, and stroke work improved
progressively as the calcium concentration in the initial
reperfusion solution was reduced from 1,250 to 220 mmol/
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L; however, a further reduction to 50 mmol/L was detri-
mental (Table 1).

Part 2, pH
INITIAL REPERFUSION. The composition of the initial reper-
fusion solution for each treatment group in part 2 is dis-
played in Supplement Table 4. Hearts sustained
equivalent periods of warm ischemia (7.9 ¼ 28.8 " 1.2,
7.4 ¼ 27.7 " 0.4, 6.9 ¼ 27.5 " 0.3, and 6.4 ¼ 27.0 " 0.7
minutes, p ¼ 0.279) before initial reperfusion. The CVR
and CBF during the initial reperfusion were comparable
among treatment groups (data not shown).
MYOCARDIAL INJURY. Hearts initially reperfused with a pH
of 6.4 displayed a trend toward worse myocardial edema
during subsequent EVHP (Fig 3); however, the accumu-
lation of troponin-I in the perfusate during EVHP was
not significantly different among treatment groups (7.9 ¼
18 " 5, 7.4 ¼ 22 " 5, 6.9 ¼ 19 " 5, and 6.4 ¼ 53 " 12 pg/mL,
p ¼ 0.593).
MYOCARDIAL METABOLISM. Hearts initially reperfused with a
pH of 6.9 demonstrated lower CVR during subsequent
EVHP (Fig 4). Myocardial oxygen consumption, arterial
lactate, venous lactate, and the venoarterial lactate
difference were comparable among treatment groups
(Figs 5 and 6).
MYOCARDIAL FUNCTION. Initial reperfusion pH significantly
impacted the recovery of myocardial function. Hearts that
were initially reperfused with a moderately acidic

(pH 6.9) solution exhibited the highest cardiac index
during subsequent EVHP, whereas alkalotic (pH 7.9) and
profoundly acidic (pH 6.4) solutions negatively impacted
the recovery of myocardial function (Fig 7). Similar results
were also observed for the dP/dtmax, dP/dtmin, developed
pressure, and stroke work (Table 1).

Comment

Hearts donated after circulatory death have been pro-
posed as an additional donor source in an attempt to
mitigate the current organ shortage that limits cardiac
transplantation; however, the development of an
evidence-based resuscitation strategy that optimizes the
recovery of organ function is essential to realize the
potential of DCD transplantation. The severity of
myocardial IRI may be significantly affected by the
calcium concentration and pH of the initial reperfusion
solution; however, these variables have not been sys-
tematically evaluated in the context of DCD. In this study,
it was demonstrated that initial reperfusion with a
hypocalcemic and moderately acidic cardioplegia mini-
mizes myocardial edema and optimizes the functional
recovery of DCD hearts.

Ischemia Reperfusion Injury
After donor extubation, the DCD heart functions in an
increasingly hypoxemic environment while attempting

Fig 4. Coronary vascular resistance
during ex vivo heart perfusion: (left)
part 1, [Ca2þ]; (right) part 2, pH.

Fig 3. Myocardial edema during
ex vivo heart perfusion: (left) part 1,
[Ca2þ]; (right) part 2, pH.
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to maintain systemic oxygen delivery [2]. During this
time, adenosine triphosphate (ATP) stores are depleted
and anaerobic metabolism predominates, causing
intracellular acidosis, activation of the NHE, and sodium
influx into the myocyte [4]. The sodium-potassium
ATPase normally functions to extrude sodium ions
entering the myocyte through the NHE (Fig 1A). In the
DCD context, however, intracellular acidosis develops
concurrently with the depletion of ATP stores. The
combined effect of increased NHE activity and inhibi-
tion of the sodium-potassium ATPase produces a
pathologic accumulation of intracellular sodium (Fig 1A)
[14]. Subsequent reperfusion at the time of organ pro-
curement rapidly normalizes the extracellular pH and
creates a large hydrogen ion gradient across the plasma
membrane that causes further sodium influx through
the NHE [3]. This increase in intracellular sodium forces
the NCX to function in reverse mode and import cal-
cium ions across the sarcolemma (Fig 1B). The resultant
intracellular calcium overload propagates myocyte
death through the development of hypercontracture,
activation of calcium-dependent proteases, generation
of reactive oxygen species, activation of mitochondrial
permeability transition pores, and initiation of apoptotic
pathways [3, 4].

DCD Heart Resuscitation
At the time of organ procurement, the DCD heart is
energy deplete and vulnerable to the influx of sodium
and calcium on reperfusion. The reactivation of ATP
production in this pathologic scenario can propagate
calcium oscillations and the development of hyper-
contracture [15]. Okamoto and associates [16] have shown
that irreversible hypercontracture develops in hearts
reperfused with blood; however, reperfusion with a car-
dioplegic solution mitigates this pathologic process.
Therefore, hypercontracture can be prevented if initial
reperfusion of the DCD heart maintains cardiac arrest
and provides an opportunity for the restoration of intra-
cellular ion homeostasis before myocardial contraction
[17]. The resuscitation of DCD hearts may be further
enhanced by optimizing the composition of the car-
dioplegic solution to target pathways involved in the
pathogenesis of IRI.

Initial Reperfusion Calcium Concentration
Reverse NCX activity causes a profound increase in
cytosolic calcium during the reperfusion of ischemic
myocardium (Fig 1B); however, inhibiting this pathologic
process can minimize IRI [8]. The NCX can move calcium
ions in either direction depending on the resting

Fig 5. Myocardial oxygen con-
sumption during ex vivo heart
perfusion: (left) part 1, [Ca2þ];
(right) part 2, pH.

Fig 6. Lactate profile during ex vivo
heart perfusion: (left) part 1, [Ca2þ];
(right) part 2, pH. The p values
represent results of the analysis of
variance for arterial lactate (black
bars), venous lactate (gray bars), and
the venoarterial lactate difference
among the four treatment groups in
part 1 and part 2. (NS ¼ not
significant.)
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membrane potential and the transmembrane gradients of
sodium and calcium [17]. The membrane depolarization
and sodium influx that occur during ischemia and on
reperfusion force the NCX to function in reverse mode
and import calcium ions across the sarcolemma [3]. This
process can be limited if the initial reperfusion solution is
rendered hypocalcemic, thereby minimizing the calcium
gradient that favors reverse NCX activity during early
reperfusion [11]. The sodium-potassium ATPase can then
simultaneously restore the normal sodium gradient and
repolarize the cell membrane, allowing NCX to return to
a forward mode of operation and restore calcium
homeostasis [15].

The majority of experimental evidence to date suggests
that hypocalcemic reperfusion of ischemic myocardium
minimizes calcium overload, facilitates the restoration of
energy stores (phosphocreatine and ATP), limits myocyte
injury, and improves functional recovery [11, 18–21].
Variability in the optimal calcium concentration (50 to
750 mmol/L) described in these studies may be explained
by the potassium and magnesium concentrations of the
solutions. In this study, it was demonstrated that initial
reperfusion of DCD hearts with an adenosine-lidocaine
cardioplegia optimized functional recovery when the
calcium concentration is 220 mmol/L. This was a normo-
kalemic solution with a magnesium concentration of 2.6
mmol/L, variables that must be taken into account when
interpreting our results in the context of previously
published literature.

It was also observed that initial hypocalcemic reper-
fusion minimized myocardial edema during EVHP;
however, the troponin concentration in the perfusate
was not significantly different among treatment groups.
These results suggest that the primary benefit of hypo-
calcemic reperfusion in our study was to minimize
myocardial stunning, a pathologic impairment in func-
tion that persists after ischemia despite the complete
reperfusion of viable myocardium [22]. This functional
impairment is thought to result from calcium overload
and the generation of reactive oxygen species during
reperfusion, which cause decreased myofilament
responsiveness to calcium during contraction [22, 23].
Kusuoka and colleagues [23] have demonstrated that

these pathologic changes can be mitigated by reperfu-
sion with a hypocalcemic solution.
It this study, it was observed that reducing the calcium

concentration of the reperfusion solution from 1,250
to 220 mmol/L significantly improved DCD heart resus-
citation; however, the protective effect of hypocalcaemia
was lost when the calcium concentration was reduced
further to 50 mmol/L. Such a bell-shaped dose response
curve to initial reperfusion calcium concentration has
been demonstrated previously and may be explained by
the calcium paradox [18]. Reperfusion with a calcium-free
solution followed by the restoration of a normal perfusate
calcium concentration precipitates myocardial hyper-
contracture and profound creatine kinase release [24].
This calcium paradox is thought to result from
sodium influx into the myocyte during calcium free
perfusion, precipitating profound calcium entry through
NCX after the restoration of a normal perfusate calcium
concentration [25]. Other researchers have also demon-
strated that a calcium concentration of 50 mmol/L is not
sufficient to protect the myocardium from the calcium
paradox [26, 27].

Initial Reperfusion pH
The reperfusion of ischemic myocardium rapidly
normalizes the extracellular pH and creates a large
hydrogen ion gradient across the plasma membrane that
causes sodium influx through the NHE. This propagates
intracellular calcium overload through reverse NCX
activity (Fig 1B). The importance of NHE activity in IRI is
highlighted by a host of studies demonstrating that NHE
inhibitors limit IRI in animal models [6, 7, 14]. At present
there are no clinically available NHE inhibitors, which
significantly limits their application in the context of
clinical DCD transplantation. However, transient acidic
reperfusion can inhibit NHE activity, activation of
calcium-dependent proteases, and opening of the mito-
chondrial permeability transition pore [9, 10].
Previous studies seeking to optimize DCD heart

resuscitation have rendered the initial reperfusion solu-
tion acidic [28]; however, the impact of initial reperfusion
pH has not been studied systematically. In part 2 of this
study we sought to determine whether initial acidic

Fig 7. Cardiac index of hearts in a
working mode: (left) part 1, [Ca2þ];
(right) part 2, pH.
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reperfusion could provide an additive benefit over that
achieved with a solution of optimized calcium concen-
tration (ie, does inhibition of NHE activity during initial
reperfusion provide an additive benefit over and above
that achieved with inhibition of reverse NCX activity). It
was found that reperfusion with a moderately acidic
(pH 6.9) solution improved the recovery of myocardial
function during EVHP. This group also demonstrated
lower coronary vascular resistance, which may have
resulted from a higher oxygen demand coupled with
better preservation of coronary endothelial cell integrity;
however, further research would be required to confirm
this. Gao and colleagues [29] have also shown that
reperfusion with a hypocalcemic (calcium concentration
100 to 300 mmol/L) and moderately acidic (pH 6.8) solu-
tion reduces myocardial stunning and limits myofilament
proteolysis. Although these results suggest that moderate
acidity is protective, the magnitude of the benefit in this
study compared with that achieved with a solution of
normal pH was small.

The importance of NHE activity during the resuscita-
tion of DCD hearts is underscored by the results of this
study. We have shown that the protective effect of a hy-
pocalcemic solution was completely abrogated when the
cardioplegic solution was delivered under alkalotic
(pH 7.9) or profoundly acidic (pH 6.4) conditions. An
alkalotic solution would be expected to promote NHE
activity and enhance calcium loading through reverse
NCX during the reperfusion of ischemic myocardium,
and has been previously shown to adversely impact
myocardial recovery after ischemia [30]. Interestingly,
delivery of a profoundly acidic reperfusion solution was
associated with the development myocardial edema
during EVHP and very poor functional recovery. These
results may be explained by the inhibitory effect of
profound acidosis on oxidative phosphorylation and
sodium-potassium ATPase activity [31, 32], enzymatic
processes that are required for the restoration of ionic
homeostasis before myocardial contraction, as described
previously.

Study Limitations
The results of this study suggest that a hypocalcemic and
moderately acidic cardioplegia optimizes myocardial
functional recovery; however, further studies are
required to determine whether posttransplant outcomes
would be similarly affected. We chose to optimize initial
reperfusion calcium and pH in a sequential fashion, and
the impact of other potential calcium-pH combinations
on DCD heart resuscitation is not known. The impacts of
initial reperfusion calcium concentration and pH on
intracellular sodium and calcium concentrations were
inferred based on previously published literature and
were not directly quantified in this study.

Conclusion
The composition of the cardioplegic solution delivered in
the first minutes of reperfusion has a significant impact
on the recovery of myocardial function during ex vivo
perfusion. Initial reperfusion of DCD hearts with a

hypocalcemic and moderately acidic cardioplegia mini-
mizes edema and optimizes functional recovery. Decades
of research demonstrating the protective effect NHE and
NCX inhibitors on IRI corroborate these results; however,
as none of these drugs are currently available for clinical
use, we suggest that the desired clinical endpoint may be
achieved by optimizing the pH and calcium concentration
of the cardioplegic solution.
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