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Abstract
Background: Normothermic machine perfusion (NMP) utilises 1.2-1.5L of donor blood (DB)
with a target perfusate haematocrit of 25% to reanimate the donor heart. Limitations to
current practise include small donor size and donor anaemia which can impact on the
recovery of these hearts. Furthermore, in donation after circulatory death (DCD), blood
collection may delay delivery of preservation solutions resulting in longer warm ischaemic
times for the heart and other organs. Banked blood (BB) is a potential alternative to donor
blood. We investigated the effect of banked blood for the reanimation and perfusion of
donor hearts in a DCD porcine model.
Methods: Series 1: Landrace pigs (n=12) underwent DCD withdrawal with subsequent
procurement of the heart; 6 were reperfused with autologous blood; 6 were reperfused with
BB (collected 48 hours prior). Hearts were maintained on NMP for 5 hours with continuous
pressure and flow measurement. Serial venous and arterial lactate measurements were
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performed as a marker of organ health. Series 2: Ten further studies in the BB group with
nitric oxide (NO) pre-treatment (n=5), or sodium nitroprusside (SNP) infusion (n=5).
Results: BB demonstrated severe metabolic and electrolyte disturbances requiring
correction before organ perfusion. Both groups were successful in cardiac reanimation and
demonstrated favourable lactate trends during perfusion. Perfusion with BB resulted in
higher coronary perfusion pressure (CPP) which continued to rise overtime with resultant
deterioration in cardiac function. The administration of NO delayed but did not prevent the
rise in CPP. SNP infusion prevented the rise in CPP but resulted in severe hyperkalaemia.
Conclusions: Reperfusion of DCD hearts with BB during NMP results in significantly higher
perfusion pressures leading to progressive deterioration of cardiac recovery. Treatment with
nitro vasodilators produced short-lived benefits.
Keywords
Banked blood; normothermic machine perfusion; donation after circulatory death heart
transplant

1. Introduction
Machine perfusion is now utilised in the resuscitation of multiple donor organs including heart,
lung, liver and kidneys, in place of or as an adjunct to cold storage for clinical transplantation [1-8].
Early to mid-term results have shown favourable outcomes despite the increased utilisation of
‘marginal’ organs which were previously discarded [6, 7, 9, 10]. Notwithstanding the continued
debate around perfusion methods (i.e. hypothermic vs. normothermic) and the merits of
individual device technology, the overall positive role of machine perfusion in donor organ
management is now widely established.
An important component of machine perfusion is the composition of the solution with which
the organ is perfused whilst on the device. Perfusates can range from enriched whole blood to
specialised crystalloid solutions and vary depending on the perfusion device used. In heart
transplantation, the only clinically approved device is the Transmedics Organ Care System (OCS
Heart) which uses normothermic perfusion of the donor heart [11-13]. The perfusate uses a
combination of donor blood, which is collected at the time of organ procurement, mixed with a
proprietary crystalloid solution. In contrast, other hypothermic cardiac perfusion devices (in
animal trials) have used non-blood based perfusates [14-17].
Whilst a blood-based perfusate appears to be the logical choice for ex-situ normothermic
perfusion of the donor heart, time and volume constraints become major logistical factors
potentially impeding the satisfactory resuscitation of the donor heart. Limitations to collecting the
necessary volume required for machine perfusion can be due to lower blood volume in a smaller
adult or paediatric donor, blood loss following events leading to death or low haematocrit
secondary to resuscitation efforts. Prolonged blood collection time can be due to low blood
volume, to donor size or volume loss, and under resuscitation during the organ retrieval process
with resultant hyperviscosity in the absence of antemortem heparin. Although these issues may
be infrequent, it remains a major concern as donor hearts are scarce. In addition, prolonged blood
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collection time may delay recovery of other organs from the multi-organ donor. In contrast, nonblood based perfusate is not affected by these considerations, however, prolonged non-bloodbased reperfusion in normothermic conditions has been associated with the development of
significant tissue oedema, myocardial injury and impaired myocardial functional recovery [18].
A strategy to use banked blood could replenish and potentially replace the need to salvage
donor blood to prime the perfusion circuit and consequently mitigate against the disadvantages of
using donor blood. The use of banked blood on organs including the lungs, liver and kidneys has
not shown any unfavourable results. However, in the setting of normothermic perfusion (NMP) of
the donor heart, usage of banked blood as perfusate is not recommended despite there being no
published evidence of detrimental outcomes using banked blood reperfusion in the heart to date.
The aim of this pre-clinical study was to investigate the efficacy and safety of banked blood as a
perfusate during normothermic machine perfusion of the DCD heart.
2. Materials and Methods
2.1 Animals
Juvenile Landrace pigs (n=12) between 55-65kg were used. All animal care and handling were
performed in accordance to the standards outlined in the Australian Code for the Care and Use of
Animals for Scientific Purposes (8th edition) (2013) and experimental protocols were approved by
the institutional animal ethics committee (ARA #13/10).
2.2 Materials
Carotid and jugular cannulation with Arrow 5FG and 8FG percutaneous vascular sheath
introducer systems (Teleflex, Mascot, Australia) were used to monitor arterial blood pressure
(MAP) and central venous pressure (CVP). Side ports were also used to provide high volume
infusions if necessary.
One litre Celsior Solution (Genzyme, Naarden, The Netherlands) was used to flush the heart
after blood collection was completed. The flush solution was supplemented with recombinant
human erythropoietin (Eprex 5000IU, JANSSEN, North Ryde, Australia), glyceryl trinitrate (GTN
100mg, Hospira, Mulgrave, Australia) and zoniporide (Pfizer Inc, Groton, CT) as described
previously [19].
Banked blood was collected and supplied by the Faculty of Veterinary Science, Camden Campus,
University of Sydney. Blood collection was performed 48 hours prior to experiments, from donor
animals by Faculty Veterinarians under sterile conditions. Blood was collected in 450mL double
blood pack containing citrate phosphate dextrose and adsol preservation solutions (CPD/Adsol,
Baxter Healthcare Corp, Old Toongabbie, Australia) to a total volume of 1.5L and stored at 4 oC
according to blood bank practices.
2.2.1 Normothermic Perfusion Device
A similar setup like the Organ Care System was used as the normothermic perfusion device. The
perfusion circuit was based on the Langendorff model, with retrograde aortic flow and antegrade
coronary perfusion. A single centrifugal pump was used to fill the aorta. Aortic flow was measured
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using a flowmeter and adjusted based on coronary flow and aortic root pressure. Coronary flow
was estimated by measuring pulmonary artery outflow using a standard flowmeter.
Perfusate solution: In addition to banked blood or donor blood, the circuit was primed with
500mL of Gelofusine, 500mg of methylprednisolone, 1 ampoule of Centrum multivitamin, 20mM
of sodium bicarbonate and 1g of cephazolin. The perfusate was oxygenated with 5% carbogen
(BOC Gases) delivered at 2Litres per hour by an oxygenator connected to the perfusion circuit.
2.3 Anaesthesia
Animals were pre-medicated with intramuscular ketamine (10mg/kg), midazolam (1mg/kg) and
atropine (50mcg/kg) on arrival. Once sedated, further anaesthesia with inhaled isoflurane (2-4%)
was given while vascular access was obtained. Tracheal intubation was performed with 7-7.5mm
endotracheal tube and anaesthesia maintained with inhaled isoflurane and IV fentanyl (100200mcg boluses).
Ventilation was maintained with a tidal volume of 10ml/kg, positive end expiratory pressure
(PEEP) of 5 mmHg. Continuous monitoring of arterial pressure, central venous pressure, ECG and
pulse oximetry was performed up until donor heart explantation. Baseline arterial blood gas
analysis was performed using a handheld iSTAT point of care system (Abbott Point of Care Inc,
Princeton, NJ).
2.4 Experimental Protocol
Baseline haemodynamic parameters were established through carotid and jugular cannulation
as described above. Median sternotomy was performed, and the pericardium opened. The animal
was given a bolus dose of midazolam and fentanyl prior to withdrawal of ventilatory support.
Documentation of haemodynamic parameters was performed following cessation of ventilator
support to mimic the clinical donation after circulatory death (DCD) scenario [20]. The time of
circulatory arrest was taken as the time of equalisation of central venous pressure and systemic
arterial pressure. A further stand off period of 5 minutes was introduced to comply with the
jurisdictional legislation for DCD organ retrievals in the clinical setting.
2.4.1 Series 1
Donor Blood Group (DB). Upon completion of ‘stand-off’ time, the right atrial appendage was
incised and a large bore venous cannula was introduced. Blood was collected into a standard 2
Litre collection bag with 20000 Units Heparin. Upon collection of 1-1.2 L of blood, the venous
cannula was removed and collected blood was siphoned into the primed device (see materials:
priming solution) using a leukocyte filter (Pall medical). The primed blood solution was sampled
for blood gas and biochemistry. Any electrolyte disturbance and pH derangement were corrected
by addition of NaHCO3, calcium gluconate, magnesium sulphate and insulin.
A purse string suture was placed around the aortic root, and a 12G aortic root cannula was
introduced and secured. The preservation solution, previously primed and prepared, was
connected to the root cannula. The ascending aorta was cross clamped and the inferior vena cava
transected. One litre of preservation flush was administered commencing at an infusion pressure
of 150mmHg. Cold saline and ice were used to topically cool the chest cavity. Once the flush was
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completed, the root cannula was removed, and purse string tied off. The heart was excised, and
the aorta and pulmonary artery were cannulated and connected to machine perfusion. A left
ventricular vent was introduced and secured through the open left atrium.
The aortic root was connected after adequate deairing, and aortic flow (AF) was initiated at 0.9
L/min. Coronary flow (CF) was maintained between 650-750 ml/min and mean arterial pressure
(MAP) between 60-70 mmHg. The heart was ventricular-paced at 90 bpm in all experiments. Serial
arterial and venous samples were taken for lactate profile, biochemistry and blood gases. The
heart was maintained on the device for 4-5 hours during which AF, CF and MAP were recorded
regularly to document any changes.
Banked Blood Group (BB). Banked blood was siphoned through a leukocyte filter (Pall) into the
circuit reservoir containing 20000 Units of heparin along with the priming solution. The primed
blood was sampled for blood gas and biochemistry, and any electrolyte and pH derangement were
corrected.
The animals in the BB group underwent DCD withdrawal as described in series 1, however,
donor blood collection was not undertaken. The heart once excised and cannulated was installed
on the perfusion device with the same settings as previously mentioned. Blood sampling and flow
monitoring were performed as for the DB group, and the heart was maintained for 4-5hours.
Outcomes Measured. Haemodynamic changes and biochemical alterations were assessed at
baseline and during NMP at regular intervals. Blood analysis was performed in all experiments at 3
set time points: pre-withdrawal, post-priming on the device and immediately after initiation of
NMP. In addition, banked blood was analysed prior to mixing with priming solution. Further
sampling during NMP was based on recovery of the donor heart. Serial arterial and venous lactate
measurements were performed hourly except during the early phases of organ reperfusion, or
when flow or pressure adjustments were made
Biochemical Changes. Blood samples were analysed using point-of-care iSTAT handheld
analyser at regular intervals as described. Arterial samples were analysed using CG-8 cartridges
(Abbott Inc, Princeton, NJ), providing basic blood gas measurements including O 2 and CO2 partial
pressure, [HCO3-], [K+], [Ca2+], blood glucose and haematocrit level.
Haemodynamic Changes. Target haemodynamic parameters during NMP were based on clinical
NMP recommendations by Transmedics OCS Heart™. CF was maintained between 0.65-0.75L/min
by changing pump flow in the presence of permissible perfusion pressure (MAP 60-70mmHg).
Pharmacological intervention with Transmedics maintenance solution containing adenosine as a
coronary vasodilator or adrenaline to reduce CF through vasoconstriction was undertaken if
haemodynamic parameters fell outside of the above targets [21, 22]. AF, CF and MAP were
measured continuously during the 4-5 hour period of NMP. Haemodynamic data were recorded
during each blood sampling timepoint.
Assessment for Viability. In clinical practice, we and others have used lactate level and arterial
venous lactate differentials to determine if the donor heart is suitable for transplantation [23]. In
this study, blood perfusate was sampled from both arterial and venous outlets for lactate
measurement using point-of-care iSTAT CG-4 cartridges. Sampling was performed every hour until
termination of the study.
Study Endpoint. The experiment was terminated in the following situations:
 Completion of study at 5hours of NMP
 Arterial and venous lactate <0.3mM (limitation of CG-4 measurement)
Page 5/16

OBM Transplantation 2019; 3(2), doi:10.21926/obm.transplant.1902067

 Asystolic arrest
2.4.2 Series 2
An additional 10 experiments were performed based on outcomes of series 1. Banked blood
was treated with nitric oxide gas (NO) and sodium nitroprusside (SNP) infusion to mitigate
measured changes in MAP in the BB group.
NO group (N=5) – Primed bank blood was treated with NO gas at 20ppm for an hour prior to
initiation of NMP. Blood sampling was measured after completion of treatment for any
biochemical and acid/base alterations. All other aspects of the experiment were conducted as
described in series 1 above.
SNP group (N=5) – SNP (50mg/5ml, DBL/Globex Pharmaceuticals Ltd.) was diluted to a
concentration of 0.5 mcg/mL using 0.9% NaCl. SNP infusion was commenced at 1ml/hr using a
syringe driver and was titrated to maintain a MAP between 60-70 mmHg during NMP. All other
aspects of the experiment were conducted as described in series 1 above.
3. Results
3.1 Series 1
3.1.1 Experimental Variables
Pig weights from DB and BB groups were 63 ± 7kg vs. 64 ± 5kg (P = 0.4). Warm ischaemic times
for the groups were DB 21 ± 4mins vs. BB 18 ± 5mins (P = 0.1) and instrumentation time until NMP
were DB 28 ± 5mins vs. BB 25 ± 8mins (P=0.25).
All hearts in the DB group were perfused for the full duration of the study, with the exception
of one heart terminating prematurely at 285 mins due to cardiac arrest. Three hearts, including
the abruptly arrested heart, achieved arterial and venous lactate of <0.3mM at 4hours of NMP.
All hearts in the BB group were perfused for the full duration of the study, except for one heart
which demonstrated severe right atrioventricular distension secondary to irreversible high MAP of
129 mmHg after 240 mins.
3.1.2 Biochemical Outcomes
When comparing biochemical baseline properties between DB vs. BB, there were significant
differences in a number of parameters including potassium concentration (DB 3.9±0.2mM vs. BB
8.7±0.6mM; P<0.05), pH (DB 7.55±0.05 vs. BB 6.52±0.03; P<0.05) bicarbonate concentration (DB
34.5±3.7mM vs. BB undetectable), and calcium concentration (DB 1.3±0.04mM vs. BB <0.25mM).
There was also a trend for increased haemoconcentration in BB (Hct 0.35±0.15) when compared
to DB (0.24±0.03) (P=0.06).
The BB group required extensive acid/base and electrolyte correction: this was performed
through correction of severe acidosis with NaHCO3 (27.5 ± 4.2 mM) and correction of
hypocalcaemia with calcium gluconate (6.6 ±1.6 mM). Post correction electrolytes are presented
in Table 1.
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Table 1 Biochemical and acid base measurements post-priming and post-correction.

K+

pH

HCO3-

Ca2+

Hct

DB

BB

P

Post-Priming

6.5±1.9

7.7±1.2

P=0.11

Post-Correction

5.3±2.6

6.8±1.7

P=0.14

Post-Priming

7.33±0.04

6.81±0.09

P<0.05

Post-Correction

7.27±0.06

7.11±0.16

P=0.02

Post-Priming

25.2±2.6

14.8±3

P<0.05

Post-Correction

21.2±1.7

20.1±8.8

P=0.38

Post-Priming

0.9±0.05

0.25

P<0.05

Post-Correction

0.75±0.3

0.32±0.07

P<0.05

Post-Priming

0.15±0.05

0.2±0.03

P=0.03

Post-Correction

0.14±0.02

0.16±0.02

P=0.07

Banked blood demonstrated significantly lower pH and hypocalcaemia requiring correction prior to
reanimation of donor heart. Despite aggressive replacement with calcium gluconate, we were unable to achieve
similar levels of [Ca2+] as the DB group. Despite this, there were no apparent impact on contractility during
reperfusion when comparing DB and BB group.
Haematocrit (Hct) was significantly higher post-priming, but did not exhibit any significant difference after
correction due to the higher volumes of corrective fluids required.

Despite intensive correction of the underlying electrolyte and acid base imbalance, BB group
had greater acid/base and biochemical disturbance at the time of cardiac perfusion. The BB group
maintained a higher Hct at the time of cardiac perfusion.
3.1.3 Functional Outcomes
Haemodynamic outcomes were measured at baseline and hourly until termination of the study.
Whilst CF and AF were maintained during NMP, there were increasing differences in MAP between
the DB and BB groups over time (P<0.05). At commencement of NMP, AF (DB 0.81±0.05L/min vs.
BB 0.84±0.12L/min; P=0.31) and MAP (DB 71±13mmHg vs. BB 76±22mmHg; P=0.36) were required
to maintain CF. Whilst DB parameters remained stable throughout perfusion, there was a
progressive and statistically significant increase in MAP in the BB group which was unresponsive to
adenosine infusion. MAP measured prior to termination of the study was 64±8 mmHg in hearts
perfused with DB compared to 99±36 mmHg in hearts perfused with BB (p<0.01).
AF and MAP measurements are presented in Table 2 and trends during ex-situ reperfusion are
presented in Figure 1.
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Table 2 AF and MAP during NMP.
AF (L/min)

MAP (mmHg)

Time
(mins)

DB

BB

P

DB

BB

P

60

0.81±0.04

0.8±0.09

0.45

62±12

87±21

0.02

120

0.78±0.04

0.82±0.08

0.16

65±12

86±17

0.03

180

0.80±0.05

0.87±0.13

0.13

64±8

82±19

0.05

240

0.79±0.07

0.81±0.05

0.27

65±9

90±25

0.04

300

0.85±0.04

0.83±0.07

0.34

64±8

99±36

0.1

Aortic Flow (AF) were similar in both groups, but there was significantly higher perfusion pressure (MAP) in
the BB group. Whilst perfusion pressure remains stable throughout the experiment in the DB group, there is
progressively rising pressure in the BB group after 4 hours of machine perfusion.

Figure 1 (A) AF, CF and MAP during NMP using donor blood; (B) AF, CF and MAP during
NMP using banked blood. Comparing DB to BB, the starting MAP was higher in the BB
group which progressively increases overtime. CF and AF are similar in both groups, and
remain stable throughout the experiment.
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3.1.4 Lactate Measurements
Serial lactate measurements were performed hourly from arterial and venous outlets. Whilst
both DB and BB showed trends of diminishing lactate over time with evidence of myocardial
consumption, the baseline lactate in the BB group was higher compared to the baseline in the DB
group (BB 6.3±1.5mM vs DB 2.5±0.6mM; P<0.01). Lactate levels measured prior to termination
were BB (arterial 1.7±1.3mM vs. venous 1.6±1.3mM) and DB (arterial 0.50±0.33mM vs. venous
0.51±0.35mM); Arterial and venous lactate levels in the BB group were significantly higher than in
the DB group at the termination of study (P=0.03). Arterial and venous lactate trends for both
groups are presented in Figure 2.

Figure 2 (A) Arterial and Venous Lactate in Donor Blood group; (B) Arterial and Venous
Lactate in Banked Blood group. Overall lactate trend in DB and BB group are similar
except BB group had higher starting lactates. Both groups demonstrated lactate
extraction when comparing arterial to venous sampling.
3.1.5 Visual Assessment
Visual assessment of the right ventricle, during the early stages of reperfusion, demonstrated
satisfactory contraction in both groups, with no evidence of right atrial distension after
reanimation and establishing of a stable rhythm through ventricular pacing at 90 bpm. Over time,
right atrial and ventricular distension was observed in the BB group in association with a rising
MAP.
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3.2 Series 2
3.2.1 Outcome
Following the first series of studies which demonstrated a progressive rise of MAP in the BB
group, attempts to mitigate the pressure rise using alternative pharmacological interventions to
adenosine were attempted. We hypothesised that the rise in MAP was due to depletion of Snitrosohaemoglobin and disruption of nitric oxide bioavailability within banked blood [24]. Efforts
to replenish nitric oxide bioavailability in bank blood using NO gas and SNP were performed.
Whilst NO-treated BB extended the duration of effective control of MAP, this effect was lost
after 3-4 hours of reperfusion. This was followed by a rapid rise in MAP with deterioration of
donor heart metabolism reflected by the rise in lactate (n= 4/5). Further treatment of banked
blood with NO gas did not result in any improvement of MAP. This is presented in Figure 3.

Figure 3 (A) NO treated Banked Blood outcomes; (B) SNP treated Banked Blood outcomes.
NO and SNP treated banked blood demonstrated lower starting MAP, however the effect
of NO appears to diminish at 3 to 4 hours of machine perfusion with gradual increase of
MAP. SNP had sustained effect on MAP but resulted in abrupt hyperkalaemia after 4 to 5
hours of treatment.
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In comparison, SNP infusion provided effective and sustained control of MAP. However, we
observed an abrupt rise in [K+] by 5-6 hours which resulted in sudden cardiac stand-still in four
hearts. The observed hyperkalaemia occurred in isolation, with no gross changes in the other
electrolytes measured or the perfusate pH. This is presented in Table 3.
Table 3 Perfusate blood biochemistry results for SNP-BB Group (n=5).
Time Point (min)

[K+]
(mM)

[Ca2+]
(mM)

[HCO3-]
(mM)

pH

Glucose
mg/dL

0

4.8±1.6

0.32±0.06

18.4±1.8

7.24±0.05

16.4±13.5

60

5±1.7

0.33±0.05

21.4±2.7

7.30±0.05

16.2±3.7

120

5±0.8

0.33±0.05

22.7±2.8

7.33±0.03

17.8±7.5

180

5±0.8

0.33±0.05

23.4±3.6

7.34±0.03

18.5±12.1

240

6±1.5

0.34±0.06

22.7±3.6

7.29±0.07

17.3±13

300

7.8±2.0

0.32±0.04

22.5±4.8

7.25±0.09

14±1.5.4

Abrupt rise in [K+] was noted in the BB group treated with SNP after 4 hours of machine perfusion. Despite
aggressive treatment with sodium bicarbonate and insulin infusion, the hyperkalaemia was irreversible and
eventuated in the asystolic arrest of the donor heart on device.

4. Discussion
Our current experience in clinical DCD heart procurement has shown that early institution of
cardiac protective flush facilitates organ recovery post-implantation. The process of blood
collection, can potentially delay the institution of preservation flush by two minutes. Furthermore,
the collection of adequate blood volume can be challenging in the clinical scenario and can be
affected by the donor pre-mortem haemoglobin, donor size and fluid balance status. This is
further confounded by some donor hospitals which do not permit ante-mortem interventions such
as heparin administration and blood transfusions. Low Hct during NMP may lead to earlier onset
of oedema, and carries the potential risk of decreased tissue oxygen perfusion. Current OCS
recommends a target Hct >0.25. Hence the ability to use banked blood is highly attractive.
Unlike DBD hearts, DCD hearts, at the time of NMP, usually demonstrates high coronary flows
with low perfusion pressure. This can be explained by the loss of coronary vasomotor tone which
requires higher doses of adrenaline to improve perfusion pressure. In our study, there were no
demonstrable differences in the early periods of reperfusion of both DB and BB, suggesting similar
baseline pathophysiology of the donor heart.
Although the lactate concentration in the perfusate fell over time, with evidence of lactate
extraction in both groups, the lactate concentrations in the BB group were higher at all time points.
Despite the favourable lactate trend, coronary perfusion pressure rose steadily in the BB group
consistent with increasing coronary vascular resistance over the time course of the experiment.
After 4 hours of NMP hearts perfused with BB displayed increasing right atrial and ventricular
distension and visual deterioration of myocardial contraction.
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In contrast, despite lower Hct in the DB group, perfusion pressure remained stable throughout
the entire course of the experiment; and the right ventricular function did not appear to be
compromised on visual inspection. These hearts showed no evidence of right atrioventricular
distension throughout the 5 hours of NMP.
The results of our porcine study indicate that perfusion of DCD hearts with BB results in
progressive coronary vasoconstriction which is refractory to infusion of adenosine. We postulate
that the higher pressures seen in the BB group was due to depletion of S-nitrosohaemoglobin and
disruption of endogenous nitric oxide signalling by banked blood [25-27]. The resultant
vasoconstriction in the coronary vessels lead to higher perfusion pressures. The introduction of an
NO donor successfully prevented the increase in arterial pressure, but this effect was short-lived in
the case of supplementation of BB with NO gas and associated with potential detrimental
electrolyte and arrhythmic effects as seen in the SNP group.
Banked blood contains citrate which is normally metabolised rapidly by the liver when packed
red cells are transfused into a donor. The absence of a clearance mechanism for citrate during
NMP is the most likely explanation for the marked hypocalcaemia observed in the perfusate after
the addition of BB. Hypocalcaemia was only partly corrected with the addition of calcium
gluconate. It is unclear whether the hypocalcaemia contributed to the haemodynamic
deterioration in the BB perfused hearts or whether more aggressive supplementation may have
fully corrected this electrolyte abnormality. These issues will need to be addressed in future
experiments.
Limitations: There are a number of limitations to our study. We did not prospectively cross
match the blood donors with the heart donor. This decision was based on the advice provided by
the herd veterinarian and our experience with heart transplantation between members of the
same herd where we have not observed any hyperacute rejection responses. We believe that the
progressive fall in the lactate level in the BB perfused hearts, the reversal of the coronary
vasoconstrictor response at least temporarily with NO gas or SNP and the absence of any
haemolysis in the perfusate make it unlikely that the coronary vasoconstriction observed in the BB
perfused hearts was due to immunological incompatible blood transfusion. Another limitation was
that the hearts were not transplanted subsequently for full functional recovery assessment.
5. Conclusions
Current experiments comparing DB to BB as the perfusate for donor porcine hearts during NMP
have shown favourable lactate profiles with both perfusates. BB demonstrated significantly more
deranged biochemical and acid base profiles at baseline. With partial correction of these
abnormalities, DCD hearts were able to be reanimated and demonstrated favourable lactate
profiles during the initial 4 hours on machine perfusion. However, BB reperfusion of donor heart is
associated with higher coronary perfusion pressure which worsens overtime and is associated
with progressive distension of the right sided chambers.
Attempts to prevent the progressive increase in MAP during BB perfusion with NO gas
supplementation or infused SNP showed short term success which attenuates after 4-5 hours.
With NO gas supplemented BB, MAP rises rapidly after 4 hours with rapid deterioration in cardiac
function. In contrast, SNP infusion during BB perfusion exerted a more sustained effect on MAP
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but led to severe hyperkalaemia. Based on our findings, we conclude that without further
modification, banked blood is unsuitable for normothermic perfusion of the donor heart.
6. Future Directions
Collection of blood volume in the DCD setting can be challenging in smaller patients or patients
with anaemia. Based on current experience, we would not recommend blood transfusion directly
into the NMP circuit; rather pre-operative transfusion of the donor appears to be a safer option
and has not been shown to have any immediate effect on CF and MAP during NMP.
The role of ‘blood-washing’, by reprocessing banked blood through a cell-saver system may
attenuate the effects witnessed in the current study. Furthermore, artificial oxygen carriers or
blood analogues are potentially alternatives to replace blood volume requirements for NMP but
have been associated with increased tissue oedema during NMP [18]. Stored blood rejuvenation
therapy has been shown to increase red blood cell (RBC) ATP and 2,3-DPG level, this effect
however is dependent on the RBC storage duration and losses its effect with prolonged storage
time [28].
Current reperfusion devices use a closed circuit which may lead to build up of toxic metabolites
which can be injurious to the recovering heart. The introduction of a hemofiltration or dialysis
system as an adjunct, especially when NMP time exceeds 4 hours may prevent the build-up of
toxic substances and reduce tissue oedema through haemoconcentration.
In addition, the current Transmedics NMP device does not allow full assessment of left
ventricular function. In our current experiments, we observed a favourable lactate profile in BB
perfused hearts despite progressive increase in coronary vascular resistance and visual evidence of
progressive distension of the right heart chambers. This highlights the potential shortcomings of
current NMP system and the requirement for a more holistic assessment method for assessing
donor heart viability during NMP.
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