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Background: Heart transplantation (HTx) from brainstem dead (BSD) donors is the
gold-standard therapy for severe/end-stage cardiac disease, but is limited by a global
donor heart shortage. Consequently, innovative solutions to increase donor heart avail-
ability and utilisation are rapidly expanding. Clinically relevant preclinical models are
essential for evaluating interventions for human translation, yet few exist that accu-
rately mimic all key HTx components, incorporating injuries beginning in the donor,

article through to the recipient. To enable future assessment of novel perfusion technologies
in our research program, we thus aimed to develop a clinically relevant sheep model of
HTx following 24 h of donor BSD.

Methods: BSD donors (vs. sham neurological injury, 4/group) were hemodynamically
supported and monitored for 24 h, followed by heart preservation with cold static stor-
age. Bicaval orthotopic HTx was performed in matched recipients, who were weaned
from cardiopulmonary bypass (CPB), and monitored for 6 h. Donor and recipient blood
were assayed for inflammatory and cardiac injury markers, and cardiac function was
assessed using echocardiography. Repeated measurements between the two differ-
ent groups during the study observation period were assessed by mixed ANOVA for
repeated measures.

Results: Brainstem death caused an immediate catecholaminergic hemodynamic
response (mean arterial pressure, p=0.09), systemic inflammation (IL-6 - p=0.025,
IL-8 - p=0.002) and cardiac injury (cardiac troponin |, p=0.048), requiring vasopressor
support (vasopressor dependency index, VDI, p=0.023), with normalisation of bio-
markers and physiology over 24 h. All hearts were weaned from CPB and monitored

. ©The Author(s), 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
@ Sprlnger Open use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
— author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://

creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0003-0553-205X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40635-021-00425-4&domain=pdf

See Hoe et al. Intensive Care Medicine Experimental (2021) 9:60 Page 2 of 24

for 6 h post-HTx, except one (sham) recipient that died 2 h post-HTx. Hemodynamic
(VDI - p=0.592, heart rate - p=10.747) and metabolic (blood lactate, p=0.546) param-
eters post-HTx were comparable between groups, despite the observed physiological
perturbations that occurred during donor BSD. All p values denote interaction among
groups and time in the ANOVA for repeated measures.

Conclusions: We have successfully developed an ovine HTx model following 24 h of
donor BSD. After 6 h of critical care management post-HTx, there were no differences
between groups, despite evident hemodynamic perturbations, systemic inflamma-
tion, and cardiac injury observed during donor BSD. This preclinical model provides a
platform for critical assessment of injury development pre- and post-HTx, and novel
therapeutic evaluation.

Keywords: Heart transplantation, Brainstem death, Systemic inflammation, Cold static
storage, Cardiovascular system, Ischemia, Reperfusion

Background

Heart transplantation (HTx) is the gold standard treatment for severe or end-stage car-
diac disease patients, but is severely limited by the persistent global shortage of donor
hearts [1]. Hearts are predominantly procured from donors sustaining a severe neu-
rologic insult culminating in brain stem death (BSD). The donor heart is exposed to
cumulative injury throughout the entire process of HTx which is largely unavoidable
with current practices, and contributes to primary graft dysfunction (PGD), the largest
cause of early death post-HTx [2—4]. Beyond an ischemic time of 4 h, the probability
of PGD increases, a phenomenon aggravated by increasing donor age [5]. Donor hearts
are exposed to cold ischemia during preservation via cold static storage (CSS), warm
ischemia during engraftment, and subsequent reperfusion injury upon removal of the
aortic cross clamp. This unavoidable ischemia-reperfusion injury (IRI) during HTx is
detrimental to cardiac allograft function and aggravates PGD [4]. Mitigating the detri-
mental effects of cumulative injury during HTx is imperative to improving recipient sur-
vival post-HTx.

The global donor heart shortage has galvanised preclinical research around under-
standing BSD-mediated pathophysiology and resultant cardiac dysfunction. Clini-
cal experience with donation after circulatory determination of death as an alternative
source for donor hearts is expanding [6—8]. Furthermore, the availability of novel ave-
nues to improve donor heart preservation and ameliorate myocardial IRI associated
with HTx is increasing. Normothermic and hypothermic ex vivo perfusion systems have
shown promising clinical results, expanding use of ‘marginal’ donor hearts with accept-
able post-HTx outcomes, as well as safely increasing ischemic times to overcome logisti-
cal limitations [7, 9-12]. Preclinical research is vital to these clinical advances, allowing
important in vivo physiological and cellular understanding of injury development and
effective treatment. Unfortunately, there are few reported animal HTx models that
incorporate donor BSD [13]. These models exhibit significant heterogeneity (BSD length,
HTx technique, and ischemic times) and variation in reporting of model components,
many of which impact post-HTx outcomes [13]. In addition, existing preclinical models
of BSD-HTx are very complex, with significant financial and technical challenges.

We previously profiled the physiological and biological impact of BSD on donors
over 24 h [14]. To facilitate future research and investigate novel strategies to increase
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donor heart availability for HTx, we sought to extend this published model and incor-
porate HTx. Consequently, we aimed to develop a clinically relevant sheep model of
HTx, incorporating 24 h donor BSD, heart preservation by CSS, bicaval orthotopic
HTx, and 6-h follow-up after successful weaning from CPB.

Methods

Experimental design

Donor sheep were either exposed to 24 h brain death (BSD; n=4), using previously
published methods [14] or not exposed to BSD (sham; n=4, not exposed to neuro-
logical injury). Following confirmation of donor BSD (or sham), critical care man-
agement was provided for 24 h. The donor heart was then procured and preserved
by CSS. Healthy recipient was then prepared, cardiopulmonary bypass (CPB) estab-
lished, and the native heart removed. The preserved donor heart was implanted using
the bicaval orthotopic HTx technique [15]. The recipient was then weaned from CPB
and monitored for up to 6 h (Fig. 1).
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Fig. 1 Experimental timeline for donor BSD and subsequent HTx. All sheep were approved for use by

the facility veterinarian after a comprehensive health check. Prior to allocation, experimental sheep were
matched for weight and blood compatibility [17], then paired and randomly assigned to either donor

sham (control without neurological injury) or BSD groups (n =4/group). Sheep within each pair were then
randomly allocated as an experimental donor or recipient. Following standard instrumentation procedures,
donor animals were rested for 1 h prior to induction of BSD/sham (ST). Following confirmation of BSD

(TO in the donor), donors were administered hormone resuscitation 2 h thereafter (T2), and monitored

for 24 h in intensive care settings, prior to donor heart procurement and heart preservation by cold static
storage (CSS). In donors, at baseline (B), stabilisation (ST), upon confirmation of BSD/sham (T0), and 1, 3,

6,9, 12,18 and 24 h thereafter, arterial blood was collected for determination of full blood counts, plasma
catecholamines, inflammatory markers and cardiac troponin I. Periodic epicardial echocardiography was
performed to measure cardiac function at all aforementioned timepoints in donor (except baseline). The
recipient was prepared and underwent instrumentation procedures prior to establishment of CPB. The donor
heart was implanted into the recipient, and the cardiac allograft was reperfused (Rep.) for 30 min prior to any
attempt to wean from CPB (ACC: aortic cross-clamp). After successful weaning from CPB (TO in recipient), the
recipient was followed up for 6 h and then euthanized. In recipients, arterial blood was collected at baseline,
stabilisation, and 0.5, 1, 2, 3,4 and 6 h after weaning from CPB (T0) for determination of full blood counts,
plasma catecholamines, inflammatory markers and cardiac troponin I. In recipient animals, echocardiography
was performed at stabilisation, TO and 1, 3 and 6 h thereafter




See Hoe et al. Intensive Care Medicine Experimental (2021) 9:60 Page 4 of 24

Animals and experimental group selection

Sixteen female merino crossbred sheep (Ovis aries, first cross ewes, 1-3 years in age),
body weight 46.9 + 5.8 kg, were approved for use by the facility veterinarian after a com-
prehensive health check. Animals were housed in flocks on large institutional paddocks
with grass, and free access to shade and ad libitum water. One week prior to experimen-
tation, sheep were transferred to the animal facility to acclimate, with ad libitum food
and water. Animal studies were undertaken at the Queensland University of Technol-
ogy (QUT) Medical Engineering Research Facility in Brisbane (March 2017-Decem-
ber 2018). Animal ethics was approved by the QUT Animal Ethics Committee (AEC)
(16000001109) and ratified by the University of Queensland AEC (QUT/393/17/QUT).
All experiments were performed in accordance with the National Health and Medical
Research Council (NHMRC) Australian Code of Practice for the Care and Use of Ani-
mals for Scientific Purposes 8th Edition 2013 and the Animal Care and Protection Act
2001 (QLD), and complied with the ARRIVE Guidelines [16]. Prior to group allocation,
experimental sheep were matched for weight and blood compatibility [17], then paired
and randomly assigned to either donor sham or BSD groups (n=4/group). Sheep within
each pair were then randomly allocated as an experimental donor or recipient.

Animal preparation (both donors and recipients)

All sheep were fasted overnight, and in the morning brought into the surgical theatre.
Five mL of lidocaine 2% was administered into the neck skin, the external jugular veins
were cannulated, and a baseline venous blood sample collected. The animal was then
induced with midazolam (0.5 mg/kg) and propofol (2.5-3 mg/kg), and antibiotics were
administered (gentamycin 80 mg and cefazolin 2 g). The animal was then intubated, and
placed on the operating table in right lateral (donors) or supine position (recipients).
Electrocardiography (ECG), oxygen saturation (SpO,) and end-tidal carbon dioxide
(ETCO,) were continuously monitored. The animal was connected to a mechanical ven-
tilator (Hamilton-G5, Hamilton Medical, Switzerland) set as follows: tidal volume 8 ml/
Kg, positive end expiratory pressure (PEEP) 5 cmH,O, respiratory rate (RR) adjusted to
maintain arterial partial pressure of carbon dioxide (PaCO,) at 40 +4 mmHg, and inspir-
atory fraction of oxygen (FiO,) adjusted to maintain arterial partial pressure of oxygen
(PaO,)>60 mmHg. Anaesthesia and analgesia were maintained with continuous infu-
sions of fentanyl (10-30 pg/kg/h), midazolam (1-3 mg/kg/h) and ketamine (4—12.5 mg/
kg/h). All animals received an initial intravenous (i.v.) bolus of 0.25-1 L Hartmann’s solu-
tion (guided by static parameters of fluid responsiveness, echocardiography and lactate
levels), followed by a continuous infusion (1 mL/kg/h). Gastric and oropharyngeal secre-
tions were continuously suctioned. Potassium chloride (10-30 mmol/L per h) was con-
tinuously infused to maintain serum potassium at 4.0-4.5 mmol/L. The femoral artery
was cannulated for continuous arterial blood pressure monitoring and blood sampling.
A 7.5 Fr pulmonary artery catheter was inserted for continuous cardiac output moni-
toring. A urinary catheter was then inserted for urine output monitoring and sampling.
Throughout the course of the experiment (both donors and recipients), intravascular
crystalloid and vasoactive support were provided to maintain hemodynamic stability,
aiming for a mean arterial pressure (MAP) of > 65 mmHg, heart rate (HR) 60—110 bpm,
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and urinary output of>0.5 mL/kg/h. Specific additional consumable details for the
methodology presented are provided in Additional file 1: Table S1.

Donor-specific preparation and critical care management

Following procedures outlined above, donors were then placed in right lateral position,
vecuronium (0.2 mg/kg i.v.) was administered, and a mini left thoracotomy was per-
formed through the upper border of the 5th rib (Additional file 1: Fig S1) to cannulate
the azygos vein for coronary sinus blood sampling.

The skull was then prepared as previously described [14]. Briefly, a midline incision on
the skull exposed the sagittal and lambdoid sutures (Additional file 1: Fig S2). A 4.5-mm
left burr was drilled 1.5 cm from and parallel to the sagittal and lambdoid sutures, and a
20-G intravenous cannula inserted and secured to monitor intracranial pressure (ICP).
A second burr hole (6 mm) was created in the same position, but on the contralateral
side of the first burr hole (right), and a 16 Fr Foley catheter (30 mL balloon) was placed
in the burr hole. Following completion of aforementioned procedures, donor animals
were rested for 1 h (end of 1 h rest =stabilisation time point) to achieve vital signs stabil-
ity, as corroborated by MAP: 65-100 mmHg, HR: 60—110 bpm, central body tempera-
ture: 37.0-38.5 °C and normalisation of blood gas parameters (PaCO,: 40+4 mmHg,
PaO,: 80-100 mmHg, potassium: 4.0-4.5 mmol/L, and calcium>1.1 mmol/L).

Then, in BSD donors, brain injury was developed by intra-cerebral Foley catheter infla-
tion with 10 mL sterile water every 5 min (to a maximum of 60 mL) over 30 min [14]. In
case of ST-segment elevation due to catecholaminergic response, 5 mg of i.v. metoprolol
was administered every 2—3 min until ST-segment normalization. BSD was confirmed
by high ICP and continuous negative cerebral perfusion pressure, loss of hemodynamic
response to ongoing Foley catheter balloon inflation, loss of pupillary and corneal
reflexes, and an absence of coughing reflex [14]. For sham donors, the Foley catheter was
inserted, but not inflated, and animals rested for 30 min thereafter. Time 0 in the donor
was designated at confirmation of BSD (using parameters listed above), or end of 30-min
additional monitoring for sham donors. All donors were monitored for 24 h from Time
0.

Donor critical care management: Noradrenaline (0.01-0.4 pg/kg/min), dopa-
mine (1-20 pg/kg/min) and/or crystalloid challenges were administered to maintain
MAP > 65 mmHg; arterial blood gases and electrolytes were measured hourly (Radiome-
ter ABL-825 analyser, Copenhagen, Denmark) and potassium and calcium supplemented
accordingly to maintain potassium 4.0—4.5 mmol/L and calcium>1.1 mmol/L; ventila-
tory settings were adjusted to maintain PaCO, at 40 £4 mmHg and PaO,>60 mmHg (as
described in ‘Animal preparation’ above); desmopressin (i.v. 4 ug bolus) was administered
if urine output consistently exceeded 200 mL in the two proceeding hours. Two hours
after BSD confirmation, donors received i.v. methylprednisolone 15 mg/kg, triiodothyro-
nine 4 pg bolus and 3 pg/h thereafter, and vasopressin 1.2 IU/h. The Foley catheter bal-
loon was additionally inflated (10 mL of saline) after methylprednisolone administration
to ensure absence of hemodynamic response and residual neurological function (BSD
donors only). Sham donors received the same doses of methylprednisolone and triiodo-
thyronine, without vasopressin. Anaesthesia and analgesia were maintained with con-
tinuous infusions of fentanyl (10-30 pg/kg/h), midazolam (1-3 mg/kg/h) and ketamine
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(4-12.5 mg/kg/h). However, in BSD donors, those infusion rates were reduced to trivial
levels following BSD confirmation. Donors received continuous infusions of Hartmann’s
(1 mL/kg/h) throughout the experiment and fluid boluses as necessary, guided by static
parameters of fluid responsiveness, echocardiography and lactate levels.

Following 24 h monitoring, donors were placed supine and a median sternotomy was
performed. A purse-string suture was placed in the ascending aorta for the cardiople-
gic needle (Additional file 1: Fig S3). After full heparinisation, the superior vena cava
was clamped, and the inferior vena cava was divided extra-pericardially to exsanguinate
the donor. The ascending aorta was clamped and ice-cold St Thomas’s cardioplegia was
infused into the aortic root (20 mL/kg). The donor heart was then explanted by dividing
the superior vena cava, pulmonary veins, ascending aorta and main pulmonary artery.
Following explantation, the donor heart was preserved in an organ bag containing 1-L
ice-cold St Thomas’s cardioplegia, and placed in an additional organ bag containing ice
slush (0.9% Saline). The organ bag was placed in an ice cooler containing ice slush for

approximately 100 min (times outlined below).

Recipient-specific preparation, orthotopic heart transplantation, and critical care
management

All recipients were prepared and instrumented as stated above (‘Animal preparation’).
Recipients were then rested for 1 h (end of 1 h rest =stabilisation time point) to achieve
vital signs stability (as outlined above for donors). Standard experimental settings for
monitoring both donor and recipient (Additional file 1: Fig S4), standard surgical settings
(Additional file 1: Fig S5) and additional surgical details (‘Orthotopic HTx procedures’)
are provided in the online supplement. The recipient was placed in supine position, par-
alysed with vecuronium (0.2 mg/kg i.v.), and the chest opened via median sternotomy.
Purse-string sutures were placed in the ascending aorta, and caval tapes were placed
around the superior and inferior vena cava. The cardiopulmonary bypass (CPB) circuit
was primed with 2-3 units of cross-matched ovine packed red blood cells (prepared as
previously described [17]). After full heparinisation (100-300 U/kg, to achieve activating
clotting time >400 s), CPB was established with a single aortic cannula and bicaval can-
nulation, and perfusate temperature reduced to a core temperature of 32 °C. Fluid infu-
sions were stopped upon CPB commencement.

Once CPB was established and the recipient heart removed, standard orthotopic
HTx was performed. Anastomoses were performed in the following order: left atrium,
inferior vena cava, superior vena cava, pulmonary artery, ascending aorta. After
completion of the pulmonary artery anastomosis, amiodarone (150 mg), lignocaine
(50 mg), MgSO, (10 mmoL) and methylprednisolone (250 mg) were administered
intravenously, and a 7.5 Fr pulmonary artery catheter was inserted for continuous
cardiac output monitoring (prior to completion of aortic anastomoses). Fluid infu-
sions recommenced once the animal was rewarmed to 37.0 °C. Following comple-
tion of all anastomoses, de-airing was performed with a needle vent in the ascending
aorta and the aortic cross-clamp removed. If ventricular fibrillation occurred, inter-
nal defibrillation was performed (10-20 Joules), and additional amiodarone (150—
300 mg) and lignocaine (50-100 mg) were administered as needed. Cold ischemic

time was defined as the time from donor heart placement into an ice cooler until it
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was removed (Sham: 97.3 + 8.8 min, BSD: 101.8 +12.9 min, p =0.63); total ischemic
time was the total time between aortic cross-clamping in the donor, up to removal of
the aortic cross-clamp in the recipient (Sham: 158.8 + 7.4 min, BSD: 171.5 + 15.5 min,
p=0.49). The cardiac allograft was then perfused for 30 min, before attempting to
wean from CPB.

Venous return to the pump was ceased when the following criteria were achieved:
spontaneous or pacing HR of 80 to 90 beats/minute; MAP > 60 mmHg without sub-
stantial vasoactive support (dopamine <5 pg/kg/min, adrenaline/noradrenaline <0.1 pg/
kg/min, or vasopressin at any dose); adequate ventricle filling as observed using epi-
cardial echocardiography. Total bypass time was defined as time that the recipient was
placed on bypass to successful weaning from bypass (Sham: 164.0+32.3 min, BSD:
129.254+10.6 min, p =1.00). Successful separation from CPB was defined as Time 0 in
the recipient. Following CPB separation, the CPB cannulae were removed and cannu-
lation sites closed. Residual blood in the extracorporeal circuit reservoir and venous
tubing was prepared for transfusion back to the recipient through the central line as
required. Anticoagulation was reversed with 25 mg of protamine. Recipient animals
were followed up for 6 additional hours following successful separation from CPB. Inves-
tigators applied critical care management principles reported in earlier paragraphs (see
“Donor-specific preparation and critical care management”) to achieve clinical stability,
with additional adrenaline (0.01-1.5 pg/kg/min) or vasopressin (0.5—4 IU/h) as required.

Data monitoring and acquisition

Hemodynamic parameters were captured at 1 kHz on a 16-channel PowerLab data acqui-
sition system (model ML880) recorded with Labchart 7 (AD Instruments, Bella Vista,
Australia). Central venous pressure, MAP, pulmonary artery pressure, ICP, ECG, HR
and SpO, and ETCO, were continuously monitored (Marquette Solar 8000, GE Health-
care, Chicago, ILL, USA). Continuous cardiac output, mixed venous oxygen saturation
(SvO2), stroke volume, and systemic vascular resistance index were monitored using
Vigilance II Monitor (Edward Lifesciences, Irvine, CA, USA). The Hamilton-G5 ventila-
tor was used to record ventilatory parameters at 100 Hz using custom software. Body
surface area (BSA) was calculated using the following equation, BSA=0.094 x (body
weight in kg)*®” [18]. As a measure of hemodynamic performance, vasopressor depend-
ency index (VDI) was computed as previously described (VDI=(dopamine+ dobu-
tamine 4+ noradrenaline x 100+ adrenaline x 100)/MADP, all doses in pg/kg/min) [19],
to determine the amount of vasoactive support that was required to maintain adequate
MAP. Animals (both donors and recipients) were vigilantly and continuously monitored
by trained clinical staff throughout the course of the experiment. Blood gases and fluid
balance were checked and recorded hourly (or more frequently as required), and results
used to manage animals accordingly (as outlined above). In donors, hemodynamics, ven-
tilation, blood gases, and fluids were recorded at baseline, stabilisation, upon confirma-
tion of BSD/sham (T0), and 1, 3, 6, 9, 12, 18 and 24 h thereafter. In recipients, these
parameters were recorded at baseline, stabilisation, and 0.5, 1, 2, 3, 4 and 6 h after wean-
ing from CPB (TO0). Blood gases and fluids were recorded using a tablet (iPad, Apple,
Cupertino) connected to an online database with automatic recording.
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Two-dimensional echocardiography and analysis

Epicardial echocardiography was performed through an X5-1 transducer with a spacer
connected to an IE-33 ultrasound scanner (Philips, Bothell, WA, USA). In donors, echo-
cardiography was performed at stabilisation, TO (upon BSD/sham corroboration), 1, 3,
6,12, 18 and 24 h thereafter. In recipients, echocardiography was performed at baseline,
TO (successful weaning from CPB), and 1, 3 and 6 h thereafter. Three-beat ECG-gated
loops in the conventional parasternal short axis (PSAX) view were obtained. Conven-
tional apical views could not be obtained, due to anatomic constraints in accessing the
apex related to the short thoracotomy or sternotomy. All images were transferred to a
separate workstation and analysed offline by an experienced echocardiographer using
TomTec-Arena (TomTec imaging Systems GMBH, Unterschleim, Germany). Automated
Functional Imaging (AFI) was applied to appropriate echo-loops in the PSAX view.
Speckle tracking was visually assessed for tracking accuracy and the end-diastolic tim-
ing marker manually adjusted if required. Data collected were end-diastolic area (EDA,
cm?), end-systolic area (ESA, cm?), fractional area change (FAC, %), and global radial
strain (GRS, %). FAC was defined as the EDA minus the ESA divided by the EDA. GRS
was defined as the strain derived from the whole thickness of the myocardium in the
radial direction.

Blood sample collection, processing, and analysis (full blood counts, biochemistry
and catecholamines)
In donors, at baseline, stabilisation, upon confirmation of BSD/sham (T0), and 1, 3, 6, 9,
12, 18 and 24 h thereafter, arterial blood was collected. In recipients, arterial blood was
collected at baseline, stabilisation, and 0.5, 1, 2, 3, 4 and 6 h after weaning from CPB (T0).
Blood samples were centrifuged twice (3000xg, 15 min, 4 °C) to obtain platelet poor
plasma, and stored at — 80 °C. Whole blood (EDTA) and plasma samples were exter-
nally assessed by a veterinary diagnostics laboratory (IDEXX Laboratories, Brisbane,
Australia) to determine full blood counts, biochemistry and plasma free catecholamines
(metanephrine and normetanephrine). Stored plasma samples were assessed in-house to
determine levels of inflammatory cytokines and cardiac injury markers (details below).
Independent external assessment of hematological profiles were analysed on a Sys-
mex XT2000i-V hematology analyser, and blood biochemistry was determined using
a Beckman Coulter AU680 ISE chemistry analyser as per standard manufacturers pro-
tocols [20, 21]. Plasma free metanephrine and normetanephrine were measured by an
automated online Solid Phase Extraction (SPE) coupled to a UPLC chromatographic
system [22—-24]. Plasma samples were diluted 1:1 with deuterated internal standards in
a zinc sulfate/acetonitrile solution in 2 mL 96-well plates. After centrifugation, an ali-
quot of sample was injected into the online SPE equipped UPLC-MS/MS system. The
purified extracts were eluted from the Mass Track Oasis WCX OSM cartridges onto the
ACQUITY UPLC BEH Amide column, utilising a gradient of 100 mM ammonium for-
mate, pH 3.0 and acetonitrile. Quantification was achieved by monitoring two transi-
tions for each analyte on a Waters Xevo TQD mass spectrometer (Waters Corporation,
MA, USA). The assay time between injections was 4.5 min. The analytical range of the
assay was up to 100,000 pmol/L. The limit of quantitation (LOQ) with a CV of 20% was
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20 pmol/L for all analytes. The inter-run imprecision across 3 levels for the analytes were
all < 8%.

Inflammatory and cardiac injury markers

The concentrations of EDTA plasma interleukin (IL)-6, IL-8, IL-10, and IL-1p were quan-
tified using in-house developed ELISAs according to previously published methods [25].
Tumour necrosis factor alpha (TNFa; Cat# EBTNF, Invitrogen), big endothelin-1 (BET-
1; Cat# BI-20082H, United Bioresearch) and high sensitivity cardiac troponin I (cTnl;
Cat# CTNI-9-HSP, Life Diagnostics) levels were determined in plasma using commer-
cial kits as per manufacturer’s instructions [14, 26]. Accuracy of all ELISA assays were
confirmed using quality control samples, with inter-and intra-plate variability < 10%.

Statistical analysis

Data in figures and tables is represented as mean =+ standard error of the mean (SEM).
Repeated measurements between the two different groups were assessed by ANOVA for
repeated measures and reported as F values according to the sphericity of the data. Top
F and p values on each graph represent effect of time, and bottom F and p values rep-
resent differences between BSD vs. sham over time (interaction). Continuous variables
were compared with Mann—Whitney U test, and categorical variables using Pearson
Chi-square test. All hypothesis testing was two-tailed and p-value of less than 0.05 was
considered statistically significant. All statistical analyses were performed using SPSS 27
for Windows (SPSS Inc, Chicago, Illinois, US).

Results

Baseline animal characteristics

No significant differences were observed between donors and recipients in age, weight,
body surface area (BSA) or body temperature (Table 1).

BSD-mediated hemodynamic and inflammatory responses

During BSD development, ICP rose significantly in comparison to sham (Sham:
36.3+1.4; BSD: 280.3+19.4 mmHg, Additional file 1: Table S2), coupled with an
immediate catecholaminergic response demonstrated by significant elevations in HR
and aortic pressure (Fig. 2b). At the time of BSD confirmation (T0), HR (Fig. 3a) and
plasma metanephrine (Fig. 3b; Sham: 3379.3 £2777.3; BSD: 12,045 +2514.3 pmol/L)
significantly increased. BSD significantly decreased MAP (Fig. 3c), requiring

Table 1 Baseline animal characteristics for donors and recipients

Donors Recipients

SHAM (n=4) BSD (n=4) SHAM (n=4) BSD (n=4)
Age 1-3 years
Weight (kg) 458 (3.5) 474(9.3) 480 (6.7) 47.0 (5.0
BSA (m?) 1.2(0.1) 1.23(0.2) 1.3(0.1) 1.2(0.1)
Temperature (°C) 37.7(0.7) 37.8(0.9) 37.5(0.5) 37.2(0.8)

All data are expressed as mean (standard deviation). BSA body surface area
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Fig. 2 Representative hemodynamic changes during BSD induction (before confirmation of BSD). Changes
in aortic pressure (AoP), central venous pressure (CVP), pulmonary artery pressure (PAP), intracranial pressure
(ICP) and heart rate (HR) in sham (a) and BSD donors (b) during BSD/sham induction. Dotted line in a
represents beginning time-matched rest for sham donors, and commencement of Foley catheter inflation in
b for BSD donors

management with vasopressors (Fig. 3d). Arterial lactate was significantly increased
and sustained following BSD development (Fig. 3e; Sham: 1.74+0.5; BSD:
4.9+ 0.5 mmol/L). Post-BSD, minute volume doubled (Fig. 3f; Sham: 5.3+0.1; BSD:
10.8£1.2 L/min), and there was a tendency towards positive fluid balance. Con-
versely, in sham animals, the mean fluid balance decreased to zero after 12 h, but
slightly increased thereafter (Fig. 3g).

Twenty-four hours after BSD onset, there were no statistically significant differ-
ences between sham and BSD donors in the aforementioned parameters, except for
MAP that remained lower for BSD donors. However, VDI became similar between
groups. Arterial inflammatory markers BET-1 (Fig. 4b), IL-6 (Fig. 4d), and IL-8
(Fig. 4e) increased significantly post-BSD, which settled and was comparable to sham
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Fig. 3 Donor hemodynamics following confirmation of BSD. Changes in a heart rate (bpm); b plasma
metanephrine (pmol/L); ¢ mean arterial pressure (mmHg); d vasopressor dependency index (mmHg~"); e
arterial lactate (mmol/L); f minute volume (L/min); and g fluid balance (mL) following confirmation of donor
BSD (or sham). Data are mean 4 SEM, n=4/group. Top F and p values on each graph represent effect of time,
and bottom F and p values represent differences between BSD vs. sham over time. B Baseline, ST stabilisation
1 h following completion of instrumentation procedures in donor, OH—confirmation of BSD

after 24 h. No changes between sham and BSD were observed for total white blood
cell counts, IL-1p, IL-10, and TNFa (Fig. 4), despite fluctuation over time. Hemody-
namic and ventilatory parameters, blood results and vasoactive use during the course
of the study at baseline, TO, T12 and T24 in donor animals are available in Additional
file 1: Table S2.
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Fig. 4 Systemic inflammation in donor animals. Changes in plasma a) total white blood cells (WBC, 10%/L); b)
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Heart preservation and transplantation

There were no significant differences in cold ischemic, total ischemic or CPB times
between groups (outlined above in “Methods”). Following CSS and orthotopic HTx, all
hearts were successfully weaned from CPB, and seven out of eight recipients survived to
6 h post-HTx (one animal receiving a sham donor heart ended 2 h post-HTx). A trend
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Table 2 Transplant outcomes for Sham vs. BSD groups

SHAM (n=4) BSD (n=4) p value
Applied defibrillation energy (Joules) 3975419967 ) 43334+£19.05) 0.057
# Successfully weaned from CPB 4 4
Survival to 6 h post-HTx 3/4 4/4

Data are means -+ SEM, n=4/group
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Fig. 5 Recipient hemodynamics following CSS and HTx. Changes in a mean arterial pressure (mmHg); b
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cardiopulmonary bypass, O0H—successful weaning from CPB

toward higher applied defibrillation energy in sham animals was found to restart the
heart following reperfusion (Table 2).

Following successful weaning from CPB, MAP (Fig. 5a) and HR (Fig. 5b) remained
stable post-HTx through increasing vasoactive support, regardless of donor heart
group (Fig. 5¢; see Additional file 1: Fig S6 for weight-based doses of adrenaline,
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noradrenaline, vasopressin and dopamine individually). Arterial lactate consistently
increased post-HTx, with no differences observed between groups (Fig. 5d; Sham:
7.6+2.8; BSD: 11.3+2.5 mmol/L). Sham recipients exhibited a slightly greater fluid
balance early post-HTx (Fig. 5e), however this was no different 6 h post-HTx. Hemo-
dynamic and ventilatory parameters, blood results and vasoactive support during the
course of the study at baseline, T0, T3 and T6 in recipient animals are available in
Additional file 1: Table S3.

No significant differences in total white blood cell count, BET-1 or systemic
cytokine expression (IL-1p, IL-6, IL-8, IL-10, TNFa) were observed between groups
(Fig. 6). BET-1, IL-6, IL-10 increased significantly post-HTx in both groups, while
WBC, IL-8 and TNF«a decreased.

Pre- and post-HTx cardiac function

Epicardial echocardiography revealed no significant differences in ventricular systolic
function between sham and BSD donor hearts (Fig. 7a and b) prior to heart procure-
ment. Following BSD onset, plasma cTnl levels were significantly elevated compared
to sham (Fig. 7c), slowly decreasing and no different at 24 h. Following CSS and HTx,
ventricular systolic function was slightly reduced compared to pre-HTx function
(Fig. 7a and b), but no significant differences were detected between groups. Similarly,
post-HTx cTnl levels increased in the initial 2 h following successful weaning from
CPB, but no differences were detected between groups (Fig. 7d).

Discussion

This is a novel sheep HTx model incorporating 24 h donor BSD, with recipients suc-
cessfully weaned from CPB and monitored for 6 h post-HTx. In comparison to pre-
vious models (pigs and dogs) [13], the clinical value of the presented HTx model is
summarised below:

1. Animal selection: Sheep were chosen for their similarities in size/weight [27], respir-
atory, hemodynamic, and microcirculatory physiology with humans, that are critical
to HTx [28].

2. Twenty-four hours BSD: Our model is representative of common timeframes of clin-
ical declaration of BSD. Few studies have published HTx incorporating BSD beyond
6 h in large animals [12, 29].

3. CSS: The cold and total ischemic times utilised match clinical boundaries deemed
safe for recipients [5], and sufficiently induced significant cardiac damage in sheep
hearts that appear vulnerable to CSS-mediated injury.

4. HTx technique: An orthotopic bicaval HTx technique was utilised to maintain con-
sistency with contemporary HTx surgery [15].

5. Post-HTx cardiac function: All animals were weaned from CPB despite the clinical
and technical challenges of this model. Echocardiography permitted non-invasive
assessment of cardiac function commonly used in ICU post-HTx. Similar animal
models are largely reliant upon invasive P—V analyses.
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Fig. 7 Cardiac function in donors (pre-HTx) and recipients (post-HTx). Cardiac function as determined by
changes in a % fractional area change and b % global radial strain by two-dimensional speckle tracking
echocardiography. Cardiac damage was assessed by cardiac troponin | (cTnl, ng/mL) levels in plasma of ¢
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represent effect of time, and bottom F and p values represent differences between BSD vs. sham over time. B
Baseline, ST stabilisation 1 h following completion of instrumentation procedures, OH in donor—confirmation
of BSD, OH in recipient—successful weaning from CPB

BSD-mediated hemodynamics and inflammation

Brain death occurs following significant and persistent elevations in ICP, leading to exag-
gerated hemodynamic perturbations, commonly requiring vasoactive support. Despite
donor management and optimisation strategies, cardiac dysfunction occurs in BSD due
to systemic catecholamine response and impaired cardiac contraction [13, 30], which
can impact acceptance of a donor heart. For example, in Australia, ~70% of donor hearts
not retrieved for HTx are declined due to either being ‘not medically suitable’ (48%)
or age of the donor heart (22%) [31]. Excessive BSD-mediated cardiac dysfunction [4]
and older donor age [5] significantly increase the probability of PGD after HTx. In our
model, significant catecholamine overload impaired hemodynamic control during BSD
(e.g., tachycardia, elevated MAP) and required vasopressor management. This early
hemodynamic compromise was coupled with systemic IL-6 and IL-8 elevations, which
resolved and was comparable to sham 24 h later. Exaggerated systemic inflammation is a
hallmark feature of BSD [30, 32], well-reported in animals [33—35] and humans [36—38].
Increased IL-6 levels occurs systemically [39, 40], and in heart [41] and brain [40] tissue
with BSD/brain injury, albeit on different time courses. Elevated plasma IL-6 during BSD
correlates with reduced hospital-free survival six months post-transplant and organ yield
[42]. The observed transient rise in plasma IL-8 here is consistent with clinical obser-
vations [39], and the severity of cardiac allograft rejection increases with elevated neu-
trophil infiltration [43]. No changes in plasma proinflammatory TNFa and IL-1 were
evident in our study, which aligns with other reports [39, 44, 45]. Our observation of
increased plasma IL-10 reflects observations in BSD patients [42, 46, 47]. However, the
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delay in activation of IL-10 immunosuppressive actions (> 8 h) is unlikely responsible the
unchanged TNFa and IL-1f in our study [48]. Plasma BET-1 peaked early and further
delineates BET-1 patterns during BSD following our previous reports [14]. Both ET-1
[49, 50] and BET-1 [51-53] may improve risk stratification of acute myocardial infarc-
tion and heart failure, and help predict outcomes post-HTx [54]. Despite the observed
BSD-mediated pathophysiological changes, all BSD donor hearts were transplantable
and successfully weaned from CPB post-HTx. Thus, our model accurately mimics the
clinical scenario of transplantable BSD hearts exposed to characteristic hemodynamic

and inflammatory perturbations.

Heart preservation and transplantation

Donor heart preservation methods are unchanged for over 40 years [7]. In this model,
hearts were procured after 24 h monitoring, preserved by CSS and then transplanted.
Significant heterogeneity and variation in reporting exists in published animal models
of BSD-HTx regarding heart preservation [13]. Ischemic time duration during donor
heart preservation is an independent risk factor for short- and long-term mortality post-
HTx [5]. Indeed, the cardiac graft quality is directly proportional to the cold ischemic
time [55], and the PGD risk greatly increases following heart preservation beyond 4 h.
The median cardiac allograft ischemic time is 3.2 (1.5-5.0) hours (2009-2016) [5]. Com-
paratively, we used a total ischemic time slightly less than the reported median [5], but
certainly still within the clinically relevant range. Sheep are commonly used as reliable
and reproducible preclinical models of chronic heart failure and myocardial infarction,
despite an accepted 30% mortality rate, predominantly due to malignant arrhythmias
[56-58]. Sheep and humans have similarities in cardiac myocyte, electrophysiological,
contractile and metabolic properties [56, 59]. The heart is similarly exposed to significant
ischemia during HTx, and we commonly observed intractable ventricular fibrillation
upon reperfusion, often requiring repeated electrical defibrillation and pharmacologi-
cal resuscitation. Regardless, we successfully restarted and weaned all hearts from CPB
post-HTx.

Post-HTx status and cardiac function

After weaning from CPB, recipient hemodynamic function was stable, but required
increasing vasoactive support and was associated with increasing blood lactate. Our
observations of increasing vasoactive requirements with concomitant elevations in
blood lactate in the early post-operative period mimic clinical HTx observations [60—
62]. Post-HTx hyperlactatemia appears common, generally resolves without significant
adverse outcomes [60—62]. Based on clinical observations [60, 62], peak lactate levels
post-HTx in our study may not have been reached, and may have been influenced by
allograft ischemic time [61, 62] and vasoactive use [60, 62]. While cardiac function was
depressed post-HTXx, relative to donor baseline function, it appeared stable, and ¢Tnl
release plateaued early post-HTx. Comparative analysis with other BSD-HTx animal
models is difficult as few studies [29, 63] have utilised echocardiography to assess car-
diac function, with invasive pressure—volume (P-V) relationship analyses preferred [13].
Speckle-tracking echocardiography to determine longitudinal strain can be supplemen-
tary to invasive composite contractility index derived from P-V relationship analyses
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[64]. Furthermore, traditional echocardiography measures (e.g., ejection fraction and
fractional shortening) are less representative of cardiac contractility, but significantly
associated with left ventricular load and mass [64]. Schroeder et al. measured pediat-
ric cardiac dysfunction post-HTx, and found that finding no single clinical variable was
significantly associated with P-V relationship analyses [65]. These disparities in cardiac
function assessment render comparison across studies difficult.

Interestingly, despite the profound hemodynamic and inflammatory perturbations in
BSD donors, no major differences were evident in post-HTx hemodynamic, inflamma-
tory or cardiac function parameters between groups. Our ability to successfully wean
recipients from CPB following 24 h BSD is likely associated with reduced systemic
inflammation at time of heart retrieval. During preliminary BSD-HTx studies, hearts
exposed to 6 h BSD could not be weaned from CPB. During these studies, the cold
ischemic time was comparable to the current study, and only differed in the length of or
complete exposure to donor BSD. Other HTx animal studies incorporate BSD exposure
up to 6 h [13], which is not reflective of clinical practice [66, 67]. In Australia (2014—
2018), the median time from confirmation of brain death to donation was 21.1-22.7 h
[68], in line with the model presented here. Clinical outcomes post-HTx are inconsistent
regarding the influence of extended BSD donor management (longer exposure to BSD
injury) upon recipient survival. Some reports show that extended donor management
improves rejection-free survival, with no effect upon mortality in pediatric patients
(4-17 days donor management) [69], or adult recipient survival post-HTx (~ 19 h donor
management) [67]. Conversely, others report that extended donor management>14 h
[70] or>72 h [71] is linked to poorer recipient survival. Furthermore, extending donor
management time to optimise cardiac function may significantly increase the number of
hearts transplanted. Borbely et al. demonstrated that 52% of donor hearts exhibiting car-
diac dysfunction at initial assessment via transthoracic echocardiography (TTE) could
be transplanted by extending donor management and performing serial TTE [72], which
may be reflective of our observations.

Strengths and limitations

Developing large animal models that accurately represent clinical scenarios is complex,
resource-intensive, expensive and often requires similar hospital technology and facili-
ties. Development of this model was a complex and labour-intensive process, but was
strengthened by the comprehensive research and clinical team with extensive experi-
ence in clinical and animal experimentation in critical care medicine and HTx. We used
advanced ICU monitoring systems and protocols to increase the potential for clinically
translatable outcomes. Nevertheless, the current study has several limitations. Despite
all care taken to assess animal health prior to experimentation, and use of prophylactic
broad-spectrum antibiotics throughout the study, there is potential, though unlikely, that
concomitant undiagnosed infections could have contributed to the catecholamine storm
in donors. This study has a small sample size, and thus meaningful statistical analysis is
challenging. However, we have comprehensively assessed all donors and recipients over
the entire time course of the experimental procedure. A longer post-HTx monitoring
period would have been beneficial, but better suited to a smaller interventional study,
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where assessment of long-term outcomes is critical to efficacy of a desired intervention
for patient survival.

Conclusions

Cardiac transplantation is a complex field, where recipient outcomes are dependent
upon an extended timeline that begins with donor injury. Any model hoping to advance
the HTx field must incorporate the explosive brain insult, ICU care and hormone resus-
citation, donor heart preservation, reimplantation and weaning from CPB. This model
represents the first ovine model of bicaval HTx incorporating donor BSD for 24 h.
Donor BSD induced significant hemodynamic and inflammatory perturbations requir-
ing vasoactive management, yet was comparable to sham donors after 24 h. Following
CSS and HTx, all animals were successfully weaned from CPB and monitored for up
to 6 h (except one), with no significant differences in post-HTx hemodynamic, inflam-
matory or cardiac function between groups. This ovine model of BSD-HTx may have
a promising role in evaluating novel peri-transplant techniques and therapies, with the
aim of ultimately improving both the quality and quantity of donor hearts.

Abbreviations

ACT: Activated clotting time; AoP: Aortic pressure; BET-1: Big endothelin-1; BSA: Body surface area; BSD: Brainstem death;
CPB: Cardiopulmonary bypass; CSS: Cold static storage; cTnl: Cardiac troponin I; CVP: Central venous pressure; ECG:
Electrocardiogram; ETCO,: End-tidal carbon dioxide; FAC: Fractional area change; FiO.: Inspiratory fraction of oxygen; GRS:
Global radial strain; HCO;: Concentration of bicarbonate in arterial blood; HR: Heart rate; HTx: Heart transplantation; ICP:
Intracranial pressure; IL: Interleukin; IRI: Ischemia-reperfusion injury; LVAD: Left ventricular assist device; MAP: Mean arte-
rial pressure; PaCO,: Arterial partial pressure of carbon dioxide; PaO,: Arterial partial pressure of oxygen; PAP: Pulmonary
artery pressure; PEEP: Positive end-expiratory pressure; PGD: Primary graft dysfunction; PSAX: Parasternal short axis; P-V:
Pressure—volume; RR: Respiratory rate; SpO,: Oxygen saturation by pulse oximetry; TNFa: Tumour necrosis factor alpha;
TTE: Transthoracic echocardiography; VDI: Vasopressor dependency index; WBC: White blood cells.

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1186/540635-021-00425-4.

Additional file 1. Table S1. Consumable details relevant to the methodology. Table S2. Hemodynamic and ventila-
tory parameters, blood results and vasoactive use during the course of the study at stabilisation (one hour following
completion of all instrumentation procedures), TO (confirmation of BSD/Sham), T12 and T24 in donor animals. All
values are mean (SD). NA - not available; FiO, - inspiratory fraction of oxygen; PEEP - positive end-expiratory pres-
sure; EtCO, — end-tidal carbon dioxide; PaO? - arterial partial pressure of oxygen; PaCO? - arterial partial pressure

of carbon dioxide; HCO; — concentration ofbicarbonate in arterial blood. Table S3. Hemodynamic and ventilatory
parameters, blood results and vasoactive use during the course of the study at stabilisation (one hour following
completion of all instrumentation procedures), TO (successful weaning from CPB), T1, T3 and T6 in recipient animals.
All values are mean (SD). NA — not available; FiO, — inspiratory fraction of oxygen; PEEP — positive end-expiratory
pressure; EtCO, — end-tidal carbon dioxide; PaO” - arterial partial pressure of oxygen; PaCO? - arterial partial pressure
of carbon dioxide; HCO; — concentration of bicarbonate in arterial blood. Table S4. P values from multiple compari-
sons test for parameter estimates among Sham and BSD donors at each time point for donor heart rate (HR), plasma
metanephrines (Met.), mean arterial pressure (MAP), vasopressor dependency index (VDI), blood lactate, minute
volume and fluid balance. B - baseline, ST - stabilisation, TO — confirmation of BSD, T1-T24 — 1-24 hours post-BSD
confirmation.

Acknowledgements
The authors would like to thank Dr Nicole White (Faculty of Health, Queensland University of Technology) for her statisti-
cal advice.

Authors’ contributions

Study conception and design: LS, SD, MP, CM, DP, PM, DM, JF. Data collection: LS, KW, NO, NB, CM, KS, SH, SE, SD, MRP,
MAW, CB, AE, DP, LJ, MB, KH, TS, CA, SMC, EW, JM, MM, JR, HO, SL, GA, NS, TH, WB, SR, LB, LPP, LM, LN, JT, JC, HH, PM, GL,
JS, DM, JF. Data analysis: LS, KW, NO, NB, KS, SH, MP, DP, MB, KH, TS, SMC, EW, JC, GL. Writing—original draft preparation:
LS, KW, NB, KS, SH, CA. Writing—review, editing, and interpretation: LS, KW, NO, NB, CM, KS, SH, SE, SD, MP, MW, CB, AE,
DP LJ, MB, KH, TS, CA, SMC, EW, JM, MM, JR, HO, SL, GA, NS, TH, WB, SR, LB, LPP, LM, LN, JT, JC, HH, PM, GL, JS, DM, JF. Final
approval of submission: LS, KW, NO, NB, CM, KS, SH, SE, SD, MP, MW, CB, AE, DP, LJ, MB, KH, TS, CA, SMC, EW, JM, MM,


https://doi.org/10.1186/s40635-021-00425-4

See Hoe et al. Intensive Care Medicine Experimental (2021) 9:60 Page 20 of 24

JR, HO, SL, GA, NS, TH, WB, SR, LB, LPP, LM, LN, JT, JC, HH, PM, GL, JYS, DM, JF. All authors read and approved the final
manuscript.

Funding

This work and the authors are supported by the University of Queensland, the Prince Charles Hospital Foundation,
Queensland Health (Bionics Project), the Alfred Foundation, the Metro North Hospital and Health Service, The Donald
and Joan Wilson Foundation, the National Health and Medical Research Council (GNT1145761—The Dead Heart Project),
and the Centre for Research Excellence for Advanced Cardio-respiratory Therapies Improving Organ Support (CRE
ACTIONS). Australian governments fund Australian Red Cross Lifeblood to provide blood, blood products, and services to
the Australian community. LS and NB are recipients of individual Prince Charles Hospital Foundation Postdoctoral Fellow-
ships. KW received a PhD scholarship and a fee waiver from the University of Queensland. NO is funded and supported
through the Initiative to Develop African Research Leaders, IDeAL-DELTAS Africa Initiative [DEL-15-003]. The DELTAS
Africa Initiative is an independent funding scheme of the African Academy of Sciences (AAS)'s Alliance for Accelerating
Excellence in Science in Africa (AESA) and supported by the New Partnership for Africa’s Development Planning and
Coordinating Agency (NEPAD Agency) with funding from the Wellcome Trust [107769/2/10/Z] and the UK government.
The views expressed in this publication are those of the author(s) and not necessarily those of AAS, NEPAD Agency, Well-
come Trust or the UK government. M\W is a recipient of a Griffith University Postgraduate Research Scholarship. SH is the
recipient of a Postgraduate Scholarship from the Prince Charles Hospital Foundation and a fee waiver from the University
of Queensland. SL. is the recipient of a Postgraduate Scholarship from the Prince Charles Hospital Foundation. JS is the
recipient of an Advanced Queensland Industry Research Fellowship.

Availability of data and materials
All data generated or analysed during this study are included in this published article (and its Additional Information
files).

Declarations

Ethics approval and consent to participate

Sheep were used in this study. Animal studies were undertaken at the Queensland University of Technology (QUT) Medi-
cal Engineering Research Facility in Brisbane between March 2017 and December 2018. Animal ethics was approved by
the QUT Animal Ethics Committee (AEC) (16000001109) and ratified by the University of Queensland AEC (QUT/393/17/
QUT). All experiments were performed in accordance with the National Health and Medical Research Council (NHMRC)
Australian Code of Practice for the Care and Use of Animals for Scientific Purposes 8th Edition 2013 and the Animal Care
and Protection Act 2001 (QLD) and complied with the ARRIVE Guidelines.

Consent for publication
Not applicable.

Competing interests

Outside of the submitted work, Professor Fraser receives reimbursement for travel costs and incidentals when presenting
research he has performed in collaboration with Fisher and Paykel Healthcare. Professor Fraser is the co-founder and CEO
of De Motu Cordis Pty Limited, and the Quantum Medical Innovation Fund. He is also the co-founder of BIVACOR™ Pty
Ltd. In addition, Prof. Fraser and his research group work with Fisher and Paykel healthcare, Mallinckrodt Pharmaceuticals,
CSL, BIVACOR™, De Motu Cordis Pty Limited, and Australian Red Cross Lifeblood. Professor McGiffin provides consul-
tancy services to Abbott. Assoc Prof David Platts has acted as a clinical liaison with Philips Healthcare, GE Healthcare and
Lantheus Medical Imaging. This has no direct impact on the contents of the manuscript. The other authors do not have
any conflict of interest.

Author details

ICritical Care Research Group, The Prince Charles Hospital, Brisbane, QLD, Australia. 2Prince Charles Hospital Northside
Clinical Unit, Faculty of Medicine, University of Queensland, Brisbane, QLD, Australia. *Cardiovascular Research Institute
Basel, Basel, Switzerland. “Wellcome Trust Centre for Global Health Research, Imperial College London, London, UK.
°Initiative to Develop African Research Leaders (IDeAL), Kilifi, Kenya. °School of Mechanical, Medical and Process Engi-
neering, Faculty of Engineering, Queensland University of Technology, Brisbane, QLD, Australia. ”Department of Anaes-
thesia and Perfusion, The Prince Charles Hospital, Chermside, QLD, Australia. Second Department of Intensive Care,
North Estonia Medical Centre, Tallinn, Estonia. °Research and Development, Australian Red Cross Lifeblood, Brisbane,
QLD, Australia. '°School of Pharmacy and Medical Sciences, Griffith University, Southport, QLD, Australia. ' Depart-
ment of Cardiac Surgery, Princess Alexandra Hospital, Brisbane, QLD, Australia. 12School of Biomedical Sciences, Faculty
of Medicine, University of Queensland, Brisbane, QLD, Australia. '*Department of Pathophysiology and Transplantation,
Universita Degli Studi di Milano, Milan, Italy. *Roslin Institute, University of Edinburgh, Edinburgh, UK. '°Department
of Internal Medicine II, Cardiology and Pneumology, University Medical Center Regensburg, Regensburg, Germany.
'%Department of Physiology and Pharmacology, Section for Anesthesiology and Intensive Care Medicine, Karolinska
Institutet, Stockholm, Sweden. '/ Pitié-Salpétriere University Hospital, Paris, France. '®The Canberra Hospital Intensive
Care, Garran, ACT, Australia. '°Australia National University, Canberra, ACT, Australia. 2prince Charles Hospital, Brisbane,
QLD, Australia. >’ Faculty of Health, Queensland University of Technology, Brisbane, QLD, Australia. >School of Medicine,
Griffith University, Southport, QLD, Australia. 23 Faculty of Health, School of Biomedical Sciences, Queensland University
of Technology, Brisbane, QLD, Australia. *“Institut d'Investigacions Biomediques August Pi Sunyer (IDIBAPS), Barcelona,
Spain. % Cardiothoracic Surgery and Transplantation, The Alfred Hospital, Melbourne, VIC, Australia. “Monash University,
Melbourne, VIC, Australia.



See Hoe et al. Intensive Care Medicine Experimental (2021) 9:60 Page 21 of 24

Received: 28 July 2021 Accepted: 23 November 2021
Published online: 24 December 2021

References

1.

2.

20.

21.

Ramani GV, Uber PA, Mehra MR (2010) Chronic heart failure: contemporary diagnosis and management. Mayo Clin
Proc 85:180-195. https://doi.org/10.4065/mcp.2009.0494

Kirklin JK, Young JB, McGiffin DC (2002) Chapter sixteen: survival after heart transplantation. In: Heart Transplanta-
tion. Churchill Livingstone, London, p 587-614

Kirklin JK, Young JB, McGiffin DC (2002) Chapter nine: the donor heart. In: Heart Transplantation. Churchill Living-
stone, London, p 293-338

Kobashigawa J, Zuckermann A, Macdonald P, Leprince P, Esmailian F, Luu M, Mancini D, Patel J, Razi R,
Reichenspurner H, Russell S, Segovia J, Smedira N, Stehlik J, Wagner F, Consensus Conference p (2014) Report

from a consensus conference on primary graft dysfunction after cardiac transplantation. J Heart Lung Transplant
33:327-340. https://doi.org/10.1016/j.healun.2014.02.027

Lund LH, Khush KK, Cherikh WS, Goldfarb S, Kucheryavaya AY, Levvey BJ, Meiser B, Rossano JW, Chambers DC, Yusen
RD, Stehlik J, International Society for H, Lung T (2017) The registry of the international society for heart and lung
transplantation: thirty-fourth adult heart transplantation report-2017; focus theme: allograft ischemic time. J Heart
Lung Transplant 36:1037-1046. https://doi.org/10.1016/j.healun.2017.07.019

Chew HC, lyer A, Connellan M, Scheuer S, Villanueva J, Gao L, Hicks M, Harkness M, Soto C, Dinale A, Nair P, Watson
A, Granger E, Jansz P, Muthiah K, Jabbour A, Kotlyar E, Keogh A, Hayward C, Graham R, Spratt P, Macdonald P, Dhital K
(2019) Outcomes of donation after circulatory death heart transplantation in Australia. J Am Coll Cardiol 73:1447-
1459. https://doi.org/10.1016/j.jacc.2018.12.067

lyer A, Gao L, Doyle A, Rao P, Cropper JR, Soto C, Dinale A, Kumarasinghe G, Jabbour A, Hicks M, Jansz PC, Feneley
MP, Harvey RP, Graham RM, Dhital KK, MacDonald PS (2015) Normothermic ex vivo perfusion provides superior
organ preservation and enables viability assessment of hearts from DCD donors. Am J Transplant 15:371-380.
https://doi.org/10.1111/ajt.12994

Messer S, Page A, Axell R, Berman M, Hernandez-Sanchez J, Colah S, Parizkova B, Valchanov K, Dunning J, Pavlushkov
E, Balasubramanian SK, Parameshwar J, Omar YA, Goddard M, Pettit S, Lewis C, Kydd A, Jenkins D, Watson CJ, Sudar-
shan C, Catarino P, Findlay M, Ali A, Tsui S, Large SR (2017) Outcome after heart transplantation from donation after
circulatory-determined death donors. J Heart Lung Transplant 36:1311-1318. https://doi.org/10.1016/j.healun.2017.
10.021

Ardehali A, Esmailian F, Deng M, Soltesz E, Hsich E, Naka Y, Mancini D, Camacho M, Zucker M, Leprince P, Padera R,
Kobashigawa J, investigators PIt, (2015) Ex-vivo perfusion of donor hearts for human heart transplantation (PRO-
CEED Il): a prospective, open-label, multicentre, randomised non-inferiority trial. Lancet 385:2577-2584. https://doi.
0rg/10.1016/50140-6736(15)60261-6

Nilsson J, Jernryd V, Qin G, Paskevicius A, Sjoberg T, Hoglund P, Steen S (2019) Non ischemic heart preservation—
results from the safety study. J Heart Lung Transplant 38:526. https://doi.org/10.1016/j.healun.2019.01.047
Schroder J, D'Alessandro D, Esmailian F, Boeve T, Tang P, Liao K, Wang I, Anyanwu A, Shah A, Mudy K, Soltesz E, Smith
JW (2019) Successful Utilization of Extended Criteria Donor (ECD) Hearts for Transplantation—Results of the OCSTM
Heart EXPAND Trial to Evaluate the Effectiveness and Safety of the OCS Heart System to Preserve and Assess ECD
Hearts for Transplantation. J Heart Lung Transplant 38:542. https://doi.org/10.1016/j.healun.2019.01.088

Steen S, Paskevicius A, Liao Q, Sjoberg T (2016) Safe orthotopic transplantation of hearts harvested 24 hours after
brain death and preserved for 24 hours. Scandinavian Cardiovasc J. https://doi.org/10.3109/14017431.2016.1154598
See Hoe LE, Wells MA, Bartnikowski N, Obonyo NG, Millar JE, Khoo A, Ki KK, Shuker T, Ferraioli A, Colombo SM, Chan
W, McGiffin DC, Suen JY, Fraser JF (2020) Heart transplantation from brain dead donors: a systematic review of
animal models. Transplantation. https://doi.org/10.1097/TP0000000000003217

Watts RP, Bilska I, Diab S, Dunster KR, Bulmer AC, Barnett AG, Fraser JF (2015) Novel 24-h ovine model of brain death
to study the profile of the endothelin axis during cardiopulmonary injury. Intensive Care Med Exp 3:31. https://doi.
0rg/10.1186/540635-015-0067-9

Kirklin JK, Young JB, McGiffin D (2002) Heart transplantation. Churchill Livingstone, London

McGrath JC, Drummond GB, McLachlan EM, Kilkenny C, Wainwright CL (2010) Guidelines for reporting experiments
involving animals: the ARRIVE guidelines. Br J Pharmacol 160:1573-1576. https://doi.org/10.1111/j.1476-5381.2010.
00873.x

Simonova G, Tung JP, Fraser JF, Do HL, Staib A, Chew MS, Dunster KR, Glenister KM, Jackson DE, Fung YL (2014) A
comprehensive ovine model of blood transfusion. Vox Sang 106:153-160. https://doi.org/10.1111/vox.12076
Bennett J (1973) Regional body surface area of sheep. J Agric Sci 81:429-432. https://doi.org/10.1017/5002185960
0086469

Cruz DN, Antonelli M, Fumagalli R, Foltran F, Brienza N, Donati A, Malcangi V, Petrini F, Volta G, Bobbio Pallavicini FM,
Rottoli F, Giunta F, Ronco C (2009) Early use of polymyxin B hemoperfusion in abdominal septic shock: the EUPHAS
randomized controlled trial. JAMA 301:2445-2452. https://doi.org/10.1001/jama.2009.856

Millar JE, Bartnikowski N, Passmore MR, Obonyo NG, Malfertheiner MV, von Bahr V, Redd MA, See Hoe L, Ki KK,
Pedersen S, Boyle AJ, Baillie JK, Shekar K, Palpant N, Suen JY, Matthay MA, McAuley DF, Fraser JF (2020) Combined
mesenchymal stromal cell therapy and extracorporeal membrane oxygenation in acute respiratory distress
syndrome. A randomized controlled trial in sheep. Am J Respir Crit Care Med 202:383-392. https://doi.org/10.1164/
rccm.201911-21430C

Millar JE, Wildi K, Bartnikowski N, Bouguet M, Hyslop K, Passmore MR, Ki KK, See Hoe LE, Obonyo NG, Neyton L,
Pedersen S, Rozencwajg S, Baillie JK, Li Bassi G, Suen JY, McAuley DF, Fraser JF (2021) Characterizing preclinical


https://doi.org/10.4065/mcp.2009.0494
https://doi.org/10.1016/j.healun.2014.02.027
https://doi.org/10.1016/j.healun.2017.07.019
https://doi.org/10.1016/j.jacc.2018.12.067
https://doi.org/10.1111/ajt.12994
https://doi.org/10.1016/j.healun.2017.10.021
https://doi.org/10.1016/j.healun.2017.10.021
https://doi.org/10.1016/S0140-6736(15)60261-6
https://doi.org/10.1016/S0140-6736(15)60261-6
https://doi.org/10.1016/j.healun.2019.01.047
https://doi.org/10.1016/j.healun.2019.01.088
https://doi.org/10.3109/14017431.2016.1154598
https://doi.org/10.1097/TP.0000000000003217
https://doi.org/10.1186/s40635-015-0067-9
https://doi.org/10.1186/s40635-015-0067-9
https://doi.org/10.1111/j.1476-5381.2010.00873.x
https://doi.org/10.1111/j.1476-5381.2010.00873.x
https://doi.org/10.1111/vox.12076
https://doi.org/10.1017/S0021859600086469
https://doi.org/10.1017/S0021859600086469
https://doi.org/10.1001/jama.2009.856
https://doi.org/10.1164/rccm.201911-2143OC
https://doi.org/10.1164/rccm.201911-2143OC

See Hoe et al. Intensive Care Medicine Experimental (2021) 9:60 Page 22 of 24

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

sub-phenotypic models of acute respiratory distress syndrome: an experimental ovine study. Physiol Rep 9:215048.
https://doi.org/10.14814/phy2.15048

Myers BJ, McWhinney BC, Ungerer JPJ (2015) P6: Improved measurement of plasma free metanephrines utilising
online SPE coupled to UPLC-MS/MS. In: Australasian Association of Clinical Biochemists'53rd Annual Scientific
Conference. Clin Biochem Rev, p 525

Peitzsch M, Adaway JE, Eisenhofer G (2015) Interference from 3-O-methyldopa with ultra-high performance
LC-MS/MS measurements of plasma metanephrines: chromatographic separation remains important. Clin Chem
61:993-996. https://doi.org/10.1373/clinchem.2015.239962

Peitzsch M, Prejbisz A, Kroiss M, Beuschlein F, Arlt W, Januszewicz A, Siegert G, Eisenhofer G (2013) Analysis of plasma
3-methoxytyramine, normetanephrine and metanephrine by ultraperformance liquid chromatography-tandem
mass spectrometry: utility for diagnosis of dopamine-producing metastatic phaeochromocytoma. Ann Clin Bio-
chem 50:147-155. https://doi.org/10.1258/acb.2012.012112

Bouquet M, Passmore MR, See Hoe LE, Tung JP, Simonova G, Boon AC, Fraser JF (2020) Development and validation
of ELISAs for the quantitation of interleukin (IL)-1beta, IL-6, IL-8 and IL-10 in ovine plasma. J Immunol Methods.
https://doi.org/10.1016/jjim.2020.112835

Heinsar S, Jung JS, Colombo SM, Rozencwajg S, Wildi K, Sato K, Ainola C, Wang X, Abbate G, Sato N, Dyer WB, Living-
stone SA, Pimenta LP, Bartnikowski N, Bougquet MJP, Passmore M, Vidal B, Palmieri C, Reid JD, Haggani HM, McGuire
D, Wilson ES, Ratsep |, Lorusso R, Suen JY, Bassi GL, Fraser JF (2021) An innovative ovine model of severe cardiopul-
monary failure supported by veno-arterial extracorporeal membrane oxygenation. Sci Rep 11:20458. https://doi.
0rg/10.1038/541598-021-00087-y

Scheerlinck JP, Snibson KJ, Bowles VM, Sutton P (2008) Biomedical applications of sheep models: from asthma to
vaccines. Trends Biotechnol 26:259-266. https://doi.org/10.1016/j.tibtech.2008.02.002

Chemonges S, Shekar K, Tung JP, Dunster KR, Diab S, Platts D, Watts RP, Gregory SD, Foley S, Simonova G, McDonald
C, Hayes R, Bellpart J, Timms D, Chew M, Fung YL, Toon M, Maybauer MO, Fraser JF (2014) Optimal management of
the critically ill: anaesthesia, monitoring, data capture, and point-of-care technological practices in ovine models of
critical care. Biomed Res Int 2014:468309. https://doi.org/10.1155/2014/468309

Kumar TKS, Mathis C, Sathanandam S, Zurakowski D, Subramanian S, Allen J, Solimine M, Berrios L, Jackson'S,
Landers M, Sullivan R, Barnett S, Rayburn M, Loftis C, Price L, Tansey JB, Hoskoppal D, Knott-Craig C (2017) Effect

of thyroid hormone on cardiac function following orthotopic heart transplantation in piglets. Pediatr Transplant.
https://doi.org/10.1111/petr.13002

Watts RP, Thom O, Fraser JF (2013) Inflammatory signalling associated with brain dead organ donation: from brain
injury to brain stem death and posttransplant ischaemia reperfusion injury. J Transplant 2013:521369. https://doi.
org/10.1155/2013/521369

ANZOD (2018) 2018 Annual Report, Section 7: Deceased Donor Heart Donation. In: Australia and New Zealand
Dialysis and Transplant Registry, Adelaide

Barklin A (2009) Systemic inflammation in the brain-dead organ donor. Acta Anaesthesiol Scand 53:425-435.
https://doi.org/10.1111/j.1399-6576.2008.01879.x

Atkinson C, Floerchinger B, Qiao F, Casey S, Williamson T, Moseley E, Stoica S, Goddard M, Ge X, Tullius SG, Tomlinson
S (2013) Donor brain death exacerbates complement-dependent ischemia/reperfusion injury in transplanted
hearts. Circulation 127:1290-1299. https://doi.org/10.1161/CIRCULATIONAHA.112.000784

Floerchinger B, Ge X, Lee YL, Jurisch A, Padera RF, Schmid C, Tullius SG (2012) Graft-specific immune cells communi-
cate inflammatory immune responses after brain death. J Heart Lung Transplant 31:1293-1300. https://doi.org/10.
1016/j.healun.2012.09.005

Li S, Korkmaz-Icoz S, Radovits T, Ruppert M, Spindler R, Loganathan S, Hegedus P, Brlecic P, Theisinger B, Theisinger
S, Hoger S, Brune M, Lasitschka F, Karck M, Yard B, Szabo G (2017) Donor preconditioning after the onset of brain
death with dopamine derivate n-octanoyl dopamine improves early posttransplant graft function in the rat. Am J
Transplant 17:1802-1812. https:.//doi.org/10.1111/ajt.14207

Birks EJ, Yacoub MH, Burton PS, Owen V, Pomerance A, O'Halloran A, Banner NR, Khaghani A, Latif N (2000) Activa-
tion of apoptotic and inflammatory pathways in dysfunctional donor hearts. Transplantation 70:1498-1506. https://
doi.org/10.1097/00007890-200011270-00018

Birks EJ, Owen VJ, Burton PB, Bishop AE, Banner NR, Khaghani A, Polak JM, Yacoub MH (2000) Tumor necrosis factor-
alpha is expressed in donor heart and predicts right ventricular failure after human heart transplantation. Circulation
102:326-331. https://doi.org/10.1161/01.cir.102.3.326

Fisher AJ, Donnelly SC, Hirani N, Haslett C, Strieter RM, Dark JH, Corris PA (2001) Elevated levels of interleukin-8 in
donor lungs is associated with early graft failure after lung transplantation. Am J Respir Crit Care Med 163:259-265.
https://doi.org/10.1164/ajrccm.163.1.2005093

Damman J, Nijooer WN, Schuurs TA, Leuvenink HG, Morariu AM, Tullius SG, van Goor H, Ploeg RJ, Seelen MA (2011)
Local renal complement C3 induction by donor brain death is associated with reduced renal allograft function after
transplantation. Nephrol Dial Transplant 26:2345-2354. https://doi.org/10.1093/ndt/gfq717

Graetz D, Nagel A, Schlenk F, Sakowitz O, Vajkoczy P, Sarrafzadeh A (2010) High ICP as trigger of proinflammatory
IL-6 cytokine activation in aneurysmal subarachnoid hemorrhage. Neurol Res 32:728-735. https://doi.org/10.1179/
016164109X12464612122650

Michel SG, Madariaga MLL, LaMuraglia GM 2nd, Villani V, Sekijima M, Farkash EA, Colvin RB, Sachs DH, Yamada K,
Rosengard BR, Allan JS, Madsen JC (2018) The effects of brain death and ischemia on tolerance induction are organ-
specific. Am J Transplant 18:1262-1269. https://doi.org/10.1111/ajt.14674

Murugan R, Venkataraman R, Wahed AS, Elder M, Hergenroeder G, Carter M, Madden NJ, Powner D, Kellum JA, Inves-
tigators HIS (2008) Increased plasma interleukin-6 in donors is associated with lower recipient hospital-free survival
after cadaveric organ transplantation. Crit Care Med 36:1810-1816. https://doi.org/10.1097/CCM.0b013e318174d89f
Healy DG, Watson RW, O'Keane C, Egan JJ, McCarthy JF, Hurley J, Fitzpatrick J, Wood AE (2006) Neutrophil transen-
dothelial migration potential predicts rejection severity in human cardiac transplantation. Eur J Cardiothorac Surg
29:760-766. https://doi.org/10.1016/j.ejcts.2006.01.065


https://doi.org/10.14814/phy2.15048
https://doi.org/10.1373/clinchem.2015.239962
https://doi.org/10.1258/acb.2012.012112
https://doi.org/10.1016/j.jim.2020.112835
https://doi.org/10.1038/s41598-021-00087-y
https://doi.org/10.1038/s41598-021-00087-y
https://doi.org/10.1016/j.tibtech.2008.02.002
https://doi.org/10.1155/2014/468309
https://doi.org/10.1111/petr.13002
https://doi.org/10.1155/2013/521369
https://doi.org/10.1155/2013/521369
https://doi.org/10.1111/j.1399-6576.2008.01879.x
https://doi.org/10.1161/CIRCULATIONAHA.112.000784
https://doi.org/10.1016/j.healun.2012.09.005
https://doi.org/10.1016/j.healun.2012.09.005
https://doi.org/10.1111/ajt.14207
https://doi.org/10.1097/00007890-200011270-00018
https://doi.org/10.1097/00007890-200011270-00018
https://doi.org/10.1161/01.cir.102.3.326
https://doi.org/10.1164/ajrccm.163.1.2005093
https://doi.org/10.1093/ndt/gfq717
https://doi.org/10.1179/016164109X12464612122650
https://doi.org/10.1179/016164109X12464612122650
https://doi.org/10.1111/ajt.14674
https://doi.org/10.1097/CCM.0b013e318174d89f
https://doi.org/10.1016/j.ejcts.2006.01.065

See Hoe et al. Intensive Care Medicine Experimental (2021) 9:60 Page 23 of 24

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Schuurs TA, Morariu AM, Ottens PJ, Hart NA, Popma SH, Leuvenink HG, Ploeg RJ (2006) Time-dependent changes

in donor brain death related processes. Am J Transplant 6:2903-2911. https://doi.org/10.1111/j.1600-6143.2006.
01547 x

Atkinson C, Varela JC, Tomlinson S (2009) Complement-dependent inflammation and injury in a murine model of
brain dead donor hearts. Circ Res 105:1094-1101. https://doi.org/10.1161/CIRCRESAHA.109.194977

Adrie C, Monchi M, Fulgencio JP, Cottias P, Haouache H, Alvarez-Gonzalvez A, Guerrini P, Cavaillon JM, Adib-Conquy
M (2010) Immune status and apoptosis activation during brain death. Shock 33:353-362. https://doi.org/10.1097/
SHK.0b013e3181b65b99

Schwarz P, Custodio G, Rheinheimer J, Crispim D, Leitao CB, Rech TH (2018) Brain death-induced inflammatory activ-
ity is similar to sepsis-induced cytokine release. Cell Transplant 27:1417-1424. https://doi.org/10.1177/0963689718
785629

Mosmann TR, Moore KW (1991) The role of IL-10 in crossregulation of TH1 and TH2 responses. Immunol Today
12:A49-53. https://doi.org/10.1016/S0167-5699(05)80015-5

Perez AL, Grodin JL, Wu Y, Hernandez AF, Butler J, Metra M, Felker GM, Voors AA, McMurray JJ, Armstrong PW, Starling
RC, O'Connor CM, Tang WH (2016) Increased mortality with elevated plasma endothelin-1 in acute heart failure: an
ASCEND-HF biomarker substudy. Eur J Heart Fail 18:290-297. https://doi.org/10.1002/ejhf456

Demissei BG, Postmus D, Cleland JG, O'Connor CM, Metra M, Ponikowski P, Teerlink JR, Cotter G, Davison BA, Givertz
MM, Bloomfield DM, van Veldhuisen DJ, Dittrich HC, Hillege HL, Voors AA (2017) Plasma biomarkers to predict or
rule out early post-discharge events after hospitalization for acute heart failure. Eur J Heart Fail 19:728-738. https://
doi.org/10.1002/ejhf.766

Gergeil, Kramer BK, Scharnagl H, Stojakovic T, Marz W, Mondorf U (2017) Propeptide big-endothelin, N-terminal-pro
brain natriuretic peptide and mortality. The Ludwigshafen risk and cardiovascular health (LURIC) study. Biomarkers
22:315-320. https://doi.org/10.1080/1354750X.2016.1252969

Olivier A, Girerd N, Michel JB, Ketelslegers JM, Fay R, Vincent J, Bramlage P, Pitt B, Zannad F, Rossignol P, Investigators
E (2017) Combined baseline and one-month changes in big endothelin-1 and brain natriuretic peptide plasma con-
centrations predict clinical outcomes in patients with left ventricular dysfunction after acute myocardial infarction:
insights from the Eplerenone Post-Acute Myocardial Infarction Heart Failure Efficacy and Survival Study (EPHESUS)
study. Int J Cardiol 241:344-350. https://doi.org/10.1016/j.ijcard.2017.02.018

Pacher R, Stanek B, Hulsmann M, Koller-Strametz J, Berger R, Schuller M, Hartter E, Ogris E, Frey B, Heinz G, Maurer G
(1996) Prognostic impact of big endothelin-1 plasma concentrations compared with invasive hemodynamic evalu-
ation in severe heart failure. J Am Coll Cardiol 27:633-641. https://doi.org/10.1016/0735-1097(95)00520-x

Frey B, Pacher R, Locker G, Bojic A, Hartter E, Woloszczuk W, Stanek B (2000) Prognostic value of hemodynamic vs big
endothelin measurements during long-term IV therapy in advanced heart failure patients. Chest 117:1713-1719.
https://doi.org/10.1378/chest.117.6.1713

Hicks M, Hing A, Gao L, Ryan J, Macdonald PS (2006) Organ preservation. Methods Mol Biol 333:331-374. https://doi.
org/10.1385/1-59745-049-9:331

Dardenne A, Fernandez C, Wagner A, Milewski K, Ordanes DR, Mount PA, Cheng Y, Yi GH, Conditt GB, Tellez A, Kaluza
GL, Granada JF, Feeney WP (2013) Benefits of standardizing the treatment of arrhythmias in the sheep (Ovis aries)
model of chronic heart failure after myocardial infarction. J Am Assoc Lab Anim Sci 52:290-294

Geens JH, Trenson S, Rega FR, Verbeken EK, Meyns BP (2009) Ovine models for chronic heart failure. Int J Artif Organs
32:496-506. https://doi.org/10.1177/039139880903200804

Li T, Wei X, Watkins AC, Sanchez PG, Wu ZJ, Griffith BP (2013) Prophylactic amiodarone and lidocaine improve sur-
vival in an ovine model of large size myocardial infarction. J Surg Res 185:152-158. https://doi.org/10.1016/j.js5.2013.
05.050

Locatelli P, Olea FD, De Lorenzi A, Salmo F, Vera Janavel GL, Hnatiuk AP, Guevara E, Crottogini AJ (2011) Reference
values for echocardiographic parameters and indexes of left ventricular function in healthy, young adult sheep used
in translational research: comparison with standardized values in humans. Int J Clin Exp Med 4:258-264

Mohacsi P, Pedrazzinia G, Tanner H, Tschanz HU, Hullin R, Carrel T (2002) Lactic acidosis following heart transplanta-
tion:a common phenomenon? Eur J Heart Fail 4:175-179. https://doi.org/10.1016/51388-9842(02)00007-7

Hoshino Y, Kinoshita O, Ono M (2018) The incidence, risk factors, and outcomes of hyperlactatemia after heart trans-
plantation. Int Heart J 59:81-86. https://doi.org/10.1536/ihj.17-146

Nixon JL, Kfoury AG, McCubrey R, Brunisholz K, Bair T, Balling KD, Budge D, Doty J, Rasmusson B, Reid B, Smith H,
Thomsen G, Goddard M, Alharethi R (2015) Lactic acidosis after cardiac transplantation: foe or common innocent
bystander? Transplantation 99:1216-1219. https://doi.org/10.1097/TP0000000000000508

Yip HK, Lee MS, Sun CK, Chen KH, Chai HT, Sung PH, Lin KC, Ko SF, Yuen CM, Liu CF, Shao PL, Lee FY (2017) Thera-
peutic effects of adipose-derived mesenchymal stem cells against brain death-induced remote organ damage and
post-heart transplant acute rejection. Oncotarget 8:108692-108711. https://doi.org/10.18632/oncotarget.21433
Chowdhury SM, Butts RJ, Taylor CL, Bandisode VM, Chessa KS, Hlavacek AM, Nutting A, Shirali GS, Baker GH (2018)
Longitudinal measures of deformation are associated with a composite measure of contractility derived from
pressure-volume loop analysis in children. Eur Heart J Cardiovasc Imaging 19:562-568. https://doi.org/10.1093/
ehjci/jex167

Schroeder LW, Chowdhury SM, Burnette AL, Kavarana MN, Hamilton Baker G, Savage AJ, Atz AM, Butts RJ (2018)
Longer ischemic time is associated with increased ventricular stiffness as measured by pressure-volume loop analy-
sis in pediatric heart transplant recipients. Pediatr Cardiol 39:324-328. https://doi.org/10.1007/500246-017-1758-7
Dimarakis I, Banner NR, Rushton S, Wong HSE, Berman M, Howell N, Payne J, Dark J, Mehew J, Venkateswaran R
(2018) The interval between brainstem death and cardiac assessment influences the retrieval of hearts for trans-
plantation. Eur J Cardiothorac Surg 53:1135-1143. https://doi.org/10.1093/ejcts/ezx513

Marasco S, Kras A, Schulberg E, Vale M, Chan P, Lee GA, Bailey M (2013) Donor brain death time and impact on
outcomes in heart transplantation. Transplant Proc 45:33-37. https://doi.org/10.1016/j.transproceed.2012.08.008
ANZOD (2019) 2019 Annual Report, Section 3: Deceased Organ Donor Pathway. In: Australia and New Zealand
Dialysis and Transplant Registry, Adelaide


https://doi.org/10.1111/j.1600-6143.2006.01547.x
https://doi.org/10.1111/j.1600-6143.2006.01547.x
https://doi.org/10.1161/CIRCRESAHA.109.194977
https://doi.org/10.1097/SHK.0b013e3181b65b99
https://doi.org/10.1097/SHK.0b013e3181b65b99
https://doi.org/10.1177/0963689718785629
https://doi.org/10.1177/0963689718785629
https://doi.org/10.1016/S0167-5699(05)80015-5
https://doi.org/10.1002/ejhf.456
https://doi.org/10.1002/ejhf.766
https://doi.org/10.1002/ejhf.766
https://doi.org/10.1080/1354750X.2016.1252969
https://doi.org/10.1016/j.ijcard.2017.02.018
https://doi.org/10.1016/0735-1097(95)00520-x
https://doi.org/10.1378/chest.117.6.1713
https://doi.org/10.1385/1-59745-049-9:331
https://doi.org/10.1385/1-59745-049-9:331
https://doi.org/10.1177/039139880903200804
https://doi.org/10.1016/j.jss.2013.05.050
https://doi.org/10.1016/j.jss.2013.05.050
https://doi.org/10.1016/s1388-9842(02)00007-7
https://doi.org/10.1536/ihj.17-146
https://doi.org/10.1097/TP.0000000000000508
https://doi.org/10.18632/oncotarget.21433
https://doi.org/10.1093/ehjci/jex167
https://doi.org/10.1093/ehjci/jex167
https://doi.org/10.1007/s00246-017-1758-7
https://doi.org/10.1093/ejcts/ezx513
https://doi.org/10.1016/j.transproceed.2012.08.008

See Hoe et al. Intensive Care Medicine Experimental (2021) 9:60 Page 24 of 24

69. Odim J, Laks H, Banerji A, Mukherjee K, Vincent C, Murphy C, Burch C, Gjertson D (2005) Does duration of donor
brain injury affect outcome after orthotopic pediatric heart transplantation? J Thorac Cardiovasc Surg 130:187-193.
https://doi.org/10.1016/jjtcvs.2005.02.038

70. Ramjug S, Hussain N, Yonan N (2011) Prolonged time between donor brain death and organ retrieval results in an
increased risk of mortality in cardiac transplant recipients. Interact Cardiovasc Thorac Surg 12:938-942. https://doi.
0rg/10.1510/icvts.2010.252809

71. Cantin B, Kwok BW, Chan MC, Valantine HA, Oyer PE, Robbins RC, Hunt SA (2003) The impact of brain death on
survival after heart transplantation: time is of the essence. Transplantation 76:1275-1279. https://doi.org/10.1097/
01.TP0000093445.50624.5A

72. Borbely X, Krishnamoorthy V, Modi S, Rowhani-Rahbar A, Gibbons E, Souter MJ, Vavilala MS (2015) Temporal
changes in left ventricular systolic function and use of echocardiography in adult heart donors. Neurocrit Care
23:66-71. https://doi.org/10.1007/512028-014-0101-x

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1016/j.jtcvs.2005.02.038
https://doi.org/10.1510/icvts.2010.252809
https://doi.org/10.1510/icvts.2010.252809
https://doi.org/10.1097/01.TP.0000093445.50624.5A
https://doi.org/10.1097/01.TP.0000093445.50624.5A
https://doi.org/10.1007/s12028-014-0101-x

	A clinically relevant sheep model of orthotopic heart transplantation 24 h after donor brainstem death
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Experimental design
	Animals and experimental group selection
	Animal preparation (both donors and recipients)
	Donor-specific preparation and critical care management
	Recipient-specific preparation, orthotopic heart transplantation, and critical care management
	Data monitoring and acquisition
	Two-dimensional echocardiography and analysis
	Blood sample collection, processing, and analysis (full blood counts, biochemistry and catecholamines)
	Inflammatory and cardiac injury markers
	Statistical analysis

	Results
	Baseline animal characteristics
	BSD-mediated hemodynamic and inflammatory responses
	Heart preservation and transplantation
	Pre- and post-HTx cardiac function

	Discussion
	BSD-mediated hemodynamics and inflammation
	Heart preservation and transplantation
	Post-HTx status and cardiac function
	Strengths and limitations

	Conclusions
	Acknowledgements
	References


