Transplantation of a Beating Heart: A First in Human
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SUMMARY
Ischemia and reperfusion injury (IRI), an inevitable component in organ transplantation,
contributes to inferior graft survival, compromised organ quality and limitations in organ
availability. The heart is most vulnerable to IRI and tolerated ischemic times are very short.
We present an entire novel heart transplant procedure during which the donor heart was
continuously perfused, oxygenated at normothermia and transplanted while beating. The
dynamic electrocardiogram and echocardiogram indicated an absence of ischemic injury and
excellent function of the donor heart during the entire procedure. This ischemia-free beating
heart transplantation (IFBHT) avoids graft IRI. The approach has thus the potential to
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improve transplant outcome while improving organ utilization.

Heart transplantation is the gold standard treatment for patients with end-stage heart failure1.
Organ shortage is the limiting factor to apply the procedure to all in need and waitlisted
patients are frequently complex2,3,4. In the current practice, all heart transplants will
experience a period of ischemia during procurement, preservation and implantation5. Ischemia
and reperfusion Injury (IRI) is a well-known significant risk factor for primary graft
dysfunction, thus contributing to early graft loss, the most frequent cause of death within the
first month post-heart transplantation6. Donor hearts with an ischemic time over 6 hours are
considered marginal and frequently discarded. Furthermore, IRI is one of the three leading
causes for cardiac allograft vasculopathy (CAV) accounting for an estimated one in eight
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deaths in heart transplant recipients surviving the first year 7. According to the 2019
International Society for Heart and Lung Transplantation (ISHLT) registry data report, the 1-,
5- and 10-year prevalence of CAV are 8%, 29% and 47%, respectively8.
To ameliorate the consequences of ischemia, efforts have been made in developing
protection and preservation methods. The normothermic machine perfusion (NMP) technique
has been applied clinically9. This approach allows preservation and transportation of a beating,
normothermic, oxygenated, and perfused heart and has the capacity to ameliorate the
consequences of IRI. Nevertheless, this approach still entails a period of ischemia during the
procurement of the heart after cold cardioplegic arrest and while being implanted under
hypothermic and hypoxic conditions. In this scenario, the donor heart might even suffer a
“double-hit” of IRI, limiting the potential of NMP.
We have taken an entirely novel approach avoiding ischemia during heart transplantation
and have developed an ischemia-free beating heart transplantation (IFBHT) procedure. This
approach is based on extensive pre-clinical work in large animals. Herein we present the first
IFBHT in man.

CASE REPORT
A 67-year-old male patient, presented with chest tightness and shortness of breath for 4
months. The echocardiogram (ECHO) study showed enlargement of the left and right atrium,
and the left ventricle, with a left ventricle ejection fraction (LVEF) of 27%, and a pulmonary
artery systolic pressure (PASP) of 56 mmHg. The contrast enhanced cardiac magnetic

resonance (MR) study showed enlargement of the heart with extensive myocardial fibrosis;
based on morphological changes together with a LVEF of 16%, the patient was diagnosed
with a non-ischemic dilated cardiomyopathy. Therefore, the patient was listed for a heart
transplant. Preoperatively, the patient needed to undergo a surgical placement of
an intra-aortic balloon pump (IABP) through the femoral artery. The patient was also
receiving non-invasive ventilation for respiratory support.
On June 26th, 2021, a donor heart from our hospital was allocated to this patient through
the China Organ Transplant Response System (COTRS). The donor was a 29-year-old man
who died of a head trauma. Brain death was confirmed after intensive care treatment for 10
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days. There was no history of cardiopulmonary resuscitation prior to organ donation. The
pre-procurement creatine kinase MB (CK-MB) isoenzyme, and cardiac troponin I (cTnI) were
56 unit per liter and 0.012 ng per mililiter. The electrocardiogram (ECG) findings were within
normal range. An ECHO could not been done due to the presence of pneumomediastinum.
The family members of the donor provided informed concern of donating the heart, liver and
two kidneys. Therefore, the liver and kidneys were also procured and transplanted, while the
lungs and pancreas were not procured.
During organ procurement, the donor was managed according to international standards10.
Additional monitoring included a transesophageal echocardiography (TEE), revealing a PASP
of 49 mmHg and LVEF of 70%. Around 600 ml of donor blood were collected and passed
through a leucocyte filter in preparation of the machine perfusion perfusate. The heart
machine perfusion was performed with a heart-lung machine (S5, LivaNova, Germany). The
perfusion system was primed with 300 ml of donor blood, and 100 ml of priming solution
containing buffered electrolytes, mannitol, vitamins, and steroids (Table 1).
Figure 1 and Video 1 show the details of the IFBHT technique. The donor heart was
procured in a continuous beating state. A median sternotomy was performed using a sternum
saw. The aorta, superior vena cava, and inferior vena cava were dissected and umbilical
tapes were positioned circumferentially. The aortic root and right atrium were sutured in a
purse-string manner. After the donor was fully heparinized, the aortic root (for perfusion),
right atrium and left ventricular apex (for drainage) were cannulated and connected to the
heart-lung machine. The superior and inferior vena caval veins were clamped. The distal

ascending aorta was cross-clamped and retrograde coronary perfusion was started through the
proximal ascending aorta directly from the heart-lung machine. The pulmonary artery and left
atrium were cut open to vent the heart and maintain it in a decongested state. The pump flow
was adjusted to maintain the mean aortic pressure between 60-100 mm Hg (Figure 2A). Both
the superior vena cava and inferior vena cava were ligated and divided. The donor heart
maintained sinus rhythm and the ECG showed no ischemic ST-T changes. Subsequently, the
heart was harvested and moved to the organ reservoir.
The heart graft was perfused with an oxygenated blood-based solution in a normothermic
state ex situ. A maintenance solution containing isotonic electrolytes, aminoacids, and
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nicorandil was infused at a rate of 0-30 ml per hour. Nicorandil and adrenaline, as well as an
adjustable circuit pump flow, were used to assure a coronary vascular flow of greater than 500
ml per min (Figure 2B) and keep the sinus rhythm rate of around 60-100 beat per min. The
venous PH values were within normal range (Figure 2C). The arterial and venous lactate were
2.8-4.9 and 3.1-4.9 mmol per liter, respectively, with a downward trend after 30-min of NMP
(Figure 2D). The arteriovenous gradient showed a substantial consumption of oxygen and
production of carbon dioxide (Figure 2E and 2F). In addition, the heart exhibited adequate
right ventricular contraction without obvious evidence of wall motion abnormality, although
the visual assessment of left ventricular contraction is inherently limited in a resting mode
configuration. These parameters collectively suggest a good graft viability. During ex situ
NMP, the integrity of the superior vena cava, inferior vena cava, aorta, pulmonary artery, atria
and ventricles was confirmed. The left atrial cuff was created by incisions between each of the
four pulmonary veins to create a smooth continuous edge. The mitral valve was working
normally.
The extracorporeal circulation and excision of the diseased heart of the recipient were
conducted using a standard method. The beating donor heart was placed in situ in the
recipient without discontinuation of normothermic perfusion. The donor left atria cuff was
anastomosed end-to-end to the recipient left atria with running sutures using 3-0 Prolene. The
right superior pulmonary vein vent was inserted into the left ventricle through the mitral valve.
The donor and recipient aortas were anastomosed with running suture using 4-0 Prolene. 400
ml washed red blood cells were used to rinse the donor heart. In the meanwhile,

air-evacuating maneuvers were performed in the aorta and left ventricle. The recipient
received 500 mg Methylprednisone prior to the discontinuing the NMP of the donor heart.
The cross clamp was gently released, and the recipient blood perfusion of the donor heart was
restored. The heart rate, rhythm and blood pressure were stable. The ECG showed no
abnormality of the ST segments. An intraoperative TEE showed an immediate graft function
with a LVEF of 70%. The donor inferior vena cava, superior vena cava, and pulmonary artery
were anastomosed end-to-end to the recipient counterparts. Hemodynamics and blood gas
analysis were stable, while vasoactive drugs were reduced and a sufficient urine volume was
observed. Extracorporeal circulation was thus weaned off and the use of IABP was resumed.
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Drainage tubes were placed in the pericardium and mediastinum. The operation was
completed, and the patient was admitted to the ICU for close monitoring.
The recipient received a routine immunosuppression (induction treatment with
IL-2 receptor blocker and maintenance tacrolimus and mycophenolate) and antibiotics
therapy in our center. The patient was extubated by day 2. The use of vasoactive drugs and
IABP were discontinued on day 3. Daily ECG showed no change of the ST segments. Daily
ECHO demonstrated normal cardiac function with LVEF greater than 75%; PASP dropped to
16 mm Hg post-transplantation. The patient had an acute kidney injury which recovered
without the requirement for hemodialysis. Acute rejection, vascular complications and lung
infection did not occur. The patient was discharged on post-operative day 20.

DISCUSSION
Although advances have been made in most aspects of heart transplantation, donor hearts are
still preserved with a cardioplegic static cold storage. IRI is considered as an inherent
component of all solid organ transplants including heart transplantation, contributing to early
graft dysfunction and patient death11. Importantly, IRI also contributes to allograft rejection
and CAV, which are the major reasons for long-term graft loss and patient death in heart
transplantation6,12. Therefore, a reduction or even complete avoidance of ischemia is key in
improving cardiac transplant outcomes while increasing the utilization of available organs13.
To the best of our knowledge, this case represents the first ischemia-free, normothermic,
oxygenated, beating heart transplantation. During NMP, we confirmed the excellent quality of

the cardiac graft by measuring perfusion pressure and flow; we also observed a downward
trend of the lactate profile after 30-min NMP, as well as the normal sinus rhythm and
myocardial contractility. Importantly, the ECG suggested the absence of ischemic injury and
intraoperative TEE monitoring indicated continuous excellent cardiac function during the
whole procedure. Therefore, IFBHT might be able to optimally preserve graft function and
largely prevent the IRI-mediated complications.
There are at least two ex situ heart machine perfusion strategies. The organ care system
(OCS) is to perfuse the heart in a normothermic, oxygenated, beating state9,14. In contrast, the
XVIVO system perfuses the heart under hypothermic, oxygenated, cardioplegic conditions15.
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A direct comparison of these techniques has not been performed. Of note, continuous machine
perfusion has thus far only been used during heart preservation. The cardiac allograft will
therefore still undergo a period of ischemia during procurement and implantation. In contrast,
the IFBHT technique has been designed to completely avoid graft ischemia during the entire
procedure of heart procurement, preservation and implantation.
There are certain limitations concerning IFBHT that require further innovation. Firstly,
there is no commercially available heart machine perfusion device in our country, which
limits the procurement of distant donor hearts. However, the concept of ischemia-free
(beating or non-beating) heart transplantation can be applied with the use of both OCS and
XVIVO systems, after modification of the cannulation systems as shown in our case.
Secondly, the success of the IFBHT requires an excellent cooperation between the surgeons
and perfusionists to avoid accidental warm ischemia of the heart allograft or air embolism of
the coronary artery. The whole team has practiced the technique in pigs for about half year
prior to moving forward with the first case in man. In addition, the whole multi-organ
procurement team should be well organized to make sure that the extra-cardiac organs are
procured with minimal warm ischemia time when IFBHT is performed. Finally, the criteria of
transplantability of the donor heart under ex situ NMP is yet to be defined, particularly when
using organs from marginal donors.
In summary, this first case report shows the feasibility of IFBHT. This novel approach has
potentially broad applications. From a clinical perspective, the technique may offer the
opportunity to expand the donor pool to donors that are currently considered marginal. The

approach may furthermore allow to reduce rates of primary non-function, acute rejection and
CAV, thus improving transplant outcomes. From a research perspective, our approach is
expected to significantly contribute to an improved understanding of the complex interaction
between IRI and alloimmunity.
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FIGURES AND FIGURE LEGEND
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Figure 1. The ischemia-free beating heart transplantation procedure. The aortic root (for
perfusion), right atrium and the left ventricular apex (for drainage) were cannulated and
connected to the heart-lung machine. The donor heart is procured after the in situ
normothermic machine perfusion (NMP) circuit is established, was then moved to the organ
reservoir and underwent continuous ex situ NMP. The donor heart is implanted under in situ
NMP. The donor left atrium and aorta were firstly anastomosed to the recipient counterparts.
Subsequently, the donor heart is reperfused with the recipient’s blood. Finally, the donor
inferior vena cava, superior vena cava, and pulmonary artery are anastomosed end-to-end to
the recipient counterparts.
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Figure 2. The normothermic machine perfusion (NMP) of donor heart. Panel A and B
show the perfusion pressure (mm Hg) and flow (ml per min) of the coronary artery. Panel C
and D show the pH value and lactate level (mmol per liter) of the arterial and venous
perfusate. Panel E and F show the oxygen (PO2, mmHg) and carbon dioxide (PCO2, mmHg)
tension of the arterial and venous perfusate.
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Table 1. The components of the perfusate solution
Components
Priming Solution (per 500 ml)
Mannitol
Sodium Chloride
Potassium Chloride
Sodium Gluconate
Sodium Acetate
Magnesium Chloride
Sodium Bicarbonate
Mythylprednisolone
Multivitamins
Heparin
Ceftriaxone Sodium and Tazobactam Sodium
25% Albumin
Heart Maintenance Solution (per 500 ml)
Calcium Chloride
Magnesium Sulfate
Potassium Chloride
Sodium Chloride
Nicorandil
Amino Acids
Catecholamine Maintenance Solution
Epinephrine 1 mg in 50 ml of 0.9% Normal Saline

12.5 g
2.63 g
185 mg
251 mg
184 mg
150 mg
20 mEq
200 mg
5 ml
2500 IU
1.5 g
100 ml
1.2 g
0.2 g
0.01 g
0.825 g
12 mg
3%
0.6-18 ug per min

