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Background

Around 5000 heart transplants are carried out annually worldwide, and heart
transplantation remains one of the most challenging cases that a cardiothoracic
anaesthetist can undertake. Heart transplantation is indicated if there is end-stage
heart disease with a life expectancy of 12–18 months, if there is NYHA grade III or
IV heart failure, or pathology that is not remediable by medical or surgical means.

The International Society for Heart and Lung Transplantation (ISHLT) registry
suggests there is an 8% mortality in the first month after transplantation, with
approx. 40% of these deaths related to primary graft failure (PGF), and so heart
transplantation is best reserved for those with a significant threat to life. Median
survival after heart transplantation is 12.4 years and is improving slightly, although
all of the recent improvement in survival is entirely due to a reduced early mortality.
The mortality rate in the years following heart transplantation is remarkably con-
sistent and hasn’t changed relative to the 1982–1991 cohort.

Recipient Selection

The majority of heart transplant recipients are in the 40–59 age group, although the
proportion of organs going to the over 60 s is increasing. Heart transplantation has
been successfully carried out on septuagenarians but remains uncommon. Dilated
cardiomyopathy remains the most common indication for heart transplantation
(Fig. 1).
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The increasing complexity of both recipients and available donors represent some
of the greatest challenges to the current practice of heart transplantation. An
increasing number of heart recipients have undergone previous cardiac surgery. In
the 2009–2016 cohort of adult heart recipients, 50.7% of patients were undergoing
re-sternotomy for heart transplantation, with an increasing number (42%) of so
called “bridge to transplantation” recipients, who have already undergone implan-
tation of mechanical circulatory support. Heart transplantation in these patients is a
much more complex and demanding procedure. Performing a re-sternotomy where a
VAD outflow graft is adherent to the underside of the sternum, the right ventricle is
adherent to the sternum, or there are patent grafts from a previous CABG is haz-
ardous and has led to various approaches to reduce the risk. Implantation of ven-
tricular assist devices via bilateral thoracotomies, which avoids the need for midline
sternotomy, is a potential solution to make midline sternotomy safer in VAD
recipients subsequently undergoing heart transplantation. Careful routing of the
VAD outflow graft can help to reduce the risk of iatrogenic complications at the time
of transplant. A CT scan of any patient requiring a re-sternotomy is usually carried
out at listing for transplantation, to determine the positions of any structures that may
be damaged during re-sternotomy. The contraindication to heart transplantation are
listed in Fig. 2, but the situation remains fluid as novel therapies are introduced to
manage pre-existing conditions. For example, HIV infection is no longer considered
a contraindication to transplantation.

Fig. 1 Recipient pathologies
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Absolute Contraindications 

Other medical condition with risk of death within 5 years  

Chronic infection 

Malignant disease  

Cerebrovascular disease 

Smoking or excessive alcohol intake 

Relative contraindications 

High Pulmonary vascular resistance ( > 4 woods units) 

Transpulmonary gradient (mPAP – PCWP) > 15 mmHg 

Chronic renal impairment  

HIV, Hepatitis B, C 

Secondary organ damage due to diabetes 

Amyloidosis 

Fig. 2 Contraindications to heart transplantation
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Heart Donation

Donated hearts are matched to recipients based on ABO blood group compatibility
and size. The majority of donated hearts are removed from donors with head
injuries, strokes or cerebral anoxia. With the increasing demand for hearts, the
maximum age of donors is gradually being relaxed, with a steadily increasing
number of hearts being donated by the over 60 s. Hearts are assessed by the
donation team using echocardiography and visual inspection ± pulmonary artery
flotation catheter. Hearts should be structurally normal (a small patent foramen
ovale is easily dealt with and not a contraindication to transplantation), with no
major valvular abnormalities and good ventricular function. They should be free of
significant coronary artery disease and significant wall motion abnormalities.

Donor Organ Preservation

Conventionally, the donated heart was first flushed with cardioplegia solution and
then stored on ice whilst being transported to the implanting hospital. This so called
“cold ischaemic time” was a risk factor for poor outcomes, with increasing rates of
early graft failure and mortality beyond three and a half hours of ischaemic time.
A number of organ preservation systems have been introduced to try to address
organ preservation issues. The TransMedics Organ Care System (OCS, Andover,
MA, USA) maintains a donated heart in a functioning state. The heart is perfused
with donated blood and nutrients whilst being is transported to the implanting
centre. Ischaemic times are reduced to just the time required to harvest, attach to the
machine, remove, and implant. This approach reduces ischaemic times markedly
and may represent a significant development in organ preservation.

Supply of Organs

Ordinarily, the source of hearts for transplantation was from donors with confirmed
brain stem death (so called DBD, donation after brain death), however it is feasible
to collect donated hearts from so called “donation after cardiac death”, or DCD
donors. Indeed, the first successful heart transplant was from a DCD donation. In this
group of non-brain death donors, withdrawal of life supporting treatment is carried
out in an operating theatre environment until death occurs. Sometimes potential
donors do not meet the criteria for donation, particularly if the donor maintains a
degree of stability after life support withdrawal, or if they persist in a low cardial
output state for a prolonged period. This is regarded as warm ischaemic time, and
collection of the heart is often abandoned after more than an hour of haemodynamic
instability. After a standard period of cessation of circulation (usually five minutes),
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a sternotomy is performed to harvest heart and lungs. There are two preservation
techniques described. Normothermic regional perfusion (NRP) involves sternotomy
and heparinisation in situ, the cerebral vessels are excluded from the circulation to
ensure no recovery of cerebral function, and the heart is perfused to allow recovery.
During this time, abdominal organ harvest can begin, and after approx. 45 min of
re-perfusion the heart is assessed to ascertain its suitability for harvest and trans-
plantation. Alternatively, it is feasible to perform a sternotomy and administer car-
dioplegia straight away, and then harvest the heart. In both techniques, the heart is
then connected on to the TransMedics OCS system for reperfusion and
transport. Using this approach, periods of warm ischaemic time are reduced to
around 1 h.

There are alternative methods of organ preservation available which are aimed at
ensuring a donated heart is kept cold and submerged under preservation fluid. They
include the Sherpa Pack (Paragonix Technologies Inc, Cambridge, Massachusetts,
USA) and the Asporto organ preservation device (Hibernicor LLC,
Delaware, USA)

Operative Management

Pre-anaesthetic Assessment

Due to the fact that patients are frequently called in from home, patients may arrive
not starved adequately, and may occasionally require preparation for rapid sequence
induction.

An anaesthetic history should be taken, with attention paid to allergy and
medication history, airway assessment and any recent changes in physiology. The
conduct of the anaesthetic, invasive lines, pain management, post-operative critical
care and insertion of a TOE probe should be discussed briefly. The patients latest
blood results and recent investigative findings should be summarised.

Induction

Most patients arrive in the anaesthetic room with a fair degree of trepidation. In
most cases pre-operative long acting, sedative premedication is undesirable and best
avoided. Reassurance and a patient centred approach can go a long way to reduce
anxiety, supplemented by short acting intravenous anxiolysis.

Conventional monitoring with ECG (Leads II and V5) and SpO2 is usual.
Cerebral oximetry should be applied pre-induction if it is to be used.
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Arterial line insertion can be difficult, particularly when the radial arteries have
been cannulated previously. USS guidance can be invaluable, particularly in axial
or centrifugal flow VAD recipients, who may not have a palpable pulse.

Patients may present with central access already sited, if they have required
pre-operative inotropic support. It is preferable to site new lines prior to the pro-
cedure, and the administration of immunosuppressive medication.

Transoesophageal echocardiography is essential during heart transplantation for
assessing haemodynamics, volume management, myocardial function, and to guide
de-airing.

Choice of induction drugs for heart transplantation is down to individual pref-
erence and familiarity, but induction should be slow and careful, with titration to
effect. Historically, a high dose opiate (fentanyl 50–100 mcg/kg) anaesthetic sup-
plemented by midazolam with pancuronium was used. Pancuronium was used in
cardiac surgery due to its properties as a ganglion blocker, which induces a relative
tachycardia, thereby offsetting hypotension from vasodilatation caused by induction
drugs. As cardiac anaesthesia has evolved, so has the anaesthetic management of
heart transplantation, with most choosing a balanced technique with lower dose
opiates, volatile supplementation and shorter acting paralysis. Arm-brain circulation
times can be significantly prolonged in severe heart failure, and allowance should
be made to avoid accidental over-dosing. Core temperature monitoring is usually
facilitated by a nasopharyngeal, oesophageal or rectal temperature probe. Antibiotic
prophylaxis is normally given in the anaesthetic room, along with initial
immunosuppression, usually 1 g IV methylprednisolone.

Following intubation, large bore access along with central venous catheters are
sited using ultrasound guidance. Patients presenting for heart transplantation may
have difficult central access due to prior usage, or the presence of devices such as
ICDs or pacemakers. A large bore haemofiltration catheter may be useful, both for
intraoperative volume and blood product administration, and to provide
post-operative renal support.

The ISHLT currently recommends the reversal of warfarin prior to the start of
surgery, by the administration of factor concentrates, Vitamin K, or fresh frozen
plasma. This may reduce the need for post-operative blood product administration;
newly transplanted hearts do not tolerate significant volumes of blood products
well, as they are prone to right heart failure. Also, the vasoactive properties of
platelets can precipitate sudden heart failure, and anything that can be done to
reduce the requirement for allogenic products is prudent. The use of aprotinin to
reduce allogenic blood product usage should be considered in re-do cardiac surgery.
Many patients have implanted devices such as pacemakers and defibrillators; these
should be switched to fixed modes not affected by diathermy, and the defibrillation
therapies deactivated prior to surgery. The wires are normally cut when the native
heart is explanted, and the devices are usually removed at the end of the operation.
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Surgery and Maintenance

After skin preparation and draping, surgery normally commences with skin incision
and sternotomy. In cases of re-sternotomy, surgery may begin with femoral vessel
or subclavian access to facilitate emergent cannulation in the event of damage to
intrathoracic structures during re-sternotomy. In extremely high-risk cases, where
either heart or VAD outflow is adherent to the sternum, the chest may be opened
once cardiopulmonary bypass has been established. If there is significant damage to
the heart or great vessels during sternotomy, and it is not feasible to open the chest
expeditiously, it may be necessary to rapidly cool on bypass and institute deep
hypothermic circulatory arrest prior to continuing to open the chest.

Anaesthesia is usually maintained by a balanced technique using vapour / nar-
cotics and intravenous hypnotics. Heparinisation is achieved by the administration
of 300–400iu/kg intravenous heparin and titrated to the required activated clotting
time (ACT) depending upon hospital policy.

Cardiopulmonary Bypass

Once an adequate ACT is achieved, the patient can be cannulated and bypass
stablished. Maintenance of anaesthesia on bypass is usually achieved by TIVA,
although vapour administration via the bypass machine is feasible. The
heart ± VAD can then be explanted, and the vessels prepared for anastomosis. The
donated heart is usually given cardioplegia and kept cold with pericardial ice slush
prior to re-perfusion. The left atrium, pulmonary artery and aorta are anastomosed,
and following de-airing, the aortic cross clamp can be removed and the heart
re-perfused to reduce ischaemic time prior to right atrial or bi-caval anastomosis.
Suturing right atria (donor and native) together is technically easier, but results in a
larger, anatomically abnormal right atrium, which is associated with rhythm dis-
turbances. The heart is then re-perfused after insertion of a vent to decompress the
heart, and rhythm is established using biventricular pacing if necessary.

Weaning of Cardiopulmonary Bypass

Following completion of the anastomoses, there follows a period of controlled
re-perfusion prior to weaning, to allow heart function to recover following car-
dioplegia and ischaemia. This is typically at least 30 min, and may be up to 1 h.

During this period, there is an opportunity for surgical haemostasis and it rep-
resents a good time for the anaesthetists to make all preparations for weaning of
cardiopulmonary bypass. All required inotropes should be connected and running,
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all emergency drugs should be to hand and inhaled vasodilators such as nitric oxide
or inhaled prostacyclin, should be commenced to optimise right ventricular
afterload.

Inotropic Support and Weaning

There is no correct “recipe” for inotropic support following heart transplantation
that is supported by research, but there is significant experience, and most centres
have their own protocols for management. It is likely that the secret to successful
heart transplantation lies in recognition of evolving problems and early and
appropriate management of these complications. The characteristics of commonly
used inotropic and chronotropic drugs are discussed below.

Epinephrine

Epinephrine (adrenaline) is a mixed a and b adrenergic agonist. It is used in heart
transplantation to augment ventricular function, heart rate and increase cardiac
output. As part of its endogenous activity in the so called “fight or fright” response,
it also has significant endocrine activity and decreases insulin secretion, increases
glucagon secretion, increases ACTH secretion and causes lipolysis. This results in
increased availability of glucose and fatty acids for energy production.

Isoprenaline (Isoproterenol)

Isoprenaline, a b-agonist inodilator, is often used to augment ventricular function.
It has b-1 and b-2 agonist properties, but almost no activity at a receptors.
Its effect is to increase heart rate and cardiac output but can reduce arterial blood

pressure due to b-2 mediated vasodilatation.

Milrinone

Milrinone is a phosphodiesterase type 3 inhibitor. It acts by inhibiting the break-
down of c-AMP. It is an inotrope and vasodilator. Its vasodilator effects are potent
on both the systemic and pulmonary circulation and may complicate so called
“vasoplegic” states after cardiac surgery.
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Norepinephrine (Noradrenaline)

Norepinephrine is predominantly used as a vasoconstrictor. It is used to maintain
afterload at low-normal levels following cardiac surgery. A SIRS-like responses to
cardiopulmonary bypass is common, and vasodilation is a physiological effect of
many of the inotropic drugs used in cardiac surgery (e.g., milrinone, dobutamine,
levosimendan).

Vasopressin

Vasopressin (antidiuretic hormone) is used as a vasoconstrictor in cardiac surgery.
Its primary mode of action is to increase water reabsorption in the kidneys, but it
also causes arteriolar constriction. It may allow reduction of norepinephrine doses
and help reduce its undesirable effects such as peripheral and gut ischaemia.

Dopamine

Dopamine is a dopaminergic agonist, with mixed a and b receptor agonist prop-
erties. Its b effects predominate at lower doses, but it causes significant vasocon-
striction at higher doses. It also increases urinary sodium excretion but has no role
in the treatment of renal dysfunction. Its use has declined significantly due to
concerns about its arrhythmogenic properties.

Dobutamine

Dobutamine is a predominant b-1 agonist and therefore increases heart rate and
contractility, with lesser effects on b -2 mediated vasodilatation. It has almost no
activity on dopaminergic receptor mediated norepinephrine secretion, and so does
not increase afterload.

Levosimendan

Levosimendan is a newer class of inotropic agent, a calcium sensitizer. It exerts its
inotropic effects by binding to cardiac troponin C in myocytes and increasing the
sensitivity to calcium, and it reduces both preload and afterload due to vasodilation.
There is little experience of the routine use levosimendan in heart transplantation,
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however there are some case reports of beneficial effects in low cardiac output states
following heart transplantation.

Nitric Oxide

Nitric oxide is administered as an inhaled drug into the ventilator circuit to cause
selective pulmonary vasodilation whilst maintaining systemic perfusion pressures,
thus reducing right ventricular afterload. It acts via increasing cGMP mediated
vasodilatation. Its adverse effects include increased synthesis of nitrogen dioxide,
dinitrogen tetroxide (rocket propellant) and peroxynitrite which can all be cyto-
toxic, although the real world relevance of these by products in un-known. iNO can
only be administered via a breathing circuit, so the patient cannot be extubated until
NO is successfully weaned. Sildenafil may facilitate the weaning of inhaled nitric
oxide.

Prostacyclin

Inhaled prostacyclin can be used to induce pulmonary arteriolar vasodilatation, as
an alternative to inhaled nitric oxide.

Weaning from Cardiopulmonary Bypass

Prior to weaning from cardiopulmonary bypass, certain conditions must be met.
Many centres have a checklist for such conditions prior to weaning. These are the
same conditions as for conventional cardiac surgery.

Checklist for weaning from cardiopulmonary bypass

1. Patient being ventilated.
2. Drugs connected and emergency drugs available
3. Rate and rhythm acceptable
4. Temperature > 36 degrees C.
5. Potassium 4.5–5 mmol/l
6. Haemoglobin > 70 g/l
7. pH > 7.2

Once the heart begins to eject, it may be feasible to float a pulmonary artery
flotation catheter to allow measurement of cardiac index, pulmonary artery pres-
sure, PCWP and SvO2, although this may not be possible until the venous cannula
is removed from the heart.
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Weaning from cardiopulmonary bypass involves sequential step-wise reduction
of flow from the bypass machine, along with consequent reduction of venous
drainage in to the pump by the perfusionist, so as to facilitate return of heart
function and restoration of cardiac output. Weaning is usually carried out in a
stepwise fashion (75, 50, 25%, off CPB). The perfusionist maintains the CVP at
pre-determined levels (usually around 10 mm Hg) by varying the degree of venous
drainage.

During weaning, multimodal surveillance of heart function is carried out by both
anaesthetist and surgeon. Attention is paid to both conventional monitors (ABP,
CVP, PA, PCWP, SvO2 and CI) and also to the gross appearance of the heart. TOE
guidance of volume replacement and assessment of ventricular function is useful. If
any signs are adverse, then a stepwise approach allows for institution of restorative
measures prior to the next weaning step i.e. increased inotropic support or removal/
addition of volume.

Primary graft failure (PGF) carries a high morbidity and mortality. In severe
cases there is a need for early mechanical circulatory support (IABP, ECMO or
Ventricular assist device).

Primary Graft Failure

Primary graft failure is defined in different ways but is perhaps best characterised as
poor heart function requiring either high dose inotropic support or mechanical
circulatory support in the immediate post-operative period. It occurs in up to 23% of
cases. It is implicated directly as a cause of death in approximately 40% of the 8%
1-month mortality following heart transplantation and is a risk factor for reduced
survival at one year. Reasons for early failure include preservation issues (where
cardioplegia has been inadequate, or the organ has not been cooled adequately),
surgical complications, iatrogenic overdistention or hyperacute rejection which is
thankfully rare. The increasing age of donors has been implicated as a factor in the
high rates of PGF.

TOE for Heart Transplantation

The usefulness of transoesophageal echocardiography in heart transplantation
cannot be overestimated. Continuous surveillance of left and especially right ven-
tricular function following transplantation, and early intervention seems key to
successful outcomes. TOE is used to guide filling, look for hidden air, assess left
and right ventricular function (both qualitatively and quantitatively), check the
patency of anastomoses and to guide inotropic therapy.
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Bleeding and Coagulation Management

Those patients undergoing relatively uncomplicated heart transplantation may not
require blood product administration following reversal of heparinisation. This is
fortuitous as newly transplanted hearts do not tolerate excessive circulating volume,
and high filling pressures are associated with poor outcomes. Additionally, allo-
genic blood products contain vasoactive substances which can affect the pulmonary
circulation adversely, thereby increasing the risk of right heart failure.

Protamine administration may trigger right heart failure due to pulmonary
hypertension, anaphylaxis, hypotension or complement activation and cytotoxicity,
so should always be given carefully in this fragile group of patients.

Those recipients undergoing transplantation after re-sternotomy, or in compli-
cated or prolonged surgery, may need supplemental blood product administration to
reverse coagulopathy and ensure adequate haemostasis. The availability of factor
concentrates may reduce the need for large volumes of blood product administra-
tion, but their usefulness in this situation is not yet proven.

Use of thromboelastography (TEG), platelet function analysis and lab based
formal clotting studies are used to guide blood product administration.

Common Pitfalls and Early Post Op Management Including
Mechanical Circulatory Support

Right Ventricular Failure

Once cardiac output is established, qualitative and quantitative assessment of the
heart helps guide further management. Immediately after coming off CPB, the
pulmonary vascular resistance (PVR) is typically high and may further compromise
RV function. PVR typically falls in the minutes after weaning, and there may be a
consequent improvement in function as the RV afterload decreases and left ven-
tricular filling improves. Failure of the right ventricle is not uncommon and once
established, it can be difficult to manage.

Signs of a failing RV include a rising CVP (particularly in the presence of a
falling PCWP), right ventricular distension (direct observation or on TOE),
evolving tricuspid regurgitation, falling cardiac output or an underfilled LV.
Treatment includes inotropic support together with pre and afterload reduction, and
ultimately either a return to cardiopulmonary bypass, or institution of mechanical
circulatory support.

Left ventricular failure occurs in the context of primary graft failure but is less
common as a discrete entity than right ventricular failure. Air embolization into the
coronary arteries can precipitate LV failure, although this usually affects the right
coronary artery, thus affecting the right ventricle and ventricular septum
preferentially.
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In cases where the heart performs well and requires only low dose support, there
is often a deterioration in the early post-operative period as myocardial oedema
develops in the graft.

Mechanical Circulatory Support

In the setting of persistent poor ventricular function resulting in poor end-organ
perfusion, mechanical circulatory support is required. This can be in the form of
either ventricular assist devices (VAD) or ECMO. The aim of mechanical circu-
latory support is to off load the failing heart and allow recovery of ventricular
function by reducing wall stress and buying time for healing or therapeutic inter-
vention (such as steroids or anti-thymocyte globulin for rejection), or to allow time
to recover from ischaemic reperfusion injury. Temporary VAD implantation can
support both left and right ventricles independently. A right atrial cannula for
outflow and a pulmonary artery inflow cannula will allow the siting of a VAD to
support the right side, and the left ventricle is supported by insertion of a VAD
between the left atrial and aortic cannulas. ECMO support would typically be
VA ECMO in this setting, but a left ventricular drainage cannula may be required to
properly off load the heart.

Rejection

Early hyperacute rejection is extremely rare, but manifests as sudden inflammation
of the affected organ, and is often fatal in the case of heart transplant. It is largely
avoided by the process of ABO compatibility matching. Acute rejection can occur
in the days following transplantation and is usually represented by a deterioration in
the level of cardiac function. It is diagnosed by myocardial biopsy, but often
treatment is initiated prior to a histologically confirmed diagnosis. Pulsed steroids
or rabbit anti-thymocyte globulin are used to suppress immune function and restore
graft function. Exchange plasmapheresis can also be useful.
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