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Abbreviations: LVAD, left ventricular assist devices; 
INTERMACS, interagency registry for mechanically assisted 
circulatory support; MCS, mechanical circulatory support; NYHA, 
New York heart association; TAH, total artificial heart 

Mechanical circulatory assist devices
In recent years, the use of MCS devices in treating patients with 

end-stage heart disease has increased significantly, as a bridge to 
transplantation and as destination therapy for transplant ineligible 
candidates. This increase is based on the accumulated experience 
with new second-generation continuous-flow devices which show 
significant improvements in survival, functional capacity and quality 
of life (Figure 1). 1,2  On the basis of the Heart Mate II Registry 
experience (1300 patients); guidelines for the clinical management of 
patients treated with continuous-flow devices have been published.3 
Risk scoring systems, such as the Seattle Heart Failure Model4 
and the Cumulative Risk Score for 90-Day in-Hospital Mortality 5 
and the Destination Therapy Risk Score have been investigated 
to stratify patients who might benefit from LVAD support.6 The 
Interagency Registry for Mechanically Assisted Circulatory Support 
(INTERMACS) registry, follows all long-term MCS systems in the 
United States shows I year survival for continuous flow LVAD IS 
82.2%.

Figure 1 Theoretic Heartmate II LVAD, schematic of device in situ.

Right ventricle failure is a leading cause of morbidity and death 
after LVAD implant with an incidence of about 35%, and can be 
very difficult to predict.7,8 Various methods to assess right ventricle 
function pre- and postoperatively have been developed.2 Right 
ventricular failure risk scores have been created that stratify the risk of 
right ventricular failure (RVFRS) and death after LVAD implantation. 
One such RVFRS found independent predictors of right ventricular 
failure to include vasopressor requirement, aspartate aminotransferase 
>80 IU/L, bilirubin >2.0mg/dL and creatinine >2.3mg/dL.7 Another 
study developed a score to predict RVAD need after LVAD placement, 
which included factors of cardiac index, right ventricular stroke work 
index, severe preoperative right ventricular dysfunction, creatinine, 
previous cardiac surgery and systolic blood pressure8 More recently 
the presence of severe TR and a tricuspid annulus of >43mm and right 
ventricular sphericity have been proposed as predictive of occult RV 
failure and need for biventricular support. Reduced survival with RV 
failure has been shown even when LVAD support is supplemented 
with RVAD implantation (Figure 2).

Figure 2 INTERMACS patient profiles and timeframe for initiating mechanical 
circulatory support with LVAD only (with permission from INTERMACS 
Quarterly Statistical Report 2013, 4th Quarter, Implant and event dates: June 
23, 2006 to December 31, 2013 http://www.uab.edu/medicine/intermacs).
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Abstract

In this second article we will discuss the important surgical developments that are 
changing the realities on the ground of heart transplantation. These developments have 
arisen as a result of the increasing threats to heart transplantation, principally, the 
paucity of donors. The emergence of mechanical circulatory support as a bridge to 
transplantation or as destination therapy will be discussed as well as the possibility of 
bridging these patients in rare instances to a recovery from heart failure. Advances in 
organ preservation will be discussed as well as ex vivo perfusion and the possibility 
of retrieval from circulation arrested donors. Finally, advances in surgical technique 
will be discussed.
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INTERMACS has defined patient profiles that can help identify 
risks associated with the timing of implant 9 (Table 1). In the future, 
the INTERMACS patient profile would be a useful tool to improve 
management and outcomes of patients who need VAD implant, and 
unify criteria for future clinical trials and devices. As more LVAD 
patients are listed for heart transplant, a competition has occurred for 
organs between stable LVAD supported registrants and less stable 
registrants listed status UNOS 1A or 1B. A recent study found that 
stable LVAD patients had significantly less 30-day risk of events 
compared to other status 1A patients concluding that allowance of 
30 days of elective status 1A time should not be allocated to stable 
registrants with implanted LVADs.10 As VAD technology improves, 
further revisions to the allocation system will need to be recommended. 

The INTERMACS registry also publishes outcomes for mechanical 
circulatory support. I year survival for continuous flow LVAD is 
82.2% and 60.3% where a RVAD is additionally implanted. Temporary 
MCS systems are available that can be implanted quickly to improve 
cardiac output in patients with severe acutely decompensated heart 
failure. The CentriMag11, TandemHeart12, Impella13 and Circulite14 
VADs offer versatility for use in many patients and in multiple hospital 
settings. Current clinical trials suggest that treatment of temporary 
VADs does not necessarily correlate with better survival, but merely 
comprise a component of treatment leading to recovery, upgrade to 
fully implantable systems as a bridge to transplant or destination 
therapy, or transplantation (Table 1).15,16

Table 1 INTERMACS Profile and Description and Timescale to MCS.3

1 Crashing and burning Critical cardiogenic shock. Within hours

2 Progressive decline Inotropic dependence with continuing deterioration. Within a few days

3 Stable but inotropic 
dependent

Describes clinical stability on mild-to-moderate doses of intravenous inotropes (patients 
stable on temporary circulatory support without inotropes are within this profile).

Within a few weeks

4 Recurrent advanced 
heart failure Recurrent” rather than “refractory”decompensation. Within weeks to months

5 Exertion intolerant Describes patients who are comfortable at rest but are exercise intolerant. Variable

6 Exertion limited
Describes a patient who is able to do some mild activity but fatigue results within a few 
minutes of any meaningful physical exertion. Variable

7 Advanced NYHA III
Describes patients who are clinically stable with a reasonable level of comfortable activity, 
despite history of previous decompensation that is not recent. Not a candidate for MCS

INTERMACS, Interagency Registry for Mechanically Assisted Circulatory Support; MCS, Mechanical Circulatory Support; NYHA, New York Heart Association

For long-term support, devices are being designed which will be 
smaller, without externalized drive-lines connecting the device to a 
console and be more durable. The third generation of blood pumps 
with magnetically levitated rotors has shown satisfactory 1-year 
survival.17 The smaller size and weight of continuous-flow devices 
has allowed an extension of the new VADs into smaller patients, 
especially, women. Clinical trial of fully implantable ventricular assist 
system with a wireless resonant coupling power source is currently 
undergoing evaluation in the United States which if successful will 
greatly reduce the incidence of drive line infections, which is the 
weakest point of the technology of current fully implantable systems.18

Many recent studies have focused on the reversed molecular 
and cellular alterations, such as improved β-adrenergic responses 
and decreased calcium-regulating gene expression, in patients using 
LVAD as a bridge to recovery therapy.19,20 A major hallmark of 
patients with heart failure is abnormal calcium cycling into and out 
of the sarcoplasmic reticulum of cardiomyocytes. Over expression of 
SERCA in the presence of high concentrations of β agonists have been 
shown not to increase the incidence of arrhythmias or after-contractions 
in isolated rabbit myocytes.21,22 Multiple studies have revealed 
that reduced SERCA2a expression and decreased phospholamban 
phosphorylation both contribute to this impairment by raising the 
concentration of Ca2+ in the cytosol during diastole and reducing it 
during systole.23,24 Recently, gene therapy in human subjects, targeted 
on SERCA2a has been proven to be safe with trends toward clinical 
improvement.25 Research that has flowed from lab based SERCA2a 
over expression has led to a clinical trial, “SERCA2a” which will 
examine the functional effects of over expression of SERCA2a in 
a patient population with a fully implantable LVAD and CUPID2 

will assess whether gene therapy to increase SERCA2a is safe and 
can improve quality, length of life, and reduce emergency hospital 
admissions, for heart failure patients. Functional recovery has been 
observed in a subset of heart failure patients 20,21. It is reported that 
changes in excitation-contraction coupling, instead of regression of 
cellular hypertrophy, predict clinical recovery.19,20

Recently, a clinical trial using clenbuterol (β-2 agonist and 
anabolic agent) and LVAD in refractory non-ischemic heart failure 
patients, reported recovery of heart function in 60% of patients 
(n=20) with non-ischemic cardiomyopathy that allows the pump to 
be explanted (Harefield Recovery Protocol Study for Patients With 
Refractory Chronic Heart Failure, HARPS).26 It has been reported 
that LVAD therapy is associated with decreased collagen turnover and 
cross linking and increased tissue angiotensin II. Furthermore, LVAD 
combined with angiotensin-converting enzyme inhibition results in 
decreased tissue angiotensin II and collagen cross-linking, normalizes 
left ventricular end-diastolic pressure volume relationships and is 
associated with modestly higher rates of bridge to recovery.27 Other 
adjunctive treatments including other medications, cell or gene 
therapy with over expression of SERCA2a might in conjunction with 
VAD support provide a meaningful alternative therapy in patients 
with severe heart disease (Figure 3).28

The total artificial heart (TAH) for circulatory support was designed 
many years ago and has undergone multiple iterations. It is now, at 
last, increasingly being used in patients with right heart failure or 
biventricular failure.29 It is indicated as a bridge to transplant in patients 
with INTERMACS 1 heart failure who are at risk of imminent death. 
Scenarios include stone heart after cardiac surgery, cardiovascular 
failure after global infarction and acute post-infarction VSD. Clinical 
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experience with TAH (SyncardiaTM) has suggested that it can serve 
as an alternative for survival with a reasonable complication rate in 
appropriate candidates with end stage heart failure (Figure 4).30 More 
stable patients can be effectively managed with fully implantable 
LVAD systems and has limited the use of the TAH.

Figure 3 INTERMACS patient profiles and timeframe for initiating mechanical 
circulatory support with LVAD and concomitant RVAD implantation (with 
permission from INTERMACS Quarterly Statistical Report 2013, 4th Quarter, 
Implant and event dates: June 23, 2006 to December 31, 2013 http://www.uab.
edu/medicine/intermacs).

Figure 4 Syncardia™ Total Artificial Heart, schematic of implant.

Advances in organ preservation
Heart retrieval

The retrieval process is a highly organized process as a part of a 
multidisciplinary, multi-organ retrieval. The assessment takes place 
with the assistance of a Swan Ganz catheter and occasionally with 
transesophageal echocardiography to assess function and the presence 
of valvular disease or other anomalies. After median sternotomy, the 
pericardium is opened and elevated and the heart is inspected and 
palpated for size, contractility and anomalies. The coronary arteries 
are assessed for damage or palpable coronary artery disease. The 
inferior vena cava (IVC), superior vena cava (SVC) and ascending 
aorta are dissected. Heparin is administered. The retrieval commences 
by cross clamping the aorta as high as possible. Cardioplegia solution 
(15ml/kg) is administered via a cannula in the ascending aorta until 
asystole occurs. The heart is cooled with topical ice-cold saline. The 
IVC is divided and an incision is made in the left atrial appendage 
especially if the lung is concurrently retrieved to prevent distension 

of the LV. After giving cardioplegia, the aorta is divided as high as 
possible. The pulmonary artery is divided at the level of its bifurcation. 
The SVC is divided at the level of the azygos vein. If the heart and 
lungs are to be retrieved, the left atrium is incised at the junction of the 
left superior pulmonary vein, and extended inferiorly. Care is taken to 
avoid injury to the coronary sinus. The incision continues inferiorly 
and then to the junction of the right inferior pulmonary veins and left 
atrium. By this means the heart is excised with a cuff of left atrium 
and adequate cuff of left atrium is left continuous with the pulmonary 
veins to facilitate lung retrieval and subsequent implantation. If the 
heart alone is to be retrieved, then the pulmonary veins are divided 
and the intact left atrium is left in continuity with the retrieved heart. 
Meticulous preservation by administration of adequate cardioplegia 
and topical cooling is required. The retrieved heart is stored in ice-
cold saline, triple polythene bagged and transported in ice to ensure 
adequate preservation. It is important to expeditiously transport the 
heart to the implant centre to ensure a tolerable ischemic time of 
less than 4 hours. This is the widely used cold static transportation 
method. There is an inverse relationship between ischemic time and 
post-transplant survival.31

Longer transportation distances and organ retrieval from sites with 
limited abilities for pre-retrieval evaluation have to be considered. 
The development of ex vivo perfusion systems such as the Organ 
Care System® (OCS) (Trans Medics, Andover, MA, USA) (Figure 
5) may extend the extracorporeal period by reducing the periods of 
cold and warm ischemia, with the possibility to constantly evaluate 
and interact with the retrieved heart during organ transport. The 
retrieval process is conducted with the administration of cardioplegia, 
and then the heart is placed on an ex-vivo perfusion system where 
it is reperfused.32 One of the potential advantages of the OCS® is 
the ability to perform coronary angiography of the donor heart, if a 
pre-explanations angiography evaluation is not possible at the donor 
hospital and if significant evidence for coronary artery disease in the 
donor heart becomes known, because of the donor’s medical history 
or after palpation of sclerotic coronary ostia. With the donor heart 
is still in the OCS,® not only is it possible to measure metabolic 
parameters and pressures, but even coronary angiography is feasible. 
With the increasing international demand for donor organs, such ex 
vivo examinations might play a more important role, because longer 
transportation distances can be accepted and organs from suboptimal 
donors without pre-explanations diagnostics may be considered at 
donor sites with limited diagnostic options. Current organ retrieval 
in the US is limited to around 500 nautical miles. Ex vivo perfusion 
systems allow extended transport time and distances. This could allow 
national retrieval networks in India and China. If proven effective, 
this technology may decrease early graft failure and allow increased 
utilization of available organs. Its potential to decrease ischemic time 
may also give greater opportunity for prospective cross-matching in 
heart transplantation.33

Retrieval from circulation arrested donors

Another recent threat to cardiac transplant is the increased usage 
of circulation deceased donors (DCD). In the UK in particular this has 
led to a decline in the availability of brain stem dead donors (DBD). 
Cardiac transplantation in other health systems is still hindered by the 
lack of donor organs. The first cardiac transplants done used hearts 
retrieved from circulation deceased donors (DCDs). More recently, a 
cohort of infant hearts were retrieved and successfully transplanted. 
Concerns on the ethics of the hands off time, which were less than the 
recommended 10-15minutes once cardiac arrest had taken place, has 
led to this practice being halted for reconsideration.34
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Figure 5 INTERMACS patient profiles and timeframe for Total Artificial 
Heart (with permission from INTERMACS Quarterly Statistical Report 2013, 
4th Quarter, Implant and event dates: June 23, 2006 to December 31, 2013 
http://www.uab.edu/medicine/intermacs).

The impact of donor cardiac arrest on orthotropic heart 
transplantation was investigated using the United Network for Organ 
Sharing database (UNOS). In 856 out of a total of 19980 cases, the 
donors from the UNOS series, had histories of cardiac arrest, and 
in the remainder, there was no history of donor cardiac arrest. The 
unadjusted 1-, 5-, and 10-year actuarial survival rates between the 
arrest and the non-arrest groups were not significantly different. 
Multivariate logistic regression demonstrated no difference in survival 
in the donor arrest group at 30days, 1year, or 3years. Furthermore, 
the adjusted Cox proportional hazard model for cumulative survival 
also showed no survival difference between the 2 groups. If standard 
recipient and donor transplantation criteria are met, a history of donor 
cardiac arrest should not prohibit the potential consideration of an 
organ for transplantation.35 

A severe donor organ shortage leads to the death of a substantial 
number of patients who are listed for transplantation. The use of 
hearts from donors after circulatory death could significantly expand 
the donor organ pool, but due to concerns about their viability, these 
are currently not used for transplantation. Short-term extra corporeal 
circulation with in situ normo-thermic machine perfusion (MP) may 
allow re-animation and resuscitation of the previously arrested heart 
in DCD donors. This has been demonstrated in rat and porcine models. 
Porcine DCD hearts after 29min of warm ischemia can be reanimated 
using in situ extracorporeal circulation.36

For DCD hearts, a strategy of pre-reperfusion cardioplegia, followed 
by continuous warm blood perfusion, is superior to cold storage. 
Although cold storage is the current method for the preservation 
of hearts during the ex vivo transport interval, its disadvantages are 
highlighted in hearts from the extended criteria donor. In contrast, 
transport of high-risk hearts using hypothermic machine perfusion 
provides continuous support of aerobic metabolism and ongoing 
washout of metabolic byproducts. Perhaps more importantly, 
monitoring the organ’s response to this intervention provides insight 
into the viability of a heart initially deemed as extended criteria. Ex 
vivo perfusion introduces challenges, such as ensuring homogeneous 
tissue perfusion and avoiding myocardial oedema. Though numerous 
groups have experimented with this technology, the best perfusate 
and perfusion parameters needed to achieve optimal results remain 
unclear.37

Advances in surgical techniques

Heart transplantation may be done with an orthotopic technique, 
with the donor heart implanted in the mediastinum in place of the 
native heart or heterotopic techniques with the donor heart implanted 
beside the native heart in parallel with it. This was done to militate 
against the risk of early graft failure which was high in the early era 
of heart transplantation. Heterotopic transplantation is rarely done 
today. There are two indications for heterotopic heart transplantation; 
patients with elevated pulmonary hypertension in whom the donor 
right ventricle would be unable to tolerate the increased after load; 
and significant size mismatch (donor/recipient weight ratio >75%), 
especially seen in pediatric patients and patients with irreversible 
elevation in pulmonary hypertension. The biatrial technique for 
orthotopic heart transplantation was first performed in a dog model 
by Lower and Shumway.38 Preservation was provided by the use 
of topical hypothermia induced by immersion of the graft in iced 
saline.3,38 Sievers et al.,39 described a variation of the orthotopic 
procedure termed the bicaval technique where the donor right atrium 
is attached directly to the inferior and superior vena cava and the left 
atrial anastomoses is done as a cuff. Compared with biatrial approach, 
the bicaval approach results in less disruption of the atrial geometry, 
better right ventricular function, less tricuspid and mitral regurgitation, 
and less sinus node dysfunction.40 

The operative steps are as follows: Through a mid-line sternotomy, 
the diseased heart is exposed. Following full systemic heparinisation, 
cannulation for cardiopulmonary bypass is accomplished with a 
straight aortic cannula, high in the ascending aorta. Venous cannulation 
is via a right angle or straight cannula directly into the superior vena 
cava or through the posterior right atrium into the superior vena 
cava. Inferior vena cava cannulation is accomplished through the 
posterior right atrium. Certain situations, such as recipient instability 
or difficult mediastinal dissection may need femoral cannulation 
for cardiopulmonary bypass. When the donor heart is close to the 
operating room the ascending aorta is cross-clamped and the diseased 
heart is excised. An incision is made in the right atrial appendage. 
This is extended inferiorly, anterior to the inferior vena cava cannula 
and towards the aorta root. The left atrium is entered through the 
superior limb of the fossa ovalis. The aorta and pulmonary arteries are 
transected just above their ventriculo-arterial valves. The interatrial 
septum is divided down to the coronary sinus, which demarcates the 
atrioventricular groove. Resection of the heart results in cuffs of left 
atrium, SVC, IVC, aorta, and pulmonary artery. Prior to implantation, 
the donor heart is inspected for a patent foramen ovale, which is 
closed by direct suture, and any other anomalies. Further myocardial 
protection in the form of 1000 ml of cold blood cardioplegia may be 
given into the donor heart via its clamped aortic root. The implant 
procedure begins with anastomoses of donor and recipient left atria. 
Using a 4/0 polypropylene monofilament suture, the anastomoses 
starts at the level of the left atrial appendage. Care is taken to align 
the interatrial septum. A transmitral vent is placed prior to completion 
of the left atrial anastomoses to vent the left ventricle and stop it 
from distending. Cardiac cooling may be augmented by running cold 
Ringer’s solution through this vent during implantation. The next 
anastomoses are to the donor and recipient aorta. The donor aorta is left 
long so that there this is little tension on the anastomoses, and so it can 
be manipulated to allow inspection of the suture lines on completion 
of the transplant. This is done with continuous 4/0 polypropylene 
monofilament suture. At this point the heart can be de-aired via a 
needle vent placed in the ascending aorta, and reperfusion begun 
with warm, leukocyte filtered blood at a carefully controlled pressure. 
Prior to release of the cross clamp, 500mg of methylprednisolone 
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is given intravenously. The next anastomosis is the PA, this is done 
with continuous 5/0 polypropylene. The pulmonary artery should be 
trimmed short. If the pulmonary artery is left too long, distortion can 
occur with reestablishment of normal right ventricular contraction. 
The final anastomoses are between the respective inferior and superior 
vena cavae, with continuous 5/0 polypropylene, tied down initially 
to prevent purse stringing of these low pressure structures. When the 
patient has been rewarmed there follows at least 30 min of reperfusion. 
An isoprenaline infusion is commenced, pacing wires are placed on the 
surface of the heart and the patient is weaned from cardiopulmonary 
bypass. Protamine is administered to reverse the effects of heparin and 
haemostasis is performed, followed by closure. Despite the use of the 
bicaval technique, tricuspid regurgitation remains a problem early and 
late after heart transplantation. Adding a tricuspid annuloplasty ring 
to stabilize the annulus, to the transplant operation has been recently 
shown to decrease the incidence of tricuspid regurgitation and may 
even improve survival.41

Conclusion
The ultimate strength of heart transplantation is its excellent 

long term outcomes. It is the ideal solution for intractable end stage 
heart failure in eligible patients. The limiting factor is the limited 
availability of donor organs. An attempt to militate against this has 
to some extent been made by the development of ventricular assist 
devices. Device iterations with miniaturization and continuous flow 
have resulted in effective bridge to transplant solutions. The presence 
of an externalized drive line, however, exposes the VAD recipient to 
infections which may precipitate urgent listing for heart transplant in 
the bridge to transplant candidate and may limit the life span of the 
destination therapy candidate. Fully implantable driveline free systems 
will definitely enhance the utility of these systems in these settings. As 
our knowledge of molecular medicine increases, manipulation of key 
proteins implicated in the pathophysiology of heart failure such as 
SERCA2a may allow some recovery of the myocardium in patients 
with heart failure to the extent that transplantation may be deferred or 
the LVAD explanted. The other thrust to improve outcomes and meet 
need for organs is to find solutions to the low numbers of donors, 
which, as discussed, is further pressurized by the increased usage of 
DCD donors. Ex vivo perfusion systems are one answer to facilitate 
transport across large distances and allow the heart to be evaluated 
with a considerable reduction in ischemic time. Furthermore, systems 
in evolution in experimental models to allow reanimation of the DCD 
heart need to be translated into the clinical retrieval process. In situ 
perfusion of the DCD donor with ECMO is particularly attractive 
followed by ex vivo perfusion during transport.
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