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Indications for Ventricle Assist Devices 
Guillermo Reyes and Sara Badia 

Hospital Universitario La Princesa, Madrid 
Spain 

1. Introduction 
Despite widespread use of evidence-based therapies the morbidity and mortality of heart 
failure has not changed, and it remains the most common hospital discharge diagnosis for 
patients older than 65 years old of age. Approximately 5 million patients in the United States 
of America have cardiac failure, and over 550,000 patients are diagnosed with heart failure 
for the first time each year (Levy et al, 2002; Hunt et al, 2005).  The European Society of 
Cardiology represents countries with a population of more than 900 million, and in their last 
guidelines they reported that there are at least 15 million patients suffering this disease in 
those 51 countries (Dickstein et al, 2008). Heart failure is primarily a condition of the elderly 
(Kannel & Belanger, 1991), and thus the widely recognized “aging of the population” also 
contributes to the increasing incidence of heart disease. The incidence of cardiac failure 
approaches 10 per 1,000 population after age 65 years, and approximately about 80% of 
patients hospitalized with heart failure are older than 65 years old (Masoudi & Havranek, 
2002).  
There are several reasons that may explain why the prevalence of heart failure is increasing: 
ageing of the population, the success in prolonging survival in coronary patients, and the 
success in postponing coronary events by effective prevention in those patients at high risk 
or those patients who have already survived a first event (secondary prevention) (Senni et 
al, 1999). Advances in medical therapy have resulted in improved survival in patients with 
moderate and severe heart failure, but the prognosis for end-stage heart failure patients still 
remains poor. The conclusion of all these aspects is that there is a change in the 
demographics of heart failure patients in recent years, and an increased survival of older 
patients with heart disease.  
At present time, cardiac transplantation remains the gold standard of cardiac replacement 
therapy. However, the supply of donor hearts is limited and therefore is not an option for 
many patients because of age and other comorbid conditions. Alternative forms of  
cardiac replacement therapy are being investigating. This includes cell therapy, 
xenotransplantation, ventricle assist devices implantation and total artificial heart. 
Although initially the indications for heart mechanical assistance are similar to those 
developed in the1960s for the use of intra-aortic balloon pumps the indications have 
developed into more complex cases which must be considered. Ventricle assist devices are 
more and more reliable and its size is becoming smaller with the passing of time, improving 
patient’s outcomes. 

DR.R
UPN

AT
HJI(

 D
R.R

UPA
K 

NAT
H )



 Ventricular Assist Devices 

 

4 

2. Cardiac transplantation: where we are and what can we expect 
The first human cardiac transplant was performed by Dr. Barnard in Cape Town in South 
Africa in 1967. With the development of immunosuppression, orthotopic cardiac 
transplantation, what exists today, is a highly successful procedure for the treatment of end-
stage heart disease. Over time, survival of patients undergoing orthotopic heart 
transplantation has improved significantly, mainly due to a reduction in rejection rates, 
better prevention and treatment of opportunistic infections and defined management 
protocols (Taylor D et al, 2008). 
Indications for cardiac transplantation at the present time include patients with severe heart 
failure symptoms, a poor prognosis, and with no alternative form of treatment (class of 
recommendation I, level of evidence C). Contraindications to heart transplantation are: 
current alcohol and/or drug abuse, lack of proper cooperation, serious mental disease not 
properly controlled, treated cancer with remission and, 5 years follow-up, systemic disease 
with multiorgan involvement, active infection, significant renal failure (creatinine clearance 
<50 mL/min), irreversible high pulmonary vascular resistance (6–8 Wood units and mean 
transpulmonary gradient >15 mmHg), recent thromboembolic complications, unhealed 
peptic ulcer, evidence of significant liver impairment, or other serious co-morbidities with a 
poor prognosis. Patients must be well informed, motivated, emotionally stable, and capable 
of complying with intensive medical treatment.  
According to the registry of the International Society for Heart and Lung Transplantation 
reported in 2008 (Taylor D et al, 2008) the one-year survival after primary orthotopic cardiac 
transplantations has increased from 79% between 1982 and 1991, to 82% between 1992 and 
2001, and to 86% between 2002 and 2005 (p<0.0001). However, long-term mortality has not 
changed and in fact the overall survival patterns remain largely unchanged with a steep fall 
in survival up to 6 months and linear decrement in survival thereafter, at approximately 
3.5% per year (figure 1) 
Some factors need to be in consideration, as they are changing the demographics of heart 
transplantation. The primary cardiac transplantation has shifted in the last years towards a 
 

 
Fig. 1. Kaplan-Meier survival for all cardiac transplants (1/1982-6/2006) (Taylor D et al, 
2008) 
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slight predominance of patients with nonischemic cardiomyopathy (50%) vs. ischemic 
(34%). It is a fact that the relative contribution of patients with ischemic cardiomyopathy has 
declined over the last decade. Also the age of donors and recipients has increased in the past 
20 years. Almost 25% of cardiac transplant patient recipients in the last years were over the 
age of 60 years, with a relative fall in the number of recipients aged 40-49 years. Also at the 
present time the number of transplants being performed worldwide is far outnumbered by 
the number of potential candidates, as donor hearts are a very limited resource. These 
aspects are essential in the understanding of patient outcomes and they explain why other 
alternatives to heart transplantation should be investigated in an effort to offer alternative 
therapies to those patients suffering severe heart failure.  
The need for those alternative therapies include the lack of cardiac donors, long cardiac 
transplantation waiting list, patients with any contraindication to cardiac transplantation 
(definitive or temporal) and patients requiring more time for the heart to recover.  
The use of ventricle assist devices has acquired an important role in the management of end-
stage heart failure and it is very likely that its importance will increase with time. 
Historically, the development of cardiopulmonary bypass technology in the fifties was the 
achievement that really started the development of more permanent means of mechanical 
cardiac support. Technological progress has allowed the design and production of smaller 
devices that have bridged patients towards recovery and transplantation. 
In this chapter we will review the indications of ventricle assist devices implantation. We 
will star giving some general indications that every patient should follow from a theoretical 
point of view. Then we will divide the indications in three different groups: 1) bridge to 
transplantation, 2) bridge to recovery and 3) destination therapy.  
We will also discuss when it is required to use a short term ventricle assist device, a long 
ventricle assist devices and the total artificial heart. Finally we will review in the literature 
when it is necessary to have a right ventricle assist device especially when a left ventricle 
assist device is already implanted. 
The authors would like to remark that this chapter is a compilation of the literature 
regarding ventricle assist device therapy. Therefore each patient must be considered as a 
particular case and there are no strict rules or guidelines to be followed. 

3. General indications for ventricle assist device implantation 
The general rule is simple: ventricle assist devices are used when the heart is incapable of 
maintaining its function. Therefore, the organism is in danger or is going to be in danger 
because cardiac output is not enough to maintain vital organ flow. Cardiac dysfunction may 
be caused in an acute fashion, like in a cardiogenic shock caused by an extensive myocardiac 
infarction or after a major cardiac surgery when a patient is not able to weaned from the 
heart-lung machine. Also, cardiac failure may be a consequence of a chronic condition like 
in the ischemic chronic heart disease or in patients with dilatated myocardiopathy.  
There are some registries that compile from different centers the indications for a ventricle 
assist devices implantation. These registries are a good resource of information about what 
the indications of ventricle assist device are. One of the databases is the Interagency Registry 
for Mechanical Assisted Circulatory Support (INTERMACS), which is an audited registry 
for patients who receive a mechanical circulatory support device to treat advanced 
medically refractory heart failure. From June 2006 to December 2007, a total of 75 
institutions in the United States of America prospectively entered 420 patients. Most of the 

DR.R
UPN

AT
HJI(

 D
R.R

UPA
K 

NAT
H )



 Ventricular Assist Devices 

 

6 

patients (n=336) had a mechanical circulatory support device implanted for the indication of 
bridge to transplantation. The indication of destination therapy was applied in 63 patients 
whereas the rest of patients received a ventricle assist device as a bridge to recovery 
(Holman et al, 2009). This perfectly describes what the indications in the clinical practice are 
at the present time. Several aspects must be considered for indicating a ventricle assist 
device: 

3.1 Clinical status 
Patients requiring a ventricle assist device suffer severe heart failure acutely or chronically. 
When cardiac failure has been caused acutely, the patient is in cardiogenic shock. This may 
be from different causes: extensive acute myocardial infarction (Killip IV), mechanical 
complications after an infarction (papillary muscle rupture, interventricular septal rupture), 
patients that cannot be weaned from the cardiopulmonary bypass machine, acute 
myocarditis and others. It should be noticed that the use of ventricle assist device in the 
setting of cardiogenic shock must be contemplated when the use of inotropes and intra-
aortic ballon pump is not enough to maintain an adequate cardiac output and there is a risk 
of death or other organ failure. Also, there should be no other options such as major cardiac 
surgery or other surgical options that may reverse the status of the patient.  
However, although ventricle assist devices are not the first treatment option in this type of 
situation, their implantation should not be delayed. Most cardiologist and cardiac surgeons 
agree to implant a ventricle assist device in patients with severe heart failure, despite intra-
aortic balloon pump or inotropic support with unstable hemodynamics, and with early 
signs of end-organ dysfunction (Osaki et al, 2009). In the last years, there has been an 
attempt to prevent deterioration of the ventricle assist device candidate’s condition. 
Actually, whenever possible some co-morbid conditions should be nullified by a period of 
therapy prior to implant. Some examples are renal dysfunction, localized infection or severe 
pulmonary edema, which can be reversed with medical therapy prior to a mechanical 
device implantation. Every patient should be in the best clinical position, considering that 
these patients are in a really bad clinical status, avoiding the implantation in pre-mortem 
conditions. This rule should also be applied in those patients with end-stage chronic cardiac 
dysfunction. Mechanical device implantation should be kept in mind before other organs 
deteriorate. This will definitely improve clinical outcomes. Other clinical conditions that 
may indicate the use of some mechanical support are intractable arrhythmias and intractable 
angina not responsive to medical therapy or revascularization procedures in patients with 
poor left ventricle function. 

3.2 Hemodynamic parameters 
A hemodynamic study may be required in some situations to assure that cardiac function is 
severely deteriorated. Table 1 summarizes hemodynamic data that represent severe left and 
right ventricle dysfunction. 

4. Ventricle assist device as bridge to transplantation 
As we have previously descibed in the introduction section, orthotopic cardiac transplantation 
is the gold standard for treating end-stage heart failure. The International Society for Heart 
and Lung Transplantation (ISHLT) has reported outcome data on transplant recipients for 
more than 25 years with data that includes more than 74,000 patients (Taylor et al, 2008). 
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Left ventricle assist device Right ventricle assist device Biventricular ventricle 
assist device 

Systolic blood pressure 
<90mmHg 

Right atria pressure > 
20mmHg 

Right atria pressure > 
20mmHg 

Left atria pressure > 
20mmHg 

Left atria pressure < 
15mmHg 

Left atria pressure > 
20mmHg 

Systemic vascular 
resistance >2,100 dynes-
sec/cm 

No tricuspid regurgitation No tricuspid regurgitation 

Urine output <20mL/h  Inability to maintain left 
ventricle assist device flow 
>2.0L/min/m2 with right 
atrial pressure >20mmHg 

Table 1. Haemodynamic indications for circulatory assist device 

This registry includes data mainly from USA and European countries. We see from those 
reports that primary indications for cardiac transplantation has changed with an increase of 
patients with nonischemic cardiomyopathy and less ischemic patients. In addition, the age 
of donors and recipients has been increasing in the last 20 years, especially in Europe. It is 
clear that heart donors are a limited resource and some patients die while awaiting cardiac 
transplantation due to that lack of donors. Actually, in the last two decades, decreasing 
numbers of organ donors have led to longer waiting times for cardiac transplantation and 
subsequently increasing mortality. Other patients´ statuses may worsen while waiting and 
they may need some kind of cardiac circulatory support in order to maintain vital blood 
flow and preserve organ systems like kidney, hepatic, or brain function. 
Therefore, we can summarize that ventricle assist device as a bridge to transplantation is 
indicated in those patients that are candidates for cardiac transplantation and need some 
cardiac support while they are waiting for the heart. This indication includes a wide 
spectrum of patients. On one side, we may have patients that suffer an acute event 
(postinfarction cardiogenic shock, postcardiotomy) which leads them into an irreversible 
severe heart failure that requires urgent cardiac transplantation. Until a donor is found, 
cardiac mechanical support is necessary to save patients life and to preserve their vital 
organs. As we will see later, organ failure is associated with a worse prognosis after heart 
transplantation. On the other side, there are patients that are awaiting cardiac 
transplantation and whose conditions become refractory to medical therapy. 
At present time, ventricle assist devices are an important tool in the management of this 
kind of patient (Frazier at al, 2001; Miller et al, 2007; Russo et al, 2009). Also, in the last 
decade, the number of heart transplant recipients supported by ventricle assist devices at the 
time of transplantation has more than doubled to over 400 per year in the USA (Taylor DO 
et al, 2008) as well as in European countries. This clearly reflects the need of mechanical 
circulatory support in patients awaiting transplantation. Also as previously described, if we 
consider some registries as the INTERMACS, bridge to transplantation is by far, the most 
frequent indication for a ventricle assist device implantation (Holman et al, 2009). 
There are some questions that should be answered regarding mechanical circulatory 
support as a bridge to transplantation. 

DR.R
UPN

AT
HJI(

 D
R.R

UPA
K 

NAT
H )



 Ventricular Assist Devices 

 

8 

1. Does the use of a ventricle assist device as a bridge to transplantation affect the outcome 
of patients when compared to those patients who receive transplants without the need 
of mechanical assistance? 

2. When should one implant a mechanical device in a patient awaiting cardiac 
transplantation? 

3. What kind of device should be implanted? 
Although several studies have demonstrated the benefits of ventricle assist devices in the 
pretransplant period, findings from studies analyzed the impact of mechanical circulatory 
support on posttransplant outcomes have conflicted. The majority of studies have concluded 
that short term, but not long term, survival is diminished in recipients bridge with a 
mechanical device (Taylor DO et al, 2008; Cleveland JC et al, 2008). However, there are some 
reports that do not confirm these findings. In a recently published study (Osaki et al, 2009)  
Osaki et al compared patients´ outcomes undergoing cardiac transplantation with and 
without the use of a ventricle assist device. They also divided patients in two different time 
groups as an attempt to analyze both, the experience of the group and the improvement of 
devices technology. A total of 531 consecutive heart transplant recipients in a 17 years 
period were included. They concluded that post-transplant survival has improved in the last 
years. Actually in their study, outcomes for orthotopic heart transplantation after bridge to 
transplantation have become equivalent to that of orthotopic heart transplantation without 
ventricle assist device. The data suggest that advances in device technology and 
multidisciplinary programs, have improved survival and allowed bridges to transplantation 
candidates to have an outcome equivalent to that of non-ventricle assist device in recent 
times (Figure 2). 
 

 
Fig. 2. Post-transplant survival by Kaplan–Meier analysis. oOHT, old orthotopic heart 
transplant (January 1990 to July 2003); nOHT, new orthotopic heart transplant (August 2003 
to August 2007); oBTT, old bridge to transplant (January 1990 to July 2003); nBTT, new 
bridge to transplant (August 2003 to August 2007). 
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In that study, multivariate analysis revealed that diabetes and biventricular (but no 
univentricular) support were the only independent predictors of post-transplant mortality. 
These findings have been confirmed by other groups (Russo et al, 2009). In the study 
published by Russo et al, they included more than 10,000 heart transplantation recipients 
from the United Network for Organ Sharing in a seven-year period. They concluded that the 
use of implantable left ventricle assist devices (both intracorporeal and extracorporeal 
devices) as bridges to transplantation are not associated with diminished posttransplant 
survival. However, an increase in 90-day mortality was seen in patients bridged with 
extracorporeal devices. 
These findings suggest that more than 80% of well-selected patients implanted with 
intracorporeal devices as a bridge to transplantation are successfully transplanted, 
providing additional evidence that a more aggressive use of implantable devices may 
benefit candidates whose condition is refractory to medical management. Outcomes seem to 
be better when implantable device support is implemented before patients clinical status 
deteriorates badly. The findings further suggest that a more aggressive use of implantable 
support may benefit candidates who are likely to face long waiting times as candidates with 
higher body mass index or blood type O. The fact that patient survival is diminished in 
patients with extracorporeal devices may suggests that in some cases, candidates supported 
by an extracorporeal device may benefit from further optimization before transplantation, 
and that this type of devices may be best used as a bridge to an implantable device 
especially in those patients that may have long waiting times.  
As it has been suggested in other studies (Cleveland et al, 2008), the general perception 
among most cardiac transplantation centres is that explantation of a ventricle assist device 
confers a more technically challenging operation and therefore, might adversely affect 
survival not in medium term but in a short term. In the Cleveland group experience, one 
year survival was similar in those recipients receiving a heart transplantation with or 
without a mechanical circulatory support. However, when they analyzed patients who died 
after transplantation, most of the ventricle assist device group died within 30 days of 
transplant. In contrast, only a minority of patients without a mechanical assist device died 
within those thirty days.  
This may reflect an inherent complexity and higher risk operation that occurs in the 
explantation of a ventricle device. 
It is essential to have a good knowledge of the heart transplantation situation in every 
country. There are some countries such as Spain, where there is a high prevalence of donors 
and where the waiting times are not to long. Short term extracorporeal devices may be used 
as they are less expensive and very simple to use. Good results can be achieved this way 
(Reyes et al, 2007). In other countries like Germany or the USA where the waiting times are 
much longer, long term assistance may be a better option (Korfer et al, 1999). 

5. Ventricle assist device as bridge to recovery 
Ventricle assist devices have been successfully implanted in patients who are expected to 
recover sufficient myocardial function and it is not expected that they will need a cardiac 
transplantation.  In this type of patient a short-term bridge to recovery device may be a good 
option as these devices are less expensive and very easy to use (Samuels et al, 2005; Nicolini 
& Gherti, 2009). The most frequent clinical settings in which a mechanical circulatory 
support may be needed are described below: 
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5.1 Post-cardiotomy 
Patients with compromised left ventricle function who have undergone long operations may 
need a ventricle assist device because the severity of the postoperative circulatory shock. It 
is estimated that about 5% of patients undergoing coronary or valve cardiac procedures will 
have some degree of postcardiotomy cardiogenic shock (Pae et al, 1992). Short term 
mechanical support as bridge to recovery has been successfully used in patients who are 
expected to recover sufficient myocardial function. Since the ABIOMED system was 
approved by the Food and Drug Administration in 1992, it has become the second most 
commonly used mechanical support device for patients with post-cardiotomy ventricular 
dysfunction after the intra-aortic balloon pump with excellent rates of myocardial recovery 
and device removal after short-term support (Morgan et al, 2004). We highly recommend 
the early implantation of mechanical circulatory assistance in this clinical setting to provide 
mechanical unloading of the ventricle and rapid restoration of normal end-organ perfusion 
in order to improve survival rates. 
In those patients in whom a high risk of cardiac failure is anticipated (severely impaired 
ventricular function undergoing high risk cardiac procedures) transplant evaluation should 
be initiated preoperatively and the procedure performed with a ventricle assist device back 
up. If needed it, mechanical support may be used as bridge to recovery or bridge to 
transplantation. 

5.2 Post acute myocardial infarction shock 
Despite the advances in the management of cardiogenic shock secondary to acute 
myocardial infarction, the prognosis is still poor with mortality rates as high as 70% 
(Goldberg RJ et al, 1999). There are some aspects that must be considered in this clinical 
setting. One of the surgical dilemmas, when implanting an LVAD into a patient with an 
acute anterior wall myocardial infarction, is the safety of apical cannulation in the presence 
of acutely infarcted apical myocardium, which is typically necrotic and friable. Ventricular 
disruption and bleeding from the cannulation site are major concerns with lethal 
consequences. Although left atrial cannulation is an option, it is suboptimal as it affords 
inadequate left ventricular decompression and limits LVAD inflow. Furthermore, left atrial 
cannulation has been shown to have independent risk factors for the development of left 
ventricular thrombus and stroke. There are some surgical techniques that should be 
considered. Some authors have maintained that left ventricle devices can be safely 
implanted into acutely infarcted, friable myocardium by modifying their surgical technique. 
This involves placing cannulation sutures through the full thickness of the infarcted 
ventricular myocardium and reinforcing their suture line with pericardium or Teflon felt 
(Park SJ et al, 2000; Chen et al, 1999). Other technique used in patients with cardiogenic 
shock and with extensive anterior wall infarcts, consists of securing the cannula with 
interrupted, pledgeted, horizontal mattress sutures through the full-thickness of the 
infarcted myocardium. If significant bleeding is observed, additional sutures and/or 
haemostatic products can be applied to the cannulation site (Leshnower et al, 2005). 
It is important to highlight that patients with ventricle assist devices due to cardiogenic 
shock after an acute myocardial infarction may follow different outcomes. In this situation 
there should be flexibility to the treatment algorithm that these patients may follow.  
Mechanical circulatory system may be used as a bridge to recovery, a bridge to bridge (to 
other long term assist device system) or as a bridge to transplant. Also, some authors 
consider that the use of a biventricular assist device is important in these patients 
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(Leshnower et al, 2005). This must be taken in consideration in right ventricular heart 
failure, intractable arrhytmias and in the presence of shock with multisystem organ failure.  
Recently, some authors consider that less invasive percutaneous ventricular assist devices 
may be helpful in the decision making of the treatment as they are less expensive and 
sternotomy is not required, which may helps subsequent transplantation or surgically 
ventricle assist device insertion (Brinkman et al, 2010).  

5.3 Myocarditis 
Myocarditis may cause severe cardiac failure, sometimes very acutely. It is believed that 
almost every infectious agent can cause myocarditis (bacterias, virus, spiroquetas, mycotic 
infections, parasital agents, ricketsias). Also there may be immunologic causes as the so call 
giant cells myocarditis in which, apart from inmunosupresor therapy, ventricle assist device 
may be needed. These patients trend to be younger (many of them children) and it is 
characterized by an unpredictable clinical course. Actually it remains a real challenge to 
determine which group of patients will recover and which will require mechanical support 
or heart transplantation (Houel R et al, 1999). As myocarditis is an inflammatory process 
that affects the whole myocardium (both the right and left ventricle) it is frequent that 
biventricular support is required (Grinda JM et al, 2004). As we have previously said it is 
important anticipate the prognosis of the patient in order to convert a short-term assist 
device into a long term assist device or cardiac transplantation in those patients in which an 
optimal recovery is not expected. 

6. Destination therapy 
Ventricle assist device as a destination therapy has some aspects that may concern 
cardiologists and cardiac surgeons. It is necessary to know how the mechanical devices may 
affect survival rates compared with alternative treatment strategies, the durability of the 
devices, and its safety profile. Also we must take into account the quality of life of these 
patients and if the up-front costs of implantation may be offset by the long-term benefits of 
the patients. 
The Randomized Evaluation of Mechanical Assistance for the Treatment of Congestive 
Heart Failure (REMATCH) trial is a multicentered study supported by the National Heart, 
Lung, and Blood Institute. It compares long-term implantation of left ventricular assist 
devices with optimal medical management for patients with end-stage heart failure who 
require, but do not qualify to receive cardiac transplantation. This trial demonstrated that 
the implantation of left-ventricular assist devices decreased the 1-year mortality by a third 
(from 75% down to 51%) and the two year survival rate was 29% for left ventricle assist 
device patients versus 13% for medical patients (95% CL; 5%-22%), representing a 48 percent 
reduction in the risk of death from any cause, compared with the optimal medical therapy. 
The survival advantage was associated with a considerable improvement in the quality of 
life and functional status of these patients, as compared with their medical counterparts 
(Rose et al., 1999). The MLHF scores, (Minnesota Living with Heart Failure questionnaire) 
for left ventricle assist device patients were 75.1 (0 being the best – 105 the worst). The 
REMATCH trial demonstrated that is superior to any available medical therapy in patients 
with end-stage heart failure who are not eligible for transplantation (Lietz & Miller, 2005). 
The Thoratec HeartMate was subsequently approved in 2003, by the Food and Drug 
Administration (FDA), for long-term support of this kind of patient. 
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The next logical step for expanding the indications for mechanical circulatory assistance 
would be to use the left ventricle assist device as an alternative to cardiac transplantation. 
However, heart transplantation cannot serve the estimated 30,000–60,000 people who die of 
heart failure in the US each year and could be candidates for heart transplantation or some 
form of mechanical circulatory support. More than 40% of the patients waited more than 1 
year for a cardiac transplantation, and the waiting time is increasing every year. In 1995, the 
average waiting time for cardiac transplantation was over 200 days (Penningtonet al., 1999), 
but the average national waiting time in 2003 for a heart was 230 days (UNOS/OPTN 
Annual Report 2003). Each year, approximately 4000 new patients are added to the waiting 
list for cardiac transplant, and about 28,000–30,000 are apparently not considered viable 
candidates to be placed on the list. About 50%of the patients not included in the waiting list 
(13,000) would be candidates for a permanent ventricular assist device. An important 
deterrent to being listed may be advanced age. 
The most obvious advantage of these mechanical device systems over transplantation would 
be their immediate availability. They could be placed in UNOS status II rather than UNOS 
status I hospital-bound patients. Table 2 shows the indications and characteristics of the 
total artificial heart. 
 

Total artificial 
heart Characteristics Use Cost 

Abiomed Total 
Artificial Heart 

TAH is currently 
undergoing clinical 

trials 

CardioWest 
device 

Is inserted 
orthotopically; this 

procedure is 
accompanied by 
removal of the 
patient's own 

ventricles 

Pneumatic TAH that 
has been used 

investigationally as a 
bridge to 

transplantation 

The cost of these 
devices is likely to be 
quite high, but may 
not be very different 
from the cost of heart 

transplantation, 
therapy and 

immunosuppression. 
 

Table 2. Indications and characteristics of the total artificial heart. TAH: Total artificial heart. 

6.1 Exercise capacity 
An important determinant of quality of life in cardiac transplant recipients and left ventricle 
assist device recipients is exercise capacity. 
Studies in cardiac transplant recipients demonstrate that, at rest, they have an increased 
heart rate, increased blood pressure, and low normal cardiac output. During exercise, peak 
heart rate, stroke volume, cardiac output, peak power output, pulse pressure, heart rate 
reserve, total VO2, and absolute VO2 at ventilatory threshold are all less than normal. Their 
exercise capacity may increase with time up to 5 years and may improve with an increase in 
muscle mass and lean body weight. Autonomic reenervation may actually increase the peak 
heart rate during exercise, although this is quite controversial. Recent studies suggest that 
cavo-caval anastomosis may increase atrial emptying, resulting in better functional capacity. 
While some individual patients with cardiac transplantation function well, most patients 
have important physiological limitations. 
The exercise capacity of patients with implantable mechanical cardiac devices is based on 
the results obtained during the use like bridge to transplant, it is apparent that improvement 
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in exercise tolerance occurs. Maximum VO2 is a well-characterized indicator of functional 
status and prognosis in patients with advanced heart failure.  
Peak oxygen consumption with upright treadmill exercise increased from 10 to 14 mL 
O2/kg/min in a group of patients supported for a mean of 50 days after left ventricle assist 
device implantation. Pennington et al remarked that many postoperative studies suggest 
that the native left ventricle may contribute to this function during exercise by actively 
filling the left ventricle assist device, which reduces filling time and overcomes inflowing 
cannula impedance. It may also augment total cardiac output with parallel ejection out of 
the native aortic valve and reduce ventricular interaction-related changes in functional right 
ventricular diastolic compliance. 
It is clear that exercise capacity increases during the first several months after ventricle assist 
device insertion because patients have improved organ function, reducing pulmonary 
edema and pulmonary artery resistance. These changes significantly augment right 
ventricular function, which also usually improves with time.  
It is anticipated that patients with long-term left ventricle assist devices will achieve 
reasonably high levels of exercise capacity and they will not be limited by activities of daily 
living. Whether they will be able to participate in athletic events and vigorous work is not 
entirely clear, but seems feasible (Pennington et al., 1999). 

6.2 Psychological factors 
A common sensation between the patients with left ventricle assist devices is that of being 
machine-dependent. It is important to indicate a definitive cardiac assist device in very 
strongly motivated patients which may need to be prepared from a psychological point of 
view. A positive psychological feature is the fact that left ventricle assist device insertion 
does not require removal of the natural heart, which might be able to temporarily support 
the circulation, or recover sufficiently to allow for device removal.  
Quality of life may be reasonably satisfactory. Despite externalized battery sources, these 
patients are capable of recovering their daily activities, even returning to work. Although 
patients are capable of concealing external batteries so that it is not so obvious that they are 
supported mechanically, they cannot forget that they are dependent on the device. This 
factor may be resolved with new more modern devices that can be completely implanted 
inside the pericardium or the peritoneum. Presuming the availability of a safe and effective, 
totally implantable, electrically driven, left ventricle assist devices prompts a comparison 
with the current strategy of cardiac transplantation as a universal therapy for patients with 
severe heart failure. 

6.3 Economical factors 
It is very important to be aware of the cost of the implantation of definitive mechanical 
devices. Since there are limited resources availables, it is necessary to demonstrate that they 
are economically feasible. The average total cost to insert a left ventricle assist device in the 
REMATCH patient population was $210,187 which includes a $60,000 charge for the device. 
When implantation hospitalization costs are compared between hospital survivors and 
nonsurvivors, the mean costs increase from $159,271 ± 106,423 to $315,015 ± 278,713.  
Sepsis, pump housing infection, and perioperative bleeding are the major drivers of 
implantation cost, established by regression modeling. In the patients who survived the 
procedure, bypass time, perioperative bleeding, and late bleeding were the drivers of cost. 
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The average annual readmission cost per patient for the overall cohort was $105,326, the cost 
of which was considerably influenced by device reliability (Oz et al, 2003). 
In a recent study published by the Institute of Medicine, cost effectiveness was measured by 
the relationship of costs to quality-adjusted life years (QALYs). It was estimated that the cost 
per quality-adjusted life years in dollars for hemodialysis was $50,000, for two-vessel 
coronary artery bypass grafting, $34,000, and for a total artificial heart for 2 years, 
approximately $105,000.  
The cost calculation of quality-adjusted life years for left ventricle assist devices was not 
calculated, but it was estimated that it would be significantly less than that for a total 
artificial heart. 
If the devices can be relatively problem free and not require multiple readmissions for 
replacement of parts or devices, employers may be receptive to these patients returning to 
work. It is not known whether the relatively low reemployment percentage for cardiac 
transplant patients is related to their need to continue to take expensive medications or 
other medical problems.  
It is possible that within four years, one could return to society with an income greater in 
value than the investment if the individual earns an annual salary of $40,000 per year. 
However, by Poirier’s estimation, circulatory support systems represented a potential to 
increase our gross national product, leading to a higher standard of living. 
The current generation of pumps continue to undergo incremental improvement. These 
devices exhibit smaller and more flexible drivelines or use a totally implantable design that 
eliminates a major gateway for infection. They are being introduced in clinical trials that may 
more fundamentally address the device´s shortcomings observed in the REMATCH study. 

7. Short, long and intermediate ventricle assists devices 
We can divide the ventricle assist devices according to its capacity to be used as support 
during a short, long, or intermediate time, depending on the requirements of patients. The 
following tables describe the indications and the more notable characteristics of the different 
kinds of ventricular assist devices. 

7.1 Intermediate ventricle assist devices 
 

 
Fig. 3. ABIOMED BVS 5000 blood pump. 
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Intermediate 
term devices Indications Versions Use Advantages 

Thoratec VAD 

Thoratec 
Paracorporeal 

ventricular Assist 
Device (PVAD) 

Thoratec 
Implantable 

Ventricular Assist 
Device (IVAD) 

The device uses suction 
drainage with pulsatile flow. 

Each ventricle costs 
approximately $50,000 but can 
be maintained with minimal 

personnel 
PVAD has supported patients 

for up to 3.3 years 

Abiomed AB 
5000 

Bridge to 
transplantation 

 
Bridge to 
recovery 

 

RVAD
LVAD
BiVAD 

 

It is compatible with the 
cannulae for the Abiomed BVS 

5000 support system 

Table 3. Intermediate ventricle assist devices: Indications and characteristics. Intermediate 
term devices can be thought of as the true “bridges” to transplantation. They are intended to 
be removed during transplantation and are not designed for constant, permanent support. 

7.2 Short ventricle assists devices 
 

Short term 
VAD Specific indications Common indications Use Insertion Limitation 

Centrifugal 
pumps:  

• Bio-Medicus 
• Sarns 

Patients who cannot 
be weaned from 

cardiopulmonary 
bypass.  

Patients who are 
awaiting cardiac 
transplantation. 

RVAD 
LVAD
BiVAD

Sternotomy 
Percutaneously 

(in the 
catheterization 

laboratory) 

Non-pulsatil flow  
The devices are 

traumatic to blood, 
causing hemolysis. 
Patients are unable 

to ambulate or 
exercise with the 
device in place. 

Extracorporeal 
pump:  

• Abiomed 
biventricular 
system (BVS 

5000) 
• AB5000 

It allows recovery of 
end organs and is 

approved for 
postcardiotomy use.

Patients with 
potentially reversible 

heart failure. 
Donor heart 

dysfunction following 
transplantation. 

RVAD 
LVAD
BiVAD

Sternotomy 

The devices are 
more expensive 
than centrifugal 

pumps, but can be 
maintained with 

minimal 
personnel. 

Axial flow 
pumps: 
Impella 

microaxial 
flow device 

Postcardiotomy failure  Sternotomy 
Percutaneously

Nonpulsatile flow. 
Moderate degree 
of hemolysis and 

thrombocytopenia. 

Percutaneous 
left atrial-to-

femoral-
arterial VAD: 

Tandem 
Heart™ 

Stabilization until 
recovery of 
jeopardized 

myocardium. 
Bridge to definite 

surgical treatment. 

VAD/cardiac 
transplant backup in 
patients undergoing 

high risk surgical 
procedures 

Patients with 
unanticipated post-
operative cardiac 
dysfunction who 

required mechanical 
support with VAD 
support of the right 

ventricles or less 
commonly both 

ventricles.  
Post-operative 

cardiogenic shock. 

 Percutaneously

Complications 
such as severe 

bleeding and acute 
limb ischemia are 

more common 

Table 4. Intermediate ventricle assist devices: Indications and characteristics. 
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7.3 Long ventricle assists devices 
 
 
 
Long term 

devices Indications Versions Use Advantages Disadvantages 

Novacor 
device 

Replacement 
therapy for 

patients with 
heart failure 

 LVAD  
Requires 

normal native 
aortic valve 

HeartMate 
I 

(pulsatil 
flow) 

HeartMate I is 
a paracorporeal 

device that 
comes in two 

versions: 
implantable 

pneumatic (IP) 
and vented-

electric (XVE) 
versions 

XVE 
only in a 
LVAD 

Anticoagulation with warfarin 
not required. Low 

thromboembolic rate. 
Outpatient support appears to be 

cost-effective 
Improvement in renal function 

and reduction in pulmonary 
hypertension prior to 

transplantation. 
Improvement in hemodynamic 

measurements at rest and during 
exercise and exercise capacity 

Expensive 
device 

HeartMate 
II 

Bridge to 
transplantation.

 
Destination 

therapy. 

Smaller devices 
and greater 
durability 

 
Improvements in NYHA 

functional class, six minute walk, 
and quality of life 

 

Axial-flow 
impeller 
pumps 

 

Bridge to 
myocyte 
recovery. 

Transplantation
 

Long-term 
support 

Jarvik 2000 
pump 

 
DeBakey pump

RVAD 

Small size 
Low noise 

Absence of a compliance 
chamber. 

The device is practically 
encapsulated by the native 

myocardium, reducing the risk of 
infection around the device. 

Quality of life improved 
significantly 

 

Centrifugal 
continuous 

flow 
pumps 

Undergoing a 
clinical trial as a 

bridge to 
transplantation 

in the US. 

Ventrocor 
VentrAssist 

LVAD. 
Heartware 

HVAD. 
Terrumo 

Duraheart. 
 

 

Energetically more efficient 
Lower tolerances so 

manufacturing is easier and they 
are less prone to thrombosis 

They are potential very durable 
(>10 year life-span) 

Fits in the pericardial space. 

 

 
 
 

Table 5. Long ventricle assist devices: Indications and characteristics. 
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8. Biventricular assist device: why and when should it be implanted? 
It is well described in the literature that between 15-25% of patients with a left ventricle 
assist device will develop a right heart failure, even in those patients with a good 
preoperative right cardiac function. Severe right ventricle failure, requiring insertion of a 
right ventricles assist device, has been proved to negatively affect a successful bridge to 
transplant, increase device-related morbidity, prolong hospital length of stay, and increase 
total hospital cost (Slater JP et al, 1996; Karavan et al, 2002). This can be explained with the 
following: 
1. Pre-existing right ventricle dysfunction. This dysfunction may be latent secondary to 

the augmented preload presented to the right side following left mechanical device 
implantation. 

2. Interventricular septal shifting movement. The mechanical unloading of the left 
ventricle may displace the interventricular septum which may contribute to impaired 
right-sided function. 

3. Other perioperative conditions as ischemia, myocardial stunning, embolism or 
arrythmias. 

It is essential to anticipate which patients will develop right side heart failure, however, 
this may be a difficult task. Several papers have reported preoperative risk factors for 
development of right ventricle failure in patients with implantable left ventricle assist 
devices. A study from Ochiai and colleagues (Ochiai et al, 2002) reported in a large 
number of patients that preoperative circulatory support, female gender, and non-
ischemic etiology of heart failure were significant predictors of right ventricle failure. 
Other risk factors that have been related with the need of right circulatory support are low 
pulmonary artery pressure, low right ventricle stroke work index, preoperative 
ventilation and higher left ventricle assist device scores (Fukamachi et al, 1999, Morgan et 
al, 2004). 
Apart from the difficult task of anticipating which patient will require a right ventricle assist 
device, another important problem is the difficulty associated with anticipating when it is 
the right moment to implant a right ventricle device. It is important to note that while 
optimal timing of right ventricle assist device insertion for severe right ventricle failure after 
left ventricle assist device implantation has yet to be clearly defined, a low threshold for 
early right ventricle assist device insertion may be preferable to subsequent development of 
multisystem organ failure that could potentially develop with a more conservative 
approach.  
Some studies describe that patients with an implantable left ventricle assist device and with 
a prompt right ventricle assist device insertion (within 24 hours) have a better outcome than 
patients in which the right mechanical device was inserted after the first 24 hours (Morgan 
et al, 2004). In general, it is believed that right ventricle assist device insertion should be 
performed early after the development of severe right ventricle failure after left ventricle 
assist device implantation, and that right ventricle assist device support should be 
continued for an adequate duration to allow for right ventricle recovery or until 
transplantation. It is essential that while on RVAD support, opportunities to maximally 
improve the patient’s hemodynamic status and fluid balance, such as the use of continuous 
veno-venous hemofiltration and dialysis, should be pursued.  

DR.R
UPN

AT
HJI(

 D
R.R

UPA
K 

NAT
H )



 Ventricular Assist Devices 

 

18 

 
Fig. 4. Biventricular assist device. Cannula implantation. 

9. Conclusions 
Heart transplantation is the gold standard therapy for end stage heart failure disease. 
However, there is a lack of donors and some patients have some kind of contraindications.  
Ventricle assist devices can be used in different clinical situations. The most common 
indication nowadays is bridge to transplantation. As more experience and more modern 
devices are available, better the outcomes. Patients being transplanted with a mechanical 
device can have as good results as patients without a ventricle device.  
In some cases an external cardiac support is required while the heart recovers from an acute 
event. Ventricle assist devices can also be used as a bridge to recovery with excellent results 
using a short term ventricle device. In patients awaiting a transplantation or with a 
contraindication for transplantation a long term cardiac device or the total artificial heart are 
very good options in which a high quality of life can be expected. 
It is important not to delay ventricle device implantation till there is a severe multi-organ 
dysfunction. Patients need to be in the best clinical status when receiving a mechanical 
cardiac support. Biventricular assist devices should be kept in mind as right ventricle failure 
can happen after a left ventricle device implantation.  
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1. Introduction 
Ventricular assist devices (VAD) are used to treat selected patients with severe heart failure 
and their role in this field is expanding. Indications for VAD insertion include bridge to 
transplant, bridge to decision, bridge to recovery and destination therapy. Due to their 
complicated mechanical structure and function and interaction with complex patients, 
echocardiography plays a key role in managing patients supported with a VAD. 
Echocardiography is integral in four areas; pre-operative assessment of potential candidates, 
guidance during VAD insertion, detection of complications and monitoring for cardiac  
recovery. Transthoracic echocardiography is the initial imaging modality used. However, 
trans-oesophageal echocardiography is usually required for a more detailed cardiac 
examination. Intracardiac echocardiography (ICE), contrast enhanced echocardiography and 
epicardial echocardiography may used in specific cases. 

2. Pre-operative assessment 
During the selection process of suitable patients for a VAD, existing  cardiac anatomy and 
function can significantly influence the surgical approach, choice of assist device and 
cannula placement. Echocardiography is optimally placed to evaluate all these variables.  
Native valve dysfunction may be present which can significantly affect  haemodynamic 
support. Of particular importance is aortic regurgitation (and pulmonary regurgitation if an 
RVAD is required).  The presence of a prosthetic valve is also a key variable affecting 
management of these patients. Due to the high risk of prosthetic valve thrombosis following 
a VAD insertion, a prosthetic mechanical valve may need to be changed over to a biological 
valve during VAD insertion to overcome this. The presence of intracardiac thrombus affects 
VAD inflow cannula positioning. Patients with severe left ventricular dysfunction may have 
an apical LV thrombus which the implanting surgeon will need to be aware of prior to 
considering any apical cannula insertion. Echocardiography is also used to assess for any 
intracardiac shunts, such as a patent foramen ovale or an atrial or ventricular septal defect.  
Assessment of the ascending aorta for atherosclerotic disease is required to help guide 
placement of the VAD outflow cannula. Right ventricular assessment prior to LVAD 
insertion is of fundamental importance to help determine whether RVAD insertion is 
required concurrently with an LVAD. 
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Ventricular Function 
Echocardiography is the investigation of choice to assess right and left ventricular function 
prior to VAD insertion. The left ventricular ejection fraction (LVEF) is usually significantly 
reduced prior to LVAD insertion. Severe reduction is classified as a LVEF of less than 25%. 
This is typically assessed with transthoracic echocardiography, with Simpson’s biplane 
method a common technique utilised to calculate the LVEF (1). In those patients with sub-
optimal TTE images, which can account for up to 25% of patients in the critical care complex 
(2-5), contrast  enhanced TTE can be utilised to improve calculation of the LVEF (6-9). 
Additionally, these patients usually undergo trans-oesophageal echocardiography, enabling 
improved visualisation of the endocardial border, to assess the LVEF. Coincident with LV 
systolic dysfunction, is the presence of diastolic dysfunction. There are numerous 
parameters used in echocardiography to evaluate for this. Routine measures include mitral 
valve inflow pulse wave Doppler, pulmonary vein flow Doppler, and mitral annular tissue 
Doppler velocities (usually septal and lateral annular velocities) (10). Whilst these measures 
may not directly influence VAD insertion, they do provide robust data on the severity of 
ventricular dysfunction and help predict prognosis (11). 
Once left ventricular systolic function has been assessed, echocardiography is then used to 
determine left ventricular morphology and to evaluate for the presence of any ventricular 
thrombus. These points are pertinent because if a ventricular cannula is being considered, a 
ventriculotomy will be required and this often occurs in the region where there may be 
abnormal ventricular morphology or a ventricular apical thrombus. LV apical thrombi may 
be difficult to detect, especially if they are small or laminar. Due to imaging orientation and 
scan planes, transoesophageal echocardiography may not detect LV apical thrombi and 
transthoracic echocardiography can have a higher diagnostic yield. However, this can be 
related to image quality and contrast enhancement may be required to further assess for 
apical thrombi (12-16). Additionally, apical trabeculation (often seen in dilated 
cardiomyopathy) is a common mimicker of LV apical thrombi. These can be distinguished 
from one another using contrast enhanced TTE.  However, delayed enhancement cardiac 
MRI is considered as the “gold standard” for detection of LV apical thrombi, particularly if 
they are small and laminar (17, 18). 
Assessment of right ventricular function peri-operatively is of key importance when 
deciding on mechanical support. Adequate right ventricular function is not only required 
for adequate filling and function of an LVAD but RV dysfunction may occur following 
implantation of an LVAD. Up to one third of patients that have an LVAD may also require 
an RVAD (19-21). However, the incidence of RV dysfunction following LVAD insertion may 
be lower in the newer continuous flow pumps as compared to pulsatile pumps (22). The 
interaction between an LVAD and native right ventricle is complex. The insertion of an 
LVAD may result in improvement of RV systolic function or it may result in reduction in 
RV systolic function. It is difficult to predict prior to insertion how an LVAD will influence 
RV systolic function and this is an area requiring further research. Echocardiographic 
parameters that have been used to help predict RV dysfunction following LVAD insertion 
include right ventricular dilatation, right ventricular fractional area change of less than 20% 
and evidence of poor right ventricular performance, measured by right ventricular stoke 
work index and ability to generate an adequate right ventricular systolic pressure. 
Additionally, newer parameters such as echocardiographic derived pulmonary vascular 
resistance (PVR) may be of benefit in assessing the right ventricle and pulmonary 
haemodynamics following LVAD insertion (23). 
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Cardiac Shunts 
Assessment for cardiac shunting prior to VAD insertion is performed to evaluate the risk of 
significant right to left shunting and to determine the risk of paradoxical embolisation. 
These shunts may be at two levels, atrial or ventricular.  A ventricular shunt occurs if there 
is a ventricular septal defect and these may occur following an acute myocardial infarction. 
It is important to detect these prior to VAD insertion, as they would require closure (usually 
with a pericardial patch) at the time of VAD insertion. A more frequent cardiac shunt is at 
the atrial level, due to either a patent foramen ovale (PFO) or atrial septal defect (ASD). Both 
these defects have the risk of intracardiac shunting which may cause hypoxia or paradoxical 
emboli. A PFO or ASD can usually be accurately detected and assessed using 
transoesophageal echocardiography, with direct visualisation of the defect on 2D imaging 
and detection of flow direction using colour Doppler imaging. However, an atrial shunt is a 
function of the pressure differential between the right and left atria and this can be a 
dynamic parameter. A PFO with right to left shunting may not become apparent until after 
LVAD insertion, which may reduce left heart pressures and hence promote right to left 
shunting, particularly in the setting of pulmonary hypertension, which is relatively common 
in this group of patients (24, 25). 
Assessment of the Ascending Aorta 
The outflow cannula of an LVAD device is usually attached to the ascending aorta in as end 
to side anastomosis. As such, any pathology that may be present within the ascending aorta  
needs to evaluated using transoesophageal echocardiography. The two main abnormalities 
that impact on LVAD insertion are aneurysmal dilatation of the ascending aorta and 
atherosclerotic disease. If there is significant dilatation of the ascending aorta (>45 mm)  
detected at the time of LVAD insertion, the ascending aorta is usually replaced with a 
Dacron graft and the LVAD cannula attached in an end to side manner to the graft.  
Transoesophageal echocardiography is well placed to assess for atherosclerotic disease in 
the ascending aorta (26). The images acquired help determine optimal siting of the outflow 
cannula anastomosis to the aorta.  Epi-aortic echocardiography, using high frequency 
transducers, provide aortic images with very high spatial resolution, that can help locate 
and grade the severity of aortic atherosclerotic disease (27).  
Assessment of Native Cardiac Valves 
Echocardiography is fundamental in the assessment of native valvular structure and 
function prior to insertion of a VAD. Dysfunction of all four cardiac valves can have an 
impact of management of patients at the time of VAD insertion. 
Mitral regurgitation is commonly associated with end stage heart failure. The mechanism 
for this is often multi-factorial, with annular dilatation and leaflet restriction due to dilation 
and impairment (remodelling) of the left ventricle common mediators of this valve disorder. 
With adequate unloading of the ventricle post LVAD insertion, there is often improvement 
in the degree of mitral regurgitation. Typically no specific intervention is required for mitral 
regurgitation at the time of VAD insertion. However, some authors recommend a modified 
mitral valve repair at the time of LVAD insertion (28). The rationale for this is that with 
pulsatile LVADs, as VAD flow is asynchronous to ventricular contraction, some VAD 
output may flow retrograde across an open mitral valve, resulting in pulmonary venous 
congestion. The presence of haemodynamically significant mitral stenosis at the time of 
LVAD insertion usually results in surgical correction at the same time, via either a 
commisurotomy of mitral valve replacement, using a tissue mitral valve (28).  
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Pulmonary valve disorders may also impact patient management at the time of VAD 
insertion, although haemodynamically significant pulmonary valve dysfunction is rare. 
However competence of the pulmonary valve is of key importance if an RVAD is being 
inserted with an end to side anastomosis onto the pulmonary artery. Haemodynamically 
significant pulmonary stenosis would also require surgical intervention or a valvuloplasty at 
the time of VAD insertion. 
Aortic valvular dysfunction is clinically important in the setting of VAD insertion.  
Uncorrected  aortic regurgitation has a negative impact on forward flow provided by an 
LVAD due to regurgitation of VAD flow back into the left ventricular cavity. This then 
results in a short length loop circuit. It is generally recommended that moderate and greater 
levels of severity of aortic regurgitation should be corrected at the time of VAD insertion 
(29).  However, questions still remain as to which intervention is most appropriate. This 
choice in part depends upon whether recovery is expected or not and whether a continuous 
or pulsatile device is being considered. Options include over-sewing the valve, repairing the 
valve and replacing the valve (28, 29). Aortic stenosis is usually not of such clinical 
significance compared to aortic regurgitation.  However in continuous flow devices, 
depending upon the configuration, aortic stenosis may limit forward flow and may need 
surgical replacement at the time of VAD insertion (19). 
Tricuspid regurgitation is a relatively common condition in patients being assessed for 
mechanical support. This is typically due to right heart failure secondary to chronic 
elevation of the pulmonary pressures due to left heart failure. There are numerous complex 
factors that can influence the degree of tricuspid regurgitation post LVAD insertion. The 
decision to correct tricuspid regurgitation at the time of VAD insertion is a complex one.  If 
significant tricuspid regurgitation is present and it is expected that improvement (via 
annuloplasty or repair but not replacement due to the risk of valve thrombosis) of this 
would result in improved RV function, then intervention on the tricuspid valve may be 
warranted (19, 28). 
Assessment of Prosthetic Cardiac Valves 
Patients with prosthetic valves in situ who are being considered for VAD represent a 
complex group in terms of their management. The key issue here is the risk of prosthetic 
valve thrombosis (with resultant embolisation) due to low flow states across the valve in the 
setting of a mechanically supported circulation. This may occur with both biological and 
mechanical valves, though the risk is likely to be higher with mechanical valves. If a 
mechanical valve is in situ at the time of VAD insertion, one approach is to remove the 
mechanical valve and insert a biological one instead. Another approach is to over-sew the 
valve completely with a Dacron patch (if it is in the aortic position). Current practice varies 
between institutions and there is a paucity of data to guide the clinician as to the optimal 
approach in this situation (28, 30, 31). 

3. Guidance during VAD insertion 
Echocardiography is fundamental to accurate insertion of a VAD. Intra-operative 
transoesophageal echocardiography is routinely performed to guide the surgical team in 
numerous aspects to this procedure. The key components in this evaluation are assessment 
of satisfactory cannulae anatomic positioning within the cardiac chambers, determination of 
adequate flows within the cannulae using Doppler imaging, obtaining adequate chamber 
decompression and excluding the presence of air within the circuit. 
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Cannulae that drain blood out of the heart and into the VAD can be defined as inflow 
cannulae (to the VAD) or access cannulae. They can be located either within the atrium or 
within the left ventricle. There are several anatomic and physiological parameters that will 
decide on atrial or ventricular cannulation. For example, the presence of a large region 
apical infarction would preclude satisfactory apical cannulation and a left atrial cannula 
would be inserted.  Intra-operative transoesophageal echocardiography is used to help 
guide and optimise atrial and ventricular cannulation. Regardless of the location, it has to be 
ensured that unobstructed blood flow can be achieved into these cannulae. If placed in the 
left ventricle, imaging is required to ensure that the mitral valvular or sub-valvular 
apparatus does not interfere with adequate cannulae flow. Additionally, transoesophageal 
echocardiography is used to exclude the cannulae being placed into the left ventricular 
outflow tract, left atrium or directly against a left ventricular wall which my interfere with 
cannulae flow.  The advent of real time three dimensional echocardiography can help in the 
rapid, multi-planar spatial assessment/orientation of the VAD cannulae in relation to the 
left ventricular structures (32). Figure 1 demonstrates 2D, simultaneous biplane and 3D 
transoesophageal echocardiographic images of a left ventricular cannula. If placed within 
the left atrium, echocardiography is also used to optimise cannulae positioning. It assists the 
implanting surgeon by providing real time feedback as to location in relation to surrounding 
structures such as the mitral valve, pulmonary veins and inter-atrial septum. If inserted into 
the right atrium, it provides information as to cannulae positioning in relation to the inferior 
vena cave, superior vena cave, tricuspid valve and the inter-atrial septum. As with 
ventricular insertion, optimal atrial cannulae positioning is one where it is anatomically 
removed from surrounding structures and where there is satisfactory flows into the cannula. 
 

 
Fig. 1. 2D, simultaneous biplane and 3D transoesophageal echocardiographic images of a 
left ventricular cannula. 

Cannulae that return blood to the native circulation and flow away from the VAD can be 
defined as outflow (out from the VAD) or return cannulae. These cannulae are usually 
fashioned as an end to side anastomosis to either the ascending aorta or pulmonary artery.  
Conventional transoesophageal echocardiographic views are used to image the ascending 
aorta (for LVAD outflow) and main pulmonary artery (for RVAD outflow).  
Following assessment of satisfactory cannulae anatomic positioning, Doppler imaging (both 
colour Doppler and spectral Doppler) is used to determine adequate flows into and out of 
the cannulae. Colour Doppler imaging can assess for satisfactory flow into and out of a 
cannula, as well as determine whether any part of the cannula is obstructed. Cannulae 
usually have a large end orifice and multiple side holes. Colour Doppler helps to  assess 
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Fig. 2. Live 3D transoesophageal echocardiographic images of a left ventricular VAD 
cannula 

flow into these parts of the cannula. Continuous wave Doppler can then be used if the 
ultrasound bean can be aligned with the flow. The type of signal obtained (both for colour and 
spectral Doppler) is dependent upon which type of VAD device is inserted. A pulsatile device 
will result in an intermittent flow profile (usually asynchronous with the ECG rhythm) whilst 
a continuous flow pump will provide a lower velocity continuous signal. However, there may 
be a degree of pulsatility to the continuous flow outflow signal due to variation in filling if 
there is native heart contraction as well. There is a paucity of data that has been published 
regarding normal reference ranges for VAD cannulae Doppler flow assessment.  Obtaining 
baseline haemodynamic data can help in the serial evaluation of cannulae flow. The actual 
velocities obtained can vary depending upon the cannulae diameter, preload, afterload and 
contribution of native cardiac function. Inflow velocities into a VAD cannula are usually below 
around 2 metres/second (33). Velocities above this usually indicate pathology within or 
around the inflow cannula, such as partial obstruction with a thrombus or impingement from 
a surrounding structure such as a papillary muscle or atrial wall.   
 

 
Fig. 3. Colour Doppler (left) and continuous wave Doppler (right) imaging of an RVAD 
outflow anastomosis onto the main pulmonary artery 
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Doppler imaging of the outflow cannulae is also important. It enables assessment of 
satisfactory flow out of the VAD. Due to the higher velocities present, continuous wave 
spectral Doppler is often needed to interrogate these flows. Again the normal velocities can 
vary depending upon the type of pump used and the loading conditions. Outflow from a 
continuous flow device has a continuous flow pattern with a flow velocity of usually less 
than 2 metres/second (34). Outflows from a pulsatile pump can be higher, with velocities up 
to 4 metres/second for an Abiomed AB5000 being normal (35). However, outflow velocities 
of 2 metres/second are normal for the Heartmate VE or Heartmate XVE. The outflow 
velocities were lower in those patients who had inflow valve regurgitation (36). Higher 
flows than this usually indicate obstruction within the outflow cannula, usually by a 
thrombus. Additionally, external compression or kinking of the cannula can also cause an 
increased velocity detected on spectral Doppler imaging. This may occasionally be detected 
with transoesophageal echocardiography by careful and thorough evaluation of the 
cannulae as they course through the mediastinum. 
 

 
Fig. 4. Simultaneous biplane transoesophageal echocardiogram with colour Doppler (left) 
and spectral Doppler (right) image of an LVAD outflow anastomosis onto the ascending 
aorta. 
During insertion and initiation of VAD support, de-airing of the circuit is of crucial 
importance. Air can enter the circulation and circuit form numerous sources, including 
inadequate priming of the pump and lines, from the bypass pump or from entrainment 
around the cannulae insertion. Systemic air embolisation  from any of these sources can 
result in significant morbidity or mortality. Echocardiography is usually able to detect the 
presence of air within the circulation. This can be manifest as either a small amount of 
bubbles or in the worse case, an air lock within the heart or circuit. A large collection of air 
has the appearance of a localised echo-intense region (32).   

4. Detection of complications 
VAD complications have a significant impact on both the morbidity and mortality of these 
complex patients. Echocardiography plays a fundamental role in determining the presence 
of these complications. Bleeding (cardiac tamponade), thrombus formation (both intra-
cardiac and intra-device/cannulae), infection (cannulae endocarditis), aortic dissection and 
air entrainment/embolisation are significant complications that can be detected using 
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Fig. 5. Right atrial cannula draining the right heart 

echocardiography. Sub-optimal VAD function can also be determined with 
echocardiography by determining volume status and cannula obstruction due to “suck-
down” or opposition of the cannulae against other cardiac structures. 
Post operative bleeding is very common in these patients, particularly in the early post 
operative period (first 24-48 hours). So much so that systemic anti-coagulation is usually 
withheld in this early period. However, significant bleeding may also occur at a later stage 
(37, 38). Factors which promote bleeding include recent cardiopulmonary bypass, critical 
illness, thrombocytopenia (both from consumption and heparin induced thrombocytopenia) 
and transfusion associated coagulopathy.  However, the incidence of bleeding can vary and 
may relate to the type of device being inserted, level of illness prior to insertion, surgical 
experience and peri-operative management. In the REMATCH trial, which studied a 
pulsatile device, the frequency of bleeding was quoted at 42% at 6 months (39). In a recently 
published trial, compared pulsatile versus continuous flow VADs (40), bleeding requiring  
surgery occurred in  30% with continuous flow pumps and 15% with pulsatile pumps 
(p=ns). Bleeding requiring transfusion occurred in 81% with a continuous flow VAD and in 
76% with a pulsatile VAD (p=0.06). 
Bleeding can cause cardiac tamponade which will result in haemodynamic instability. In 
VAD supported patients, tamponade is often difficult to diagnose with TTE and a 
transesophageal echocardiogram is usually required to confirm diagnosis. Even with a TOE,  
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Fig. 6. Left heart compression from a large pericardial haematoma 

a pericardial collection may be difficult to assess, especially if it is localised. Additionally, 
small volume collections can have significant consequences if they are in a critical location, 
such as around the atria which may limit flow into a VAD cannula.  Classic 
echocardiographic  features of tamponade may be absent in patients supported by a VAD. 
Clues to tamponade include haemodynamic instability (especially early post operatively) 
with chamber compression or compression limiting flow around a cannula.  Diffuse 
bleeding may result in a generalised mediastinal haematoma which can also result in 
significant cardiac compression. Due to the these often being more anterior in location, these 
can be difficult to diagnose on transoesophageal echocardiography and a TTE may be 
helpful in this circumstance. 
VAD associated thrombosis is another serious complication with significant morbidity and 
mortality. Thrombus formation may occur within the cardiac chambers themselves, within 
the cannulae or actually within the pump chamber. As for bleeding, the incidence of 
thrombus formation can vary. In patients with a left atrial cannula, left ventricular thrombus 
is more likely to occur due to a relative ‘bypassing “ of the left ventricle in the circuit (41).  
Bleeding has also been found to be a predictor of thrombus formation (41). 
Transoesophageal echocardiography usually enables detection of cardiac chamber thrombus 
formation. It can also detect thrombus around the tips or just within the cannulae. 
Echocardiography does not directly visualise  intra-cannulae or intra-device thrombus 
formation, but will provide information to help diagnose this condition. Figure 8 shows a 
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Fig. 7. Right heart compression from a large anterior mediastinal haematoma 
(marked with a *) 

thrombus found within a VAD cannulae following an alarm for low VAD flows. Figure 9 
shows a 3D TOE of an apical LV thrombus prior to LVAD insertion. However, intracavity 
thrombi may be hard to detect with echocardiography, particularly laminar thrombi at the 
apex of the left ventricle or smaller thrombi around the cardiac insertion points of a cannula. 
Mobility of a thrombus increases the likelihood of detection using echocardiography when 
the thrombus is small. Compounding this limitation is the fact that a thrombus does not 
have to be particularly large to have a significant impact following systemic embolisation. 
Contrast enhance echocardiography has a role in improving the diagnostic yield of intra-
ventricular thrombus detection. 
Patients supported by a VAD are at increased risk of infection, including infective 
endocarditis. The presence of extensive prosthetic material within the mediastinum and 
heart, along with external drive lines and associated medical issues put these patients at risk 
of endocarditis. VAD associated infection results in significant morbidity and mortality and 
poses complex questions regarding appropriate management (42). Due to its greater spatial 
resolution, transoesophageal echocardiography is usually required to investigate these 
patients. There are several sites where infection may be present in a patient supported on a 
VAD (43). Infective material may be visualised around the tip of a cannula, on the native 
cardiac valves, around the insertion point of the cannulae or focal infective collections 
around the heart or within the mediastinum. Patients with VADs may also get infections 
around the drivelines, within the pump pocket or inside the actual pump chamber (44). 
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Fig. 8. Thrombus found within a VAD cannulae following an alarm for low VAD flows 

The presence of air within a VAD circuit can have significant adverse consequences. Air 
bubbles can usually be clearly visualised within the circulation using echocardiography. 
Exclusion of air from the circulation and VAD circuit is an important process during VAD 
insertion. This is important during VAD cannula anastomosis and removal from 
cardiopulmonary bypass. Close attention needs to be paid to anstomotic sites for the entry 
of air. Visualisation of outflow cannula will aid in the detection of any air that has entered 
the VAD circuit. A confluence of bubbles within a cardiac chamber has the 
echocardiographic appearance of an echo-dense region, which may initially cause diagnostic 
confusion unless the operator is aware of this complication and its appearance. 
Air embolism is a known risk with VAD use, due to potential anatomic (connection of the 
circulation to the atmosphere via VAD cannulae or occasionally an open chest) and 
mechanical (device malfunction) entry points for air entry. However, it is a very rare 
complication, with only three case reports in the literature of air embolism associated with 
LVAD use, due to either device malfunction (45), entry of air into the systemic circulation 
during a pump exchange (46) or systemic air embolization through the left atrial wall 
cannula site, from an intermittent pleural air leak (47). Figure 10 demonstrates air in the left 
atrium and left ventricle, after entering around the LA cannula cuff. 
Aortic dissection is a recognised but rare complication of VAD insertion (48-50). It usually 
arises due to the associated shear forces imparted on the ascending aortic wall from a high 
velocity jet being ejected from an LVAD outflow cannula. Transoesophageal 
echocardiography is the imaging modality of choice to detect a dissection flap in the 
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Fig. 9. Real time 3D transoesophageal echocardiogram of a left ventricular apical thrombus 
(arrow) 

ascending aorta in this group of patients. It enables the visualisation of the typical features 
of aortic dissection, including an intimal flap or tear, identification of the true and false 
lumen and associated complications. 
VAD Weaning and Explantation 
VAD explantation may occur following satisfactory recovery of native cardiac function or if 
cardiac transplantation occurs. Echocardiography is fundamental in the assessment of native 
cardiac function when determining if there has been any recovery and can the VAD be 
explanted. However, the decision making process is a complex one and does not get rely on 
one set of parameters. There is not a consensus as to the best way to assess cardiac recovery 
during weaning and it is likely multiple parameters from multiple investigative procedures 
are likely to be required to assess for recovery. There is even less work evaluating weaning of 
an RVAD and assessing right ventricular recovery  following RVAD support.  
Multiple clinical, haemodynamic and echocardiographic variables are analysed in an 
attempt to determine whether recovery has occurred. The likelihood and degree of recovery 
can also be related to the aetiology and chronicity of the underlying disease process. Due to 
the left ventricle being in an unloaded state when supported by a VAD, it is usually not 
possible to accurately assess underlying function unless a challenge/wean of VAD support 
tis attempted. Numerous protocols are in place during echocardiographic assessment 
during VAD weaning and these tend to vary between institutions (51-60).  
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Fig. 10. Air bubbles in the left atrium and left ventricle, after entering around the LA 
cannula cuff, originating from a pleural tear. 

During attempted weaning from a VAD, echocardiographic parameters that can be 
evaluated to help predict recovery include left ventricular systolic function and ejection 
fraction, left ventricular end diastolic dimension, left ventricular stoke volume, left 
ventricular fractional area change, degree of mitral regurgitation and right ventricular size 
and systolic function. Additionally, dynamic manoeuvres may be applied to elucidate 
recovery.  Kahn et al evaluated the role of using dobutamine stress echocardiography to 
assess for recovery (56). In this study, 19 patients on VAD support had a dobutamine stress 
echocardiogram (with a dose increasing from 5 to 40 mcg/kg/min). Echocardiographic 
parameters assessed included left ventricular end diastolic dimension, left ventricular 
ejection fraction, along with other invasively derived haemodynamic parameters. Patients 
had a favourable response to dobutamine stress if the LVEF increased and the LVEDD 
decreased.  9 patients had a favourable response and underwent explantation with 6 
surviving beyond 12 months. Of the 7 unfavourable responders, 2 died and 5 required 
cardiac transplantation. 
Further research is required to ascertain which echocardiographic variables and weaning 
protocols should be used to determine myocardial recovery during VAD weaning. 
Additionally, these echocardiographic variables need to be integrated with other clinical 
and haemodynamic parameters to arrive at a clinically useful paradigm in assessing VAD 
weaning and cardiac recovery. 
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Echocardiography and Extra-Corporeal Membranous Oxygenation 
Extra-Corporeal Membranous Oxygenation (ECMO) is an increasingly utilised form of short 
term cardiopulmonary support for either severe pulmonary or cardiac failure. There are two 
types of ECMO support: VV ECMO - veno-venous for isolated respiratory support and VA 
ECMO - veno-arterial for haemodynamic support (61). There are also two types of ECMO 
cannulation, peripheral cannulation and central/surgical cannulation. First successful use of  
ECMO was in 1971 and it has been more widely available since the 1990s. However, 
improvements in device design, cannulae, oxygenators and medical management has 
extended duration of ECMO support from days to several weeks.  
VV ECMO is used for respiratory failure. Blood is drained from the venous system, 
oxygenated and then returned to the venous system. Cannulae are typically placed in the 
venae cavae and right atrium.  They are usually introduced percutaneously via the femoral 
&/or jugular veins. VV ECMO relies on adequate native cardiac output to maintain 
circulation. VV ECMO is used for severe acute respiratory failure where typical support 
measures have been inadequate & adequate cardiac function is anticipated for the duration of 
therapy.  VA ECMO is used to support cardio±respiratory failure (CO up to 5.0L/min) Blood 
is drained from the venous system, oxygenated and returned to the arterial system. As such, it 
can provide complete or partial haemodynamic support as well as maintaining oxygenation. 
Support with VA ECMO can be provided by either central or peripheral cannulation. VA 
ECMO is indicated for potentially reversible, life-threatening forms of cardiac failure which 
are unresponsive to conventional therapy and use of a VAD is deemed inappropriate. 
Due to the patient population and nature of the therapy, ECMO does have significant 
complications. However, with increasing experience and technological advances, along with 
formation of specialist ECMO centres, these are likely to become less common. Common 
complications include bleeding/coagulopathy, limb ischaemia, sepsis, haemolysis and 
mechanical failure (oxygenator or cannula/device thrombosis). Echo has a fundamental role in 
managing patients supported with ECMO. It provides information that determines 
appropriate patient selection, guides insertion of cannulae, monitors progress, detects 
complications and helps in determining recovery/weaning of support. Insertion and 
commencement of ECMO is done with transoesophageal echocardiographic guidance. TOE is 
indicated at ECMO insertion to exclude new reversible pathology such as pericardial effusion,  
exclude aortic valve and aortic pathology, help position the cannulae,  ensure the heart is 
adequately decompressed and  ensure there is no intra-cardiac thrombus or stasis. Figure 11 
demonstrates a 3D transoesophageal colour Doppler  image of oxygenated blood being 
returned to the right atrium. Note also the flow out of the sides holes  of the return cannula.  
The ICU setting frequently limits satisfactory transthoracic imaging and contrast 
echocardiography has been shown to improve image quality.  However, there is little 
published work on the role of echocardiographic contrast agent use in those patients 
supported with non pulsatile ventricular assist devices or ECMO(62) . In patients supported by 
an ECMO circuit who have non diagnostic transthoracic echocardiographic images, the 
addition of a microsphere contrast agent can result in obtaining diagnostic images, despite 
passage of the agent through a mechanical circuit. Figure 12 demonstrate pre and post TTE 
contrast enhanced images of a ventilated patient in ICU on VA ECMO. The recently published 
CESAR trial (63) may result in an increased number of patients in ICU supported by ECMO, 
where contrast enhancement may need to be considered. As such, this technique could be 
utilized to assess these patients prior to proceeding to more invasive diagnostic strategies. 
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Fig. 11. 3D transoesophageal colour Doppler  image of oxygenated blood being returned to 
the right atrium. 
 

 

 
 

Fig. 12. Pre (left) and post TTE (right) contrast enhanced images o f a ventilated patient in 
ICU on VA ECMO 
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1. Introduction 
Remodeling during heart failure is characterized by structural rearrangement of the cardiac 
ventricular wall architecture. It involves hypertrophy of cardiomyocytes, fibroblast 
proliferation, and increased deposition of extracellular matrix (ECM) proteins (Brower et al., 
2006). Support of the left ventricle with a Left Ventricular Assist Device (LVAD) in patients 
with end-stage heart failure results in less neurohormonal activation (Estrada-Quintero et 
al., 1995; Frazier and Myers, 1999; Bruggink et al., 2006a), improvement of the patient’s 
general condition (De Jonge et al., 2001; Grady et al ., 2003), reduction in ventricular 
diameter (reverse remodeling), and limited recovery of contractile elements in 
cardiomyocytes (Muller et al., 1997; De Jonge et al., 2002). Furthermore, reduction of ECM 
volume (Milting et al., 2008; Goldsmith and Borg , 2002; Bruggink et al., 2006b), diminished 
production of tumor necrosis factor (Thohan et al., 2005; Bruggink et al., 2008), and 
reduction in brain natriuretic protein serum levels (Bruggink et al., 2006a; Kemperman et al., 
2004) have been described during LVAD support. The changes in ECM during this process 
of reverse remodeling resulted not only in a time-dependent change of type I and type III 
collagen protein (Goldsmith and Borg, 2002; Stamenkovic, 2003), but also in considerable 
changes in composition of the basal membrane. These included amongst others reduced 
collagen type IV content in the cardiomyocyte basal membrane, as a result of increased 
matrix metalloproteinase activity (Bruggink et al., 2007; Spinale, 2002; Li et al., 2001; Klotz et 
al., 2005). So, during LVAD support myocardial architecture and composition change at the 
level of both the cardiomyocytes and the ECM.  
The mechanics of the heart require a close interplay between cardiomyocytes and the ECM 
(Parker and Ingber, 2007) and therefore, one may anticipate a coordinated change in the 
molecules responsible for this interaction. These changes may not be the same in all heart 
failure patients supported by a mechanical support device. Some patients’ hearts may 
improve and may be eligible for removal of the support device without a heart 
transplantation (bridge to recovery and weaning from the device), whereas others do not 
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improve on support or may even deteriorate and these patients remain on the device 
(destination therapy) or will ultimately receive a heart transplant (bridge to transplantation). 
To make the proper choice of the type of therapy for each patient a good set of (bio)markers 
is required (De Weger and De Jonge, 2009). 
In this chapter, we describe whether mRNA expression patterns could be indicative for the 
state of heart functionality supported by a LVAD (Heart-Mate I, Thoratec, Pleasanton, CA, 
USA). The changes in mRNA profiles that are detectable in myocardial biopsies taken from 
patients with end-stage heart failure due to dilated cardiomyopathy (DCM) or ischaemic 
heart disease (IHD) before and after LVAD support were analyzed, and compared with 
biopsies taken from control hearts as a reference (Table 1). Furthermore, the expression of 
109 genes is described, which are involved in the process of mechanotransduction in the 
heart. Their expression was studied by Quantitative(Q)-PCR. The cohort comprised selected 
genes coding for ECM filaments (such as collagens), transmembrane proteins (molecules 
that connect cells and matrix components like integrins and sarcoglycans), intracellular 
molecules, adhesion molecules related to mechanotransduction and signal transduction, 
ion-channel molecules, and factors involved in pro- and anti-fibrotic processes. The 
expression of mRNA is not always directly related to protein production, due to post-
transcriptional regulation. Recently, it is has been shown that intracellular gene 
expression is regulated in part by small RNA molecules: microRNAs (miRs). These miRs 
are highly expressed in heart tissue (Ji et al., 2007; Cheng et al., 2007) and have also been 
related to heart diseases (Chen, 2007; Van Rooij et al., 2006). The list of regulatory miRs 
involved in heart disease is constantly increasing (Coutinho et al., 2007; Markham and 
Hill, 2010). Each miR can regulate various mRNA expressions and which mRNA is 
 

Nr Age Diagnosis Gender Days on LVAD Medication during  LVAD-support 
      
1 56 IHD  Male 138 None 
2 57 IHD Male 225 None 
3 45 IHD Male 259 2,5 mg Ramipril 
4 57 IHD Male 263 None 
5 36 IHD Male 325 2x 4 mg Perindopril 
6 26 IHD Male 357 None 
7 39 IHD Male 548 3x 6,25 mg Capoten 
8 34 DCM Female 55 3x 6,25 mg Capoten 
9 17 DCM Male 111 None 
10 47 DCM Male 190 None 
11 35 DCM Male 196 None 
12 32 DCM Female 219 3 mg Captopril 
13 25 DCM Male 263 1x 25 mg Losartan 
14 32 DCM Male 286 4 mg Perindopril 
15 25 DCM Male 330 2x 10 mg Fosinopril 
16 46 DCM Male 484 3x 50 mg Capoten 

DCM: dilated cardiomyopathy, IHD: ischemic heart disease, LVAD: left ventricular assist device. 
Table 1. Patient characteristics. 
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regulated by which miR is not determined with certainty for most genes (see 
www.targetscan.org; Schuldt, 2010). 
An additional goal of this study was therefore, to analyse the changes in expression of 4 
miRs that are known to be expressed in the myocardium (Chen, 2007; Ikeda et al., 2007): 
miR-1, miR-133a, miR-133b and miR-208. These miRs have been related to heart failure.  The 
expression of these miRs was measured in the same group of patients used to analyse the 
mRNA expression after LVAD support. Our purpose was to find out whether the LVAD-
induced remodeling of the heart was accompanied by changes in the expression of miRs 
that could influence the protein expression of the mRNA studied. This could make 
expression of some mRNAs less suitable as biomarker for the assessment of the functional 
quality of the supported heart. If this is the case the expression of miRs may serve as better 
markers either in the myocardium or the serum. 

2. Tissue distribution of mRNA and miR in the myocardium 
Tissue samples taken form various locations in cross sections of the heart showed that the 
expression of both miR in the right and left ventricular wall did not show significant 
variation. Only in the infarcted area the expression of miR was low to absent. Similar data 
were obtained for mRNA (Figure 1). 
 

 
Fig. 1A. Circular cross section of the heart indicating the biopsy areas. 
B and C. miRNA expression in and around the infarcted area in the indicated biopsies of a 
representative case. The miRNA expression in an infarcted area (biopsy 4) is much lower 
than in the surrounding areas. LV and RV = left and right ventricle. 

3. Hierarchical clustering of gene expression in myocardial tissue of IHD and 
DCM patients 
The gene profiles in DCM and IHD heart tissue, detected by Q-PCR, were compared using 
TIGR software (www.tm4.org). Figure 2 shows the whole data set for all pre-LVAD samples 
versus the median of control samples. Hierarchical clustering was performed on all 92 
detectable genes. The genes that were not detectable (n=14) and house keeping genes (n=3) 
were excluded (Table 2). The clustering segregated two groups: one group consists of 6 
DCM and 1 IHD patients and the other group consists of 5 IHD patients with 2 DCM 
patients. One DCM and one IHD patient were clustered outside both groups. So, there is a 
strong tendency of segregation between IHD and DCM. Therefore, the DCM and IHD 
patient groups were analyzed separately in this study. 
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Fig. 2. Unsupervised hierachical clustering of myocardial gene expression profiles 
pre-LVAD in IHD and DCM patients. Clustering was performed on all 92 detectable genes. 
Unsupervised hierarchical clustering was performed on normalized data using the multi-
experiment viewer (MeV, version 4.3) of the TIGR software (www.tm4.org). The Reletive 
quantity (RQ) of each sample per gene was normalized:  
Normalized signal of sample x = Log2 (RQ sample x / median RQ). 
To compare DCM and IHD the median was taken from the RQ (relative quality) of control 
hearts. To compare pre- and post-LVAD in DCM and IHD samples, the median of all DCM 
or all IHD samples were taken, respectively. Clustering was performed on the whole 
dataset, and distance metric selection (Euclidean distance) and linkage metric selection 
(Complete linkage clustering) were used (www.tm4.org). This segregated two groups; one 
group consisting of 6 DCM patients with 1 IHD patient, and the other of 5 IHD patients with 
2 DCM patients. Two patients (one DCM and one IHD) clustered outside these groups. Red: 
mRNA expression is higher than the median of control hearts. Green: mRNA expression is 
lower than the median of control hearts. Grey: not done. 
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Fig. 3. Unsupervised hierarchical clustering of myocardial gene expression profiles pre- and 
post-LVAD in IHD patients.  
Clustering was performed on all 92 detectable genes and it segregated the patient group into 
a pre- and post-LVAD group. See for explanation Figure 2. Red: mRNA expression is higher 
than the median of all IHD samples. Green: mRNA expression is lower than the median of 
all IHD samples. Grey: not done.  

 
The expression of 14 genes was below level of detection and are therefore not included in 
this table: ADAM 12 (ADAM metallopeptidase domain 12), ADAM 15 (ADAM 
metallopeptidase domain 15), AGC1 (aggrecan 1), ANK1 (Ankyrin 1), DSPG3 (dermatan 
sulfate proteoglycan 3), EDN3 (endothelin 3), LAMC3 (laminin, gamma 3), MMP-7 (matrix 
metallopeptidase 7), MUC16 (mucin 16), NOS1 (nitric oxide synthase 1), SCN1A (sodium 
channel, voltage-gated, type I, alpha), SCN2A2 (sodium channel, voltage-gated, type II, 
alpha 2), SDC1 (syndecan 1), TNXB (tenascin XB). 
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Table 2. Statistical analysis of gene expression profiles in DCM and IHD patients. 
Significant changes are indicated in yellow. The genes are grouped by function/location. 
Abbreviations: extracellular matrix proteins (ECM), pro- and anti-fibrotic factors (P/AFF), 
basal membrane proteins (BM), transmembrane and adhesion molecules (TAM), 
intracellular filaments (IF), and signal transduction factors (STF). Applied Biosystems (AB). 
> and < indicate whether gene expression is significantly higher or lower compared to 
control.  

4. Hierarchical clustering of gene expression in myocardial tissue pre- and 
post-LVAD support 
Hierarchical clustering of the IHD samples showed a clear segregation into a pre- and a 
post-LVAD group (Figure 3). In DCM patients a similar segregation into a pre- and a post-
LVAD group was not evident (data not shown). 

5. Differential expression of genes in myocardial tissue pre- and post LVAD 
Changes in gene expression were tested individually using the paired t-test in DCM and 
IHD separately. Furthermore, these gene profiles were compared with gene profiles of 
controls to test whether gene profiles normalized or showed a tendency to deviate from 
normal after LVAD therapy using the unpaired t-test. Table 2 shows all genes investigated, 
grouped by function/ location: extracellular matrix proteins (ECM), basal membrane 
proteins (BM), transmembrane and adhesion molecules (TAM), intracellular filaments (IF), 
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signal transduction factors (STF) and pro- and anti-fibrotic factors (P/AFF) with the p-
values and fold changes. 
In Table 3 only the genes that show significant changes are indicated for DCM and IHD 
patients separately. Only a minority of genes showed a significant difference between pre- 
and post-LVAD: DCM 19/92 genes (21 %) and IHD 12/92 genes (13 %). Most of these genes 
showed an upregulation post-LVAD (DCM 18/19 genes and IHD 8/12 genes). In DCM pre-
LVAD 6 genes and post-LVAD 9 genes were upregulated compared to control. Only one 
gene, encoding caveolin, showed a decreased expression in both pre- and post-LVAD 
compared to control. In IHD pre-LVAD 12 genes were upregulated and 2 downregulated 
compared to control. Post-LVAD 6 were upregulated and 2 downregulated. Among these, 
two genes (dystrophin and laminin gamma 1) showed an increased expression compared to 
control in both pre- and post-LVAD samples. 
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osteopontin ▼ = < fibronectin 1 ▼ > =
bone morphogenetic protein 4 ▲ = > integrin, alpha 5 ▼ = =

collagen, type VI, alpha 3 ▲ = > osteopontin ▼ = =
filamin B, beta ▲ = > sarcoglycan, beta ▼ = =

laminin, gamma 1 ▲ = > ryanodine receptor 2 (cardiac) ▲ = >
ryanodine receptor 2 (cardiac) ▲ = > cadherin 13, H-cadherin (heart) ▲ = =

talin 2 ▲ = > calcium channel, alpha 1C subunit ▲ = =
cadherin 13, H-cadherin (heart) ▲ = = catenin (cadherin-associated protein), alpha 3 ▲ = =

calcium channel, alpha 1C subunit ▲ = = desmoplakin ▲ = =
collagen, type XIV, alpha 1 ▲ = = integrin, alpha 6 ▲ = =
collagen, type XV, alpha 1 ▲ = = integrin, beta 6 ▲ = =

decorin ▲ = = myocyte enhancer factor 2A ▲ = =
focal adhesion kinase ▲ = = myocyte enhancer factor 2C ▲ = =

heparan sulfate proteoglycan 2 (perlecan) ▲ = = spectrin alpha ▲ = =
inhibitor of DNA binding 1 ▲ = = ATPase, Ca++ transporting, cardiac muscle ▲ < =

integrin, alpha 1 ▲ = = dystrophin = > >
integrin, alpha 10 ▲ = = lamin, gamma 1 = > >

laminin, beta 1 ▲ = = bone morphogenetic protein 4 = > =
bone morphogenetic protein 7 ▲ < = collagen, type XIV, alpha 1 = > =

integrin, alpha 6 ▲ < = connective tissue growth factor = > =
dystrobrevin beta = > = fibromodulin = > =

vitronectin = > = insulin-like growth factor 1 = > =
integrin, alpha 11 = = > integrin, beta 5 = > =
sarcoglycan, beta = = < integrin, alpha 10 = > =

fibroblast growth factor 2 = < = integrin, alpha 6 = > =
junction plakoglobin = < = osteonectin = > =

caveolin 1 = < < thrombospondin 2 = > =
integrin, alpha 11 = = >
laminin, alpha 2 = = >

sarcoglycan, delta = = >
talin 1 = = >

mothers against DPP homolog 6 = = <
bone morphogenetic protein 7 = < =  

 

 

Table 3. Summary of significant alterations in gene expression.  
▼: decreased or ▲: increased gene expression after LVAD support, =: no change, >:higher 
or <:lower expression pre- or post-LVAD compared to control. The shaded (green) genes are 
significantly altered in both DCM and IHD. 
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Fig. 4. Relative mRNA expression of genes encoding ECM proteins.  

Relative mRNA expression was determined pre- and post-LVAD of DCM and IHD and 
tested in paired t-test. Increase of collagen 14α1 mRNA expression is significant in DCM but 
not in IHD. Compared to the control, only the mRNA expression pre-LVAD of IHD patients 
is significantly higher (unpaired t-test). Decorin is significantly increased post-LVAD in 
DCM. None of the pre- and post-LVAD samples differed significantly from the control 
samples.  

5.1 Genes encoding extracellular matrix proteins 
In DCM, 5 genes encoding ECM proteins were upregulated post-LVAD. However, except 
for collagen type VI alpha3, these genes did not differ significantly (either pre- or post 
LVAD) from control. This indicates that the increased expression of these 5 genes induced 
by the LVAD support is significant but as a group are not different from the control group 
(Figure 4). In IHD most differences between pre-LVAD and control were observed in genes 
encoding ECM proteins, but in post-LVAD samples these differences had disappeared, 
suggesting a high expression of ECM gene activity pre-LVAD (Figure 4).  
Relative mRNA expression was determined pre- and post-LVAD of DCM and IHD and 
tested with the paired t-test. Increase of integrin α6 mRNA expression was significant in 
both DCM and IHD during LVAD support. Compared to the control, only the mRNA 
expression pre-LVAD of DCM patients is significantly lower (unpaired t-test). Integrin β6 is 
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only significantly increased post-LVAD in the IHD group. Compared to the control none of 
the pre- and post-LVAD samples differed significantly.  
 

 
Fig. 5. Relative mRNA expression of genes encoding different integrins. 

5.2 Genes involved in the fibrotic pathway 
In the fibrotic pathway remarkable differences between DCM and IHD were observed. In 
DCM patients the expression of genes encoding pro-fibrotic factors (TGFβ1, FGF, IGF, 
endothelin and CTGF) remained unchanged, whereas the genes encoding anti-fibrotic  
proteins (BMP-4, BMP-7, decorin and ID1) increased after LVAD support. Pre-LVAD the 
expression of the pro-fibrotic factor FGF2 and the anti-fibrotic factor BMP-7 was low 
compared to control. Post-LVAD the expression of the anti-fibrotic factor BMP-4 was 
increased compared to control. However, in IHD patients these genes showed unchanged 
expression during LVAD support, but in pre-LVAD samples the pro-fibrotic genes are 
expressed stronger than in control and the anti-fibrotic gene BMP-7 is expressed less than in 
control. The post-LVAD expression pattern is comparable to that of control.  

5.3 Genes encoding basal membrane proteins 
The gene encoding osteopontin is the most remarkable member of the BM group. In both 
DCM and IHD patients, osteopontin expression is significantly reduced after LVAD 
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support. Other BM proteins showed hardly any change, apart from laminin, vitronectin and 
thrombospondin (anchoring proteins). 
Several integrins showed differential expression (mostly upregulation) in both DCM and 
IHD patients. In particular, integrin β6 gene expression showed a strong increase after 
LVAD in the IHD group (Figure 5). Other membrane molecules, like caveolin, sarcoglycan 
and ATPase calcium transporting molecule, showed a low expression compared to control 
either pre- or post-LVAD. 

5.4 Genes encoding intracellular proteins 
Expression of some intracellular filament genes changed significantly after LVAD support in 
DCM (2/19: filamin, talin) and in IHD (1/19:desmoplakin), suggesting only a minor 
intracellular filament involvement. In this group it was remarkable that in IHD the gene 
encoding dystrophin was upregulated both pre- and post-LVAD.  
Relatively many changes in the expression of signal transduction factors were observed after 
LVAD support both in DCM (2/8: Focal Adhesion Kinase and Ryanodine Receptor 2) and in 
IHD (4/8: catenin, myocyte enhancer factor 2A and 2C, and Ryanodine Receptor 2). 

6. Changes in miR expression during LVAD support 
Total RNA was isolated from heart tissue of heart failure patients pre- and post-LVAD. The 
relative quantities of miRNA1, miRNA133a, miRNA133b and miRNA-208 were established 
with the Taqman® MicroRNA assay (Applied Biosystems, Foster City, CA, USA). In Figure 
6 the expression of miR-1, miR-133a and of miR133b is shown for DCM and IHD patients 
pre- and post-LVAD. Compared to control levels the miR expression in both heart failure 
groups was low for all miR tested. These low levels were more significant in IHD than in 
DCM.  After LVAD support the levels did not change significantly, although in IHD there 
was a tendency that the miR expression levels return to normal. In patients with DCM we 
observed a tendency of further decrease. The expression of miR-208 showed similar changes 
(data not shown) as did the other three miRs. However, the expression was too low to make 
a reliable statistical analysis. 
 
 

 
Fig. 6. Changes in miR expression after LVAD support 
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miR DCM-patients IHD-patients 
 1 2 3 1 2 3 
miR-1 0.20 0.24 0.06 0.08 0.05 0.44 
miR-133a 0.73 0.19 0.04 0.11 0.07 0.35 
miR-133b 0.02 0.44 0.04 0.11 0.09 0.44 

Table 4. Statistical analysis of miR expression changes after LVAD support. 
The relative quantities of miR-1, miR-133a  and miR-133b measured in heart tissue obtained 
from patients suffering from IHD ( n= 8) or DCM (n=9) or C: controls (n=5; Pre = pre LVAD 
support ; Post= post LVAD support. 
The p-values for the various differences in relative quantitative expression of the miRs in the 
myocardium obtained from DCM and IHD patients, respectively, before and after LVAD 
support. P< 0.05 is considered significant. 
1: pre-LVAD versus post LVAD;  2: pre-LVAD versus control; 3: post LVAD versus control. 

The results of the statistical analyses are presented in Table 4. These data confirm that in 
DCM patients, LVAD support did not increase the low miR-expression. In patients with 
IHD the values of expression of the miRs after LVAD support were not significantly 
different from those in the controls, indicating that there was a tendency of the low levels of 
miRs to increase after LVAD in IHD patients. 

7. Discussion 
During unloading, the myocardium of the failing heart shows various changes, both 
macroscopically and microscopically. Major changes include reduction of cardiomyocyte 
size, and changes in the volumes of ECM and BM components (Goldsmith and Borg, 202; 
Bruggink et al., 2006; Parker and Ingber, 2007). In many studies analyzing the effect of 
mechanical support on heart failure, only marginal differences have been observed between 
IHD and DCM (Bruggink et al., 2006a; De Jonge et al., 2001, 2002; Grady et al., 2003). 
However, in the present study hierarchical clustering of all expressed genes in end-stage 
heart failure showed that DCM and IHD segregated and could be identified as separated 
entities (Figure 2). For this reason both groups were analyzed separately. In the IHD group 
pre- and post-LVAD samples did segregate by hierarchical clustering (Figure 3). In the DCM 
group no such separation of pre- and post-LVAD samples was observed. The explanation 
for this difference between both groups is unknown. DCM may have a genetic background 
that leads primarily to hypertrophy and fibrosis, leading to gene expression that differs 
from controls in several aspects, but is not completely reversed by LVAD support. By 
contrast, in IHD, the gene expression alterations that are induced by infarction are partly 
normalized by the unloading of the heart. The differences in mRNA expression between 
IHD and DCM may give an important clue in finding targets that are informative for the 
state of the (un)supported hearts. 
In pre-LVAD samples of DCM patients, the expression of only 7 genes (2 up- and 5 
downregulated) differed from control which increased to 10 genes post-LVAD (7 up- and 3 
down-regulated). In IHD pre-LVAD samples, the expression of 15 genes (13 up- and 2 down-
regulated) differed from control, which decreased to 8 genes post-LVAD (7 up- and only 1 
down-regulated). In both groups most genes that were differentially expressed pre-LVAD 
normalized to control levels after LVAD support. On the other hand, LVAD support can also 
induce a down- or upregulation of genes of which the pre-LVAD levels did not differ from 
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control level (Table 2). Eleven genes showed significant changes pre- and post-LVAD in both 
DCM and IHD. However, only 3 genes showed changes that were the same in DCM and IHD 
(calcium channel alpha 1C subunit, integrin-α11 and ryanodine receptor 2).  
In DCM, the expression of caveolin remained low (both pre- and post-LVAD) compared to 
control. This is in contrast to the described up-regulation of caveolin protein after LVAD 
support (Uray et al., 2003). In IHD the expression of dystrophin and laminin (gamma 1) 
remained high after LVAD support. Changes in expression of both genes after LVAD have 
been described by others (Vatta et al., 2004; Birks et al., 2005; Refaat et al., 2008). 
LVAD-induced changes in ECM and cardiomyocytes have been described by others as well 
(Milting et al., 2008; Bruggink et al 2006b; Thohan et al., 2005). In this respect, the total 
number of genes coding for various structural elements, that were differentially expressed 
pre- and post-LVAD was surprisingly low. Morphological changes during LVAD support 
were paralleled by changes in collagen turnover and expression of genes encoding for 
structural collagens (Type I and III; Bruggink et al, 2006b; 2007). So, the minor changes 
observed in expression of ECM genes in the present study may imply that most ECM 
changes are induced post-transcriptionally, either by micro-RNA regulation (Schipper et al., 
2008) or in the matrix itself (e.g. by MMP). The latter is supported by significant changes in 
mRNA expression of MMP during LVAD support (Li et al., 2001; Klotz et al., 2005). 
Interestingly the anchoring and connecting collagens (types VI, XIV and XV) and molecules 
involved in ECM assembly like fibulin, fibronectin, osteonectin and proteoglycans 
(fibromodulin, heparan sulfate and decorin; Pollard et al., 2008) changed upon LVAD, 
although not similar in DCM and IHD patients. The LVAD-induced changes in the 
expression of these molecules, including collagen, also observed by others (Jahanyar et al., 
2007; Gabrielsen et al., 2007), may contribute to the increased rigidity of the heart after 
LVAD support (Klotz et al., 2005). 
Previously, we have shown that unloading of the left ventricle decreased the 
immunohistochemical expression of collagen IV in the BM (Bruggink et al., 2007). In 
contrast, immunoreactivity of laminin did not show substantial changes upon LVAD. Of the 
17 tested genes that encode BM proteins only few showed expression changes after LVAD, 
indicating a dysbalance between mRNA expression and protein expression. The few genes 
that did show changes upon LVAD, either in DCM or IHD, are involved in cell-adhesion 
(laminin β1 and γ1, osteopontin). Together with the changes observed in the gene 
expression of the integrin, cadherin and sarcoglycan family members, these results 
underline the importance of these specific anchoring or connecting proteins in the structural 
changes observed (Birks et al.,2005; Gabrielsen et al., 2007; Latif et al., 2007; Kim et al.,1999).  
Only minor changes were observed in the expression of genes encoding intracellular 
cytoskeleton proteins. In DCM, alterations after LVAD support in cytoskeletal filaments 
(dystrobrevin, filamin, junction plakoglobin, and talin) are more pronounced than in IHD 
(desmoplakin, dystrophin and talin; Gabrielsen et al., 2007). This could indicate that this 
class of genes is more affected in DCM than in IHD, which may be explained by the 
different onset of myocardial damage in both diseases. 
In the fibrotic pathway a remarkable difference between DCM and IHD is observed. In 
DCM the expression of pro-fibrotic factors (TGFβ1, FGF, IGF, endothelin and CTGF) did not 
change upon LVAD support, but the expression of anti-fibrotic genes (BMP-4, BMP-7, 
decorin, and Id1) increased. This is paralleled by reduced fibrosis in DCM (Bruggink et al., 
2006b).  In patients with IHD the expression of both anti- and pro-fibrotic factors remain 
unchanged upon LVAD support. However, in IHD the pre-LVAD expression levels of the 
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pro-fibrotic response genes are stronger than in control whereas the expression of the anti-
fibrotic gene BMP-7 is lower than in control. This will favour fibrosis in the hearts of 
patients with IHD. In these patients, the post-LVAD situation may be associated with a 
return of gene expression to control values. This may lead to a reduction of fibrosis as is 
shown in various studies. So, pro- and anti-fibrotic gene expression is in agreement with 
previously described reduction of fibrosis after LVAD support (Goldsmith and Borg, 2002; 
Gabrielsen et al., 2007), although the mechanisms responsible differed between the two 
entities. 
In view of the changes in mRNA expression that did not seem to be paralleled by 
corresponding protein expression, special emphasis was given to miR expression during 
LVAD support. These miRs are important in the post-transcriptional regulation of mRNAs, 
also in the heart (Chen, 2007; Couzin, 2008). The miRs tested (miR-1, miR-133a and 
miR133b) had relatively low expression in the myocardium of heart failure patients 
compared to controls. In IHD patients the level of miR expression tended to return to 
control levels upon LVAD support. In DCM, however, the miR expression levels tended to 
decrease even further, which suggests that genes under the control of these miRs could be 
expressed even stronger. Chen et al. (2006) have described that miR-1 and miR-133 promote 
skeletal muscle myogenesis and myoblast proliferation, respectively (Townley-Tilson et al, 
2010). Similar data have been produced by Liu et al. (2007) and Ikeda et al. (2008) for the 
failing myocardium. The relatively low expression of miRs in the failing heart, compared to 
control, may be related to the presence of myocardial hypertrophy (De Jonge et al., 2002), as 
overexpression of both miR-1 and miR-133 leads to cardiac hypertrophy (Care et al., 2007).  
This difference in miR expression between DCM and IHD patients after LVAD support may 
be explained by the lack of need for cell proliferation in DCM unlike in IHD where there is a 
need for cell proliferation. Remodeling of DCM involves mainly a reduction of hypertrophy 
of cardiomyocytes, whereas IHD involves tissue repair including cell proliferation. This may 
indicate that the studied miRs are primarily involved in regulation of proliferative processes 
rather than in reduction of hypertrophy. As already mentioned, the reduction in miRNA 
expression in IHD patients is not restored completely to control levels during LVAD 
support, not in patients supported for a short period of time nor in patients supported for 
more than over one year.  
The miR data do show that myocardial expression of miRs changes upon heart failure (Busk 
and Cirera, 2010) and upon LVAD support. In that respect it is interesting to note that there 
are initial indications that miR released in the serum (Cheng et al. 2010) may act as 
biomarkers to screen for cardiac diseases (Adachi et al., 2010) and be targets for therapy 
(Seok and Wang, 2010). 
In conclusion, the set of genes coding for proteins involved in mechanotransduction, 
selected for the analysis of changes in mRNA expression pre- and post-LVAD, resulted in an 
identification of IHD and DCM as separate entities. The morphologic and structural changes 
observed in the failing human heart upon LVAD support are only partly reflected in 
changes of mRNA expression of genes encoding proteins involved in mechanotransduction. 
This suggests that most changes in ECM and intracellular filaments are not regulated at the 
mRNA level. However, expression of genes encoding membrane-bound proteins such as 
cadherin and integrins, and anchoring proteins such as collagen type VI and proteoglycans, 
is clearly affected by LVAD support and contributes to adaptation to improved loading 
conditions. Also the genes involved in fibrosis showed adaptation to LVAD support, and 
their expression runs parallel to the observed morphological changes. These genes may 
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prove to be important biomarkers in the development of protocols which decide whether 
LVAD supported patients should undergo heart transplantation, can be weaned from the 
device, or could rather continue their LVAD therapy for a longer period of time. The role of 
miR as biomarkers in this decision making, but also as therapeutic targets, is promising but 
still needs further investigation (Montgomery and van Rooij, 2010). 
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1. Introduction  
Heart failure is now acknowledged to be the most common malignant disease in 
industrialized countries, with advanced heart failure having a worse prognosis than most 
forms of cancer (Garg, Yusuf 1993). Advances in pharmacological treatment have helped 
patients in all stages of systolic dysfunction, even those with NYHA IV symptoms (the 
Captopril-Digoxin Multicenter Research Group 1988, Packer et al. 1996, the RALES 
Investigators 1996). The Working Group on Heart Failure of the European Society of 
Cardiology has promoted a number of initiatives aimed at improving the treatment of heart 
failure (ESC guidelines for the diagnosis and treatment of acute and chronic heart failure 
2008). 
Despite advances in pharmacological treatments aimed at a neurohormonal blockade for 
heart failure, there is still a growing number of patients with advanced symptoms who 
suffer significant morbidity and mortality. 
 Mechanical stresses on the myocardium (increased preload and afterload) and chronic 
neurohormonal activation conspire to propagate the maladaptive ventricular remodeling 
responsible for the insidious nature of heart failure. Recent studies suggest that further 
pharmacological neurohormonal blockade may be neither safe nor effective (Mann 2004). 
This finding has led to the concept that the limit to which neurohormonal and cytokine 
mechanisms can be blocked in heart failure patients has already been reached (Cohn, 
Tognoni 2001). The problem of how to treat patients worldwide who develop advanced 
heart failure despite optimal medical therapy has not yet been resolved (Gronda, Vitali 
1999). 
Transplantation provides the most effective therapy for this condition, but the shortage of 
donor organs  results in <10% of potential recipients actually receiving a transplant (Deng et 
al. 2001). This situation has forced scientists to search for alternative methods of treatment. 
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At present end-stage chronic heart failure is a significant clinical problem as well as a subject 
of scientific interest. Transplant candidates whose disease reaches its final stage before an 
appropriate donor heart becomes available might be considered eligible for temporary or 
permanent mechanical circulatory support (MCS). This is why ventricular assist devices 
(VADs) capable of completely supporting the circulation are taking on an increasingly 
important role in heart failure therapy. The concept of circulatory assistance is not new. The 
need for such temporary support for hours or days has been recognized for over 60 years 
and still exists (Norman 1974). It is recognized that device-based approaches, ranging from 
the use of devices for monitoring patient status in order to anticipate exacerbation of 
congestive heart failure and preemptively adjust therapy to the application of devices for 
supporting pre-terminal patients with end-stage disease, will assume an increasingly 
important role in treating the growing number of patients with advanced heart failure 
(Kantrowitz et al. 1968). Mechanical circulatory support was first used clinically in 1953 with 
the implementation of cardiopulmonary bypass (Gibbon 1954). This breakthrough led to 
numerous surgical treatments for a variety of cardiac disorders. The success of 
cardiopulmonary bypass stimulated research into other innovative techniques for 
supporting the circulation. Counterpulsation with the intra-aortic balloon pump (IABP) was 
first applied clinically in 1967 to support patients with acute heart failure (Kantrowitz et al. 
1968 ). From 1953 congestive heart failure patients were occasionally supported temporarily 
by cardiopulmonary bypass (Dennis 1966), an implantable ventricular assist device (VAD) 
(De Bakey et al. 1966) or a totally artificial heart (TAH) (Cooley et al. 1969). Although the 
overall success rate was limited, this early experience did prove that mechanical circulatory 
support could adequately sustain a patient’s circulation until cardiac function recovered or a 
donor heart could be obtained. In the early 1980s the introduction of cyclosporine-based 
immunosuppression allowed heart transplantation to become a widely accepted therapeutic 
alternative. During the same decade clinical trials were initiated to evaluate the safety and 
efficacy of MCS systems in supporting terminally ill transplant candidates until a suitable 
donor heart could be found. VADs are important bridges to cardiac transplantation. The 
Randomized Evaluation of Mechanical Assistance for the Treatment of Congestive Heart 
Failure (REMATCH) trial revealed that they could be used as long-term destination therapy 
for non-transplant candidates (Rose et al., 1999). The use of a wearable ventricular assist 
device (VAD) in the treatment of advanced heart failure has steadily increased since 1993, 
when these devices became generally available. Since this time there has been rapid 
progress in the development of left ventricular assist device technology and artificial hearts.  

2. VADs — indications for support 
Patients with end-stage heart failure have a poor quality of life, a very high mortality rate, 
and are potential candidates for implantation of a ventricular assist device (VAD). Although 
cardiac transplantation (CTX) is associated with high 1- and 10-year survival rates, organ 
supply is limited. The technical improvements and proven success of implantable VADs 
have made it a reasonable treatment option in these patients, either as a bridge to cardiac 
transplantation or as destination therapy – Table 1 (2010 Focused Update of ESC guidelines 
on device therapy in heart failure). 
Mechanical circulatory support is life saving in patients who fail to improve or stabilize with 
intravenous inotropes or vasodilators, IABP support and mechanical ventilation.  
Hemodynamic criteria for VAD insertion are as follows (Oz et al., 1995): 
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- cardiac index < 2 L/min/m2; 
- systolic blood pressure < 90 mm Hg; 
- pulmonary capillary wedge > 20 mm Hg; 
- urine output < 20 mL/h; 
when these are found despite pharmacological support, optimal fluid loading and use of 
IABP as appropriate. 
Patient selection for VAD is crucial. Most patients are on continuous inotropic support. 
Patients with severe renal, pulmonary, or hepatic dysfunction as well as patients with active 
infection, carcinoma with metastases, significant blood dyscrasias, cerebral vascular disease 
or cardiogenic shock should not be considered as candidates (Lund et al., 2010). 
Each case is assessed individually and criteria are used as a guide only. Some patients have 
the VAD inserted prior to these criteria being met. In planning the application of the assist 
device we must decide whether one or both ventricles require support. Insertion of an 
implantable VAD complicated by early right ventricular failure has a poor prognosis and is 
largely unpredictable. Patients with risk factors for right ventricle dysfunction (the need for 
circulatory support, female gender, non-ischemic etiology) may best be treated with a 
biventricular assist device or a TAH. The next questions arising are whether the VAD 
should be implanted as a bridge to transplantation or as destination therapy and how long 
mechanical support will be required. Selection of the appropriate device depends on a 
number of considerations, including the anticipated duration of patient support, the need 
for right-side support and the patient’s size. Excluding the strict contraindications to VAD, 
insertion is very important.  
 

Recommendations Patient population Class of 
recommendation

Level of 
evidence 

LVAD may be considered 
as destination treatment 

to reduce mortality 

NYHA functional class 
IIIB/IV 

LVEF≤25% 
Peak VO2<14 mL/kg/min 

IIb B 

LVAD = left ventricular assist device; LVEF = left ventricular ejection fraction; NYHA = New York 
Heart Association. 

Table 1. Recommendation in patients with severe heart failure ineligible for transplant (2010 
Focused Update of ESC guidelines on device therapy in heart failure).  

One recent study was conducted in 200 patients, who were randomized in a 2:1 ratio to a 
continuous-flow device (HeartMate I) or a pulsatile device (Slaughter et al., 2009) as 
destination therapy. Patients were in NYHA function class IIIB/IV with an LVEF of ≤25%. 
A peak VO2 of ≤14 mL/kg/min was an inclusion criterion in HEART MATE II but gas-
exchange data during exercise are not routinely available in clinical practice and may be 
inconclusive. The primary composite endpoint was, at 2 years, freedom from disabling 
stroke or reoperation to repair or replace the device. Secondary endpoints included 
actuarial survival. The mean age of the patients was 64 years, and the mean left 
ventricular ejection fraction was 17%. The primary endpoint was achieved in more 
patients with the continuous-flow device (46 vs. 11%, P < 0.001) and actuarial survival at 2 
years was higher (58 vs. 24%, P = 0.008). Another study examined 281 patients in whom 
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the continuous device was implanted as a bridge to cardiac transplantation (Pagani et al., 
2009). After 18 months, 222 patients (79%) underwent cardiac transplantation, left 
ventricular assist device removal for cardiac recovery, or required ongoing LVAD support 
(Drews et al., 2010). The INTERMACS registry, an National Institutes of Health (NIH)-
supported initiative, demonstrates that in practice ~10% of patients receiving an 
LVAD are not considered candidates for CTX at the time of implantation (Kirklin et al., 
2010).  

3. Patient selection and preoperative considerations 
The highest risk of death after ventricular assist device implantation is before hospital 
discharge. Thus, patient selection and the timing of implantation are two of the major 
determinants of success. Main selection criteria include assessment of the patient’s severity 
of illness and ability to successfully undergo the implant procedure. Preoperative selection 
criteria which predict successful outcome are difficult to evaluate. The selection of 
appropriate candidates with a potentially good outcome is of major importance in VAD 
implantation. 
Patients are assessed for appropriateness for LVAD support based on the degree of illness, 
ability to successfully undergo the operative procedure and ability to be discharged home 
with adequate family/caregiver support for long-term success. Mortality rates are high after 
implantation of a ventricular assist device, occurring mainly in the early phase post-implant 
during the time in the intensive care unit.  

4. Patient assessment before LVAD support 
The Heart Failure Survival Score (Aaronson et al., 1997) and the Seattle Heart Failure Model 
(Levy et al., 2006) estimate a heart failure patient’s expected survival during the next 1 to 2 
years on medical management and identify patients at high risk of death who might benefit 
from LVAD support. 
The Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) 
registry, which follows all long-term mechanical circulatory support systems in the United 
States, has defined patient profiles that can help identify risks associated with the timing of 
implantation (Holman et al., 2009; Stevenson et al., 2009) – Table 2. The current 6-month 
survival data for patients receiving pulsatile LVADs indicate that patients in profile 1, 
cardiogenic shock, have the lowest survival, and those in profile 3, stable on inotropes, have 
the best survival (Kirklin et al., 2010).  
These data indicate that patients with cardiogenic shock may be too sick for permanent 
LVAD support. Thus, for these patients, consideration should be given to immediate 
stabilization with biventricular support, using temporary percutaneous or surgically placed 
systems or other appropriate treatments, to optimize their condition before implant surgery. 
This is especially true for the destination therapy indication because most patients can be 
stabilized and their risks assessed and reduced before implantation. Implantation of a long-
term LVAD should not be considered for patients with irreversible major end-organ failure, 
uncertain neurological status, severe hemodynamic instability, major coagulopathy, 
prolonged need for mechanical ventilation, sepsis, or right-heart failure (Slaughter et al. 
2010). 
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Profile Description Time to MCS 
1 “Crashing and burning”—critical cardiogenic shock Within hours 

2 “Progressive decline”—inotrope dependence with continuing 
deterioration. Within a few days 

3 

“Stable but inotrope 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 

a 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. 

Table 2. INTERMACS Patient Profiles and Timeframe for Initiating Mechanical Circulatory 
Support (Holman et al., 2009; Slaughter et al. 2010).  

5. Risk factors for operative mortality 
Lietz and Miller (Lietz et al., 2007) analyzed preoperative clinical data from 222 patients 
who received the HeartMate XVE LVAD for destination therapy. They established a risk 
scoring system to estimate survival after implantation. The multivariate analysis produced 9 
risk factors for 90-day mortality, which were assigned a weighted score (Table 3). The 
cumulative scores for each patient were then used to determine the risk category: 0 to 8, low 
risk; 9 to 16, medium risk; 17 to 19, high risk; and >19 very high risk. The survival to 
hospital discharge was 87.5%, 70.5%, 26%, and 13.7% for the low-, medium-, high-, and very 
high-risk groups, respectively.   
 

Risk factor  Score 
Platelet count  < 148 x 103/µL  7 
Serum albumin < 3.3 g/dL 5 
International normalization ratio > 1.1  4 
Vasodilator therapy  4 
Mean pulmonary artery pressures < 25 mm Hg  3 
Aspartate aminotransferase  > 45 U/mL  2 
Hematocrit < 34% 2 
Blood urea nitrogen > 51 mg/dL 2 
No intravenous inotropes  2 

Table 3. Risk Factors for 90-Day Mortality and the Weighted Scores (Lietz et al., 2007) 
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In 1995, Oz et al. found 7 preoperative factors that predicted poor outcome in a group of 56 
patients. These consisted of urine output <30 mL/h, central venous pressure >16 mm Hg, 
mechanical ventilation, prothrombin time (PT) >16 seconds, re-operation, leukocyte count 
>15,000/mm3 and temperature >101.5°F. However, they used only a first-generation device 
and prediction of urine output <30 mL/h takes at least 1 hour (Oz et al. 1995). 
 Therefore, this score was revised by Rao et al. based on 130 patients and more easily 
obtained and quickly accessible parameters (ventilation, post-cardiotomy, pre-VAD, CVP 
>16 mm Hg, prothrombin time > 16 seconds) (Rao et al. 2003). In 2001, Deng et al. reviewed 
the Novacor registry data in 464 patients and highlighted 5 parameters – respiratory failure 
with septicemia, preexisting right heart failure, age >65 years, acute post-cardiotomy, and 
acute infarction – predicting mortality during VAD support (Deng et al., 2001). In 2004, 
Chen et al. showed that lactate, and lung and kidney injury are predictive of poor outcome 
among patients on extracorporeal membrane oxygenation (ECMO) support that was 
switched to VAD support (Chen et al., 2004). In addition, some studies showed that 
predictors of poor outcome were similar in total artificial heart or biventricular VAD 
implantation as compared with VAD implantation. Scientists also tried to use existing 
intensive care scores, such as the APACHE II score, to predict VAD mortality (Gracin et al., 
1998). However, these already existing scores, which attempt to predict mortality after VAD 
implantation, are based on first-generation pulsatile devices and not on modern second- or 
third-generation devices, and they assess overall death after VAD as the primary outcome. 
They do not specifically focus on mortality in the intensive care unit, which is especially 
dependent on preoperative clinical status. Klotz et al. implemented a pre-operative risk 
score to predict mortality in the intensive care unit after VAD implantation by using easily 
obtained and quickly accessible clinical parameters (Klotz et al., 2010).  
By focusing on mortality in the intensive care unit, they tried to evaluate preoperative 
patients who were too sick for mechanical support and may not have survived their stay in 
the ICU. In 241 VAD patients, 100 preoperative markers were related to mortality in the ICU 
using univariate analysis and ROC curves, followed by multinomial logistic regression 
analyses. The mortality rate in the ICU was 32.0%.  
The parameters with the highest negative impact on survival in the ICU were: age>50 years, 
ischemic cardiomyopathy, re-do surgery, on ECMO, on IABP, previous cardiac surgery, 
ventilation, emergency implant, inotropic support, renal replacement therapy, preoperative 
resuscitation, transfusion, blood urea nitrogen >40 mg/L, creatinine>1.5 mg/dL, lactate >3 
mg/dL, platelets <100 x 1000/µL, whole blood cell count >13,000/µL, C-reactive protein > 8 
mg/dL, hemoglobin <12 g/dL, hematocrit <35%, lactate dehydrogenase >500 U/liter, 
creatinine kinase>200 U/liter, troponin >20 ng/mL.  
The risk for mortality in the intensive care unit was as follows: low <15 points, medium 16-
30 points, high >30 points.  
This score distinguishes clearly between the different urgencies of VAD implantation – 
Figure 1.  
These observations suggest that in-hospital mortality can be predicted preoperatively with 
easily obtained and quickly accessible parameters. Patients who initially present as high-risk 
or very high-risk are most likely to benefit from a period of optimization therapy to attempt 
to lower their risk score (for example: coagulation, nutrition, renal function, right atrial 
pressure) and then become more suitable candidates for LVAD support. Patients with a low 
risk should be considered for prompt elective LVAD implantation before their condition 
worsens. 
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Fig. 1. Mortality in the ICU, depending on VAD implant urgency. Post-cardiotomy is 
defined as patients with unsuccessful weaning from bypass and on ECMO support.  

Pre-implant optimization of comorbid conditions is very important in minimizing the 
incidence and severity of postoperative adverse events and for enhancing survival. The 
most influential pre-implant measures are: 
• Improving nutritional status 
Malnutrition is very common in patients with advanced heart failure. If not improved, it 
increases the risk of infection, decreases the body’s ability to recover after surgery, and is 
generally associated with poor outcomes. Studies have shown that cachexia (BMI <22 
kg/m2) is associated with a high risk for peri-operative death, often due to infection (Manop 
et al., 2009; Holdy et al., 2005).  
Markers of severe malnutrition include a BMI <20 kg/m2, albumin <3.2 mg/dL, pre-
albumin <15 mg/dL, total cholesterol <130 mg/dL, lymphocyte count <100, and purified 
protein derivative skin test anergy. The nutrition needs to be improved before LVAD 
implantation (a pre-albumin level >15 mg/dL). For patients with pre-albumin <15 mg/dL, 
enteral feedings are often helpful preoperatively and should be continued after implantation 
until the patient is taking adequate nutrition. 
It is equally important to maintain adequate nutrition after the implant surgery. Data from 
Lockard et al. have shown that patients with a pre-albumin level of <15 mg/dL at 2 weeks 
after LVAD implantation had a significantly greater risk of dying in the hospital (Lockard et 
al., 2009). 
• Lowering pulmonary vascular resistance to optimize right-heart function and to 

reduce right atrial pressure and secondary hepatic congestion  
Left ventricular unloading with a LVAD should decrease right ventricular after-load by 
reducing pulmonary artery pressures (PAPs) (Farrar et al. 1985). 
However, mechanical support may increase systemic venous return to a myopathic right 
heart that is unable to accommodate the additional volume. Furthermore, reduction in left 
ventricle pressure can cause the interventricular septum to shift leftward, potentially 
causing disadvantageous geometric changes in the right ventricle that reduce the septal 
contribution to right ventricle stroke volume and exacerbate tricuspid regurgitation (Farrar 
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et al. 1985). Importantly, right ventricle failure after implantation can be anticipated 
preoperatively and improved with various therapies that optimize its function. An analysis 
of 484 patients in the HeartMate II Bridge to Transplant clinical trial demonstrated the 
following independent predictors of right ventricle failure: preoperative ventilatory support, 
central venous pressure (CVP)/pulmonary capillary wedge pressure ratio >0.63, and blood 
urea nitrogen >39 mg/dL (Kormos et al., 2010).  
Univariate predictors also included a right ventricular stroke work index (RVSWI) <300 
mm Hg × mL/m2, central venous pressure (CVP) >15 mm Hg, elevated blood urea nitrogen 
(BUN), and elevated white blood cell count. The HeartMate II trial found no difference in 
the incidence of right ventricular failure in heart failure patients with non-ischemic vs 
ischemic etiology. 
Other signs of poor right ventricle function can be found with pre-implant 
echocardiography. Close attention should be paid to RV size, with particular caution 
extended to patients who have a dilated, poorly contracting right ventricle. Severe tricuspid 
regurgitation also can be associated with early postoperative RV failure. Some have 
advocated repair of the tricuspid regurgitation at the time of LVAD implantation if its 
severity is judged to be more than moderate, either preoperatively or intraoperatively by 
echocardiogram. 
Patients at risk for postoperative right ventricle failure should not necessarily be eliminated 
from LVAD support. However, the implanting team should promptly treat RV failure using 
pharmacotherapeutics and mechanical RV support, as appropriate or needed (Slaughter et 
al. 2010). 
• Aggressively managing volume to minimize right ventricular workload and hepatic 

congestion 
A pulmonary artery catheter 24 hours before implantation is useful in most patients to 
assess the cardiac index and volume status as well as to guide diuretic, vasodilator, and 
inotropic support. One of the main objectives is to reduce the central venous pressure (CVP) 
to 15 mm Hg or less. This will aid in reducing the right ventricle workload and minimizing 
hepatic congestion and the possible need for a right ventricular assist device (RVAD). When 
the CVP exceeds 20 mm Hg, ultrafiltration and inotrope and vasodilator therapy should be 
used; also consider temporary RVAD support. Increasing the cardiac index with 
vasodilators, inotropes, and using an IABP will improve conditions for all organ systems. 
Medications that can lower pulmonary vascular resistance (PVR) and improve the cardiac 
index before surgery may be beneficial in reducing the incidence of right ventricular failure 
after implantation (Galie et al., 2005; Klodell et al., 2007).  
Medications that have been shown to reduce PVR include angiotensin-converting enzyme 
(ACE) inhibitors, hydralazine, nitroglycerin, nitroprusside, nitric oxide, sildenafil, 
prostaglandins, and inotropes (milrinone and dobutamine). 
• Optimizing coagulation 
Preoperative abnormal coagulation is common in heart failure patients due to hepatic 
dysfunction and the use of anticoagulant or antiplatelet medications. When possible, these 
medications should be stopped before implantation. Vitamin K may be given to reverse the 
effects of warfarin. For patients who are at high risk of preoperative thrombosis, a 
continuous infusion of heparin should be given. Because the continuous-flow left 
ventricular assist device requires systemic anticoagulation, its use in patients with a history 
of gastrointestinal (GI) bleeding should be carefully considered. Active GI blood loss should 
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be assessed for 3 to 4 weeks before left ventricular assist device implantation (Slaughter et 
al. 2010). 
• Optimizing renal, hepatic, pulmonary and neurological function 
Renal dysfunction is a predictor of adverse outcomes in LVAD-supported patients (Sandner 
et al., 2009; Ma et al., 2008; Butler at al. 2006). Patients in the HeartMate II Bridge to 
Transplant trial were excluded if their creatinine level was <3.5 mg/dL or if they needed 
chronic dialysis; 11% of patients had some degree of renal dysfunction after implantation 
(Miller et al., 2007).  
Optimizing renal function preoperatively entails measures to increase renal perfusion and 
reduce central venous pressure. Renal dysfunction generally improves after LVAD 
implantation if decreased glomerular filtration rate is due to low cardiac output before 
implantation. 
Liver dysfunction is associated with greater need for intraoperative and perioperative blood 
transfusion, which can result in worsened right-heart function and the need for RVAD 
support. Many centers screen patients with clinical evidence of significant right heart failure 
or serological evidence of hepatic dysfunction using hepatic ultrasound imaging or liver 
biopsy to rule out cirrhosis. 
As with renal function, there is evidence that hepatic function improves after implantation 
of a continuous-flow LVAD (Radovancevic et al., 2007; Letsou et al., 2003).  
Specific management strategies should be initiated to improve hepatic function before an 
LVAD is implanted in individuals with abnormal values for prothrombin time (PT), partial 
thromboplastin time (PTT), and international normalized ratio (INR). Right heart pressure 
and pulmonary vascular resistance should be decreased using combinations of drugs to 
reduce pre-load and after-load, ultrafiltration, or both. 
Patients with severe obstructive or restrictive pulmonary disease are not eligible for LVAD 
therapy. When pulmonary function testing can be performed reliably, and the forced vital 
capacity, forced expiratory volume at 1 second, and carbon monoxide diffusing capacity are 
all less than 50%, exclusion from LVAD implantation should be considered. 
Patients with neurological or psychiatric disease that compromises their ability to use and 
care for external system components, or to ambulate and exercise, are not appropriate 
candidates for LVAD support (Tylus-Earl et al. 2009).  
Psychiatric disorders, drug abuse, and other psychosocial issues must be investigated to 
assess the patient’s ability to understand and comply with care instructions. 
All patients with an audible bruit or peripheral arterial disease, diabetes, or age >60 years, 
should undergo a carotid ultrasound study to rule out significant stenosis or the presence of 
unstable plaque. Patients with previous stroke also warrant computed tomography (CT) 
scan or magnetic resonance imaging (MRI) to establish a preoperative baseline study. 
Patients must have a reliable means of transportation for follow-up visits and a convenient, 
reliable telephone service to call for medical help in an emergency. 
• Treating any infection or providing prophylactic antibiotic therapy  
Patients with active systemic infection should not be considered for LVAD support because 
infection is one of 
the leading causes of morbidity and death. Implantation should be delayed for patients with 
localized infections that can be effectively treated, if clinically feasible. 
We should try to cope with patients with established or suspected infections, prolonged 
intubation, cutaneous lesions at surgical sites, or other comorbidities, including multisystem 
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organ dysfunction, immunosuppression, poorly controlled diabetes, renal failure, 
malnutrition, or debilitation (Slaughter et al. 2010).   

6. Device selection 
Mechanical support can be applied short-term in an individual patient as a bridge to 
transplantation or can be applied long-term as in destination therapy. For example, if a 
patient with myocardial infarction and cardiogenic shock experiences a cardiac arrest that 
requires prolonged resuscitation, the heart failure specialist would know that percutaneous 
mechanical support could precede a potential LVAD until the neurological status is 
determined. If an LVAD is subsequently implanted, the patient’s candidacy for 
transplantation versus discharge and long-term LVAD maintenance therapy (i.e., destination 
therapy) must be considered.  
Numerous devices are now approved by the Food and Drug Administration (FDA) for 
therapy in acute heart failure and in chronic decompensated congestive heart failure – Table 4.  
 

Company Device Position 

Abiomed, Inc Abiocor Total Artificial Heart Total artificial 
heart 

MicroMed 
Technology, Inc 

MicroMed DeBakey Ventricular Assist 
Device - Child Left ventricle 

SynCardia Systems, 
Inc SynCardia CardioWest Total artificial 

heart 

Thoratec Corp 

HeartMate II Left Ventricular Assist 
Support 
HeartMate Implantable Pneumatic 
HeartMate Vented Electric 
HeartMate Extended Vented Electric  
Thoratec Implantable Ventricular Assist 
Device 
Thoratec Paracorporeal Ventricular Assist 
Device 

Left ventricle 
Left ventricle 
Left ventricle 
Left ventricle 
Left or right 
ventricle 
Left or right 
ventricle 

WorldHeart, Inc Novacor PC 
Novacor PC 

Left ventricle 
Left ventricle 

Table 4. Food and Drug Administration-Approved Durable Devices (Potential for Patient 
Discharge)  

These devices can be divided according to site of placement (commonly extra-, para- or 
intracorporeal) and type of flow generator system (centrifugal, axial or diaphragm).  
Intracorporeal ventricular assist device are presented in Figure 2.  
Device selection depends not only on specific patient characteristics and the pathology of 
the patient’s heart failure but also on device characteristics, device availability and the 
experience of the surgical team (D’Alessandro et al. 2002, Goldstein et al. 1998).  
Patients in profound cardiogenic shock require support to avoid permanent end-organ 
dysfunction and increase their chances of survival. The preferred devices are the ABIOMED 
BVS 5000 or Thoratec device. These devices may provide full biventricular support, re-
establishing near normal hemodynamics while myocardial recovery is awaited. If prolonged  

DR.R
UPN

AT
HJI(

 D
R.R

UPA
K 

NAT
H )



Ventricular Assist Device – How to Obtain Optimal Benefits?   

 

79 

 
 

 
Fig. 2. Intracorporeal ventricular assist devices.  
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support is expected, conversion to a longer-term device such as an implantable LVAD or 
TAH should be considered. The Thoratec device has the advantage of providing long-term, 
extracorporeal support. Device selection for long-term support is much more complicated 
and is often subjective and based on the surgeon’s experience. For smaller patients (body 
surface area < 1.5 m2) the Thoratec device and perhaps a continuous-flow pump are the only 
options (Delgado et al. 2002).  

7. Continuous versus pulsatile-flow pumps 
Long-term implantable mechanical circulatory assistance as a clinically viable entity started 
with the approval of the HeartMate XVE as a bridge to transplantation. Results of the 
REMACH trial led to the device being approved for destination therapy (Lietz et al., 2007).  
The other implantable pulsatile devices approved in the United States are the WorldHeart 
Novacor left ventricular assist device and SynCardia total artificial heart. These first-
generation pumps were designed to mimic nature and produce pulsatile blood flow. There 
has been much debate over the need for pulsatility. Animal data suggest that non-pulsatile 
flow might not deliver as much perfusion to the distal vasculature and might lead to 
weakening of the muscle in the walls of major arteries (Yada et al., 1999; Potapov et al., 
2000).  
The pulsatile devices are bulky as they have to at least be the size of the bladder 
displacement (usually 60 to 80 cc) and hence have to be placed in the pre- or intraperitoneal 
space. A diaphragm or sac is required to eject the blood and flexing of this biomaterial 
interface can lead to failure after millions of cycles. Mechanical energy is derived from a 
pusher plate-type motor, which has decreased device resistance. These technical limitations 
mandated by pulsatile devices have led to decreased reliability and durability and a high 
incidence of infections. Furthermore, the major surgery required for implantation increases 
the rate of bleeding, perioperative complications, length of hospital stay and need for 
rehabilitation.  
The next generation of devices consists of continuous-flow pumps. The HeartMate II device 
is approved as a bridge to transplant and destination therapy. The HeartWare HVAD, Jarvik 
2000, Trumo DuraHeart and Ventracor VentrAssist devices are in clinical trials. The 
Cleveland Clinic TAH (Fumoto et al. 2010; Fukamachi et al. 2010) can transition continuous 
flow principles to a TAH and allow the technology to be used in patients requiring 
biventricular support. Compared with previous pulsatile devices, continuous-flow pumps 
cannot completely decompress the left ventricle as the native heart must have some residual 
volume to prevent suction events. Therefore, the native heart continues to eject and this 
provides a moderate amount of pulsatility. This low level of pulsatility is apparently enough 
to increase end-organ perfusion and allow these patients to recover from chronic congestive 
heart failure. In many patients, this ejection occurs through the left ventricular assist device 
and the aortic valve can remain closed. They contain only one moving part, the rotor, which 
is why they tend to be much more reliable. Continuous-flow LVADs are also silent during 
operation and create minimal motion and vibration. These features make continuous-flow 
devices more suitable for use in patients with smaller body size. Because they are much 
smaller and do not have the constant motion caused by blood displacement, the infection 
rates have dramatically decreased (Miller et al. 2007; Bielecka et al., 2007).  
The trend in circulatory assistance is toward continuous-flow devices. They offer many 
advantages over the pulsatile devices in terms of size, reliability, durability and infection. 
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However, long-term results will need to be followed closely, specifically with regard to the 
perioperative period and the incidence of cerebrovascular accident despite appropriate 
anticoagulation (Jeevanandam 2010; Boyle 2009). 
Table 5 provides a general comparison of the 2 types of LVADs in clinical use.  
 

Attribute Pulsatile-flow VAD Continuous-flow VAD 

Type of pump Sac or diaphragm Centrifugal or axial flow by 
rotating impeller 

Main hemodynamic 
characteristics 

Intermittent unloading of 
ventricle; pulsatile arterial 
pressure; asynchronous 
with heart 

Continuous unloading of 
ventricle 

Physiological flow 
variables Pre-load dependant Pre-load and after-load 

dependant 

Mechanical flow variables Automatic or fixed rate and 
stroke volume capacity 

Set speed of the impeller 
rotation 

Size  

Large, intracorporeal 
devices limited to large 
patients, extracorporeal 
devices especially suited for 
smaller patients or for 
biventricular support 

Smaller, accommodates 
most patients, excluding 
infants 

Blood flow capacity Up to 10 liters/min Up to 10 liters/min 

Table 5. Comparison of pulsatile and continuous-flow ventricular assist devices (Slaughter 
et al. 2010).   

8. Axial and centrifugal pumps 
Continuous-flow ventricular assist devices use axial-flow or centrifugal-flow blood pumps. 
The most modern axial flow devices offer significant potential advantages over earlier 
devices, because they are smaller, simpler and less obtrusive to the patient, yielding a better 
quality of life. The blood flow is essentially non-pulsatile and pump output is dependent 
mainly on afterload. In addition, because of their smaller size, they can be used in smaller 
patients, including children (Frazier et al. 2005). The axial flow pumps in current use are: the 
MicroMed/DeBakey VAD (MM-D VAD) and the Jarvik 2000 Heart, which have certain 
similarities in design and function. The Jarvik 2000 Heart, in particular, has many 
advantages. Its implantation can be performed without median sternotomy, which makes 
the eventual transplantation operation easier. There is no inflow cannula, which rids the 
patient of the thrombotic and hemolytic problems encountered with inflow cannulae. 
Circulation to the coronaries, the brachiocephalic, the left carotid and the subclavian arteries 
is thus provided by retrograde flow. There is no need for an external pocket in the 
mediastinum or the peri-peritoneum, which decreases the risk of infection (Westaby et al. 
2000). The MicroMed/DeBakey VAD consists of a titanium inflow cannula that is inserted 
into the left ventricular apex and leads to the pump proper, which connects to the ascending 
aorta via a vascular graft. The pump is implanted through a median sternotomy in a small 
extracardiac pocket (Noon et al. 2000).  
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The HeartMate II device is an axial flow pump that has a spinning rotor as its only moving 
part and the direction of blood is parallel to the rotor. The HeartMate II has a left ventricular 
apical inflow cannula with a sintered titanium blood-containing surface. No compliance 
chamber or valves are necessary. The outflow cannula is connected to a Dacron graft, which 
is then anastomosed to the ascending aorta in a similar fashion to that achieved with the 
original HeartMate XVE. The pump is designed to deliver as much as 10 L/min of cardiac 
output and is placed either intraperitoneally or extraperitoneally (Delgado et al. 2005; Noon 
et al., 1999).  
The HeartMate II LVAD is shown in Figure 2. 
 

 
Fig. 3. The HeartMate II LVAD.  

HeartMate II has FDA approvals as bridge-to-transplant and destination therapy. 
Two other axial-flow pumps are: Incor (left ventricular assist device with magnetic bearing) 
and Synergy (left ventricular assist device with blood-immersed bearings). Centrifugal 
pumps use the pump mechanism of a standard heart bypass. In devices such as the HVAD, 
DuraHeart, Levacor VAD and EVAHEART LVAS the inflow and outflow of blood are in 
perpendicular directions (Bielecka et al. 2007).  
New centrifugal systems include the bearingless system. This drive system is magnetically 
coupled to an external power source and pump flow is related to rotation speed. The 
advantages of the centrifugal pump are simplicity of design, versatility and the relatively 
low costs of manufacture and operation. It can be used as a femoral-femoral bypass or as a 
left (right) ventricular-to-aortic (pulmonary artery) bypass. Its main disadvantages are the 
need for heparinization, difficulty in chest closure, the need for intensive monitoring and the 
inability to generate a pulsatile flow. The pump is used primarily as a bridge to recovery in 
cardiogenic shock. The total duration of support with a centrifugal pump is usually limited 
to no more than two to three weeks (Noon et al. 1999). 
The Interagency Registry For Mechanical Circulatory Support (INTERMACS) report 
examined the changing patterns of practice in the application of device type (continuous-
flow vs pulsatile) and device strategies during the past 3 years (Kirklin et al., 2010). 
The INTERMACS playing field changed dramatically in April 2008 when the HeartMate II 
axial flow pump (Thoratec) received FDA approval for clinical use as bridge-to-transplant 
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therapy in the United States. When continuous flow technology is routinely available for 
long-term destination therapy, and as multiple continuous-flow pumps are approved, 
INTERMACS offers a unique opportunity to compare and contrast these technologies in the 
setting of evolving indications, changing patient profiles, and refinement of device strategy 
in the developing landscape of mechanical circulatory support. 
This report focuses on the 1,092 patients who received primary left ventricular assist device 
implants among the total of 1,420 patients who received primary and secondary devices.  
The distribution of pre-implant device strategies continues to focus on bridging patients to 
cardiac transplantation with the device as a bridge to candidacy or bridge to transplant. The 
initial strategy was permanent in nearly 10% – Table 6.   
 

Pre-implant device strategy No. (N=1092) % 
Bridge to transplant  496 45.4 
Bridge to candidacy 458 41.9 
Planned destination therapy 100 9.2 
Bridge to recovery 25 2.3 
Rescue therapy 10 0.9 
Other 3 0.3 
Total 1092 100.0 

Table 6. Device strategy at Time of Implant of Primary LVAD (INTERMACS) (Kirklin et al., 
2010).  

According to INTERMACS data risk factors reflecting older age, greater severity of right 
ventricular failure and cardiogenic shock at implant predict a higher likelihood of early 
death among all LVAD patients. The use of a pulsatile pump was a risk factor for death in 
the constant phase. Because continuous-flow pumps have only accrued a mean follow-up of 
4.6 months, adverse events among pulsatile vs continuous-flow pumps during the first 6 
months after implantation were assessed. Generally, the events per 100 patient-months are 
importantly reduced in patients with continuous-flow devices versus pulsatile pumps for 
device malfunction, infection, hepatic dysfunction, and neurological events – Table 7. 
INTERMACS has analyzed the first 1000-plus patients with primary implantation of LVADs 
during a transitional period from pulsatile technology to continuous-flow pumps. The shift 
toward implantation of axial flow technology since its approval by the Food and Drug 
Administration is dramatic. This trend has been accompanied by continued fluctuation in 
the designation of the primary device strategy as bridge to transplant, bridge to candidacy 
and destination therapy (Kirklin et al., 2010). 
The use of mechanical device support in the congenital heart disease patient requires 
knowledge of anatomical and physiological factors such as body size, residual intracardiac 

shunts, the presence of a single ventricle, or venous anomalies and/or arterial anomalies that 
may impact the success of device implantation, and the effectiveness of the VAD support. 
Evidence-based clinical management of LVAD-supported patients is becoming increasingly 
important for optimizing outcomes. Patient and device selection, preoperative preparation 
and the timing of LVAD implantation are some of the most important elements critical to 
successful circulatory support and are principles universal to all devices.  
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Pulsatile 
(n = 406) 

Continuous 
(n = 548) 

Pulsatile / 
continuous Adverse event 

Events Rate Events Rate Ratio p-value 
Device malfunction 45 2.95 17 0.82 3.60 <0.0001 
Bleeding 369 24.22 360 17.41 1.39 <0.0001 
Cardiac/vascular 
  Right heart failure 
  Myocardial infarction 
  Cardiac arrhythmia 
  Pericardial drainage 
  Hypertension1  
  Arterial non-CNS thrombosis 
  Venous thrombotic event 
  Hemolysis 

 
48 
2 

154 
44 
75 
7 

38 
11 

 
3.15 
0.13 

10.11 
2.89 
4.92 
0.46 
2.49 
0.72 

 
46 
2 

218 
30 
17 
6 
32 
12 

 
2.23 
0.10 

10.54 
1.45 
0.82 
0.29 
1.55 
0.58 

 
1.41 
1.30 
0.96 
1.99 
6.00 
1.59 
1.61 
1.24 

 
0.05 
0.37 
0.65 

0.003 
<0.0001 

0.21 
0.03 
0.29 

  Infection 431 28.29 244 11.80 2.40 <0.0001 
Neurological dysfunction 66 4.33 40 1.93 2.24 <0.0001 
Renal dysfunction 63 4.14 45 2.18 1.90 0.0007 
Hepatic dysfunction 24 1.58 14 0.68 2.32 0.009 
Respiratory failure 121 7.94 89 4.31 1.84 <0.0001 
Wound dehiscence 8 0.53 9 0.44 1.20 0.34 
Psychiatric episode 43 2.82 38 1.84 1.53 0.03 
Total burden 1549 101.69 1219 58.96 1.72 <0.0001 
1  - with current reporting, identification of hypertension with continuous-flow pumps is unreliable. 
CNS  - central nervous system 

Table 7. Adverse event rates (events/100 patient months) in the first 12 months post-implant 
for primary LVADs (INTERMACS) (Kirklin et al., 2010).  

9. Intraoperative considerations 
Moderate to severe aortic insufficiency and mitral stenosis must be corrected during LVAD 
implantation. 
Inflow cannulas must be directed posteriorly toward the mitral valve. Obstruction may 
result if the cannula is directed or angled toward the septum or free wall or due to changes 
in position as the left ventricular chamber size is reduced over time. 
Proper placement of the percutaneous lead is important for long-term prevention of 
infection and damage to wires. Tunnel the percutaneous lead to maximize the amount of 
velour that is inside the body. It may be positioned in a gentle loop or arc, leaving some 
internal slack for accidental tugs in the perioperative period. 
Certain LVAD implant steps can be taken before initiation of cardiopulmonary bypass 
(CPB) to minimize CPB time: tunnel the percutaneous lead and anastomosis of the outflow 
graft to the ascending aorta. 
Before the patient is taken off CPB, air removal should be conducted at low LVAD speeds. 
The patient should be weaned off cardiopulmonary bypass or at minimal CPB support 
(approximately ≤1 liter/min) before increasing revolutions per minute speeds to permit 
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complete filling of the left ventricle (>10 mm Hg) and to prevent aspiration of air around the 
inflow conduit. The pump should be initiated at low speeds and increases made slowly. 
If right ventricle dysfunction occurs, resulting in poor LVAD inflow, temporary right-heart 
bypass can be used to provide blood flow to the LVAD while transitioning from CPB. For 
more profound right ventricle failure, a temporary RVAD should be considered and 
implemented expeditiously. Intraoperative echocardiography is essential for identifying 
valvular pathology, intracardiac thrombi, and an atrial septal defect or patent foramen ovale 
(PFO). A PFO should be closed at the time of implantation. Intracardiac thrombus identified 
in the left atria or ventricle should be removed before LVAD implantation. 
Echocardiography is critical for assessing left ventricle chamber size, cannula position, 
septal shifting, and aortic valve opening—factors used to determine optimal pump position 
and speed setting (Slaughter et al. 2010).  

10. Postoperative patient and device management 
A patient’s right ventricular function can be affected by pump speed. Avoid setting the pump 
speed so high that it causes a significant leftward septal shift and abnormal right ventricle 
geometry, which can adversely affect RV function. High pump speeds can also collapse the left 
ventricle and obstruct flow through the LVAD inlet cannula draining the left ventricle. 
Anticoagulation therapy is required during support with continuous-flow LVADs to avoid 
thrombotic complications. However, results from the HeartMate II Bridge to Transplant trial 
indicate that anticoagulation requirements for this therapy are less than was initially 
believed. The results from the clinical trial revealed that the incidence of thrombotic events 
is very low— much lower than bleeding—which remains one of the most frequent adverse 
events (Miller et al. 2007; Pagani et al. 2009). 
Routine use of heparin is not indicated immediately after the LVAD is implanted. However, 
there are some clinical conditions of higher thrombotic risk where postoperative heparin 
may be indicated in the transition to warfarin therapy, such as small patients who have low 
LVAD flow rates, a small ventricle, previous stroke or transient ischemic attack, chronic 
atrial fibrillation, or documented left atrial or left ventricle thrombus. Adequate hemostasis 
should be achieved before anticoagulation is initiated. Patients are usually anticoagulated 
with warfarin and antiplatelet agents (aspirin) when they are able to take oral medications. 
Current recommendations are to adjust the warfarin dose to achieve a target INR of 1.5 to 
2.5. In addition to warfarin, patients should also be given antiplatelet therapy, such as 
aspirin (81 to 325 mg daily). If LVAD flow remains low (<3.0 liters/min), consider 
increasing anticoagulation. If there is a risk of bleeding, decreasing the warfarin dose and 
increasing or maintaining antiplatelet medications is considered. Anticoagulation and 
antiplatelet therapy may need to be adjusted for some clinical conditions. Some types of 
infection, especially bacteremia, are associated with a higher incidence of stroke due to 
increased endothelial activation and platelet aggregation (Basra et al., 2009). 
Therefore, increased antiplatelet therapy may be warranted during systemic bacterial 
infections. 
The major hemodynamic effects of a continuous-flow LVAD are increases in diastolic 
pressure and flow (Myers et al., 2009).  
Because these devices pump continuously throughout the entire cardiac cycle, aortic flow is 
also present during diastole when normal pulsatile flow is absent. The pulse pressure is 
influenced by left ventricular contractility, intravascular volume, pre-load and after-load 
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pressure, and by pump speed. Owing to the reduced pulse pressure during continuous-flow 
LVAD support, it is often difficult to palpate a pulse and measure blood pressure accurately 
by the usual auscultatory or automated methods. After the arterial catheter is removed, the 
arterial blood pressure is most reliably assessed using Doppler and a sphygmomanometer. 
Arterial blood pressure might be controlled with vasoactive and inotropic medications and 
intravascular fluid volume management. The pump speed should not be adjusted to achieve a 
desired arterial blood pressure. The goal is to maintain the mean arterial blood pressure in the 
range of 70 to 80 mm Hg. It should not exceed 90 mm Hg. Unlike a pulsatile LVAD, the 
amount of cardiac output support by a continuous-flow pump is affected by the after-load, or 
systemic vascular resistance. Maintaining the mean arterial pressure in the desired range will 
optimize cardiac support. Hypertension is controlled to avoid decreased LVAD support and 
cardiac output as well as to avoid cerebrovascular events. Immobilizing the percutaneous lead 
to prevent exit site trauma reduces infection risk. Care of the percutaneous lead and exit site 
must be a priority for successful outpatient care (Slaughter et al. 2010). 
Multidisciplinary teams are required that allow close collaboration between cardiologists, 
medical specialists, and cardiac surgeons. The HF specialist must participate in managing 
these teams. The HF specialist should be familiar with the need to evaluate right ventricular 

function and associated tricuspid regurgitation prior to placement of an LVAD. Compared 
with successful cardiac transplantation, exercise capacity is lower following chronic 

outpatient mechanical support and the patient’s daily concerns are typically greater (e.g., 
battery exchange or recharging, driveline maintenance). A key point in postoperative device 
management is paying attention that continuous-flow LVADs do not contain valves. If the 
pump stops, there may be back flow, which can have severe consequences (similar to aortic 
insufficiency), so we must avoid power interruption or inadvertent power lead 
disconnection that would lead to loss of support. Pump speed optimization and device 
monitoring present unique challenges compared with pulsatile devices, because continuous-
flow pumps can generate large negative pressures at the pump inlet, which may result in 
septal shift or ventricular collapse. It is also important to avoid setting the pump speed too 
high, which can result in ventricular collapse or inlet obstruction and initiate arrhythmias 
(ACCF/AHA/ACP/HFSA/ISHLT 2010 Clinical Competence Statement on Management of 
Patients With Advanced Heart Failure and Cardiac Transplant). The system-provided 
parameters of speed, power, pulsatility index, and estimated flow in conjunction with 
echocardiography serve as the primary indicators of proper device function. The patient’s 
clinical status should always be assessed when device function is evaluated. 
Successful long-term LVAD support depends on comprehensive care from a 
multidisciplinary team, including the patient and his or her family member(s)/caregiver(s). 
Training on proper self-care and system operation, with an emphasis on meticulous care of 
the percutaneous lead and exit site, should begin preoperatively. Training continues 
throughout hospitalization. Eventually, the patient’s demonstration of understanding and 
competency may be a requirement for discharge. 
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1. Introduction    
Approximately 5 million Americans suffer from heart failure (HF), the burden of which will 
grow exponentially over the next 50 years. HF currently results in 3.5 million 
hospitalizations and 20% of all hospital admissions among individuals >65 years of age. 
Surgical interventions for HF include cardiac repair (coronary artery bypass grafting, valve 
repair or replacement), cardiac support (mechanical circulatory support devices) and cardiac 
replacement (heart transplantation). These modern interventions of cardiac surgery and 
critical care medicine dramatically improved outcomes. They are offered to patients with 
increasingly high-risk clinical profiles and a higher likelihood of complications. 
The development of vital-organ support therapies (respirator, dialysis, transfusion, etc) in 
the intensive care units (ICUs) increased the survival of critically ill patients. However, 
despite these organ-saving therapies, up to 15% of these patients have an unfavourable 
perioperative course. Frequently, more than one organ system becomes dysfunctional, 
leading to progressive multiorgan dysfunction (MOD) (Lietz et al., 2007). The hallmark of 
MOD is the development of progressive physiologic dysfunction in two or more organ 
systems after an acute threat to systemic homeostasis. MOD is the leading cause of 
morbidity and mortality in the ICUs and after mechanical circulatory support device 
(MCSD) implantation (Deng et al., 2005). 

2. Epidemiology 
According to a multiyear survey conducted in surgical ICU patients, more than 50% patients 
develop some degree of MOD during their ICU stay (Barie et al., 2000) and currently MOD 
is the major cause of mortality in surgical ICUs (Barie et al., 1996). The recent data from the 
ICUs around the country show that the severity of MOD correlates significantly with the 
mortality, the observed incidence of dysfunction of 1, 2, 3, and ≥4 organ systems was 73.6%, 
20.7%, 4.7%, and 1% respectively with corresponding mortality rates of 21.2%, 44.3%, 64.5%, 
and 76.2% (Angus et al., 2001). 
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3. Evolution of mechanical cardiac support 
Early descriptions of mechanical support of the human circulation are documented at least 
back to the early 19th century. The experimental application of mechanical support in 
animal models was reported in the 1930’s. Major interest in mechanical support of the 
human circulation was generated by the advent of open–heart surgery in the 1950’s (Kirklin 
et al., 2006). Basic pump design has remained same over this development period, but 
power delivery and control has moved from large bedside consoles to wearable 
components, enabling patient autonomy in an outpatient setting (Schmid et al., 1999).  This 
has brought about substantial improvements in patient quality of life (Dew et al., 1999) and 
a reduction in resource use (Gelijns 1997). Smaller, inexpensive and less obtrusive blood 
pumps are undergoing development and some are being tested in clinical trials (Katsuma 
1998, Wieselthaler 2000, Goldstein 2005). However, while the potential benefits are 
encouraging, these designs still have to prove their durability, reliability and physiological 
suitability for chronic applications.  
Following the initiative by the US National Heart Lung and Blood Institute in the 1970’s to 
develop long-term artificial heart devices (The Artificial Heart Program 1991), two 
electrically powered pumps emerged from this initiative and have recently completed trials 
sponsored by the Food and Drug Administration for evaluating safety and efficacy and have 
received certification for commercial application in 1998, the HeartMate® 1205 VE 
(ThermoCardio Systems, Woburn, MA) (Poirier 1999), the Novacor® N100 PC (World Heart 
Corporation, Oakland, CA) (Portner 1989, Robbins 1999), and the ABIOCOR total artificial 
heart (Abiomed, Inc., Danvers, MA), the last under the Humanitarian Device Exemption 
(HDE) program of the FDA in September 2005. Recently with the introduction of continuous 
flow devices e.g. HeartMate-II (Thoratec, Inc.) there is increased use of mechanical support 
in patients with advanced HF. 

4. INTERMACS based definition of different forms of organ dysfunction 
4.1 Neurological Dysfunction   
The INTERMACS database (Kirklin et al., 2008) defines neurological dysfunction as any 
new, temporary or permanent, focal or global neurological deficit ascertained by a standard 
neurological examination (administered by a neurologist or other qualified physician and 
documented with appropriate diagnostic tests and consultation note).  

4.2 Coagulation dysfunction  
According to the INTERMACS database coagulation dysfunction is divided into bleeding 
and hemolysis. Bleeding as any episode of internal or external bleeding that results in death, 
the need for re-operation or hospitalization; or necessity of transfusion of red blood cells 
that is equal or greater than 4 packed units within any 24 hour period during the first 7 days 
post implant or than 2 packed units within any 24 hour period after 7 days following 
implant. In patients that are less than 50 kg it is considered 20 cc/kg or 10 cc/kg 
respectively. 
Hemolysis as a plasma free-hemoglobin value that is greater than 40 mg/dl, in association with 
clinical signs associated with hemolysis (e.g., anaemia, low hematocrit, hyperbilirubinemia) 
occurring after the first 72 hours post-implant. Hemolysis related to documented non-device-
related causes (e.g. transfusion or drug) is excluded from this definition. 
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4.3 Renal dysfunction  
The INTERMACS database distinguishes between two situations of renal dysfunction: 
Acute renal dysfunction is defined as abnormal kidney function requiring dialysis including 
hemofiltration) in patients who did not require this procedure prior to implant, or a rise in 
serum creatinine of greater than 3 times baselines or greater than 5 mg/dl (in children, 
creatinine greater than 3 times upper limit of normal for age) sustained for over 48 hours. 
Chronic renal dysfunction is defined as an increase in serum creatinine of 2 mg/dl or 
greater above baseline, or requirement for hemodialysis sustained for at least 90 days. 

4.4 Pulmonary dysfunction  
Respiratory dysfunction is defined as impairment of respiratory function requiring 
reintubation, tracheostomy or (for patients older than age 5 years) the inability to 
discontinue ventilatory support within 6 days (144hours) post-VAD implant. This excludes 
intubation for re-operation or temporary intubation for diagnostic or therapeutic 
procedures. 

4.5 Liver dysfunction  
The INTERMACS database defines hepatic dysfunction as any increase in any two of the 
following hepatic laboratory values (total bilirubin, aspartate aminotransferase / AST and 
alanine aminotransferase/ALT) to a level greater than three times the upper limit of normal 
for the hospital, beyond 14 days post-implant (or if hepatic dysfunction is the primary cause 
of death). 

5. Clinical scoring systems 
Prognostic scoring systems are integral to critical care practice. Composite outcome scales 
permit the quantification of complex clinical phenomena that cannot be adequately 
described by a single clinical or biochemical measure. Such scales are used for assessment of 
clinical status, changes in clinical status, evaluation of therapy, outcome prediction, and 
resource allocation. Currently, different clinical scoring systems are available to predict 
outcomes after trauma or injury including the APACHE II, III and IV scores (Zimmerman et 
al., 2006), ISS, MOD-score, EURO-score, and SOFA-score (Marshall et al., 1995; Vincent et 
al., 1996; Vincent et al., 1998; Nashef et al., 1999; Minne et al., 2008). These scoring systems 
are important in ICU-based research. They allow for MOD-phenotype definition and patient 
stratification based on objective evaluation of illness severity. While all of these scores have 
been validated and are in clinical use, they have shortcomings. The EURO-score solely uses 
pre- and intraoperative risk factors to assess postoperative risk. The APACHE scoring 
system uses day-1 post-ICU admission data for outcome prediction. In addition, while the 
APACHE-IV score was developed from APACHE-III to restore discrimination performance, 
the highest discrimination inaccuracy was seen in the decile of patients at highest risk for 
death (Zimmerman et al., 2006).  
The SOFA-score, in contrast to APACHE and other ICU-outcome prediction models based 
on measurements at one individual time point, has the strength of modelling changes in the 
patient’s status. The SOFA-score is a six-organ dysfunction/failure score measuring MOD 
daily. Each organ is graded from 0 (normal) to 4 (the most abnormal), providing a daily 
score between 0 and 24. Shortcomings of the SOFA-score, the best dynamic score currently 
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available, include 1) the treatment-dependent definition of the cardiovascular parameter 
(positive inotrope medication type and dose) which may reflect variation of practice and not 
of disease severity, and 2) absence of an immune system parameter.  

6. Scoring systems and heart failure 
In a pilot study designed to understand the utility of current clinical MOD-scoring systems, 
we hypothesized that a preoperative diagnosis of HF is associated with an increased risk of 
postoperative in-hospital mortality independent of the SOFA score. Thus, we analyzed 145 
patients requiring a ≥7d postoperative ICU stay and obtained complete maximum 
postoperative SOFA-score data (5.2% of all 2768 CUMC cardiac surgery cases from January 
01 2007 to June 30 2009). Patients were separated into Group-HF (pre-existing HF diagnosis) 
and Group-NoHF (no known diagnosis of HF). Patients were stratified by a maximum 
SOFA score of <10, 10-14 and ≥15. In-hospital mortality rates were compared among groups 
using the Chi-square test. Group-HF (n=66, 46%) had a higher in-hospital mortality rate 
than Group-NoHF (n=79, 54%) (35% vs. 13 %, p=0.003). Although mortality rates, when the 
SOFA was <10 and 10-14, were not different in Group-HF and Group-NoHF, patients with 
SOFA≥15 in Group-HF had a very high mortality rate (71%) (Figure 1). Thus, both the SOFA 
score and pre-existing HF appear to be important risk factors for in-hospital mortality in 
cardiac surgery patients; in-hospital mortality is exceptionally high in patients with both 
risk factors. Novel tools are needed to improve our understanding of the interaction 
between HF and SOFA score, improve outcome prediction and improve management in this 
emerging cohort. 
 

 
Fig. 1. 
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An ideal descriptor should be simple, routinely and reproducibly measured, and readily 
evaluable in heterogeneous groups of critically ill patients. It should be derived from 
independent clinical and/or laboratory data, rather than through subjective clinical 
evaluation, and should measure physiologic dysfunction directly, rather than the 
therapeutic intervention employed to support organ function. The descriptor should 
provide a comprehensive reflection of the physiologic function in the system of interest, and 
should be specific for the function of that system. Consistent with a definition of MOD as an 
acute and potentially reversible process, the ideal descriptor should be capable of 
differentiating the sequelae of an acute homeostatic insult from the chronic effects of 
primary disease in the organ system of interest. Moreover, the ideal descriptor should be 
relatively unaffected by transient abnormalities associated with resuscitation or acute 
reversible complications of therapy, and should be maximally abnormal after resuscitation 
and well before the time of death. The quantitative value of the descriptor should be 
minimally affected by therapeutic intervention in the absence of objective functional 
improvement. Finally, the descriptor should be continuous, rather than dichotomous, and 
abnormal in one direction only (Marshall et al., 1995). 

7. Leukocyte gene expression signatures  
7.1 Leukocyte gene expression profiling after cardiac surgery  
In a pilot project using a transcriptome-wide peripheral blood mononuclear cell (PBMCs) 
profiling approach we analyzed expression patterns before and after MCSD-implantation in 
11 patients with an uncomplicated course (i.e. day -1, day1 and day 7 after surgery). Agilent-
44K whole genome microarray analysis was performed on the PBMCs. Data was analyzed 
using Significance Analysis of Microarrays (SAM) and High-Throughput GoMiner in 
comparison to baseline. Day 1 profiles included differential expression of 821 genes (SAM, 
FDR<0.1, fold change >1.5), enriching >60 Gene Ontology (GO) categories. Grouping by 
component genes revealed GO-clusters including “IL-1 related” (primarily-up-regulated), 
“T-cell related” (primarily-down-regulated), and “apoptosis related” (up- and down-
regulated genes). Day 7 profiles included GO-categories related to repair processes. In 
conclusion, transcriptome-wide expression profiling of PBMCs suggests a response pattern 
to MCSD-implantation with pro-inflammatory activation and simultaneous T-cell 
suppression (Sinha et al., 2010). 

7.2 Leukocyte gene expression profiling of MOD  
As a pilot study on differential leukocyte GEP in MOD, we analyzed the mixed peripheral 
blood leukocyte GEP in 9 patients after cardiac surgery in comparison to three age-matched 
healthy control persons. We enrolled 3 healthy controls and 9 consecutive HF patients who 
underwent MCSD implantation. MOD was defined using sequential organ failure 
assessment (SOFA) score. Patients were divided into low (≤4), intermediate (5-11), and high 
(≥12) SOFA-score groups. The blood samples were collected and processed for peripheral 
blood mononuclear cell separation. Total RNA was purified, amplified and hybridized on 
Illumina Whole Genome Expression Chips. The expression data was extracted and analyzed 
using GeneSpring GX 11.0.1. Biological interpretation of the differential signatures was 
performed using High-Throughput GoMiner. The mean age of the patients was 51±7 years. 
Using Kruskal-Wallis testing, 1438 unique transcripts were differentially expressed across 
groups (false discovery rate (FDR) ≤0.02, fold change≥1.5). Based on these genes, 
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hierarchical clustering using Pearson distance metrics separated the high-SOFA groups from 
all other groups. Gene Ontology analysis (FDR≤0.02) revealed enrichment of 80 categories 
including “immune response”, “defence response”, “lymphocyte activation”, and 
“regulation of cell death”. AHF patients undergoing MCSD surgery who develop 
postoperative MOD have unique leukocyte gene expression signatures. Comparing blood 
samples drawn with CPT and whole blood PAXgene tubes, we found a comparable 
differentiation using the PAX-samples (Shahzad et al., 2010). 

7.3 Leukocyte gene network reverse engineering  
In a feasibility study for the reverse engineering Aim 2.2, based on 285 microarrays (7370 
genes) from 98 heart transplant patients enrolled in the “Cardiac Allograft Rejection Gene 
Expression” (CARGO) study (Deng et al., 2006), we used the information-theoretic, reverse-
engineering algorithm called ARACNe (Algorithm for the Reconstruction of Accurate 
Cellular Networks) and chromatin Immunoprecipitation assay to reconstruct and validate a 
putative gene PBMC interaction network. We focused our analysis on transcription factor 
(TF) genes and developed a priority score to incorporate aspects of network dynamics and 
information from published literature to supervise gene discovery. ARACNe generated a 
cellular network and predicted interactions for each TF during rejection and quiescence. 
Genes that were ranked highest by priority score included those related to apoptosis, 
humoral and cellular immune response such as GABP, NFKB, FADD and CREB. We used 
the transcription factor CREB to validate our network. ARACNe predicted 29 putative first 
neighbour genes of CREB. Eleven of these (37%) were previously reported. Out of the 18 
unknown predicted interactions, 14 primers were identified and 11 could be 
immunoprecipitated (78.6%). Overall, 75% (n = 22) inferred CREB targets were validated, a 
significantly higher fraction than randomly expected (p<0.001, Fisher’s exact test). We 
concluded that our results confirm the accuracy of ARACNe to reconstruct the PBMC 
transcriptional network and show the utility of systems biological approaches to identify 
possible molecular targets and biomarkers (Cadeiras et al., 2010). 

8. Future research 
Circulating peripheral blood leukocyte populations monitor tissues and blood for agents 
that pose a danger to the organism (Matzinger, 2007). They sense the functional state of all 
organs in a coordinated way and provide diagnostic information. They constitute a 
“systemic” organ that can be easily monitored to assess the state of various tissues and the 
blood. Serial leukocyte GEP can characterize the systemic inflammatory response following 
intravenous endotoxin administration in healthy individuals (Calvano et al., 2005), in heart 
transplant rejection Deng 2006, and in MOD following trauma (Laudanski et al., 2006). 
Therefore, the information about gene activity in a patient’s mixed peripheral leukocyte 
pool can be used to improve our understanding of organ dysfunction. In particular, 
knowing the pattern of leukocyte gene expression of a patient at the same time when the 
patient’s organ function status is known can clarify the relationship between these two 
system levels and may provide a better scoring tool for evaluating MOD.  
The integration of a validated leukocyte transcriptome classifier into a clinical MOD scoring 
system is a novel systems biology strategy that has the potential to improve the prediction, 
management and outcome of MOD. Developing an immune system GEP parameter needs 
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to proceed in well-defined succinct stages. Establishing a quantitative phenome-
transcriptome relationship is an important step in developing a leukocyte GEP-classifier 
(Shahzad et al., 2009). Although this relationship is not necessarily of causal nature, it is 
critical to identify genes and/or pathways that relate to the biology of the MOD phenotype. 
The development and independent validation of a GEP-classifier in comparison to a 
quantifiable clinical phenotype is the critical step in the development of the new GEP 
parameter. The integration of this GEP-classifier into the clinical MOD-scoring system is an 
important step towards improving patient outcome and ICU resource use. 
The goal is to investigate the interaction between peripheral blood leukocytes and the multi-
organ dysfunction syndrome (MOD) in heart failure patients undergoing cardiac support 
surgery. Specifically, we plan to measure changes in leukocyte gene expression profiles 
(GEP) in patients developing this postoperative complication in comparison to matched 
patients who do not develop MOD. From this, we plan to develop and validate a leukocyte 
GEP test, integrate it into current clinical MOD-scoring systems and demonstrate improved 
patient outcome prediction. We hope that this will 1) lead to an improved understanding of 
the mechanisms leading to death in MOD-patients, 2) help identify those patients before 
cardiac surgery who have a higher probability of MOD, and, after cardiac surgery, to 
identify 3) those patients who are entering the subclinical phase of MOD, and 4) those 
patients who are in an advanced state of MOD with very little probability of recovery.  

9. Importance & significance 
In the United States, MOD develops during 15% of all ICU admissions, causes up to 80% of 
all ICU deaths, and results in ICU costs of >$100,000 per patient or ~$500,000 per survivor 
(ACCP, 1992; Barie et al., 1996; Barie et al., 2000).   
Heart failure related MOD represents a significant healthcare resource challenge (Ong et al., 
2009). A great amount of resources are spent in the last 6-month period of life of HF patients 
with a complicated course. The cost of Mechanical Circulatory Support Device therapy with 
a complicated course, in comparison to an uncomplicated course, is >$100,000 higher 
(DiGiorgi 2005). Overall, HF costs $20-56 billion per year. However, more resource 
consumption does not necessarily yield better outcomes (Orszag, 2008) although higher 
resource spending increases the likelihood of favourable outcomes (Ong et al., 2009). 
Therefore, the major challenge is to identify 1) before cardiac surgery, those patients who 
have a higher probability of MOD, 2) after cardiac surgery, those patients who are entering 
the subclinical phase of MOD, and 3) those patients who are in an advanced state of MOD 
with very little probability of recovery. 

10. Conclusion 
With the increased incidence of HF and advances in critical care medicine more patients are 
undergoing cardiac support surgeries with high-risk clinical profiles. This puts HF patients 
at increased risk of developing MOD, which is the leading cause of morbidity and mortality 
in the ICUs. Currently available clinical scoring systems are limited to accurately predict the 
risk of MOD. The integration of a validated leukocyte transcriptome classifier into a clinical 
MOD scoring system represents a novel systems biological strategy that has the potential to 
1) improve the prediction, management and outcome of MOD and 2) optimize health 
resource utilization in the ICU.  
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Future Treatment of 
Acute Cardiac Collapse - A Role for 

Percutaneous Circulatory Assist Devices 
Vepgard Tuseth MD, PhD and Jan Erik Nordrehaug MD, PhD 

Department of Heart Disease, Haukeland University Hospital, N-5021 Bergen, 
Norway 

1. Introduction 
1.1 Acute cardiac collapse 
Patients with cardiogenic shock and cardiac arrest still have a very poor prognosis despite 
recent improvements in treatment algorithms. Acute coronary ischemia and myocardial 
infarction (AMI) is the most frequent cause of cardiogenic shock and cardiac arrest. 
Improved survival has been shown for patients with AMI treated with urgent coronary 
revascularization. Also, improved pre-hospital logistics and cooling after successful 
resuscitation has shown possible benefit for cardiac arrest patients. However, a large 
proportion of patients with AMI and acute cardiac collapse do not survive until hospital 
discharge. These represent a group where current treatment options are often unsuccessful.  
This far, advances in pharmacological treatment have produced various substances with 
theoretical and hemodynamic promise but clinical effects have been scarce. The use of 
vasopressors and inotropes generally has failed to show effect on mortality in cardiogenic 
shock and cardiac arrest. Recently a large clinical trial showed no effect of intravenous 
medication on survival for cardiac arrest victims (Figure 1).  
Lately, more thought provoking data have emerged indicating a possible negative effect of 
vasopressor therapy on cardiac and cerebral perfusion during circulatory collapse and 
resuscitation. Clinical reports have further suggested a possible relationship between the use 
of adrenaline like drugs and increased mortality in patients with acute myocardial infarction 
and shock. 
Mechanical support with intra-aortic balloon pump (IABP) counter pulsation therapy has 
been routinely used for several years in cardiogenic shock but the clinical usefulness is 
currently being strongly questioned. In cardiac arrest, optimally performed chest 
compressions are critical for successful re-establishment of intrinsic pulse giving rhythm 
(Figure 2). Mechanical compression-decompression devices have also shown impressive 
hemodynamic effects experimentally but a benefit compared with conventional chest 
compressions has not been found in clinical trials.  
Both IABP and the compression-decompression devices have been associated with bleeding 
complications. 
The mechanisms behind refractory cardiogenic shock and cardiac arrest may be many and 
are yet not clearly defined. It seems clear however, that with the pharmacological and 
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Fig. 1. Survival after witnessed out-of-hospital cardiac arrest with and without any 
intravenous (IV) drug therapy. Olavsveengen et al. JAMA. 2009 Nov 25;302(20):2222-9 

 

 
Detrimental effect of interrupted chest compressions 

Fig. 2. Interrupted chest compressions (3-10-15 seconds) dramatically reduce the chance of 
successful defibrillation. Yu et al. Circulation 2002 Jul 16;106(3):368-72 

mechanical approaches for hemodynamic support currently in use, vital organ perfusion 
and cardiac recovery is not reliably obtained sufficiently to have life saving effect.  
A major focus for future research in the field of acute cardiac collapse should be on 
development of approaches for improved circulatory support.  

1.2 Cardiac assist therapy in stable patients vs. acute hemodynamic collapse 
Left ventricular assist devices (LVADs) can reduce myocardial workload and improve vital 
organ perfusion in patients with impaired cardiac function. In severe chronic heart failure 
LVAD therapy has been shown to substantially improve long term survival. Continuous 
flow devices have shown clinical benefit and are regularly used for long term treatment of 
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terminal heart failure. The theoretical added benefit of additional right ventricular assist 
device (RVAD) therapy has not been shown to improve results.  
Most LVAD systems require surgical implantation and are thus less well suited for acute use 
in critically ill patients. Patients with acute circulatory collapse require urgent circulatory 
support in order to prevent irreversible tissue ischemia and vital organ damage. In some 
cases, the time window for effective treatment may be too short to permit for required 
logistical and technical procedures related to surgical intervention. Furthermore, the 
potential to cause further compromise in hemodynamic and metabolic status with complex 
surgical procedures can be deleterious in these already marginal patients.  
Surgical LVADs as well as different types of cardiopulmonary support (CPS) systems, 
commonly used in routine cardiac surgery have been employed in patients with acute 
cardiac collapse including cardiogenic shock and cardiac arrest. Results have been 
encouraging with respect to improving hemodynamics in treated patients. However, clinical 
results for the most critically ill have not been shown to improve with the devices and 
technologies tested this far. The lack of a predictable generalised benefit with surgical 
cardiac assist therapy in acute hemodynamic collapse may be related to complicated 
implantation procedures and high risk of complications.  

1.3 Percutaneous left ventricular assist devices (PVADs) 
Recently, cardiac support systems with percutaneous access have been developed. 
Percutaneous devices could offer rapid placement and reduced risk of complications 
compared with surgical devices. These obvious advantages compared with surgical assist 
systems in the critically ill could outweigh limitations in blood delivery related to the 
smaller size of percutaneous devices. 
Two different types of PVAD devices have been approved for clinical use (Impella LP2.5, 
TandemHeart) (Figure 3). The Impella LP 2.5 is a transfemoraly deployed 12 F impeller 
pump deployed in the left ventricle on a pigtail shaped catheter. Maximal delivery is 
2.5L/min, the pump outlet is situated in the ascending aorta in the level of the coronary 
artery ostia. The TandemHeart requires 21F venous and 15F arterial groin access as well as 
trans-septal puncture in order to obtain a left-atrial to femoral-artery blood delivery of 
maximally 5L/min. Deployment times have been found to be longer with the latter device 
but the risk of procedure related complications remain low with both systems. 
Both devices have been studied in clinical use and have shown potential to improve 
hemodynamics in cardiogenic shock and acute myocardial infarction. The use of PVAD 
therapy has also been advocated and tested as backup hemodynamic support in scheduled 
high risk cardiac intervention including percutaneous coronary intervention (PCI) and 
trans-catheter aortic valve implantation (TAVI).  
In acute hemodynamic collapse and in resuscitated patients requiring immediate circulatory 
support, the less complicated and more rapidly deployed LP 2.5 may be the technically most 
attractive of the available devices. The LP 2.5 also offers a more physiological blood delivery 
and unloading as blood is pumped directly out of the left ventricle into the pre-coronary 
and pre-cerebral arterial circulation. It is yet unclear however, if the limited delivery of 2.5 
liters with the Impella device is sufficient to sustain adequate systemic circulation and 
cardiac unloading over time in a critical clinical setting. Potentially, improved support can 
be achieved with the larger (21) Impella LP 5.0 pump for which percutaneous deployment 
may also be feasible. 
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Fig. 3. PVADs in clinical use.  
A: 1)Impella LP 2.5, 2) in-situ schematic drawing.  
B: TandemHeart-pump, catheters, in-situ schematic drawing 

2. Problems to be solved 
2.1 Irreversible ischemic injury 
Vital organ hypo-perfusion causing ischemic dysfunction and injury is a major challenge. In 
acute hemodynamic collapse tissue damage due to inadequate blood delivery can be severe. 
The thresholds for irreversible ischemic injury causing cell death and organ dysfunction are 
different in different tissues. Vital organs with high metabolic rates as the heart and brain 
may be particularly prone to injury during short term hypo-perfusion and ischemia. In 
particular, the risk of acute brain injury is high when cardio-pulmonary resuscitation needs 
to be performed. Lowering metabolic rates and oxygen consumption with cooling has 
shown potential to reduce ischemic injury in the heart as well as in the brain after cardiac 
arrest. Cardiac volume unloading with PVAD therapy can also reduce cardiomyocyte 
oxygen consumption and may have potential to reduce ischemic injury. Contrarily, 
vasopressor substances may contribute to increased myocardial injury by increasing 
metabolic rates in an ischemic heart muscle. 
Mechanisms behind cell dysfunction and death during ischemia being investigated and a 
wide variety of pathways and mediators have been described. Furthermore, Emerging 
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therapeutic targets for pharmacological intervention to prevent ischemic injury have been 
identified, particularly in the field of reperfusion injury. 
Activation of the mithochondrial trans-membrane pore MPTP leads to mithochondrial 
swelling and subsequent cell death and is by many considered the final common path way 
for ischemic cell necrosis (Figure 4). A wide range of novel therapies aiming at modulating 
MPTP and the pathways leading to its activation and inactivation are currently being 
investigated but a definite clinical breakthrough has not yet been reached. 
 

 
Fig. 4. Mitochondrial permeability transition pore plays a key role in cardiomyocyte necrosis 
after ischemic stress. Lacerda et al. Cardiovasc Res. 2009;84:201-208 

2.2 Persistent cardiac arrest 
The most common cause of cardiac arrest is myocardial ischemia. 
Cardiac arrest has a high mortality and morbidity despite recent developments in 
resuscitation methods, educational programs and improved logistics. Clinical results are 
often poor even after successful re-establishment of intrinsic circulation. Long term 
neurological sequelae are present in up-to 60% of patients with current advanced therapy 
including cooling, revascularization and other adjunctive therapy. In patients with 
persistent cardiac arrest defined as pulseless cardiac rhythm unresponsive to advanced 
cardiac life support (ACLS) prognosis is even worse. 
The setting of persistent cardiac arrest represents the extreme of acute critical cardiac failure 
where mechanical intervention is absolutely required in order to sustain circulation. 
Persistent cardiac arrest is present in a substantial portion of cardiac arrest victims; with up 
to 60%-80% reported in some studies. 
Mechanisms behind refractory cardiac arrest remain to be definitely established. There is 
evidence that sustained coronary ischemia may be an important factor behind shock 
resistant ventricular fibrillation in ischemic cardiac arrest. Regional ischemic metabolic 
changes with interstitial hyperkalemia and acidosis contribute to cardiomyocyte electrical 
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instability causing ineffective depolarization patterns which impair re-establishment of 
spontaneous circulation with defibrillation. 
Reports of successful treatment of persistent VF with left ventricular unloading catheters 
have also been presented indicating that increased left ventricular pressure during cardiac 
arrest can make the heart refractory to cardioversion. The combined treatment of acute 
cardiac collapse patients with percutaneous revascularization and a PVAD may in theory be 
able to improve the return of spontaneous circulation and could also improve cardiac 
recovery and tissue perfusion after initial stabilisation. 

2.3 Life support during revascularization 
During ischemic cardiac arrest, chest compressions and coronary revascularisation should 
be performed optimally in order to maximalise the clinical potential of both treatments.  
Interruptions of chest compressions and impaired coronary visualisation can reduce the 
prognostic benefit of acute revascularisation in persistent ischemic cardiac arrest. Chest 
compressions can cause traumatic injury to the chest and heart which could hamper the 
effect of otherwise successful treatment. Possibly, the use of percutaneous devices may be 
more suited for acute treatment in these critically compromised patients. 
In the cardiac catheterization laboratory, a percutaneous left ventricular assist device can be 
deployed within few minutes and may be useful both by improving hemodynamics and by 
obviating the need for chest compressions during percutaneous coronary intervention 
during persistent ischemic cardiac arrest. 
Of the currently available percutaneous assist devices the Impella 2.5 is likely to be more 
suited for hyper-acute use during cardiac arrest due to less complicated and faster 
deployment procedures. This device has been studied in experimental models of persistent 
ischemic cardiac arrest and results have been promising. 

2.4 Previous research 
Current resuscitation algorithms are complex and include defibrillation, manual chest 
compressions and the use of vasopressor drugs. The hemodynamic and clinical effects of 
conventional resuscitation with external chest compressions and medical therapy are in 
many cases suboptimal. Results from large clinical trials indicate a substantial potential for 
improvement of current advanced cardiac life support.  
When spontaneous circulation can not be rapidly restored after witnessed resuscitated 
cardiac arrest (persistent cardiac arrest) reported mortality is close to 100% with 
conventional treatment.  
Sophisticated pharmacological approaches to improve cardiac efficacy and blood pressure 
have not been able to improve outcomes in this population despite impressive pre-clinical 
data. Additionally, recent studies indicate vasopressor drugs may have detrimental effects 
on cardiac and cerebral function. In cardiogenic shock, vasopressor use has been associated 
with impaired outcomes in the setting of acute myocardial infarction. It may be reasonable 
to suggest that inotropes and vasopressor substances do not represent the pharmacological 
agents most likely to make a significant impact on patient survival in this field in the future. 
Mechanical assist devices represent an attractive approach in the treatment of cardiac 
collapse. Intra aortic balloon pump therapy in cardiogenic shock and compression-
decompression devices in cardiac arrest are in widespread routine clinical use despite 
debatable clinical data. Similary as for inotropes and vasopressor therapy, it may be inferred 
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that the encouraging blood pressure augmenting effects of the devices overshadow the lack 
of survival benefit and the risk of such treatment in clinical practice. 
Other treatment modalities such as volume expansion and abdominal compression for 
increasing venous return have shown hemodynamic benefits comparable to that of 
vasopressors but clinical use and testing has been limited. 
From a hemodynamic standpoint, LVADs as well as CPS represent attractive approaches for 
improving outcomes in acute cardiac collapse requiring resuscitation. This far, various 
surgically deployed assist systems and external mechanical compression-decompression 
devices have been investigated in cardiac arrest. Hemodynamic effects have been promising 
but clinical results have remained poor.  
In the clinical setting, acute myocardial ischemia is a major cause of cardiac arrest. Some 
studies indicate that urgent PCI may improve outcomes in patients with ST-elevation on the 
electrocardiogram after return of spontaneous circulation. The subgroup of patients with 
ROSC and subsequent ST-elevation on ECG constitute only a small part of cardiac arrest 
patients. Acute coronary revascularisation has not been proven to be beneficial for the large 
portion of patients without ST elevation or without ROSC. 
However, cardiac arrest is commonly caused by acute coronary ischemia in the absence of 
obvious non-cardiac causes (Figure 5). Furthermore, the presence of coronary ischemia may 
reduce the success rate of defibrillation causing persistent ventricular fibrillation. On this 
basis, patients with suspected acute coronary ischemia and persistent cardiac arrest are 
increasingly being treated with acute revascularization with cardiac catheterization even 
with ongoing resuscitation.  

 
Fig. 5. High incidence of coronary artery disease in cardiac arrest victims. Spaulding et al.N 
Engl J Med 336:1629-1633 June 5, 1997 
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3. Our data 
3.1 Impella LP 2.5 in cardiac arrest 
We performed the first experimental assessment of PVAD therapy during ischemic 
ventricular fibrillation in 2005. In a randomized porcine model we showed that blood 
delivery to the systemic circulation could be achieved with a PVAD during cardiac arrest 
without simultaneous chest compressions and without vasopressor. It was also found that 
intravenous fluid loading improved pump delivery during cardiac arrest in a randomized 
comparison with conservative fluid infusion.  The complete results have been published 
previously (Tuseth et al, Crit. Care Med., 2008).  
Design and results are outlined below. 
16 porcine subjects under general anesthesia were randomized to percutaneous left 
ventricular assist device support either with conventional or with intensified fluid infusion 
as only hemodynamic interventions during cardiac arrest. All procedures were performed 
with percutaneous access. 
After randomization for fluid infusion, cardiac arrest was induced by balloon occlusion of 
the proximal left anterior descending artery. The percutaneous left ventricular assist device 
and fluid infusions were started after ventricular fibrillation had been induced. Brain, 
kidney, myocardial tissue perfusion and cardiac index were measured with the 
microspheres injection technique at baseline, 3 and 15 minutes. Additional hemodynamic 
monitoring continued until 30 minutes.   
At 30 minutes LVAD function was sustained in 11/16 animals (8/8 intensified fluid vs. 3/8 
conventional fluid) and was associated with intensified fluid loading (P<0.001). Mean 
cardiac index at 3 minutes of VF was 1.2 L.min/m2 (29% of baseline, P<0.05). Mean 
perfusion at 3 minutes was 65% in the brain and 74% in the myocardium compared to 
Baseline (P=NS) with no further significant change after 15 minutes. 

3.2 Prevention of cerebral ischemia with Impella LP 2.5 during cardiac arrest 
In a second study, using a similar protocol, our group investigated the effect of PVAD-
assisted circulation during cardiac arrest on cerebral ischemic injury. Using cerebral 
microdialysis we found that ischemic cerebral metabolism and injury assessed with 
microdialysis could be avoided during a prolonged period of cardiac arrest. The same study 
also showed that PVAD function and hemodynamics were maintained for an extended 
period of 45 minutes of cardiac arrest.   
The complete results have been published previously. 
Design and results are outlined below. (Tuseth et al, Resuscitation , 2009). 
12 anesthetized pigs in narcosis had cerebral microdialysis and pressure catheters implanted 
via craniotomy; otherwise the principal experimental set-up was comparable to paper 1.   
Cerebral microdialysis markers (glucose, pyruvate, lactate, glycerol) were analyzed after 20 
and 40 minutes of VF with assisted circulation.  Tissue perfusion was measured with 
microspheres injections.   
After 20 minutes of VF, cerebral microdialysis showed no ischemic changes (P=NS to 
Baseline for glucose, glycerol, lactate, pyruvate and lactate/pyruvate ratio) in subjects with 
maintained end-tidal CO2 values above 1.3 kPa (predicted survivors). After 40 minutes only 
lactate showed a significant change compared to Baseline (P<0.05) (Figure 6). Microspheres 
confirmed blood flow to the brain at 57% and myocardium at 72% of baseline after 15 
minutes (P<0.05), declining to 22% and 40% after 45 minutes respectively (P=NS). In the 
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predicted non-survivors (end tidal CO2 below 1.3 kPa after 20 minutes, n=6) microdialysis 
indicated cerebral ischemia at 20 minutes and tissue perfusion by microspheres was below 
1% of Baseline (all P<0.05). End-tidal CO2 identified subjects with and without successful 
circulation.  
 

 
Fig. 6. Lactate/Pyruvate ratio from cerebral microdialysis is a sensitive marker for ischemic 
cerebral metabolism. Values with PVAD support during ischemic cardiac arrest in dark 
grey, without in light grey, normal values shaded. Values with PVAD support are normal 
during the first 20 minutes and moderately pathological between 20 and 40 minutes 
whereas values without support are immediately critical after onset of ventricular 
fibrillation. Tuseth et al, Resuscitation.2009 Oct;80(10):1197-203. 

3.3 Randomised comparison of PVAD, LVAD and open chest cardiac massage during 
ischemic ventricular fibrillation 
Finally, in a third study, the hemodynamic effects of the PVAD (Impella LP 2.5 (LP2.5)) 
were compared with optimal manual resuscitation using open chest cardiac massage and 
with a larger, surgically deployed LVAD (Impella LP 5.0 (LP5.0)) during VF. 
This experiment compared clinical outcomes assessed by the rates of successful return of 
spontaneous circulation (ROSC) with defibrillation after 20 minutes of ischemic cardiac 
arrest with the three different methods of circulatory support. This study indicated the 
PVAD outperformed optimal conventional resuscitation with open chest cardiac massage 
with regards to myocardial perfusion and obtained similar outcomes for ROSC and cerebral 
perfusion compared to optimal current therapy (OCCM). Compared with a surgical LVAD 
in this clinical setting the PVAD also showed superior results, likely due to a problem with 
aortic regurgitation and shunting with the surgical device in the absence of any intrinsic 
circulation. 
The complete results have been published previously (Tuseth et al, Resuscitation, 2010). 
Design and results are outlined below. 
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18 pigs were randomized into 3 groups (all n=6). Surgical preparation including thoracotomy 
was performed in general anesthesia. A Doppler flow probe was placed around the 
pulmonary artery for direct and continuous cardiac output measurement. A catheter was 
inserted into the mid-distal LAD for pressure monitoring and the distal LAD was occluded by 
ligature inducing myocardial ischemia. Microspheres injections were used for measuring of 
tissue-perfusion. VF was induced with diathermy stimulation of the left ventricle.  
After 3 minutes of VF, cardiac output with cardiac massage was 1129 mL.min-1 vs. 1169 
mL.min-1 with the percutaneous- and 570 mL.min-1 with the surgical device (P<0.05 for 
surgical vs. others). End-tidal CO2 was 3.3 kPa with cardiac massage vs. 3.2 kPa with the 
percutaneous- and 2.3 kPa with the surgical device (P<0.05 surgical vs. others). 
Subepicardial perfusion was 0.33 mL.min-1.g-1 with cardiac massage vs. 0.62 mL.min-1.g-1 
with both devices (P<0.05 devices vs. massage), cerebral perfusion was not significantly 
different between groups (all reported values after 3 min cardiac arrest, all P<0.05 vs. 
Baseline, all P= NS for 3 min vs. 15 min). Defibrillation after 20 minutes achieved return of 
spontaneous circulation in 5/6 subjects with cardiac massage vs. 6/6 with the percutaneous- 
and 4/6 with the surgical device (P=NS) (Figure 7).  
 

 
Fig. 7. Rates of successful defibrillation after 20 minutes of persistent ischemic cardiac 
arrest with open chest cardiac massage (OCCM) or PVAD (Impella LP 2.5) or LVAD 
(Impella LP 5.0). Tuseth et al. Resuscitation. 2010 Nov;81(11):1566-70. 

4. Technical considerations 
4.1 Resuscitation 
In the routine clinical setting, manual or mechanical chest compressions are the current 
standard for life support during cardiac arrest. Despite advances in technical performance 
and monitoring, the hemodynamic effects and clinical outcomes still have potential for 
improvement. External devices have been employed with promising hemodynamic results, 
but uncertain clinical benefit. Internal cardiac massage with an open chest has proven 
superior results compared to external methods both in experimental and clinical studies. 
However, the method has not been established in the clinical routine as the technique 
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requires surgical access to the heart and may have risk of complications.  In experimental 
cardiac arrest, OCCM may be considered a clinically relevant reference for optimal CPR. A 
direct comparison of the PVAD to optimal CPR has not been performed previously. 

4.2 Hemodynamic considerations 
In the absence of myocardial contraction during cardiac arrest, blood flow through the 
pulmonary circulation depends on thoracic volume compression and decompression in 
conventional CPR.  In addition, sequential variation of thoracic volume and pressure during 
mechanical ventilation may facilitate blood flow towards the left side circulation.  
Furthermore, blood flow through the pulmonary vasculature is improved by increasing 
central venous pressure and TPR.  With PVAD support without concomitant chest 
compressions during VF, LV filling may be limited. However, with optimal filling conditions, 
the use of the percutaneous impeller device could be feasible during cardiac arrest. 
Intravenous fluid administration can increase venous return, central venous pressures and left 
ventricle filling pressures. Consequently, fluid loading may have potential to improve blood 
delivery to the left ventricle from the right side of the heart in cardiac arrest.  

4.3 End-Tidal CO2 
End-tidal CO2 values can be continuously monitored from the ventilator and may indicate 
the clinical efficacy of CPR during prolonged cardiac arrest. During resuscitation, end-tidal 
CO2 is associated with cerebral perfusion and cardiac output. Cut off values have been 
identified which can be used to predict survival in cardiac arrest.  

4.4 Cerebral injury  
Despite novel therapeutic approaches including hypothermia, emergency revascularization, 
medical intervention and mechanical devices assist devices, ischemic cerebral damage 
remains a major limitation for outcomes after cardiac arrest. Assessment of cerebral blood 
flow can be achieved by various techniques. In experimental studies, perfusion measured by 
microspheres is a reliable approach for assessment of cerebral cortical perfusion and may 
provide relevant hemodynamic information, but can not detect or quantify ischemic injury.  
A recently developed method employs a miniaturized dialysis technique for direct 
evaluation of biochemical markers related to metabolism and injury in different tissues. In 
order to assess cerebral injury, cerebral microdialysis can be performed via a miniature 
dialysis catheter implanted into the cerebral cortex through a small cranial burr hole (Figure 
8). This technique can detect and monitor metabolic changes in the brain at an early stage 
after injury and has been validated in relation to cerebral perfusion and clinical outcomes. 
Limited data exist from previous experimental studies in circulatory arrest. Normal 
reference values have been defined. During cardiac arrest, cerebral microdialysis may give 
highly relevant information for the assessment of the clinical significance of hemodynamic 
interventions.  

4.5 Animal models 
Investigation of previously not tested treatment in cardiac arrest has potential to cause harm 
in a clinical setting. In general, new methodology may have unforeseen complications and 
may also infer with current optimal standard of care. In cardiac arrest, immediate and 
aggressive treatment is required for optimal survival which limits assessment of new 
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Fig. 8. Principles of cerebral microdialysis catheter. Tuseth et al. Interventional 
Cardiology.2009 Dec;1(2):197-208 

hypotheses in human subjects in this setting. Prognosis is critically poor in this subset of 
patients and further research aiming on improving the understanding, and possibly the 
outcomes of cardiac arrest is considered highly relevant. Thus, the use of animal models of 
human disease may be considered appropriate in order to evaluate novel interventions in 
cardiac arrest. Research animals have been used in various protocols to study 
hemodynamics and interventions in cardiac arrest with considerable experimental evidence 
and validated end-points. In this project, PVAD was used to investigate the use of a 
miniature blood pump as hemodynamic support during cardiac arrest without concomitant 
conventional CPR. The device studied is designed for intra-arterial deployment from the 
femoral artery into the left ventricle and requires anatomy similar to that in humans for 
optimal assessment. The selected porcine model offers anatomic and hemodynamic 
conditions close to that in human subjects.  

4.6 Animals  
All three experimental protocols included Norwegian Land Race swine of either sex and 
with weight approximately 50 kg.  Subjects were fasted overnight with free access to water. 
The animals were acclimatized for at least 7 days under controlled temperature, lighting and 
humidity and were fed with a standard diet. The experimental protocols were registered 
and approved by the Norwegian Animal Research Authority and by the local responsible 
laboratory animal veterinarian, and was conducted in accordance with national and 
international laws controlling experiments in live animals. A dose of 330mg acetylsalicylic 
acid was administered orally the day before the procedure in order to reduce the risk of 
coronary thrombus formation during intravascular procedures.  
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4.7 Anesthesia 
After intramuscular premedication with ketamine (20 mg/kg) and atropine (1mg) in the 
neck, ear veins were cannulated. Animals were placed on a warm-water blanket with 
continuous monitoring of rectal temperature and electrocardiogram. Ventilation 
(spontaneous on mask) with O2 and 3% (vaporizer setting) isoflurane (Rhodia, Bristol, 
England) for 2 to 3 min allowed oral intubation. Ventilation was commenced and continued 
with a mixture of N2O (56-57%) and oxygen. The mechanical ventilator (Cato M32000, 
Drägerwerk, Lübeck, Germany) was set to a tidal volume of 10 mL/kg and a frequency of 13 
– 15 cycles/min; with small adjustments aiming at an end-tidal CO2 of 5 %. Anesthesia was 
induced by intravenous loading doses of fentanyl 0.02 mg/kg, midazolam 0.3 mg/kg and 
sodium pentobarbital 15 mg/kg and maintained with continuous infusions of fentanyl 0.02 
mg/kg per h, midazolam 0.3 mg/kg per h, (pancuronium 0.14 mg/kg per h, paper 1) and 
pentobarbital 4 mg/kg per h. Thus, the total fluid substitution for anesthesia amounted to 15 
mL/kg per h.  

4.8 Percutaneous model  
After infiltrating the skin with 0.5% xylocaine the femoral arteries and veins were exposed 
bilaterally and secured by ligatures. Arterial (13F, 6F, 5F) and venous (8F) sheaths were 
inserted. A bolus of 5000 international units of heparin was administered intra-arterially 
after placing the sheaths and repeated every 60 minutes for the duration of the study. A 5F-
pigtail catheter was placed in the left ventricle for injection of microspheres. A 6F 
multipurpose hockey stick catheter served as a guide for the left coronary artery. Right side 
pressures were measured with a Swan Ganz catheter in the pulmonary artery. The Impella 
LP 2.5 (Abiomed, USA) was implanted with the inlet below and the outlet above the aortic 
valve. Aortic pressure and pump output in L/min was recorded from the device module. 
End tidal CO2 was monitored from the mechanical ventilator system. Samples for arterial 
acid-base measurements were taken from the arterial sheaths. Additionally, in paper 1, 
venous blood samples were taken at the same time points as arterial blood.  
The Impella Recover LP 2.5 is a true percutaneous LVAD with a diameter of 4 mm (12F). 
Insertion is by a 13F arterial sheath and deployment into the LV is performed over a 0.14” 
guide wire under fluoroscopic guidance, usually via the femoral artery.  The outlet is in the 
proximal ascending aorta. Positioning is guided by a pressure sensor. 

4.9 Surgical model  
Surgical tracheotomy and suprapubic vesical catheterization were performed directly after 
induction of narcosis. Next, median sternotomy was performed with an oscillating saw. 
After free-dissection of the aorta, a Doppler-flow probe (Medi-Stim Butterfly Flowmeter 
Probe, 21mm, MediStim, Oslo, Norway) was placed around the common pulmonary trunk 
permitting direct measurement of cardiac output. For microspheres administration and 
pressure monitoring, a soft catheter (Feeding tube CH 6 (2mm, 40cm), UNO Plast A/S, 
Hundested, Denmark) was deployed in the left atrium using Seldinger-technique and 
secured by sutures. For pressure monitoring in the LAD, a miniature catheter 
(ABBOCATH®-T 20 G, Venisystems, Sligo, Ireland) was inserted into the mid-distal portion 
of the left anterior descending artery (LAD) with Seldinger-technique and fixated with 
sutures, this also inducing myocardial ischemia distal to the implantation site. Additional 
fluid supplements were administered to compensate for any fluid- and blood-loss during 
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the study aiming to maintain a minimum flow in the pulmonary artery of 3 L.min-1 and also 
optimal filling of the heart visually determined from the surgical field. Trans-esophageal-
echocardiography (TEE) with intravenous bubbles contrast was performed to detect 
potential cardiac defects with shunting of blood at Baseline . Baseline registrations were 
made during spontaneous circulation after 5 minutes of stabilization post-surgery. VF was 
induced by stimulation of the LV by surgical diathermy. Open chest cardiac massage was 
performed using both hands, with the left hand holding the right ventricle and the fingers of 
the right hand holding the left ventricle, performing anterior-posterior compression at a rate 
of approximately 80 min−1. Defibrillation with 50 Joules delivered directly to the 
myocardium was performed after 20 minutes of VF still with mid LAD occlusion. 
The Impella Recover LP 5.0 has a diameter of 7mm (21 F) and a maximal output of 5 liters 
per minute. This device is principally similar to the LP 2.5, but due to its larger diameter, it 
requires surgical vascular access and hemostasis at the implantation site. The femoral or iliac 
artery is usually suitable for vascular access in human use. Due to smaller diameter and 
sharper curves of the vessels in the animals, vascular entry for the LP 5.0 was established 
through a vascular graft (GORE-TEX®Stretch Vascular Graft, W.L Gore & Associates, Inc., 
USA) sutured to the distal aorta with retroperitoneal access.  

4.10 Sampling techniques  
Labelled microspheres (Dye-Trak VII+®, Triton Technology, San Diego, CA) were injected 
into the left ventricle via a cardiac pigtail catheter with percutaneous technique. In the 
following two experiments, fluorescent beads were used (Dye-Trak F®, Triton Technology, 
San Diego, CA). Injections were made percutaneously into the left ventricle in paper 2 and 
directly into the left atrium in the surgical protocol. In all experiments, microspheres (15µ) 
dissolved in saline solution were injected. All reference blood samples were drawn from the 
right femoral artery starting immediately before the start of injections and lasting for 3 
minutes. Four different colors were used, in a randomized sequence. Tissue samples were 
collected from the right and left kidney cortex, the cerebral cortex, right ventricle and from 
the myocardium. The left ventricular samples were separated between regions and divided 
into subendocardial and subepicardial halves. Tissue- and reference blood samples were 
weighed. Next the tissue samples were dissolved in 1M KOH and thereafter the colored or 
fluorescent markers were separated from the microspheres using a solution of 2-Ethoxyethyl 
Acetate. Finally, tissue blood flow rates were calculated by spectrophotometry using 
matched glass cuvettes . In paper 1, readings were made using a color spectrophotometer 
(Hewlett Packard 8452A). In the two next experiments, readings were made using a fluoro 
spectrophotometer (Shimadzu RF-5301PC). 
Access for cerebral microdialysis and intracranial pressure (ICP) monitoring was established 
through a 0.5cm burr-hole 1cm lateral to the midline suture and 0.5 cm anterior to the 
coronal suture. The dura mater was incised with diathermy. The Codman MicroSensor ICP 
Transducer (Codman, Raynham, MA) was placed 2 cm into brain parenchyma and 
connected to a Codman ICP Express™ monitor (Codman). A microdialysis catheter with cut 
off 20 000 Dalton and membrane length 20 mm (CMA 70, Microdialysis AB, Solna, Sweden) 
was introduced 3 cm into cerebral parenchyma. The microdialysis catheter was perfused 
with CNS perfusion fluid (CMA Microdialysis AB, Solna, Sweden) at a rate of  0.3 µL/min, 
using a CMA 107 microdialysis pump (Microdialysis AB, Solna, Sweden). Microdialysis 
samples were collected in microvials (200µL, Microdialysis AB, Solna, Sweden ) that were 
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changed after 20 minutes and directly analyzed with respect to glucose, glycerol, lactate and 
pyruvate using photometric assay (CMA 600 Microdialysis Analyzer, Microdialysis AB, 
Solna , Sweden).  A total of 3 vials were analyzed in each experiment, one representing 
Baseline before VF, the next representing 0-20 minutes of VF and the final representing 20-40 
minutes of VF. 
Intravascular blood pressures were continuously monitored (HP, M108, Waltham, MA, US). 
Digital recordings and manual data logs were performed at the pre-specified time points. 
End-tidal CO2 was directly monitored from the ventilator (Cato M32000, Drägerwerk, 
Lübeck, Germany) and recordings were made at specified times. 
All blood samples were drawn from the intravascular sheaths. Samples were taken 
immediately before injection of microspheres. Full blood was samples were analyzed 
directly after sampling. Arterial and venous blood-gas analysis was performed on an 
automated blood gas/electrolyte analyzer (AVL Opti 3, Critical Care Analyzer, OPTI 
Medical  Systems inc. Roswell, GA, US). Full blood lactate samples were stored on ice and 
analyzed with amperiometric enzymoassay (ABL 800, Radiometer, Copenhaken, DK). 
Analysis was performed at the certified laboratory for clinical biochemistry, Haukeland 
University Hospital. 

5. Future perspectives 
5.1 Curremt PVAD status 
The use of a percutaneous assist device has been shown experimentally to be 
hemodynamically effective in persistent cardiac arrest. The available data suggest the device 
may be able to prevent cerebral ischemic injury for a prolonged period of ventricular 
fibrillation without simultaneous chest compressions and vasopressor. Furthermore, 
hemodynamic and clinical efficacy was found to be at least as good as optimal conventional 
therapy with open chest cardiac massage during cardiac arrest in a porcine model. 
Data from experimental cardiac arrest have demonstrated a promising area for potential 
clinical use of percutaneous left ventricular assist devices.  The efficacy of the Impella 2.5 
during experimental cardiac arrest indicate such a device can be useful as circulatory 
support for patients with cardiac arrest and extreme heart failure with severe organ hypo-
perfusion for a limited period of time. Adjunctive treatment to improve efficacy of such 
devices, particularly intervention to improve left ventricular filling, may be another focus of 
further research. The clinical role of percutaneous assist devices in cardiac collapse with 
absent or severely impaired spontaneous circulation yet remains to be established.  

5.2 Practical perspectives with the Impella LP 2.5 in acute hemodynamic collapse 
The LP 2.5 may offer rapid and uncomplicated hemodynamic support, can prevent cerebral 
ischemia and may achieve hemodynamics and outcomes comparable to optimal manual 
resuscitation during cardiac arrest. These findings indicate the device may find a role in the 
clinical treatment of cardiac arrest. During acute percutaneous intervention for coronary 
ischemia in patients with ischemic cardiac arrest, a percutaneous assist device may facilitate 
coronary revascularization and could improve outcomes in this setting by reducing the need 
for chest compressions, cardioversion and adrenaline. Further benefit may be achieved by 
reducing the left ventricular work-load after revascularization. 
Potentially, even less complicated deployment algorithms can be developed which may 
permit use of such devices in a broader clinical setting. Delivery can be performed via the 
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femoral, axillar, and the subclavian artery (116). Furthermore, trans-apical deployment of 
the device into the left ventricle through a chest wall puncture could be feasible with a 
device designed for antegrade delivery. Positioning can be confirmed with 
echocardiography, and with implantation-techniques independent of fluoroscopy, the 
device could potentially be useful also without available cardiac catheterization facilities.  
Accordingly, the clinical potential of the device might theoretically also include out-of 
hospital use. The future development of percutaneous assist device therapy in cardiac arrest 
may include percutaneously deployed right heart support systems and possibly the use of 
adjunctive medical or mechanical intervention for additional hemodynamic benefit. Clinical 
use for extended time periods during cardiac arrest can not be recommended from the 
current data. Fluid loading is potentially deleterious over time for patients with 
compromised left ventricular function due to acute myocardial infarction. As with 
conventional CPR, the use of LVAD support if spontaneous heart function can not be 
restored over a longer period of time, have ethical implications that need to be considered.  

6. Conclusions 
Limited clinical data have demonstrated hemodynamic efficacy and safety of the two 
PVADs in clinical use.  Experimental data with the Impella LP 2.5 have shown this PVAD 
device is able to sustain perfusion to the brain and myocardium during ischemic cardiac 
arrest in a porcine model. Fluid loading improved pump efficacy during cardiac arrest. 
Furthermore, cerebral microdialysis indicated that the percutaneous LVAD can prevent 
cerebral injury during prolonged cardiac arrest. The hemodynamic effects of the device and 
its effects on tissue perfusion and cerebral ischemia can be maintained for an extended 
period of VF and may be continuously assessed with end-tidal CO2 from the ventilator. 
The Impella LP 2.5 device maintained hemodynamics and tissue perfusion comparable to 
open chest cardiac compressions during 15 minutes of VF in a porcine model and obtained 
similar rates of return of spontaneous circulation after defibrillation compared with open 
chest cardiac massage. A larger surgically implanted assist device of similar design did not 
improve results in this experimental model. 
Percutaneous left ventricular assist devices may be able to fill a void in the acute treatment 
of patients with acute hemodynamic collapse. With relative ease of deployment, low risk of 
procedural complications and beneficial hemodynamic effects, such devices should have 
potential to improve outcomes in patients with refractory cardiogenic shock and persistent 
ventricular fibrillation. These patients constitute a significant population in contemporary 
clinical practice which still have a very high mortality with current treatment. PVAD 
support can offer myocardial pressure- and ischemia unloading as well as improvement of 
vital organ perfusion in critically ill patients without the potential hazards of vasopressors 
and mechanical compression devices. By reducing intra-cardiac pressures, myocardial 
oxygen consumption and by augmenting myocardial blood delivery, such devices may be 
able to increase the likelihood for successfully reversing a catastrophic state of refractory 
hemodynamic collapse as in persistent cardiac arrest and cardiogenic shock. Although 
limited clinical data are available this far. Experimental studies with the Impella LP 2.5 in 
ischemic ventricular fibrillation indicate a possible clinical potential. Further clinical studies 
should be warranted.  
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1. Introduction    
Many researchers have reported that vasodilators, such as angiotensin-converting enzyme 
inhibitors (The CONSENSUS Trial Study Group, 1987), angiotensin receptor blockers (Cohn 
et al., 1999), and beta-blockers (CIBIS Investigators et al., 1994), improve prognosis in 
patients with chronic heart failure (CHF). Furthermore, new technologies to treat CHF, such 
as cardiac rehabilitation, cardiac resynchronization therapy, left ventricular assist devices, 
and left ventricular reconstruction surgery, have been developed over the past decade. 
Despite advances in therapy for heart failure, improving clinical outcomes of patients with 
acute decompensation of CHF remains a challenge for physicians. Re-hospitalization within 
60—90 days occurs in approximately 30% of patients with acute decompensation of CHF 
(Mann, 2008). 
In 1989, Tei et al. developed a form of thermal therapy for heart failure that uses a variation 
of the traditional dry sauna with temperature maintained at 60°C (Tei et al., 1994; Tei et al., 
1995). This new form of thermal treatment is defined as warming the entire body in a 
uniformly heated chamber for 15 min at a temperature that relaxes both the mind and body. 
After the core temperature has increased by 1.0–1.2°C, the patient rests outside the sauna for 
a further 30 min to maintain the soothing effect, and fluids corresponding to perspiration 
loss are supplied to protect against dehydration at the end of therapy (Tei, 2007). 
Tei et al. have previously reported that the repeated use of a dry 60 ◦C sauna by CHF 
patients improves hemodynamics (Tei et al., 1995), ameliorates symptoms (Tei & Tanaka, 
1996), suppresses ventricular arrhythmias (Kihara et al., 2004), and improves vascular 
function (Kihara et al., 2002). Recently, in a prospective multicenter case-control study, 2 
weeks of dry sauna therapy was shown to improve clinical symptoms and cardiac function 
in CHF patients (Miyata et al., 2008). Repeated sauna therapy also improved survival in TO-
2 cardiomyopathic hamsters with heart failure (Ikeda et al., 2002). A recent retrospective 
follow-up study (Kihara et al., 2009) has shown that sauna therapy decreased cardiac death 
and re-hospitalization in patients with CHF over a 60-month follow-up period. 
A large number of end-stage CHF patients in Japan have been implanted with a left 
ventricular assist device (LVAD) because of prolonged waiting periods for heart transplants 
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(Osada et al., 2005). Although we wished to apply sauna thermal therapy to patients with 
LVAD, we do not have an appropriate sauna facility. Instead, we attempted to apply lower 
limb thermal therapy to the patients with LVAD awaiting a heart transplant. This paper 
describes for the first time the safety and effectiveness of this preliminary trial of lower limb 
thermal therapy for patients with end-stage heart failure. 

2. Methods 
2.1 Patients and study design  
The study subjects included 5 consecutive  end-stage CHF patients who were listed on a 
waiting list for heart transplants in the National Cardiovascular Center, Osaka, Japan. All 
patients had dilated cardiomyopathy refractory to maximal medical therapy, including  
angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, beta-blockers, 
diuretics, and digitalis. Regardless of intensive care with intravenous inotropic agents, heart 
failure rapidly progressed to cardiogenic shock in the patients. They were fitted with 
extracorporeal LVAD (VCT-50, Toyobo Ltd., Osaka, Japan) to stabilize their hemodynamics. 
None of the patients was implanted with a defibrillator device.  
 

 
Fig. 1. Typical settings for lower limb thermal therapy for a patient with left ventricular 
assist device. 

The patients’ general condition stabilized thereafter and the status of heart failure at the 
time of study was New York Heart Association (NYHA) class II. Although this status 
remained stable for at least 6 months, the patients’ cardiac function did not sufficiently 
recover to allow discontinuation of LVAD support. All patients provided written informed 
consent to enter into the clinical trial for lower limb thermal therapy. The Ethics Committee 
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at the National Cardiovascular Center approved the protocol, and the study was conducted 
in accordance with the Declaration of Helsinki. The study consisted of clinical examinations 
before and after a 2-week treatment consisting of daily thermal therapy using a steam bath 
at 42 ◦C applied to the lower legs and feet (Fig. 1). After 15 min of therapy at 42 ◦C, the 
patient remained seated in the steam bath with the lower legs and feet wrapped with a 
blanket for a further 30 min. The procedure was accompanied by electrocardiographic 
monitoring. The patient remained on the same medications with same dose throughout the 
study period. 
A typical example of lower limb thermal therapy is illustrated in Fig.1.  The study protocol 
for the 2-week treatment was illustrated in Fig.2. 
 

 
Fig. 2. Illustrative presentation of the study design for lower limb thermal therapy. 

2.2 Measurements 
Systolic and diastolic blood pressure (BP), heart rate, body weight, and surface and deep 
body temperature (axillary and sublingual) were measured daily throughout the study. 
Chest X-ray, ambulatory electrocardiogram, echocardiogram, and peripheral arterial 
tonometry were recorded and blood was sampled prior to and 2 weeks after the treatment. 
Blood samples were used for measurement of plasma BNP, serum NT-proBNP, plasma 
nitrates and nitrites, plasma hydroperoxides and HClO expense test. 
Medical interviews were done every morning to evaluate the clinical status of CHF by NYHA 
functional class, and to estimate the patients’ daily life activities using a Specific Activity Scale 
(SAS). We used the Specific Activity Scale as a measure of QOL, in which self perceived 
exercise tolerance is expressed by an energy cost spent in the maximal physical activity that 
the patient can perform (Sasayama et al., 1992). The Specific Activity Scale allows expression of 
the extent of submaximal physical activity. Sasayama et al. actually measured the metabolic 
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costs of various types of physical activity by hooking subjects up to a mask to measure oxygen 
consumption and the volume of carbon dioxide exhaled. They then prepared questionnaires 
about specific physical activities that a patient would perform either customarily or 
sporadically in daily life and each patient was asked to specify whether he/she could perform 
each type of activity without symptomatic limitations. Summarizing the questionnaire data, a 
given number of metabolic costs (Specific Activity Scale) were derived for each patient with 
regard to their self-perceived exercise tolerance. As a clear linear correlation was observed 
between Specific Activity Scale and peak oxygen consumption, the Specific Activity Scale was 
considered to provide a reliable prediction of exercise capacity (Sasayama et al., 1992) 
Prior to and 2 weeks after the treatment, the cardiothoracic ratio (CTR) was measured by 
chest radiography and the count of premature ventricular beats was evaluated daily with an 
ambulatory electrocardiogram. Prior to and 2 weeks after the treatment, two-dimensional 
echocardiography were performed to determine left ventricular systolic (LVDs) and 
diastolic dimension (LVDd), left atrial dimension (LAD), LVEF and degree of mitral 
regurgitation. The left ventricular (LV) end-diastolic and end-systolic volumes were 
determined according to a modification of Simpson’s method. LVEF was calculated as end-
diastolic minus end-systolic volume divided by end-diastolic volume. 
Each patient was instructed to lie quietly and undisturbed for at least 30 min, and then a 
venous blood sample was withdrawn through an indwelling catheter in the forearm. Plasma 
was immediately separated and stored at 70°C until analysis.  
Norepinephrine (NE) concentrations were determined by high performance liquid 
chromatography and electrochemical detection. Plasma brain natriuretic peptide (BNP) was 
determined by the chemiluminescent enzyme immunoassay.  
For nitric oxide (NO) measurement, the blood specimen was placed immediately in an ice 
bath and centrifuged within 30 seconds for 5 minutes at 2000g. The serum fraction was 
diluted 1:1 with nitrite- and nitrate-free distilled water, and 400 mL of the diluted sample 

was centrifuged at 2000g in an ultra-free MC microcentrifuge device (Millipore) to remove 
substances larger than 10 kD. The filtrate was passed through a copper-plated cadmium 
column to reduce nitrate to nitrite and then reacted with Griess reagents consisting of 0.1% 
naphthylethylenediamine dihydrochloride in distilled water and 1% sulfanilamide in 5% 
H3PO4, after which absorbance was measured at 540 nm to provide the total amount of 
plasma NO end products (nitrate plus nitrite). The efficiency of the cadmium column in the 
conversion of nitrate to nitrite was confirmed to be 100% by measuring both nitrate and 
nitrite standards before and after sample measurement (Node et al., 1997).  
Plasma hydroperoxides, which were determined by the Diacron reactive oxygen metabolites 
test, were used as a marker of oxidative stress (Cesarone et al., 1999) while the OXY 
absorbent test was used to measure buffering potential against the oxidant action of 
hypochlorous acid (HClO), which was quantified by HClO neutralization, and represented a 
marker of anti-oxidative potency (Trotti et al., 2001).  
Endothelial function was quantified by the reactive hyperemic (RH) change in digital blood 
flow after arm occlusion using a peripheral fingertip arterial tonometry (PAT) device (Endo-
PAT 2000 system; Itamar-Medical, Caesarea, Israel)( Bonetti et al., 2004;  Hamburg & 
Benjamin, 2009). After 5 min of baseline recording, a BP cuff was inflated to supra-systolic 
pressure in the test arm. After 5 min of occlusion, the cuff was rapidly deflated, with PAT 
tracings recorded. The reactive hyperemic PAT (RH-PAT) response was determined as the 
ratio of PAT amplitude in the test arm to that in the control arm, averaged over  30-s 
intervals after cuff deflation, divided by the average PAT ratio measured for the 140-s 
interval before cuff inflation. RH-PAT ratio was assessed between 60 s and 120 s after 
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occlusion and was the log-transformed value of the post-deflation to baseline pulse 
amplitude in the hyperemic finger normalized to the contralateral finger. 

2.3 Statistical analysis 
All data are expressed as means ±S.D. Value of BNP was log-transformed to remove 
skewness of data distribution. The data prior to and 2 weeks after treatment were compared 
using a paired t-test. A p-value of <0.05 was considered statistically significant. 

3. Results 
3.1 Clinical findings and physical examinations  
Table 1 summarizes the results of clinical findings and physical examinations. During the 
study, none of the patients treated with lower limb thermal therapy showed worsened 
clinical symptoms. The changes in the clinical findings and variables after 2 weeks are 
indicated in Τable 1. Although the NYHA functional class remained similar, activity of daily 
life estimated by SAS system tended to decrease (p=0.058). Systolic and diastolic blood 
pressure and heart rate did not differ between the baseline and 2 weeks after therapy.  No 
significant change was noted in body weight.   
 

 Before After p value 
Sample size 5 5  
Age (years) 35.4±8.8   
NYHA functional class 2.8±0.4 2.6±0.5 0.374 
Activity of Daily Life (METs) 2.66±0.85 3.12±1.11 0.058 
Ventricular Premature Beats (per day) 121.8±70.2 71.6±62.2 0.143 
Body Weight (kg) 53.0±10.1 52.9±10.1 0.355 
Systolic blood pressure (mmHg) 97.4±13.0 99.2±17.0 0.505 
Diastolic blood pressure (mmHg) 55.0±10.4 58.2±9.4 0.216 
Heart Rate (bpm) 80.0±34.8 79.6±29.7 0.914 
Morning Body Temperature (C) 35.9±0.45 36.0±0.39 0.296 
Deep Body Temperature (C) 36.0±0.29 36.8±0.23 0.004 
Cardiothoracic Ratio (%) 53.7±14.8 52.2±14.7 0.082 
Norepinephrine (pg/mL) 974.2±584.8 801.6±482.7 0.041 
log BNP (pg/mL) 2.128±0.516 2.080±0.505 0.035 
Nitrogen oxide (μmol/L) 25.1±6.7 47.6±19.8 0.028 
Hydroperoxides (carr U) 501.4±77.5 430.4±84.2 0.0003 
OXY absorbent test (μmol HClO/mL) 397.6±41.9 461.6±56.4 0.096 
LAD (mm) 42.8±11.2 42.4±10.0 0.731 
LVDd (mm) 54.4±12.0 53.0±13.3 0.184 
LVDs (mm) 43.1±15.4 39.7±15.9 0.014 
LV Ejection Fraction (%) 43.0±19.3 51.1±18.5 0.0007 
Mitral Regurgitation (grade) 2.2±1.1 1.4±0.9 0.016 
RH-PAT ratio 1.39±0.24 2.05±0.30 0.02 
BNP brain natriuretic peptide, LAD left atrial dimension, LVDd left ventricular diastolic 
dimension, LVDs left ventricular systolic dimension, NYHA New York Heart 
Association, RH-PAT reactive hyperemic peripheral arterial tonometry 

Table 1. Summary of changes in parameters before and after the thermal therapy 
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3.2 Chest radiography and echocardiography 
Table 1 also  presents the results of chest radiography and echocardiography. Chest 
radiography showed a non-significant decrease of the CTR after 2 weeks of treatment when 
compared with the baseline.  
 
 

 
 

Fig. 3. Representative illustration of the extent of mitral regurgitation prior to and after the 
therapy 

 
 

 
 

Fig. 4. Representative illustration of the changes in the tracing of peripheral arterial 
tonometry before and after the therapy 
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While, echocardiography demonstrated similar dimensions in LAD and LVDd after 
treatment, LVDs and LVEF significantly decreased after the therapy (Table 1). Doppler 
echocardiography demonstrated that the extent of mitral regurgitation decreased after 
treatment  (Table 1, Fig. 3).  

3.3 Plasma levels of norepinephrine, BNP, nitrogen oxide and hydroperoxides, and 
result of OXY adsorbent test 
Table 1 shows the changes in plasma concentration of norepinephrine, BNP, nitrogen oxide 
(nitrate plus nitrite) and hydroperoxides. Plasma concentration of norepinephrine 
significantly decreased after 2 weeks of the therapy. The plasma concentration of BNP 
significantly decreased after 2 weeks of the therapy. Plasma concentration of nitrogen oxide 
（nitrate plus nitrite）, the stable metabolite of nitric oxide, significantly increased after 2 
weeks of the therapy. Plasma concentration of hydroperoxides, a biomarker that reflects 
oxidative stress, significantly decreased after 2 weeks of the therapy. The OXY absorbent 
test, a marker of anti-oxidative potency, showed a non-significant increase after 2 weeks of 
the therapy.  

3.4 Endothelial function 
The RH-PAT ratio was augmented 2 weeks after the therapy (Table 1, Fig.4).  

4. Discussion 
This is the first report of lower limb thermal therapy being applied to patients implanted 
with LVAD and awaiting heart transplantation. Whole body sauna therapy for CHF is 
widely recognized to result in improved clinical symptoms, cardiac function, quality of life, 
and ventricular arrhythmia, and in decreased levels of abnormally activated neurohumoral 
factors (Tei et al., 1995; Tei & Tanaka, 1996; Tei 2007; Kihara et al., 2002; Kihara et al., 2004). 
However, whole body sauna therapy is impractical for patients with CHF in general 
hospitals that lack specialized sauna facilities, whereas lower limb thermal therapy using a 
steam bath can be applied routinely right in the patients’ rooms.  
Increases in deep body temperature of 1.0—1.2 ◦C during sauna therapy dilate systemic 
arteries and veins, thereby reducing systemic preload and afterload and resulting in 
increased cardiac output (Tei et al., 1995; Tei & Tanaka, 1996; Tei 2007; Kihara et al., 2002; 
Kihara et al., 2004). The sublingual temperature of the patients in the present study was 
increased by about 0.8 ◦C after the therapy. Nevertheless, the benefits seemed to be similar 
to those of sauna therapy. Ikeda et al. found that repeated sauna therapy increases 
endothelial nitric oxide synthase expression and nitric oxide production, and improves 
cardiac function in animal models of heart failure (Ikeda et al., 2001; Ikeda et al., 2005). 
Serum nitrate plus nitrite levels doubled in our patients, when compared with the baseline 
values, as did the index of endothelial function determined by RH-PAT. 
Patients implanted with an LVAD for long periods often develop serious hemorrhage in the 
cerebrum or elsewhere, as well as drive-line infection. We were concerned that the therapy 
would aggravate hemorrhage or infection in patients through its vasodilatory effects. 
However, we found that oozing of blood at the insertion site of the LVAD drive-line tended 
to resolve during therapy. Sauna thermal therapy attenuates psychological stress (Kihara et 
al., 2004). Because of a donor shortage in Japan, patients must remain attached to an LVAD 
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and stay in hospital for over 2 years while waiting for a heart transplant (Takatani et al., 
2005). The decrease in plasma norepinephrine indicated that appendicular thermal therapy 
also might attenuate psychological, as well as physical stress. 
Compared to pharmacological vasodilator therapy and other non-pharmacological therapy, 
such as cardiac resynchronization therapy and physical therapy, lower limb thermal therapy 
for CHF has several advantages. First, it is quite safe and has no adverse effects. Second, it is 
less expensive and more cost-effective. Third, unlike physical therapy, 
patients who are elderly or who have severe congestive heart failure, uncontrolled 
ventricular arrhythmias, and orthopedic limitations are not excluded from undergoing 
lower limb thermal therapy. Fourth, this treatment promotes mental and physical 
relaxation. Lower limb thermal therapy may thus be a valuable adjunct to pharmacological 
or non-pharmacological intervention in the management of CHF.  

5. Study limitation 
Although the present study is preliminary one, sample size was only five patients.  
Recruitment of study subjects is still ongoing. In the present protocol, the study subjects 
were implanted with LVAD for end-stage heart failure, and were therefore unlike typical 
patients with CHF.  

6. Conclusion 
Although the study used a very small cohort, I confirmed that lower limb thermal therapy 
was quite safe and that it improved clinical symptoms and cardiac function in patients with 
extracorporeal LVAD who were awaiting heart transplantation. The procedure of lower 
limb thermal therapy might benefit other patients, including those with end-stage heart 
failure. 
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Treatment of Ventricular Arrhythmias in 
Patients Undergoing LVAD Therapy 

Mulloy DP, M.D., Mahapatra S, M.D. FHRS and Kern JA, M.D. FACS 
University of Virginia 

U.S.A. 

"When the heart is diseased, its work is imperfectly performed:  
the vessels proceeding from the heart become inactive, so that you cannot feel them … if the heart 

trembles, has little power and sinks, the disease is advanced and death is near." 
- Ebers Papyrus of Ancient Egypt: est. 1500 B.C 

 
 
 
1. Introduction    
Ventricular tachycardia (VT) and ventricular fibrillation (VF) are not uncommon in patients 
with end-stage heart failure. With the shortage of donor cardiac allografts, most potential 
heart transplant recipients are now being bridged with continuous-flow left ventricular 
assist devices (LVADs).  In addition, with the recent FDA approval of the HeartMate® II 
LVAD (Thoratec Corp., Pleasanton, CA) as a destination therapy (DT) device, the potential 
pool of patients that may benefit from this therapy has expanded almost exponentially. 
While ventricular arrhythmias are common in patients with all types of cardiomyopathy 
and heart failure, the effect of LVAD therapy on the incidence of new, or the persistence of 
old ventricular arrhythmias is unknown.  Recent evidence has suggested a possible increase 
in the rates of VT/VF in patients undergoing LVAD therapy with continuous flow devices 
as opposed to older pulsatile devices (Ziv et al, 2005);(Andersen et al., 2009).  The potential 
utility of ventricular ablative procedures at the time of continuous flow LVAD placement is 
unclear.  We have implanted 51 continuous flow LVADs over the past 21 months.  Because 
the incidence of clinically significant post-operative VT/VF was initially higher than what 
he had experienced with earlier generation pulsatile LVADs, we have recently become 
aggressive at treating VT/VF at the time of LVAD placement.  Any patient with a history of 
previous VT/VF has substrate localization performed via electrophysiologic (EP) mapping 
or systematic EKG analysis prior to LVAD placement.  Intraoperatively, the endocardium is 
ablated through the LVAD ventriculotomy with cryoablation in addition to epicardial 
ablation also carried out with cryoablation. Since implementing this algorithm, the incidence 
of clinically significant post-operative VT/VF requiring additional catheter ablation has 
fallen to zero. We recommend aggressive localization and subsequent intra-operative 
ablation for all patients with a history of significant or worsening VT/VF prior to 
continuous flow LVAD placement to decrease the need for post-operative medical or 
catheter-based anti-arrhythmic therapy and to improve outcomes. 
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2. Background 
2.1 Heart failure 
Cardiovascular disease remains the leading cause of death in the United States and other 
industrialized nations (Kokolis, 2006). Heart failure represents the end stage of 
cardiovascular disease and continues to have a high prevalence in the U.S. despite advances 
in medical therapy.  In developing countries, around 2% of adults suffer from heart failure, 
but in those over the age of 65, this increases to 6–10% (McMurray & Pfeffer 2005).  
Approximately 5 million Americans suffer from heart failure with over 550,000 new cases 
diagnosed each year (AHA, 2006).  Community-based surveys show that 30–40% of patients 
die within a year of diagnosis and 60–70% die within 5 years, most from worsening heart 
failure or suddenly (probably because of a ventricular arrhythmia) (McMurray & Pfeffer, 
2005). It is estimated that heart failure causes about 287, 0000 deaths in the US each year 
(AHA, 2006).  In addition to the loss of life, heart failure poses a significant financial burden 
with estimated annual direct costs in the U.S. of $35 billion dollars (AHA, 2006).  
Hospitalizations due to heart failure are increasing and this is expected to continue with the 
progressively aging population (Roger, 2004). 
Despite the advances in the management of heart failure, there may be as many as 100,000 
persons who have been treated with guidelines-based therapy but have remained relatively 
unresponsive in New York Heart Association (NYHA) Class IIIb or IV heart failure 
(O’Connell, 2009). Optimal therapy with angiotensin-converting enzymes inhibitors, 
angiotensin receptor blockers, beta blockers, aldosterone antagonists, nitric oxide enhancers, 
implantable cardioverter-defibrillators (ICD) and cardiac resynchronization therapy have 
reduced hospitalizations and prolonged survival. However, the response is not uniform and 
at least a quarter of those who receive all therapies fail to respond (Hawkins, 2009).  In these 
end-stage heart failure patients with recurrent hospitalizations, few options exist.  
Aggressive surgical approaches including cardiac restraint devices, mitral valve repair, and 
surgical ventricular reconstruction are under evaluation but have yet to demonstrate 
definitive benefit (Mann et al., 2007);(Jones et al. 2009).  Only cardiac transplantation has 
been shown to definitively improve outcomes with median survival of 13 years, but this is 
restricted to a select relatively young population (Taylor et al., 2009).  The number of heart 
transplants in the U.S. has remained stable at about 2,000 per year, only 2% to 4% of patients 
who need definitive therapy.  With a growing population of end-stage heart failure patients 
and a static donor pool, it has become clear that heart transplantation will never meet the 
demands.  Although there is great enthusiasm for innovative approaches, stem cell therapy 
is only entering preliminary clinical trials, gene therapy of calcium transport proteins is only 
completing the first step in the cascade of clinical trials, and xenografting research has been 
stalled (O’Connell 2009). To date, the most promising area of development has been 
mechanical circulatory support with LVADs, most recently with the Thoratec HeartMate II. 

2.2 Left ventricular assist devices 
Implantable left ventricular assist devices have become accepted as an important 
therapeutic modality for patients with end-stage heart failure. The most common uses for 
LVADs include bridge to heart transplantation (BTT) and long-term destination therapy 
(DT) for those patients not eligible for transplantation.   
The development of ventricular assist devices began in earnest in 1964 with the National 
Institutes of Health establishment of the Artificial Heart Program, whose stated goal was 
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putting a man-made heart into a human being by the end of the decade (Sahuar 2004).  
Unlike the moon-landing, this lofty goal was not met. Nevertheless, progress proceeded 
slowly and clinical use of ventricular assist devices on a more routine basis began in the mid 
1980s.  Since then, the research and development of ventricular assist device technology, 
along with clinical progress, has accelerated.  Several LVADs have now been designed and 
developed and are in various phases of clinical and preclinical evaluation. Currently, 
implantable LVADs can be classified into two main categories: volume-displacement 
(pulsatile) and continuous-flow (nonpulsatile) pumps. All LVADs are composed of an 
inflow cannula, the actual pump with its associated mechanical and electrical components, 
an outflow conduit, a percutaneous lead, and the external system components with varying 
degrees of portability.  LVADs can also be grouped based on the engineering design of the 
pump with classification broadly as first-, second-, and third-generation devices (Nguyen & 
Thourani, 2010). First-generation devices are the pulsatile pumps. They include the 
HeartMate XVE and its predecessors including the HeartMate IP1000 and HeartMate VE 
(Thoratec Corp., Pleasanton, CA), the Thoratec PVAD and IVAD (Thoratec Corp.), and the 
Novacor LVAS (World Heart Corp., Oakland, CA). In contrast to the first-generation 
devices, both second- and third-generation LVADs are continuous flow, rotary pumps.  
Second-generation pumps, which include the HeartMate II (Thoratec Corp.), Jarvik 2000 
FlowMaker (Jarvik Heart, Inc., New York, NY), and MicroMed-DeBakey (MicroMed 
Cardiovascular, Inc., Houston, TX), have an internal rotor within the blood flow path that is 
suspended by contact, blood-immersed bearings. Third-generation devices are similar, but 
lack contact bearings in an effort to prevent wear and prolong device life without failure.  
Third-generation devices are in varying stages of clinical development, but are not available 
for commercial use in the U.S. 
First-generation LVADs came to clinical use in the mid 1980s and all of the first-generation 
devices listed above are approved for BTT. Despite this, only the HeartMate XVE is 
approved by the Food and Drug Administration for DT in the United States. As volume 
displacement pumps, first-generation LVADs have an internal reservoir chamber with 
inflow and outflow valves. The pumps function by cyclic filling and emptying of the 
reservoir chamber either by pneumatic or electrical drive systems.  More than 5000 pulsatile 
HeartMate devices have been implanted worldwide and have been shown to provide 
excellent hemodynamic support (Frazier et al., 2001). In several studies, mechanical 
circulatory support with these devices is reported to bridge patients successfully to 
transplant with a perioperative mortality of 15% to 20% and an overall survival until 
transplantation of 60% to 70% (El-Banayosy et al., 2000). Unfortunately, first-generation 
devices have inherent limitations in their design, particularly when used for the purpose of 
prolonged support or DT.  The pump size is quite large, thus requiring extensive surgical 
dissection with subsequent risk of hematoma formation and infection. The large size also 
limits implantation to patients with a large body habitus.  In addition, a large-diameter 
percutaneous lead is needed for venting of air, which can lead to an increased risk of 
driveline infections.  Finally, a critical drawback in first-generation devices is the high 
frequency of eventual device failure, requiring device exchange or causing possible death.  
In the landmark REMATCH trial, which was used as the basis for LVAD approval for DT, 
the failure rate of the HeartMate XVE after 2 years was 35%, with a mortality of more than 
10% attributed directly to device failure (Rose et al., 2001). 
The second-generation have now essentially replaced the first-generation devices for clinical 
use.  The most extensive clinical experience is with the HeartMate II.  Currently, this is the 
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only second-generation device approved for both BTT and DT in the United States (Miller et 
al., 2007); (Slaughter et al., 2009).  These continuous flow, rotary pumps were introduced to 
overcome many of the shortcomings of the first-generation devices.  They are simpler in 
design with only a single moving part: the internal rotor.  Advantages over first-generation 
devices include smaller size requiring less extensive surgical dissection for implantation, the 
absence of valves that are a primary site of wear, higher efficiency with less energy 
requirement, and a smaller percutaneous lead (Nguyen & Thourani, 2010).  With these 
improvements, the second-generation devices have shown to be much more reliable with 
device support of more than 6 years reported (Westaby et al., 2006).  While the necessity for 
device replacement does still occur with the HeartMate II, the underlying causes have been 
related to thrombosis, infection, or damage to the percutaneous leads and not to mechanical 
failures of the pumping mechanism (Slaughter et al., 2009).   In a recently-published 
randomized clinical trial for DT comparing the HeartMate II versus the first-generation 
HeartMate XVE, the HeartMate II was shown to be significantly better than the HeartMate 
XVE in achieving the primary end point of survival free from device failure or disabling 
stroke at 2 years (Slaughter et al., 2009).  Moreover, patients with HeartMate II support also 
had significantly superior actuarial survival rates at 2 years (58% vs. 24%). In addition, 
device failure and other complications including infections were less frequent in patients 
supported with the HeartMate II. 

3. Ventricular arrhythmias 
Mortality in patients with heart failure is mostly due to progressive heart failure or sudden 
death related to ventricular tachyarrhythmias (VAs) (Jessup, 2003).   The most important 
risk factor for VA is a reduced ejection fraction (EF) (Myerburg et al., 1997; Singh et al., 
2002).  Although medications such as beta-blockers, ACE inhibitors, and ARBs, and devices 
such as implantable cardiac defibrillators (ICDs) have been shown to decrease morbidity 
and mortality, the risk of sudden cardiac death (SCD) remains high.  In fact, approximately 
50% of patients with heart failure die from SCD (Guido et al., 1997).  
While the precise mechanism of ventricular tachyarrhythmias is not entirely understood, 
VAs are generally thought to originate from cardiac scar tissue and from the border between 
normal myocardium and scar tissue.  Ventricular scars are composed of variable regions of 
dense fibrosis that create conduction block and surviving myocyte bundles with interstitial 
fibrosis and diminished coupling, which produce the circuitous slow-conduction paths 
(Stevenson & Soejima, 2007).  The effective refractory period in the action potential of this 
borderline ischemic, viable myocardium is altered and bears the risk of generating the re-
entry circuits responsible for ventricular tachyarrhythmias (Doenst et al., 2007). 
In all patients with heart failure, the elevation of plasma catecholamines that cause increases 
in sympathetic outflow along with decrease in parasympathetic activity correlate well with 
poor prognosis.  Also significant in many patients are anatomic and mechanical factors such 
as wall stretch, abnormal wall motion, left ventricular stress, and increased myocardial 
length.  These factors acting directly, or through alterations in hemodynamic factors, may 
lead to the genesis of cardiac arrhythmias in the setting of heart failure (Damiano et al., 
1985).  All of these causative arrhythmogenic factors merge in the dilated and failing 
ventricle, creating a perfect storm for arrhythmogenesis. The immediate trigger for the 
development of VT or VF in an individual patient with heart failure is often unclear but a 
composite of the major interacting factors will reveal those patients at highest risk for 
sudden death. 
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To properly understand ventricular tachyarrhythmias, it is necessary to distinguish 
monomorphic ventricular tachycardia (MMVT) on one hand, and polymorphic ventricular 
tachycardia (PMVT) and ventricular fibrillation (VF) on the other.  Monomorphic VT is 
generally caused by fixed anatomic abnormalities such as scar from previous MI where 
border zone areas generate re-entrant circuits causing VT (Stevenson & Soejima, 2007).  This 
ventricular scar can be caused by ischemia or other forms of injury including scar tissue 
resultant from LVAD cannula placement.  In this case, 12-lead electrocardiogram and EP 
mapping can be used to localize specific areas of the ventricle where scar is present and re-
entrant VT is initiated.  On the other hand, PVT and VF are generally caused by a 
functionally deteriorating ventricle and result from repolarization abnormalities of the 
unhealthy myocardium (Aliot et al., 2009).  Congestive heart failure caused by the failing 
ventricle creates ventricular dilation, increase wall tension, and with that, conditions ripe for 
subendocardial ischemia.  These conditions alter the electric behaviour of the ventricle and 
can result in the disorganized contractions seen in PVT and VF.  As a result of the often 
direct anatomic correlation between MMVT and myocardial scar, MMVT is usually more 
receptive to targeted ablation therapies (Aliot et al., 2009).  Eliminating PMVT and VF is 
more difficult and often requires therapy guided toward functional improvement of the 
failing ventricle rather than ablation alone.   

4. Arrhythmias in patients with VADs 
4.1 Background 
The prevalence of ventricular arrhythmias is highest in those patients with severe end-stage 
heart failure: the same cohort of patients who stand to benefit most from LVAD therapy.  
Therefore, it should come as no surprise that ventricular arrhythmias are relatively common 
in patients supported with LVADs.  Despite this, the interaction between LVAD placement 
and ventricular arrhythmias is not well understood.  On one hand, LVAD placement does 
ease the burden on a diseased left ventricle by decompressing the ventricle.  This 
decompression in turn decreases the neurohormonal, hemodynamic, mechanical, and 
electrolyte abnormalities which predispose toward arrhythmia development; thereby 
reducing the frequency of post-op VTE, especially PMVT and VF.  In contrast, LVAD 
placement does not treat areas of existing ventricular scar, and indeed the apical cannula 
placement necessarily requires creation of new myocardial scar tissue.  This new scar tissue 
created by LVAD implantation places patients at risk for new monomorphic ventricular 
arrhythmias and does not impact existing MMVT resulting from other areas of scar.  Indeed, 
many reports suggest a higher incidence of ventricular arrhythmias in patients after LVAD 
placement (Ziv et al., 2005);(Andersen et al., 2009).  Postoperative ventricular 
tachyarrhythmia events (VTE) have been documented to occur in up to 35% of patients 
within 30 days of LVAD placement (Ziv et al., 2005);(Refaat et al., 2008).  
The pathogenesis of increased arrhythmias post-LVAD is likely to be caused by direct 
mechanical irritation from the inflow cannula of the LVAD as well as scar tissue from the 
cannula placement. With the LVAD in place the ventricle is decompressed and the aortic root 
pressure improved, resulting in improved blood flow to scarred regions of the heart and 
actually allowing for the tissue to conduct and support VT.  Post-VAD arrhythmias have also 
been attributed in the literature to a host of other mechanisms including acute left ventricular 
unloading with pulsatile VADs, altered ventricular repolarization (Grzywacz et al., 2006), 
mechano-electrical feedback from the VAD motor (Harding et al., 2001), and alterations in 
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calcium handling gene expression (Rodriguez-Way et al., 2005).  In addition, continuous flow 
devices are theorized to predispose to arrhythmias by causing so-called “suction events” when 
the ventricle is completely decompressed and the endocardium is sucked against the inflow 
cannula (Vollkron et al., 2007).  This suction phenomenon is thought to account for the 
apparent increased arrhythmia incidence with continuous flow LVADs as opposed to pulsatile 
LVADs.  While all of these theories are interesting and may contribute to the existing 
understanding of the interaction between LVADs and ventricular arrhythmias, the reality is 
that the current paucity of published literature and surplus of theories reflect an inadequate 
understanding of the relationship.  Most of the available data concerning arrhythmias in 
patients with LVADs constitute results from relatively small case series.  In addition, most of 
these case series review data from patients with pulsatile LVADs, while newer continuous 
flow devices such as the HeartMate II now dominate the national clinical practice.  
While the presence of an LVAD mitigates the profound hemodynamic collapse often seen in 
unsupported patients with VT or VF, studies have demonstrated a decrease in LVAD flow 
output with ventricular tachyarrhythmias (Bedi et al., 2007).  Additionally, crude mortality 
as high as 52% has been reported for patients with VT/VF within 1 week postoperatively 
(Bedi et al., 2007).  Ventricular tachyarrhythmias can reduce right ventricle output, thereby 
reducing left ventricular venous return.  Therefore, even though the left ventricle is 
supported by the LVAD, the arrhythmia prevents adequate preload on left ventricle and can 
become hemodynamically unstable.  Thus, elimination of ventricular tachyarrhythmias in 
LVAD patients is essential to maximizing outcomes.  

4.2 Literature review 
In order to begin understanding the relationship between ventricular arrhythmias and 
LVADs it is necessary to review of the existing literature.  In 1991, the first known report of 
ventricular arrhythmias in patients with LVADs was published (Arai et al., 1991).  In 1994, 
Oz et al. reported that ventricular arrhythmias are well tolerated in the immediate setting in 
patients LVAD support. Pulmonary perfusion was maintained even during rapid 
ventricular arrhythmias and cardiac arrest was well tolerated without syncope.  Thus, 
delayed termination of ventricular fibrillation or flutter was reported to be safe and feasible 
in this setting (Oz et al., 1994).  In 1997, the first case report documenting benefit from an 
implantable cardioverter-defibrillator (ICD) in a patient on LVAD support was published in 
a 51 year-old male who underwent LVAD implantation for refractory heart failure after 
having received an ICD five years earlier (Skinner et al., 1997).   
Following these reports, it took until 2005 for a relatively large retrospective observational 
study to be performed (Ziv et al., 2005).  This study remains of the best available, and 
reported a 32% incidence of VT/VF following pulsatile LVAD implantation for advanced 
heart failure, with particularly high rates during the early post-operative period (Ziv et al., 
2005).  Notable in this study was the comparison of pre-operative arrhythmias to post-
operative arrhythmias.  One hundred and eighteen episodes of documented sustained 
ventricular arrhythmia occurred in 30 (of 100) patients pre-operatively, one hundred and 
seventy nine episodes occurred in 32 patients post-operatively.  Of those 9 patients with pre-
operative MVT, 4 patients no longer had MVT and 5 continued to have MVT after LVAD.  
New-onset MVT was documented in 18 patients who had no pre-LVAD MVT, 12 of whom 
had no pre-LVAD arrhythmia of any type.  With regards to PVT and VF, 23 patients had 
PVT/VF documented pre-operatively and 17 patients had PVT/VF post-operatively.  
PVT/VF was no longer observed in 16 patients who had this arrhythmia before LVAD 
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placement, whereas PVT/VF was a new finding in 10 patients who had not had this 
arrhythmia documented pre-operatively.   
Summarizing these results, in 100 patients undergoing pulsatile LVAD implantation, there 
was a slight decrease in post-operative PVT/VF and a significant increase in post-operative 
MVT.  This is exactly as one might expect given the LVADs role in decompression of the 
ventricle helping with PVT/VF, but creating a new site of scar and mechanical irritation in the 
ventricle and causing a new focus for MVT.  In addition, the majority of the 32 patients who 
had post-LVAD ventricular arrhythmias had experienced the first episode by the end of the 
first postoperative week.  Post-LVAD ventricular tachyarrhythmia was nearly incessant in 9 
patients and highly frequent (>5 episodes/day) in 7 patients.  Whereas the total number of 
patients with ventricular tachyarrhythmias of any kind before and after LVAD was similar, 
post-LVAD arrhythmias were more frequent and resistant to drug treatments.  Trends were 
observed in all-cause mortality and stroke, but no statistically significant relationship between 
arrhythmia and these outcomes was demonstrated (Ziv et al., 2005). 
The above retrospective review was followed by another retrospective review of 111 
consecutive patients undergoing pulsatile LVAD placement for BTT between 1987 and 2001 
(Bedi et al., 2007).  In this study, clinically significant ventricular arrhythmias occurred in 24 
patients (22%) during device support.  54% of these occurred during the first week post-
implantation.  The mortality was significantly higher (p<0.001) during LVAD support in the 
group with ventricular arrhythmias (33%) vs. the group without ventricular arrhythmias (18%).   
In 2008 a smaller retrospective review of 42 patients (Refaat et al., 2008) documented post-
operative ventricular arrhythmias in 15 patients (36%).  Analysis of multiple pre- and post-
operative factors revealed that non-usage of post-operative beta-blockade was strongly 
associated with arrhythmia development (odds ratio 7.04, p=0.001).  Unfortunately, this 
association has not been borne out in subsequent studies. 
A 2009 retrospective review represents the first published description of ventricular 
arrhythmias in continuous flow LVADs.  This study reviewed records of 23 consecutive 
HeartMate II recipients and documented a 52% incidence (12 of 23) of sustained VT or VF 
(Anderson et al. 2009).  75% of the patients experienced the arrhythmia within 4 weeks, and 
in all of these patients the arrhythmia predicted recurrent arrhythmic events.  None of these 
patients died of the arrhythmia but most were symptomatic during the event.  32% of the 
patients required cardioversion or defibrillation.  Based on the high incidence of post-
operative arrhythmias, along with the fact that 3 patients experienced hemodynamic 
instability associated with the event, the authors recommended consideration for 
prophylactic ICD implantation for all patients expected to be supported by the LVAD for a 
longer period of time (Anderson et al 2009).  
Other more recent reviews have concurred with Anderson et al.’s assertion that ICD 
implantation should be considered for primary prevention of VT/VF in all patients 
undergoing LVAD implantation. A Cleveland clinic review looked at all 478 patients 
undergoing VAD placement between 2001 and 2008; the majority (74%) of these being 
pulsatile LVADs, 8.2% continuous-flow, and 10.5% with extracorporeal systems (Cantillon 
et al, 2010).  90 of these patients (18%) had an ICD at the time of VAD implantation.  Crude 
mortality was lower among patients with an ICD (24.4%) when compared to those without 
an ICD (36.9%; P=0.026), Kaplan-Meier curve for survival shows divergence between 
patients with and without ICD beginning at 20 days and extending throughout the support 
period.  32% of the patients experienced a sustained ventricular tachyarrhythmia event in 
the post-operative period with the mean time to first event being 32.4 +/- 47.1 days.  While 
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the retrospective nature and large cohort of patients with pulsatile LVADs limit the review, 
the survival difference in a large number of patients is intriguing.  
The only prospective study looking at ventricular arrhythmias in LVAD patients is a 
recently published study from Hanover Germany. 61 consecutive patients underwent 
LVAD implantation between 2005 and 2008, 44 of these patients with the HeartMate II and 
15 with the Heartware LVAD, a third-generation continuous-flow device (Oswald et al., 
2010).  After the acute perioperative period, all patients without a pre-existing ICD (40 
patients) underwent ICD implantation (17 +/- 15 days after VAD placement). Ventricular 
arrhythmias leading to ICD interventions were frequent in the study population with 34% of 
patients receiving appropriate ICD interventions for ventricular arrhythmias during the 
study follow-up (median 12 months; range 13-1167 days).  Even excluding the first 7 days 
when patients were most prone to arrhythmias, there was a still a 25% rate of appropriate 
ICD interventions.  Observed arrhythmias were 52% monomorphic VT, 35% VF, and 13% 
polymorphic VT.  Of the 21 patients with appropriate ICD interventions, there were a total 
of 144 episodes of spontaneous ventricular arrhythmias (average 6.8 per patient).  Patients 
with no previous arrhythmia history had an estimated 1-year risk of 24% for appropriate 
ICD treatment, those with a secondary prevention indication had an even higher 1-year risk 
of 50%.  In these secondary prevention patients, the calculated VTE rate per month was the 
same both before and after VAD placement.  Interestingly, ventricular arrhythmia rate was 
higher in nonischemic heart failure (50%) than ischemic heart failure (22%) patients. 
The observations from all of the above studies yield more questions than answers; however, 
several basic conclusions can be drawn from them.  First, sustained ventricular arrhythmias 
are common in patients after LVAD implantation with a range of 22% to 52% of patients 
experiencing sustained VT/VF in the post-operative period.  Second, most patients who 
experience post-operative VT/VF do so within the first few weeks after surgery.  Third, 
patients who experience one episode of sustained VTE are more likely to experience future 
events. Fourth, while ventricular arrhythmias seem to better tolerated in the LVAD 
population as compared to patients without assist devices, most ventricular arrhythmias do 
have associated symptoms, some cause hemodynamic instability, and all may impact long 
term survival and survival to transplantation. Fifth, prophylactic ICD placement may be 
indicated and a prospective randomized trial is needed to answer this question. Finally, as is 
always the case with any emerging medical technology, further prospective analysis is 
needed.           

5. Arrhythmia treatment 
5.1 Arrhythmia surgery 
Cardiac surgery for arrhythmias was initiated in 1968 by Dr. Will Sealy with the first 
successful division of an accessory AV connection for the Wolff-Parkinson-White (WPW) 
syndrome.  During the 1980s hundreds of cardiac surgeons learned the technique of open-
chest surgical division of accessory AV pathways for the cure of WPW syndrome.  However, 
as the 1980s ended, catheter-based radiofrequency ablation (RFA) emerged as a less invasive 
method of cure and Dr. Sealy’s surgery was relegated to a historical footnote (Cox J, 2004).  
Subsequently, Cox and colleagues attained the first clinical cure of an AV nodal reentrant 
tachycardia in 1982 via a discrete cryosurgical procedure (Cox et al., 1987).  Again, catheter-
based RFA rapidly replaced the use of cryosurgery specifically for the treatment of AV 
nodal reentrant tachycardias.  Nevertheless, this initially use of cryothermal energy in 
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cardiac surgery opened the door for other uses of cryosurgery throughout the 1980s and 
1990s for treatment of other supraventricular tachyarrhythmias, atrial tachyarrhythmias via 
the Cox-Maze procedure, and ventricular arrhythmias via destruction of ectopic foci of 
excitation (Cox J, 2004).   
Experiments in the 1960s had documented the heterogeneity of tissue injury in acute MI and 
the reentrant basis of ischemic ventricular arrhythmias was defined (Han et al., 1970);( 
Boineau & Cox, 1973).  During the 1970s, it became apparent that simple revascularization 
with CABG failed to cure ischemic ventricular tachyarrhythmias and that revascularization 
alone had prohibitively high morbidity and mortality.  In 1969, Kaiser and colleagues 
reported on intraoperative mapping in patients with heart disease to localize the area of 
ischemia injury (Kaiser et al., 1969).  A decade later, Harken and associates described the 
endocardial resection procedure based on intraoperative mapping (Josephson et al., 1979).  
In the late 1980s, Dor and colleagues described the technique of both surgical resection and 
repair of LV aneurysms (Dor et al., 1989).  Part of Dor’s described procedure included 
cryoablation of the junction of scar and normal myocardium if spontaneous or inducible 
tachycardia was present preoperatively.  When reporting on results of this procedure, the 
unexpected effect was that arrhythmias were essentially cured without need for 
intraoperative mapping (Dor et al., 1994).   While ischemic VT remains the most common 
surgically treated ventricular arrhythmia to this day, these surgical procedures are only 
rarely performed primarily to treat arrhythmia.  Most often, there is another primary 
indication, such as the improvement of left ventricular function (via the Dor procedure), the 
removal of apical thrombus, or the alleviation of heart failure symptoms (Doenst et al., 
2007).  Subsequent advances in the field of electrophysiology have replaced many open 
surgical techniques for the treatment of arrhythmias, however the use of open cryosurgery 
for treatment of ventricular arrhythmias in the Dor procedure, and for treatment of atrial 
fibrillation via the Cox-Maze procedure has persisted (Cox J, 2004).   

5.2 Mechanism of cryoablation 
Cryothermal energy is the preferred energy source for arrhythmia ablation in open cardiac 
surgery. Cryothermal energy destroys tissue through the formation of intracellular and 
extracellular ice crystals. These crystals disrupt the cell membrane and the cytoplasmic 
organelles. Following cryoablation, there is development of hemorrhage, edema, and 
inflammation over the first 48 hours.  Healing is characterized by extensive fibrosis, which 
begins approximately 1 week after lesion formation. Cryoablation is the only available 
energy source that does not disrupt tissue collagen, thus preserving normal tissue 
architecture (Lall & Damiano, 2007).  This makes it an excellent energy source for ablation 
close to valvular tissue or the fibrous skeleton of the heart.  Histologically, cryoablation 
creates a dense homogenous scar which has been shown to have a low arrhythmogenic 
potential (Wetstein et al., 1985).   
With conventional nitrous oxide cryoablation probes, 2 to 3 minute ablations have been 
shown to reliably create transmural atrial lesions and penetrate ventricular muscle to 
adequate depths for effective and reliable ablation.  Nitrous oxide cryoablation has a history 
of extensive clinical use and an excellent safety profile.  Thus the benefits of cryoablation 
include the ability to preserve tissue architecture and collagen structure, as well as a well-
defined dose curve and safety profile.  The potential disadvantage is the relatively long time 
necessary to create an ablation (2 to 3 minutes). 
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Two commercially available sources of cryothermal energy are available for use in cardiac 
surgery. The older, and more proven, technology utilizes nitrous oxide and is manufactured 
by Cooper Surgical, now recently purchased by AtriCure® (Cincinnati, OH).  A variety of 
rigid and malleable probes are available for use.  More recently, CryoCath Technologies 
(Montreal, Canada) developed a device using argon gas. This technology uses either a 
malleable probe or a two-in-one convertible device that incorporates a clamp and surgical 
probe. At one atmosphere of pressure, nitrous oxide is capable of cooling to -89.5°C, 
whereas argon has a minimum temperature of -185.7°C.  Both types of probes consist of a 
hollow shaft, an electrode tip, and an integrated thermocouple for distal temperature 
recording. The liquid is pumped under high pressure to the electrode through an inner 
lumen. Once the fluid reaches the electrode, it converts to a gas phase, absorbing energy and 
resulting in rapid cooling of the tissue.  The gas is then aspirated by vacuum through a 
separate return lumen to the console (Lall & Damiano, 2007).  In our protocol, the AtriCure 
device was used with the malleable Cryo1™ probe.  The probe is applied to the relevant 
areas selected for ablation and either a 2 or 2.5 minute cycle is used.  

6. Our treatment protocol 
6.1 The problem 
Over the last 21 months, we have implanted 51 continuous flow HeartMate II LVADs at the 
University of Virginia. Following the first dozen HeartMate II implantations, we anecdotally 
noted that the rate of post-operative ventricular arrhythmias seemed higher than with the 
previously used HeartMate XVE, a pulsatile LVAD. Therefore, after the first 23 
implantations of the HeartMate II, we analyzed our single-institution data and noted that 
the rate of post-operative VT and VF was higher in the HeartMate II population as 
compared to the 14 previously placed HeartMate XVE LVADs. 34.7% (n=8) of the 
HeartMate II patients had recurrent post-operative VT/VF, while 21.4% (n=3) of the 
HeartMate XVE patients had recurrent post-operative VT/VF.  Importantly, pre-operative 
rates of VT/VF were the same in both groups (35%). While this difference did not 
demonstrate statistical significance, we decided that in conjunction with published data 
confirming a high rate of VT/VF in post-operative patients with continuous flow LVAD and 
the potential association of these events with poor outcomes, we needed to become more 
aggressive in treating for ventricular arrhythmias at the time of LVAD placement. Our 
group sought to devise with a method to reliably decrease, or completely prevent, the 
incidence of post-operative ventricular tachyarrhythmias. Through a combination of 
catheter-based EP approaches along with open surgical ablation techniques, we began 
instituting a protocol for open cryoablation of mapped arrhythmia loci at the time of LVAD 
implantation.   

6.2 Catheter mapping and ablation 
There are several methods for ablating a focus of ventricular tachycardia as mentioned 
previously.  The most common method of ventricular arrhythmia treatment in all patients is 
via EP catheter-directed mapping and RFA of identified areas of endocardial border zone 
ischemic tissue (scar mapping) or RFA of other identified foci of arrhythmogenic substrate 
(activation mapping). While this represents the least invasive of potential methods for 
ablation of VT/VF, it suffers from several shortcomings, especially in the LVAD population.  
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First, with a continuous flow LVAD in place, such as the HeartMate II, the left ventricle is 
decompressed.  In this decompressed left ventricle with the LVAD inflow cannula in the 
apex of the ventricle, there is very little room to maneuver the ablation catheter (see Figure 
1), thus making the procedure exceedingly difficult despite the fact that reducing the LVAD 
flow can mitigate this issue.  Second, traditional catheter-based RFA offers access only to 
endocardial sources of arrthymogenic tissue.  Evidence shows that up to 70% of patients 
with ventricular tachycardia have epicardial substrate as the source of their arrhythmia, 
especially those patients with non-ischemic cardiomyopathies (Sacher et al., 2009).  While 
trans-cutaneous catheter-based epicardial ablation of ventricular tachycardia via a sub-
xiphoid approach is becoming a more frequently used technique at our institution and 
others, it is associated with several complications including post-procedure atrial fibrillation 
and pericarditis, right ventricle puncture during access, and others (Aliot et al., 2009; 
Mahapatra et al., 2009).  Third, it is difficult to reliably create transmural ventricular lesions 
using a catheter-based RFA approach.  Therefore, post-operative catheter-based RFA for 
LVAD-associated ventricular arrhythmias suffers from too many shortcomings to be the 
primary method of ventricular tachyarrhythmia treatment in LVAD patients. 
 

 
Fig. 1. Echocardiography demonstrating EP catheter in decompressed ventricle 

6.3 Other options 
Alternatively, given the difficulties and shortcomings associated with catheter-directed 
RFA, intra-operative ablation of arrhythmogenic substrate can be performed.  Ideally this 
would be performed using simultaneous intra-operative EP scar mapping to identify areas 
of substrate to maximize the efficacy of cryoablation; however, this technique would require 
a hybrid EP suite and surgical operating room which is not available at our institution.  A 
second option is mapping prior to planned LVAD implantation to define targeted areas for 
intra-operative cryoablation. Following localization of arrhythmogenic substrate via EP 
mapping or EKG analysis, patients can then undergo intra-operative cryoablation of the 
arrhythmia focus at the time of LVAD implantation.   
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As mentioned previously, arrythmia surgery has in large part been replaced by catheter-
directed EP therapies.  However, in a case where another primary indication exists that 
requires sternotomy or thoracotomy with open access to the heart with or without 
cardiopulmonary bypass, arrhythmia surgery has remained as a mainstay of treatment.  
Examples of this include cryoablation at the time of surgical ventricular reconstruction, as seen 
in the Dor procedure, and the Cox-Maze procedure for atrial fibrillation performed in 
conjunction with mitral valve repair or replacement.  We argue that LVAD implantation offers 
and equally opportune occasion for arrhythmia treatment via an open surgical approach.  

6.4 Substrate mapping technique 
Prior to any planned arrhythmia intervention, one must identify the target area for 
treatment. In our experience, this is done with either targeted EP mapping and/or 
systematic EKG interpretation. Using an established technique of electrophysiologic 
substrate mapping, a detailed schematic map of the heart is generated (Figures 3 and 4).  
This map is generated by measuring endocardial voltage potentials at a variety of locations.  
In the generated map, voltages greater than 1.5mV represent normal cardiac tissue and 
appear purple; voltages less than 0.5mV represent dead cardiac muscle and appear red; and 
voltages in between represent the borderline ischemic areas and are represented by a range 
of colors (Aliot et al., 2009).  After substrate mapping is completed, the electrophysiologist 
and surgeon are able to carefully review the generated projection and can specifically target 
the border zone areas of potentially arrhythmogenic substrate for open intra-operative 
cryoablation at the time of LVAD placement.  Note in figure 2 the visualized EP mapping 
catheter.  In a hybrid EP suite/Operating room, the surgeon would be able to visualize and 
palpate the intra-cardiac catheter at the time of mapping in order to very specifically target 
the mapped arrhythmogenic substrate in real time. 
Unfortunately, a hybrid suite is not available at this time and not all patients are stable 
enough to tolerate transport to, and mapping in, the EP suite. Given this logistic issue, we 
have devised a compromise technique for targeting the locus of arrhythmia-generating 
 
 

 
Fig. 2. Electrophysiologic Substrate Map 
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substrate. In patients with hemodynamic instability who would not tolerate substrate 
mapping in the EP suite, a systematic interpretation of 12-lead EKG results capturing 
episodes of ventricular arrhythmia is performed.  Systematic EKG analysis of captured 
ventricular arrhythmia events is then used to localize the arrhythmia origin to an anatomic 
area of the heart (i.e. LV lateral wall).    
Using Figure 3 as a guide, and Figure 4 as an example of sustained monomorphic VT, one 
first looks at lead V1.  If a left bundle branch block (LBBB) is visible, the arrhythmia source 
comes from the RV or septum; if a right bundle branch block (RBBB) is visible, the 
arrhythmia is generated in the LV.  One can then look at the direction of deflection of the 
QRS complex to more specifically localize the arrhythmia focus.  First, looking at the inferior 
leads, II, III, and avF, a positive wave localizes the focus to the anterior aspect of the LV.  
Alternatively, a negative wave indicates posterior LV. Similarly, the precordial leads are 
analyzed and a positive deflection in avR and V4 indicates an apex source, a negative 
deflection points to the base of the ventricle. Finally, lead I and avL are analyzed, with a 
positive deflection indicating a septal source, a negative deflection pointing to a lateral wall 
source. In this manner, the focus of arrhythmogenic substrate can be localized to a specific 
area of the heart that allows the surgeon to target this area intra-operatively with 
cryoablation. For example, using Figure 4 below, the 12-lead EKG of captured ventricular 
tachycardia can be used to localize the arrhythmia source to the apical LV antero-lateral 
wall.  RBBB points to the LV, then inferior leads point to the anterior surface, then precordial 
leads indicate an apical source, then I and avL point to the septum. Therefore, the LV 
antero-lateral wall close to the apex is the likely source. 
   

 

 
Fig. 3. Schematic for 12-lead EKG analysis of captured VT. 
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Fig. 4. Monomorphic Ventricular Tachycardia localizing to LV antero-lateral wall. 

6.4 Intra-operative cryoablation 
LVAD implantation surgery offers a unique opportunity for arrhythmia treatment because 
of the open access the surgeon is granted to the entire epicardial surface of the heart and the 
endocardium of the entire left ventricle.  In addition, one can proceed with cryoablation 
with relative impunity on the left ventricle because the LVAD will be in place post-
operatively.  Given the role of the LVAD in supporting the already failed left ventricle, the 
preservation and optimization of post-operative left ventricular function does not carry the 
same supreme importance associated with virtually every other cardiac surgery performed.   
A common cause of morbidity and mortality in patients with LVADs is RV failure, so care 
must be exercised to avoid unnecessary ablation on the septum and free wall of the RV, but 
otherwise one may proceed without excessive concern of damaging healthy myocardium. 
The procedure is performed in the same manner as any other LVAD implantation. A 
median sternotomy is performed followed by pericardiotomy and the preperitoneal pocket 
is made to accommodate the LVAD pump.  Following this, cannulation sutures for 
cardiopulmonary bypass are inserted, anticoagulation is dosed, cardiopulmonary bypass 
cannulae are placed, and partial bypass is initiated.  Once partial bypass is initiated, 
epicardial cryoablation is performed using the AtriCure device with the Cryo1 probe.  Each 
pre-identified site of arrhythmogenic substrate is ablated at -70°C for two and a half 
minutes.  If necessary, the malleable Cryo1 probe can be shaped to match the contour of the 
epicardial surface to facilitate uniform application of the cryothermal energy (see Figure 5).  
Following epicardial ablation, full bypass is initiated, the aorta is cross-clamped, and 
cardioplegia is administered.  We prefer to perform the endocardial ablation and LVAD 
placement on the arrested heart, although these procedures can also be done on the empty 
beating heart.  At this point, the left ventricle apex is identified and the coring device is used 
to create a ventriculotomy for placement of the LVAD inflow cannula. Subsequently, the 
AtriCure device is again used with the Cryo1 probe for endocardial ablation via the 
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Fig. 5. Epicardial Cryoablation 

previously-performed ventriculotomy (see Figure 6).  For endocardial ablation in the 
arrested and non-perfused heart, we opt to reduce cryo time to two minutes, again at -70°C.  
For effective arrhythmia ablation, care must be taken to ablate the previously identified 
arrhythmogenic site in addition to creating a surrounding cryoablation tract extending to 
fixed anatomic sites such as the mitral valve and/or apical LVAD inflow cannula site.  
Ablation at an arrhythmogenic scar site only, without this extension, could leave the patient 
prone to recurrent arrhythmias via reentrant conduction around the ablated scar site.  
Following completion of the endocardial ablation, circumferential stitches are placed at the 
ventriculotomy, the LVAD inflow cannula is seated, and the remainder of the surgery for 
standard LVAD placement proceeds as per usual. 

7. Results 
Since instituting the above protocol for the prevention of post-operative ventricular 
arrhythmias, we have performed 28 additional HeartMate II LVAD implantations.  Of these 
28 patients, 9 patients had a history of previous VT/VF and thus underwent pre-operative 
mapping and intra-operative endocardial and epicardial cryoablation. None of these 9 
patients who underwent intra-operative cryoablation have suffered from sustained post-
operative ventricular arrhythmias.  Of the 21 patients who had no history of pre-operative 
VT/VF, 3 patients experienced post-operative sustained VT or VF.  In all 3 of these cases, the  
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Fig. 6. Endocardial Ablation 

 
Fig. 7. Treatment Protocol 
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patients were asymptomatic, the arrhythmias were easily controlled with medical therapy, 
were not recurrent, and did not require additional intervention. None of the 28 patients 
required additional catheter-based interventions for arrhythmia control.  Prior to instituting 
this protocol for intra-operative cryoablation, 8 of 23 patients (34.7%) required intervention 
for recurrent post-operative ventricular tachyarrhythmias.  After initiating the protocol 0 of 
28 patients required further intervention.  It is still too early to know whether and how this 
procedure has impacted other results; however, it is clear that directed intra-operative 
cryoablation is useful in decreasing the rates of post-operative ventricular tachyarrhythmias 
following HeartMate II LVAD implantation. 

8. Future direction 
The protocol, technique, and results presented above show promise toward the goal of 
eliminating ventricular tachyarrhythmias following LVAD placement. Admittedly, our 
experience with this technique is in its infant status and we will develop further refinements 
as we implant more devices and gain clinical experience managing patients with LVADs 
and with ventricular tachyarrhythmias. The first question we will have to address is 
whether to ablate all patients at the time of LVAD implantation, not just those with a prior 
history of ventricular tachyarrhythmias. Previous studies had demonstrated that the 
patients who experience problems with post-operative ventricular arrhythmias are not 
necessarily the same patients with a history of ventricular tachyarrhythmias pre-operatively 
(Ziv et al., 2005);(Oswald et al., 2010).  In the only prospective study to date, Oswald et al. 
demonstrated that patients with no previous arrhythmia history had an estimated 1-year 
risk of 24% for appropriate ICD treatment for sustained VT or VF following continuous flow 
LVAD placement.  Other studies have shown similar rates of new ventricular arrhythmias 
following LVAD placement.   
In our experience, although limited, we have not seen any patients with clinically significant 
VT or VF requiring additional catheter-based therapy in either group.  Only time will tell 
whether this is a sustained finding with our methodology.  Notably in the Dor experience, 
the incidence of post-operative ventricular arrhythmias is less than 2% (Dor et al., 1994).  
Similar to our approach to cryoablation, in the Dor procedure for ventricular reconstruction 
for ischemic heart failure, only those patients who have a history of previous sustained VT 
or VF undergo cryoablation of the border zone surrounding the resected myocardium.  In 
1994, Dor and colleagues reported on 287 who patients underwent programmed ventricular 
stimulation prior to subtotal endocardiectomy with surgical ventricular reconstruction.  106 
patients were found to have inducible (57) or spontaneous (49) ventricular tachycardia pre-
operatively; however, ventricular tachycardia was no longer inducible in 92% of patients 
after operation and only two patients had spontaneous ventricular tachycardia after the 
operation (Dor et al., 1994).  Subsequent studies have replicated this result (Sartipy et al., 
2005).  It is unclear exactly why the Dor procedure is so successful in limiting the prevalence 
of post-operative arrhythmias.  Logic suggest that the reconstructed ventricle experiences 
less wall stress and with that, the neurohormonal, mechanical, and hemodynamic 
conditions which predispose to arrhythmia generation are eliminated.  In addition, 
cryoablation destroys the border-zone ischemic tissue where monomorphic VT may be 
generated.  If this is the case for the Dor procedure, our approach to HeartMate II LVAD 
implantation with cryoablation may replicate the same results.   
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Regardless of whether these results bear out over the long term, this chapter should 
demonstrate that the management and treatment of ventricular arrhythmias in the LVAD 
population will be an important topic for the heart failure specialist, electrophysiologist, 
and cardiac surgeon to understand over the coming decades.  Destination therapy is here 
to stay.  With over half a million Americans suffering from heart failure, and over 100,000 
in NYHA class IIIb or IV heart failure, the pool of patients who may benefit from 
ventricular assists devices is large.  In addition, with over 550,000 people newly 
diagnosed with heart failure each year and an aging population, all of these numbers 
stand to expand over the coming years.  The benefit of LVAD implantation is clear with 
large trials now showing two-year HeartMate II survival rates of almost 60% in a 
population which only ten years ago had a survival rate of 8% with optimal medical 
therapy (Slaughter et al., 2009);(Rose et al., 2001).  With third-generation non-contact 
bearing devices now approved in Europe and on the horizon in the U.S., LVAD survival 
and quality of life may soon eclipse the gold standard for heart failure treatment: heart 
transplant.  In order for this to happen, issues such as post-operative ventricular 
arrhythmias need to be worked out.  We believe that following our approach will 
significantly limit the prevalence of post-operative ventricular tachyarrhythmias, but the 
nuances of patient selection and procedure performance have room for development.  
Only with multi-institutional prospective trials will the true answers be known: who to 
treat, how to map, and where and how to ablate.  We hope definitive answers will be 
known soon and that ventricular arrhythmias in patients with ventricular assist devices 
will become only a historical footnote.  Until then, we push on.      
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1. Introduction 
Ventricular assist devices (VADs) have been shown to offer a significant survival benefit over 
medical therapy in patients with advanced heart failure. Despite significant advances in device 
technology and surgical technique, VAD-specific infections still remain among the most 
common causes of morbidity and mortality in patients with VADs. VAD-specific infections may 
involve the driveline exit site, the VAD pocket, or the device pump/cannula. The incidence of 
infection after VAD implantation depends on the type of device implanted, the location of the 
device, pre-operative patient characteristics, and post-operative driveline/device management.  
This chapter provides a summary of the various characteristics that may contribute to a 
patient’s risk of VAD-specific infection and describes pre-, peri-, and postoperative 
management to aid in limiting the risk of VAD-specific infection. The chapter also includes 
definitions of the various types of VAD-specific infections and outlines a general guideline 
for the treatment of these different infections. This guide builds upon current literature 
available on VAD-specific infection (Chinn et al., 2005; Slaughter et al., 2010).  

2. Definition and types of VAD infection 
In 2010 the International Society for Heart and Lung Transplantation (ISHLT) drafted an expert 
opinion paper regarding the standardization of definitions of infection in patients with VADs 
(ISHLT, 2010). This document outlines a classification system to organize and delineate 
different types of VAD-related infections. The first level of classification calls for the 
differentiation of VAD-specific infections, VAD-related infections, and Non VAD-related 
infections. The VAD-specific infection category contains three distinct subcategories of infection, 
percutaneous driveline infections, pocket infections, and pump and/or cannula infections.  
VAD-related infections refer to infections not directly involving the VAD itself but possibly 
occurring as a result of VAD placement. These include infective endocarditis (IE), 
bloodstream infections (BSIs) and mediastinitis. Further details regarding these infections 
can be found in the ISHLT document.  

2.1 Types of VAD-specific infection 
2.1.1 Driveline infection 
Infection of the percutaneous driveline can be divided into three clinical situations, minor 
exit site erythema, superficial infection or cellulitis, and deep infection.  
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Minor erythema is defined as involving only the superficial layer of skin and should involve 
an area of less than 2cm radius around the margin of the incision/exit site. The patient 
should have no evidence of purulent discharge coming from the exit site and should not 
have any systemic symptoms or increase in temperature around the driveline site. Erythema 
at the exit site may represent irritation from mobility of the driveline or it could signal the 
early stages of cellulitis.  
A superficial infection involves tissues superficial to the fascia and muscle layers of the 
incision. The patient should have either purulent drainage from the incision site or cellulitis 
spreading from around the exit site in a greater than 1cm radius from the margin of incision 
with erythema and increased local temperature. Fever, drainage, warmth, tenderness at the 
site, and leukocytosis would all suggest cellulitis over minor erythema.  
Deep infection of the driveline involves the deep soft issues such as the fascial and muscle 
layers of the incision. The patient should have purulent discharge from the site, spontaneous 
dehiscence along the driveline, and/or an abscess or other evidence of infection involving 
the deep incision.  
Defining the characteristics of any particular percutaneous driveline infection is crucial as 
each clinical situation demands a different therapeutic strategy.  

2.1.2 Pocket Infection 
In VADS where the device is kept inside the body cavity, pocket infections refer to infections 
that occur in the space that holds the pump device. In most cases the pocket is either intra-
abdominal or intra-thoracic. In order to diagnose a pocket infection there must either be 
positive cultures obtained from the pocket space, either surgically or by needle sampling, or 
radiographic evidence of infection in the pocket area. There should also be systemic signs of 
infection including fever, nausea, vomiting, or pain at the site of the pocket. 
According to the ISHLT document on infections in VAD patients pocket infections must 
meet at least one of the following criteria: 1) The patient must have organisms cultured from 
the pocket space obtained during a surgical operation or needle sampling, 2) Isolation of 
indistinguishable organisms from either 2 exterior aspects of the VAD, or 1 exterior aspect 
and one pocket space culture, 3) Abscess or other evidence of infection seen in the pocket 
during a surgical operation or histopathologic examination, or 4) At least two of the 
following signs or symptoms with no other recognized cause: fever, nausea, vomiting, pain 
in the pocket area, or jaundice and organisms seen or cultured from aspirated fluid or 
pocket area. (ISHLT, 2010) 

2.1.3 Pump and/or Cannula infections 
The portion of the VAD referred to as the ‘pump’ is the part of the device involved in the 
propulsion of blood and includes both continuous and/or pulsatile flow devices either 
intra- or para-corporeal. The cannula is the part of the VAD connecting the pump device to 
the patient’s cardiovascular system. According to the ISHLT, a pump and/or cannula 
infection may either be diagnosed by microbiological, histopathological, or clinical criteria. 
Although some of these require exploration or explantation of the device itself, a diagnostic 
criterion based on the modified Duke’s criteria has been used to clinically diagnose pump 
and/or cannula infection.  
If the VAD is not actively explanted, a set of criteria adapted from the modified Duke’s 
criteria have been formulated to diagnose pump and/or cannula infection. Within this 
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system a clinical diagnosis requires either 2 major criteria, 1 major and 3 minor criteria, or 4 
minor criteria. Major criteria include 1) The recovery of an indistinguishable organism 
recovered from 2 or more sets of peripheral blood cultures obtained over a 4-week period, 
with no other focus of infection, 2) Blood cultures from a central venous catheter (CVC) 
turning positive ≤2 hours after blood cultures drawn from peripheral blood, and 3) positive 
echocardiogram showing oscillating mass that is adherent to the VAD. Minor criteria 
include 1) Fever ≥ 38ºCelsius, 2) Vascular phenomena such as major arterial emboli, septic 
pulmonary infarcts, mycotic aneurysm, intracranial hemorrhage, conjunctival hemorrhage, 
or Janeway’s lesions, 3) Immunological phenomena such as glomerulonephritis, Osler’s 
nodes, or Roth spots, or 4) Microbiological evidence such as positive blood cultures that do 
not meet criteria as noted above.  

3. Epidemiology of VAD-specific infection 
Infection is a relatively common complication after mechanical circulatory support (MCS). 
The exact incidence of infection in mechanical device patients has varied over time mostly 
due to a lack of uniformity in the definition of VAD-specific infection. In 2003, Holman et al. 
published an article reviewing the prevalence/incidence of VAD infection in 15 prior 
studies from 1998 to 2001 (Holman et al., 2003). The prevalence of infection in this series 
ranged from 21% to 89% depending on the type of infection and the VAD used. The original 
REMATCH study from 2001 demonstrated an incidence of 0.6 infectious events per patient 
year with sepsis accounting for 41% of deaths in the mechanical support arm (Rose et 
al.,2001). The follow-up 2007 HeartMate II bridge-to-transplant pivotal trial demonstrated 
that 14% of the 133 study patients developed percutaneous lead infections however a total 
of 20% of the total population developed sepsis (Miller et al., 2007). In the 2009 HeartMate II 
destination therapy pivotal trial, 35% of patients undergoing HeartMate II continuous flow 
left ventricular assist device (LVAD) implantation developed LVAD-related infections 
versus 36% in the pulsatile HeartMate XVE group (Slaughter et al. 2009). The incidence of 
LVAD-related infection in these two groups was .48 infectious events per patient year in the 
continuous flow group versus .90 infectious events per patient year in the pulsatile flow 
group.  
Although there is some variation among incidence and prevalence of infection depending 
on the type of infection and the type of mechanical circulatory support being employed it is 
clear that infection is a major cause of morbidity and mortality in patients supported by 
MCS. In a recent series reviewing 81 patients receiving continuous-flow LVADs, patients 
who had an infection on VAD had a significantly prolonged hospital stay with a trend 
toward increased mortality in comparison with patients who did not have infection 
(Topkara et al., 2010). Sepsis has also been shown to significantly decrease survival in VAD 
patients with both continuous and pulsatile-flow devices (Topkara et al., 2010; Holman et 
al., 2004). Prevention, diagnosis and treatment of these infections is therefore paramount in 
proper VAD management.  

4. Common organisms 
While VAD infection could theoretically involve any organism there are particular 
organisms that are more common than others. Bio-film producing organisms, especially 
gram positive bacteria and fungi such as staphylococcus species (sp.) and candida are 
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among the most common organisms causing VAD-specific infections. Gram negative 
bacteria such as pseudomonas and enterococcus are also bio-film producing organisms 
commonly implicated in VAD-specific infection (Holman et al., 2003). Pre-operative 
prophylactic antibiotics are therefore tailored against these organisms. Likewise, empiric 
therapy for VAD patients presenting with fever or other signs or symptoms of infection 
usually include antimicrobial therapy directed against these organisms.  

5. Pre-operative considerations 
Prevention of VAD-specific infection begins even before surgical implantation of the device. 
To this end, patient selection plays an important role in successful surgical outcomes. At the 
center of this issue is the immune status of the patient. While it is well accepted that heart 
failure itself causes some amount of immunodeficiency, one must ensure that a VAD 
candidate’s immune status is not so compromised as to negatively affect outcome after 
VAD. Although VAD implantation has been carried out even in a patient with human 
immunodeficiency virus, immunodeficiency could increase risk of infection after surgery 
(Fieno et al, 2009). Patients on immunosuppression for comorbid conditions (i.e. 
rheumatology or transplant patients) should also be thoroughly evaluated prior to 
proceeding for VAD. Comorbid conditions that may themselves alter a patient’s immune 
status such as hyperglycemia in diabetes should also be optimized prior to surgery. 
Nutritional status also contributes to a patient’s overall immune status and a thorough 
nutritional evaluation should be undertaken in any patient being considered for VAD.  
In addition to intrinsic patient characteristics, a thorough evaluation for active or occult 
infection should also be undertaken in every candidate. Any elevation in the white blood 
cell (WBC) count should be investigated and possibly treated pre-operatively. Any known 
active infection should also be treated to completion to ensure a sterile surgical implantation 
and to prevent hematogenous seeding of the device by any active infection. Dental hygiene 
should be evaluated by an oral surgeon/dentist and x-rays of the teeth should be obtained 
to rule out occult dental infections. Each patient should be screened for decubitus ulcers as 
these may also be a source of infection. Immediately prior to surgery, central venous 
catheters (CVCs), urinary catheters, peripherally inserted central catheters (PICC lines) and 
any other non-implanted devices should be removed and if necessary replaced peri-
operatively. 
From a provider standpoint, CVC implantation peri-operatively should be carried out in 
sterile fashion according to the general principles for prevention of catheter-specific 
bloodstream infection (CRBSI) from the Centers for Disease Control and Prevention (CDC) 
(O’Grady et al., 2002).  

6. Preoperative management  
The night before surgery the patient should be bathed in an antiseptic agent such as 
chlorhexidine. Pre- and perioperative prophylactic antibiotic strategies are commonly 
employed in cardiovascular surgery as well as surgeries involving implantation of hardware 
(i.e. orthopedic surgery) (Raymond et al., 2002; Martorell et al., 2004). While there is no 
VAD-specific data that clearly favors a particular perioperative antibiotic strategy, data from 
the cardiovascular and orthopedic literature has been extrapolated to guide therapy during 
VAD implantation.  
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The primary pathogens of concern are gram-positive organisms, specifically staphylococcal 
sp. since this is the most common group of organisms causing device infections (Holman et 
al., 2003). Vancomycin, 15mg/kg, intravenously (IV) 1 hour preoperatively, then every 12 
hours for 48 hours along with Rifampin, 600mg IV 1-2 hours preoperatively, then daily for 
48 hours, is usually an acceptable strategy for perioperative antibiotic coverage. Some 
studies have also suggested that nasal colonization by staphylococcus aureus (S. aureus) 
may predict S. aureus bacteremia and surgical site infection after cardiac surgery and that 
treatment of this colonization might actually help prevent infection (Raymond et al., 2002; 
Martorell et al., 2004). The evidence to support this strategy is not entirely confirmatory 
however for those with a nasal culture positive for S. aureus preoperatively, it may be 
beneficial to treat with mupirocin 2% nasal ointment the evening before surgery and then 
twice daily for 5 days afterward.(Perl et al., 2003;Bratzler et al., 2004).  
Gram negative coverage should be tailored to the patient and/or the institutional patterns of 
colonization and susceptibility. There is no definitive recommended agent for prophylaxis 
against gram negative organisms, however at some centers fluoroquinolones such as 
ciprofloxacin are also used peri-operatively. Although doses should be adjusted for renal 
clearance, Ciprofloxacin 400mg IV before surgery and every 12 hours for 48 hours after 
surgery is a generally acceptable strategy.  
Another virulent infection that may cause significant device related infection are fungal 
organisms (Bagdasarian et al., 2009). Fungal VAD infections are associated with high 
morbidity and mortality and prophylactic agents should be employed to prevent their 
development. The most commonly employed agent is Fluconazole, 400mg IV 
preoperatively, then every 24 hours for 48 hours afterward.  
The use of prophylactic antibiotics beyond 48 hours after surgery does not seem to be 
beneficial and may actually be harmful in that it may increase antimicrobial resistance 
patterns. The practice of continuing prophylactic antibiotics beyond 48 hours is therefore not 
recommended.  

7. Intraoperative management 
An elevated level of precaution in the operating room (OR) can also help prevent VAD-
related infection. As with any sterile procedure proper hand and arm washing with an 
antimicrobial agent for a minimum of 3 minutes is essential (Mangram et al., 1999). Caps, 
masks, gloves, and sterile gowns should be worn by all OR staff and OR traffic should be 
limited. The patient should be prepared using a solution of broad spectrum antimicrobials, 
alcohol and iodophor such as DuraPrep (3M Corporation) and sterile drapes. The device 
itself should also be opened under sterile conditions and only immediately before use.  

7.1 The Percutaneous Driveline/Tube 
The percutaneous driveline/tubing is among the most important channels for infection with 
VADs. Proper tunneling and positioning are therefore imperative for infection prevention. 
When positioning the percutaneous driveline one should consider body habitus, angle 
between costal margins, and thickness of subcutaneous tissue. The driveline should begin at 
the VAD and tunnel to the right upper quadrant where it should exit near the midclavicular 
line, 4-6cm below the costal margin. The distance between the exit site and pump pocket 
should be maximized so as to prevent the transmission of infection from the exit site to the 
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pocket itself. The length of the percutaneous pathway should be maximized (10-12cm) and 
should enter the muscle within 4-8cm of the VAD. The velour portion of the percutaneous 
driveline should not extend more than 1-2cm outside the body (Chinn et al., 2005; Slaughter 
et al., 2010). Some centers have even begun fully implanting the velour portion however this 
has not yet been supported with any large-scale studies.  

7.2 Hemostasis and drainage 
Fluid and blood collections within the patient can potentially become infected and should 
therefore be avoided. It is often helpful to place bilateral chest tubes and mediastinal or 
pocket drains to prevent fluid from accumulating. Likewise, patients should be monitored 
for bleeding post-operatively and potentially re-explored if there is evidence of excessive or 
persistent fluid or blood output from any of a patient’s drains or tubes.  

8. Postoperative management 
The post-operative period is the most important time for infection prevention with VADs. 
Prophylactic systemic antibiotics are usually discontinued after 48 hours postoperatively. 
After discontinuation of post-operative antibiotics prevention of infection depends 
primarily on proper exit site management and nutritional support. 

8.1 Driveline exit site management 
The percutaneous driveline exit site should be carefully managed post-operatively in order 
to prevent the introduction of pathogens. Dressings should be changed starting 24-48 hours 
after surgery and earlier if the dressing becomes saturated with blood or drainage. 
Dressings should be changed under sterile conditions using sterile technique with a sterile 
drape, and sterile gown and gloves as well as cap and mask. Using sterile gloves, the old 
dressing should be removed and discarded. At this point a new set of sterile gloves should 
be put on and the exit site should be inspected for signs of infection, tissue breakdown, and 
drainage. Deep probing should generally be avoided. Any drainage should be swabbed and 
sent for culture. The wound should then be cleaned with an antiseptic agent such as 1% 
chlorhexidine and rinsed with 0.9% normal saline solution. The area should then be dried to 
completion using sterile gauze and then dressed with sterile gauze with enough gauze 
placed to cover and protect the entire exit site. After completion of all these steps the 
abdominal binder should be reapplied.  
Over time there should be incorporation of the driveline at the site of the exit site with good 
tissue in-growth around the driveline itself. This may take weeks to months to occur and need 
not fully occur prior to discharge, however it is imperative that good hygiene and sterile 
technique be exercised at all times. It is generally advised that patients avoid showering until 
after adequate tissue in-growth into the velour has occurred and until there is no drainage or 
signs of infection at the exit site. Even when sponge bathing, the exit site should be kept dry. 
Ultimately it will be the responsibility of the patient’s caregiver to maintain and change 
driveline dressings therefore, the caregiver should be carefully and thoroughly educated in 
proper sterile technique and should demonstrate competency in this task prior to discharge.  

8.2 Nutrition 
Post-operative nutritional status is critical to patient success and is known to influence 
morbidity and mortality in surgical patients (Holdy et al., 2005). Nutritional 
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supplementation, either oral or parenteral, should be instituted as soon as possible after 
surgery. Oral or nasogastric supplementation is preferable given the increased risk of 
infection with parenteral feeding. Supplementation should be done under the supervision of 
a clinical dietician/nutritional specialist to ensure that the patient receives appropriate 
protein and caloric intake to ensure proper recovery and wound healing. This will also help 
prevent infection. Blood sugar control is also imperative post-operatively and endocrine 
consultation may be of assistance in maintaining a blood sugar as close to 110mg/dl as 
possible (Van Den Berghe et al. 2001) 

9. Diagnosis of VAD-specific infection  
VAD-specific infections include infections occurring at the cutaneous exit site, in the device 
pocket, or infections of the internal surface of the device or valves. VAD specific infections 
are commenced in many ways: a) inoculation at the time of surgery b) from percutaneous 
driveline exit site onto the device; or c) hematogenous spread from a blood stream infection. 
Post-operative VAD infections can result from hematogenous spread from line related blood 
stream infections or bacteremia from open wound infection, urinary tract infection or 
pneumonia. 

9.1 Driveline Infection 
Driveline exit site infections should be diagnosed by thorough physical examination at the 
driveline exit site. Erythema and poor wound healing can be suggestive of driveline 
infection. Associated signs of systemic infection such as fever, tachycardia and leukocytosis 
may or may not be present with driveline exit site infection. In the case of a suspected 
driveline infection, cultures and gram stain of the driveline exit site should be obtained 
without deep probing. This may not be always helpful because of skin colonization by 
variety of microorganisms and may be positive in absence of true infection. 
Ultrasonography, computed tomography, or localizing abscess scan (gallium, indium) may 
also be helpful in detecting the driveline infection. Findings suggestive of infection include 
inflammation or fluid collection along the driveline pathway.  

9.2 Pump pocket Infection 
Pump pocket infections present with local inflammation and can be associated with signs of 
sepsis. It may present as a local abscess which can be diagnosed by palpation and by the 
imaging studies. If the suspicion of abscess is high on imaging, incision and drainage should 
be performed. Persistent drainage from the driveline exit site can be another presentation of 
underlying pocket infection. In patients with signs of systemic infection complete blood 
count and multiple blood cultures should be obtained.  

9.3 Device Infection 
Intravascular device infections occur during the implantation procedure or by 
hematogenous spread when a biofilm forming bacteria is introduced onto the external 
and/or internal surfaces of the device. The most common pathogens causing blood stream 
infection in patients with VAD related infection are coagulase negative staphylococci, 
staphylococcus aureus, Candida spp., and gram negative infections like Pseudomonas 
aeruginosa. Infections with multidrug-resistant pathogens result from prolonged 
hospitalization and increased antibiotic exposure.  
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A VAD related blood stream infection is difficult to differentiate from a non-VAD-related 
blood stream infection. Diagnosis of VAD related blood stream infection is typically made 
when: 1) the same organism is isolated from drainage around the exit site or obtained 
through a percutaneous aspiration of a fluid collection; 2) no other source of bacteremia is 
identified 3) the bacteremia is sustained despite appropriate antibiotic therapy or despite 
adequate drainage of an identified source. Positive cultures of the device (valves, internal 
pump surface, pump pocket) in presence of bacteremia is the gold standard but it is rare for 
patients with permanently implanted VAD to undergo explantation of the device. Clinical 
manifestations of infected intravascular devices are fever, leukocytosis, new incompetence 
of the pump inflow or outflow valves, and septic embolization in absence of vegetation on 
the native cardiac valves. For the diagnosis of device infections, exclude other device 
infection from pacemakers and automatic implantable cardiac defibrillators and line related 
infections. Multiple blood cultures from peripheral line and central venous catheter should 
be obtained in suspected line related infection. Intradevice echocardiography can be very 
helpful to evaluate device valves and function. 

10. Treatment of VAD infection  
Prior to initiating treatment for a VAD infection blood cultures, drainage culture, and if 
possible, aspirates should be obtained in order to identify the offending pathogen. Broad-
spectrum antibiotics may be initiated early but therapy should be tailored to the particular 
organism once speciation and susceptibilities have been completed. Infectious disease 
consultation should be obtained for antibiotic selection as well as dosing and timing of 
therapy.  
Therapy for VAD-specific infection is based on the type of VAD infection (Driveline, 
Pocket, or Device) as well as the patient’s infection history. A more invasive infection or a 
history of recurrent or resistant infection may prompt a more aggressive therapeutic 
approach.  

10.1 Driveline infection 
Therapy for driveline exit site infections typically begins with oral antibiotics targeted 
against gram-positive organisms. Blood and drainage cultures should be drawn and 
evaluated for possible organism identification and susceptibility. If an organism is 
identified therapy can be targeted toward that organism; if not, empiric therapy directed 
toward cutaneous flora such as staphylococcus aureus should be initiated. Aggressive 
wound care is also important. The driveline exit site and dressing should be kept clean 
and should be immobilized to prevent disruption of the area surrounding the driveline 
itself.  
If the infection appears to be more extensive or invasive, surgical incision and debridement 
may be necessary. This should be done in the OR under sterile conditions.  
Over time, driveline infections have a tendency to become recurrent (Vilchez et al., 2001). In 
the case of recurrent driveline infections intravenous antibiotics may become necessary. 
Infectious disease consultation can be helpful to guide such therapy. Ultimately long-term 
antibiotic therapy may be helpful to suppress and prevent recurrence of infection. The need 
for this type of therapy must be weighed against the risk of developing resistant organisms 
and antibiotic side effects (Tayama et al., 2006) 
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10.2 Pocket Infection 
The initial steps in treating a pocket infection are similar to those with a driveline infection. 
After cultures have been obtained, broad spectrum antibiotics should be initiated with 
narrowing of therapy once species and susceptibilities have been identified.  
If an abscess or fluid collection is identified either on exam or radiologically it should be 
aggressively drained, either percutaneously or by surgical incision and drainage. Any fluid 
obtained from a pocket should be sent immediately for culture. 
If antibiotics and percutaneous or surgical drainage are unsuccessful and the patient 
continues to exhibit signs and symptoms of an active infection, a device pocket revision may 
be necessary. This approach may also be indicated if cultures grow particularly virulent 
organisms such as gram negative bacilli or yeast.  
Another approach to pocket infections that is still under investigation is the implantation of 
polymethylmethacrylate (PMMA) beads that are impregnated with vancomycin, 
tobramycin, and possibly other antibiotic agents. These can be surgically placed to coat the 
external surface of the VAD. These beads are currently approved for use with chronic 
osteomyelitis and infected orthopedic implants and their use with VADs is still 
experimental and requires further research as to optimum size, shape, and positioning of the 
beads. A potential risk of using these beads is that they may breed more resistant organisms 
(Chinn et al., 2005; Slaughter et al., 2010).  
After either percutaneous or surgical incision and drainage, aggressive wound care is 
critical to successful treatment of an infected VAD pocket. Patients should undergo sterile 
daily dressing changes and monitoring for signs of continued infection. Antibiotics should 
be used and patients may be discharged home on intravenous treatment via a PICC line for 
prolonged antibiotic therapy. This should be done under the supervision of an infectious 
disease specialist.  
Vacuum assisted closure (V.A.C., KCI USA, Inc. San Antonio, TX, USA) of a pocket wound 
may assist with wound healing after surgical incision and drainage and should be 
considered (Baradarian et al., 2006).  

10.3 Pump and/or Cannula infection 
Infection of the actual pump or device cannulae is a very serious complication of VAD 
therapy. Although difficult to establish a concrete diagnosis there are a number of factors 
that may make pump or cannulae infection more likely. These are described in more detail 
in the definition and diagnosis sections of this chapter but include persistent bacteremia or 
fungemia, especially in the case of gram negative bacilli or yeast. Also suggestive of a pump 
or cannula infection is the presence of a vegetation or interruption in the flow through the 
VAD cannulae on echocardiogram. Alterations in pump parameters such as low flow states, 
spikes in power or in the rotations per minute demonstrated by the VAD may also suggest 
infection.  
If a pump or cannula infection is suspected then device replacement should be considered. 
The natural history of this type of infection portends a poor prognosis and early rather than 
late replacement is preferable. If VAD replacement is not an option then aggressive 
intravenous antibiotic therapy should be pursued and continued for a prolonged period of 
time. This should be guided by an infectious disease specialist based on the organism 
involved and the history of the infection. Many patients with persistent pump or cannula 
infection will ultimately require lifelong oral suppressive therapy.  
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11. Additional considerations in VAD patients 
11.1 Immune function after VAD 
Immune function in VAD patients is an area of active research and early studies have shown an 
alteration in immune function in comparison to heart failure controls. This is an important 
finding as it suggests that patients with VADs may inherently be at increased risk for infection. 
Temporary alterations in T-cell function and quantity have been observed early after VAD 
implantation (Deng et al., 1999; Itescu et al., 2000; Clark et al., 2001; Itescu et al., 2003; 
Rothenberger et al., 2001; Ankersmit et al., 1999). Cellular immunity has also been shown to 
remain impaired at 6 months after VAD implantation (Kimball et al., 2008). Among the indices 
found to be altered at 6 months were a decrease in proliferative response to an immune 
challenge, a decrease in expression of interleukin 2 and tumor necrosis factor-α, an increase in 
interleukin 10, and an increased prevalence of suppressive T-regulatory cells. These all suggest 
a compromise in cellular immunity among long-term VAD recipients secondary to a 
downregulatory cytokine imbalance and an increase in suppressive T-regulatory cells. 

11.2 VAD Infection and transplantation 
Given that VADs are commonly used as a bridge to transplantation it is important to 
understand the effect of VAD-related infections on post-transplant outcomes. A 
retrospective review from Columbia University in 2009 reported that pre-transplant device-
related infection of any kind had no effect on post-transplant 1-year survival rates, but was 
associated with an increased rate of post-transplant infection. In particular, a driveline 
infection during VAD support predisposed to infection of the former VAD pocket and 
driveline site after cardiac transplantation (Schulman et al,. 2009). No other VAD-related 
infections including pocket infection, wound infection, or sepsis were associated with post-
transplant infection.  
The primary concern with VAD-related infection in patient’s awaiting transplantation is that 
these infections can have a significant effect on survival to transplantation. For this reason, 
VAD-related infection can actually be used as a reason to upgrade a patient’s priority on the 
transplant list in order to expedite the course to transplantation.  

12. Future implications  
VAD implantation represents a major development in the treatment of advanced heart 
failure. Despite major advances in the size, durability and portability of VADs, infection 
remains a significant cause of morbidity and mortality after VAD implantation. Improving 
outcomes in the future will require better infection prevention through developments in 
device and driveline technology. Among the ultimate goals is total implantability of the 
VAD which would eliminate the need for a driveline and thereby eliminate one of the most 
important pathways for infection . The clinical utility baseline study (CUBS) trial from 2007 
compared the totally implantable LionHeart to the REMATCH data and demonstrated 
decreased incidence of infection with the totally implantable device suggesting that total 
implantability may improve infectious outcomes after VAD (Pae et al., 2007) 

13. Conclusion 
At the present time infection prevention depends upon thorough pre-operative evaluation 
and treatment to improve modifiable risk factors such as nutrition, glycemic control, and 
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infectious and immune status. Peri-operatively, attention to sterile technique and 
appropriate prophylactic antibiotics can help prevent infection around the time of 
implantation. After surgery, immobilization of the driveline along with sterile driveline 
wound care and patient education are key to long-term success with VADs.  
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1. Introduction 
Heart failure is a progressive disease associated with high mortality and poor quality of life. 
It is an increasingly common condition that affects over 5 million Americans with 670 000 
new cases diagnosed each year (Lloyd-Jones et al., 2010). Patients with end stage heart 
failure have a grave prognosis even with maximal medical therapy. Hershberger and 
colleagues reported that the survival of inotrope dependent patients with end stage heart 
failure was 51 %, 26% and 6 % at 3, 6, 12 months respectively (Hershberger et al., 2003). 
Ventricular assist devices (VADs) have been in use for over two decades as a treatment 
option for patients with advanced heart failure. These mechanical pumps provide 
hemodynamic support to patients as bridges to cardiac transplantation or destination 
therapy for transplant ineligible patients. Development of VAD technology and 
improvements in medical management have allowed individuals with VADs to be 
discharged from hospitals to their communities. As the number of patients on VAD support 
continues to rise and more patients are discharged from hospital, outpatient management of 
VAD patients has become a critical component of mechanical circulatory support programs. 
This chapter will examine the literature on outpatient VAD support. The fundamental 
elements of a safe and effective discharge process will be summarized. VAD outpatient 
outcomes and community based management of device related complications will be 
discussed. 
The Randomized Evaluation of Mechanical Assistance for the Treatment of Congestive 
Heart Failure (REMATCH) trial was a landmark clinical trial that demonstrated that the 
use of left ventricular assist devices (LVADs) in patients with advanced heart failure 
resulted in a 48% reduction in the risk of death as compared to optimal medical 
management. The REMATCH trial randomized patients with end stage heart failure who 
were ineligible for cardiac transplantation to either LVAD therapy or optimal medical 
management. One year survival was 52% in the LVAD group and 25% in the medical 
therapy group and 2 year survival was 23 and 8 % respectively. The quality of life was 
significantly improved at one year in the device group. However, the frequency of serious 
adverse events in the device group was 2.35 times that in the medical therapy group (Rose 
et el., 2001). Despite substantial survival benefit and significant better quality of life, the 
study revealed that morbidity and mortality associated with the use of LVADs is 
considerable.  
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2. Device designs 
A variety of long term VADs have been developed to benefit patients with end stage heart 
failure. Devices are classified based on a number of characteristics including device location 
and the method by which the device supports circulation. There are three generations of 
VADs currently available for use. First generation pumps use pulsatile action with volume 
displacement.  Pulsatile VADs have multiple moving components that are vulnerable to 
failure over time. Second generation VADs are designed to address some of the problems 
seen with the first generation VADs. Developed over the past decade, second generation 
VADs are rotary pumps that provide continuous blood flow. Nonpulsatile flow allows for 
smaller and quieter devices with less mechanical parts. Continuous axial blood flow is 
generated by an impeller rotating at high speeds on mechanical bearings. The newest 
version, third generation VADs are continuous axial or centrifugal flow devices with 
bearingless impellers or rotors that are magnetically or hydrodynamically levitated (Visouli 
& Pitsis, 2008).  There exist a number of different VADs and a complete review of all the 
devices is beyond the scope of this chapter. Table 1 briefly reviews some of the long term 
devices, their mode of action and current status.  
 
Device Manufacturer Position Type  Status 

Novacor® 
WorldHeart 
Corporation, Salt 
Lake City, UT, USA

Intracorporeal Pulsatile No longer in use 
since 2008 

HeartMate® 
XVE 

Thoratec 
Corporation, 
Pleasanton, Ca, 
USA 

Intracorporeal Pulsatile 

CE mark approval 
2003 
FDA approval for 
BTT 2001 for DT 
2003 

HeartMate 
II® 

Thoratec 
Corporation, 
Pleasanton, Ca, 
USA 
 

Intracorporeal 
Continuous Axial 
flow with blood-
immersed bearings

CE mark approval 
2005 
FDA approval for 
BTT 2008 for DT 
2010  

Jarvik 2000 
Jarvik Heart Inc. 
New York, NY, 
USA 

Intracorporeal 
Continuous Axial 
flow with blood-
immersed bearings

CE  mark approval 
2005 
USA trial BTT in 
progress 

HeartWare® 
HVAD 

HeartWare 
International Inc. 
Framingham, MA, 
USA 

Intracorporeal 

Centrifugal 
Continuous flow 
Hydromagnetic 
rotor suspension 

CE mark approval 
2009 
USA BTT and DT 
trial in progress 

DuraHeart® 
Terumo Heart Inc. 
Ann Arbor, MI, 
USA 

Intracorporeal 

Centrifugal 
Continuous flow 
Magnetically 
levitated impeller 

CE  mark approval 
2007 
USA trial BTT in 
progress 

BTT (Bridge to transplantation); DT (Destination therapy); FDA (Food and Drug Administration); CE 
(European Conformity) 

Table 1. Long term implantable left ventricular assist devices 
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Many VAD centers use a variety of different types of LVADs in their mechanical circulatory 
support programs. Therefore, managing LVAD outpatients with different types of systems 
is not uncommon. Clinicians need to be familiar with the specifics of each device to 
minimize complications. While each device may have its own unique challenges, many of 
the issues are universal to all devices. 

3. Preparing for hospital discharge 
A review of the literature reveals that most mechanical circulatory support programs have 
similar criteria for discharging patients from hospital on LVAD support. See Table 2 for 
general criteria for discharging LVAD patients home.  
 

1. Stable vital signs, LVAD hemodynamics and pump function  
2. Stable hemoglobin and end organ function 
3. Native heart able to support patient in the case of serious VAD malfunction. 
4. Adequate wound healing 
5. Patient is ambulatory-approved for discharge by physiotherapist 
6. Patient able to perform activities of daily living (ADLs) with minimal assistance- 

approved for discharge by occupational therapist 
7. Patient and caregiver complete LVAD training and demonstrate proficiency in  LVAD 

management   
8. Patient and caregiver have completed out of hospital excursions 
9. Notification of emergency medical services, local emergency room staff and electric 

company  
10. List of emergency contacts given to LVAD patient 
11. Outpatient appointment scheduled  

Table 2. Criteria for discharging left ventricular assist device patients home 

The LVAD patient’s medical condition must be determined to be stable before discharge. 
This includes patient’s volume status, LVAD function, medication regime and laboratory 
results. The LVAD patient must be physically capable of managing his or her self care. Self 
care activities include monitoring daily weights, administration of medication, device 
management and exit site care. Completion of a physical and occupational therapy program 
permits LVAD patients to be independent and perform their activities of daily living (ADLs) 
with minimal assistance. Maintaining a stable international normalized ratio (INR) in the 
therapeutic range ensures the risk of bleeding or thromboembolism after discharge is 
minimized.   
Although patient’s medical readiness for discharge is critical, patient and caregiver must be 
knowledgeable on all aspects of the care and operation of the LVAD prior to discharge. 
Patient and caregiver must complete a comprehensive LVAD educational program that 
encompasses routine care to trouble shooting device problems.  Both patient and caregiver 
must be able to respond appropriately to LVAD system alarms and emergency situations. 
Proficiency with changing LVAD batteries and power sources must be demonstrated by 
patient and caregiver. Following extensive training, competency evaluation and skill 
demonstration must be performed by patient and caregiver before discharge. Since 
meticulous care of the LVAD exit site is critical, education emphasizing proper exit site care 
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is essential.  Patient or caregiver must be able to perform independent LVAD exit site 
dressing changes using aseptic technique. Patient and caregiver must be able to monitor the 
device for proper function, identify alarm conditions and know when to contact the VAD 
team for support and assistance. Once the patient and caregiver demonstrate competence 
with their device, it is important for the LVAD patient and caregiver to go on out of hospital 
excursions to foster independence and promote confidence prior to formal discharge. 

4. Community support 
Discharge preparation involves notification of the LVAD patient’s community resources. 
Methods of informing local care providers include providing written material, a training CD 
or LVAD education presentations. VAD coordinators play an important role in coordinating 
the care between local care providers and the VAD team. As LVAD patients may present to 
their local emergency room with urgent LVAD related problems such as arrhythmias, 
device malfunction or stroke, communication between local care providers and the VAD 
team is vital. Instructing local Emergency Medical Services (EMS) personnel and emergency 
room (ER) staff on LVAD emergency measures may be considered. However, ensuring the 
training of all EMS and ER personnel may be difficult. Therefore training the patient and 
their family to direct the actions of EMS and ER personnel in collaboration with the 
personnel at the VAD center may be at better approach (Holman et al., 2001). LVAD patients 
that live a considerable distance from the VAD center may require routine follow up with 
their local cardiologist and primary care physician. Therefore, it is important that local 
physicians are familiar with the device and have access to the VAD team at any time. 
Emergency contact numbers for the patient’s VAD center should be with the LVAD patient 
at all times. Also, community dentists must be informed that VAD patients should receive 
bacterial endocarditis prophylaxis prior to dental procedures. The electric company should 
be notified of the LVAD patient’s dependence on electrical power and need for priority 
status for power restoration should a power failure occur. And lastly, local cardiac 
rehabilitation centers must be given information to safely exercise the VAD patient. Patient 
and community education and support are key elements of a successful outpatient program. 

5. Outpatient follow up  
Follow up in the clinic is an essential component of the care and management of outpatient 
LVADs. See Table 3 for routine outpatient follow up care. The frequency of clinic visits 
 
• Weekly clinic visits that include a physical exam, interrogation of the device, 

laboratory testing, optimization of medical therapy and discussion of patient concerns.  
• All LVAD patients are re-started on heart failure medications. Up titration of ace 

inhibitor and beta blocker is assessed during clinic visits. 
• Routine echocardiograms every month or when clinically indicated to evaluate left 

and right ventricular function, valvular function and estimation of right ventricular 
systolic pressure (RVSP).  Echo based adjustments to VAD speed may be required. 

• Clinic visits are decreased to bi-weekly or monthly when LVAD patients are on 
optimal medical therapy and there are no active issues.  

Table 3. Outpatient LVAD follow up care 

DR.R
UPN

AT
HJI(

 D
R.R

UPA
K 

NAT
H )



Community Based Management of Ventricular Assist Devices   

 

179 

depends on the patient’s condition, medical issues or concerns with device function. Once 
discharged from hospital, LVAD patients usually return to the outpatient clinic weekly until 
the VAD team determines less frequent visits are warranted. However, an outpatient should 
be assessed whenever there is a significant change in the patient’s medical status, LVAD 
pump readings or any alarm condition occurs. It is critical that the outpatient has access to 
the VAD team at all times for any emergencies or for technical support. Emergency 
procedures should be reviewed in clinic with patient and caregiver on a regular basis.  

6. Discharge rates 
Although LVADs have been in use for nearly two decades, the Food and Drug 
Administration (FDA) only allowed LVAD bridge to transplantation  patients to be 
discharged to their home environment as of 1996 (Park et al., 2005). In 2001, a review of 
outpatient VAD programs revealed that only 40-60% of patients with LVADs awaiting 
cardiac transplantation were discharged (Holman et al., 2001). However as mechanical 
circulatory support programs become more comfortable with discharging patients on LVAD 
support, the number of patients discharged from hospital is increasing. Lietz and colleagues 
reported 71% of destination therapy LVAD patients were discharged home or to a nursing 
facility (Lietz et al., 2007). In a study with bridge to transplantation LVAD patients, 75 % of 
patients with HeartMate II (Thoratec, Pleasanton, CA, USA) continuous flow LVAD were 
discharged from hospital. The median hospital stay after surgery was 25 days. 54% of 
discharged patients required rehospitalization for complications (Miller et al., 2007). Similar 
results were reported by Pagani and associates. In this study with bridge to transplantation 
patients, 78% of patients with HeartMate II LVAD were discharged from hospital with a 
medium hospital stay after surgery of 25 days. 68% of discharged patients required 
rehospitalization (Pagani et al., 2009). In a recent clinical trial of patients who were ineligible 
for cardiac transplantation, 86% of patients with a continuous flow LVAD and 76% of 
patients with a pulsatile LVAD were discharged from hospital. The median length of stay 
after surgery was 27 days with continuous flow device and 28 days with pulsatile device 
(Slaughter et al., 2009).  MacIver and colleagues reported that 71% of LVAD patients were 
discharged home and that complications occurring in the community were low. This study 
found that patients supported for more than 3 months spent 70% of their support time at 
home and this increased to 94 % for patients supported for more than 1 year (MacIver et al., 
2009). As demonstrated in the literature, an increasing number of patients on VAD support 
are discharged from hospitals and outpatient management is crucial to successful LVAD 
outcomes.  

7. Results of long term VAD support 
Management of LVAD patients requires a thorough understanding of the risks and potential 
complications associated with LVAD therapy. Reviewing the literature on mechanical 
circulatory support allows clinicians to identify and manage common LVAD issues and 
adverse events in order to improve patient outcomes and survival. HeartMate VE and XVE 
(Thoratec, Pleasanton, CA, USA) and  Novacor (World Heart, Oakland, CA, USA) have been 
the most widely used and studied long term implantable LVADs. The HeartMate VE LVAD 
was the device used in the REMATCH trial. The 1 and 2 year survival rates of LVAD 
patients in the REMATCH trial was 52% and 23 % respectively.  The most common causes of 
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death in the LVAD group were sepsis (41%), failure of the device (17%) and ischemic stroke 
(10%) (Rose et al., 2001).  Extended follow-up of the REMATCH trial patients confirmed 
survival rates at 1 year and 2 year for patients receiving LVADs was 52% and 29% 
respectively (Park et al., 2005). Outcomes of LVAD destination therapy in the post 
REMATCH era described by Leitz and associates showed relatively no change in the overall 
survival after HeartMate XVE   LVAD implantation. Survival was 56 % and 30.9% at 1 year 
and 2 years respectively. The leading causes of overall mortality included sepsis (29.5%), 
multiorgan failure (12.8%) and right heart failure (8.4%). LVAD failure accounted for 6% of 
deaths (Lietz et al., 2007). However, a more recent study of patients undergoing destination 
therapy with HeartMate XVE demonstrated that long term LVAD destination therapy can 
be improved. Long and his colleagues reported a 2 year survival of 77 % for the LVAD 
destination therapy group as compared with the REMATCH trial rate of 23%. This study 
also had a 38% reduction of adverse events as compared with the REMATCH trial results. 
Causes of death long term were related to LVAD failure (8.7%), infection (8.7%) and 
malignancy (4.3%). Therefore, relative to the REMATCH trial results, the rate of death after 
discharge was decreased by a factor of 2.5 (Long et al., 2008). Although the study was a 
single center experience and not a randomized controlled trial, the results suggest that 
patient selection and advances in LVAD patient management have the potential for 
improving destination therapy outcomes.    
The prospective, non randomized Investigation of Nontransplant-Eligible Patients Who Are 
Inotrope Dependent (INTrEPID) trial compared the outcomes of patients supported on the 
Novacor LVAD with patients treated with optimal medical therapy. The study 
demonstrated that patients with a Novacor LVAD had superior survival rates at 1 year as 
compared to the medical therapy group (27 % vs. 11%). This trial found that stroke (34%) 
and infection (24%) accounted for the majority of deaths in the LVAD group. While 62 % of 
the LVAD patients experienced a stroke or transient ischemic attack during the study, there 
was no mortality attributable to LVAD malfunction (Rogers et al., 2007). Although the 
REMATCH and the INTrEPID trials demonstrated that patients treated with LVAD 
destination therapy had significant improvement in survival compared with optimal 
medical therapy, morbidity due to sepsis, stroke and device failure is common with the first 
generation pulsatile devices.  
Over the past 2 years a rapid growth in the use of continuous flow LVADs and a decline in 
pulsatile LVADs have been observed (Kirklin et al., 2010). In a prospective study, Miller and 
associates reported the survival rate of LVAD patients implanted with HeartMate II LVAD 
as a bridge to cardiac transplantation was 75% at 6 months and 68% at 12 months. The use of 
a continuous flow pump was not without complications. At 6 months, 19% of patients had 
died while on device support, 4 % had medical complications that precluded transplantation 
and 2 % had their devices replaced. Causes of death included sepsis (4%), ischemic stroke 
(4%) multisystem organ failure (3%) hemorrhagic stroke (2%) anoxic brain injury (1.5%), and 
right heart failure (1.5%). This study also reported that percutaneous lead infection occurred 
in 14% of patients but no pump pocket infection was observed (Miller et al., 2007).  
A retrospective European study of LVAD patients who had received a HeartMate II LVAD 
reported a 1 year survival of 69% in the destination therapy group and 63% in the bridge to 
transplant group. Main causes of death were multiple organ failure, in most instances due to 
septic complications, and cerebrovascular accidents (CVA). One third of adverse events 
occurred within the first week post LVAD implant and only one cerebrovascular accident 
occurred after the first 9 days after surgery. There was no mechanical failure of the device. 
Sepsis remained the leading cause of death overall (Strűber et al., 2008).  
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In a recent prospective study by Pagani and associates, the overall survival for patients with 
a HeartMate II LVAD as bridge to transplant was 73% at 1 year and 72% at 18 months. The 
primary causes of death were sepsis (4%), stroke (4% ischemic and 2% hemorrhagic), right 
heart failure (3%) and device related deaths (3%). Only 4.6 % of deaths occurred after 6 
months of device support and included sepsis, LVAD power loss and withdrawal of 
support. Although LVAD replacement occurred in 4% of patients due to device thrombosis 
(1.4%), percutaneous lead wire damage (1.4%) or for device infection ( 0.3%), there were no 
failures of the mechanical pumping mechanism.  Also reported were significant 
improvements in LVAD patients’ functional status, 6-minute walk test and quality of life 
(Pagani et al., 2009). 
Slaughter and colleagues reported their results of a randomized controlled trial comparing 
outcomes in patients with advanced heart failure who were ineligible for transplantation 
and received either a pulsatile flow HeartMate XVE LVAD or a continuous flow HeartMate 
II LVAD. Estimates of the 1 and 2 year survival rates were 68% and 58 % respectively with 
the continuous flow device and 55% and 24 % with the pulsatile device. The leading causes 
of death in patients with continuous flow device were hemorrhagic stroke (9%), right heart 
failure (5%), sepsis (4%) and external power interruption (4%) while the leading cause of 
death in patients with a pulsatile device were hemorrhagic stroke (10%), right heart failure 
(8%), multiorgan failure (7%) and ischemic stroke (5%). Continuous flow LVAD 
significantly improved the probability of survival free from stroke and reoperation for 
device repair or replacement at 2 years (Slaughter et al., 2009). While both devices 
significantly improved patients’ quality of life and functional capacity, the 2 year survival 
rate with the continuous flow device was more than twice the rate with pulsatile device. 
The Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) 
database first annual report found that cardiovascular causes (including right ventricular 
failure and fatal arrhythmias) and multiorgan failure predominated as early causes of death 
whereas central nervous system events and infection were the most common causes of 
death after the first month of LVAD implantation. Bleeding and infection were the most 
common adverse events both early and later (Kirklin et al., 2008). While pulsatile VADS 
were the only available devices in the first INTERMACS report, the second INTERMACS 
report included data on continuous flow devices. The report demonstrated that continuous 
flow devices have become the preferred choice for bridge to transplantation therapy as 85% 
of LVADs implanted between July 2008 and January 2009 were continuous flow VADS. In 
general, adverse events were reduced in patients with continuous flow devices for device 
malfunction, infection, hepatic dysfunction and neurologic events (Kirklin et al., 2010). A 
review of the studies with HeartMate II LVAD, a second generation device, provides 
evidence of improved outcomes and reduced morbidity with continuous flow pumps as 
compared with pulsatile pumps. Overall there was significant reduction of adverse events 
including percutaneous lead infection and neurological events with the non pulsatile device.  

8. Outpatient LVAD outcomes 
A review of the literature reveals that there is limited research on outpatient outcomes. The 
literature consists mostly of single center reports that are based on small numbers of 
outpatients. Also, the majority of studies describe outpatient outcomes while on pulsatile 
VAD support with very few studies that include non pulsatile VADs. See Table 3 for a 
review of the literature on LVAD outpatient outcomes.  
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Authors  Study 
period 

Number of 
discharged 

patients 
Device Results 

Myers et al., 
1996 Unknown 21 HeartMate VE 

15 readmissions to the 
hospital: 9 for medical 
reasons and 6 for device 
related problems.  No deaths 
occurred outside of the 
hospital. Two patients 
returned to full-time 
employment 

Schmid et al., 
1999 1995-1998 16 HeartMate VE, 

Novacor 

Reasons for readmission 
included systemic or 
driveline infections, 
suspected or true 
thromboembolic events, 
suspected malfunction of 
LVAD, 1 death due to 
cerebral bleed, 1 death due to 
ventricular fibrillation  

Morales et al., 
2000 1993-1998 44 HeartMate VE 

None of the outpatients died. 
No strokes occurred. 46% 
minor device malfunctions 
and 6.8 % major device 
malfunctions occurred. 18% 
device related infections  

El-Banayosy et 
al., 2001 1994-2000 66 HeartMate VE, 

Novacor 

29 patients were not 
readmitted. Primary reasons 
for readmission were 
neurologic disorders and 
infection complications. 24% 
died on LVAD support (15% 
multiorgan failure and/or 
sepsis, 4.5% cerebral 
infarction, 3% cerebral bleed, 
1.5% brain death) 

Richenbacher & 
Seemuth, 2001 1999-2001 13 HeartMate VE 

 
1 death due to fungal sepsis 
with embolic event. 62% 
required readmission 
(2 patients with device related 
infections, 2 patients with 
neurologic events, 1 device 
malfunction requiring pump 
replacement, 3 non VAD 
related admissions)  
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Authors  Study 
period 

Number of 
discharged 

patients 
Device Results 

Holman et al., 
2002 1997-2001 20 

Thoratec VAD 
( Thoratec 
Corp., 
Pleasanton, 
CA), HeartMate 
VE 

 
5 deaths after hospital 
readmission ( 1 sepsis, 1 
conduit tear, 3 neurologic 
events) 4 device infections, 3 
device malfunctions that 
required pump replacement 
 
 

Drews et al., 
2003 1996-2001 38 

Novacor,  
Berlin Heart 
( Berlin Heart 
GmbH, 
Germany) 

Total mortality 16%. 2 deaths 
due to cerebral embolism, 1 
death due to cerebral 
hemorrhage, 2 deaths due to 
systemic infection, 1 death 
due to multiorgan failure. 84 
% patients required 
readmission for cerebral 
embolism (9%), bleeding 
(1%), wound infection (24%), 
coagulation disorder (14%), 
non VAD related (46%) 

Frazier et al., 
2007 2003-2007 35 HeartMate II 

No device malfunctions in 
outpatient setting. 1 device 
removed due to pump pocket 
infection. 1 death due to 
hemorrhagic stroke. 2 
patients had sudden death at 
home. 

Potapov et al., 
2008 1996-2006 114 

Berlin Heart, 
Novacor, 
MicroMed 
DeBakey 
(MicroMed 
Cardiovascular 
Inc. Houston, 
Tx, USA), 
HeartMate VE, 
DuraHeart, 
Incor ( Berlin 
Heart, 
Germany) 
LionHeart 
(Arrow 
International, 
Inc. Reading, 
PA, USA) 

Outpatients spent 67% time at 
home. 56% readmission 
unrelated to VAD, 20.9% 
wound infection, 10.9% 
coagulation disorders, 7.7% 
cerebral embolism 
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Authors  Study 
period 

Number of 
discharged 

patients 
Device Results 

 

MacIver et al., 
2009 2001-2006 17 

HeartMate XVE, 
Novacor,  
HeartMate II 

88% outpatients survived 
until transplant or explant. 1 
death due to cerebral vascular 
accident. 1 subarachnoid 
hemorrhage (patient survived 
to transplant). 29% incidence 
of driveline or pocket 
infection. 29% had device 
malfunction. 1 patient 
remained on support at end 
of study period 

Table 3. Literature on LVAD outpatient outcomes 

Allen and associates published a retrospective review of patients supported more than 1 
year on a Heartmate I or HeartMate II LVAD from 2000 to 2009 which revealed that 
although LVAD support is not without complications, LVAD patients spend the majority of 
time (87%) out of hospital enjoying a good quality of life.  Causes of readmission included 
infection (43.2%), anticoagulation complications (11.5%), gastrointestinal bleeding (8.8%), 
LVAD malfunction (8.1%), neurologic (7.4%). There were 10% of patients that were never 
readmitted while on LVAD support with HeartMate II LVAD. However, 26.7% of patients 
required LVAD exchange for mechanical failure, electrical failure and thrombosis. While 
there was a trend toward higher exchange rates and shorter exchange times with HeartMate 
I, the differences were not statistically significant.  While 77% of LVAD patients required 
additional operations, 57% were related to percutaneous lead or LVAD pocket infections 
(Allen et al., 2010). This study found that device related infections are common no matter 
which generation of device and that they are detrimental to the LVAD patient’s quality of 
life. 

9. Quality of life 
An important aspect to consider for outpatient support is the impact of LVAD therapy on 
quality of life. A majority of patients with advanced heart failure express a strong desire for 
improvements in quality of life and functionality even at the expense of longevity (Rogers et 
al., 2010). The REMATCH trial provided evidence that LVADs improved the quality of life 
for end stage heart failure patients ineligible for transplantation (Rose et al., 2001). A review 
of the literature reveals there is strong evidence that demonstrates the positive effect of long 
term mechanical support on functional capacity.  In a study with patients who received a 
Heartmate VE LVAD, 30% of outpatients were able to return to work or school, 33 % to 
sexual activity and 44% to driving (Morales et al., 2000). Data from advanced heart failure 
patients enrolled in the HeartMate II LVAD trials were analyzed by Rogers and colleagues 
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to assess the impact of continuous flow LVADs on functional capacity and heart failure–
related quality of life. The study found that LVAD patients demonstrated early and 
sustained improvement in functional status and quality of life.  Following implantation with 
HeartMate II LVAD, 82% bridge to transplantation and 80% destination therapy patients at 
6 months and 79 % destination therapy patients at 24 months improved to New York Heart 
Association (NYHA) functional class I or II. Mean 6 minute walk distance in destination 
therapy patients was 204 meters in patients able to ambulate at baseline, which improved to 
350 and 360 meters at 6 and 24 months. There were significant and sustained improvements 
from baseline in both bridge to transplantation and destination therapy patients in median 
Minnesota Living With Heart Failure and Kansas City Cardiomyopathy Questionnaires 
overall summary scores (Rogers et al., 2010). Pagani and his colleagues reported similar 
findings with patients who underwent HeartMate II LVAD implantation as bridge to 
transplantation. At 6 months, there were significant improvements in functional status and 
6-minute walk test (from 0% to 83 % of patients in New York Heart Association functional 
class I or II and from 13% to 89% of patients completing a 6 -minute walk test) and in quality 
of life (mean value improved 41% with Minnesota Living With Heart Failure and 75% with 
Kansas City Cardiomyopathy Questionnaires) (Pagani et al., 2009). While the literature 
shows there is substantial survival benefit and significant improvement in quality of life, 
clinicians must manage and reduce the complications associated with LVAD therapy.   

10. Outpatient medical management 
The literature reveals that device related infection is a major cause of morbidity and 
mortality in LVAD patients. Infection prevention and management is an important aspect of 
LVAD outpatient care. The percutaneous driveline exit site remains the major source of 
device related infections in LVAD patients. It is vital to treat percutaneous driveline 
infections in order to prevent pump pocket infections. The usual organisms cultured are 
Staphylococcus and other biofilm forming organisms such as Pseudomonas, Enterococcus 
and Candida (Holman et al., 2003).  Patients must be taught strict adherence to aseptic 
technique for LVAD exit site care. Another critical component of infection prevention is 
immobilization of the percutaneous driveline to promote tissue ingrowth and reduce 
infection risk. Patients must monitor for signs and symptoms of infections such as fever, 
chills, erythema or tenderness at exit site or along driveline or purulent drainage from exit 
site and notify the VAD team immediately should signs of infection develop. If infection is 
suspected, the clinician should initiate broad spectrum antibiotics once a culture of exit site 
has been obtained.  After the organism is identified the patient should be started on the 
most appropriate antibiotic therapy as per culture and sensitivity results.  Consultation with 
Infectious Diseases Service may be necessary to optimize antibiotic therapy.  
Advanced practice guidelines for HeartMate destination therapy is an excellent resource for 
clinicians and contains care guidelines for infection prevention, management and treatment 
that can be applied to all devices. General recommendations include performing an 
ultrasound or computed tomography (CT) scan to detect presence of fluid accumulation or 
infection (Chinn et al., 2004). If LVAD patient experiences systemic symptoms such as fever, 
chills, leukocytosis, blood cultures should be obtained to exclude bacteremia.  Bacteremia 
must be treated aggressively as it may lead to endocarditis of the pump. If LVAD pocket 
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infection is suspected, incision and drainage may be necessary to obtain cultures.  Increasing 
the LVAD patient’s status on the transplant list may be indicated if patient develops LVAD 
exit site infection. Fungal infections have been associated with vegetative growth on LVADs 
and persistent systemic fungal infection may require LVAD replacement (Thoratec 
Corporation, 2008). While it is possible to treat some patients on an outpatient basis, many 
LVAD patients require rehospitalization for intravenous antibiotic administration for 
driveline exit site infections. MacIver and colleagues reported that 75% of driveline 
infections in outpatient LVADs were managed in the outpatient clinic with a single course 
of oral antibiotics (MacIver et al., 2009).      
Research demonstrates that LVAD patients may experience a neurological event during 
LVAD support. LVAD patients are routinely placed on anticoagulation and antiplatelet 
therapy to decrease the risk of thromboembolic complications during LVAD support. 
Antiplatelet therapy for LVAD patients usually consists of enteric coated aspirin 81 to 325 
mg daily. Some VAD centers add dipyridamole to the antiplatelet regime. For patients 
who have an allergy to aspirin, clopidogrel may be used in its place. 
Thromboelastography can be performed to assess antiplatelet effect. The HeartMate II 
clinical trial found that pump thrombosis was rare with 4% occurring in destination 
therapy patients and 1.4% in bridge to transplantation patients (Slaughter et al., 2010). 
However, as there is a potential for a neurologic event to occur while on LVAD support, it 
is prudent for clinicians to order a computed tomography (CT) scan for any change in the 
mental status of a LVAD patient to assess for subdural hematoma, thromboembolism or 
intracerebral hemorrhage. It is important to maintain adequate pump flows to avoid 
transient ischemic attacks (TIA) or ischemic strokes. Likewise it is critical not to be too 
aggressive with anticoagulation in order to avoid hemorrhagic strokes. A recent study by 
Boyle and associates found that while thrombotic event rates in patients discharged with 
HeartMate II was 3.3%, hemorrhagic event rates were 22%. The gastrointestinal system 
was identified as the most frequent site of bleeding in outpatients. In Boyle’s analysis of 
outpatient anticoagulation, 9.4% of patients discharged from hospital on HeartMate II 
support required blood transfusions due to gastrointestinal bleeding (Boyle et al., 2009). 
Outpatient LVAD management must include regular testing of anticoagulation and 
complete blood counts. Anticoagulation and antiplatelet therapy must be carefully 
monitored to avoid adverse events and may need to be adjusted to minimize risks of 
thromboembolism or hemorrhage. 
Device malfunction is a potential complication that can occur in the outpatient setting. 
Diagnosing device malfunctions can be accomplished by interrogating the device on a 
routine basis. LVAD malfunctions can include controller failure, LVAD motor issues or 
percutaneous lead problems. LVAD patients must notify the VAD team whenever an alarm 
condition occurs. Teaching the LVAD patient to monitor for changes in pump readings 
enables patients to notify the VAD team whenever there are significant changes. Technical 
support from VAD manufacturers is available to assist clinicians and waveforms can be 
down loaded and sent for analysis. It is important for clinicians to accurately diagnose and 
manage LVAD malfunctions to prevent serious adverse events. Patients must be trained to 
recognize and respond to device problems.    
Arrhythmias may occur in patients on LVAD support. Ambardeker and associates reported 
that 24% of LVAD patients in their study received an appropriate implantable cardioverter-
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defibrillator (ICD) shock for a ventricular arrhythmia (Ambardeker et al., 2010). In order to 
avoid potential arrhythmias, it is important for clinicians to closely monitor and correct 
electrolyte imbalances. LVAD patients should be considered for placement of an ICD as 
prophylactic treatment for ventricular arrhythmias. Anti-arrhythmics or beta blockers may 
also be used to suppress ventricular arrhythmias. For patients supported on a continuous 
flow device, it is important to avoid setting the pump speed too high as this may result in a 
suction induced arrhythmia.  

11. Conclusion 
LVAD support has become an accepted standard of care for patients with advanced heart 
failure. The literature demonstrates that LVAD patients can be safely and effectively 
managed as outpatients in the community. Minor LVAD complications can be managed in 
an outpatient LVAD clinic and most LVAD outpatients spend the majority of their time out 
of hospital. However, serious adverse events may require LVAD outpatients to be 
readmitted to hospital for care. In general, driveline infection is the most common 
complication reported in the outpatient setting with both pulsatile and continuous flow 
devices. The literature reveals that due to the limited durability of pulsatile VADs, there has 
been an increase in the number of patients implanted with continuous flow LVADs. A 
review of recent clinical studies demonstrates that there are fewer device related 
complications with continuous flow LVADs. However, the development of continuous flow 
LVADs has resulted in the creation of new clinical problems. Frazier and colleagues found 
that continuous flow introduces physiologic phenomena such as arteriovenous 
malformation leading to gastrointestinal bleeding, septal shift with resultant right heart 
failure, thrombosis of the aortic valve non coronary sinus, aortic valve fusion and aortic 
valve insufficiency (Frazier et al., 2007). Further research is required to determine the 
durability and potential long term problems that may arise with long term use of 
continuous flow LVADs. Longer duration follow up of destination therapy patients on 
continuous flow LVAD support may reveal new issues with non pulsatile devices.  
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Long-Term Management of Pulsatile 
Extracorporeal Left Ventricular Assist Device 

Tomoko Sugiyama Kato, MD. PhD, Kazuo Komamura MD. PhD,  
Noboru Oda, MD. PhD, Taro Sasaoka, MD, Ikutaro Nakajima, MD,  

Ayako Tkakahashi, MD and Masafumi Kitakaze, MD, PhD 
National Cerebral and Cardiovascular Center, Osaka, 

 Japan 

1. Introduction     
Heart transplantation provides considerable survival benefits for patients with end-stage 
heart failure, but it is available for only a small fraction of such patients all over the world 
due to donor shortage. Therefore, many heart transplant candidates require long-term 
support by a left ventricular assist device (LVAD) while they await transplantation. 
However, the long-term LVAD support can result in serious complications such as 
cerebrovascular accident (CVA) and infection, which are the leading cause of death and the 
primary reason for elimination from transplant eligibility in patients supported by LVAD 
(Rose EA et al., 2001; Holman WL et al., 2009). 
In Japan, only less than 100 organ transplants from brain-dead donors have been performed 
over the past 10 years. The mean waiting period for heart transplant candidates after LVAD 
surgery frequently exceeds 2 years. In addition, the only available LVAD covered by the 
National Health Insurance System in Japan is pulsatile extracorporeal LVAD (Toyobo-
LVAS®; Nipro, Tokyo, Japan). Implantable LVADs have not yet been approved and are still 
under clinical trials, awaiting approval by the Ministry of Health, Labour and Welfare as of 
October 2010.  
Toyobo-LVAS® was primarily designed for short-term support, but it is used in Japan over 
the long term as a ‘bridge-to-transplant’ device (Figure 1). Patients supported by pulsatile 
extracorporeal LVAD cannot be discharged from the hospital, and cannot leave the 
intensive care ward without attendant medical doctors. Some patients required to be 
supported by such device for 4 years until being transplanted.  
Given these circumstances, the long-term management skills of Japanese cardiologists for 
overcoming “extracorporeal pulsatile” LVAD–related complications have improved over 
time, with the 1-year survival now being 82% (Sasaoka T et al., 2010). 
The extracorporeal pulsatile LVAD is the devise that is not utilized in a first line anymore in a 
world except for Japan. However, CVA and infection, on which we have paid considerable 
attention during long-term management of extracorporeal pulsatile LVAD, still remain to be 
important complication even in the era of new generation continuous flow devises. Therefore, 
we believe that our delicate care for such complication to accomplish long-term survival in 
patients supported by extracorporeal pulsatile LVAD is worthwhile information even today.  
In this chapter, we focused on the management strategies of CVA and infection in patients 
with extracorporeal pulsatile LVAD according to our past 10 years experience. 
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2. Survival rate and frequency of complications after extracorporeal pulsatile 
LVAD 
Recently, the survival rate and transplant rate of patients supported by pulsatile 
extracorporeal LVAD (Toyobo-LVAS®) in Japan have improved considerably.  
The National Cerebral and Cardiovascular Center (NCVC) (Osaka, Japan) is one of the main 
heart transplant institution in Japan, which underwent nearly half of the all heart transplant 
cases performed in Japan. The technology of Toyobo-LVAS® was initially developed based 
on the basic research conducted by Takano et al at NCVC in 1982, with collaboration with 
Toyobo Co., Ltd. in Japan. Accordingly, the NCVC has most experience in Toyobo-LVAS® 
surgeries and has been mostly familiar with this devise management in Japan. Thus, as a 
representative data of clinical outcome after Toyobo-LVAS® surgery, we introduced the 
papers regarding Toyobo-LVAS®, which were recently published by our NCVC group 
(Takahashi A et al., 2010; Sasaoka T et al, 2010). 
In order to describe how the survival after Toyobo-LVAS® improved over the years, the 
retrospectively review of 69 consecutive patients with Toyobo-VAS® as a bridge to heart 
transplantation between 1994 and 2007 at NCVC were shown. Thirty patients who had 
LVAD surgery between 1994 and 2000 were assigned to group A, and 39 patients who 
underwent surgery between 2001 and 2007 were assigned to group B.  

2.1 Outcome after extracorporeal pulsatile LVAD surgery over the years 
The demographics of patients and the severity of heart failure as indicated by laboratory 
and hemodynamic examination before LVAD surgeries were not significantly different 
between the groups. However, the duration of LVAD support was significantly longer in 
the recent era (group B) than that in the initial era (group A). Mortality was significantly 
higher in the initial era (group A) than in the recent era (group B). Table 1 and Figure 2 
summarizes the outcomes of patients. 
Figure 3 shows Kaplan-Meier survival curves of these patients. Survival after LVAD surgery 
was significantly lower in the initial era (group A) than that in the recent era (group B). 
Figure 4 shows the causes of death in both groups of patients. The proportion of deaths due 
to CVA was significantly higher in the initial era (group A) than that in the recent era (group 
B) (50% vs. 13%, p < 0.0001), whereas that of infection did not differ significantly between 
two groups. The proportion of deaths due to right ventricular failure, defined as fatal liver 
or renal insufficiency under LVAD support and requirement of inotropic agents, was higher 
in the recent era (group B).  

2.2 CVA after pulsatile extracorporeal LVAD 
Among the 69 patients studied, 37 patients developed CVA after pulsatile extracorporeal 
LVAD. The incidence and outcome after CVA in the patients are summarized in Table 2. 
Rapid reversal of warfarin-induced anticoagulation was attempted in all patients who 
developed intracerebral hemorrhage (Takahashi A et al., 2010). Vitamin K was never used 
after the events. Prothrombin complex concentrate (PCC), which contains a high level of 
vitamin K-dependent coagulation factors II, VII, IX and X, rapidly and effectively reverses 
warfarin-induced anticoagulation. This product (PPSB-HT®; Nihon Pharmaceuticals, 
Tokyo, Japan) has become available since 2001, and it has been used for emergency reversal 
of warfarin-induced anticoagulation in cases of intracranial bleeding, intra-abdominal 
hemorrhage and cardiac tamponade.  
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Neither the incidence of CVA nor the proportion of CVA that required succeeding 
neurosurgery differs significantly between two groups. However, the proportion of patients 
in which CVA led to death was significantly higher in the initial era (group A) than that in 
the recent era (group B). The proportion of patients treated with PCC after CVA was 
significantly higher in the recent era (group B) than that in the initial era (group A). Figure 5 
shows the Kaplan-Meier survival curves of patients who developed CVA. The survival rates 
of patients with CVA episodes were significantly lower in the initial era (group A) than that 
in the recent era (group B). 

2.2 Infection after pulsatile extracorporeal LVAD 
Among the 69 patients studied, 53 patients developed systemic infection (SI) after pulsatile 
extracorporeal LVAD. SI was defined as a positive blood culture when patients developed 
any symptom of infection. Table 3 summarizes the incidence of SI among the patients 
studied. Neither the incidence of patients who developed SI nor the proportion of SI leading 
to death differed significantly between two groups. In addition, the cumulative number of 
SI episodes and the number of SI episodes per year per patient were not significantly 
different between two groups. However, although SI itself was not a direct cause of death, a 
subgroup analysis of patients with a history of SI revealed that the proportion of patients 
who were alive, including those who received transplant and those who remained on LVAD 
support, was significantly lower in the initial era (group A) than that in the recent era 
(group B). The proportion of patients with a history of SI who could undergo 
transplantation was significantly lower in the initial era (group A) than in the recent era 
(group B). The duration from infection to death in patients with a history of SI after LVAD 
surgery was significantly shorter in initial era (group A) than that in the recent era (group B) 
(256.0 ± 203.1 vs. 749.7 ± 328.8 days, p < 0.01). 
The proportion of methicillin-susceptible Staphylococcus aureus (MSSA) or/and methicillin-
resistant Staphylococcus aureus (MRSA) was significantly higher in the recent era (group B) 
than in the initial era (group A). Linezolid is a powerful synthetic oxazolidinone antibiotic 
against Gram-positive pathogens that produce toxins (Stevens DL et al., 2007). It is commonly 
used to combat severe infection with staphylococci including MRSA. Linezolid has been 
available at our institution since 2001, and has been administered to patients with recurrent 
refractory MRSA or MSSA infection under all treatment modalities. We decide to use 
lineszolid under diagnosis of refractory staphylococcal infection.  

3. Management of CVA after pulsatile extracorporeal LVAD 
In spite of the recent progression of ventricular devises, CVA still remains the leading cause 
of death and the primary reason for elimination from transplant eligibility in patients 
supported by LVAD. In addition, transplant recipients with a history of CVA face 
tremendous difficulties in being reintegrated into society due to neurological after-effects, 
often for years after transplant. 
Patients supported by LVAD require extensive oral anticoagulant therapy. Therefore, rapid 
reversal of warfarin-induced anticoagulation to prevent hematoma growth and facilitate 
hematoma evacuation (Hanley JP. 2004) has a decisive impact on prognosis in such patients. 
The anticoagulation effect of warfarin is related to its ability to inhibit synthesis of the 
vitamin K-dependent clotting factors II, VII, IX, and X. The appropriate way to reverse the 
anticoagulation effect of warfarin depends on the clinical situation. Minor or asymptomatic 
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bleeding needs a less aggressive reversal, whereas serious bleeding requires rapid reversal 
to avoid succeeding fatal events, regardless of the reason for anticoagulation. For major 
bleeding, guidelines recommend the administration of vitamin K (5 mg i.v. or oral), and/or 
PCC (50 U/kg), and/or FFP (15 ml/kg) (British Committee for Standards in Haematology. 
1998; Ansell J et al., 2001). 
The PCC contains a high level of the vitamin K-dependent coagulation factors II, VII, IX, and 
X. The PCC promotes a much more rapid reversal of INR than FFP or/and vitamin K, which is 
explained by its higher concentration of coagulation factors than FFP. A large volume of FFP is 
required to achieve adequate INR reversal (Aguilar MI et al., 2007) because vitamin K-
dependent coagulation factors vary considerably in FFP, which is not adequate for patients 
with heart failure. Reversing anticoagulation with vitamin K requires 4 to 24 hours (Aguilar 
MI et al., 2007) then might cause a fatal situation after CVA events, and also its persistent 
effect may promote clot formation. Thus, vitamin K administration is not an adequate 
treatment for patients with CVA as well as any major hemorrhage supported by LVAD, either.  
Several studies demonstrated the effect of recombinant activated factor VII on warfarin 
reversal and reported successful results treating CVH events (Deveras RAE et al., 2002). 
Although recombinant activated factor VII does reverse the INR, it does not lead to 
complete reversal of all aspects of warfarin associated coagulopathy. Further studies are 
required to establish the difference of the effect of warfarin reversal between PCCs and 
recombinant activated factor VII. 

4. Management of Infection after pulsatile extracorporeal LVAD 
The REMATCH study showed that sepsis is the leading cause of death (29.5%) after LVAD 
surgery while cerebrovascular accidents (CVA) are the third cause of death (9.0%) (Rose EA 
et al, 2001). Coagulase negative staphylococci and staphylococcus aureus have been 
reported to be the most common pathogens in LVAD–related infections (Malani PN et al., 
2002; Nurozler F et al., 2001).  
Although a high frequency of side effects has limited its use, linezolid is reported to be 
superior to vancomycin for treating MRSA infection. In addition, linezolid is a powerful 
drug to treat severe infections by not only MRSA but also other Gram-positive bacteria, even 
in peculiar anatomical sites in which therapeutic levels of antibiotics cannot be achieved 
(Bassetti M et al., 2004). The effectiveness of linezolid for endocarditis due to multidrug-
resistant Gram-positive cocci has also been reported. Indeed, most of the patients who had 
systemic infection described in our observation were infected by Gram-positive pathogens. 
Therefore, linezolid might be a useful antibiotic agent for treating the most common 
responsible pathogens in LVAD patients.  
Linezolid should be used only in patients with refractory staphylococcal infection. 
Linezolid-resistant staphylococcus is becoming a recent concern in severe systemic infection, 
which requires careful observation.  
It would be sometimes difficult to identify the causes of infections, which vary depending 
on the duration after LVAD implantation. In the acute phase, infectious complications may 
be related to preoperative condition, and/or surgical intervention. In the chronic phase, they 
are mostly due to infection of exit sites of inflow and/or outflow cannula. Driveline 
infections may require surgical debridement. LVAD-associated endocarditis and bacteremia 
may relapse after prolonged courses of antibiotics. Heart transplantation could cure LVAD-
related endocarditis by removal of the infected heart; which require careful administration 
of immunosuppressant under monitoring infection even after transplant.  
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5. Conclusion 
The donor shortage in Japan has been extremely severe compared to other countries. The 
cardiac donation rate per million population in Japan is only 0.08, whereas it is 7.3 in the 
United States. The mean duration of LVAD support for transplant candidates was 1220 
days. As the duration of support increases, patients are placed at more risk for LVAD-
related complications. In addition, only one type of pulsatile extracorporeal LVAD (Toyobo-
LVAS®) is available in Japan. This unique situation surrounding LVAD issues in Japan may 
be quite different from that in Europe or United Stats. 
However, under such circumstances Japanese cardiologists have made a considerable effort 
to accomplish long-term survival of patients supported by such LVAD.  
Delicate and timely treatment of LVAD-related complications, such as CVA and infection 
would play an important role in long-term LVAD support. The recent improvement of 
survival after pulsatile extracorporeal LVAD surgery is associated with prompt warfarin 
reversal for CVA and well-selected administration of antibiotics for staphylococcus-related 
systemic infection. 
We believe that the LVAD-management strategies described in this chapter could provide 
worthwhile information even in the era of new generation devises. 

6. Tables and figures 

 
Fig. 1. Toyobo-LVAS® system. 
Different types of devise console (left upper panel); blood pumps and inflow/outflow 
cannula (left lower panel); and the chart of LVAD system (right panel). The blood pump 
was consisted of diaphragm with pulsatile flow through two mechanical valves, operated by 
pneumatic driven system. The maximum stroke volume was 70 mL per bear under testing 
with water. Material of blood contacting surface is covered by segmented-polyurethane for 
medical use.  
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Fig. 2. Outcome of transplant candidates after LVAD surgery. 
The initial era (patients in group A) (left panel) and the recent era (patients in group B) 
(right panel). (Adopted from Sasaoka T, et al. J Cardiol. 2010; 56:220-8) 

 
 
 
 

Parameter Group A 
(n = 30) 

Group B 
(n = 39) p value 

Duration of LVAD support (days) 369.3±337.2 674.6±321.3 0.00029 
Outcome (no. of patients, %) 
  Transplanted in Japan 
  Transferred and transplanted abroad *
  Died 
  Remaining on waiting list 

 
6 (20.0%) 
2 (6.6%) 

22 (73.3%) 
0 (0%) 

 
11 (28.2%) 
4 (10.2%) 

14 (35.9%) 
10 (25.6%) 

 
0.615 
0.925 
0.0045 
0.0069 

 

Table 1. Outcome after LVAD surgery  
* A number of transplant candidates who were transferred and underwent heart 
transplantation abroad, due to extreme donor shortage and legal constraints in Japan. 
Japanese organ transplant law did not have criteria for the diagnosis of brain death for those 
aged under 15 years as of July 2010, thus, pediatric patients had no chance of receiving heart 
transplant surgery in Japan. (Adopted from Sasaoka T, et al. J Cardiol. 2010; 56:220-8) 
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Fig. 3. Kaplan-Meier survival curves of patients supported by extracorporeal pulsatile 
LVAD.  
Survival rates of groups A and B at 100 days, 1 and 2 years after LVAD surgery. Solid line 
and closed squares, group A; dotted line and open squares, group B.  (Adopted from 
Sasaoka T, et al. J Cardiol. 2010; 56:220-8) 

 
 

 
 

Fig. 4. Causes of death after extracorporeal pulsatile LVAD surgery. 
The initial era (patients in group A) (left panel) and the recent era (patients in group B) 
(right panel). (Adopted from Sasaoka T, et al. J Cardiol. 2010; 56:220-8) 
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Parameter Group A 
(n = 30) 

Group B 
(n = 39) p value 

Incidence of CVA (no. of pts, %) 
  Intracranial hemorrhage (no. of pts, %) 
  Intracranial infarction (no. of pts, %) 

17 (56.7%) 
16 (53.3%) 
13 (43.3%) 

20 (51.2%) 
18 (46.1%) 
12 (30.7%) 

0.841 
0.727 
0.410 

Anticoagulant status 
  Baseline INR at stable situation 
  INR on the day of CVA even 

 
3.2 ± 1.5 
3.8 ± 2.1 

 
3.3 ± 1.2 
3.2 ± 1.3 

 
0.759 
0.149 

Among patients developed CVA 
  Proportion of CVA requiring neurosurgery (no. of 
  pts, %) 
  Proportion of CVA leading to death (no. of pts, %)
  Proportion of patients given PCC (no. of pts, %) 

 
 

12/17(70.6%)
11/17(64.7%)
3/17 (17.6%)

 
 

8/20 (40.0%) 
3/20 (15.0%) 
12/20 (60.0%) 

 
 

0.062 
0.0057 
0.023 

 

Table 2. Incidence of cardiovascular accidents 
Pts, patients; PCC, prothrombin complex concentrate. (Adopted from Sasaoka T, et al. J 
Cardiol. 2010; 56:220-8) 

 
 
 

 
 

Fig. 5. Subgroup analysis of Kaplan-Meier survival curves of patients who developed CVA 
(group A, n = 17 vs. group B, n = 21) after extracorporeal pulsatile LVAD surgery. Survival 
rates at 100 days, 1 and 2 years after LVAD surgery, of patients in groups A and B who 
developed CVA. Solid line and closed squares, patients in group A; dotted line and open 
squares, patients in group B. (Adopted from Sasaoka T, et al. J Cardiol. 2010; 56:220-8) 

 
 

DR.R
UPN

AT
HJI(

 D
R.R

UPA
K 

NAT
H )



Long-Term Management of Pulsatile Extracorporeal Left Ventricular Assist Device   

 

201 

Parameter Group A 
(n = 30) 

Group B 
(n = 39) p value 

Incidence of SI (no. of pts, %) 22 (73.3%) 31 (79.5%) 0.754 
Among patients developed SI 
  Proportion of SI leading to death (no. of pts, %) 
  Proportion of patients presently alive (no. of  
  pts, %) 
  Proportion of patients undergoing transplants  
  (no. of pts, %) 

 
4/22 (18.2%)

 
3/22 (13.6%)

 
3/22 (13.6%)

 
5/31 (16.1%) 

 
17/31 (54.8%) 

 
11/31 (35.5%) 

 
0.861 

 
0.0058 

 
0.049 

Cumulative number of SI episodes (cumulative 
no. of episodes) 76 102 - 

Number of episodes per year per pts 1.18±0.33 1.26±0.23 0.240 

Table 3. Incidence of systemic infection. 
SI, systemic infection defined as positive blood culture when patients developed any 
symptoms of infection. (Adopted from Sasaoka T, et al. J Cardiol. 2010; 56:220-8) 
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Outcomes Following Heart Transplantation 
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1. Introduction 
Clinical assessment of outcome for post heart transplant recipients who were bridged with 
ventricular assist device is essential for service evaluation, device evaluation and audit. This 
chapter will provide a summary assessment of clinical studies and reviews. While most of 
the data available is retrospective, important aspects of this assessment relies on the quality 
of assessment and timely re-evaluation of strategy used in the assessment. 
We will review the clinical outcomes measured so far in the field of heart transplant recipients 
who were bridged with VAD. In this chapter we will review the ongoing methods of 
assessment of outcomes for transplant recipients bridged by VAD and discuss the potential 
challenges facing the clinicians. We will finalize with brief conclusions and future directions. 

2. Survival following heart transplantation: Does VAD Type matter? 
There have been many clinical studies comparing outcomes following heart transplantation. 
Only one has been done in a multicenter fashion with clinically relevant as well as a robust 
risk-adjustment.  
In 2006 we asked the question- does survival differ between those who did and did not 
receive the left ventricular assist device (LVAD) following heart transplantation? 
And in summary we found that survival following heart transplantation for patients who 
received an LVAD prior to transplantation was comparable to those who did not receive an 
LVAD. The results of this study were published as lead research article in the British 
Medical Journal earlier this year (Shuhaiber). 
We reviewed all patients above 18 years of age who received heart transplants registered in 
the United Network for Organ Sharing (UNOS) Registry from 1996 to 2004.  The study 
included 2786 status 1/1A/1B heart transplant patients. We used the entry data for all 
patients who received LVAD pulsatile device. Our study design included a prospective 
cohort study in which post-transplant survival between patients who received an LVAD 
and those who did not receive an LVAD was compared.  
Patients were assigned to one of five strata based on the propensity score analysis where the 
first stratum consists of patients most similar to those that had a heart transplant with no 
prior bridging of an LVAD and the last stratum consists of patients most similar to those 
patients that had an LVAD device prior to heart transplantation.  As a sensitivity analysis, a 
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1:1 propensity score matching analysis was also performed. Comparisons of survival 
distributions were made using the Kaplan-Meier method and the risk ratios were estimated 
using Cox proportional model.  
Our primary outcomes as well as risks and exposures included survival following heart 
transplantation in heart transplant recipients who did or did not receive ventricular assist 
device. 
The strength of the study was in adopting a robust statistical methodology that can 
adequately control for confounding variables. A stratified propensity score analysis of data 
revealed that the risk of death following heart transplantation in an LVAD patient was not 
significantly different from those who did not have an LVAD within each stratum (see table 
for estimated hazard ratios and their 95% confidence intervals).  A 1:1 propensity score 
matching analysis also revealed no significant difference in post heart transplant survival 
between the two groups (hazard ratio = 1.18, 95% CIs=0.75 to1.86). 
The propensity score matching was performed in order to control potential selection biases 
that can lead to a false association (or false lack of association) between LVAD and survival. 
Although we attempted to minimize bias through propensity score matching, hidden bias 
could potentially remain because of other relevant known as well as unknown covariates 
not available in the UNOS database. Nonetheless, the work provided an application of 
robust statistical methodology and provided a good signal to noise ratio, that VAD support 
is safe and is not detrimental to outcomes following heart transplantation. 
The other studies published in specialized surgical journals, reflected mainly single center 
experiences. Nonetheless, they supplement the growing interest in the areas of post heart 
transplant outcomes in patients with VAD insertion.  
In a study from Utah (Bull), patients with idiopathic dilated cardiomyopathy (IDC) that had 
placement of a Heart mate I (Thoratec Corp, Pleasanton, Calif) ventricular assist device as a 
bridge to a cardiac transplant were reviewed. The authors studied both alloimmunization as 
well as survival. They found that the VAD group was associated with elevation in 
pretransplantation panel reactive antibody sensitization and a decrease in 1- and 5 year 
survivals after cardiac transplantation. Over the time period from 1993 to 2009, a total of 525 
cardiac transplants were performed. VADs were placed as a bridge to transplant in 110 
patients.  The focus of the study was IDC (n=201) and coronary artery disease (n=213).  The 
authors used variables including gender, age, date of transplant, cause of heart failure, prior 
heart transplant, placement of a ventricular assist device, type of ventricular assist device, 
and panel-reactive antibody sensitization. Analysis was performed by Kaplan-Meier 
survival probabilities and multivariable Cox regression models. 
Interestingly, the authors found that the patients who had idiopathic dilated 
cardiopmyopathy- VAD group had a decreased survival at 1 year (P=0.008) and 5 years (P-
.019) but not at 10 years post transplant. The number of patients was small and it was not 
adjusted according to other important donor variables and use of other life support 
measures such as ventilation or use of intra-aortic balloon pump. The extrapolation to and 
extension of the results to more than 1 year becomes both conceptually and clinically 
difficult to comprehed.  Moreover, the hazard related death is more early at the time of 
transplantation due to re-entry and cardiac injury, or VAD related injury mainly at the 
inflow or outflow conduits.  
In a separate multicenter study of post transplant survival after support with a continuous –
flow left ventricular assist device, the authors followed 468 patients that underwent heart 
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transplantation  (John 2010).  53% underwent cardiac transplant after a median duration of 
LVAD support of 151 days (longest:3.2 years ) of which 23% died, 2.6% recovered 
ventricular function and the device was removed successfully. 21% were still receiving 
LVAD support.  The overall 30-day and 1 year post-transplant survival was 97% and 87%. 
Patients requiring more than 2 units of packed red blood cells in 24 hours during LVAD 
support had a statistically significant inferior 1- year survival than those who did not. 
Implantation of the VAD with its associated risk factors both perioperatively and 
postoperatively is important to appreciate as long as the device is in place. After heart 
transplantation, the device is removed and the patient continues to survive based on the 
context of graft function, immune suppression and overall patient management assuming 
that that no serious transplant-surgery related events occurred. 
A list of contemporary studies reviewing post VAD heart transplant outcomes is detailed in 
table 1. While there are studies that demonstrate superior survival among those who 
received VADs, other studies did not show that.  The single most robust study from our 
group showed that VAD placement really does not have any influence on post-heart 
transplant outcomes. 
Finally, optimal timing of cardiac transplantation after ventricular device implantation is an 
important variable that can directly or indirectly influence outcome. Although intuitively 
the transplantation around the time of VAD placement has been associated with far worse 
outcomes due to patient illness as well as VAD related complications.  In a study based on 
the UNOS registry of 2692 heart transplantations performed between 1999 and 2001, 17% 
received a VAD (Gammie). Almost half of patients with VAD undergoing transplantation 
were upgraded to status 1 A as a result of VAD related complications. Creatinine and total 
bilirubin levels were less in patients undergoing transplantation after 2-4 weeks of 
mechanical support. One-year survival was higher in the non-ventricular assist device than 
in the VAD group. Within the VAD, survival was lowest for patients who received a heart 
within 2 weeks of VAD implantation. Multivariate analysis demonstrated a significant effect 
of time interval from VAD implantation to transplantation on post heart transplantation 
mortality. The plausible explanation underlying this finding is when a patient requires a 
VAD usually they are in decompensated state of heart failure. In this state, there often 
maintain a similar degree of other end-organ injury mainly renal dysfunction. Weeks of 
hemodynamic support are required to achieve normalization of end-organ function and are 
concordant with prior reports that have demonstrated improvement of both hepatic and 
renal function during long-term VAD support (Gammie). Therefore the general rule is to 
wait a few weeks between time of VAD insertion and before heart transplantation.  

3. VAD induced alloimmunization and post heart transplant rejection  
Insertion of VAD is associated with relatively increased risk for blood transfusion. Blood 
contains a large number of antigen load for which the body mounts selective and non-
selective antibodies. These antibodies are naturally formed and can be measured by a test 
called panel reactive assay.  A high PRA has been shown to reduce cardiac graft survival 
because it increases the absolute risk for rejection both in early and late post transplant 
stages. We review contemporary studies regarding the role of alloimmunization and post-
transplant outcomes. 
Also a device such as VAD is placed in circulation, the textured surface of the device results 
in the formation of pseudointima that contains an abundance of T cells, macrophages, and  
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Table 1. List of Contemporary studies detailing survival outcome following VAD bridge to 
heart transplantation 
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monocytes as a result of the continuous dynamic interaction of the blood with the device. 
Aberrant T Cell proliferation and polyclonal B cell hyper-reactivity with CD 40 ligand 
interaction has all been reported in association with the use of the Hearmate I device. The 
interaction between the blood constituents and biomaterials of the VAD, specifically the 
textured chamber surface found in the Heartmate I, may be the responsible for the increased 
immunologic and inflammatory response seen in this group of patients. 
A study from Utah (Drakos 2007), showed that patients with IDC receiving VADs as a 
bridge to transplant were more likely to have a PRA greater than 10% than the precardiac 
transplant population without VADs. In a study by Bull et al, patients who received a VAD 
as a bridge to transplant, the pretransplant PRA was elevated to 35% versus only 5% in the 
patients without VADs. Interestingly, the incidence and severity of acute cellular and 
humoral rejection, immunosuppressive agents, immnosuppression protocols, and cardiac 
allograft vasculopathy did not differ between those with and without VADs in the IDC and 
CAD groups. 
HLA antibodies are present around 3 months following VAD insertion (Kumpati). PRA 
greater than 10% is considered positive for anti-HLA antibodies.  Sensitisation has been 
found to be more prevalent with increasing length of support. Patient factors determine the 
temporal pattern of sensitisation and while some argue that the type of device influences 
allosensitization, others do not (Kumpati). Table 2 reviews the level of sensitization 
following VAD. 
 

Author Type LVAD 
number Allosensitization 

George 
2008 

Heartmate I 
v.s. 
Heartmate II  
(1999-2006) 

24 
36 

Heartmate II and DeBakey device produced less 
sensitization 
 Heart mate I. There were fewer rejection 
episodes but did not reach  
Statistical significance.   

Drakos 
2007 

Heart Mate I 71 Leuokfilration in 54 patients and fresh frozen 
plasma in 17 patients.  
There were significant trends for less 
sensitization and lower peak PA  
with greater blood transfusion. 

Table 2. Contemporary studies  
The type of VAD as a bridge to transplant does not seem to influence the incidence of 
posttransplant rejection or survival at 1 year post transplant, but can  at 5 years post 
transplant. In addition, the rate and severity of postransplant  rejection has been noted  to be 
higher in LVAD recipients with continous flow devices than in patients with pulsatile 
devices. However, further studies need to be conducted to determine if these observations 
are consistent 
For example, in a recent study by Bull et al, implantation of the Heartmate II device was not 
associated with an increase in the PRA (Bull).  
We also reviewed the UNOS registry from October 1991 and June 1994 to determine the 
influence of the type of left ventricular assisted device as predictor of hospitalizations due to 
rejection following heart transpalntation to delineate any further predictors of such 
outcome. Patients who received a left ventricular assist device (HeartMate [Thoratec Corp., 
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Pleasanton, CA, USA] or Novacor [World Heart Corporation, Ottawa, Canada]) prior to 
heart transplantation were evaluated. Rejection rates between the two devices were 
analyzed using multivariable logistic regression model. We reviewed 1255 patients with 
HeartMate I and 154 patients with Novacor. All-time posttransplant hospitalizations due to 
rejection were similar between HeartMate and Novacor recipients after adjusting for patient 
case mix. Interestingly, although the PRA was higher in the HeartMate than the Novacor, 
this did not reach statistical difference. 
While there have been several attempts in reducing PRA levels prior to transplantation, 
none have shown consistent benefit in reducing absolute rejection episodes post 
transplantation. Even when leukofiltration has been shown to in reducing sensitization, 
there is no consistent evidence that it would reduce the burden of acute rejection. Further 
plasmapheresis can reduce the antibody burden, however the process and hospital-
dependent protocols in which it has been developed varies from one to the other. This 
variation of practice and protocols provides some uncertainty as to what is the best method 
for managing allosensitization. 

4. Infections and infection-related complications following heart VAD support 
in heart transplant recipients.  
Infection is one of the leading causes of mortality during ventricular assist device (VAD) 
observed during the randomized evaluation of mechanical assistance in chronic heart 
failure (i.e., REMATCH) Trial (Rose 2001). While the REMATCH was not directed towards 
heart transplantation, its findings are relevant. Bloodstream infection (BSI)  during VAD 
support is a unique clinical problem whose management is one of three options 1) local 
remedy of the infected VAD directly affecting the pocket or infected VAD valves 2) explant 
the VAD 3) replace the VAD  4)  cardiac transplantation. In a sub-set of patients with VADs, 
the BSI clears after appropriately treating the source. In others, the BSI persists without an 
identifiable extra-device source, strongly implicating device-related infection. A 
conservative approach to these patients, using long-term suppressive antibiotics, leads to 
40% to 50% mortality. Further, two reports have demonstrated infection rate of 50% after 
heart transplants in patients who had a LVAD. The reasons for this increased infection rate 
was likely due to many factors including the presence of foreign objects in the blood 
circulation, in addition to patient comorbidities and immune suppression (Omoto, Messner) 
In a study by the Pittsburgh group VAD patients who underwent heart transplantation from 
1987 to 2001 and who had BSI during VAD support, and who had positive cultures at VAD 
explant (device-related BSI, n = 10) were compared with those with negative cultures at 
explant (non–device-related BSI, n = 11) (Poston). Of the 123 patients who underwent VAD 
implantation at the University of Pittsburgh Medical Center from 1987 to 2001, a total of 65 
(53%) remained free of infection for the entire duration of support. The length of time that 
patients received VAD support was nearly 3 times longer in those with infection compared 
with those with no infection during VAD support (132 vs 48 days, p < 0.0001). The variables 
that were significant predictors of infection in univariate analysis (age, BMI, length of 
hospitalization pre- and post-VAD implantation, length of ICU stay, and history of alcohol 
abuse) all lost their significance when controlling for the length of VAD support. Only 
young age showed a trend for predicting infection (p = 0.06). Of the patients with devices 
who underwent heart transplantation during this time (88/123), infection of any type 
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(i.e., BSI or non-BSI) during VAD support was associated with significantly decreased 
survival after heart transplantation (p = 0.01). In the multivariate analysis, the only 
significant predictors of post-transplant mortality were any infection during device support 
(p < 0.01) and device-related BSI (p < 0.02).  
In this study, device-related BSI was a significant risk factor for pre-transplant mortality and 
showed a strong trend for adverse effects on post-transplant survival. Compared with those 
with no previous history of VAD support, 1-year post-transplant mortality in those with a 
history of device-related BSI nearly tripled (10% to 26%). After transplantation, these 
patients had significantly longer intubation requirements and worse renal function. 
Combined with heightened concerns of sepsis, a greater forced reduction in nephrotoxic 
immunosuppression was seen in those with former device-related BSI.  Some of the 
limitations in this study, were that inability to prospectively differentiate BSI as originating 
from a device vs a non-device source. A history of re-operation after initial VAD 
implantation and of prolonged ICU stay were also significant predictors in multivariate 
analysis that highlight the need for meticulous attention to hemostasis and the broad benefit 
of aprotinin. The latter unfortunately no longer exists given its side effects.  
Further in a similar study publishd in the Journal of Cardiac Surgery, we reviewed 1255 
patients with HeartMate I and 154 patients with Novacor. All-time posttransplant 
hospitalizations due to infection were similar between HeartMate and Novacor recipients 
after adjusting for patient case mix (Shuhaiber 2008). 
Overall, while infections have decreased in general due to several quality improvement 
initiatives both during surgery as well as postoperatively, an episode of infection during 
VAD can have direct implications on the post-transplant patient. Our group documented a 
case of pseudoaneurysm of the ascending aorta in a patient who had biventricular assist 
device for refractory ventricular fibrillation. Aortic aneurysms after heart transplantation are 
rare. Although this condition is associated with a history of infection, causality remains to be 
fully explained. The marked difference in compliance between donor and recipient aorta has 
been presented as a potential mechanism of pseudoaneurysm formation. However, other 
causes, such as suture dehiscence or aortic wall tissue necrosis, cannot be excluded. 
Resection of residual aortic tissue harboring pathogenic organisms associated with the aortic 
cannulation site of the VAD should be considered to avoid future aortic complications in 
this immunosuppressed group (Shuhaiber 2008). 

5. Neurocognitive following following VAD insertion 
With more than 5 million people sustaining heart failure and more than 550000 newly 
diagnosed each year. The number of VAD placements will only increase. While this occurs, 
there has been more interest in understanding quality of life for VAD patiens. One aspect 
regarding this involves neurocognitive changes (NC) in heart failure patients receiving left 
ventricular assist devices. While concerns have been raised about functional and 
nuerobehavioural changes during mechanical support, there are few studies objectively 
assessing this.  
One interesting study details neurocognitive function in heart failure patients receiving left 
ventricular assist devices. While the study did not review NC outcomes following heart 
transplantation, the findings are relevant in this review. A protocol designed to evaluate 
patient performance at 1, 3, 6 months after LVAD implantation at 11 centers was carried out. 
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A total of 239 sessions were complete in 93 patients including paired evaluations in 51 to 57 
patients from 1 to 3 months, and in 20 to 28 patients with results from 1,3 and 6 months. Five 
NC domains were assessed, including visual spatial perception, auditory and visual 
memory, executive functions, language and processing speed. The devices included 
continuous-flow HeartMate II LVAD as a bridge to transplant. 
Overall there were no statistical significant differences but limited improvements between 
1,3 and 6 months in NC domain performances as seen in visual memory, executive functions 
and visual spatial perception and processing speed. Interestingly, there were no significant 
declines in any neurocognitive test in any domain over these time periods.    
The cognitive performance of advanced heart failure patients remained stable or showed 
slight improvments from month 1 to Month 6 of continuous-blood flow support with the 
HeartMate II LVAD. 
Patients who received a VAD and survived heart transplantation will have a recollection of 
the events surrounding both the time to VAD implantation, explantation and heart 
transplantation.  Such recollections can have an effect on their cognition, psychological 
feelings and thoughts. There has been much interest in the role of psychology, as well as 
behavioural responses following cardiac surgery in the adult population. For example, a 
proportion of patients with depression following heart surgery are associated with poor 
outcomes.  Patients following transplantation particularly with prior VAD implantation 
may have different psychological profile that is different from those with heart 
transplanation only. Further studies in understanding these differences may help in 
changing the outlook of such patients. 
Finally, when a VAD is implanted, there is subclinical thromboemboli formed systemically. 
This may surface clinically with direct injury to vital organs. The burden of thromboembolic 
disease can present with worsening end-organ function following heart transplantation. For 
example, if the kidney injury fails later, renal failure ensues and the survival of heart 
transplant recipient decreases. Or if there are unwitnessed decline in mental status from 
silent thromboemboli to the brain, neurocognitive impairment ensues. To provide some 
more quantitative numbers regarding thromboemboli complications following VAD, we 
reviewed autopsy findings of patients who had a temporary mechanical device placed 
(Levitronix).  Although we clinically witnessed 3 patients with cerebrovascular infarcts, 
autopsy revealed far more thromboembolic events (Shuhaiber 2009). Among the 18 patients 
who did not survive after Levitronix implantation, autopsy was obtained in 11 and the 
results show that 6 (54%) had evidence of thromboembolism, including pulmonary 
thromboembolism, and 3 had cerebrovascular infarcts. The autopsy findings of the non-
survivors demonstrated a bedside underestimation of the thromboembolic burden of VADs. 
The underlying etiology for thromboembolism was complex and related to cerebrovascular 
disease, calcification of the aorta, repeat operative procedures, recent myocardial infarction 
and mural thrombosis, as well as terminal low flow states with secondary venous and 
arterial thrombosis. Furthermore, 2 patients developed retroperitoneal hemorrhage  
from unknown causes contributing to significant blood loss, which were not clinically 
apparent. 
The next decade will begin to appreciate these intricate areas further as the methods of 
diagnosis and assessment of bleeding as well thromboembolic disease during VAD support 
become more sophisticated and reliable.  
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6. Future directions and follow up of patients following VAD bridged to heart 
transplantation  
The future has been rewarding since the introduction of VADs into surgery. Its role in 
prolonging the lives of patients who would not otherwise be candidates or live long enough 
for heart transplantation has been astounding. The current state of affairs in VAD 
technology is continuous evolution of myriad of devices for various diagnostic 
cardiomyopathy patients. Quality outcome research and assessment of small series for 
different patient cohortsdifferent patient cohort is not the best way to study the device at 
hand especially since not all patients survive VAD implantation and or heart 
transplantation. Standardized clinical assessment and management protocols for designated 
safe VAD in qualified institutions is essential before we can fully appreciate the impact of 
VAD on post heart transplant outcomes. While certain devices may suit some patients, 
others may not benefit from this. The next challenge is to begin stratifying those patients 
who will benefit them the most. 
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