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    Preface 

    The treatment of end-stage heart failure with advanced surgical therapies has 
evolved signi fi cantly over the years and is a growing subspecialty within car-
diac surgery. Our text reviews various surgical therapies for these patients, 
including coronary artery revascularization, mitral valve repair, aortic valve 
replacement, ventricular remodeling, cardiac resynchronization, mechanical 
circulatory support with short-term devices for acute stabilization, long-term 
mechanical support as a bridge to transplant and for destination therapy, com-
plete cardiac replacement with the total arti fi cial heart, and cardiac transplan-
tation. When possible, efforts were made to include diagrams, cartoons, and 
intraoperative photos to illustrate the operations being described. It is our 
hope that this text will serve as a foundation for cardiac surgeons involved 
with the surgical management of patients with advanced heart failure. 

 Detroit, MI, USA Jeffrey A. Morgan, MD 
 New York, NY, USA Yoshifumi Naka, MD, PhD   
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   Epidemiology 

 Heart failure (HF) is the common end point to 
nearly every form of progressive cardiovascular 
disease. It is estimated to affect 5.7 million 
Americans today. For persons older than 65, it 
carries an incidence of 10 per 1,000 and this 
rate continues to rise. Risk factors for the devel-
opment of HF include hypertension, coronary 
artery disease, diabetes mellitus, obesity, and a 
family history of cardiomyopathy  [  1  ] . The 
prognosis for patients with HF is poor, and 
20 % of those diagnosed with systolic HF will 
die within 1 year of diagnosis, with an annual 
mortality rate thereafter of 10 %. Moreover, HF 
heralds substantial morbidity and is associated 
with signi fi cant declines in physical and mental 
health, resulting in a markedly decreased qual-
ity of life  [  2  ] . 

 Furthermore, HF continues to pose a tremen-
dous economic burden on the American health-

care system. In 2009, it accounted for 
$37.2 billion in estimated direct and indirect 
costs for the United States. In patients older than 
65 years, it currently accounts for 20 % of all 
hospitalizations. Accordingly, there have been 
considerable efforts by insurance companies, 
federal agencies, and hospital administrators to 
reduce the rate of patients admitted to hospitals 
with this diagnosis  [  3  ] .  

   Physiology of Heart Failure 

 In its normal state, the heart’s ventricles undergo 
 fi lling at low pressures during diastole. The ven-
tricles eject a percentage of this volume forward 
to the rest of the circulation during systole. HF 
occurs when either (1) the heart is unable to 
maintain its normal ejection fraction (EF), known 
as left ventricular systolic dysfunction, or (2) the 
heart maintains a normal EF but does so in the 
setting of elevated  fi lling pressures, known as 
diastolic HF or HF with normal/preserved ejec-
tion fraction. 

 Left- and right-sided HF can occur indepen-
dently. However, in advanced stages of HF, 
elevated pressures from the left side of the 
heart transmit pressure to the right side, 
 precipitating right-sided HF. Despite their 
interdependence in advanced HF, this chapter 
will focus on a discussion of left-sided HF to 
provide the clearest understanding of the phys-
iology involved.  
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 New York ,  NY   10023 ,  USA    
e-mail:  benjamin.hirsh@gmail.com  

     U.  P.   Jorde, M.D.  
     New York Presbyterian Hospital , 
 Columbia University Medical Center ,
  622 W. 168th St., PH 12-Stem ,  New York ,  NY   10032 ,  USA    
e-mail:  upj1@columbia.edu   

  1      Principles of Heart Failure       

     Benjamin   Hirsh       and    Ulrich   P.   Jorde                



2 B. Hirsh and U.P. Jorde

   Left Ventricular Systolic Dysfunction/
Left-Sided HF 

 Failure of the left ventricle to generate suf fi cient 
cardiac output results either from (a) processes 
that directly affect ventricular myocytes or sec-
ondarily from (b) hemodynamic stress on the 
myocardium.
    (a)    Direct Injury to Ventricular Myocardium 

 Direct injury to ventricular myocytes with 
subsequent loss of contractile function is 
observed most often in the case of myocardial 
infarction. After an extensive myocardial 
infarction, the infarcted tissue is no longer 
able to generate contractile activity, and there-
fore overall cardiac output is decreased. 
Furthermore, the myocardium adjacent to the 
infarcted area attempts to compensate for the 
loss of contractile tissue by undergoing 
remodeling  [  4  ] . In this process, a programmed 

remodeling of the non-infarcted tissue is 
 generated by both an increased hemodynamic 
strain and the activation of local cytokines 
and systemic neurohormones (the steps of 
remodeling will be discussed in subsequent 
sections). Although remodeling allows the 
myocardium to compensate in some measure 
initially, over time these changes transmit fur-
ther stress to the adjacent tissue, ultimately, 
propagating worsening HF (Fig.  1.1 ).  

 Direct injury to the myocardium with sub-
sequent loss of contractile function can also 
be seen with in fi ltrative processes such as 
toxins, infections, and genetic abnormalities 
(these will be discussed further in the section 
on “ Heart Failure with Normal/Preserved 
Ejection Fraction ”).  

    (b)    Hemodynamic Stress on the Ventricular 
Myocardium 
 Left ventricular systolic dysfunction also 
develops secondarily to the hemodynamic 

Myocardial infarction

Reduced systolic function

Increased left ventricular end
diastolic volume and pressure

Increased wall stress

Heart failure

Death

Non-infarcted segment:
regional hypertrophy

Infarcted segment:
infarct expansion

Increased Cardiac
output

Neurohormonal
activation

  Fig. 1.1    Myocardial infarction culminating in heart fail-
ure; the direct consequences of myocardial infarction and 
the subsequent local and peripheral responses designed to 
protect the body from the effects of the failing heart 

(Adapted from McKay RG, Pfeffer MA, Pasternak RC, 
Markis JE, Come PC, Nakao S, et al. Left ventricular 
remodeling after myocardial infarction: a corollary to 
infarct expansion. Circulation. 1986;74(4):693–702)       

 



31 Principles of Heart Failure

stress of a chronic pressure load (termed 
“afterload”) or volume load (termed “pre-
load”) on the ventricular wall. Increased 
afterload is observed in patients with aortic 
stenosis and in patients with uncontrolled 
hypertension. Similarly, increased preload 
is seen in patients with chronic mitral and/or 
aortic insuf fi ciency, intracardiac shunts, and 
arteriovenous  fi stulas. In response to these 
disease processes, which impose sustained 
hemodynamic stress on the ventricular wall, 
the heart muscle undergoes a pathological 
hypertrophy (Fig.  1.2 ). This is the early 
phase of remodeling. In cases of increased 
afterload, the ventricle undergoes concen-
tric hypertrophy, which is characterized by 
an increased ventricular wall thickness in 
comparison to wall cavity size. In cases of 
increased preload, the ventricle undergoes 
eccentric hypertrophy, characterized by an 
increase in chamber volume with normal or 
reduced wall thickness  [  5  ] .  

 Whereas cardiac hypertrophy can be a nor-
mal physiologic response to exercise, allow-
ing for an increase in mass and improvement 
in contractility, pathologic hypertrophy 
involves no improvement in contractility. 
Rather, it allows the ventricle to maintain 
contractile force temporarily until it can no 
longer overcome the increased hemodynamic 
stress. As mentioned, the increased wall stress 
also promotes the production of in fl ammatory 
cytokines. These cytokines have been shown 
to have deleterious effects on contractile pro-
teins by altering their expression and by trig-
gering pathways involved in myocyte 
apoptosis. Cytokine and neurohormonal pro-
duction have been shown to occur in later 
phases of remodeling. Eventually the muscle 
 fi bers accumulate collagen and  fi brose  [  6  ] . 
This eventually leads to left ventricular dilata-
tion, further loss of contractile function, and 
thus reduced systolic function (Fig.  1.3 ).       

   Heart Failure with Normal/Preserved 
Ejection Fraction 

 Diastolic dysfunction and diastolic HF have dif-
ferent meanings. In both cases, the ventricle 
becomes less compliant, leading to impaired/
abnormal ventricular  fi lling, as measured by 
echocardiography or other imaging modalities. 
Diastolic dysfunction refers only to impaired/
abnormal  fi lling by imaging; diastolic HF instead 
refers to diastolic dysfunction with clinical symp-
toms and signs of HF. To more clearly make a 
distinction between these two entities, the term 
“diastolic HF” is now substituted by a relatively 
new construct referred to as Heart Failure with 
Normal/Preserved Ejection Fraction (HFNEF). 
Approximately 50 % of the overall HF popula-
tion has a normal left ventricular ejection fraction 
(LVEF). In comparison to patients with HF and 
low LVEF, these individuals are more likely to be 
women and more likely to be older. They also 
have a higher likelihood of obesity, hypertension, 
renal failure, atrial  fi brillation, and anemia  [  7  ] . 
The clinical syndrome of HF in these individuals 
can be as profound as those patients with HF 

Normal

Eccentric

Concentric

  Fig. 1.2    Maladaptive cardiac hypertrophy: concentric 
and eccentric hypertrophy compared to a normal heart 
(Adapted from Katz AM. Physiology of the Heart. 3rd ed. 
Philadelphia, PA: Lippincott Williams & Wilkins; 2001])       
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symptoms and low LVEF  [  8  ] . Similarly, the prog-
nosis of patients with clinical HF and normal 
LVEF is only minimally better in comparison to 
those with patients with a low LVEF  [  9  ] . 

 These two entities also share common etiolo-
gies. As mentioned, aortic stenosis and poorly 
controlled hypertension often lead secondarily to 
left-sided heart failure. Prior to the development of 
left-sided HF, the ventricle remodels via a mecha-
nism of concentric hypertrophy, known as left 
ventricular hypertrophy (LVH), as it works to pre-
serve cardiac output. With LVH, there is often 
impaired ventricular relaxation and thus higher 
ventricular  fi lling pressures. LVH is therefore a 
common cause of HFNEF since higher ventricular 
 fi lling pressures can cause “backup” of  fl uid into 
the lungs despite normal LV contractility. The 
other major causes of HFNEF are also attributable 
to impaired ventricular relaxation and include 
transient myocardial ischemia, in fi ltrative pro-
cesses that deposit into the myocardial architecture 
creating a restrictive cardiomyopathy, and hyper-
trophic cardiomyopathy  [  10  ] . In fi ltrative processes 
involve the intercalation of toxins, diseases, or 
infections into the myocardium. The following are 

examples of common in fi ltrative sources: chemo-
therapy, amyloidosis and other connective tissue 
diseases, alcohol from long-term abuse, and human 
immunode fi ciency virus (HIV) and other viruses. 
Genetic and myopathic disorders such as Duchenne 
Muscular Dystrophy can also produce a restrictive 
cardiomyopathy  [  11  ] . 

 As mentioned, patients with left-sided HF and 
HFNEF not only share similar etiologies but 
often have similar clinical presentations. However, 
the mechanisms by which the left ventricle acts 
to maintain stroke volume in these two groups of 
patients are different. In HF with low LVEF, the 
eccentric or dilated left ventricle acts to maintain 
stroke volume via the Frank-Starling mechanism 
(Fig.  1.4 ). By this mechanism, the left ventricle’s 
increased compliance accommodates for greater 
ventricular  fi lling and thus a greater end-diastolic 
volume (EDV). This permits a greater stroke vol-
ume with each subsequent contraction and thus a 
way to preserve forward cardiac output, although 
only to a certain degree. Comparatively, in 
HFNEF, the left ventricle is in a remodeling 
phase and is able to maintain contractile function 
and normal stroke volume but must do so at 

Hypertension
Aortic stenosis
Aortic coarctation
Valvular insufficiency
Intracardiac shunts
Arteriovenous fistula

Volume
overload

Pressure
overload

Ischemia (MI)
Toxins
Infection
Metabolic
Syndrome
Genetic

Myocardial
injury

Hemodynamic
stress

Neurohormones

h h'
h''
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Cardiomyocyte growth Cardiomyocyte death

Compensated
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  Fig. 1.3    The response of the heart muscle to stress. 
Hypertrophy of the cardiac muscle preserves contractile 
function initially, but eventually, the hypertrophied mus-
cle  fi broses and gives way to dilatation and loss of con-

tractile function (Adapted from Diwan A, Dorn GW 2nd. 
Decompensation of cardiac hypertrophy: cellular mecha-
nisms and novel therapeutic targets. Physiology 
(Bethesda). 2007;22(1):56–64)       
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 elevated ventricular  fi lling pressures. As a result 
of the elevated pressures, the EDV will be normal 
or reduced (Fig.  1.4 ).  

 Although their adaptive mechanisms are dif-
ferent, HFNEF actually exists in a continuum 
with left ventricular systolic dysfunction. A good 
example of this continuum is the ventricle’s 
response to afterload. As described in earlier sec-
tions, in response to an afterload like aortic steno-
sis, the heart will undergo remodeling likely via 
concentric hypertrophy or LVH. During this 
period, the patient will often present with HFNEF, 
prior to the loss of contractile myocytes and left-
sided HF. Conversely, patients with left-sided HF 
may also present with a signi fi cant component of 
diastolic dysfunction, owing to impaired ventric-
ular  fi lling from a greater EDV  [  12  ] .  

   Compensatory Mechanisms/
Neurohormonal Alterations 

 In HF, the body utilizes both central and peripheral 
actions to mitigate the fall in cardiac output and to 
increase organ perfusion. These actions include 
(1) remodeling and ventricular  hypertrophy, (2) the 
Frank-Starling mechanism, and (3) neurohormonal 

changes. The  fi rst two methods (as described in 
previous sections) act centrally to sustain stroke 
volume. Neurohormonal mechanisms acting both 
centrally and peripherally include (1) the adrener-
gic/sympathetic nervous system and (2) the renin-
angiotensin-aldosterone system (RAAS). Each 
compensatory mechanism acts either directly or 
indirectly to increase cardiac output (CO) or sys-
temic vascular resistance (SVR). Both of these 
terms increase arterial blood pressure, according 
to the equation BP = CO × SVR. 

   Modulation of the Adrenergic/
Sympathetic Nervous System 

 Neurohormonal activation modulates SVR pri-
marily via its actions on the adrenergic nervous 
system. To recall, the functions of the adrener-
gic nervous system on the heart include stimu-
lation of inotropic and chronotropic beta 
receptors and alpha-receptor-mediated vascu-
lar tone. Neurohormonal modulation of this 
system relies on feedback from baroreceptors 
embedded in the smooth muscle of the arterial 
walls, primarily in the carotid sinus and aortic 
arch. Baroreceptors relay information about 

LV morphology

Pressure-volume
loop

LVEDV

LV mass

Left atrium

LVEF

eccentric LV hypertrophy

dilated dilated

LV volume

LV pressure LV pressure

LV volume

normal

concentric LV hypertrophy
or concentric LV remodeling

normal

HF with impaired LVEF HFNEF

  Fig. 1.4    Pressure and volume changes throughout differ-
ent stages of ventricular remodeling in heart failure 
(Adapted from Maeder MT, Kaye DM. Heart failure with 

normal left ventricular ejection fraction. J Am Coll 
Cardiol. 2009;53(11):905–918)       
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the arterial peripheral resistance to the neu-
roendocrine system, which then adjusts its 
stimulation of the adrenergic system accord-
ingly. For example, reduced CO leads to a 
reduction in blood volume and thus a drop in 
tension of the arterial wall. The baroreceptor 
senses the decreased tension and sends this 
information to the brain’s medullary vasomo-
tor center. The vasomotor sensor processes this 
information and increases adrenergic output 
via the production of hormones or cate-
cholamines, such as norepinephrine, from the 
adrenal gland  [  6  ] . The catecholamine then 
binds to adrenergic receptors on the heart, 
arteries, and veins increasing the heart rate, 
heart contractility, vascular tone, and venous 
return (Fig.  1.5 ).   

   Modulation of the RAAS 

 While the effects of adrenergic modulation 
occur rapidly, the activation of the RAAS pro-
vides a more robust, long-term response to 
reduced CO. The RAAS is complex and 

involves numerous hormones and target organs, 
but its greatest effect derives from its ability to 
resorb sodium, expand the intravascular vol-
ume, and increase SVR. The RAAS system is 
activated by three primary stimuli that occur in 
the setting of HF and other low- fl ow states: (1) 
a decrease in perfusion of the renal artery, (2) a 
decrease in sodium delivery to an area of the 
kidney known as the macula densa, and (3) 
stimulation of beta receptors in the juxtaglom-
erular apparatus (JGA) of the kidney by the 
adrenergic nervous system. In response to these 
stimuli, the kidney releases renin, which enzy-
matically converts angiotensinogen to angio-
tensin I. Angiotensin I is then converted by the 
angiotensin converting enzyme (ACE) to 
angiotensin II (AII). 

 AII acts as a vasoconstrictor on arteries, 
thereby increasing SVR, and centrally on the 
myocardium to promote ventricular hypertro-
phy in early phases of remodeling. It is AII’s 
release of aldosterone that is responsible for its 
greatest effect on volume expansion. Once 
released from the adrenal cortex, aldosterone 
binds to the distal convoluted tubule of the 

arteriole

cardiovascular
center

BRAIN

sympathetic
nerves innervate

the sino-atrial
node

sympathetic nerves
innervate the
myocardium

baroreceptors on aorta
and carotid sinus send

information about
changes in BP to

cardiovascular centre
in medulla

  Fig. 1.5    The peripheral effects of the hyperadrenergic 
state in heart failure (Adapted from the Department of 
Physiology at Birmingham City University, United 

Kingdom. http://www.hcc.uce.ac.uk/physiology/images/
baroreceptor.gif. Accessed October 18, 2012)       
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 kidney activating sodium reabsorption. The 
subsequent rise in intravascular volume allows 
for increases in preload and thus increases in 
CO via the Frank-Starling mechanism. AII’s 
binding to the hypothalamus triggers the 
release of ADH from the posterior pituitary 
 [  13  ] . ADH increases CO in a similar mecha-
nism to aldosterone; however, it does so by 
activating aquaporins in the distal nephron, 
which in turn promotes water reabsorption 
(Fig.  1.6 ).   

   Counterregulatory Responses 

 These complex physiological responses buffer 
the effects of reduced CO initially, but their 
continued use becomes a detriment to the fail-
ing heart. Beta receptors, which play a major 
role in ventricular remodeling, become desen-
sitized to further stimuli and fail to respond to 
appropriate adrenergic signaling. Further dila-
tation of the LV by chronic RAAS-induced 
volume expansion becomes deleterious. This 
occurs when the ability of the LV to produce 

increases in CO via the Frank-Starling mecha-
nism is exceeded. Additionally, increases in 
SVR and volume via the adrenergic system and 
RAAS further augment afterload, thus reduc-
ing CO  [  14  ] . 

 To curtail the adverse effects of prolonged 
RAAS and adrenergic activation, counterregu-
latory forces in the form of natriuretic peptides 
are called into action. Ventricular and atrial 
wall distension from volume overload serves 
as the stimulus for the release of brain natri-
uretic peptide (BNP) and atrial natriuretic pep-
tide (ANP) into circulation. These forces 
directly counteract the actions of the RAAS by 
promoting sodium and water loss, suppressing 
thirst, and dilating peripheral vessels (Fig.  1.7 ). 
Additionally, BNP in particular serves as a use-
ful marker to measure severity of acute HF 
exacerbations  [  15  ] . Unfortunately, these safe-
guards can only temporize the continued acti-
vation of the neuroendocrine system and are 
eventually overcome by the latter process. 
Therefore, current medical and surgical man-
agement of HF patients endeavors to further 
moderate these compensatory mechanisms.        
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         Introduction    

   Epidemiology 

 Heart failure (HF) is a growing epidemic in the 
United States with steadily increasing prevalence. 
According to the American Heart Association 
(AHA) Heart Disease and Stroke Statistics 2012 
update, HF prevalence was 5.7 million in the 
United States based on the National Health and 
Nutrition Examination Survey (NHANES) 
 2005–2008 data for Americans  ³ 20 years, with 
 projected crude prevalence of 6.6 million (2.8 %) 
in 2010 for adults  ³ 18 years. Further, it is esti-
mated that by 2030, an additional 3 million peo-
ple will have HF, which is a 25 % increase in 
prevalence compared to 2010. HF incidence 

approaches 10 per 1,000 after 65 years of age 
with a lifetime risk of developing HF of 1 in 5 at 
40 years of age in both genders  [  1  ] . 

 Hospital discharges for HF were only mildly 
increased from 1999 to 2009, with  fi rst-listed 
diagnoses of 975,000 and 1,094,000, respec-
tively. In 2009, HF resulted in 3,041,000 of fi ce 
visits, 668,000 emergency room visits, and 
293,000 outpatient department visits  [  1  ] . In 
2008, any mention of HF in mortality was 
281,437, and death directly attributable to HF 
was 56,830. Currently, one in nine deaths in the 
United States mentions HF on the death 
certi fi cate. Even though survival after HF diag-
nosis has improved, the death rate remains unac-
ceptably high at approximately 50 % within 
5 years from time of index diagnosis. It is a 
major public health concern due to its tremen-
dous societal and economic burden, with a pro-
jected direct and indirect cost in the United 
States of $37.2 billion in 2009  [  2  ] , which is 
expected to further increase to $44.6, $57.0, 
$74.1, and $97.0 billion by 2015, 2020, 2025, 
and 2030, respectively  [  1  ] . 

 In the international community, the epidemio-
logical transition in less industrialized countries 
is associated with a reduced risk of mortality 
from communicable diseases and increased risk 
of death from cardiovascular diseases including 
HF  [  3  ] . As a consequence of improved manage-
ment in acute coronary syndromes and improved 
longevity of the population, the number of 
patients with HF is growing. The prevalence and 
incidence in industrialized countries are  estimated 
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to be approximately 1.5 % and 0.15 % of the 
population, respectively  [  4,   5  ] . An estimated 
10 % of persons with HF have advanced disease. 
In the United States and Europe alone, with  ³ 700 
million inhabitants and  ³ 7 million patients with 
HF, the prevalence of advanced HF, constituting 
between 1 % and 10 % of the HF population, is 
estimated to total between 70,000 and 700,000 
patients  [  6  ] .  

   De fi nition of Heart Failure 

 The clinical syndrome of HF is de fi ned as the  fi nal 
common pathway that results from any structural or 
functional cardiac disorder that impairs the ventricle 
from either  fi lling with (diastolic dysfunction) or 
ejecting blood (systolic dysfunction). The diverse 
causes of HF range from disorders of the pericar-
dium, myocardium, endocardium, or great vessels. 
Despite the fact that the majority of patients with 
HF have symptoms secondary to impaired systolic 
function, it is important to recognize that symptoms 
may also arise due to abnormal  fi lling  [  7  ] . The over-

all prognosis of HF with preserved ejection fraction 
(HF-PEF) is less well de fi ned, with certain observa-
tional series suggesting improved outcomes com-
pared to HF with reduced ejection fraction (HF-REF) 
 [  8–  10  ] , while other series have shown similar 
 mortality for HF-PEF and HF-REF  [  11,   12  ] .  

   Stages of Heart Failure 

 The terminology of HF in its advanced stages is 
not very precise. The terms advanced, severe, 
 congestive, refractory, and end-stage HF are used 
in largely exchangeable ways. The term  end-stage 
HF re fl ects the impaired prognosis associated with 
it and has been incorporated into the recent staging 
system for HF (Fig.  2.1 )  [  4  ] , which complements 
the New York Heart Association (NYHA) 
classi fi cation of HF. This staging system has the 
advantage of including asymptomatic stages 
(risk factors, structural heart disease), thereby 
underscoring the importance of preventive medi-
cine and re fl ecting the progressive nature of the 
HF syndrome. It bears resemblance with the 
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heart
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  Fig. 2.1    Heart failure staging system (Adapted from 
Hunt SA, Abraham WT, Chin MH, Feldman AM, Francis 
GS, Ganiats TG, et al. ACC/AHA 2005 Guideline Update 
for the Diagnosis and Management of Chronic Heart 
Failure in the Adult: a report of the American College of 
Cardiology/American Heart Association Task Force on 
Practice Guidelines (Writing Committee to Update the 

2001 Guidelines for the Evaluation and Management of 
Heart Failure): developed in collaboration with the 
American College of Chest Physicians and the International 
Society for Heart and Lung Transplantation: endorsed by 
the Heart Rhythm Society. Circulation. 2005 Sep 
20;112(12):e154–235)       
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classi fi cation of tumors, a similarly malignant 
group of conditions. In other words, a HF patient 
may progress from stage A to stage D but cannot 
reverse to stage A again. However, treatment may 
result in a patient reversing from NYHA class IV 
to class III due to improved symptoms.    

   Importance of Algorithms 

 In order to de fi ne and guide the optimal  management 
of HF patients in varying clinical scenarios, 
 treatment algorithms have become an essential 
 cornerstone of clinical practice. These modalities 
are valued for their ability to help streamline clini-
cal decision making based on disease severity. 
However, oversimpli fi cation of an algorithm may 
lead to its inapplicability in complex clinical situa-
tions. Therefore, treatment algorithms should be 
based on current guidelines derived from large ran-
domized controlled clinical trials and individual-
ized based on the assessment of a clinical situation .  

 In the  fi eld of heart failure, there are  fi ve main 
sets of guidelines developed by (1) European 
Society of Cardiology (ESC 2012), (2) American 
College of Cardiology/American Heart Association 
(ACC/AHA 2009), (3) Heart Failure Society of 
America (HFSA 2010), (4) Canadian Cardiovascular 
Society (CCS 2012), and (5) International Society 
of Heart and Lung Transplantation (ISHLT 2007). 
The algorithm described in Fig.  2.2  is based on 
these guidelines as well as current randomized 
controlled trials.  

   Initial Assessment 

 The algorithm starts with the encounter between 
the HF patient and the primary medical team, 
 consisting of cardiologist, general internist, and 
nurse, who have exhausted all lifestyle and  medical 
options without success. In this setting of acute 
decompensation and progression towards advanced 
heart failure, a phase known to be associated with a 
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high risk of death, a referral to a designated  cardiac 
transplantation center for evaluation is undertaken. 
The initial assessment is not a complete cardiac 
transplantation evaluation but rather addresses the 
following main questions:

   How severe is the heart failure condition?  • 
  Are there reversible causes?  • 
  Are there risk factors limiting the overall • 
prognosis?    
 After the initial assessment, a structured man-

agement algorithm (Fig.  2.2 ) is applied in order 
to recompensate the patient. If recompensation 
cannot be achieved, cardiac transplantation eval-
uation is initiated with the option of mechanical 
circulatory support device (MCSD) as either 
bridge to recovery (BTR), transplant (BTT), or 
destination therapy (DT). At anytime during 
management, a situation may arise in which the 
patient may not bene fi t from any of the modern 
therapies because of multiorgan failure or other 
conditions, leading to a patient preference for 
 comfort care  facilitating a humane form of death 
instead of prolongation of suffering  [  13,   14  ] .  

   Risk Strati fi ers 

 In order to plan effective treatment strategies and 
transplant programs, it is important to be able to 
objectively measure the prognosis of patients. An 
ideal test needs to be accurate (i.e., have a high 
speci fi city and sensitivity), reproducible, safe, 
and inexpensive. 

  The 6-min walk test  can be performed by 
almost all patients with chronic heart failure 
without the need for specialized equipment. This 
test was  fi rst used in heart failure patients by 
Guyatt and colleagues in 1985  [  15  ]  and has sub-
sequently gained widespread acceptance as a 
measure of exercise capacity in clinical trials and 
transplant programs. Zugck et al. showed that the 
walk test provided information on the combined 
end point of death and/or hospital admission due 
to worsening heart failure that was similar to peak 
oxygen uptake in patients with dilated cardiomy-
opathy  [  16  ] . The authors concluded the test cor-
related closely with peak oxygen uptake (pVO 

2
 ) 

and could predict individual pVO 
2
  when deter-

mined serially in the same patient. Opasich and 
colleagues also compared the prognostic role of 
the 6-min walk test to pVO 

2
  and NYHA func-

tional class. Although the test was found to be 
able to predict survival in univariate analysis, this 
was not the case when pVO 

2
  or NYHA class were 

included in multivariate models, indicating that 
the walk test is not an independent prognostic 
indicator  [  17  ] . Whether the test is an accurate and 
independent predictor of prognosis in chronic 
heart failure, however, is the subject of some 
debate  [  18  ] . 

   Peak Oxygen Uptake 
 Based on the groundbreaking work of Mancini 
and coworkers  [  19  ] , a team at UCLA assessed the 
role of pVO 

2
  in reevaluation of candidates await-

ing heart transplantation. All ambulatory trans-
plant candidates with initial pVO 

2
   £ 14 mL/kg/

min were identi fi ed. Of 107 such patients listed, 
68 survived without early deterioration or trans-
plantation to undergo repeat exercise. In 38 of the 
68 patients, pVO 

2
  increased by  ³ 2 mL/kg/min to 

a level  ³ 12 mL/kg/min after 6 ± 5 months, together 
with an increase in anaerobic threshold, peak 
oxygen pulse, and exercise heart rate reserve and 
a decrease in heart rate at rest. Increased pVO 

2
  

was accompanied by stable clinical status with-
out congestion in 31 of 38 patients, and these 31 
were taken off the active waiting list. At 2 years, 
actuarial survival rate was 100 %, and survival 
rate without relisting for transplantation was 
85 %. The authors concluded that an algorithm 
with scheduled reevaluation of exercise capacity 
and clinical status allowed identi fi cation of 
patients who became “too well” during follow-
up. They estimate that 29 % of ambulatory trans-
plant candidates could be removed from the 
waiting list with excellent early survival despite 
low pVO 

2
  on initial testing, allowing deferral of 

transplantation in favor of more compromised 
candidates  [  20  ] . 

 In order to re fi ne risk strati fi cation in ambula-
tory cardiac transplantation candidates and esti-
mate their survival probability without 
transplantation and thus the potential bene fi t from 
transplantation, the group at the University of 
Pennsylvania and Columbia University between 
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1987 and 1995 developed the  fi rst independently 
validated prognostication tool, entailing high-, 
medium-, and low-risk stratum  [  21  ] . The multi-
variable proportional hazards survival model was 
developed with the use of data on 80 clinical 
characteristics from 268 ambulatory patients with 
advanced heart failure (derivation sample). 
Invasive and noninvasive models (with and with-
out catheterization-derived data) were con-
structed. Stratum-speci fi c likelihood ratios were 
used to develop three prognostic-score risk 
groups. The noninvasive model performed well, 
and increased performance was not attained by 
the addition of catheterization-derived variables. 

 Prognostic-score risk groups derived from the 
noninvasive model in the derivation sample 
effectively strati fi ed the risk of an outcome event 
in both the derivation and validation samples 
(1-year event-free survival for derivation and 
validation samples, respectively: low risk [Heart 
Failure Survival Score or HFSS 8.10–10.47] 
93 % and 88 %; medium risk [HFSS 7.20–8.09] 
72 % and 60 %; high risk [HFSS 5.51–7.19] 43 % 
and 35 %). The authors concluded that selection 
of candidates for cardiac transplantation may be 
improved by use of this noninvasive risk-
strati fi cation model  [  21  ] . The beauty of this score 
does not reside only in its powerful predictive 
value but also on its easy bedside implementation 
by the equation:   

         

 Event-free survival rates for the medium- and 
high-risk strata were much worse than would be 
expected after cardiac transplantation; the low-risk 
stratum had an event-free survival rate that was 
better than would be expected with transplantation. 
Based on this excellent prognostication tool, 

patients with HFSS low risk would be considered 
too well for cardiac transplantation  [  21  ] . Risk 
strati fi cation of hospital-bound cardiac transplanta-
tion candidates who are inotrope- or left ventricular 
assist-device-dependent can be improved by inclu-
sion of further parameters  [  22  ] . 

 After the introduction of  b -blocker therapy 
and given the large survival bene fi t conferred by 
 b -blocker therapy, it was unclear whether the 
HFSS and pVO 

2
  were still valid predictors. The 

fact that  b -blockers considerably improved sur-
vival while having an inconsistent effect on pVO 

2
  

may explain why pVO 
2
  did not accurately predict 

outcomes in patients taking  b -blockers. Given 
the better prognosis for patients with heart failure 
receiving  b -blockade and absence of effect on 
exercise performance, the clinical guideline value 
for pVO 

2
  has probably decreased to the extent 

that a pVO 
2
   £ 10 mL/kg/min is a more appropriate 

target. However, recalibration of the HFSS was 
not necessary since there were no particular dif-
ferences in the HFSS pre- or post- b -blocker ther-
apy or its parameters (other than heart rate). The 
authors conclude that in the  b -blocker era, clini-
cians can continue to rely on the HFSS to accu-
rately predict prognosis in patients with severe 
heart failure and that pVO 

2
  may have diminished 

in value  [  23  ] . 
 The predictive accuracy of the HFSS has been 

noted to be suboptimal in some validation data sets 
 [  24  ] . As a result, the Seattle Heart Failure Model 
(SHFM) was developed and validated as a multi-
variate risk model to predict 1-, 2-, and 3-year sur-
vival in heart failure patients with the use of easily 
obtainable characteristics relating to clinical sta-
tus, therapy (pharmacological as well as devices), 
and laboratory parameters. The SHFM was derived 
from a cohort of 1,125 heart failure patients in the 
Prospective Randomized Amlodipine Survival 
Evaluation (PRAISE1) with the use of a multivari-
ate Cox model. For medications and devices not 
available in the derivation database, hazard ratios 
were estimated from published literature. The 
model was prospectively validated in  fi ve addi-
tional cohorts totalling 9,942 heart failure patients. 
The accuracy of the model was excellent, with 
predicted versus actual 1-year survival rates of 
73.4 % versus 74.3 % in the derivation cohort and 
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90.5 % versus 88.5 %, 86.5 % versus 86.5 %, 
83.8 % versus 83.3 %, 90.9 % versus 91.0 %, and 
89.6 % versus 86.7 % in the  fi ve validation cohorts. 
Overall receiver operating characteristic area 
under the curve was 0.729 (95 % CI, 0.714–0.744). 
The model also allowed estimation of the bene fi t 
of adding medications or devices to an individual 
patient’s therapeutic regimen. The authors con-
cluded that the SHFM provides an accurate esti-
mate of 1-, 2-, and 3-year survival with the use of 
easily obtained clinical, pharmacological, device, 
and laboratory characteristics  [  24  ] . 

 In a study by Kalogeropoulos and colleagues 
 [  25  ] , the SHFM was utilized to predict a compos-
ite end point of death, left ventricular assist 
device (LVAD), and urgent transplantation. 
However, 98 % of the events in the original 
SHFM study were death. This fact raises impor-
tant issues. A higher rate of LVAD implantation 
and/or urgent transplantation might lead to higher 
overall event rate. Considering that this patient 
population was sicker as compared with the orig-
inal SHFM cohort, it is not surprising that a larger 
proportion of patients underwent these proce-
dures in their study (16 % vs. 2 %). Thus, mis-
calibration might not be due to SHFM performance 
but rather to the SHFM being more accurate for 
mortality prediction alone rather than a combined 
outcome. Indeed, when assessing the model per-
formance restricting the outcome to death alone, 
the model performance improved signi fi cantly. 
Unlike mortality, the timing for urgent transplan-
tation or LVAD implantation can vary between 
institutions and physicians. With regard to race-
based differences, the SHFM needed to be recali-
brated by using race-speci fi c coef fi cients (0.77 
for whites and 1.15 for blacks, as estimated in 
this cohort).    

   Nonsurgical Management 
of Heart Failure 

   Recompensation 

 The evolution of treatment options for advanced 
HF patients over the last several decades has been 
impressive. It includes medical therapies  (positive 

inotropes, vasodilators, angiotensin-converting-
enzyme inhibitors and angiotensin-receptor 
 blockers,  b -blockade, aldosterone antagonists), 
de fi brillator implantation, resynchronization ther-
apy, heart transplantation, and most recently 
MCSDs. The comparison of outcomes between 
different therapies for advanced HF has been chal-
lenging. For example, heart transplantation has 
never been tested in a randomized clinical trial 
because of the obvious survival advantage in the 
1970s in comparison to medical therapy. It is 
unclear whether this remains true with the recent 
improvement in HF therapies. Moreover, MCSD 
is rapidly evolving with advances in technology 
leading to smaller devices with decreased 
 morbidity. Therefore, the clinical decision-making 
algorithm is subject to continuing debate and 
 consensus processes, as exempli fi ed by the 
 guideline development initiative of the International 
Society for Heart and Lung Transplantation  [  26  ] .  

   Neurohormonal Blockade 

 In increasing stages of HF, the adrenergic system, 
renin-angiotensin-aldosterone system (RAAS), 
antidiuretic hormone system, and the atrial natri-
uretic peptide system are chronically activated. 
These chronic neurohormonal changes lead to 
compensatory elevation of preload, heart rate, 
contractility, and cardiac hypertrophy. NYHA 
class IV is characterized by a  fl attening and right-
ward shift of the cardiac function curve to a point 
where reduced cardiac output does not ful fi ll the 
metabolic requirements of the body and capillary 
wedge pressure reaches a level at which pulmo-
nary edema ensues or both happen  [  27  ] .  

   Positive Inotropes/Vasodilators 

 In the context of refractory acute HF,  characterized 
by peripheral hypoperfusion, renal dysfunction, 
and marked hypotension present in less than 
10 % of acute decompensated HF patients, 
 inotropic agents (classically  b -adrenergic ago-
nists and phosphodiesterase inhibitors) have been 
used as a short-term bridge to cardiac surgery, 
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transplantation, or prolonged infusions via 
improvement of central hemodynamics. The 
goals outlined for the utilization of inotropes are 
as follows: (1) provide rapid relief of congestive 
symptoms and (2) restoration of end-organ perfu-
sion. If the myocardial insult is deemed revers-
ible, inotropic therapy can be transitioned to 
organ-saving options. However, if end-organ per-
fusion cannot be achieved, then mechanical cir-
culatory support (e.g., intra-aortic balloon pump) 
may be required to transition to possible urgent 
ventricular assist device or heart transplant  [  28  ] . 
A stepwise approach to the use of inotropic ther-
apy is outlined in Fig.  2.3 .  

 Inotropic agents increase myocardial contrac-
tility via increase in intracellular cyclic adenylate 
monophosphate levels (cAMP). This results in an 
increase in calcium release from the sarcoplas-
mic reticulum, thereby increasing the contractile 
force generation. The phosphodiesterase inhibi-
tors such as milrinone and enoximone inhibit 
phosphodiesterase III, the enzyme that catalyzes 
the breakdown of cAMP, whereas the  b -adrener-
gic agonists such as dobutamine and dopamine 

stimulate adenylate cyclase which increases 
cAMP production.    Dopamine has a dose-depen-
dent mechanism of action:  £ 2 mcg/kg/min (dop-
aminergic receptor activity), 2–5 mcg/kg/min 
( b -adrenergic receptor activity), and  ³ 5 mcg/kg/
min (alpha adrenergic agonist activity). Both mil-
rinone and dobutamine have similar overall 
hemodynamic effects with key potential distinc-
tions. Milrinone appears to lower  fi lling pressures 
to a greater extent than dobutamine. It also has a 
more profound effect of lowering systemic vas-
cular resistance and blood pressure. On the other 
hand, dobutamine may result in tachycardia with 
higher heart rates than milrinone  [  29  ] . Therefore, 
the individual clinical setting should dictate 
which type of inotrope is used (Table  2.1 ).  

 Despite short-term hemodynamic and symp-
tomatic improvement, long-term mortality 
appears to be increased with the use of intrave-
nous and oral inotropes for the treatment of 
chronic heart failure. Positive inotropes such as 
vesnarinone  [  30–  34  ]  and vasodilators such as 
epoprostenol did not demonstrate a survival 
bene fi t and, in fact, showed an adverse mortality 

Inotrope Treatment Algorithm in
Acutely Decompensated Chronic Heart Failure

Decompensated Ch,HF
Edema (+)

Warm extremitics
SBP > 100 mm Hg

iv Vasodilators
(e.g. nitrates)

+
i.v. diuretics
Therapeutic
optimization:
Adjust ACEI/

oral vasodilators

Inadequate response:
Renal function worsening

Persistent congestion
Persistent dyspnea

Decompensated Ch,HF
Edema (+)

Warm extremities
SBP 85 ≤ 100 mm Hg

optimization of iv diuretics + adjustment of
standard therapy
Levosimendan

(continuous 0.1-0.2 μg/kg/min)
[Consider 0.05 μg/kg/min if BP<85 mmHg

after the Initiation of treatment]
or

Dobutamine or Milrinone
-consider Milrinone as option in ischomic HF

+ vasopressor to maintain
SBP >85mmHg
(in some cases)

Decompensated Ch,HF
Edema (+) or (−)
Cool extremities

SBP 85 ≤ 100 mm Hg

Decompensated Ch,HF
Edema (+) or (−)
Cool extremities
SBP <85 mm Hg

Volume correction?

Dobutamine and/or
Dopamine

or
Norepinephrine

Mechanical
Support

If necessary, add
Levosimendan

(continuous 0.05-0.1
μg/kg/min)

If no
response

If no response

  Fig. 2.3    Stepwise approach to use of inotrope therapy       
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effect  [  35  ] . Over the past years, a large clinical 
development program with the phosphodiesterase 
III inhibitor, enoximone, yielded promising pre-
liminary results in the phase II results of Oral 
Enoximone in Intravenous Inotrope-Dependent 
Subjects (EMOTE)  [  36  ] . However, the phase III 
studies of Oral Enoximone Therapy in Advanced 
Heart Failure (ESSENTIAL) trial demonstrated a 
lack of statistically signi fi cant differences in time 
to all-cause mortality or cardiovascular 
 hospitalization  [  37  ] . 

 A novel class of inotropic drugs known as 
calcium-sensitizing agents, such as levosimen-
dan, had generated excitement due to their ability 
to induce contractility via enhanced troponin C 
af fi nity for calcium and stabilization of the cal-
cium-induced conformation of troponin C. The 
two phase III trials on levosimendan, “Survival in 
Patients with Acute Heart Failure in Need of 
Intravenous Inotropic Support” (SURVIVE)  [  38  ]  
and “Second Randomized Multicenter Evaluation 
of Intravenous Levosimendan Ef fi cacy Versus 
Survival in the Short-Term Treatment of 
Decompensated Heart Failure” (REVIVE-II) 
 [  39  ] , demonstrated that levosimendan was supe-
rior to dobutamine or placebo, respectively, 
regarding clinical improvement and neurohor-
monal modulation but failed to demonstrate 
superiority with regard to 6-month mortality. 

 Another potential intravenous therapy which 
promotes vasodilation, salt and water excretion, 
and improved diastolic  fi lling properties in order to 
relieve congestion and reduce cardiac  fi lling pres-
sures is nesiritide, a recombinantly produced intra-
venous formulation of human B-type natriuretic 
peptide. Rapid and sustained bene fi cial hemody-
namic effects of nesiritide were demonstrated by 
Mills et al.  [  40  ]  in NYHA class II–IV patients over 
a 24-h infusion period and 4 h  post-infusion. 

Effects on clinical outcomes beyond improvement 
in symptoms and hemodynamics are not clear. In a 
meta-analysis  [  41  ] , Sackner-Bernstein and cowork-
ers expressed the opinion that the use of nesiritide 
could increase the risk of short-term (30-day) mor-
tality. The three trials included in their analysis 
were the Nesiritide Study Group Ef fi cacy Trial 
(NSGET)  [  42  ] , Vasodilation in the Management of 
Acute Congestive Heart Failure (VMAC)  [  43  ] , 
and the Prospective Randomized Outcomes Study 
of Acutely Decompensated Congestive Heart 
Failure Treated Initially as Outpatients with 
Nesiritide (PROACTION)  [  44  ] . Another meta-
analysis showed that the cumulative short-term 
(30 days) and long-term (180 days) mortality in 
patients who received nesiritide combined with or 
without the use of inotropes  [  45  ]  was not statisti-
cally increased  [  46  ] . 

 Based on this con fl icting meta-analysis 
data, an international, multicenter, randomized, 
 double-blind, placebo-controlled study, the Acute 
Study of Clinical Effectiveness of Nesiri-
tide in Decompensated Heart Failure Trial 
(ASCEND-HF), has assessed the safety and 
ef fi cacy of nesiritide .  ASCEND-HF randomized 
7,141 patients hospitalized with acute HF within 
24 h of hospitalization to receive IV nesiritide or 
placebo in addition to standard therapy. Although 
there was a trend toward improvement in dysp-
nea (measured on the 7-point Likert scale) at 6 
and 24 h with nesiritide, the prespeci fi ed level for 
signi fi cance was not met.    Further, there was no 
difference between the composite end point of 
30-day death and HF hospitalization. It was also 
shown that nesiritide had no impact on worsen-
ing of renal function, which had been a prior con-
cern. The authors concluded that nesiritide cannot 
be recommended for routine use in patients with 
acute decompensated HF  [  47  ] . 

 Adjunctive intravenous therapy which targets 
the elevated vasopressin (AVP) levels that activate 
vasoconstriction and left ventricular hypertrophy/
remodeling via V1A/V1B receptors and water 
retention via V2 receptors have also been studied. 
Both these mechanisms contribute toward acute 
decompensation of HF. The utilization of intrave-
nous conivaptan, an AVP-receptor antagonist 
which binds to both V1A and V2 receptors, has 

   Table 2.1    Inotrope selection in various clinical settings   

 Clinical scenarios  Inotrope 

 Hypotension  Dobutamine or dopamine 
 Increased mean pulmonary 
artery pressure 

 Milrinone 

 Tachycardia  Milrinone 
 Renal hypoperfusion  Dopamine, dobutamine, 

or milrinone 
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demonstrated favorable changes in  hemodynamics, 
with statistically signi fi cant reduction in pulmo-
nary capillary pressure and right atrial pressure, 
and urine output without affecting blood pressure 
or heart rate  [  48  ] . The Ef fi cacy of Vasopressin 
Antagonism in Heart Failure Outcome Study with 
Tolvaptan (EVEREST) trial randomized 4,133 
patients hospitalized with HF to oral tolvaptan 
(selective for V2) or placebo, in addition to stan-
dard therapy. Although tolvaptan improved dysp-
nea, body weight, and edema, there was no 
signi fi cant difference in all-cause mortality or the 
composite end point of cardiovascular death or HF 
hospitalization  [  49  ] . Thus, vasopressin receptor 
antagonists may be considered in the management 
of refractory hyponatremia in HF patients but has 
no impact on mortality.  

   RAAS Blockade 

 Multiple studies have demonstrated the bene fi t 
derived from renin-angiotensin system blockade 
via angiotensin-converting-enzyme inhibitors 
(ACE-I), including improvements in symptoms, 
survival, rate of hospitalization, and reverse 
remodeling. ACE-I decrease the conversion of 
angiotensin I to angiotensin II, thereby reducing 
the maladaptive effects of angiotensin II. 
Furthermore, there is a decrease in the breakdown 
of bradykinin which promotes vasodilation in the 
vascular endothelium and promotes natriuresis 
 [  7  ] . At this time, it is unclear if all the different 
ACE-I demonstrate a similar extent of survival 
bene fi t. There is con fl icting results from meta-
analysis  [  50  ] , observational studies  [  51  ] , and 
comparative trials  [  52–  54  ] . Moreover, low- ver-
sus high-dose enalapril has been studied with no 
signi fi cant differences in survival or clinical and 
hemodynamic variables   [  55  ] . 

 With regard to trial data, the  fi rst randomized 
prospective medical trial demonstrating a sur-
vival bene fi t with ACE-I from a medical treat-
ment in advanced heart failure was the Cooperative 
North Scandinavian Enalapril Survival Study 
(CONSENSUS-I) trial  [  56  ] . Two hundred  fi fty-
six patients in NYHA class IV heart failure were 
randomized to enalapril or placebo. This trial 

demonstrated improved survival in the enalapril 
cohort. This study is unique in being the  fi rst 
heart failure trial in unselected NYHA class IV 
patients but also in examining extended survival, 
with sustained bene fi t for at least 4 years  [  57  ] . 
The subsequent Studies of Left Ventricular 
Dysfunction (SOLVD) study in 1991 randomly 
assigned 2,569 patients with symptomatic NYHA 
class II to III HF and ejection fraction   £   35 % to 
either placebo or enalapril, with reduction in all-
cause mortality in the enalapril cohort  [  58  ] . 

 Despite the inhibition of the angiotensin-con-
verting enzyme with ACE-I, there is evidence of 
increased plasma levels of aldosterone. 
Aldosterone has pleiotropic effects, resulting in 
increased sodium retention, constriction of sys-
temic arterioles, stimulation of cytokine produc-
tion, in fl ammatory-cell adhesion, activation of 
macrophages as well as stimulation of growth of 
 fi broblasts, and the synthesis of type I and III 
 fi brillar collagens involved in scar formation 
 [  59  ] . Mortality reduction was noted with the 
addition of aldosterone inhibitors, as evidenced 
by the Randomized Aldactone Evaluation Study 
(RALES) trial, in which 1,663 NYHA class 
III–IV HF patients who had severe heart failure 
and a left ventricular ejection fraction (LVEF) of 
 £  35 % and who were being treated with an ACE-
I, a loop diuretic, and in most cases digoxin were 
randomly assigned to receive 25 mg of spironolac-
tone daily or placebo. After a mean follow-up 
period of 24 months, there was a 46 % mortality 
rate in the placebo group and a 35 % mortality 
rate in the spironolactone group  [  60  ] . The 
Eplerenone Post-Acute Myocardial Infarction 
Heart Failure Ef fi cacy and Survival Study 
(EPHESUS) trial demonstrated that eplerenone 
also signi fi cantly reduces mortality in post-myo-
cardial infarction (MI) patients with HF or diabe-
tes mellitus with LVEF  £ 40 %  [  61  ] . More 
recently, the Eplerenone in Mild Patients 
Hospitalization and Survival Study in Heart 
Failure (EMPHASIS-HF) trial studied epler-
enone in HF patients with LVEF  £ 30 % (or 
30–35 % if QRS duration  ³ 130 ms) with milder 
NYHA class II symptoms. In this population, 
aldosterone antagonism was also associated with 
improved survival  [  62  ] . 
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 Another class of medication utilized in RAAS 
blockade is angiotensin II type 1 receptor block-
ers (ARB). In the Valsartan Heart Failure Trial 
(Val-HeFT) study, valsartan signi fi cantly reduced 
the combined end point of mortality and morbid-
ity and improved clinical signs and symptoms in 
patients with heart failure compared to placebo. 
This difference was predominantly driven by a 
24 % reduction in the rate of HF hospitalizations, 
without a clear bene fi t for survival alone. 
However, the post hoc observation of an adverse 
effect on mortality and morbidity in the subgroup 
receiving combined valsartan, an angiotensin-
converting-enzyme (ACE) inhibitor, and a 
 b -blocker raised concern about the potential 
safety of this speci fi c combination  [  63  ] . 

 Candesartan in Heart Failure Assessment of 
Reduction in Mortality and Morbidity (CHARM) 
addressed whether the angiotensin-receptor 
blocker (ARB) candesartan improved outcomes in 
HF patients in two complementary parallel trials 
(CHARM-Alternative, for patients who could not 
tolerate ACE-I, and CHARM-Added, for patients 
who were receiving ACE-I). NYHA II–IV HF 
patients with LVEF of  £  V40 % were randomized 
to candesartan or placebo. The study drug was dis-
continued in CHARM-Alternative because of 
adverse effects in 23.1 % of patients in the cande-
sartan group and 18.8 % in the placebo group; the 
reasons included increased creatinine, hypoten-
sion, and hyperkalemia. The authors concluded 
that candesartan signi fi cantly reduces all-cause 
mortality, cardiovascular death, and heart failure 
hospitalizations in patients with HF and LVEF 
 £  F40 % when added to standard therapies includ-
ing ACE-I,  b -blockers, and an aldosterone antago-
nist. However, routine monitoring of blood 
pressure, serum creatinine, and serum potassium is 
warranted  [  64  ] . Thus, ARB are a reasonable alter-
native to ACE inhibitors as  fi rst-line agents for HF. 
ARB or ACE-I are useful to prevent HF in selected 
stage A and B patients, and candesartan can 
improve outcomes in patients with impaired car-
diac function who are intolerant of ACE-I  [  64  ] . 

 Other landmark trials including Evaluation of 
Losartan in the Elderly (ELITE II)  [  65  ] , Optimal 
Trial in Myocardial Infarction with the 
Angiotensin II Antagonist Losartan (OPTIMAAL) 

 [  66  ] , and Valsartan in Acute Myocardial Infarction 
(VALIANT)  [  67  ]  that have assessed ARB in 
comparison to ACE-I for treatment of HF have 
shown no clear bene fi t of one pharmacologic 
agent over the other for mortality in HF-REF 
patients. Studies that have looked at the addition 
of ARB to background therapy, including the 
aforementioned Val-HeFT  [  63  ] , CHARM-Added 
 [  68  ] , and VALIANT  [  67  ] , that already includes 
ACE-I have also not shown any clear bene fi t of 
ARB in addition to ACE-I in reducing mortality 
in HF-REF.  

    b -Adrenergic Blockade 

 The cornerstone of heart failure treatment is neu-
rohormonal blockade of the RAAS and adrener-
gic systems. According to the European 
guidelines, ACE inhibition is the  fi rst line of 
therapy, with the initiation of  b -blockers (BB) 
once the patient is clinically stable and ACE 
inhibitors have been optimized. This paradigm of 
treatment has resulted in some degree of contro-
versy, pertaining to whether adrenergic blockade 
should be the front-runner in medical therapy as 
opposed to ACE inhibition due to its greater 
impact on sudden death and its initial presence in 
the sequence of maladaptive neurohormonal 
activation  [  69  ] . 

 The Carvedilol and ACE-Inhibitor Remodeling 
Mild Heart Failure Evaluation (CARMEN) and 
the Cardiac Insuf fi ciency Bisoprolol Study 
(CIBIS) III studies challenged the concept of ACE 
inhibitors as  fi rst-line treatment in CHF. CARMEN 
explored the need for combined treatment of 
ACE-I and  b -blocker, as well as the order of intro-
duction of these therapies in HF patients with 
mild, chronic symptoms. They found that combi-
nation therapy is superior to ACE-I alone for left 
ventricular (LV) remodeling as assessed by LV 
end-systolic volume index on transthoracic 
echocardiography. When assessing whether intro-
duction of enalapril or carvedilol  fi rst had an 
impact on outcomes, they found that introduction 
of carvedilol  fi rst had a nonsigni fi cant trend toward 
bene fi t. The authors concluded that introduction 
of beta-blockade should not be delayed  [  70  ] . 
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CIBIS III was designed to assess the effectiveness 
of bisoprolol for 6 months followed by combina-
tion therapy with enalapril compared to enalapril 
for 6 months followed by combination therapy 
with bisoprolol. HF patients with stable mild to 
moderate symptoms demonstrated non-inferiority 
of initial initiation of bisoprolol or enalapril in 
only the intention-to-treat sample for a combined 
end point of all-cause mortality or hospitalization. 
However, there was notably more frequent HF 
events (de fi ned as requiring hospitalization or 
occurring in the hospital) observed in the biso-
prolol group  [  71  ] . As a result,  fi rst-line treatment 
with either ACE inhibitors or BB should be based 
on personalized medicine. 

 The Metoprolol CR/XL Randomised 
Intervention Trial in Congestive Heart Failure 
(MERIT-HF) study group investigated whether 
metoprolol succinate controlled release/extended 
release (CR/XL) once daily, in addition to stan-
dard therapy, would lower mortality in patients 
with decreased ejection fraction (EF) and HF 
symptoms. The study randomized approximately 
2,000 NYHA class II–VI patients with chronic 
HF and with LVEF  £ 40 % to either metoprolol 
succinate or placebo. All-cause mortality, sudden 
death, and death from worsening HF were lower 
in the metoprolol group  [  72  ] . 

 The CIBIS study group investigated the 
ef fi cacy of bisoprolol, a  b  

1
 -selective adrenocep-

tor blocker, in decreasing all-cause mortality in 
chronic HF. In a multicenter trial in Europe, they 
randomized 2,647 NYHA III–IV patients with 
LVEF  £ 35 % receiving standard therapy with 
diuretics and ACE-I to bisoprolol or placebo. 
CIBIS-II was stopped early because bisoprolol 
showed a signi fi cant mortality bene fi t. Treatment 
effects were independent of the severity or cause 
of heart failure. The authors concluded that 
 b -blocker therapy had bene fi ts for survival in 
stable heart failure patients  [  73  ] . 

 The Carvedilol Prospective Randomized 
Cumulative Survival (COPERNICUS) trial dem-
onstrated the bene fi cial effects of carvedilol, a 
mixed  b  

1
 -,  b  

2
 -, and  a  

1
 -blocker, on mortality in 

NYHA class IV patients with chronic HF, with 
reduction in 1-year mortality from 19.6 % to 
11 %, when compared to placebo. All subgroups 

including those with the most advanced HF 
showed the same bene fi cial direction of effect 
 [  74  ] . The Carvedilol or Metoprolol European 
Trial (COMET) reported a signi fi cant survival 
bene fi t for carvedilol when compared to meto-
prolol tartrate in patients with mild-to-severe 
chronic heart failure  [  75  ] . However, the implica-
tions of COMET are not fully clear, as critics 
have argued that the target dosing of metoprolol 
tartrate (50 mg twice daily) and carvedilol (25 mg 
twice daily) was not equivalent, with the carve-
dilol dose being substantially higher  [  76  ] . Further, 
others have argued that long-acting metoprolol 
succinate should have been directly compared to 
carvedilol rather than the shorter-acting meto-
prolol tartrate to achieve more steady-state 
 b -blockade over each 24-h period.  

   Oral Vasodilators 

 Hydralazine increases intracellular cyclic guanos-
ine monophosphate (cGMP) to promote smooth 
muscle relaxation, primarily in the arterioles with 
reduction in afterload. Nitrates act on the nitric 
oxide pathway to activate guanylate cyclase and 
increase cGMP, with predominant venodilation at 
low doses and vasodilation at higher doses. The 
original Vasodilator-Heart Failure Trial (V-HeFT) 
study randomized HF-REF patients who were on 
background digoxin and diuretic to receive addi-
tional therapy with placebo, prazosin ( a 1-blocker), 
or combination of isosorbide dinitrate-hydralazine 
(ISDN-HYD). They found that mortality was 
lower in the ISDN-HYD cohort compared to pla-
cebo at 2 years. Prazosin demonstrated no bene fi t 
compared to placebo. Thus, it appeared that ISDN-
HYD has potential bene fi t in chronic HF  [  77  ] . 
However, it should be kept in mind that these 
patients were not on a background therapy of 
ACE-I and  b -blockade. Subsequently, V-HeFT II 
randomized 804 patients to either ISDN-HYD or 
enalapril on background therapy of digoxin and 
diuretics. The study showed that enalapril resulted 
in signi fi cantly improved survival compared to 
ISDN-HYD in HF patients  [  78  ] . 

 However, there appeared to less bene fi t of 
ACE-I compared to ISDN-HYD in African 
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American patients in V-HeFT II. This led to the 
African American Heart Failure Trial (A-HeFT), 
which randomized 1,050 NYHA class III–VI HF 
patients self-described as African American to 
 fi xed-dose ISDN-HYD or placebo in addition to 
standard background therapy that included neu-
rohormonal blockade (including ACE-I, ARB, 
 b -blockers, aldosterone antagonists on the dis-
cretion of their regular physicians). The study 
was terminated early due to signi fi cantly 
improved survival in the ISDN-HYD arm. ISDN-
HYD was also associated with improved quality 
of life. This suggests that there are additional 
mechanisms of heart failure progression, perhaps 
decreased NO bioavailability not treated by stan-
dard neurohormonal blockade, which are favor-
ably impacted by combined ISDN-HYD  [  79  ] . 

 Pulmonary hypertension (PH) is present in 
68–78 % of patients with chronic severe LV sys-
tolic dysfunction (LVSD) and is commonly 
associated with right ventricular (RV) dysfunc-
tion. Pulmonary vascular resistance (PVR) and 
RV performance are important determinants of 
exercise capacity and prognosis in patients with 
LVSD. The hypothesis that sildena fi l, an effec-
tive therapy for pulmonary arterial hyperten-
sion, would lower PVR and improve exercise 
capacity in patients with HF complicated by PH 
was tested in a group of 34 symptomatic HF 
patients with PH. The patients were randomized 
to 12 weeks of treatment with sildena fi l (25–
75 mg orally three times daily) or placebo. 
Patients underwent cardiopulmonary exercise 
testing before and after treatment, with greater 
improvement in pVO 

2
  for the sildena fi l group. 

Sildena fi l reduced PVR and increased cardiac 
output with exercise without altering pulmonary 
capillary wedge or mean arterial pressure, heart 
rate, or systemic vascular resistance. The ability 
of sildena fi l to augment pVO 

2
  correlated directly 

with baseline resting PVR and indirectly with 
baseline resting right ventricular ejection frac-
tion (RVEF). Sildena fi l also improved 6-min 
walk distance and Minnesota Living with Heart 
Failure score. The sildena fi l cohort experienced 
fewer HF hospitalizations but had a higher inci-
dence of headache without incurring other seri-
ous adverse events. Thus, phosphodiesterase 5 

inhibition with sildena fi l may improve exercise 
capacity and quality of life in patients with sys-
tolic HF with secondary PH  [  80  ] .  

   Antiarrhythmic Therapy 

 Despite a steady decline in the risk of death from 
pump failure, many patients remain at high risk 
for sudden cardiac death (SCD). It accounts for 
one third to one half of the deaths in patients with 
HF  [  81  ] . Severity of HF is associated with higher 
overall mortality and higher rate of SCD  [  72  ] . 
Patients with HF are at risk of ventricular arrhyth-
mias, ranging from asymptomatic ventricular 
premature beats to sustained ventricular tachy-
cardia (VT) or ventricular  fi brillation (VF), which 
can develop into malignant form and can lead to 
SCD. Some studies have shown arrhythmias not 
to be the only cause of SCD  [  82  ] . Regardless, 
prevention of arrhythmias remains the key strat-
egy for reducing the risk of SCD. 

 Most clinical trials of implantable cardioverter/
de fi brillator (ICD) therapy have demonstrated the 
superiority of ICD to conventional medical therapy 
in reducing overall mortality. Most of the antiar-
rhythmic medications, along with their antiarrhyth-
mic effect, are associated with pro-arrhythmic 
effects limiting their use as an adjunct to the ICD 
therapy. Currently, the only antiarrhythmics consid-
ered safe for use in HF patients with ventricular 
arrhythmias are amiodarone and dofetilide. Early 
trials with amiodarone including the Grupo de 
Estudio de la Sobrevida en la Insu fi ciencia Cardiaca 
en Argentina (GESICA) trial  [  83  ]  found a signi fi cant 
bene fi t to mortality and SCD, while the Veterans 
Affairs Congestive HF Survival Trial of 
Antiarrhythmic Therapy (CHF-STAT) trial  [  84  ]  
found no bene fi t in terms of mortality or SCD. Thus, 
amiodarone is not routinely used in the absence of 
signi fi cant arrhythmias. Other studies have demon-
strated increased mortality with sotalol  [  85  ]  and 
dronedarone  [  86  ]  in HF-REF. Radiofrequency abla-
tion and surgical options can also be considered in 
selected patient populations. In patients with prior 
MI, the border zone of the infarct is frequently the 
site of the reentrant circuit, and these sites are often 
amenable to ablation. 
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 Since most HF patients receive  b -blocker 
therapy, some studies have shown that using 
 b -adrenergic blockers in patients with reduced 
systolic function and HF symptoms leads to 
signi fi cant reductions in overall mortality rates, 
which is in part related to reduced SCD. The 
reduced rate of SCD was 3.9 % versus 6.6 % in 
MERIT-HF  [  72  ]  and 3.6 % versus 6.3 % in 
CIBIS-II  [  73  ] .  

   Implantable Cardioverter/De fi brillator 

 Because of the survival bene fi t of ICDs as com-
pared with medical therapy, ICDs are the treat-
ment of choice for the primary and secondary 
prevention of malignant arrhythmias which lead 
to SCD. 

   Secondary Prevention 
 Based on the results of three major clinical trials: 
Cardiac Arrest Study Hamburg (CASH)  [  87  ] , 
Canadian Implantable De fi brillator Study (CIDS) 
 [  88  ] , and The Antiarrhythmics Versus Implantable 
De fi brillators (AVID)  [  89  ] , which compared ICD 
to pharmacologic therapy in SCD survivors and 
other high-risk patients with sustained VT, 
patients who have survived SCD or had sustained 
VT are recommended to get an ICD because of 
their high risk for the development of malignant 
arrhythmia and SCD. Similarly, all patients who 
have syncope with either spontaneous or induced 
sustained VT also should get an ICD. It is unclear 
whether all patients with unexplained syncope 
should undergo ICD placement. According to the 
Heart Rhythm Society guidelines, ICD implanta-
tion is recommended if there is signi fi cant LV 
dysfunction due to non-ischemic cardiomyopa-
thy in patients with unexplained syncope  [  90  ] . 
On the other hand, patients with ischemic cardio-
myopathy and LV dysfunction (LVEF  £ 30 %) 
qualify for an ICD even in the absence of syn-
cope  [  91  ] .  

   Primary Prevention 
 In asymptomatic patients, there is a mortality 
bene fi t with prophylactic use of ICD therapy. 
Multicenter Automatic De fi brillator Implantation 

Trial (MADIT) I was the  fi rst trial to show that an 
ICD has a role in primary prevention of SCD. 
However, the trial enrolled a subselective cohort 
of patients with prior MI, nonsustained VT, LVEF 
 £ 35 %, and inducible sustained monomorphic 
VT  [  91  ] . The Multicenter Unsustained 
Tachycardia Trial (MUSTT) trial showed that 
patients with prior MI, asymptomatic nonsus-
tained VT, LVEF  £ 40 %, and inducible sustained 
VT had reduced sudden cardiac death with ICD 
implantation for primary prevention  [  92  ] . MADIT 
II was subsequently carried out to expand the 
population compared to earlier studies, enrolling 
patients with LVEF  £ 30 % more than 30 days 
post-MI. Unlike the earlier studies, electrophysi-
ologic testing and presence of nonsustained VT 
were not required for enrollment. Patients were 
randomized to ICD or medical therapy, with the 
trial terminated early due to signi fi cant reduction 
in all-cause mortality for the ICD cohort, due to 
reduction in sudden cardiac death  [  93  ] . 

 The Sudden Cardiac Death in Heart Failure 
(SCD-HeFT) trial included all HF patients with 
LVEF  £ 35 % and NYHA class II–III, regardless 
of ischemic or non-ischemic etiology. Patients 
were randomized to either ICD implantation, 
amiodarone, or placebo. At 5 years, mortality 
was signi fi cantly improved with ICD therapy in 
both ischemic and non-ischemic cardiomyopa-
thy. Amiodarone had no impact on survival  [  94  ] . 
The decision to use ICD therapy in asymptomatic 
patients with non-ischemic cardiomyopathy can 
be challenging. Different risk prediction methods 
(e.g., microvolt T-wave alternans)  [  95  ]  have been 
used to predict the risk of arrhythmia, without the 
identi fi cation of any clear risk strati fi ers. Some 
patients might die because of arrhythmia despite 
ICD therapy, which may be related to heart fail-
ure severity or frequency of appropriate and inap-
propriate shocks received from ICD versus no 
shocks, as was demonstrated from the SCD-HeFT 
trial results  [  96  ] . 

 The most recent AHA/ACC guidelines  [  97  ]  
for primary prevention with ICD recommend 
implantation for (1) LVEF  £ 35 % due to prior 
MI, who are at least 40 days post-MI and NYHA 
class II–III; (2) LVEF  £ 35 % in non-ischemic 
dilated cardiomyopathy who are NYHA class 
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II–III; (3) LVEF  £ 30 % due to prior MI, who are 
at least 40 days post-MI and NYHA class I; and 
(4) LVEF  £ 40 % due to prior MI, with nonsus-
tained VT and inducible VF or VT at electro-
physiological study.   

   Cardiac Resynchronization Therapy 
(CRT) 

 A growing body of evidence suggests that the use 
of implantable devices to resynchronize ventricu-
lar contraction may be a bene fi cial adjunct in the 
treatment of chronic heart failure. One third of 
patients with chronic heart failure have electro-
cardiographic evidence of a major intraventricu-
lar conduction delay, which may worsen left 
ventricular systolic dysfunction through asyn-
chronous ventricular contraction. Uncontrolled 
studies suggest that multisite biventricular pacing 
improves hemodynamics and well-being by 
reducing ventricular asynchrony. 

    The Multisite Stimulation in Cardiomyopathies 
(MUSTIC) trial showed that CRT in NYHA class 
III HF-REF patients with QRS  ³ 150 ms resulted 
in improvement in 6-min walk distance, quality 
of life, and pVO 

2
 , with reduced hospitalizations 

 [  98  ] . In the Multicenter InSync Randomized 
Clinical Evaluation (MIRACLE) trial, patients 
with NYHA class III-IV HF from either ischemic 
or non-ischemic cardiomyopathy, LVEF  £ 35 %, 
LVEDD  ³ 55 mm, and QRS duration of  ³ 130 ms 
were randomized to CRT or conventional ther-
apy. Patients randomized to CRT had an improve-
ment in 6-min walk distance, quality of life, 
functional class, time on treadmill during exer-
cise testing, and ejection fraction. Further, CRT 
reduced hospitalization compared to control  [  99  ] . 
The Comparison of Medical Therapy, Pacing, 
and De fi brillation in Chronic Heart Failure 
(COMPANION) trial randomized NYHA class 
III–IV patients with LVEF  £ 35 % and QRS 
 ³ 120 ms to receive optimal pharmacologic ther-
apy (diuretics, ACE-I,  b -blockers, and spironolac-
tone) alone or in combination with CRT with 
either a pacemaker or a pacemaker-de fi brillator. 
CRT with either pacemaker or pacemaker-
de fi brillator resulted in reduction of the primary 
end point of time to all-cause mortality or 

 hospitalization by 34 % and 40 %,  respectively, 
when compared to pharmacologic-only therapy. 
The authors concluded that CRT decreases the 
combined risk of death from any cause or  fi rst 
hospitalization and, when combined with an ICD, 
signi fi cantly reduces mortality  [  100  ] . The Cardiac 
Resynchronization Heart Failure (CARE-HF) 
study randomized patients with NYHA class 
III–IV HF, LVEF  £ 35 %, and cardiac dyssyn-
chrony to CRT or standard pharmacologic ther-
apy. CRT reduced time to all-cause mortality or 
cardiovascular hospitalization  [  37  ] , with reduc-
tion in mortality that persisted to an extended 
follow-up of 38 months  [  101  ] . Further, CRT 
reduced the interventricular mechanical delay, 
the end-systolic volume index, and the area of the 
mitral regurgitant jet; increased the LVEF; and 
improved symptoms and the quality of life. The 
authors concluded that in patients with heart fail-
ure and cardiac dyssynchrony, cardiac resynchro-
nization improves symptoms and the quality of 
life as well as reducing complications and the 
risk of death. The bene fi cial effects of CRT in this 
group of patients were impressive, considering 
that these patients were receiving optimal medi-
cal therapy with diuretics,  b -blockers, spironolac-
tone, ACE-I, or ARB at the time of enrollment. 
The results showed that for every nine devices 
implanted, one death and three hospital stays 
were prevented  [  37  ] . 

 Other studies have explored the use of CRT in 
patients with milder HF symptoms. 
Resynchronization Reverses Remodeling in 
Systolic Left Ventricular Dysfunction (REVERSE) 
demonstrated that in NYHA class I–II symptoms 
with LVEF  £ 40 % and QRS  ³ 120 ms, CRT resulted 
in a reduction in HF hospitalization, with improve-
ment of ventricular structure and function. However, 
the REVERSE study did not examine the impact of 
CRT on mortality in these patients with milder HF 
symptoms  [  102  ] . The Resynchronization-
De fi brillation for Ambulatory Heart Failure Trial 
(RAFT) randomized patients with NYHA class 
II–III HF, with LVEF  £ 30 %, intrinsic QRS 
 ³ 120 ms, or paced QRS  ³ 200 ms to ICD alone 
compared to ICD plus CRT. With CRT, there was a 
reduction in a combined end point all-cause mortal-
ity or HF hospitalization. Independently, there was 
a reduction in mortality alone. However, there was 
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increased rate of device-related complications in 
the CRT cohort  [  103  ] . The recent MADIT-CRT 
trial explored the use of CRT in patients with 
NYHA class I–II HF, LVEF  £ 30 %, and QRS 
 ³ 130 ms, showing a reduction in a composite of 
all-cause mortality and nonfatal HF event, but was 
predominantly driven by a 41 % reduction in risk of 
HF events. There was no difference in risk of death 
alone  [  104  ] . The 2012 AHA/ACC class I recom-
mendation for CRT includes patients with LVEF 
 £ 35 %, sinus rhythm, left bundle branch block 
(LBBB) morphology with QRS  ³ 150 ms, and 
NYHA class II–IV symptoms. Class IIa indications 
include expanded criteria including LBBB with 
QRS duration of 120–149 ms, non-LBBB with 
QRS  ³ 150 ms, and in patients with atrial  fi brillation 
if they require ventricular pacing  [  105  ] . 

 After CRT implantation, optimization may 
be considered. Mullens and colleagues evalu-
ated 75 ambulatory patients with CRT with per-
sistent advanced HF symptoms and/or adverse 
reverse remodeling referred for CRT optimiza-
tion. Eighty-eight percent of patients had 
signi fi cantly better echocardiographic indexes 
of LV  fi lling and LV ejection with optimal set-
ting of their CRT compared with VVI (ventricu-
lar pacing, ventricular sensing, inhibition) 
setting. Most patients had identi fi able reasons 
for suboptimal response, including inadequate 
device settings (47 %), suboptimal medical 
treatment (32 %), arrhythmias (32 %), inappro-
priate lead position (21 %), or lack of baseline 
dyssynchrony (9 %). Device settings or thera-
pies were modi fi ed in 74 % of cases, with a 
decrease in adverse events  [  106  ] . 

 Other studies have sought to determine the 
effects of CRT on quality of life (QoL). CARE-HF 
showed that CRT improved QoL (measured with 
European Quality of Life-5 Dimensions and 
Minnesota Living with Heart Failure question-
naires) at each timepoint of 3 months, 18 months, 
and study-end with median follow-up of 
29.6 months, mostly due to improved physical 
functioning. Thus, CRT improves QoL with sus-
tained effects  [  107  ] . 

 Further studies have examined the impact of 
CRT on patients with narrower QRS than the stan-
dard criteria. The evaluation of CRT in  narrow QRS 

patients with mechanical  dyssynchrony from a 
 multicenter study (ESTEEM-CRT) trial evaluated 
CRT in patients with QRS  £ 120 ms, NYHA class 
III, LVEF  £ 35 %, and mechanical dyssynchrony 
(standard deviation of time to peak velocity of 12 
segments more than 28.7 ms) as a multicenter, non-
randomized, unblinded feasibility trial to determine 
the effects CRT in this population. Patients with 
CRT had improvement in QoL and NYHA func-
tional class at 6 months. There was no improvement 
in pVO 

2
 , LVEF, left ventricular end-systolic volume 

(LVESV), and left ventricular end-diastolic volume 
(LVEDV). Mechanical dyssynchrony remained 
unchanged  [  108  ] . One important limitation of this 
study was the nonblinded single arm design, sug-
gesting that symptom improvement may have been 
related to a placebo effect. 

 The Cardiac Resynchronization Therapy in 
Patients with Heart Failure and Narrow QRS 
(RethinQ) study sought to determine if CRT 
bene fi ts individuals with QRS  £ 130 ms. They 
randomized 172 NYHA class III HF patients 
with LVEF  £ 35 %, QRS  £ 130 ms, and evidence 
of mechanical dyssynchrony on echocardiogra-
phy undergoing ICD to either CRT or no CRT, 
with a primary end point of increase in pVO 

2
  of 

1.0 cc/kg/min by cardiopulmonary testing at 
6 months. They found that there was no differ-
ence with CRT in the total cohort. In a subcohort 
of individuals with QRS  ³ 120 ms, there was 
apparent bene fi t with CRT. CRT does not appear 
to result in improvement in pVO 

2
  in HF patients 

with narrow QRS intervals  [  109  ] . It is estimated, 
however, that approximately 15 % of patients 
with CHF meet the current indications for CRT. 
Moreover, clinical trials have demonstrated that 
approximately 30–40 % of these patients are con-
sidered nonresponders clinically or based on 
echocardiographic remodeling  [  110  ] . Therefore, 
the actual number of patients who bene fi t from 
CRT is quite small relative to that of the entire 
CHF patient population. 

 ESTEEM-CRT and RethinQ suggest that per-
haps echocardiographic tissue Doppler failed to 
identify patients who would respond to CRT with 
a narrow QRS and mechanical dyssynchrony or 
that this patient population does not actually 
bene fi t from CRT. Interestingly, when baseline 
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 characteristics are compared between the 
ESTEEM-CRT and RethinQ patient populations, 
it is evident that the patients in the RethinQ study 
appeared to be more sick with a lower baseline 
peak VO 

2
  and larger LVESV and LVEDV. In 

addition, there was a higher percentage of non-
ischemic patients in the RethinQ patient popula-
tion as compared with that of the ESTEEM-CRT. 
Regardless, neither trial identi fi ed patients with a 
narrow QRS and echocardiographic evidence of 
dyssynchrony who bene fi ted from CRT. In light 
of these data, the question remains whether or 
not tissue Doppler is the appropriate diagnostic 
tool for identifying dyssynchrony in this patient 
population or whether it is a technology search-
ing for an application. It has been suggested that 
“Until other technologies for evaluating mechan-
ical dyssynchrony emerge and demonstrate 
ef fi cacy in large-scale randomized clinical trials, 
patients with narrow QRS should not receive 
CRT”  [  111  ] .   

   Surgical Management of Heart Failure 

   Coronary Revascularization Therapy 

 High-risk revascularization may constitute the 
treatment of choice in the subgroup of advanced 
HF patients with ischemic cardiomyopathy, 
LVEF  £ 35 %, viable myocardium, and vessels 
suitable for grafting. Different trials have sug-
gested the bene fi t of revascularization in advanced 
heart failure if angina  [  112–  117  ]  is present. There 
are several key questions in the management of 
patients with symptomatic heart failure, left ven-
tricular dysfunction, and coronary artery disease 
(CAD) amenable to coronary artery bypass graft-
ing (CABG):

   Does surgical coronary revascularization in • 
addition to aggressive medical management 
confer long-term mortality, morbidity, QoL, 
or cost bene fi t beyond aggressive medical 
management alone?  
  Does surgical ventricular shape restoration in • 
combination with CABG improve outcome 
compared to coronary revascularization alone 
and medical therapy alone  [  118  ] ?    

 To assess the effect of CABG on future risk of 
death in patients with HF-REF, mortality and 
modes of death in 5,410 patients with ischemic 
LV dysfunction from the Studies of Left 
Ventricular Dysfunction (SOLVD) trials were 
retrospectively evaluated. Outcomes of patients 
with and without prior CABG were compared, 
and strati fi cation by baseline LVEF ( £ 0.25, 0.25–
0.30, and  ³ 0.30 %) was performed. Prior CABG 
was associated with a 25 % reduction in risk of 
death and a 46 % reduction in risk of sudden 
death independent of LVEF and severity of symp-
toms  [  119  ] . The Veteran Affairs Cooperative 
Study of Surgery and the Coronary Artery Surgery 
Study (CASS) con fi rmed these  fi ndings, showing 
a higher survival rate in HF-REF after CABG 
compared to medical therapy  [  120  ] . The bene fi ts 
appear to be transient and last shorter than 
11 years, with bene fi t diminished after graft clo-
sure. Low-risk patients had no survival bene fi t 
with CABG  [  121  ] . 

 The Surgical Treatment of Ischemic Heart 
Failure (STICH) trial was an international ran-
domized controlled clinical trial evaluating the 
use of CABG on heart failure patients with CAD 
 [  122  ] . In the primary study, 1,212 patients with 
LVEF  £ 35 % were randomized to CABG com-
pared to medical therapy alone. Over a median 
follow-up of 56 months, there was no signi fi cant 
difference between CABG compared to medical 
therapy alone for all-cause mortality (HR 0.86, 
95 % CI: 0.72–1.04,  p  = 0.12). Secondary out-
comes appeared to favor CABG compared to 
medical therapy alone, including cardiovascular 
mortality. There was signi fi cant crossover of the 
study groups, with 17 % of the medical group 
receiving CABG and 9 % of patients assigned to 
CABG not undergoing surgery. An as-treated 
analysis showed an apparent bene fi t of CABG 
compared to medical therapy alone at 1 year 
( p   £  0.001)  [  122  ] . 

 Recent studies have con fi rmed that CABG on 
patients with severely depressed LVEF gave a 
satisfactory survival rate, approaching that of 
cardiac transplantation. Selection of patients for 
high-risk myocardial revascularization involves 
considerations about potential systemic comor-
bidities like chronic pulmonary disease, renal 
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failure requiring dialysis, cancer, or severe 
advanced diabetes. Myocardial dysfunction in 
patients with ischemic cardiomyopathy may be 
due to impaired blood  fl ow leading to oxygen 
supply/demand imbalance. This condition can 
result in myocardial stunning and/or hibernation 
(which may be reversible after CABG) or scarring. 
Myocardial stunning follows an acute episode of 
cardiac ischemia and leads to reversible reduced 
systolic and diastolic function. Hibernation was 
described in the late 1980s, and is characterized 
by decreased myocardial function concomitant 
with a reduction in blood supply. The identi fi cation 
of viable myocardium usually allows con fi rmation 
of contractile reserve, preserved metabolic  activity, 
and myocyte membrane integrity and is associ-
ated with convincing improvements in left ven-
tricular function after coronary revascularization. 
The techniques employed to identify the pres-
ence of hibernation include positron emission 
tomography (PET) with  fl uorodeoxyglucose 
(FDG), which is limited by its high costs and 
availability. Myocardial viability can be demon-
strated by dobutamine stress echocardiography 
and by its predictive biphasic response, charac-
terized by an initial improvement in myocardial 
contractility at low doses of dobutamine infusion, 
followed by a decrease at high doses. Nevertheless, 
the most promising imaging technique seems to 
be magnetic resonance with gadolinium enhance-
ment because it can reveal scar or viable muscle. 
Both hibernating and stunned myocardium con-
tribute to progressive systolic dysfunction, 
remodeling, and the development of HF. 
Rahimtoola et al.  [  123  ]  have recently suggested a 
unifying concept of hibernation and remodeling 
with emphasis on the importance of early revas-
cularization. In fact, remodeling appears to prog-
ress over time, and the ability to reverse the 
process may be time-sensitive  [  124  ] . 

 It has long been suggested that if no viable 
myocardium is present, the prospect of improve-
ment with revascularization is reduced and, thus, 
cardiac transplantation should be considered for 
appropriate candidates  [  125–  128  ] . Recently, a 
substudy from the STICH trial assessed the impact 
of myocardial viability on outcomes after CABG 
versus medical therapy for ischemic heart disease 

in 601 HF-REF patients who underwent viability 
testing with either single photon emission com-
puted tomography (SPECT) or dobutamine 
echocardiography at the discretion of the recruit-
ing investigators. It demonstrated that viability at 
baseline did not appear to be associated with all-
cause mortality over 5 years and had no interaction 
with the effectiveness of CABG or medical ther-
apy. The presence of viability did not identify 
patients with differential survival from CABG 
compared to medical therapy  [  129  ] . The STICH 
viability substudy must be interpreted with caution 
due to the loss of true randomization as a subco-
hort and the fact that the main STICH study had a 
negative end point, making any further analyses 
exploratory. Also, the interpretation may either be 
that viability is not associated with improved sur-
vival after CABG but can also be viewed that the 
lack of viability should not exclude CABG.  

   Mitral Valve Repair 

 Severe mitral regurgitation (MR) is a frequent 
complication of end-stage cardiomyopathy that 
contributes to HF and predicts a poor survival. A 
group at University of Michigan, Ann Arbor, 
studied the intermediate-term outcome of mitral 
reconstruction in 48 NYHA class III–IV patients 
with severe 4+ mitral regurgitation (LVEF 
16 % ± 3 %) who underwent annuloplasty with 
improvement to mild MR in 7 and no MR in 41 
patients. One- and two-year actuarial survivals 
were 82 % and 71 %. HF hospitalizations post-
MR repair decreased, NYHA functional class 
improved, and LV volume and sphericity 
decreased, while LVEF and cardiac output 
increased  [  130  ] .    Another group explored the out-
comes in a series of 40 patients with LVEF  £ 35 % 
and moderate to severe secondary MR who 
underwent mitral valve replacement or repair. 
   They found that at mean follow-up of 
50 + 34 months, patients had improved NYHA 
class and improved LVEF, without any difference 
in survival after mitral valve repair or replace-
ment and with no difference in mortality com-
pared to age- and period-matched controls who 
underwent cardiac transplantation instead  [  131  ] .  
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   Ventricular Reconstruction 

 There has been signi fi cant interest in ventricular 
reconstruction, with the theory that improving 
LV geometry will theoretically improve function 
and may translate to better outcomes. Surgical 
anterior ventricular endocardial restoration 
(SAVER) involves the exclusion of noncontract-
ing segments in the dilated remodeled LV after 
anterior myocardial infarction. An international 
study was performed, with 439 patients undergo-
ing SAVER and followed for 18 months. 
Concomitant procedures included CABG in 
89 %, mitral valve repair in 22 %, and mitral 
valve replacement in 4 % of patients. After 
SAVER, there was improvement in LVEF and 
reduction in LV end-systolic volume index. 
In-hospital mortality was 6.6 %, with 18-month 
survival of 84 % in the total cohort  [  132  ] . 

 A study at the Cleveland Clinic followed the 
echocardiographic changes and functional out-
come from mitral valve repair combined with 
partial left ventriculectomy (the Batista proce-
dure) in 57 patients, primarily (95 %) transplant 
candidates with idiopathic dilated cardiomyopa-
thy. Forty percent of patients were hospitalized 
on inotropes, with all patients previously NYHA 
class IV (36.8 % improved to class III by time of 
surgery). At 3 months, there was improvement in 
LV  end- diastolic diameter (from 8.1 ± 1.0 cm to 
6.3 ± 0.9 cm), LVEF (from 13.6 ± 6 % to 23 ± 
7.7%), improvement in NYHA functional class, 
and improved pVO 

2
 . Actuarial survival at 1 year 

was 82.1 %, and freedom from death, relisting 
for transplantation, and need for LVAD support 
was 58 %  [  133  ] . 

 The Reconstructive Endoventricular Surgery 
Returning Torsion Original Radius Elliptical 
Shape (RESTORE) to the LV study tested how 
surgical ventricular restoration affects early and 
late survival in a registry of 1,198 post-anterior 
infarction HF patients with LVEF  £ 35 % between 
1998 and 2003. Concomitant procedures included 
CABG in 95 %, mitral valve repair in 22 %, and 
mitral valve replacement in 1 %. LVEF improved 
from 29.6 ± 11.0 % preoperatively to 39.5 ± 12.3 % 
postoperatively ( p   £  0.001), and NYHA func-
tional class also improved in the majority of 

patients. Overall 30-day survival was 94.7 %, 
and 5-year survival was 68.6 %. Based on these 
results, it was felt that surgical ventricular 
 restoration improves LV function  [  134  ] . 

 In a substudy of the previously mentioned 
STICH trial, the use of surgical ventricular recon-
struction in addition to CABG compared to 
CABG alone was examined  [  135  ] . They found 
that patients undergoing CABG with surgical 
ventricular reconstruction had a reduction in 
19 % of end-systolic volume index, while those 
undergoing CABG alone had a decrease of 6 % in 
end-systolic volume index ( p  < 0.001). However, 
there was no signi fi cant difference in the primary 
outcome of all-cause mortality or cardiac hospi-
talization ( p  = 0.90). Symptoms of patients in 
each treatment arm were followed, and patients 
in both groups had improvement of 1.7 CCS 
angina class ( p  = 0.84) and approximately 1 
NYHA HF class ( p  = 0.70). There was also no 
signi fi cant difference in median distance by 
6-min walk test ( p  = 0.80). Thus, even though sur-
gical vascular reconstruction appeared to reduce 
LV volume, this did not translate to clinically 
meaningful outcomes  [  135  ] .  

   Mechanical Circulatory Support Device 
Implantation 

 Recompensation after development of advanced 
HF includes appropriate neurohormonal block-
ade. Speci fi cally, targets include the adrenergic 
system, RAAS, antidiuretic hormone system, and 
the atrial natriuretic peptide system, which are 
chronically activated in increasing stages of 
advanced heart failure. If a patient is deemed 
unsuccessfully recompensated despite maximal 
tolerated medical therapy, revascularization, and 
CRT, then one needs to risk stratify the patient for 
possible urgent heart transplant or MCSD. 

 Risk strati fi cation of patients with end-stage 
congestive heart failure is a critical component of 
the selection process in identifying the best treat-
ment for a given patient. For example, for patients 
with refractory HF, the choice between optimal 
medical therapy, heart transplantation, and 
chronic mechanical circulatory support has to be 
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made. Accurate identi fi cation of  individuals most 
likely to survive without a transplant would facil-
itate more ef fi cient use of scarce donor organs. 

 Advanced heart failure therapy with MCSD is 
currently being practiced in approximately 200 
selected hospitals out of  ³ 3,000 in the USA alone. 
In order to provide equitable and high-quality 
access to MCSD therapy, a referral network has 
to be in place. This network requires a structure 
similar to the referral network for heart trans-
plantation and includes the local general practi-
tioner, internist and cardiologist, the local and 
regional hospital, and the tertiary care center. The 
referral is often initiated by the local or regional 
colleagues who are taking care of a patient at a 
stage of the advanced heart failure syndrome that 
is not suf fi ciently responsive to medical therapy. 
Upon contacting the tertiary care center, patient 
history information is shared between the two 
hospitals. If the patient is deemed to likely bene fi t 
from evaluation for mechanical circulatory sup-
port, the transfer is initiated. 

   Advanced Heart Failure Transfer 
Decision Making 
 The decision of a local center to ask for transfer 
of a patient to a center providing MCSD therapy 
or cardiac transplant is followed by an evaluation 
and decision of the accepting MCSD/cardiac 
transplant center. This evaluation is critically 
important. A transfer is in the interest of a patient 
who has a higher chance of longevity and good 
quality of life with more advanced therapies but 
not for a patient who is either too well or too ill 
for these potential options.  

   Tertiary Center Outreach Team 
 The MCSD/cardiac transplant center may orga-
nize an outreach team on call. This team can per-
form the evaluation in the transfer-requesting 
hospital. This approach is advantageous for (1) 
the patient (minimizing unnecessary transfers), 
(2) the transferring hospital (maximizing educa-
tional decision-making experience), and (3) the 
MCSD/cardiac transplant center (minimizing 
medically unnecessary resource consumption 
and maximizing networking in the region).  

   Decision-Making Algorithm 
 The decision-making algorithm is initiated when 
the patient is referred for evaluation into an estab-
lished MCSD/cardiac transplant center  [  136–  139  ] . 
Referral takes place to a designated center when 
the treating cardiologist or internist has exhausted 
all lifestyle and medical options without success in 
the setting of decompensation and progression of 
advanced heart failure (AHF), a phase known to be 
associated with a high risk of death. Anytime dur-
ing management, if a patient is felt to be too end 
stage to bene fi t from any of the modern therapies 
because of multiorgan failure or other comorbidi-
ties, there should be ongoing discussions regarding 
comfort care as a way to facilitate a humane form 
of death instead of prolongation of suffering  [  13,   14  ] . 
A structured management algorithm should be 
applied to recompensate the patient and initiate 
neurohormonal blockade and lifestyle changes, or 
if recompensation cannot be achieved and the 
patient is not a suitable candidate for cardiac trans-
plantation, destination MCSD therapy should be 
considered.    In 2005, the International Society 
Heart Lung Transplantation (ISHLT) organized a 
consensus conference to provide clinical evidence 
and expert opinion and experience-based guide-
lines for consideration of MCSD implantation 
 [  26  ] . More recently in 2013, ISHLT released an 
executive summary for the use of mechanical cir-
culatory support devices  [  140  ] . Care must be taken 
in MCSD-centers to adhere to evidence-based des-
tination-MCSD-implantation guidelines and not to 
inadvertently drift to other patient-selection crite-
ria, either patients who are less sick or patients who 
are sicker than the original Randomized Evaluation 
of Mechanical Assistance for the Treatment of 
Congestive Heart Failure (REMATCH) cohort and 
therefore would have a survival/QoL bene fi t that 
would be dif fi cult to predict  [  6  ]  (see Fig.  2.2 ).   

   Patient Selection for MCSD 

 Despite the potential for explosive growth for 
MCSD in the future with the aging population, 
there are no de fi nitive patient-selection criteria 
for ventricular assist device (VAD) use. Patient 
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selection must take into account the (1) appropri-
ateness for device therapy based on patient con-
dition and (2) risk to the patient. 

 The landmark REMATCH trial randomized 
patients with NYHA class IV HF on maximal 
medical therapy for 90 days, LVEF  £ 25 %, and 
with pVO 

2
   £ 12 mL/kg/min (later expanded to 14) 

who were ineligible for cardiac transplantation to 
a pulsatile,  fi rst-generation LVAD compared to 
optimal medical management. LVAD implanta-
tion signi fi cantly improved survival compared to 
medical therapy (relative risk 0.52 with 95 % 
con fi dence interval of 0.34–0.78;  p  = 0.001). 
Quality of life was also improved in the LVAD 
group  [  141  ] . 

 Given this clear bene fi t in the selective 
REMATCH cohort, it could be suggested that 
this population should be eligible for LVAD. 
However, this excludes a large proportion of 
patients with advanced HF, including those who 
are functionally better than NYHA class IV, 
LVEF better than 25 %, or who are not yet 
excluded from transplant candidacy. Despite this 
gap, no consensus guidelines for MCSD or VAD 
candidacy have been established  [  142  ] . Rather, 
patients continue to be evaluated for VAD implan-
tation across most centers in the USA on a case-
by-case basis. Typical inclusion criteria include 
patients unable to be weaned from inotropic sup-
port, who develop intolerance to medical thera-
pies, have poor functional capacity, and cannot 
be restored to a reasonable NYHA class despite 
maximal medical therapy. 

 More recent studies with MCSD have been 
aimed at newer generations of VAD and  development 
of the total arti fi cial heart (TAH). For example, it 
was demonstrated that the Heartmate II (Thoratec 
Corporation, Pleasanton, CA), a second-genera-
tion continuous- fl ow VAD, can be successfully 
utilized for hemodynamic support as a bridge to 
cardiac transplantation  [  143  ]  and that it appears to 
improve survival free from disabling stroke and 
reoperation, as well as actuarial survival rates, at 
2 years as compared to the  fi rst-generation pulsa-
tile devices  [  144  ] . It has also been demonstrated 
that TAH may be a viable alternative to patients as 
a bridge to transplant in critically ill patients with 
biventricular failure  [  145  ] . 

 The centers for Medicare and Medicaid ser-
vices (CMS) have requirements in place for reim-
bursement for MCSD. However, criteria for VAD 
use in the post-cardiotomy setting or as bridge to 
cardiac transplantation are not well de fi ned. For 
destination therapy, current CMS criteria mirror 
the inclusion criteria from the REMATCH trial 
 [  81  ] . A recent review by Wilson et al. tackles this 
problem and includes an extensive list of indica-
tions, relative contraindications, and absolute 
contraindications to VAD implantation  [  142  ] . 
The recommendations incorporate a combination 
of REMATCH inclusion criteria, CMS reim-
bursement requirements, case series, anecdotal 
reports, published literature, and experience from 
general clinical practice.   

   Heart Transplantation 

 Based on the initial evaluation and failure of rec-
ompensation measures, a patient may be desig-
nated as a “potential transplant candidate,” who 
could be placed on a national “potential trans-
plant candidate list.” This algorithm combines 
the psychological bene fi t for the patient of being 
accepted by the program with an ongoing open-
ness to a diversity of advanced HF treatment 
modalities, not committing to transplantation as 
the only therapeutic option. If the initial evalua-
tion reveals hemodynamic instability and there-
fore cardiac transplant evaluation and listing is 
completed, follow-up may still lead to stabiliza-
tion without transplantation enabling delisting in 
individual cases.      
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         Introduction 

 Coronary artery disease (CAD) is becoming the 
dominant cause of heart failure  [  1  ] . Coronary 
artery bypass grafting (CABG) has only recently 
been more broadly utilized to address this popu-
lation. There are only two studies comparing 
medical therapy to CABG in patients with isch-
emic cardiomyopathy, the Coronary Artery 
Surgery Study (CASS)  [  2  ]  and the Surgical 
Treatment of Congestive Heart Failure (STICH) 
trial Hypothesis I  [  3  ] . In the CASS    study, only 
patients with three-vessel disease bene fi ted 
CABG over medical therapy demonstrated at 
7 years of follow-up. This is a study performed in 
the 1980s with limited practical relevance today. 
The recently published STICH Hypothesis I data 
showed there was no signi fi cant difference 
between medical therapy alone and medical ther-
apy plus CABG with respect to the primary end 
point of death from any cause.    However, patients 
assigned to CABG, as compared with those 
assigned to medical therapy alone, had lower 
rates of death from cardiovascular causes and of 
death from any cause or hospitalization for car-
diovascular causes  [  3  ] . 

 Other smaller series and single center studies 
add to the increasing evidence supporting this 
therapeutic option as bene fi cial to our patients 
both for survival bene fi t and symptom relief for 
those having chronic CAD and left ventricular 
(LV) dysfunction with viable myocardium  [  4  ] . 
The surgical techniques whether performed off 
pump, pump assisted, or with the heart cross 
clamped can all be performed successfully with-
out clear bene fi t from one technique over another. 
Several important patient and anatomic factors 
must be assessed prior to determining the appro-
priateness of an individual for this therapy.  

   “Stunned” Versus “Hibernating” 
Myocardium 

 “Stunned” myocardium occurs as a sequela to an 
acute ischemic insult and the associated regional 
dysfunction from in fl ammation despite adequate 
perfusion (can be remote myocardium) or as part 
of reperfusion. This is largely a reversible process 
as the in fl ammatory process abates and is associ-
ated with adequate perfusion leading to a perfu-
sion-contraction mismatch  [  5  ] . Revascularization, 
if needed, can be performed safely with “stunned” 
myocardium, though patients may bene fi t from an 
interval recovery phase prior to surgery pending 
the size of the infarct  [  6  ] . Short-term mechanical 
circulatory support may be required in some of 
these patients to maintain end-organ function as 
well as facilitate some myocardial recovery with 
ventricular unloading prior to revascularization. 
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 “Hibernating” myocardium is a decrease of 
myocardial contractility and metabolism due to 
sustained hypoperfusion of the myocyte. 
Hibernating myocardium requires the restoration 
of a normal blood supply for an improvement in 
contractile function; global increases in left ven-
tricular ejection fraction (LVEF) following 
CABG may be seen in as many as 40 % of patients 
with ischemic cardiomyopathy  [  7  ] . Chronic 
hypoperfusion may convert hibernating myocar-
dium into dedifferentiated myocytes as well as 
 fi brosis. Revascularization can be bene fi cial dur-
ing the window where myocardial function may 
be restored. Identifying this window can be prob-
lematic. The information below draws largely on 
the growing body of nonrandomized studies 
evaluating ef fi cacy of various techniques to quan-
tify myocardial viability pre- and post-revascu-
larization to help develop a strategy for patient 
selection and treatment.  

   Anatomic 

 Determining myocardial viability and functional 
myocardial recovery corresponding to coronary 
anatomy that is amenable to revascularization is 
the key to patient selection. Though conceptually 
obvious, the tools for this execution have vari-
able sensitivity and speci fi city with no consen-
sus. A feature of viable myocardium is the 
presence of inotropic reserve, which may be elic-
ited by catecholamine stimulation. Hence dobu-
tamine or adenosine is used, and many of the 
subsequently described imaging techniques 
employ this response to help differentiate attenu-
ated regions from scar  [  8  ] .  

   Echocardiography 

 Stress echocardiography is widely used as the 
yard stick to determine the potential for myocar-
dial recovery after revascularization. The thick-
ness of the myocardial wall corresponding to 
anatomic targets is the  fi rst-pass assessment of 
viability. Incremental diastolic wall thickness 

changes >0.8 cm with dobutamine infusion 
may improve the sensitivity, though decrease 
the speci fi city of this technique in akinetic 
regions  [  9  ] .  

   Scintigraphy 

 Single-photon emission computed tomography 
perfusion scintigraphy, whether using thal-
lium-201, Tc-99m sestamibi, or Tc-99m tetrofos-
min, in stress and/or rest protocols, has 
consistently been shown to be an effective modal-
ity for identifying myocardial viability and guid-
ing appropriate management. Metabolic imaging 
with positron emission tomography (PET) 
radiotracers frequently adds additional informa-
tion and is a powerful tool for predicting which 
patients will have an improved outcome from 
revascularization  [  10  ] . 

 The number of viable segments per patient 
may be related to the improvement in LVEF after 
revascularization. In a recent study using TC-99m    
sestamibi, patients with more than four viable 
segments representing 24 % of the left ventricle 
yielded a sensitivity of 83 % and speci fi city of 
79 %, respectively, for predicting improvement 
in LVEF. Furthermore, the presence of four or 
more viable segments predicted improvement in 
heart failure symptoms and quality of life after 
surgical revascularization  [  11  ] . 

 PET using rubidium 82 (Rb 82) or ammonia 
N-13 can be used in lieu of a single-photon emis-
sion computer tomography (SPECT) scan or 
when a SPECT scan is inconclusive  [  12  ] .  

   Cardiac Magnetic Resonance 

 This noninvasive diagnostic tool is evolving into a 
one-stop shop for evaluation of myocardial dys-
function. Myocardial wall thickness can be accu-
rately measured as can regional wall motion 
abnormalities. In addition, delayed contrast 
enhancement after the intravenous (IV) administra-
tion of gadolinium-based contrast material is a very 
reliable indicator of acute myocardial infarction. 
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Hyperenhancement is not seen in areas of ischemia 
whether by stunning or hibernation. In addition, 
the degree of hyperenhancement can correlate with 
transmural versus subendocardial infarction and 
may predict improvements in myocardial function 
after revascularization  [  13  ] .  

   Cardiac CT 

 In ischemic cardiomyopathy, there is limited 
added bene fi t with a cardiac computed tomogra-
phy (CT). Its role in cardiovascular imaging is 
important in anatomic variants of the coronary 
anatomy. However its use in determining isch-
emia or viability as a stand-alone diagnostic 
modality is very limited. The use of PET with 
cardiac CT may make this a useful tool for isch-
emic myopathy.  

   Results 

    The recently published STICH trial Hypothesis I 
is a prospective multicenter, nonblinded, random-
ized study at 99 clinical sites in 22 countries trial 
comparing a strategy of medical therapy alone 
versus medical therapy and surgical revascular-
ization for quali fi ed patients with depressed ejec-
tion fractions. There were 1,212 patients randomly 
assigned to receive medical therapy alone (602 
patients) or medical therapy plus CABG (610 
patients). There was no signi fi cant difference 
between the two study groups with respect to the 
primary end point of the rate of death from any 
cause. The rates of death from cardiovascular 
causes and of death from any cause or hospital-
ization for cardiac causes were lower among 
patients assigned to CABG than among those 
assigned to medical therapy  [  3  ] . This landmark 
study is clearly important in comparing these two 
strategies; however, it did not have the  fi delity to 
correlate ischemic regions with coronary targets. 

 Several nonrandomized studies have retro-
spectively assessed outcomes in patients with 
CAD and low left ventricular function.    Nardi 

et al. published a series of 302 consecutive 
patients with ejection fraction (EF) <35 % who 
underwent CABG with 298 patients 292 patients 
receiving complete revascularization subse-
quently resulting in a 5 % operative mortality and 
an 87 % freedom from myocardial infarction at 
10 years  [  14  ] .    Shapira et al. published a series of 
115 consecutive patients with EF < 30 % opera-
tive mortality was a very low 2.6 %. Three- and 
 fi ve-year survival rates were 91 ± 3 % and 76 ± 6 %, 
respectively, for this group of patients  [  15  ] . 
Filsou fi  et al. also published his series of 2,725 
consecutive patients undergoing isolated CABG, 
of whom 495 patients had EF < 30 %. Postoperative 
mortality was higher in the low ejection fraction 
group (3.6 % vs. 1.4 %). Long-term survival was 
signi fi cantly decreased in patients with EF of 0.30 
or less: 1-year and 5-year survival 88 ± 1.5 % and 
75 ± 2.2 % versus 96 ± 0.4 % and 81 ± 1.2 %, 
respectively ( p  = 0.001)  [  16  ] . 

 Successful coronary revascularization can be 
successfully performed in patients with low ejec-
tion fractions and ischemic cardiomyopathies. 
Long-term survival is worse in this subpopula-
tion than patients with more normal cardiac func-
tion. Nevertheless, long-term survival appears to 
be robust. There are many different imaging 
modalities that can be utilized to identify viable 
myocardium. The STICH trial Hypothesis I is the 
only contemporary randomized prospective study 
comparing surgical revascularization to medical 
therapy in a group of patients with low ejection 
fraction and CAD. Though the primary end point 
of all cause mortality did not demonstrate a 
bene fi t from the surgical arm, death from cardio-
vascular causes was lower in the group treated 
with CABG. 

 Correlating the quality and the size of the cor-
onary targets to these viable myocardial segments 
has not been well studied. One would intuitively 
believe that a complete revascularization would 
address this limitation. Nevertheless, we currently 
do not have the tools to accurately answer the 
question most commonly posed to us from this 
patient group, “How much better will my heart be 
when you are  fi nished with the surgery?”      
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         Introduction 

 Functional ischemic mitral regurgitation (FIMR) 
is a frequent end-stage complication of coronary 
artery disease which results from the process of 
negative left ventricular remodeling. Chronic myo-
cardial ischemia and infarction effect an increase 
in left ventricular size secondary to myocyte loss 
and lengthening. As left ventricular size increases, 
the mitral annulus dilates and papillary muscle dis-
placement tethers the mitral valve lea fl ets, causing 
FIMR. FIMR causes further impairment of ven-
tricular function through volume overload, leading 
to the cycle of progressive left ventricular dilata-
tion and worsening mitral regurgitation (MR) 
known as negative left ventricular remodeling 
 [  1–  4  ] . With viable ischemic myocardium, revas-
cularization of signi fi cant coronary artery disease 
may prevent further damage, relieve the contribut-
ing ischemia, and stop or reverse the remodeling 
process. However, the effect of correcting the isch-
emia alone on valve function has been unpredictable 
and often transient, leaving the majority of patients 
with residual, recurrent, or progressive MR  [  5  ] . 
Signi fi cant mitral regurgitation is treated by either 

valve repair or replacement. Mitral repair, while in 
the distant past was performed by suture annulo-
plasty, is now primarily performed by reduction 
annuloplasty (RA) with placement of an under-
sized annuloplasty device. This strategy increases 
the coaptive lea fl et margin and reduces or elimi-
nates the regurgitation  [  6  ] . Current surgical tech-
niques for FIMR have signi fi cant procedural risk, 
and the late survival remains poor  [  7  ] . Due to the 
risk associated with current surgical therapies, the 
vast majority of patients with FIMR are treated 
medically  [  8  ] . In this chapter we will review cur-
rent clinical and experimental data on the mecha-
nisms and treatment of FIMR.  

   Clinical Scope and Consequences 
of Functional Ischemic MR 

 Heart failure affects over  fi ve million patients in 
the United States, with nearly 500,000 new cases 
diagnosed each year  [  9  ] . Coronary artery disease 
is a leading cause of systolic heart failure, affect-
ing 40–60 % of heart failure patients  [  10  ] . In 
these patients, mitral regurgitation frequently 
coexists with systolic heart failure due to regional 
and global left ventricular remodeling. This mitral 
regurgitation, known as FIMR, is distinguished 
from other organic causes of mitral regurgitation, 
such as lea fl et prolapse due to myxomatous 
change, lea fl et  fl ail secondary to chordal rupture, 
or lea fl et perforation from endocarditis. 

 Functional ischemic MR can occur with pre-
served global left ventricular (LV) function 
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(left ventricular ejection fraction [LVEF] > 30 %) 
or with severe LV dysfunction (LVEF < =30 %). 
In the former case, regional tethering and restric-
tion of the posterior mitral valve lea fl et result in 
FIMR, while in the latter case, increased LV 
dimensions and sphericity result in FIMR. 
Following myocardial infarction, there is a graded 
independent association between the severity of 
FIMR and the late development of heart failure. 
Aronson et al. prospectively studied 1,190 
patients with acute myocardial infarction (MI) 
for the late development of congestive heart fail-
ure (CHF)  [  11  ] . In this cohort, FIMR, which was 
quanti fi ed echocardiographically during the hos-
pitalization for acute MI, was mild in 39.7 % and 
moderate or severe in 6.3 %. All grades of FIMR 
(mild through severe) were associated with a 
signi fi cantly increased risk of CHF and death. 
Another large cohort study reported a similar 
relationship between moderate or severe FIMR 
and the late risk of CHF or death; importantly, 
this relationship was independent of left ventric-
ular ejection fraction  [  12  ] . FIMR occurs in the 
majority of patients with ischemic cardiomyopa-
thy, and their survival correlates with the degree 
of FIMR. In a recent observational study, Trichon 
et al. found an incidence of FIMR of 59 % in a 
cohort of 1,214 ischemic cardiomyopathy patients 
at a single center undergoing diagnostic work-up 
for heart failure (New York Heart Association 
[NYHA] class 2–4)  [  13  ] . The FIMR was mild 
(grade 1+ or 2+) in 38 % of the patients and mod-
erate or severe (grade 3+ or 4+) in 17 %. Survival 
rates at 1, 3, and 5 years were signi fi cantly lower 
in patients with moderate to severe MR versus 
those with mild or no MR, and the degree of 
mitral regurgitation was an independent predictor 
of mortality by multivariable analysis. 

 Grigioni et al. also published their data on long-
term outcomes in patients with chronic FIMR. In 
their series of 303 patients with previous transmu-
ral MI, 64 % developed chronic FIMR  [  14  ] . 
Patients with FIMR experienced worse survival 
rates than those without MR (38 ± 5 % vs. 61 ± 6 % 
at 5 years). Survival was also affected by FIMR 
grade (61 ± 6 % at 5 years for no MR; 47 ± 8 % at 
5 years for effective regurgitant ori fi ce (ERO) 
<20 mm 2 ; 29 ± 9 % at 5 years for ERO  ³  20 mm 2 ). 

 Because FIMR has been associated with 
excess cardiac mortality, there has been consider-
able interest in the impact of its surgical correc-
tion on long-term outcomes. It is hypothesized 
that FIMR itself is an important contributor to the 
process of negative left ventricular remodeling, 
and elimination of FIMR, in combination with 
revascularization and/or medical therapy, may 
allow for normalization of left ventricular geom-
etry. While FIMR can be reduced or eliminated 
with valve replacement or repair techniques, 
there has not been a direct correlation between 
elimination of FIMR and long-term reverse left 
ventricular remodeling. Moreover, valve repair 
techniques may have limited durability in certain 
clinical circumstances, leading to recurrent 
FIMR. As a consequence, long-term results of 
mitral surgery for FIMR have been inconsistent.  

   Experimental Studies of Functional 
Ischemic MR: Animal Models 

 The varied clinical presentation of patients makes 
it extremely dif fi cult to analyze outcomes of FIMR 
treatment. Patients have varying amounts of isch-
emia, infarct, and subvalvular distortion which are 
both dif fi cult to quantify and impossible to stratify 
for in the analysis of clinical trials. Fortunately, 
various animal models have been developed 
which, despite their limitations, offer insight into 
this complex disease and its treatment. 

 The Gorman research group at the University 
of Pennsylvania has performed a series of ovine 
myocardial infarct experiments which investigate 
the complex relationship of ischemic myocardial 
injury, LV remodeling, and functional mitral 
regurgitation. Their initial experimental series 
demonstrated that after a severe ischemic injury, 
ongoing negative LV remodeling will continue to 
occur even if the FIMR is “pretreated” or pre-
vented by restrictive annuloplasty performed at 
the time of ischemic insult  [  15  ] . Lateral wall 
infarcts were induced in two groups of sheep; one 
group was pretreated with reduction annuloplasty 
(RA), while the other group was given a sham 
intervention (control). After 8 weeks, the RA 
group had successful prevention of FIMR, yet 
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both groups had equal increases in left ventricular 
end-diastolic dimension (LVEDD; 68 ± 23 % for 
RA and 89 ± 16 % for control;  p  = NS) and equal 
decreases in ejection fraction (36.7 ± 3.7 % to 
25.3 ± 2.9 % for RA and 42.4 ± 2.6 % to 32.4 ± 2.0 % 
for control;  p  = NS). In a more recent experimental 
report, restrictive mitral annuloplasty performed 
8 weeks after large ischemic injury and myocar-
dial infarction did not alter the ongoing process of 
LV dilation and negative remodeling, despite 
“successful” elimination of FIMR. In this model, 
after a severe infarction, negative remodeling pro-
gressed over a period of 6 months (twofold 
increase in end-diastolic volume and threefold 
increase in end-systolic volume) and was unaf-
fected by eliminating the volume overload associ-
ated with the FIMR. Nevertheless, elimination of 
FIMR with reduction annuloplasty did signi fi cantly 
reduce pulmonary artery hypertension and was 
associated with greater forward cardiac output in 
the treated animals. 

 These experimental results are in marked 
opposition to ovine infarct experiments from 
Levine’s group at Massachusetts General 
Hospital. In his series  [  16  ] , all sheep had antero-
apical infarcts, and two-thirds were also given 
controlled MR via a left ventricular to left atrial 
shunt (creating a 30 % regurgitant fraction). At 
one month postinfarction, half of the sheep had 
their shunts closed. The negative remodeling in 
this “MR-treated” group reversed, such that at 
3 months, LV end-diastolic dimensions were the 
same as infarct alone and signi fi cantly better than 
infarct plus untreated MR. The authors concluded 
that repair of moderate MR substantially reverses 
the otherwise progressive remodeling process, 
with reduced left ventricular volumes, relatively 
maintained contractility, persistently activated 
intracellular signals promoting hypertrophy and 
opposing apoptosis, and reduced matrix prote-
olytic activity. 

 These seemingly contradictory results lead us 
to question the driving mechanisms for ongoing 
cardiac remodeling in ventricles with large 
infarcts zones and functional MR. Autopsy series 
 [  17  ]  suggest that the remodeling pathway is 
related to the degree of myocardial mass lost and 
the amount of scarring, both of which lead to an 

increase in LV dimension that triggers cardiac 
myocyte apoptosis in border zones and to a lesser 
extent in remote regions of the ventricle. Also, 
there is strong laboratory evidence that mechani-
cal tension (stress/strain) is responsible for acti-
vating the apoptotic pathway  [  18  ] . Another 
driving force in cardiac remodeling is the increase 
in cardiac myocyte length and decrease in end-
diastolic wall thickness via chronic volume over-
load, as well the activation of neurohumoral 
systems including activation of adrenergic path-
ways, activation of the renin-angiotensin-aldos-
terone system, and release of atrial natriuretic 
peptide. We are left with the unanswered ques-
tion as to which of the above mechanisms pre-
dominates in the remodeling response in these 
animal models. 

 Clinical data does provide insight into the 
ventricular response to the elimination of FIMR 
in the setting of preexisting damage. Dion dem-
onstrated that when LV end-diastolic dimension 
is less than 6.5 cm, restrictive annuloplasty can 
reliably eliminate MR and is associated with sus-
tained reverse ventricular remodeling  [  19  ] . This 
size strati fi cation method may make it possible to 
identify ventricles in which the activation of car-
diac myocyte apoptosis is not overwhelming and 
in which elimination of FIMR would allow for 
reversal of the cardiac myocyte lengthening due 
to chronic volume overload. Similarly, Al fi eri 
reported two different patient responses to reduc-
tion annuloplasty for FIMR  [  20  ] . In his series, 
those patients who responded with reverse remod-
eling had long-term elimination of FIMR, and 
those who had ongoing negative remodeling had 
recurrence of their mitral insuf fi ciency. In these 
patients, the degree of ventricular end-diastolic 
enlargement had a borderline signi fi cance in pre-
dicting ongoing negative remodeling. 

 It is possible to argue that the Gorman labora-
tory model is congruous with the “nonresponders” 
and does not re fl ect the group of patients who are 
capable of the reverse remodeling response (as 
demonstrated in the Levine model). Further labo-
ratory work will be necessary to elucidate the 
above listed factors which control the ultimate 
fate of the ventricle. With an understanding of 
this, we will not only be able to clearly identify 



42 L.B. Balsam et al.

“responders” to reduction annuloplasty but also 
be able to develop other strategies to deal with 
the evolving pattern of ventricular remodeling.  

   Surgical Techniques for the Treatment 
of Functional Ischemic MR 

 While either mitral repair or replacement is accept-
able for treating functional mitral regurgitation 
(FMR), there are two well-known confounding 
factors which impact the utilization of these thera-
pies. The  fi rst factor is that the degree of functional 
mitral regurgitation is often downgraded during 
intraoperative transesophageal echocardiography 
(TEE) evaluation; as a result FMR tends to go 
untreated. Aklog et al. demonstrated in a popula-
tion of patients with 3+ FMR documented preop-
eratively on transthoracic echocardiogram that 
only 10 % of the patients have 3+ MR on intraop-
erative TEE  [  5  ] . Unfortunately, their postopera-
tive transthoracic echocardiogram reveals that 
89 % still have 2+ or worse FMR. The second 
confounding factor is the misperception that 
CABG alone will improve MR of ischemic etiol-
ogy. In patients with preoperative baseline MR of 
3+ who underwent CABG alone, 40 % of these 
patients had no improvement in MR postopera-
tively, with 86 % having 2+ or worse FMR  [  5  ] . 

 Having acknowledged some uncertainty in 
patient selection, the primary surgical interven-
tion for functional ischemic mitral insuf fi ciency 
is reduction annuloplasty or mitral valve replace-
ment. While there are multiple factors which 
in fl uence the decision whether to replace or repair 
FIMR valves,  fi rst we shall review the compara-
tive outcomes. Gillinov et al. presented the 
Cleveland Clinic series of 397 mitral valve repairs 
and 85 mitral valve replacements analyzed by 
propensity case matching  [  21  ] . They demon-
strated improved survival with valve repair ver-
sus valve replacement in “better risk patients.” 
However, the 5-year survival was 56 % for repair 
and 36 % for replacement even in these patients. 
No survival bene fi t was demonstrated for repair 
over replacement in NYHA class 4 patients or in 
patients greater than 70 years of age. At the same 
time, we reported the experience at New York 

University. It was clear in our series that there 
was a signi fi cant difference in preoperative risk 
between those patients who received mitral repair 
and those that received mitral valve replacement 
for FIMR. The patients in our series who under-
went replacement were more likely to be intu-
bated, have preoperative shock, or have 
preoperative intra-aortic balloon pump place-
ment. Our repair strategy was downsizing annu-
loplasty to treat the annular dilation and/or 
moderate to severe lea fl et tethering. Our multi-
variable analysis demonstrated that hospital death 
was predicted by NYHA class 4 and a lack of 
angina. Analysis of death or complication via 
multiple logistic regression revealed that repair 
had half the risk compared to replacement. 
Indeed, when we analyzed the different preopera-
tive risk subgroups, the hazard ratio for death or 
death and complication was always less than 1. 
This indicated that there was always a bene fi t to 
repair over replacement; the only subgroup in 
which this was not true was those patients who 
had previous surgery. Our 5-year complication-
free survival was 63 % in our repair patients as 
compared to 30 % in the replacement patients. 
While late death was predicted by NYHA class 4 
and the presence of prior cardiac surgery, compli-
cation-free survival was favored (odds ratio = 0.29) 
by mitral valve repair. 

 The above-mentioned datasets have therefore 
been used to support a preference for repair ver-
sus replacement. However, there are some patients 
in whom mitral repair may not have durability; 
this is discussed later in this chapter in the 
“Clinical Results” section. 

 In addition to the standard procedure of reduc-
tion annuloplasty, multiple alternative techniques 
have been advocated to treat FMR. These include 
the cutting of secondary chordae  [  22  ] , posterior 
papillary muscle relocation  [  23,   24  ] , anterior 
lea fl et augmentation  [  25  ] , and posterior lea fl et 
patching. Division of secondary chordae releases 
the downward tented lea fl et of the anterior mitral 
valve and decreases mitral lea fl et tenting area. 
However, it is also argued that this effectively 
removes support from the papillary muscles, 
increases the sphericity of the ventricle, and 
worsens left ventricular performance  [  26  ] . 
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The lea fl et augmentation strategies with patching 
have demonstrated success in small series with 
limited follow-up. Of interest are the papillary 
muscle relocation procedures. Kron’s group has 
limited data showing outcomes of placement of a 
traction suture placed into the posterior papillary 
muscle which shortens the distance to the right 
 fi brous trigone  [  22  ] . Recently, the follow-up 
results of the “papillary muscle sling” technique 
have been published. A 4 mm graft is used to 
bring the papillary muscles together to reduce 
ventricle distortion. In a patient population at 
high risk for recurrence of MR (larger LV dimen-
sion), 4-year follow-up has been accrued. These 
results demonstrated good freedom from recur-
rent MR and improvements in ventricular diam-
eter, volume, ejection fraction, and sphericity 
index  [  24  ] .  

   Clinical Results of Surgical Treatment 
of Functional Ischemic MR    

 The strategy for surgical intervention in FIMR is 
based on four observations. First is the theoreti-
cal argument that FIMR imposes an important 
secondary remodeling stimulus on a ventricle 
that has already sustained a severe primary injury. 
Second, there is strong evidence that even mild 
MR is a poor prognostic sign in acute patients 
and those who have suffered an MI  [  14  ] . Third, 
there is a dramatic bene fi cial effect reported with 
valve repair for structural mitral valve disease. 
And fourth, there are limited alternative surgical 
options for FIMR patients with end-stage CHF. 
Clearly, from retrospective studies, there is little 
data at this time to support the concept that repair-
ing these valves increases long-term survival  [  27, 
  28  ] . In rough summation, these clinical series 
show 50–60 % 5-year survival in patients under-
going treatment for their FIMR. This contrasts to 
Ellis et al.’s follow-up of patients undergoing 
percutaneous coronary intervention: those with 
either grade 3 or 4 MR at the time of intervention 
had only a 50 % survival at 36 months  [  29  ] . 

 There is data, however, demonstrating that 
intervention on moderate or worse mitral 
insuf fi ciency provides symptomatic bene fi ts in 

those with patients with heart failure  [  27  ] . 
This has been excellently demonstrated by Dion 
in a subset of patients  [  19  ] . Speci fi cally, in those 
patients with FIMR and LVEDD <6.5 cm, the 
5-year survival for CABG and mitral repair was 
80 %. These patients had an improvement in 
NYHA class from 2.9 to 1.6. Moreover, there 
was negligible recurrence of MR: mean follow-
up MR grade was 0.8 (scale of 0–4), and 85 % of 
patients had less than grade 2. In contrast, patients 
with preoperative LVEDD greater than 6.5 cm 
had a 5-year survival of only 49 %, and there was 
little evidence of reverse remodeling. The authors 
concluded that for patients with an end-diastolic 
dimension of 6.5 cm or less, restrictive annulo-
plasty with revascularization provides a “cure” 
for ischemic MR and heart failure. While this 
may be an optimistic evaluation, their work does 
demonstrate the dramatic clinical bene fi t of sur-
gical treatment of FIMR in appropriately selected 
patients. 

 Although valve repair is generally believed to 
be superior over replacement, there are several 
important technical considerations. First, most 
authors agree that either a rigid or semirigid 
remodeling device should be used and aggressive 
downsizing should be performed. Mitral 
insuf fi ciency recurs at unacceptable rates when 
either  fl exible devices, tissue reinforcement, or 
suture-only techniques are used  [  7,   30,   31  ] . 
Secondly, multiple authors have noted that in 
patients with excessive distortion of the subval-
vular apparatus, recurrent MR after reduction 
annuloplasty is not infrequent. Cala fi ore et al. 
noted that when the tenting distance was greater 
than 1 cm, the return of MR was “inevitable” 
 [  30  ] . Similarly, Duran noted that the degree of 
papillary displacement with respect to depth and 
angle correlated with return of MR  [  32  ] . 

 Therefore, for treatment of FIMR, we do not 
recommend attempting a repair with reduction 
annuloplasty alone when the LVEDD is greater 
than 6.5 cm or the depth of lea fl et coaptation is 
greater than 1 cm. Their results can be unpredict-
able and disappointing; patients with these 
dimensions are best served by chordal-sparing 
tissue valve replacement which reliably provides 
symptomatic relief. 
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 Acker and colleagues published outcomes of 
the CorCap study in which patients underwent 
mitral valve surgery alone as a control arm of a 
Food and Drug Administration (FDA)-monitored 
investigational device study  [  33  ] . These medi-
cally optimized patients with signi fi cant func-
tional MR, myopathic hearts, and symptomatic 
CHF underwent mitral valve surgery alone as 
control therapy. The patients were NYHA class 3 
or 4, had EF < 35 % (mean EF 23 ± 9 %), and had 
dilated left ventricles (mean LVEDV 
270.1 ± 100.3 mL). These patients had a remark-
able 1.6 % 30-day mortality and signi fi cant 
improvements in quality of life, exercise perfor-
mance, and NYHA functional class over the 
2-year follow-up. Equally as important, mitral 
valve operations led to improvements in LV vol-
umes (mean decrease of 45 mL), mass, and shape, 
all consistent with reverse remodeling. Finally, 
unlike other reported experiences in the litera-
ture, the operations were durable, as recurrence 
of clinically signi fi cant MR was uncommon in 
this patient cohort. The authors’ concluded that 
“the improvement in LV structure and clinical 
function along with a very low mortality rate 
justi fi es strong consideration to offering mitral 
valve (MV) surgery to heart failure patients who 
are on an optimal medical regimen.” The out-
comes do support the hypothesis that these 
patients with cardiomyopathy bene fi t from the 
surgical correction of the functional mitral 
insuf fi ciency. The results of this study add to a 
growing experience of clinical improvement with 
mitral valve repair. There is a signi fi cant caveat 
to this dataset however; 90 % of these FMR 
patients had a nonischemic etiology. How gener-
alizable this is to the ischemic functional MR 
population is yet to be determined.  

   The New York University Experience 

 Our institutional experience with MV repair in 
the setting of impaired left ventricular function, 
including long-term echocardiographic and clini-
cal outcomes, was recently presented at the 
annual meeting of the American College of 

Cardiology. Over 14 years, 193 patients with 
severe mitral regurgitation and EF < 50 % under-
went mitral repair alone (reduction annuloplasty) 
without CABG. Sternotomy was utilized in 56 
patients, and a mini-thoracotomy approach was 
used in 137 patients. Mean age was 63.7 years 
(range 24–90). Preoperative NYHA class was 2.8 
(54.4 % were 3 or 4), and 41 (21.2 %) patients 
had previous cardiac surgery. Preoperative EF 
distribution was 40–49 % in 52 patients (26.9 %), 
30–39 % in 81(42.0 %), 20–29 % in 37(19.2 %), 
and <20 % in 23(11.9 %). 

 Hospital mortality was 5.7 % overall and 
3.6 % for mini-thoracotomy. Propensity-adjusted 
multivariate predictors (odds ratio;  p -value) of 
hospital mortality were ischemic etiology (22.7; 
 p  = 0.03), age ( p  = 0.04), and chronic obstructive 
pulmonary disease or COPD (6.5; 0.03). The 
sternotomy approach (4.8;  p  = 0 .10) and periph-
eral vascular disease (5.8;  p  = 0.10) were weakly 
associated with hospital mortality. Freedom from 
all cause death was 74 % at 5 years (84 % for 
nonischemic patients and 51 % for ischemic 
patients;  p  < 0.001). Predictors of decreased sur-
vival were age ( p  < 0.001), severely impaired 
ejection fraction ( p  = 0.01), ischemic etiology 
( p  < 0.04), and cerebrovascular disease ( p  = 0.06). 
NYHA class improved 0.9 grades ( p  = 0.01). 
At 5 years, freedom from valve reoperation was 
92 %; freedom from valve reoperation or severe 
recurrent mitral insuf fi ciency was 88 %. We con-
cluded that reduction annuloplasty in FMR 
patients with decreased EF improves late NYHA 
functional status and is associated with good late 
survival. Signi fi cantly, the predictors of poor sur-
vival were age, lower EF, ischemic etiology, and 
cerebrovascular disease. 

 We recently published standard outcomes of 
CABG and reduction annuloplasty for FIMR in a 
controlled, prospective multicenter series  [  34  ] . 
Seventy patients with coronary artery disease 
requiring revascularization, severe or symptom-
atic moderate FIMR, ejection fraction  ³ 25 %, 
LVEDD  £ 7.0 cm, and >30 days since acute myo-
cardial infarction were treated with CABG and 
device reduction annuloplasty. Two patients 
underwent immediate intraoperative conversion to 
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a valve replacement due to inability of reduction 
annuloplasty to correct MR. The as-treated results 
included a 30-day mortality of 4.1 %, with 
the patients receiving an average of 2.8 bypass 
grafts. Mean follow-up was 24.6 months. MR 
severity was signi fi cantly reduced from 
2.54 ± 0.80 at baseline to 0.52 ± 0.66 and 
0.35 ± 0.63 at 1 and 2 years, respectively (MR 
scale was 0 = none, 1 = mild, 2 = moderate, 
3 = moderate-severe, 4 = severe). Freedom from 
death or valve reoperation was 78 ± 5 % at 2 years. 
Ejection fraction signi fi cantly improved from 
38 % to 47 % at 2 years. Reverse remodeling was 
evident with signi fi cant decreases in end-diastolic 
and end-systolic dimensions (Table  4.1 ). NYHA 
class was improved one or greater grades in 
65.9 % at 1 year and 72.0 % at 2 years. Cox 
regression analyses suggested that increasing age 
( p  = 0.001; hazard ratio (HR) 1.16/year, 95 % CI 
1.06–1.26) and renal disease ( p  = 0.018; 
HR = 3.48; 95 % CI 1.25–9.72) were associated 
with decreased survival.  

 From these data, we can conclude that CABG 
with reduction annuloplasty for FIMR predict-
ably reduces MR and relieves symptoms in 
patients without excessive preexisting ventricular 
distortion. This operative strategy for the treat-
ment of moderate to severe MR is associated with 
improved indices of ventricular geometry, 
improved NYHA functional class, and excellent 
freedom from recurrent mitral insuf fi ciency. 
While long-term prognosis and outcomes remain 
uncertain, this dataset delineates the midterm 
bene fi ts of such an approach.  

   Future Approaches in the Treatment 
of Functional Ischemic MR 

   Novel Clinical Research 

 One characteristic of functional MR is the presence 
of “normal” lea fl et structure in the setting of ven-
tricular remodeling which distorts the subvalvular 
apparatus and impairs valve function. A novel 
approach to treating this FMR is offered by the 
Coapsys device (Myocor, Inc., Maple Grove, MI), 
a ventricular shape change device that can be placed 
without the need for cardiopulmonary bypass to 
reduce FMR. This device consists of two pads 
which are connected by a transventricular “chordal” 
suture. After echocardiographically assisted place-
ment across the left ventricle, the device is tight-
ened to compress the mitral annulus, thereby 
reducing FMR and positively reshaping the ventri-
cle  [  35  ] . An FDA-monitored investigational device 
trial was conducted in patients requiring CABG 
who had severe MR or symptomatic moderate MR, 
ejection fractions >=25 %, and LVEDD < =7.0 cm. 
The hypotheses tested were that investigative “off-
pump” treatment would have non-inferior ef fi cacy 
(as measured by MR degree) and superior safety 
ef fi cacy as compared to standard mitral repair  [  36  ] . 
The trial was terminated prematurely when the 
recent  fi nancial collapse resulted in the bankruptcy 
of the trial sponsor (Myocor Inc.). 

 Recruitment had accrued 165 patients, the 
prespeci fi ed value for the “ fi rst-look” data  analysis. 
The Coapsys device was associated with greater 

   Table 4.1    Structural and functional changes in patients treated with CABG and reduction annuloplasty   

 Baseline  1 year  1.5 years  2 years 

 MR grade  2.54 ± 0.81 ( N  = 70)  0.52 ± 0.66* ( N  = 46)  0.35 ± 0.63* ( N  = 33)  0.48 ± 0.62* ( N  = 26) 
 LV EF  37.9 ± 11.7 ( N  = 67)  47.0 ± 12.5** ( N  = 46)  46.5 ± 11.8** ( N  = 33)  47.0 ± 12.9   *** ( N  = 25) 
 LVEDD (cm)  5.83 ± 0.68 ( N  = 60)  5.34 ± 0.86** ( N  = 38)  5.55 ± 0.80 ( N  = 26)  5.16 ± 0.75*** ( N  = 17) 
 LVESD (cm)  4.66 ± 0.89 ( N  = 57)  3.94 ± 1.08** ( N  = 35)  4.26 ± 1.03 ( N  = 23)  3.96 ± 0.95*** ( N  = 17) 

  * p  < 0.001; ** p  = 0.001; *** p  = 0.01    
 Mixed model, pairwise comparison versus baseline, adjusted for multiple comparisons 
 Reprinted from the Journal of Thoracic Cardiovascular Surgery, Vol. 141, Grossi EA, Woo YJ, Patel N, et al., Outcomes 
of coronary artery bypass grafting and reduction annuloplasty for functional ischemic mitral regurgitation: a prospective 
multicenter study (Randomized Evaluation of a Surgical Treatment for Off-Pump Repair of the Mitral Valve), 
pp. 91–97, copyright 2011, with permission from Elsevier  



46 L.B. Balsam et al.

long-term positive ventricular reshaping, with 
the LVEDD decreasing from 6.0 ± 0.8 to 
5.4 ± 0.8 cm as compared to 5.9 ± 0.7 to 
5.6 ± 0.9 cm for the control MV repair (effect of 
time  p  < 0.001, repeated measures analysis of 
variance [ANOVA]; effect of treatment  p  = 0.02). 
However, the MR treatment ef fi cacy was not as 
effective with the Coapsys treatment: the stan-
dard mitral repair technique reduced MR 
(0 = none, 1 = mild, 2 = moderate, 3 = moderate-
severe, 4 = severe scale) from 2.54 ± 0.80 to 
0.35 ± 0.63 at 24 months, while Coapsys reduced 
MR from 2.40 ± 0.87 to 1.24 ± 0.97 (both effect of 
time and treatment  p  = 0.0001, repeated measures 
ANOVA). What was totally unanticipated was 
that the trial discerned a signi fi cant survival 
bene fi t to the Coapsys treatment; at 24 months, 
there was nearly half the incidence of death with 
the Coapsys device as compared to standard 
mitral repair (Fig.  4.1 ). Twenty-four-month sur-
vival from all cause death was 89 % in the 
Coapsys randomized group as compared to 78 % 
in the standard treatment group (adjusted log-rank 

4.30;  p  = 0.038; intent-to-treat analysis); a more 
powerful bene fi t to the Coapsys treatment was 
noted in the as-treated analysis ( p  = 0.020).  

 These  fi ndings are very provocative: patients 
with FIMR requiring revascularization treated 
with ventricular reshaping rather than standard 
mitral repair surgery had improved survival and 
signi fi cant reduction of major adverse outcomes. 
This unique dataset should guide further research 
in this area towards “ventricular solutions.”  

   Current Clinical Trials 

 Currently two topical clinical trials regarding the 
outcomes of ischemic mitral regurgitation are 
being conducted by the National Heart, Lung, 
and Blood Institute (NHLBI)-sponsored 
Cardiothoracic Surgical Trials Network. The  fi rst 
trial is entitled “Evaluation of Outcomes 
Following Mitral Valve Repair or Replacement in 
Severe Chronic Ischemic Mitral Regurgitation.” 
In this study, patients with severe FIMR will be 
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  Fig. 4.1    Randomized Coapsys trial demonstrating late 
superior survival from all cause death for the 
Coapsys + CABG patients as compared to the control 
mitral repair + CABG patients (Reprinted from the Journal 
of the American College of Cardiology, Vol. 56, Grossi 

EA, Patel N, Woo YJ, et al., Outcomes of the RESTOR-MV 
Trial (Randomized Evaluation of a Surgical Treatment for 
Off-Pump Repair of the Mitral Valve), pp. 1984–1993, 
copyright 2010, with permission from Elsevier)       
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randomized to either mitral repair or replace-
ment; concomitant CABG will be performed if 
indicated. Pre- and postoperative evaluation will 
include cardiopulmonary exercise evaluation. 
The patients will be followed for 24 months. 
Interestingly, no restrictions are being applied as 
to the mitral valve repair technique employed by 
an individual surgeon. 

 The second trial is entitled “Surgical 
Interventions for Moderate Ischemic Mitral 
Regurgitation.” The purpose of this trial is to 
determine whether repairing moderate mitral 
insuf fi ciency at the time of planned CABG will 
have bene fi cial effects. Again, cardiopulmonary 
exercise testing, neurocognitive tests, and quality 
of life surveys will be conducted over a 2-year 
period. Unfortunately, patient recruitment has 
been an issue for both trials. It has been specu-
lated that there is a lack of clinical equipoise 
when treating “stentable” coronary artery disease 
in the presence of moderate MR which has lim-
ited patient referral. The NHLBI has announced a 
request for additional investigative sites to cor-
rect this issue.   

   Summary 

 FIMR is a common end-stage complication of 
coronary artery disease that develops from myo-
cardial injury and subsequent negative LV remod-
eling. While various animal models have been 
developed to offer insight into this complex 
pathologic process, data inferred from them is 
con fl icting. More sensitive and speci fi c models 
are warranted to gain insight into patient-speci fi c 
disease status and treatment outcomes. 

 FIMR can be eliminated with valve replace-
ment or repair techniques, and this provides docu-
mented relief of heart failure symptoms. Notably, 
in patients with smaller ventricles, a majority will 
have positive LV remodeling. Mitral repair appears 
to have bene fi t over replacement for the majority 
of patients. However, in those patients who are 
NYHA class 4 or greater than 70 years of age, 
there is no advantage to repair over replacement. 
Extensive valvular distortion is probably best 
treated with mitral replacement. Novel techniques 

are being developed not only to treat the valve but 
also to treat the underlying ventricular disease. 
The combined approaches of annular repair and 
ventricular reshaping may offer the best therapy 
for this very sick patient cohort in the future.      
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         Introduction 

 Surgery for aortic valvular lesions, in particular 
severe symptomatic aortic stenosis (AS), can result 
in excellent relief of symptoms and prolongation 
of survival. Similarly, successful surgical correc-
tion of aortic insuf fi ciency (AI) can result in reso-
lution of left ventricular dilatation and subsequent 
improvement in ejection fraction. Heart failure 
(HF) is the eventual endpoint of aortic valvular 
lesions if the diagnosis or treatment is delayed. 
Aortic valvular disease with advanced heart fail-
ure can result from either disregarded aortic valvu-
lar disease or, uncommonly, from concomitant 
aortic valvular disease in the setting of a preexist-
ing cardiomyopathy. In the latter case, surgical 
therapy carries an increased risk of operative mor-
tality; however, patients may bene fi t from surgical 
intervention as continued medical therapy is asso-
ciated with a dismal prognosis. 

 This chapter will review the two aortic valvu-
lar lesions of AS and AI in the setting of advanced 
heart failure. The utilization of surgical treatment 
will be addressed with a focus on improved con-
temporary surgical results and possible future 
therapy aimed at high-risk patients as an alterna-
tive to traditional open heart surgery.  

   Aortic Insuf fi ciency and Heart Failure 

 The causes of AI are multiple, but the most  frequent 
are annuloaortic ectasia from thoracic aortic aneu-
rysmal disease and bicuspid aortic valve. The role 
of echocardiography is to  determine the presence 
and severity of AI, the mechanism of AI, the degree 
of left ventricular (LV) dysfunction and dilatation, 
and the presence of associated aortic root and 
ascending aortic aneurysms (Fig.  5.1 ). Cardiac 
magnetic resonance angiography (MRA) or com-
puted tomographic angiography (CTA) may be 
helpful in cases where the mechanism of AI or the 
degree of aortic dilatation is unclear by echocar-
diography (Fig.  5.2 ). We perform MRA or CTA in 
all patients with bicuspid aortic valves (BAV) who 
are to undergo surgery to determine the presence of 
an ascending aortic aneurysm.   

 When symptoms from severe AI are mild, LV 
dilatation can become severe with left ventricular 
end-diastolic diameter (LVEDD) >70 mm and left 
ventricular end-systolic diameter (LVESD) 
>50 mm due to chronic volume overload of the LV 
(Fig.  5.3 ). Severe LV dysfunction, particularly 
with ejection fraction (EF) less than 25 %, may be 
irreversible. Whereas patients that undergo aortic 
valve replacement (AVR) before the development 
of advanced heart failure can expect a reduction in 
LV dimensions in the  fi rst several months after sur-
gery and subsequent long-term improvement in 
EF  [  1  ] , patients with advanced heart failure may 
not realize such improvement even after  successful 
correction of the AI with AVR  [  2  ] .  
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   Prognosis of Aortic Insuf fi ciency 
with Heart Failure 

 Patients who develop acute, severe AI, most com-
monly from an acute type A aortic dissection or 

infective endocarditis, have a life-threatening 
condition as the LV cannot compensate for the 
abrupt onset of volume overload. Because patients 
with acute severe AI often present with LV dete-
rioration, manifested by pulmonary edema and 

  Fig. 5.1    ( a ) Parasternal long-axis view with color  fl ow 
imaging by transthoracic echocardiography shows 
severe aortic insuf fi ciency. ( b ) Parasternal long-axis 
view shows severe annuloaortic ectasia causing poor 

coaptation of the aortic valve lea fl ets. ( c ) Parasternal 
long-axis view shows severe left ventricular dilatation 
and poor ejection fraction resulting from long-standing 
severe aortic insuf fi ciency         
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  Fig. 5.2    ( a ) Echocardiogram (ECG)-gated dual-source 
computer tomography with 3-dimensional reconstruction 
shows an aortic valve with bicuspid morphology. ( b ) 

ECG-gated dual-source computer tomography with 
3-dimensional reconstruction shows an associated ascend-
ing aortic aneurysm       

Fig. 5.1 (continued)

cardiogenic shock, urgent treatment is necessary. 
Intensive vasodilator therapy is bene fi cial when 
feasible, but urgent surgical intervention is 
required. 

 Patients with chronic AI, however, can  tolerate 
the gradual onset of volume overload with com-
pensatory eccentric hypertrophy of the LV. 
Asymptomatic patients with severe AI and 
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 normal LV function have a risk of sudden death 
of less that 0.2 % per year. However, the natural 
history of symptomatic patients with severe AI is 
poor with a risk of death greater than 10 % per 
year for patients with angina pectoris and greater 
than 20 % per year for patients with heart failure 
 [  3–  5  ] . Studies in animals shows that long-stand-
ing chronic AI results in myocardial  fi brosis with 
increased deposition of extracellular matrix  [  6  ] . 
The resulting myocardial  fi brosis may be the 
pathologic basis of irreversible LV dysfunction 
and end-stage heart failure for patients with 
severe AI.  

   Historical Results of Aortic Valve 
Replacement for Aortic Insuf fi ciency 

 AVR for patients with AI and advanced heart fail-
ure (EF <25 %) can be associated with an opera-
tive mortality of up to 10 % and poor long-term 
survival  [  7  ] . Because of such poor outcomes, 
consideration of heart transplantation for these 
patients has been recommended in the past. 

However, results of AVR for AI with advanced 
heart failure (EF <30 %) have improved dramati-
cally over time with operative mortality of 17 % 
before 1985 compared to 0 % after 1985 in a 
large surgical series (Fig.  5.4 )  [  8  ] . Moreover, 
patients with advanced heart failure undergoing 
AVR after 1985 can have a long-term survival 
similar to patients without advanced heart failure 
(Fig.  5.5 ).    

   Current Recommendation for AVR 
for AI and HF 

 Recommendation from the 2008 American 
Heart Association/American College of 
Cardiology (AHA/ACC) and 2007 European 
Society of Cardiology (ESC) guidelines for 
chronic AI are similar  [  7,   9  ] . Class I indica-
tions for surgery for patients with severe AI 
include the presence of symptoms, LV dys-
function with EF <50 %. Class IIa indications 
include LV dilatation with LVESD >55 mm or 
LVEDD >75 mm and concomitant cardiac 

  Fig. 5.3    Left ventricular dilatation resulting from chronic aortic insuf fi ciency (Reprinted with permission, Cleveland 
Clinic Center for Medical Art & Photography © 1999–2013)       
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 surgery including coronary artery bypass graft 
(CABG), other valvular surgery, or aortic aneu-
rysm repair. Class IIb indications include LV 

dilatation with LVESD >50 mm or LVEDD 
>70 mm. No particular recommendations are 
made by either set of guidelines regarding 
patients with advanced heart failure. Although 
patients with recent onset of symptoms and 
patients that improve with intensive medical 
therapy including intensive vasodilators, 
diuretics, or inotropic support may demonstrate 
LV recovery after AVR, exactly which patients 
will demonstrate an improvement in LV func-
tion after a successful AVR is unknown. AVR 
is, nevertheless, a better alternative than the higher 
risk of long-term medical management alone for 
severe AI with advanced heart failure  [  10  ] . 
Therefore, it is reasonable to proceed with AVR 
in patients with severe AI and advanced heart 
failure in order to stop further decompensation 
and facilitate the chronic medical management 
of the patient’s heart failure, especially the use 
of beta-blockers which is contraindicated in 
patients with AI. If possible, the use of blood 
transfusion should be avoided in patients with 
advanced heart disease in case further deterio-
ration occurs, resulting in candidacy for heart 
transplantation.   

   Aortic Stenosis and Heart Failure 

 Aortic stenosis can be caused by senile, calci fi c 
aortic stenosis, which is the most common cause 
for patients older the 75 years; bicuspid aortic 
valve, which commonly manifest in younger 
patients between 65 and 75 years; or, less fre-
quently, rheumatic heart disease. The diagnosis 
of severe aortic stenosis is made with echocar-
diography based on a combination of parameters. 
Peak jet velocity and mean pressure gradients can 
be reliably measured but are  fl ow dependent and 
therefore affected by the left ventricular stroke 
volume and cardiac output. Aortic valve area, 
calculated using the continuity equation, is less 
dependent on stroke volume and cardiac output 
and most reliably identi fi es patients with severe 
AS in advanced heart failure. When peak jet 
velocity >4.0 m/s, mean valvular gradient 
>40 mmHg, or aortic valve area <1.0 cm 2 , the AS 
is considered severe  [  7  ] . 
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Bhudia SK, McCarthy PM, Kumpati GS, Helou J, 
Hoercher KJ, Rajeswaran J, Blackstone EH, Improved 
outcomes after aortic valve surgery for chronic aortic 
regurgitation with severe left ventricular dysfunction, 
pages 1465–1471, copyright 2007, with permission from 
Elsevier)       

100

90
80

(36) (35)

(12)

(29)(35)
(15)

(7)

Non-severe LVD

severe LVD

70

S
ur

vi
va

l (
%

)

60
50

40

30
20

10
0
0 1 2 3 4 5

Years
6 7 8 9 10

a

  Fig. 5.5    Long   -term survival of patients undergoing aor-
tic valve replacement after 1985 for patients with ejection 
fraction <30 % is similar to that for patients with ejection 
fraction >30 % (Reprinted from Journal of the American 
College of Cardiology, Vol. 49, Bhudia SK, McCarthy 
PM, Kumpati GS, Helou J, Hoercher KJ, Rajeswaran J, 
Blackstone EH, Improved outcomes after aortic valve sur-
gery for chronic aortic regurgitation with severe left ven-
tricular dysfunction, pages 1465–1471, copyright 2007, 
with permission from Elsevier)       
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 In advanced heart failure, the left ventricle is 
unable to generate either a signi fi cant peak jet 
velocity or mean pressure gradient despite an 
aortic valve area that is diagnostic for severe 
aortic stenosis. This condition, termed low-gra-
dient aortic stenosis (LGAS), can present a 
diagnostic challenge for clinicians because 
patients with LGAS can have either truly severe 
aortic stenosis with resulting poor ejection frac-

tion or primary cardiomyopathy with only mod-
erate aortic stenosis. The latter condition, termed 
pseudo-severe AS, occurs because the calcu-
lated aortic valve area may not be a reliable 
measurement of the severity of AS. In advanced 
heart failure, the aortic valve may fail to open 
completely not as a result of a  fi xed stenosis but 
as a result of low stroke volume (Fig.  5.6 ). 
Patients with pseudo-severe AS, therefore, have 

  Fig. 5.6    In vitro comparison of  fi xed severe aortic steno-
sis with pseudo-severe aortic stenosis. (Reprinted with 
permission from Blais C, Burwash IG, Mundigler G, 
Dumesnil JG, Loho N, Rader F, Baumgartner H, Beanlands 
RS, Chayer B, Kadem L, Garcia D, Durand L-G, Pibarot 

P. Projected valve area at normal  fl ow rate improves the 
assessment of stenosis severity in patients with low- fl ow, 
low-gradient aortic stenosis: the multicenter TOPAS 
(Truly or Pseudo-Severe Aortic Stenosis) study. 
Circulation. 2006;113(5):711–721)       

 



555 Aortic Valve Replacement for Severe Aortic Stenosis…

a calculated aortic valve area which is falsely 
reduced.  

 In order to distinguish between  fi xed severe 
AS and pseudo-severe AS, a dobutamine stress 
study either with echocardiography (Fig.  5.7 ) or 
direct pressure measurements during cardiac 
catheterization (Fig.  5.8 ) can be performed in 
patients with LGAS. Doses of up to 20 mcg/kg/
min of dobutamine are infused under physician 
surveillance, while the peak jet velocity, mean 
pressure gradient, and aortic valve area are mea-
sured. In patients with  fi xed aortic stenosis, the 
peak jet velocity and mean pressure gradient will 
increase while the valve area remains unchanged 
as stroke volume and ejection fraction increases. 
In patients with pseudo-severe AS, on the other 
hand, the valve area increases while the peak jet 

velocity and mean pressure gradient remain 
unchanged  [  11,   12  ] .   

   Prognosis of Aortic Stenosis 
with Heart Failure 

 The natural history of asymptomatic AS is indo-
lent with a risk of sudden death without preceding 
symptoms of approximately 1 % per year  [  7  ] . The 
prognosis of severe AS when patients are symp-
tomatic, however, is poor. The average life expec-
tancy is approximately 2 years after the onset of 
symptoms and less after the onset of heart failure 
(Fig.  5.9 ). As the left ventricle responds to the 
pressure overload with concentric hypertrophy 
caused by chronic out fl ow obstruction, patients 

  Fig. 5.7    Dobutamine stress echocardiography demon-
strates the difference in response in patients with  fi xed 
aortic stenosis and pseudo-severe aortic stenosis 
(Reprinted from Journal of the American College of 

Cardiology, Vol. 47, Otto CM, Valvular aortic stenosis: 
disease severity and timing of intervention, pages 2141–
2151, copyright 2006, with permission from Elsevier)       
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  Fig. 5.8    Response to dobutamine during cardiac cathe-
terization demonstrates the hemodynamic changes in 
patients with  fi xed aortic stenosis, pseudo-severe aortic 
stenosis, and no contractile reserve (Reprinted with per-
mission from Nishimura RA, Grantham JA, Connolly 

HM, Schaff HV, Higano ST, Holmes DR Jr. Low-output, 
low-gradient aortic stenosis in patients with depressed left 
ventricular systolic function: the clinical utility of the 
dobutamine challenge in the catheterization laboratory. 
Circulation. 2002;106(7):809–813)       

  Fig. 5.9    Natural history of aortic stenosis is indolent until the onset of symptoms (Reprinted with permission from 
Ross J Jr, Braunwald E. Aortic stenosis. Circulation 1968;38(1S5):61–67)       
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  Fig. 5.10    Long-term survival after aortic valve replace-
ment for patients with low-gradient aortic stenosis is 
superior to medical therapy (Reprinted from Journal of 
the American College of Cardiology, Vol. 39, Pereira JJ, 
Lauer MS, Bashir M, Afridi I, Blackstone EH, Stewart 

WJ, McCarthy PM, Thomas JD, Asher CR, Survival after 
aortic valve replacement for severe aortic stenosis with 
low transvalvular gradients and severe left ventricular 
dysfunction, pages 1356–1363, copyright 2002, with per-
mission from Elsevier)       

experience progressive dyspnea on exertion, 
angina, and syncope. In advanced heart failure 
secondary to untreated AS, patient survival with 
medical therapy is less than 50 % at 1 year  [  13  ] .   

   Historical Results of Aortic Valve 
Replacement for Aortic Stenosis 

 AVR for patients with LGAS was previously 
associated with poor operative outcomes with 
mortality as high as 21 %  [  14  ] . Improved surgical 
outcomes have led to a reexamination of AVR for 
patients with AS and advanced heart failure. 
Reduced operative mortality and increased long-
term survival can be achieved as compared to 
dismal outcomes associated with medical therapy 
(Fig.  5.10 ). In an effort to identify which patients 
with LGAS would bene fi t from AVR, a multi-
center study in Europe studied patients with and 
without contractile reserve of the left ventricle as 
measured by dobutamine stress echocardiog-
raphy  [  15  ] . In patients whose left ventricular 
stroke volume was augmented with dobutamine 

 infusion, operative mortality was as low as 5 %. 
In contrast, patients without contractile reserve 
whose stroke volume were unable to be aug-
mented with dobutamine infusion had a poor 
operative mortality of up to 31 %. Despite this 
poor operative mortality, patients with LGAS 
and no contractile reserve that survived surgery 
demonstrated recovery of LV function similar to 
patients with contractile reserve  [  16  ] .   

   Current Recommendation for AVR 
for AS and HF 

 No particular recommendation are made in the 
AHA/ACC guidelines in regards to patients with 
AS and advanced heart failure  [  7  ] . The European 
guidelines state that patients with LGAS with 
contractile reserve have a class IIa indication and 
patients with LGAS without contractile reserve 
have a class IIb indication for surgery  [  9  ] . 
Prognosis for patients with AS and advanced 
heart failure managed medically is dismal, and 
although AVR is associated with an elevated 
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operative mortality, long-term survival after a 
successful operation to relieve AS is superior 
even in patients without contractile.   

   Operative Concerns for AVR and HF 

 Current excellent outcomes after AVR can be 
attributed to improved preoperative medical opti-
mization, operative technique, and postoperative 
care. Medical management with current regimens 
including angiotensin-converting enzyme inhibi-
tors and beta-blockers has improved substantially 
over time. In the operating room over the past 
two decades, re fi nement in cardioplegia has per-
mitted safer myocardial protection, and intraop-
erative echocardiography has permitted a 
reduction in complications. Optimization of ino-
tropic management with agents such as phospho-
diesterase inhibitors and the use of antiarrhythmic 
agents such as amiodarone have reduced deaths. 
Postoperatively, devices such as biventricular 
synchronous pacemakers and implantable 
cardioverter-de fi brillators may also be used to 
improve midterm survival. 

 Concerns related to an AVR with advanced 
heart failure can be addressed with minimal alter-
ation in surgical technique. Although minimally 
invasive approach is possible in the majority of 
patient, this approach is avoided in patients with 
advanced heart failure to allow complete decom-
pression of the left ventricle. Myocardial protec-
tion must be meticulous particularly for those 
patients with extensive left ventricular hypertro-
phy. In these cases, antegrade cardioplegia is the 
preferred technique in order to minimize the pos-
sibility of subendocardial ischemia from inade-
quate distribution of cardioplegia. Although 
mechanical circulatory support such as intra-aor-
tic balloon pulsation (IABP) may become neces-
sary for postoperative low-cardiac output 
syndrome, we do not use it prophylactically due 
to known IABP complications. 

 Finally, newer-generation heart valves both 
mechanical and bioprosthetic have lower 
 pressure gradients, reducing the incidence of 

patient-prosthesis mismatch (PPM)  [  17  ] . Two 
studies have examined the role of PPM in peri-
operative mortality in patients with LGAS and 
have not found a statistically signi fi cant differ-
ence in survival between patients with PPM 
(de fi ned as an indexed effective ori fi ce area 
(EOA)  £ 0.85 cm 2 /m 2 ) as compared to those 
without PPM, although data from one study 
suggested a trend in worse 10-year survival 
 [  18,   19  ] . This same study demonstrated an 
increased rate of congestive heart failure and 
impaired LV mass regression in patients with 
PPM  [  19  ] . It is unclear, however, that exten-
sive surgical procedures such as aortic annular 
enlargement or aortic root replacement with 
either stentless xenografts or human allografts 
justify the increased operative risk to avoid 
PPM.  

   Future of Aortic Valve Surgery 
in Heart Failure 

   Resurgence of Aortic Balloon 
Valvuloplasty 

 Aortic balloon valvuloplasty (ABV) is not an 
acceptable alternative to AVR; however, it can 
be used as a staging procedure prior to AVR in 
patients with hemodynamic instability or as a 
purely palliative procedure for inoperable 
patients  [  7  ] . Increased interest in wider applica-
tion of ABV for patients with heart failure has 
resulted as a result of patient referrals for tran-
scatheter aortic valve implantation (TAVI). In 
current trials, patients with EF <20 % are not 
eligible for enrollment due to advanced heart 
failure. A strategy being used by many centers 
is to perform an ABV as a potential bridge to 
enrollment in ongoing trials. This strategy aims 
to relieve afterload to determine the response in 
LV function. If LV function improves, further 
de fi nitive intervention whether standard AVR 
or TAVI becomes a viable option. Without a 
response in LV function, it becomes unlikely 
that de fi nitive surgery will be bene fi cial.  
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   Transcatheter Aortic Valve 
Implantation 

 Catheter-based therapy for AS (but not AI) is cur-
rently being investigated for patients considered 

high risk for traditional AVR  [  20  ] . Current exper-
imental devices (Fig.  5.11 ) are mounted on a 
catheter which can be delivered either by a retro-
grade arterial approach via the femoral artery or 
by an antegrade approach via the left ventricular 
apex (Fig.  5.12 ). Many comorbidities can con-
tribute to the risk pro fi le for these patients, but 
heart failure is a powerful predictor of operative 
mortality. Patients with low-gradient AS without 
contractile reserve determined by dobutamine 
stress testing may be a subset of patients with AS 
and advanced heart failure that are particularly 
suited for TAVI. The reduced invasiveness of 
TAVI as compared to AVR may result in improved 
operative mortality and morbidity. If the durabil-
ity of these catheter-based valves is proven, 
patients with AS and advanced heart failure may 
also enjoy improved long-term survival 
(Fig.  5.13 )  [  21  ] .      

   Conclusions 

 The treatment of aortic valvular disease in 
advanced heart failure must be individualized. 
Recovery of LV function after successful surgical 
correction of the aortic valvular pathology is 

  Fig. 5.11    ( a ) Edwards Lifesciences, Sapien valve (Irvine, 
CA). A bovine pericardial valve is attached to a balloon-
expandable stainless-steel stent. ( b ) CoreValve Revalving 

System (Medtronic, Minneapolis, MN). A porcine peri-
cardial valve is attached to a self-expandable nitinol stent       

  Fig. 5.12    Transapical approach for aortic valve implan-
tation. A stent valve is introduced through the apex of the 
left ventricle. The stent valve is mounted on a delivery 
catheter which deploys the stent valve using balloon 
expansion       
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 typical but may not be reliably determined before 
surgery. Dobutamine stress echocardiography 
and ABV may be used to stratify patients with 
AS, but no modality exists to stratify patients 
with AI. Nevertheless, operative mortality has 
decreased signi fi cantly over the years, and AVR 
is a better option than continued medical therapy 
of heart transplantation for patients and can result 
in improvement of LV function. Moreover, the 
correction of the aortic valvular pathology can 
signi fi cantly facilitate subsequent medical man-
agement of chronic heart failure in patients with 
irreversible myocardial damage secondary to 
their aortic valvular disease.      
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         Introduction 

 Following myocardial infarction the ventricle 
undergoes a process of pathological and physiologi-
cal adaptation which has come to be known as 
 ventricular remodeling. Unchecked, the process can 
result in a ventricle that is enlarged, spherical and 
exhibits diminished ventricular function in the area 
of the infarction as well as in viable areas remote 
from the infarct and mitral regurgitation  [  1,   2  ] . 
Electrical and mechanical dyssynchrony can 
develop following infarction due to ventricular 
remodeling and further impairing the postinfarction 
ventricular dysfunction  [  3  ] . 

 The ultimate impact of postinfarction remodel-
ing is congestive heart failure (CHF) and death. 
Ischemic cardiomyopathy is the leading cause of 
heart failure in this country and in the Western world 
 [  4  ] . Mortality in CHF patients has been shown to be 
related to ventricular size and residual left ventricu-
lar function  [  2,   5–  8  ] . Survival in patients with CHF 
due to ischemic cardiomyopathy is, in addition, 
impacted by revascularization of viable, even if 
nonfunctional myocardium  [  8  ]  and preservation of 
left ventricular geometry  [  9  ] . 

 Surgical ventricular restoration (SVR) is a 
term which has come to be applied to a group of 

related surgical procedures designed to counter-
act the effects of postinfarction ventricular 
remodeling. All of the procedures are intended to 
reduce the size and sphericity of the left ventricle 
by excluding akinetic and dyskinetic areas in 
conjunction with complete revascularization and 
repair of any valvular defects. The goal is to 
revascularize ischemic myocardium, reduce end-
diastolic pressure and ventricular dyssynchrony 
resulting in an improvement in ventricular func-
tion, including the remote areas. This chapter will 
describe the surgical techniques used to achieve 
these goals.  

   Patient Selection 

 Patients who are candidates for SVR have many 
different clinical and morphological characteris-
tics. Most commonly, patients are considered 
candidates if they have had a remote anterior or 
anteroseptal myocardial infarction, signi fi cant 
ventricular enlargement with a large area of aki-
nesis or dyskinesis, and a clinical picture consis-
tent with CHF. They should have retained function 
of the basilar and lateral portions of the heart and 
have good right ventricular function. They should 
also be candidates for revascularization and valve 
repair if indicated. Indications and contraindica-
tions to SVR are shown in Table  6.1 . The only 
truly absolute contraindications to SVR are via-
bility of anterior wall and documented ischemia 
of other ventricular walls with coronary artery 
disease not amenable to revascularization.   
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   Surgical Procedures 

 There is no one SVR operation. Although all of 
the different procedures generally referred to as 
SVR have the same surgical goals and achieve 
the same or similar morphological results, they 
do so via different techniques. 

 All require median sternotomy and cardiopul-
monary bypass. Bicaval cannulation is preferred 
when there is a possibility of valve intervention. 
It is a good idea to place a femoral arterial line in 
the event that an intra-aortic balloon pump is nec-
essary. Concomitant coronary artery bypass 
grafting (CABG) is usually performed; the stan-
dard approach for CABG at that institution is uti-
lized, including myocardial protection. 

 The sequence of procedures performed is 
a matter of personal preference. We generally 
use a variation of the Dor technique of endoven-
tricular circular patch plasty but have used most of 
the major described techniques  [  10,   11  ] . 
Our approach is to perform the CABG  fi rst, 
 followed by the mitral repair and the SVR last. 
The mitral valve repair can be performed in a stan-
dard trans-atrial fashion or via a left ventricular 
approach  [  12  ] . Our preference is to perform the 

entire procedure under full cardioplegic arrest. If 
the cardiac function is poor, we will complete the 
proximal anastomoses, remove the cross clamp, 
and perform the SVR after the heart has been rep-
erfused and in extreme cases have done the entire 
operation beating. 

 What follows is a description of the primary 
SVR procedures. 

   Dor Procedure 

 This procedure was named after Dr Vincent Dor 
who  fi rst described it as endoventricular circular 
patch plasty. This procedure is what people gener-
ally are referring to when they use the terms SVR, 
remodeling, or reconstruction or the surgical ante-
rior ventricular endocardial reconstruction 
(SAVER) procedure. The technique was intro-
duced to improve geometric reconstruction com-
pared to standard linear repair of left ventricle (LV) 
aneurysms  [  10  ] . Subsequently, Dor and colleagues 
showed that it was applicable not only to classic 
aneurysms but also to large akinetic ventricles. 
Results with the Dor procedure have changed the 
approach to patients with CHF. SVR has become a 
standard part of the heart failure surgical arma-
mentarium in patients with advanced heart failure 
and dilated and dysfunctional ventricles  [  13,   14  ] . 

 The procedure begins with CABG and valve 
repair if indicated, on an arrested heart. The heart 
is vented through the aortic root which results 
in a collapsed left ventricle in patients with the 
classic thinned-out anterior wall (Fig.  6.1a ). 
In patients without full-thickness infarction and 
thinned-out walls, collapse may not occur. A ven-
triculotomy is then made in the anterior wall par-
allel to the left anterior descending coronary 
artery through the center of the scarred tissue 
(Fig.  6.1b ). It is extended proximally and distally 
as necessary. Retraction sutures are then placed 
to aid in exposure.  

 The LV is assessed by visualization and palpa-
tion to identify the presence or absence of ventric-
ular thrombus, the extent of septal anterior, lateral, 
and inferior wall infarction, papillary muscle 
infarction and the interpapillary muscle distance. 

 An encircling stitch is then placed which out-
lines the margins of the reconstructed anterior wall 

   Table 6.1    Indications for surgical ventricular restoration   

  Indications  
 • Anteroseptal myocardial infarction 
 • Congestive heart failure 
 • Depressed ejection fraction % 
 • Large area of akinesis/dyskinesis 

 – Asynergy of >30 % of LV surface 
 • Enlarged ventricle 

 – End-diastolic volume index >120 cc/m 2  
 – End-systolic volume index >60 cc/m 2  

 • Retained basilar heart function 
 • Candidate for revascularization 
 • Candidate for valve repair/replacement 
 • Good right ventricular function 

  Relative contraindications  
 • Multiple areas of infarction 
 • Loss of basilar myocardial function 
 • Pulmonary hypertension and right ventricular dysfunction 
 • Unreconstructable coronary artery disease 

  Absolute contraindications  
 • Viable myocardium anterior wall 
 • Active ischemia with unreconstructable coronary 

artery disease 
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  Fig. 6.1    ( a ) Anterior wall of infarcted left ventricle with 
sunken appearance while on suction. ( b ) Ventriculotomy 
parallel and lateral to left anterior descending coronary 
artery through scar tissue on anterior wall exposing left 
ventricular chamber. ( c ) Circumferential purse string 
(“Fontan stitch”) outlining border of new anterior wall 
and apex of left ventricle. ( d ) Patch closure of anterior 

left ventricular opening. ( e ) Final two-layered closure 
of residual scar over patch. (Reprinted from Operative 
Techniques in Cardiac & Thoracic Surgery, Vol. 2, Dor V, 
Surgical management of left ventricular aneurysms by 
the endoventricular circular patch plasty technique, 
pages 139–150, copyright 1997, with permission from 
Elsevier)       
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(Fig.  6.1c ). It runs from the point selected as the 
new apex cephalad along the septum and then 
crosses over the most superior margin of the ante-
rior ventriculotomy and down the anterolateral 
wall back to the new apex. This is commonly 
referred to as the “Fontan stitch” after Dr Francis 
Fontan  [  15  ] . I routinely use two stitches. Many 
select the location of this stitch at the visual border 
of the infarcted and normal tissue; some will per-
form the ventricular reconstruction on a beating 
heart and will use the border of the beating and 
non beating myocardium or between the palpably 
thinned-out and normal tissue as a guide. Many 
others will use homemade or commercially avail-
able sizing devices. The concept of ventricular siz-
ing was introduced by Dr Dor who used an in fl ated 
balloon to size the ventricles. I routinely use a 
device in fl ated to a volume of 50–60 cc/m 2  body 
surface area to estimate the patients’ own end-
diastolic volume. As a general rule of thumb the 
height of the septum is not reduced greater than 
50 % regardless of the extent of septal infarction. 

 The encircling stitch is tied to reduce the size of 
the opening. If the residual opening is greater than 
3 cm, a patch is used to close the opening 
(Fig.  6.1d ). If smaller, a linear closure is then per-
formed (Fig.  6.1e ). If the quality of the remaining 
tissue is suboptimal, the linear closure is reinforced 
with wither bovine pericardium or felt strips.  

   Modi fi ed Linear Closure Technique 
with Septoplasty 

 This technique is very similar to a standard linear 
closure technique for ventricular aneurysms. In 
this technique, the anterior wall is opened as 
described above. Once the margins of reconstruc-
tion of the anterior wall are identi fi ed, horizontal 
mattress sutures are placed externally through the 
anterior wall down through the scarred septum 
medially and continued laterally up through the 
endocardial scar of the anterolateral wall . These 
sutures are generally reinforced externally with 
felt or pericardial strips (Fig.  6.2a, b ). A standard 
linear ventricular closure is performed in layers.  

 What makes this technique unique is when a 
septoplasty is added in patients with large septal 
infarctions to reduce the volume of the septum. 

Dr Linda Mickleborough    of Toronto has popular-
ized this technique  [  16,   17  ] . A curvilinear patch of 
Dacron or pericardium is sewn along the margins 
of the septal wall along three sides (Fig.  6.2c ). The 
anterior linear closure sutures are then placed in 
such a fashion to sandwich the remaining side of 
the patch between the medial and lateral walls 
creating a new septum and anterior wall (Fig.  6.2d ). 
This can be seen diagrammatically in Fig.  6.2e .  

   Jatene Modi fi ed Septoplasty Technique 

 The technique introduced and popularized by Dr 
Adib Jatene  [  18  ] . This technique is similar to the 
Dor technique in that it utilizes a concentric purse 
string to demarcate the border of the new anterior 
wall and can be performed with or without a patch. 

 It is rendered a unique technique by the addi-
tion of a septoplasty to reduce the volume in the 
septum. The septoplasty is accomplished by imbri-
cating the septum with several horizontal mattress 
sutures which are placed along the septum taking 
multiple bites of scar tissue beginning near the 
apex of the heart and running towards the base of 
the heart until normal tissue is encountered. 
Sutures are placed in the full height of the infarcted 
septal tissue and when tied reduce the length of the 
septum. The encircling stitch is then placed, and 
the remainder of the reconstruction and closure of 
the ventricle can proceed in a  fashion with or with-
out a patch analogous to the Dor procedure  [  19  ] .  

   Septal Exclusion Technique 

 This technique was described by the French 
 surgeon Guillmet    in 1984 to treat aneurysms 
which primarily involved the septum  [  20  ] . 
This technique is quite unique in that it employs 
interrupted U-shaped stitches to reapproximate 
the anterior wall to the septum directly from 
within the ventricle. The procedure begins 
like any of the SVR procedures with an anterior 
ventriculotomy (Fig.  6.3a ). A series of interrupted 
horizontal mattress or U-shaped sutures are placed 
from the most lateral portion of the anterior wall 
and anchored on the septal scar (Fig.  6.3b ). The 
sutures are placed from the base towards the apex, 



  Fig. 6.2    ( a ) Reinforced linear closure of left ventricle. 
( b ) Final reinforced linear closure of left ventricle. ( c ) 
Septal patch over infarcted septal scar. ( d ) Final view of 
reinforced linear closure with septal patch. (Fig.  6.2 a – d   
reprinted from Operative Techniques Cardiac & Thoracic 
Surgery, Vol. 2, Mickleborough LL, Left ventricular aneu-
rysm: modi fi ed linear closure technique, pages 118–131, 

copyright 1997, with permission from Elsevier.) ( e ) 
Longitudinal view of linear closure with septal patch. 
(Reprinted from The Journal of Thoracic and 
Cardiovascular Surgery, Vol. 128, Mickleborough LL, 
Merchant N, Ivanov J, Rao V, Carson S, Left ventricular 
reconstruction: early and late results, pages 27–37, copy-
right 2004, with permission from Elsevier)       

  Fig. 6.3    ( a ) Line of ventricular incision lateral to left 
anterior descending coronary artery. ( b ) Primary septal 
lateral left ventricular (“Guillmet”) repair. ( c ) Final clo-
sure of anterior left ventricle. (Reprinted with permission 

from Cala fi ore AM, Gallina S, Di Mauro M, Pano M, 
Teodori G, Di Giammarco G, et al. Left ventricular aneu-
rysmectomy: endoventricular circular patch plasty or sep-
toexclusion. J Card Surg. 2003 Mar–Apr; 18(2):93–100)       
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and after all the sutures are placed, they are tied in 
the same sequence. The remaining tissue is reap-
proximated providing a hemostatic closure in a 
standard fashion (Fig.  6.3c )  [  21  ] .   

   Cerclage Technique 

 Another modi fi cation of the Dor procedure is the 
concentric purse string or cerclage technique des-
cribed by Caldeira and McCarthy in 2001  [  22  ] . 
This technique utilizes multiple concentric purse 
strings to reapproximate the septal and lateral 
wall scar tissue in sequential steps until the resid-
ual anterior ventriculotomy is small enough that 
the opening can be closed in a standard linear 
fashion. This technique uses multiple purse 
strings with each successive purse string placed 
approximately 0.5 cm apart.   

   Other Issues 

 Mitral regurgitation (MR) is a frequent  fi nding in 
dilated ischemic ventricles. The mechanism of 
mitral regurgitation is restriction of the subvalvar 

apparatus in addition to annular dilation. In 
patients with signi fi cant mitral regurgitation and 
an increased interpapillary muscle distance, the 
degree of MR can be reduced by reducing the 
papillary muscle tethering by reducing the inter-
papillary muscle distance and displacing the base 
of the papillary muscles up towards the mitral 
annulus. In patients with a distance greater than 
2.5–3 cm, this can be done by placing mattress 
sutures between the two papillary muscles or by 
running an imbricating suture from the base of 
the papillary muscles up towards the mitral annu-
lus  [  23  ]  (Fig.  6.4 ).   

   Outcomes 

 The literature is replete with studies documenting 
the morphological, physiological, and functional 
improvements seen following SVR in properly 
selected patients who undergo successful opera-
tions. It has been shown to improve ventricular 
size, morphology, EF %, stroke volume index, 
endocrine markers of CHF, ventricular  energetics, 
ventricular synchrony, and mechanical ef fi ciency 
(Table  6.2 ). Clinically it results in an improved 

  Fig. 6.4    Ventriculoplasty suture line to reapproximate 
papillary muscles. (Reprinted from The Journal of 
Thoracic and Cardiovascular Surgery, Vol. 130, Patel ND, 
Williams JA, Barreiro CJ, Bonde PN, Waldron MM, 

Chang DC, Bluemke DA, Conte JV, Surgical ventricular 
remodeling for multi-territory myocardial infarction: 
de fi ning a new patient population, pages 1698–1706, 
copyright 2005, with permission from Elsevier)       
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functional capacity (New York Heart Association 
[NYHA] class) and an excellent 5-year survival 
in very sick patients  [  24–  33  ] .   

   Summary 

 SVR is a procedure that has evolved from the 
treatment of ventricular aneurysms and has 
developed into a surgical treatment of CHF in 
selected patients with ischemic cardiomyopa-
thy. It is not one procedure but several with 
common surgical goals all of which can suc-
cessfully help to reverse postinfarction ventric-
ular remodeling and improve ventricular 
function. It is an excellent treatment option in 
appropriately selected patients with ischemic 
cardiomyopathy.      
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         Introduction 

 Heart failure (HF) is the end stage of a cardiac 
 disease and is most often a consequence of hyper-
tension, coronary artery disease, valve disorders, 
diabetes, and cardiomyopathy. Given the improve-
ment in life expectancy with advances in health 
care, the incidence and prevalence of HF has 
 dramatically increased  [  1  ] . Based on long-term 
follow-up data from the Framingham heart study, 
80 % of men and 70 % of women less than 65 years 
of age diagnosed with HF die within 8 years  [  2  ] . 
Since the advent of pharmacological therapy with 
furosemide in 1964, the management of HF utiliz-
ing drugs has focused on reduction of myocardial 
workload and attenuation of the neurohormonal 
cascade triggered by a fall in cardiac output. 
Despite optimization of these medications, there 
still remains a subset of patients who demonstrate 
no symptomatic improvement or progressively 
worsen. Though surgical techniques such as left 

ventricular (LV) volume reduction, ventricular 
assist devices are often reserved for severely dec-
ompensated patients with heart transplantation as 
a last resort, yet a signi fi cant majority are consid-
ered high risk for surgery and hence excluded. 

 In patients suffering from heart failure, replace-
ment of myocardial  fi laments with  fi brotic tissue 
leads to alteration in morphology and conduction 
properties  [  3  ] . Electrical disturbances such as pro-
longed atrioventricular (AV) conduction and 
delayed ventricular activation are fairly common, 
which begets mechanical dyssynchrony. This can 
be generally described as AV dyssynchrony, inter-
ventricular dyssynchrony, and intraventricular/LV 
dyssynchrony. This ventricular dyssynchrony due 
to conduction delay is often manifested on the sur-
face electrocardiogram (EKG) as widened QRS 
complex (>120 ms), often in the form of left bundle 
branch block (LBBB). Observed in about third of 
those with HF, it is also a predictor of mortality 
along with other parameters such as clinical severity 
(noted by New York Heart Association or NYHA 
class), LV ejection fraction, and HF etiology  [  4,   5  ] . 
As a result, LV performance is compromised 
throughout cardiac cycle due to paradoxical septal 
motion resulting in increase in LV end-diastolic 
diameter and reduction in ejection fraction, cardiac 
output, mean arterial blood pressure, as well as ratio 
of change in pressure to change in time (d P/ d t )  [  6,   7  ] . 
Understanding this pathophysiology has enabled a 
novel approach to enhance cardiac performance by 
counteracting this dyssynchrony with atrial syn-
chronized biventricular pacing, otherwise known 
as cardiac resynchronization therapy (CRT). 
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 Over the last decade, the improvement noted 
in symptoms/functional status, exercise capacity 
measured by six-min walking time (6 MWT), 
peak oxygen consumption (pVO 

2
 ), and quality of 

life (QoL) with the aid of CRT has been observed 
through observational studies  [  8–  10  ] . These have 
been corroborated by large-scale randomized 
 trials that demonstrated a reversal of ventricular 
remodeling as well as reduction in morbidity 
 [  11–  15  ] . However more recent trials have dem-
onstrated the added bene fi t of mortality  reduction, 
though the trials were restricted to patients who 
experienced moderate to severe heart failure as a 
result of systolic dysfunction as evident by 
depressed ejection fraction (EF)  [  16,   17  ] . In light 
of these data, the discussion in this chapter will 
focus on:

   Pathophysiology of dyssynchrony  • 
  Rationale for CRT  • 
  Evidence from the trials  • 
  Challenges following CRT  • 
  Special scenarios and future implication     • 

   Pathophysiology of Dyssynchrony 

 Heart failure is the fastest growing cardiovascular 
diagnosis with an estimated 37.2 billion dollars 
spent in direct and indirect costs  [  18  ] . It is mainly a 
clinical diagnosis often characterized by symptoms 
of cough, dyspnea, fatigue, edema, and weight gain 
and most often associated with a decreased ejection 
fraction. Substitution of myocytes with  fi brotic tis-
sue results in loss of mechanical and electrical 
properties leading to dyssynchronous activation. 

 Dyssynchronous activation noted in HF 
patients is atrioventricular, interventricular, and 
left ventricular in nature. Delay in AV conduction 
results in AV dyssynchrony, causing a suboptimal 
ventricular  fi lling due to a compromised  passive 
diastolic  fi lling time  [  19  ] . However, the more 
detrimental one is the loss of coordinated con-
tractility due to LV dyssynchrony  [  20  ] . Due to 
the delayed depolarization of the lateral free wall 
of LV in LBBB, contraction of that segment 
occurs when the septum is in its relaxation phase, 
resulting in a paradoxical movement away from 
the contracting lateral wall and increasing mitral 

regurgitation (MR)  [  7  ] . This inef fi cient contraction 
results in poor forward  fl ow into the aortic out fl ow 
tract  [  21  ] . The prolongation of systole also affects 
the isovolumic relaxation phase thereby reducing 
the duration of diastole leading to impaired 
 ventricular  fi lling and reduction in cardiac output 
(Fig.  7.1 )   .  

 Typically a widened QRS on the EKG has 
been considered a surrogate for LV dyssynchrony. 
Hawkins and their group noted increasing preva-
lence of dyssynchrony with prolongation of QRS 
duration  [  22  ] . Data from the Vesnarinone (VEST) 
study has revealed that QRS duration was directly 
correlated to mortality as noted in Fig.  7.2 . 
Prolongation of QRS (>120 ms) is widely 
accepted as occurring in about 30 % of patients 
with HF  [  23,   24  ] . It is a signi fi cant predictor of 
LV systolic dysfunction in HF with an inverse 
correlation between QRS length and left ventric-
ular ejection fraction (LVEF)  [  24–  26  ] . Xiao et al. 
showed that early mortality was observed in those 
with larger increase in QRS duration and the time 
to death from QRS reaching 160 ms was 
signi fi cantly shorter in those without an implanted 
pacemaker in comparison to those who had one 
 [  27  ] . Multiple studies have con fi rmed the higher 
incidence of sudden cardiac death in HF patients 
with prolonged QRS complex. In an effort to 
determine the optimal QRS duration that strati fi es 
HF patients into higher and low risk for increased 
mortality or need for transplantation, Kalra and 
his group determined that patients with a QRS 
duration  ³ 120 ms were associated with a three-
fold risk and a signi fi cantly low 5-year survival 
rate  [  25  ] . Most large-scale trials have considered 
QRS length >120 ms as part of their inclusion 
criteria, thus offering the bene fi t of application in 
clinical scenarios.   

   Rationale for CRT 

 Given the mounting evidence of dyssynchrony 
contributing to LV dysfunction, Cazeau and col-
leagues used CRT to improve the functional 
 status of a patient who presented with HF with 
conduction abnormalities  [  28  ] . This led to further 
attempts to reverse dyssynchrony with the aid of 
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  Fig. 7.1    Relation between dyssynchrony and cardiac output       
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pacing leads and spurred a new era of therapeutic 
application. CRT typically involves placement of 
pacing leads in the right atrium (RA), right ven-
tricle (RV), and the lateral branch of the coronary 
sinus (Fig.  7.3 ). This placement in the branch of 
the coronary sinus is an attempt to pace the lateral 
wall of the LV, and hence it is often called the LV 
lead. With this approach, simultaneous and syn-
chronized pacing of the ventricles can be  performed 
to reduce dyssynchrony so as to simulate a physi-
ological depolarization as seen in a healthy normal 
myocardium. An alternate approach is to pace the 
LV lateral wall with appropriate AV delay with the 
intent to merge with the wave originating through 
intrinsic activation of the RV, thus resulting in a 
coordinated contractile movement.  

 The ability to program the device in a manner 
such that AV interval can be adjusted so as to 
pace the ventricles without signi fi cant delay has 
been shown to optimize left ventricular  fi lling 
(therefore preload) and reduction in presystolic 
mitral regurgitation  [  29  ] . The principle of biven-
tricular pacing is to reverse the intraventricular 
dyssynchrony by timing the RV and LV pacing 
so as to encourage simultaneous contractility of 

the septal and lateral wall segments. The added 
 ability to offset the timing of RV and LV pacing 
seen in newer devices has been proven to be more 
bene fi cial than simultaneous pacing of the ven-
tricular leads  [  30  ] . Lateral wall is the site  preferred 
for the LV lead placement since coronary sinus 
provides easy access to the free wall. Compared  
to other sites, lateral wall provides best response 
in terms of percentage change in pulse pressure 
and LV d P/ d t  and the maximal area where this 
can be effectively achieved  [  31,   32  ] . 

 The acute hemodynamic effects are noted 
shortly after CRT initiation. Improvements in 
 systolic blood pressure, peak d P/ d t , EF, and  fi nally 
cardiac output with associated decline in pulmo-
nary capillary wedge pressures have been estab-
lished by invasive hemodynamic  monitoring  [  33  ] . 
This is achieved with coordinated contractile func-
tion resulting in improvement of ejection fraction 
as evidenced by improvement in stroke volume 
and reduction in LV end-systolic volume. The near 
elimination of functional mitral regurgitation by 
normalization of mitral valve timing has been 
known to contribute to reversing the geometrical 
changes due to disease progression  [  34,   35  ] . 

  Fig. 7.3    Chest X-ray revealing typical lead placement       
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The clinical effects of these changes were clearly 
shown in large-scale randomized clinical trials which 
measured surrogate markers such as NYHA class, 
QoL, and 6-min walk test  [  11–  13,   16,   35–  37  ] . 

 The long-term bene fi ts of CRT were evident 
by the progressive reduction in LV cavity volume 
and LV mass since the initiation of pacing as 
revealed by the long-term follow-up of several 
randomized trials (MUSTIC, PATH-CHF, 
CONTAK-CD, MIRACLE, CARE-HF, 
REVERSE). The change in hemodynamics with 
reduction of mitral regurgitation enabled an alter-
ation of LV cavity shape from a globular appear-
ance to more physiological ellipsoid appearance 
 [  38  ] . Importantly, Yu and his group showed the 
reversal of these changes with discontinuation of 
CRT thereby highlighting the fact that these 
changes were independent from that occurs as a 
result of concomitant use of drugs ( b -blockers, 
angiotensin converting enzyme [ACE] inhibitors, 
angiotensin receptor blockers [ARB])  [  39  ] . 
Notably those with depressed EF as a result of 
nonischemic etiology showed sustained evidence 
of reversal of ventricular remodeling compared to 
those with ischemic cardiomyopathy  [  40  ] . This is 
perhaps attributed to the loss of viable myocar-
dium as a result of repeated ischemia. Improvement 
in these cardiac measures contributed to the reduc-
tion in mortality besides the improvement in 
symptoms that were observed in the COMPANION 
and CARE-HF trials.  

   Evidence from the Trials 

 Since the observation of augmented cardiac per-
formance with CRT, various trials have been 
undertaken to corroborate those  fi ndings. The 
early observational studies were limited in their 
sample size where the patient served both as the 
case as well as the control. The data from the ran-
domized controlled trials have convincingly sub-
stantiated the role of CRT in HF management, 
given that nearly 5,000 patients have been evalu-
ated to date. 

 A summary of the major trials is noted in 
Table  7.1 , and how they guided standard of care 
is reviewed below.  

 Pacing Therapies in Congestive Heart Failure 
(PATH-CHF) Trial: this European study was the 
 fi rst randomized trial which was single blinded 
with crossover design where moderate to severe 
HF patients were allocated to receive RV, LV, or 
biventricular pacing or no pacing. Acute improve-
ment in hemodynamic parameters was noted in 
the LV and biventricular categories with reduc-
tion in LV end-diastolic volume and LV end-sys-
tolic volume observed during chronic pacing in 
the same group. Besides, PATH-CHF also enabled 
the identi fi cation of mid-lateral epicardial lead as 
the optimal site for LV lead placement. The study 
was limited by its small sample size and short 
follow-up  [  11  ] . 

 PATH-CHF II trial evaluated the signi fi cance 
of single-site LV pacing and degree of intraven-
tricular conduction delay to clinical bene fi ts. The 
patients were divided into two categories based on 
the QRS duration (short: QRS 120–150 ms, long: 
QRS > 150 ms). The assumption that CRT response 
may be linked to degree of QRS duration was 
driven by the observation that the group with pro-
longed QRS morphology showed improvement in 
exercise tolerance and QoL  [  12  ] . 

 Multisite Stimulation In Cardiomyopathy In 
Sinus Rhythm (MUSTIC-SR) trial was similar in 
design to PATH-CHF II except that biventricular 
pacing was the intervention planned. There was 
signi fi cant improvement in 6-min walking  distance 
(6 MWD) and pVO 

2
  which were the  primary end 

points. Signi fi cant improvement was seen in QoL 
measured as secondary end point in the treatment 
arm. Besides, there was alteration in the structural 
geometry due to reduction of LV cavity size. The 
degree of remodeling was more pronounced in HF 
patients whose etiology was related to nonisch-
emic causes compared to ischemic ones  [  13  ] . 

 Multisite Stimulation In Cardiomyopathy In 
Atrial Fibrillation (MUSTIC-AF) trial was an 
attempt to extrapolate similar results in patients 
with atrial  fi brillation whose paced QRS > 200 ms. 
Although the effect was less pronounced than in 
the sinus rhythm group, it was signi fi cant enough 
to conclude that biventricular pacing was a rea-
sonable option in HF patients with concomitant 
atrial  fi brillation who become pacer dependent 
due to bradycardia either as a result of ablation or 
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intrinsic conduction disease  [  14  ] . The  intervention 
arm in both MUSTIC study groups preferred 
biventricular pacing and showed reduced hospi-
talizations in the 12-month follow-up period. 

 Multicenter InSync Randomized Clinical 
Evaluation (MIRACLE) trial was the  fi rst 
 double-blind randomized control trial to validate 
the ef fi cacy of CRT. Hence suf fi cient targets such 
as 6 MWD, NYHA class, and QoL were included 
as the primary end points. The patients were 
divided into two arms and assigned to 6 months 
of  optimal medical therapy with biventricular 
pacing or medical therapy alone. The CRT group 
had signi fi cant improvement in all primary end 
points compared to the control. A noteworthy 
observation was that in those who underwent 
CRT, 67 % demonstrated improvement in clinical 
composite end point of NYHA class compared to 
39 % in the control  [  35  ] . This study paved the 
way for the US Food and Drug Administration 
(FDA) to approve the use of InSync ®  device 
(Medtronic, Minneapolis, MN) in 2001. 

 Cardiac Resynchronization Therapy for the 
Treatment of Heart Failure in Patients With 
Intraventricular Conduction Delay and Malig-
nant Ventricular Tachyarrhythmias: VENTAK 
CHF/CONTAK CD Biventricular Pacing Trial: 
the objective of this study was to assess the safety 
and effectiveness of CRT in combination with an 
ICD in patients with HF class II–IV symptoms. 
The study was unique since HF patients with his-
tory of ventricular tachyarrhythmia who were 
candidates for ICD placement were considered 
in the inclusion criteria. The primary end point 
was progression of HF, de fi ned as all cause mor-
tality along with HF hospitalizations and ven-
tricular tachycardia or ventricular  fi brillation 
requiring device intervention. Despite a 15 % 
reduction in the primary end point, no statistical 
signi fi cance was attained between the two groups. 
However improvement in secondary end points 
such as 6 MWT, pVO 

2
 , and EF was noted in 

NYHA classes III and IV but not so much in 
class II. Echocardiography demonstration of 
remodeling effect was evident in the reduction of 
ventricular dimensions across all NYHA classes 
studied  [  41  ] . 

 MIRACLE-ICD trial was con fi gured to com-
pare the effect of CRT with ICD against ICD alone 
in terms of QoL and functional capacity.    Despite 
an improvement in NYHA class and QoL, the 
 primary end points and pVO 

2
 , and the secondary 

end point, no signi fi cant difference was noted in 
terms of 6 MWD. The study established that in 
those with an indication for ICD, addition of CRT 
offers symptomatic relief  [  36  ] . 

 MIRACLE-ICD II trial was a randomized 
substudy carried out in HF patients who  fi t the 
criteria for MIRACLE-ICD study with the excep-
tion of NYHA class being II. Though there was 
no signi fi cant improvement in pVO 

2
 , 6 MWT, 

and QoL, improvement was noted in LVEF and 
cardiac dimensions, which are surrogate markers 
for ventricular remodeling  [  42  ] . 

 COMPANION trial is the largest randomized 
CRT trial to date designed to compare optimal 
medical therapy against CRT alone and CRT with 
de fi brillator (CRT-D) in advanced heart failure 
patients who otherwise had no indication for 
pacemaker or ICD at baseline. The primary end 
point was all cause mortality or hospitalization, 
while secondary end points were both all cause 
mortality and exercise performance. This was the 
 fi rst trial that was powered to evaluate the mortal-
ity bene fi t in a prospective manner. The primary 
composite end point was reduced by 19 % in the 
CRT/CRT-D arms with a reduction of total mor-
tality by 15 % and 40 % in the CRT and CRT-D 
arm, respectively. The bene fi t offered in terms of 
reduction in sudden death noted in the CRT-D 
arm provided compelling evidence for the FDA 
to approve the CRT-D device for patients who are 
candidates for CRT implantation  [  16  ] . 

 Cardiac Resynchronization in Heart Failure 
(CARE-HF) trial was a European study designed 
with the intent to observe morbidity and mortal-
ity bene fi t of CRT in HF patients whose QRS 
duration was more than 120 ms. The sample was 
again subdivided based on the QRS width into 
those with QRS duration more than 150 ms and 
the other group with QRS duration between 120 
and 150 ms. The study was distinctive in its 
design by requiring to demonstrate the evidence 
of LV dyssynchrony by echocardiogram (ECHO) 
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in the latter group. The primary end point was all 
cause mortality or any cardiovascular event requir-
ing hospitalization and secondary end point being 
all cause mortality. CRT was shown to reduce risk 
of death, intraventricular mechanical delay, mitral 
regurgitation, and LV end-systolic volume and 
improve EF, symptoms, and QoL  [  17  ] . An exten-
sion of the CARE-HF study beyond the initial 
29.4 months showed the extension of mortality 
bene fi ts with long-term follow-up  [  43  ] . 

 A recent meta-analysis of pooled data 
(Fig.  7.5 ) from 14 randomized controlled trials 
evaluating the bene fi t of CRT over 6 months 
revealed an improvement by at least one NYHA 
class from baseline in 59 % of patients who 
underwent CRT implantation in comparison to 
37 % among controls with no resynchronization 
therapy  [  44  ] . An augmentation in other parame-
ters such as LVEF, 6 MWD, and QoL was also 
observed in this study by McAlister and his 

group. A higher percentage ranging from 63 % to 
82 % was noted when 97 observational studies 
were pooled for analysis by the same group. Only 
19 % required hospitalization in the device group 
compared to 27 % in those without CRT. A nota-
ble decrease in all cause mortality was evident in 
the CRT group (13.2 % in CRT as against 15.5 % 
with no CRT), and this was expected to increase 
with duration after CRT. This was in consensus 
with results of CARE-HF data pertaining to 
determination of the number needed to prevent 
one death, which decreased from 13 patients at 
2 years to nine patients in 3 years  [  44  ] . Figures 
below demonstrate the response to clinical end 
points from various randomized controlled trials 
(Figs.  7.5 ,  7.6 ,  7.7 ,  7.8 ,  7.9 ,  7.10  and  7.11 ).         

 Given the insurmountable evidence provided by 
these trials, major cardiology societies (American 
Heart Association/American College of Cardiology 
(AHA/ACC), European Society of Cardiology) 
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  Fig. 7.4    Data spread of various randomized controlled trials on CRT       
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Source
CRT Ajone vs Medical Therapy
MUSTIC-SR, 2001

MUSTIC-AF, 2002
PATH-CHF, 2002
PATH-CHF II, 2003
RD-CHF, 2003
COMPANION, 2004
CARE-HF, 2005
VECTOR, 2005
HOBIPACE, 2006
Subtotal
Test for Heterogeneity:χ2

0=3.72; P=.93; I2=0%

Test for Heterogeneity:χ2
3=0.97; P=-.81; I2=0%

Test for Overall Effect: Z=3.16; P=.002

Test for Overall Effect: Z=0.60; P=.55

Test for Heterogeneity:χ13=4.90; P=.98; I2=0%
Test for Overall Effect: Z=3.18; P=.001

CONTAK-CD, 2003
MIRACLE-ICD, 2003
MIRACLE ICD II, 2004
RHYTHM-ICD, 2005

Subtotal

11/245
14/187
2/85

6/119

33/636

16/245
15/182
2/101
2/60

35/588

0.69(0.33-1.45)
0.91(0.45-1.83)
1.19(0.17-8.26)
1.51(0.31-7.27)

0.86(0.54-1.39)

278/2108 266/1717 0.78(0.67-0.91)

0.01 0.1 1.0

Relative Risk (95% Confidence Interval)

10 100

Total

CRT + ICD vs ICD Alone

MIRACLE, 2002

CRT

All-Cause Mortality,
No/Total

1/29

1/25
2/24
2/43
2/22

131/617
92/409

1/59
1/16

245/1472

12/228

Control
0/29

0/18
0/17
3/43
4/22

77/308
129/404

1/47
1/16

231/1129

16/225

Relative Risk
(95% Confidence Interval)

Favors
CRT

Favors
Control

3.00(0.13-70.74)

2.19(0.09-50.93)
3.60(0.18-70.54)
0.67(0.12-3.79)
0.50(0.10-2.45)
0.85(0.66-1.09)
0.70(0.56-0.89)
0.80(0.05-12.40)
1.00(0.07-14.64)
0.77(0.66-0.91)

0.74(0.36-1.53)

2

  Fig. 7.5    Effect of CRT on all cause mortality (Reprinted 
with permission from McAlister FA, Ezekowitz J, 
Hooton N, Vandermeer B, Spooner C, Dryden DM, et al. 
Cardiac resynchronization therapy for patients with left 

ventricular systolic dysfunction: a systemic review. 
JAMA. 2007;297(22):2502–2514). Copyright © (2007) 
American Medical Association. All rights reserved       

  Fig. 7.6    Effect of CRT on mortality rate       
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  Fig. 7.7    Effect of CRT on HF hospitalization       

  Fig. 7.8    Effect of CRT on 6-min walk distance       
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  Fig 7.9    Effect of CRT on quality of life       

  Fig. 7.10    Effect of CRT on pVO 
2
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  Fig. 7.11    Effect of CRT on HF clinical composite response       

have stated CRT as class I indications in heart 
 failure patients who are optimized on medical 
management and ful fi ll all of the following:

   A documented EF  • £  35 %  
  In sinus rhythm  • 
  A functional class of NYHA class III or ambu-• 
latory NYHA class IV  
  Evidence of cardiac dyssynchrony as evi-• 
denced by a QRS  ³  120 ms  [  45  ]     
 Despite these guidelines, a recent study by 

Hernandez et al. revealed that one in ten patients 
with CRT implantation has received the devices 
outside its current recommendations  [  46  ] . The 
researchers hypothesized that a small number of 
this could be possibly explained by the prophy-
lactic implantation of biventricular pacemaker 
instead of RV pacing with the intent to prevent 
systolic dysfunction among those with EF > 35 % 
as supported by the post AV nodal ablation evalu-
ation (PAVE) trial  [  47  ] . Since the update to the 
AHA/ACC guidelines, results from the “resyn-
chronization reverses remodeling in systolic left 
ventricular dysfunction” (REVERSE) trial have 
shed light into the bene fi t of CRT to patients with 
HF who are either asymptomatic or have mild 
symptoms. This randomized control trial evalu-
ated the bene fi t of CRT (with or without a 
de fi brillator) in patients with systolic HF on opti-
mum drug therapy with an EF  £  40 % and QRS 
duration  ³ 120 ms who belong to NYHA class I or 
II. The primary end point in this study was clini-
cal composite response for HF stated as wors-

ened, unchanged, or improved. Due to the 
inclusion of asymptomatic patients, a propor-
tional analysis was performed as a marker for 
ef fi cacy. Twenty-one percent in the group with 
no CRT worsened in comparison to 16 % in the 
CRT group, but this did not achieve statistical 
signi fi cance. However the time to hospitalization 
was delayed in the CRT group with added evi-
dence of reversal of LV remodeling noted increas-
ingly in this arm as evidenced by marked 
improvement in the LV end-systolic volume 
index  [  48  ] . Though this study was not devised 
to analyze mortality, one can speculate that the 
evidence of reversal of remodeling may contrib-
ute to reduction in mortality. Ongoing trials such 
as Multicenter Automatic De fi brillator 
Implantation Trial with CRT (MADIT-CRT) and 
Resynchronization/De fi brillation for Ambulatory 
Heart Failure Trial (RAFT) are designed to 
address mortality bene fi t in mild HF patients.  

   Challenges Following CRT 
Implantation 

 In spite of the demonstrable effects of CRT, 
nearly 30 % of those who are suitable for the 
device do not exhibit clinical improvement and 
are classically described as “nonresponders.” The 
initial attempt should be to ensure that there is no 
lead dislodgement and adequate LV lead capture 
with the help of EKG and chest X-ray. 
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Interestingly, evidence of LV dyssynchrony was 
reported in patients with normal QRS duration 
who were diagnosed with LV systolic dysfunc-
tion  [  23  ] . Conversely, mechanical dyssynchrony 
was not associated with electrical dyssynchrony 
as evident by results published by Bax et al.  [  49  ] . 
Results from the “Predictors of Response to 
CRT” (PROSPECT) trial showed that no particu-
lar echocardiographic measure of dyssynchrony 
could be recommended to improve patient selec-
tion for CRT  [  50  ] . Resynchronization therapy in 
narrow QRS (RethinQ) study was a randomized 
control trial which failed to show CRT bene fi t 
when HF patients with QRS < 130 ms who other-
wise met criteria for CRT implantation were 
selected purely on the basis of mechanical dys-
synchrony by ECHO  [  51  ] . However there is a 
rich body of observational trials which shows 
that echocardiographic criteria for LV dyssyn-
chrony predict CRT response more consistently 
than QRS duration when applied to responders’ 
and nonresponders’ category  [  52  ] . Multiple 
modalities have been attempted to identify 
mechanical dyssynchrony, the details of which 
are beyond the scope of this discussion but can be 
found in reviews elsewhere  [  52  ] . In summary, LV 
dyssynchrony may be measured by applying the 
following concepts: (1) timing of the valve move-
ment, (2) velocity of aortic-pulmonary  fl ow, and 
(3) displacement of tissue (wall motion) with 
respect to reference point or strain of the tissue. 
   Currently trials such as Echocardiography Guided 
CRT (ECHO   -CRT) are underway to determine 
“responders” to CRT. 

 In addition, the location of the LV pacing lead 
and the presence of scar tissue can signi fi cantly 
impede CRT response. Presently the preferred 
position is the lateral or posterolateral LV region 
which has yielded the maximum bene fi t in terms 
of hemodynamic improvement  [  53  ] . Recent work 
emphasized the need for LV lead placement to be 
in the area of latest mechanical activation in order 
to generate the best response in terms of reverse 
remodeling  [  54  ] . In contrast suboptimal lead 
position was observed to cause deterioration in 
acute hemodynamic response. In general, access-
ing the lateral or posterior branches of the coro-
nary sinus via a transvenous approach is 

successful in approximately 90 % of subjects. 
Alteration in the cardiac geometry due to under-
lying cardiac disease progression can occasion-
ally make it a dif fi cult access. Coronary sinus 
(CS) branches tend to be diminutive or even 
absent in the areas of previous infarction. 
Coronary computed tomography (CT) scan with 
contrast bolus timing and three-dimensional 
reconstruction imaging can be used to visualize 
the CS anatomy. Occasionally,  fl uoroscopic visu-
alization of the venous phase of the coronary 
angiogram can be used to identify the CS and its 
tributaries (Fig.  7.12c ). Besides use of electro-
physiological catheters can aid in identifying the 
coronary sinus and thus ensure a more successful 
implant. Alternative approaches are via atrial 
transseptal route and epicardial placement via 
sternotomy. The latter has the advantage of avoid-
ing the vascular anatomy and hence minimizes 
the risk of complications such as perforation or 
dissection of the coronary sinus. Robotic tech-
niques and minimally invasive access via subxi-
phoid incision have made epicardial lead 
implantation safer and appealing than trans-
venous approach and maybe preferred in the 
future (Fig.  7.12d ).  

 Presence of viable myocardium is an essential 
determinant of good CRT response. Bleeker et al. 
concluded from their study of ischemic cardio-
myopathy patients who underwent CRT that pres-
ence of scar in the posterolateral segments was a 
signi fi cant factor in being a “nonresponder”  [  55  ] . 
Contrast-enhanced MRI can be a helpful tool to 
identify and delineate the extent of scar tissue. 
The extent of myocardial viability identi fi ed using 
myocardial contrast ECHO predicted response to 
acute and long-term bene fi t to CRT in compari-
son to  tissue Doppler imaging  [  56  ] . Localization 
of CRT According to Echocardiography 
(LOCATE) study is a pilot study that is being 
undertaken so as to evaluate CRT response based 
on echo-guided lead placement. 

 Lastly optimization of pacemaker settings in 
a manner that determines atrioventricular (AV) 
delay/interventricular (VV) interval so as to 
generate the best stroke volume can be an 
approach worth considering in certain subjects. 
Optimal AV intervals can be chosen with ECHO 
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assistance using transmitral  fl ow patterns or sur-
rogate markers for cardiac output (such as aortic 
out fl ow velocity) and newer techniques such as 
tissue tracking. Recent studies have con fi rmed 
the initial observations from the PATH-CHF 
study as to how AV interval determines the 
degree of dyssynchrony. Data reported from the 
InSync III Marquis trial showed signi fi cant 
improvement in NYHA class and decrease in 
LV dyssynchrony in patients who had CRT-D 
with optimized V-V interval compared to CRT-D 
alone  [  57  ] . Response of CRT Optimization with 

V-V Timing in Heart Failure Patients 
(RESPONSE-HF) is an open-label randomized 
trial underway to evaluate the effect of V-V 
delay in patients with CRT-D devices. Other 
ongoing trials such as the Does Echo-
cardiographically Guided Ventriculo-Ventricular 
Optimization Yield a Sustained Improvement in 
Echocardiographic Parameters in CRT Patients 
(DEVISE-CRT) study and The SmartDelay 
Determined AV Optimization: a Comparison of 
AV Optimization Methods Used in CRT 
(SMART-AV) trial are underway to determine 

  Fig. 7.12    ( a ,  b ) Coronary sinus venogram performed 
routinely prior to lead placement revealing the various 
branches. ( c ) Venous phase of coronary angiogram and 

( d ) Epicardial lead implantation in a patient who failed 
transvenous approach       
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the ideal modality of pacing to generate the 
maximum hemodynamic response. 

 A simpli fi ed algorithm has been proposed by 
Aranda et al. which summarizes the approach to 
CRT nonresponders  [  58  ]  (Fig.  7.13 ).  

 Of late there has been some concern from 
reports about CRT rarely potentiating ventricular 
arrhythmias. Evidence of prolongation of QT 
interval, R on T phenomenon, and evidence of 

transmural dispersion of repolarization (TDR) 
could potentially act as a substrate for Torsade de 
pointes  [  59  ] . In a recent case series report, Shukla 
et al. demonstrated presence of ventricular tachy-
cardia/ventricular  fi brillation (VT/VF) in 5 of 145 
consecutive biventricular CRT implants  [  60  ] . The 
resolution of arrhythmia following discontinuation 
of CRT strengthens the association of these events 
to CRT. Therefore caution must be exercised when 

  Fig. 7.13    Approach to CRT “nonresponders” (Reprinted 
from Journal of the American College of Cardiology, Vol. 
46, Aranda JM Jr, Woo GW, Scho fi eld RS, Handberg EM, 
Hill JA, Curtis AB, Sears SF, Goff JS, Pauly DF, Conti JB, 

Management of heart failure after cardiac resynchroniza-
tion therapy: integrating advanced heart failure treatment 
with optimal device function, pages 2193–2198, copy-
right 2005, with permission from Elsevier)       
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left-sided pacing is considered as an indication for 
those who require pacemaker, especially in the 
absence of ICD backup until further studies detail-
ing the underlying mechanism are available.  

   Special Scenarios and Future 
Implications 

   Prevention of HF    

 With the boundaries of CRT implantation being 
constantly pushed, clinicians have ventured to 
determine if CRT could have a role in prevention 
of HF symptoms. In canine models, biventricular 
pacing have demonstrated reversal of negative 
hemodynamic effects and ventricular remodeling 
attributed to isolated LBBB in the absence of HF. 
Most randomized trials included patients with 
NYHA class III/IV, except for MIRACLE-ICD II 
and CONTAK-CD which incorporated class II 
patients. Though there was no improvement of 
signi fi cance in clinical parameters (6 MWD, 
QoL, NYHA class, etc.), ventricular dimensions 
were superior with an increase in EF in those 
with mild HF. REVERSE trial was the  fi rst pro-
spective randomized trial which evaluated 
asymptomatic patients who had evidence of low 
EF and widened QRS complex. A similar obser-
vation of no clinical improvement was noted, but 
considerable evidence of reversal of remodeling 
was observed in those who received CRT as a 
prophylaxis. It is debatable if the bene fi t of delay-
ing the  fi rst hospitalization for HF as noted in 
this study is worthy enough to accept this as stan-
dard of care. Furthermore, whether these bene fi ts 
can be seen long term needs to be adjudicated 
with larger trials and longer follow-up. 

 HF with Right Bundle Branch Block 
(RBBB)

There is scant data regarding the use of CRT in 
HF patients who show evidence of RBBB. 
Though there have been case reports which 
showed bene fi t, analysis from randomized trials 
reveal an enrollment of less than 10 %. Con fl icting 

results from MIRACLE and COMPANION trials 
has not been helpful to allay concerns. Initial data 
from MIRACLE study revealed that patients with 
RBBB or IVCD showed bene fi t from CRT, but 
COMPANION trial showed a decreased bene fi t 
from CRT  [  61  ] . A pooled analysis of MIRACLE 
and CONTAK-CD did not uphold the use of CRT 
in RBBB  [  62  ] .  

   QRS Duration Less Than 120 ms 

 Widened QRS considered as an evidence of LV 
dyssynchrony has been inclusive criteria in all 
major randomized trials. Analysis of data from 
CARE-HF trial and COMPANION trial revealed 
the salutary effects of CRT to be strongly corre-
lated with wider QRS complex. Results from the 
RethinQ study revealed no evidence of improve-
ment with CRT despite echocardiographic  evidence 
of mechanical dyssynchrony in patients who had 
QRS < 130 ms. The issue to consider is whether all 
types of contractility problems are related to dys-
synchrony or due to dyssynergy. Dyssynergy is 
mainly an ineffective contraction despite good 
recruitment which could be due to lack of viable 
myocardium as a result of underlying ischemic 
cardiomyopathy or replacement of myo fi laments 
with scar  tissue. In this scenario, there is very little 
CRT can offer given that timing of contraction is 
not the issue. However in clinical scenario, it is 
dif fi cult to differentiate between dyssynergy and 
dyssynchrony, and more imaging modalities need 
to be  evaluated to differentiate these two identities. 
Given the evidence of remodeling noted in patients 
with narrow QRS and CRT implant, future research 
may promise hope to this group of patients who 
have evidence of HF but do not meet the criteria 
for CRT implantation as per current guidelines. 
Results from ECHO-CRT will be helpful in direct-
ing treatment guidelines in the future.  

   Patients with Atrial Fibrillation (AF) 

 The randomized trials con fi rming the effect of 
CRT in HF have mainly included patients with 
sinus rhythm (SR) except for MUSTIC-AF trial. 
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The prevalence of AF in HF patients has been 
observed to be varying from 25 % to 50 %; how-
ever only 2 % of patients included in the trials have 
AF. In general, patients with underlying AF tend 
to be sicker and older than the subjects included in 
the trials. Patients with AF pose a challenge since 
consistent biventricular capture is dif fi cult in the 
setting of irregularity and intermittent rapid ven-
tricular rate. When rate control was adequately 
achieved allowing delivery of >85 % biventricular 
(Bi-V) paced beats, the bene fi ts are comparable to 
those in sinus rhythm  [  63  ] . In those where such a 
pacing was less successful (<85 % Bi-V pacing), 
AV junctional ablation is recommended followed 
by CRT. This was supported by results from the 
Multicenter Longitudinal Observational Study 
(MILOS) where similar mortality was noted in 
both sinus rhythm and AF group but signi fi cantly 
better than those on medical therapy alone  [  64  ] . In 
the absence of long-term follow-up or data from 
randomized trials, it is a dif fi cult choice to commit 
a patient to lifetime dependence on pacing, espe-
cially given the high proportion of nonresponders 
to CRT. New treatment options for AF consisting 
of isolation of pulmonary vein, extensive maze 
procedure offers alternate options to AV junctional 
ablation. Hence any randomized trial to evaluate 
use of CRT in HF patients with AF should be 
inclusive of all major treatment modalities such as 
drug therapy, AV junction ablation, and isolation 
of pulmonary vein. A recent meta-analysis of pro-
spective cohort studies of CRT in AF and SR 
showed signi fi cant improvement in EF but limited 
change in functional outcomes  [  65  ] . PAVE study 
also noted that in those who undergo AV junc-
tional ablation, biventricular pacing provides 
signi fi cant improvement in function and EF com-
pared to RV pacing. Ablation for Paroxysmal 
Atrial Fibrillation (APAF) trial is enrolling patients 
to determine the comparison of echo-guided CRT 
and right ventricular pacing following AV junction 
ablation for permanent AF.  

   Patients with Standard Pacing 
Indications 

 RV pacing has been associated with detrimental 
dyssynchrony as shown in the Dual Chamber and 

VVI Implantable De fi brillator (DAVID) trial. 
The    Hornburg Biventricular Pacing Evaluation 
(HOBIPACE) trial was a randomized crossover 
study that gave evidence to the fact that CRT led 
to signi fi cant improvement in LVEF and LV end-
systolic volume as primary end points and reduc-
tion in neurohormonal markers for HF and 
improvement in QoL and EF as secondary gain. 
However, LV pacing was accepted as a safe and 
feasible option in comparison to biventricular 
pacing based on the results from Bi vs Left 
Ventricular Pacing: an International Pilot 
Evaluation on Heart Failure Patients with 
Ventricular Arrhythmias (BELIEVE) trial  [  66  ] . 
Other ongoing trials such as Biventricular Versus 
Right Ventricular Pacing in Heart Failure Patients 
with Atrioventricular Block (BLOCK-HF) trial 
are comparing bene fi t of CRT versus RV pacing 
in HF patients who have indications for chronic 
pacing for bradycardia, while Device Evaluation 
of CONTAK RENEWAL 2 and EASYTRAK 2: 
Assessment of Safety and Effectiveness in Heart 
Failure (DECREASE-HF) study will compare 
biventricular pacing to permanent left ventricular 
pacing mode.  

   Role of Adding ICD to Biventricular 
Pacemaker 

 The indication of ICD for primary prevention in 
advanced HF was based on the reduction of sud-
den death in chronic HF. COMPANION trial is 
the only trial that considered drug therapy against 
ICD (CRT-P) or CRT with a de fi brillator (CRT-
D). There was survival bene fi t noted in both 
arms, but the effect was unchanged beyond the 
ninth month. MADIT-CRT trial is currently eval-
uating patients who belong to NYHA classes I 
and II with a prolonged QRS > 120 ms to assess if 
there is a mortality bene fi t with CRT-D. 

 Advances in pacing technology with possible 
multiple lead (TRIP-HF trial) placements or 
 multipolar pacing techniques and even consider-
ation of biological pacemaker mediated via trans-
plantation of pacemaker cells are all viable 
concepts for the future of CRT. While such inter-
ests are being pursued, it is important to critically 
review the strategies already approved to identify 
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areas whereby ef fi cacy can be improved and to 
identify the ideal subject who can derive maxi-
mal bene fi t.       
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         Introduction 

 Considerable progress has been made in recent 
years for the treatment of acute heart failure syn-
dromes. The management of acute heart failure is 
challenging due to its diverse etiologies and 
clinical presentations, which require a multidis-
ciplinary approach to provide appropriate phar-
macologic, interventional, and surgical therapy  [  1  ] . 
Many survivors of acute heart failure episodes 
return to a reasonable state of health, yet a con-
siderable number of patients develop severe car-
diogenic shock that is refractory to aggressive 
therapy. The early mortality in patients with car-
diogenic shock ranges from 50 % to 70 %, albeit 
there is a good long-term prognosis for those who 
survive the acute phase of the syndrome  [  2–  4  ] . In 
the setting of acute profound heart failure with 
cardiogenic shock while receiving usual medical 
therapy, rapid stabilization of hemodynamics 
with mechanical circulatory support (MCS) is 
necessary to adequately diagnose the underlying 
cause of heart failure and to formulate the most 
effective treatment options. 

 MCS has been used for acute and chronic heart 
failure with varying success over the past 50 years. 
Following the introduction of cardiopulmonary 
bypass during the 1950s, there were a few attempts 
to support patients with mechanical devices out-
side of the operating room. Implantable and para-
corporeal left ventricular assist devices (LVADs) 
were  fi rst used in the mid-1960s to support patients 
with postcardiotomy cardiogenic shock  [  5,   6  ] . 
These initial attempts demonstrated that the con-
cept of partial cardiac support for durations of a 
few days until myocardial function improved was 
feasible. Total cardiac replacement as a bridge to 
transplant was also demonstrated clinically in the 
1960s; however, at the time, cardiac transplanta-
tion did not provide long-term survival due to 
immune complications  [  7  ] . During the 1970s and 
1980s, the clinical use of ventricular assist devices 
(VADs) and total arti fi cial hearts (TAHs) was 
nominal; however, research and development 
efforts continued. Today, VAD and TAH systems 
are used worldwide for bridging to recovery or 
transplant and for destination therapy. 

 The immediate goal of therapy upon presenta-
tion of cardiogenic shock is to restore circulation 
to levels that will avoid the development of mul-
tiple organ failure due to hypoperfusion. Initial 
treatment of cardiogenic shock usually consists of 
inotropes, vasodilators, diuretics, anticoagulants, 
volume management, and intra-aortic balloon 
pump (IABP) support. The IABP was the  fi rst 
device developed to provide rapid MCS in the 
setting of cardiogenic shock  [  8,   9  ] . Since its  fi rst 
use in 1969, the IABP has been the most widely 
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used MCS device and continues to be used daily 
worldwide. However, the amount of circulatory 
support from an IABP is limited to only 1.5 L/
min, which is often less than the amount of car-
diac output needed for survival from cardiogenic 
shock. The Hemopump, another catheter-mounted 
pump designed for rapid insertion, was developed 
and tested during the 1980s and was capable of 
providing up to 3 L/min of cardiac output support 
 [  10  ] . Although this device proved to be useful for 
the treatment of cardiogenic shock and for sup-
port during high-risk interventional procedures, 
failure to meet regulatory requirements by the 
manufacturer prevented this device from reaching 
the market place  [  11–  13  ] . Consequently, the 
IABP has remained the mainstay of MCS for car-
diogenic shock for almost 50 years. 

 Other methods of circulatory assist for cardio-
genic shock that have been used with varying 
results include extracorporeal membrane oxy-
genation (ECMO) and the use of centrifugal 
pumps without an oxygenator. ECMO has been 
most effective in treating infants and adults with 
profound respiratory failure  [  14,   15  ] , but the 
complexity of the system has limited its use for 
extended cardiac support in cardiogenic shock. 
For patients who failed to wean from cardiopul-
monary bypass, extended support beyond the 
operating room was achieved with the use of cen-
trifugal  fl ow pumps  [  16,   17  ] . These techniques of 
circulatory support offered the advantages of 
urgent univentricular or biventricular assist in the 
operating room for postcardiotomy failure; how-
ever, the need for high levels of anticoagulation 
precipitated high rates of bleeding and associated 
complications  [  18,   19  ] . 

    The recent development of MCS devices that 
are less thrombogenic and more durable, incor-
porate cannulation techniques for rapid vascular 
access, and provide higher levels of cardiac out-
put is changing the treatment paradigm for severe 
cardiogenic shock. A variety of VAD systems 
have been used for short-term circulatory support 
and range from complex systems requiring 
 cardiopulmonary bypass for implantation to 
small catheter-mounted pumps that can be 
inserted percutaneously in conscious patients. 
The TandemHeart® system (CardiacAssist, Inc., 

Pittsburgh, PA) and the Impella® VAD 
(ABIOMED Inc., Danvers, MA) are two systems 
that utilize percutaneous techniques for rapid ini-
tiation of support and are used for temporary sup-
port during high-risk interventions or for support 
of patients with cardiogenic shock. The 
CentriMag® system (Levitronix, Waltham, MA) 
is an extracorporeal VAD that is placed surgically 
and can provide univentricular or biventricular 
support. In this chapter, the use of the 
TandemHeart, Impella, and CentriMag short-
term VADs that have been recently introduced 
into clinical use will be presented. These new 
VAD systems offer a number of advantages and 
provide levels of cardiac output support that have 
the potential to salvage more patients with severe 
refractory cardiogenic shock.  

   Short-Term Cardiac Support 

 The immediate goals of cardiac support for car-
diogenic shock are to promptly provide an ade-
quate amount of systemic perfusion to avoid organ 
damage and to unload the ventricles. The amount 
of time a patient remains in a severely hypoper-
fused state plays a major role in outcome. Once 
patients are stabilized, further diagnostics can take 
place to accurately determine the best course of 
therapy, but also time is needed to assess the risks 
and bene fi ts of further therapy (Fig.  8.1 ). Usually, 
several days of support are needed to assess the 
reversibility of organ dysfunction, determine the 
likeliness of myocardial recovery, and to consider 
alternative therapies. Heart transplantation and 
long-term LVAD support are courses of therapy 
that are either limited in resources or are very 
expensive. Patients with neurologic de fi cit or irre-
versible end-organ damage may not be suitable 
candidates for advanced therapy.  

 The etiology of heart failure plays a major role 
in determining the ultimate course of therapy for 
patients with cardiogenic shock. The common 
etiologies of cardiogenic shock include acute 
myocardial infarction (AMI), decompensated 
chronic heart failure, postcardiotomy shock, ful-
minant myocarditis, peripartum cardiomyopathy, 
various valve disorders, and congenital defects. 
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Patients with cardiogenic shock following AMI 
need to undergo prompt revascularization either 
by percutaneous coronary intervention (PCI) or 
coronary artery bypass grafting  [  20  ] . For patients 
with chronic heart failure, temporary VAD sup-
port may result in bridging to transplant, recov-
ery of myocardial function, or implantation of a 
long-term LVAD. The usual goal of temporary 
postcardiotomy support is to allow time for 
recovery from the insult of cardiotomy with car-
diac arrest. However, the mortality in this group 
is high, and some will eventually receive a long-
term LVAD or heart transplant. Patients with 
myocarditis or peripartum cardiomyopathy usu-
ally require support that ranges in duration from 
many weeks to a few months until recovery is 
adequate, which usually requires the use of an 
intermediate to long-term LVAD or biventricular 
VAD (BiVAD)  [  21–  24  ] . Patients presenting with 
cardiogenic shock secondary to valvular or con-
genital defects will normally undergo corrective 
surgery after stabilization. 

 Once temporary VAD support is initiated and 
hemodynamics are stabilized, the potential for 

myocardial recovery is assessed frequently, with 
the goal of keeping the support duration as mini-
mal as possible. Bleeding, infection, and throm-
boembolic complications during VAD support 
contribute considerably to morbidity and mortal-
ity. These complications, along with severe 
 ischemia during the acute phase of cardiogenic 
shock, often lead to multiple organ dysfunction. 
Aggressive supportive medical therapy and nor-
mal hemodynamics may allow for safe weaning 
and removal of the device. Explant of the VAD is 
considered when renal, hepatic, pulmonary, and 
neurologic functions are adequate and the patient 
can tolerate VAD weaning. Optimally, dialysis, 
mechanical ventilation, and inotropic medica-
tions have been discontinued or are being used 
minimally at the time of VAD explant.  

   Availability and Selection of VADS 

 Several factors in fl uence the choice of which 
MCS device is most appropriate for individ-
ual patients. Age and size of the patient is an 

  Fig. 8.1    An algorithm depicting the potential courses of care for patients with severe cardiogenic shock       
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important consideration in selection of cannulas 
or devices. Most contemporary VAD systems 
are small and can accommodate the majority of 
patients needing support. However, small chil-
dren usually require surgical implantation and 
the use of cannulas suitable for their vessel size. 
VAD systems that are deployed by percutaneous 
techniques provide only left ventricular support, 
and the maximal  fl ow rate ranges from 2.5 to 
5.0 L/min. The percutaneous LVADs require 
expertise for insertion of a transeptal left atrial 
cannula or for transvalvular left ventricular 
 positioning of a pump and cannula. Severe 
peripheral vascular disease may preclude the use 
of both the TandemHeart and Impella VADs 
because the cannulas or pump are inserted 
through the femoral vein and artery. Fluoroscopic 
guidance for proper placement of the cannula is 
necessary with most implant procedures being 
performed in the cardiac catheterization labora-
tory. The percutaneous VADs avoid surgery and 
associated complications, but support is limited 
to the left heart only, and the amount of support 
is limited to 5 L/min at best. A percutaneous 
VAD may be optimal for patients with severe 
coagulopathy or other surgical contraindica-
tions. These devices are most of the time used 
for up to 14 days and are usually converted to 
longer-term devices when continued support is 
indicated. Because the percutaneous devices are 
commonly intended for left heart support, surgi-
cal placement of a CentriMag VAD may be nec-
essary for patients requiring biventricular 
support. Early assessment of right heart hemo-
dynamics (central venous pressure, pulmonary 
artery pressures, and right ventricular stroke 
work index) or echocardiography may provide 
suf fi cient evidence for univentricular versus 
biventricular support. Patients with prolonged 
cardiogenic shock with end-organ dysfunction, 
and those with postcardiotomy shock, are best 
supported by a surgically placed biventricular 
support system because of its ability to unload 
both sides of the heart and to provide a greater 
 fl ow capacity. 

 The availability of VAD systems may deter-
mine the type of support utilized. Most academic 

medical centers with a full range of heart failure 
treatments usually have the ability to  fi t the proper 
type of VAD to each patient. These major medi-
cal centers also have appropriately trained per-
sonnel for the different types of devices. Patients 
with cardiogenic shock often present at nonaca-
demic community medical centers that do not 
have multiple VAD systems and trained person-
nel. Collaborative networks between community 
and academic hospitals with a hub-and-spoke 
VAD program offer advanced therapy to those 
who are not near the full-service heart failure 
programs  [  25–  27  ] . Transfer of patients in cardio-
genic shock to higher levels of care must be done 
in a timely fashion before end-organ dysfunction 
becomes irreversible. 

 Hub-and-spoke VAD networks between com-
munity hospitals and academic medical centers 
need to have dedicated personnel who are in fre-
quent communication. Specialized transport 
teams with appropriate personnel and technolo-
gies have an important role in the successful 
transfer of patients with cardiogenic shock  [  28  ] . 
The hub hospital or VAD center must have an 
available specialist to discuss the care and trans-
port of patients and then, be prepared to provide 
advance care upon receipt of the patient. The 
spoke hospital or community center must provide 
prompt inotropic and IABP support or a higher 
level of circulatory assist to stabilize hemody-
namics for preservation of organ function. 
Importantly, the spoke hospital must rapidly 
assess comorbidities, patient viability, and 
 fi nancial issues before transporting the patient to 
another institution  [  25  ] . Multiple transfers of 
patients with low probability of salvage will 
become a signi fi cant  fi nancial burden on the hub 
facility. 

 Although there are a number of VAD systems 
that may be used for short-term circulatory sup-
port, three of the most recently developed sys-
tems are described in Table  8.1 . The TandemHeart 
and Impella devices are used for support of 
patients with cardiogenic shock and during risk 
interventional procedures. The CentriMag is a 
versatile, surgically placed device that is in use in 
a variety of clinical scenarios.   
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   TandemHeart 

 The TandemHeart system (CardiacAssist, Inc., 
Pittsburgh, PA) provides circulatory assist by 
pumping oxygenated blood continuously from 
the left atrium to the femoral artery (Fig.  8.2 ). 
The goal of support is to reduce cardiac work, 
oxygen demand, and left ventricular  fi lling pres-
sure. The system consists of a transeptal in fl ow 
cannula (Fig.  8.3 ), a centrifugal  fl ow pump 
(Fig.  8.4 ), an out fl ow cannula (Fig.  8.3 ), and a 
bedside control console (Fig.  8.5 ). The pump can 
generate up to 5 L/min of blood  fl ow with an 
impeller speed range of 3,000–7,000 rpm. During 
support, the pump is positioned near the cannula-
tion sites and usually is secured to the anterior 
right thigh. Cannulation is usually performed in 
the cardiac catheterization laboratory with 
 fl uoroscopic guidance, or echocardiography may 
be used in other hospital settings.     

 With properly trained personnel, support with 
the TandemHeart system can be initiated in less 
than 30 minutes of arrival to the catheterization 
laboratory  [  29  ] . The unique feature of the 
TandemHeart system is the placement of the 21-F 
polyurethane in fl ow cannula into the left atrium. 
From a femoral vein, a septal puncture is per-
formed with a Brockenbrough needle passed 
through a Mullins sheath into the right atrium. A 
0.035-inch pigtail guidewire is introduced into 
the left atrium, and a two-stage (14-F–21-F) dila-
tor is used to expand the opening in the atrial sep-
tum. The tip of the in fl ow cannula is passed over 

the wire into the left atrium; this cannula then is 
attached to the in fl ow connector of the pump. 
A 15-F or 17-F cannula is placed in the contralat-
eral femoral artery and connected to the out fl ow 
connector of the pump. The pump impeller speed 
is adjusted with the bedside control console to 
achieve the desired  fl ow rate. The console moni-
tors pump function and provides audio and visual 
alerts during abnormal conditions. The console 
also provides a continuous infusion of heparin-
ized saline to the lower portion of the blood 
chamber in the pump to prevent clot formation. 

 The TandemHeart system has been used in a 
variety of clinical scenarios, but the primary use 
has been for support of patients with cardiogenic 
shock  [  30–  34  ]  and during high-risk PCI  [  35–  38  ] . 
With modi fi ed cannulation techniques, the 
TandemHeart system has been used as an RVAD 
and can provide biventricular support in profound 
cardiogenic shock  [  39  ] . When used as a right 
ventricular assist device (RVAD), cannulation of 
the right atrium and pulmonary artery is accom-
plished through the right internal jugular and 
femoral veins  [  40  ] . The TandemHeart system has 
also been used for support during cardiac surgery 
and for postcardiotomy failure  [  41–  43  ] . Direct 
surgical cannulation may also be employed with 
the use of shorter cannulas and  fl ow rates up to 
8 L/min. 

 The early randomized clinical trials compar-
ing support between the IABP and TandemHeart 
system have shown that hemodynamic parame-
ters are consistently better with TandemHeart 
support; however, 30-day mortality rates were 

   Table 8.1    Currently available VAD systems for stabilizing patients with severe cardiogenic shock   

 VAD system  Type of pump  Cannulation 
 Amount of 
support (L/min)  Indications 

 TandemHeart  Centrifugal  fl ow  Percutaneous (femoral) LA transeptal; 
femoral artery 

 Up to 5  Cardiogenic shock, 
CPR and high-risk PCI 

 Impella 2.5  Axial  fl ow  Percutaneous femoral insertion; cannula tip 
in LV, pump in ascending aorta 

 Up to 2.5  High-risk PCI 

 Impella 5.0  Axial  fl ow  Surgical femoral insertion; cannula tip in LV, 
pump in ascending aorta 

 Up to 5.0  Cardiogenic shock 
and high-risk PCI 

 CentriMag  Centrifugal  fl ow  Varies; LA or LV to ascending aorta or 
femoral artery for LVAD. RA to PA for RVAD 

 Up to 10  Postcardiotomy 

   LA  left atrium,  PCI  percutaneous coronary intervention,  LV  left ventricle,  PA  pulmonary artery,  RVAD  right ventricular 
assist device  
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not different  [  44,   45  ] . However, in a recent 
 single-center report of TandemHeart use in 117 
patients with severe refractory cardiogenic shock, 
with nearly 50 % in cardiac arrest and predictive 
mortality of more than 90 %, improvements in 
blood pressure, end-organ function, venous oxy-
gen saturation, urine output, and lactic acid levels 
resulted in a 6-month survival rate of 45 %  [  46  ] . 
In another report involving 22 patients with 
severe cardiogenic shock supported as a bridge to 

  Fig. 8.2    The TandemHeart ventricular assist device (VAD) with view of pump and cannula positioning ( left ) and tran-
septal in fl ow cannula tip in the left atrium ( right )       

  Fig. 8.3    Cannulas for TandemHeart support: transeptal 
cannula ( right ), femoral out fl ow cannula ( middle ), and two-
stage dilator for dilating the opening in the atrial septum       

  Fig. 8.4    The TandemHeart centrifugal  fl ow blood pump 
is normally placed on the patient’s thigh during support       
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decision, 34 % survived and underwent device 
explant, transplant, or implantation of a long-
term LVAD  [  47  ] . The time from the onset of car-
diogenic shock to the initiation of support appears 
to be an important factor in determining outcome. 
Patients with cardiogenic shock who are success-
fully stabilized have therapeutic options that may 
result in long-term survival. Few patients will 
recover myocardial function without revascular-
ization or corrective surgery. After a period of 
support and following more de fi nitive therapy, 
some patients may continue to have good organ 
function, but poor cardiac function may be suit-
able for long-term LVAD support  [  32,   47,   48  ] . 
Prolonged TandemHeart support or conversion to 
an implantable LVAD or BiVAD may be neces-
sary in cases of acute fulminate myocarditis or 
peripartum cardiomyopathy  [  49,   50  ] . 

 Device-related complications, including 
bleeding from the cannula insertion site, persis-

tent patent foramen ovale, limb ischemia, and 
thromboembolism, are observed, but these risks 
do not preclude the use of the TandemHeart sys-
tem in a population of patients who are facing 
imminent death  [  41  ] . Persistent patent foramen 
ovale following in fl ow cannula removal has not 
been a signi fi cant complication  [  36,   44  ] . The 
TandemHeart is the best percutaneous MCS 
device in cases of ventricular septal defect (VSD) 
despite the potential for a left to right shunt. Since 
the inlet cannula is in the left atrium, the blood is 
aspirated into the cannula prior to reaching the 
left ventricle and thus avoiding the RV unsatu-
rated blood to be mixed across the VSD. The 
TandemHeart is contraindicated in patients with 
severe peripheral vascular disease that prevents 
cannulation of the femoral vessels  [  51  ] . Because 
the in fl ow cannula is passed through the inferior 
vena cava and right atrium, use of this device is 
contraindicated with the presence of a caval  fi lter. 
Bleeding from the cannula insertion site results 
from the requirement to anticoagulate patients 
during support. Patients are con fi ned to bed and 
require sedation to prevent dislodgement of the 
in fl ow cannula into the right atrium.  

   Impella 

 The Impella system (ABIOMED Inc., Danvers, 
MA) is a catheter-mounted continuous- fl ow 
pump and cannula that aspirates blood from the 
left ventricle into the ascending aorta. A small 
axial- fl ow blood pump mounted on the end of a 
catheter is positioned in the ascending aorta, with 
its cannula placed across the aortic valve and the 
tip within the left ventricular cavity. The amount 
of  fl ow through the pump is determined by the 
rotor speed, preload (left ventricular pressure), 
and afterload (aortic pressure). There are two 
versions of the Impella device; the 2.5 and the 
5.0, which are designations indicating the pump’s 
maximum  fl ow rate. The 2.5 version has a 12-F 
diameter cannula and is inserted percutaneously 
from the femoral artery (Fig.  8.6 ). The Impella 
5.0 device has a 21-F diameter cannula with ver-
sions for femoral insertion (Fig.  8.7 ) or insertion 
directly into the ascending aorta through a ster-
notomy (Fig.  8.8 ).    

  Fig. 8.5    The TandemHeart bedside control console is 
used to adjust the pump’s impeller rotation and to provide 
a continuous infusion of heparinized glucose solution to 
the pump       
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  Fig. 8.6    The Impella 2.5 cannula is inserted over a wire via the femoral artery and retrograde through the aorta and 
across the aortic valve. The blood inlet is within the left ventricle, and the pump outlet is in the ascending aorta       

  Fig. 8.7    The Impella 5.0 cannula is inserted over a wire via the femoral artery and retrograde through the aorta 
and across the aortic valve. The blood inlet is within the left ventricle, and the pump outlet is in the ascending aorta       
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 Insertion of the Impella 2.5 percutaneous 
device is normally performed in a cardiac cathe-
terization laboratory with  fl uoroscopic guidance. 
This device is used for support of patients with 
cardiogenic shock or during high-risk PCI. The 
Impella 2.5 device is inserted percutaneously via 
the femoral artery through a 13-F sheath. Then a 
guidewire is passed through the aorta and into the 
left ventricle, followed by insertion of the pump 
over the wire until the J-tipped portion enters the 
left ventricle. Proper placement of the pump is 
also guided by observation of the pressure wave-
form, which is detected in the cannula near the 
pump. The dual-pressure sensor detects the pres-
sure within the cannula and on the outer surface 
of the cannula. When the cannula crosses the aor-
tic valve, the diastolic pressure within the can-
nula decreases greatly, indicating entry into the 
left ventricle, whereas the pressure on the outer 
portion of the cannula continues to record aortic 
pressure. Before insertion, the catheter is con-
nected to a bedside console for monitoring and 
control of the pump speed. A seal within the 
pump must be continuously purged with a solution 

of glucose and heparin to prevent clot formation. 
The bedside console is battery operated for 
patient transport. Patients must remain supine 
during support due to the presence of the catheter 
in the femoral artery. 

 The Impella 5.0 LD is used intraoperatively to 
support patients during beating-heart surgery or 
for postcardiotomy cardiogenic shock. The 21-Fr 
device is inserted through a graft anastomosed 
end to side on the ascending aorta. The cannula 
crosses the aortic valve with the pump just above 
the valve. If this technique is employed for post-
operative support, reoperation is necessary to 
remove the device and the graft on the aorta. 

 The Impella 2.5 device has been used for 
short-term support of patients with cardiogenic 
shock and during high-risk PCI. Contraindications 
for the use of this device include the presence of 
a mechanical aortic valve, severe peripheral vas-
cular disease, and severely calci fi ed aortic valve. 
Hemodynamic indications for use are a cardiac 
index <2.0 L/min/m 2 , arterial blood pressure 
<90 mmHg and a pulmonary capillary wedge 
pressure >18 mmHg, and heart failure that is 

  Fig. 8.8    The Impella 5.0 direct (LD) version is inserted through a graft on the ascending aorta with the tip within the 
left ventricle and the pump in the ascending aorta       
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potentially reversible. There are numerous reports 
of successful support in patients with postcar-
diotomy low-cardiac output  [  52–  55  ] , myocardial 
infarction with cardiogenic shock  [  33,   56–  59  ] , 
acute myocarditis  [  60,   61  ] , and severe allograft 
rejection  [  62,   63  ] . The Impella device has been 
used also to stabilize patients with decompen-
sated chronic heart failure who then undergo 
heart transplant or implantation of a long-term 
LVAD  [  33  ] . In randomized controlled trials, com-
parison of the Impella 2.5 and the IABP in 
patients with cardiogenic shock has shown that 
the Impella device provides better hemodynam-
ics during support, but there is no difference in 
30-day mortality  [  64  ] . Support during high-risk 
PCI is safe and provides adequate hemodynamic 
support, but superiority over IABP support has 
not been demonstrated in a randomized trial  [  65  ] . 
Since the Impella 2.5 device provides the maxi-
mal  fl ow of 2.5 L/min, it has little bene fi t for 
patients in severe refractory cardiogenic shock.  

   CentriMag 

 The CentriMag Blood Pumping System 
(Levitronix, Waltham, MA) utilizes a centrifugal 
 fl ow pump with a magnetically levitated impeller 
(Fig.  8.9 ). The impeller is raised away from the 
pump housing and rotates by magnetic force gen-
erated by the motor. This type of impeller rotation 
improves biocompatibility by eliminating heat 
from friction, and there is no wear of the moving 
components. The CentriMag system comprises 
the pump, an electromagnetic motor, an ultra-
sonic  fl ow probe, and an external control console. 
The 3/8-inch diameter inlet and outlet connec-
tions accommodate use of standard perfusion tub-
ing. The surgeon determines the cannulas 
appropriate for the type of support and vessel 
size. This system is implanted surgically through 
a sternotomy but also has been adapted for percu-
taneous use with an oxygenator  [  66  ] . Surgical 
cannulation for univentricular or biventricular 
support is accomplished with in fl ow cannulas 
placed in the left and right atria and with the 
out fl ow cannulas placed in the ascending aorta 
and main pulmonary artery (Fig.  8.10 ). The maxi-

mum  fl ow rate generated by the CentriMag device 
is 10 L/min at an impeller speed of 5,500 rpm. 
Blood  fl ow rate is determined using an ultrasonic 
 fl ow probe attached to the tubing near the pump. 
The external control console provides a display 
of impeller speed and pump  fl ow rate and pro-
vides audible and visual alerts for abnormal con-
ditions (Fig.  8.11 ). The control console can be 
battery operated to provide uninterrupted support 
during patient transport. Unlike the VAD system 
with femoral cannula placement, the cannulas 
used with the CentriMag system may be external-
ized through the chest or abdominal wall and 
 fi xated to allow patient mobility  [  67,   68  ] .    

 The CentriMag system is versatile and can be 
used in numerous clinical scenarios of cardio-
genic shock. It can provide univentricular or 
biventricular support, and it has been used for 
cardiopulmonary bypass and ECMO  [  66  ] . The 
 fl ow rate range of 0–10 L/min allows its use in 
children and large adults  [  69,   70  ] . The CentriMag 
system may be used for temporary right ventricu-
lar support following LVAD implantation, or in 
rare cases of isolated right heart failure  [  71  ] . An 
evolving and    increasing application of the 
CentriMag system is used as a bridge to decision 
for patients whose viability is questionable, and 

  Fig. 8.9    The CentriMag blood pump has a polycarbonate 
housing with a rotating impeller that is suspended and 
rotated by magnetic force (Image courtesy of Thoratec 
Corporation)       
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time is needed to stabilize and assess further 
treatment options  [  69,   72–  75  ] . 

 In a multicenter clinical trial evaluating the 
safety and effectiveness of CentriMag support, 
38 patients with cardiogenic shock following 

myocardial infarction, cardiotomy, and RVAD 
support following LVAD implant were supported 
for a mean duration of 13 days (range 1–60 days) 
with no device failures and a low incidence of 
device-related complications  [  76  ] . In this study, 
the overall 30-day survival rate was 47 %. When 
used as a bridge to decision for patients in cardio-
genic shock with multiple organ dysfunction and 
questionable neurologic function following myo-
cardial infarction, most patients are bridged to a 
long-term implantable LVAD, few tolerate wean-
ing of support, and support is terminated in those 
with irreversible neurologic function  [  75  ] . 
Extended support (many weeks) may be neces-
sary for patients with cardiogenic shock and 
organ failure secondary to acutely decompen-
sated chronic heart failure to determine their suit-
ability for heart transplant or long-term LVAD 
implantation  [  73  ] . The most frequent complica-
tion during CentriMag support is bleeding, which 
is secondary to anticoagulation requirements and 
the need for open chest surgery. Hemolysis has 
been minimal, and infection occurs in patients 
with prolonged support.  

  Fig. 8.10    The usual cannulation for biventricular assist 
with the CentriMag device. For left ventricular assist, the 
in fl ow cannula is placed in the left atrium, with the out fl ow 
cannula in the ascending aorta. For right ventricular assist, 

the in fl ow cannula is placed in the right atrium, and the 
out fl ow cannula is in the main pulmonary artery (Image 
courtesy of Thoratec Corporation)       

  Fig. 8.11    The bedside CentriMag control console dis-
plays pump  fl ow and impeller speed and provides audible 
and visual alerts for abnormal conditions (Image courtesy 
of Thoratec Corporation)       
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   Comments 

 Although progress has been made in treatment of 
acute heart failure and coronary artery disease, 
outcomes of cardiogenic shock remain poor. 
Earlier randomized trials of the newer percutane-
ous cardiac support devices versus the IABP have 
not shown that higher levels of cardiac output 
support are having a substantial impact on short-
term outcomes. However, the number of patients 
enrolled in those early trials was low and did not 
include patients in severe refractory cardiogenic 
shock, a population where the positive impact of 
modern percutaneous cardiac support devices has 
been demonstrated. 

 The variable of time from the onset of shock to 
the restoration of adequate systemic perfusion is 
crucial. The major advantage of the IABP is the 
ease of insertion and the short time it takes to pro-
vide support. The IABP can be inserted in multi-
ple hospital environments, such as the emergency 
department, intensive care unit, and operating 
room. The TandemHeart and Impella devices can 
be inserted rapidly but require  fl uoroscopic guid-
ance in special facilities as well as specially 
trained personnel, both of which are not yet 
widely available in the majority of hospitals 
where patients with cardiogenic shock present. 

 The versatility of the CentriMag, Impella, and 
TandemHeart devices offers the potential to pro-
vide prompt and full circulatory support, and it 
can be applied at the bedside, emergency depart-
ment, and catheterization laboratory using percu-
taneous cannulation techniques. Furthermore, 
these devices are beginning to be used also at 
community hospitals to rapidly stabilize patients 
before transport to hospitals with full-service 
heart failure programs. 

 The TandemHeart, Impella, and CentriMag 
short-term VADs are all commercially approved 
for use for up to 6 h. Because of the diverse clini-
cal presentations of cardiogenic shock and 
numerous patient variables, these devices have 
been adapted in different ways in an attempt to 
meet individual patient needs. The ideal or uni-
versal VAD system for treating all forms of heart 
failure does not exist. MCS technology for acute 

heart failure has progressed in recent years, but 
further advances are needed to improve mortality 
of cardiogenic shock. Blood pumps are capable 
of providing adequate levels of  fl ow, with limita-
tions mainly in vascular access and highly trained 
personnel. Continued research and development 
is needed to improve rapid vascular access along 
with training on device use and education in 
patient management.      
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         Introduction 

 Heart transplantation has progressed 
signi fi cantly in the 50 years since Lower and 
Shumway described the technical aspects of 
the procedure  [  1  ] . The progress was though 
mostly in the perioperative management of 
donors and recipients and long-term manage-
ment of the heart transplant patients. 
Improvements in immunosuppression and 
postoperative management have led to increas-
ing survival rates and declining complications 
 [  2,   3  ] . The surgical technique progressed in its 
complexity from the relatively easier biatrial 
technique to bicaval and to a total orthotopic 
technique. The latter technique includes a 
bicaval technique and separate anastomoses 
for the right and left pulmonary veins. As of 
2007, according to the United Network for 
Organ Sharing (UNOS) database, the standard, 
biatrial technique was performed in 34.7 % of 
transplants in the USA, while 62 % underwent 
bicaval anastomosis  [  4  ] . Compared to biatrial 
and total orthotopic techniques, the use of 
bicaval technique continues to be used increas-

ingly with improvements in posttransplant 
 survival, atrial geometry, and hemodynamics, 
as well as decreased valvular insuf fi ciency, 
arrhythmias, pacing requirements, vasopressor 
requirements, and hospital stay  [  5  ] . We describe 
in this chapter the bicaval technique as per-
formed at our institution. An orientation  fi gure 
is shown in each  photograph to illustrate patient 
orientation.  

   Donor Management and Cardiectomy 

 In order to achieve a short ischemic time, the coor-
dination between the recipient and donor teams is 
vital  [  6  ] . The surgeon on the donor team should 
verify (1) the ABO type of the donor and recipient, 
(2) consent for donation, and (3) a death note. He 
should take time to review the angiogram and 
echo. Donor-transmitted coronary atherosclerosis 
may decrease the 30-day mortality and may be 
missed without angiographic evaluation  [  7  ] . 
We routinely obtain coronary angiograms on 
donors over the age of 35 and in those with multi-
ple risk factors for coronary artery disease. 

 When cardiac donation is undertaken, there is 
often simultaneous recovery of other organs 
including the lungs. This presents an additional 
challenge to the cardiac recovery team. Care must 
be taken to preserve adequate left atrial tissue 
while ensuring adequate lengths of pulmonary 
veins is supplied to the lung recovery team  [  8  ] . 

 A median sternotomy and laparotomy are 
made to give adequate exposure for all surgical 
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teams. Examination of the heart prior to 
 cardiectomy should include the coronary arteries 
by inspection and palpation for evidence of 
plaques. Care should also be taken to examine 
the aorta, pulmonary artery (PA), and left atrium 
(LA) for palpable thrills as well as inspection of 
the entire heart for contusions  [  9  ] . 

 Electrocautery and blunt dissection is used to 
isolate the aorta and the PA to the level of the arch 
and bifurcation as seen in Fig.  9.1 . Dissection of the 
superior vena cava (SVC) is carried to the level of 
or even above the innominate vein. This will assure 
adequate length of SVC for the redo-sternotomy 
recipients. Special attention should be paid to the 
azygous vein ligation to ensure the tie remains with 
the donor heart. The SVC is dissected free from the 
right pulmonary artery. Prepare to tie or occlude the 
SVC with a straight Debakey clamp at the origin of 
innominate vein. We do not  fi nd the need to dissect 
the pericardial re fl ection of the inferior vena cava 
(IVC) at all since this allows an overly eager abdom-
inal surgeon to pull excessively from the intra-
abdominal part of IVC. This is prevented by leaving 
the pericardial re fl ection on the IVC intact. The car-
dioplegia needle and its tourniquet are placed in the 
standard fashion, and we ensure that this will be 
kept for de-airing during the implantation procedure 
in the recipient.  

 Figure  9.2  shows the lines of transaction for 
the SVC, PA, and aorta. Heparin is administered 

at 300–400 IU/Kg following the dissection of the 
abdominal organs  [  9  ] . It is important to perform a 
short brie fi ng session with the recovery teams 
present in order to avoid any misunderstanding 
before the initiation of the terminal recovery 
event and organs perfusion. If the lungs are also 
being procured, prostaglandin E1 is delivered at 
this time in the mid-pulmonary artery to reduce 
vasoconstriction caused by high-potassium con-
centration, although the ef fi cacy of this remains 
controversial  [  10  ] . As hypotension ensues fol-
lowing the administration of prostaglandin, the 
in fl ow is eliminated by clamping the SVC and 
incising the anterior wall of IVC to allow free 
 fl ow of the cardioplegia solution. If lungs are 
recovered, we place a clamp across the LA 
appendage and amputate it prior to application of 
cross-clamp. It is essential to make sure to make 
a large enough egress to allow free  fl ow of the 
pulmoplegia and prevent LV distention. If the 
lungs are not recovered, transaction of either the 
right or left superior pulmonary vein (PV) can 
allow decompression of the left heart. The LA 
clamp is opened and the aorta is cross-clamped. 
Cardioplegia is initiated at 150 mmHg using 
pressure bags  [  9  ] . We use cold storage solution, 
as developed by F.O. Belzer and James Southard 
for cardioplegia and storage. This is available as 
Static Preservation Solution (SPS-1™, Organ 
Recovery Systems, Chicago, IL). This is cooled 
between 2 °C and 4 °C. Two liters are hung in 
pressure bags prior to cross-clamp. Topical cooling 

  Fig. 9.1    After opening of the pericardium, the aorta and 
pulmonary artery are isolated and dissected in preparation 
for division       

  Fig. 9.2    The superior vena cava, pulmonary artery, and 
aorta shown after their dissection is complete       
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is accomplished with iced saline slush at 4°. It is 
important to avoid application of large ice blocks 
on the right ventricle (RV) since this may cause 
freezing injury to the RV. Once the infusion of 
preservation solution is complete, the SVC, aorta, 
and PA are transected along with the SVC.  

 Figure  9.3  shows transaction of the SVC, 
aorta, and amputation of the LA appendage.  

 We routinely leave the aortic vent and car-
dioplegia needle in for use in the recipient as an 
aortic de-airing needle. Lastly, the LA or PVs 
are divided. If lungs are not recovered, then 
division of right and pulmonary veins is expedi-
tiously achieved. Judicious, left atrial division 
has to occur when lungs are also recovered. 
Firstly the Sondergaard’s groove has to be 
developed for at least ½ inch between the right 
atrium and left atrium in front of the right pul-
monary veins. We do prefer to open the left 
atrium at this level leaving at least 1.5 cm of 
atrial cuff for the right pulmonary veins to be 
taken with the right lung. 

 On the back table in the donor OR room, a 
sterile bag is placed inside a rigid container and 
 fi lled with SPS using a bag decanter. The donor 
heart is inspected for the presence of patent 
 foramen ovale (PFO) and other possible injuries 
(shown in Fig.  9.4 ). The container is then placed 
inside two more sterile bags. The outside bag is 
labeled with a tag describing its contents and then 
immersed on ice in a transport cooler  [  9  ] . The label 
includes the organ-speci fi c internal color-coded 
label provided by UNOS completed with the 
Organ Procurement and Transplantation Network 
(OPTN) donor I.D. number, donor ABO type, and 
description of the speci fi c contents (i.e., heart).   

   Back Table Preparation of the Donor 
Heart 

 Back table preparation is typically undertaken at 
the removal of the transplant heart from the cooler 
upon arrival in the recipient operating room. 

  Fig. 9.3    The  upper images  demonstrate division of the superior vena cava and aorta. The  lower images  show amputa-
tion of the left atrial appendage. This is followed by division of the left atrium and pulmonary veins       
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When lung recovery did not occur, the LA is left 
intact, the PVs are opened from between the 
lower and upper veins on each side and then 
across  [  9,   11  ] . The excess tissue is trimmed in 
order to provide an atrial cuff to match that of 
the recipient LA. The atrial wall is inspected for 
a PFO, and if present this is oversewn  [  9  ] , usu-
ally from the right atrium as depicted in 
Fig.  9.4 . 

 Electrocautery is used to separate the PA and 
aorta along its length (Fig.  9.5 ). The valves are 
quickly visualized to ensure they were not dam-
aged during the recovery process.  

 Figure  9.6  illustrates the potential injury to the 
back wall of the aorta with the cardioplegia needle.  

 If the venting of the heart was performed 
through the LA appendage, during heart procure-
ment it should be closed with 4-0 single  fi lament 
polypropylene running suture. This is illustrated 
in Fig.  9.7 .   

   Recipient Cardiectomy 

 Standard preoperative antibiotics are administered. 
Adequate intravenous access and invasive sys-
temic and pulmonary arterial monitoring are estab-
lished. The recipient operation is approached most 
of the time through a median sternotomy, includ-
ing in re-operative procedures. Occasionally, axil-
lary or femoral cannulation is performed. Sternal 
adhesions may signi fi cantly increase the risk of 
complications on re-operation  [  12  ] . To ensure an 
easier access for the future redo sternotomy, we 
routinely reconstruct the pericardium with 2-mm-
thick Gore-Tex patch (Gore, Flagstaff, Arizona) at 
our institution, after left ventricular assist device 
(LVAD) implantation as bridge to transplantation 
(Fig.  9.8 ). We found that this signi fi cantly increases 
the ease of the subsequent sternotomy.  

 Low- fl ow carbon dioxide is insuf fl ated into the 
operative  fi eld to reduce the risk of air embolism 
 [  13,   14  ] . The aorta is cannulated as distally as pos-
sible in the ascending aorta. The SVC and IVC are 

  Fig. 9.4    If a patent foramen ovale is found, this is closed on the back table during preparation of the donor heart       

  Fig. 9.5    The pulmonary artery and aorta are separated 
along their length on the back table       
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cannulated with right-angle 24–28 F and 28 F can-
nulas, respectively. Cardiopulmonary bypass is ini-
tiated and moderate hypothermia is employed. 

 Snares are placed around both SVC and IVC 
cannulae. The aorta is mobilized off of the PA to 

allow enough room for and safe placement of the 
aortic cross-clamp. This is particularly important 
in re-operative surgery when dense scarring may 
be present between the aorta and pulmonary artery. 
We initiate the terminal cardiectomy when we 

  Fig. 9.6    Care must be taken to prevent and look for back wall injury to the aorta from the cardioplegia needle       

  Fig. 9.7    The site of the left atrial 
appendage is closed on the back table 
using 4-0 mono fi lament suture       
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  Fig. 9.8    A 2-mm-thick Gore-Tex patch used to recon-
struct the pericardium at the time of left ventricular assist 
device implantation is of great help during the subsequent 
sternotomy at the time of transplant       

  Fig. 9.9    Recipient cardiectomy is completed and shown are the snared stumps of the superior and inferior vena cava 
and left atrial cuff with the pulmonary veins       

  Fig. 9.10    The donor heart is brought into the  fi eld, and the back wall of the left atrial anastomosis is begun using a long 
3-0 Prolene suture on an M-H needle in a running fashion       

ensure that the donor team has safely landed. This 
allows us approximately 20 min for the recipient 
cardiectomy. This is initiated by tightening the 
snares around each vena cava followed by applica-
tion of cross-clamp after temporarily lowering the 
 fl ow on cardiopulmonary bypass. We divide the 
upper and lower parts of the right atrium contigu-
ous with the SVC and IVC leaving a cuff of right 
atrium of at least 2–3 cm on each vena cava. Care 
is taken during this procedure to avoid injury of 
the left atrium especially with re-operative surgery. 
Preexisting pacing/de fi brillator wires are pulled 
intrapericardially and cut  fl ush with the SVC snare 
with a wire cutter. Swan–Ganz catheter is removed 
from the recipient heart at this point and retracted 
out of the mediastinum and secured to the drapes. 
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Aorta and the PA are both divided at the level of 
the valve commissures. Lastly, the LA is divided 
along the atrioventricular groove.    If an LVAD is 
present, the left ventricle can be amputated close 
to the apex and LVAD cannula oriented outside of 
the pericardial cavity and removed after comple-
tion of all anastomoses. 

 Figure  9.9  shows the empty pericardium 
after the recipient cardiectomy, showing a large 
cuff of atrium with the SVC and IVC. Note the 
pulmonary artery catheter exiting the SVC, the 
LVAD out fl ow graft left on the recipient aorta, 
and the LVAD (HeartMate II, Thoratec 
Corporation, Pleasanton, CA) in the preperito-
neal space.   

   Allograft Implantation 

   Left Atrial Anastomosis 

 The donor cardiac allograft is brought in to the 
operative  fi eld and placed on an ice slush sponge 
on the left side of the sternotomy retractor. Correct 
orientation of the donor heart and best matching of 
the donor and recipient atria is essential at this 
point to enable optimal positioning of the subse-
quent anastomosis. The donor left atrium is ori-
ented so the atrial appendage and the medial aspect 

of the IVC stump will match those of the recipient. 
Two 54-inch, 3-0, single-stranded, double-armed, 
polypropylene sutures are used as stay sutures to 
mark the landmarks mentioned above  [  11  ] . This is 
illustrated in Figs.  9.10  and  9.11 .   

 The cranial suture, placed near the left atrial 
appendage, is run along the posterior atrial walls. 
Care is taken to run this posterior atrial wall using 
everting, full-thickness bites through the endocar-
dium. This everting stitch with apposition of the 
intimal layers may reduce the risk of clot forma-
tion and possible embolization during the early 
postoperative period  [  11  ] . After all the length of 
the suture is used, the heart is “parachuted” from 
the left hemi-sternum in the pericardial cavity. Ice 
slush is added as needed to provide continued 
cooling to the graft once it is lowered into the peri-
cardium. The posterior wall is run until the inferior 
stay suture is encountered, and the other end of the 
cranial suture is then run anteriorly using a simple 
over–over suture technique. We frequently do not 
use the inferior stay suture for this anastomosis. 
We tie this suture without employing special 
maneuvers to de-air the left atrium.  

   IVC Anastomosis 

 The IVC anastomosis is completed next using 
4-0 single-stranded polypropylene suture  [  9  ] . 
To aid in visualization of the  fi eld, a  fl oppy 
pump sucker can be threaded through the SVC 
into the IVC in front of the coronary sinus while 
the posterior wall of the IVC anastomosis is 
completed. One can leave the anterior wall of 
the IVC anastomosis to be completed after the 
removal of the cross-clamp, and the aortic anas-
tomosis can be completed at this point. However, 
if IVC is completed at this time, care is taken to 
match the almost universal size discrepancy 
between the small donor and large recipient IVC 
stumps as depicted in Fig.  9.12 . The recipient 
RA is usually incised anteriorly for 1–2 cm as to 
match the larger recipient IVC. Attention to this 
fact is essential in preventing strictures or tor-
sion  [  11  ] . Additionally the excess IVC tissue 
can be plicated and oversewn anteriorly when 
the anastomosis is nearly complete.   

  Fig. 9.11    The left atria of the donor and recipient are 
aligned, and the posterior atrial walls are sutured using 
everting, full-thickness bites       
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   SVC Anastomosis 

 The pulmonary artery catheter should be threaded 
from the recipient SVC through the donor SVC, 
RA, and RV towards the PA prior to completing the 
anastomosis as illustrated in Fig.  9.13 . We    routinely 
use a Satinsky    clamp to enable passage of the pul-
monary catheter antegrade through the right heart. 

Afterwards, the SVC anastomosis is completed 
using 4-0 single-stranded polypropylene suture.  

 Special care must be taken not to narrow 
(“purse-string”) the SVC, and it is recommended 
to tie the suture very loosely at the end. A tech-
nique where open forceps are used to prevent 
overtightening the SVC anastomosis is shown in 
Fig.  9.14  (insert).   

  Fig. 9.12    The donor right atrium is commonly incised anteriorly for 1–2 cm to account for the common size discrep-
ancy between the small inferior vena cava in the donor and the large one in the recipient       

  Fig. 9.13    A Satinsky clamp may aid in passage of the pulmonary artery catheter from the recipient vena cava through 
the donor right atrium and ventricle towards the pulmonary artery       
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   Aortic Anastomosis 

 Aortic anastomosis can be completed right 
after LA anastomosis when an earlier release 
of cross-clamp is anticipated or in the order 
preferred. An end-to-end anastomosis is com-
pleted with 3-0 or 4-0 single-stranded polypro-
pylene suture according to individual 
preference. It’s our choice to use 4-0 single-
stranded polypropylene suture and a strip of 
bovine pericardium during the completion of 
both the aortic and PA anastomosis. Larger size 
discrepancy between the larger recipient and 
smaller donor aortic ends is dealt by either 
more pronounced beveling of the donor (usu-
ally) longer aorta or by reducing the size of the 
recipient aorta by excising a 1–2 cm triangular 
piece from its anterior aspect and closing the 
defect transversely. If an LVAD stump graft is 
present, as seen in Fig.  9.15 , it is preferable to 
remove it, but occasionally it can be stapled off 
depending on length of aorta needed for 
anastomosis.  

 Finally, an interposition graft can be used 
between the two aortic ends when additional 
length is needed. Once the aortic anastomosis is 
completed, the aortic cross-clamp can be removed 
and rewarming started. We usually keep and use 
the same aortic de-airing needle, along with its 
tourniquet, that was placed at the time of recov-
ery for delivery of preservation solution.  

   PA Anastomosis 

 The pulmonary anastomosis is completed lastly 
before or after removal of the cross-clamp. 
Adequate matching of optimal length as well 
as approximation of the best orientation of the 
two pulmonary artery ends is again essential to 
prevent kinking of this anastomosis  [  9,   11  ] . 
The adventitial fat from donor and recipient is 
matched to avoid twisting. Both ends are also 
trimmed to avoid any possible redundancy. The 
pulmonary artery catheter is passed into the 
recipient PA at this point, as seen in Fig.  9.16 . 
We use 4-0 single-stranded polypropylene 
suture and a 1-cm wide strip of bovine pericar-
dium to complete this anastomosis.   

   Reperfusion 

 Once the atrial and aortic anastomoses are com-
plete, the standard de-airing maneuvers are accom-
plished  [  15  ] , the immunosuppressive steroid dose 
is given along with the antiarrhythmic agents, and 
cross-clamp is removed. We do not administer any 
cardioplegia to the donor heart during implanta-
tion. Instead we do perform frequent applications 
of ice slush and attempt to minimize the implanta-
tion time by removing the cross-clamp after the 
completion of only LA and aortic anastomoses if 
needed. Rewarming is continued until bypass is 
discontinued. The disconnected LVAD device, if 
not removed earlier, (Fig.  9.9 ) is removed at this 
point by dissecting it out of its pocket and cutting 
off its driveline as distal as possible. It is our rou-
tine to place a Betadine impregnated lap in the 
LVAD pocket. Atrial and ventricular pacing wires 
are placed and passed through the skin below the 

  Fig. 9.14    Care must be taken to avoid purse-stringing the 
superior vena cava anastomosis; tying over and instru-
ment such as forceps can prevent overtightening the 
anastomosis       
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  Fig. 9.16    The pulmonary arterial anastomosis is com-
pleted using single-stranded polypropylene suture after 
the pulmonary artery catheter is passed into the recipient 
pulmonary artery       

  Fig. 9.15    If present, an LVAD stump graft is removed prior to completion of the end-to-end aortic anastomosis. In rare 
cases it may be stapled off and left in place if removing it will result in insuf fi cient length of the aorta       

  Fig. 9.17    The completed heart transplantation procedure 
showing inferior and superior vena caval anastomoses, the 
aorta with cardioplegia needle still in place and used for 
de-airing and pulmonary artery anastomosis       
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costal margin. Figure  9.17  shows the completed 
anastomoses. After skin closure the ICD/pacer 
generator if present is removed along with the 
remaining pacemaker wires. If these have been in 
place for an extended period of time or several 
attempts to remove them are unsuccessful, they 
may be left in situ. The external part of LVAD 
driveline is also removed once the sternotomy 
incision is closed.        
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         Introduction 

 Left ventricular assist devices (LVADs) have 
become the standard of care for patients with 
refractory, end-stage heart failure  [  1,   2  ] . Several 
studies have demonstrated the superiority of 
mechanical support over optimal medical therapy 
with respect to improving survival as well as 
quality of life in this subgroup of patients  [  3–  5  ] . 
Over the last decade, there has been a signi fi cant 
evolution in VAD-related technologies. Devices 
have undergone substantial modi fi cations in an 
effort to improve survival while on support, 
increase durability, and limit device-related infec-
tions, device thrombosis, device malfunction, and 
perioperative bleeding  [  6,   7  ] . Improvements in 
device design have also yielded devices that can 
be implanted as destination therapy. 

 There are currently several broad  differentiating 
features of devices which can be used to separate 
devices into various subcategories, including 
short-term vs. long-term devices, paracorporeal vs. 

intracorporeal devices, pulsatile vs.  continuous 
 fl ow devices, full vs. partial support devices, and 
assist device vs. complete heart replacement (i.e., 
total arti fi cial heart). The indications for implan-
tation of a mechanical device have expanded over 
time and include acute cardiogenic shock, bridge 
to transplant (BTT), bridge to decision, and des-
tination therapy (DT)  [  8–  15  ] . This chapter will 
focus on VADs for long-term support as a BTT, 
including important factors relating to patient 
selection, types of devices, results using mechan-
ical support, surgical technique, postoperative 
management, and complications. 

   Chronic Heart Failure as a Bridge 
to Transplant 

 Progression of chronic heart failure encompasses 
the largest subgroup of patients who receive 
LVADs  [  16,   17  ] . These patients are typically well 
known to the heart failure group and are already 
listed and waiting for a heart transplant. While 
most of these patients chronically deteriorate to 
the point that they require mechanical support, a 
subset of these patients will have an acute exacer-
bation of chronic heart failure due to the presence 
of a new, acute infection, arrhythmia, or new area 
of myocardial ischemia. These patients typically 
do well after placement of a long-term VAD, such 
as the HeartMate II (Thoratec Corp., Pleasanton, 
CA)  [  1,   2,   18–  20  ] . They are often discharged 
from the hospital after their VAD and return at a 
later date for their transplant  [  4,   5  ] .   
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   Patient Selection 

   Cardiac Factors 

 Prudent patient selection is a critical element in 
achieving good clinical results with LVADs. 
Numerous studies have identi fi ed independent 
predictors of adverse outcome after LVAD 
implantation  [  21–  23  ] . The common denominator 
among these independent predictors of mortality 
is end-organ failure, such as respiratory failure 
requiring mechanical ventilation, renal failure 
requiring dialysis, shock liver with markedly ele-
vated transaminases, and diffuse coagulopathy 
due to malfunctioning clotting mechanisms. It is 
important to implant mechanical support in 
patients prior to development of end-organ fail-
ure. This applies to patients with chronic heart 
failure with an acute decompensation who are 
receiving long-term VADs  [  22,   23  ] . 

 It is important to identify those patients with 
signi fi cant right ventricular (RV) dysfunction 
prior to LVAD implantation, as RV failure post-
LVAD implantation could be a fatal complication 
 [  24,   25  ] . Preoperative predictive factors for RV 
failure after LVAD implantation include low pre-
operative mean pulmonary artery pressure and 
low right ventricular stroke work index (RVSWI). 
RVSWI = CI/HR × 1,000 × [(MPAP − RAP) 
× 0.0136] [  25  ] . Normal RVSWI is 8–10. A lower 
RVSWI implies increased chance for RV failure 
post-LVAD implantation  [  25  ] . These patients 
should be considered for biventricular assist 
device (BIVAD) implantation instead of an iso-
lated LVAD.  

   Noncardiac Factors 

 Contraindications for device implantation 
include irreversible end-organ failure, particu-
larly renal, hepatic, and respiratory, which are 
uniformally independent predictors of poor out-
come  [  21–  23,   26,   27  ] . Severe, unrecoverable 
neurologic injury is also a contraindication for 
device implantation. Systemic sepsis poses a 
signi fi cant risk to patients undergoing LVAD 
implantation for its ability to cause a profound, 

refractory vasodilatory state as well as the 
increased incidence of device-related infections, 
such as device endocarditis  [  28,   29  ] . 

 A patient’s neurologic status should be 
 evaluated thoroughly before implantation of a 
mechanical device. This is sometimes not 
 practical or possible in certain situations, such as 
an unstable patient transferred from an outside 
institution. However, in relatively stable patients, 
it is prudent to rule out an irreversible head injury 
or a large stroke prior to VAD implantation. 

 Preoperative renal failure is a signi fi cant inde-
pendent predictor of mortality after VAD implan-
tation  [  22,   23,   26  ] . It is for this reason that we 
attempt to avoid placing VADs in patients with 
renal failure requiring dialysis. This is particu-
larly true for patients in the category of acute 
exacerbation of chronic heart failure. Renal fail-
ure constitutes less of a contraindication for a 
patient presenting with acute cardiogenic shock 
without a history of heart failure, such as post-
acute myocardial infarction (AMI) or from acute 
myocarditis. Several indicators of poor renal 
function that have been identi fi ed as predictors of 
outcome include urine output less than 0.5 cm 3 /
kg/h despite diuretics and creatinine >5 mg/dL. 

 Active infection represents a relative contrain-
dication for LVAD implantation  [  28,   29  ] . Ideally, 
patients should have two negative blood cultures 
over a 1-week period prior to LVAD implanta-
tion, which demonstrates that they cleared their 
bloodstream of the infection. 

 Poor preoperative hepatic function has also 
been demonstrated to be an independent predic-
tor of mortality after LVAD implantation  [  21–  23  ] . 
Prothrombin time of greater than 16 s is indica-
tive of signi fi cantly decreased hepatic synthetic 
function and increases the chances for develop-
ing a diffuse coagulopathy intraoperatively and 
postoperatively. Diffuse coagulopathy can cause 
right heart failure (RHF) secondary to increased 
transfusion requirements of blood and blood 
products, such as platelets, FFP, cryoprecipitate, 
as well as factor VII, that may need to be adminis-
tered to the patient  [  24,   25  ] . Development of RHF 
post-LVAD implantation increases  mortality  [  30  ] . 
Other markers of hepatic function that have been 
correlated with survival after LVAD implantation 
include preoperative bilirubin  [  21–  23  ] . 
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 Other relative contraindications to LVAD 
implantation include the presence of a malig-
nancy with a life expectancy of  < 2 years. Each 
of these cases requires individual attention and 
evaluation for appropriate decision-making. A 
patient with human immunode fi ciency virus 
(HIV) who is compliant with medical therapy, 
has a normal CD4 count, and has undetectable 
viral load should be considered for an LVAD 
 [  21–  23  ] . 

 Although it is important not to delay VAD 
implantation to the point when there is signi fi cant 
end-organ dysfunction, in a relatively stable 
patient, it is bene fi cial to optimize the patient 
preoperatively. This may include optimizing the 
patient’s hemodynamics with inotropes, pres-
sors, and an IABP; correcting a coagulopathy 
with vitamin K, platelets, and/or FFP; and 
diuresing the patient as tolerated. With appro-
priate patient selection and timing of LVAD 
implantation, it is possible to achieve excellent 
results with relatively low associated morbidity 
and mortality.   

   Types of Devices 

   Devices for Long-Term Mechanical 
Support 

   Pulsatile Devices for Long-Term 
Mechanical Support 
   Thoratec HeartMate XVE 
 The HeartMate (HM) XVE LVAD (Thoratec 
Corp., Pleasanton, CA) is Food and Drug 
Administration (FDA) approved both for BTT 
and for DT (Fig.  10.1 ). The device is electrically 
vented and contains a portable console and bat-
teries, affording patients the opportunity to ambu-
late easily, as well as the ability to be discharged 
from the hospital with their device  [  1,   2,   4  ] .  

 The device employs pusher plate technology 
to produce pulsatile  fl ow with a stroke volume of 
83 cm 3  and a maximal  fl ow of 10 L/min. The 
device can be inserted intra-abdominally or extra-
peritoneally in the preperitoneal space of the left 
upper quadrant. The in fl ow cannula is placed in 
the LV apex and the out fl ow graft is anastomosed 
to the ascending aorta. The driveline for the 

device is tunneled subcutaneously and exits via 
the right upper quadrant. Due to the relatively 
large size of the device, the minimum body sur-
face area (BSA) of the patient being implanted 
with the HM XVE must be 1.5 m 2   [  1,   2,   4,   5,   8  ] . 

 The blood-contacting portion of the device 
incorporates titanium microspheres, and the 
 fl exible diaphragm is covered with textured poly-
urethane. This promotes formation of a 
pseudointimal layer; decreases the risk of throm-
boembolic events, such as strokes; and obviates 
the need for systemic anticoagulation. Patients 
are maintained only on aspirin therapy  [  1,   2,   4  ] . 

 In 2004, we published our 12-year experience 
with 236 patients who underwent implantation of 
a Thoratec HeartMate device as a bridge to trans-
plantation  [  1  ] . This included 52 (22.0 %) pneu-
matic (PNEUM), 17 (7.2 %) dual-lead vented 
electric (DLVE), and 167 (70.8 %) single-lead 
vented electric (SLVE) devices. SLVE patients 
were analyzed pre and post February 1999, when 
United Network for Organ Sharing (UNOS) 
changed its regulations and designated SLVE 1 
and SLVE 2. Overall transplantation rate 
increased from 63.5 % ( n  = 33) for PNEUM, to 
64.7 % ( n  = 11) for DLVE, to 70.3 % ( n  = 52) for 
SLVE 1, to 77.4 % ( n  = 72) for SLVE 2. Post-
transplant 1-year survival increased from 87.5 % 

  Fig. 10.1    HeartMate I XVE (courtesy of Thoratec Corp., 
used with permission)       
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in pneumatics to 92.5 % in SLVE 2, while 3-year 
survival increased from 78.1 % to 87.6 %, respec-
tively. Device infection and regurgitation 
occurred in 16.5 % ( n  = 39) and 2.1 % ( n  = 5), 
respectively  [  1  ] .  

   Thoratec PVAD 
 The Thoratec paracorporeal VAD (PVAD; 
Thoratec Corp., Pleasanton, CA) is a versatile 
device that has been used extensively for uni-
ventricular and/or biventricular support 
(Fig.  10.2 )  [  1  ] . Its paracorporeal placement of 
the pumping chamber allows the device to be 
implanted in patients with BSAs of less than 
1.5 m 2 . It consists of a polyurethane blood sac 
contained within a polycarbonate housing. It is 
associated with a large pneumatic console, 
which is used to generate pulsatile  fl ow with a 
maximum stroke volume of 65 cm 3 . The device 
is capable of  fl owing up to 7.2 L/min. Tilting 
disc mechanical valves maintain unidirectional 
 fl ow. Because the device is placed paracorpore-
ally, less dissection is required. In fl ow for the 
LVAD is from the left atrium (LA) or LV apex 
with out fl ow to the ascending aorta. In fl ow for 
the RVAD is from the right atrium (RA) or right 
ventricle (RV) with out fl ow to the pulmonary 
artery. The device requires systemic anticoagu-
lation with either heparin or warfarin. With the 
introduction of the TLC-II portable driver, the 
system has become less cumbersome to patients 
and caretakers and has improved patient’s 
mobility and ability to participate in rehabilita-
tion programs  [  31,   32  ] .   

   Thoratec IVAD 
 The Thoratec intracorporeal VAD (IVAD; 
Thoratec Corp., Pleasanton, CA), like the PVAD, 
is a versatile device that can provide isolated left, 
right, or biventricular support (Fig.  10.3 )  [  33  ] . It 
is the  fi rst FDA-approved implantable VAD with 
biventricular capability for BTT and for postcar-
diotomy shock.  

 Slaughter and colleagues recently reported the 
results of the multicenter IVAD trial. 24 patients 
received an LVAD and 15 patients received a 
BIVAD    IVAD as a BTT or for postcardiotomy 
shock  [  34  ] . Mean duration of support was 

101 days. Support    was successful outcomes 
occurred in 70 % of BTT patients and 67 % for 
postcardiotomy patients as compared to 69 % 

  Fig. 10.2    Thoratec PVAD (courtesy of Thoratec Corp., 
used with permission)       

  Fig. 10.3    Thoratec IVAD (courtesy of Thoratec Corp., 
used with permission)       
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and 48 %, respectively, for historical controls 
using the PVAD. Eighteen of the IVAD patients 
were discharged home on IVAD support. There 
were no device failures  [  34  ] .   

   Axial Flow Pumps for Long-Term 
Mechanical Support: Second-Generation 
Devices 
 Axial  fl ow pumps are continuous  fl ow pumps that 
operate with a propeller rotating to a set number 
of revelations per minute (RPM). Advantages 
over pulsatile pumps include that they operate 
more quietly and have enhanced durability, the 
latter being due to having a decreased number of 
moving parts and contact bearings. The smaller 
size of these pumps also allows the device to be 
inserted with less dissection since the size of the 
pocket is minimized and sometimes eliminated 
completely  [  35  ] . Disadvantages of an axial  fl ow 
pump include the lack of a mechanical backup 
mechanism if there is a major device malfunction, 
hemolysis as a result of shear forces, and the 
potential for creating negative intraventricular 
pressure, with resulting device thrombosis, air 
embolism, and/or arrhythmias. Optimizing pre-
load and perfect LV apical in fl ow cannula place-
ment are key factors in avoiding creating negative 
intraventricular pressure  [  35  ] . 

 Several papers have evaluated the potential 
adverse effects of low-pulsatile continuous  fl ow 

pumps on end-organ perfusion and function. 
Based on the current body of data, it seems that 
adequate end-organ perfusion and function can 
be maintained with low-pulsatile continuous 
blood  fl ow  [  35,   36  ] . 

   Thoratec HeartMate II 
 The Thoratec HeartMate II ventricular assist 
device (Thoratec Corp., Pleasanton, CA) is an 
axial  fl ow rotary pump constructed of titanium 
(Fig.  10.4 ) and is the pump used most commonly 
at our institution. It is substantially smaller than 
the HeartMate XVE and requires a less invasive 
operative approach. It can generate  fl ows up to 
10 L/min operating at pump speeds of 6,000–
15,000 RPM. In fl ow is via the LV apex and 
out fl ow is via the ascending aorta. The pump 
housing is implanted in the preperitoneal space, 
and given its small size, only a small pocket is 
necessary. A small percutaneous driveline exits 
the skin in the right upper abdomen. Systemic 
anticoagulation is necessary. The HM II is 
approved by the FDA for BTT and DT  [  37  ] .  

 Dr. Miller and colleagues recently reported the 
results of the prospective, multicenter HeartMate 
II trial  [  38  ] . Of the 133 patients with end-stage 
heart failure who underwent implantation of a HM 
II, the primary endpoint, which was de fi ned as the 
proportion of patients, who, at 180 days, had 
undergone transplantation, had undergone cardiac 

  Fig. 10.4    Thoratec HeartMate II (courtesy of Thoratec Corp., used with permission)       
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recovery, or had ongoing mechanical support 
while remaining eligible for transplant, was 
reached in 100 patients (75 %). The median dura-
tion of support was 126 days. The survival rate 
during support was 75 % at 6 months and 68 % at 
12 months. There was also signi fi cant improve-
ment in functional status as well as quality of life. 
Adverse events included postoperative bleeding, 
stroke, RHF, and percutaneous lead infection. 
Pump thrombosis occurred in two patients  [  38  ] . 

 Dr. Pagani and colleagues reported in 2009 
18-month follow-up on 281 patients who under-
went a HM II implantation as a BTT. Of the 281 
patients, 222 (79 %) underwent transplantation, 
underwent LVAD removal for cardiac recovery, or 
had ongoing LVAD support  [  39  ] . Actuarial survival 
on support was 72 % at 18 months. At 6 months, 
there were signi fi cant improvements in functional 
status and 6-min walk test and in quality of life.  

   Jarvik 2000 
 The Jarvik 2000 (Jarvik Heart Inc., New York, 
NY) is an electromagnetically actuated pump, 
which is constructed of titanium, measures 2.5 cm 
in diameter, and weighs 90 g (Fig.  10.5 ). It has a 
displacement of approximately 25 cm 3 . Titanium 
impeller blades are held in place by ceramic bear-
ings. The impeller rotates at speeds of between 
8,000 and 12,000 RPM and can generate  fl ow of 
up to 7 L/min. A unique feature of this device is 
that the actual pumping chamber is implanted 
within the left ventricle. The out fl ow graft is 

anastomosed to the descending thoracic aorta. 
Surgical implantation of the device is typically 
accomplished through a left thoracotomy  [  40  ] . 
The pump can be operated via a  fi xed-rate ana-
logue system or a variable-speed microprocessor-
controlled system.  

 There are several versions of the Jarvik 2000 
device, which are differentiated by their energy 
source. There is a percutaneous model that has a 
single driveline that exits through the patient’s 
anterior abdominal wall. There is a version that 
contains skull-mounted pedestals used with 
cochlear implants, where a titanium pedestal is 
screwed into the skull with a transcutaneous con-
nector that attaches to the power cord. There is 
also a completely implantable version that uti-
lizes a transcutaneous energy transfer system for 
recharging of the battery  [  40,   41  ] . 

 Dr. Siegenthaler and colleagues reported on 
102 patients implanted with the Jarvik 2000 Heart 
between 2000 and 2004. Mean support time for 
BTT patients was 159 days. No implantable com-
ponent failures occurred  [  42  ] .   

   Newer (Third)-Generation Pumps 
and Future Devices 
 Newer-generation devices, so-called third-gener-
ation devices, have been designed to address sev-
eral shortcomings of second-generation axial 
 fl ow pumps, such as thromboembolic complica-
tions and limited device durability. Many of these 
devices operate based on magnetic levitation 

  Fig. 10.5    Jarvik 2000 (courtesy of Texas Heart Institute, used with permission)       
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technology, in which the rotating propeller is 
magnetically suspended within a column of 
blood, obviating the need for contact-bearing 
moving parts, and providing the theoretical 
bene fi t of enhanced durability. Continuous  fl ow 
pumps are generally smaller, can be inserted with 
only a small-sized device pocket or no pocket at 
all, are less traumatic, and may have a decreased 
associated risk of infection. Some have been 
designed to be completely implantable with a 
transcutaneous energy transfer system. Along 
with smaller control consoles, these devices allow 
patients to be readily discharged from the hospi-
tal, increase a patient’s ability to ambulate, and 
will likely be associated with a signi fi cant 
improvement in quality of life for patients. 

   Thoratec HeartMate III 
 The Thoratec HeartMate III (Thoratec Corp., 
Pleasanton, CA) device is also a magnetically sus-
pended centrifugal pump, which is powered by a 
magnetically levitated centrifugal impeller. It uses 
a transcutaneous energy transfer system for bat-
tery charging and is totally implantable  [  43–  45  ] . 
This device has not begun clinical testing to date.  

   HeartWare 
 The HeartWare HVAD (HeartWare, Inc., Sydney, 
Australia) is a centrifugal pump with no mechan-
ical bearings that weighs 145 g, has a displaced 
stroke volume of 45 cm 3 , and can  fl ow up to 10 L/
min at 2,000–3,000 RPM (Fig.  10.6 ). The in fl ow 
cannula is integrated into the left ventricle. The 
device is implanted in the pericardial space with-
out the need for an abdominal incision. A single, 
 fl exible driveline that is 4.2 mm in diameter exits 
the anterior abdomen. The device has been tested 
in several centers throughout Europe with good 
preliminary results  [  45,   46  ] . The HVAD was 
recently approved for BTT in the Unites States 
and there is currently a DT trial underway.   

   CircuLite Synergy    
 CircuLite (CircuLite, Inc., Hackensack, NJ) 
Synergy is a partial support LVAD that can be 
placed intravascularly (Fig.  10.7 ). An in fl ow can-
nula is placed through the subclavian vein, into 
the right atrium, and across the interatrial septum 

into the left atrium. Out fl ow is to the subclavian 
artery. Computer simulation models have demon-
strated that partial support devices can increase 
cardiac output (native heart cardiac output + LVAD) 
and decrease left ventricular end diastolic pres-
sure (LVEDP) in moderate to severe heart failure 
 [  47  ] . Clinical trials are currently ongoing to eval-
uate the safety and ef fi cacy of this device.      

   Surgical Technique of LVAD 
Implantation 

 Although technique for LVAD implantation var-
ies depending on the institution and individual 
surgeon, there are certain common steps in the 
operation that can be summarized as follows:
    1.    Skin incision  
    2.    Creation of a preperitoneal pocket  
    3.    Tunneling of the device  
    4.    Mediastinal exposure  
    5.    Cannulation of the aorta and venous system  
    6.    Out fl ow graft anastomosis to ascending aorta  

  Fig. 10.6    HeartWare (courtesy of HeartWare, Inc., used 
with permission)       
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    7.    Going on cardiopulmonary bypass (CPB)  
    8.    Coring left ventricle (LV), placing core sutures 

on LV, and inserting in fl ow core into LV apex  
    9.    Deairing the device  
    10.    Weaning off CPB and actuating LVAD  
    11.    Establishing hemostasis  
    12.    Closing sternotomy and preperitoneal pocket     

   Incision 

 A vertical midline incision is made beginning just 
below the sternal notch with variable extension 
below the xiphoid depending on the type of device 
being implanted and the corresponding required 
pocket size. The Bovie electrocautery is used for 
hemostasis. A sternotomy is made. Care is taken 
to avoid getting into the pleural spaces unless 
there are pleural effusions that need to be drained. 
Likewise, the peritoneal cavity is not entered.  

   Development of LVAD Pocket 

 The LVAD pocket is developed posterior to the 
posterior rectus sheath in the preperitoneal space. 

Alternatively, the LVAD pocket can be developed 
between the posterior rectus sheath and the mus-
cle. A portion of the left hemidiaphragm is taken 
down to accommodate for the LVAD. Careful 
attention is given to hemostasis. The device is then 
placed in the preperitoneal pocket (Fig.  10.8 ).   

   Tunneling of the Device 

 The device is screwed onto the tunneler. The 
spear end of the tunneler is then brought into the 

  Fig. 10.7    CircuLite synergy (courtesy of CircuLite, Inc., used with permission)       

  Fig. 10.8    Placement of HM II LVAD into pocket       
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incision, pierces through the fascia just to the left 
of the   midline in the pocket, and is tunneled to 
exit the skin through a previously placed circular 
incision in the right upper quadrant (Fig.  10.9 ). 
The exit point is generally halfway between the 
umbilicus and anterior superior iliac spine. The 
driveline is pulled though the exit site. All felt is 
kept on the inside. The LVAD is then positioned 
in the pocket.   

   Mediastinal Exposure 

 The retrosternal fat and perithymic tissue are 
divided in a hemostatic fashion using the 
Bovie and clips. The pericardium is opened 
along the right side of the heart, down to the 
diaphragm, and then over to the left by the 
apex of the heart. Superiorly, the pericardium 
is opened up just above the aorta until the peri-
cardial re fl ection. Retraction sutures are 
placed, creating a  pericardial well for expo-
sure of the heart.  

   Cannulation 

 The patient is fully heparinized. Two purse 
strings are placed on the distal ascending aorta 
using 3-0 Prolene suture. A purse-string suture is 
then placed on the anterior portion of the right 
atrial appendage. When the ACT is 400 s or 
higher, the ascending aorta is cannulated at the 
level of the pericardial re fl ection. The cannula is 
deaired and secured, and the line is tested. The 
RA is then cannulated and connected to the 
bypass circuit. If a tricuspid valve repair or clo-
sure of an ASD is planned, the patient is bicav-
ally cannulated with vessel loops and snares 
placed around the SVC and IVC cannulas. CO 

2
  

is also brought onto the  fi eld.  

   Out fl ow Graft Anastomosis 

 The out fl ow graft is measured and cut appro-
priately to be anastomosed to the proximal 

ascending aorta. It is cut with a slight bevel. A 
partial occlusion side-biting clamp is then 
applied to the proximal ascending aorta and 
secured to the drape (Fig.  10.10 ). An aorto-
tomy is made with a 15 blade and the aorto-
tomy is then extended with a Potts or Iris 
scissors. The graft is then anastomosed to the 
proximal ascending aorta using two 4-0 Prolene 
sutures. Mattress sutures are placed at the heel 
and toe of the graft and corresponding aorta. 
The graft is parachuted down (Fig.  10.11 ). 
The sutures are tied. A single-layer running 
anastomosis is then performed followed by appli-
cation of BioGlue    (CryoLife Inc., Kennesaw, 
GA) (Fig.  10.12 ). The graft is then deaired and 
clamped, and the anastomosis is inspected for 
bleeding.     

  Fig. 10.9    Tunneling of HM II driveline       

  Fig. 10.10    Partial occlusion clamp on proximal ascend-
ing aorta       
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   Initiating Cardiopulmonary Bypass 

 The patient is then placed on CPB and kept warm. 
Volume is taken out of the heart. The carbon 
dioxide is turned on so that the  fi eld is  fl ooded 
with CO 

2
 .  

   Coring LV, Placing Core Sutures on LV, 
and Inserting In fl ow Core into LV Apex 

 After CPB is commenced, the LV apex is 
exposed by placing several lap pads in the pos-
terior pericardial space, elevating the heart and 
bringing the apex to the middle of the  fi eld. The 
LV is then incised at the apex, precisely where 
the dimpling of the heart occurs. This is gener-
ally 2 cm to the left of the left anterior descend-
ing artery. A Foley catheter is inserted into the 
LV, the balloon is in fl ated, and the Foley is 
lifted up, abutting the balloon against the cor-
ing site. Coring is performed using a 14 Fr cor-
ing knife, directing the knife to the LV cavity 
and not the septum (Fig.  10.13 ). The LV is then 
inspected for trabeculations. Prominent trabec-
ulations are excised and any thrombus is 
removed. Full thickness 2-0 Tevdek pledget 
sutures are placed in a horizontal mattress fash-
ion around the circumference of the ventriculo-
tomy (Fig.  10.14 ). The sutures are placed 
through the sewing ring of the in fl ow cuff, the 
sewing ring is seated, and the sutures are tied 
and cut. BioGlue (CryoLife Inc., Kennesaw, 
GA) is then applied onto the pledgets of the 
sutures and around the in fl ow cuff. The cannula 
is then inserted into the in fl ow housing and 
secured with a tie and 2–3 umbilical tapes 
(Fig.  10.15 ). The lap pads are removed, the 
heart is placed back in its normal position, and 
the LVAD is placed back in the pocket.     

  Fig. 10.12    Out fl ow graft anastomosis to ascending aorta 
after application of partial aortic clamp       

  Fig. 10.13    Apical core from LV       

  Fig. 10.11    Parachuting out fl ow graft down onto ascend-
ing aorta       
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  Fig. 10.14    Mattress sutures placed around cored LV apex       

  Fig. 10.15    In fl ow cannula attached to in fl ow housing 
and secured in place       

  Fig. 10.16    Deairing of device through out fl ow housing       

   Deairing 

 The deairing process is then begun by opening 
the out fl ow housing (Fig.  10.16 ). The heart is 
allowed to  fi ll by having perfusion put volume in. 
The patient is ventilated. The position of the 
operating table is also altered by putting the head 
up and the left side of the table down. Eventually, 
the out fl ow graft is connected to the out fl ow 

housing, and a deairing hole is made in the 
out fl ow graft. The cross clamp is kept on the 
out fl ow graft distal to the deairing hole 
(Fig.  10.17 ). Adequacy of deairing is assessed by 
transesophageal echocardiography.   

 Dobutamine and milrinone are started at this 
point to optimize right heart function. Additionally, 
pressors (Levophed and vasopressin) are started 
to maintain a MAP of 60–80 mmHg.  

   Weaning Off CPB and Actuating LVAD 

 CPB is weaned. With the HeartMate II, the device 
is begun at 6,000 RPM when the CPB  fl ow is 
down to 2 L. The cross clamp on the out fl ow graft 
is released to allow for forward  fl ow (Fig.  10.18 ). 
The device RPM is increased as CPB is weaned. 
The RPM is generally increased to between 8,800 
and 9,600 RPM. The deairing hole in the out fl ow 
graft is kept open to allow for additional deairing.  

 The transesophageal echocardiogram is 
viewed to assess the degree of decompression of 
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the LV and degree of mitral regurgitation, evalu-
ate the  fl ow across the in fl ow and out fl ow can-
nulae, rule out aortic insuf fi ciency, assess right 
ventricular function, and evaluate the interven-
tricular septum to make sure it is not bowing. The 
echocardiographic  fi ndings guide the RPM 
 setting of the LVAD, whether to take more vol-
ume and/or increase inotropes.  

   Establishing Hemostasis 

 It is crucial to establish meticulous hemostasis. 
All surgical sites including the in fl ow and out fl ow 
graft anatomoses as well as cannulation sites are 
examined for bleeding. Surgical bleeding is 
addressed with sutures, usually pledgeded   . 
Nonsurgical bleeding is reevaluated after 

protamine is fully reversed and the ACT has 
returned to baseline. These sites will generally 
respond favorably to repetitive, light packing with 
gauze and/or usage of topical hemostatic agents, 
such as Surgicel or thrombin gel foam. The elec-
trocautery is used for the soft tissue, LVAD pocket, 
and sternum. The LVAD pocket should be exam-
ined thoroughly and bleeding controlled. 

 In the event of a diffuse coagulopathy with 
excess bleeding, the mediastinum is packed with 
gauze along with suturing of a Gore-Tex patch 
onto the skin. The patient is then brought back to 
the operating room after adequate resuscitation 
and when the coagulopathy has resolved, which 
generally occurs 24 h after the initial surgery.  

   Closing Sternotomy and Preperitoneal 
Pocket 

 A Gore-Tex pericardial membrane (Gore Medical 
Products, Flagstaff, AZ) is sutured to the pericar-
dial edges to minimize reentry injury on the reop-
eration. Mediastinal and pleural tubes are placed. 
The sternum is closed in the standard fashion. 
The abdominal portion of the incision is closed 
with interrupted  fi gure of eight #1 Prolene sutures. 
The super fi cial soft tissue and skin are closed in 
the standard fashion.   

   Concomitant Procedures Along 
with Implantation of LVAD 

 If the patient has a PFO, it must be closed at the 
time of LVAD implantation. This requires bicaval 
cannulation, cross clamping of the aorta, car-
dioplegic arrest, and primary suture closure of 
the PFO. This is generally performed after the 
aortic anastomosis but before the LV in fl ow anas-
tomosis. In this case, the aorta can be unclamped 
after the PFO is closed, and the LV in fl ow anasto-
mosis can be performed with the heart beating. 
Likewise, aortic valve insuf fi ciency that is mod-
erate or greater should also be addressed with an 
aortic valve replacement using a bioprosthetic or 
with central closure of the valve. Finally, severe 
tricuspid valve regurgitation should be repaired, 

  Fig. 10.17    Device connected to out fl ow housing 
and deaired through hole in out fl ow graft       

  Fig. 10.18    Clamp removed from out fl ow housing with 
device in  fi nal position       
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generally with a tricuspid valve ring annuloplasty 
at the time of LVAD implant.  

   Postoperative Management 

   Early Postoperative Management 

 RHF is treated with milrinone, dobutamine, and 
nitric oxide  [  48,   49  ] . Vasodilatory hypotension is 
treated with norepinephrine and arginine vaso-
pressin  [  50  ] . Ventricular and atrial arrhythmias 
are managed with the standard antiarrhythmic 
agents, such as amiodarone and lidocaine.  

   Late Postoperative Management 

 Late postoperative management focuses on encour-
aging ambulation and rehabilitation, as well as 
monitoring patients for signs of infection. Median 
length of hospital stay is 14 days  [  4,   5  ] . Patients are 
then followed at the outpatient LVAD clinic weekly 
for the  fi rst month after discharge from the hospital 
and then less frequently thereafter.  

   Anticoagulation 

 HeartMate II, Thoratec IVAD, and Thoratec 
PVAD all require anticoagulation with Coumadin, 
as well as antiplatelet therapy with aspirin in 
order to prevent thromboembolic complications. 
Anticoagulation and antiplatelet therapies, how-
ever, are generally not administered in the  fi rst 
2 days postoperatively. The decision as to when 
to start anticoagulation is individualized for each 
patient based on device type, risk of thromboem-
bolism, chest tube output, coagulation pro fi le, 
and treatment plan for the patient.   

   Complications 

   Bleeding 

 Bleeding post-VAD insertion can be excessive 
and may be due to surgical causes or a diffuse 

c oagulopathy. Coagulopathy can result from 
alterations in the hemostatic system, including 
dilutional thrombocytopenia and exposure to 
long-acting antiplatelet or antithrombotic 
agents. For bleeding due to a diffuse coagulop-
athy, platelets, FFP, and/or cryoprecipitate may 
be administered. The decision as to whether to 
administer these products is made based on the 
PT/PTT/INR/ fi brinogen pro fi le. For bleeding 
due to a coagulopathy that is unresponsive to 
products, concentrated factor VII (Novo 7) 
should be considered. However, one must be 
very judicious with its usage given its ability to 
induce RHF as well as to create a prothrombotic 
state. Coagulopathic patients are often hypo-
thermic and should be warmed up with heating 
blankets. 

 Patients whose chest tubes cumulatively have 
outputs >200 cm 3 /h should be evaluated for re-
exploration. Our policy is to re-explore patients 
earlier rather than later to avoid excessive admin-
istration of blood and blood products, which can 
induce RHF. Additionally, patients with exces-
sive bleeding bene fi t from being “washed out” to 
prevent accumulation of blood/ fl uid and subse-
quent infection. 

 A bleeding patient with a rising CVP, down-
ward trending VAD  fl ows, increasing pressor 
requirements, and decreasing urine output should 
be presumed to be tamponading and should be 
taken to the OR immediately for re-exploration.  

   Infection 

 Infection, one of the most common complica-
tions in LVAD patients, can manifest as driveline, 
pocket, blood, or device endocarditis  [  51,   52  ] . 
Sepsis occurs in 11–26 % of LVAD patients, 
accounts for 21–25 % of LVAD deaths, and rep-
resents a major driver of overall cost  [  53,   54  ] . It 
is important to prophylactically begin antibiotics 
preoperatively, as previously described, as well 
as to treat infections aggressively with antibiotics 
when they do occur. The only way to de fi nitively 
eradicate device endocarditis is to explant the 
device. Infection is generally not a contraindica-
tion to heart transplantation.  
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   Thromboembolism 

 Thromboembolic complications are a major con-
cern in LVAD patients because of the blood-
device interface. The prevalence varies depending 
on the device and ranges from 7 % to 47 %  [  55  ] . 
Thromboembolic events with the HM II have 
been reported to be 8 %  [  38  ] .  

   Device Malfunction 

 The severity of a device malfunction varies from 
minor to fatal. With improvement in device 
design and engineering, the overall incidence of 
serious device malfunctions has decreased 
signi fi cantly over time  [  37,   38  ] .  

   Right Heart Failure 

 The incidence of RHF after LVAD implantation 
is 20 %  [  24,   25,   30  ] . There are different degrees 
of severity of RV dysfunction and a spectrum of 
interventions ranging from diuresis, to inotro-
pic support, to implantation of an RVAD. 
Patients can develop RHF from volume over-
load with excess volume administered to them 
in the form of blood, blood products, colloids, 
and crystalloid. It is for this reason that it is 
critical to avoid excess volume resuscitation in 
LVAD recipients. 

 Early signs of RHF include elevated CVP over 
16 mmHg, marginal VAD  fl ows equal or less than 
a device  fl ow index of 2.2 L/min/m 2 , and 
decreased urine output. Later signs include 
decreased LVAD  fl ows on high-dose inotropes 
and pressors, acidosis, and elevated lactate. 
Treatment of early RHF involves stopping/limit-
ing all infusions, aggressive diuresis with Lasix, 
and starting or increasing milrinone and/or dobu-
tamine  [  30  ] . Nitric oxide at 20 ppM may be added 
as well  [  48,   49  ] . A Lasix drip may follow bolus 
doses of Lasix as the diuresing process may be 
more uniform and may avoid hemodynamic labil-
ity due to excessive diuresis. Diuril and/or 
Zaroxolyn may be given in addition to Lasix if 
Lasix yields an inadequate response. 

 Signs of an appropriate response to treatment 
of RHF and improvement in right heart function 
include a decreasing CVP, improvement in LVAD 
 fl ows, and normalization of the patient’s MVO2. 
A small percentage of patients will not respond 
and will require implantation of an RVAD  [  30  ] .  

   Multisystem Organ Failure 

 Despite effective restoration of adequate cardiac 
output for tissue perfusion, some patients prog-
ress to develop multisystem organ failure. This is 
related to the preoperative severity of organ dys-
function. Multisystem organ failure is often due 
to a cascade of events, such as bleeding, sepsis, 
RHF, and other events. It accounts for 11–29 % 
of VAD deaths  [  51  ] .   

   Summary 

 LVADs represent the standard of care for patients 
with end-stage heart failure due to a variety of eti-
ologies as a BTT. Signi fi cant progress has been 
made over the last 10 years with respect to evolution 
of devices, patient selection, surgical techniques, 
and postoperative management of patients with 
LVADs. Limitations of current devices have stimu-
lated research and innovation in an attempt to reduce 
device size, minimize the invasiveness of the surgi-
cal approach, increase device durability, decrease 
infection, reduce associated thromboembolic com-
plications, and enhance quality of life of patients 
with LVADs. Outcomes will likely continue to 
improve with additional technological evolution.      
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         Introduction 

 Heart failure continues to be an ever-growing 
public health concern facing our country today. 
The continued aging of the population has con-
tributed to the increasing incidence and preva-
lence of heart failure. Presently, approximately 
 fi ve million people are affected, with over 500,000 
new cases diagnosed each year. Economically, 
this represents over 30 billion dollars in health-
care spending annually  [  1,   2  ] . 

 Despite advances in the understanding of the 
neurohormonal changes involved in the progres-
sion of heart failure and improvements in medi-
cal management, the natural history of the disease 
dictates a dismal prognosis. In the Framingham 
Study cohort, overt congestive heart failure led to 
a median survival of 1.7 years in men and 
3.2 years in women, with 5-year survival rates in 
men and women of 25 % and 38 %, respectively 
 [  3  ] . In patients suffering from American Heart 
Association (AHA) Stage D heart failure who are 

inotrope dependent, Hershberger and colleagues 
reported a median survival of 3.4 months and a 
12-month survival of only 6 %  [  4  ] . Overall, it is 
estimated that congestive heart failure is respon-
sible for approximately 250,000 deaths per year 
 [  5  ] . Cardiac transplantation has been regarded as 
the “gold standard” treatment for end-stage heart 
failure. However, limitations of donor organs 
have relegated transplantation as a viable option 
for only a very small percentage of this growing 
population. Over the past decade, the number of 
transplants being performed annually has 
remained between 3,000 and 4,000 worldwide, 
with a decreasing trend noted in recent years  [  6  ] . 
In addition, cardiac transplant is typically offered 
to patients less than 65 years of age. Heart failure 
is seen in all age groups but is increasingly com-
mon with older age having a prevalence of over 
10 % in patients greater than 65 years. 
Demographic studies indicate that the continued 
aging of the population will lead to a doubling of 
this sector of the population over the next 
20 years. Cardiac transplant is a viable option for 
only a minority of patients needing cardiac 
replacement therapy and will likely continue to 
have a limited impact on the epidemiology of 
heart failure in the future. 

 Ventricular assist device (VAD) therapy has 
emerged as an important modality in the treat-
ment of end-stage heart failure, both as a bridge 
to transplantation (BTT) and as permanent or 
“destination” therapy for patients who are not 
candidates for cardiac transplantation. While 
there has been widespread use of devices for 
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BTT, the experience with destination therapy has 
been more limited. The feasibility of a mechani-
cal-based approach to the treatment of end-stage 
heart failure was validated by the REMATCH 
(Randomized Evaluation of Mechanical 
Assistance for the Treatment of Congestive Heart 
Failure) trial in 2001  [  7  ] . This prospective trial 
randomized 129 patients suffering from New 
York Heart Association class IV heart failure to 
receive either optimal medical management or 
implantation of a  fi rst-generation pulsatile left 
ventricular assist device (LVAD). Patients receiv-
ing an LVAD demonstrated a signi fi cant survival 
bene fi t in patients receiving an LVAD for the 
treatment of end-stage heart failure when com-
pared to medical management alone. At the same 
time, the limitations of device technology were 
highlighted by the incidence of adverse events 
related to mechanical support, such as infection, 
device failure, and thromboembolic events. 

 Other trials comparing LVAD therapy with 
optimal medical management have shown a simi-
lar survival bene fi t  [  8,   9  ] . Since the conclusion of 
REMATCH trial, improvements in survival have 
been achieved through improvements in  fi rst-
generation device design, patient selection, and 
management  [  10–  13  ] . A recent report by Long 
and colleagues describes more contemporary 
results of destination therapy utilizing  fi rst-
generation LVAD technology  [  14  ] . In this series, 
the 1- and 2-year survival rates were 77 %. While 
these trials have shown a clear survival bene fi t, 
particularly in patients who are inotrope depen-
dent  [  15  ] , there still is a marked discrepancy 
between those that could potentially bene fi t from 
mechanical circulatory support as destination 
therapy and those that actually are offered and 
receive this therapy. Device-related adverse events 
and limitations in  fi rst-generation device durabil-
ity have hindered device therapy from gaining 
widespread acceptance as destination therapy. 

 The emergence of second- and third-genera-
tion devices utilizing continuous- fl ow technology 
represents a signi fi cant advancement in address-
ing the limitations of pulsatile volume displace-
ment devices. These devices offer the advantage 
of being smaller in size with smaller percutane-
ous leads, do not require valves, and have fewer 

moving parts with enhanced durability. 
A recent trial utilizing the HeartMate II axial  fl ow 
device in a bridge-to-transplant population dem-
onstrated improved durability and decreased 
infectious complications  [  16  ] . The need for 
chronic anticoagulation therapy with continuous-
 fl ow devices was re fl ected in the incidence of 
bleeding complications. Third-generation devices 
utilizing bearing-less con fi gurations through 
magnetic or hydrodynamic levitation offer the 
potential for further enhanced durability with no 
contacting parts. Several third-generation devices 
are currently in clinical trials. Continued techno-
logical developments and improvements in 
device design, peripherals, and energy sources 
are necessary for mechanical circulatory support 
to become an effective means of long-term desti-
nation therapy.  

   Current Status of Destination Therapy 

 Following the results of the REMATCH trial, the 
use of LVADs as destination therapy was granted 
approval by the Food and Drug Administration 
(FDA) in November of 2002. Guidelines for 
approved destination therapy centers were out-
lined by the Centers for Medicare and Medicaid 
Services (CMS)  [  17  ] . In addition, a consensus 
statement regarding the requirements of centers 
performing destination therapy was released by 
the International Society of Heart and Lung 
Transplantation  [  18  ] . In an effort to facilitate 
data collection and further research efforts, 
the Interagency Registry for Mechanically 
Assisted Circulatory Support (INTERMACS) 
was created as a collaborative effort between the 
National Heart, Lung, and Blood Institute 
(NHLBI), CMS, the FDA, and the United 
Network for Organ Sharing (UNOS). As of 
August 2007, 68 centers have received CMS 
approval for destination therapy  [  19  ] . 

 Despite these important regulatory advances, 
there remains a signi fi cant discrepancy between 
the number of patients that could bene fi t from 
mechanical circulatory support and those that 
actually are offered and receive LVADs. A recent 
analysis from the National Inpatient Sample 
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identi fi ed approximately 300,000 patients admitted 
with a diagnosis of congestive heart failure or 
cardiogenic shock. Of these patients, only 291 
underwent LVAD implantation. Factors identi fi ed 
as having a negative impact for device use 
included age greater than 65, female gender, race, 
geographic region, and admission to a nonaca-
demic center  [  20  ] . 

 Several barriers exist to the widespread accep-
tance of device therapy. The past several years 
have seen rapid progress in  fi eld of LVADs with 
regard to device development and patient manage-
ment. Much of the contemporary data and out-
comes, however, have not been disseminated to 
“gatekeeper” medical personnel who care for these 
patients. As a result, the use of mechanical support 
as part of the treatment armamentarium for 
advanced heart failure has not gained widespread 
acceptance, preventing in many cases the timely 
referral of these patients to specialized centers. 

 Economic and infrastructure barriers also exist. 
The effective care of advanced heart failure 
patients often requires signi fi cant resources in the 
form of specialized personnel, facility infrastruc-
ture, and ancillary services. As a result, the num-
ber of centers that are able to offer VAD therapy 
has been limited, making accessibility dif fi cult 
for a signi fi cant portion of the heart failure popu-
lation. Establishment of regional referral networks 
is necessary to make this care accessible to a 
greater number of patients. Greater emphasis and 
resources must be placed towards the develop-
ment of such organized networks so that patients 
can be offered this potential lifesaving therapy. 

 The costs associated with device implantation 
and the perioperative care of device patients 
remain signi fi cant  [  21–  23  ] . However, as experi-
ence has been gained in recent years, the cost for 
device therapy has declined. Miller and col-
leagues reported the hospital costs associated 
with patients receiving devices in the post- 
REMATCH era and found a 40 % reduction in 
cost from implantation to hospital discharge 
($128,084 versus $210,187). In addition, there 
was a trend towards decreased length of stay and 
improved survival to discharge  [  24  ] . The cost 
associated with device therapy must also be eval-
uated in the context of the cost associated with 

medical therapy for patients suffering end-stage 
heart failure. A recent analysis of the expense 
associated with patients treated in the medical 
arm of the REMATCH trial demonstrated a mean 
cost of $156,169 expended in the last 2 years of 
life, with greater than 50 % of the cost incurred 
during the  fi nal 6 months of life  [  25  ] . A majority 
of the expense in the  fi nal 6 months of life was 
associated with inpatient costs. Thus, medical 
therapy in end-stage heart failure is also associ-
ated with signi fi cant expense but with inferior 
survival and quality-of-life outcomes when com-
pared to LVAD therapy.  

   Patient Selection and Risk 
Strati fi cation 

 Appropriate patient selection represents one the 
most critical determinants of successful outcomes 
with VAD therapy. The perioperative and long-
term risks of device implantation must be weighed 
against the potential survival and quality-of-life 
bene fi t with mechanical support. Patient selection 
criteria must not be so stringent as to exclude ill 
patients that may bene fi t from device therapy, 
while at the same time avoiding high perioperative 
mortality rates by the inclusion of patients that 
have prohibitive risk. Complications associated 
with LVAD therapy that may limit its effectiveness 
include device failure, post-implant right ventricu-
lar failure, infection and sepsis, bleeding, and 
thromboembolism. Risk strati fi cation systems such 
as the Heart Failure Survival Score and the Seattle 
Heart Failure Score are useful in identifying 
patients who may bene fi t from support with a VAD 
 [  26,   27  ] . VADs have been used to treat a wide vari-
ety of disease processes leading to both acute and 
chronic forms of heart failure including cardio-
genic shock associated with myocardial infarction, 
postcardiotomy shock, myocarditis, and chronic 
ischemic and nonischemic cardiomyopathies. 

 Several reports have sought to identify 
signi fi cant preoperative variables that may pre-
dict risk and impact outcomes. The revised 
Columbia screening scale published in 2003 
offers a way of stratifying the risk for LVAD ther-
apy based on several clinical factors: mechanical 
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ventilation, postcardiotomy, prior LVAD insertion, 
central venous pressure (CVP) >16 mmHg, and 
prothrombin time >16 s  [  28  ] . Each factor is given 
a weight, with a cumulative score of >5 predicting 
an operative mortality of 46 % versus a mortality 
rate of 12 % for a score  £ 5. McCarthy and col-
leagues previously reported the results of 100 
patients undergoing LVAD implantation  [  29  ] . 
In this group of patients, preoperative factors that 
increased the risk of death by univariate analysis 
included the need for mechanical ventilation or 
extracorporeal membrane oxygenation (ECMO), 
low pulmonary arterial pressures, and elevations 
in bilirubin, blood urea nitrogen, and creatinine. 
Deng et al. reported the results of 464 patients 
undergoing implantation of the Novacor left ven-
tricular assist system (LVAS). Sepsis associated 
with respiratory failure, preoperative right heart 
failure, age >65 years, acute postcardiotomy 
state, and acute infarction were independent risk 
factors for death by multivariate analysis  [  30  ] . 

 More contemporary risk models include those 
by Lietz et al. and by Matthews et al.  [  31,   32  ] . 
The risk model by Lietz and colleagues 
speci fi cally looks at early survival in patients 
undergoing LVAD implantation for destination 
therapy. In this study, predictors of 90-day in-
hospital mortality included the following: plate-
let count  £ 148 × 10 3 / m L, serum albumin  £ 3.3 g/
dl, INR >1.1, mean pulmonary pressure 
 £ 25.3 mmHg, vasodilator therapy at time of 
implantation, AST >45 U/dl, hematocrit <34 %, 
BUN >51 U/dl, and lack of intravenous inotropic 
support. The Matthews risk score was developed 
to assess the risk of right ventricle (RV) failure 
but additionally describes the risk of early mor-
tality following LVAD implantation. Patients 
identi fi ed to be at high risk for postoperative RV 
failure in this model were also found to be at 
increased risk for postoperative death following 
LVAD implantation. 

 The CMS established guidelines for destina-
tion therapy (DT) eligibility. Patient selection cri-
teria are very similar to inclusion criteria 
established for the REMATCH trial, thus select-
ing for patients in class IV heart failure at the end 
stage of their disease. The timing of device ther-
apy relative to the stage and severity of heart 

 failure has a signi fi cant impact on long-term 
 outcomes, with worsening survival seen as device 
therapy is instituted later in the progression of 
heart failure  [  33,   34  ] . Implementation of device 
therapy for destination therapy earlier in the pro-
gression of heart failure, before signi fi cant end-
organ dysfunction, right ventricular failure, and 
cachexia have developed, will likely lead to 
improved outcomes.  

   Complications 

 In the early experience with LVADs for destina-
tion therapy there were frequent complications 
due to the severity of illness at the time of implan-
tation and the durability of the  fi rst-generation 
pulsatile devices. The more common complica-
tions that contributed to death or a diminished 
quality of life included device failure, right 
 ventricular failure, infection, bleeding, and 
thromboembolism. 

 Destination therapy by de fi nition is an implant-
able LVAD used for lifelong support in patients 
with end-stage heart failure that are not transplant 
candidates. Thus, identifying patients at risk for 
postoperative RV failure is paramount and has 
important implications for selecting candidates 
for destination therapy. Approximately 20–30 % 
of patients undergoing left VAD placement will 
have postoperative right heart dysfunction  [  29, 
  35,   36  ] . Several studies have identi fi ed a variety 
of preoperative variables associated with postop-
erative RV failure. Ochiai et al., in an analysis of 
245 patients undergoing LVAD placement, found 
preoperative circulatory support, female gender, 
and nonischemic etiology for heart failure as 
risks for postoperative RV failure requiring 
RVAD placement. In addition, hemodynamic 
parameters associated with RVAD use were low 
mean and diastolic pulmonary arterial pressures, 
low right ventricular stroke work (RVSW), and 
low RVSW index (RVSWI), most likely identify-
ing patients with impaired RV contractility. 
Elevated pulmonary vascular resistance and 
 pulmonary arterial pressures were not identi fi ed 
as risk factors  [  37  ] . Similar  fi ndings have been 
previously reported  [  38  ] . 
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 More recently, the right ventricular failure risk 
score (RVFRS), developed by Matthews and col-
leagues at the University of Michigan, provides a 
way of stratifying risk of postoperative RV fail-
ure  [  32  ] . Utilizing information from a prospec-
tively collected database, 197 LVAD implants 
were examined. Right ventricular dysfunction 
was found in 35 % of cases. Independent predic-
tors of RV failure were the preoperative require-
ment of a vasopressor, aspartate aminotransferase 
(AST)  ³ 80 IU/l, bilirubin  ³ 2.0 mg/dl, and serum 
creatinine of  ³ 2.3 mg/dl. Each clinical predictor 
was assigned a point score and a cumulative risk 
score was then derived. Survival to transplanta-
tion and overall survival declined as the RVFRS 
increased, again con fi rming the negative impact 
of postoperative RV failure on outcomes follow-
ing LVAD implantation. Fitzpatrick and col-
leagues recently analyzed a series of 266 LVAD 
recipients looking for preoperative variables that 
would predict the need for biventricular mechani-
cal circulatory support. These included low car-
diac index, RV stroke work index, severe 
preoperative RV dysfunction, preoperative creati-
nine, previous cardiac surgery, and systolic blood 
pressure  [  39  ] . 

 Infection remains a signi fi cant source of mor-
bidity and mortality in patients receiving mechan-
ical circulatory support. In the REMATCH trial, 
the leading cause of death in patients receiving 
devices was sepsis, accounting for 20 of 52 deaths 
in this group  [  7  ] . A subsequent analysis focusing 
on infection during the REMATCH trial showed 
that freedom from sepsis in patients with LVADs 
was 58 % at 1 year and 48 % at 2 years. The peak 
hazard for sepsis occurred early within 30 days 
from implantation  [  40  ] . In a recent trial reporting 
the use of the HeartMate II second-generation 
axial  fl ow device (Thoratec Inc, Pleasanton, CA) 
in a bridge-to-transplant population, results are 
more encouraging. Device-related infection was 
seen in 14 % of patients. All device infections 
involved the percutaneous lead, with no infec-
tions seen in the pump pocket. Localized infec-
tion not related to device placement was seen in 
28 % of recipients  [  16  ] . Nutritional optimization 
in the perioperative period is an important factor 
in preventing infectious complications. VAD 

patients are often malnourished and cachectic 
due to problems of anorexia, impaired gastroin-
testinal function due to low cardiac output, and a 
chronic catabolic state secondary to the neurohu-
moral changes associated with heart failure. As 
has been described, an interdisciplinary approach 
to nutritional assessment and management is 
highly effective  [  41  ] . Guidelines regarding the 
use of perioperative antibiotics have been previ-
ously reported  [  42  ] . In general, prophylaxis is 
directed toward common pathogens, such as 
staphylococci, as well as providing gram-nega-
tive coverage. Cooperation with infectious dis-
ease specialists is helpful in custom tailoring 
regiments based on sensitivities within a given 
institution. 

 Mediastinal bleeding following LVAD implan-
tation is relatively common, occurring in some 
series in as many as 48 % of patients  [  29,   43  ] . In 
the recent continuous- fl ow LVAD trial, bleeding 
was the most common adverse event, seen once 
again primarily in the early postoperative period 
(0–30 days)  [  16  ] . Reoperation was required in 
31 % of patients. This is likely a re fl ection of the 
severity of illness in this patient population and 
the need for postoperative anticoagulation with 
heparin and warfarin when using continuous- fl ow 
devices. Predisposing factors include passive 
hepatic congestion and impaired production of 
coagulation factors, compromised nutritional sta-
tus, use of preoperative anticoagulation, exten-
sive surgical dissection, and reoperative 
procedures. In addition, LVAD patients develop a 
coagulopathy secondary to interactions between 
circulating blood elements and the arti fi cial 
device surfaces  [  44  ] . The development of acquired 
von Willebrand disease following device place-
ment has also been described  [  45  ] . Preoperatively, 
every effort is made to normalize the coagulation 
pro fi le. Diuresis with relief of hepatic conges-
tion, administration of fresh frozen plasma, and 
vitamin K supplementation can all be utilized. If 
possible, anticoagulants such as warfarin and 
clopidogrel should be discontinued at least  fi ve 
days prior to surgery. A low threshold should be 
maintained for early re-exploration with exces-
sive postoperative bleeding. Cardiac tamponade 
results in impaired right ventricular function, 
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with subsequent decreased LVAD  fi lling and 
reduced pump  fl ows. Early reoperation also 
allows for evacuation of mediastinal and pump 
pocket hematoma which can serve as a nidus for 
infection. 

 Thromboembolic events can lead to devastat-
ing neurologic and end-organ injury and remain a 
concern in patients undergoing mechanical device 
placement. In the past, as many as one third of 
patients with an LVAD had a thromboembolic 
event  [  46  ] . There has been signi fi cant improve-
ment since then due to improved technology and 
patient management. In the REMATCH trial, the 
rate of neurologic events was 4.35 times higher 
than in the medically treated group, with 47 % of 
such events being transient  [  7  ] . Dif fi culty in accu-
rately comparing the incidence of thromboembo-
lism among different devices is partly due to 
inconsistent de fi nitions, as described by Pasque 
and Rogers  [  47  ] . The HeartMate XVE (Thoratec 
Inc., Pleasanton, CA), with its sintered titanium 
and textured polyurethane internal surfaces, has a 
relatively low incidence of thromboembolic 
events without the need for systemic anticoagula-
tion with heparin or warfarin. Second- and third-
generation rotary pumps usually require systemic 
anticoagulation to maintain an international nor-
malized ratio (INR) between 2.0 and 3.0. In addi-
tion, depending on the system used, many patients 
are maintained on antiplatelet therapy with aspi-
rin, dipyridamole, or clopidogrel. Pump thrombo-
sis remains a potential mode of device failure with 
continuous- fl ow devices and can lead to throm-
boembolic complications. In the recent HeartMate 
II trial, the incidence of stroke was 8 % (6 % isch-
emic, 2 % hemorrhagic), and the incidence of 
transient ischemic attacks was 4 %  [  16  ] . Vigilant 
control of anticoagulation parameters is necessary 
to balance the risk of thrombus formation with the 
threat of late mediastinal bleeding.  

   Device Development 

 Efforts to improve device durability and maxi-
mize freedom from mechanical failure have 
been a major impetus for the evolution of device 

technology. Minimizing the risk of device failure 
is critical in establishing mechanical support as a 
feasible option for providing long-term support as 
destination therapy. First-generation LVADs such 
as the HeartMate XVE utilize pusher plate tech-
nology to generate pulsatile  fl ow through dis-
placement of blood volume. An extensive clinical 
experience has been accumulated worldwide with 
the use of pulsatile devices, particularly for bridge 
to cardiac transplantation. The design requires the 
devices to be somewhat large in size to accom-
modate the blood chamber, often precluding use 
in patients with a BSA of less than 1.5. Signi fi cant 
surgical dissection is usually required to create 
the device pocket. In addition, there are several 
moving and contacting parts, as well as in fl ow 
and out fl ow valves to maintain unidirectional 
 fl ow. The percutaneous driveline is relatively large 
in size when compared to newer generation 
devices to accommodate both the electrical con-
nections and the venting of air for the pumping 
chamber. Device failure can occur at any one of 
the components of the system. These include the 
in fl ow and out fl ow conduits, the pumping cham-
ber, or the external peripherals. In the event of 
electrical failure of the device, the pusher plate 
can be driven pneumatically with either a hand 
pump or a pneumatic console. Due to the various 
sources of mechanical failure, durability is lim-
ited. In the REMATCH trial, device failure was 
the second most common cause of death behind 
sepsis  [  7  ] . While 1-year freedom from device fail-
ure and replacement was 87 %, this dropped off to 
37 % by the second year  [  7,   48  ] . 

 The development of continuous- fl ow LVADs 
represents a signi fi cant step towards addressing 
the shortcomings of  fi rst-generation technology. 
Many second-generation LVADs utilize an axial 
 fl ow design with a rotating impeller to provide 
continuous non-pulsatile blood  fl ow without the 
need for in fl ow or out fl ow valves. Although early 
concerns existed regarding the effects of non-
physiologic continuous blood  fl ow, studies have 
shown no adverse impact on end-organ function 
or ventricular unloading and remodeling  [  49–  51  ] . 
Compared to pulsatile VADs, these devices offer 
the advantage of being smaller in size (Fig.  11.1 ). 
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They also have fewer moving and contacting 
parts with potentially enhanced durability. In 
addition, there is no need for venting of the 
device, allowing for smaller percutaneous drive-
lines. Typically, such devices have a single mov-
ing component, the rotating impeller, which is 
suspended in place by contacting bearings. Early 
clinical experiences with devices such as the 
HeartMate II have been very promising with 
regard to device reliability and short- and mid-
term outcomes  [  52,   53  ] . In the HeartMate II 
bridge-to-transplant trial, there were no primary 
pump failures  [  16  ] .  

 Several LVADs with third-generation design 
have entered clinical trials. These include the 
HVAD (HeartWare Corp., Framingham, MA), 
the Duraheart (Terumo Heart Inc., Ann Arbor, 
MI), the Levacor VAD (World Heart Corp., Salt 
Lake City, Utah), and the VentrAssist device 
(Thoratec Corp., Pleasanton, CA) Figs.  11.2 . In 
a recent review, third-generation devices were 
characterized by a noncontact bearing design, in 
contrast to second-generation axial  fl ow devices 
which have a contact bearing con fi guration  [  54  ] . 
Noncontact design is achieved by suspension 

of the rotor using either magnetic or hydrody-
namic levitation, or a combination of both. 
The theoretical advantage is the elimination of 
contacting parts and friction wear, with even 
greater potential for improved long-term durabil-
ity. These devices also offer the advantages of 
small size and small percutaneous drivelines. The 
HeartWare HVAD is small enough in size to be 
implanted completely within the pericardial 
space, eliminating the need for a preperitoneal 
pocket. Third-generation design offers the 
promise of additional improvements in long-term 
device reliability, an important factor in achiev-
ing greater acceptance of LVADs for destination 
therapy.   

   Current Outcomes 

 The REMATCH trial established de fi nitively the 
survival and quality-of-life bene fi t with mechani-
cal circulatory support for the treatment of end-
stage heart failure  [  7  ] . The limitations of 
 fi rst-generation device therapy, however, were 
highlighted by the increased incidence of adverse 
events in LVAD patients. In this trial, 129 patients 
suffering from New York Heart Association 
(NYHA) class IV heart failure who were not can-
didates for cardiac transplantation were random-
ized to either optimal medical management or 
placement of a left VAD (HeartMate VE LVAD, 

  Fig. 11.1    The HeartMate XVE (Thoratec Inc., 
Pleasanton, CA)  fi rst-generation pulsatile LVAD and 
HeartMate II axial  fl ow LVAD. (Courtesy of Thoratec 
Corp., used with permission.)       

  Fig. 11.2    The HeartWare HVAD (HeartWare Corp., 
Framingham, MA). (Courtesy of HeartWare Inc., used 
with permission.)       
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Thoratec Inc., Pleasanton, CA). Inclusion criteria 
for the trial included left ventricular ejection frac-
tion of <25 %, need for continuous intravenous 
inotropic therapy, and a peak oxygen consump-
tion of <12 ml/kg/min. The primary end point 
was death from any cause, with several second-
ary end points such as the incidence of adverse 
events, days of hospitalization, quality of life, 
and functional status. Device therapy led to a 
48 % reduction in the risk of death from any 
cause. Survival rates for the device group and 
medically treated group at 1 year were 52 % and 
25 %, respectively, and 23 % and 8 % at 2 years. 
In addition, assessments of quality of life and 
functional status were signi fi cantly better in the 
device group. The probability of device failure 
was 35 % at 2 years, with ten patients in the trial 
requiring device exchange. 

 During the course of the REMATCH trial, as 
clinical experience was gained and device 
enhancements made, outcomes improved. Park 
and colleagues analyzed the clinical results of 
patients undergoing device placement as strati fi ed 
by era of the trial  [  10  ] . Patients receiving devices 
in the second half of the trial had 1- and 2-year 
survivals of 59 % and 38 %, as compared to 44 % 
and 21 % for patients undergoing LVAD placement 
in the  fi rst half of the trial. The overall rate of 
adverse events was also signi fi cantly lower in the 
late cohort of LVAD patients. This included 
decreased rates of sepsis, pump housing infec-
tion, renal failure, and perioperative bleeding. 

 Since the REMATCH trial, continued progress 
has been towards improving clinical results and 
decreasing the morbidity and mortality associated 
with device therapy. Lietz and coworkers reported 
the results of 280 patients undergoing LVAD 
placement for destination therapy following con-
clusion of the REMATCH trial  [  31  ] . The complete 
data of 222 of these patients was used to derive a 
preoperative risk score for 90-day in-hospital 
mortality. Using the risk score, patients were then 
strati fi ed into four categories (low, medium, high, 
and very high risk). Overall survival in the group 
of post-REMATCH patients was 56 % and 31 % 
at 1 and 2 years, respectively. When strati fi ed by 
risk categories, 1-year survival rates were 81.2 %, 

62.4 %, 27.8 %, and 10.7 % for low-, medium-, 
high-, and very high-risk groups, respectively 
(Fig.  11.3 ). Survival to hospital discharge was 
87.5 % in the low-risk group as compared to only 
10.7 % in the very high-risk cohort. This analysis 
highlights the importance of patient selection as 
one of the critical determinants of successful out-
comes with VAD therapy.  

 Long and colleagues reported their single-center 
experience with destination therapy  [  14  ] . When 
compared to the REMATCH trial, there were 
signi fi cantly improved survival rates of 77 % seen 
at 1- and 2-year follow-up (Fig.  11.4 ). In this 
group of patients, perioperative mortality was 
decreased to 8.1 %, compared to 31 % for patients 
in the REMATCH trial. There was also a 
signi fi cant reduction in the incidence of adverse 
events. Authors attributed the continuing improve-
ment in destination therapy in the modern era to 
improvements in patient management, patient 
selection, and device design enhancements.  

 The development of second-generation axial 
 fl ow pumps represents a signi fi cant advance in 
device therapy. Single-center experiences have 
shown reduced rates of morbidity and mortality 
with axial  fl ow devices  [  55  ] . While the  prediction, 
avoidance, and treatment of right ventricular 
 dysfunction following LVAD placement 
remain a challenge, Patel and colleagues dem-
onstrated a reduced need for RVAD implanta-
tion following LVAD placement with axial 
 fl ow devices compared to pulsatile  fi rst-
generation devices  [  56  ] . 

 One of the largest clinical trials evaluating the 
use of mechanical circulatory support for desti-
nation therapy has recently completed enroll-
ment. Patients in this trial were randomized to 
receive either the continuous- fl ow HeartMate II 
axial  fl ow device or the pulsatile- fl ow HeartMate 
XVE LVAD in a 2:1 ratio. Preliminary results of 
the trial indicate signi fi cant advantages of the 
second-generation HeartMate II when compared 
to the HeartMate XVE, leading to the termination 
of randomization prior to completion of the 
trial. Several third-generation devices, as previ-
ously discussed, have entered clinical trials in 
the USA.  
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  Fig. 11.3    LVAD survival strati fi ed by DT risk score 
(adapted from Lietz K, Long JW, Kfoury AG, Slaughter 
MS, Silver MA, Milano CA, Rogers JG, Naka Y, Mancini 
D, Miller LW. Outcomes of left ventricular assist device 

implantation as destination therapy in the post-REMATCH 
era: implications for patient selection. Circulation. 2007; 
116: 497–505.)       
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  Fig. 11.4    Destination therapy survival at LDS Hospital, 
Salt Lake City, UT versus REMATCH trial (adapted from 
Long JW, Healy AH, Rasmusson BY, Cowley CG, Nelson 
KE, Kfoury AG, Clayson SE, Reid BB, Moore SA, Blank 

DU, Renlund DG. Improving outcomes with long-term 
“destination” therapy using left ventricular assist devices. 
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   Conclusions 

 VAD therapy has emerged as an important treat-
ment option for patients suffering from end-stage 
heart failure. Since the results of the REMATCH 
trial, acceptance of LVADs as destination therapy 
has been slow. As experience with patient selec-
tion and management has grown and as device 
design has evolved, clinical outcomes with regard 
to survival and freedom from adverse events con-
tinue to improve. Efforts toward the development 
of smaller devices, transcutaneous energy 
sources, and minimally invasive implantation 
techniques are aimed at reducing complications 
associated with current device therapy. This will 
likely lead to an increase in the acceptance in the 
use of LVADs earlier in the progression of heart 
failure, potentially leading to further improve-
ments in clinical outcomes. In addition, more 
widespread dissemination of the technology will 
improve access of therapy to the many patients 
who could bene fi t from LVAD support, likely 
leading to an increase in the use of devices for 
long-term destination therapy in patients not eli-
gible for cardiac transplantation.      
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 In 1812, LeGallois  fi rst proposed the concept of 
supporting or replacing the failing heart and cir-
culation  [  1  ]  .  The foundation for mechanical cir-
culatory support was laid by research into organ 
perfusion and preservation by many investiga-
tors, including DeBakey, Lindbergh, and Gibbon 
 [  2–  4  ] . In the  fi rst reported use of a rotary blood 
pump to support the failing left ventricle, Dennis 
and colleagues utilized a transseptal technique in 
the 1950s to cannulate the left atrium, bypass the 
left ventricle, and return blood to the femoral 
artery with a roller pump  [  5  ] . In 1963, Hall and 
colleagues reported the  fi rst clinical implantation 
of a left ventricular assist device (LVAD)  [  6  ] . 
This pulsatile device was implanted within the 
chest and was connected between the left atrium 
and the descending thoracic aorta. The  fi rst suc-
cessful use of an LVAD occurred in 1967, when 

DeBakey used a paracorporeal pulsatile device in 
a patient in cardiogenic shock. The pump was 
connected to the left atrium and right subclavian 
artery (Fig.  12.1 ). After 4 days, the device was 
removed under local anesthesia, and the patient 
was discharged home.  

 Throughout the 1960s and 1970s, several pro-
grams were initiated by the National Heart 
Institute (which later became the National Heart, 
Lung, and Blood Institute or NHLBI) to develop 
cardiac assist devices that could assist or replace 
the failing heart  [  7  ] . These programs produced 
several of the  fi rst-generation implantable pulsa-
tile LVADs, including the HeartMate XVE 
(Thoratec Corporation, Pleasanton, CA), the 
Novacor Left Ventricular Assist System (World 
Heart, Inc., Oakland, CA), and the LionHeart 
Left Ventricular Assist System (Arrow 
International, Reading, PA). Altogether, these 
devices were implanted as bridges to transplanta-
tion or as destination therapy in several thousand 
patients worldwide who were not transplant can-
didates  [  8–  10  ] . Currently, the Novacor and 
LionHeart devices are no longer being used clini-
cally, although the HeartMate XVE is still avail-
able and used at many institutions. 

 In the mid-1980s, a miniature axial- fl ow blood 
pump (Fig.  12.2 ), the Hemopump―developed by 
Richard Wampler, MD, and the Nimbus 
Corporation  [  11  ] ―underwent preclinical testing 
and  fi rst clinical use at the Texas Heart Institute 
in Houston  [  12  ] . This experience con fi rmed that 
a miniature rotary blood pump could unload the 
compromised left ventricle and provide adequate 
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systemic support while improving the potential 
for myocardial recovery. In 1994, NHLBI 
 initiated the innovative ventricular assist systems 

program to encourage the development of a 
totally implantable ventricular assist system  [  13  ] . 
This program resulted in the next generation of 
smaller, implantable continuous- fl ow blood 
pumps  [  14–  17  ] .  

 Today, numerous rotary blood pumps are 
undergoing clinical trials designed to test their 
safety and effectiveness so that they may be used 
as bridges to transplantation, bridges to recovery, 
or destination therapy. Rotary pumps in current 
clinical use can be classi fi ed as to whether they 
have axial or centrifugal  fl ow, have magnetically 
suspended or attached bearings, or are suitable for 
short- or long-term use. Axial- fl ow and centrifu-
gal pumps typically have a central rotor contain-
ing permanent magnets. Electrically controlled 
coils, embedded in the housing of the blood pump, 
couple with magnets located in the impellers, 
thereby controlling rotational speed. Centrifugal 
pumps typically contain rotors shaped to acceler-
ate blood  fl ow towards the outer wall of the pump. 
In contrast, axial- fl ow pumps typically contain 
rotors that are more cylindrical. Helical blades on 
these cylindrical rotors cause blood  fl ow to accel-
erate along the spinning axis of the rotor. 

 Another feature of continuous- fl ow pumps is 
the method used to suspend the rotor or impeller. 
Early continuous- fl ow pumps used solid  fi xed 
bearings, which are vulnerable to friction-related 
bearing wear, do not allow for washout of tight 
gaps, and sometimes allow thrombus to build up. 
Today, many continuous- fl ow pumps utilize elec-
tromagnetic and hydrodynamic suspension, 
which can virtually eliminate pump wear and 
also reduce damage to blood cells. Compared to 
earlier LVADs, these devices are much smaller 
and simpler, having only one moving part; as a 
result, they are less susceptible to infection and 
failure. They require a less invasive implant pro-
cedure and  fi t a wider size range of patients. 
Today’s continuous- fl ow pumps are not only 
more ef fi cient than previous models but are also 
much more comfortable for patients, allowing 
them to return to a relatively normal lifestyle. 

 This chapter focuses on the current use of 
continuous- fl ow pumps for both temporary and 
long-term support of patients with acute and 
chronic heart failure. 

  Fig. 12.1    The paracorporeal pulsatile left ventricular 
assist device used by Dr. Michael E. DeBakey in the 1960s 
(image property of Texas Heart Institute)       

  Fig. 12.2    The Hemopump miniature axial- fl ow blood 
pump is about the size of the eraser on an ordinary pencil. 
The successful clinical use of this device encouraged fur-
ther development of implantable rotary blood pumps 
(image property of Texas Heart Institute)       
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   Short-Term Support 

 Continuous- fl ow pumps designed for temporary 
use may be appropriate in several clinical settings 
involving cardiogenic shock (e.g., acute myocar-
dial infarction or postcardiotomy heart failure) 
and to provide cardiac support during coronary 
revascularization procedures. Although these 
devices may be inserted by cardiovascular sur-
geons in the operating room, they are usually and 
most effectively applied by cardiologists in the 
catheterization laboratory. Short-term pumps 
may also be used for bridging to a long-term car-
diac assist device. The systems described in this 
section have been approved by the United States 
Food and Drug Administration (FDA) and been 
used for cardiac support in thousands of cases, 
for either left ventricular, right ventricular, or 
biventricular support. 

   Impella 

 The Impella System (Abiomed, Inc., Danvers, 
MA) consists of a small axial- fl ow blood pump 
that is similar to the earlier Hemopump. Three 

Impella models are used for left-sided cardiac 
support: the Impella LP 2.5, Impella LP 5.0, and 
Impella LD. All three models are catheter-
mounted axial- fl ow pumps and have a distal can-
nula that is placed across the aortic valve in 
retrograde fashion to directly unload the left ven-
tricle. The pump and pump outlet are located in 
the ascending aorta, into which blood is ejected 
for systemic support. The Impella RD is used for 
right-sided cardiac assistance and is connected to 
the right atrium and pulmonary artery. This 
device has CE mark approval and is undergoing 
clinical trials in the United States. Currently, the 
Impella 2.0 and 5.0 have both FDA and CE mark 
approvals. 

 The Impella pumps are connected to an exter-
nal drive unit by a 2.8-mm  fl exible drive cable 
and a purge system (using a heparinized 40 % 
glucose solution), which continuously  fl ushes the 
pump and motor housing. 

 The Impella LP 2.5 consists of a 4-mm (12F) 
microaxial blood pump mounted on a 9F pigtail 
catheter (Fig.  12.3 ). It is inserted percutaneously, 
with the aid of  fl uoroscopic guidance, in either 
the catheterization laboratory or the operating 
room. The device is inserted through the femo-
ral artery via a 13F sheath over a guidewire. 

  Fig. 12.3    The Impella 
2.5 and 5.0 axial- fl ow 
pumps (Abiomed, Inc., 
Danvers, MA) are inserted 
via the femoral artery and 
advanced across the aortic 
valve for short-term 
cardiac support. The two 
pumps are exactly alike, 
except that the 5.0 model 
is larger       
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The system can provide up to 2.5 L/min of sup-
port against a normal physiologic afterload.  

 The Impella LP 5.0―a larger version of the 
Impella LP 2.5 device―consists of a 6.4-mm 
microaxial pump and a 7.3-mm-diameter (21F) 
cannula. The device is inserted into the femoral 
artery via a prosthetic graft and is advanced into the 
left ventricle with the aid of  fl uoroscopic guidance. 
It can provide up to 5.0 L/min of blood  fl ow. 

 The Impella LD is the same as the Impella LP 
5.0 but has a shorter (55-mm) left ventricular 
cannula (Fig.  12.4 ). The device is surgically 
implanted directly into the left ventricle via the 
ascending aorta.  

 The Impella RD is used for right-sided sup-
port alone and can only be inserted surgically. 
This small microaxial- fl ow blood pump has a 
short caged inlet that is inserted directly into the 
right atrium and a ringed outlet graft that is anas-
tomosed to the pulmonary artery. It can deliver 
blood  fl ows of up to 5 L/min.  

   TandemHeart 

 The TandemHeart (Cardiac Assist, Inc., 
Pittsburgh, PA) is a percutaneously inserted left 

ventricular assist system for temporary use 
during high-risk percutaneous coronary interven-
tions (PCIs) or off-pump coronary bypass; it is 
also used for bridging to transplantation and for 
treating acute myocardial infarction and postcar-
diotomy shock. The two-stage catheter system 
dilates the puncture site in the atrial septum and 
provides transseptal access by means of a trans-
septal cannula that drains blood from the left 
atrium (Fig.  12.5 ). An extracorporeal centrifugal 
blood pump returns blood to an arterial femoral 
cannula, which is positioned at the level of the 
femoral bifurcation.  

 Use of this technique to support the failing left 
ventricle dates back to the 1950s, when Dennis 
and colleagues  [  5  ]  used a transseptal approach to 
cannulate the left atrium, bypass the left ventri-
cle, and return blood to the femoral artery with a 
roller pump. Seven of their eight patients sur-
vived for a short period, but there were no long-
term survivors because revascularization 
procedures had not yet been developed. 

 The FDA-approved TandemHeart percutane-
ous ventricular assist device represents a clini-
cally meaningful application of Dennis’s concept 
 [  18–  21  ] . The external centrifugal pump weighs 
227 g, operates at 3,000–7,500 rpm, and supplies 

  Fig. 12.4    The Impella LD (Abiomed, Inc., Danvers, MA) has a shorter cannula than the Impella 2.5 or 5.0. The LD is 
inserted surgically via the ascending aorta and advanced across the aortic valve       
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up to 4 L/min of continuous  fl ow  [  22  ] . Pump 
in fl ow is achieved through a 21F cannula that is 
placed in the left atrium through an atrial trans-
septal puncture via the femoral vein. The cannula 
draws oxygenated blood from the left atrium into 
the external centrifugal pump. A 15F or 17F 
out fl ow cannula is placed in the femoral artery. 
The pump controller, which rotates and controls 
the impeller of the centrifugal pump, as well as 
an anticoagulant infusion line, protects the hydro-
dynamic bearing by cooling it and providing an 
anticoagulation agent.  

   CentriMag 

 The CentriMag ventricular assist system 
(Levitronix LLC, Waltham, MA) is used for short-
term left, right, or biventricular support (Fig.  12.6 ). 
The extracorporeal centrifugal blood pump con-
tains a rotor that is magnetically levitated and 
spins friction free. The rotor is encased in a poly-
carbonate housing. The inlet to the blood pump is 
concentric with the axis of the rotor, and the pump 
outlet is perpendicular to the inlet. Blood enters 
via the inlet and contacts the spinning rotor; 
energy in the form of pressure and velocity is then 
transferred from the rotor to the blood, which exits 
the outlet port at  fl ows of up to 10 L/min. The 
blood pump is attached to a motor which, when 
magnetically coupled, powers the pump. A cable 
connects the motor to a console that controls pump 
speed and monitors pump function.  

 The cannulas are inserted into either the right 
or left atrium (for venous drainage) or into the 
pulmonary artery or aorta, depending on the type 
of support required. The cannulas are attached to 
standard 3/8-inch tubing, which is connected to 
the pump’s in fl ow and out fl ow ports. For continu-
ous pump- fl ow monitoring, an ultrasonic  fl ow 

  Fig.  12.5    The cannulas of the TandemHeart 
(CardiacAssist, Inc., Pittsburgh, PA) are inserted via the 
femoral artery and vein. The in fl ow cannula is placed 
within the left atrium by means of a transseptal technique       

  Fig. 12.6    The CentriMag Ventricular Assist System 
(Levitronix LLC, Waltham, MA) (image property of 
Texas Heart Institute)       
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probe is connected to the outside of the tubing 
and is directly connected to the console. 

 A cannulation technique that allows the chest to 
be completely closed and that avoids reoperation 
has been revived from the 1960s. By placing the 
cannula through a graft  [  23,   24  ] , the surgeon can 
avoid reopening the chest when weaning is deemed 
adequate. Instead, the inlet cannula is removed from 
the inside of the graft, and the graft is oversewn. The 
out fl ow graft may be similarly oversewn. This 
unique method allows quick explantation. 

 The FDA-approved CentriMag pump is 
widely used in both Europe and the United States 
for the short-term support of patients with poten-
tially recoverable heart failure. It is valuable for 
stabilizing the condition of patients with multior-
gan system failure and an uncertain neurologic 
status. It is also used for supporting patients after 
an acute myocardial infarction, for bridging to 
recovery, for postcardiotomy shock, and for 
short-term right ventricular assistance in combi-
nation with implantable LVADs.   

   Long-Term Support 

 Experience gained with implantable pulsatile 
blood pumps for long-term support helped pave 
the way for the widespread use of continuous-
 fl ow rotary blood pumps for this purpose. 
Typically, these pumps are smaller and require 
less power than their pulsatile predecessors. 
Although continuous- fl ow devices have no 
 fl exing or moving diaphragms, no membranes, 
and no valves to ensure unidirectional  fl ow, they 
generally do necessitate chronic anticoagulation 
therapy (i.e., warfarin). Percutaneous drivelines 
are also smaller than those of  fi rst-generation 
pumps, and improved management techniques 
have decreased the incidence of infection. 
Nevertheless, complications (e.g., percutaneous 
driveline site infections or external pump cable 
fractures) still do exist. 

   HeartMate II 

 The HeartMate II LVAD (Thoratec Corporation, 
Pleasanton, CA) consists of an implantable 

 axial- fl ow blood pump, a controller module, an 
alternating-current power-based unit, and exter-
nal batteries. The small blood pump measures 
4 cm in diameter and 6 cm in length; it weighs 
375 g and has one moving part, a high-speed 
impeller that spins on inlet and outlet ball-and-
cup bearings. The impeller is contained within 
the pump housing (Fig.  12.7 ), which surrounds a 
brushless direct-current motor that creates a spin-
ning magnetic  fi eld to activate the impeller. 
Rotational speeds range from 6,000 to 15,000 rpm, 
and the device can provide up to 10 L/min of con-
tinuous output. The sintered titanium in fl ow can-
nula is inserted into the left ventricle via a sewing 
ring, and blood is returned via a 12-mm out fl ow 
graft anastomosed to the ascending aorta 
(Fig.  12.8 ). Power is delivered via a percutaneous 
lead that exits the right upper portion of the abdo-
men; the lead is connected to external controllers 
and either an AC-power-based unit or wearable 
portable batteries. This system offers patients a 
greatly improved quality of life.   

 The HeartMate II has received CE mark 
approval and, as of September 2010, also FDA 
approval. It has supported more than 5,000 
patients worldwide for up to 6 years as a bridge to 
transplantation, a bridge to recovery, or destina-
tion therapy. In clinical bridge-to-transplant trials 
performed at 35 centers from March 2005 to 
April 2008, 469 patients received a HeartMate II; 
250 of these patients underwent cardiac trans-
plantation, 12 underwent ventricular recovery 
and had the device explanted, 106 had died dur-
ing the support period, and 100 remained on 
LVAD support. The 250 transplant recipients had 
a survival rate of 97 % at 30 days and 87 % at 
1 year. With regard to reliability, the HeartMate II 
is greatly improved over its predecessor, the  fi rst-
generation HeartMate XVE pulsatile device. In 
the Randomized Evaluation of Mechanical 
Assistance for the Treatment of Congestive Heart 
Failure (REMATCH), which assessed the 
HeartMate XVE LVAD  [  25  ]  ,  nearly 50 % of the 
support group required a device exchange by 
18 months due to mechanical malfunction or 
infection. In contrast, no mechanical failures of 
the device pumping mechanism were observed in 
a clinical trial of the HeartMate II as a bridge 
to transplantation  [  26  ] . Because of its improved 
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  Fig. 12.7    The HeartMate II (Thoratec Corporation, Pleasanton, CA) has one moving part—a high-speed impeller that 
is contained in the pump housing       

  Fig. 12.8    The HeartMate II left ventricular assist device with the in fl ow cannula inserted in the left ventricle and the 
out fl ow graft anastomosed to the ascending aorta. The pump is placed in a subdiaphragmatic pocket       
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features, the HeartMate II is the  fi rst implantable 
rotary blood pump to have widespread use.  

   Jarvik 2000 

 In 1989, in collaboration with Dr. Robert Jarvik, 
the Texas Heart Institute began initial develop-
ment of the Jarvik 2000, a long-term, implantable 
pump with nonlubricated bearings (Jarvik Heart, 
Inc., New York, NY). The titanium blood pump 
is about the size of a C-cell battery. It weighs 
90 g, measures 2.5 cm in diameter, and displaces 
25 mL. Within the pump housing is a sealed, 
brushless, electromagnetic, direct-current motor. 
The rotor, the only moving part, is held in place 
by two ceramic bearings. Because of the pump’s 
small size, the senior author (OHF) recommended 
placing the pump directly into the intraventricu-
lar cavity  [  27,   28  ] . The device is connected to the 
arterial circulation by a 16-mm Hemashield 
out fl ow graft to the descending thoracic aorta 
(Fig.  12.9 ), but the out fl ow graft could also be 
attached to the supraceliac aorta, ascending aorta, 
or  fi rst part of the descending aorta  [  29  ] . In most 
cases, the pump can be placed without the use of 
cardiopulmonary bypass  [  30  ] . This enhances its 
usefulness in critically ill patients with chronic 
heart failure. Placement through a subcostal inci-
sion may be of value in redo sternotomy situa-
tions  [  31  ] . A percutaneous driveline exits the 
right subcostal margin, but an alternative skull-
pedestal power-cable connector has been used in 
Europe for patients undergoing destination ther-
apy  [  32  ] . The driveline is connected to an exter-
nal controller, which is powered by lithium ion 
batteries, each of which lasts for up to 8 h.  

 The Jarvik 2000 can pump up to 7 L/min 
against physiologic resistance. The addition of 
sintered titanium microspheres on its intraven-
tricular blood-contacting surfaces, as well as a 
phased speed controller that lowers the pump 
speed to 7,000 rpm for 6 s every minute, is 
designed to decrease the risk of thrombus forma-
tion in the ventricle around the base of the pump 
(addressed by the sintered titanium micro-
spheres), thrombus formation in the noncoronary 

aortic cusp when aortic valve opening is limited 
or absent (addressed by the intermittent speed 
controller), and a septal shift impairing right ven-
tricular function. The Jarvik 2000 also has an 
external speed controller that allows variations 
from 8,000 to 12,000 rpm and that can easily be 
adjusted by the patient or physician according to 
the patient’s physiologic needs. No pump failures 
due to mechanical bearing wear or pump throm-
bosis have been reported  [  33  ] . Optimal clinical 
use is achieved when the pump works in parallel 
with the native heart (when the native ventricle is 
ejecting and the LVAD is unloading the ventricle 
throughout the cardiac cycle)  [  34  ] . This pump 
has provided more than 7 years of continuous 
destination therapy for a patient who received it 
in June 2000 in Oxford, England  [  35  ] .  

  Fig. 12.9    The Jarvik 2000 blood pump (Jarvik Heart, 
Inc., New York, NY) is inserted into the left ventricle with 
the out fl ow graft attached to the descending thoracic aorta 
(image property of Texas Heart Institute)       
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   Magnetically Suspended 
Centrifugal Pumps 

 With  fi rst-generation implantable rotary blood 
pumps, or axial- fl ow pumps, a major concern 
was the use of mechanical bearings, which could 
potentially become worn and impair performance 
and durability. To address this concern, engineers 
began to develop implantable, magnetically sus-
pended pumps, which have the potential for lon-
ger durability. Most of these pumps have a 
magnetically levitated (maglev) impeller that 
eliminates the need for mechanical bearings and 
physical contact between moving parts. By gen-
erating higher torque at a lower speed, these 
pumps should minimize wear, heat generation, 
and hemolysis. Several maglev designs are being 
developed and should soon see widespread use. 

   HeartWare HVAD 
 The HeartWare HVAD (HeartWare, Inc., Miami 
Lakes, FL) is a small (displacement volume, 
50 mL; weight, 145 g), continuous- fl ow, centrifu-
gal pump (Fig.  12.10 ) that uses a hybrid system―a 
combination of passive magnetic and hydro-
dynamic thrust bearings―to create contact-free 
rotation of a wide-blade impeller, the only moving 

part within the pump. The front and rear housing 
are titanium-ceramic hybrid assemblies. Both 
housings contain sealed motor stators, which rotate 
the wide-blade impeller and allow power redun-
dancy. Radial and axial support is provided by a 
magnetic center post in the rear housing and three 
stacks of magnets in the impeller. When the pump 
is turned on, the impeller is pushed away from the 
front housing and begins to rotate. A very thin 
cushion of blood maintains the gap between the 
impeller and the front housing. Once power is 
applied to the device, there are no points of 
mechanical contact within the pump. This is 
expected to improve device reliability and reduce 
the risk of blood trauma as blood cells pass through 
the pump.  

 The HVAD pump is implanted within the peri-
cardial sac (Fig.  12.11 ). The titanium in fl ow can-
nula is inserted into the ventricular cavity via a 
sewing ring that contains a metallic C-clamp to 
allow secure attachment to the base of the pump. 
Blood is returned via a 10-mm out fl ow graft 
attached to the ascending aorta. A percutaneous 
driveline exits the right subcostal margin and is 
connected to an external microprocessor control-
ler, which is powered by lithium ion batteries. 
A tablet computer monitor displays system infor-
mation and allows for alternating-current power 
options. The HVAD can generate up to 10 L/min 
of forward  fl ow. It has been awarded a CE mark 
in Europe. It has been approved as a bridge to 
heart transplantation by the FDA and is under-
going a clinical trial for use as destination therapy 
in the United States.   

   DuraHeart 
 The DuraHeart (Terumo Heart, Inc., Ann Arbor, 
MI) is an implantable centrifugal blood pump 
that uses magnetic levitation to suspend a rotat-
ing impeller within a titanium housing 
(Fig.  12.12 ). The pump is 72 mm in diameter, is 
45 mm thick, weighs 540 g, and has a displace-
ment volume of 180 mL. It can provide up to 8 L/
min of blood  fl ow at a head pressure of 120 mmHg 
and pump speeds of 1,200–2,600 rpm. The impel-
ler is suspended magnetically by three electro-
magnets mounted in the upper housing and on the 
motor side of the impeller; it is rotated by means 

  Fig. 12.10    The HeartWare ventricular assist device 
(HeartWare, Inc., Miami Lakes, FL) is a small centrifugal 
pump (image courtesy of HeartWare, Inc. Caution: 
Investigational device. Limited by Federal Law to investi-
gational use in the USA)       
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of magnetic coupling between the impeller and a 
brushless direct-current motor. Tilting and axial 
placement of the impeller are monitored by three 
position sensors to ensure that the impeller is free 
 fl oating at the center of the pump housing. This 
also maintains consistent washout of the blood 
path within the pump. A titanium in fl ow conduit 
connects the pump to the heart, and blood is 
retuned via a 12-mm Gelweave graft (Terumo 
Heart, Inc.) to the ascending aorta. The pump is 
placed in an abdominal pocket and is connected 
to an external controller via a percutaneous lead 
that exits the abdominal wall. The controller can 
be powered by wearable external batteries or by a 
console and charger system.  

 The DuraHeart was awarded a CE Mark in 
2007 and is currently undergoing clinical trials in 
the United States. In 6 US patients and 68 
European patients with support durations of more 
than 3 years, the DuraHeart has yielded results 
similar to those of other rotary blood pumps  [  36  ] . 
No pump mechanical failure or pump thrombosis 
has been reported.    

  Fig. 12.11    The HeartWare pump is placed within the 
pericardial sac. The out fl ow graft is attached to the ascend-
ing aorta. The percutaneous driveline exits the right sub-
costal margin and is connected to the external controller 

and batteries (image courtesy of HeartWare, Inc. Caution: 
Investigational device. Limited by Federal Law to investi-
gational use in the USA)       

  Fig. 12.12    The DuraHeart implantable centrifugal blood 
pump (Terumo Heart, Inc., Ann Arbor, MI)       
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   Summary 

 Small, continuous- fl ow, rotary blood pumps have 
greatly expanded the options for treating both 
acute and chronic heart failure. Because of their 
increased reliability and effectiveness, these pumps 
provide clinicians with an “off-the-shelf” circula-
tory support device for the treatment of heart fail-
ure. Continuous- fl ow pumps are easier to implant 
than their predecessors and can be explanted if 
ventricular recovery occurs. These advances in 
design, engineering, and clinical implementation 
have ushered in a new era for the support and man-
agement of end-stage heart failure. The next chal-
lenge is to make mechanical circulatory support 
the gold standard for the treatment of patients with 
advanced heart failure.      
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   History 

 Heart disease continues to be the leading cause of 
death in the United States with almost 700,000 
people, or 29 % of deaths, per year. Medical man-
agement of advanced heart failure remains the 
primary therapy for most patients, but surgery 
offers a large number of patients more curative 
approaches including a host of conventional oper-
ations, mechanical circulatory support with a 
family of devices for short and long duration, and 
cardiac transplantation. The use of the total 
arti fi cial heart (TAH) is one such intervention that 
has grown exponentially in the past 10 years. 

 Initially, VADs were used as a bridge-to-trans-
plantation   , and TAHs were used for long-term 
support. The  fi rst TAH was implanted in a dog at 

the Cleveland Clinic in 1957. Calves later became 
the better experimental model due to the calves’ 
ability to tolerate the cardiopulmonary bypass 
and have less thrombogenicity. These prelimi-
nary experiments led to the development of a 
“permanent” TAH. In 1964, the United States 
Government National Heart Initiative instituted 
an order to produce a TAH. 

 In 1969, Dr. Denton Cooley was the  fi rst to 
implant a TAH, also known as the Liotta TAH, in 
a human as bridge-to-transplant  [  1  ] . That patient 
lived for 64 h on the device and later died of 
pneumonia and sepsis 32 h after transplantation. 
The next TAH was not implanted for another 
12 years. In 1981, Dr. Cooley implanted a TAH in 
a 36-year-old male who had suffered cardiac fail-
ure after a coronary artery bypass graft. He was 
implanted with an Akutsu TAH for 53 h until 
transplantation. The gentleman later died 8 days 
after transplantation, also from sepsis. The same 
year, the US Food and Drug Administration 
(FDA) granted approval to permanently implant 
the Jarvik-7 TAH at the University of Utah. The 
 fi rst recipient of that device was Barney Clark; he 
lived for 112 days on the device  [  2  ] . 

 In 1985, Dr. Jack Copeland at the University 
of Arizona implanted the unapproved Phoenix 
TAH in order to save a man who had cardiac graft 
failure  [  3  ] . The device was placed as a bridge-to-
transplant. The implantation created a great deal 
of controversy, though, resulted in the FDA 
acceptance of the one-time use of any device in a 
true emergency. The patient died secondary to 
sepsis after a second transplant. The  fi rst  successful 
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bridge-to-transplant was on August 29, 1985  [  4  ] . 
A young man on a TAH, a Jarvik-7 100, for 9 days 
was successfully bridged to transplant by 
Copeland and his team. This patient lived for 
5 years posttransplant and eventually died of 
posttransplantation lymphoproliferative disease. 
This initial device had a stroke volume of 100 mL. 
A year later, a smaller device with a stroke vol-
ume of 70 mL, the Jarvik7-70, (Symbion, Inc., 
Salt Lake City, UT) was developed; this device 
 fi ts most patients and with minimal changes has 
evolved into the SynCardia TAH-t (SynCardia 
Systems Inc., Tucson, AZ). 

 Shortly afterward, to better understand the use 
of the Jarvik-7, patient selection, and prevention 
of two of the major complications, thromboembo-
lism and infection, an investigational device 
exemption (IDE) study was started. Unfortunately, 
that study failed to provide critical information 
necessary to answer these questions and was 
stopped by the FDA in the USA in early 1991. 
Though, simultaneously in Paris, La Pitié Hospital, 
reported no neurological complications in 60 con-
secutive Jarvik-7 patients who were treated with a 
multidrug anticoagulation protocol  [  5  ] . 

 In late 1991, the Jarvik-7 was transferred from 
Symbion to a company called CardioWest, formed 
by the University Medical Center in Tucson, AZ, 
and Medforte in Salt Lake City, Utah. Subsequently 
the device was renamed the CardioWest TAH. A 
new IDE study was established and implemented 
in  fi ve centers in the USA in January of 1993. The 
trial was conducted over 9 years, including 95 
implant patients and 35 control patients. The man-
ufacturing of the device was transferred from 
Vancouver to Tucson. A new company was cre-
ated in 2002, SynCardia Systems, Inc., in order to 
 fi nish the IDE study and assist in the application 
for commercial use of the device. 

 Later in 2004, the CardioWest TAH-t was 
approved as the  fi rst and only TAH by the FDA for 
use as a bridge-to-transplant as reported the same 
year in the New England Journal of Medicine  [  6  ] . 
The SynCardia TAH-t is a sound surgical option 
for patients awaiting a heart transplant who are 
failing maximal medical and inotropic support. It 
is currently used in 60 centers in the USA and over 
40 in Europe. The FDA study documented a 79 % 

survival to transplantation and a  posttransplantation 
survival equal to  fi rst time primary cardiac recipi-
ents over a period of 5 years.  

   Description of the Device 

 The of fi cial FDA mandated the name of this device 
is the SynCardia TAH-t; the “t” refers to the fact 
that the device is temporary. Although it was origi-
nally intended and designed as a long-term cardiac 
replacement and might be a long-term device in 
the future, the SynCardia TAH-t is currently used 
as a temporary measure to bridge patients to trans-
plantation. It is driven by 3 different consoles; a 
large pneumatic console with a complete duplicate 
backup driver nicknamed “Big Blue” (Fig.  13.1 ). 
The large console is being replaced by a 55 lb in 
house console called Companion 2 and a much 
smaller outpatient driver, the Freedom Driver. 
Over 1,000 SynCardia TAH-ts (TAH) have been 
implanted for over 150 patient-years. Over 75 
patient-years on device have been in outpatients.  

 The TAH replaces both native ventricles with 
separate right and left prosthetic ventricles that 
are lined with smooth segmented polyurethane. 
The polyurethane diaphragm is four layered, a 
safety feature. Both arti fi cial ventricles together 
weigh 160 g and displace 400 mL. This orthoto-
pic biventricular pneumatic pump can pump a 
maximum in vivo output of 9–10 L/min at a cen-
tral venous pressure (CVP) of <10 mm Hg. The 
maximal stroke volume is 70 mL, but 99 % of the 
time the device is run using a  fi ll volume of about 
50–60 mL per stroke, and it fully ejects with each 
beat (Fig.  13.2a, b ).  

 The blood  fl ow path is the same as the native 
heart with an in fl ow distance from atrium to device 
of less than 5 mm and a blood path from left atrium 
to aorta or right atrium to pulmonary artery of less 
than 20 cm. The implantable ventricles contain 
Medtronic Hall (Medtronic, Inc., Minneapolis, 
MN) valves that are 27 cm on the in fl ow side and 
25 cm on the out fl ow side. The out fl ow conduits 
are made of Dacron (Maquet, Chicago, IL) and 
measure 3 cm from the ventricular out fl ow valve 
to the aorta and 6 cm from right ventricular out fl ow 
to the pulmonary artery (Fig.  13.3 ).  
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 The principles of cardiac physiology and the 
Starling curve are clearly evident with the TAH. 
Since the ventricles are set to  fi ll to about 
50–60 mL per beat, the patient can have an 
increased venous return of 10–20 mL per beat 
(for a total of 70 mL) for such circumstances as 

exercise, when the patient would have an 
increased venous return and in turn increased 
stroke volume and increased cardiac output by 
1.5–2.5 L/min. The drivers are set to allow 
 fi lling the ventricles to 70–85 % of full capacity 
with an ejection of 100 %. The decreased  fi lling 

  Fig. 13.1    Current driver for CardioWest TAH-t on left 
shown with new drivers drawn to scale: Companion Driver 
attached to patient weighs 18 kg, the much smaller 
Freedom Driver, further to the left weighs 2 kg (this article 

was published in Sabiston & Spencer’s Surgery of the 
Chest ,  8th edition, Zimmerman H, Copeland JG, Aquila 
Allen LA, Smith RG, “Total arti fi cial heart,” pp. 1525–
1532, copyright Elsevier 2010)       

  Fig. 13.2    ( a ) This shows pump diastole or  fi lling. Partial 
 fi lling allows for increased venous return scenarios (exer-
cise, right left imbalance, Valsalva maneuver, etc.). The 
driver console beat rate % systole and vacuum are set to 
allow  fi lling with about 50–60 mL/beat with the patient at 
rest. ( b ) Ejection pressures are set to always cause a maxi-

mal diaphragm excursion (“full eject”). For the left ven-
tricle, the ejection pressure is set at 60 mm Hg greater than 
the anticipated systolic pressure. For the right ventricle, 
the ejection pressure is set at 30 mm Hg higher than the 
anticipated pulmonary artery pressure       
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allows the pneumatic ventricles to accommo-
date for differences in left and right ventricular 
volumes that occur with such conditions as 
bronchial  fl ow, coughing, Valsalva maneuvers, 
exercise, and transfusion. Also, this characteris-
tic of the device prevents “overpumping” of the 
right to left ventricle, which, therefore, prevents 
pulmonary edema. In the non-pneumatic, elec-
tromechanical, and hydroelectric experimental 
TAHs, no such forgiving pneumatic “cushion” 
exists and balancing the ventricles continues to 
be a major challenge.  

   Patient Selection 

 In 2004, the results of the FDA IDE study for the 
SynCardia TAH-t in bridge-to-transplantation 
were published in the New England Journal of 
Medicine. The prospective study was conducted 
from January 1993 to September 2002 with a 
total of 130 patients: 81 patients in the protocol 
group, 35 retrospective control group, and 14 did 
not meet the criteria for the study though were 
implanted for the purpose of compassionate care. 
In that study, the indication for implantation was 
severe end-stage biventricular failure in patients 
who were considered reasonable candidates for 
cardiac transplantation. Thus, most patients had 
been listed for cardiac transplantation then dec-
ompensated and were felt to be too sick to be 

treated with a left ventricular assist device 
(LVAD). When we examined risk factors in this 
study  [  7  ] , we concluded that the indications for 
implantation of the TAH are “(1) irreversible 
biventricular heart failure, (2) acute decompensa-
tion after cardiotomy, (3) cardiogenic shock after 
acute myocardial infarction, (4) stone heart, (5) 
irreversible cardiac rejection or graft failure, (6) 
failed LVAD and/or biventricular assist device 
(BiVAD), (7) decompensating heart failure with 
left ventricular thrombus, (8) acquired ventricu-
lar septal defect, (9) prosthetic or incompetent 
native aortic valve in cardiogenic shock, or (10) 
unresponsive ventricular arrhythmia.” 

 The most important criterion for implanta-
tion of a TAH is availability of the device at the 
institution as well as the surgeon’s experience. 
The patients must be candidates for a cardiac 
transplantation. Destination therapy as an indi-
cation for this device is likely to be covered in 
the near future, since it has been approved by 
the FDA and awaits  fi nal funding approval. 

 In the FDA study the selection inclusion cri-
teria for the patients were fairly rigid. However, 
nearly 20 % of patients could not be weaned 
from cardiopulmonary bypass prior to device 
implant, and nearly 40 % were on intra-aortic 
balloon pump support, and 40 % had a history 
of prior cardiac surgery, and the mean creati-
nine was 1.7 mg/dL and bilirubin 2.0 mg/dL 
preimplantation (see Table  13.1 ).  

 Thus, patients that qualify for implantation of 
the TAH have severe biventricular disease, typi-
cally have multiple-system organ failure, and are 
at imminent risk of death. Copeland et al. 
 compared the use of the LVAD, BiVAD, and TAH 
 [  8  ] . In this retrospective study, 75 % of TAH 
patients survived to transplantation as compared 
with 56 % of those on Novacor LVADs (Novacor, 
WorldHeart Inc., Ottawa, Ontario, Canada) and 
38 % of those on Thoratec BiVADs (Thoratec 
Inc. Pleasanton, CA). A multivariate analysis that 
reported risk factors for the CardioWest TAH and 
compared them with similar studies of LVADs 
and BiVADs  [  7  ] , concluded that the TAH was 
preferred for patients who had been diagnosed 
with renal and hepatic dysfunction, had elevated 
venous pressure, right heart failure, required 

  Fig. 13.3    Radiograph of the CardioWest TAH-t ventri-
cles showing the 27 mm diameter in fl ow and 25 mm 
diameter out fl ow valves, the four-layered diaphragm, the 
plastic cases, and the spiral wound drive lines       
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mechanical ventilation, and had a previous car-
diac operation   . The TAH signi fi cantly decreased 
the CVP and increased the systemic pressure, 
which, in turn, lead to increase in the organ perfu-
sion pressure reversing multiple-system end-
organ failure. The TAH is an excellent alternative 
for patients who are refractory to medical therapy 
and at high risk for an LVAD or BiVAD. 

 At La Pitie, LePrince et al. evaluated the use 
of the CardioWest TAH over a 15-year experi-
ence  [  9  ] , from 1986 to 2001 in 127 patients. The 
study concluded that CardioWest TAH was the 
device of choice for those patients who are truly 
sick with biventricular failure as a bridge-to-
transplantation. They reported a low incidence of 
neurological events. This success can be attrib-
uted to the anticoagulation protocol. This will be 
further discussed in detail later in this chapter. 

Furthermore, LePrince et al. noted that a small 
body size correlated with a higher rate of death 
for these patients. 

 In addition, at Bad Oeynhausen, Morshuis 
et al.  [  10  ]  reported a 5-case series that showed 
that the CardioWest TAH could also be used suc-
cessfully for an acute myocardial infarction for a 
patient in cardiogenic shock. They noticed that 
approximately 7 % who are diagnosed with a 
myocardial infarction develop cardiogenic shock. 
In this case study, Morshuis et al. noted a hospital 
mortality of 60–100 % with medical therapy. By 
the time the patient develops cardiogenic shock, 
it is too late to save the infarcted myocardium 
with medical therapy or stenting. Thus, mechani-
cal circulatory support systems are excellent 
options, especially the TAH. The SynCardia 
TAH-t was shown to have higher pump  fl ows 
than other BiVADs. In comparison, patients with 
cardiogenic shock are not accustomed to the 
severely decreased perfusion systemically and 
thus, the TAH with higher pump  fl ows prevented 
the systemic decreased perfusion to multiple 
organ systems. The Bad Oeynhausen team was 
also able to stop the use of catecholamines which 
also further damage multiple organ systems. 
There is a risk of failure of recovery with VADs 
and in turn thrombosis of the ventricle which is 
easily prevented with the use of the TAH because 
the native ventricles are completely removed. 
Morshuis et al. concluded that the TAH “repre-
sents the only life-saving therapeutic option in 
patients with irreversible cardiogenic shock.” 

 Along with the indications for patient selec-
tion, a surgeon must evaluate other factors prior 
to implantation. The    following size factors that 
signi fi cantly improve the outcome for patients 
prior to implantation of TAH are body surface 
area (BSA)  ³ 2 m 2 , left ventricular end-diastolic 
dimension of  ³ 70 mm, anterior posterior diame-
ter of the heart at the level of T10 on computed 
tomography (CT) scan of  ³ 10 cm from the inner 
table of the sternum to the anterior edge of the 
T10 vertebra, and a calculated native heart vol-
ume by CT scan of  ³ 1500 mL; these are factors 
that give assurance that the SynCardia TAH-t 
will  fi t into the recipient and function normally. A 
risk factor analysis taken from the FDA study of 

   Table 13.1    Inclusion and exclusion criteria for the 
CardioWest TAH-t investigational device exemption 
(IDE) study   

  Inclusion criteria  
 Eligible for transplant (institutional criteria) 
 NYHA class IV 

 BSA 1.7–2.5 m 2 , or T10  ³  10 cm (distance on CT scan 
from anterior vertebral body to sternum inner table at 
level of tenth thoracic vertebra) 
 Hemodynamic insuf fi ciency demonstrated by A or B 
below: 

  A. CI  £  2.0 L/min/m 2  and one of the following: 
  SAP  £  90 mm Hg 
  CVP  ³  18 mm Hg 
  B. Two of the following: 
  65 
  Dopamine  ³  10  m g/kg/min 
  Dobutamine  ³  10  m g/kg/min 
  Epinephrine  ³  2  m g/kg/min 
  Other drugs at maximum levels 
  Intra-aortic balloon pump (IAPB) 
  Cardiopulmonary bypass (CPB) 
  Exclusion criteria  
 Use of any VAD 

 Pulmonary vascular resistance  ³  8 Wood (640 
dynes-s/cm 5 ) 
 Dialysis in previous 7 days 

 Serum creatinine  ³  5 mg/dL 

 Cirrhosis with total bilirubin  ³  5 mg/dL 

 Cytotoxic antibody  ³  10 % 
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the SynCardia TAH-t found several factors that 
increased the risk of death  [  7  ]  (see Tables  13.2  
and  13.3 ).   

 The patients in that study had an average car-
diac index of 1.9 L/min/m 2 , a pulmonary capil-
lary wedge pressure (PCWP) ranged from 11 to 
43 mm Hg, and average CVP of 20 mm Hg. The 
laboratory values were consistent with multisys-
tem organ failure with average values such as 
sodium of 132 mmol/L, creatinine of 1.7 mg/dL, 
total bilirubin of 2.0 mg/dL, and an INR of 2.0. 
Comparison of multivariate risk factors found in 
this study with those reported for other devices 
suggested that the CardioWest TAH could be 
used in sicker patients with less concern for fac-
tors that increase risk with LVADs and BiVADs.  

   Postoperative Care: Anticoagulation 
and Nutrition 

 Post-implantation of the CardioWest TAH, the 
patient must be placed on strict anticoagulation 
therapy that is adjusted based on the patient’s lab-
oratory values. The risks for thrombus formation 
after the implantation of the device are from the 
patient’s condition: pre-bypass, post-bypass, and 
post-implant combined with blood reactivity as a 
result activation of platelets, coagulation proteins, 
 fi brinolysis, leukocytes, and proin fl ammatory 
cytokines. In addition, biomaterials of the device 
increase the risks of thrombus as well the  fl ow 
dynamics of the device such as turbulence and 
stagnation of blood. Furthermore, the patients 
must be monitored closely in order to provide 
him/her with adequate anticoagulation and simul-
taneously minimize or, better yet, prevent bleed-
ing. This is a  fi ne line the physician must walk. 
Postoperatively, the patient is placed    on heparin at 
starting dose of 2–5 units/kg/h, aspirin at 
41–81 mg/day for each increment of platelet count 
of 50,000 per mL above 150,000, dipyridamole at 
75–100 mg for 6–8 h if the platelet count is 
>50,000/mL, and pentoxifylline at a dose of 200–
400 mg PO for 8 h. Patients are transitioned from 
heparin to warfarin at a starting dose of 2–7.5 mg/
day typically on postoperative day 7 to maintain 
an INR of 2 to 3  [  11  ] . 

 To maintain the balance between adequate 
 anticoagulation and prevention of bleeding, a mul-
tisystem monitoring is helpful. The following tests 
are followed: thromboelastography, platelet aggre-
gation, CBC (especially the platelet count), PFA-
100, PT/INR, PTT,  fi brinogen,  d -dimer, liver 
function tests, total protein, albumin, prealbumin, 
cholesterol, CRP, and BUN. For patients treated 
with continuous infusion heparin, thromboelas-
tography is an excellent method of monitoring 
coagulability. Thromboelastography measures the 
interaction between platelets and clotting factors 
and thus provides information about  fi brin forma-
tion, clot rate, clot strengthening, and stability of 
the clot. A physician can determine if a patient is 
hypo-, normo-, or hypercoaguable. The goal of 
anticoagulation of TAH recipients is to maintain 
them in the normocoagulable range by 
thromboelastography. 

 This anticoagulation regimen has reduced the 
total incidence of stroke to 2.7 %, the lowest of all 
devices when compared to the Thoratec Heartmate 
II, Novacor, and Thoratec. Based on the University 
Medical Center CardioWest study, there was a 
stroke rate of 0.12 per patient per year. 

 In addition to anticoagulation, these patients 
are anemic and require supplements such as iron, 
vitamin C, folic acid, and vitamin B-12. Some 
patients are also prescribed Epogen (epoetin 
alfa). This may make patients more hypercoagu-
lable and necessitate adjustment of the postoper-
ative anticoagulation therapy regimen. 

 The key to a successful anticoagulation is to 
individualize the therapy to the patient. In addi-
tion, having a designated individual that moni-
tors patients’ anticoagulation speci fi cally while 
on the CardioWest TAH ensures that the balance 
between adequate anticoagulation and bleeding 
prevention can be achieved. 

 In addition to anticoagulation therapy, nutri-
tion is an extremely important part of the postop-
erative care. It is important to place these patients 
on gastrointestinal prophylaxis with either H2 
blockers or proton pump inhibitors. While on the 
CardioWest TAH, these patients will have a high 
calorie need and may require high protein shake 
supplements throughout the day to ensure that 
they meet their new caloric intake demands. 
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   Table 13.2    Univariate analysis of risk factors for death in CardioWest bridge-to-transplantation with three end points   

 Pre-op prognostic factor 

 Risk of death from 
implant to transplant 
odds ratio ( p -value) 

 Risk of death to 
30 days posttransplant 
odds ratio ( p -value) 

 Risk of death to 
1 year posttransplant 
odds ratio ( p -value) 

 Ischemic cardiomyopathy  ns  3.45 (0.02)  2.70 (0.05) 
 Male gender  ns  ns  ns 
 History of smoking  3.45 (0.05)  3.23 (0.03)  ns 
 Heavy alcohol intake  ns  ns  ns 
 History of hypertension  ns  ns  ns 
 Cardiac arrest within 24 h  ns  ns  ns 
 Anticoagulated  ns  ns  ns 
 On heart-lung machine  3.33 (0.05)  ns  ns 
 On IABP  ns  ns  ns 
 On ventilator  ns  ns  ns 
 Obtunded  ns  ns  ns 
 Prior mediastinal operation  4.00 (0.02)  3.70 (0.01)  3.33 (0.02) 
 Prior percutaneous angioplasty  ns  ns  ns 
 Pacemaker  ns  ns  ns 
 Automatic internal de fi brillator  ns  ns  2.70 (0.05) 
 Diabetes  ns  ns  ns 

 Age  ³  55  ns  ns  2.56 (0.05) 

 Body surface area  ³  2 m 2   ns  ns  ns 

 Cardiac index  ³  2 L/min/m 2   ns  ns  ns 

 Syst vasc resistance  ³  1,200  ns  ns  ns 

 Pulm vasc resistance  ³  250  ns  ns  ns 

 Heart rate  ³  100 beats/min  ns  ns  ns 

 Systolic arterial pressure  ³  90  ns  ns  ns 

 Pulmonary art syst press  ³  50  0.25 (0.02)  0.32 (0.04)  0.37 (0.06) 

 Pulmonary art mean press  ³  25  ns  ns  ns 

 PCWP mean  ³  25 mm Hg  ns  ns  ns 

 Central venous pr  ³  16 mm Hg  ns  ns  ns 

 Central venous pr  ³  20 mm Hg  ns  ns  ns 

 Serum sodium  ³  130 mEq/L  ns  ns  ns 

 BUN  ³  40 mg/dL  ns  ns  ns 

 Serum creatinine  ³  2 mg/dL  ns  ns  ns 

 Total bilirubin  ³  2 mg/dL  ns  ns  ns 

 Total bilirubin  ³  4 mg/dL  ns  ns  ns 

 SGOT  ³  50 IU/L  ns  ns  ns 

 WBC  ³  12,000/mL  ns  ns  ns 

 Platelet count  ³  150,000/mL  0.19 (0.01)  0.30 (0.03)  ns 

 Fibrinogen  ³  400 mg/dL  ns  ns  ns 

 Prothrombin time  ³  16 s  ns  3.03 (0.03)  2.81 (0.04) 

 INR  ³  2  ns  ns  ns 

 PTT  ³  35 s  ns  ns  ns 

 pH  ³  7.4  ns  ns  ns 

 PaCO 
2
   ³  30 Torr  ns  ns  ns 

 HCO 
3
   ³  20 mEq/L  ns  ns  ns 
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Small frequent meals are best tolerated on the 
TAH-t. While on the TAH, patients will increase 
their appetite and achieve an adequate nutritional 
status that will better prepare them for 
transplantation. 

 Good nutrition in combination with physical 
therapy will also provide for a healthy body ready 
for transplantation while on the TAH. Emphasis 
should be placed on physical rehabilitation to 
prevent muscular atrophy, respiratory compro-
mise, and risk of infection. At the University of 
Arizona, the patients on the CardioWest TAH 
attended cardiac rehabilitation in the hospital 
gymnasium at least three times per week with the 
assistance of the nursing staff, engineers of the 
TAH, and the device nurse practitioner.  

   Implantation and Explantation 
of the CardioWest TAH-t 

 Prior to surgery, patients are prepped with an 
arterial line, central line, and standard mechani-
cal ventilation. Care in the position of the tip of 
the central line is mandatory. It should not pass 
beyond the superior vena cava (SVC)–right atrial 
junction. Central lines of all types that are used 
during the duration of the implantation should 
also respect this limit. Any line that passes into 
the right atrium is a threat to jam the tricuspid 
valve, a fatal and preventable complication. With 
the proliferation of personnel capable of placing 
central lines, it is important to educate everyone 
and to have the radiology staff mark the position 
of the tips of such lines on all radiographs. A 
transesophageal echocardiogram is required for 
the evaluation of deairing, adequate device  fi t, 

and the absence of compression of the inferior 
vena cava (IVC) (most commonly seen in tight  fi t 
situations) and the left pulmonary veins (occa-
sionally seen when the A–P diameter is limited). 
The atrial in fl ow connectors are trimmed to 
appropriate size, and the out fl ow conduits are 
sprayed with a thin layer of CoSeal (Baxter Inc., 
Deer fi eld, Illinois) then trimmed: aortic to 3 cm 
stretched length distal to the quick connector, 
pulmonic 6 cm stretched length distal to the quick 
connector. 

 The aorta, superior and IVC are cannulated. 
Umbilical tape is placed around the cavae as 
chokers. There is limited dissection around the 
aorta and pulmonary artery, which allows for 
minimal adhesions at time of transplantation. 
Then, cardiopulmonary bypass is instituted and 
the heart  fi brillated. Total bypass is completed by 
pulling on chokers around the cavae. Next, the 
surgeon removes the native ventricles. While 
excising the ventricles, the surgeon must be sure 
to preserve the annulus of both the tricuspid and 
mitral valves. The incision is made on the ven-
tricular side of the atrioventricular (AV) groove 
of the right ventricle then extended laterally to 
the acute margin and anteriorly across the right 
ventricular out fl ow tract and just proximal to the 
pulmonary valve. Then posteriorly, the incision 
is extended across the interventricular septum to 
the left side and then anteriorly about 1 cm on the 
ventricular side of the AV groove. The remaining 
muscle is trimmed to within 1–1.5 cm of the AV 
valves; the chordae are trimmed leaving 2 mm 
edge of valve tissue along the annulus. The great 
vessels are separated from each other only enough 
to give modest mobility thus leaving undissected 
tissue for explant (Figs.  13.4 ,  13.5  and  13.6 )    

   Table 13.3    Multivariate risk factor analysis for death in bridge-to-transplantation using the CardioWest TAH-t at three 
end points   

 End point   N   Variable  Odds ratio for death  95 % con fi dence interval   p -Value 

 Survival to transplant  69  History of smoking  34  2.19–500  0.01 
 Survival to 30-days 
post transplant 

 69  History of smoking  9.70  1.42–66  0.02 

 Survival to 30-days 
post transplant 

 69  Prothrombin 
time  ³  16 s 

 4.74  1.04–21  0.04 

 Survival to 1-year 
post transplant 

 69  Prothrombin 
time  ³  16 s 

 3.80  1.01–14  0.05 
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 The atria are now prepared with Te fl on felt 
buttresses that encircle them. The buttresses have 
a twofold purpose—it can tamponade and control 
bleeding from the AV groove and strengthen the 
anastomosis to the in fl ow connector. The but-
tresses are approximately 10 mm in width and 
10 cm in length. These buttresses, usually 2½ or 
3, are placed on the outer edge of the atrial cuff 
and sewn in place with a running 3-0 polypropyl-
ene suture on an MH needle (Fig.  13.7 ). Next, the 
coronary sinus is oversewn with a 3-0 polypro-
pylene suture (Fig.  13.8 ).   

 The atrial in fl ow connector is inverted and 
placed inside the left atrial cuff on the lateral wall 
and sewn in circumferentially with a 3-0 poly-
propylene on an MH needle in a running fashion 
(Fig.  13.9 ). The right quick connector is inverted 
and similarly sewn in place.  

  Fig. 13.4    The lines of cardiectomy are shown       

  Fig. 13.5    The lines of resection are shown. Note that 
about 1 cm of ventricular tissue is retained and a 2 mm 
length of AV valve is also retained. Both of these 
strengthen the attachment of the atrial quick connectors 
(this article was published in Sabiston & Spencer’s 
Surgery of the Chest, 8th edition, Zimmerman H, Copeland 
JG, Aquila Allen LA, Smith RG, “Total arti fi cial heart,” 
pp. 1525–1532, copyright Elsevier 2010)       

  Fig. 13.6    On the “atrial cuffs” ventricular myocardium 
has been trimmed down to about 1 cm from the 2 mm cir-
cumferential AV valve remnant. The great vessels have 
been transected at the level of the sinotubular junctions       
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 After  fi nishing, the in fl ow connectors are 
returned to normal everted positions. Hemostasis 
is now checked with a plastic leak tester that  fi ts in 
the in fl ow connector. A syringe with 60–100 cc in 
volume is injected into a three-way stopcock con-
nected to the tester to test the atrial suture line. For 
example, the surgeon’s hand is posterior to the left 
atrium and compresses the right and left pulmo-
nary veins, and an assistant injects the saline and 
an observation for leaks is made. Next, using Freer 
elevator, the seal between the tester and connector 
is broken. This is repeated for the right side with 
the exception that the superior and IVC are already 
obstructed by the previously placed umbilical 
tapes. Sutures are placed if there are any identi fi ed 
leaks with a 3-0 MH polypropylene (Fig.  13.10 ).  

 Then, great vessel anastomoses are made with 
4-0 polypropylene suture. The CoSeal preclotted 
aortic out fl ow conduit is 3 cm stretched length 

beyond the quick connector, and the pulmonic 
conduit is 6 cm stretched length. After making 
the anastomoses, they are tested for leaks (see 
Figs.  13.11  and  13.12 ).   

 Next a “neopericardium” is constructed of 
three 0.1 mm polytetra fl uoroethylene (PTFE) of 
15 cm × 20 cm sheets. The neopericardium has 
been shown to decrease mediastinal adhesion for-
mation by decreasing contact between the pros-
thetic ventricles and mediastinal tissues  [  12,   13  ] . 
This markedly facilitates eventual explantation. 
One sheet is sutured on the right side of the heart 
just lateral to the cavae and at the posterior angle 
where the pericardium re fl ects onto the cavae. On 
the left side another sheet is sutured to the peri-
cardial re fl ection anterior to the left pulmonary 
veins. The third sheet covers the diaphragm and 
is sutured near the left inferior pulmonary vein 
and near the IVC. The sheets are folded onto 

  Fig. 13.7    A circumferential 10 mm strip of Te fl on felt is 
sewn to the outside (not the septum) of the combined 
atrial cuffs. This strengthens the cuff for the quick connect 
anastomosis, and the epicardial to endocardial whipstitch 
occludes the many cut vessels in the AV groove fat (this 
article was published in Sabiston & Spencer’s Surgery of 
the Chest ,  8th edition, Zimmerman H, Copeland JG, 
Aquila Allen LA, Smith RG, “Total arti fi cial heart,” 
pp. 1525–1532, copyright Elsevier 2010)       

  Fig. 13.8    Over sewing the coronary sinus       
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themselves until the CardioWest TAH is 
implanted. Once the ventricles are in place, the 
sheets are pulled up to completely cover both 
ventricles and are held in place with sutures or 
clips. We also place ribbons of PTFE about 5 mm 
wide around the SVC, IVC, and aorta. These 

loops are very loose and are left in place to facili-
tate placement of umbilical tapes around the 
cavae and aorta at device explantation. This con-
struction of neopericardium and vessel looping 
has signi fi cantly shortened the skin incision to 

  Fig. 13.9    Inverted ( left side  of diagram) cuffs are sewn in place then everted ( right side  of diagram)       

  Fig. 13.10    Testing the left atrial cuff suture line for 
leaks       

  Fig. 13.11    Great vessel anastomoses       
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start of cardiopulmonary bypass time  [  12  ] , and it 
has diminished the thickening of the pericardium 
that was seen previously. 

 The driveline conduits that connect to the ven-
tricles are positioned in subcutaneous pathways. 
The left-sided ventricle conduit is placed in the 
epigastrium at approximately the level of the mid-
clavicular line and about 2 in. below the costal 
margin. The line is pulled through from the medi-
astinum to a 1 inch transverse skin incision using a 
40 French straight chest tube. The driveline conve-
niently  fi ts into the chest tube; thus, only one pass 
per driveline is necessary. The same approach is 
used to place the right-sided driveline conduit, just 
4–5 cm medial to the left driveline, assuring the 
prevention of necrosis between the two sites. The 
driveline conduits are immediately connected to 
the 6 ft long PVC drivelines. This prevents  fl uid 
and particles from entering the drivelines. Then 
the console ends of these large lines are passed off 
and connected to the driver. 

 Now, the arti fi cial ventricles can be placed, 
 fi rst the left. The atrial connection is made keep-
ing the aortic quick connector as close to the 
native aorta as possible (Fig.  13.13 ).  

 Next the ventricle is  fi lled with saline and it is 
wise to wait for the left atrium to  fi ll from 
 bronchial collateral  fl ow before proceeding to 
the aortic connection. Maximal attempts at deair-
ing are encouraged at this point before making 
the aortic connection. Once the aortic connec-
tion is done, we go on to the right ventricle con-
nections. First the right atrial connection is made 
keeping the pulmonary artery rigid connecter as 
close to the pulmonary artery as possible. Just 
before making the pulmonary artery connection, 
the IVC tape is released for enough time to  fi ll 
the prosthetic right ventricle with blood. Once 
this connection is completed, we place the 
patient in steep Trendelenburg position and 
release the aortic cross-clamp just after making a 
good size needle hole in the ascending aorta. 
The  fi nal appearance of the device is shown in 
Fig.  13.14 .  

 We then remove caval tapes and start pumping 
at the low rate of 40 beats per minute. Using 

  Fig. 13.12    Testing the pulmonary artery anastomosis. 
Note the clamp on the pulmonary artery       

  Fig. 13.13    Making the atrial connection. On the one 
side, we place side by side two medium heavy needle 
holders. The rigid atrial connector is “backed in” as if but-
toning a button. It pops into the elastic quick connector 
with a snapping sound. The surgeon must check to be sure 
that the rigid connector is circumferentially fully engaged 
with the atrial quick connect (this article was published in 
Sabiston & Spencer’s Surgery of the Chest ,  8th edition, 
Zimmerman H, Copeland JG, Aquila Allen LA, Smith 
RG, “Total arti fi cial heart,” pp. 1525–1532, copyright 
Elsevier 2010)       
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transesophageal echo and with pulmonary venti-
lation, we gradually increase the beat rate as we 
separate from cardiopulmonary bypass. We 
attempt to completely deair prior to going to beat 
rates above 100. Once we verify that there is no 
more air in the heart, we discontinue cardiopul-
monary bypass, close our vent site, and adminis-
ter protamine. 

 At this point the pump output should be about 
7 L/min and the CVP 10–15 mm Hg with a physi-
ologic systemic pressure. Alpha agent support 
may be necessary if the systemic vascular resis-
tance is low. Hemostasis is the next priority. The 
most complete hemostasis possible should be pres-
ent before attempts at closing. Multiple chest tubes 
should be placed. We usually make small openings 
in the mediastinal pleura and insert tubes into both 
thoracic cavities as well as leaving 2–3 tubes in the 
mediastinum. Prior to closing the chest, the PTFE 
sheets are placed around the entire device. 

 Transesophageal echo is used to ensure the 
absence of compression of the IVC and the left 
pulmonary veins as the chest is being closed. 
Also, careful attention should be directed to the 
systemic and CVPs and the pump output. It is 
normal for the CVP to rise and the output and 
systemic pressure to fall with initial chest clo-
sure, but there should be a fairly prompt rebound 
to “normal” after a few minutes and some addi-
tional volume replacement.  

   Explantation 

 Explantation of the CardioWest TAH-t at the time 
of transplantation is much easier now that we use 
the neopericardium. Still we start 1.5–2 h before 
the anticipated arrival time of the donor heart. 
Our shortest time to establishing cardiopulmo-
nary bypass through the chest in this setting was 
14 min, though it usually takes about 45 min. 
Some groups start by heparinizing and cannulat-
ing the groin. We have in most cases kept all 
 cannulation within the mediastinum. Once the 
chest is reopened, removal of the right-sided 
PTFE sheet exposes the right atrium for place-
ment of caval cannulas. Using the PTFE ribbons 
around the cavae and the aorta, we tie one end of 
an umbilical tape to the divided PTFE and pull on 
the other end to pass the tape. With the aorta 
exposed and controlled with an umbilical tape 
and snares around the cavae, we then place purse 
string sutures, heparinize, cannulate, and begin 
bypass before doing any further dissection. Once 
we are on bypass, the CardioWest driver is turned 
off, the aorta cross-clamped, and total bypass 
instituted by tightening the caval snares. We then 
remove the ventricles at the quick connect levels 
and divide the drivelines near the exit site from 
the mediastinum. Once the device has been 
removed, there is more room for further dissec-
tion. The great vessels are cut fresh just distal to 
the conduit anastomoses. The atrial quick con-
nectors are undercut just posterior to their anasto-
moses and taken together. Care is exercised to 
keep particulate debris away from the left atrial 
cuff in particular as well as the other three cuffs. 
If the left side of the pericardium is abnormally 

  Fig. 13.14    Final appearance of the implanted ventricles 
(this article was published in Sabiston & Spencer’s 
Surgery of the Chest, 8th edition, Zimmerman H, Copeland 
JG, Aquila Allen LA, Smith RG, “Total arti fi cial heart,” 
pp. 1525–1532, copyright Elsevier 2010)       
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stiff or thickened, we remove it down to near the 
left phrenic nerve. This eliminates the possibility 
of constriction of the transplanted heart. 

 Because the recipient has been chronically 
anticoagulated, we anticipate a coagulopathy at 
this time. We do not recommend preemptive use 
of activated clotting factors  [  14  ] . Rather, we 
prime the pump with 4–6 units of fresh frozen 
plasma, give 2–4 units of platelets after the 
protamine, and give some additional fresh frozen 
plasma. We wait for hemostasis, sometimes up to 
several hours, rather than give activated factors. 
During that time, we use copious topical vanco-
mycin solution for irrigation. A sense of restraint 
in blood and component replacement is advised 
to avoid right ventricular distention.  

   Summary 

 We implanted 108 CardioWest TAH-ts and found 
that this device has been used in about one-third of 
our cases alongside LVADs and BiVADs, each also 
used one-third of the time. There have been some 
situations that necessitate TAH use (Table  13.4 ).  

 In Table  13.5 , our algorithm for device and 
patient selection is shown. This has developed 
over the past 23 years and re fl ects the availability 
of the three types of devices at our institution for 
most of that time. It summarizes in a few words 
sets of complex concepts. For instance, “unsta-
ble” is a term that is loosely used in our literature, 
but here means severe instability to the point of 
carrying signi fi cantly increased risk if an LVAD 
were used. Much of this, sorting out of risk fac-
tors has been done by those who have specialized 
in LVAD implants  [  15  ] . “Unstable” in this setting 
refers to renal and hepatic dysfunction, previous 
cardiac surgery, elevated CVP, etc. “Biventricular 
failure” refers to patients who are anticipated to 
have right heart failure after LVAD implantation. 
We know the mortality for such patients on LVAD 
support approaches 50 %. “Stable” in this algo-
rithm means that the patient is stable on one or 
two inotropic infusions, having good end-organ 
function, and not requiring intensive hemody-
namic monitoring and minute-to-minute therapy 
changes to maintain life. “BSA” or body surface 

area in this algorithm is used as a marker of ade-
quate size for implantation of a TAH. In large 
patients with large hearts, there is never a sizing 
problem, and seldom is there a problem in large 
patients with normal size hearts for their body 
size, also seldom is there a problem with normal 
size patients who have very large hearts, i.e., left 
ventricular end-diastolic diameter (LVEDD) of 
>70 mm on echo. Judgment must be learned in 
this area, and surgical innovation may be neces-
sary in smaller patients. Finally, bridge to recov-
ery is a de fi nite contraindication to the use of a 
TAH, and in our experience, it has been rare to 
see anyone sick enough for a BiVAD to have car-
diac recovery.  

 The CardioWest TAH-t is a simple and power-
ful tool for surgeons and cardiologists treating 
unstable end-stage heart failure. It has been shown 
to salvage a high percentage of patients with rela-
tively few adverse events. It was designed as a 
“permanent” device to last 4 years or more. This 
limit has not been tested in humans, but durability 
has not been an issue with implant times that 
often exceed 1 year. The device has been approved 

   Table 13.5    Algorithm for patient and device selection   

 Patient condition 
 CardioWest 
TAH-t  BiVAD  LVAD 

 Unstable  Yes  Yes  No 
 Biventricular 
failure 

 Yes  Yes  No 

 Stable  No  No  Yes 

 BSA  ³  1.7 m 2   Yes  No  No 

 BSA < 1.7 m 2   No  Yes  Yes 
 Bridge to recovery  No  Probably not  Yes 

   Table 13.4    Speci fi c indications for the TAH   

 1. Incessant arrhythmias 
 2. Biventricular dysfunction 
 3. Prosthetic aortic valve 
 4. Thrombus in ventricle 
 5. Ventricular septal defects 
 6. Massive acute myocardial infarction 
 7.  Stone heart, or failure to wean from cardiopulmo-

nary bypass or ECMO, or unresponsive cardiac 
arrest in a potential transplant candidate 

 8. Graft failure posttransplantation 
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by the FDA as a temporary bridge-to-transplanta-
tion and by CMS (Centers for Medicare and 
Medicaid Services) for the highest-paying DRG 
(diagnosis-related group ) . No other TAH has 
achieved such approval status. We believe that it 
has an important place in rescuing sick patients. 
Acceptance by nearly all major transplant centers 
in the world has been gratifying. As the portable 
divers become more available, out-of-hospital 
care will be possible, costs for hospital length of 
stay will be dramatically cut, and use of the device 
is anticipated to increase rapidly in Europe, North 
America, and Australia.      
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         Background 

 Right ventricular dysfunction occurs fairly fre-
quently during the conduct of standard cardiac 
operations, but is largely a reversible and tran-
sient phenomenon. It is generally thought to be 
caused by embolization of air down the right cor-
onary artery, incomplete or inadequate revascu-
larization, or inadequate myocardial protection. 
Conventional and widely used strategies such as 
reperfusing the heart at higher blood pressure, 
revascularization, or “resting” the empty beating 
heart on bypass are known to ameliorate the 
severity of this condition. 

 For the purposes of this chapter, we de fi ne 
nonreversible failure of the right ventricle as the 
need for postoperative inotropic support for 
greater than 14 days, inhaled nitric oxide for 
greater than 48 h, right-sided circulatory support, 
or hospital discharge on an inotrope. Nonreversible 
failure of the right ventricle represents the 
more malignant form of this syndrome and is 
seen in 0.04–0.1 % of postcardiotomy cases. 
Unfortunately, the incidence of right ventricular 
dysfunction after left ventricular assist device 
(LVAD) implantation that fails to resolve in the 

operating room is reported to range from 20 % to 
50 % and imposes a considerable burden in terms 
of postoperative morbidity and mortality. Should 
this syndrome supervene, the mortality of an 
LVAD operation increases from 19 % to 43 % 
 [  1  ] . Although most patients can be maintained 
with prolonged inotropic support, 10–15 % may 
require implantation of a separate right ventricu-
lar support device (RVAD).  

   The Implications of Right Ventricular 
Dysfunction 

 Persistent right ventricular dysfunction after 
LVAD implantation has been shown to indepen-
dently predict higher incidences of end-organ 
dysfunction, longer intensive care unit and hospi-
tal lengths of stay, and increased morbidity and 
increased mortality in patients awaiting trans-
plantation  [  2–  4  ] . Right ventricular (RV) dysfunc-
tion severe enough to require RVAD implantation 
is independently predictive of death. 

   Impaired Hepatic Perfusion 

 Patients who require LVAD implantation have 
tenuous end-organ function, usually because of 
both right and left ventricular failure. It is well 
recognized that blood  fl ow is distributed away 
from splanchnic organs in the setting of systemic 
hypotension such as that may occur in patients 
with severe left-sided heart failure   . This  diversion 

    A.  A.   Mangi, M.D.   (*)
     Department of Cardiac Surgery ,  Yale New Haven 
Hospital/Yale University School of Medicine , 
  Boardman 204, 333 Cedar Street , 
 New Haven ,  CT    06510 ,  USA    
e-mail:  abeel.mangi@gmail.com   

  14      Right Ventricular Dysfunction 
in Patients Undergoing Left 
Ventricular Assist Device 
Implantation: Predictors, 
Management, and Device Utilization       

     Abeel   A.   Mangi          



178 A.A. Mangi

of  fl ow is accomplished by mesenteric vasocon-
striction, which, in turn, leads to decrease in por-
tal venous return to the liver. Since the majority 
of oxygen  fl ow to the liver comes from the portal 
circulation, this can result in centrilobular necro-
sis and a resultant release of hepatic enzymes. 
The need to place such a patient on cardiopulmo-
nary bypass (CPB) with attendant hypotension 
and hemodilution exacerbates mesenteric vaso-
constriction, furthering liver injury by the mecha-
nisms discussed earlier  [  5  ] . 

 When right-sided heart failure occurs in addi-
tion to left-sided heart failure, the addition of 
“passive hepatic congestion,” which might more 
accurately be termed venous hypertension of the 
liver, serves to exacerbate hepatic hypoxia. This 
is because the column of low pressure portal 
venous blood cannot negotiate the high pressure 
column of venous blood and can no longer per-
fuse the hepatocytes. The addition of right-sided 
failure therefore serves to exacerbate hepatic 
hypoxia already present because of left-sided 
heart failure. This is one explanation for why 
even after correcting left ventricular performance 
with cardiac replacement therapies, the over-
whelming majority of patients, in some estimate, 
as high as 94 % demonstrate persistent hepatic 
dysfunction  [  6  ] .  

   Systemic In fl ammatory Response Due 
to Splanchnic Hypoperfusion 

 More troubling is the systemic in fl ammatory 
response that hepatic dysfunction can engender. 
Rossi and associates studied 11 randomly selected 
patients with normal cardiac chamber size and 
function, who were undergoing elective isolated 
coronary artery bypass graft surgery with the use 
of CPB  [  7  ] . In the absence of signi fi cant macro-
circulatory changes and postoperative complica-
tions, a correlation existed between the damage 
to the gastrointestinal mucosa, subsequent 
increased permeability,  Escherichia coli  bactere-
mia, and the activation of a self-limited 
in fl ammatory response. In the liver sinusoid, free 
intravascular lipopolysaccharide (LPS) produced 
from degradation of the bacterial cell wall binds 

to LPS-binding protein (LBP). This complex has 
a high af fi nity for the CD14 cell surface receptor 
on the Kupffer cell, causing activation and secre-
tion of in fl ammatory cytokines including, but not 
limited to, TNF- a , IL-1 b , and IL-6; eicosanoids; 
intercellular adhesion molecules; platelet-activat-
ing factor; oxygen-free radicals; and nitric oxide. 
Simultaneously, soluble CD14 binds with the 
LPS/LBP complex and activates endothelial cells, 
which then release a similar in fl ammatory cas-
cade. The secretion of TNF- a  sets in motion the 
cellular, metabolic, and vascular responses of sys-
temic in fl ammatory response syndromes, septic 
shock, and multiple-system organ failure syn-
dromes  [  8  ] . Although transient splanchnic isch-
emia may be self-limiting and clinically irrelevant 
in relatively healthy patients with normal hepatic 
function, one would hypothesize that this cannot 
hold true for patients with end-stage heart disease 
who already have severely compromised liver 
function. In fact, such a hypothesis holds true. 
Studying a group of 16 patients undergoing 
LVAD implantation, Masai and co-workers 
demonstrated that patients with hyperbilirubine-
mia and in fl ammatory reactions before LVAD 
support showed worsening of hyperbilirubinemia, 
in fl ammatory cytokine, and hyaluronan levels 
despite adequate hemodynamics achieved under 
LVAD support. These results suggest that 
in fl ammatory response contributes to subsequent 
aggravation of hepatic dysfunction, with cholesta-
sis and  fi brosis and with ongoing derangement in 
hepatic sinusoidal microcirculation even under 
adequate systemic circulatory support  [  9  ] . Whether 
such a syndrome can be ameliorated by the use of 
antibodies to TNF-alpha or by empiric use of 
drugs known to blunt the systemic in fl ammatory 
response syndrome, such as Xigris, is speculative 
and needs to be considered in light of the speci fi c 
complications that these drugs carry.  

   Prolonged Hospital Stay and Greater 
Mortality Awaiting Transplant 

 Irrespective of what the causes of right-sided fail-
ure after LVAD implantation are, it is indisput-
able that a prolonged requirement for inotropic 
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support translates into a longer intensive care unit 
stay, a longer overall hospital stay, as well as into 
a greater mortality rate. Masai et al.  [  9  ]  have 
demonstrated that patients who suffer RV dys-
function after LVAD implantation have higher 
postoperative creatinine (2.2 mg/dL versus 
1.5 mg/dL), greater need for postoperative con-
tinuous venovenous hemodialysis (73 % versus 
26 %), greater transfusion requirement (43.2 units 
versus 24.7 units of packed red blood cells), 
greater requirement for platelet transfusion 
(58 units versus 30 units), longer intensive care 
unit stays (33 days versus 9 days), and higher 
mortality (42.8 % versus 14.5 %). 

 Of most interest, the higher mortality rate per-
sists even after inotropes have been successfully 
weaned off and is directly correlated with the 
duration of inotropic support  [  2  ] . When Schenk 
et al. examined 176 patients who underwent iso-
lated LVAD implantation, they noted that although 
100 % of patients were on inotropes on the day of 
operation, when they could be discontinued, this 
was most often accomplished between postoper-
ative days 3 and 5. By postoperative day 7, 57 % 
of patients were still inotrope dependent; by post-
operative day 14, 33 % of patients were still ino-
trope dependent; and by postoperative day 21, 
22 % of patients were still inotrope dependent. 
Patients with nonischemic etiologies of heart 
failure and those with right ventricular stroke 
work indices less than 500 mmHg mL/m 2  were 
most likely to be on inotropes for greater than 
14 days. Most striking, however, was the  fi nding 
that duration of inotropic support impacted 
6-month survival. Speci fi cally, patients who tol-
erated discontinuation of inotropic support on the 
 fi rst postoperative day had a 6-month survival of 
72 %, but those who required inotropic support 
until postoperative days 10, 30, and 60 had a 
6-month survival of 64 %, 57 %, and 46 %, 
respectively. 

 Morgan et al.  [  4  ]  suggest that timing of RVAD 
implantation in fl uences survival to transplanta-
tion, likely re fl ecting a selection bias in candi-
dates for LVAD support, and heightened vigilance 
in the immediate postoperative course. They 
demonstrate that survival to transplant in patients 
who underwent early RVAD implantation (i.e., 

within 24 h) was 70 % versus a survival rate of 
57 % in those who underwent RVAD implanta-
tion greater than 24 h after LVAD implantation. 
This  fi nding is statistically signi fi cant 
( p  < 0.001). 

 In addition, these authors  [  4  ]  demonstrated 
that the diminishment in survival when right ven-
tricular support is needed  persists after trans-
plantation . Patients who require RVAD in 
addition to LVAD have a 1-, 5-, and 10-year post-
transplant actuarial survival rate of 71.4 %, 
71.4 %, and 71.4 %, respectively, whereas patients 
requiring LVAD only have a posttransplant actu-
arial survival rate of 90.5 %, 80.4 %, and 78.5 %    
at 1, 5, and 10 years. While this discussion of 
right ventricular failure is therefore germane to 
patients being bridged to transplantation, it is of 
even more importance in destination therapy 
patients, in whom transplantation is not an option, 
and in whom appropriate selection is critically 
important.  

   Mortality After RVAD Implantation 

 RV failure of a magnitude that requires RVAD 
implantation emerges as an independent predic-
tor of death in every series on the subject. In the 
series from Frazier et al.  [  10  ] , 4 out of 34 patients 
undergoing LVAD implantation as bridge to 
transplant required RVAD placement, and none 
survived to transplantation. In the analysis, RV 
failure was the only variable that correlated with 
a negative outcome. Echoing these results, 
Goldstein et al.  [  11  ]  report that 21 of 22 patients 
requiring RVAD died awaiting transplantation, 
and Kormos et al. report that 40 % of patients 
requiring RV support succumbed prior to trans-
plantation  [  12  ] . In the Cleveland Clinic series, 16 
patients required RVAD implantation within 
2 days of LVAD implantation, and the remaining 
two required RVAD implantation on postopera-
tive days 3 and 12 because of respiratory failure 
followed by severe RV dysfunction. High dose 
inotropic support preceded RVAD implantation 
in 17 of 18 patients. Survival to transplantation 
decreased dramatically with time in this cohort 
and was 47 % at postoperative day 10, 29 % at 
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postoperative day 20, and only 22 % at postop-
erative day 30. Overall, survival to transplant was 
27 % versus 83 % in patients who did not require 
RVAD implantation  [  2  ] .   

   Predictors of RV Dysfunction 
After LVAD Implantation 

 Right ventricular dysfunction after LVAD implan-
tation is common, is dif fi cult to control, and may 
have disastrous clinical and programmatic impli-
cations. It is intuitive, therefore, that by identify-
ing patients at risk for RV dysfunction, 
preoperative maneuvers may be undertaken to 
reduce the likelihood of postoperative RV dys-
function, and that in patients deemed prohibitive 
risks, that alternative means of biventricular sup-
port such as the total arti fi cial heart be consid-
ered. Consensus is starting to emerge in the 
literature on what preoperative symptom com-
plex constitutes high risk for postoperative RV 
dysfunction. 

 In general, two schools of thought dominate 
the discussion of, and approach to, preoperative 
risk factors for right ventricular failure after 
LVAD implantation. The  fi rst emphasizes patient 
characteristics and features, and the other empha-
sizes analysis of hemodynamic parameters. From 
a practical perspective, both factors probably 
carry equal weight and should be considered 
while evaluating a patient for mechanical circula-
tory support. 

   Clinical Predictors of Right 
Ventricular Failure 

 Kormos et al.  [  13  ]  have argued that non-hemody-
namic preoperative clinical factors are more pre-
dictive of RV failure because “patients who are 
more clinically compromised and have more 
marginal end-organ function tend to require more 
extensive right ventricular support after LVAS 
implantation.” Studying 32 patients, Kormos 
et al. demonstrated that patients with borderline 
multiorgan failure, elevation of bilirubin or crea-
tinine, with a fever around the time of implanta-

tion, those demonstrating a requirement for pure 
pressors, adult respiratory distress syndrome, or 
right ventricular infarction are at exceedingly 
high risk for perioperative right ventricular fail-
ure requiring prolonged inotropic support or 
right-sided circulatory support. 

 This view has been echoed by Pagani et al. 
who in a study of 32 patients suggested that there 
was a higher tendency to develop right ventricu-
lar failure necessitating mechanical assistance 
after LVAD implant in patients who came to 
medical attention in cardiac arrest, with severe 
hemodynamic instability (systolic blood pres-
sure  £  75 mm Hg) requiring short-term circula-
tory support with ECMO and with evidence of 
multiorgan failure (de fi ned as serum creatinine 
level >3 mg/dL or oliguria; international normal-
ized ratio >1.5 or transaminases > fi ve times nor-
mal or total bilirubin >3 mg/dL; and needing 
mechanical ventilation)  [  14  ] . 

 Recently Fukumachi et al.  [  15  ]  analyzed 100 
patients, Ochiai et al.  [  16  ]  studied 245 patients, 
and Matthews et al.  [  17  ]  have looked at 197 
patients undergoing LVAD implantation. Using 
univariate analyses, all three authors have sug-
gested that patient-speci fi c factors do indeed pre-
dict the need for prolonged right ventricular 
inotropic support and/or right ventricular assist 
device. Common factors identi fi ed by all three 
authors include small body surface area, female 
sex (which may be a surrogate for smaller body 
surface area or BSA), younger patient age, the 
presence of myocarditis, and higher preoperative 
levels of serum aspartate transaminase levels 
(AST 637 versus 146,  p  = 0.0059). 

 Additional factors identi fi ed separately by the 
three authors using univariate analysis include 
the following. Fukamachi et al. identi fi ed the 
need for preoperative use of intra-aortic balloon 
counter-pulsation, extracorporeal membrane 
oxygenation, short-term mechanical support, 
positive pressure ventilation, body temperature, 
and renal function as assayed by BUN or creati-
nine as predictive of the need for right-sided 
mechanical support  [  15  ] . Ochiai et al. identi fi ed 
the need for preoperative mechanical ventilation 
(83 % versus 56 %  p  = 0.015) and preoperative 
circulatory assistance (48 % versus 18 % 



18114 Right Ventricular Dysfunction in Patients Undergoing Left Ventricular Assist Device Implantation…

 p  = 0.003) predicted the need for prolonged post-
operative inotropic support  [  16  ] . Matthews et al. 
identi fi ed the presence of renal replacement ther-
apy (odds ratio 9.93), dependence upon vasopres-
sin (odds ratio 7.24), serum creatinine greater 
than 2.3 (odds ratio 5.56), dependence on Neo-
Synephrine (odds ratio 3.59), serum bilirubin 
greater than 2 (odds ratio 3.59), serum AST >80 
(odds ratio 3.2), a white blood cell count greater 
than 12,200 (odds ratio 3.36), dependence on 
ventilator (odds ratio 3.18), need for preoperative 
mechanical circulatory support ECMO/Tandem 
(Cardiac Assist Inc., Pittsburgh, PA, USA)/
Abiomed (Danvers, MA, USA) (odds ratio 3.17), 
prior cerebrovascular event (odds ratio 2.99), car-
diopulmonary arrest within 24 h of operation 
(odds ratio 2.61), and dependence upon intrave-
nous antiarrhythmic therapy (OR 2.56) as predic-
tive of RV failure  [  17  ] . 

 Upon multivariate analysis, Fukumachi et al. 
 [  15  ]  and Ochiai et al.  [  16  ]  demonstrated that the 
need for preoperative circulatory support (odds 
ratio 5.3), female gender (odds ratio 4.5), and 
nonischemic etiology of cardiogenic shock (odds 
ratio 3.3) were strongly predictive of the need for 
postoperative right-sided circulatory support. 

 Upon multivariate analysis, Matthews et al. 
demonstrated that the need for a pressor require-
ment (weighted to receive 4 points), elevation in 
creatinine (weighted to receive 3 points), eleva-
tion in bilirubin (weighted to receive 2.5 points), 
and elevation in AST (weighted to receive 2 
points) strongly predicted postoperative RV fail-
ure. The scoring system developed by Matthews 
et al. predicts that patients with a score greater 
than 5.5 have a 15-fold greater chance of devel-
oping right ventricular failure when compared to 
patients with a score less than 3  [  17  ] . 

 Although very sophisticated, for practical pur-
poses, however, it is not very different from the 
earlier descriptions of preoperative predictions of 
RV failure after LVAD implantation that we 
described earlier in this section—that is, patients 
in hemodynamic extremis with evidence of hepatic 
or renal dysfunction are at prohibitively high odds 
for right ventricular failure after LVAD implanta-
tion and are probably best served with institution 
of biventricular support at initial operation.  

   Hemodynamic Predictors of Right 
Ventricular Failure 

 Right heart catheterization prior to LVAD implan-
tation has been used to ascertain what, if any, 
hemodynamic factors are predictive of RV fail-
ure. Ochiai et al.  [  16  ]  demonstrated, by univariate 
analysis, that patients requiring RVAD had lower 
mean pulmonary artery pressure (PAP) (33 mmHg 
versus 37 mmHg,  p  = 0.04), lower diastolic PAP 
(25 mmHg versus 29 mmHg,  p  = 0.03), and lower 
RVSW (543 mmHg mL versus 780 mmHg mL, 
 p  = 0.037). These results were veri fi ed by 
Fukamachi et al.  [  15  ]  who, using univariate anal-
yses, demonstrated that lower cardiac output 
(2.8 L/min versus 3.5 L/min,  p  = 0.019), lower 
mean PAP (31 mmHg versus 38 mmHg, 
 p  = 0.015), and lower right ventricular stroke 
work index (RV-SWI) (151 mmHg/mL/m 2  versus 
368 mmHg/mL/m 2 ,  p  = 0.011) were all predictive 
of postoperative RVAD support. RV SWI in par-
ticular emerged as a highly speci fi c predictor, 
with a speci fi city of 100 %, sensitivity of 54 %, 
positive predictive value of 100 %, and a negative 
predictive value of 20 %. This is also borne out 
by Matthews et al.  [  18  ] , who demonstrate that 
RVSWI <450 has an odds ratio of 2.32 in predict-
ing postoperative failure of the RV and that PA 
systolic pressure >50 is protective against post-
operative RV failure, with an odds ratio of 0.49. 
Similarly, Morgan et al.  [  4  ]  suggest that a high 
central venous pressure (CVP) coupled with low 
pulmonary artery (PA) pressure and a low RVSWI 
are predictive of right ventricular failure after 
LVAD implantation. In fact it has been demon-
strated that patients  without  pulmonary hyperten-
sion were more likely to develop RV failure and 
die  [  18,   19  ]  after LVAD implantation. 

 Farrar et al.  [  20  ]  reported that only 46 % of 
patients with ischemic cardiomyopathy required 
RVAD whereas 63 % of patients with nonischemic 
cardiomyopathy required RVAD. Alternatively, 
46 % of biventricular assist devices (biVADs) 
had nonischemic etiology as opposed to 40 % of 
those with ischemic cardiomyopathy. In addition, 
RVAD patients had higher incidence of reop for 
bleeding (57 % versus 27 %  p  = 0.003). They had 
poorer survival to transplantation (17 % versus 
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74 %  p  < 0.001) and required LVAD support for 
94 days as opposed to 27 days in the no-RVAD 
group ( p  = 0.002). The low PAP and low RVSWI 
are referred to again, implying that depressed 
RV contractility before LVAD insertion was 
not strong enough to elevate PAP in the pres-
ence of high pulmonary vascular resistance 
(PVR)  [  19  ] . 

 The implications of these  fi ndings are that 
when RV contractility is inadequate to generate a 
high PAP, the right ventricle is incapable of cop-
ing with the changes imposed by LVAD implanta-
tion. However, irreversibility of pulmonary 
hypertension, particularly when associated with 
high right atrial pressure, may suggest concomi-
tant pulmonary disease or irreversible injury to 
the right ventricle. In such cases, a 4- to 8-week-
long trial of selective pulmonary vasodilators 
(milrinone, sildena fi l, prostaglandins) with serial 
right heart catheterization may be warranted in an 
attempt to lower PVR and improve cardiac index. 

 In summary, therefore, patients with nonisch-
emic cardiomyopathy; with a hemodynamic 
pro fi le suggesting elevation in CVP and diminu-
tion of PA pressures, and a low RVSWI; and a 
clinical pro fi le that suggests the need for vaso-
pressors, mechanical support, renal, respiratory, 
or hepatic dysfunction are at extremely high risk 
for post-LVAD right-sided heart failure and should 
be considered for a priori biventricular support.  

   Assessment of Right Ventricular 
Geometry, Function, and Tricuspid 
Valve Regurgitation 

 Pre-implant echocardiographic assessment of the 
right ventricle offers an important guide to preop-
erative and intraoperative management of right 
ventricular function. A dilated right ventricle that 
has lost its triangular “wedge-shaped” 
con fi guration on a zero-degree four-chamber view 
and assumes a globular shape is of concern. 
Contribution by the basal, free wall, and apical 
segments of the right ventricle are important to 
assess. Position of the interatrial septum and inter-
ventricular septum is important to assess when 
actuating a continuous- fl ow LVAD. Excessive 

unloading of the left ventricle causes the interven-
tricular septum to shift leftward. This, in turn, 
induces a series of disadvantageous geometrical 
changes in the right ventricle that eliminate the 
septal contribution to RV stroke volume. In addi-
tion, the annulus of the tricuspid valve that corre-
sponds to the septal lea fl et is distorted, perhaps 
resulting in worsening tricuspid regurgitation. 

 The presence of severe functional tricuspid 
regurgitation is often an indicator of severe right 
ventricular dysfunction due to long-standing vol-
ume and pressure overload. Therefore, a reluc-
tance to repair the tricuspid valve often exists, 
owing to concern over exacerbating right ventric-
ular dysfunction. It is, however, being realized 
that severe preoperative tricuspid insuf fi ciency is 
a risk factor for early right ventricular failure. The 
mechanism behind this may be acute and over-
whelming volume and pressure overload of the 
right ventricle. Because of the low pressure sink 
in the systemic venous chambers, blood would 
preferentially stream into the systemic venous 
chambers instead of into the pressurized pulmo-
nary circuit. Accordingly, left-sided chambers 
(and therefore the LVAD) would remain 
under fi lled, which would potentiate the inability 
of the device to unload the pulmonary circuit, 
resulting in a tight spiral of early and overwhelm-
ing right ventricular failure. Accordingly, the 
presence of severe tricuspid regurgitation should 
be repaired or treated with rigid annuloplasty. 
Destruction of tricuspid lea fl ets may require val-
vular replacement, but this is unusual. 

 Mild to moderate tricuspid regurgitation and a 
functional valve would probably improve with a 
reduction in RV afterload that typically occurs 
during LVAD support. 

 If the right ventricle is ischemic, consideration 
should be given to surgical revascularization at 
the time of LVAD implantation.   

   Pathophysiology of Right Ventricular 
Dysfunction 

 There are four fundamental causes by which 
the right ventricle fails after implantation of 
an LVAD. These are ischemia, alterations in 
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interventricular balance, position of the interven-
tricular septum, and the need to simultaneously 
perform volume and pressure work. 

 Ischemia of the right ventricle, or the interven-
tricular septum, can occur in a patient with 
unrevascularized ischemic cardiomyopathy or 
when the intracavitary pressure of a distended 
and overloaded right ventricle exceeds coronary 
perfusion pressure. Ways in which this situation 
can be avoided is by revascularizing the right 
coronary artery at the time of LVAD implanta-
tion, or by separating from bypass with a volume 
underloaded right ventricle, and at a high sys-
temic blood pressure. 

 In general, under conditions that assume a bal-
anced circulation, left ventricular output must by 
necessity be equal to right ventricular output. 
When an LVAD is implanted, it introduces an 
imbalance in interventricular balance such that 
the right ventricle must now match LVAD output. 
In patients who have suffered an isolated massive 
left ventricular infarction, this is generally not 
dif fi cult for what is essentially a normal right 
ventricle. However, in patients who suffer nonis-
chemic diffuse biventricular cardiomyopathy, the 
augmentation of preload returning to the right 
ventricle after implantation of an LVAD may 
unmask right ventricular dysfunction. In addi-
tion, under ideal circumstances, right ventricular 
afterload should decrease, with a drop in passive 
pulmonary hypertension. This however as we 
will see is not always the case. 

 Bleeding requiring massive blood product 
resuscitation, hypercarbia or acidemia, mechani-
cal pulmonary problems, and pulmonary endothe-
lial dysfunction after CPB can increase PVR 
acutely after LVAD implantation. In a situation 
where a diseased right ventricle is already being 
asked to perform volume work, the imposition of 
pressure work in addition can be simply over-
whelming. The right ventricle can perform vol-
ume work or can perform pressure work. But it is 
very rare that a right ventricle can perform both 
pressure and volume work simultaneously. 

 Finally, right ventricular developed pressure is 
determined by performance of the free wall of the 
right ventricle as well as by position and function 
of the interventricular septum. As continuous- fl ow 

devices become more commonplace, an under-
standing of the role of the position of the interven-
tricular septum is very important. As a 
continuous- fl ow LVAD is actuated, and as the left 
ventricle is unloaded, the septum is “sucked” 
towards the left. This results in an immediate 
increase in the diastolic compliance of the right 
ventricle. As capacitance of this chamber 
increases, and septal contribution to right ventric-
ular performance is taken away by suctioning it 
into the left ventricle, fatigue of the right ventricu-
lar free wall can occur over the next few hours 
resulting in right ventricular failure. An analogy 
that is somewhat applicable here is that of a “ham-
mer on an anvil,” with the free wall serving as a 
hammer and the septum as the anvil. Increasing 
the distance between the hammer and the anvil 
requires expenditure of greater energy to deliver 
the blow of the hammer into the anvil. Eventually, 
in a diseased right ventricle, that energy require-
ment proves prohibitively high. The other, and 
more dangerous, circumstance is one in which the 
left ventricle is allowed to distend by having pump 
speeds that are too low. This can cause immediate 
failure of the right ventricle by causing septal shift 
into the right ventricle and immediate distension 
of the right ventricle.  

   Management of Right Ventricular 
Dysfunction 

 Meticulous attention to the conduct of the opera-
tion can enable even a patient with marginal right 
ventricular function to tolerate LVAD implanta-
tion, whereas sloppy technique can endanger 
even a well prepared and relatively healthy right 
ventricle. 

 Patients with ischemic cardiomyopathy who 
have  fl ow-limiting lesions in the right coronary 
artery, posterior descending coronary, or left 
anterior descending coronary should be revascu-
larized at the time of LVAD implantation in order 
to salvage hibernating myocardium and in order 
to perfuse the right ventricle and interventricular 
septum. 

 Bleeding needs to be avoided or minimized. 
In patients with long-standing right ventricular 
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dysfunction and passive hepatic congestion, the 
synthetic function or the liver is often compro-
mised. Accordingly, we pretreat patients with 
vitamin K the day prior to operation, the day of 
the operation, and postoperatively if possible. 
The CPB circuit is primed with fresh frozen 
plasma instead of crystalloid. Operative tech-
nique needs to be meticulous, with compulsive 
attention to hemostasis “on the way in,” with par-
ticular attention to drying up the pump pocket 
and any sites of adhesions within the mediasti-
num prior to heparinization. Internalization of the 
LVAD is performed prior to heparinization in 
order to avoid drive line hematomas that can go 
on to get infected. We use Bovie electrocautery, 
the argon beam coagulator, adjunctive hemostatic 
agents liberally. 

 In the rare event that the patient develops a 
profound coagulopathy during a particularly 
long, dif fi cult, or tedious re-operative dissection, 
we will pack the mediastinum with sponges and 
return the patient to the intensive care unit, where 
a blood product resuscitation will be undertaken 
in an attempt to reverse the coagulopathy. Once 
corrected, we will return to the operating room in 
order to proceed with LVAD implantation. If a 
severe coagulopathy occurs after implantation of 
the LVAD, a balance has to be struck between 
correction of the coagulopathy by blood product 
resuscitation and overwhelming the right ventri-
cle by aggressively volume loading it. In select 
cases, we may choose to pack to mediastinum 
and leave the chest open for 24–48 h, permitting 
a gradual resuscitation, and then return to the 
operating room for a washout and chest closure. 
In addition, massive transfusions can result in 
transfusion-associated lung injury with attendant 
increases in PVR, which can then, in turn, impose 
pressure work on an already volume overloaded 
right ventricle. We avoid the use of recombinant 
factor 7 because of its prohibitive cost as well as 
unpredictability and fear of thrombotic events in 
the setting of a freshly implanted blood-arti fi cial 
surface interface. 

 We pay assiduous attention to ventilation and 
maintenance of the acid–base balance. 
Hypercarbia and acidemia can cause an increase 
in PVR which can be detrimental to the perfor-

mance of the right ventricle. After separating 
from CPB, we will maintain patients on an inten-
sive care unit ventilator both in the operating 
room as well as on transport to the intensive care 
unit, in an attempt to avoid perturbations in ven-
tilatory parameters. 

 Although there are centers that use inhaled 
nitric oxide (iNO) liberally, our institutional bias 
has been to use iNO more selectively, primarily 
because of its prohibitive cost. Generally, iNO 
will be employed in the setting of recalcitrant 
right ventricular dysfunction in patients for whom 
right ventricular mechanical support is not an 
option, destination therapy patients, for example. 
Alternatively, if PVR cannot be decreased by 
augmenting LVAD support (in the case of severe 
right ventricular dysfunction), the temporary 
addition of iNO may be used to decrease RV 
afterload, thereby enabling more ef fi cient use of 
the LVAD in the immediate postoperative 
period. 

 We avoid the extended use of CPB and will 
attempt to perform the aortic anastomosis off 
pump, if possible limiting the use of CPB to 
opening the apex of the heart. In selective cases, 
particularly with access to the axial  fl ow pumps 
and centrifugal pumps, we will attempt to per-
form the entire implantation off pump or at the 
very least to continue ventilating at low tidal 
volumes. 

 Several authors have demonstrated, over the 
course of the past decade, that interrupting pul-
monary blood  fl ow during CPB impairs endothe-
lial cell signal transduction in the pulmonary 
arteries and branch vessels  [  21  ]  and impedes the 
ability of the pulmonary vasculature to relax nor-
mally, which then adversely impacts right ven-
tricular performance by imposing the requirement 
to do both pressure and volume work. Therefore, 
we routinely maintain ventilation despite the ini-
tiation of full CPB. 

 Finally, the conduct by which the patient is 
separated from CPB is a critically important 
phase of the operation. De-airing maneuvers are 
of critical importance. We routinely  fl ood the 
operative  fi eld with carbon dioxide and do not 
initiate LVAD support until the systemic cham-
bers are completely and thoroughly de-aired, 
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using intraoperative transesophageal echocar-
diography as a guide. 

 After actuation of the device at low  fl ow, sepa-
ration from CPB is performed very gradually, 
keeping a very close eye on right ventricular per-
formance. Any hemodynamic or visual sign of 
impeding failure (such as inability to  fi ll the res-
ervoir of a displacement-style pulsatile device, 
elevation in CVP, or sudden distension) should be 
met by immediate return to full CPB, reevalua-
tion, and optimization of medical therapy. Most 
authors will gradually come up to  fl ow that can 
partially support the left-sided systemic circula-
tion (i.e., 3 L/min) while maintaining low  fl ow on 
full CPB (i.e., 2 L/min). This strategy will pro-
vide 5 L of systemic  fl ow while forcing the right 
ventricle to perform only 3 L of work (while 2 L 
are provided by the heart lung machine). This can 
gradually be weaned, allowing the right ventricle 
to slowly assume its full workload. 

 Other    authors  [  22  ]  have advocated cannulat-
ing the main PA with a “Y” connector from the 
aortic line and separating from bypass by coming 
up to full  fl ow on the LVAD and simultaneously 
clamping the aortic line and diverting 5 L of  fl ow 
from the right atrium (RA) to the PA, thereby 
providing full right heart bypass. This can then 
also be gradually weaned, allowing the right ven-
tricle to assume its full workload. With the advent 
of continuous- fl ow devices, in which septal posi-
tion is of critical importance in enabling right 
ventricular performance, such a strategy may 
hold limited appeal. 

 We pay particular attention to separating from 
CPB in sinus rhythm or attempt to maintain atrio-
ventricular synchrony with the use of temporary 
epicardial pacing leads. If the patient has biven-
tricular pacing systems in place, we attempt to 
separate with these devices. 

 Separation from CPB is done at high or above 
normal blood pressure in order to maintain ade-
quate coronary perfusion pressure. In a patient 
with coronary artery disease or a graft-dependent 
coronary circulation, particularly with volume-
related distension of the right ventricle, hypoten-
sion can result in a very rapid and tight downward 
spiral that is very dif fi cult to break without insti-
tution of right-sided ventricular support. 

 As referred to above, we make every effort to 
decrease RV afterload with the use of intravenous 
phosphodiesterase inhibitors such as milrinone 
and low dose epinephrine to promote bronchodi-
latation and vasodilatation of the pulmonary vas-
culature. In addition, as referred to above, 
assiduous maintenance of the acid–base balance, 
prevention of hypercarbia and acidemia is very 
important. We    also make every effort to drain 
pleural effusions, treat mucus plugging or lobar 
collapse aggressively, and, if pulmonary compli-
ance is low, have a very low threshold to leave the 
chest open.  

   Mechanical Circulatory 
Support Utilization: Indications 
for Biventricular Support, Isolated 
Right Ventricular Support, and Types 
of Devices 

 The following serves as a general series of rec-
ommendations for appropriate triage for patients 
in end-stage heart failure being considered for 
mechanical circulatory support. 

 A hemodynamically stable patient (Interagency 
Registry for Mechanically Assisted Circulatory 
Support [INTERMACS] pro fi le 2, 3 or 4) with 
CVP < 15, pulmonary capillary wedge pressure 
[PCWP] > 25 on stable doses of inotropes and 
without pressors may be considered for LVAD 
implantation. 

 A hemodynamically stable patient (Intermacs 
pro fi le 2, 3, or 4) with CVP > 15, PCWP > 25 may 
be considered for a “challenge” to the right ven-
tricle by augmenting left-sided perfusion and 
venous return with implantation of an intra-aortic 
balloon pump. If the patient is able to mobilize 
 fl uid and diurese, if PA pressures remain high and 
do not fall, and if CVP does not climb further, 
consideration may be given to proceeding to iso-
lated LVAD implantation. If implantation of a 
right ventricular assist device is required, implan-
tation should not be delayed. Leaving the operat-
ing room with borderline LVAD  fl ows, marginal 
hemodynamics, low LA pressure, high RA pres-
sures, and high doses of inotropes and/or pressors 
in the anticipation of recovery usually results in a 



186 A.A. Mangi

suboptimal clinical outcome. Interval return to 
the operating room for placement of an RVAD in 
such a setting is usually associated with a high 
mortality. 

 A hemodynamically unstable patient 
(Intermacs pro fi le 1), any patient who is depen-
dent on pressors, who requires ECMO or mechan-
ical ventilation, who has an unexplained fever, 
adult respiratory distress syndrome, hepatic or 
renal dysfunction, intractable ventricular arrhyth-
mias, or an overwhelming right ventricular infarc-
tion should be considered for implantation of 
temporary biventricular assist device implanta-
tion. Over time, and after having been stabilized 
with appropriate management, some of these 
patients may become eligible for implantation of 
a permanent implantable LVAD. Others may 
require permanent biventricular assist device 
implantation or total arti fi cial heart implantation. 
Certain patients with speci fi c and unusual pre-
sentations—such as giant cell myocarditis, failed 
cardiac allograft, pulmonary edema despite max-
imal medical therapy, and ischemic cardiomyo-
pathy where surgery threatens the right 
ventricle—may be candidates for a priori perma-
nent biventricular support. 

 Isolated right ventricular support may be 
required in the setting of a hemodynamically 
signi fi cant right ventricular myocardial infarc-
tion, in the postcardiotomy condition, or in 
patients with end-stage cor pulmonale due to pri-
mary pulmonary disease, or after heart transplan-
tation with allograft dysfunction. In these 
circumstances, consideration should be given to 
pulmonary support with concomitant extracorpo-
real membrane oxygenation.      
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 While corrective surgery for congenital heart 
lesions generally obviates the need for further 
operative repairs, concurrent cardiomyopathy, 
acquired ischemic damage, and progressive fail-
ure of the systemic ventricle can all too often lead 
to end-stage heart failure in this complex cohort. 
While the principles of ventricular assist device 
(VAD) support or transplantation in these settings 
are no different than for those patients with 
dilated cardiomyopathy, prior palliative proce-
dures, the presence of progressive aortopulmo-
nary collaterals, and the existence of multiple 
prior operations signi fi cantly complicate later 
mechanical ventricular assistance and transplan-
tation. In this setting, surgical  fl exibility and 
 creativity are essential to adjust to the challenges 
of anatomy and physiology that the adult with 
congenital heart disease presents. 

   Ventricular Assistance 

 The most common indications for mechanical 
ventricular assistance in adults with congenital 
heart disease are progressive concurrent cardio-
myopathy, the failing systemic right ventricle, and 
the failing Fontan. While most adult patients with 
congenital disease are closely followed through-
out their lifetime, “acquired” cardiomyopathy and 
heart failure may represent the cumulative insult 
of several prior operative repairs, progressive 
ischemic damage, or ongoing volume overload 
from aortopulmonary collaterals on myocardium 
that is inherently abnormal (e.g., noncompaction). 
In patients with corrected transposition of the 
great vessels (ccTGA), an additional sustained 
risk of complete heart block may contribute sub-
stantially to this progression. The    failed Fontan 
candidates, incomplete volume unloading, 
signi fi cant atrioventricular valve regurgitation, 
malignant atrial tachyarrhythmias, and signi fi cant 
cyanosis or ascites in aggregate contribute 
signi fi cant risk to any such procedure. 

 The tenets of mechanical support in this setting, 
then, must address several key questions. First, is 
the indication for support short or long term—is 
this supportive therapy for the patient with ccTGA 
until they can be properly paced (with uni- or 
biventricular pacing), or is this an adult with a 
Mustard or Senning whose right ventricle has 
 fi nally decompensated and is unsalvageable? 
Second, will the mechanical assistance address the 
problem? Single ventricular support of the failing 
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Fontan will not necessarily improve oxygenation, 
in particular because of the ongoing need for pas-
sive pulmonary blood  fl ow. In such a situation, 
extracorporeal membrane oxygenation (ECMO) 
therapy may be most appropriate. Creative solu-
tions for assistance of pulmonary arterial  fl ow may 
also actually be what is required if the ventricular 
function is reasonable. 

 Third, in the presence of prior repairs, is the 
 proposed assistance feasible? A patient with a 
Mustard/Senning who requires biventricular sup-
port will present unique challenges to obtain right 
ventricular assist device (RVAD) in fl ow, given the 
location and orientation of the systemic venous 
baf fl e. The extensive trabeculations within a sys-
temic right ventricle may increase the risk of 
obstruction of the in fl ow cannula if not properly 
resected. Creative solutions to single ventricular 
support through a previously unused approach (e.g., 
thoracotomy) must take into account ventricular 
looping and apical directionality (e.g., dextrocar-
dia). Additionally, those with right ventricular to 
pulmonary artery conduits generally have such 
severe calci fi cation of the prior conduit that cannu-
lation for RVAD out fl ow would be nearly impossi-
ble. Fourth, does the anatomy demand a particularly 
creative approach? Although rare, situs inversus 
totalis unsurprisingly requires signi fi cant changes 
in the location and choice of cannulation, as does 
dextrocardia, mesocardia, and situs ambiguous. In 
these cases, the preoperative evaluation with car-
diac catheterization, magnetic resonance imaging 
(MRI), and computed tomography (CT) scan is of 
utmost importance. 

 An essential question is also whether the 
patient would best be served with one of several 
less traditional options. The most common of 
these is ECMO, which can often be approached 
percutaneously and/or peripherally. As with 
ECMO for any other indication, it will be less 
effective in the presence of moderate or severe 
aortic (or neoaortic) valve regurgitation. If ECMO 
is being pursued in the presence of an intact atrial 
septum, it must be remembered that this therapy 
will not completely decompress the systemic ven-
tricle, which is of pertinence if ventricular recov-
ery is being considered. For these patients, a blade 
septostomy may allow for capture of  pulmonary 

venous return, as may an additional pulmonary 
artery catheter. However, for those with signi fi cant 
aortopulmonary collaterals, only in fl ow from a 
site distal to the left atrium will afford adequate 
drainage and decompression of the systemic ven-
tricle. Ultimately, however, ECMO requires intu-
bation and sedation, with no realistic hope for 
extubation or mobilization; for an adult with a 
projected long waiting time to transplantation, 
this may not be a viable therapeutic strategy. 

 A new option that is also for short to medium 
term (days to weeks) use is represented by new 
percutaneous support devices. We have used 
RVAD support with two percutaneous venous 
cannulae (BioMedicus centrifugal pump, 
Medtronic Inc, Minneapolis, MN) in the right 
atrium (via right internal jugular) and main pul-
monary artery (via femoral venous access) with a 
centrifugal pump for RVAD or ECMO support, in 
concert with an Impella 2.5 (Abiomed, Danvers, 
MA) device for partial ventricular support in a 
teenager with fulminant transplant rejection. 
Here, the risks of hemorrhage and infection from 
reoperative sternotomy and the potential need for 
an open chest are obviated, but again the duration 
of support is somewhat limited. Other devices 
that have been considered in this realm are the 
TandemHeart (Cardiac Assist, Pittsburgh, PA) 
and other percutaneous assist devices under cur-
rent investigation. The possibility of a full- fl ow 
device (e.g., Impella 5.0) for adult sizes may 
make this particular strategy more appealing in 
the future. 

 Finally, the “ultimate” mechanical solution in 
some patients may be complete cardiac excision 
and support with either a total arti fi cial heart (TAH) 
device, or support with “reconstructed” in fl ow and 
biventricular assistance. For those with normal 
atrial situs, and enough pulmonary arterial tissue to 
cannulate for out fl ow, the TAH may be feasible. 
For many adults with congenital heart disease, 
however, after cardiac excision, the remaining 
heart tissue may not be amenable for TAH connec-
tions. We have previously performed complete 
 cardiac excision in a Fontan patient, where the 
 systemic venous return was recreated with a Dacron 
tube graft into which an RVAD in fl ow cannula was 
secured. The RVAD out fl ow cannula was then 
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 similarly inserted into a Dacron graft sewn end to 
side to the pulmonary arterial con fl uence. 
Reconstruction of the pulmonary veins with a 
Dacron cuff allowed a small “dumpling-like” 
chamber for LVAD in fl ow, and the aortic cannula 
was placed end to side into the aorta. In this arrange-
ment, a Thoratec (Thoratec, Pleasantville, MA) 
P-VAD biventricular assist device was used for 
support as in prior descriptions in the literature for 
non-congenital patients. While this approach is 
conceptually appealing because it can remove 
many anatomic obstacles to in fl ow and out fl ow, 
balancing the compliance of the left atrial recon-
structed chamber is not simple, and ongoing hem-
orrhage can be signi fi cant. 

 In sum, mechanical ventricular assistance of 
the adult with congenital heart disease can be quite 
challenging and likely is best done by a congenital 
surgeon whose experience with modi fi ed and 
unmodi fi ed congenital anatomy and physiology is 
extensive. The techniques for reconstruction at the 
time of transplantation are covered in the next 
 section, all of which should be kept in mind when 
planning support as a bridge to transplantation.  

   Cardiac Transplantation in Congenital 
Patients 

 Cardiac transplantation for complex congenital 
heart disease incorporates aspects of both  reparative 
and replacement surgery. While intracardiac 
 congenital malformations are replaced, and there-
fore pose few obstacles to the transplant surgeon, 
extracardiac malformations (be they congenital, 
acquired, or iatrogenic) present a major challenge 
to the operative team. 

 Pre-transplant, a full comprehension of the 
operative plan for the management of each patient 
(and his or her lesion), is essential for the donor 
team so that they may harvest appropriate amounts 
of donor tissue to allow for adequate reconstruc-
tion and potential conduit formation. This under-
standing extends as well to the perioperative 
recipient teams—especially in the case of adult 
congenital patients—where the cardiac anesthesia 
team in particular may be less familiar with con-
genital lesions and their perioperative concerns. 

   Donor Operation 

 The donor operation proceeds as routine for heart 
transplantation except for the frequent need for 
additional donor tissue to be used to reconstruct 
the recipient. In general, there are three main 
 anatomic concerns for the majority of recipient 
reconstructive techniques. First, donor procure-
ment for a recipient with a persistent left superior 
vena cava (LSVC) may require the mobilization 
and extirpation of the entire donor innominate 
vein. Second, reconstruction of recipient main 
pulmonary artery after Rastelli reconstruction, or 
with branch pulmonary artery stenosis, may man-
date harvesting of the donor’s entire intrapericar-
dial main and branch pulmonary arteries. Finally, 
donor procurement for recipients with aortic arch 
hypoplasia or other arch abnormalities can require 
full mobilization and removal of the aortic arch, 
arch vessels, and portions of the descending aorta 
if necessary.  

   Recipient Operation 

 In patients with multiple prior procedures, and for 
those in whom cardiomegaly and volume overload 
may signi fi cantly complicate reoperative dissec-
tion, peripheral cardiopulmonary bypass is often 
instituted through cannulation of the femoral artery 
and vein. Once safe entry into the chest has been 
accomplished and the great vessels and atria dis-
sected, it is not uncommon to recannulate the 
patient centrally in order to ensure suf fi cient  fl ow at 
low line pressure. Aortic cannulation, when per-
formed centrally, naturally must be done suf fi ciently 
distally along the aortic arch to allow for appropri-
ate reconstruction in cases requiring aortoplasty for 
size mismatch. Iatrogenic venous considerations 
(e.g., Glenn shunt) may also require very proximal 
cannulation for venous drainage. 

 The recipient is cooled to 32 °C if a relatively 
straightforward procedure and short ischemic time 
are anticipated. However, for complex cases 
requiring signi fi cant reconstruction, and for recipi-
ents with increased bronchial venous return, more 
profound hypothermia, or even deep  hypothermic 
circulatory arrest at 18 °C, may be utilized.  
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   Anomalous Conditions 

   Anomalies of the Atria 
 There are essentially three types of anomalies of 
the atria: (1) those involving size discrepancies 
between donor and recipient, (2) those created by 
iatrogenic surgical distortion, and (3) viscero-
atrial situs inversus in which the donor and recip-
ient atria are spatially inverted. 

 For donor–recipient atrial discrepancies, we 
have employed two techniques (often in concert) 
to better align the atria. First, the recipient atrium 
may be reduced in size by oversewing the cephalic 
atrium, thereby extending the length of the recip-
ient SVC. Second, the donor right atrial incision 
may be performed in the sinus venosus region of 
the right atrium, just posterior to the sinoatrial 
node. This paraseptal incision may then be 
extended to increase the size of the donor right 
atrium as needed. Interestingly, in our experi-
ence, this second technique has not resulted in an 
increased incidence of atrial arrhythmias. 

 Patients who have undergone prior Mustard or 
Senning atrial inversion procedures often develop 
signi fi cant distortion of their atria. First, in such 
patients, the right atrium may be abnormally 
large and the left atrium abnormally small, and 
the venae cavae are often drawn to the left side. 
Because of this, after baf fl e excision, the ori fi ces 
of the cavae then tend to be aligned in close prox-
imity to the ori fi ces of the pulmonary veins. The 
size discrepancies of donor and recipient atria 
may be addressed with the two techniques previ-
ously described. The interatrial septum of the 
donor heart may be used to fashion a new atrial 
septum in the common atrium of the recipient, or, 
as has been suggested, the inclusion of a “tongue” 
of left atrial wall on the right side may allow for 
the creation of atrial septation when anchored 
either to the posterior atrial wall (common atrium) 
or to a septal remnant. 

 Viscero-atrial situs inversus represents an 
anatomic variant for which several complicated 
techniques have been previously described. 
One method, which may be used in the setting 
of bilateral superior venae cavae    (SVCs) with 
the LSVC and inferior venae cavae (IVC) enter-
ing to the right of the pulmonary veins, allows 

for the excision of the interatrial septum and 
creation of a lateral “T” incision in the left 
atrium. Two baf fl es may then be created along 
the back wall of the common atrium to bring 
the vena caval return rightward and thereby 
allow for standard left atrial and right atrial 
anastomoses.  

   Anomalies of Systemic and Pulmonary 
Venous Return 
 We have encountered two types of anomalies of 
systemic and pulmonary venous connections: 
(1) left SVC and (2) de fi ciencies of SVC tissue 
from prior operations. For those patients with a 
left SVC, in which the vena cava drains into a 
coronary sinus  not  in communication with the 
left atrium, we have found that the recipient car-
diectomy may be performed leaving the coro-
nary sinus intact. However, here the middle 
cardiac vein must be transected and oversewn 
prior to the completion of the left atrial anasto-
mosis. In addition, in those in whom the coro-
nary sinus is massive, this strategy may 
predispose to mitral in fl ow occlusion of the 
recipient heart when implanted in situ. In con-
trast, for those patients in whom the coronary 
sinus is unroofed, the left SVC may either be 
ligated, divided, and subsequently anastomosed 
directly to the donor innominate vein or be baf fl ed 
to the right atrium using additional adjacent 
recipient left atrial tissue. 

 Those single-ventricle patients who either have 
previously undergone cavopulmonary shunts or 
have bilateral SVC may be reconstructed easily 
using donor SVC and innominate vein to anasto-
mose the left and right vena cavae, respectively. 
Naturally, cannulation in these cases must be 
suf fi ciently high along the SVC to allow for the 
necessary dissection, mobilization, and recon-
struction of the SVC. If the donor innominate vein 
is long enough, it can rest in the orthotopic posi-
tion in front of the aorta; more likely, its more 
“natural” position will be in the transverse sinus 
behind the reconstructed great vessels (thus of 
 pertinence to have enough donor pulmonary artery 
and aorta to allow for a gentle curvature to bring 
these great vessels anteriorly off the reconstructed 
innominate).  
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   Anomalies of the Great Arteries 
 These anatomic variants represent anomalies of 
position, size, and surgical distortion, in addition 
to those anomalies produced by aortopulmonary 
collateral arteries. Simple malposition can be 
reconstructed easily with harvesting of additional 
donor great vessels. 

 Reconstruction of the pulmonary arteries may 
be necessary because of (1) abnormalities of 
position, (2) abnormalities of pulmonary out fl ow 
obstruction, or (3) previous cavopulmonary, atri-
opulmonary, or systemic pulmonary shunts. 
Either or both branch pulmonary arteries may be 
congenitally atretic or stenotic, or they alterna-
tively may have areas of acquired stenosis or dis-
tortion from prior shunt procedures mandating 
reconstruction. In addition, we have performed 
transplantation in individuals with only one 
“functional” pulmonary artery (the other having 
been rendered nonfunctional by congenital uni-
lateral atresia), a condition which requires 
“baf fl ing” of the donor pulmonary artery to allow 
for unobstructed, unilateral pulmonary blood 
 fl ow. In general, abnormalities of the pulmonary 
artery may be bypassed completely or augmented 
via patch angioplasty or with additional donor 
pulmonary arterial tissue. 

 For those with L-TGA (congenitally corrected 
transposition of the great arteries) who have 
received prior reconstructions with pulmonary 
artery conduits, the conduit may either be 
transected distal to the prosthesis (and donor 
pulmonary artery anastomosed directly end to 
end to the remaining conduit) or, preferably, the 
entire conduit tissue may be removed and the 
pulmonary arteries reconstructed and enlarged 
(if necessary) with extended donor pulmonary 
artery tissue. 

 For those patients with pulmonary out fl ow 
obstruction who have undergone prior Waterston 
shunts or pulmonary artery banding procedures 
or who have pulmonary stenosis or atresia at 
baseline, reconstruction of the pulmonary arter-
ies may be performed with band removal, and 
partial pulmonary arterioplasty may be performed 
with either bovine pericardium or extended donor 
pulmonary artery. Alternatively, Waterston shunts 
may be repaired from within the aorta, and 

 pulmonary artery band tissue may simply be 
excised and the pulmonary arterial anastomosis 
performed directly to the pulmonary artery bifur-
cation. Prior modi fi ed Blalock–Taussig shunts 
may be ligated or oversewn from within the pul-
monary artery, and the cavopulmonary shunts 
may be reconstructed bilaterally, the pulmonary 
arteries repaired, and the venae cavae recon-
structed end to end with extended donor SVC 
and/or innominate vein. 

 Additionally, those who have had a right classic 
Glenn cavopulmonary anastomosis in conjunction 
with a Fontan to the left or main pulmonary artery 
can often have a signi fi cant gap between the ori fi ce 
of the right pulmonary artery and the main or left 
pulmonary artery. This requires reconstruction 
with donor pulmonary arterial tissue at the time of 
transplant.    

   Summary 

 The most common indications for transplantation 
in congenital heart disease in adults are post-
repair of tetralogy of Fallot, d-transposition of 
the great vessels after Senning or Mustard proce-
dure (failing systemic right ventricle), and failed 
Fontan from either poor ventricular function, 
protein-losing enteropathy, or progressive cyano-
sis. All of the techniques described above are 
 utilized to reconstruct the great vessels and to 
account for additional abnormalities of situs. 
Cannulation of Senning and Mustard patients can 
be particularly challenging so as to avoid cannu-
lating the systemic venous return outside of the 
Senning/Mustard baf fl e. Those with dextrocardia 
also will require takedown of the left pleural 
re fl ection so as to allow space within the medi-
astinum for the (normal) donor leftward facing 
apex, and additionally require some reduction of 
the potential space on the right so as to prevent 
herniation of the allograft rightward. 

 Fontan patients require particular note. These 
always complex patients represent the largest 
growing population of potential transplant candi-
dates; they also generally require the largest 
amount of intraoperative reconstruction. The 
operative mortality nationwide for  transplantation 
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for the failing Fontan approaches 25 %. Those 
with additional risk factors, such as renal 
insuf fi ciency, poor nutrition and/or albumin from 
protein-losing enteropathy, and hepatic dysfunc-
tion from chronically elevated central venous 
pressures, will have even high operative risks. It 
is essential to fully evaluate these compounding 
risk factors in order to establish transplant candi-
dacy. Surgical planning for likely femoral or axil-
lary cannulation (e.g., ultrasound to determine 
patency, CT scan to evaluate proximity to the 
sternum) is essential. While bovine pericardium 
or other adjunctive exogenous tissue can be used 
to reconstruct the pulmonary arteriotomy that 
remains after the recipient cardiectomy, addi-
tional donor pulmonary artery provides the best 
“lie” of the allograft. This limits the donor pool 
available to such patients to those in whom lungs 
are not being procured, as the additional pulmo-
nary tissue required is that otherwise used for 
lung transplantation. Finally, preparing patients 
for the likely potential scenarios of tracheostomy, 
gastrostomy, and prolonged hospitalization is 
ethically appropriate. 

 Finally, the congenital transplant surgeon 
must also try to plan preoperatively for those 
anatomic or physiologic problems that they may 
not be able to repair immediately, or may require 
time or additional percutaneous procedures to 
 fi x. While transplantation is the most likely 
 treatment for protein-losing enteropathy in the 

 single-ventricle patient, resolution of symptoms 
may take up to a year or more for conclusion. 
Control of aortopulmonary collaterals or residual 
surgical shunts may require deep hypothermic 
circulatory arrest intraoperatively to maintain a 
dry operative  fi eld but may best be addressed 
with coil occlusion postoperatively to avoid vol-
ume loading and heart failure. Finally, peripheral 
stenoses in the pulmonary artery are general best 
addressed with stenting if they are beyond the 
 fi rst bifurcation and even potentially if they are 
beyond the mid-branch pulmonary artery; choosing 
not to attempt repair at the time of transplanta-
tion may often provide the less morbid approach 
(“less is more”). 

 Cardiac transplantation for congenital heart 
 disease offers a wide variety of challenges to 
 traditional techniques for heart replacement. 
Incorporating the reparative methodology of con-
genital heart surgery, transplantation in this setting 
often requires reconstruction of extracardiac great 
vessels as well as intracardiac baf fl ing to amelio-
rate anomalous systemic and pulmonary venous 
return. With the advent of therapeutic adjuncts to 
aid in the perioperative management of these often 
critically ill patients, many patients with congenital 
heart disease can anticipate survival comparable to 
patients with acquired heart disease. Because of the 
growing cohort of adult congenital patients, this 
population will certainly become more prominent 
in the near future.       
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