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Preface

Heart failure has become the leading cause of morbidity, mortality, and hospitaliza-
tion in the developed world. Much of this is due to the success in prolonging sur-
vival in patients with other cardiovascular diseases, such as myocardial infarctions 
and valvular heart disease. The number of patients with heart failure will almost 
double in the next 20 years. The understanding of the pathophysiology of heart 
failure has improved significantly in the past few decades, and this has translated 
into dramatic improvements in pharmacologic and device therapies that have sig-
nificantly improved patient outcomes including survival and the quality of life.

Even for patients with the most advanced stages of heart failure, there are now 
options such as improvements in cardiac transplantation which allow prolonged 
survival and alternatives to cardiac transplantation in patients who are not candi-
dates for this therapy, which include mechanical circulatory support with a rapidly 
growing number of new, smaller, more reliable devices and a growing number of 
patients receiving this therapy.

The goal of this book is to provide an understanding of the etiologies and patho-
physiology of heart failure and to provide a context for understanding clinical thera-
pies available for this disease. The use of this book is to provide scientific and 
clinical background for trainees in cardiovascular disease as well as physicians 
involved in caring for these patients. As the field continues to evolve, there will be 
updates to this book to reflect these advancements.

June 7, 2016

Philadelphia, PA, USA Howard J. Eisen, MD
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Chapter 1
Molecular Changes in Heart Failure

Raymond C. Givens and P. Christian Schulze
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AKAP A-kinase anchoring protein
ANF  Atrial natriuretic factor
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BNP  Brain-type natriuretic peptide
cGMP Cyclic guanine monophosphate
CHF Congestive heart failure
CRP C-reactive protein
DAG Diacylglycerol
DISC Death-induced signaling complex
ECM Extracellular matrix
ERAD Endoplasmic reticulum-associated degradation
ERK Extracellular-signal-related kinase
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FAK  Focal adhesion kinase
Gab  Grb2-associated binder
GSK3β  Glycogen synthase kinase 3β
HSP  Heat shock protein
ILK Integrin-linked kinase
IP3 Inositol triphosphate
LCAD Long-chain acyl-CoA dehydrogenase
LTCC L-type calcium channel
LVAD Left ventricular assist device
MAPK  Mitogen-activated protein kinases
MCAD Medium-chain acyl-CoA dehydrogenase
miR Micro-RNA
MI Myocardial infarction
MLP Muscle LIM protein
MMP Matrix metalloproteinase
mTOR Molecular target of rapamycin
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NFAT  Nuclear factor of activated T cells
NOS Nitric oxide synthase
NOX NADPH oxidase
PI3K  Phosphoinositide-3-kinase
PKA Protein kinase A
PKC Protein kinase C
PPAR Peroxisome proliferator-activated receptor
RyR2 Ryanodine receptor type 2
SAC Stretch-activated ion channel
SERCA  Sarcoplasmic reticulum Ca2+ ATPase
SOC Store-operated Ca2+ channel
TAC Transaortic constriction
TGF-β Tissue growth factor beta
TIMP Tissue inhibitor of metalloproteinase
TNF-α Tumor necrosis factor alpha
TnI Troponin I
TnT Troponin T
TRP Transient receptor potential

 Introduction

Over the past three centuries, medical understanding of heart failure has evolved 
from a simple appreciation of biomechanical and circulatory changes accompany-
ing heart failure to recognition of the complex multiorgan physiology of this syn-
drome. Within the past few decades, breakthroughs in genetics and molecular 
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investigation have revealed a vast array of cellular and molecular changes that occur 
in the heart and systemically as a result of hemodynamic insult. The picture of 
changes occurring in cardiac hypertrophy and heart failure has become increasingly 
complex. The goal of this chapter is to summarize the cellular and molecular 
changes that occur in clinical and experimental heart failure and to highlight estab-
lished and potential therapeutic targets.

 Compensatory Mechanisms

A large variety of myocardial insults can lead to heart failure. In the U.S., athero-
sclerotic coronary artery disease resulting in myocardial infarction and chronic 
ischemia as well as chronic arterial hypertension appear to account for the greatest 
population-level risk [1, 2]. There is also a rising contribution from diabetes and its 
associated end-organ manifestations including coronary artery disease. In contrast, 
infectious and valvular heart disease have declined in their impact on heart failure 
incidence [3].

Regardless of the nature of the initial insult, there appear to be common patho-
logic responses to cardiac pressure or volume overload. A hallmark finding in the 
stressed myocardium is hypertrophy of viable cardiomyocytes [4, 5]. The law of 
LaPlace indicates that the development of cardiac wall thickening due to myocyte 
hypertrophy is initially protective in that it serves to normalize transmural stress [6, 
7]. However, persistent hypertrophy and sustained activation of the molecular path-
ways responsible for the initial hypertrophic response become physiologically del-
eterious over time [8].

More than a century of work has clarified that striated muscles such as the myo-
cardium and skeletal muscles respond to an increased workload, e.g. hypertension, 
by becoming hypertrophic [9–11]. Cardiomyocytes are classically considered to be 
post-mitotic and, thus, cardiac hypertrophy is thought to result solely from an 
increase in size of existing cells. The degree to which cardiomyocyte generation 
from progenitor cells contributes is unclear [12]. The proliferation of non-myocyte 
cell types such as fibroblasts, smooth muscle cells, mesenchymal cells and the 
endothelium, however, may contribute significantly to the negative consequences of 
pathologic hypertrophy, such as myocardial and perivascular fibrosis [13, 14].

The phrase “cardiac remodeling” was originally used to describe gross structural 
and functional cardiac changes occurring in response to myocardial infarction but 
has more recently come to describe an expanding list of molecular, cellular, matri-
cellular, metabolic, and electrical alterations resulting from sustained stress [15]. 
Transaortic constriction (TAC) to produce pressure overload among mice yields 
significant increases in myocardial thickness and relative cardiac size as early as 2 
days later, and increased myocyte size and fibrosis and decreased ejection fraction 
by as early as 1 week [16, 17]. A pig TAC model reveals increased sarcoplasmic 
reticulum (SR) Ca2+ ATPase (SERCA) expression and activity and increased SR 
Ca2+ uptake within 6 h of TAC [18]. Treatment of rats with the nonselective 
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β-adrenergic receptor agonist isoproterenol increased expression of the “fetal genes” 
c-fos and jun-B within 1 h and provoked cardiac hypertrophy by 24 h [19]. The 
β-adrenergic receptor blocker propranolol prevented early increases in c-fos expres-
sion. Analysis of myocardial tissue from this model by electron microscopy revealed 
mitochondrial swelling and disruption, intra- and extracellular edema, and fibro-
blast invasion by 96 h.

Persistence of stress upon the myocardium leads to progression of cardiac 
remodeling associated with the initial hypertrophic responses towards a  maladaptive 
phenotype of systolic dysfunction and cardiac dilation [15]. Neurohormones of the 
adrenergic and renin-angiotensin-aldosterone systems provide additional cardiac 
stimuli that are also initially compensatory but with time contribute to adverse car-
diac remodeling and multiorgan physiologic derangement. Further progressive car-
diac insufficiency results in multiorgan dysfunction and death in the absence of 
successful intervention.

 Cardiomyocyte Changes

The cardiac response to physiologic stress entails complex remodeling of cardio-
myocytes and the extracellular matrix. Cardiomyocyte hypertrophy is one of the 
most appreciable changes in strained and failing myocardium at a microscopic 
level. However, sustained activation of pro-hypertrophic pathways causes cardiac 
dysfunction.

The pressure or volume overload caused by a physiologic insult deforms the 
cardiac microarchitecture. One method by which changes in extracellular mechani-
cal forces are conveyed to the nucleus is through stretch-activated ion channels 
(SACs). Alterations in mechanical plasma membrane tension are sufficient to acti-
vate SACs, which are represented in mammals by transient receptor potential chan-
nels (TRPs) that are expressed in cardiomyocytes, vascular smooth muscle cells, 
and endothelial cells [20, 21]. A representative member, TRPC6, is located on the 
t-tubule membrane and is triggered to allow the influx of calcium through mechani-
cal stretch and through association with stretch-sensitive receptors [22, 23]. TRPC6 
is also activated by diacylglycerol (DAG) independent of protein kinase C (PKC) 
activity, and by angiotensin II receptor type 1 (AT1R) independent of angiotensin II 
(AT-II) [24–26]. The SAC-mediated increase in cytoplasmic Ca2+ entry activates the 
protein phosphatase calcineurin A, which can then dephosphorylate nuclear factor 
of activated T cells (NFAT), allowing it to enter the nucleus and induce expression 
of pro-hypertrophic genes, discussed below [27, 28]. The promoters of TRPC 1, 3, 
and 6 display NFAT consensus binding sites and TRPC isoform expression is 
increased in hypertrophic animal models and failing human hearts [29].

Cellular deformation is also communicated to the nucleus through the integrin 
family of cell surface receptors that link cytoskeletal and contractile machinery to 
the extracellular matrix (ECM) through their association with focal adhesion com-
plexes and complex multimolecular structures known as a costameres. The proteins 
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that form the costameric complex are localized to Z-discs, which form the lateral 
boundaries of the sarcomere, the basic contractile unit of the cardiomyocyte [30–
32]. Costameres and focal adhesion complexes are linked to multiple hypertrophic 
signaling pathways [33, 34]. Integrins themselves bind to a large variety of extracel-
lular ligands such as laminin, collagen, and fibronectin [35–37]. Stretch activation 
of integrin-associated cytoplasmic focal adhesion kinase (FAK) and integrin-linked 
kinase (ILK) triggers activation of phosphoinositide-3-kinase (PI3K), resulting in 
downstream activation of Akt and the mitogen-activated protein kinase (MAPK) 
cascade [38, 39]. Grb2-associated binder (Gab) proteins participate in signaling 
through Ras, which also triggers MAPK activation and contributes to cardiomyo-
cyte hypertrophy [40] (Fig. 1.1).

Mechanical stretch also activates G-protein-coupled plasma membrane receptors 
such as AT1R and endothelin A (ETA) in cardiomyocytes and vascular smooth mus-
cle cells, leading to indirect activation of TRP channel opening [24, 41]. Stretching 
of ventricular cardiomyocytes or treatment with AT-II activates AT1R, inducing 
activation of extracellular signal-related kinases (ERKs) and Gαq isoforms. Pressure 
overload in an animal model causes AT1R–dependent cardiac hypertrophy, again 
even in the absence of AT-II [24]. Gαq proteins activate phospholipase C, leading to 
an increase in cytosolic inositol triphosphate (IP3) and DAG [42]. IP3 activates TRP 
3, 6, and 7, and also triggers an IP3 receptor on the endoplasmic reticulum (ER), 
leading to Ca2+ release from the ER [43]. This Ca2+ store depletion activates plasma 
membrane store-operated Ca2+ channels (SOCs), increasing Ca2+ influx from extra-
cellular sources [44] (Fig. 1.2).
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Fig. 1.1 Physiologic and pathologic hypertrophic signaling
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Increased cytosolic concentrations of Ca2+ and DAG activate protein kinase C 
(PKC) isoforms whose signaling increases expression of early stress-response 
genes, such as c-fos, c-jun, jun-B, c-myc, egr-1, and heat shock protein (HSP) 70 
[45]. Nkx2.5 and GATA-4, also activated by PKC signaling, may participate in PKC 
down-regulating expression of the sarcoplasmic reticulum (SR) Ca2+ ATPase 
(SERCA), which is responsible for rapid reuptake of Ca2+ into the SR [46, 47]. 
SERCA downregulation explains much of the calcium signaling abnormalities seen 
in heart failure and has emerged as a potential therapeutic target [48, 49]. Changes 
in calcium handling associated with cardiac hypertrophy are directly involved in the 
cell death that characterizes the transition to systolic dysfunction and clinical heart 
failure [50] (Fig. 1.3).

In experimental models and in limited human data, treatment with the calcineu-
rin inhibitors cyclosporine A or FK506 opposes the hypertrophic phenotype [51–
54]. Increased cytosolic and mitochondrial Ca2+ concentrations provoke apoptosis 
[55, 56]. Calcineurin may link hypertrophy to apoptosis by dephosphorylating the 
pro-apoptotic protein Bcl-2-antagonist of cell death (BAD), promoting its associa-
tion with Bcl-xl [57].

The actions of GATA-4 and NFAT are opposed by glycogen synthase kinase 3β 
(GSK3β), which inactivates these proteins through phosphorylation [58]. GSK3β is 
itself controlled by Akt and PKA, both of which repress GSK3β activity through 
phosphorylation [59, 60]. Active GSK3β is known to be a negative regulator of 
hypertrophy [61].

Mechanical stress upon the intact heart activates MAP kinases p38 and ERK 1/2, 
resulting in phosphorylation of the zinc-finger transcription factor GATA-4. As a 
result of phosphorylation at serine 105, GATA-4 is activated, thereby allowing its 
binding to DNA targets such as the BNP promoter [62–64].
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Fig. 1.2 Cardiac mechanotransduction
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AT1R is induced by pressure overload, and the resulting increase in signaling is 
prohypertrophic in ways that are dependent and independent of AT-II [24]. AT1R 
signaling activates TRPC channels, resulting in prohypertrophic signals and 
derangements in calcium handling [43]. AT-II induces expression of TGF-β1 in car-
diac fibroblasts, leading to increased collagen production and fibrosis [65, 66].

At a gross level, cardiac hypertrophy strongly predicts the development of 
clinical heart failure [67]. The pathologic hypertrophy of pressure or volume 
overload differs molecularly in important ways from the physiologic hypertrophy 
that occurs in response to exercise training or pregnancy. Re-expression of the 
fetal gene  program appears to be absent in physiologic hypertrophy [68]. Both 
physiologic hypertrophy and normal cardiac growth are mediated by insulin-like 
growth factor 1 (IGF-1), which induces hypertrophy through an Akt pathway. 
Unlike pathologic hypertrophy mediators, IGF-1 activity is anti-apoptotic and 
IGF-1 administration in a rat model of ischemic cardiac failure leads to a preser-
vation of systolic function and has beneficial effects on adverse cardiac remodel-
ing [69]. Sustained experimental activation of IGF-1 pathways can, however, 
eventually cause a transition from physiologic hypertrophy to a more classically 
pathologic phenotype (Table 1.1).

While most cardiac mass is represented by the cardiomyocytes, several other 
cell types and extracellular structures are important in the control of cardiac 
function and demonstrate significant alterations in heart failure. Cardiac mast 
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Fig. 1.3 Pathways of cellular death in heart failure
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cells, fibroblasts, conductive tissue, endothelial cell, vascular smooth cells, car-
diac progenitor, and resident macrophages contribute cardiac mass and biology. 
Fibroblasts outnumber cardiomyocytes roughly threefold in the intact heart, mul-
tiply in response to mechanical stretch, and contribute to extracellular 
remodeling.

Diastolic stretch activates NADPH oxidase 2 (NOX2), leading to the production 
of reactive oxygen species (ROS). ROS may then increase Ca2+ release from sarco-
plasmic reticulum by sensitizing ryanodine receptor type 2 channels (RyR2) [70]. 
NOX2 activity may be critical to induction of cardiomyocyte apoptosis by hypertro-
phic stimuli such as AngII, as NOX2 inhibition or deletion of the NOX2 cofactor 
p47phox interferes with AngII-induced apoptosis [71].

Myocyte hypertrophy is generally characterized by the reactivation of a num-
ber of genes that are normally expressed during fetal development but eventually 
become quiescent after birth [72]. This “fetal gene program” includes increased 
expression of GATA-4, Nkx2.5, and PTX transcription factors, is typical of cell 
cycle entry. These transcription factors drive the expression of classic fetal genes 
that are markers and essential mediators of cardiomyocyte hypertrophy, includ-
ing atrial natriuretic (ANF), brain-type natriuretic peptide (BNP), α-skeletal 
actin, β-myosin heavy chain (βMHC), and angiotensin-II receptor type 1 (AT1R) 
[73, 74].

Table 1.1 Cellular and molecular changes in physiologic hypertrophy and heart failure

Normal Physiologic stimuli Heart failure

Molecular changes
“Fetal gene program” – – Increased
Myosin heavy chain 
isoform

α-MHC α-MHC β-MHC

Biomarkers
BNP – Unclear Elevated
Troponin Normal Unknown May be increased
Cytokine activation Normal Normal Increased TNF-α, 

IL-6
Catecholamine levels Normal Normal Increased
Cellular changes
Cell size Normal Hypertrophied Hypertrophied
Fibrosis Normal Normal Increased
Cell death Normal Normal Increased
Capillary density Normal Preserved Decreased
Calcium cycling Normal Normal Increased
Metabolism Predominately fatty 

acid oxidation
Predominately fatty 
acid oxidation

Predominately 
glucose oxidation

Contractile function Normal Normal Decreased
Excitation- contraction 
coupling

Normal Normal Altered
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 Myocardium-Vascular Mismatch

It has been observed that as cardiac hypertrophy progresses, there is relatively lower 
concomitant vascularization, such that the number of capillaries per area of myocar-
dium declines [75]. Microvascular dysfunction and decreased coronary flow reserve 
are observed in experimental and clinic hypertrophy and heart failure even in the 
absence of coronary atherosclerosis [76, 77]. These changes have been linked to 
subendocardial ischemia in hypertrophy and may accelerate the transition to heart 
failure. Treatment of a rabbit TAC model with vascular endothelial growth factor 
(VEGF) induces MMP-2-dependent angiogenesis, delays the onset of LV dilation, 
and preserves LV contractility [78].

 Fibroblast Proliferation and Fibrosis

The majority of cardiac cellular components are represented by cardiomyocytes, 
endothelial cells, vascular smooth muscle cells, and fibroblasts. But while cardio-
myocytes are the necessary cells for cardiac contraction, they comprise only a third 
of cardiac cells. The remainder of cardiac mass is mostly comprised of fibroblasts, 
which are responsible for the production of the extracellular matrix (ECM) that 
functions as the cardiac mechanical scaffold. Additionally, ECM components con-
tribute to the regulation of cellular growth, tissue differentiation, and angiogenesis. 
Cardiac fibrosis, which is characterized by the increased extracellular presence of 
collagens and other ECM components, is a hallmark of advanced hypertrophy and 
heart failure [79].

Fibroblasts can be activated by increased interstitial fluid flow to produce colla-
gen type III and TGF-β, effects that may be opposed by blockade of the AT1 and 
TGF-β receptors [80]. Experimental hypertrophic stimuli such as infusion of AngII 
increase fibroblast production of IL-6, which leads to collagen I production from 
fibroblasts and may contribute to cardiomyocyte hypertrophy through paracrine sig-
naling [81–84].

 Excitation-Contraction Coupling

Cardiac contraction results from Ca2+−dependent interactions of myosin and actin 
myofilaments. During cell membrane depolarization, Ca2+ enters the cardiomyocyte 
through L-type Ca2+ channels (LTCCs) located at transverse tubules, which are in 
proximity to the sarcoplasmic reticulum (SR) [85]. Ca2+ influx triggers a larger 
release of Ca2+ from the SR through ryanodine receptors (RyR2). The SR 
Ca2+−ATPase (SERCA2A) is responsible for restoring Ca2+ to the SR [48]. The 
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disappearance of SERCA2A during the progression of hypertrophy and heart fail-
ure alters the coupling of Ca2+ flux to the cardiomyocyte contractile apparatus [86]. 
In failing human hearts, there is a significant reduction in t-tubule-SR junctional 
dyads and thus in the co-localization of LTCCs and RyR2, indicating a degree of 
both physical and biochemical uncoupling of excitation from contraction [87, 88].

 Sarcolemmal Proteins

Sufficient myocyte contractile force is dependent upon appropriate excitation- 
contraction coupling, which requires precise coordination between the entry of 
extracellular Ca2+ into the cytoplasm and the wave of Ca2+ release from the sarco-
plasmic reticulum (SR) [89]. Transverse tubules (t-tubules) are invaginations of the 
surface membrane, continuous with the extracellular space, that extend into the 
interior of cardiac myocytes [36, 90]. T-tubules form a highly organized network 
that is physically coupled to the SR at Z-discs [91]. This organization is essential 
for coordination of excitation-contraction coupling. LTCCs are predominately 
localized to t-tubules and are responsible for the initial cellular Ca2+ influx. Ca2+ 
efflux is largely handled by the sodium-calcium exchanger (NCX), found on both 
tubular and non-tubular sarcolemmal [92]. The relative importance of Ca2+ efflux 
through these different domains is unclear. A population of β adrenergic receptors 
is localized to t-tubules, where they appear to modulate LTCC function and local-
ize cAMP signaling [93]. In rodent heart failure models, this localization is lost, 
with β2 receptors redistributing from t-tubules to the cell crest, leading to diffusion 
of cAMP signaling [94].

Hypertrophied and failing hearts demonstrate misshapen and dilated t-tubules 
and tubular disorganization and disappearance, which has been called t-tubule 
remodeling [87]. The degree of tubular remodeling is associated with the severity of 
heart failure [95]. As L-type calcium channels are primarily localized to T-tubules, 
there is also a decline in inward calcium currents in failing myocytes [96]. In a 
rodent model, T-tubule disruption can be reversed after mechanical unloading with 
heterotopic abdominal heart transplantation [97].

 Myocardial Metabolism in Heart Failure

Myocardial metabolism depends to large parts (>70 % at baseline) on the utilization 
of fatty acids for oxidative metabolism and ATP generation. The complete oxidation 
of one molecule of palmitic acid as an example for the most prevalent circulating 
and nutritionally derived saturated fatty acid generates 129 ATP molecules. In con-
trast, complete oxidation of glucose results in generation of 36 ATP molecules. 
Therefore, oxidation of fatty acids is a more energy efficient process compared to 
the oxidation of glucose (Fig. 1.4).
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The reversion to the fetal gene expression in cardiac hypertrophy and heart fail-
ure encompasses not only structural and contractile genes but also metabolic sub-
strate utilization. During fetal development, cardiac metabolism depends primarily 
upon glycolysis, but the heart transitions toward fatty acid oxidation in the postna-
tal period [98]. While lipid metabolism may increase early in experimental hyper-
trophy, expression levels of fatty acid oxidation enzymes are decreased in the 
failing heart [99, 100]. An important determinant of fatty acid utilization and 
metabolism is the activity of PPARα, which targets binding sites in the promoters 
for the genes encoding carnitine palmitoyl transferase-І (CPT-І) and long-chain 
and medium- chain acyl-COA dehydrogenases (LCAD and MCAD) and activates 
their transcription [101]. In the hypertrophied heart, the relative shift from fatty 
acid to glucose utilization occurs in concert with decreased PPARα activity and 
expression [102]. Of note, further changes in myocardial gene expression result in 
a preferential generation of ATP through anaerobic metabolism, namely glycolytic 
breakdown of glucose to pyruvate and lactase. This is best known for myocardial 
metabolism in circumstances of ischemia and has been shown to produce only 8 
molecules of ATP during glycolysis resulting in a severe energy (ATP)-depleted 
state of the failing myocardium. Reversibility of cardiac metabolism after cardiac 
recompensation requires up to 5 days until ATP stores reach levels known from 
stable heart failure patients.

Part of the repression of PPARα activity in cardiac hypertrophy may be explained 
by sequestration of this nuclear transcription factor in the cytoplasm by the MAP 
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kinase kinase MEK1 [103]. The repression of PPARα expression and activity may 
be involved in the progression of pathological hypertrophy. Administration of 
PPARα ligands such as conjugated linoleic acid opposes cardiac hypertrophy in 
spontaneously hypertensive rat strain [104].

Ectopic accumulation of lipids in non-adipose tissues leads to lipotoxicity. In 
animal models and in human heart failure patients, fatty acid utilization declines 
and cardiac metabolism shifts back toward the fetal phenotype of glucose depen-
dence [99, 105]. Recent work has demonstrated the myocardial accumulation of 
toxic lipid intermediates such as ceramide and diacylglycerol in the failing myo-
cardium with depletion of stores of neutral lipids including triglycerides and fatty 
acids. Mechanical support with a left ventricular assist device (LVAD) may 
reverse some of the cardiac and systemic metabolic abnormalities observed in 
heart failure [106].

 Myocardial Inflammation in Heart Failure

The progression of cardiac hypertrophy and heart failure are linked to inflammation 
in several ways. Elevated serum levels of TNF-α and IL-6 are seen among heart 
failure patients and correlate with NYHA heart failure class, the degree of cardiac 
cachexia, and overall prognosis [107–110]. Myocardial tissue from patients with 
severe heart failure obtained at the time of heart transplantation revealed an increased 
presence of macrophages and T lymphocytes and more endothelial activation, as 
indicated by the presence of intercellular adhesion molecule-1 (ICAM-1) [111].

Experimental pressure overload induces cardiac expression of proinflamma-
tory cytokines TNF-α and IL-6, which further contribute to cardiac hypertrophy 
and heart failure [112–114]. TNF-α binding to its receptor TNFR1 leads to forma-
tion of the death inducing signaling complex (DISC), downstream caspase activa-
tion, and resulting apoptotic cell death. Upregulation of IL-6 expression through 
an α1 adrenergic receptor-A kinase anchoring protein (AKAP)-inhibitor of IκB 
kinase β (IKKβ) may lead to autocrine and paracrine increases in fetal and hyper-
trophic gene transcription through the IL-6 receptor [115]. Patients who respond 
clinically to cardiac resynchronization therapy show decreased serum levels of 
IL-6, as well as IL-8, TNF-α, and TGF-β; among non-responders, TGF-β levels 
increase [116, 117].

 Cell Death

The processes outlined above contribute to apoptosis, necrosis, and autophagy, 
which together account for a significant increase in myocardial cell death and 
partly account for the transition from compensated hypertrophy to decompen-
sated heart failure. All of the types of cell death can occur simultaneously and in 
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close proximity to each other in failing human hearts [118]. Autophagy is the 
packaging of intracellular components into double-membrane autophagosomes 
that are then degraded by lysosomes. Autophagy can be induced by nutrient 
depletion, hypoxia, oxidative stress, organelle damage, and protein aggregation 
through pathways that are dependent upon and independent of molecular target 
of rapamycin (mTOR). Under conditions of ischemia, autophagy appears to be 
instrumental in maintaining cardiac function. With reperfusion, the continued 
activities of autophagic processes may lead to cell loss and resulting cardiac 
dysfunction. One of the pathways responsible for autophagy is AMPK. A mouse 
model with dominant-negative AMPK in cardiac myocytes showed decreased 
autophagy in response to ischemia, leading to worse cardiac function in response 
to myocardial infarction [119]. Some lines of evidence suggest that autophagy 
facilitates the development of heart failure. Mice with cardiac overexpression of 
beclin 1, required for autophagosome formation, have increased cardiac autoph-
agy, ventricular dilation, cardiac fibrosis, and mortality compared to non-trans-
genic mice in response to transaortic constriction (TAC). Mice heterozygous for 
a disrupted beclin 1 gene have less cardiac autophagy and better preservation of 
systolic function [120]. Autophagy is repressed by mTOR, a member of the 
PI3K-related kinase family. Mice with a conditional cardiac knockout of raptor, 
an essential component of mTOR complex 1, develop severe cardiac dilation, 
increased autophagy, and a transition from oxidation of fatty acids to glucose 
utilization in response to TAC; these mice do not develop a classic initial hyper-
trophic response [121] (Fig. 1.3).

Increased cardiomyocyte apoptosis has been confirmed in multiple animal mod-
els of heart failure and in myocardial samples from heart failure patients [122, 123]. 
Important contributors to cardiomyocyte apoptosis include cytokines that are pro-
duced as part of the initial hypertrophic gene expression cascade. Serum TNF-α 
levels are increased among heart failure patients and are associated with worsening 
functional class [108, 124–126]. TNF-α expression is increased in mechanically 
stretched cardiomyocytes in culture and in pressure-overloaded cardiac tissue after 
aortic banding, correlating with apoptotic index [127, 128]. The apoptotic response 
is attenuated in TNF-α-knockout mice [127]. Infusion of animal models with TNF-α 
or cardiac-specific overexpression of TNF-α increases myocyte apoptosis and 
causes worsening of systolic function [129]. TNF-α binds to its receptor TNFR1, 
prompting formation of the death inducing signaling complex (DISC), recruitment 
of FADD, and activation of caspase 8, which then cleaves caspase 3, leading to 
activation caspase activated DNAse (CAD) and resulting DNA cleavage and apop-
totic cell death [130, 131].

Cardiomyocyte necrosis due to oncotic cell death results from cellular ATP 
depletion, causing inactivation of ATP-dependent ion pumps and thus dissipation 
of energy-dependent osmotic gradients [132, 133]. Cellular swelling results and 
intracellular contents are released into the extracellular space. Oxygen depriva-
tion may be a cause of ATP depletion. Decreased oxygen tension can result from 
coronary ischemia. Additionally, there may chronic hypoxia due to mismatch 
between myocyte size and vascular density in the hypertrophied heart. In advanced 
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cardiac hypertrophy, the increased size of myocytes outpaces the production of 
new capillaries, leading to a relative decrease in capillary density and creating 
increased oxygen diffusion distance to myocytes [75]. There is also an increase in 
coronary vascular resistance [134].

Cellular necrosis has traditionally been considered to be an accidental and unreg-
ulated process but, in at least some cases, appears to be governed by sophisticated 
regulatory pathways. A plasma membrane pathway, involving some of the same 
molecular machinery utilized by TNF-α to promote apoptosis, has been identified 
[135]. The actions of TNF-α at the plasma membrane can promote either cellular 
survival or death, with necrosis prevailing when survival and apoptotic pathways 
are inhibited [136]. TNF-α binds to TNF-α receptor I (TNFRI), leading to the 
recruitment of a multimolecular complex that ultimately activates NF-κB, promot-
ing cellular survival [137]. This complex can subsequently recruit Fas-associated 
protein with death domain (FADD), resulting in a second complex that can promote 
necrosis [138, 139].

The coordinated effects of metabolic derangements, cardiomyocyte death, and 
interstitial fibrosis cause a shift from compensated hypertrophy to decompensated 
heart failure. PPARγ coactivator-1 (PGC-1) isoforms α and β are both suppressed 
in response to experimental pressure overload, and the loss of these activities 
appears central to the hypertrophy-heart failure transition [140, 141]. In addition to 
regulating the expression of nuclear genes responsible for fatty acid import and 
oxidation, PGC-1 isoforms also activate the expression of transcription factors that 
target the mitochondrial genome, controlling the expression of oxidative phosphor-
ylation genes and mitochondrial biogenesis [140, 142]. Cardiac PGC-1α overex-
pression causes unchecked mitochondrial proliferation, disrupting normal 
contractile structure and leading to a dilated cardiomyopathy [143]. PGC-1β-
knockout mice demonstrate more cardiac fibrosis, higher levels of reactive oxygen 
species, and greater reduction in ejection fraction after trans-aortic banding than do 
wild-type mice [141].

 Extracellular Matrix Changes in Heart Failure

Extracellular matrix turnover, largely catalyzed by matrix metalloproteinases 
(MMPs), is central to myocardial remodeling. Myocardial levels of collagenase-3 
and membrane-type MMPs are increased in heart failure. Circulating levels of 
MMP-2 and MMP-9 are found in heart failure patients. Peroxynitrite, formed by 
the reaction of superoxide anion with nitric oxide, activates MMPs. Conversely, 
MMP inhibition lessens to effects of peroxynitrite on contractile dysfunction in 
isolated cardiomyocytes [144]. Animal models demonstrate the ability of pharma-
cologic MMP inhibition to favorably affect post-MI remodeling. Genetic deletion 
of tissue inhibitors of metalloproteinases (TIMPs) causes acceleration of post-MI 
remodeling.
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 Vascular Changes and Endothelial Dysfunction

Normal endothelium functions as a structural barrier between blood and the vascu-
lar wall and as a regulator of vascular tone and coagulation by balancing opposing 
factors [145]. One of its most important roles is the production of nitric oxide (NO) 
by nitric oxide synthase (NOS) isoforms. NO produces vascular smooth muscle 
relaxation through stimulation of guanylate cyclase production of cyclic guanosine 
monophosphate (cGMP). The oxidative stress that characterizes heart failure inhib-
its NOS production of NO. Decreased NO availability then contributes to vasocon-
striction and increased after load. Vasoconstriction as well may cause a relative 
hypoperfusion of the hypertrophied myocardium, further contributing to ventricular 
dysfunction.

 Impaired Nitric Oxide Coupling

In heart failure, there appears to be increased NOS production of reactive oxygen 
species (ROS) such as superoxide anion instead of NO, a development that has been 
termed NOS uncoupling. The simultaneous decline in NO and increase in ROS lead 
to a decline in vasodilation and myocardial relaxation [146]. The reaction of ROS 
with NO leads to the formation of peroxynitrite. Infusion of peroxynitrite into intact 
rat hearts causes production of pro-MMP-2, a transient vasodilation that is then fol-
lowed by a sustained vasoconstriction, and progressive mechanical cardiac dysfunc-
tion, changes that are prevented by treatment with an MMP inhibitor and by 
quenching peroxynitrite with glutathione [147].

 Biomarkers of Myocardial Remodelling

As proposed by Braunwald, biomarkers of heart failure may be classified into those 
that reflect myocyte injury, myocardial stretch, oxidative stress, neurohormonal 
activation, ECM remodeling, inflammation, renal dysfunction, and others that don’t 
fit neatly into these categories [148].

B-type natriuretic peptide (BNP), most recently more commonly used in clinical 
practice, and atrial natriuretic peptide (ANP) are the major examples of biomarkers 
reflecting myocardial stretch. The value of natriuretic peptides in guiding heart fail-
ure management has been established by clinical studies [149]. Further, plasma 
levels of the soluble form of ST2, which is a myocardial receptor for IL-33 in its 
membrane-bound form, are increased in response to myocardial stretch, and predict 
the occurrence of heart failure among patients with an ST-segment elevation myo-
cardial infarction (STEMI), and death among patients with established heart failure 
[150, 151].
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Circulating cardiac troponins (Tn) I and T are the major clinical markers of myo-
cardial injury and necrosis. Elevated serum troponin levels can be found among 
individuals with essential hypertension and cardiac hypertrophy [152–155]. 
Conventional serum TnI levels correlate with LV wall thickness among patients 
with hypertrophic cardiomyopathy (HCM) [156]. In a separate study, increasing 
high-sensitivity TnT (hs-TnT) levels correlated with worsening functional status, 
outflow obstruction, and with left ventricular wall thickness among HCM patients 
[157]. Serum TnI predicted the development of heart failure among a community- 
based sample of elderly men, independently of its association with blood pressure, 
body mass index, smoking, and history of myocardial infarction [158]. High- 
sensitivity TnT level associates with risk of death among patients with nonischemic 
dilated cardiomyopathy [159].

The serum ratio of pro-collagen type I amino-terminal propeptide (PINP) to col-
lagen type I cross-linked carboxyterminal telopeptide (CITP), respective markers of 
collagen synthesis and breakdown, may predict collagen accumulation [160]. ECM 
turnover depends upon the activity of matrix metalloproteinase (MMP) isoforms, 
which belong to a large family of zinc-dependent proteases. Their activities are 
inhibited by tissue inhibitors of metalloproteinases. A study of patients with heart 
failure with preserved ejection fraction showed significant differences in levels of 
MMP-2, TIMP-4, and pro-collagen type III amino-terminal propeptide (PIIINP) 
compared to patients with LVH but not heart failure and with controls; in levels of 
MMP-3 and MMP-8 compared to patients with LVH alone; and in levels of MMP-7, 
MMP-9, TIMP-1, TIMP-2, CITP, and osteopontin. A model consisting of PIIINP, 
MMP-2, MMP-8, and TIMP-4 and adjusted for clinical covariates demonstrated an 
improved ability to distinguish patients with heart failure with preserved ejection 
fraction compared to a model consisting of clinical covariates alone [161].

Serum C-reactive protein (CRP) levels are elevated among heart failure patients 
compared to people without heart failure. Furthermore, higher CRP levels are asso-
ciated with more severe heart failure and with a higher risk of death [162]. Higher 
levels of CRP and IL-6 predict the onset of CHF among patients with and without 
metabolic syndrome [163–165]. In one study of patients with severe heart failure, 
serum levels of TNF-α and IL-6 and soluble receptors differed significantly between 
survivors and nonsurvivors, higher levels predicting lower likelihood of survival 
[166]. Serum levels of TNF-α and of its soluble receptors (types I and II) were ele-
vated among heart failure compared to age-matched healthy controls, and levels of 
the type-II soluble receptor (sTNFRII) independently predicted death [110]. Among 
patients with severe heart failure in a separate study, levels of IL-6, TNF-α, and 
IL-1β and of the soluble receptors for TNF-α and IL-2 were associated with risk of 
death in univariate analyses; IL-6 levels independently predicted a combined end-
point of death, new heart failure episodes, and need for heart transplantation [167]. 
Galectins are a family of β-galactoside-binding proteins that regulate inflammation 
[168]. Higher galectin-3 levels are associated with worse heart failure functional 
classification and with worse outcome [169, 170].

Neuregulin-1 (NRG1) is produced by coronary endothelial cells and bind to 
ErbB4 receptors on cardiomyocytes, prompting its interaction with HER2/neu 
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(ErbB2) and triggering of downstream effectors such as focal adhesion kinase 
(FAK) that are involved in sarcomere organization and cell survival [171]. 
Antagonism of HER2 with the monoclonal antibody trastuzumab in addition to 
chemotherapy increased the risk of cardiac fourfold compared to chemotherapy 
alone, despite an overall oncologic and survival benefit [172]. NRG-1β levels 
increase with heart failure class and predict transplant-free survival [173]. In a small 
clinical trial, daily infusion with a recombinant human NRG-1 for 11 days produced 
beneficial acute hemodynamic effects (significant reductions in pulmonary capil-
lary wedge pressure, systemic vascular resistance, and serum levels of norepineph-
rine and aldosterone; and increased cardiac output) and a sustained 12 % increase in 
LV ejection fraction at 3 months [174].

 Cardiac Non-coding RNA

Micro-RNAs (miRs) are noncoding molecules, 18 to 25 nucleotides in length, that 
silence expression of specific genes by binding to complementary segments of mes-
senger RNA, targeting them for degradation and/or inhibiting their translation 
[175]. Studies comparing human heart failure and animal models have found con-
cordance in the upregulation of mir-24, -195, 199a, and 214 in response to cardiac 
stress [176].

MiRs have been found to circulate stably in blood [177]. MiR-423-5p is increased 
in the failing human heart; plasma levels distinguish heart failure patients from 
healthy controls and patients with dyspnea not due to heart failure and correlated 
with N-terminal-pro-BNP [178]. A small clinical study demonstrated that a combi-
nation of serum levels of miR-423-5p, -320a, -22, and -92b could differentiate 
between heart failure patients and controls, although the interpretation is limited by 
significant differences between the groups in drug treatment and the prevalences of 
diabetes and chronic kidney disease [179]. In a separate study, miR-423-5p showed 
no significant differences among patients with transposition of the great arteries and 
a failing systemic right ventricle after atrial repair and sex- and age-matched health 
controls [180]. The logarithm of plasma miR-126 concentration negatively with 
log[BNP], declined with worsening NYHA class, and increased with clinical 
improvement [181]. Plasma levels of miR-499 were elevated after acute MI and 
viral myocarditis and during acute heart failure [182].

 Conclusion

Much progress has been made in the past half-century in the understanding of the 
molecular changes preceding and accompanying heart failure. Continued investiga-
tion is hoped to identify new targets for prevention, diagnosis, and therapy. Studies 
of in vitro systems have been invaluable in unraveling the molecular and cellular 
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mechanisms at play in heart failure. But the major breakthroughs in this area and in 
biomedical science generally have issued from the creation of genetically manipu-
lated animal models. The availability of human genome sequences and our deepen-
ing understanding of inter-individual genetic variability will illuminate new 
discoveries in heart failure risk and treatment. Epigenetic elements, such as microR-
NAs, especially those that circulate in plasma may prove to be both markers and 
mediators of heart failure risk, progression, and response to treatment. The explo-
sion of data resulting from all of these efforts will require advances in bioinformat-
ics and in systems biology.
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Chapter 2
Hemodynamics and Heart Failure

Gary S. Ledley, Shahzad Ahmed, Haile Jones, Steven J. Rough, 
and Peter Kurnik

 Introduction

Every year in the United States, there are approximately 550,000 newly diagnosed 
heart failure patients. Five million patients suffer from chronic heart failure. Acute 
heart failure exacerbation is the leading cause for hospitalization in Medicare 
patients over the age of 65. A fundamental understanding in the definition, etiology, 
pathophysiology and hemodynamics has led to advances in treatments.
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 Definition

The complete definition of heart failure is not confined solely to the heart, but involves 
a complex interplay between the heart and other organs. Definitions in heart failure 
have mainly focused on impaired pump function and clinical manifestations of venous 
congestion. Katz [1] states “heart failure is a clinical syndrome in which heart disease 
reduces cardiac output, increases venous pressures, and is accompanied by molecular 
and other abnormalities that cause progressive deterioration of the failing heart”.

 Etiology

The end result of heart failure is caused by a multitude of disease abnormalities. 
Damage to the heart varies in its clinical presentation, systemic effects on the body, 
in treatment and prognosis. Ischemic heart disease, pulmonary hypertension, sys-
temic hypertension, primary heart muscle abnormalities and valvular abnormalities 
are a few of the causes of heart failure (Table 2.1) [2].

 Clinical Presentation

Heart failure can be classified as acute or chronic, compensated or decompensated, 
and combinations of these variables. History and physical examination skills are 
paramount to diagnosis in patients presenting with heart failure and their correlation 

Table 2.1 Common etiologies of heart failure

Coronary heart disease Acute coronary syndromes
Hypertension Often associated with left ventricular hypertrophy and preserved 

ejection fraction
Cardiomyopathies Familial/genetic or non-familial/non-genetic (including acquired, 

e.g. myocarditis)
Hypertrophic (HCM), dilated (DCM), restrictive (RCM), 
arrhythmogenic right ventricular (ARVC), unclassified

Drugs β-Blockers, calcium antagonists, antiarrhythmics, cytotoxic agents
Toxins Alcohol, medication, cocaine, trace elements (mercury, cobalt, 

arsenic)
Endocrine Diabetes mellitus, hypo/hyperthyroidism, Cushing syndrome, 

adrenal insufficiency, excessive growth hormone, 
phaeochromocytoma

Nutritional Deficiency of thiamine, selenium, carnitine. Obesity, cachexia
Infiltrative Sarcoidosis, amyloidosis, haemochromatosis, connective tissue 

disease
Others Chagas’ disease, HIV infection, peripartum cardiomyopathy, 

end-stage renal failure

Reprinted from Dickstein et al. [2], © 2008, by permission of Oxford University Press
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to invasive hemodynamic alterations. Since the results from the Evaluation Study of 
Congestive Heart Failure and Pulmonary Artery Catheterization Effectiveness 
(ESCAPE) trial, the routine use of the invasive pulmonary artery catheter has largely 
fallen out of favor. Although the trial demonstrated no changes in primary endpoint 
with the routine utilization of right heart catheterization, there were correlations in 
the accuracy of jugular venous pressure (JVP) and right atrial pressure. An elevation 
of left ventricular filling pressures was associated with the findings of orthopnea and 
increased JVP. Discharge assessment of fluid status via elevated JVP and orthopnea 
(“wet”) or decreased cardiac output with reduced perfusion (“cold”) correlated with 
a 50 % increase in risk of death or re-hospitalization at 6 months [3, 4]. Invasive 
pulmonary artery catheter hemodynamic assessment is utilized to aid in the under-
standing and diagnosis of pathophysiology in patients that do not respond to typical 
initial treatments (Fig. 2.1) [2]. Recognition of these hemodynamic characteristics 
can lead to alteration in therapeutic decision making.

 Acute Decompensated Heart Failure

A decrease in EF due to ischemia or infarction results in primary pump failure. 
Acutely depressed LV function results in depressed cardiac output and venous 
congestion.

As the heart suffers a decrease in pump capacity there is an increase in the pres-
sures of the venous system. The increase in venous pressure is a result of the inabil-
ity of the heart to adequately accept the blood returning to the heart. Right and left 
atrial pressures increase. These hemodynamic alterations from a decrease in cardiac 
output occur within a few seconds. With the inability of a low cardiac output to 
provide adequate systemic perfusion, there is a response in the compensatory mech-
anism that results in an increase in sympathetic nervous tone.

Sympathetic stimulation results from a complex system of neurohormonal feed-
back. A decrease in pump function results in lower systemic arterial pressure that 
in turn activates the baroreceptor reflex mechanism. Ischemic heart responses, 

Fig. 2.1 Correlation of 
hemodynamic profile 
and invasive hemodynamic 
findings (Reprinted from 
Dickstein et al. [2], 
© 2008, by permission of 
Oxford University Press)
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intracardiac reflexes, and other components of this feedback system contribute to 
sympathetic nervous system activation. Parasympathetic inhibition and sympa-
thetic stimulation occurs within a few seconds to compensate for the acute fall in 
cardiac output. As sympathetic simulation occurs, the target and main effects are to 
the peripheral vasculature and the heart. An increase in cardiac function occurs 
with sympathetic stimulation to increase the recruitment of cardiac reserves within 
the normal and the remaining partially functional damaged myocardium. If there is 
 diffuse damage to the ventricular myocardium during an ischemic insult, there is 
strengthening in the remaining functional myocytes via sympathetic stimulation. If 
there is no function of a portion of the ventricle, sympathetic stimulation results in 
the stimulation of the remaining normal myocardium. The normal myocardium 
attempts to compensate for the shortcomings of the damaged myocardium.

In addition to increasing myocardial muscle function, sympathetic stimulation 
leads to changes in the peripheral vasculature. This increase in tone in the peripheral 
vessels, leads to an increase in venous return. The mean systemic filling pressures 
are elevated increasing the flow from the venous system to the heart. The increased 
flow leads to increased filling of the damaged heart that in turn leads to increase in 
priming the heart to aid in pump function. Less than a minute in needed for the 
sympathetic nervous system to be completely activated (Fig. 2.2) [5, 6].

 Chronic Heart Failure

The ischemic insult is followed by no, partial, or full recovery over weeks to months. 
In addition to ventricular myocardial recovery, fluid retention via renal mechanisms 
also occurs to compensate for this new cardiac pump status and alters the normal 
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physiologic hemodynamics found in invasive assessments (Table 2.2) [7]. Renal 
function is extremely sensitive to alterations in perfusion. A low cardiac output state 
can lead to a decline in renal function manifested to the point of anuria. The decrease 
in urine output can persist until there is normalization in systemic blood pressure 
and cardiac output.

Blood volume is altered via renal mechanisms to affect cardiac function. Initially, 
moderate retention of fluid results in an increase in blood volume that is beneficial 
to the diminished pumping function of the heart. The increase in fluid retention 
increases venous return, thereby increasing blood flow to the heart.

As the damaged heart receives the increased venous return, there is a gain of 
cardiac function. If cardiac output becomes too low, the kidneys respond with the 
inability to excrete adequate amounts of sodium and water. Excess fluid retention is 
no longer beneficial to myocardial function, and only serves to increase cardiac 
workload in the damaged heart and manifests as edema.

Extravasation of fluid from the pulmonary vasculature leading to hypoxia from 
pulmonary edema, and systemic edema develops in various organs and contributes 
to their dysfunction. Myocardial functional recovery can range from full to none. 
After partial recovery there is fluid retention that occurs to establish a new hemody-
namic state. The increase in blood volume results in an increase in venous return 
that provides assistance in the pumping function of the heart. The elevated venous 
pressure persists as the cardiac output improves. As this new steady state is estab-
lished and this resting cardiac output improves, the sympathetic tone progressively 
abates over several weeks following an acute ischemic insult. Altered renal function 
that results in fluid retention persists in this new hemodynamic state. As the pump-
ing function of the heart compensates, the sympathetic tone begins to gradually 
decrease transitioning from an acute phase to a chronic heart failure state.

 Compensated and De-compensated Chronic Heart Failure

As partial recovery of the ventricular myocardial function occurs, the resting pump 
output from the heart normalizes with the help of an increase in atrial pressure. This 
increased filling pressure helps in recruitment of myocardium and improved output 

Table 2.2 Normal hemodynamic parameters

Normal hemodynamic parameters Pressure (mmHg)

Right atrium a-wave / v-wave / mean 1–7 / 1–7 / 0–5
Right ventricle Systolic / end diastolic 17–32 / 1–7
Pulmonary artery Systolic / end diastolic 17–32 / 1–7
Left atrium a-wave / v-wave / mean 4–12 / 4–15 / 4–15
Left ventricle Systolic / end diastolic 90–140 / 5–12
Aorta Systolic / end diastolic / mean 90–140 / 60–90 / 70–105

Reprinted with permission from Leopold and Faxon [7], © 2015, McGraw-Hill Education
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in the resting state. As a patient begins to exercise, the already maximized heart 
lacks reserve and symptoms of heart failure return. The lack of cardiac reserve is a 
common occurrence in heart failure patients as they achieve a resting compensated 
state and attempt to demand more cardiac output with exercise or systemically 
stressed state.

In severe cardiac failure, de-compensation occurs as a consequence of the inabil-
ity of the heart to provide additional cardiac output when there are increased sys-
temic demands. Neither sympathetic stimulation nor fluid retention can increase 
cardiac output to normal. Fluid retention results as the heart is unable to provide 
sufficient blood flow to the kidneys to excrete sodium and water.

Correlation of cardiac output on the y axis and the atrial filling pressures on the 
x axis is represented in Fig. 2.3 [8]. As a poorly functional ventricle responds to 
gradually increasing filling pressures, the cardiac output rises. After a certain point 
of maximal myocardial stretch, cardiac output falls and higher filling pressures no 
longer provide additional aid in cardiac function. A progressive increase in fluid 
retention increases filling pressures beyond the ideal ventricular size and dilatation 
with overstretching ensues. As progressive increases in fluid retention occur, the 
mean systemic filling pressures are translated to the heart, which then leads to the 
gradual rise and fall of cardiac output.

If the cardiac output never reaches a point of providing sufficient perfusion, spe-
cifically to the kidney, then cardiac failure is imminent, leading to systemic edema 
and pulmonary edema, hypoxia, pump failure and eventually death.

 Pathophysiology

The Frank-Starling mechanism or Starling’s Law of the heart dictates that with 
increasing volume in the heart there is an increase in myocardial performance that 
includes an increased stroke volume (Fig. 2.4) [9]. This is a manifestation of the 
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sarcomere length-tension relationship. As the ventricle fills with blood there is 
 distention of cardiac myocytes and less sarcomere overlap. As the myocytes are 
“stretched”, the heart is able to increase the volume of blood it ejects. After the 
optimal point of overlap, the ventricle can be overstretched leading to a decrease in 
the amount of volume ejected from the heart. The ascending portion of the Starling 
curve illustrates how the increase in preload leads to the increase in cardiac output. 
Ventricular over filling can be detrimental. End diastolic pressures rise, and the 
overly “stretched” myocardium transitions to the descending portion of the Starling 
curve and a decrease in stroke volume and systolic pressure.

 Valvular Heart Failure

Normal valvular function provides a mechanism for unidirectional flow without 
resistance. The limitation of blood flow during diastole or systole is cause by a ste-
nosis in the atrio-ventricular or ventricular-arterial valves respectively.

 Valvular Stenosis

Aortic stenosis and pulmonic stenosis result in a decrease in cardiac output due to 
increased resistance to emptying of the ventricle. This increase in resistance to car-
diac output results in a measurable pressure gradient across the valve which can be 
measured via a dual lumen pigtail catheter, separate aortic root and left ventricular 
catheters, or arterial sheath and left ventricular catheter. In aortic stenosis with 
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preserved left ventricular function, as the severity in aortic valvular stenosis 
increases, there is an increase in the LV chamber pressure generation. Aortic and 
left ventricular pressure tracings are used to measure peak to peak, maximum, and 
mean pressure gradients (Fig. 2.5) [10]. With the advent of increased diagnostic 
accuracy of echocardiography, the utilization of direct hemodynamic measurement 
is most strongly indicated when there is a discrepancy between clinical and echocar-
diographic findings.

After analysis of hemodynamic tracings, the Gorlin formula is utilized in the 
calculation of aortic valve area. Special circumstances with decreased systolic func-
tion, “low-output, low gradient aortic stenosis”, are a subset of patients that pose 
diagnostic dilemmas.

Differentiation of pseudo aortic stenosis from true aortic stenosis in the setting of 
decreased cardiac output is crucial in effective management of the patient. Three 
particular scenarios are made apparent during dobutamine infusion with simultane-
ous aortic and left ventricular hemodynamic tracings obtained.

Illustrated in Fig. 2.6 is the potential findings during dobutamine challenge in 
patients with “low-output, low gradient” aortic stenosis [10, 11].

The far left clinical scenario both cardiac output and aortic valve mean gradient 
increase as a result of dobutamine infusion, thus true aortic stenosis. The middle 
scenario finds an increase in cardiac output with no dramatic increase in aortic valve 
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pressure gradient, a finding of mild aortic stenosis. In the right most clinical sce-
nario, there was no change in the aortic valve pressure gradient as a result of dobu-
tamine infusion, truly severe aortic stenosis.

In addition to valvular stenosis that limits cardiac output, is valvular stenosis that 
limits cardiac filling. Mitral and tricuspid valvular stenosis affects the ability to 
provide adequate chamber preload. Hemodynamic findings result in an elevation in 
PCWP but inaccurately reflect LVEDP. PCWP in mitral stenosis is reflection of left 
atrial pressure but not left ventricular end diastolic pressure. Mitral stenosis results 
in a pressure gradient between the left atrium and the left ventricle. The classic find-
ing on hemodynamic tracings is the elevation of pulmonary pressures, prominent 
“a” and “v” waves on PCWP (Figs. 2.7a, b) [12]. Simultaneous tracings within the 
left ventricle reveal an evident pressure gradient between PCWP and LVEDP.

One must take into account the temporal delay as the pressure of the fluid column 
is transmitted to the right heart catheter from the left atrium through the pulmonary 
vascular bed. It is therefore ideal to obtain a direct measurement of left atrial pres-
sure via septal puncture with simultaneous left ventricular hemodynamic tracings 
(Fig. 2.7c) [13].

 Valvular Regurgitation

Aortic valvular regurgitation results in an increase in LV diastolic pressures. Acute 
aortic regurgitation results in the acute volume overload of the left ventricular 
chamber, this in turn leads to pulmonary edema, premature closure of the mitral 
valve and can also result in systemic shock (Fig. 2.8) [12].

Chronic aortic regurgitation results in a wide pulse pressure, high systolic and 
low diastolic pressures. In chronic, compensated aortic valve regurgitation, the left 
ventricle and systemic hemodynamics have had time to adjust, thus resulting in a 
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Fig. 2.7 (a) The “a” wave on a left atrial (shown here) or pulmonary capillary wedge pressure is 
accentuated in mitral stenosis (Reprinted with permission from Ragosta [12], © 2010, with per-
mission from Elsevier) (b) The “v” wave may also be markedly increased in patients with mitral 
stenosis. This patient with mitral stenosis has no mitral regurgitation and normal systolic function 
(Reprinted with permission from Ragosta [12], © 2010, with permission from Elsevier) (c) 
Measurement of the transmitral gradient by cardiac catheterization is frequently made with a 
simultaneous pulmonary artery wedge pressure (PAWP) and left ventricular (LV) pressure. 
However, as a result of the delay in transmission of the change in pressure contour and a phase 
shift, the gradient using a pulmonary artery wedge pressure will frequently overestimate the true 
transmitral gradient. Left, Simultaneous left ventricular and pulmonary artery wedge pressure in a 
patient with mitral stenosis. The measured mean gradient is 15 mmHg. Right, In the same patient, 
the transmitral gradient is measured with a left ventricular and direct left atrial (LA) pressure. The 
true mean transmitral gradient is only 6 mmHg (Reprinted with permission Nishimura and 
Carabello [13], © 2012, with permission from Wolters Kluwer Health)
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normal early LVEDP. As the cardiac cycle approaches the end of the diastolic filling 
period, the LVEDP approaches the level of diastolic pressure. The rise of LVEDP to 
meet diastolic pressure is known as diastasis (Fig. 2.9) [10].

Similarly, chronicity of mitral valvular regurgitation determines the findings on 
hemodynamic tracings. Acute mitral valvular regurgitation results in pulmonary 
edema and prominent “v” waves on PA and PCWP hemodynamic tracing illustrated 
with simultaneous Aortic hemodynamic tracings (Fig. 2.10) [14].

Chronic valvular regurgitation may not manifest with the classic finding of promi-
nent “v” waves on PCWP and pulmonary artery tracings as in acute mitral regurgita-
tion. The presence of prominent of “v” waves is determined by the compliance of the 
left atrium in addition to its size and pressure. Given this, chronic mitral regurgitation 
and may manifest as normal physiologic “v” waves on hemodynamic tracings.
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Fig. 2.8 Acute severe 
aortic valvular 
regurgitation resulting in 
LVEDP > PCWP 
(Reprinted with permission 
from Ragosta [12], © 
2010, with permission 
from Elsevier)
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 Unilateral Heart Failure

There are unique clinical presentations of unilateral heart failure that alter the hemo-
dynamics related to the affected ventricle, specifically left sided heart failure in 
absence of right sided heart failure and vice versa.

Left sided heart failure in isolation, with normally functioning right sided ven-
tricle leads to an increase in mean pulmonary artery pressures. In the setting of 
inadequate left ventricular pump function, the blood accumulates in the pulmonary 
vasculature and the backup in volume shifts from the systemic arterial circulation 
to the pulmonary vasculature. Pulmonary vasculature capillary pressures rise as a 
consequence of increased volume. Fluid accumulation in the pulmonary bed grad-
ually rises to a point where the capillary network can no longer tolerate the addi-
tional fluid and begins to leak out into the interstitium. With the rise in pulmonary 

200

160

140

100

120

60

80

40

20

0

180

Time

P
re

ss
ur

e 
(m

m
 H

g)

Fig. 2.9 Hemodynamics in severe aortic regurgitation. Simultaneous aortic and left ventricular 
pressures in a patient with mild aortic stenosis and severe aortic regurgitation. Note that the pulse 
pressure is wide (approximately 100 mmHg) and the aortic diastolic pressure (arrow) is low 
(Reprinted with permission from Shavelle [10], © 2014, with permission from Elsevier)

G.S. Ledley et al.



39

pressures beyond the ability of the capillary bed to hold in the fluid via osmotic 
mechanisms, pulmonary edema is manifested clinically as rales and dyspnea. The 
clinical presentation of severe pulmonary edema in the setting of acute myocardial 
infarction and cardiogenic shock can be dramatic resulting in profound hypoxia in 
less than an hour.

Isolated right ventricular failure results in a gradual increase in systemic venous 
pressures and a loss of preload to the left ventricular side. Right and left ventricular 
interdependence is a key concept in understanding the pathophysiologic alterations 
in hemodynamics of isolated right ventricular dysfunction. In acute right ventricular 
infarction, the systolic function of the pump is compromised. As right sided ven-
tricular dysfunction occurs, right sided chamber dilatation along with a fall in sys-
tolic pressures occurs. The diastolic filling pressure of the ventricle rises and 
demonstrates a characteristic prominent “y” descent manifested as a dip and plateau 
on hemodynamic tracings (Fig. 2.11) [15].

Fig. 2.10 Acute severe mitral regurgitation. Electrocardiogram (ECG), aortic (Aorta), pulmonary 
artery (PA) pressure (left), and pulmonary capillary wedge (wedge) pressure (right) tracings in a 
patient with acute severe mitral regurgitation. A prominent v wave is present in both the pulmonary 
artery and wedge pressure tracings. The pulmonary artery pressure is bifid because of the presence 
of both the pulmonary artery systolic wave (S) and the v wave. The large v wave can cause the 
wedge tracing to be confused with a pulmonary artery tracing (Reprinted from Sharkey [14], 
© 1987, with permission from Elsevier)
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The depressed ventricular function leads to an increase in right atrial filling pres-
sures and a backup into venous system. Acute right ventricular chamber dilatation 
encroaches upon the left ventricular chamber filling. As the shared space within the 
pericardium is fixed, acute RV dilation results in a decrease in LV chamber filling. 
The enhancement of the right and left interdependence is manifested dramatically 
as hypotension, clear lung fields, prominent JVD all mimicking the syndrome of 
pericardial constriction. Experimental models of isolated RV infarct have demon-
strated the inability to induce hypotension in animals where the pericardium is sur-
gically absent. Without acute reperfusion and hemodynamic support RV infarction 
can be life threatening.

 Constrictive Pericarditis and Restrictive Cardiomyopathy

Restrictive cardiomyopathy is a rare form of cardiomyopathy in which the ventricle 
becomes abnormally rigid and lacks the flexibility to adequately expand as it fills 
with blood. This leads to venous congestion and heart failure.

It has distinct morphologic features allowing it to be separated from other cardio-
myopathies. For example with restriction the left ventricle is usually normal in size 
and function unlike dilated or hypertrophic cardiomyopathies. A syndrome that 
poses a diagnostic dilemma with restrictive cardiomyopathy is constrictive pericar-
ditis. They both exhibit normal ventricular size and function as well as some similar 
hemodynamic abnormalities.

It is extremely important for the clinician to be able to distinguish between 
constrictive pericarditis and restrictive cardiomyopathy since they require mark-
edly different treatment. In some cases, invasive cardiac catheterization may be 
necessary to help differentiate the two. In addition the hemodynamic features of 
restrictive cardiomyopathy and constrictive pericarditis can be similar to tam-
ponade and right ventricle infarction. This section will discuss the hemodynam-
ics of these entities and how the hemodynamics can be used and differentiate 
between them.
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Fig. 2.11 Right ventricular infarction hemodynamic tracings (Reprinted from Lorell et al. [15], © 
1979, with permission from Elsevier)
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 Constrictive Pericarditis

Constrictive pericarditis is the end-stage of an inflammatory process affecting the 
pericardium, resulting in scarring and subsequent loss of the normal elasticity of the 
pericardial sac. In the developed world idiopathic or viral illness is the most com-
mon cause followed by post-surgical and radiation therapy (Table 2.3) [16–19].

 Pathophysiology

The pericardium is a fluid filled fibro-elastic sac that surrounds the heart. It func-
tions to keep the heart contained in the chest cavity and stretches to accommodate 
physiologic changes in cardiac volume [20, 21]

In constrictive pericarditis, the total cardiac volume is fixed as a result of the non- 
compliant shell around the heart. The abnormal pericardium prohibits outward ven-
tricular expansion, which is necessary to accommodate venous return. As a result, 
an adaptive process occurs in which the inter-ventricular septum bulges inward 
either into the left or right ventricle in order to accommodate myocardial blood flow 
into the adjacent ventricle. This maladaptive process will allow filling in one ven-
tricle while compromising blood flow into the other. This is known as ventricular 
interdependence, since the amount of blood flow into one ventricle is dependent on 
the amount of blood flow into the other.

Ventricular interdependence is the result of the rigid pericardium, which prevents 
the normal reduction in intra-thoracic pressure during inspiration from being trans-
mitted to the heart chambers. As a result during inspiration pulmonary venous pres-
sure will decrease while left ventricular pressure remains constant. This ultimately 
leads to a reduction in the gradient driving filling into the LV. Reduction in LV 
volume allows RV filling to occur. As the RV fills, the inter-ventricular septum will 

Table 2.3 Causes of 
constrictive pericarditis

Idiopathic
Irradiation
Postsurgical
Infectious
Neoplastic
Autoimmune(connective tissue) 
disorders
Uremia
Post trauma
Sarcoid
Methylsergide therapy
Implantable defibrillator patches

Reprinted from LeWinter and Hopkins [19], © 2015, with 
 permission from Elsevier
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shift toward the left further reducing LV filling. This septal shift occurs because 
outward expansion is not possible due to the constraining effects of the rigid 
pericardium.

During expiration the opposite sequence will occur. Pulmonary venous pressures 
will rise resulting in an increased trans-pulmonary gradient into the LV. As LV fill-
ings increases the inter-ventricular septum will bulge to the right resulting in 
decrease flow into the RV (Fig. 2.12) [19].

With constrictive pericarditis, early diastolic filling is preserved since it is a 
myocardial process and not dependent upon a functioning pericardium. In fact, 
early filling occurs even more rapidly than normal due to elevated atrial pres-
sures and increased suctioning form the ventricle. However; in early to mid-
diastole, ventricular filling will cease abruptly due to the non-compliant 
pericardium. Consequently, almost all filling occurs in early diastole and sys-
temic venous congestion results causing peripheral edema, hepatic congestion, 
and ascites.

Typical constrictive physiology will be evident on right atrial and left ventricle 
pressure recording at the time of cardiac catheterization. During early diastole the 
ventricular pressure initially decreases rapidly causing a steep y descent on the right 
atrial pressure waveform. In mid to late diastole flow abruptly ceases which is evi-
dent as a plateau after the initial downward dip (Fig. 2.13) [19, 22].

In patients with constriction right and left heart pressure recording should be per-
formed simultaneously. Typical measurements will reveal elevated and equal RA, RV 
diastolic, LV diastolic, and pulmonary wedge pressures. The fillings pressures are 
typically elevated at approximately 20 mmHg with no more than a 3–5 mmHg differ-
ence. The RA pressure will show a preserved x descent and prominent y descent. Both 

HV
PV

LA

LVLV

RVRV

RA

LA

EA

RA

SD

Expiration
Inspiration

Thickened
pericardium

Fig.  2.12 Schematic representation of transvalvular and central venous flow velocities in con-
strictive pericarditis. During inspiration the decrease in LV filling results in a leftward septal shift 
that allows augmented flow into the right ventricle. The opposite occurs during expiration. D dias-
tole, EA mitral inflow, HV hepatic vein, LA left atrium, LV left ventricle, PV pulmonary venous 
flow, RA right atrium, RV right ventricle, S systole (Reprinted from LeWinter and Hopkins [19], © 
2015, with permission from Elsevier)
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RV and LV pressure tracings will show a early diastole dip followed by a plateau in 
mid to late diastole. Pulmonary hypertension is not usually a feature of constriction. 
The PA pressures are typically between 35-40 mmHg. If hypovolemia is present rapid 
volume challenge of 1000 cc may help to reveal typical hemodynamic features, which 
can be masked when fillings pressures are low [21, 23].

 Clinical Presentation

Constrictive pericarditis can present with a myriad of symptoms, thus making a 
diagnosis solely on the basis of the clinical history is difficult. The usual presenta-
tion consists of predominantly right heart failure. Dyspnea is the most common 
presenting symptom and occurs in virtually all patients. Fatigue and orthopnea are 
common. Lower extremity edema and abdominal swelling are also common. 
Constrictive can mimic and be mistaken for other causes of right heart failure as 
well as end-stage liver disease. However it is important to note that in primary liver 
disease jugular venous pressures are not elevated.

The vast majority of patients with constriction have elevated jugular venous 
pressure. Elevated JVP has been reported in as many as 93 % of patients with 
surgically confirmed constrictive pericarditis. A pericardial knock, which cor-
responds with the sudden cessation of ventricular filling occurs in approxi-
mately half the cases. Kussmaul’s sign, which is the lack of an inspiratory 
decline in JVP, can be present in patients with constrictive pericarditis, however 
it is nonspecific [17].

RV LV RA LV
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Fig. 2.13 Pressure recording in a patient with constrictive pericarditis. (a) Simultaneous LV and 
RV pressure tracing with the “dip-and-plateau waveform” or “square root sign” seen on right or 
left ventricular pressure waveform tracings. The black arrow represents the rapid descent, and the 
white arrow represents the plateau portion. (b) Right atrial pressure with prominent Y descent 
(Reprinted from Vaitkus et al. [22], © 1996, with permission from Wolters Kluwer Health, Inc. and 
Reprinted from LeWinter and Hopkins [19], © 2015, with permission from Elsevier)
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 Restrictive Cardiomyopathy

Restrictive cardiomyopathy may be caused by various local and systemic disorders 
that may be categorized into 4 groups. They includes idiopathic, infiltrative, 
treatment- induced, and malignancy (Table 2.4) [24].

 Clinical Presentation

Affected patients have signs and symptoms of pulmonary and systemic congestion 
resulting in dyspnea, peripheral edema, palpitations and fatigue. In advanced cases 
hepatosplenomegaly, ascites, and anasarca can occur from marked elevation in 
venous pressures.

Jugular venous pressure is generally elevated. Kussmaul’s sign, which is the lack 
of an inspiratory decline in JVP, can be present. Also a prominent y descent may 
appear; however, it may not be obvious in patients with mild disease. The cardiovas-
cular examination is often indistinguishable from that of constrictive pericarditis 
[25, 26].

 Constrictive Pericarditis Versus Restrictive Cardiomyopathy

The history, physical examination, and radiographic findings may suggest a particu-
lar diagnosis. For example constrictive pericarditis may be suggested in patients 
with prior radiation or cardiothoracic surgery. Restrictive cardiomyopathy is more 
likely in a patient with a predisposing systemic disease such as amyloidosis. 
However, in many instances their clinical presentation and course overlap, making 
the ability to distinguish between the two syndromes difficult.

In some cases, invasive cardiac catheterization may be necessary to help differ-
entiate (Table 2.5) [19].

Table 2.4 Causes of 
restrictive cardiomyopathy

Hemochromatosis
Amyloidosis (most common cause in the United States)
Sarcoidosis
Scleroderma
Carcinoid heart disease
Glycogen storage disease of the heart
Radiation
Metastatic malignancy
Anthracycline toxicity
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In both conditions, RV and LV diastolic pressure will be elevated. However in 
restrictive cardiomyopathy, the difference between diastolic pressures of the LV and 
RV normally exceed 3–5 mmHg. In constriction those pressures usually are within 
3-5 mmHg of each other. Pulmonary hypertension is rare in constriction but com-
mon in restriction. The absolute level of diastolic pressure in restriction commonly 
exceeds 25 mmHg whereas in constriction pressure rarely exceeds 20 mmHg. [27].

One of the most sensitive ways to differentiate constrictive pericarditis from 
restriction is through the respiratory effects observed between the RV and LV sys-
tolic pressures. With constriction there is discordance between RV and LV systolic 
pressure with respiration due to ventricular interdependence. However, with 
 restriction ventricular interdependence does not exist because the pericardium is 
normal. Thus in restriction RV and LV systolic pressure move concordantly with 
each other during the respiratory cycle (Fig. 2.14) [27].

 Constriction Versus RV Infarction and Tamponade

Compressive hemodynamic effects resulting in diastolic dysfunction may be seen in 
other conditions besides constrictive pericarditis. In fact, any condition that causes 
elevated intra-pericardial pressure, i.e. from pericardial tamponade to abrupt cham-
ber dilatation with RV infraction, will lead to increased intra-pericardial pressure 
and constrictive physiology. All three conditions including RV infarction may show 
elevation and equalization of diastolic filling pressures in the RA, RV, and PCW, as 
well as the LV [14, 15].

However, only constriction will exhibit dissociation between intra-thoracic and 
intra-cardiac pressures during the respiratory cycle (Fig. 2.15) [28]. Normally with 
inspiration the negative pressure created within the intra-thoracic cavity results in a 
simultaneous decrease in pulmonary and ventricular pressures. In constriction the 
rigid pericardium acts to isolate the heart leaving it unaffected from these physio-
logic changes. As a result only patients with constriction will exhibit dissociation 
between intra-thoracic and intra-cardiac pressures, which distinguishes it from RV 
infarction and tamponade where the LV and wedge pressures will rise and fall 
concordantly.

Table 2.5 Hemodynamic features of constrictive vs restrictive cardiomyopathy

Constriction Restriction

Prominent Y descent Present Variable
Filling pressures >25 mmHg Rare Common
Pulmonary systolic pressure >60 mmHg No Common
Square root sign Present Variable
Respiratory variation in LV and RV pressure Discordant Concordant

Reprinted from LeWinter and Hopkins [19], © 2015, with permission from Elsevier
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Fig. 2.14 LV and RV Pressure Recording From 2 Patients. During Expiration and Inspiration (a) 
With constrictive pericarditis LV and RV systolic pressure are discordant with respiration. During 
inspiration there is an increase in the RV pressure and a decrease in LV pressure. The opposite 
occurs during expiration (b) With restriction LV and RV systolic pressures are concordant during 
respiration. During inspiration there is a decrease in the RV pressure and a decrease in LV pressure. 
The opposite occurs during expiration (Reprinted from Talreja et al. [27], © 2008, with permission 
from Elsevier)
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 Introduction

Imaging techniques have a key role in the heart failure (HF). For the correct diagno-
sis and clinical conduction of any patient with signals of impaired cardiac function, 
the heart function should be assessed at least once. Moreover, some studies are 
fundamental for the differential diagnosis and the identification of some reversible 
conditions such as the ischemic heart disease can be the difference between success 
or failure in the treatment of HF [1, 2]. From the simple nineteenth century chest 
X-ray until the present cutting-edge magnetic resonance imaging (MRI) sequences, 
there has been a long way. Attempts to perform a detailed evaluation of all available 
modalities is beyond the scope of this chapter; the focus will instead be on clinical 
use and differential diagnosis of HF.

 Chest Radiography

The use of chest X-ray in patients with heart disease goes back to the end of the 
nineteenth century. This modality is still a useful diagnostic test for evaluation of a 
patient with dyspnea. It is low cost, fast, and requires a minimal amount of radia-
tion. As a first-line exam, the chest x-ray can help differentiate HF from primary 
pulmonary disease [2]. Cardiomegaly (cardiac-to-thoracic width ratio more than 
50 %), Kerley B-lines, cephalization of the pulmonary vessels, and pleural effusion 
are the most suggestive findings of HF. Variations in the cardiac area shape and size 
can also reveal signs of valvular disease or congenital abnormalities. However, none 
of the findings can either alone or in association establish or exclude the definitive 
diagnosis of impaired cardiac function. In a systematic review, Badget et al. con-
cluded that blood vessel redistribution and cardiomegaly are the best radiographic 
findings for diagnosis or increased preload and reduced ejection fraction, respec-
tively, but neither can adequately exclude or confirm left ventricular dysfunction 
[3]. Similarly, Knudsen et al. evaluated 880 patients from seven different sites pre-
senting with acute dyspnea to the emergency department and found that—of all the 
signs in the chest x-ray abnormalities—only cardiomegaly had a sensitivity greater 
than 50 % for the diagnosis of HF [4].

In clinical follow-up, chest radiography can be important to identify signs of 
decompensated HF. In this sense, pleural effusions, pulmonary congestion, and 
cephalization of the pulmonary vessels can be signals of volume overload—
mainly if there is a previous examination without these findings. The differen-
tiation between pneumonia and pulmonary congestion is often tricky, so once 
more the interpretation of the exam within the clinical ends up being very 
important.

Finally, the chest x-ray is an important exam in the first approach to a patient 
with suspected HF and in the follow-up, but the findings should be interpreted 
carefully.

G.J. Volpe and J.A.C. Lima
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 Echocardiography

Echocardiography comprehends all the cardiac ultrasound imaging techniques, 
including two- and three-dimensional echocardiography (2D- and 3D–Echo), color 
flow Doppler, pulsed and continuous wave Doppler, and tissue Doppler imaging 
(TDI). Regardless of the fast improvement in cardiovascular imaging and the devel-
opment of new techniques such as cardiac MRI, echocardiography is still the 
method of choice in patients with suspected HF. It is a reliable, reproducible, and 
low-cost exam that allows good evaluation of the anatomy and function of the heart. 
Nonetheless, in recent years echocardiography has been considered an extension of 
the physical exam due to the great reduction in the unit size.

In the initial evaluation of a patient with suspected HF, 2D–Echo with Doppler 
flow study is the most useful complementary exam. It evaluates the ventricle vol-
umes and function, valves and pericardial abnormalities, and atrial volumes to 
answer three fundamental questions that could account for the clinical presentation: 
(1) Is the left ventricular ejection fraction (LVEF) preserved or reduced, (2) Is the 
structure of the left ventricle (LV) normal or abnormal, and (3) Are there other struc-
tural abnormalities such as valvular, pericardial, or right ventricular (RV) abnor-
malities [5]? All this information should be provided with numerical estimates 
when available and with evaluation of the chambers’ geometry and regional LV wall 
motion (Table 3.1). The biplane method of discs (modified Simpson’s rule) is the 
method of choice to measure LV volumes and, therefore, the LVEF by the American 
Society of Echocardiography (ASE) [6]. The methods based in the M-mode mea-
surements (Teichholz, for example) and the visual subjective assessment of LVEF 
are subject to variations and poor reproducibility when there is regional LV dys-
function; therefore, their use is discouraged. Although the lack of correlation of 
ejection fraction (EF) and the LV dimensions to HF symptoms or myocardial capac-
ity [7], they are closely related to morbidity and mortality [8, 9]. The LV mass and 
the left atrial (LA) volumes are other important parameters in the evaluation of the 
patient with HF, not only for their role in the differential diagnosis, but also for their 
relationship with adverse events in those patients [10–12].

Evaluation of the diastolic function is also fundamental in the diagnosis of the 
type of HF— mainly in patients with symptoms and preserved LVEF. A variety of 
echocardiographic techniques can determine the left atrial pressure and left ven-
tricular end-diastolic pressure, but none of them alone is sufficiently accurate or 
reproducible to make a definitive diagnosis of LV diastolic dysfunction [2]. We can 
have good prognostic information from those measures [13], but the association of 
the relevant 2D–Echo and Doppler data are recommended for the diagnostic evalu-
ation. Depending on the association of findings, the function could be graded 
according to severity in “abnormal relaxation,” “pseudonormal,” and “restrictive.” 
Mild diastolic dysfunction—“abnormal relaxation”—can be detected via decrease 
in early diastolic flow velocity and greater reliance on atrial contraction to fill the 
LV. Moderate diastolic dysfunction—“pseudonormal”—reflects an increasing left 
atrial pressure at the onset of diastole and an increase in early diastolic flow velocity 
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to a level near that of normal filing. Severe diastolic dysfunction—“restrictive 
 filling”—occurs when left atrial pressure is further elevated, with quick early dia-
stolic flow and rapid equalization between LV and LA pressures in early diastole 
[14]. This characterization can be done based in the information from the mitral 
inflow Doppler, Tissue Doppler of mitral annular motion and the pulmonary venous 
flow [15] and it is related to adverse outcomes [16].

The cardiac dyssynchrony assessment is other potential use of echocardiography. 
From clinical and experimental studies, we can subdivide dyssynchrony into three 
levels: atrioventricular, interventricular and intra-(left) ventricular. Of those, the last 
one seems to be the best to predict cardiac resynchronization therapy (CRT) response 
[17]. The most commonly used techniques include M-mode echocardiography, 
TDI, strain imaging, and the 3D–Echo. Several small and single-center studies show 
good correlations between markers of dyssynchrony and response to CRT, but the 
largest prospective and multicenter study designed for this evaluation—the 
PROSPECT (Predictors of Response to CRT)—has shown modest results [17, 18]. 
In this sense, the guidelines for CRT treatment indication do not include any dys-
synchrony evaluation by imaging. Nevertheless, recent improvements in the acqui-
sition and analysis of the echo images contributed to better reproducibility of the 
parameters, so perhaps new studies can cast more light in this issue.

Some new echocardiographic techniques like the 3D–Echo and the “speckle 
tracking” (ST) are opening new horizons in cardiac non-invasive evaluation. 
Development of new matrix array transducers that acquire full volume data in real 
time allow the 3D–echo to get rid of off-line image reconstructions, and therefore 
made this modality more suitable for the clinical use (Fig. 3.1). The great advantage 
is the calculation of volumes and diameters of the heart without geometric 
 assumptions. Some studies have shown that 3D–Echo is highly accurate and repro-
ducible for assessing LV volumes and mass when compared to cardiac MRI [19, 
20]. The ST is also one of the most promising new techniques, because it can mea-
sure the global and regional strains without a dependence of angle acquisition, dif-
ferent of what happens with the TDI. This modality relies on algorithms that can 
identify multiple unique patterns of echocardiographic pixel intensity and then 
automatically track them along the cardiac cycle, providing their movement in plane 
(strain) and by the time (strain rate) (Fig. 3.2). Several small studies have shown 
correlations with strain parameters by ST and tissue alteration, such as fibrosis, and 
with markers of subtle myocardial disease [21]. For both 3D–Echo and ST, how-
ever, we still need information from randomized trials and epidemiologic studies.

 Cardiac Magnetic Resonance Imaging

Cardiac Magnetic Resonance (CMR) is considered one of the most useful tech-
niques in the evaluation of suspected HF. It can provide all the anatomical and 
functional parameters that echocardiography can provide—with additional high 
spatial resolution and tissue characterization. Furthermore, CMR is regarded as the 

3 Imaging and Heart Failure



54

gold standard with respect to accuracy and reproducibility of volumes, mass, and 
wall motion [2]. Its ability to have good image quality in most exams makes it the 
exam of choice for functional evaluation when 2D–Echo is non-diagnostic.

A general CMR exam comprises a complete segmentation of the heart, with a 
vertical and horizontal long axis of the LV (2 and 3 chamber views), a stack of 8–12 
slices in the short axis and the left ventricle outflow track (3 chamber view) (Fig. 3.3).

All the volumes and LV mass are usually calculated using the modified Simpson’s 
rule in the short axis stack, with the big advantage of the absence of geometrical 
assumptions for those calculations (Table 3.2). This fact is especially important 
given the chamber dilatation and remodeling that often accompany HF. Nowadays, 
the most commonly used sequence for cine imaging is a balanced steady-state free 
precession (SSFP) with retrospective ECG gating [22], which has good spatial reso-
lution and contrast between the ventricular wall, the blood and adjacent structures. 
The disadvantage of this sequence is the necessity of repeatedly breath-holds, which 
can be difficult to achieve in HF patients. Because of that, the use of real time acqui-
sition of cine imaging is becoming more available. This sequence provides diagnos-
tic images (with lower spatial resolution when compared to SSFP) acquired in 
3–4 s, with no breath-hold required [23, 24], and can be considered a good option in 

Fig. 3.1 Example of a 3D echocardiography acquisition. With full volume data acquisition in real 
time, it is possible to obtain cines of various planes at the same time. (a) 4 chamber view; (b) 2 
chamber view; (c–e) short axis views. It is remarkable to notice the ability to observe more than 
one plane at the same time
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patients who cannot perform this maneuver. Completing the function assessment, 
phase-contrast images can be obtained for the measurement of valve flow, intra- 
cardiac flow, and even myocardial tissue motion [24]. This sequence relies on phase 
shifting related to the motion (or flow) of the blood (or myocardium) when com-
pared to the stationary structures, which provides a detailed pixel map where inten-
sity is directly related to the velocity and the sign (positive or negative) indicates the 
direction (Fig. 3.4). Myocardial tagging is a powerful tool to evaluate the global and 
regional myocardial function with detailed and comprehensive examination of 
intra-myocardial motion and deformation; therefore, it is the reference technique 
for evaluating the tissue strains [25]. Besides the good sensibility to the detection of 
subtle abnormalities, the role of the tagging sequences in regular clinical use remains 
uncertain [24].

In addition to the function analysis, tissue characterization has a key role in the 
evaluation of HF patient not only for the diagnosis, but also because of the prognos-
tic information related to its findings. In this sense, several T1- and T2-weighted 
sequences with or without gadolinium use can be performed to provide information 
about the composition and perfusion of the myocardial tissue. T2- and T2*-weighted 

Fig. 3.2 Representation of the strain parameters obtained from “speckle tracking” technique by 
echocardiography. (a) Longitudinal strain demonstrates the shortening of the wall segment as the 
base moves towards the base in systole; (b) Circumferential strain reflects the reduction in circum-
ference of the heart in systole (This is the most stable strain parameter); (c) Radial strain reflects the 
thickening of a wall segment in systole; (d) Twist is the difference in degrees between apical and 
basal rotation. In the inferior left there is an example of a radial strain acquisition with the curves
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General CMR segmentation

Short Axis (Basal)

Long Axis (Horizontal) Long Axis (Vertical) Left Ventricular Outflow Tract

Short Axis (Mid) Short Axis (Apex)

Fig. 3.3 General cardiac magnetic resonance (CMR) imaging segmentation. A CMR exam com-
prehends a complete segmentation of the heart, with a vertical and horizontal long axis of the LV 
(2 and 3 chamber views), a stack of 8–12 slices in the short axis (here with an example of basal, 
mid and apex) and the left ventricle outflow track (3 chamber view)

Table 3.2 Reference values for left and right ventricular function and dimension by cardiac MRI 
in adults [42]

Women Men

<35 years ≥35 years <35 years ≥35 years

Left ventricle

Mass (g) 52–132 54–130 89–173 74–166
Mass/BSA (g/m2) 35–71 34–70 47–87 42–78
EDV/BSA (ml/m2) 62–98 51–95 68–112 53–97
ESV/BSA (ml/m2) 13–37 11–35 16–44 10–34
EF (%) 57–81 57–81 57–77 59–83
Right ventricle

EDV/BSA (ml/m2) 67–111 42–118 74–134 67–111
ESV/BSA (ml/m2) 25–45 6–54 26–62 20–48
EF (%) 55–67 50–78 47–67 49–73

Reference values based in SSFP cine images analyzed with Argus software (Siemens, The 
Netherlands) from short axis. These values may vary depending on image sequence, acquisition 
technique and contouring
BSA body surface area, EDV end diastolic volume, ESV end systolic volume, EF ejection fraction
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images are generally performed without contrast to bring information about the 
intrinsic tissue composition, such as water and iron content, and when associated 
with other techniques can even provide information about the lipid content [27–29]. 
T1-weighted images are generally used in association with contrast to show its 
dynamics since the gadolinium makes the T1 times shorter. Late gadolinium 
enhancement and perfusion images rely on this effect to generate the images. The 
association of those findings makes the evaluation even more powerful.

Stress perfusion imaging with CMR is an accurate exam to investigate coronary 
arterial disease. It can be performed using pharmacologic or even physical stress, 
but the first modality is far more common due the convenience. Dipyridamole or 
adenosine are used to generate coronary vasodilatation; the first pass of the contrast 
shows areas of delayed perfusion (darker) that can be related to coronary narrowing. 
The Dobutamine stress test relies on wall motion abnormalities, the same as the 
stress echocardiography. Both MRI tests are robust and highly reproducible for the 
diagnosis of coronary artery disease (CAD) [30, 31].

Fig. 3.4 Flow quantification of the ascending aorta with phase contrast imaging by Cardiac mag-
netic resonance imaging. In this example, the ROI (red) is placed in the ascending aorta and can 
observed in the ECG-gated cine phase contrast magnitude (left) and phase (right) images during 
early diastole. On phase images, the bright signal intensity corresponds to cephalad flow and the 
black signal to caudal flow. A plot of mean flow through the cardiac cycle in the ascending aorta 
can be then generated
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LGE techniques could be considered one of the most important improvements 
in the CMR imaging and is widely accepted for the assessment of myocardial 
replacement fibrosis [30, 32, 33]. Right after the infusion, the gadolinium contrast 
rapidly diffuses across the capillary membranes, but not in the intracellular space. 
After 8–12 min, an equilibrium state is reached and the volume of distribution of 
the contrast is higher in fibrotic areas and therefore marking these areas bright 
white with a T1-weighted sequence. For increase the image contrast, an inversion-
recovery preparation pulse is set in this sequence to null the signal of viable areas. 
It is a valuable tool in the evaluation of the patient with heart failure, since the 
several patterns of involvement can suggest the diagnosis of some specific pathol-
ogy. The hyperenhancement pattern considered “ischemic” always involves the 
subendocardium (or can be transmural) and should be located in a region consis-
tent with the perfusion area of an epicardial coronary artery [34]. The ones that do 
not have these characteristics are considered “non-ischemic” (Fig. 3.5). For exam-
ple, the cardiac amyloidosis generally presents a diffuse enhancement more con-
centrated in the subendocardial area, while idiopathic dilated cardiomyopathy and 
myocarditis often show a mid-wall pattern; however, none of those patterns are 
pathognomonic. In the CAD investigation scenario, the presence of an ischemic 

a b c

d e f

Fig. 3.5 Example of some hyperenhancement patterns in late gadolinium enhancement sequence 
by cardiac magnetic resonance. The orange arrows point the main areas of scar. Ischemic: (a) 
transmural; (b) subendocardial. Non-isquemic: (c) diffuse; (d–f) midwall. The ischemic pattern 
always involves the subendocardium and it is consistent with the perfusion area of an epicardial 
coronary artery (in these examples the left anterior descending). The diffuse pattern is consistent 
with infiltrative disease such as cardiac amyloidosis. The midwall patterns are less specific and can 
be found in idiopathic dilated cardiomyopathy, myocarditis, sarcoidosis, Chagas’ heart disease and 
Anderson-Fabry disease
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LGE pattern associated with a perfusion defect can improve the accuracy of CMR 
to identify significant coronary obstructions [31]. Beyond the diagnosis, the pres-
ence and the amount of scar can be related to treatment response and prognosis. 
The classical study from Kim et al. demonstrated poor improvement in LV func-
tion after revascularization when the transmurality of the myocardial scar assessed 
by LGE were more than 50 % [35]. In another study, the amount of viable tissue in 
patients with HF was an independent predictor of change in LV ejection fraction, 
mean wall motion score, and LV end-diastolic volume index in patients treated 
with beta-blockers [36]. The presence of mid-wall fibrosis in non-ischemic dilated 
cardiomyopathy was also an independent predictor of all-cause death and hospital-
ization for a cardiovascular event in another subset [37]. Poor response to CRT and 
inducibility of ventricular tachycardia at electrophysiologic study are also related 
to the presence of scar [38, 39].

Another important sequence for tissue characterization in the HF scenario is 
the assessment of the relaxation parameter T2*. The presence of iron overload 
in the myocardium produces an abnormal loss of signal in T2*-weighted 
sequences proportional to its amount and this effect can be used to estimate the 
iron content in the tissue [29]. T2* times lower than 20 ms indicate significant 
iron overload and are related to ventricular arrhythmias and HF [24, 40]. 
Moreover, the treatment with iron chelator deferoxamine—which decrease the 
amount of iron in the myocardium—is related to a significant increasing in T2* 
times [40].

In the future, cardiac MRI will probably provide even more information. The 
use of T1 mapping techniques for the calculation native T1 times (pre- and post- 
gadolinium) and the extracellular volume for the assessment of interstitial fibrosis 
has the potential to improve not only the diagnosis, but also the treatment of HF 
[41, 42]. Tissue spectroscopy and imaging with sodium are other good perspectives 
as well [26, 43].

 Cardiac Computed Tomography

The Cardiac Computed Tomography (CCT) is a valuable technique for the investi-
gation of possible CAD. Using multidetector scanners, a high resolution coronary 
angiography can be performed with good accuracy [44, 45]. Detailed anatomical 
reconstruction evaluation also offers a great advantage, with precise measurements 
of the chambers’ diameters and volumes. Despite the possibility of functional analy-
sis using retrospective techniques of acquisition, the use of this imaging technique 
for this purpose is not advised when other modalities such as 2D–Echo and CMR 
are available. The major limitations are the use of iodine contrasts and radiation, but 
those problems have been minimized with the Multi-Detector scanners. In the 
future, the possibility of tissue characterization and myocardial perfusion evaluation 
offer the biggest potentials.
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 Cardiac Nuclear Medicine

Nuclear medicine comprises any technique that evolves the use of radioactive trac-
ers to generate its images. The positron emission tomography (PET) [alone or in 
association with computed tomography], the single-photon emission computed 
tomography (SPECT), and the radionucleotide ventriculography (RVG) are the 
ones that have applications in cardiology.

The RVG was first introduced in the early 1970s and has an excellent agreement 
with the invasive techniques to measure LVEF [46]. Even now RVG and the CMR 
are considered the most accurate and reproducible modalities to assess the ventricu-
lar function. It is performed labeling the blood pool with a radioactive tracer (tech-
netium 99 m–Tc99m) and measuring radioactivity over the anterior chest with a 
gamma camera. The number of counts recorded at any time is proportional to the 
amount of the blood radioactivity, which is linearly related to the blood volumes 
over the cardiac cycle. One of the great advantages of this modality is not to rely on 
any geometric assumptions, so it is accurate regardless the shape of the ventricle 
(right or left). Due to the use of ionizing radiation, however, RVG should be per-
formed only in selected cases—when echocardiography and cardiac MRI are not 
possible or have low quality.

Different from what happens with the RVG, the main use of SPECT and 
PET are the ischemia and viability assessment. Left ventricular function can be 
performed as well (Gated SPECT and PET-CT), but this should not be main 
reason for the exam acquisition. Both modalities rely on the use of radioactive 
flow tracers to generate the images, generally associated with pharmacologic 
or exercise cardiovascular stress. In the context of the heart failure assessment, 
they should be performed when there is a suspected CAD. Despite the fact of 
PET-CT has more spatial resolution and better sensibility and specificity than 
gated SPECT (91 % and 82 % respectively, against 88 % and 77 %), this tech-
nique still lacks prospective studies for prognostic evaluation. On the other 
hand, the gated SPECT has been used as a non- invasive tool to investigate 
ischemia for a long time with a good literature background of diagnostic and 
prognostic evaluations. Lower cost and large availability are other advantages 
of gated SPECT.

 Conclusion

Imaging exams are important in the heart failure patient evaluation, not only for the 
proper diagnosis but also for correct treatment and follow-up. From the simple and 
limited chest x-ray to the complex and complete CMR, the different techniques can 
provide different amount of information. Today we have available many modalities, 
so it is important to choose the one that will provide the desired answers with the 
least harm to the patient and with lower cost.
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Chapter 4
Acute and Chronic Right Ventricular Failure

Gabriel Sayer and Marc J. Semigran
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2D Two-Dimensional
ARVC Arrhythmogenic Right Ventricular Cardiomyopathy
CMRI Cardiac Magnetic Resonance Imaging
CVP Central Venous Pressure
ERA Endothelin Receptor Antagonist
HF Heart Failure
iNO Inhaled Nitric Oxide
LV Left Ventricle
LVAD  Left Ventricular Assist Device
PA Pulmonary Artery
PAH Pulmonary Arterial Hypertension
PCWP Pulmonary Capillary Wedge Pressure
PDE-5I Phosphodiesterase-5 Inhibitor
PE Pulmonary Embolism
PH Pulmonary Hypertension
PVR Pulmonary Vascular Resistance
RAP Right Atrial Pressure
RHC Right Heart Catheterization
RIMP Right Ventricular Index of Myocardial Performance
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RV Right Ventricle
RVAD Right Ventricular Assist Device
RVEF Right Ventricular Ejection Fraction
RVFAC Right Ventricular Fractional Area Change
RVI Right Ventricular Infarction
TAPSE Tricuspid Annular Plane Systolic Excursion
TPG Transpulmonary Gradient

 Introduction

Recent research has shed new light on the importance of the right ventricle (RV) in 
normal cardiac physiology and its prominent role in the pathophysiology of heart 
failure (HF). The RV was previously overshadowed by the left ventricle (LV), 
whose simpler anatomy conforms better to geometric models and is more acces-
sible to non-invasive imaging. Furthermore, early experiments falsely suggested 
that the RV did not contribute significantly to the generation of cardiac output [1]. 
However, a series of investigations over the past 25 years have provided greater 
insight into the RV’s distinct anatomy, its performance under normal physiological 
conditions, and its adaptations to specific disease states. Advanced imaging, includ-
ing cardiac magnetic resonance imaging (CMRI), has provided critical assistance 
in the study of the RV, allowing for non-invasive characterization of the RV’s 
response to stressors, as well as a tool for measuring the success of therapies. As a 
result, a detailed understanding now exists of the role of the RV in ischemic heart 
disease, congenital heart disease, pulmonary arterial hypertension (PAH) and 
chronic left-sided HF. Most importantly, studies have shown that RV failure is a 
crucial prognostic factor in all of these disease states. In particular, the importance 
of RV function in left-sided HF may outweigh the importance of LV function in 
terms of both morbidity and mortality.

 Anatomy and Physiology of the Right Ventricle

The RV can be divided into three anatomical units: the inlet from the right atrium 
(including the tricuspid, the apex, and the outflow tract (infundibulum). The apex 
contains prominent trabeculations, in contrast to the smooth, muscular infundibu-
lum. Viewed in cross-section, the RV resembles a crescent that lies over the anterior 
aspect of the LV. The free wall is thin and the overall mass of the RV is a fraction of 
the LV mass, despite a larger volume. The deep muscle fibers of the RV have a lon-
gitudinal orientation, resulting in a primarily vertical direction of contractile forces. 
The superficial muscle fibers of the RV are oriented in a more concentric direction 
and are intertwined with the superficial muscle fibers of the LV. This anatomical 
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interaction between the muscular fibers of the two chambers is also present in the 
interventricular septum, which is typically displaced into the RV throughout the 
cardiac cycle. Direct muscular continuity between the LV and RV plays a significant 
role in ventricular interdependence, which will be discussed in further detail below.

RV contraction proceeds sequentially, initiating in the inlet, continuing through 
the apex and concluding in the infundibulum. The longitudinal fibers draw the apex 
towards the tricuspid valve, while the free wall also moves inward toward the sep-
tum. Traction on the free wall is applied by LV contraction at attachment points in 
the superficial muscle layer. The RV is coupled with the high compliance of the 
pulmonary vasculature, leading to a pressure-volume relationship that is distinct 
from the relationship seen in the LV. Whereas the LV continues to generate pressure 
until the closure of the aortic valve, RV pressure falls prior to the closure of the 
pulmonic valve. Ejection continues however due to the low resistance within the 
pulmonary circuit (Fig. 4.1) [2]. The RV takes advantage of this physiology by pro-
ducing an identical cardiac output to the LV with markedly reduced work and myo-
cardial oxygen demand. However, one consequence of this interaction is the RV’s 
heightened sensitivity to afterload, which can be deleterious in acute pressure over-
load states.

Ventricular interdependence occurs in both systole and diastole. Systolic interde-
pendence is mediated by the shared musculature between the LV and the RV, which 
means that the contractile state of one ventricle can influence the performance of the 
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Fig. 4.1 A comparison of typical pressure-volume loops for a single cardiac cycle of the left ven-
tricle (a) and right ventricle (b). In the left ventricle, pressure continues to increase slightly 
throughout the entire duration of ventricular ejection. In the right ventricle, intracardiac pressure 
falls prior to closure of the pulmonic valve (red arrow), resulting in less myocardial work. End- 
diastole is indicated by the black arrows (Adapted with permission from Redington [2], with per-
mission from Elsevier)
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other ventricle. Diastolic interdependence is a result of the common pericardial sac. 
The pericardium is unable to stretch acutely in response to ventricular dilatation, and is 
limited in its ability to accommodate chronic ventricular dilatation. Therefore, a vol-
ume load in either chamber will cause displacement of the septum into the other cham-
ber, resulting in a decreased diastolic volume and an impairment of ventricular output 
(Fig. 4.2) [3]. As the RV is the more compliant chamber, this  diastolic interaction most 
commonly occurs in volume overload states of the RV, such as an atrial septal defect.

 Right Ventricular Adaptations to Disease States

RV pathophysiology can be broadly categorized by the mechanism of the insult and 
its rapidity of onset. Acute events, such as a pulmonary embolism, lead to maladap-
tive compensatory responses, and quickly progress to RV failure. Chronic disease 
processes, such as congenital heart defects, often present a gradual stress on the RV, 
allowing it to develop adaptive mechanisms to preserve cardiac output for a pro-
longed period of time prior to decompensation. Conditions characterized by volume 
overload are generally well tolerated by the RV due to its compliant nature. On the 
other hand, the RV has difficulty adapting to pressure overload due to its afterload- 
sensitivity (Fig. 4.3) [4]. Interestingly, the timing of onset of pressure overload is a 
crucial determinant of the RV response. In Eisenmenger syndrome, the RV is able 
to remain compensated much longer than in adult patients with acquired pulmonary 
hypertension (PH). This finding has been attributed to the preservation of the fetal 
phenotype, which is accustomed to systemic levels of vascular resistance [5]. 
Intrinsic myocardial diseases, such as various forms of nonischemic cardiomyopa-
thies, may impair RV contractility, but rarely affect the RV in isolation. However, 
RV involvement in a cardiomyopathy can play a significant role in morbidity and 
mortality, particularly in the setting of pulmonary hypertension (PH). A list of dis-
eases that cause RV dysfunction and RV failure can be found in Table 4.1.

RV
LV

RV LV

a b

Fig. 4.2 Ventricular interdependence. During normal loading conditions (left side of diagram), the 
intraventricular septum bulges into the right ventricle (RV). In the context of right ventricular vol-
ume overload, the septum becomes flattened, with an increase in RV volume and a decrease in left 
ventricular (LV) volume (Reprinted with permission from Greyson [3], © 2008, with permission 
from Lippincott Williams & Wilkins/Wolters Kluwer/Society of Critical Care Medicine)
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Fig. 4.3 Response of 
canine right ventricular and 
left ventricular stroke 
volume to acute changes in 
afterload. The steep slope 
in the right ventricle 
indicates enhanced 
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(Reprinted with permission 
from Abel and Waldhausen 
[4], © 1967, with 
permission from Elsevier)

Table 4.1 Causes of right ventricular failure

Acute causes Intrinsic myocardial disease

  Pulmonary Embolism   Cardiomyopathy
  Right Ventricular Infarction    Idiopathic
  Sepsis    Viral
  Acute lung injury    Familial
   ARDS    Ischemic
   TRALI    Infiltrative
   Acute Chest Syndrome    Restrictive
  Post-cardiotomy   Arrhythmogenic RV dysplasia
  Pulmonary hypertensive crisis
  Cardiac tamponade Pericardial disease

  Constrictive pericarditis
Chronic volume overload Chronic pressure overload

  Tricuspid valve regurgitation   Pulmonary arterial hypertension
   Infective endocarditis   Pulmonary venous hypertension
   Rheumatic disease    Left heart failure
   Carcinoid    Pulmonary veno-occlusive disease
   Traumatic   Hypoxia-associated PH
  Pulmonic valve regurgitation   Chronic thromboembolic PH
  Congenital heart disease   Congenital heart disease
   Atrial septal defect    Tetralogy of Fallot
   Ebstein’s anomaly    Pulmonic stenosis
   Coronary artery fistula    L-transposition of the great arteries
   Anomalous pulmonary venous 

return
   Pulmonary artery stenosis

   Eisenmenger’s syndrome

ARDS acute respiratory distress syndrome, PH pulmonary hypertension, RV right ventricle, TRALI 
transfusion associated lung injury
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 Acute Pressure Overload

Following a submassive or massive pulmonary embolism (PE), there is a rapid rise 
in pulmonary vascular resistance (PVR) due to both obstructed blood flow and the 
release of vasoconstrictors [6]. Vasoconstriction may be further exacerbated by 
hypoxemia. The rapid rise in afterload increases RV wall tension, which quickly 
leads to RV dilatation and RV systolic dysfunction. As the RV pressure rises acutely, 
the interventricular septum shifts into the LV, reducing LV preload and further com-
promising cardiac output. Finally, coronary perfusion is impaired by both the com-
pression of the right coronary artery by elevated RV wall stress and the reduction in 
cardiac output. In the setting of the increased myocardial oxygen demand in the 
failing RV, the reduction in coronary blood flow leads to a significant supply- 
demand imbalance. The final consequence of this sequence of events is worsening 
cardiac output, systemic hypotension and cardiac arrest.

 Ischemia

Right ventricular infarction (RVI) occurs after occlusion of the right coronary artery 
in a sufficiently proximal portion to prevent perfusion of the RV branches. The 
immediate result of an RVI is RV free wall dyskinesis due to ischemia, although this 
alone may not be sufficient to produce clinical RV failure. Secondary effects include 
stiffening of the myocardium and dilation of the RV. Similar to the consequences of 
an acute PE, the acute pressure changes within the RV, in this case provoked by 
diastolic dysfunction, cause septal shifting and impaired LV-RV interaction. In addi-
tion septal ischemia further compromises LV performance, and diminishes the LV’s 
ability to compensate for RV dysfunction [7].

 Chronic Pressure Overload

PH is the end-product of many cardiovascular and pulmonary diseases and is the 
most common cause of a chronic pressure overload on the RV. As the pulmonary 
artery (PA) pressure gradually increases over time, the RV adapts to the increase in 
afterload through multiple compensatory mechanisms. Myocyte hypertrophy and 
the expansion of the extracellular matrix result in increased chamber thickness. At 
the same time, the RV remodels into a more spherical shape with a smaller radius 
[8]. Through the application of LaPlace’s law, which states that wall stress is pro-
portional to chamber radius and inversely proportional to chamber thickness, it is 
evident that the primary result of these initial adaptations is to reduce wall stress, 
countering the effect of the rise in afterload. In addition, central venous pressure 
(CVP) is allowed to rise, taking advantage of the Frank-Starling mechanism to 
maintain a normal stroke volume.
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Several mechanisms have counterproductive effects, including reversion to a 
fetal gene pattern and upregulation of neurohormonal systems [8]. The result is a 
decrement in contractility, followed by progressive ventricular dilatation. As with 
acute RV pressure overload, dilatation increases myocardial oxygen demand while 
simultaneously reducing coronary perfusion and oxygen delivery. This supply- 
demand mismatch further compromises RV performance and ultimately leads to RV 
failure if the PH remains untreated. Both cardiac output and PA pressure fall when 
RV contractile reserve is no longer sufficient to maintain an adequate stroke volume 
(Fig. 4.4) [9].

 Chronic Volume Overload

The thin, distensible wall of the RV permits it to accommodate large changes in 
preload without incurring significant changes in pressure. States of chronic vol-
ume overload, such as an atrial septal defect, can persist for decades prior to the 
development of RV dysfunction. Two consequences of persistent RV dilatation 
are distortion of the tricuspid annulus and septal shift. The dilated tricuspid annu-
lus permits tricuspid regurgitation, which can further exacerbate the volume load 
on the RV. Septal shift occurs when the pericardium is unable to distend any fur-
ther to accommodate the dilation of the RV. As noted above, septal shift can sub-
sequently impair LV filling and adversely affect LV performance. Finally, 
prolonged volume overload may cause PA pressures to rise due to increased flow 
through the pulmonary circuit. The development of PH is often the trigger for 

Time

co

PAP

PVR

Fig. 4.4 The natural history of persistent pulmonary hypertension. As pulmonary artery pressure 
(PAP) and pulmonary vascular resistance (PVR) climb, cardiac output (CO) is initially maintained, 
but eventually begins to fall. When CO falls sufficiently to cause advanced RV failure, PAP fells as 
well due to insufficient pressure generation by the weak RV. PVR continues to rise despite falling 
PAP due to the concomitant fall in CO. MPAP mean pulmonary artery pressure, PCWP pulmonary 
capillary wedge pressure (Reprinted, with permission, from Haddad et al. [9], © 2008, with per-
mission from Lippincott Williams & Wilkins/American Heart Association/Wolters Kluwer)
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decompensation of the chronic volume overloaded state, as the dilated RV lacks 
the compensatory mechanisms to augment its contractility in the setting of 
increased afterload [10].

 Intrinsic Myocardial Disease

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a cardiomyopathy 
characterized by fibro-fatty replacement of myocardium, with a predilection for RV 
involvement. It may present with focal RV dysfunction at the sites of involvement, 
and may ultimately progress to RV dilatation and global RV dysfunction. The typi-
cal clinical presentation is ventricular arrhythmias, with symptoms of RV failure 
affecting less than 10 % of ARVC patients [11]. In most patients, RV dysfunction 
can be present for decades without significant symptomatology. A similar observa-
tion has been made in animal experiments, in which an isolated reduction in RV 
contractility does not impair cardiac output in the setting of a normal PVR. In these 
animals, central filling pressures rise to permit sufficient flow through the pulmo-
nary circuit. However, when PVR is raised, there is rapid cardiac decompensation, 
suggesting that the progression of RV dysfunction to RV failure may require the 
presence of an additional stressor, such as PH [12]. The Fontan operation, in which 
a passive conduit is created between systemic venous return and the pulmonary 
arteries, takes advantage of this physiology to maintain adequate flow to the LV 
despite the absence of RV contractility.

 Diagnosis and Assessment of Right Ventricular Dysfunction 
and Failure

A thorough history and physical examination can provide important clues to the 
presence of RV failure, including the presence of a right-sided third heart sound, 
elevated jugular venous pressure, ascites and peripheral edema. A prominent pul-
monic component of the second heart sound (P2) indicates the presence of 
PH. Patients may report early satiety, abdominal fullness and fatigue. Hepatic func-
tion and renal function are often compromised, and should be followed regularly in 
a patient with RV failure. Imaging studies play a crucial role in the initial assess-
ment and serial monitoring of RV function. Echocardiography is the most frequently 
used imaging modality for RV assessment due to its ease of use, low cost and acces-
sibility. However, CMRI has become the gold standard for evaluation of the RV 
because of its ability to overcome some of the anatomic limitations of two- 
dimensional (2D) echocardiography. While both echocardiography and CMRI can 
provide some assessment of RV hemodynamics, invasive measurement of intracar-
diac pressures by right heart catheterization is often required to diagnose the etiol-
ogy of RV failure and determine the appropriate therapeutic approach.
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 Non-invasive Imaging Studies

RV size and function can be assessed with radionuclide ventriculography, using 
either first-pass or gated equilibrium techniques. While accurate measurements of 
volume and RV ejection fraction (RVEF) can be derived, this modality does not 
provide additional anatomic information, and exposes patients to radioisotopes. 
With the widespread availability of echocardiography, radionuclide ventriculogra-
phy is rarely indicated as the primary method for RV functional assessment in the 
current era.

2D echocardiography has excellent spatial and temporal resolution, enabling 
precise evaluation of RV anatomy and valvular function. RV dimensions can be 
obtained through multiple views, providing an estimate of RV size. However, due to 
the RV’s anatomic configuration, the calculation of accurate RV volumes with 2D 
echocardiography is not possible. Qualitatively comparing RV size to LV size in the 
apical view can provide a reasonable assessment of RV dilatation. Additional ana-
tomic information that can be easily obtained is the appearance of the tricuspid and 
pulmonary valves, and the presence of valvular stenosis or regurgitation. Doppler 
evaluation of the tricuspid regurgitant jet allows the estimation of the systolic pul-
monary artery pressure through the use of the modified Bernoulli equation. 
Important information is also provided by the appearance of the interventricular 
septum in the short-axis views. Pressure overload states cause flattening of the sep-
tum, particularly during systole, which volume overload states cause flattening dur-
ing diastole (Fig. 4.5). With increasing pressure or volume overload, the septum is 
further shifted into the LV, leading to the hemodynamic effects of ventricular inter-
dependence discussed previously.

RV function is challenging to determine with 2D echocardiography due to the 
lack of accurate ventricular volumes and the sensitivity of the RVEF to loading 
conditions. Visual assessment is the most commonly used technique but may be 
limited due to the complex shape of the RV. Multiple techniques are available for 
quantitative measurement of RV function. RV fractional area change (RVFAC) 
measures the change in area of the RV between diastole and systole from the apical 
4-chamber view. The tricuspid annular plane systolic excursion (TAPSE) measures 
the vertical motion of the tricuspid valve annulus, with a value of less than 1.6 cm 
indicating RV dysfunction. RVFAC and TAPSE are both load-independent, and 
may provide varying information under different hemodynamic conditions. The RV 
index of myocardial performance (RIMP), also known as the Tei index, is less influ-
enced by loading conditions, and may be a more accurate measure of underlying RV 
contractility [13]. This index is measured with Doppler of flow through the RV 
outflow tract, and is calculated as the sum of RV isovolumic contraction time and 
RV isovolumic relaxation time divided by ventricular ejection time.

Recent advances in CMRI have established it as the best modality for obtaining 
accurate information about RV size and function. CMRI is not affected by the ana-
tomic limitations that prevent 2D echocardiography from obtaining a complete 
picture of the RV. CMRI has excellent spatial and temporal resolution, permitting 
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accurate assessment of RV volumes throughout the cardiac cycle. Additionally, 
CMRI provides information on ventricular hypertrophy, the presence of infiltrative 
diseases and the presence of fibrosis. For complex congenital heart disease, CMRI 
offers substantial advantages over 2D echocardiography for assessment of RV 
anatomy and function prior to and following surgical interventions. Barriers to 
more widespread application of CMRI in evaluation of the RV include the time 
required for testing, the cost of CMRI technology, and the need for technical exper-
tise. Most importantly, CMRI is not compatible with most implantable cardiac 
devices, such as pacemakers, although the ongoing development of devices com-
patible with the magnetic field will allow for a broader application of CMRI in the 
assessment of RV failure [14].

 Invasive Hemodynamic Assessment

Right heart catheterization (RHC) is a critical component of RV assessment, par-
ticularly in patients with PH. Measurement of the right atrial pressure (RAP), PA 
pressure and pulmonary capillary wedge pressure (PCWP) can distinguish the etiol-
ogy of RV failure and help determine the therapeutic approach (Table 4.2). The 
most important information provided by RHC is about PH, which has been classi-
fied into groups by the World Health Organization:

• Group I incorporates PAH, which may be idiopathic, familial or associated with 
specific entities such as congenital heart disease, collagen vascular disease, HIV 
infection or toxins

• Group II includes PH that is found in conjunction with left heart disease and is 
the most common form of PH

• Group III includes PH associated with lung disease or hypoxemia

Fig. 4.5 A 2-dimensional 
echocardiogram image 
showing dilation of the 
right ventricle (RV) and 
flattening of the 
intraventricular septum (*) 
due to right ventricular 
pressure and volume 
overload. LV left ventricle
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• Group IV is PH due to chronic thromboembolic disease
• Group V is a miscellaneous category

A RHC can assist in the diagnosis of PAH, by identifying PH in the presence of 
normal left-sided filling pressures. While left heart disease is often manifested on 
imaging studies by a reduced LV ejection fraction or mitral valve disease, RHC can 
identify elevated PCWP in the absence of valvular disease or LV dysfunction (heart 
failure with preserved ejection fraction). Distinguishing the underlying etiology of 
PH will direct the choice of therapy, as therapies that have proven benefit in some 
forms of PH have been shown to be harmful in PH related to left heart disease [15]. 
Beyond anatomy, RHC provides information about the severity of RV failure. For 
example, the RAP is typically about 50 % of the PCWP [16]. As RV failure pro-
gresses, the RAP will approach or exceed the PCWP. Another sign of worsening RV 
failure is a decrease in the PA pressure despite a rising RAP due to insufficient 
power generation by the RV.

Another key variable obtained during right heart catheterization is the transpul-
monary gradient (TPG), which is the difference between the PCWP and the mean 
PA pressure. This takes on importance in the assessment of PH due to left heart 
failure (i.e. patients with a PCWP >15 mmHg). When the PCWP is elevated, but 
the TPG is less than 10–12 mmHg, PH is termed “passive” or “post-capillary”, 
indicating that the elevation in PA pressures can be solely attributed to the elevated 
left- sided filling pressures. When the TPG is greater than 15 mmHg, the PH is 
termed “mixed” indicating that there is both a pre-capillary and post-capillary 
component of the PH. This may be secondary to vasoconstriction and pulmonary 
arterial remodeling as a response to chronically increased pulmonary venous pres-

Table 4.2 Hemodynamic profiles of different mechanisms of right ventricular failure

Cause of RV failure RAP PAP PCWP TPG PVR Clinical examples

Volume overload 
without PH

↑ ↓ ↓ ↓ ↓ ASD
Isolated TV disease

Precapillary PH ↑ ↑ ↓ ↓ ↓ Idiopathic PAH
CTEPH
Hypoxia-associated PH
Congenital Heart Disease

Postcapillary PH
Passive ↑ ↑ ↑ ↓ ↓ Left-sided Heart Failure

MV DiseaseMixed ↑ ↑ ↑ ↑ ↑
Reactive (after 
vasodilator challenge)

↑ ↑ ↓ ↓ ↓

Nonreactive (after 
vasodilator challenge)

↑ ↑ ↓ ↑ ↑

ASD atrial septal defect, CTEPH chronic thromboembolic pulmonary hypertension, MV mitral 
valve, PAH pulmonary arterial hypertension, PAP pulmonary artery pressure, PCWP pulmonary 
capillary wedge pressure, PH pulmonary hypertension, PVR pulmonary vascular resistance, RAP 
right atrial pressure, TPG transpulmonary gradient, TV tricuspid valve
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sures. Mixed PH can be further stratified into “reactive” and “nonreactive” forms 
through administration of a vasodilator, such as sodium nitroprusside or milrinone, 
to reduce the PCWP. In non-reactive PH, the TPG will remain elevated despite a 
lower PCWP, whereas patients with reactive PH will have concurrent decreases in 
the PCWP and TPG. The presence of reactive PH may indicate a more favorable 
prognosis, particularly when considering a patient for advanced therapies such as 
cardiac transplantation [17]. Whether patients with either reactive PH or nonreac-
tive PH will benefit from selective pulmonary vasodilators is a subject of ongoing 
investigation.

When World Health Organization Group I PAH is present, the administration of 
selective pulmonary vasodilators, such as nitric oxide or epoprostenol, provides 
both prognostic and therapeutic information. Patients in whom the mean PA pres-
sure drops by more than 10 mmHg to a value less than 40 mmHg without a reduc-
tion in cardiac output have an excellent prognosis, and typically respond well to 
calcium-channel blockers [18]. Non-responders have a worse prognosis, but still get 
a therapeutic benefit from selective pulmonary vasodilators.

Finally, RHC enables the calculation of the PVR, which provides a good esti-
mate of RV afterload. PVR is both a prognostic factor, as well as a therapeutic tar-
get, that takes on considerable importance in the assessment of a patient’s 
appropriateness for cardiac transplantation. A PVR >5 Woods Units is considered a 
relative contraindication to transplantation unless it can be lowered with medical 
therapy or mechanical circulatory support [19]. Frequency-domain analysis is an 
investigational method that accounts for the pressure wave reflected backwards into 
the main PA during late systole, and may provide a more accurate assessment of RV 
afterload [20].

 Prognosis of Right Ventricular Failure

RV dysfunction plays a defining role in the pathogenesis of multiple diseases, rang-
ing from left-sided HF to congenital heart disease to PH. In each of these entities, 
RV failure is the culmination of chronic pathophysiological disturbances, and often 
marks the transition to an advanced disease state. Numerous investigations have 
connected markers of RV dysfunction to adverse outcomes (Table 4.3). In chronic 
HF with LV dysfunction, RVEF, as measured by radionuclide ventriculography, 
invasive hemodynamics or CMRI, has been correlated with exercise capacity [21, 
22], ventilatory efficiency [23], and survival [24–29]. This association has been 
demonstrated in both ischemic and nonischemic cardiomyopathies [24, 25, 29]. 
Importantly, there appears to be an additive effect of PH and RV dysfunction, lead-
ing to worse outcomes than the presence of either PH or RV dysfunction alone 
(Fig. 4.6) [30]. Other imaging parameters that have been associated with outcomes 
in chronic HF include CMRI-derived RV volumes [31], TAPSE [32–34] and RIMP 
[35]. Similar findings have been demonstrated in RV dysfunction due to PAH 
 [36–40] and congenital heart disease [41, 42].
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 Management of Right Ventricular Failure

The initial approach to RV failure relies on identifying and correcting the under-
lying etiology. As opposed to the LV, in which dysfunction is often irreversible, 
the RV is highly pliable, and typically regains function after the causative factors 

Table 4.3 Selected studies of the association of right ventricular dysfunction with adverse 
outcomes [21–23, 27, 29–32, 35, 36, 38–42]

Population Findings

Studies using radionuclide ventriculography
Baker et al. [22] 25 pts. with symptomatic LV 

failure
RVEF associated with peak VO2

LVEF not associated with peak VO2

Lewis et al. [23] 30 pts. with symptomatic LV 
failure

Exercise RVEF and PVR associated 
with VE/VCO2 slope

Di Salvo et al. [21] 67 pts. referred for OHT 
evaluation

RVEF >35 % predictor of survival

Studies using RHC/thermodilution
Gavazzi et al. [27] 142 pts. referred for OHT 

evaluation
RVEF lower in pts. who died or had 
OHT

Ghio et al. [30] 377 pts. with LVEF <35 % 
and NYHA Class III-IV

RVEF and PAP predictors of survival.

Studies using Echocardiography
Damy et al. [32] 1547 pts. referred for HF Low TAPSE predictor of mortality
Harjai et al. [35] 60 pts. with LVEF<30 % RIMP >1.14 predictive of death
Forfia et al. [36] 63 pts. with idiopathic PAH TAPSE <18 mm associated with 

mortality
Ghio et al. [38] 72 inpatients with idiopathic 

PAH
RV diameter >36.5 mm associated with 
mortality

Yeo et al. [39] 53 pts. with idiopathic PAH RIMP independent predictor of death
Moceri et al. [41] 181 pts. with Eisenmenger 

syndrome
TAPSE, RIMP and elevated CVP 
strongest predictors of mortality

Studies using CMRI
Larose et al. [29] 147 pts. post-MI RVEF <40 % independent predictor of 

mortality
Bourantas et al. [31] 380 pts. with LVEF <45 % RVESV predicts mortality; LVESV 

does not predict mortality
van Wolferen et al. 
[40]

64 pts. with idiopathic PAH RV dilation, low RV stroke volume and 
decreased LV filling predict mortality

Knauth et al. [42] 88 pts. followed up at mean 
of 20.7 years after TOF repair

Severe RV dilation predictor of death, 
VT, advanced NYHA class

CMRI cardiac magnetic resonance imaging, HF heart failure, LV left ventricle, LVEF left ventricular 
ejection fraction, LVESV left ventricular end systolic volume, MI myocardial infarction, NYHA 
New York Heart Association, OHT orthotopic heart transplantation, PAH pulmonary arterial hyperten-
sion, PAP pulmonary artery pressure, PVR pulmonary vascular resistance, RIMP right ventricular index 
of myocardial performance, RV right ventricle, RVEF right ventricular ejection fraction, RVESV right 
ventricular end systolic volume, TAPSE tricuspid annular plane systolic excursion, TOF tetralogy of 
Fallot, VE/VCO2 ratio of minute ventilation to production of carbon dioxide, VT ventricular tachycardia
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of RV dysfunction are addressed. This is especially important in acute RV fail-
ure, where reversing the underlying disease state may drastically alter a patient’s 
outcome. For example, coronary revascularization for an RVI reduces RV dys-
function, hemodynamic compromise and increased mortality [43]. Likewise, for 
an acute PE, rapid relief of the thrombotic burden through medical or surgical 
intervention produces a substantial survival benefit [44]. Causes of chronic RV 
failure are not as easily corrected, although RV function improves over time with 
therapy that is appropriately targeted at the underlying pathophysiology. 
Ultimately, managing both acute and chronic RV failure requires an understand-
ing of the roles played by preload, afterload and contractility. A management 
algorithm is shown in Fig. 4.7.

 Preload

Optimizing RV performance requires adequate preload to generate a sufficient 
stroke volume without causing a degree of RV distention that impairs LV perfor-
mance through ventricular interdependence. The ideal preload required may dif-
fer between patients and will rely on both the degree of RV contractility and the 
severity of RV afterload. In patients with acute RV failure, central venous 
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Fig. 4.6 Survival curves for heart failure patients grouped by presence or absence of pulmonary 
hypertension (PH) and presence or absence of an abnormal right ventricular ejection fraction 
(RVEF). Group 1 patients have normal RVEF and no PH. Group 2 patients have a low RVEF with-
out PH. Group 3 patients have a normal RVEF with PH. Group 4 patients have both an abnormal 
RVEF and PH. The presence of both factors leads to significantly worse outcomes than any of the 
other three scenarios (Reprinted, with permission, from Ghio et al. [30], © 2001, with permission 
from Elsevier)
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monitoring can guide decision-making about the volume status. Patients with 
RVI are often described as “volume-sensitive”, and may require higher preloads 
to maintain cardiac output. However, too much volume may have deleterious 
consequences because RV dilation will increase wall stretch, worsen ischemia 
and cause septal shifting. Although mechanical ventilation is sometimes neces-
sary in the management of patients with acute RV failure, its use should be 
minimized due to the adverse effects of positive end-expiratory pressure on 
preload.

In chronic RV failure, the focus is typically on volume removal, which is primar-
ily achieved with loop diuretics. Selecting an agent with better oral bioavailability, 
such as torsemide, may be preferred in the setting of RV failure due to the possibil-
ity of intestinal edema and poor absorption. Thiazide diuretics can be added as 
needed to enhance diuresis. As with LV dysfunction, sodium and fluid restriction 

Acute Chronic

Acute PE – anticoagulation,
thrombolytics, thrombectomy 

RVI – revascularization or
thrombolytics

Sepsis – antibiotics

Echocardiogram – identify
presence of left heart disease or
valvular abnormalities, estimate
PA pressure, septal flattening,
measure TAPSE, RIMP

CMRI – calculate RV volumes
and RVEF

RHC – determine etiology of
PH, measure severity of PH and
RV dysfunction

Acute lung injury – mechanical
ventilation, ECMO, ? steroids

Provide adequate oxygenation –
mechanical ventilation if
necessary; minimize PEEP and
TV

Maintain sinus rhythm –
cardioversion of arrythmias,
pacing for bradycardia

Monitor hemodynamics –
central line or PA catheter

Fluid restriction Treatment of
precipitating factors –
CTD, CHD, HIVSodium

restriction

Ultra filtration

Dialysis

Prostacyclins

ERAs

PDE5-I

Optimization of LV
hemodynamics

Reduction of PCWP

Digoxin

Inotropes

RVAD

Transplantation
PDE5-I if mixed PH
(persistent elevation of
PVR)

Diuretics – loop
+/- thiazide

Optimize preload – volume
challenge, diuresis if CVP > 15,
ultrafiltration or CRRT if
needed

Reduce afterload – iNO or
inhaled epoprostenol; treat left
heart failure if present

Augment contractility -
inotropes, norepinepherine if
hypotensive, temporary RVAD,
ECMO, transplantation

Identification and Treatment of
Underlying Disease
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MANAGEMENT STRATEGIES
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Preload Pre-Capillary PH Post-Capillary PH Contractility

RV FAILURE

Management Strategies

Fig. 4.7 Management algorithm for acute and chronic RV failure. Abbreviations: CHD congenital 
heart disease, CMRI cardiac magnetic resonance imaging, CRRT continuous renal replacement 
therapy, CTD connective tissue disease, CVP central venous pressure, ECMO extracorporeal mem-
brane oxygenation, ERA endothelin receptor antagonist, HIV human immunodeficiency virus, iNO 
inhaled nitric oxide, PA pulmonary artery, PDE5-I phosphodiesterase-5 inhibitor, PE pulmonary 
embolism, PEEP positive end-expiratory pressure, PH pulmonary hypertension, RHC right heart 
catheterization, RIMP right ventricular index of myocardial performance, RV right ventricular, 
RVAD right ventricular assist device, RVI right ventricular infarction, TAPSE tricuspid annular 
plane systolic excursion, TV tidal volume
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are essential to maintaining euvolemia. In extreme circumstances, ultrafiltration or 
hemodialysis may be required in diuretic-resistant patients, although these strate-
gies have not been well studied in this population.

 Afterload

Afterload reduction is a critical component of the management of most causes of 
RV failure. Addressing afterload is of particular urgency in acute RV failure due to 
the inability of the RV to compensate for acute changes in afterload. Persistently 
low oxygen saturations should be addressed with supplemental oxygen to alleviate 
hypoxia-induced vasoconstriction. If mechanical ventilation is required, tidal vol-
umes should be minimized to prevent further augmentation of PA pressures.

Pulmonary vasodilators relax pulmonary vascular smooth muscle, lowering PA 
pressures and PVR. Inhaled nitric oxide (iNO) has the advantages of pulmonary 
selectivity, avoiding the hypotension associated with systemic vasodilators. It is 
also only active in ventilated areas of the lung, reducing the potential for V/Q mis-
matching. iNO is most commonly used in acute RV failure due to difficulty in 
administration to non-ventilated patients. Short-term hemodynamic improvements 
have been demonstrated with the use of iNO in the treatment of RVI [45] and in a 
study of intensive care patients with mixed causes of RV failure [46], but outcomes 
data are limited. Transitioning from iNO to oral vasodilators may prevent rapid 
rebound of PA pressures on discontinuation. Inhaled prostacyclins may be used as 
an alternative to iNO, although they have been less extensively studied.

In chronic RV failure, therapy depends on the underlying mechanism of the ele-
vated PA pressures. In PAH, there are three classes of vasodilators that have shown 
clinical benefit: prostacyclins, endothelin receptor antagonists (ERAs) and phos-
phodiesterase- 5 inhibitors (PDE-5Is). As mentioned previously, a small subset of 
PAH patients will respond to calcium-channel blockers, and may not require any 
further treatment. Outside of this subset, most PAH patients will be started on oral 
therapy with an ERA or PDE-5I. As the disease progresses, these patients may need 
to be transitioned to intravenous prostacyclin therapy. Patients who present with 
severe symptoms, such as syncope, often require intravenous prostacyclin therapy 
from the outset.

When RV failure is due to post-capillary PH (i.e. LV dysfunction or valvular 
disease), the initial therapeutic target is the PCWP, which should be lowered into the 
normal range if possible. If the PH is reactive, lowering the PCWP should also 
reduce PA pressures and PVR. However, if PVR remains elevated, consideration 
should be given to pulmonary vasodilator therapy. Sildenafil citrate, a PDE-5I, has 
shown benefits on hemodynamics and functional status in patients with left-sided 
heart failure [47–49]. A large trial to assess outcomes of patients with PH related to 
LV dysfunction is underway. Neither ERAs nor prostacyclins should be used for 
post-capillary PH due to adverse outcomes in clinical trials [15, 50].
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 Contractility

In acute RV failure, inotropes are often required to support the RV until the etiology 
can be treated. Milrinone may be the preferred agent due to its vasodilatory proper-
ties in the pulmonary vasculature, but its use is limited in patients with significant 
hypotension. Dobutamine and dopamine are more likely to cause tachycardia, 
which may exacerbate ischemia in the setting of an RVI. In some cases of RVI, 
mechanical support with an intraaortic balloon pump or a temporary right ventricu-
lar assist device (RVAD) has been used, although neither of these approaches has 
been well studied. Temporary RVADs have also been used to treat RV failure that 
occurs following cardiovascular surgery or cardiac transplantation.

For chronic RV failure, choices for augmenting contractility are limited. Digoxin 
is often used as an inotrope in the management of RV failure, based on its short-term 
hemodynamic benefits in patients with PAH [51]. The use of intravenous inotropes 
for chronic left heart failure has been associated with worse outcomes. Intravenous 
inotropes may be used for management of exacerbations of chronic RV failure, but 
the chronic administration of these agents has been associated with worse outcomes. 
When biventricular heart failure is refractory, a RVAD may be placed in conjunction 
with a left ventricular assist device (LVAD) as a means of bridging a patient to trans-
plantation. The devices that are approved for RV support are extracorporeal (i.e. 
non-implantable) and are not meant for long-term support, although the develop-
ment of more durable RVADs is ongoing. In some cases, these devices can be 
explanted once stable LVAD support has been established. Cardiac transplantation 
is a definitive treatment for patients with advanced RV failure that is associated with 
LV failure, but this therapy is limited in use due to a shortage of donor organs. 
Cardiac transplantation should not be attempted in patients with high PVR (>6 
Woods Units) due to high risk for RV failure and graft loss postoperatively.

 Summary

The onset of RV failure carries a poor prognosis in multiple diseases and is often a 
marker of a progression to an advanced disease state. RV failure is the end result of a 
series of pathophysiological adaptations that are distinct from the pathogenesis of LV 
failure. A detailed understanding of the RV’s response to specific disease states 
informs the clinical management of those diseases. Imaging plays a critical role in the 
assessment of RV dysfunction, and can provide information about the severity of RV 
failure. Hemodynamic assessment with cardiac catheterization complements the find-
ings from imaging, directing the appropriate therapeutic approach. The treatment of 
RV failure due is highly dependent on the underlying etiology. Acute causes respond 
best to removal of the offending pathophysiology. Chronic RV failure requires a tar-
geted approach, as has been applied in the setting of PAH. Research continues into the 
optimal treatment strategy for PH that is secondary to left heart failure.
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Chapter 5
Inhibition of the Renin-Angiotensin-Aldosterone 
System

Erika D. Feller

 Introduction

In mild to severe heart failure, activation of the renin-angiotensin-aldosterone sys-
tem is the primary abnormality. Increasing plasma levels of renin, angiotensin and 
aldosterone have direct effects on myocardium but also sodium and water handling, 
vascular contractility and reverse remodeling. Medical therapy to inhibit the renin- 
angiotensin- aldosterone system is the cornerstone of treatment for cardiomyopathy 
and heart failure.

This chapter will examine this neurohormonal pathway and discuss the deleteri-
ous effects when these pathways are activated. Current medical therapy, aimed to 
block activation points along the pathway, will be reviewed.

 The Renin-Angiotensin-Aldosterone System

The renin-angiotensin-aldosterone system (RAAS) describes a cellular, enzymatic 
pathway involving primarily the heart, kidney, adrenal gland and vasculature that 
has various functions. Perhaps, most importantly, the RAAS regulates body-fluid 
volume. It does so by activating a series of reactions that then affect the absorption 
or secretion of sodium from the kidney. Congestive heart failure describes the state 
when intravascular fluid becomes extravascular secondary to a poor and/or decreased 
cardiac output [1] . During this disturbance in fluid balance, RAAS is activated, 
exacerbating the problem. Thus, inhibition of RAAS is a major target for therapeu-
tic intervention.
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The RAAS is first activated when renin blood levels increase. Increased renin 
levels are due to multiple factors. In particular, decreased blood flow to kidneys 
from decreased cardiac output, as well as hypotension, can increase renin secretion. 
A decrease in plasma sodium levels as a result of dilution from water retention in 
heart failure can have a similar result. Renin is secreted by the kidney’s juxtaglo-
merular cells into the lumen of the afferent arterioles. Angiotensinogen is released 
from the liver, interacts with renin to form inactive angiotensin I. Angiotensin con-
verting enzyme (ACE) degrades angiotensin I further to form angiotensin II [2] .

Most angiotensin II effects are mediated by the two receptors; angiotensin 1 
receptor (AT1) and angiotensin 2 receptor (AT2). The AT1 mediates vasoconstric-
tion and is widely expressed. The AT2 mediates vasodilation. This process happens 
primarily in the lungs on the endothelial surface of blood vessels. Angiotensin II is 
the main effector chemical of the RAAS.

Renin-dependent elevations in angiotensin II are associated with increases in 
circulating aldosterone. Aldosterone is a neurohormone and is secreted by the adre-
nal glands in response to angiotensin II, catecholamines, endothelins and potas-
sium. Aldosterone works to maintain salt, water and potassium hemostasis, by 
binding to mineralocorticoid receptors in the kidney. Elevated levels of aldosterone 
add to the volume expansion seen in acute and chronic heart failure. Aldosterone 
has also been implicated in contributing to myocardial fibrosis [3]. Abundant myo-
cardial fibrosis leads to cardiomyopathy and decreased myocardial systolic and dia-
stolic function

The major hormone of the RAAS is angiotensin II. When angiotensin II, a strong 
vasoconstrictor is reduced, bradykinin, a strong vasodilator is increased. In addition 
to its vasodilatory properties, bradykinin can release tissue plasminogen activator 
(tPA). tPA has anti-ischemic properties.

The RAAS system is a complex interaction between multiple organ systems to 
regulate body-fluid volume in hemostasis as well as disease states, namely conges-
tive heart failure. In the initial stages of developing left ventricular systolic dysfunc-
tion, if cardiac output declines or if peripheral arterial pressure decreases RAAS is 
activated in order to maintain and/or increase cardiac filling pressures, cardiac out-
put and systemic blood pressure. Figure 5.1 shows the Renin-Angiotensin- 
Aldosterone System [4] .

 Activation of the Renin-Angiotensin-Aldosterone System

The RAAS is activated in heart failure. The exact mechanisms by which activation 
occur are yet to be fully elucidated. Most likely, though, the combination of 
decreased perfusion to the kidney, decreased cardiac output, and low arterial pres-
sure activate RAAS.

As a compensatory mechanism to decreased cardiac output, renin is released 
from the kidneys and is responsible for converting angiotensinogen to angiotensin 
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I. Angiotensin I is then converted to angiotensin II by angiotensin-converting 
enzyme (ace). Angiotensin II stimulates the receptors AT1 and AT2.

Heart failure is defined as the pathological state in which the heart is unable to 
pump blood to adequately supply tissues to affect metabolism, or can do that but 
only with an increase in filling pressures. In the presence of an acute or subacute 
insult to the myocardium, which effects contractility, the heart depends on adap-
tive strategies to maintain pumping ability and cardiac output. Among the most 
important mechanism is activation of neurohormonal systems, including the sym-
pathetic nervous system and the RAAS. The activation of RAAS can occur rap-
idly, over minutes to hours, to maintain cardiac function. The RAAS does this 
acutely by retaining salt and water to augment preload or cardiac filling. 
Additionally, RAAS activation can cause vasoconstriction, to help perfuse organs 
and tissues. Although, these mechanisms are adaptive in the short term, they are 
maladaptive in the long term.

As a result of activation of the RAAS, sympathetic nervous system and release 
of norepinephrine, myocardial hypertrophy and remodeling develop over weeks, 
months and years. With chronic activation of these pathways, these mechanisms 
become maladaptive. Although able to sustain cardiac function for some time, 
high filling pressures over time will ultimately cause worsening cardiac perfor-
mance effecting organ perfusion and circulation. Many of the symptoms of heart 
failure, lower extremity swelling, dyspnea, orthopnea, paroxysmal nocturnal dys-
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pnea, abdominal bloating are a consequence of the retention of fluid causing high 
filling pressures.

When the RAAS is activated in low cardiac output states, it is closely associated 
with the adrenergic system to maintain arterial pressure. Stimulation of beta1 adre-
noceptors in the juxtaglomerular apparatus of the kidneys is a principle activator of 
renin release in acute heart failure. Fig. 5.2 shows the activation of the Renin- 
Angiotensin- Aldosterone System [5] .

Aldosterone is predominantly produced by the adrenal glands and, to a lesser 
degree, the endothelial and vascular smooth muscle cells in the heart and blood vessels. 
Aldosterone is regulated by the RAAS as well as potassium levels. Angiotensin II is the 
principal stimulator of aldosterone in the adrenal cortex [6]. Plasma levels of aldoste-
rone can increase dramatically in patients with heart failure. This increase is attributed 
mainly to increased synthesis of aldosterone in response to activation of RAAS.

Aldosterone has been implicated in several harmful effects contributing to heart 
failure. Aldosterone vasoconstricts and also potentiates catecholamines. It upregu-
lates inflammatory mediators such as macrophages, cytokines and chemokines. 
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Fig. 5.2 Activation of the Renin-Angiotensin-Aldosterone System. Scheme picturing the primary 
hemodynamic mechanisms by which the RAAS is activated (Reproduced from Jackson et al. [5], 
© 2000, with permission from BMJ Publishing Group Ltd)
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Aldosterone also plays a role in myocyte necrosis and scarring. Chronically  elevated 
aldosterone levels contribute to myocardial fibrosis and deleterious remodeling. 
More recent studies have shown that aldosterone promotes platelet aggregation and 
activation [7, 8]. For these reasons, decreasing aldosterone levels with aldosterone 
inhibitors remain a therapeutic target and goal of modern heart failure therapy.

Treatment with ace-inhibitors results in an acute reduction in aldosterone levels. 
In chronic ace-inhibition, the reduction in aldosterone levels is weaker and more 
variable. This finding is referred to as aldosterone “escape” [9].

 Effects of RAAS Activation

The actions of RAAS are beneficial in some circumstances. In heart failure, though, 
RAAS is chronically activated and results in deleterious effects. Chronic activation 
and up regulation of RAAS causes increased circulating angiotensin I, angiotensin 
II and aldosterone. Acute activation of RAAS maintains vascular tone or vasocon-
striction. As a result, renal function is also maintained in the short term. In addition, 
cardiac output is preserved and left ventricular filling pressures are reduced.

Chronic activation of RAAS results in maladaptive remodeling of the myocar-
dium. This includes fibrosis formation and myocyte hypertrophy.

Angiotensin II has several effects that contribute to the syndrome of heart failure 
and the progressive nature of left ventricular dysfunction. In particular, angiotensin 
II promotes hypertension, atherosclerosis and hypertrophic changes in the walls of 
arteries as well as the left ventricle [10].

Table 5.1 Major actions of RAAS components

Chemical Actions

Aldosterone Cardiac fibrosis, sodium and water retention, magnesium and 
potassium loss, vasoconstriction, sympathetic activation, 
parasympathetic inhibition, impairs arterial compliance, platelet 
activation and aggregation, activates macrophages, stimulates 
growth of fibroblasts and synthesis of collagen

Angiotensin converting 
enzyme

Proliferative and proinflammatory signaling

Angiotensinogen Releases Angiotensin II, substrate for renin
Angiotensin I Largely inactive precursor to angiotensin II, weak vasoconstrictor
Angiotensin II Arterial vasoconstriction, pro-inflammatory, salt and water 

retention by the kidneys, stimulation of thirst, release of anti-
diuretic hormone, augments norepinephrine release, remodels 
heart and blood vessels, induce cardiac myocyte hypertrophy, 
stimulates aldosterone, vasopressin, catecholamines and 
endothelin

Renin Activates RAAS by cleaving angiotensinogen
Bradykinin Vasodilator, anti-proliferative, cough, angioedema
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Aldosterone promotes the retention of sodium and the loss of magnesium and 
potassium. Aldosterone also promotes sympathetic activation, parasympathetic 
inhibition myocardial and vascular fibrosis. Table 5.1.

 Inhibition of Raas

Earlier segments of this chapter described activation of RAAS and the detrimental 
effects that activation of RAAS has on the ailing and/or failing heart. The rationale 
for combination therapy is to inhibit the production of angiotensin II, the major 
hormone involved in RAAS, at every step. Angiotensin II has several harmful 
effects. The reduction of angiotensin II by inhibiting RAAS activation is responsi-
ble for the many positive effects of ace-inhibition, angiotensin receptor blockade 
and aldosterone inhibition.

The current standard therapy for heart failure and cardiomyopathy is designed to 
interrupt the RAAS and the sympathetic nervous system (SNS) by using a combina-
tion of medications. Multiple trials have demonstrated the beneficial effects of using 
medications that target different hormones. Pharmacologic approaches to blocking 
the effects of angiotensin II, have been aimed at decreasing its production by inhib-
iting angiotensin converting enzyme or by direct inhibition at the level of the angio-
tensin receptor 1.

 Ace-Inhibition

An angiotensin-converting-enzyme inhibitor (ace-inhibitor) is considered the first 
line therapy in treating patients with heart failure and left ventricular dysfunction. 
Ace-inhibitors have shown improved survival in patients with mild to severe chronic 
heart failure.

Ace-inhibitors block the conversion of angiotensin I to angiotensin II and pre-
vent the degradation of bradykinin. The efficacy of ace-inhibition is due not only to 
blocking the harmful effects of angiotensin II, but also due to the promotion of 
bradykinin, a vasodilator. It is the bradykinin that causes some of the side effects of 
ace inhibitors (angioedema and cough). Ace-inhibitors also block the negative feed-
back in renin release by decreasing renin release and the rate of angiotensin I forma-
tion. Studies have shown multiple (pleiotropic) effects of ace-inhibition.

Ace-inhibitors have been shown to decrease left ventricular hypertrophy and 
smooth muscle proliferation. They decrease coronary vasoconstriction and have anti-
macrophage effects. Ace-inhibitors also have been shown to stabilize arterial plaque. 
In addition, ace-inhibitors also prevent ventricular remodeling. This has been shown 
clinically in patients with hypertension, symptomatic heart failure, elderly patients 
with heart failure and patients status-post myocardial infarction [11, 12].
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 Angiotensin Receptor Blockade

Angiotensin Receptor Blockers or ARBs have their effect further down the RAAS 
cascade. Unlike ace-inhibitors, ARBs have little effect on bradykinin, therefore no 
cough or angioedema. ARBs block angiotensin II at the receptor site.

While initiation of ace-inhibitors lead to a rapid decline in circulating angioten-
sin II, chronic use of ace-inhibitors can lead to an increase in angiotensin II, from 
initial decline. This increase in angiotensin II or “ACE escape” is thought to be due 
to conversion of angiotensin I to angiotensin II by means other than ACE. ARBs 
would avoid this phenomenon, based on their mechanism of action. In theory, ARBs 
would have a more complete blockade of angiotensin II [13].

ARBs have shown benefit in patients that are intolerant to ace-inhibitors or as 
an alternative to ace-inhibitors. The addition of ARBs to ace-inhibitors has 
shown benefit in decreasing hospital admissions, their benefit may be attenuated 
by increased risk of hyperkalemia. In patients intolerant to ace-inhibitors, val-
sartan, losartan and candesartan have shown benefits in mortality reduction 
[14–16].

 Aldosterone Inhibition

Since the RALES trial was published in 1999, aldosterone inhibitors have been used 
for patients with heart failure. In the RALES trial, patients were assigned to receive 
aldosterone inhibitor (spironolactone) 25 mg daily or placebo. To enter the trial, 
patients had to have ejection fraction < 35 % and NYHA III–IV heart failure symp-
toms. The trial was stopped early due to significant benefits in the spironolactone arm. 
There was a 30 % reduction in deaths in the spironolactone group. This was due 
largely to a decreased risk of progressive heart failure and a decrease in sudden car-
diac death [17].

Aldosterone inhibitors block the effect of aldosterone by binding to mineralocor-
ticoid receptors. The two major aldosterone inhibitors are spironolactone and 
eplerenone. Spironolactone is a non-selective mineralocorticoid receptor antago-
nist. It also up-regulates progesterone receptors and down-regulates androgen 
receptors. Some of the side effects of spironolactone-gynecomastia, changes in 
libido and menses-are due to this effect. Spironolactone also causes hyperkalemia, 
which needs to be monitored closely.

Eplerenone is a selective mineralocorticoid receptor antagonist. It has fewer side 
effects than Spironolactone. Importantly, it can cause hyperkalemia as well, and 
must be also monitored closely.

Aldosterone can stimulate angiotensin II production, leading to fibrosis. The 
myocardium has mineralocorticoid receptors. The amount of aldosterone produced 
is proportional to the degree of heart failure.
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Blockade of aldosterone can also help prevent hypokalemia caused by diuret-
ics. This strategy may help prevent arrhythmogenic deaths attributed to 
hypokalemia.

Aliskiren is the first direct renin inhibitor that has been trialed in a hypertensive 
population. It has not been fully studies in heart failure, so its properties and effects 
in heart failure patients is unknown.

 Data Supporting Inhibition of Raas

Ace inhibitors have been shown to reduce the risk of death and hospitalization. They 
have also been shown to alleviate symptoms of heart failure and improve quality of 
life. Clinical status, as measured by New York Heart Association class (NYHA), 
also improves when treated with ace inhibitors.

Ace inhibitors and ARBs have been extensively studied in clinical trials in 
patients with congestive heart failure. The first major trial showing benefit of 
ace inhibitors was the CONSENSUS trial, which compared enalapril with pla-
cebo in patients with NYHA IV heart failure. The enalapril group had a 40 % 
reduction in mortality (p = 0.002) and their symptoms significantly improved as 
measured by NYHA classification [18]. Soon after CONSENSUS, the SOLVD 
Treatment trial studied enalapril vs. placebo in a less ill patient population 
(NYHA II-IV). In SOLVD Treatment, the enalapril-treated group had a signifi-
cant decrease in mortality and enjoyed fewer hospitalizations related to heart 
failure. In summary, this translated into a 16 % relative risk reduction in death 
and a 26 % reduction in hospitalization [19]. In SOLVD prevention trial, enala-
pril was studied in asymptomatic patients with ejection fraction < 35 %. 
Although in the enalapril group, there was not shown a significant reduction in 
mortality, there was a significant reduction in the combined end-point of death 
or worsening heart failure [20].

The V-Heft II trial compared enalapril to the combination of hydralazine and 
isosorbide dinitrate in patients with mild-moderate heart failure and ejection frac-
tion of < 45 %. Enalapril reduced mortality by 34 % after 1 year and 28 % at 2 years 
compared to the hydralazine isosorbide group [21].

More recently, trials have been designed to specifically answer the lingering 
question as to how to best utilize ARBs; either added to ace-inhibitors or as an alter-
native. In the ELITE study, patients over the age of 65 with chronic heart failure 
were randomized to Losartan or Captopril. The primary endpoint was worsening 
renal function. Although the primary endpoint showed no statistical significance, 
there was a decrease in mortality among the Losartan treated patients [14]. Because 
of this finding, ELITE II was initiated which was powered to detect a mortality 
benefit between ace-inhibitors and ARBs. Patients were randomized to Losartan or 
Captopril. They were age greater than 60 and were NYHA II-IV. There was found 
to be no difference in all cause mortality (primary endpoint) or cardiac arrest (sec-
ondary endpoint) between the two groups [22].
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The Val-HeFT trial was undertaken to assess the utility of the ARB Valsartan in 
heart failure patients already receiving an ace-inhibitor and/or beta-blocker. Val- 
HeFT had two end points, all cause mortality and a combined end point of mortality 
and morbidity. There was found to be no significant difference between the two 
groups in terms of all cause mortality (primary endpoint). In the Losartan group, 
there was a risk reduction in mortality and morbidity (secondary endpoint). This 
was felt to be largely due to the decrease in hospital admissions for heart failure in 
the Valsartan group [15].

In the CHARM-Alternative trial, patients were randomized to the ARB 
Candesartan or placebo. Criteria for entry into the trial were NYHA II–IV, EF of 
40 % or less and intolerant to ace-inhibitors. The primary outcome was all cause 
mortality or hospital admission for heart failure. There was a 23 % risk reduction of 
cardiovascular death or heart failure admission in those taking Candesartan. [16] 
This finding confirmed the VAL-HeFT subgroup analysis that ARBs had a mortality 
benefit in those patients intolerant to ace-inhibitors. In the CHARM-Added trial, a 
similar patient demographic group was studied. Patients were already taking an ace- 
inhibitor and were randomized to Candesartan or placebo. Cardiovascular mortality 
and hospitalization for heart failure were reduced in the Candesartan group [23]. 
This trial, as well as VAL-Heft, suggests that an ARB, when added to ace-inhibitors 
and beta-blockers, confer benefit. In the CHARM-Preserved study, patients with 
preserved ejection fractions were studied. They were randomized to Candesartan or 
placebo. There was no significance between the groups in terms of mortality or 
heart failure hospitalizations.

The RALES trial (Randomized Aldactone Evaluation Study) enrolled patients 
with symptomatic heart failure and ejection fractions < 35 %. Patients were ran-
domized to get spironolactone or placebo. Patients enrolled were receiving ace- 
inhibitors, diuretics and many times, digoxin. The primary end-point was death 
from all causes. The trial was stopped early after an interim analysis showed that 
spironolactone was significantly efficacious compared to placebo. The 30 % 
decrease in the risk of death in the spironolactone group was primarily attributed to 
a lower risk of death from progressive heart failure and sudden death from cardiac 
causes [17]. Additionally, the spironolactone group enjoyed a significant improve-
ment in symptoms based on the New York Heart Association scale and had fewer 
hospital admissions for decompensated heart failure.

The RALES trial was undertaken after data emerged revealing that ace-inhibitors 
transiently, and not fully, suppress aldosterone.

The Eplerenone Post-Acute Myocardial Infarction Heart Failure Efficacy and 
Survival Study (EPHESUS) was designed to test the hypothesis that eplerenone, a 
selective aldosterone blocker would reduce overall mortality and cardiovascular 
mortality or hospitalization for cardiovascular events among patients with acute 
myocardial infarction complicated by diminished ejection fraction and heart failure. 
Patients with acute myocardial infarction, left ventricular dysfunction and heart fail-
ure were randomized to eplerenone or placebo. The primary end points were death 
from any cause and death from cardiovascular causes or hospitalization for heart 
failure, acute myocardial infarction, stroke or ventricular arrhythmia. The rate of 
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death, cardiovascular deaths and hospitalizations and sudden death were all reduced 
by eplerenone [24].

Congestive heart failure is a complex syndrome. When an insult to the heart 
results in a change in hemodynamics and a perturbation in homeostasis, the RAAS 
is activated to ensure that vital organs maintain adequate perfusion. In so doing, 
mechanisms that improve perfusion in the short term, cause congestive symptoms 
and abnormal cardiac preload and afterload in the acute and chronic periods. These 
changes, if not checked, may result in chronic progressive damage and worsening 
heart failure and cardiomyopathy. The therapies that control the increase activity of 
the RAAS, ace-inhibitors, ARBs and aldosterone inhibitors, have been studied in 
multiple large scale trials, and have been shown to decrease mortality, morbidity 
and RAAS activation. It has yet to be shown, if other targets of the RAAS will yield 
similar results.

 Angiotensin Receptor-Neprilysin Inhibition

In late 2014, The Paradigm-HF study was published. This double-blind trial of 
NYHA class II-IV heart failure patients with ejection fraction <40 % were random-
ized to either an ace-inhibitor (enalapril) or a novel agent, neprilysin-inhibitor 
(sacubitril)-angiotensin receptor inhibitor (valsartan) combination.

Neprilysin is an enzyme that degrades natriuretic peptides, bradykinin and adre-
nomedullin [25]. Degradation of these neurohormones can result in vasoconstric-
tion, sodium retention and myocardial remodeling; all maladaptive actions. 
Inhibition of neprilysin can increase the levels of these peptides countering these 
maladaptive actions.

The combination of inhibition of RAAS and inhibition of neprilysin had effects 
that were superior to inhibition of either alone, in smaller trials. In the Paradigm-HF 
trial, approximately 4200 patient received enalapril 10 mg twice daily and 4200 
patients received combination valsartan and sacubitril, the neprilysin inhibitor. 
Patients in each cohort had similar baseline characteristics. The primary outcome 
was a composite of death from cardiovascular causes or hospitalization for heart 
failure. The trial was designed to detect a difference in rates of death from cardio-
vascular causes. The primary end point was reached in 914 patients in the valsartan/
sacubitril group and 1117 patients in the enalapril group (p < 0.001). There were 
558 cardiovascular deaths in the valsartan/sacubitril cohort and 693 cardiovascular 
deaths in the enalapril group (p < 0.001) [25]. As compared with enalapril, valsar-
tan/sacubitril also reduced the risk of hospitalizations for heart failure, and decreased 
the symptoms and physical limitations associated with heart failure. The angioten-
sin receptor-neprilysin inhibitor significantly reduced the rates of death from any 
cause and from cardiovascular causes and the rates of hospitalizations for worsen-
ing heart failure as compared to enalapril [25].

The Paradigm-HF trial introduced the first new successful agent in the treatment 
of chronic, symptomatic heart failure in the last decade. The combination angotensin 
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II receptor antagonist and neprilysin-inhibitor, known as Entresto, work in synergy to 
inhibit RAAS and increase the beneficial effects of neuropetide activity.

Due to the strength of the Paradigm-HF data for sacubitril-valsartan, the 
American College of Cardiology the American Heart Association and Heart Failure 
Society recommended Entresto as class 1 for patients with chronic congestive heart 
failure, reduced ejection fraction and NYHA class II-III symptoms to replace an 
ace-I or ARB, in their 2016 practice guidelines [26]. (Table 5.2).
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Chapter 6
Inhibition of the Sympathetic Nervous System

Evan P. Kransdorf and D. Eric Steidley

 Introduction

Activation of the sympathetic nervous system (SNS) is a fundamental component of 
the pathophysiology of heart failure, especially heart failure with reduced ejection 
fraction (HFREF). Prolonged SNS activation contributes to several of the clinical 
sequelae of HFREF, such as loss of contractile reserve, ventricular remodeling, and 
sudden cardiac death. Over the last 30 years, extensive clinical research has shown 
that inhibition of the SNS in patients with heart failure improves outcomes includ-
ing mortality, hospitalization for heart failure, progression of symptoms, and sud-
den cardiac death. The cornerstone therapy for inhibiting the SNS is administration 
of drugs that antagonize the β-adrenergic receptor (β-blockers). A robust body of 
evidence shows that β-blockers reduce symptoms and improve outcomes in all 
patients with HFREF. Non-pharmacologic therapies, such as cardiac resynchroniza-
tion therapy (CRT) and exercise training, have been found to improve outcomes in 
patients with heart failure. Many beneficial effects arise from inhibition of the SNS. 
Here, we review the literature that supports the use of these pharmacologic and non-
pharmacologic therapies and offer practical advice regarding their application in 
clinical care.
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 Rationale for the Inhibition of the SNS in Heart Failure

The sympathetic nervous system (SNS) was accurately described as the regulator 
of “fight or flight” responses by Cannon in the early twentieth century [1]. Strong 
sympathetic stimuli cause several cardiac and peripheral vascular actions, includ-
ing increased heart rate and contractility, as well as venous and arterial vasocon-
striction [2]. The net effect of these changes is an increase in cardiac output, 
systemic blood pressure (BP) and blood volume, which support the organism’s 
response to an acute threat. Over the last 100 years, research into the pathophysiol-
ogy of several common cardiovascular diseases, such as heart failure and hyperten-
sion, has uncovered that the SNS is not only the mediator of the “fight or flight” 
responses, but is one of the mechanisms responsible for continuous maintenance of 
cardiovascular homeostasis [2].

The SNS maintains cardiovascular homeostasis via a complex system of nerve 
relays that contain two neurons and extend from the central nervous system to the 
target organs [3]. The preganglionic neuron has its cell body in the spinal cord, and 
projects its axon to a collection of neurons, or ganglion, that is distant from the target 
organ. In the heart, the sympathetic ganglion is known as the stellate ganglion and is 
located between the subclavian artery and the first rib [4]. The axons of the postgan-
glionic neurons project to ventricular myocardium [5], where they release the neu-
rotransmitter norepinephrine (NE). NE binds to specific β1- and β2-adrenergic 
receptors (AR) on the cardiac myocytes, through which G-protein coupled cell signal-
ing leads to phosphorylation of multiple intracellular proteins, such as L-type calcium 
channels and the ryanodine receptor [6, 7]. These phosphorylated proteins mediate an 
increase in heart rate and contractility by increasing intracellular calcium levels.

In the most fundamental sense, heart failure is characterized by a decrease in 
myocardial performance [8]. In HFREF, contractile reserve at any degree of filling 
is suboptimal [9]. This hemodynamic abnormality increases the frequency of sym-
pathetic nerve firing (activation) via the physiologic cardiovascular reflexes of the 
SNS that maintain homeostasis of systemic BP (the baroreflex), blood volume (car-
diopulmonary reflex), and oxygenation (the chemoreceptor reflex) [10].

Activation of the SNS leads to increased myocardial NE levels [11], which 
despite favorable acute effects, act through direct and indirect mechanisms to cause 
cardiac pathology. Bristow and colleagues were the first to show that hearts from 
patients with advanced cardiomyopathy had a 50 % lower density of β1-AR as com-
pared to controls [12]. Fowler and colleagues showed that the degree of β1-AR 
downregulation was proportional to the severity of heart failure and left ventricular 
systolic dysfunction [13]. High NE levels cause myocyte apoptosis by a direct effect 
[14], which worsens myocardial performance via adverse cardiac remodeling [15]. 
Activation of the SNS also causes alterations in the distribution of sympathetic neu-
rons in the left ventricle [16]. Taken together, these data connect the activation of 
SNS with the clinical sequelae of heart failure: loss of contractile reserve,  ventricular 
remodeling, and ventricular arrhythmia. Figure 6.1 summarizes the role of the SNS 
in the pathophysiology of HFREF.
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Sir James Black is credited with the development of propranolol, the first clini-
cally useful β-adrenergic receptor antagonist (β-blocker) [17, 18]. His goal had been 
to find a new drug for the treatment of angina. He reasoned that a drug that could 
block α- and β-AR would decrease myocardial oxygen demand and relieve symp-
toms. For his pioneering work in pharmacology, he received the 1988 Nobel Prize 
for Physiology or Medicine.

Although there are 16 β-blockers currently approved by the U.S. Food and Drug 
Administration (FDA) [19] only carvedilol, bisoprolol, and metoprolol succinate have 
been approved for the treatment of HFREF based on evidence of their beneficial 
effects on outcomes. Both bisoprolol and metoprolol are cardioselective; they prefer-
entially antagonize the β1-AR that mediate the adverse effects of SNS activation [20]. 
Carvedilol is nonselective and antagonizes β1-, β2-, and α1-AR [21], but exhibits long-
lasting effects on β1-AR signaling [22]. The pharmacology of these agents is high-
lighted in Table 6.1.

 The Evidence Basis for β-Blocker Therapy in Heart Failure 
with Reduced Ejection Fraction

Propranolol entered clinical use for angina and myocardial infarction in the 1960s 
[23]. At that time, the existing therapies for chronic heart failure were digitalis, 
diuretics, and bed rest [24]. Early work into the pathophysiology of heart failure 
suggested that the heart was functionally deinnervated in heart failure [25] and that 
the elevated heart rate seen in patients with advanced cardiomyopathy was required 
to maintain cardiac output [26]. Therefore, it is not surprising that there was a long 
delay before the first clinical use of β-blockers for HFREF.

Then in the early 1970s, Waagstein and colleagues made the observation that 
treatment with propranolol improved pulmonary edema in patients with acute heart 

Myocardial
injury
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myocardial

performance
-Low cardiac output
-High filling pressure

Activation of the
SNS

-High cardiac NE levels
-β1-AR downregulation

Clinical sequelae
of heart failure

-Loss of contractile reserve
-Adverse cardiac remodeling
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Fig. 6.1 Summary of the role of the sympathetic nervous system (SNS) in the pathophysiology 
of heart failure with reduced ejection fraction. An initial myocardial injury, such as myocardial 
infarction, leads to impaired cardiac performance. The cardiovascular reflexes sense the decreased 
cardiac performance and respond by increasing the sympathetic nerve-firing rate to compensate. 
Increased sympathetic nerve activity leads to high norepinephrine release and β1- adrenergic 
receptor downregulation. The high norepinephrine levels lead to myocyte apoptosis and sympa-
thetic nerve redistribution. Taken together, the activation of the SNS leads to the clinical sequelae 
of heart failure.
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failure due to ischemia [27]. The mechanism of this benefit was thought to be reduc-
tion of tachycardia and decreased myocardial oxygen utilization [28]. Waagstein 
reasoned that patients with cardiomyopathy and resting tachycardia might derive a 
similar benefit from treatment with β-blockers. They treated seven patients with 
dilated cardiomyopathy for 2–12 months and found that β-blocker treatment 
decreased heart failure symptoms, improved exercise tolerance, and increased ejec-
tion time; they even noted an increased ejection fraction (EF) in three patients [27]. 
The next demonstration of the clinical utility of β-blocker therapy was by Swedberg 
and colleagues [29]. They initiated 24 patients with dilated cardiomyopathy already 
being treated with diuretics and digoxin on metoprolol, practolol, or alprenolol, and 
slowly increased the dose over 1–4 weeks. Treatment duration was at least  
six months. Survival was markedly improved in the group treated with β-blocker 
therapy in addition to diuretics and digoxin, as compared to historical controls 
treated with diuretics and digoxin alone (survival at 2 years 66 % versus 19 %).

β-blocker therapy for HFREF was initially met with skepticism [30], perhaps due 
to the small sample size and lack of control use in these early studies. This skepti-
cism was further sustained by two small clinical trials that failed to show clinical 
benefit of β-blocker treatment in a total of 25 patients with dilated cardiomyopathy 
[31, 32].

The first randomized, placebo-controlled, multicenter clinical trial of β-blocker 
therapy in HFREF was the Metoprolol in Dilated Cardiomyopathy (MDC) trial 
[33]. In this trial, 383 patients with symptomatic dilated cardiomyopathy with a left 
ventricular EF less than 40 %, already on background treatment with an angiotensin 
converting enzyme inhibitor (ACEI), were treated with metoprolol tartrate or pla-
cebo, and followed for 12–18 months. Metoprolol tartrate was initiated at 10 mg 
twice daily and the dose titrated up to a target of 100–150 mg daily (mean dose 
108 mg daily). Metoprolol treatment was associated with a 34 % reduction in the 
combined endpoint of death or need for heart transplantation, but this trend was not 
statistically significant. Treatment with metoprolol also lead to improvements in 
both exercise capacity and New York Heart Association (NYHA) class.

The Cardiac Insufficiency Bisoprolol Study (CIBIS) was initiated to determine 
the effect of β-blocker therapy on mortality in patients with dilated as well as 

Table 6.1 Pharmacological properties of β-blockers approved for use in HFREF [21]

Drug

Receptor activity Plasma 
half-life 
(hours) Starting dose (mg) Target dose (mg)α β1 β2

Carvedilol + ++ + 7–10 3.125 mg twice dailya 25 mg twice dailyb

Bisoprolol − ++ − 9–12 1.25 mg daily 10 mg daily
Metoprolol 
succinate

− + − 3–7 25 mg dailya 200 mg daily

aThe starting dose can be halved for patients with severe heart failure, relative hypotension or bra-
dycardia
bThe maximum target dose is patients with mild to moderate heart failure weighing more than 
85 kg is 50 mg twice daily

E.P. Kransdorf and D.E. Steidley



101

 ischemic cardiomyopathy, and to assess the tolerability of β-blocker therapy [34]. In 
the study, 641 patients with advanced symptomatic heart failure (NYHA classes III 
and IV) with an EF less than 40 % were treated with bisoprolol or placebo and fol-
lowed for a mean of 1.9 years. Bisoprolol treatment was associated with a 20 % 
reduction in all-cause mortality, but once again this was not statistically significant 
(confidence interval 0.56–1.15). However, there was a statistically significant 
decrease in hospitalization for heart failure and improvement in NYHA class with 
bisoprolol treatment. Two possible explanations for the failure of both the MDC and 
CIBIS trials to show a statistically significant effect of β-blocker therapy on mortal-
ity are either insufficient power in both trials, and/or the relatively low drug doses 
used in the studies (mean metoprolol dose in MDC of 108 mg, mean bisoprolol dose 
in CIBIS of 3.8 mg).

By 1994, β-blocker therapy had been shown to improve quality of life and 
decrease hospitalization for heart failure, but had not proven to affect mortality. 
Several large-scale clinical trials were initiated to determine if β-blocker therapy 
would indeed improve survival: (1) US Carvedilol Trials Program, (2) Cardiac 
Insufficiency Bisoprolol Study II (CIBIS-II), and (3) Metoprolol CR/XL 
Randomized Intervention Trial in Congestive Heart Failure (MERIT-HF). The US 
Carvedilol Trials Program was actually four clinical trials that were performed as 
part of phase III evaluation of carvedilol and were analyzed together [20]. In that 
trials program, 1094 patients with symptomatic heart failure were treated with 
carvedilol or placebo [35]. The program was ended early due to the significantly 
lower number of deaths in patients receiving carvedilol. The annual mortality rate 
was 3.2 % in the carvedilol group as compared to 7.8 % in the placebo group (rela-
tive risk reduction of 65 %). In May 1997, carvedilol became the first β-blocker to 
be approved by the FDA for the treatment of HFREF.

The US Carvedilol Trials Program was followed by publication of the CIBIS-II 
trial and the MERIT-HF trial. In CIBIS-II, treatment with bisoprolol as compared to 
placebo conveyed a strong mortality benefit in patients with advanced heart failure 
(83 % of patients were NYHA class III and 17 % were NYHA class IV) and an EF 
of less than 35 % [36]. In MERIT-HF, 3991 patients with symptomatic heart failure 
(mostly NYHA classes II and III) and an EF of less than 40 % were randomized to 
metoprolol succinate or placebo [37]. It showed statistically significant improve-
ment in multiple outcomes: a 34 % reduction in mortality, a 49 % reduction in death 
from heart failure, and a 41 % reduction in sudden cardiac death with metoprolol 
treatment. Table 6.2 is a summary of the five β-blocker trials that have shown statis-
tically significant decreases in mortality.

Despite the results of CIBIS-II, there was not widespread adoption of β-blocker 
therapy for patients with advanced heart failure [38]. In addition, there was concern 
whether certain racial minorities and women, who had both been underrepresented 
in previous trials, would also derive benefit from β-blocker therapy. To address these 
issues, the Beta-Blocker Evaluation of Survival Trial (BEST) was performed. In 
BEST, 2708 patients with advanced symptomatic heart failure (NYHA classes III 
and IV) and an EF less than 35 % were treated with bucindolol or placebo and fol-
lowed for a mean of 24 months [39]. The BEST study population was 30 % 
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minorities and 23 % women. The trial was ended early due to the absence of a sig-
nificant difference in mortality between the treatment and placebo groups (hazard 
ratio of 0.9). It is worth noting that there were statistically significant decreases in 
the secondary outcomes of death from cardiovascular causes and hospitalization for 
heart failure.

Subgroup analysis of the BEST study showed that patients with non-black race 
received a mortality benefit from bucindolol, whereas black patients had no benefit. 
Given this, possible explanations for the failure of the trial to show a mortality ben-
efit included that bucindolol had different pharmacologic properties as compared to 
the other β-blocking drugs, or that the population under study had pharmacogenetic 
differences that led to non-response. A subsequent study by Bristow and colleagues 
has suggested that the lack of efficacy in African-American patients may be due to 
a specific deletion within the α2c-AR gene [40]. Additional work has confirmed that 
β-blockers do improve outcomes in African-American patients with heart failure, 
although to a lesser extent than in white patients [41].

Given that the BEST trial showed no survival benefit of bucindolol in patients 
with advanced cardiomyopathy, there was continuing concern that β-blocker therapy 

Table 6.2 Major clinical trials of β-blockers in HFREF that show a statistically significant 
decrease in mortality and morbidity

Trial Year Agent
Patient 
group

Endpoints

All- cause 
mortality

Death 
from 
HF

Sudden 
cardiac 
death

Admission 
for HF

US Carvedilol 
Study Group

1996 Carvedilol 
vs. placebo

NYHA 
II-IV, 
EF ≤ 
35

⇓ 65 % ⇓ NS ⇓ NS ⇓ 27 %

CIBIS II 1999 Bisoprolol 
vs. placebo

NYHA 
III-IV
EF < 
35

⇓ 34 % ⇓ NS ⇓ 44 % ⇓ 20 %

MERIT-HF 1999 Metoprolol 
succinate 
vs. placebo

NYHA 
II-IV
EF < 
40

⇓ 34 % ⇓ 
49 %

⇓ 41 % ⇓ 18 %

COPERNICUS 2001 Carvedilol 
vs. placebo

NYHA 
III-IV
EF < 
25

⇓ 35 % NR NR ⇓ 24 %a

COMET 2003 Carvedilol 
vs. 
metoprolol 
tartrate

NYHA 
II-IV, 
EF ≤ 
35

⇓ 17 % NR NR ⇓ NS

NYHA New York heart association class, EF Ejection fraction, HF heart failure, NR not reported, 
NS not statistically significant
aCombined endpoint of death or hospitalization
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would worsen heart failure in patients with advanced cardiomyopathy. This led in 
part to the design and execution of the Carvedilol Prospective Randomized 
Cumulative Survival Study Group trial (COPERNICUS) [35]. In this trial, 2289 
patients with advanced symptomatic heart failure (NYHA classes III and IV) and an 
EF less than 25 % were treated with carvedilol or placebo and followed for a mean 
duration of 10.4 months. The trial was stopped early due to a statistically significant 
35 % decrease in the risk of death in the treatment group. Importantly, therapy with 
carvedilol was well tolerated in this population, with a higher withdrawal rate at 1 
year in the placebo group (18.5 % vs. 14.8 %).

Packer and colleagues published a meta-analysis in 2001 that showed that treat-
ment with carvedilol led to a greater increase in EF as compared to metoprolol [42]. 
To assess whether this difference in EF led to a difference in outcome, the Carvedilol 
Or Metoprolol European Trial (COMET) was performed. In this trial, 3029 patients 
with symptomatic heart failure and an admission for heart failure within the last 2 
years were randomized to carvedilol or metoprolol tartrate [43]. The mean doses 
achieved were 41.6 mg daily for carvedilol and 85 mg daily for metoprolol. After a 
mean of 58 months, patients treated with carvedilol had a 17 % lower risk of death, 
but there was no difference in the risk of hospital admission between the two groups. 
The results of the COMET trial are controversial because metoprolol tartrate is not 
FDA-approved for heart failure and the dose achieved in the metoprolol arm was 
relatively low [44]. Post-hoc analysis of the data from the Multicenter Automatic 
Defibrillator Implantation Trial With Cardiac Resynchronization Therapy (MADIT- 
CRT) showed that carvedilol was superior to metoprolol [45]. Over a follow up of 
3.4 years in 1515 patients with mild heart failure (NYHA class I and II, EF ≤ 30 %), 
carvedilol treatment was associated with a 28 % lower risk of death or hospitaliza-
tion for heart failure as compared to metoprolol.

These five clinical trials form the evidence-basis for the utilization of β-blockers 
in HFREF (summarized in Table 6.2). Use of β-blockers has been shown to decrease 
mortality, hospitalization and death from heart failure, and sudden cardiac death; 
therefore all patients with a left ventricular EF of 40 % and below should be treated 
with a β-blocker in the absence of a significant contraindication [46]. Because 
MERIT-HF used metoprolol succinate, BEST showed no benefit with bucindolol, 
and carvedilol was found to be superior to metoprolol tartrate in COMET, guide-
lines from the American College of Cardiology [47] and the Heart Failure Society 
of America [46] recommend that only carvedilol, bisoprolol, or metoprolol succi-
nate be used to treat patients with HFREF.

In practice, clinicians caring for patients with newly diagnosed HFREF need to 
decide whether to initiate medical therapy for heart failure with an ACEI or a 
β-blocker. This dilemma is especially pertinent for patients whose initial BP is not 
sufficient to allow treatment with evidence-based doses of both agents. It is impor-
tant to note that in the five β-blocker trials showing a decrease in mortality, nearly 
all patients (>90 %) in each trial were already being treated with an ACEI or angio-
tensin receptor blocker (ARB). Given this, current guidelines recommend initiation 
of an ACEI or ARB prior to the initiation of a β-blocker [46]. However, there is a 
small body of data that suggests that upfront initiation of a β-blocker is safe and 
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effective. Sliwa and colleagues performed a single-center randomized trial of 
carvedilol or perindopril (an ACEI) as initial therapy for 78 patients with idiopathic 
dilated cardiomyopathy [48]. Treatment with the first agent was continued for 6 
months and then the second agent added. Endpoints were reviewed after 1 year. 
They found that patients in the carvedilol-first group experienced a greater improve-
ment in NYHA class, EF, B-type natriuretic peptide levels, with a higher carvedilol 
dose achieved. These positive findings led to the CIBIS-III trial, in which 1010 
patients with symptomatic heart failure and an EF less than 35 % were randomized 
to monotherapy with bisoprolol or enalapril for 6 months [49]. After this time, the 
complimentary drug was initiated and maintained through the end of the trial. 
Treatment with bisoprolol-first was noninferior to enalapril-first in the 
 intention-to- treat sample with regards to the primary endpoint of mortality or hos-
pitalization for HF. There was no statistical difference in the frequency of adverse 
events between the groups. Further analysis of CIBIS-III has shown that 60 % of the 
adverse events occurred during the monotherapy period [50], suggesting that both 
guideline-based therapies should be implemented and uptitrated without delay.

 Additional Clinical Benefits of SNS Inhibition with β-Blocker 
Therapy

In addition to a mortality benefit, β-blocker therapy has been shown to have other 
significant clinical benefits in patients with HFREF. Treatment with carvedilol and 
metoprolol succinate have been shown to lead to reverse remodeling of the left ven-
tricle, characterized by an increase in the EF and a decrease in the end-systolic and 
end-diastolic volumes [51]. β-blocker therapy improves heart failure symptoms, 
with a net effect of lowering NYHA class by one grade and improving exercise time 
[52]. Only one meta-analysis of ten trials showed no significant improvement in 
quality of life with β-blocker therapy [53].

Peak oxygen consumption (VO2) and natriuretic peptides are commonly used 
markers of heart failure severity that are affected by treatment with β-blockers. In 
1991 Mancini and colleagues followed a group of ambulatory heart failure patients 
with a VO2 > 14 mL/kg/min who had similar one- and two-year survival rates with 
or without heart transplantation [54]. Subsequently, this VO2 value has served as a 
useful threshold to inform the timing of heart transplantation. This study was com-
pleted before the widespread use of β-blockers in HFREF. While β-blocker treat-
ment does not change peak VO2, long-term mortality is improved with a hazard ratio 
of 0.6 [55]. Because of this improved mortality while on treatment, Peterson and 
colleagues showed that advanced cardiomyopathy patients receiving β-blockers do 
not benefit from heart transplantation until VO2 < 12 mL/kg/min [56].

B-type natriuretic peptide (BNP) and N-terminal proBNP (NT-BNP) are used as 
both diagnostic and prognostic markers for heart failure [57]. Stanek and colleagues 
were among the first to examine the effect of β-blocker treatment on BNP and 
NT-BNP levels [58]. They found that treatment with atenolol for 6 months reduced 

E.P. Kransdorf and D.E. Steidley



105

NT-BNP but not BNP levels. In a substudy of the COPERNICUS trial, treatment 
with carvedilol did not decrease the median level of NT-BNP as compared to pla-
cebo, but did strongly decrease NT-BNP when analyzed as a change from baseline 
level for each patient (25 % decrease with carvedilol as compared to 5 % decrease 
with placebo at 6 months) [59]. Treatment with a β-blocker does not affect the util-
ity of these prognostic markers, as BNP and NT-BNP levels remain strongly predic-
tive of mortality [58, 60].

 Considerations and Cautions with β-Blocker Therapy

Patients with chronic heart failure are a heterogeneous group with a wide spectrum 
of cardiovascular diseases and underlying comorbidities. Despite this heterogeneity, 
multiple subgroups of patients with HFREF are able to be safety treated with 
β-blocker therapy and there are few absolute contraindications to their use.

There are important considerations and cautions for the use of β-blockers in the 
treatment of HFREF. Table 6.3 contains a list of the comorbidities and conditions in 
which β-blocker therapy for HFREF is generally tolerated or in which therapy 
should be used with caution or avoided.

Concerns that treating HFREF with β-blockers would worsen heart failure symp-
toms and precipitate decompensation shortly after drug initiation have been prevalent 
[61]. Hemodynamic data confirm that left ventricular systolic pressure and cardiac 
index acutely decrease [62]. β-blocker administration may decrease sodium excre-
tion and thereby increase volume overload [63]. Consistent with this, both BNP and 
NT-BNP levels are increased compared to baseline when measured 6 weeks after 
β-blocker initiation, and then decline by 3 months [59, 64]. These data underscore 
the point that β-blocker initiation may cause a transient worsening of clinical status.

By following three principles during initiation of β-blocker therapy, clinicians 
can help ensure tolerability and patient acceptance. First, β-blockers should not be 
initiated in patients in acute hemodynamic instability. Second, β-blockers should 
not be initiated in patients with worsening symptoms and signs of volume overload. 
In all of the large clinical trials discussed above, patients were clinically euvolemic 
at the time of drug initiation. Third, β-blockers should be initiated at a low dose, and 
then titrated upwards at regular intervals over several weeks. Before each dose 
increase, the clinician should ensure the patient has maintained clinical stability in 
terms of symptoms, volume status, heart rate, and BP. The frequency of dose 
increase in clinical trials has varied between 1 week (as in CIBIS-II and BEST) and 
2 weeks (as in MERIT-HF, COPERNICUS, and COMET), with current guidelines 
recommending dose increases at 2 week intervals [46]. In our practice, we individu-
alize both the starting dose and the speed of uptitration according to multiple clini-
cal characteristics of the patient, including NYHA class, EF, BP, heart rate, and 
diuretic requirements. Specialized programs for uptitration of β-blocker dose by 
nurse clinicians may be helpful, as they have been shown to achieve higher rates of 
target β-blocker dose utilization as compared to standard of care [65].
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The above three principles have been followed by all of the above-mentioned 
clinical trials of β-blockers and have contributed to the remarkable tolerability of 
therapy in these studies. Analysis of data from the MERIT-HF trial showed that as 
early as 90 days after initiation of metoprolol succinate there was a decrease in the 
risk of mortality or hospitalization, no change in symptoms, and a decrease in the 
daily dose of furosemide [66]. Even in patients at very high risk of decompensation, 
there was no increase in death or hospitalization at 8 weeks in the COPERNICUS 
trial [67].

Overall tolerability of β-blocker therapy in clinical trials has been excellent, with 
more patients discontinuing therapy in the placebo group than in the active treat-
ment group [68]. Side effects of bradycardia, dizziness, and hypotension do occur 
more frequently with β-blocker treatment as compared to placebo, but have been 
shown to be infrequent causes of discontinuation of therapy. Table 6.4 lists the 
 incidence of these side effects as determined in a meta-analysis by Ko and col-
leagues [68]. It is important to note that β-blockers will decrease the sinus rate and 
prolong conduction through the atrioventricular node, and so use is contraindicated 
in patients with bradycardia (HR < 55 BPM) or second- and third- degree AVB [69]. 

Table 6.3 Comorbidities and conditions in which β-blocker therapy for HFREF is tolerated or in 
which therapy should be used with caution or avoided

Generally tolerated Use with caution Avoid use

Comorbidities
Diabetes mellitus Diabetes mellitus with 

recurrent hypoglycemic 
events

Mild to moderate COPD Severe COPD with frequent 
exacerbations

COPD with active 
bronchoconstriction

Stable RAD, treated with a 
cardioselective β-blocker

RAD with frequent 
exacerbations

RAD with active 
bronchoconstriction

Peripheral arterial disease 
without claudication

Peripheral arterial disease 
with claudication

Peripheral arterial disease with 
critical limb ischemia

Hemodynamic conditions
Asymptomatic hypotension 
with SBP > 90 mmHg

Asymptomatic hypotension 
with SBP 80–90 mmHg

Symptomatic hypotension (e.g. 
orthostatic symptoms)

Stable advanced heart failure 
(left ventricular EF ≤ 25 %)

Decompensated heart failure; 
resting sinus tachycardia > 
100 BPM

Acute hemodynamic instability 
or use of I.V. beta-agonist (e.g. 
dobutamine)

Heart rhythm conditions
Sinus rhythm with heart rate 
60–100 BPM

Sniusbradycardia with HR < 
60 BPM

Sinus bradycardia with HR < 
55 BPM

First-degree AV block; sinus 
bradycardia during sleep

Type I second-degree AV 
block (Wenckebach)

Type II second-degree AV 
block; third-degree AV block

COPD chronic obstructive pulmonary disease, RAD reactive airway disease, SBP systolic blood 
pressure, EF ejection fraction, BPM beats per minute, HR heart rate, AV atrioventricular
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The role of pacemaker placement to facilitate β-blocker therapy, in the absence of 
indications for an implantable cardiac defibrillator or cardiac resynchronization 
therapy (CRT) is unclear. The Dual Chamber and VVI Implantable Defibrillator II 
Trial (DAVID-II) showed that atrial pacing at a rate of 70 BPM was safe, although 
it provided no clinical benefit over backup ventricular pacing at 40 BPM, in patients 
with HFREF (mean EF 26 %) and an implanted defibrillator [70]. Notably, the per-
centage of patients receiving target dose β-blocker therapy was similar between the 
two groups, suggesting that pacemaker mode did not significantly affect β-blocker 
dose titration.

Physicians should follow the systemic BP closely during titration of medical 
therapy for HFREF. Indeed, BP is linked to outcome in heart failure with lower BP 
associated with more advanced cardiomyopathy and consequently higher mortality 
[71]. Patients with hypotension (BP < 100 mmHg) were excluded from all the major 
β-blocker trials except COPERNICUS and COMET. Analysis of outcomes data by 
baseline BP in the COPERNICUS trial showed that patients with the lowest BP, 
ranging from 85–95 mmHg, had an equal benefit of β-blocker therapy [72]. However, 
these patients did experience a higher frequency of side effects and were more likely 
to stop treatment. In practice, β-blocker therapy can be initiated cautiously in asymp-
tomatic patients (i.e., without orthostatic symptoms) and chronic BP 85–95 mmHg. 
These patients require careful monitoring to ensure stability of their clinical status 
during treatment.

Diabetes mellitus (DM) is present in about 25 % of patients with HFREF [73]. 
Patients with DM and HFREF are at an increased risk of mortality and derive a 
survival benefit from treatment with β-blockers [74]. However, because β-blockers 
can blunt the autonomic response that alerts patients to the presence of hypogly-
cemia, there are long-standing concerns that β-blocker use may be dangerous in 
patients with DM. In contrast to these concerns, Shorr and colleagues found a 
decreased risk of serious hypoglycemia with cardioselective β-blocker use (rela-
tive risk 0.73) and a small, non-significant increased risk with nonselective 
β-blocker use (relative risk 1.26) in 13,559 patients being treated with antihyper-
tensive medications [75].

Peripheral arterial disease with claudication was initially a contraindication to 
β-blocker therapy because of case reports describing a worsening of symptoms with 
therapy [76]. A subsequent meta-analysis of six small trials has shown no signifi-
cant effect of β-blocker therapy on time to claudication or walking distance [77]. 

Table 6.4 Frequency of side effects more commonly seen with β-blocker treatment than placebo 
by meta-analysis [68]

Side effect
Frequency during treatment 
with β-blocker

Frequency during treatment 
with placebo Risk ratio

Hypotension 7.6 % 6.1 % 1.41
Dizziness 21.5 % 16.6 % 1.37
Bradycardia 5.7 % 1.8 % 3.62
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Thus, β-blocker therapy can be used cautiously in patients with advanced peripheral 
arterial disease.

Pulmonary disease has been another comorbidity affecting the utilization of 
β-blocker therapy. The lung contains β2-AR that mediates bronchial smooth mus-
cle cell relaxation and are the pharmacologic target of agonist drugs used in both 
reactive airway disease (RAD) and chronic obstructive pulmonary disease 
(COPD) [78]. Early on, the nonselective β-blocker propranolol was shown to pre-
cipitate bronchospasm in asthmatic patients [79]. Salpeter and colleagues showed 
that in patients with RAD, treatment with a cardioselective β-blocker led to a 
7.5 % decrease in forced expiratory volume in 1 second (FEV1) after the first dose 
without causing respiratory symptoms. Continued treatment was not associated 
with a further decline in FEV1 and was well tolerated in the short-range trials 
analyzed in this meta- analysis [80]. By comparison, the nonselective β-blocker 
carvedilol was tolerated in only six of 12 patients with asthma [81]. The use of 
cardioselective β-blockers in patients with stable RAD is acceptable but treatment 
of patients with severe disease should be avoided. The use of selective β-blockers 
should be considered.

Patients with COPD are able to tolerate β-blocker therapy more readily than 
those with RAD, and newer data suggests that COPD patients without heart failure 
may have decreased mortality with β-blocker treatment [82]. Salpeter and col-
leagues have examined the use of cardioselective β-blockers in patients with COPD 
and found that they are well tolerated [83]. Two studies have evaluated the use of 
nonselective β-blockers in patients with COPD and HFREF. Jabbour and colleagues 
performed a trial with 35 patients with COPD and HFREF and found that FEV1 was 
lower with carvedilol as compared to metoprolol or bisoprolol, but all three agents 
were well-tolerated [84]. Furthermore, an analysis of data from the Organized 
Program to Initiate Lifesaving Treatment in Hospitalized Patients With Heart Failure 
(OPTIMIZE-HF) showed that there was no difference in survival between patients 
treated with selective versus nonselective β-blockers in HFREF patients with COPD 
[85].

 β-Blocker Therapy in Hospitalized Heart Failure Patients

Hospitalization for acute decompensated heart failure is common with over one 
million hospitalizations occurring in 2009 [86]. In 1999, due to studies indicating 
that antagonism of the adrenergic system could lead to volume overload [87] as 
well as an absence of data showing benefit of β-blocker use in patients with 
NYHA class IV symptoms, the Advisory Council To Improve Outcomes 
Nationwide in Heart Failure (ACTION HF) guidelines recommended that patients 
with decompensation requiring hospitalization or the use of intravenous agents 
have their β-blocker dose reduced or discontinued [61]. Furthermore, de novo 
initiation or re- initiation of therapy was recommended to be performed 

E.P. Kransdorf and D.E. Steidley



109

exclusively in the outpatient setting after discharge [88]. However, over the last 
10 years, several clinical studies have shown that outcomes are improved by con-
tinuing β-blocker therapy during hospitalization and initiating therapy before hos-
pital discharge. In the Initiation Management Predischarge: Process for Assessment 
of Carvedilol Therapy in Heart Failure (IMPACT-HF) trial, 363 patients were 
randomized to initiation of carvedilol before discharge or at least 2 weeks after 
discharge [89]. The number of patients treated with any β-blocker at 60 days after 
discharge was significantly higher in the before discharge group (91 % vs. 73 %), 
without a significant difference in outcome between the groups. Fonarow and col-
leagues extended these findings in an analysis of patients with HFREF hospital-
ized in the OPTIMIZE-HF registry [90]. They found that patients continued on 
β-blocker therapy at hospital admission or started de novo had a lower risk of 
mortality at 60–90 days after discharge, even after adjusting for clinical variables 
predictive of post-discharge mortality. Thus, continuation of β-blocker therapy in 
patients with HFREF that are hospitalized for an acute decompensation is recom-
mended, unless other contraindications to continued therapy, such as bradycardia 
or shock, are present [46]. Data from OPTIMIZE-HF showed that patients who 
are initiated on β-blocker therapy while hospitalized for heart failure are three 
times more likely to be treated with a β-blocker at 60–90 day follow-up [91]. 
Thus, we conclude that therapy should be initiated before discharge for most 
patients with HFREF.

Patients hospitalized with acute decompensated heart failure who are placed on 
inotropic therapy for hemodynamic support represent a special category of patients 
with advanced cardiomyopathy [92]. The inotropes approved for use in the United 
States are the β1-agonist, dobutamine and the phosphodiesterase III inhibitor, milri-
none. Inotropic therapy has long been used to improve hemodynamics in NYHA 
class IV patients with depressed cardiac output. However, given the improvement in 
clinical outcomes seen in patients with NYHA class IV heart failure in 
COPERNICUS, it might be beneficial to treat patients with advanced disease with 
both an inotrope and a β-blocker [93]. Mehtra and colleagues were the first to care-
fully study this issue by measuring the hemodynamic response to dobutamine and 
enoximone (an oral phosphodiesterase III inhibitor) before and after treatment with 
a β-blocker in 34 patients with HFREF [94]. They found that the hemodynamic 
effects of dobutamine infusion were blunted by treatment with metoprolol and 
carvedilol, but the effects of enoximone were not blunted by treatment with either 
agent. This trial showed that β-blockers should not be used in conjunction with 
dobutamine, but can be used with phosphodiesterase III inhibitors. A review of four 
studies examining combination treatment with milrinone and β-blockers showed 
that co-treatment is well-tolerated and has a neutral or beneficial effect on mortality 
[95]. Combination treatment has also been investigated as a method to help improve 
cardiac function sufficiently to allow inotrope weaning [96]. We have concluded 
that β-blockers should not be used with dobutamine because of their blunting effect 
on the hemodynamic response, but appear to be safe to be used with milrinone, and 
may improve outcomes.
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 Optimization of β-Blocker Therapy

There are patient-related and system-based barriers for the optimal utilization of 
β-blocker therapy in patients with HFREF. Given that β-blockers decrease heart rate 
and BP, a small number of patients may not tolerate even low-dose therapy or be 
able to reach target doses of therapy. In the OPTIMIZE-HF registry, 9.4 % of 
patients with HFREF were not discharged on a β-blocker due to a documented con-
traindication (Fig. 6.2) [91]. Patient characteristics associated with the inability to 
tolerate the initiation of carvedilol in the outpatient setting include higher NYHA 
class, older age, lower diastolic blood pressure, and higher blood urea nitrogen con-
centration [97]. In a cohort of 340 patients with HFREF, 10 % of patients discontin-
ued therapy over a 2 year period. The most common reason for discontinuation was 
a failure to restart a β-blocker after hospitalization [98].

Based on the dosing strategy utilized in the major clinical trials, β-blockers 
should be generally initiated at a low dose and uptitrated until dose-limiting 
side effects occur or until the target dose is reached. Analysis of the clinical trial 
data supports this “target dose” strategy, with dose-related improvements in out-
comes seen in the MOCHA [99], CIBS-II [100], and COMET trials [101]. This 
benefit has not been uniformly shown however, as patients in MERIT-HF receiv-
ing low-dose metoprolol (≤ 100 mg daily) or high-dose metoprolol (> 100 mg 
daily) had a similar benefit of therapy [102]. In practice, only a minority of 
patients treated with β-blockers reach target doses. In the Carvedilol Heart 
Failure Registry (COHERE), 55 % of patients were receiving less than the tar-
get dose of carvedilol [103].

N=18,425

Eligible
90.6 %

Symptomatic bradycardia
1.0 %

Reactive airway disease
3.4 %

Symptomatic hypotension
2.4 %

Other
2.4 %

2nd/3rd degree heart block
0.2 %

9.4 %

Fig. 6.2 Documented contraindications for β-blocker non-use at the time of hospital discharge in 
the OPTIMIZE-HF registry. In OPTIMIZE-HF, 9.4 % of 18,425 patients had a documented con-
traindication for β-blocker treatment, which are listed in the figure. (Figure reproduced with modi-
fication from Fonarow et al. [91], © 2007, with permission from Elsevier)
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Another potential strategy is to uptitrate the β-blocker dose based on the heart 
rate, as analyses of the CIBIS-II and COMET trials showed that the benefit of ther-
apy was related to the magnitude of heart rate reduction [101, 104]. McAllister and 
colleagues performed a meta-analysis of 17 β-blocker clinical trials and found that 
the magnitude of survival benefit was related to the heart rate reduction, with a rela-
tive risk reduction for death of 18 % for each decrease in heart rate by five beats/
minute [105]. In this meta-analysis there was no relationship between the β-blocker 
dose achieved and the survival benefit. At this time the optimal dosing strategy is 
unclear, but guidelines recommend titration to target the doses used in the clinical 
trials of β-blockers [47].

 β-Blocker Therapy in Heart Failure with Preserved Ejection 
Fraction

Heart failure with preserved ejection fraction (HFPEF) is a distinct heart failure 
syndrome as compared to HFREF [106]. At the cellular level, ATP-dependent relax-
ation is impaired in patients with HFPEF, which leads to decreased chamber com-
pliance and elevated filling pressures. The available data suggest that the level of 
SNS activation is less in HFPEF as compared to HFREF [107, 108]. However, 
based on a small body of data, β-blocker therapy may be beneficial in patients with 
HFPEF.

In the Study of the Effects of Nebivolol Intervention on Outcomes and 
Rehospitalization in Seniors with Heart Failure (SENIORS) trial, 2135 patients age 
70 or older with an admission for heart failure within the last year or an EF ≤ 35 % 
were randomized to treatment with nebivolol or placebo [109]. The enrolled popula-
tion was a mix of patients with HFREF (65 % with EF ≤ 35 %) and mildly reduced 
EF (35 % with EF > 35 %). After a mean of 20 months, patients treated with nebivo-
lol had a 14 % lower risk of death or hospitalization for heart failure, verifying that 
elderly patients with heart failure benefit from β-blocker therapy. When analyzed by 
baseline EF, there was a similar trend towards benefit in patients with HFREF and 
those with a mildly reduced EF [110]. El-Refai and colleagues performed a retro-
spective analysis of the effects of β-blocker therapy in a mixed cohort (both HFPEF 
and HFREF) of patients with a hospitalization for heart failure treated with β-blocker 
therapy [111]. Treatment with a β-blocker decreased the combined endpoint of 
death or hospitalization for heart failure both in patients with HFPEF and HFREF 
(hazard ratio 0.68 and 0.53, respectively), after multivariate adjustment for baseline 
predictors of outcome. In contrast to these results, patients with HFPEF who were 
initiated on β-blocker therapy during a hospitalization for heart failure did not have 
improved survival or decreased rehospitalization for heart failure at 1 year in the 
OPTIMIZE-HF registry [112]. Thus, additional clinical trials are needed to address 
these conflicting findings of β-blocker therapy in patients with HFPEF.
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 Monitoring the Response to β-Blocker Therapy

Metaiodobenzylguanidine (MIBG) imaging and heart rate variability are methods 
to determine the level of SNS activation. In patients with heart failure, SNS activa-
tion leads to high levels of NE in the synapse, which overwhelm the presynaptic 
transporter responsible for moving NE back into the cell [113]. Iodine-123 labeled 
MIBG is an analog of NE, and so the decreased reuptake of NE from the synapse 
leads to low MIBG uptake and high washout [114]. Clinical imaging is performed 
using single-photon emission computed tomography (SPECT) [115] or positron 
emission tomography (PET) [116]. See Fig. 6.3 for an example of MIBG imaging 
in heart failure [115].

Decreased myocardial uptake of iodine-123 labeled MIBG was first shown to be 
associated with adverse outcomes in heart failure patients in 1992 [117], but the first 
prospective validation of MIBG imaging was the AdreView Myocardial Imaging 
for Risk Evaluation in Heart Failure (ADMIRE-HF) study published in 2010 [118]. 

Mediastinum
ROI

Heart
ROI

Heart ROI mean count = H
Mediastinum ROI mean
count = M
H/M Ratio = H / M

a

b c

Fig. 6.3 Quantification of sympathetic nervous system activation with metaiodobenzylguanidine 
(MIBG) imaging. (a) Method for calculation of the heart-to-mediastinum ratio on MIBG imaging 
of the chest. Regions of interest (ROI) are drawn over the heart and mediastinum. (b) Normal SNS 
activation level and MIBG activity in a patient with a heart-to-mediastinum ratio of 1.8. (c) 
Abnormal SNS activation level and low MIBG activity in a patient with a heart-to-mediastinum 
ratio of 1.1 (Figure reproduced with modification from Carrió et al. [115] © 2010, with permission 
from Elsevier)
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In this study, 961 subjects underwent MIBG imaging and were followed for a 
median of 17 months. A low heart-to-mediastinum ratio of MIBG uptake was found 
to predict a composite outcome of cardiac events, as well as the individual outcomes 
of heart failure progression, arrhythmic events, and cardiac death. Currently, the 
role of MIBG imaging in risk stratification as compared to established methods 
such as cardiopulmonary exercise testing is unclear. Treatment with carvedilol has 
been shown to improve MIBG uptake, which further serves as proof of principle 
that monitoring SNS activation may help patient level prediction of outcomes and 
help clinicians individualize neurohormonal therapies for heart failure [119, 120].

The sympathetic and parasympathetic nervous systems innervate the sino-
atrial node and lead to fluctuations in heart rate via activation of their corre-
sponding receptors [121]. Measurements of these normally occurring variations 
in the R-R interval due to autonomic tone are collectively termed heart rate vari-
ability (HRV) [122]. HRV can be measured by several different parameters, the 
most popular of which is the standard deviation of all R-R intervals in a 24 hour 
period (SDNN) [123].

The activation of the sympathetic nervous system that occurs in heart failure 
leads to a reduction in HRV [124]. This reduction in HRV is not uniform in patients 
with advanced cardiomyopathy [125], with several different HRV parameters hav-
ing been shown to predict outcome in patients with advanced heart failure. Bilchik 
and colleagues showed that SDNN < 65.3 milliseconds was associated with a 3.7-
fold higher risk of mortality and a 2.4-fold higher risk of sudden cardiac death 
[126]. Figure 6.4 presents an example of abnormal HRV in heart failure. Therapy 
with carvedilol has been shown to improve HRV in patients with HFREF [127, 
128]. Therefore, both abnormal MIBG imaging and HRV correlate with adverse 
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Fig. 6.4 Poincaré plots of heart rate variability from a patient with no cardiac disease and a patient 
with advanced cardiomyopathy. In the Poincaré plot, each R-R interval (RnRn+1) is plotted on the 
x-axis against the succeeding R-R interval (Rn+1Rn+2) on the y-axis. (a) Poincaré plot in a 77 year- 
old man without heart disease. SDNN was normal at 225.0. (b) Poincaré plot in a 61 year-old 
woman with advanced cardiomyopathy (EF 15 %). SDNN was abnormal at 58.4, consistent with 
low heart rate variability. The patient underwent heart transplantation 3 months after this study
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clinical outcomes in patients with HFREF, and as such are non-invasive methods for 
monitoring the level of activation of the SNS. These methods are not routinely used 
in clinical practice, but they hold promise [129]. Improvements in SNS activation as 
assessed by these methods may be reasonable surrogate endpoints to clinical out-
comes in trials investigating the effects of heart failure therapies.

 Non-pharmacologic Therapies for SNS Inhibition

Several clinically important non-pharmacologic therapies have been shown to reduce 
SNS activity in heart failure. Several of these therapies, such as CRT, continuous 
positive airway pressure (CPAP) for obstructive sleep apnea and exercise training, 
have entered into the standard management of HFREF. Alternative therapies, such as 
Tai Chi and meditation, have been shown to be beneficial but are underutilized. At 
the same time, a novel therapeutic device, the baroreceptor stimulator, is undergoing 
clinical trials. Decreased SNS activity may serve as a critical early signal that a thera-
peutic advance will show itself to positively impact clinical outcomes.

Cardiac resynchronization therapy (CRT) is as an important therapy in HFREF 
patients with ventricular dyssynchrony, as marked by prolonged interventricular 
conduction [130]. CRT is discussed in further detail in Chap. 17, but has been shown 
to improve heart failure symptoms, lead to reverse remodeling, and decrease both 
hospitalizations and deaths from heart failure. Three studies have shown that CRT 
improved HRV as measured by mean atrial cycle length [131], SDNN [132], or 
standard deviation of the sensed atrial-to-atrial intervals (SDAAN) [133]. Cha and 
colleagues also showed that CRT leads to an improved heart-to-mediastinum ratio 
on MIBG imaging [132].

Obstructive sleep apnea (OSA) is common in patients with HFREF, with Sin and 
colleagues finding a prevalence of 37 % in 450 patients referred for polysomnogra-
phy [134]. Sleep is associated with a decrease in sympathetic outflow, and a reduc-
tion in BP and heart rate [135]. In contrast, patients with OSA have elevated 
sympathetic activation, both during episodes of apnea during sleep as well as during 
wakefulness [136]. Importantly, treatment of OSA with nocturnal CPAP has been 
shown to reduce sympathetic outflow and consequently reduce heart rate and BP 
[137]. Furthermore, the use of nocturnal CPAP for a month in a group of 12 patients 
with HFREF (mean EF 25 %) was associated with reverse remodeling, as indicated 
by an improvement in the left ventricular end-systolic dimension and EF [138]. 
Patients with HFREF and OSA, that are either not treated with CPAP, or not fully 
compliant with therapy, have a higher mortality [139]. Given these data, all patients 
with HFREF should be screened for the presence of OSA and considered for ther-
apy with nocturnal CPAP.

Exercise training has been perscribed in order to imporve the quality of life and 
outcomes in patients with heart failure [140]. In the Heart Failure: A Controlled Trial 
Investigating Outcomes of Exercise Training (HF-ACTION) trial, the implementation 
of a structured exercise program led to a statistically-significant decrease in the 
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composite endpoint of all-cause mortality or hospitalization [141]. A review of mul-
tiple studies by Gademan, et al, demonstrates that exercise training clearly improves 
heart rate variability in a popluation of heart failure patients [142]. Furthermore, 
Roveda and colleagues recorded muscle sympathetic nerve activity in 16 patients 
with HFREF and found that it decreased significantly after exercise training in 
HFREF patients, even to the levels seen in normal controls [143].

Emotional stress affects the level of activation of the SNS via the hypothalamus 
[144]. This heart-brain connection is most clinically relevant in stress cardiomyopa-
thy (also known as Takotsubo cardiomyopathy), in which a sudden, severe, mental 
or physical stress leads to acute myocardial dysfunction [145]. Stress cardiomyopa-
thy is felt to be mediated, at least in part, by high circulating levels of catechol-
amines [146]. Therefore, it is not surprising that non-pharmacologic therapies 
aimed at decreasing mental stress have been shown to have benefit in HFREF. Tai 
Chi is a Chinese martial art that combines physical exercise and mental relaxation 
[147]. In 2004, Yeh and colleagues randomized 30 patients with HFREF to 12 weeks 
of Tai Chi training or no training [148]. At the conclusion of the study, patients in 
the Tai Chi group demonstrated an improved quality of life, improved six minute 
walk distance, and a trend toward lower BNP levels. Meditation has also been 
shown to lower norepinephrine levels and increase Minnesota Living with Heart 
Failure Questionnaire scores [149]. These alternative therapies have potential to 
improve quality of life and outcomes in patients with HFREF.

Concurrent to the activation of the SNS that occurs in HFREF is withdrawal of 
vagal activity [150]. To counteract the effects of SNS activation, reestablishment of 
vagal tone has been investigated as a novel therapeutic strategy in HFREF. Chronic 
vagal nerve electrical stimulation (VNS) was shown to improve HRV and lead to 
reverse remodeling in a pacing-induced animal model of HFREF [151]. In the 
Cardiofit Multicenter trial, the safety and efficacy of the CardioFit VNS device was 
tested in an uncontrolled trial of 32 patients with HFREF [152]. After 6 months of 
therapy, 41 % of patients experienced a serious adverse event, not unanticipated for 
a novel device. However, there were significant improvements in heart failure symp-
toms, 6-min walk distance, and EF. A larger, multi-center randomized clinical trial 
was initiated in 2011 to test the CardioFit VNS device [153]. If VNS therapy is 
shown to improve outcomes, non-invasive markers of SNS activation such as low 
HRV and low heart-to-mediastinum ratio on MIBG may identify patients that will 
benefit from this therapy.

 Conclusions

Activation of the SNS is among the earliest neurohormonal abnormalities in heart 
failure [154]. Initially SNS activation is compensatory, but subsequently contributes 
to disease progression and the clinical sequelae of heart failure. A few pioneering 
clinical studies in the late 1970s showed that treatment with β-blockers improved 
clinical status in patients with heart failure, which was a surprise given their acute 
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negative inotropic properties. Despite early skepticism, multiple multicenter clinical 
trials, that have enrolled a population of over 11,000 patients, have shown that 
β-blockers improve multiple clinical outcomes in patients with HFREF, including 
decreasing mortality, hospitalization for heart failure, and sudden cardiac death [155]. 
β-blocker therapy has additional benefits such as decreasing heart failure symptoms 
and improving EF through reverse remodeling. A small number of patients, about 
10 %, will not be able to tolerate β-blocker therapy due to comorbidities such as RAD 
or bradycardia. However, given the overwhelming benefits of therapy, all eligible 
patients should be initiated on treatment with one of the β-blockers recommended for 
use in heart failure, and the dose uptitrated at regular intervals until the target dose is 
reached, a target heart rate is reached, or side-effects occur. Other heart failure thera-
pies that have been found to improve outcomes, such as CRT and exercise therapy, 
have also been found to work via inhibition of the SNS. Since the several decades after 
the first trial of β-blockers in patients with heart failure, much has been accomplished. 
Understanding how SNS is central to the pathophysiology of heart failure, researchers 
maybe able to develop additional therapeutic interventions.
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Chapter 7
Management of the Patient with Heart Failure 
with Preserved Ejection Fraction

Jeffrey D. Wessler and Mathew S. Maurer

 Introduction

Since its first formal characterization three decades ago as congestive heart failure 
with normal systolic function [1] heart failure with preserved ejection fraction 
(HFPEF) has emerged as an increasingly common and challenging entity within the 
field of heart failure. Several early studies conducted on hypertrophic and infarcted 
hearts demonstrated diminished diastolic left ventricular (LV) filling and led to 
coining of the term diastolic heart failure [2, 3]. Yet as our understanding of heart 
failure has grown, the term “diastolic heart failure” was replaced by the nomencla-
ture “heart failure with a preserved ejection fraction” by national guidelines in part 
because of diverse pathophysiologic mechanisms beyond diastolic dysfunction that 
contribute to the observed phenotype and are potential targets for therapy [4]. The 
following chapter will cover the management of patients with HFPEF. After pre-
senting an overview of the scope and pathophysiology of the condition, we will 
detail the diagnostic approach and treatment options before concluding with a look 
at the future directions in HFPEF.
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 Epidemiology

HFPEF is a disease primarily effecting older adults. The incidence and prevalence 
of heart failure are increasing and it has been projected that these rates will con-
tinue well into the twenty-first Century. More than six million Americans have 
been diagnosed with heart failure in the United States [5]. The total number of 
admissions for heart failure in the United States is greater than one million per year 
[5]. Readmission rates are as high as 30–60 % within 3–6 months after discharge 
[6]. The incidence and prevalence of heart failure are strikingly age-dependent, 
with prevalence rates in adults over 80 years of age approaching 10 % and mortal-
ity rates increasing exponentially with advancing age in all major demographic 
subgroups of the United States population [5]. Although several factors have con-
tributed to the rise in heart failure, principal among them is the progressive aging 
of the population. The exponential increase in the prevalence of heart failure has 
been attributed to the increase in prevalence and cumulative duration of systemic 
hypertension and coronary artery disease with advancing age and age-related 
changes in cardiac structure and function, which occur even in the absence of overt 
clinically defined cardiovascular disease [7, 8]. Consistent with the high preva-
lence and substantial mortality associated with this disorder, heart failure is cur-
rently one of the most common reasons for hospital admission in adults older than 
65 years of age. It is not only one of the most common diagnosis related group in 
the Medicare population, it is also the most costly, with estimated annual inpatient 
expenditures in excess of $15 billion [9].

Of all patients suffering from heart failure, the majority have preserved ejec-
tion fraction. While these changes in the heart failure phenotype are thought to 
be relatively new, the distribution of different ejection fraction consistent with 
HFREF (<40 %), HFPEF (40–55 %) and with HFNEF (>55 %) in several large 
epidemiologic studies at the inception of these cohorts demonstrates that most 
individuals with heart failure in the community have a normal or preserved ejec-
tion fraction (see Fig. 7.1). These individuals are more likely to be elderly, 
female, have higher body mass index (BMI), higher blood pressure, and lower 
hemoglobin than those with reduced ejection fraction. The rate of hospitalization 
for HFPEF now exceeds that of heart failure with reduced ejection fraction 
(HFREF), and 6-month re- hospitalization approaches 50 % [14–16]. Patients 
with HFPEF are characteristically affected by multiple co-morbidities that con-
tribute to their disease—including obesity, hypertension, anemia, diabetes, coro-
nary artery disease, and chronic kidney disease—as well as multiple non-cardiac 
comorbidities seen more commonly in older adults—including chronic pulmo-
nary disease, liver disease, thyroid dysfunction, and cancer [14, 17]. Not surpris-
ingly, therefore, though the mortality rates in HFPEF are similar to HFREF, the 
cause of death in HFPEF is more commonly attributed to non-cardiovascular 
causes [18], as is the reason for readmission after a hospitalization for acute 
decompensated heart failure [9].
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 Pathophysiology

The traditional classification of HFPEF as diastolic heart failure is based on the 
premise that a single pathophysiologic mechanism underlies the genesis of 
HFPEF. Yet as understanding progressed and recognition that HFPEF is a complex 
clinical syndrome with multiple operative pathophysiologic mechanisms including 
several different subgroups of patients, it became apparent that diastolic dysfunc-
tion was inadequate to explain all cases of HFPEF [19]. Rational sub grouping of 
patients into cohorts that have operational and targetable pathophysiologic mecha-
nisms can be appreciated by assessment of the pressure-volume (PV) relations that 
characterize different populations with HFPEF [20, 21]. PV measurements provide 
a systematic means of characterizing overall, systolic and diastolic properties of the 
heart, as well as isovolumetric pressure volume area (PVAiso), which when indexed 
to EDP provides an afterload independent measure of the pump function of the 
ventricle [22]. End-systolic PV relation (ESPVR) and end-diastolic PV relation 
(EDPVR) in particular reflect global ventricular chamber pump properties that 
effect overall cardiac function. These parameters are in turn determined by intrinsic 
myocardial properties (systolic and diastolic function), but also by muscle mass, 
chamber architecture (how myocardial fibers are assembled), chamber shape, and 
sequence of myocardial activation.

Data from PV analyses in both animal and human studies have revealed at least 
three different phenotypes of HFPEF that are depicted in Fig. 7.2. In the first, 
patients have a normal ESPVR and upward shifted EDPVR—(e.g. reduced  chamber 

Cardiovascular Health
Study Framingham Heart

Study

EF>55%

EF>55%

EF>50%

EF<50%

EF>45%

EF<45%

EF<40%

EF 45-54%

EF 40-54%

EF 30-44%
55%25%

20%
41%

Strong Heart Study Mayo Clinic

59%

27%

20% 53%
45%

55%

Fig. 7.1 Prevalence of HFPEF in four major epidemiologic cohorts [10–13]
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capacitance or diastolic dysfunction) with normal chamber contractility (e.g. pre-
served systolic function) (Fig. 7.2a).

Patients with this classic diastolic heart failure paradigm have intrinsic myocar-
dial disease causing impairment in cardiac relaxation and passive ventricular filling. 
Such severe and isolated diastolic dysfunction is often found in hypertrophic cardio-
myopathy and infiltrative diseases such as cardiac amyloidosis. These patients with 
isolated diastolic dysfunction can be identified clinically by the presence of heart 
failure and a normal ejection fraction without concomitant hypertension [23]. 
Physical exam findings are often notable for signs and symptoms of a stiff ventricle, 
including an S4 gallop and other classic but non-specific signs of heart failure such 
as pulmonary congestion and elevated jugular venous distension. In subjects with 
restrictive cardiomyopathies the jugular venous pressure often has a “double dip” 
which is indicative of the rapid “x” and “y” descent seen on the right atrial pressure 
tracing in patients with restriction. Ejection fraction is usually greater than 50 % in 
the early phases of these conditions, and on echocardiogram Doppler evidence of 
diastolic dysfunction ranging from impaired relaxation to a restrictive filling pattern 
can be observed—although Doppler will be notably abnormal and indistinguishable 
in each of the following phenotypes of HFPEF [24]. Finally, the PVAiso will be 
lower than normal in these subjects indicative of left ventricular pump dysfunction 
as a primary pathophysiologic mechanism underlying the phenotype.

In the second paradigm of HFPEF, ESPVR and EDPVR are both shifted upward 
and leftward, with a resulting decrease in chamber capacitance but with concomi-
tant enhanced chamber systolic function—as evidenced by the upward shift of the 
ESPVR (Fig. 7.2b). In such subjects, the area between the ESPVR and EDPVR will 
be unchanged and the PVAiso will remain normal. Examples of clinical conditions 
that produce this phenotype include increased afterload from chronic hypertension 
(usually from central conduit artery stiffening) and severe aortic stenosis. These two 
clinical scenarios are the most common causes of this phenotype in older adults 
with HFPEF. With normal physiologic aging, increasing central conduit arterial 
stiffness from collagen crosslinking leads to an increased arterial elastance with 
concomitant hypertension. Consequent concentric hypertrophy of the left ventricle 
yields subsequent reliance on atrial filling with corresponding left atrial (LA) 
enlargement [7, 8, 25, 26] Similarly, concentric remodeling with a small ventricular 
chamber is seen in patients with aortic stenosis who are characterized by this phe-
notype according to this paradigm. Ejection fraction is often supranormal in these 
patients (>60 %) as a result of an increase in end systolic elastance with a similar 
echocardiographic phenotype characterized by a normal to small LV chamber size, 
concentric LV hypertrophy and LA enlargement [27].

In the third subtype of HFPEF, patients can display normal ESPVR and normal 
or slightly rightward and downward shifted EDPVR (e.g. normal or increased 
capacitance) with increased end diastolic pressures. The latter results from an 
increased central volume that could be caused by either an expanded blood volume 
or a shift of the blood volume toward the central circulation from veno-constriction. 
Indeed, most of the blood volume in mammalian species is in the venous bed, and 
small changes in venous tone can result in large shift of blood volume back to the 
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central circulation resulting in left ventricular overfilling [28]. Pathophysiologically, 
this phenotype is characterized by increased preload without significant alteration in 
LV systolic or diastolic function (e.g. the ESPVR and EDPVR are not significantly 
different from normal) (Fig. 7.2c) [29]. Although these patients also have hyperten-
sion, the primary operative mechanism is increased preload due conditions that 
expand the blood volume such as renal dysfunction, obesity, anemia and others. 
Indeed, age-related changes in non-cardiac systems including renal, pulmonary, 
endocrine, and autonomic nervous systems have been documented to produce a 
state of salt sensitive hypertension characterized by excessive salt and water reten-
tion [30–32]. The diminished pulmonary vascular capacitance with pulmonary arte-
rial hypertension and endothelial dysfunction coupled with the volume redistribution 
that accompany advancing age (decreased beta-2 adrenergic responsiveness of the 
veins reduces venous capacitance) predispose the aging adult to the development of 
symptomatic pulmonary edema in the setting of normal LV systolic function. 
Patients display signs of volume overload on physical exam, and can have an S3 
gallop. Ejection fraction is commonly >50 % and echocardiography shows a mildly 
dilated LV that often is unrecognized [33]. LV pump function as indexed by the 
PVAiso to EDP relation is supranormal in these subjects suggesting that the myocar-
dium is performing more work at any given filling pressure.

Finally, subtle reductions in systolic function as evidenced by a reduction in LV 
chamber contractile function (either from a downward shifted ESPVR or increased 
V0 [volume axis intercept of the ESPVR]) can cause neurohormonal activation that 
leads to salt and water retention (Fig. 7.2d) [34, 35]. In these subjects, the EF may 
be low normal or slightly reduced (e.g. ~40–50 %). The primary mechanism in this 
underappreciated subtype is systolic dysfunction and PVAiso to EDP relation that 
demonstrates a downward shift compared consistent with reduced chamber contrac-
tile strength. These patients are often hypertensive, and on physical exam will 
appear most similarly to patients with a mild form of systolic heart failure as dem-
onstrated by non-invasive PV analysis [36].

The pathophysiology of HFPEF is heterogeneous, involving multiple physiologic 
domains in both cardiac and non-cardiac systems—and manifesting in patients with 
multiple co-morbid conditions. Despite the multifactorial etiology of the syndrome, 
there are several clinical signs and symptoms consistently present in patients that 
characterize the phenotype(s) of HFPEF: (i) Labile blood pressure with high resting 
LVEDP, (ii) predisposition for acute pulmonary edema, and (iii) effort intolerance 
with diminished exercise capacity [37–39]. Appreciating the distinct pathophysiologic 
mechanisms that contribute to these phenotypes is essential in guiding therapeutic 
interventions and in advancing the understanding and management of this condition.

 Diagnosis

Diagnosing HFPEF presents a clinical challenge stemming from its diverse etiol-
ogy. Making the diagnosis of HFPEF is particularly difficult because: (1) there is no 
specific measure (such as EF in HFREF) to define the syndrome, (2) other disorders 
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common in older adults (such as obesity with confounding comorbidities) can 
mimic the clinical syndrome, and (3) precise criteria have not been widely adapted. 
The original criteria developed to distinguish HFPEF from HFREF called for the 
presence of a clinical heart failure syndrome, a normal EF, and evidence of diastolic 
dysfunction by either catheterization or echocardiography [40]. Since then, several 
guidelines have been published that broaden the requirement of diastolic dysfunc-
tion to surrogate markers of diastolic LV dysfunction such as LV hypertrophy, LA 
enlargement, atrial fibrillation, or elevated plasma natriuretic peptides (NP) levels 
(Fig. 7.3) [41–45].

In the most recent guideline published by the Heart Failure and Echocardiography 
Associations of the European Society of Cardiology (ESC), the diagnosis of HFPEF 
required signs or symptoms of heart failure, a LVEF >50%, a LVEDV Index 
<97 mL/m2, and evidence of diastolic LV dysfunction as shown by LVEDP 
>16 mmHg, pulmonary capillary wedge pressure (PCWP) >12 mmHg or ratio of 
mitral peak velocity of early filling (E) to early diastolic mitral annular velocity 
(E/E’) >15 alone. Alternatively criteria include an elevated NP with E/E’>8, a mitral 
flow velocity Doppler signal showing a ratio of early to late flow (E/A) <0.5 with 
deceleration time (DT) >280 ms, a pulmonary vein flow velocity signal showing a 
Ard-Ad >30 ms (Ard = duration of reverse pulmonary vein atrial systole flow; Ad = 
duration of mitral valve atrial wave flow), a LA size >40 mL/m2, or a LV mass 
>149 g/m2 in men or >122 g/m2 in women [43]. These guidelines represent consen-
sus criteria with ongoing validation studies needed to verify their utility (in particu-
larly for those that are non-invasive). Although invasive measurements with cardiac 
catheterization remain the gold standard for identifying HFPEF, the invasive nature 

Initial
description:

LVEF measured
by gated wall
motion: 58% of
elderly patients
with clinical HF
had EF ≥ 50

ESC Defines Diastolic HF:

1) Signs or Symptoms of
CHF

2) Normal or mildly
reduced LV systollic
function

3) Evidence of abnormal
LV relaxation, filling,
diastolic distensibility, and
diastolic stiffness

Doppler evidence of
diastolic dysfunction

no longer necessary
for diagnosis since
not routinely

measured, difficult

to Interpret, and

low specificity

Lahey Guidelines:

LV Hypertrophy
and LA
Enlargement
Implemented as

surrogate makers
of diastolic LV
dysfunction

Ongoing debate
regarding
pathophysiologic
mechanisms and
identifying of
subgroups that
respond to specific
interventions

Debate
surrounding
whether or not the
clinical syndrome
of HFPEF has a
cardiac basis

NHLBI Framingham 
Heart Study:

1) Sign and symptoms
of HF

2) LVEF > 50%

3) Invasive evidence of 
diastolic LV
dysfunction

Kitzman et al show
patients with 
diastolic
dysfunction and
preserved EF have
altered LV
structure and 
function, reduced
exercise capacity,
neurohormonal
activation, lower
quality of life

ESC updates 
criteria for
preserved EF and
for diastolic
distensibility or
stiffness: includes
biomarkers {BnP
and NT-pro-BnP}
and tissue Doppler
indices

1982 1998 2000 2001 2002 2005 2007 Present

Fig. 7.3 Evolution of HFPEF from initial description to current diagnostic guidelines [41]
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of catheterization makes it impractical to obtain during routine evaluation for all 
patients with the HFPEF phenotype.

The diagnostic criteria above are largely based on the premise that elevated fill-
ing pressures remain the primary hemodynamic abnormality in HFPEF. Yet in a 
recent study assessing the diagnostic utility of these ESC guidelines, only 25 % of 
patients with HFPEF and unexplained dyspnea who underwent invasive diagnostic 
testing fulfilled ESC criteria for HFPEF with evidence of elevated filling pressures 
at rest [46]. Indeed, a significant proportion of the patients demonstrated left ven-
tricular stiffness, dyssynchrony, and dynamic mitral regurgitation, confirming 
patients with HFPEF can experience heart failure symptoms without demonstrating 
significant elevated filling pressures at rest or during hand grip exercise (increased 
afterload), leg lift (increased preload), nitroprusside infusion (decreased afterload), 
or dobutamine infusion (increased contractility). The specificity of these guidelines 
was also challenged, with 20–40 % of health controls demonstrating borderline E/E’ 
despite no evidence of heart failure and normal filling pressures [46]. Similarly, in a 
recent study assessing hemodynamic response to volume challenge in healthy 
young volunteers, older women, and patients with HFPEF, filling pressures (assessed 
by PCWP and mean pulmonary artery pressures [MPAP]) rose significantly with 
volume loading in all of the groups [47]. This raises additional concern for the valid-
ity of the cut points utilized to define an elevated filling pressure characteristic of 
HFPEF, suggesting more testing is needed to determine the threshold at which to 
classify HFPEF.

Despite these findings, several studies have validated the diagnostic capacity of 
various non-invasive estimates of elevated filling pressures. Conventional and tissue 
Doppler echocardiographic indices have been measured against conductance cath-
eter PV loop analyses in patients with diastolic dysfunction (confirmed by inva-
sively measured indices for diastolic relaxation [tau], LVEDP and LVEDV), 
demonstrating the LV filling index E/E’ to have the highest ability to detect diastolic 
dysfunction (86 % sensitivity) [48]. This measure (E/E’) has subsequently been 
evaluated against LA volume index and LV mass index, demonstrating increased 
sensitivity of detecting HFPEF in patients with LA size >40 mL/m2 and LV mass 
>149 g/m2 in men or >122 g/m2 in women [46].Yet when these non-invasive indices 
were compared with pulmonary capillary wedge pressure (PCWP) assessed by right 
heart catheterizations, the non-invasive E/E’ did not reliably track changes in left- 
sided filling pressures [49]. This disconnect between patients with HFPEF and non- 
elevated filling pressures at rest has been examined further by a study of euvolemic 
patients with exertional dyspnea, preserved EF, and normal cardiac filling pressures 
at rest: during exercise, patients demonstrated significantly abnormal hemodynamic 
responses including elevated PCWP [50]. While exercise hemodynamics may lack 
specificity as abnormal findings can be found in normal aging, it presents an attrac-
tive method to yield findings that may not be apparent at rest. The role of exercise 
hemodynamics in the diagnosis of HFPEF presents an emerging area of potentially 
improved diagnostic sensitivity. Although further validation of exercise hemody-
namics in the diagnosis of HFPEF is necessary, it may be useful in the evaluation of 
patients who do not meet other established criteria for HFPEF.
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Finally, the measurement of circulating natriuretic peptides (NP) has been sug-
gested as an adjunctive diagnostic tool, but is also confounded by the influence of 
common co-morbidities present in patients with HFPEF on the presence of elevated 
NP [46]. Recent studies have demonstrated the association between NP and HFPEF, 
however validation of this marker in the diagnosis of HFPEF needs to be verified in 
ongoing clinical studies [51, 52].

Given the non-specific nature of the current non-invasive measures and their lack 
of correlation with invasive measures, the diagnostic utility of the ESC criteria have 
been called into question [35, 49]. Since many older adults have comorbid condi-
tions that mimic the symptoms of dyspnea, fatigue, paroxysmal nocturnal dyspnea, 
orthopnea and leg swelling classically associated with heart failure, the specificity 
of the clinical diagnosis of HFPEF is reduced. Similarly, physical exam findings are 
both difficult to assess and notoriously non-specific for diagnostic criteria, and the 
diagnostic EF cutoff defining “preserved EF” has not been consistently used in 
diagnostic studies [3, 17, 21, 42, 52–54]. The nature of these diagnostic dilemmas 
has created a clinical challenge for the treating physician. Consequently, many clini-
cians have opted for an approach to diagnosis that employs a combination of the 
previous diagnostic strategies that is tailored to specific clinical settings and includes 
a clinical phenotype consistent with heart failure, a preserved EF, and echocardio-
graphic evidence for LV hypertrophy and LA enlargement [51].

 Treatment

Despite advances in our understanding of the causes and mechanisms driving the 
development of HFPEF, treatment options remain limited. Over the past two 
decades, clinical trials in HFPEF have primarily focused on drugs that have demon-
strated mortality benefit in HFREF. Multiple drug trials have now been completed, 
yet no single agent has shown mortality benefit, and pharmaceutical options for 
HFPEF remain elusive. In contrast, lifestyle modifications have exhibited consistent 
benefit in patients with HFPEF, and novel therapies show promise in targeting sev-
eral of the non-diastolic dysfunction etiologies of HFPEF.

The rationale behind many of the large pharmaceutical trials is that drugs that 
reduce ventricular hypertrophy or improve myocardial relaxation should benefit 
patients with HFPEF. This premise is primarily based on improving diastolic func-
tion, which as previously mentioned is only one of several mechanistic contributors 
to HFPEF. The following drug classes have been studied in large randomized 
placebo- controlled clinical trials (Table 7.1): beta-blockers, angiotensin-converting 
enzyme inhibitors (ACEi), angiotensin receptor blockers (ARB), aldosterone antag-
onists, and digoxin.

Each of these trials is notable for including subjects with clinical HFPEF and, 
with the exception of RAAM-PEF, having greater than 100 and up to 4,128 patients 
(I-PRESERVE). The trial subjects had a mean age ranging from 63 years to 76 
years, and EF cutoffs ranging from ≥35 to ≥50 %. None of these trials  demonstrated 
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mortality benefit, and most failed to show benefit in the endpoint of heart failure 
hospitalizations; only candesartan (CHARM-P) and perindopril (PEP-CHF) exhib-
ited decreased hospitalizations. Finally, despite a lack of placebo-controlled trials 
demonstrating clinical benefit of diuretic use in HFPEF, in the Hong Kong diastolic 
heart failure study of 150 elderly patients with HFPEF, diuretics significantly 
reduced heart failure symptoms and improved quality of life, and neither ramipril 
nor irbesartan demonstrated additional effect [66] Diuretics remain essential ther-
apy in the symptomatic control of volume overloaded states, although their use 
should be cautioned among preload dependent euvolemic patients. See Table 7.2 
[67–77].

Owing in part to the neutral results of pharmacologic therapy but also the 
increased understanding of the multifactorial etiology of HFPEF, lifestyle modifica-
tions have been increasingly studied over the past decade. Evidence-supported 
interventions include exercise training, weight loss, smoking cessation, cardiac 
rehabilitation/physical therapy, and low-sodium diet (Table 7.2) [67, 68, 70, 76, 
79–83]. Although many of these studies have been limited by a lack of randomiza-
tion, no placebo-control, small numbers of patients, and less clinically relevant end-
points, they offer valuable insight into the utility of non-pharmacologic treatment in 
HFPEF. While exercise training, including weight loss and cardiac rehabilitation/
physical therapy are now being integrated into clinical guidance for HFPEF [84], 
salt-restricted diets remain controversial. Low sodium diets have predominantly 
been studied in the outpatient setting and have been observed to show benefit in 
vital sign and laboratory measurements [77, 85, 86]. Although most studies have not 
focused on mortality outcomes, the GAP-HF study demonstrated reduced 30-day 
combined mortality and readmission with discharge recommendations for a sodium- 
restricted diet in 443 patients with HFPEF [76]. These findings have been tempered, 
however, by a recent study in patients with HFREF suggesting low salt diet may 
increase mortality and HF-related hospitalizations [87]. Whereas these findings 
raise concern that salt-restriction may be harmful in patients with systolic dysfunc-
tion, they may also be viewed as further evidence of the mechanistic and corre-
sponding therapeutic differences between HFPEF and HFREF.

Limited data is available on the use of interventional procedures in the treatment 
of HFPEF—including percutaneous coronary intervention (PCI), coronary artery 
bypass grafting (CABG), aortic valve replacement (AVR) and cardiac resynchroni-
zation therapy (CRT). Although a study of 46 patients hospitalized with acute pul-
monary edema showed that revascularization with PCI or CABG did not effect the 
recurrence of pulmonary edema [88]. ACC/AHA guidelines recommend revascular-
ization if symptomatic myocardial ischemia is judged to be contributing to worsen-
ing of cardiac function [89]. Observations by Hachicha et al., in 331 patients with 
EF > 50 % and severe aortic stenosis (AS; aortic valve area <0.6) demonstrated that 
paradoxical low flow states (characteristic of patients with HFPEF) were associated 
with a worsened 3-year survival [90]. This has contributed to the class I recommen-
dation for AVR in symptomatic patients with HFPEF and AS [91]. Finally, CRT (see 
Table 7.3) has emerged as a potential therapeutic option for HFPEF based on recent 
data showing decreased LV dyssynchrony, decreased LVEDP and improved LVESV, 
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however prospective data is ongoing and necessary before clinical CRT guidelines 
are recommended [104, 105].

In addition to CRT, several other novel therapies have emerged as additional 
therapeutic possibilities for HFPEF. These include neutral endopeptidase inhibitors 
[96], recombinant human relaxin-2 [93], barostimulation [94, 95] and renal dener-
vation [97]. Neutral endopeptidase inhibition is based on the hypothesis that reduc-
ing the degradation of NP will lower sympathetic drive via the inhibition of the 
renin-aldosterone-angiotensin (RAA) system, causing antiproliferative and antihy-
pertrophic effects on myocardium. Serelaxin, a recombinant human relaxin-2, 
causes vasodilation and increased inotropy, and has demonstrated symptomatic 
relief of dyspnea in patients with HFPEF. Barostimulation has similarly been shown 
to decrease adrenergic stimulation, leading to reduced ventricular-vascular stiffen-
ing with corresponding harmful myocardial remodeling. Finally, renal denervation 
has demonstrated reduced sodium reabsorption with reduced blood pressure and 
corresponding ventricular hypertrophy. Recent and ongoing studies are examining 
the effects of these emerging therapies on various clinical endpoints in HFPEF (See 
Table 7.3).

In contrast to the above pharmaceutical, lifestyle and interventional therapies 
that have shown mixed promise in the treatment of HFPEF, several agents have been 
observed to cause harm and worsen outcomes in HFPEF. Drugs to avoid include 
those causing fluid retention such as the thiazolinediones (TZDs) pioglitazone or 
rosiglitazone, and non-steroidal anti-inflammatory drugs (NSAIDS). Such drugs 
can cause increased sodium and water retention leading to edema and hypertension 
with subsequent worsening of volume overloaded states. This has led to an AHA 
Consensus Statement about the increased risk of heart failure with the use of TZDs 
[106]. Similar caution should be used with drugs causing renal impairment, and in 
over-diuresis as above in patients with euvolemia for whom preload is essential to 
maintain cardiac output.

There has been much discussion and several proposed explanations for the appar-
ent disconnect in therapeutic success between HFREF and HFPEF—including dif-
ferences in myocardial structure [107, 108] flaws in diagnostic methods for inclusion 
criteria [109] and inappropriate trial design [17]. What is clear is that the success of 
future of HFPEF treatments will require a novel approach that integrates the multi-
faceted causes and diverse population that comprise this syndrome distinct from 
HFREF. In a recent study, however, examining differences in treatment strategies 
pursued by cardiologists for HF patients according to EF, patients with HFPEF were 
treated similarly as patients with HFREF, suggesting a lack of integrating known 
data into current practice [110].

Incorporating the above data together with an appreciation of its multifaceted 
etiology yields a heterogeneous approach to the management of HFPEF. Clinicians 
must consider a broad differential diagnosis for the patient presenting with a clinical 
phenotype consistent with HFPEF. Although data supporting the treatment of co- 
morbid conditions such as anemia, dyslipidemia, chronic renal disease, chronic 
pain, and diabetes are mixed (including one study showing improved survival with 
statin use compared to ACEi, beta-blocker, or calcium channel blockers [111] and 
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another showing no benefit of subcutaneous epoetin alpha [ESA] administration on 
LVEDV or submaximal exercise but an improvement in peak VO2 in those able to 
exercise [112], co-morbid conditions should be embraced in the overall treatment 
strategy with the understanding that peripheral mechanisms of HFPEF may contrib-
ute significantly to the clinical phenotype and that non-cardiovascular causes of 
recurrent hospitalization are the major cause of 30–90 day readmissions [9]. Similar 
to the multimodal approach championed in the current practice of geriatric medi-
cine, treatment could be aimed at multiple components, including both cardiac and 
non-cardiac domains.

 Conclusion

As the burden of HFPEF rises with our aging population, managing this condition 
has become increasing complex. Clinicians must take care to understand the multi-
factorial pathogenesis that defines this syndrome, and the subsequent diagnostic 
approach used to classify patients. Treatment approaches are evolving, with an 
emphasis on optimizing volume status, controlling blood pressure and managing 
comorbid conditions which may exacerbate symptoms. Successful strategies may 
involve a new approach that does not rely on single interventions but is instead 
broadly based by addressing targeted goals rather than a single endpoint. Focusing 
management on improvements in several domains (i.e. vital signs, lifestyle changes, 
comorbidities, functional limitations and sarcopenia) would direct care at improv-
ing target blood pressure control, weight loss, exercise goals and rehabilitation, or 
diabetes management—based on the understanding that these incremental effects 
contribute to the overall HFPEF phenotype in a majority of patients. The result 
would be a treatment approach that addresses the complexity of HFPEF through its 
fundamental elements. By incorporating a multifaceted approach with our under-
standing of its complex etiology, further advances in HFPEF trial design will greatly 
benefit the future management of this condition.
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Chapter 8
Acute Decompensated Heart Failure: 
Classification, Epidemiology 
and Pathophysiology

Daniel Fishbein

 Introduction

Hospitalization for heart failure (HF) has emerged as major worldwide public health 
problem over the last three decades. Heart failure is the most common cause for 
hospitalization in patients over the age of 65 years in the United States. There are an 
estimated one million hospitalizations annually in the US with a primary diagnosis 
of heart failure accounting for 5–10 % of all hospitalizations. Three million patients 
are hospitalized annually with a primary or secondary diagnosis of heart failure. 
Approximately 5.1–5.8 million Americans have HF and it is estimated that the prev-
alence of heart failure will increase by 46 % from 2012 to 2030 [1–4]. The European 
Society of Cardiology represents 51 countries with a population of > 900 million 
people. At least 15 million Europeans have heart failure and an equal number have 
asymptomatic left ventricular dysfunction [2].

The direct and indirect costs associated with HF in the US in 2009 are estimated 
to exceed $37 billion. Most of these costs are attributable to hospitalization for 
HF. The number of hospitalizations for HF has triple in the last three decades. The 
increase in the prevalence of heart failure appears to be due to a number of factors 
including: the aging of the U.S. population in association with the increased inci-
dence of heart failure with advancing age; improved survival after myocardial 
infarction resulting in more patients living with left ventricular dysfunction; and 
better prevention of arrhythmia-related death in patients with chronic left ventricu-
lar systolic dysfunction [5].
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 Definition

Acutely Decompensated Heart Failure (ADHF) can be defined as the new onset or 
recurrence of heart failure signs and symptoms that require urgent or emergent 
treatment and that result in hospitalization. A number of other terms have been used 
in the literature including: Acute Heart Failure Syndromes (AHFS), Acute Heart 
Failure (AHF) and Acute Decompensation of Chronic Heart Failure (ADCHF). The 
number of terms used in the literature reflects that ADHF is not a single diagnosis 
but rather, a group of related syndromes caused by a number of different primary 
underlying cardiovascular diseases that may be made worse by a variety of cardiac 
and non-cardiac conditions.

In patients with ADHF, there is significant heterogeneity in the underlying patho-
physiology, precipitants, time course, clinical presentation and underlying cause of 
heart disease. However, pulmonary congestion due to elevated left atrial pressure 
with associated symptoms of dyspnea with or without clinical evidence of low car-
diac output is a consistent finding in patients with this syndrome.

Approximately 80 % of patients hospitalized with ADHF have a previous diag-
nosis of heart failure, 15 % have new onset heart failure, and 5 % have advanced or 
refractory heart failure. Underlying cardiovascular diseases including coronary 
artery disease, hypertension, valvular heart disease and cardiomyopathy are often 
present. Non-cardiac conditions including kidney dysfunction, pulmonary disease, 
diabetes, thyroid disease, anemia, substance abuse, obesity, sleep apnea, and infec-
tion are often present and may contribute to heart failure decompensation [6].

 Epidemiology

The number of hospitalizations with heart failure as a primary or secondary diagno-
sis tripled from 1979 to 2004, increasing from 1,274,000 in 1974 to 3,860,000 in 
2004. Heart failure was the primary diagnosis in 30–35 % of these admissions. Age-
adjusted hospitalization rates also increased during this period. More than 80 % of 
these hospitalizations were in patients age 65  years or older and were paid by 
Medicare or Medicaid [7].

There has, however, been a recent decline noted in hospitalization rates for 
ADHF. In an analysis of inpatient National Claims History files from the Centers for 
Medicare & Medicaid Services (CMS) which identified all fee-for-service Medicare 
beneficiaries who were hospitalized for HF from 1998 to 2008, the heart failure 
hospitalization rates adjusted for age, gender and race declined from 2845 per 
100,000 person-years in 1998 to 2007 per 100,000 person-years in 2008 (a decline 
of 29.5 %; p < 0.001). Black men had the lowest rate of age-adjusted decline for all 
race-gender categories. Importantly, risk-adjusted 1-year mortality after hospital-
ization decreased from 31.7 % in 1999 to 29.6 % in 2008 (a decline of 6.6 %; p < 
0.001) [8].
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Several large multicenter observational registries in the United States and Europe 
have significantly improved our understanding of the demographics, clinical char-
acteristics, comorbidities, management patterns and outcomes of patients admitted 
with ADHF. Prior to these registries, our understanding of ADHF came largely from 
studies of younger patients with moderate to severe systolic dysfunction that were 
enrolled in single-center or multicenter randomized controlled clinical trials con-
ducted predominantly at academic heart failure centers. The observational registries 
were designed to enroll a more representative sample of patients with ADHF that 
included all patients admitted with heart failure at geographically diverse academic 
and non-academic medical centers.

The Organized Program to Initiate Lifesaving Treatment in Hospitalized Patients 
with Heart Failure (OPTIMIZE-HF) used HF case ascertainment methods to iden-
tify 48,612 patients hospitalized at 259 centers in the United States for new or wors-
ening HF as the primary cause of admission or who developed significant HF 
symptoms during hospitalization for a different diagnosis. Using a web-based reg-
istry, detailed data were collected including demographics, medical history, signs 
and symptoms, medications, laboratories, diagnostic testing procedures, discharge 
status, outcomes and adherence to performance indicators. A pre-specified sub-
group that was ≥ 10 % of the total number of patients was followed for 60–90 days 
after discharge for the collection of outcomes data [9].

The Acute Decompensated Heart Failure National Data Registry (ADHERE) 
database was a prospective observational registry that was developed to provide a 
large national database to describe clinical characteristics, management and out-
comes of patients hospitalized with heart failure at 285 hospitals in the United 
States. Thirty one percent of the participating institutions were academic hospitals. 
From 2002 to 2004, data were collected from 159,168 hospitalizations beginning 
with the point of initial care and ending with the patients’ discharge or in-hospital 
death [10–12].

The EuroHeart Failure Survey I (EHFS I) was a retrospective registry in which 
deaths or discharges from 115 hospitals (50  % university hospitals) from 24 
European countries were screened to identify patients with known or suspected 
heart failure. Demographics, clinical characteristics, evaluation, treatment and out-
comes were assessed [13–15]. The EuroHeart Failure Survey II (EHFS II) was a 
prospective observational registry that recruited 3580 patients hospitalized for HF at 
133 centers (47  % university hospitals) in 30 European countries. Using a web 
based registry, detailed data were collected including demographics, clinical char-
acteristics, etiology, treatment and outcome [16].

The findings from the U.S. and European trials are largely concordant. ADHF 
disproportionately affects the elderly; the mean age in the registries was 73 years. 
One quarter of the patients in OPTIMIZE-HF were more than 83 years old [17]. 
Men and women were equally represented in the U.S. registries while men repre-
sented two thirds of the hospitalized patients in EHFS II [16]. Women with ADHF 
tend to be older, are less likely to have coronary artery disease and are more likely 
to have hypertension and preserved systolic function [17].

8 Acute Decompensated Heart Failure



152

Over 70 % of patients with ADHF in the U.S. registries had a history of hyperten-
sion. A history of hypertension was reported in 63 % of patients in EHFS II [16]. 
Elevation of systolic blood pressure is common at the time of presentation to the 
emergency department (ED). Mean initial systolic blood pressure on presentation to 
the emergency department (ED) was 143 mmHg in OPTIMIZE-HF and 144 mmHg 
in ADHERE. Half of the patients in ADHERE and OPTIMIZE-HF had an initial 
systolic pressure of greater than 140 mmHg [10, 18]. Renal dysfunction is common. 
The mean serum creatinine was 1.8 mg/dL in both ADHERE and OPTIMIZE; 20 % 
of patients in ADHERE had a serum creatinine of greater than 2.0 mg/dL [10, 18].

Approximately half of patients in ADHERE and OPTIMIZE had normal or near 
normal systolic function defined as a left ventricular ejection fraction (LVEF) ≥ 
40 % [19, 20]. Patients with heart failure with preserved ejection fraction (HFpEF) 
were more likely to be older, female, Caucasian, and have a higher systolic blood 
pressure on admission and less likely to have had a prior myocardial infarction 
when compared with patients with heart failure with reduced ejection fraction 
(HFrEF). In-hospital mortality was lower in patients with HFpEF compared to 
patients with HFrEF in both ADHERE (2.8 % vs. 3.9 %) and OPTIMIZE-HF (2.9 % 
vs. 3.9 %). In ADHERE, patients with HFpEF had a similar length of stay and dura-
tion of intensive care unit stay when compared with patients with HFrEF [19]. In 
OPTIMIZE-HF, patients with HFpEF and HFrEF had similar 60–90  day post- 
discharge mortality (9.5  % vs. 9.8  %, respectively) and rehospitalization rates 
(29.2  % vs. 29.9  %, respectively). Findings were similar when patients with an 
LVEF between 40–50 % were compared with patients with an LVEF ≥ 50 % [20]. 
In an analysis of the data from EHFS I, mortality during the 12-week post-discharge 
follow-up period was higher in patients with HFrEF compared to patients with 
HFpEF (12 % vs 10 %). There were no differences in readmission rates during the 
12 week follow up period [21].

Eighteen percent of patients in OPTIMIZE-HF and 20 % of patients in ADHERE 
were African American. African American patients in OPTIMIZE-HF were younger 
(mean age 63.6 years compared with 75.2 years for non-African American patients), 
were more likely to have systolic dysfunction and a hypertensive etiology of heart 
failure and significantly less likely to have ischemic heart disease than non- African 
American patients. African American patients were more likely to receive evidence-
based medications but less likely to receive discharge instructions and smoking ces-
sation counseling. African American race was an independent predictor of lower 
in- hospital mortality but not of hospital length of stay or multivariable adjusted 
post- discharge outcomes [22].

In ADHERE, 75 % of patients had a prior history of HF and 33 % had a HF 
admission within the prior 6  months. Eighty eight percent of patients in 
OPTIMIZE-HF had a prior history of heart failure. Thirty seven percent of patients 
in EHFS II had new onset HF; 42 % of these patients presented with an acute coro-
nary syndrome [10, 16, 17].

Comorbid conditions are common in patients admitted with ADHF. A history of 
hypertension was present in over 70 % of patients in the U.S. registries and 53 % 
and 62.5 % in EHFS I and II, respectively. Over 40 % of patients had diabetes in the 
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U.S. registries (27 % and 32.8 % in EHFS I and II, respectively). Renal insuffi-
ciency was present in 30 % of patients and chronic lung disease was present in 30 % 
of patients in the U.S. registries.

 Outcomes

There are significant differences in length of stay, in-hospital mortality, rehospital-
ization rates and post-discharge mortality when registry data from the US and 
Europe are compared. Median length of stay is 4 days in the U.S [10, 17] compared 
with 9–11 days in Europe [13, 16]. In-hospital mortality is approximately 4 % in the 
U.S. [10, 17] and 6.7 % in Europe [16].

The 60–90 day post-discharge mortality reported in OPTIMIZE-HF was 10.4 % 
[17]. In EHFS I, 13 % of patients died between admission and the 12-week follow-
 up visit. 6.9 % of patients died during the index hospitalization [13]. Readmission 
rate 60–90 days after discharge was approximately 30 % in OPTIMIZE and 24 % in 
EHFS I. An analysis of Medicare claims data found that 26.9 % of Medicare benefi-
ciaries who were hospitalized for heart failure were rehospitalized within 30 days. 
However, only 37 % of patients who were rehospitalized were rehospitalized for 
heart failure [23].

Two large, retrospective observational studies have demonstrated reductions in 
hospital length of stay, in-hospital mortality, and 30-day mortality and an increase 
in 30  day readmission rates. An analysis from the Veterans Affairs Health Care 
System of 50,125 patients with a first hospitalization for HF from 2002–2006 
showed a decrease in in-hospital, 30 day and 1 year mortality from 4.7, 7.1, and 
27.7 % in 2002 to 2.8, 5.0, and 24.3 % in 2006, respectively (p < 0.0001). Thirty- 
day readmission rate for heart failure increased from 5.6 in 2002 to 6.1 % in 2006 
(p = 0.11) [24]. Another analysis of 6,955,461 Medicare fee-for-service hospitaliza-
tions for heart failure between 1993 and 2006 demonstrated a decrease in in- hospital 
mortality from 8.5 % in 1993 to 4.3 % in 2006 and a decrease in 30-day mortality 
from 12.8 to 10.7  % over the same time period. Thirty-day readmission rates 
increased from 17.2 to 20.1 % over the same time period. The risk adjusted 30-day 
mortality risk ratio was 0.92 and the 30-day readmission risk ratio was 1.11  in 
2005–2006 compared with 1993–1994 [25].

A large prospective observational study reported outcomes in 69,958 beneficia-
ries of the French national health insurance general scheme who were hospitalized 
with heart failure in 2009 [26]. Patients who were hospitalized for heart failure and 
did not have a previous diagnosis of HF or prior HF hospitalization were included 
in the analysis. The in-hospital mortality was 6.4 %. The 1-month, 1-year and 2-year 
survival rates were 89 %, 71 %, and 60 %, respectively. Heart failure and all-cause 
readmission free rates were 55 % and 43 % at 1 year and 27 % and 17 % at 2 years, 
respectively. Factors associated with a better 2 year survival rate in patients less than 
70 years who survived 1 month after discharge were: female gender, age < 55 years, 
absence of comorbidities, and use of an angiotensin converting enzyme inhibitor or 
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angiotensin receptor blocker, beta-blocker, lipid-lowering agent or oral anticoagu-
lant during the month following discharge.

 Classification of ADHF

Heart failure is the final common pathway for a broad range of cardiovascular dis-
orders. Patients with ADHF have diverse underlying causes of cardiac dysfunction, 
time course of symptom development, co-morbid conditions and precipitants, and 
underlying pathophysiology. A number of attempts have been made to classify 
ADHF based on onset, underlying heart disease, underlying hemodynamic abnor-
malities and clinical profiles.

The International Working Group on Acute Heart Failure Syndromes [6] empha-
sized the time course of development of HF and the American College of Cardiology/
American Heart Association (ACC/AHA) stage in their classification of ADHF:

 1. Worsening chronic heart failure: with reduced or preserved LVEF. ACC/AHA 
Stage C heart failure. Seventy percent of all admissions.

 2. De novo heart failure: most commonly caused by acute coronary syndrome 
(ACS); also, acute myocarditis or sudden increase in blood pressure in a patient 
with a non-compliant left ventricle. Many with either ACC/AHA Stage A (risk 
factors but no structural heart disease) or Stage B (pre-existing structural heart 
disease but without signs or symptoms of heart failure). Twenty five percent of 
all admissions.

 3. Advanced heart failure: severe LV systolic dysfunction, associated with progres-
sively worsening low output state, refractory to conventional heart failure ther-
apy and requiring specialized therapies (LVAD, heart transplant, hospice). ACC/
AHA Stage D 5 % of all admissions.

The 2009 ACCF/AHA Guidelines for the Diagnosis and Management of Heart 
Failure in Adults [27] have described three clinical profiles of patients with ADHF 
that focus on clinical manifestations of congestion and systemic perfusion:

 1. The patient with volume overload, manifested by pulmonary and/or systemic 
congestion, frequently precipitated by an acute increase in chronic 
hypertension

 2. The patient with profound depression of cardiac output manifested by hypoten-
sion, renal insufficiency, and/or shock syndrome

 3. The patient with signs and symptoms of both fluid overload and shock.

The European Society of Cardiology (ESC) has described six clinical scenarios 
for patients presenting with ADHF in their 2008 Guidelines for the Diagnosis and 
Treatment of Acute and Chronic Heart Failure [2]. EHFS II used a modification of 
the ESC scenarios to characterize patients included in the registry [16]:
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 1. Worsening or decompensated chronic heart failure: history of progressive 
worsening of known chronic heart failure. Signs and symptoms of worsening 
heart failure with evidence of pulmonary and systemic venous congestion. 
Patients can have either reduced or preserved ejection fraction. (65  % of 
patients in EHFS II).

 2. Pulmonary edema: Patients who present with severe respiratory distress, tachy-
pnea with diffuse pulmonary rales, hypoxia with oxygen saturation < 90  % 
(without supplemental oxygen) with alveolar edema on chest X-ray. (16 % of 
patients in EHFS II)

 3. Hypertensive heart failure: Patients have signs and symptoms of heart failure 
with high blood pressure (generally ≥ 180/100 mmHg). There is commonly evi-
dence of high sympathetic tone with tachycardia and signs of vasoconstriction. 
Patients are more likely to have preserved systolic function. Frequently, these 
patients present with evidence of pulmonary congestion without signs of sys-
temic congestion. The response to HF therapy is generally rapid and the in- 
hospital mortality is low (1.5 % in EHFS II). (11 % of patients in EHFS II).

 4. Cardiogenic shock: Patients with evidence of end-organ hypoperfusion due to 
heart failure with adequate or elevated LV end-diastolic pressure. Typically, these 
patients have a reduced systolic blood pressure (<90 mmHg), oliguria, and low 
cardiac index (<2.2 L/min/m2). Many patients will also have severe pulmonary 
congestion. Mortality in this population is high. (4 % of patients in EHFS II)

 5. Isolated right heart failure: evidence of systemic venous congestion, elevated 
jugular venous pressure and low cardiac output without evidence of pulmonary 
congestion.

 6. Acute coronary syndrome complicated by heart failure: (This was not included 
as a separate classification in EHFS II) heart failure with a clinical picture and 
laboratory evidence of an acute coronary syndrome. Approximately 13.6 % of 
patients with ACS have associated signs and symptoms of heart failure [28, 29]. 
In EHFS II, ACS was the precipitating factor in 42 % of patients who presented 
with new onset or de novo heart failure and 23 % of patients who had preexisting 
heart failure.

A recent American Heart Association Scientific Statement on Acute Heart Failure 
Syndromes has also emphasized the concept of clinical profiles of patients present-
ing with ADHF [30].

ADHF has also been characterized by the presence or absence of systolic dys-
function. Patients with heart failure with normal or near normal left ventricular ejec-
tion fraction are described as having heart failure with preserved ejection fraction 
(HFpEF). Patients with heart failure with significant reduction in LVEF (and gener-
ally with left ventricular dilation) are characterized as having heart failure with 
reduced ejection fraction (HFrEF). Patients with HFpEF are more likely to be 
female, older, Caucasian, have hypertension and atrial fibrillation and less likely to 
have coronary artery disease. Length of stay for patients with HFpEF is similar to 
patients with HFrEF but in-hospital mortality is lower. Long-term survival is 
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 somewhat better in patients with HFpEF but readmission rates and functional class 
are similar in patients with HFpEF compared with patients with HFrEF [20, 21, 31].

 Pathophysiology

ADHF is a syndrome due to a broad range of cardiovascular disorders. The underly-
ing pathophysiology is heterogeneous and depends on the nature, time course and 
severity of the underlying cardiac disease and the presence and severity of non- 
cardiac precipitating factors. The heterogeneity of patients with ADHF makes it 
difficult to develop a single pathophysiologic model. Despite this heterogeneity, 
there are some important themes in patients with ADHF that guide the approach to 
patient management.

�Neurohormonal�Activation�and�Salt�and�Water�Retention

In heart failure, there is a decrease in cardiac output that results in activation of 
baroreceptors in the central circulation in response to “vascular under-filling”. This 
causes activation of the sympathetic nervous system resulting in an increase in sym-
pathetic outflow to the kidney and systemic vasoconstriction.

Decreased renal blood flow and sympathetic stimulation of the kidney cause 
release of renin from the juxtaglomerular apparatus which, in turn, results in 
conversion of angiotensinogen to angiotensin I which is converted to angiotensin 
II by angiotensin converting enzyme (ACE) and other tissue proteases. 
Angiotensin II is a potent vasoconstrictor that causes systemic vasoconstriction, 
renal arterial efferent > afferent vasoconstriction, activation of the sympathetic 
nervous system, stimulation of sodium retention in the proximal tubule of the 
kidney, release of aldosterone, release of arginine vasopressin, and stimulation of 
thirst centers in the brain.

Aldosterone increases sodium and water reabsorption in the distal tubule and 
collecting duct contributing to extracellular fluid expansion and systemic conges-
tion. Aldosterone also increases sodium and water absorption in the colon. Hepatic 
congestion in the setting of elevated right atrial pressure decreases aldosterone 
metabolism leading to higher aldosterone levels. In heart failure, patients do not 
have “aldosterone escape” so that, unlike patients with isolated hyperaldosteronism, 
the distal tubule continues to reabsorb sodium in response to elevated aldosterone 
levels.

Stimulation of central baroreceptors and increased angiotensin II levels stimulate 
the non-osmotic release of arginine vasopressin from the posterior pituitary gland. 
This leads to increased free water reabsorption in the collecting ducts which wors-
ens volume overload and leads to the development of hyponatremia.
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In heart failure, retention of sodium and water is mediated by decreased systemic 
and renal perfusion, activation of the sympathetic nervous system and activation of 
the renin angiotensin aldosterone system (RAAS). In many patients, salt and water 
retention cannot be reversed by pharmacologic blockade of the RAAS and sympa-
thetic nervous system suggesting that neurohormonal activation is not the only 
mechanism responsible for salt and water retention [32–34]. Increases in sodium 
and water intake are mediated by an increase in thirst caused by stimulation of cen-
tral thirst centers mediated by activation of baroreceptors in the central circulation 
and excessive production angiotensin II.  Systemic congestion is a result of an 
increase in total body salt and water mediated by a decrease in sodium and water 
excretion and an increase in intake.

Activation of the sympathetic nervous system and RAAS cause systemic vaso-
constriction and an increase in systemic vascular resistance (SVR). Increases in 
SVR result in a decrease in stroke volume and cardiac output in patients with sys-
tolic dysfunction and an increase in functional mitral regurgitation in patients with 
ventricular dilation.

�Pulmonary�Congestion

Most patients with ADHF present with the primary symptom of dyspnea either at 
rest or with activity. This is true for patients with new-onset or chronic heart failure 
and for patients with and without systolic dysfunction. Many patients have evidence 
on physical exam of pulmonary and systemic venous congestion [10, 17].

Dyspnea in patients with ADHF is caused by an elevation in left atrial and 
pulmonary capillary pressure. The movement of fluid from the pulmonary capil-
lary space to the pulmonary interstitium is determined by a balance between 
hydrostatic and oncotic pressures in the pulmonary capillary and the pulmonary 
interstitial space. The major factor that causes fluid to move out of the capillary is 
a difference between the higher hydrostatic pressure within the pulmonary capil-
lary and the lower hydrostatic pressure in the surrounding interstitium. This 
movement of fluid is opposed by the difference between the colloid osmotic pres-
sure (which is mainly provided by the concentration of albumin) in the capillary 
space and the interstitium, which reduces the transudation of fluid out of the capil-
lary. In normal physiology, lymphatic washout of albumin that enters the intersti-
tium results in an increase in the osmotic gradient between the interstitium and 
pulmonary capillary which reduces transudation of fluid. In normal physiology, 
fluid continuously moves from the capillary space into the interstitium and is then 
removed by the lymphatic system. When hydrostatic pressure in the pulmonary 
capillary significantly increases, transudation of fluid into the interstitium 
increases with potential for “spillover” into the alveolar space [35].

There are several protective mechanisms that prevent the development of pul-
monary edema (fluid entering the alveolar space). First, the alveolar-capillary 
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unit is composed of a thin and thick side. The thin side is made up of a capillary 
closely opposed to the alveolar air space. The capillary endothelium and alveolar 
epithelium are attenuated, the basal laminae of the alveolar epithelium and capil-
lary  endothelium are fused and the permeability to salt and water is low. The 
thick portion of the alveolar capillary unit contains an interstitial matrix with a 
gel-like protein component that separates the alveolar epithelium from the capil-
lary endothelium. With a rise in capillary hydrostatic pressure, edema first forms 
in the interstitial compartment away from areas of gas exchange. Second, as fluid 
enters the interstitial compartment, hydrostatic pressure rises and oncotic pres-
sure falls, which serves to oppose further movement into the interstitial space. 
Third, fluid that forms in the interstitium travels along a negative pressure gradi-
ent to the interlobular septae, the bronchovascular space and the hila. Edema 
fluid also collects in the pleural space. Lymphatic vessels in the interlobular sep-
tae, peribronchovascular sheath and pleura facilitate clearance of lung water. 
Pulmonary lymphatics are highly recruitable and, over time, are able to increase 
clearance of lung water by more than tenfold. Fourth, active Na+ transport across 
the alveolar-capillary barrier by type II alveolar epithelial cells lining the alveoli 
is responsible for clearance of alveolar edema. Na+ enters the alveolar epithelial 
cells through apical amiloride sensitive Na+ channels and other Na+ channels 
and, by a process that consumes energy, is pumped out of the cell by the Na+,K+-
ATPase located in the basolateral membrane [35–40].

In patients with HFpEF or HFrEF, the LV filling pressure required to support a 
given amount of left ventricular work is increased. As left ventricular end-diastolic 
pressure (LVEDP) rises, so do left atrial and pulmonary capillary pressures. As 
pulmonary capillary pressure increases, there is an increase in the transmural filtra-
tion of fluid into the pulmonary interstitium. There is a point at which the capacity 
of the lymphatic system to remove fluid from the interstitium is exceeded and fluid 
begins to accumulate in the alveoli. Animal data suggest that there is a threshold 
beyond which interstitial fluid begins to accumulate and that the rate of fluid accu-
mulation is linearly related to pulmonary capillary wedge pressure.

The accumulation of extravascular fluid in the pulmonary interstitium and 
alveoli is associated with symptoms of dyspnea, orthopnea, paroxysmal dyspnea, 
and impaired gas exchange. Symptoms and pulmonary function are influenced 
by water content of the lungs. The underlying pathophysiology of dyspnea in 
ADHF is multifactorial and complex with contributions from: decreased lung 
volume; airflow obstruction from reflex bronchoconstriction; geometric decrease 
in airway size from decreased lung volumes, intraluminal edema fluid and muco-
sal swelling; decreased lung compliance; decreased alveolar-capillary membrane 
conductance with acute and chronic decreases in DLCO; impaired gas exchange 
due to alveolar edema; arterial hypoxemia; increased work of breathing; respira-
tory muscle weakness in the chronically ill patient; activation of chest wall sen-
sors, an increase in the elastic work of breathing due to vascular engorgement 
and cardiac enlargement with chest wall expansion past the usual or physiologic 
position; and stimulation of nerve endings in response to vascular distention and 
interstitial edema [35].
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�Transition�from�Compensated�to�Decompensated�Heart�Failure

A traditional understanding of why patients with chronic heart failure develope 
ADHF suggests that patients with chronic heart failure commonly experience a 
gradual increase in total body salt and water reflected by gradual weight gain and 
the gradual development of signs and symptoms of pulmonary and systemic venous 
congestion. While this paradigm occurs in some patients with chronic heart failure, 
it may not be applicable to the majority of patients with ADHF.  A nested case- 
control study of patients referred to a home monitoring system by managed care 
organizations matched 134 case patients with HF hospitalization with 134 control 
patients without HF hospitalization [41]. Case patients experienced gradual weight 
gain beginning approximately 30 days before hospitalization. Within 7 days of hos-
pitalization, weight patterns between case and control patients began to diverge 
more substantially with greater weight gain strongly associated with a greater odds 
ratio for hospitalization for ADHF (>2–5 lbs HR 2.77; >5–10 lbs HR 4.46; >10 lbs 
HR 5.65). However, only 46 % of case patients hospitalized for ADHF gained more 
than two pounds suggesting that in approximately half of patients, weight gain was 
not the precipitating cause of hospitalization.

Implantable hemodynamic monitor data in patients with chronic heart failure 
from the Chronicle Offers Management to Patients with Advanced Signs and 
Symptoms of Heart Failure (COMPASS-HF) trial provide insight into the time 
course and pathophysiology of the transition from stable heart failure to 
ADHF. Earlier studies demonstrated that daily activity, exercise and change in body 
position caused rapid, large and transient increases in estimated pulmonary artery 
diastolic pressure (ePADP) in the range of 10–40 mmHg. Increases in ePADP could 
occur over seconds to minutes with change in body position and exercise. Although 
these activities could be associated with transient dyspnea, they did not lead to hos-
pitalization for ADHF [42–45]. In a sub-study from COMPASS-HF, ambulatory 
patients with NYHA FC III  – IV heart failure due to either systolic or diastolic 
dysfunction transmitted hemodynamic data at least weekly. The investigators found 
that estimated pulmonary artery diastolic pressure (ePADP), right ventricular sys-
tolic pressure (RVSP) and right ventricular diastolic pressure (RVDP) were elevated 
in ambulatory patients with systolic and diastolic heart failure. In patients with sys-
tolic and diastolic heart failure, increases in median and minimum ePADP, RVSP 
and RVDP were seen several weeks (and especially within a week) prior to a hyper-
volemic heart failure-related event (unexpected hospitalization, emergency room 
visit, or urgent clinic visit requiring intravenous therapy). These changes were not 
seen in patients free of a heart failure related event (HFRA). Interestingly, no sig-
nificant change in weight was seen in patients with an HFRA [46].

A subsequent analysis from the COMPASS-HF study looked at the relationship 
between three pressure variables measured by an implantable hemodynamic moni-
tor and the development of a HFRE in ambulatory patients with NYHA FC III-IV 
heart failure. Pressure variables assessed included peak ePADP at the time of a 
HFRE, change in ePADP from baseline to peak ePADP, and the area under the 
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ePAD pressure-time curve from baseline to peak pressure. Peak ePAD and change 
in ePAD were not closely associated with the development of an HFRA. However, 
the area under the ePAD pressure-time curve was strongly associated with the 
development of a HFRE. It appears that small changes in ePAD sustained over time 
most strongly correlated with an HFRE [47]. This data suggests that the accumula-
tion of lung water rather than total body salt and water results in hospitalization for 
ADHF.

These studies do not negate the importance of following serial weights in patients 
at risk for ADHF. Although it is common to have patients present with ADHF with-
out an antecedent gain in weight, patients with heart failure who do gain weight are 
at a significantly increased risk of hospitalization.

�Hypertension,�Increased�Systemic�Vascular�Resistance�
and�Arterial�Stiffness

Elevated blood pressure is found in 50 % of patients with ADHF on initial presen-
tation. In the ADHERE registry the mean first systolic blood pressure was 
144 mmHg and 50 % of patients had an initial systolic blood pressure greater than 
140 mmHg [10]. In OPTIMIZE-HF, the mean systolic pressure at admission was 
143 mmHg and 25 % of patients had an initial systolic pressure >161 mmHg [18]. 
Admission hypertension was associated with female gender, black race, HFpEF 
and a non- ischemic etiology of heart failure. [18] Some of the patients in each of 
these registries received medical therapy by emergency medical services before 
arriving to the ED suggesting that initial blood pressure prior to treatment was 
actually higher than reported in the registries. In a study of all patients seen for 
ADHF at a single city hospital over a 3 month period, first blood pressure was 
recorded before initiation of therapy at the first patient encounter either in the 
ambulance or ED.  Mean blood pressure was 164/88. Seventy five percent of 
patients had a systolic BP >140 mmHg. Fifty percent of patients had a mean blood 
pressure >113 mmHg and the mean systolic blood pressure in the highest quartile 
of mean blood pressures was 212 mmHg [48].

A study of patients who presented with acute pulmonary edema followed hemo-
dynamic parameters using a pulmonary artery catheter for 24 hours after presenta-
tion. Patients who developed recurrent pulmonary edema after initial stabilization 
were noted to have a marked, rapid increase in systemic vascular resistance and 
decrease in cardiac index that preceded an increase in pulmonary capillary wedge 
pressure. These hemodynamic changes were not seen in patients who did not have 
recurrent pulmonary edema. The only hemodynamic variable at baseline that pre-
dicted recurrent pulmonary edema was low cardiac power index (CPI = cardiovas-
cular flow x mean forward pressure = cardiac index x mean arterial pressure) [49].

These data suggest that high blood pressure and elevated systemic vascular resis-
tance play an important role in the development of ADHF.  Many patients with 
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hypertension at the time of hospitalization have a prompt reduction in blood pres-
sure and improvement in symptoms shortly after receiving intravenous diuretics 
[50, 51]. Some of these patients may have reactive hypertension driven by a response 
to increased filling pressures and activation of the RAAS and the sympathetic ner-
vous system in the setting of contractile reserve. Some patients may develop acute 
heart failure in response to elevated blood pressure and systemic vascular resistance 
in the setting of significant impairment of systolic function that results in an acute 
decrease in stroke volume, increase in mitral regurgitation, a rapid increase in left 
atrial pressure and pulmonary congestion in the absence of systemic congestion. It 
is also possible that an acute decrease in venous capacitance mediated by sympa-
thetic nervous system activation could acutely increase venous return to the heart 
causing an acute increase in filling pressures.

Balmain compared arterial compliance, microvascular function and venous 
capacitance in patients with HFpEF, HFrEF, and normal controls [52]. Arterial com-
pliance was significantly lower in patients with HFpEF than in patients with HFrEF 
and normal controls. Patients with HFpEF and HFrEF had impaired endothelial 
dependent and independent microvascular vasodilation. Patients with HFrEF had 
higher venous capacitance than either patients with HFpEF or controls. Higher 
venous capacitance may result in a greater capacity for the circulation to accom-
modate greater blood volume without an increase in right atrial and left ventricular 
end-diastolic pressures. The “normal” venous capacitance of patients with HFpEF 
may be pathologic and contribute to the development of pulmonary congestion in 
these patients.

It is unclear what mediates the dynamic change in systemic vascular resistance 
(and possible acute decrease in venous capacitance) in some patients with 
ADHF. Age and disease-related increases in arterial stiffness, activation of the 
RAAS and the sympathetic nervous system, and acute inflammatory activation 
may all contribute to the transient increase in systemic vascular resistance. This 
increase in SVR may cause “afterload mismatch” with a decline in stroke volume, 
and increase in functional mitral regurgitation and an acute rise in left atrial pres-
sure that leads to volume redistribution into the lungs and pulmonary congestion 
[30, 52–54].

An analysis from the OPTIMIZE-HF registry looked at the impact of admission 
systolic blood pressure on in-hospital mortality in the entire cohort (48,612 patients) 
and on post-discharge outcomes in the pre-specified subgroup who were followed 
for 60–90 days after discharge (5791 patients) [18]. Patients were divided into quar-
tiles by SBP at time of hospital admission (<120, 120–139, 140–161, >161 mmHg). 
Higher systolic blood pressure at admission was associated with lower in-hospital 
mortality rates (7.2 %, 3.6 %, 2.5 %, and 1.7 %, respectively by quartile of increas-
ing blood pressure). Post-discharge mortality rates in the follow-up cohort were 
similarly lower in patients with higher admission systolic BP (14, 8.4, 6.0 and 5.4 % 
by quartile of increasing blood pressure). A number of other studies have also dem-
onstrated the prognostic importance of systolic blood pressure in ADHF across a 
broad range of blood pressures [55–57] In these studies, the adjusted relative risk 
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for mortality have ranged from 0.76 to 0.9 for each 10 mmHg increase in systolic 
blood pressure.

The consistent relationship between systolic blood pressure and survival sug-
gests an important difference in the pathophysiology of ADHF in patients with 
high vs. normal or low systolic blood pressure. High blood pressure is more com-
mon in advanced age, women, blacks, patients with a non-ischemic cause of heart 
failure and patients with HFpEF. Patients with elevated SBP on presentation have 
more pulmonary congestion and respiratory compromise than patients with nor-
mal SBP but have more rapid improvement with treatment. Elevated SBP tends to 
improve rapidly in patients with high admission SBP.  Congestive symptoms, 
which are more common in patients with elevated SBP at admission, become less 
common prior to discharge when compared to patients with normal or low admis-
sion SBP. Elevated SBP is an important reflection of contractile reserve which, 
like maximum oxygen consumption during cardiopulmonary exercise testing, is a 
powerful predictor of survival. These observations have led to the suggestion that 
initial treatment of ADHF be based on presenting SBP with patients divided into 
three groups: hypertensive (SBP >140  mmHg); normotensive (SBP 100–
140 mmHg); and hypotensive (SBP <100 mmHg) based on the initial BP in the 
ambulance or ED [18, 30, 58, 59].

�Pulmonary�Manifestations�of�Acute�Vs.�Chronic�Heart�Failure

89  % of patients with ADHF have dyspnea on presentation [8]. Two thirds of 
patients admitted to the hospital with ADHF have pulmonary rales [8, 18]. Two 
thirds of patients have lower extremity edema (LE) [8, 18]. However, most patients 
admitted to the hospital do not have reduced oxygen saturation and only a small 
percentage of patients with ADHF present with acute pulmonary edema (16 % in 
EHFS II). Patients with chronic heart failure may have symptoms of dyspnea 
without evidence of pulmonary congestion on exam or chest radiograph despite 
having a high pulmonary capillary wedge pressure (PCWP). Patients with new 
onset heart failure develop pulmonary edema at pulmonary capillary wedge pres-
sures of approximately 25 mmHg while some patients with chronic heart failure 
are ambulatory without pulmonary rales despite having wedge pressures of 
35–40 mmHg [35, 36, 60].

A number of mechanisms have been proposed to explain the disparity in pulmo-
nary manifestations in patients with acute or recent onset heart failure and patients 
with chronic heart failure. It has been suggested that lymphatic enlargement seen on 
post-mortem examination of patients with chronic heart failure may protect from 
the development of alveolar edema although data supporting this concept has been 
inconsistent [37, 38].

Pathologic specimens from patients with chronic heart failure, especially studies 
of patients with mitral stenosis, help explain the difference in presentation in patients 
with new onset versus longstanding heart failure. At a microscopic level, many 
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specimens demonstrate alveolar fibrosis. Electron micrographs show thickening of 
the capillary endothelial and alveolar epithelial cell basement membranes. These 
changes are thought to reduce the permeability of the alveolar-capillary membrane 
to water and prevent the formation of pulmonary edema. In addition, pulmonary 
arteries and arterioles develop intimal fibrosis and medial hypertrophy with exten-
sion to the small arterioles. Pulmonary veins are thick-walled and lymphatic vessels 
are dilated and occasionally muscularized [35, 36, 61].

In experimental models of chronic heart failure, there is thickening of the alveo-
lar and capillary basal laminae with pericyte and type IV collagen infiltration of the 
alveolar-capillary barrier. Alveolar-capillary remodeling leads to a chronic reduc-
tion in alveolar capillary membrane conductance, capillary filtration and lung diffu-
sion capacity [35, 36, 40, 62–64]. Wall thickness-lumen ratio is increased in small 
pulmonary arterioles and venules with an increase in arterial and venous resistance. 
The vascular remodeling leads to increased vascular resistance [35, 36, 62–64]. 
These remodeling changes may protect against alveolar edema on the one hand but 
may impede gas exchange on the other.

There is also likely a difference in alveolar fluid clearance in acute versus 
chronic heart failure which protects against the development of alveolar edema in 
chronic heart failure. Alveolar fluid clearance is decreased in the setting of acutely 
elevated left atrial pressure. However, with chronic elevation of PCWP, alveolar 
fluid clearance is increased likely secondary to upregulation of active sodium 
transport [36, 39, 40].

�Lower�Extremity�Edema

Lower extremity edema is a manifestation of severe fluid retention with an increase 
in total body salt and water and transfer of fluid into the tissues. Tissue edema forms 
when capillary hydrostatic pressure is greater than plasma colloid pressure by an 
amount sufficient to cause transudation from the capillary space into the interstitial 
space at a rate that exceeds the rate at which lymphatics can drain away the intersti-
tial fluid. The rate of edema formation depends on capillary pressure (which is 
affected by position and right atrial pressure) and capillary permeability [32].

�Myocardial�Injury

Coronary artery disease (CAD) is present in 50–70 % of patients who present with 
ADHF [10, 11, 14, 15]. In OPTIMIZE-HF, patients with CAD had a higher inpa-
tient mortality rate (3.7 % vs. 2.9 %) and a higher 60–90 day post-discharge mortal-
ity rate (9.2 % vs 6.9 %) [65]. In EHFS II, ACS was the precipitating factor in 42 % 
of patients who presented with new onset heart failure and 23 % of patients who had 
preexisting heart failure [16]. Approximately 10–20 % of patients with ACS have 
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associated heart failure on presentation and another 10 % develop heart failure dur-
ing hospitalization [66].

Cardiac troponin (either T or I) has a high clinical sensitivity and near absolute 
specificity for myocardial injury [67, 68]. The presence of measurable cardiac tro-
ponin (cTn) is abnormal and indicative of myocardial injury. Typically, the patient 
with ACS precipitating heart failure will have precordial pain, characteristic ST 
segment elevations on ECG and significant cTn elevations (cTn I >1.0 ng/ml or 
mcg/L). However, in ADHF, troponin elevation may be seen in patients with or 
without ACS and with or without significant obstructive coronary artery disease. 
There has been a consistent association between elevate cTn and in-hospital 
mortality.

The reported prevalence of detectable troponin in ADHF has been variable and 
has depended on the population studied, cTn assay used and cTn threshold consid-
ered positive. An analysis from the ADHERE Registry found that an elevated tropo-
nin I ≥ 1.0 mcg/L or a troponin T ≥ 0.1 mcg/liter was found in 6.2 % of 67,924 
patients who had a troponin an admission and a creatinine <2.0 mg/dL. 53 % of 
troponin positive patients and 52 % of troponin negative patients had ischemic heart 
disease reported as the cause of ADHF. Ischemic heart failure was not a useful dis-
criminator of troponin status. Patients who had a positive troponin had lower sys-
tolic blood pressure on admission, lower ejection fraction and higher in-hospital 
mortality (8.0 % vs 2.7 %) compared to patients with a negative troponin. The risk 
adjusted odds ratio for death among patients with a positive troponin was 2.55 (P < 
0.001). When mortality was assessed by quartiles of cardiac troponin, there was a 
progressive increase in in-hospital mortality from quartile one to quartile four (from 
the lowest to highest troponin quartile) [69].

The Enhanced Feedback for Effective Cardiac Treatment (EFFECT) study was a 
population-based quality improvement initiative that evaluated patients hospitalized 
with heart failure at 103 acute care hospitals in Ontario, Canada. The EFFECT 
investigators looked at the relationship between troponin I >0.5 mcg/L and all-cause 
mortality in 2025 patients hospitalized for heart failure. Elevated troponin occurred 
in 34.5 % of patients and was an independent predictor of mortality with an adjusted 
hazard ratio of 1.49 (p < 0.001). Adjustment for the presence of reduced ejection 
fraction had no significant impact on the estimate of risk. As in the analysis from 
ADHERE, there was a relationship between troponin I level and mortality that per-
sisted after adjusting for confounding variables such that the hazard ratio for mortal-
ity increased with each quartile of troponin elevation. In addition, the association 
between troponin and mortality was similar for patients with and without other 
clinical features of acute myocardial ischemia [70].

This data demonstrates that myocardial injury, independent of ACS, occurs in a 
significant number of patients with ADHF with or without coronary artery disease 
and that myocardial injury plays an important role in the development of acute heart 
failure. A number of mechanisms underlying cTn release have been proposed. The 
Carvedilol Hibernation Reversible Ischemia (CHRISTMAS) trial reported that 
60 % of patients with heart failure and CAD had hibernating myocardium [71]. 
Hibernating myocardium may be at risk for injury due to focal myocardial ischemia 
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(especially subendocardial ischemia) in the setting of elevated left ventricular end- 
diastolic pressure, hypotension with reduced myocardial perfusion, tachycardia, or 
medications that increase contractility. Patients without CAD may be at risk for 
injury due to the same hemodynamic conditions. Proposed mechanisms of myocar-
dial injury other than myocardial ischemia in patients with and without CAD 
include: cardiomyocyte damage from inflammatory cytokines or oxidative stress, 
altered calcium handling, apoptosis, and release of intact troponin or troponin frag-
ments from viable cardiomyocytes [69, 70, 72].

 Conclusions

Acute decompensated heart failure is defined as the new onset or recurrence of 
heart failure signs and symptoms that require urgent or emergent treatment and that 
result in hospitalization. This syndrome is common and expensive. Recent large 
multicenter observational registries have improved our understanding of the demo-
graphics, clinical characteristics, comorbidities, management patterns and out-
comes of patients admitted with ADHF.  ADHF disproportionately affects the 
elderly. Most patients have a history of hypertension and half of patients have an 
elevated systolic blood pressure on presentation. Approximately half of the patients 
with ADHF have normal or near normal left ventricular ejection fraction. Coronary 
artery disease (CAD) is present in 50–70 % of patients who present with ADHF 
and ACS is the most common precipitating factor in patients who presented with 
de novo heart failure.

ADHF is a syndrome due to a broad range of cardiovascular disorders. The 
underlying causes are heterogeneous but most patients seek medical attention 
because of dyspnea due to elevated left atrial and pulmonary capillary wedge pres-
sure. The pathophysiology of dyspnea in ADHF is complex and multifactorial and 
impacted by the time course of volume overload, the presence of rapid elevations 
in systemic vascular resistance and left atrial pressure, and the chronicity of ele-
vated PCWP.
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Chapter 9
Acute Decompensated Heart Failure: 
Presentation, Physical Exam, and Laboratory 
Evaluation

Daniel Fishbein

 Presentation of Patients with ADHF

ADHF may be a manifestation of any abnormality of cardiovascular function. Most 
patients have a prior history of heart failure. Patients with chronic heart failure may 
have a history of gradually worsening symptoms of pulmonary and systemic venous 
congestion over several days to weeks or may have more rapid development of 
symptoms commonly associated with a clear precipitant (examples: new onset atrial 
fibrillation with rapid ventricular response in a patient with HFpEF; ACS in a patient 
with an ischemic cardiomyopathy). Approximately 25 % of patients with ADHF 
have new onset or de novo heart failure – many of these patients have associated 
ACS or poorly controlled hypertension [1].

A minority of patients present with acute pulmonary edema. Patients with pul-
monary edema have severe respiratory distress, tachypnea, tachycardia, hypox-
emia, pulmonary rales, and radiographic evidence of pulmonary congestion. Some 
patients may need mechanical ventilation. The onset is frequently acute and asso-
ciated with severe hypertension or atrial tachyarrhythmia (especially in patients 
with preserved systolic function) In EHFS II 16 % of patients presented with acute 
pulmonary edema [2]. In OPTIMIZE-HF, 2.5 % of patients presented in acute 
pulmonary edema [3]. In the ADHERE Registry, 4.5 % of patients required 
mechanical ventilation during hospitalization [4]. In ADHERE, the percentage of 
patients who required mechanical ventilation decreased from 5.3 to 3.4 % over 
3 years (January 2002 to December 2004) [5].

A minority of patients present with cardiogenic shock. Cardiogenic shock is gen-
erally associated with heart failure complicating ACS. The ADHERE and 
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OPTIMIZE registries did not specifically describe patients as having cardiogenic 
shock. In OPTIMIZE, 10 % of patients had a systolic BP <105 mmHg [6]. In 
ADHERE, 3 % of patients had an initial systolic BP <90 mmHg [5]. In EHFS II, 
4 % of patients admitted with heart failure presented with cardiogenic shock [7].

 Symptoms

Patients with heart failure commonly present with dyspnea at rest or with exertion. 
Other common symptoms include lower extremity edema, fatigue, orthopnea and 
paroxysmal dyspnea. In ADHERE, 89 % of patients had dyspnea, 34 % of patients 
had dyspnea at rest, 65 % had peripheral edema and 31 % of patients had fatigue [4]. 
In OPTIMIZE-HF, 61 % of patients had dyspnea on exertion, 44 % of patients had 
dyspnea at rest, and 65 % of patients had edema [6].

Patients may be unable to sleep flat because of shortness of breath (orthopnea) 
and some patients may have an acute increase in dyspnea with any degree of 
recumbence. Orthopnea is a sensitive and specific symptom of elevated filling 
pressures. In a study of patients with chronic heart failure, orthopnea was reported 
by 39/43 patients who had a PCWP ≥22 mmHg [8]. In the Evaluation Study of 
Congestive Heart Failure and Pulmonary Artery Catheterization (ESCAPE) trial, 
orthopnea ≥2 pillows was the only finding on history that was associated with a 
PCWP ≥30 mmHg [9]. The symptom of orthopnea can also be seen in patients 
with central obesity, ascites, esophageal reflux, obstructive airway disease or 
emphysema. Paroxysmal nocturnal dyspnea (PND) may be a more specific symp-
tom of decompensated heart failure and pulmonary congestion. Typically, the 
patient with PND is awakened acutely several hours after retiring by symptoms of 
severe shortness of breath and air hunger. Patients often feel the need to sit up, get 
out of bed, or seek fresh air from an open window. Symptoms generally resolve 
within 10–20 min. Nocturnal or exertional cough or wheezing may also be a man-
ifestation of pulmonary congestion.

Patients with systemic venous congestion may have symptoms of lower 
extremity edema, abdominal fullness or distention, early satiety, nausea, poor 
appetite and right upper quadrant abdominal pain. Edema is a common finding in 
patients with ADHF. Edema is, however, not a specific finding for heart failure as 
patients may have edema from other causes (see below under “Physical 
Examination”) [10, 11].

Patients with low cardiac output may have symptoms of severe fatigue, poor 
appetite, exertional light headedness and manifestations of cerebral hypoperfusion 
including impaired mentation, agitation, and irritability [12]. Some patients com-
plain of very bright or very “white” vision in association with low blood pressure 
and/or low cardiac output. Exertional pre-syncope or syncope may also be a mani-
festation of low cardiac output.
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 Physical Examination

A careful physical examination is an essential component of the evaluation of the 
patient presenting with shortness of breath. The physical examination is critical in 
establishing the diagnosis of heart failure and in assessing the severity of disease, 
the presence and severity of systemic and pulmonary venous congestion, the ade-
quacy of cardiac output and end-organ perfusion, the severity of respiratory com-
promise and the need for emergent intervention. In addition, the exam provides 
insights into the underlying cause of heart failure and the presence of reversible 
conditions that may have contributed to heart failure decompensation.

An assessment should be made of the patient’s general appearance, vital signs 
including O2 saturation by finger oximetry and neurologic status. In addition, an 
examination of the heart, neck veins, lungs, abdomen, lower extremities and carotid 
and peripheral pulses should be performed.

 General Examination and Vital Signs

General examination and vital signs provide insight into the presence and severity 
of heart failure. Patients may have evidence of respiratory distress with tachypnea, 
hypoxemia on pulse oximetry, inability to speak in full sentences, inability to lie 
flat, agitation, and use of accessory muscles of respiration. Observation of coughing 
or wheezing, especially with walking or while recumbent suggests the presence of 
pulmonary congestion. Respiratory rate is important and should be counted rather 
than estimated. Tachypnea may reflect severe pulmonary congestion, pulmonary 
edema and/or respiratory failure. The presence of Cheyne-Stokes respirations sug-
gests that the patient has chronic severe heart failure.

Tachycardia may reflect low cardiac output, sympathetic nervous system activa-
tion, or a supraventricular arrhythmia that may be a heart failure precipitant. An 
irregular pulse may be due to premature ventricular beats or preexisting or new 
onset atrial fibrillation. An elevated temperature suggests infection as a possible 
contributor to heart failure decompensation. Temperature < 36 °C has been shown to 
be associated with a 51 % higher risk of the composite of HF rehospitalization or 
CV death when compared with the index group of patients with temperature 
>36.5 °C in the Efficacy of Vasopressin Antagonism in Heart Failure Outcome 
Study with Tolvaptan (EVEREST) trial [13].

In acute heart failure, systolic and mean blood pressures are important in guid-
ing the choice of initial therapies including vasodilators, inotropic agents, vaso-
pressors, intra-aortic balloon pump therapy or mechanical circulatory support. 
Low blood pressure, especially if associated with low pulse pressure, tachycardia 
and cool distal extremities, is a sign of low cardiac output and inadequate systemic 
perfusion. Low blood pressure is unusual in patients with ADHF but when present, 
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identifies a patient at high risk of in-hospital mortality who may need more inten-
sive care including admission to the CCU, treatment with inotropic agents (or 
vasopressors), and/or support with an intra-aortic balloon pump [6, 14]. As heart 
failure progresses, systolic blood pressure decreases, diastolic blood pressure is 
unchanged and pulse pressure (systolic blood pressure-diastolic blood pressure) 
decreases. A pulse pressure/systolic pressure ratio (referred to as the “proportional 
pulse pressure”) of less than 0.25 suggests that the patient has a cardiac index of 
less than 2.2 L/min/m2 [15].

Approximately half of patients with ADHF have an initial systolic blood pres-
sure of >140 mmHg. Patients who present with hypertension may have pulmo-
nary congestion related to volume redistribution due to a mismatch between 
rapidly increasing blood pressure and impaired contractile reserve rather than 
total body fluid accumulation. These patients may have more severe pulmonary 
congestion and less volume overload than normotensive patients with 
ADHF. These patients generally benefit from parenteral diuretics but may also 
benefit from early initiation of vasodilator therapy [16–22].

Agitation or altered mental status should raise concern about brain hypoperfu-
sion due to severely reduced cardiac output, even in the setting of normal blood 
pressure. Patients with low cardiac output may also have cool distal extremities, 
diaphoresis, pallor, tachypnea, dyspnea at rest, low systolic blood pressure, low 
pulse pressure, and low proportional pulse pressure. Feeling the skin of the hands 
and feet can give important information about systemic perfusion and the presence 
of systemic vasoconstriction. The temperature of the hands/feet should be compared 
to that of the upper arm/leg. Relative coolness of the distal extremities suggests low 
cardiac output [15, 23]. Some authors have suggested that feeling the temperature 
of the forearms and calves rather than hands and feet (which may be cool from anxi-
ety) may be more specific for assessment of systemic perfusion [15].

 Assessment for Pulmonary and Systemic Venous Congestion

An important goal of the initial physical exam is to identify and quantitate pulmo-
nary and systemic venous congestion. Historically, four signs have been used to 
determine whether cardiac filling pressures are elevated including the presence of: 
jugular venous distention, pulmonary rales, a ventricular gallop (S3) and lower 
extremity edema.

Lung examination provides insight into the cause of dyspnea, volume status and 
the presence of pulmonary congestion. Percussion of the posterior chest may elicit 
dullness at one or both bases indicating the presence of a pleural effusion. Patients 
may also have associated decreased breath sounds. Pleural effusion is generally a 
manifestation of elevated right and left sided filling pressures. Bilateral pleural effu-
sions are more common than unilateral effusions. When a unilateral effusion is pres-
ent in a patient with ADHF, it is generally on the right. An isolated left pleural 
effusion is an unusual manifestation of decompensated heart failure.
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Pulmonary crackles (or rales) are caused by transudation of fluid from the pul-
monary capillaries into the alveolar space. Crackles due to heart failure generally 
are audible from the base upward and do not clear with cough or deep inspiration. 
Patients with chronic heart failure may not have rales despite significantly elevated 
pulmonary capillary wedge pressure and clinical decompensation [8]. The absence 
of rales in patients with chronic heart failure does not exclude decompensated heart 
failure as a cause of worsening dyspnea. Rales may be due to other pulmonary 
pathology. Rales associated with atelectasis are generally coarse and clear with 
cough or deep inspiration. Rales associated with pneumonia may be heard at loca-
tions other than the bases, are frequently unilateral and commonly associated with 
fever, leukocytosis, and other findings of pulmonary consolidation such as bron-
chial breath sounds and egophony. Patients with ADHF may present with “cardiac 
asthma” with wheezing and decreased airflow. Cardiac asthma is probably caused 
by a combination of reflex bronchoconstriction in response to elevated pulmonary 
and bronchial vascular pressure, obstruction from intraluminal edema fluid, and 
bronchial mucosal swelling [24].

Lower extremity edema is a common finding in patients with ADHF. In patients 
with chronic heart failure, edema may be absent despite symptoms of dyspnea and 
elevated pulmonary capillary wedge pressure [8]. Edema is not a specific finding for 
heart failure as patients may have edema from other causes including venous insuf-
ficiency, cirrhosis, hypoalbuminemia, kidney disease including nephrotic syndrome, 
pregnancy, and treatment with a number of medications including calcium channel 
blockers (particularly dihydropyridines, e.g. amlodipine, nifedipine), thiazolidine-
diones, docetaxel, gabapentin, pregabalin, nonsteroidal anti-inflammatory drugs 
(NSAIDs), glucocorticoids, fludrocortisone, and vasodilators (hydralazine, minoxi-
dil, diazoxide; less frequent – alpha1 blockers, and methyldopa). However, edema 
is a specific finding of heart failure when associated with elevated jugular venous 
pressure [10, 11].

The jugular venous pressure (JVP) is the single most important finding in the 
assessment of intravascular volume status. JVP provides a direct measurement of 
right atrial (RA) pressure, an estimate of right ventricular filling pressure and some 
insight into pulmonary capillary wedge and left atrial pressures. JVP is measured 
as the vertical distance from the mid right atrium to the top of the observable col-
umn of blood (or meniscus) in the internal jugular vein and is expressed in centi-
meters of water.

A number of methods have been suggested to estimate JVP. Assessment of JVP 
may be made with the upper torso of the patient elevated at 30–45°. When assessing 
JVP, it is important that the height of the meniscus of the internal jugular vein be 
clearly identified. In patients with ADHF, a meniscus may not be seen at 30–45° 
because of high JVP. It is recommended that JVP be assessed at both 30–45° and 
90° (sitting upright) to avoid underestimating filling pressures [15, 25]. The position 
of the right atrium can be estimated to be at the intersection of the fourth or fifth 
intercostal space and the mid-axillary line. The JVP can be estimated by measuring 
the vertical distance from the position of the right atrium to the top of the meniscus. 
Alternatively, the position of the right atrium can be estimated to be 5 cm below the 
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angle of Louis. Using this method, JVP can be estimated to be the vertical distance 
from the angle of Louis to the meniscus plus 5 cm of water.

Another alternative is to measure JVP in the upright sitting position. In most 
patients, the distance from the right atrium to the clavicle is 10 cm in the upright 
position. If a meniscus is seen above the clavicle, the patient has an elevated 
JVP. The JVP is 10 cm plus the measured distance from the clavicle to the observed 
meniscus. This method gives JVP <10 cm of water, 10–12 cm, 12–14 cm, etc. This 
method is less cumbersome, is more accurate, and has less intra- and inter-observer 
variability and avoids underestimating JVP. If a meniscus is not observed in the 
upright position, assessment of JVP should then be made at progressively decreas-
ing elevations of the torso above supine. If a meniscus is not seen while lying flat, 
the patient may be volume depleted [15, 25].

Some studies have found poor inter-observer reliability in the assessment of JVP 
by ED physicians [26]. A study of patients with heart failure that compared esti-
mates of JVP by exam, estimates of RA pressure by echo and RA pressure mea-
sured by a pulmonary artery catheter in patients with heart failure found that clinical 
assessment of JVP accurately estimated normal RA pressure but tended to underes-
timate RA pressure in patients with elevated RA pressure [27]. Others have sug-
gested that physical examination is helpful in determining whether central venous 
pressure is high or low but not in assessing a specific pressure [28, 29].

In the ESCAPE trial, estimates of JVP by physical exam recorded on initial his-
tory and physical exam were compared with RA pressure on invasive hemodynamic 
monitoring in 194 patients with chronic severe symptomatic heart failure random-
ized to the PA catheter group [9]. Estimated JVP (in cm of water) was converted to 
RA pressure (in mmHg) by multiplying JVP (in cm of water) by 0.736, the ratio of 
the density of water relative to the density of mercury. (1 cm of water equals 
0.736 mmHg.) Measured right atrial pressure was less than 8 mmHg in 82 % of 
patients (9/11) who had an estimated JVP of less than 8 mmHg. Measured RA pres-
sure was ≥8 mmHg in 82 % (149/181) of patients who had an estimated JVP 
≥8 mmHg. Measured right atrial pressure was >12 mmHg in 70 % (80 of 114) of 
patients who had an estimated JVP of >12 mmHg.

Elevated JVP is helpful in predicting elevated pulmonary capillary wedge pres-
sure. In the ESCAPE trial, estimated RA pressure ≥12 mmHg was strongly associ-
ated with PCWP ≥30 mmHg with an odds ratio of 4.6 [9]. In a study of 1000 
patients with advanced heart failure undergoing transplant evaluation, 79 % of 
patients had concordance of right atrial and pulmonary capillary wedge pressures 
defined as an RAP ≥10 mmHg with a PCWP ≥22 mmHg [30]. An RA pressure of 
≥10 mmHg had a positive predictive value of 88 % to identify a PCWP ≥22 mmHg. 
In another study of 4079 potential transplant candidates, elevated pressures were 
defined as RAP ≥10 mmHg and PCWP ≥22 mmHg. Pressures were described as 
“concordant” if the RA and PCWP were both either high or low. The frequency of 
concordant pressures over three sequential 4 year periods was 74 %, 72 %, and 
73 % [31]. In another study of 537 patients hospitalized for ADHF who underwent 
right heart catheterization, 36 % of patients had concordant low filling pressures 
(RA <10 mmHg; PCWP <22 mmHg) and 36 % of patients had concordant high 
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 filling pressures (RA ≥10 mmHg; PCWP ≥22 mmHg [32]. Fifteen percent of 
patients had RA <10 with PCWP ≥22 mmHg (“High-Left Mismatch”) and 13 % of 
patients had RA ≥10 mmHg and PCWP <22 mmHg (“High-Right Mismatch”).

On multivariate analysis, patients with a history of symptomatic heart failure 
who were enrolled in the Studies of Left Ventricular Function (SOLVD) treatment 
trial and who had elevated JVP had an increased risk of hospitalization for heart 
failure, death or hospitalization for heart failure, and death from pump failure [33].

In patients with chronic severe heart failure, findings of volume overload (rales, 
elevated JVP and lower extremity edema) identify patients with an elevated 
PCWP. However, rales, elevated JVP and rales may be absent despite an elevated 
PCWP. In a study of 50 patients with chronic heart failure, physical findings of heart 
failure were compared with hemodynamic measurements. All 10 patients with 
lower extremity edema had an RA pressure ≥10 mmHg. All patients with an RA 
pressure ≥10 mmHg had an elevated PCWP ≥22 mmHg. JVP was the most sensi-
tive finding on exam for elevated PCWP. No patient with edema, rales or elevated 
JVP had a wedge pressure <22 mmHg. However, 18/43 patients (42 %) with PCWP 
≥22 mmHg and 8/18 (44 %) of patients with PCWP ≥35 mmHg had no findings of 
volume overload on physical exam [8].

In ADHF, the apical impulse may be displaced leftward indicating cardiac 
enlargement. A late diastolic gallop (S4) may be heard, especially in patients with 
heart failure with preserved systolic function in sinus rhythm. An early diastolic 
gallop (S3) may be heard in patients with heart failure and systolic dysfunction. 
There is conflicting evidence whether an S3 is specific for elevated LVEDP [8, 34] 
but its presence reliably predicts the presence of left ventricular dysfunction [8, 34]. 
A holosystolic murmur of functional mitral regurgitation is common in patients 
with ADHF and systolic dysfunction. Patients with biventricular dysfunction, pul-
monary hypertension or isolated right heart failure may have a murmur of tricuspid 
regurgitation. This can be distinguished from a murmur of mitral regurgitation by 
the location of the murmur at the left sternal border and an increase in the intensity 
of the murmur with inspiration.

Wang et al. reviewed 22 studies of patients who presented to the emergency 
department with dyspnea to assess the usefulness of history, symptoms, physical 
findings, and routine diagnostic studies (chest radiograph, electrocardiogram and 
serum B-type natriuretic peptide) to differentiate heart failure from other causes of 
dyspnea. Many clinical characteristics increased the probability that dyspnea was 
caused by heart failure. The finding in each category that best predicted that dys-
pnea was due to heart failure was the presence of: a past history of heart failure; the 
symptom of paroxysmal nocturnal dyspnea; sign of a third heart sound; chest radio-
graph showing pulmonary venous congestion; and electrocardiogram showing atrial 
fibrillation. The finding in each category that best predicted that dyspnea was not 
due to heart failure was the absence of: a past history of heart failure; the symptom 
of dyspnea on exertion; rales on physical exam; chest radiograph showing cardio-
megaly; and any abnormality on electrocardiogram [35].

Many heart failure practitioners have found a 2 × 2 dichotomous matrix based on 
a clinical assessment of volume status (congestion/no congestion) (“wet” or “dry”) 
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and systemic perfusion (adequate perfusion/clinically important hypoperfusion) 
(“warm” or “cold”) to be useful in characterizing the clinical status of patients with 
ADHF and in developing a therapeutic plan [36]. See Fig. 2.1 in Chap. 2 [37]. Signs, 
symptoms and laboratory data that suggest a patient is congested or “wet” include: 
orthopnea, jugular venous distention, rales, ascites, peripheral edema, dyspnea at 
rest or with exertion, orthopnea, PND, peripheral edema, abdominal distention, 
unexplained weight gain, rales, jugular venous distention, hepatojugular reflux, 
hepatomegaly, and elevated B-type natriuretic peptide (BNP) or n-terminal pro- 
BNP. Signs and symptoms that suggest a patient has compromised perfusion or is 
“cold” include: a narrow pulse pressure, a proportional pulse pressure of <0.25, 
pulsus alternans, symptomatic hypotension (without orthostasis), cool distal 
extremities, anxiety and impaired mentation.

A prospective analysis of 452 patients admitted to an academic heart failure ser-
vice found that clinical assessment of a patient’s hemodynamic profile could be 
used to predict outcomes. Patients with initial “warm-wet” and “cold-wet” profiles 
had an increased risk of death or urgent transplant on multivariate analysis (HR 
2.48; P = 0.003). These profiles were also associated with an increased risk of death 
or urgent transplant when patients with NHYA FC III (HR 2.23, p = 0.026) and 
NYHA FC IV (HR 2.73, p = 0.009) symptoms were analyzed separately [23]. In the 
ESCAPE trial, clinician determined “cold” vs. “warm” profile was associated with 
a lower median measured cardiac index in the “cold” patients (1.75 vs. 2.0 L/min/
m2; p = 0.004). On Cox regression analysis, “cold” or “wet” profiles at the time of 
discharge conveyed a 50 % increased risk of death or rehospitalization [9].

Patients with right heart failure may have a right-sided S3, increased intensity of 
the pulmonic component of the second heart sound (in patients with pulmonary 
hypertension), a murmur of tricuspid regurgitation, hepatomegaly and ascites. A 
pulsatile liver may be palpable in patients with severe tricuspid regurgitation.

 Initial Laboratory Evaluation

The initial evaluation of the patient presenting with ADHF should include labora-
tory studies which help confirm heart failure as the cause of the presenting symp-
toms; identify underlying conditions that may be a cause of heart failure or may 
precipitate heart failure decompensation; help assess the severity of underlying end- 
organ dysfunction; and identify conditions which may be immediately life threaten-
ing and require urgent treatment.

 Serum Electrolytes

Minor abnormalities of serum electrolytes are common in patients with ADHF and 
may be due to neurohormonal activation, low cardiac output, or heart failure medi-
cations. The reported incidence of hyponatremia defined as a serum sodium  
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≤ 135 mEq/L varies widely between 7.7 and 45 % [38, 39]. In EHFS I, 20 % of 
patients were hyponatremic [37]. Hypokalemia is common in patients treated with 
loop diuretics. Hyperkalemia occurs in approximately 8 % of patients with ADHF 
in the setting of chronic heart failure and is associated with treatment with angioten-
sin converting enzyme inhibitors (ACEIs), angiotensin receptor blockers (ARBs), 
mineralocorticoid antagonists (MRAs), potassium supplementation, potassium 
sparing diuretics, and chronic or acute renal insufficiency [39, 40]. Diabetes is com-
mon in patients with ADHF (44 % in ADHERE; 41.5 % in OPTIMIZE) and poor 
glycemic control may accompany or contribute to ADHF [41].

 Blood Urea Nitrogen (BUN) and Creatinine

Renal dysfunction is common in patients with ADHF. In the ADHERE Registry, 
chronic renal insufficiency was reported in 30 % of patients. 9 % of patients had a 
creatinine on admission of >3.0 mg/dL and 21 % had a creatinine >2.0 mg/dL. Five 
percent were on chronic dialysis [1]. In OPTIMIZE-HF, the mean creatinine was 
1.8 mg/dL [6]. In EHFS I, renal dysfunction was reported to have complicated man-
agement in 18 % of patients. Serum creatinine was ≥150 μmol/l (1.7 mg/dL) in 
16 % of patients and ≥200 μmol/l (2.3 mg/dL) in 7 % [2]. In a nationwide, prospec-
tive, observational study of 206 cardiology centers with intensive cardiac care units 
in Italy, 47 % of patients admitted with acute heart failure had renal dysfunction 
defined as creatinine ≥1.5 mg % (mg/dL) [39].

Patients with HF commonly have risk factors associated with both heart and 
kidney disease including diabetes mellitus, hypertension and vascular disease. 
Elevated BUN and creatinine may be manifestations of renal hypoperfusion in the 
setting of low cardiac output or in the setting of marked neurohormonal activation 
even in the face of normal cardiac output and normal or elevated filling pressures. 
Elevated BUN and creatinine may also be a manifestation of hypovolemia with low 
filling pressures in the setting of diuretic therapy. The BUN/creatinine ratio may be 
elevated in the setting of low cardiac output, neurohormonal activation or volume 
depletion. In each of these conditions, the proximal tubular absorption of sodium is 
increased. This is accompanied by reabsorption of BUN but not creatinine. 
Treatment with ACEIs or ARBs may also contribute to renal dysfunction particu-
larly in the setting of renal artery stenosis, severe chronic heart failure or volume 
depletion [42, 43]. It has been our observation that lower urinary tract obstruction is 
a common reversible cause of abnormal renal function in older men with ADHF.

 Hematologic Measures

Anemia is common in patients with ADHF. The World Health Organization defines 
anemia as hemoglobin (Hgb) <13.0 g/dL in men and <12.0 g/dL in women. In clini-
cal trials and large HF registries, the prevalence of anemia has ranged from 15 to 
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61 % overall and from 14 to 70 % among hospitalized patients [44]. In a meta-
analysis of 34 cohort studies or retrospective analyses of randomized controlled 
trials in HF which included 153,180 patients, 37.2 % of patients were anemic. 
Anemia was associated with an increased risk of mortality in patients with HFrEF 
and HFpEF with an adjusted hazard ratio of 1.46 [45].

In the OPTIMIZE – HF registry, half of the patients had a hemoglobin <12.1  
g/dL and 25 % had a hemoglobin of 5–10.7 g/dL. Patients with low hemoglobin 
tended to be older, female, and Caucasian and more commonly had preserved sys-
tolic function and elevated creatinine. Low hemoglobin was associated with higher 
in-hospital mortality, longer hospital length of stay and more readmissions at 
90 days [46]. In EHFS I, a hemoglobin <11 g/dL was reported in 18 % of men and 
23 % of women [2]. In patients with ADHF in Italy, a hemoglobin <12 g/dL was 
present in 46 % of patients [39]. In a large population-based cohort of Canadian 
patients discharged after hospitalization for new onset HF, 17 % had anemia, 58 % 
of whom had anemia of chronic disease. Anemic patients were more likely to be 
older, female, and have a history of chronic renal insufficiency or hypertension. 
Anemic patients had a significantly greater risk-adjusted mortality (HR = 1.34) 
compared with non-anemic patients [47]. In the EVEREST Trial, 34 % of patients 
with systolic dysfunction hospitalized for ADHF were anemic at baseline. 73 % of 
patients who were anemic at baseline were anemic at discharge or day 7 and 6 % of 
patients without anemia developed anemia by discharge or day7. Anemia at dis-
charge but not on admission was associated with an increased risk of long-term 
all-cause mortality and short-term (≤100 days post-discharge) cardiovascular mor-
tality or CHF hospitalization [48].

Anemia in heart failure is multifactorial [44]. In patients with acute decompensa-
tion, plasma expansion due to salt and water overload may cause dilutional anemia 
[49, 50]. Anemia may also be caused by renal dysfunction with inappropriate eryth-
ropoietin production, pro-inflammatory cytokine activation with anemia of chronic 
disease, iron deficiency and defective iron utilization [44, 51]. In a community 
based study of patients with HF due to systolic dysfunction, the relationship between 
anemia and renal insufficiency was explored. Anemia was present in 32 % of 
patients. Low serum iron or low ferritin was found in 43 % of patients with anemia. 
Renal dysfunction (defined as a glomerular filtration rate <60 ml/min by the 
Modification of Diet in Renal Disease (MDRD) equation) was present in 54 % of 
patients. 41 % of patients with renal dysfunction and 22 % of patients without renal 
dysfunction were anemic. Anemia and renal dysfunction independently predicted 
mortality and the effects were additive [52]. In patients hospitalized for ADHF who 
had a thorough evaluation for underlying causes of anemia (defined as hemoglobin 
<12 g/dL in men and <11.5 g/dL in women), iron deficiency was the most common 
cause of anemia with depleted iron stores found in 73 % of anemic patients on bone 
marrow aspiration. Serum ferritin was not a reliable marker of iron deficiency in this 
study [53].

Low “relative lymphocyte count” or “lymphocyte ratio” (total number of lym-
phocytes/total number of leukocytes × 100) is an independent predictor of mortality 
in outpatients with heart failure [54]. In the EVEREST trial, patients with low 
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 relative lymphocyte count tended to be older, more likely to be male, had higher 
rates of comorbid disease and were more likely to have a history of prior myocardial 
infarction and coronary revascularization. Patients with low relative lymphocyte 
ratio had significantly lower presenting systolic and diastolic blood pressure, higher 
mean heart rates, lower serum sodium levels, higher blood urea nitrogen, and higher 
natriuretic peptide levels. These patients were less likely to receive evidence-based 
HF medications. After adjusting for multiple risk factors, relative lymphocyte count 
<15.4 % was an independent predictor of all-cause mortality and cardiovascular 
mortality or HF hospitalization in the first 100 days following discharge [55].

In the Preliminary study of RELAXin in Acute Heart Failure (Pre-RELAX- 
AHF), patients admitted with acute heart failure, SBP ≥125 mmHg, and BNP 
≥350 pg/ml were randomized to the vasodilator relaxin or placebo. Patients with a 
lymphocyte ratio <13 % had similar baseline characteristics as patients with a lym-
phocyte ratio >13 % but had less improvement in dyspnea, greater worsening of HF, 
longer initial length of stay, fewer days alive and out of the hospital and greater risk 
for all-cause mortality at 60 and 180 days [56].

 Liver Function Tests (LFTs)

Up to 60 % of patients hospitalized with ADHF have mild liver function test abnor-
malities. Elevation of all liver function tests, and especially γ-glutamyl transferase 
(GGT) and total bilirubin (Tbili), are associated with high central venous pressure 
(CVP). Only elevated transaminases and Tbili are associated with both high CVP 
and low cardiac output [57].

In the EVEREST trial, the most common LFT abnormality was an elevation in 
GGT which occurred in 60 % of patients. Other LFT abnormalities were common 
and included elevation of alanine aminotransferase (ALT) in 21 % of patients, 
aspartate aminotransferase (AST) in 21 %, alkaline phosphatase in 23 %, and total 
bilirubin (Tbili) in 26 % and decreased albumin in 17 %. LFT abnormalities were 
minor in most patients. Tbili was the only LFT abnormality to decrease from admis-
sion to discharge. All LFTs except albumin improved following discharge. Lower 
baseline ALB and elevated Tbili were both associated with an increased risk for 
all-cause mortality. In-hospital decreases in albumin or increases in Tbili were asso-
ciated with higher rates of both all-cause mortality and HF rehospitalization [58].

Two specific conditions affecting the liver, congestive hepatopathy and ischemic 
hepatitis (or “shock liver”) have been described in patients with heart failure. 
Congestive hepatopathy refers to a spectrum of chronic liver injury that is caused by 
chronic passive hepatic congestion in the setting of elevated right atrial pressure. 
Congestive hepatopathy occurs most commonly in conditions associated with chron-
ically elevated right atrial pressure including: severe right-sided or biventricular heart 
failure, severe tricuspid regurgitation, cor pulmonale, severe pulmonary hyperten-
sion, restrictive cardiomyopathy, pericardial constriction, and congenital heart dis-
ease with Fontan reconstruction. Untreated congestion can result in hepatic fibrosis 
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and, eventually cardiac cirrhosis. Laboratory testing generally shows mild non-spe-
cific increases in transaminases generally not more than 2–3 times the upper limit of 
normal, mildly increased Tbili generally <3 mg/dL (predominantly unconjugated), 
and normal or slightly elevated alkaline phosphatase (which helps differentiate con-
gestion from biliary obstruction). Hepatic synthetic function is usually normal or 
only slightly impaired. Serum albumin is usually normal or slightly reduced. The 
international normalized ratio (INR) is rarely increased above 1.5 [59, 60].

Ischemic hepatitis (or “shock liver”) refers to a condition of diffuse hepatocel-
lular injury caused by impaired perfusion to the liver. This most commonly occurs 
in the setting of cardiogenic shock. It can also occur in patients without hypotension 
but with severe heart failure, marked reduction in cardiac output and elevated right 
sided filling pressures. The diagnosis is defined by the appropriate clinical setting of 
cardiac, circulatory or pulmonary failure, marked increases in serum aminotransfer-
ase levels generally greater than 20 times the upper limit of normal, and exclusion 
of other causes of acute liver injury. AST, ALT and lactic dehydrogenase (LDH) 
levels are markedly elevated. The ALT/LDH ratio is generally less than 1.5 which 
helps distinguish ischemic injury from other forms of acute hepatic injury. Tbili is 
also increased but generally not above 4 times the upper limit of normal. Alkaline 
phosphatase may be normal or mildly elevated. INR, which is a marker of synthetic 
liver function, may be elevated in the setting of severe liver injury. ALT, AST and 
LDH generally peak 1–3 days after the precipitating event and return to normal in 
7–10 days after improvement in systemic perfusion. Patients who present with 
ADHF and marked elevation of AST, ALT, and LDH generally require hemody-
namic monitoring, support with inotropes, and consideration of IABP or other 
mechanical circulatory support [59, 60].

 Natriuretic Peptides

B-type natriuretic peptide (BNP) is a member of a family of three natriuretic hor-
mones that share a common 17-amino-acid ring structure. BNP is primarily synthe-
sized in the ventricles although can be synthesized in the atria. BNP is synthesized 
and released in response to increased wall stress resulting from an increase in intra- 
cardiac filling pressures. In response to increased wall stress, pre-proBNP is synthe-
sized in cardiac myocytes and cleaved to proBNP1-108 which is released from the 
myocyte. ProBNP1-108 is subsequently cleaved to BNP1-32 which is biologically 
active and N-terminal proBNP (NT-proBNP) which is biologically inactive. The 
biologic actions of BNP are mediated by membrane bound natriuretic peptide 
receptors. The biologic effects of BNP include vasodilation, natriuresis, diuresis 
and antagonism of activation of the renin-angiotensin-aldosterone system (RAAS). 
Both BNP an NT-proBNP are elevated in ADHF and the magnitude of the elevation 
parallels the elevation of left ventricular filling pressure [61, 62].

Both BNP and NT-proBNP levels have been shown to be useful in identifying 
heart failure as the underlying cause of symptoms in patients who present to the 
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emergency department (ED) with shortness of breath. The Breathing Not Properly 
(BNP) study was a large multicenter observational evaluation of 1586 patients who 
presented to the ED with acute dyspnea who had a prospective BNP level obtained. 
ED physicians, who were blinded to the results of the BNP measurement, assessed 
the probability that heart failure was the cause of the patient’s symptoms. Two 
cardiologists (also blinded to the results of the BNP measurements) reviewed all 
medical records and independently classified the diagnosis as: dyspnea due to con-
gestive heart failure; acute dyspnea due to non-cardiac causes in a patient with a 
history of left ventricular dysfunction; or dyspnea not due to congestive heart fail-
ure. Using a BNP cutoff of 100 pg/mL, BNP had a sensitivity, specificity, negative 
predictive and positive predictive value of 90 %, 76 %, 79 %, and 89 %, respec-
tively. BNP had a higher diagnostic accuracy than the ED physician with an area 
under the receiver- operator curve of 0.91. In multiple logistic regression analysis, 
an elevated BNP was the strongest predictor of heart failure with an odds ratio of 
29.5. BNP was predictive of heart failure in patients with reduced or preserved 
ventricular function [63].

The ProBNP Investigation of Dyspnea in the ED (PRIDE) was a similar study 
using NT-proBNP in 600 patients who presented to a single institution with dys-
pnea. NT-proBNP levels at cut points of >450 pg/ml for patients <50 years of age 
and >900 pg/ml for patients ≥50 years of age were highly sensitive and specific for 
the diagnosis of acute heart failure. An NT-proBNP <300 pg/ml was best for ruling 
out heart failure and had a negative predictive value of 99 %. NT-proBNP was the 
strongest independent predictor of a final diagnosis of heart failure with an odds 
ratio of 44 and was superior to clinical judgment alone. NT-proBNP combined with 
clinical judgment was superior to either alone in diagnosing heart failure. The inves-
tigators suggested a single cut point of <300 pg/ml to rule out heart failure and two 
cut points based on age to rule in a diagnosis of heart failure (>450 pg/ml in patients 
<50 years of age and >900 pg/ml in patients ≥50 years of age) [64]. Other authors 
have suggested using either an age-independent cut point of >900 pg/ml or a more 
accurate age-stratified approach of 450/900/1800 for patients ages <50, 50–75, and 
>75 years [65–67].

Patients with chronic heart failure may have elevated BNP or NT-proBNP levels 
despite normal volume status. Increases above an established patient-specific 
“euvolemic” BNP or NT-proBNP level may help identify worsening volume over-
load in individual patients. However, the biologic variability of both markers com-
plicates interpreting serial BNPs. BNP may need to change by 70 % and NT-proBNP 
by 50 % to be helpful diagnostically [66, 68, 69].

In general, BNP and NT-proBNP have similar diagnostic utility. Both are par-
ticularly good at ruling out heart failure at levels <100 pg/ml for BNP and <300 pg/
ml for NT-proBNP. NT-proBNP levels are increased to a greater degree in advanced 
age and renal insufficiency. Both can be elevated in the absence of heart failure in a 
number of conditions including: acute coronary syndromes, chronic heart failure 
without volume overload, advanced age, renal dysfunction, pulmonary disease, 
acute hemodynamically significant pulmonary embolism, high output states includ-
ing sepsis, cirrhosis and hyperthyroidism, and atrial fibrillation. BNP and 
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NT-proBNP are commonly not elevated in obese patients with volume overload. 
Other conditions in which levels are lower than expected include heart failure from 
mitral stenosis, acute mitral regurgitation, cardiac tamponade and pericardial con-
striction [61, 66].

 Troponins

Measurement of circulating cardiac troponin (cTn) plays an important role in the 
diagnosis of ACS and should be obtained in all patients with ADHF on presentation 
to the emergency department [70]. Cardiac troponin (either T or I) has near absolute 
specificity for myocardial injury and high clinical sensitivity [71, 72]. The presence 
of measurable cTn is abnormal and indicative of myocardial injury. Typically, a 
patient with an acute coronary syndrome (ACS) precipitating heart failure will have 
precordial pain, characteristic ST segment elevations on ECG and significant cTn 
elevations (cTn I >1.0 ng/ml). However, in acute heart failure, troponin elevation 
may be seen in patients with and without ACS and with and without significant 
obstructive coronary artery disease suggesting that mechanisms other than focal 
myocardial ischemia/injury may be responsible for troponin release in some 
patients. The reported prevalence of elevated (defined as “detectable”) troponin has 
varied widely in patients with ADHF depending on the population studied and on 
the sensitivity of the assay used [72]. See section on “Heart Failure Mechanisms”.

 Electrocardiography (ECG)

One of the primary goals of the initial evaluation of patients with ADHF is to 
promptly identify an acute coronary syndrome using history, electrocardiography 
and serum biomarkers. In EHFS II, 11.1 % of patients had evidence of an ST seg-
ment elevation myocardial infarction, 10.0 % had a non-STEMI and 9.1 % had 
unstable angina [2]. The presence of ST segment elevation and elevated troponin is 
diagnostic for an acute coronary syndrome [73]. ACS may be more difficult to diag-
nose in the setting of non-specific ST-T wave abnormalities [74].

The electrocardiogram is abnormal in many patients with ADHF. An abnormal 
ECG defined as the presence of atrial fibrillation or flutter, left or right bundle branch 
block, evidence of past myocardial infarction or ST-segment deviation had a sensitiv-
ity of 58 % and specificity of 78 % to identify HF in a group of 880 patients who 
presented to the ED with acute dyspnea at one of 7 academic medical centers [75].

Sinus tachycardia is common. Atrial fibrillation (AF) is present in approximately 
30–40 % of patients admitted with ADHF [6, 7, 39, 76–80].

QRS prolongation (QRS >120 ms) is also common. Of 2962 patients enrolled in 
the EVEREST Trial without a pacemaker or implantable cardioverter-defibrillator 
(ICD), 1321 (45 %) had a QRS duration ≥120 ms. LBBB was present in 909 patients 
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(30.6 %). QRS prolongation was independently associated with an increased risk of 
all-cause mortality and cardiovascular death or HF hospitalization (HR = 1.24 and 
1.28, respectively) [81]. The incidence of LBBB has been reported to be lower 
(16–17 %) in other reports [82, 83].

Electrocardiography may offer clues to the cause of heart failure. Patients may 
have pathologic Q waves indicative of an ischemic cardiomyopathy. Evidence of 
left ventricular hypertrophy may be present in patients with hypertensive heart dis-
ease, aortic stenosis or hypertrophic cardiomyopathy. Patients with cardiac amyloi-
dosis may have low voltage with or without pathologic Q waves (“pseudo-infarction” 
pattern).

 Chest Radiography

A chest radiograph should be obtained in all patients presenting with acute short-
ness of breath or suspicion of ADHF. A number of radiographic findings may be 
present in patients with ADHF including cardiomegaly, cephalization of the pulmo-
nary vasculature, interstitial lung edema, alveolar edema, and pleural effusion(s). 
Heart size on chest radiography is assessed by calculating the cardiothoracic ratio 
(CTR) which is determined by dividing the largest horizontal width of the heart by 
the widest internal diameter of the thorax on a posterior-anterior chest film. A nor-
mal CTR is less than 0.5. CTR is abnormal in 57–71 % of patients with chronic 
heart failure due to systolic dysfunction [84]. CTR may be less predictive of cardio-
megaly in patients with chronic obstructive lung disease as the lung volumes are 
increase and the diaphragms are flattened.

Evaluation of the pulmonary vasculature and parenchyma is important in patients 
presenting with acute shortness of breath. It is best to evaluate pulmonary vascularity 
in the upright position. If the lung is divided into three zones vertically from the medi-
astinum to the periphery (chest wall), the major pulmonary arteries are located cen-
trally around the hila, the midsize pulmonary arteries are easily visualized in the 
mid-zone and the small arteries and arterioles are located in the outer zone and are 
generally not visualized on chest radiograph. Normally, the visible small and mid- size 
arteries in the mid-zone have sharp definable margins. The lungs may also be divided 
into three regions horizontally from the diaphragms to the apices. In the upright posi-
tion, the arteries in the lower region of the lung are generally larger than those in the 
upper region. This finding is related to the effect of gravity on the distribution of pul-
monary blood flow and is not seen on supine CXR. In the setting of elevated left atrial 
pressure, especially in patients with chronic heart failure, there is redistribution of 
lung perfusion toward the apical regions. The lower zone vessels appear equal or 
smaller in diameter compared to the upper zone vessels. This finding is called “cepha-
lization” or “inversion”, is best correlated with measures of pulmonary vascular resis-
tance and is likely due to vasoconstriction of lower zone vessels [85, 86].

As PCWP increases, the mid-zone vessels become less distinct due to extravasa-
tion of fluid into the pulmonary interstitium. Interstitial fluid may also be seen as 
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small well-defined reticulonodular (reticular, nodular or both) infiltrates seen in both 
the central and peripheral zones. Fine horizontal pleural-based linear densities may 
be seen in the periphery of the lung and represent interstitial fluid that accumulates in 
the septae between anatomic lung lobules (referred to as “Kerley B” or septal lines). 
This pattern of interstitial edema may progress to alveolar edema characterized by 
alveolar filling by transudated fluid. Alveolar edema is a bilateral process but may 
only involve parts of each lung. Alveolar edema causes poorly defined but homoge-
neous lung opacities that become progressively denser as edema worsens. Air bron-
chograms may be present as fluid filled alveoli outline air filled bronchi [87].

Pleural effusions may also be present. Effusions are generally bilateral. When 
unilateral, the effusion is more commonly present on the right.

The characteristic findings of heart failure on chest radiograph may not be pres-
ent in all patients with ADHF. In patients with emphysema or pulmonary fibrosis, 
the pulmonary vascular pattern is abnormal at baseline and may not change in a 
predictable way in the setting of volume overload. Patients with chronic heart fail-
ure and chronically elevated pulmonary capillary wedge pressure may not have an 
abnormal pulmonary vascular pattern and may not develop interstitial or alveolar 
edema despite significantly elevated pulmonary capillary wedge pressure [88].

In the ADHERE Registry, 18.7 % of 85,376 patients (approximately one of every 
five patients) with a hospital discharge diagnosis of heart failure had no radiographic 
findings of heart failure (interstitial edema, pulmonary edema, or vascular conges-
tion) on initial chest radiograph. Patients without signs of congestion on initial ED 
radiograph were more likely to have an ED non-heart failure diagnosis than patients 
with signs of congestion (13.0 vs 23.3 %) [89].

An analysis of 880 patients presenting with acute dyspnea to the emergency 
departments of seven teaching hospitals found that elevated BNP and radiographic 
findings of cardiomegaly, cephalization and interstitial edema added significant pre-
dictive information in the diagnosis of heart failure. Radiographic findings that were 
assessed included: cardiomegaly, cephalization, interstitial edema, alveolar edema, 
pleural effusion, hyperinflated lungs, and evidence of pneumonia. Of the patients 
evaluated for shortness of breath, 68 % were diagnosed with acute heart failure. The 
radiographic finding of cardiomegaly had a sensitivity of 79 % and specificity of 
80 %. Cephalization, interstitial edema and alveolar edema were all highly specific 
(96–99 %) but insensitive (6–41 %). Cardiomegaly, cephalization, interstitial edema 
and alveolar edema all added significant, predictive information to historical and 
clinical predictors of heart failure [75].

 Conclusions

Most patients with heart failure present with dyspnea at rest or with exertion and 
lower extremity edema. Some patients present with symptoms and ECG findings 
consistent with an acute coronary syndrome. A small percentage of patients present 
with acute pulmonary edema or cardiogenic shock.
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The physical examination is critical in establishing the diagnosis of heart fail-
ure and in assessing the severity of disease, the presence and severity of systemic 
and pulmonary venous congestion, the adequacy of cardiac output and end-organ 
perfusion, the severity of respiratory compromise and the need for emergent inter-
vention. In addition, the exam provides insights into the underlying cause of heart 
failure and the presence of reversible conditions that may have contributed to 
heart failure decompensation. Assessment of mental status, respiratory rate, oxy-
gen saturation, blood pressure, jugular venous pressure, presence of pulmonary 
rales and presence of lower extremity edema are especially important components 
of the exam.

An ECG and measurement of circulating cardiac troponin are important in the 
diagnosis of ACS. BNP and NT-proBNP are useful in identifying heart failure as the 
underlying cause of symptoms in patients who present to the emergency department 
with shortness of breath.
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Chapter 10
Acute Decompensated Heart Failure: 
Treatment Guidelines

Daniel Fishbein

 Treatment of ADHF: Review of ACCF/AHA, ESC and HFSA 
Guidelines

Comprehensive guidelines for the management of ADHF have been published 
including: the American College of Cardiology Foundation/American Heart 
Association (ACCF/AHA) Guidelines for the Management of Heart Failure [1], the 
Heart Failure Society of America (HFSA) Comprehensive Practice Guidelines [2, 3], 
and the European Society of Cardiology (ESC) Task Force Guidelines [4].

There are three phases in the evaluation and management of patients who present 
with ADHF including [2, 5, 6]:

 1. Initial assessment, monitoring, treatment and disposition. This phase generally 
occurs in the emergency department (ED).

 2. Ongoing assessment and treatment. This phase generally occurs in a critical care 
or telemetry unit. Goals of treatment are to relieve congestion, initiate and/or 
optimize guideline determined medical therapy (GDMT), and further evaluate 
and address reversible factors that cause or worsen heart failure.

 3. Discharge planning and post-discharge follow up.
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 Initial Assessment and Treatment in the Emergency 
Department

A number of important issues need to be addressed as part of the initial assessment 
of a patient who presents to the ED with the primary symptom of dyspnea. These 
issues need to be addressed concurrently and often, treatment needs to be initiated 
in parallel with the ongoing diagnostic evaluation:

 1. Is the patient’s condition immediately life-threatening because of hypoxia, respi-
ratory failure, hypotension, systemic hypoperfusion, bradyarrhythmia and/or 
tachyarrhythmia? Does the patient need mechanical ventilation, intravenous 
vasoactive medications, an intra-aortic balloon pump or other mechanical circu-
latory support, ventricular pacing, or cardioversion?

 2. Is the patient having an acute coronary syndrome precipitating heart failure? 
Does the patient need to go emergently to the cardiac catheterization laboratory 
for percutaneous coronary intervention (PCI)?

 3. Does the patient have heart failure? Is there an alternative cause of symptoms?
 4. Are there precipitating factors that have caused or contributed to acute heart 

failure decompensation?
 5. Relieve symptoms rapidly while avoiding harm. Improvement in symptoms gen-

erally requires relief of pulmonary congestion and improvement in elevated 
blood pressure without causing hypotension, arrhythmia, electrolyte abnormal-
ity, renal dysfunction, myocardial injury or respiratory compromise.

 6. Does the patient need to be admitted to the hospital (CCU or telemetry floor), 
observed further in the ED, admitted to an observation unit, or discharged to 
home?

 Initial Triage

Patients who present with acute dyspnea need to be assessed for the presence of 
pulmonary or hemodynamic instability that may require emergent intervention. 
Patients who present with tachypnea, hypoxia not readily corrected with nasal oxy-
gen, respiratory distress or mental status changes may need emergent intervention 
with noninvasive ventilation or endotracheal intubation. While arterial blood gas 
determination is not routine in the assessment of most patients presenting with 
ADHF, it should be obtained in the patient with impending respiratory failure or 
severe lung disease. Endotracheal intubation and mechanical ventilation should be 
considered in patients with respiratory acidosis.

In EHFS II, ACS was the precipitating factor in 42 % of patients who presented 
with new onset heart failure and 23 % of patients who had preexisting heart failure. 
Patients with ACS generally present with precordial chest pain [7]. A 12-lead ECG 
is a critical part of the early evaluation of patients with suspected ADHF as the 
 presence of ST segment elevation (or new LBBB) in the setting of an elevated 
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troponin is an indication for emergent coronary intervention as outlined in recent 
consensus documents [1, 8]. Patients may have ST segment depression and /or T 
wave inversion that, combined with clinical symptoms suggestive of ischemia and 
elevated troponin, are indicative of ACS [9]. ST-T wave changes alone may not be 
diagnostic of coronary ischemia or infarction and may be observed in other condi-
tions including acute pericarditis, early repolarization patterns, LBBB, LV hyper-
trophy, and Brugada syndrome [10]. The ECG is helpful in identifying underlying 
heart rhythm abnormalities which may need urgent treatment (e.g. atrial fibrillation 
with rapid ventricular response, ventricular tachycardia, heart block).

Abnormal ECG findings are not helpful in discriminating HF from other causes 
of dyspnea (sensitivity 0.5, specificity 0.78 and positive likelihood ratio of 2.2). 
Atrial fibrillation, however, has a specificity of 0.93 and a positive likelihood ratio 
of 3.8 [11]. However, it is unlikely for patients with systolic dysfunction to have an 
entirely normal ECG. In a screening study of 534 patients with suspected heart 
failure, 96 patients had systolic dysfunction on echocardiography. Of these, 90 had 
major electrocardiographic abnormalities (atrial fibrillation, previous myocardial 
infarction, left ventricular hypertrophy, bundle branch block, or left axis deviation); 
none had a normal electrocardiogram. Of 438 patients with normal left ventricular 
systolic function, 169 had major electrocardiographic abnormalities [12].

Patients with STEMI, acute decompensation of chronic heart failure or acute 
heart failure due to myocardial inflammation may present with hypotension, evi-
dence of compromised end-organ perfusion and pulmonary congestion. These 
patients commonly have sinus tachycardia, hypotension, a narrow pulse pressure, 
and evidence of pulmonary and systemic venous congestion. This subset of criti-
cally ill patients may need inotropic and/or vasopressor support, pulmonary artery 
catheterization to guide therapy and mechanical support with an IABP, Impella, 
TandemHeart, or extracorporeal life support (ECLS) [8].

Determination of either BNP or NT-proBNP is recommended in patients with 
dyspnea and signs and symptoms consistent with heart failure. The use of either 
biomarker is most helpful when there is an intermediate pretest probability of heart 
failure and the values are either very low or very high. Age, gender, renal function 
and obesity may affect natriuretic peptide levels. Levels should not be interpreted in 
isolation but rather, in the context of the broader clinical evaluation.

A BNP level < 100 pg/mL has a sensitivity, specificity, negative predictive and 
positive predictive value of 90 %, 76 %, 79 %, and 89 %, respectively [13]. BNP 
levels tend to increase with age. In patients less than 70 years of age, a BNP level 
>400 pg/mL has a sensitivity of 60 %, specificity of 95 %, positive predictive 
value of 86 %, negative predictive value of 81 % and diagnostic accuracy of 82 %. 
In patients ≥ 70 years of age, a BNP level >400 pg/mL has a sensitivity of 65 %, 
specificity of 83 %, positive predictive value of 86 %, negative predictive value of 
60 % and diagnostic accuracy of 72 % [14]. Approximately 75 % of patients who 
present with acute dyspnea will have either low (<100 pg/mL) or high (>400–
500 pg/mL) BNP levels. In general, in patients who present to the ED with dys-
pnea, if the BNP is <100 pg/ml, heart failure is unlikely to be the cause of dyspnea. 
If the BNP is >500 pg/ml, HF is likely with a positive predictive value of 90 %. 
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With BNP levels between 100–500 pg/ml, alternative causes of increased BNP 
need to be considered including stable chronic LV dysfunction, RV failure due to 
cor pulmonale, acute pulmonary embolism or renal insufficiency. Patients may 
present with HF and normal BNP levels in the following settings: flash pulmonary 
edema within 1–2 h of onset, HF upstream from the left ventricle, (e.g., acute 
papillary muscle rupture with acute mitral regurgitation), and obesity. In patients 
with a body mass index >35 kg/m2, a BNP cutoff of 60 pg/mL has been recom-
mended to rule out and 200 pg/mL to rule in HF as the cause of acute dyspnea. In 
general, BNP is elevated in the setting of chronic renal insufficiency. It may be 
reasonable to recalibrate the BNP cutoff to 200–225 pg/mL in patients with an 
estimated glomerular filtration rate of <60 mL/min to rule out heart failure. BNP 
levels are lower in obese people with and without heart failure. There seems to be 
a linear decrease in BNP level with increasing BMI [15, 16]. In general, in patients 
with chronic heart failure, changes of >50 % from baseline represent worsening 
heart failure. However, significant variation in levels can occur in the same patient 
and individual differences in NP do not necessarily represent an acute clinical 
event. There is a substantial grey zone in interpreting the results [17].

An NT-proBNP <300 pg/ml has a 99 % negative predictive value to exclude 
heart failure in patients who present with dyspnea. This is independent of age and 
BMI [18]. An NT-proBNP >900 pg/mL has a sensitivity of 90 %, specificity of 
85 % and positive predictive value of 76 % to predict heart failure as the cause of 
dyspnea [19]. Age stratification of NT-proBNP using cut points of 450, 900, and 
1800 pg/ml for age groups of <50, 50–75, and >75 years, respectively reduces 
false-negative findings in younger patients, reduces false-positive findings in older 
patients, and improves the overall positive predictive value without a change in 
overall sensitivity or specificity. These cut-points have a 90 % sensitivity and 
84 % specificity for acute HF [20, 21] and are predictive of acute heart failure 
across a wide range of BMIs [22].

 Initial Treatment

The HFSA and ESC guidelines recommend that oxygen should be administered by 
nasal cannula or face mask in patients with hypoxia but is not recommended in the 
absence of hypoxia. The HFSA and ESC guidelines recommend the use of non- 
invasive positive pressure ventilation for patients with severe dyspnea and clinical 
evidence of pulmonary edema [2, 4]. The ESC guidelines specifically recommend 
non-invasive ventilation in patients with dyspnea, evidence of pulmonary edema 
and a respiratory rate of >20 breaths/minute.

The ESC Guidelines recommend that IV morphine sulfate (MS) should be con-
sidered, especially in anxious, restless or distressed patients to relieve these symp-
toms and improve breathlessness. However, the HFSA guidelines recommend that 
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if used at all, MS should be used with caution given recent data demonstrating an 
association between MS use and adverse outcomes.

Treatment with an intravenous loop diuretic is consistently recommended in the 
ACCF/AHA, ESC and HFSA guidelines as first line treatment in the initial manage-
ment of patients with ADHF and that diuretic therapy should be initiated in the ED 
without delay [1, 2, 4]. Although there are no randomized placebo-controlled clini-
cal trials to establish the safety and efficacy of diuretics in ADHF, extensive obser-
vational experience has shown that diuretics relieve congestion and improve 
symptoms. The impact of diuretic therapy on mortality has not been adequately 
studied.

The HFSA Guidelines do not make specific recommendations about initial 
diuretic dose. The ACCF/AHA Guidelines recommend that in patients already 
receiving a loop diuretic, the initial diuretic dose should equal or exceed their 
chronic oral daily dose and be given either as intermittent intravenous boluses or 
continuous infusion [1]. The ESC Guidelines recommend that an initial dose of 
furosemide 20–40 mg IV (or 0.5–1.0 mg bumetanide IV or 10–20 mg of torsemide 
IV) be given on admission. In patients with evidence of volume overload, a higher 
dose of parenteral diuretic may be considered based on renal function and history of 
chronic oral diuretic use. Continuous infusion may also be considered after an ini-
tial starting bolus dose. ESC recommends that the total furosemide dose should 
remain <100 mg in the first 6 h and 240 mg during the first 24 h [5].

 Indications for Hospitalization

Recommendations for hospitalization from the HFSA Guidelines are summarized 
in Table 10.1 [2]. A recently published consensus document from the Society for 
Academic Emergency Medicine/Heart Failure Society of America Acute Heart 
Failure Working Group has suggested that ED patients with ADHF can be divided 
into three groups based on risk profile, presence of co-morbidities, initial response 
to therapy in the ED and barriers to self-care [23]. Patients at high risk for mortality 
or serious adverse events (those with low blood pressure, hypoxia, renal insuffi-
ciency or myocardial ischemia/infarction) should be admitted to the CCU.

 Identifying Precipitating Causes of Acute HF Decompensation

An essential task in the evaluation of a patient who presents with acute decompen-
sated heart failure is to identify new or chronic issues/conditions that may cause, 
precipitate or contribute to heart failure decompensation. This should be done early 
in the evaluation so that appropriate therapies can be initiated, symptoms can be 
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alleviated more rapidly, reversible myocardial dysfunction can be treated and 
recurrent heart failure hospitalizations can be prevented. Table 10.2 summarizes 
conditions that can cause or contribute to the development of acute decompensated 
heart failure.

Co-morbid conditions are common and play a significant role in hospitalization 
for ADHF. In the OPTIMIZE-HF registry, one or more precipitating factors were 
identified in 61.3 % of patients admitted with ADHF. The most common precipitat-
ing factors included: pneumonia/respiratory process (15.3 %), ischemia/acute coro-
nary syndrome (14.7 %), arrhythmia (13.5 %), and poorly controlled hypertension 
(10.7 %). Nonadherence to medications was identified in 8.9 % and nonadherence 
to diet was identified in 5.2 % [24].

 Coronary Artery Disease

Coronary artery disease is present in approximately 50–70 % of patients with ADHF 
[7, 25–30]. Patients may present with ACS complicated by heart failure or ADHF 
with underlying CAD.

Table 10.1 Recommendations for hospitalizing patients presenting with ADHF

Recommendation Clinical circumstance

Hospitalization recommended Evidence of severely decompensated HF, including:
Hypotension
Worsening renal function
Altered mentation
Dyspnea at rest
Typically reflected by resting tachypnea; less commonly 
reflected by oxygen saturation <90 %
Hemodynamically significant arrhythmia; including new onset 
of rapid atrial fibrillation
Acute coronary syndromes

Hospitalization should be 
considered

Worsened congestion
Even without dyspnea
Signs and symptoms of pulmonary or systemic congestion; 
even in the absence of weight gain
Major electrolyte disturbance
Associated comorbid conditions:
Pneumonia
Pulmonary embolus
Diabetic ketoacidosis
Symptoms suggestive of transient ischemic accident or stroke
Repeated ICD firings
Previously undiagnosed HF with signs and symptoms of 
systemic or pulmonary congestion

Reprinted from Lindenfeld et al. [2]
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Table 10.2 Possible precipitating causes of heart failure decompensation

Coronary artery disease
  Myocardial ischemia
  ACS
  Mechanical complications of AMI (VSD, MR)
Valvular disease
  Mitral regurgitation: worsening chronic or acute
  Progressive aortic stenosis
  Worsening tricuspid insufficiency
  Aortic insufficiency
  Endocarditis
  Aortic dissection
Progressive cardiac dysfunction
  Progression of underlying cardiac dysfunction
  Physical, emotional or environmental stress
  Cardiac toxins – alcohol, cocaine, methamphetamines, chemotherapy
  RV pacing
  Persistent tachycardia
  Frequent PVCs
Myocardial disease
  Lymphocytic myocarditis
  Giant cell myocarditis
  Post-partum cardiomyopathy
  Sarcoid
Uncontrolled high blood pressure
Dietary and medication adherence
  Excessive salt and water intake
  Medication nonadherence
  Iatrogenic volume expansion
Arrhythmia
  Atrial fibrillation
  Atrial flutter
  Other supraventricular arrhythmia
  Recurrent ventricular tachycardia
  Bradycardia-sinus node dysfunction, heart block, AF with slow ventricular response
  Recent onset LBBB
Non-cardiac conditions
  Systemic infection: sepsis, pneumonia, URI, UTI, viral infection (especially influenza)
  Renal insufficiency
  Thyroid disorders
  Anemia
  COPD/asthma
  Sleep apnea
  Pulmonary embolism

(continued)
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 ACS Complicated by Heart Failure

Approximately 10–20 % of patients with ACS have associated heart failure on pre-
sentation and another 10 % of ACS patients develop heart failure during hospitaliza-
tion. Patients with ACS due to a STEMI typically have chest pain, diagnostic ECG 
changes and high levels of biomarkers consistent with substantial myocardial injury 
[29]. Patients with heart failure complicating an STEMI (either on presentation or 
developing later after hospitalization) have significantly increased in-hospital and 
post-discharge mortality compared to patients without heart failure [29–32]. Patients 
with ACS who develop heart failure after admission are at greater risk than patients 
with ACS who have heart failure on presentation [30, 32]. The severity of heart 
failure measured by the Killip classification is a powerful predictor of mortality in 
patients with heart failure complicating ACS. Patients with Killip class II or III are 
4 times more likely to die during hospitalization compared with Killip class I 
patients while patients with Killip class IV (cardiogenic shock) are 10 times more 
likely [30, 32]. Patients with heart failure and unstable angina have also been found 
have a significant fourfold increase in mortality compared to similar patients with-
out HF [31].

  AV shunts
  Urinary outlet obstruction
  Tamponade
  Iron deficiency
  CVA
  Depression, dementia, and cognitive impairment
Recent addition of medications with negative inotropic effects:
  Calcium channel blockers: especially the non-dihydropyridines verapamil and diltiazem
  Class Ia, Ic and III antiarrhythmic medications:
   Quinidine, procainamide, disopyramide, flecainide, sotalol, propafenone, dronedarone
  β-adrenergic blocking agents
Non-cardiac medications that promote sodium retention:
  Nonsteroidal anti-inflammatory drugs
  COX-2 inhibitors
  Corticosteroids
  Thiazolidinediones
  Pregabalin
Chemotherapy
  Anthracyclines
  Monoclonal antibodies – Trastuzumab and Bevacizumab
  Taxanes – paclitaxel and docetaxel
  Cyclophosphamide
  Small tyrosine kinase inhibitors – Sunitinib, sorafenib, imatinib

Table 10.2 (continued)
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The Global Registry of Acute Coronary Events (GRACE) enrolled 16,166 
patients with ACS. Patients who presented with HF complicating ACS had lower 
rates of catheterization and PCI and were less likely patients receive β-blockers and 
statins [31]. In the National Registry of Myocardial Infarction (NRMI), patients 
with HF complicating ACS were less likely to receive aspirin, heparin, intravenous 
nitroglycerine and β-blockers compared to patients with ACS without heart failure. 
In addition, patients with heart failure were less likely to undergo PCI or CABG 
compared with patients without heart failure on presentation (40 % vs 20 %) [32].

An analysis of the Can Rapid Risk Stratification of Unstable Angina Patients 
Suppress Outcomes with Early Implementation of the American College of 
Cardiology/American Heart Association (ACC/AHA) Guidelines (CRUSADE) ini-
tiative (2.8 % of patients had HF) demonstrated that patients with a non-STEMI 
with heart failure with preserved EF had a significantly higher mortality rate than 
patients without HF and preserved systolic function and a similar mortality to 
patients with no HF and systolic dysfunction. Patients with both HF and systolic 
dysfunction had the highest mortality (1.5 % vs 5.7 % vs 5.8 % vs 10.7 %). Cardiac 
catheterization and PCI rates were lower for patients without heart failure with sys-
tolic dysfunction and with HF with or without systolic dysfunction. Patients with 
HF received aspirin, clopidogrel, glycoprotein IIb/IIIa inhibitors, heparin, 
B-blockers and statins less frequently than patients with no HF and preserved sys-
tolic function [33].

There is broad consensus that patients with HF complicating ACS should undergo 
urgent coronary angiography and coronary intervention in the catheterization labo-
ratory [1, 2, 9, 34, 35].

 ADHF with Underlying CAD

It has been estimated that 50–70 % of patients with ADHF have concomitant coro-
nary artery disease. Registry data suggest that CAD is associated with higher in- 
hospital and post-discharge mortality rates. In the OPTIMIZE – Registry, in-hospital 
mortality rates were 3.75 % vs 2.9 % and post-discharge 60–90 day mortality rates 
were 9.2 vs 6.9 % in patients with CAD vs no CAD [36].

In multicenter registries of patients admitted with ADHF, rates of diagnostic 
coronary angiography are relatively low overall: OPTIMIZE –HF 8.7 % [36]; 
ADHERE 10 % [25]; EHFS 16 % [27]; and EHFS II 36.5 % (EHFS II reported 
angiography within a year of hospitalization) [7]. In OPTIMIZE-HF, 18.6 % of 
patients presenting with de novo heart failure underwent coronary angiography 
[36]. Rates of coronary revascularization were relatively low: ADHERE 8.1 % PCI, 
1.8 % CABG [25]; EHFS PCI 4 %, CABG 3 % [27]; EHFS II PCI 8.4 %, CABG 
1.8 % [7]; OPTIMIZE-HF 1.3 % PCI, 1.0 % CABG [37].

In OPTIMIZE-HF, patients with CAD who did not undergo revascularization 
had a higher post-discharge mortality compared to patients without CAD (10.6 vs 
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6.9 %). Patients who did undergo revascularization during HF hospitalization had a 
similar post-discharge mortality compared to patients without CAD [36].

The data from the OPTIMIZE-HF registry was analyzed to determine if the per-
formance of coronary angiography during the index HF hospitalization had an 
impact on care and post-discharge outcome [37]. 8.7 % of all patients underwent 
coronary angiography. 27.5 % of patients who underwent angiography also had in- 
hospital revascularization. Patients with CAD who underwent angiography were 
more likely to be treated with aspirin, statins, B-blockers, and angiotensin convert-
ing enzyme inhibitors at the time of discharge. In patients with CAD, the use of 
in-hospital coronary angiography was associated with a significantly lower mortal-
ity and rate of rehospitalization in the first 60–90 days after adjustment for multiple 
comorbidities (mortality HR 0.31; p = 0.004; death or rehospitalization HR 0.65; 
p = 0.003) when compared to patients with CAD who did not undergo coronary 
angiography. This data suggests that early coronary angiography and revasculariza-
tion may be beneficial in patients admitted to the hospital with CAD and ADHF.

These results were registry based and may not account for unmeasured variables 
or selection biases. In the randomize Surgical Treatment for Ischemic Heart Failure 
(STICH) trial, there was no difference in death from any cause in patients with 
LVEF ≤ 35 % and coronary artery disease amenable to CABG randomized to medi-
cal therapy or medical therapy plus CABG on intention to treat analysis. However, 
when early crossovers were considered, “on-therapy” CABG was associated with a 
lower mortality at 5 years (25 % vs 42 %; HR 0.50; p=0.008). Myocardial viability 
or inducible myocardial ischemia did not identify patients with a differential sur-
vival benefit from CABG compared to medical therapy alone [38–40].

Practice guidelines provide recommendations on the use of coronary angiogra-
phy in the evaluation of patients with chronic heart failure. However, they do not 
give specific recommendations about the timing of invasive evaluation of coronary 
anatomy and specifically do not provide recommendations about indications for 
coronary angiography in patients hospitalized for ADHF. Given the absence of 
definitive data concerning coronary angiography and revascularization in ADHF, 
decisions should be individualized based on patient preference, symptoms, clinical 
presentation, comorbidities, candidacy for revascularization and willingness to 
undergo revascularization [1, 2]. In general, coronary angiography is recommended 
for patients with heart failure and symptoms suggestive of angina to assess for the 
possibility of revascularization. Non-invasive imaging or coronary angiography is 
recommended for patients with new onset heart failure, no angina and unknown 
CAD status and patients with new or worsening heart failure without obvious cause, 
no angina and known CAD. Recommendations from the HFSA Guidelines for the 
evaluation for CAD in patients with ADHF are reviewed in Table 10.3 [2].

 Uncontrolled Hypertension

Hypertension is an important precipitant of decompensated heart failure, especially 
among blacks, women and patients with HFpEF. In the OPTIMIZE-HF registry, 
poorly controlled hypertension was a precipitating factor in 10.7 % of patients [24]. In 
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the ADHERE Registry, almost 50 % of patients admitted with decompensated heart 
failure has an initial blood pressure of >140/90 mmHg [25]. Medical non- adherence 
with antihypertensive medications may result in an abrupt increase in blood pressure 
and precipitate worsening heart failure or acute pulmonary edema [1, 41].

 Arrhythmia

Arrhythmia was a precipitating factor of heart failure decompensation in 13.5 % of 
patients enrolled in the OPTIMIZE-HF registry [24]. Atrial fibrillation (AF) is pres-
ent in approximately 30–40 % of patients hospitalized with ADHF [7, 27, 35, 42–
45]. New onset or newly diagnosed AF has been reported to occur in approximately 
20 % percent of patients admitted with ADHF [35, 44, 45]. AF is associated with 
the loss of coordinated atrial contraction. In patients with heart failure and espe-
cially in patients with HFpEF, this may be associated with significantly decreased 
left ventricular filling, increased PCWP and decreased cardiac output. In AF with 
rapid ventricular response, ventricular filling is further compromised and myocar-
dial ischemia and/or pulmonary edema may be precipitated [46, 47].

Atrial flutter, other supraventricular tachyarrhythmias and ventricular tachycar-
dia may also precipitate acute heart failure. Frequent premature ventricular contrac-
tions (PVCs) may be associated with a distinct cardiomyopathy (PVC-related 

Table 10.3 HFSA Guidelines for the evaluation for CAD in patients with ADHF

Ongoing assessment for risk factors for CAD is recommended in all patients with chronic HF 
regardless of LVEF. (Strength of Evidence = A)
It is recommended that the diagnostic approach for CAD be individualized based on patient 
preference and comorbidities, eligibility, symptoms suggestive of angina and willingness to 
undergo revascularization. (Strength of Evidence = C)
It is recommended that patients with HF and symptoms suggestive of angina undergo cardiac 
catheterization with coronary angiography to assess for potential revascularization. (Strength of 
Evidence = B)
It is recommended that, at the initial diagnosis of HF and any time symptoms worsen without 
obvious cause, patients with HF, no angina, and known CAD should undergo risk assessment 
that may include noninvasive stress imaging and/or coronary angiography to assess severity of 
coronary disease and the presence of ischemia. (Strength of Evidence = C)
It is recommended that patients with HF, no angina, and unknown CAD status who are at high 
risk for CAD should undergo noninvasive stress imaging and/or coronary angiography to assess 
severity of coronary disease and the presence of ischemia. (Strength of Evidence = C)
In patients with HF, no angina, and unknown CAD status who are at low risk for CAD 
noninvasive evaluation should be considered and coronary angiography may be considered. 
(Strength of Evidence = C)
Any of the following imaging tests should be considered to identify inducible ischemia or viable 
myocardium:
  Exercise or pharmacologic stress myocardial perfusion imaging
  Exercise or pharmacologic stress echocardiography
  Cardiac magnetic resonance imaging (MRI)
  Positron emission tomography scanning (PET) (Strength of Evidence = B)

Reprinted from Lindenfeld et al. [2]
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cardiomyopathy) or worsening heart failure and LV dysfunction in the setting of a 
preexisting cardiomyopathy. In general, a PVC burden of approximately 20–24 % 
of all QRS complexes on a 24 h Holter monitor identifies a patient with LV systolic 
dysfunction who may improve with PVC ablation [48–51].

 Medication and Dietary Non-adherence

Excessive sodium and fluid intake may contribute to heart failure decompensation. 
In the OPTIMIZE-HF Registry, non-adherence to diet was identified as a precipi-
tating factor in 5.2 % of patients hospitalized for ADHF. Non-adherence to medi-
cation was a precipitating factor in 8.9 % of patients [24]. Non-adherence with diet 
or HF medication has been reported to be an even more common precipitating 
factor in some single-center studies [52, 53]. Factors that have been associated 
with medical non-adherence include more advanced NYHA functional class, 
minority ethnicity, lower financial status, and lack of perceived social support. 
Patient perception of barriers to medication adherence may also be fundamental to 
poor adherence. Frequently reported barriers include: forgetting to take medica-
tion, cost, too many pills taken per day, too frequent medication schedule and the 
belief that skipping one dose of medication will not have an adverse impact on the 
patient’s condition [54, 55].

Patients with heart failure commonly have excessive and bothersome thirst medi-
ated by activation of central arterial volume receptors and increased levels of angio-
tensin II both of which stimulate thirst centers in the brain. This leads to excessive 
sodium and water intake [56–59]. This is a particularly difficult issue in patients 
with severe heart failure who are not able to be treated with an ACE inhibitor or 
ARB at reasonable or target dose. In addition, older patients commonly have che-
mosensory deficits that decrease salt detection and sensitivity and increase salt 
affinity and intake. Salt affinity may be modifiable toward normal after >2 months 
of sodium restriction [60]. Patients may also be unaware of the salt content of foods 
they are consuming or may feel that they do not need to limit sodium intake. A care-
ful review of the patient’s history of dietary intake of sodium and free water (includ-
ing “hidden” sources of free water such as fruit) is an important part of the assessment 
of patients admitted with ADHF.

 Pneumonia or Other Pulmonary Processes

Pneumonia and other acute respiratory processes were the most common pre-
cipitating factor (15.3 %) identified in patients hospitalized for ADHF in the 
OPTIMIZE-HF registry [24]. Pulmonary infections may alter pulmonary func-
tion, cause hypoxia, and increase metabolic demands and are poorly tolerated by 
patients with heart failure. Pulmonary congestion in a patient with chronic 
obstructive pulmonary disease can compromise already marginal pulmonary 
function. Patients with heart failure are hypercoagulable and pulmonary embolus 
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may be a cause of HF decompensation [61–64]. Sleep disordered breathing is 
very common in patients with heart failure. It may worsen heart failure by caus-
ing hypoxia, increasing sympathetic nervous system activation and causing or 
worsening systemic hypertension. Sleep disordered breathing has also been 
associated with left ventricular remodeling, endothelial dysfunction with pro-
gression of coronary artery disease, left ventricular hypertrophy and atrial fibril-
lation [65–67].

 Infection

Systemic bacterial or viral infection (pneumonia, urinary tract infection, influenza) 
are common precipitants of worsening heart failure. Infections increase metabolic 
demands. In addition, sepsis can cause reversible myocardial dysfunction likely 
mediated by release of pro-inflammatory cytokines [68, 69].

 Thyroid Disease

Hypothyroidism and hyperthyroidism can cause or worsen heart failure. All patients 
seen for ADHF should have thyroid function studies obtained on admission. 
Approximately 20 % of patients admitted with ADHF are treated for thyroid disease 
and should have their therapy reevaluated during hospitalization [70, 71]. 
Amiodarone-induced hyperthyroidism (AIT) can cause severe worsening of heart 
failure with or without new or worsening arrhythmias and can be difficult to treat. 
The clinical presentation of AIT is variable and is often similar to other forms of 
thyrotoxicosis. However, AIT often occurs in elderly patients and may be “apa-
thetic” with atypical symptoms such as reduced appetite and depression and absence 
of hyperactivity, tremor, nervousness and heat intolerance [72].

 Medications

A number of non-cardiac medications can precipitate worsening heart failure. Non- 
steroidal anti-inflammatory drugs and COX-2 inhibitors inhibit the physiologic pro-
duction of vasodilatory and natriuretic prostanoids in the kidney and promote 
sodium and water retention, worsen renal function, inhibit the effect of ACE inhibi-
tors, contribute to diuretic resistance and are associated with a significantly increased 
risk of hospitalization for heart failure [73].

The thiazolidinediones (TZD), (pioglitazone and rosiglitazone) used to treat 
diabetes, have been associated with the development of lower extremity edema 
and new or worsening heart failure [74]. These side effects are primarily due to 
fluid retention caused by TZD stimulation of the peroxisome proliferator-acti-
vated receptor- gamma (PPARγ). PPARγ-mediated activation of the collecting 
duct epithelium’s sodium channel (ENaC) and stimulation of sodium transporters 
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in the proximal tubule contribute to salt and water retention [75, 76]. In addition, 
TZDs reduce systemic vascular resistance and may cause fluid extravasation by 
exposing the capillaries of the lower extremities to higher perfusion pressures. 
TZDs also increase the concentration of vascular endothelial growth factor which 
is a potent inducer of vascular permeability which may predispose patients to 
edema [77].

Insulin can also cause sodium retention mediated by stimulation of a broad 
range of sodium transporters in the proximal tubule, loop of Henle and distal 
tubule [74]. Pregabalin, which is frequently used to treat diabetic peripheral 
neuropathic pain, has also been reported to precipitate heart failure decompen-
sation [78].

Cardiotoxicity is a common complication of many conventional and targeted 
biological anti-cancer medications [79–83]. Cocaine, excessive alcohol intake, and 
methamphetamine are associated with worsening heart failure [84–89].

A number of cardiac medications have negative inotropic properties and can 
worsen heart failure. Recent initiation or uptitration of β-blockers has been associ-
ated with worsening heart failure, especially in patients with severe ventricular dys-
function and those recently treated with inotropic agents. Calcium channel blockers 
(CCBs), especially the non-dihydropyridine CCBs, have been associated with wors-
ening heart failure. A large number of antiarrhythmic agents may also precipitate 
worsening heart failure including quinidine, procainamide, disopyramide, fle-
cainide, sotalol, propanone, and dronedarone.

 Right Ventricular (RV) Pacing

Right ventricular pacing can lead to abnormal electrical and mechanical activation 
patterns (referred to as ventricular “dyssynchrony”) which lead to adverse effects on 
left ventricular performance and hemodynamics, subsequent adverse effects on car-
diac structure and function, and clinical heart failure.

Patients with a single lead pacemaker or ICD may develop gradually pro-
gressive sinus bradycardia in response to beta blocker or amiodarone therapy 
and present with worsening heart failure in the setting of recent onset ventricu-
lar pacing. A similar scenario may be seen in patients who develop atrial fibril-
lation with a slow ventricular response in the setting of beta blockade or 
amiodarone therapy. These patients may improve by pacemaker reprogramming 
that minimizes RV pacing or an upgrade to a device that provides biventricular 
pacing [90, 91].

 Renal Dysfunction

Renal dysfunction is common in patients with ADHF. In the ADHERE registry, 
chronic renal insufficiency was reported in 30 % of patients and 21 % had a creati-
nine >2.0 mg/dL [25]. In OPTIMIZE-HF, the mean creatinine was 1.8 mg/dL [92]. 
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Elevated BUN and creatinine may be manifestations of renal hypoperfusion in the 
setting of low cardiac output, high filling pressures and/or neurohormonal activa-
tion. In HF, renal cortical blood flow is especially decreased and tubulointerstitial 
damage may develop due to decreased local renal perfusion and increased venous 
congestion. Albuminuria can occur in heart failure and is a manifestation of both a 
loss of glomerular integrity and tubular damage. A high albumin load may also 
contribute to tubular damage [93]. In addition, patients with heart failure commonly 
have risk factors for both cardiac and renal disease including diabetes and hyperten-
sion that may contribute to renal insufficiency independent of hemodynamic 
derangements from heart failure. A gradual or acute reduction in renal function will 
decrease renal clearance of sodium and water, worsen diuretic resistance, contribute 
to inadequate blood pressure control, contribute to hyperkalemia, and worsen ane-
mia all of which will contribute to worsening HF.

Benign prostatic hypertrophy is common in men over the age of 50 years and 
may contribute to urinary obstruction, impaired renal function and worsening heart 
failure in men with ADHF. The prevalence of histologically diagnosed prostatic 
hyperplasia increases from 40 to 50 percent in men age 51 to 60 years, to over 80 
percent in men older than age 80 years [94]. A population based study from 
Olmstead County, Minnesota found that moderate to severe lower urinary tract 
obstructive symptoms were present in 13 % of men 40–49 years and 28 % of those 
older than 70 years [95]. An evaluation for urinary obstruction can easily performed 
using bladder scanning. We have found that routine bladder scanning of men hospi-
talized with ADHF who have an elevated creatinine or diuretic resistance is helpful 
in identifying lower urinary tract obstruction. Relief of urinary obstruction with 
placement of a urinary catheter commonly results in improvements in renal  function, 
diuretic resistance, pulmonary and systemic venous congestion and heart failure 
symptoms..

 Ongoing Assessment and Treatment

The goals of treatment for patients admitted with ADHF from the HFSA guidelines 
are summarized in Table 10.4 [2].

Most patients have a significant improvement within 1–6 h after diuretic admin-
istration [96]. However, when diuresis is inadequate to relieve symptoms, the ACCF/
AHA, HFSA, and ESC guidelines recommend giving a higher dose of diuretic or 
adding a second thiazide or thiazide-like diuretic (hydrochlorothiazide, chlorothia-
zide or metolazone). The HFSA and ESC guidelines also recommend considering 
use of a continuous infusion of a loop diuretic. The ACCF/AHA guidelines note that 
low-dose dopamine added to loop diuretic therapy may be considered to improve 
diuresis and preserve renal function.

The ACCF/AHA, HFSA, and ESC guidelines suggest that veno-venous ultrafil-
tration may be considered in volume overloaded patients to treat congestive symp-
toms and relieve volume overload. The ACCF/AHA guidelines suggest that UF may 
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be appropriate “for patients with refractory congestion not responding to medical 
therapy”. The HFSA guidelines state that UF “may be considered in lieu of 
diuretics”.

The ACCF/ACC, HFSA, and ESC guidelines emphasize the importance of care-
ful monitoring of vital signs, signs and symptoms of congestion, urine output, elec-
trolytes and renal function after initiation of diuretic therapy. Excessive diuresis 
may result in hypotension and a reduction in cardiac output. During loop 
 diuretic- induced natriuresis, intravascular volume is generally maintained by vas-
cular “refilling’ or re-equilibration as interstitial fluid moves from the interstitial 
space to the intravascular space. The rate of refilling varies among patients. During 
brisk diuresis, it is possible for the rate of diuresis to exceed the rate of refilling. 
This may result in low intravascular volume, inadequate cardiac filling, and hypo-
tension despite persistent volume overload. Patients with HPpEF are at greater risk 
of diuretic-induced hypotension – these patients tend to be less volume overloaded 
and have a steep diastolic filling curve so that moderate reductions in intravascular 
volume may result in significant reductions in cardiac filling and cardiac output. 
Patients with infiltrative or restrictive cardiomyopathy may have diuretic induced 
hypotension in the setting of continued volume overload as elevated ventricular 
filling pressures are needed to maintain normal cardiac output [2, 97]. Diuresis that 
results in a decrease in ventricular filling pressures makes patients more sensitive 
to the hypotensive effects of other vasodilators used in the routine treatment of 
heart failure.

The ACCF/AHA and HFSA guidelines recommend that in the absence of 
symptomatic hypotension, intravenous nitroglycerine, nitroprusside or nesiritide 
may be considered as an addition to diuretic therapy for relief of dyspnea in 
patients with ADHF. Blood pressure should be monitored frequently and the vaso-
dilator should be stopped or dose decreased if symptomatic hypotension occurs. 
The ESC Guidelines recommend NTG or nitroprusside in patients with pulmonary 

Table 10.4 HFSA treatment goals for patients admitted for ADHF

HFSA treatment goals for patients admitted for ADHF [2]
Improve symptoms, especially congestion and low-output symptoms
Restore normal oxygenation
Optimize volume status
Identify etiology
Identify and address precipitating factors
Optimize chronic oral therapy
Minimize side effects
Identify patients who might benefit from revascularization
Identify patients who might benefit from device therapy
Identify risk of thromboembolism and need for anticoagulant therapy
Educate patients concerning medications and self-management of HF
Consider and, where possible, initiate a disease management program

Reprinted from Lindenfeld et al. [2]
HFSA Heart Failure Society of America
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congestion/edema provided SBP >110 mmHg to reduce pulmonary capillary 
wedge pressure. Caution is advised when using nitroprusside in patients with 
acute myocardial infarction.

The ACCF/AHA and HFSA guidelines suggest that the use of the intravenous 
inotropes dobutamine, milrinone, and dopamine (ACCF/AHA only) be limited to 
patients with LV dilation, LV systolic dysfunction and evidence of low cardiac out-
put or end-organ dysfunction. Commonly, these patients will have low blood pres-
sure and evidence of hypoperfusion manifest by cold clammy skin, cool distal 
extremities, decreased urine output and altered mentation. These agents may also be 
appropriate in patients who have evidence of elevated filling pressures and an inad-
equate response to diuretics and parenteral vasodilators or who have worsening 
renal function in response to diuretic therapy [2, 98]. The guidelines emphasize that 
there is no evidence to support the routine use of inotropic therapy in patients with 
acute decompensated heart failure. Patients treated with an inotrope should have 
frequent blood pressure monitoring and continuous cardiac rhythm monitoring as 
treatment with these agents has been associated with hypotension and an increased 
risk of atrial and ventricular arrhythmias. In the ESC guidelines, inotropic agents 
are not recommended unless the patient is hypotensive (systolic blood pressure of 
<85 mmHg) and has evidence of hypoperfusion.

The ACCF/AHA guidelines recommend that guideline determined medical ther-
apy (GDMT) including ACEI or ARB, β-blocker and MRA be continued in patients 
with HFrEF hospitalized with ADHF in the absence of hemodynamic instability, 
worsening renal function or hypokalemia. In addition, the ACCF/AHA guidelines 
recommend that medications on admission be reassessed during the ADHF 
 hospitalization and that GDMT be initiated in patients who have HFrEF who are not 
receiving appropriate GDMT. The HFSA guidelines recommend that “near opti-
mal” pharmacologic therapy, including ACEI and β-blocker, be achieved during the 
heart failure hospitalization. The ESC guidelines recommend that ACEI or ARB, 
β-blocker, and MRA be initiated and up-titrated as appropriate in patients with 
HFrEF and that digoxin may provide symptom benefit and reduce the risk of HF 
hospitalization in patients with severe systolic HF.

The HFSA guidelines recommend fluid restriction of <2 L/day in patients with 
ADHF with moderate hyponatremia (serum sodium <130 mEq/L). Stricter fluid 
restriction may be considered in patients with more severe hyponatremia (serum 
sodium <125 mEq/L). The ACCF/AHA guidelines recommend fluid restriction and 
optimization of medications that modulate the RAAS and decrease thirst in patients 
hospitalized for ADHF who have hyponatremia. These guidelines also recommend 
consideration of a vasopressin antagonist in patients hospitalized with ADHF who 
have persistent severe hyponatremia and volume overload (hypervolemic hypona-
tremia) who are at risk for or are having cognitive symptoms despite water restric-
tion and optimization of GDMT.

The ACCF/AHA and ECS guidelines do not recommend the routine use of inva-
sive hemodynamic monitoring with pulmonary artery catheterization in patients 
hospitalized for ADHF. PA catheterization should be considered in a patient: who 
is refractory to pharmacologic therapy; who has persistent clinically significant 

10 Acute Decompensated Heart Failure: Treatment Guidelines



212

hypotension; who has significantly worsening renal function in response to therapy; 
or whose volume status and cardiac filling pressures are uncertain.

The ACCF/AHA, ECS and HFSA guidelines all recommend that patients hospi-
talized with ADHF who are not already anticoagulated receive venous thromboem-
bolism (VTE) prophylaxis with an anticoagulant medication provided there are no 
contraindications to anticoagulation and in whom the risk-benefit ratio is favorable 
(ACCF/AHA). The HFSA guidelines recommend VTE prophylaxis with a mechan-
ical device (intermittent pneumatic compression devices or graded compression 
stockings) in patients hospitalized with ADHF who have a contraindication to 
anticoagulation.
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Chapter 11
Acute Decompensated Heart Failure: 
Treatment – Specific Therapies

Daniel Fishbein

There have been few prospective randomized clinical trials conducted to guide 
treatment of patients with ADHF. Many of the guideline recommendations are 
based on broad clinical experience, registry data, meta-analyses, and a limited num-
ber of prospective, randomized clinical trials.

 Oxygen

Routine administration of oxygen is recommended in patients with hypoxia 
(ESC, ACC/AHA, and HFSA guidelines). While there are no randomized trials 
of oxygen in ADHF, improvement in systemic and myocardial oxygenation 
would be expected to improve symptoms and clinical status of the patient with 
ADHF. Supplemental oxygen is recommended for patients with acute myocar-
dial infarction complicated by heart failure. In some patients, oxygen may lower 
elevated pulmonary vascular resistance and improve right heart failure. However, 
routine administration of oxygen in the presence of normal oxygen saturations 
on room air is not recommended. In patients with a history of chronic obstructive 
pulmonary disease, high concentrations of oxygen can result in respiratory 
depression and worsening hypercapnia. High concentrations of inhaled oxygen 
have been shown to decrease cardiac output and increase systemic vascular resis-
tance in patients with stable mild-moderate heart failure and LV systolic dys-
function [1].
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 Morphine

Morphine has been used in patients with ADHF for decades. Proposed mechanisms 
of benefit include reduction in dyspnea and anxiety, a resulting decrease in sympa-
thetic tone with a reduction in afterload, and venodilation with a reduction in pre-
load [2]. Venodilation seems to be mediated by histamine release and not by opiate 
receptors [3]. There is some controversy about whether morphine reduces left sided 
filling pressures in ADHF [4]. Morphine causes nausea and reduces respiratory 
drive. Despite long-standing practice, there is little prospective data to support the 
use of morphine in ADHF. Several studies have suggested an increase in adverse 
events in patients with ADHF treated with morphine [5, 6]. An analysis from the 
ADHERE registry found that treatment with intravenous morphine was a predictor 
of in-hospital adverse events [7]. Patients who received morphine were more likely 
to require mechanical ventilation (15.4 % vs 2.8 %), had a longer median hospital-
ization (5.6 days vs 4.2 days), more ICU admissions (38.7 % vs 14.4 %), and had a 
greater in-hospital mortality (13.0 % vs 2.4 %) (all p < 0.001). After risk adjustment 
and exclusion of ventilated patients, morphine remained an independent predictor 
of mortality with a HR of 4.84 (p < 0.001). Despite risk adjustment, some of this 
data may be confounded by the likelihood that patients who received morphine 
were sicker. The HFSA Guidelines recommend caution “that if used at all, [mor-
phine] should be used with caution, especially in patients with abnormal mental 
status or impaired respiratory drive” [8].

 Noninvasive Ventilation (NIV)

Patients with severe decompensated heart failure may present with acute respiratory 
distress and severe hypoxia related to extravasation of fluid into the alveoli, dilution 
of surfactant, decrease in oxygen uptake, alveolar collapse, intrapulmonary shunt-
ing and VQ mismatch. Positive pressure ventilation decreases work of breathing, 
improves oxygenation, improves lung compliance by recruiting previously col-
lapsed alveoli, reduces respiratory distress, reduces afterload and improves cardiac 
output [9]. Patients with ADHF and acute cardiogenic pulmonary edema may be 
supported with noninvasive methods of ventilation (NIV) also known as noninva-
sive positive pressure ventilation (NPPV).

There are two common methods of delivering NIV. Continuous positive airway 
pressure (CPAP) maintains the same positive pressure throughout the respiratory 
cycle. Noninvasive intermittent positive pressure ventilation (NIPPV), also referred 
to as bi-level noninvasive pressure support ventilation (NIPSV), increases airway 
pressure more during inspiration than expiration.

Several meta-analyses of predominantly small single-center randomized trials 
that compared NIV with standard therapy in patients with acute cardiogenic pulmo-
nary edema found that NIV significantly reduced mortality and the need for 
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 intubation/mechanical ventilation. The level of evidence was greater for CPAP than 
NIPPV [10, 11]. In an analysis of three studies comparing CPAP with NIPPV in 
acute cardiogenic pulmonary edema, estimates of the incidence of new myocardial 
infarction were increased in the NIPPV group (relative risk 1.99; p = 0.03) [11]. 
This finding was driven by the results from a small study of 27 patients with acute 
pulmonary edema randomized to CPAP or NIPPV [12].

The Three Interventions in Cardiogenic Pulmonary Oedema (3CPO) trial ran-
domized 1069 patients with acute cardiogenic pulmonary edema to standard oxygen 
therapy, CPAP, or NIPPV. There was no difference in 7-day mortality between 
patients receiving standard oxygen therapy and those receiving NIV. There was no 
difference in the combined end point of death or intubation at 7 days between the 
patients randomized to CPAP or NIPPV. NIV was associated with greater mean 
improvements at 1 h after initiation of therapy in patient-reported dyspnea, heart 
rate, acidosis, and hypercapnea. Patients receiving standard oxygen therapy and 
those receiving NIV had similar rates of endo tracheal intubation, admission to the 
critical care unit, and myocardial infarction. Patients receiving CPAP and those 
receiving NIPPV also had similar rates of these outcomes. There were no differ-
ences in the rates of myocardial infarction between the three groups. There was no 
difference in the rate of myocardial infarction when standard oxygen therapy was 
compared with NIV and when CPAP was compared with NIPPV [13]. One of the 
criticisms of the 3CPO Trial was the lower than expected rate of intubation (2.8 %) 
and the lower than expected 7-day mortality (9.8 %) in the control group. There was 
a 15.3 % crossover rate between standard therapy and NIV. The lower event rates 
decreased the power of the study to show a difference between standard oxygen 
therapy and NIV. It is possible that the population studied was not sick enough to 
show a benefit from NIV and that those patients with more severe compromise in 
the control group crossed over to NIV support [14].

Two subsequent meta-analyses that included patients in the 3CPO Trial found 
that NIV reduced morality and endotracheal intubation when compared with stan-
dard therapy in patients with acute cardiogenic pulmonary edema [14, 15]. The 
Cochran analysis suggested that CPAP should be considered the first option in the 
selection of NIV in light of more robust evidence of safety and effectiveness when 
compared with NIPPV.

A recent meta-analysis of randomized studies compared out-of-hospital NIV 
with “standard” therapy for treatment of adults with severe respiratory distress. NIV 
used by emergency medical services for treatment of patients in respiratory distress 
reduced in-hospital mortality (RR = 0.58) and the need for endotracheal intubation 
(RR = 0.37) when compared with standard therapy. Four of seven studies in the 
analysis included only patients with suspected acute cardiogenic pulmonary edema. 
An additional two studies included patients with cardiogenic pulmonary edema and 
other causes of respiratory distress [16].

The HFSA Practice Guidelines recommend that the “use of non-invasive positive 
pressure ventilation may be considered for severely dyspneic patients with clinical 
evidence of pulmonary edema” (Strength of Evidence A). The ESC guidelines sug-
gest that NIV may be used as adjunctive therapy to relieve symptoms in patients 
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with pulmonary edema and severe respiratory distress or patients who fail to 
improve with pharmacologic therapy.

Contraindications to NIV include: immediate need for intubation; inability to 
cooperate because of anxiety, decreased level of consciousness or severe cognitive 
impairment; inability to tolerate the mask; and vomiting. Adverse effects include: 
worsening of severe right heart failure; hypercapnia; anxiety; claustrophobia; pneu-
mothorax; and aspiration. Caution should be exercised in patients with cardiogenic 
shock, COPD, or severe right heart failure [17]. Endotracheal intubation and 
mechanical ventilation should be reserved for patients with: respiratory failure lead-
ing to hypercapnia and respiratory acidosis; hypoxia that cannot be corrected with 
oxygen by nasal cannula, mask or NIV; physical exhaustion; diminished conscious-
ness; and/or inability to maintain or protect their airway [18].

 Diuretic Therapy

Diuretics differ in their site and mechanism of action and in their impact on sodium 
and water excretion. Diuretics are classified by their site of action in the nephron 
(loop diuretics), chemical structure (thiazides), mode of action (MRAs, carbonic 
anhydrase inhibitors), and/or specific physiologic effects (potassium sparing 
diuretics). Figure 11.1 outlines the site of action in the nephron of each class of 
diuretic [19].

 Loop Diuretics (LD)

 Pharmacokinetics/Pharmacology

LDs are first line therapy in the treatment of patients with ADHF. Of all diuretic 
classes, LDs have the most immediate onset of action when given intravenously and 
the greatest impact on sodium and water excretion. Furosemide, bumetanide, and 
torsemide are sulfonamide loop diuretics that reversibly bind to and reversibly 
inhibit the Na+: K+:2Cl− co-transporter on the apical membrane of epithelial cells in 
the thick ascending limb of the loop of Henle. LDs inhibit sodium transport at this 
site in the nephron. Loop diuretics can increase sodium excretion by as much as 
20–25 % of filtered sodium and augment excretion of both sodium and water. 
Inhibition of the co-transporter also inhibits reabsorption of calcium and magne-
sium. The increased sodium delivered to the distal convoluted tubule significantly 
increases the excretion of urinary potassium via the sodium potassium co- transporter. 
This effect is amplified by elevated levels of aldosterone typically seen in patients 
with ADHF. Loop diuretics indirectly decrease the reabsorption of water in the col-
lecting ducts by decreasing the concentration of sodium in the medullary intersti-
tium resulting in a decrease in the driving force for water reabsorption in the 
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collecting duct. Urine produced in response to LDs is mildly hypotonic when com-
pared with plasma [19–26].

Ethacrynic acid is a non-sulfonamide loop diuretic that inhibits reabsorption of 
sodium and chloride in the ascending loop of Henle and distal renal tubule by inter-
fering with the chloride-binding co-transport system, causing increased excretion of 
water, sodium, chloride, magnesium, and calcium. Ethacrynic is a less effective 
diuretic than the other three loop diuretics, is probably more ototoxic at high doses, 
and is cumbersome to administer intravenously because of its relative insolubility. 
Its use is limited to patients who have an allergy to sulfonamide LDs [27].

An adequate intraluminal concentration of diuretic is needed for LDs to be effec-
tive. Because LDs are extensively bound to plasma proteins, delivery to the loop of 
Henley by glomerular filtration is limited. LDs are secreted into the intraluminal 
space of the nephron by the organic acid transport system in the proximal tubule. 
Intraluminal concentration is dependent on dose, bioavailability, adequate renal 
blood flow and adequate proximal tubule secretory function. Secretion into the 
proximal tubule may be impaired in heart failure by a decrease in renal plasma flow. 
In addition, in renal insufficiency, the accumulation of organic anions (e.g., blood 
urea nitrogen) competes with LDs for the receptor sites of the organic anion trans-
porter. Higher doses are required to overcome this competitive inhibition and to 
obtain therapeutic urinary concentrations in patients with heart failure and renal 
impairment [20, 25].

Proximal convoluted
tubule (site of action

of carbonic
anhydrase inhibitors)

Thick ascending limb of
the loop of Henle (site of
action of loop diuretics)

Collecting duct (site of
action of aldosterone
antagonists)

Glomerulus

Distal convoluted tubule
(site of action of thiazide
diuretics)

Renal cortex

Outer medulla

Inner medulla

Fig. 11.1 Schematic diagram of the nephron demonstrating the site of action of diuretics [19]
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Loop diuretics have an “S” shaped dose-response curve characterized by a 
threshold concentration below which no diuresis occurs (the minimal effective con-
centration), a steep increase in dose response, and a concentration ceiling above 
which no additional diuretic effect is seen. Diuretic effect is dependent on achieving 
an adequate or “threshold” intraluminal concentration of diuretic in the thick 
ascending limb of the loop of Henle. In heart failure, the dose response curve is 
shifted downward and to the right so that a higher concentration of LD is needed to 
induce a diuresis and the peak response is decreased (see Fig. 11.2) [23].

The dose response curve has a number of clinical implications. First, there is 
a threshold concentration of LD that needs to be achieved at the active site to 
elicit any diuretic response. Diuretic doses that achieve intraluminal concentra-
tions below threshold are ineffective so that it is important to demonstrate a 
response to a specific dose of LD rather than give an inadequate dose more fre-
quently. Because of individual differences in diuretic sensitivity and pharmaco-
kinetics, the dose that achieves threshold concentrations differs among patients. 
Second, the diuretic ceiling limits the maximal effect of increasing diuretic 
dose. A ceiling dose of diuretic can be identified in individual patients (the low-
est dose of LD that elicits a maximal response). If additional diuresis is needed, 
the dosing frequency should be increased rather than increasing the LD dose 
above the ceiling dose [19, 25].

When a bolus of LD is administered, there is generally a diuretic response 
within 30 minutes that peaks in 1 hour provided that the intraluminal concentration 
of diuretic is above the threshold concentration in the loop of Henle. When the 
intraluminal concentration of LD declines below the threshold concentration, uri-
nary excretion of sodium stops and compensatory sodium retention occurs (post-
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Fig. 11.2 Schematic of doseresponse curve of loop diuretics in heart failure patients compared 
with normal controls [23]
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diuretic salt retention or “rebound”) until another diuretic dose is administered and 
threshold  concentration is again achieved. It takes four half-lives for LDs to reach 
steady state so that administration at a frequency of longer than 4 half-lives will 
allow for a period of “post-diuretic sodium retention” [23]. Diuretic rebound is 
directly related to sodium and water excretion and can be prevented by replacement 
of excreted sodium with normal saline. If dietary intake is not limited, diuretic-
induced net sodium excretion may be nullified by post-diuretic salt retention. This 
phenomenon suggests that in patients hospitalized with ADHF, sodium intake 
should be restricted and LDs should be given at least 2–3 times/day or administered 
as a continuous infusion [19, 21, 26, 28].

Two forms of diuretic tolerance have been described. Acute tolerance develops 
within the first several days of LD therapy and refers to a progressive time- 
dependent decline in sodium excretion in response to the same dose of LD. This 
form of early tolerance has been referred to as the “breaking phenomenon”. A 
number of studies have demonstrated decreases in mean blood pressure and eGFR 
and increases in renin, angiotensin II, aldosterone and plasma norepinephrine lev-
els after a single dose of IV furosemide. The pathophysiology of early tolerance is 
likely multi- factorial with contributions from: a decrease in renal blood flow medi-
ated by hypotension, increased angiotensin II and sympathetic activation; increases 
in renin, angiotensin II and aldosterone levels; an increase in sodium reabsorption 
in the proximal tubule mediated by angiotensin II; and an increase in distal sodium 
absorption mediated by aldosterone [25, 26, 29]. The release of adenosine by the 
macula densa/juxtaglomerular apparatus in response to a LD-induced increase in 
sodium chloride concentration in the distal loop of Henley may contribute to early 
tolerance by reducing renal blood flow and GFR [30–32]. In addition, vasopressin-
induced upregulation of the Na+: K+:2Cl− co-transporter may also contribute to 
tolerance [33].

A second type of LD tolerance occurs with chronic administration of LD. With 
LD administration, the nephron distal to the loop of Henle is flooded with solute. 
This causes diuretic-induced hypertrophy of the distal convoluted tubule and func-
tional changes in the distal nephron that result in increased sodium reabsorption in 
the distal nephron. This attenuates loop diuretic-induced sodium and water excre-
tion [20, 23].

Furosemide, bumetanide, and torsemide all act by reversibly inhibiting the 
Na+:K+: 2Cl− co-transporter in the ascending limb of the loop of Henle. They dif-
fer primarily in oral bioavailability, dose, metabolism, relative potency and dura-
tion of action. Furosemide is the most commonly used diuretic in patients with 
ADHF. In the ADHERE Registry, 84 % of patients received IV furosemide, 7 % 
received IV bumetanide and 2 % received IV torsemide [34]. All of the loop 
diuretics (including ethacrynic acid) are extensively bound to plasma proteins, 
have limited glomerular filtration and are secreted into the intraluminal space of 
the nephron by the organic acid transport system in the proximal tubule. 
Furosemide has the most variable bioavailability ranging from 40–70 % of the 
oral dose. The bioavailability of bumetanide and torsemide are 80–100 % of the 
oral dose. Furosemide is metabolized and excreted by the kidney. Bumetanide 
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and torsemide are primarily metabolized by the liver. The onset of diuretic effect 
when given intravenously is 5 min for furosemide, 2–3 min for bumetanide and 
10 min for torsemide. The onset of diuretic effect when given orally is 30–60 min 
for all three LDs. Furosemide has a half-life of 1.5–2 h, bumetanide 0.8 (range 
0.3–1.5) h and torsemide 3.5 h. The duration of action of furosemide is 6–8 h; 
bumetanide 4–6 h and torsemide 12 h (range 6–16). Furosemide and bumetanide 
are available for oral and intravenous administration while torsemide is currently 
available only for oral administration in the United States. The relative potency of 
LDs given intravenously is furosemide 40 mg: bumetanide 1 mg: torsemide 
20 mg. IV to PO conversion is 1:2 for furosemide and 1:1 for bumetanide and 
torsemide [35–38]. Table 11.1 summarizes the pharmacokinetics of the sulfon-
amide loop diuretics [24, 39]

Ethacrynic acid has a bioavailability of 100 % of the oral dose, is significantly 
protein bound and is secreted into the proximal tubule via the organic acid trans-
porter. It has a half-life of approximately 1 h, duration of action of 4–6 h, and 
potency relative to IV furosemide of 0.7 [24].

Table 11.1 Pharmacokinetics of the loop diuretics [24]

Property Furosemide Bumetanide Torsemide

Relative IV potency, mg 40 1 20
Bioavailability, % 10–100 (average, 

50)
80–100 80–100

Oral to intravenous conversion 2:1 1:1 1:1
Initial outpatient total daily oral dose, 
mg

20–40 0.5–1 5–10

Maintenance outpatient total daily oral 
dose, mg

40–240 1–5 10–200

Onset, min
  Oral 30–60 30–60 30–60
  Intravenous 5 2–3 10
Peak serum concentration after oral 
administration, h

1 1–2 1

Affected by food Yes Yes No
Metabolism 50 % renal 

conjugation
50 % hepatic 80 % hepatic

Half-life, h
  Normal 1.5–2 1 3–4
  Renal dysfunction 2.8 1.6 4–5
  Hepatic dysfunction 2.5 2.3 8
  Heart failure 2.7 1.3 6
Average duration of effect, h 6–8 4–6 6–8
Approximate cost of oral 30-day supply 
(community pharmacy), $

4 4 19–23

Reprinted from Felker and Mentz [23], with permission from Elsevier
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 Hemodynamic Effects

Loop diuretics should be given intravenously in ADHF as the bioavailability of 
furosemide is highly variable and the absorption of all loop diuretics may be 
impeded by bowel edema or intestinal hypoperfusion [40]. Loop diuretics have a 
number of benefits in volume-overloaded patients with ADHF. Intravenous admin-
istration of an effective dose of loop diuretic generally results in a diuretic effect that 
peaks within an hour of administration [19, 23, 24, 38]. Diuretic induced excretion 
of sodium and water affects a reduction in right- and left-sided filling pressures with 
a decrease in pulmonary and systemic venous congestion and a decrease in left 
ventricular dilation. In patients with LV systolic dysfunction and volume overload, 
the left ventricle is operating on the flat part of the LV performance curve where 
stroke volume is relatively independent of LV filling pressures. Diuretic induced 
reductions in LV filling pressure generally do not cause hypotension or a reduction 
in stroke volume or cardiac index [41]. Diuretic-related reduction in left and right 
sided ventricular filling pressures is associated with an improvement in stroke vol-
ume and cardiac output related to: a decrease in functional mitral and tricuspid 
regurgitation; a decrease in right ventricular volume with relief of ventricular- 
interdependent LV compression; improved endocardial blood flow; and a reduction 
in LV wall tension resulting in a decrease in myocardial oxygen consumption. The 
reduction in wall tension may be particularly important in patients with coronary 
artery disease. The associated reduction in secondary mitral regurgitation and left 
ventricular wall tension results in an improvement in cardiac output and overall 
myocardial performance [42–45].

Loop diuretics also have hemodynamic effects independent of their diuretic 
effects. Several studies have suggested that administration of an intravenous loop 
diuretic results in an early reduction in pulmonary capillary wedge pressure that 
may be independent of diuretic effect [46–48]. This effect is likely due to dose- 
dependent direct venodilation mediated by the release of vasodilatory prostaglan-
dins [49, 50]. These findings may explain why LDs can produce clinically significant 
reductions in left- and right-sided filling pressures and improvement in symptoms in 
as little as 15 min after administration [47].

In contrast, in some patients, IV loop diuretics may cause an early increase in 
systemic vascular resistance and systolic blood pressure. This effect is not mediated 
by a direct vascular effect but rather, by neurohormonal activation of the sympa-
thetic nervous system and RAAS [42, 43, 50]. In a study of the hemodynamic and 
neurohormonal responses to IV furosemide in 15 patients with severe chronic heart 
failure, mean arterial pressure, heart rate, systemic vascular resistance, and left ven-
tricular filling pressure increased and stroke volume index decreased 20 min after 
the administration of intravenous furosemide. These changes were associated with 
increases in plasma norepinephrine, plasma renin activity and plasma arginine vaso-
pressin. At 2 h, patients had diuresed and had a reduction in filling pressures to 
below baseline. Neurohormone levels returned toward baseline [51]. In another 
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study, neurohormonal activation was followed in 34 patients admitted with acute 
decompensation of chronic HFrEF. Patients were treated with hemodynamically 
guided therapy with diuretics and sodium nitroprusside titrated to reduce filling 
pressures and lower systemic vascular resistance. Patients were then transitioned to 
oral therapy. Neurohormone levels were obtained at baseline, during parenteral 
treatment (mean 1.4 days) and after transition to oral therapy (mean 3.4 days). 
Filling pressures (PCWP 31 to 18 mmHg; RA 15 to 8 mmHg) and cardiac index 
(1.7 to 2.6 L/min/m2) improved during treatment with parenteral medications. 
Plasma norepinephrine levels did not change during parenteral therapy but decreased 
after transition to oral medication. Plasma aldosterone and plasma renin activity 
increased during parenteral therapy. Aldosterone levels returned to baseline and 
plasma renin activity remained elevated after transition to oral medication. Plasma 
endothelin levels decreased during parenteral therapy and remained lower after 
transition to oral medication [52]. These observations support the early use of a 
vasodilator added to a diuretic to attenuate the effects of LD-induced neurohor-
monal activation.

 LD Dose and Mode of Administration

There has been little prospective evidence to guide diuretic use in ADHF. It has been 
hypothesized that the continuous infusion of a loop diuretic should avoid the peri-
ods of ineffective diuretic concentration in the loop of Henle seen with intermittent 
bolus therapy and should result in greater diuresis. It has also been suggested that 
continuous infusion should be associated with fewer electrolyte abnormalities, pres-
ervation of renal function and a shorter length of stay. A Cochran review published 
in 2005 compared intermittent bolus administration with continuous intravenous 
infusion of loop diuretics in eight studies of a total of 254 patients. The studies were 
small (8–107 patients) and heterogeneous. There were significant differences among 
the studies with respect to diuretic dose, method of administration, follow-up period 
and clinical outcomes reported [53]. The authors concluded that the data were insuf-
ficient to assess the merits of the two methods of LD administration.

The Diuretic Optimization Strategies in Acute Heart Failure (DOSE) trial was a 
multicenter, randomized, controlled, double-blind trial that assessed the effect of 
diuretic dose and mode of administration in patients admitted with ADHF [54]. 308 
patients hospitalized for ADHF with a history of chronic heart failure treated with 
an oral loop diuretic at a daily dose of furosemide of 80–240 mg/day or equivalent 
for at least one month prior to hospitalization were enrolled in the study. Using a 
2 × 2 factorial design, patients were randomized in a 1:1:1:1 ratio to receive furose-
mide administered intravenously by means of either a bolus every 12 h or continu-
ous infusion and with either a low dose (equivalent to the patient’s previous oral 
dose) or a high dose (2.5 times the previous oral dose). Dose adjustments could be 
made at 48 h. There were two co-primary end-points: patients’ global assessment of 
symptoms, quantified as the area under the curve on a visual-analogue scale over 
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the course of 72 h (the efficacy end-point); and the change in the serum creatinine 
level from baseline to 72 h (the safety end-point). There was no significant differ-
ence in the patients’ global assessment of symptoms or mean change in creatinine 
between the bolus and continuous infusion groups. Patients in the bolus therapy 
group were more likely to require an increase in furosemide dose at 48 h. There was 
a non- significant trend toward greater improvement in symptoms assessed by the 
visual analogue scale in the high dose group compared to the low dose group 
(P = 0.06). The high dose strategy was associated with greater relief of dyspnea 
(P = 0.04), greater fluid (p = 0.001) and weight (p = 0.01) loss and fewer adverse 
events (p = 0.033). Patients in the high dose group were less likely to require an 
increase in furosemide dose and more likely to be changed to oral therapy at the 
48-h reevaluation. There were more cases of ventricular tachycardia and myocar-
dial infarction with bolus than with continuous infusion and with the low-dose strat-
egy than with the high-dose strategy. A higher proportion of patients in the high 
dose group met the pre-specified secondary safety end-point of an increase in serum 
creatinine of more than 0.3 mg per deciliter at any time during the 72 h after ran-
domization. Although prior studies have suggested that an increase in creatinine 
during hospitalization for ADHF is associated with worse long-term outcome [55, 
56], there was no evidence of worse clinical outcome in the high dose group at 
60 days. This is consistent with other reports that found that a transient increase in 
creatinine during hospitalization may not be associated with poorer outcomes after 
discharge [57, 58].

Two recent meta-analyses that included the results from the DOSE Trial com-
pared the efficacy of continuous infusion versus IV bolus of loop diuretics in patients 
hospitalized with ADHF. One meta-analysis included ten randomized controlled 
trials with a total of 518 patients in the analysis. Continuous infusion of diuretics 
was associated with a significantly greater weight loss compared with bolus injec-
tion but no significant differences in urine output, the incidence of electrolyte abnor-
mality, change in creatinine level, hospital length of stay, the incidence of ototoxicity, 
cardiac mortality, or all-cause mortality [59]. The second meta-analysis included 7 
cross-over and 8 parallel-arm randomized trials in adults with a total of 844 patients 
in the analysis. 8/15 studies included patients with ADHF, 3 included ICU patients, 
2 included cardiac surgery patients and 2 included patients with chronic kidney 
disease. A non-significant net increase in daily urine output was seen with continu-
ous infusion diuretic therapy. When the 8 studies that included an initial loading 
dose were analyzed, continuous loop diuretic infusion was associated with a signifi-
cant net increase in daily urine output of 294 ml/day and a significant net negative 
weight loss of 0.78 kg when compared with intermittent infusion [60].

The optimal dose of LD is uncertain and needs to be individualized based on 
age, prior diuretic use, severity of heart failure, the presence of impaired systemic 
perfusion, creatinine and estimated glomerular filtration rate calculated using 
either the Cockroft-Gault (CG) or the Modified Diet in Renal Disease (MDRD) 
equations. Diuretics should be given at a dose and frequency sufficient to relieve 
symptoms and signs of congestion and normalize volume status without causing 
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excessively rapid reduction in intravascular volume or clinically significant elec-
trolyte abnormalities [8].

The ACCF/ACC guidelines recommend that in patients already receiving a loop 
diuretic, the initial diuretic dose should equal or exceed their chronic oral daily dose 
and be given either as intermittent intravenous boluses or continuous infusion [28]. 
The ESC guidelines recommend that an initial dose of furosemide 20–40 mg IV (or 
0.5–1.0 mg bumetanide or 10–20 mg of torsemide) be given on admission; in 
patients with evidence of volume overload, the dose of parenteral diuretic may be 
higher based on renal function and a history of chronic oral diuretic use [18]. 
Continuous infusion may also be considered after an initial starting bolus dose. The 
ESC recommends that the total furosemide dose should remain <100 mg in the first 
6 h and <240 mg during the first 24 h. Diuretic dosing guidelines from the 
ASCEND-HF trial based on creatinine clearance and the chronicity of heart failure 
are summarized in Table 11.2 [61]. The recommended doses of LDs given by con-
tinuous infusion are summarized in Table 11.3 [23, 62].

Table 11.2 Standardizing care for acute decompensated heart failure in a large megatrial: The 
approach for the Acute Studies of Clinical Effectiveness of Nesiritide in Subjects with 
Decompensated Heart Failure (ASCEND-HF) [61]

Creatinine 
clearancea Patient Initial IV doseb Maintenance dose

>60 ml/(min 
1.73m2)

New-onset HF or no 
maintenance diuretic 
therapy

Furosemide 
20–40 mg 2–3 times 
daily

Lowest diuretic dose that 
allows for clinical stability 
is the ideal dose

Established HF or 
chronic oral diuretic 
therapy

Furosemide bolus 
equivalent to oral 
dose

<60 mL/(min 
1.73m2)

New-onset HF or no 
maintenance diuretic 
therapy

Furosemide 
20–80 mg 2–3 times 
daily

Established HF or 
chronic oral diuretic 
therapy

Furosemide bolus 
equivalent to oral 
dose

Reprinted from Ezekowitz et al. [61], with permission from Elsevier
aCreatinine clearance is calculated from the Cockroft-Gault or Modified Diet in Renal Disease formula
bIntravenous continuous furosemide at doses of 5 to 20 mg/h is also an option See text for details

Table 11.3 Continuous infusion with as needed uptitration [23]

IV loading dose (mg) Infusion rate (mg/h)

Creatinine clearance All GFRs <25 25–75 >75
Furosemide 40 20, then 40 10, then 20 10
Bumetanide 1 1, then 2 0.5, then 1 0.5
Torsemide 20 10, then 20 5, then 10 5

Reprinted with permission from Brater [22], with permission from Elsevier
Note: Before increasing to a higher infusion rate, a repeat loading dose should be administered
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 Response to Therapy

There is conflicting data concerning the rapidity of response to parenteral diuretics 
in patients with ADHF. There is a general understanding that most patients have a 
rapid and significant improvement in dyspnea after administration of a parenteral 
diuretic although not all studies confirm this [8, 63]. In the Value of Endothelin 
Receptor Inhibition With Tezosentan in Acute Heart Failure (VERITAS) trial, 
patients admitted to the hospital with acute heart failure, dyspnea, tachypnea and 
evidence of volume overload or LV systolic dysfunction were treated with standard 
heart failure therapy which consisted mostly of parenteral diuretics and randomized 
to an infusion of tezosentan, an intravenous short-acting endothelin receptor antago-
nist, or placebo. The primary end-point was the change in dyspnea over the first 24 h 
measured at 3, 6 and 24 h using a visual analog scale. There were rapid and signifi-
cant improvements in dyspnea in the placebo and tezosentan groups at 3, 6, and 
24 h. Interestingly, these changes were associated with small changes in hemody-
namic parameters. In the placebo group, baseline PCWP was 25.6 mmHg and 
decreased by 1.5, 1.9, and 2.9 mmHg at 3, 6, and 24 h, respectively. Baseline RAP 
was 15.9 mmHg and changed by 0.8, −0.2 and 0.7 mmHg at 3, 6, and 24 h respec-
tively. Baseline cardiac index was 2.01 L/min/m2 and increased by 0.18, 0.18 and 
0.15 L/min/m2 at 3, 6, and 24 h, respectively. Baseline systemic vascular resistance 
was 1813 dyne-sec/cm5 and changed by −157, −54 and 136 dyne-sec/cm5 at 3, 6, 
and 24 h [64].

In the Efficacy of Vasopressin Antagonism in Heart Failure Outcome Study with 
Tolvaptan (EVEREST) trial, patients with chronic heart failure and systolic dys-
function who were hospitalized for worsening HF received standard therapy for 
acute heart failure and were randomized to receive tolvaptan, an oral non-peptide 
selective V2-receptor antagonist or placebo. Approximately 2/3 of the placebo 
patients reported mild, moderate or marked improvement in dyspnea but only one 
third of patients reported moderate or marked improvement in dyspnea at day 1 of 
the study. Physician assessment of signs and symptoms of heart failure on day 1 
noted improvement in dyspnea in 47.1 % of patients, orthopnea in 59.2 %; JVD in 
43.8 %; rales in 43.7 % and edema in 52.6 % [65].

The rate of dyspnea relief was reviewed in a post hoc analysis of data from the 
Placebo-controlled Randomized study of the selective A1 adenosine receptor antag-
onist rolofylline for patients hospitalized with acute heart failure and volume 
Overload to assess Treatment Effect on Congestion and renal funcTion (PROTECT) 
clinical trial pilot study. In PROTECT, patients with acute heart failure and mild to 
moderate renal impairment defined as an eGFR of 20–80 mL/min using the 
Cockcroft-Gault equation with dyspnea at rest or with minimal activity, signs and 
symptoms of volume overload and an elevated BNP or NT-pro-BNP were random-
ized within 24 h of presentation to treatment with placebo or one of three doses of 
rolofylline, a selective A1 adenosine receptor antagonist. Dyspnea relief was defined 
as a moderate to marked improvement in dyspnea using a seven-point Likert scale 
and occurred in the placebo group in 49 %, 64 %, 78 %, and 75 % of patients at 24 h, 
48 h, day 7 and day 14, respectively. Improvement at 24 and 48 h was associated 

11 Acute Decompensated Heart Failure: Treatment – Specific Therapies



232

with greater improvement in patient-reported general wellbeing, and greater 
decreases from baseline in edema, rales, jugular venous distention and orthopnea. 
Patients with relief of dyspnea did not have a greater decrease in weight compared 
to patients without relief of dyspnea [66].

The frequency of early dyspnea relief was assessed in the Preliminary study 
of RELAX in Acute Heart Failure (Pre-RELAX-AHF) study. Patients in Pre- 
RELAX- HF had acute heart failure, evidence of volume overload, a systolic 
blood pressure of >125 mmHg, and impaired renal function with an eGFR of 
30–75 ml/min/1.73 m2 calculated using the simplified Modification of Diet in 
Renal Disease (sMDRD) equation. Patients were randomized to placebo or one 
of four doses of relaxin, a naturally occurring peptide vasodilator. Early dyspnea 
relief was defined as moderate or marked improvement in dyspnea assessed by 
the Likert scale at 6, 12, and 24 h after the start of study medication. Moderate 
or marked improvement in dyspnea at 6, 12 and 24 h was observed in only 23 % 
of patients in the placebo group. 70 % of all patients had moderate or marked 
improvement in dyspnea at 14 days. Improvement in dyspnea was correlated 
with improvements in general well-being measured by a visual analogue scale, 
orthopnea, dyspnea on exertion, edema, and rales but not with improvements in 
JVP or weight. Early dyspnea relief was predicted by a higher initial systolic 
blood pressure and respiratory rate [67].

The Ularitide Global Evaluation in Acute Decompensated Heart Failure 
(URGENT) Dyspnoea study was an international, multi-center, observational 
cohort study of 524 acute heart failure patients managed conventionally and enrolled 
within 1 h of first hospital medical evaluation [68]. The primary outcome was 
patient assessed dyspnea at 6 h measured by a 5-point Likert scale. Dyspnea 
improvement was reported in 76 % of patients after 6 h of standard therapy.

 LD Side Effects

Excessive Diuresis

Excessive diuresis may result in hypotension and a reduction in cardiac output. 
During LD-induced natriuresis, intravascular volume is generally maintained by 
vascular “refilling” or equilibration as interstitial fluid moves into the intravascular 
space. The rate of refilling varies among patients. During brisk diuresis, it is possi-
ble for the rate of volume loss to exceed the rate of refilling. This may result in low 
intravascular volume, inadequate cardiac filling, and hypotension despite persistent 
volume overload.

Patients with HPpEF are at greater risk of diuretic-induced hypotension. These 
patients tend to be less volume overloaded and have a steep diastolic filling curve so 
that moderate reductions in intravascular volume may result in significant reduc-
tions in cardiac filling and cardiac output. Patients with infiltrative or restrictive 
cardiomyopathy may have diuretic-induced hypotension in the setting of continued 
volume overload as elevated ventricular filling pressures are needed to maintain 
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normal cardiac output [41]. Diuresis that results in a decrease in ventricular filling 
pressures may makes patients more sensitive to the hypotensive effects of other 
vasodilators used in the routine treatment of heart failure.

Electrolyte Abnormalities

LDs cause urinary losses of potassium due to augmented distal tubular secretion of 
potassium in response to increased distal tubular sodium reabsorption (creating a 
lumen negative gradient that favors potassium secretion) and secondary hyperaldo-
steronism. Electrolytes need to be monitored frequently, especially early during the 
period when diuresis is most significant. Hypokalemia should be treated promptly 
with either oral or intravenous potassium supplementation. Electrolytes should be 
monitored at least daily during hospitalization and more frequently if potassium 
supplementation is needed. Patients also need to be monitored for the development 
of hyperkalemia which may develop later during hospitalization as a result of less 
daily diuresis, fixed dosing of potassium supplementation, the initiation or uptitra-
tion of angiotensin converting enzyme inhibitors (ACEI), angiotensin receptor 
blockers (ARBs), and/or mineralocorticoid receptor blockers (MRAs), and the 
development of renal insufficiency.

LDs also cause hypomagnesemia. 70 % of filtered magnesium is reabsorbed in 
the thick ascending limb of the loop of Henle. Inhibition of the Na+: K+:2Cl− cotrans-
porter decreases the lumen positive charge in this segment and reduces the driving 
force for paracellular magnesium reabsorption. Hypomagnesemia can be associated 
with arrhythmia and can exacerbate diuretic-induced hypokalemia. Monitoring 
magnesium levels is indicated in patients admitted with ADHF.

Hypersensitivity Reactions

Furosemide, bumetanide and torsemide are sulfonamides and can cause hypersensi-
tivity reactions which are usually manifest as rash or, rarely, acute interstitial nephri-
tis. All three medications have chemical similarities to sulfonamide antibiotics, 
sulfonylureas, carbonic anhydrase inhibitors, and thiazide diuretics. There is little 
evidence that sensitivity to a sulfonamide antibiotic predicts sensitivity to a loop 
diuretic beyond the finding that patients who have a reaction to one medication are 
at increased risk of reactions to medications in general [69–72]. Despite this data, 
the United Stated Food and Drug Administration approved product information for 
bumetanide and torsemide caution: “Patients allergic to sulfonamides may show 
hypersensitivity to Bumex” [73] and “Torsemide Tablets are contraindicated in 
patients with known hypersensitivity to torsemide or to sulfonylureas” [74].

Ethacrynic acid is a loop diuretic without a sulfhydryl group. It can be used 
safely in patients with hypersensitivity to furosemide, bumetanide or torsemide. The 
major limitation to using ethacrynic acid is that it is significantly less effective than 
the other LDs in facilitating sodium excretion.
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Ototoxicity

Furosemide can cause dose-related ototoxicity with tinnitus and/or clinical or sub-
clinical hearing loss [75–78]. Permanent hearing loss can occur but is unusual. 
Ototoxicity of LDs is related to the blood level of the drug. Rapid infusion or use of 
large parenteral doses, especially in the setting of renal insufficiency, increases the 
risk of toxicity. Reducing the infusion rate or changing to oral administration 
reduces the risk of ototoxicity. It is recommended that infusion rates of furosemide 
should not exceed 4 mg/min in adults [79]. The risk of ototoxicity is also increased 
in the setting of hypoproteinemia, or concomitant use of other ototoxic drugs such 
as aminoglycosides or ethacrynic acid. Hearing impairment may be associated with 
high dose intravenous bumetanide although bumetanide is probably less ototoxic 
than furosemide. Ototoxicity is less common with torsemide than with furosemide 
or bumetanide. Ethacrynic acid can also cause ototoxicity. The mechanism differs 
from that of furosemide. Hearing loss from ethacrynic acid is more commonly irre-
versible [75].

Muscle Pain: Bumetanide

Diffuse muscle pain is a limiting side effect of high dose intravenous bumetanide. 
Pain can be severe and is reversible with reduction in dose or discontinuation of the 
medication. Muscle pain is not associated with elevations in skeletal muscle 
enzymes. Dosing of torsemide is not limited by muscle pain.

 Other Diuretic Classes

 Carbonic Anhydrase Inhibitors

The zinc metalloenzyme carbonic anhydrase plays a key role in NaHCO3 − resorp-
tion and acid secretion in the proximal tubule and, to a lesser extent, in the collect-
ing duct. Acetazolamide is the prototype of a group of carbonic acid inhibitors and 
the only one used in clinical practice. Acetazolamide inhibits the absorption of 
NaHCO3 − in the proximal tubule. In the absence of another diuretic that inhibits 
sodium reabsorption in the distal nephron, treatment with acetazolamide does not 
cause a significant diuresis. It does however, cause significant excretion of HCO3 −, 
an increase in urinary pH, significant excretion of potassium and metabolic acidosis 
[80]. Acetazolamide has been shown to cause a marked natriuresis when added to 
either hydrochlorothiazide or furosemide in patients resistant to either diuretic and 
who have a low fractional excretion of sodium [81]. However, its use is limited by 
the development of metabolic acidosis. In clinical practice, acetazolamide is only 
used in ADHF in the setting of marked diuretic-induced normokalemic, hypochlo-
remic metabolic acidosis [82].
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 Thiazide and Thiazide-Like Diuretics

Benzothiadiazides were the first drugs to inhibit the Na+-Cl− cotransporter in the 
distal convoluted tubule. This class of medication came to be known as thiazide 
diuretics (hydrochlorothiazide, chlorothiazide). Subsequently, drugs that were phar-
macologically similar to thiazides and inhibited the Na+-Cl−cotransporter were 
termed thiazide – like diuretics (metolazone, chlorthalidone) [27]. Thiazide diuret-
ics inhibit the Na+-Cl− cotransporter in the distal convoluted tubule and promote Na+ 
and Cl− excretion. Thiazides are only moderately effective diuretics – they block the 
reabsorption of 5–10 % of filtered sodium compared with LDs which block 25 % of 
filtered sodium. Thiazides are ineffective as monotherapy in the treatment of more 
than mild heart failure and are not used as single agents in the treatment of 
ADHF. However, thiazide diuretics are very useful when added to LDs in treating 
patients with ADHF who remain volume overloaded despite appropriate treatment 
with adequately dosed LD (see below). Side effects from thiazide diuretics include 
hypokalemia, hyponatremia (unrelated to arginine vasopressin release), metabolic 
alkalosis, hypomagnesemia, hypercalcemia and hyperuricemia [23, 25, 83].

 Potassium Sparing Diuretics

Triamterene and amiloride have the same mechanism of action and are the only 
drugs in this class. Spironolactone and eplerenone also decrease the excretion of 
potassium but are more appropriately classified as mineralocorticoid receptor antag-
onists (see below). Triamterene and amiloride block epithelial Na+ channels 
(amiloride-sensitive Na+ channels or ENaC) in the luminal membrane of principal 
cells in the late distal tubule and collecting duct. The effect of ENaC blockade on 
lumen negative voltage decreases potassium (and H+, Ca2+ and Mg2+) excretion and 
increases serum potassium concentration. Na+ excretion is minimally increased 
(2 % of filtered load of sodium). The major side effect of this class of medication is 
the risk of hyperkalemia. As a result, these medications are contraindicated in in 
patients with hyperkalemia or patients with conditions that put them at risk of 
hyperkalemia including renal insufficiency, treatment with ACEI or ARB, treatment 
with potassium supplements, or treatment with MRAs. In light of their modest 
natriuretic effects and risk of hyperkalemia, triamterene and amiloride have little 
use in the treatment of patients with ADHF [25, 27].

 Mineralocorticoid Receptor Antagonists (MRAs)

Aldosterone is a steroid hormone with mineralocorticoid effects that is primarily 
produced in the renal cortex. Aldosterone plays a major role in the control of sodium 
and potassium homeostasis by increasing sodium and water resorption and increas-
ing K+ and H+ excretion. Aldosterone binds to cytosolic mineralocorticoid receptors 
(MRs) with high aldosterone affinity in epithelial cells in the late distal convoluted 
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tubule and collecting duct. MRs are members of the superfamily of receptors for 
steroid hormones, thyroid hormones, vitamin D and retinoids. When aldosterone 
binds to MR, the MR-aldosterone complex translocates to the nucleus and binds to 
specific DNA sequences that regulate the expression of multiple gene products. 
Transepithelial NaCl transport is enhanced. The resulting increase in lumen-negative 
transepithelial voltage increases the driving force for K+ and H+ secretion into the 
tubular lumen. The genomic effects of aldosterone take several hours to begin to take 
effect. Aldosterone also has non-genomic effects that are fast acting (occur within 
minutes) and are probably mediated by binding to plasma membrane MRs. These 
effects have not been well characterized but probably include an increase in blood 
pressure that is independent of sodium retention [27, 84, 85].

The MRAs spironolactone and eplerenone competitively inhibit the binding of 
aldosterone to the MR. The effects on urinary excretion of sodium are similar to 
those of the renal epithelial Na+ channel inhibitors. However, unlike the effects of 
Na+ channel inhibitors, the clinical effects of MRAs are dependent on endogenous 
aldosterone levels. Aldosterone levels are increased in heart failure despite treat-
ment with ACEI or ARB and are increased further after administration of loop 
diuretics [86]. The higher the aldosterone level, the greater the impact of MRAs on 
urinary excretion. In the Randomized Aldactone Evaluation Study (RALES), spi-
ronolactone 25 mg daily did not increase urinary sodium excretion [87]. However, 
there is literature suggesting that higher doses (50–100 mg daily) of spironolactone 
significantly increase urinary excretion of sodium when added to standard therapy 
in patients with ADHF [88, 89].

MR antagonists are the only diuretics that do not require access to the tubular 
lumen to induce a diuresis. Spironolactone is absorbed partially (~65 %), is metabo-
lized extensively by the liver, undergoes enterohepatic recirculation, is highly pro-
tein bound, and has a short half-life of ~1.6 h. The half-life is prolonged to 9 h in 
patients with cirrhosis. Eplerenone has good oral availability, is eliminated primar-
ily by metabolism by CYP3A4 to inactive metabolites, and has a half-life of ~5 h.

MRAs are generally not used as diuretics in ADHF. They may be used to attenu-
ate potassium losses from LD therapy. They should be initiated or continued during 
ADHF hospitalization as guideline directed medical therapy for their long-term 
benefit in patients with HFrEF (see below) [90].

The major side effect of MRAs is life-threatening hyperkalemia. Because spi-
ronolactone has affinity for other steroid receptors (progesterone and androgen 
receptors), it may cause gynecomastia, impotence, decreased libido, hirsutism, and 
menstrual irregularities. Eplerenone has very low affinity for androgen and proges-
terone receptors and generally does not cause these side effects.

 Monitoring Response to Diuretic Therapy

A primary goal in the treatment of patients with ADHF is to relieve symptoms asso-
ciated with pulmonary and systemic venous congestion without causing excessively 
rapid diuresis resulting in hypotension, renal insufficiency or electrolyte 
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abnormalities. Patients with ADHF need to be carefully monitored for: persistent or 
worsening signs and symptoms of heart failure; respiratory compromise; adequacy 
of diuresis; oxygenation; adequate end-organ perfusion; hypotension; worsening 
renal function; and electrolyte abnormalities. The ACCF/AHA Guidelines recom-
mend that patients should be followed with careful measurement of fluid intake and 
output, vital signs, daily weight, careful clinical assessment of signs and symptoms 
of congestion and systemic perfusion, and daily electrolytes and creatinine [28].

Routine use of a Foley catheter is not recommended for monitoring urine output. 
There should be a high index of suspicion for bladder outlet obstruction particularly 
in older men. Determining a post-void urine residual volume should be considered 
in middle age and older men and all patients with renal insufficiency or diuretic 
resistance. Placement of a catheter is recommended when close monitoring of urine 
output is needed or if bladder outlet obstruction may be contributing to renal insuf-
ficiency and diuretic resistance. Recommendations for patient monitoring are sum-
marized in Table 11.4 [8, 28].

One of the primary goals of care in a patient hospitalized with ADHF is sustained 
decongestion. The ACCF/AHA Guidelines recommend that patients receive intra-
venous diuretics until congestion resolves at which time, oral diuretics should be 
initiated with a goal of maintaining volume status. Generally, patients are transi-
tioned to oral diuretics by using the total daily dose of IV diuretic to calculate the 
initial total daily dose of oral diuretic. The conversion of IV to oral diuretic dose is 
1:1 for bumetanide and torsemide and 1:2 for furosemide. The calculated total daily 
dose of oral diuretic should be divided in half and given twice daily. Patients should 
be observed for at least 24 h after transition to oral diuretics to ensure that volume 
status, serum potassium and renal function remain stable. Patients with a history of 
diuretic resistance or persistent congestion may not tolerate the transition to oral 
diuretics because of recurrent or worsening volume overload. Conversely, patients 
may become more responsive to diuretics as volume overload improves and guide-
line directed medical therapy is initiated or uptitrated. These patients may develop 
low blood pressure, orthostatic symptoms, hypokalemia, hyperkalemia and/or 
worsening renal function. Because of these possibilities, oral diuretics need to be 
carefully titrated after the transition from IV diuretics using signs and symptoms of 
congestion and volume depletion, careful monitoring of daily weight and fluid 
intake and output, and changes in electrolytes and renal function.

Determining whether a patient continues to be volume overloaded can be chal-
lenging. In the OPTIMIZE-HF Registry, 50 % of patients lost less than ≤2 kg and 
25 % of patients lost no weight during heart failure hospitalization. At discharge, 
one quarter had lower extremity edema, 15 % had rales, and half had persistent 
symptoms. This data suggests that a significant proportion of patients hospitalized 
for ADHF remain congested at discharge [91]. In a post-hoc analysis of the placebo 
group in the EVEREST trial, a modified composite congestion score (CCS) was 
calculated by summing individual scores for orthopnea, JVD and pedal edema that 
were graded daily on a 0–3 scale of clinician-investigator determined severity (total 
possible score 0–9) [92]. The median CCS score decreased from a mean of 4 at 
baseline to 1 at discharge. At discharge, nearly three quarters of study participants 
had a CCS of 0–1 and less than 10 % of patients had a CCS > 3. Each CCS point >0 
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was associated with a hazard ratio of 1.34 and 1.16 for mortality at 30 days and for 
the study period, respectively (median follow up was 9.9 months). Patients with a 
CCS of 0 at discharge experienced a heart failure rehospitalization rate of 26.2 % 
and all-cause mortality rate of 19.1 % during the follow-up period. Patients with 
CCS scores of 1 or 3–9 at discharge had HF rehospitalization rates of 34.9 % and 
34.7 %, respectively and an all-cause mortality rates of 24.8 % and 42.8 %, 
respectively.

Some patients, especially those with HFpEF, have no or little history of weight 
gain prior to hospitalization and may have an improvement in symptoms with 
improvement in blood pressure and little diuresis. However, it is notable that in the 
OPTIMIZE-HF registry, patients with HFpEF had a similar distribution of weight 
loss, symptom improvement, and frequency of edema and rales at discharge com-
pared with patients with HFrEF [91].

The data concerning the relationship between weight loss, net fluid loss, dyspnea 
relief and clinical outcomes in patients hospitalized for ADHF is conflicting. In the 
EVEREST trial, there was a correlation between weight loss and patient assessed 
dyspnea relief [93]. The Ultrafiltration versus Intravenous Diuretics for Patients 

Table 11.4 Patient monitoring during treatment for ADHF [8]

Monitoring recommendations for patients hospitalized with ADHF

Frequency Value Specifies

At least daily Weight Determine after voiding in the morning
Account for possible increased food intake due to 
improved appetite

At least daily Fluid intake and 
output

More than 
daily

Vital signs Orthostatic blood pressure if indicated Oxygen 
saturation daily until stable

At least daily Signs Edema
Ascites
Pulmonary rales
Hepatomegaly
Increased JVP
Hepatojuglar reflux
Liver tenderness

At least daily Symptoms Orthopnea
PND or cough
Nocturnal cough
Dyspnea
Fatigue, lightheadedness

At least daily Electrolytes Potassium
Sodium

At least daily Renal function BUN
Serum Creatininea

Reprinted from Heart Failure Society of America et al. [8], pp. e1–e194, © 2010, with permission 
from Elsevier
aSee background section for addictional recommendations on laboratory evaluations
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Hospitalized for Acute Decompensated Congestive Heart Failure (UNLOAD) trial 
compared ultrafiltration (UF) with IV diuretic therapy in patients with ADHF. In the 
patients randomized to UF, there was a greater reduction in body weight, greater 
fluid loss and a reduction in rehospitalization and unscheduled clinic visits, but no 
difference in dyspnea score when compared with the IV diuretic arm [94]. In the 
ESCAPE trial, there was no association between weight loss and clinical events 
(days alive out of the hospital in the first 6 months; death; death or rehospitalization; 
and death, rehospitalization, or cardiac transplantation) although patients with the 
greatest weight loss had a significantly decreased orthopnea score [95]. In the 
PROTECT Trial, there was a strong association with weight loss, early dyspnea 
relief and reduced early post-discharge mortality [96]. In the Pre-RELAX-AHF 
study, there was an association between sustained relief of dyspnea at 5 days and 
reduced 30-day mortality [67]. Data from the Diuretic Optimization Strategy 
Evaluation in Acute Heart Failure (DOSE-AHF) trial found that weight loss, fluid 
loss and NT-proBNP reduction at 72 h did not correlate with dyspnea relief but did 
correlate with improved outcomes at 60 days. Improvement in dyspnea was associ-
ated with a small improvement in clinical outcomes [97].

These data challenge the idea that weight loss is a sufficient surrogate marker for 
adequate decongestion and suggest that careful evaluation of symptoms, physical 
findings, laboratory measures, weight change and net fluid balance need to be con-
sidered when assessing volume status and diuretic dosing [28, 97]. The diagnostic 
value of clinical markers of congestion from a scientific statement from the Acute 
Heart Failure Committee of the Heart Failure Association of the European Society 
of Cardiology is summarized in Table 11.5 [98].

 Hemoconcentration (HC)

Several studies have suggested that hemoconcentration (an increase in low hemo-
globin or a relative increase in the cellular elements in blood) is a surrogate marker 
for intravascular volume status and may be a useful indicator of adequate deconges-
tion in patients hospitalized for ADHF [99, 100]. A post-hoc analysis from the 
ESCAPE trial assessed the impact of hemoconcentration on outcome [58]. Three 
hundred thirty-six of 433 randomized patients who had paired baseline and pre- 
discharge hematocrit, albumin or total protein values were included in the analysis. 
Baseline to discharge differences in the laboratory values that fell within the top 
tertile of the group were defined as indicators of hemoconcentration. Patients with 
≥2 paired laboratory values in the top tertile were considered to have evidence of 
hemoconcentration. The group of patients with evidence of HC received higher 
doses of diuretics, lost more weight and fluid and had greater reductions in filling 
pressures. HC was strongly associated with worsening renal function whereas 
changes in RA and PCWP were not associated with worsening renal function. HC 
was strongly associated with a lower 180-day mortality rate that persisted after 
adjustment for baseline differences in risk (HR 0.16; P = 0.001).
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A post hoc analysis of 1969 patients enrolled in the PROTECT study assessed 
the relationship between the change in hematocrit during heart failure hospitaliza-
tion and outcome [101]. Anemia at baseline was defined, according to the World 
Health Organization (WHO) criteria, as a baseline hemoglobin level of <13 g/dl 
for men and <12 g/dl for women and was present in 50.3 % of patients. 
Hemoconcentration was defined as an increase in hemoglobin levels between 
baseline and day 7 and was seen in 69.1 % of patients. HC was associated with 
better renal function at baseline, more weight loss and greater deterioration in 
renal function. The total dose of diuretics was lower in the patients with 
HC. Greater weight loss and better baseline renal function were associated with a 
more rapid increase in hemoglobin concentration. The absolute change in hemo-
globin was an independent predictor of outcome. There was a 34 % reduction in 
all-cause mortality at 180 days for each gram/dl increase in hemoglobin between 
baseline and day 7.

A retrospective analysis of 1684 patients assigned to the placebo arm in the 
EVEREST trial found that 26 % of patients had evidence of hemoconcentration 
defined as a ≥ 3 % absolute increase in hematocrit between baseline and discharge 
or day 7 [102]. Patients with greater increases in hematocrit tended to have better 
baseline renal function. HC was associated with a greater risk of in-hospital worsen-
ing of renal function, which generally returned to baseline at 4 weeks after dis-
charge. Patients with HC were less likely to have clinical congestion at discharge, 
and experienced greater in-hospital decreases in body weight and natriuretic peptide 
levels. After adjustment for baseline clinical risk factors, every 5 % absolute increase 
in in-hospital hematocrit change was associated with a 19 % reduction in all-cause 
mortality following discharge over an average follow up 9.9 months. HCT change 
was also associated with a significantly decreased risk of cardiovascular mortality 
or HF hospitalization at ≤100 days following randomization (HR 0.73). In the 
Korean Heart Failure (KorHF) Registry, HC (defined as an increase in hemoglobin 
levels between admission and discharge) occurred in 43 % of patients and was 

Table 11.5 Diagnostic value of clinical markers of congestion [98]

Sign or symptom Sensitivity Specificity PPV NPV

Dyspnoea on exertion 66 52 45 27
Orthopnoea 66 47 61 37
Oedema 46 73 79 46
Resting JVD 70 79 85 62
S3 73 42 66 44
Chest X-ray
Cardiomegaly 97 10 61 —
Redistribution 60 68 75 52
Interstitial oedema 60 73 78 53
Pleural effusion 43 79 76 47

Reprinted from Mihai [98], with permission from John Wiley and Sons
JVD jugular venous distension, S3 third heart sound, PPV positive predictive value, NPV negative 
predictive value. All numbers are expressed as percentages
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found to be an independent negative predictor of the combined primary end-point of 
all-cause mortality and HF hospitalization after adjusting for other HF risk factors 
(HR = 0.671; P < 0.001) [103].

There may be a difference in the prognostic value of hemoconcentration based 
on when it occurs during the HF hospitalization. In a single center study of 845 
patients hospitalized for ADHF, hemoconcentration (defined as an increase in both 
hemoglobin and hematocrit) occurred in 422 patients. HC was defined as “early” or 
“late” based on whether the maximal increase in hemoglobin and hematocrit 
occurred in the first or second half of the hospitalization. Early and late patients had 
similar baseline characteristics, cumulative in-hospital diuretic administration, and 
degree of worsening renal function. Late patients had higher average daily loop 
diuretic doses, greater weight loss, later transition to oral diuretics, and shorter 
length of stay. Late HC was associated with a significant survival advantage over a 
median follow-up of 3.4 years compared with early HC (HR: 0.73, p = 0.026) and 
no HC (HR: 0.74; p = 0.0090). Early HC was not associated with a survival advan-
tage [104].

This data suggests that more complete decongestion is associated with a better 
post-discharge prognosis and that HC may be a reasonable surrogate for assessing 
the adequacy of decongestion during an admission for decompensated heart failure. 
However, the data supporting the use of HC to guide therapy have significant limita-
tions. A prospective randomized study comparing HC with usual clinical care as a 
therapeutic strategy to guide treatment has not been performed. It is possible that 
patients with HC are healthier and more diuretic responsive. Most of the data comes 
from studies of patients with HFrEF. Because HC has been variably defined, it is 
unclear what degree of change in hemoglobin, hematocrit or both is clinically sig-
nificant [99]. Also, in some patients, the absence of hemoconcentration may not 
reflect residual volume overload but instead, occult blood loss, poor nutritional sta-
tus, medications, or the effects of serial phlebotomy. Therefore, the data do not 
support the routine intensification of diuretic therapy in patients who do not demon-
strate an increase in hemoglobin or hematocrit [105].

Natriuretic-Peptide (NP) Guided Therapy

NP levels are important markers of risk that add prognostic information in ambula-
tory patients with chronic HF and in hospitalized patients with ADHF [8, 106, 107]. 
In addition, the pre-discharge NP and change in NP from admission to discharge 
provide additional independent information that helps identify patients at risk for 
hospitalization or death after discharge [108–110].

However, it is not clear if serial NP measurements are useful in guiding therapy 
in patients hospitalized with acute heart failure. The Rapid Emergency Department 
Heart Failure Outpatients Trial (REDHOT II) was a multicenter, prospective ran-
domized controlled study of 447 patients hospitalized with acute heart failure ran-
domized to serial BNP testing at 3, 6, 9, and 12 h, then daily versus standard care. 
No difference was found between the two groups with respect to length of stay, 
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in- hospital mortality, 30-day mortality, or readmission rate [111]. The HFSA and 
ACCF/AHA guidelines do not recommend the use serial NP testing to guide ther-
apy in patients hospitalized with acute heart failure [8, 28].

 Pulmonary Artery Catheterization (PAC)

Invasive hemodynamic monitoring (IHM) with a pulmonary artery catheter (PAC) 
has been used in small non-randomized studies to guide diuretic and vasodilator 
therapy to achieve pre-specified near normal filling pressures in patients with severe 
refractory heart failure. This approach resulted in sustained improvements in hemo-
dynamics, severity of mitral regurgitation, exercise tolerance and symptoms [45, 
112, 113].

The Evaluation Study of Congestive Heart Failure and Pulmonary Artery 
Catheterization (ESCAPE) trial evaluated whether the routine use of a PAC was safe 
and improved clinical outcomes in patients with ADHF [114]. Four hundred forty- 
three patients with severe symptomatic heart failure at 26 sites were randomized to 
receive therapy guided by clinical assessment and PAC or clinical assessment alone. 
The target patient was sufficiently ill with advanced heart failure to make the use of the 
PAC reasonable, but also sufficiently stable to make crossover to PAC for urgent man-
agement unlikely. Patients who were felt to require a PAC for management of heart 
failure were not included in the study but were included in a PAC registry. The goal of 
treatment in both groups was resolution of clinical signs and symptoms of congestion, 
particularly jugular venous pressure elevation, edema, and orthopnea. Additional 
goals in the PAC group included achieving a pulmonary capillary wedge pressure of 
15 mm Hg and a right atrial pressure of 8 mm Hg. Medications were not specified, but 
inotrope use was explicitly discouraged. The patient population was a particularly ill 
group as reflected by an average LVEF 19 %, urea nitrogen 35 mg/dL, creati-
nine1.5 mg/dL, RAP 14 mmHg, PCWP 25 mmHg, and cardiac index 1.9 l/min/m2.

Treatment in both groups led to substantial reductions in symptoms, JVP and 
edema. The use of a PAC did not significantly affect the primary end-point of num-
ber of days alive and out of the hospital during the first six months. There was no 
difference between groups with respect to number of days hospitalized, mortality at 
180 days, or in-hospital plus 30-day mortality. Exercise and quality of life end- 
points improved in both groups with a trend toward greater improvement in the PAC 
group. The Minnesota Living with Heart Failure questionnaire improved in both 
groups with greater improvement in the PAC group at 1 but not 6 months. The time 
trade-off tool showed great improvement for the PAC group compared with the 
clinical assessment group at all time points suggesting a greater improvement in 
quality of life. There was a consistent trend of greater improvement in clinical status 
in patients in whom therapy had been adjusted using PAC. There were no deaths 
related to PAC use. Adverse events specifically attributable to PACs occurred in 
9/215 (4.2 %) patients and included: PAC-related infection (4 patients), bleeding (2 
patients), catheter knotting (2 patients), pulmonary infarction/hemorrhage (2 
patients) and ventricular tachycardia (1 patient).
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The neutral findings from ESCAPE are consistent with recent meta-analysis data 
concerning the use of PACs in more diverse populations of patients in the critical 
care setting [115, 116]. These findings cannot be extrapolated to all patients in the 
critical care setting as patients enrolled in ESCAPE and other randomized studies 
were not felt to require invasive hemodynamic monitoring - that is, physicians had 
clinical equipoise about the need for a PAC.

Complications associated with the use of PACs include hematoma, pneumotho-
rax, infection, pulmonary infarction, pulmonary hemorrhage, hemothorax, arterial 
puncture, catheter knotting, heart block in the setting of LBBB, and ventricular 
tachycardia. In the UK multicenter randomized Pulmonary Artery Catheters in 
Management of Patients in Intensive Care (PAC-Man) trial, the incidence of com-
plications directly attributable to PAC insertion was significantly higher (10 %) than 
in the ESCAPE trail (4.2 %). However, the patients enrolled in the PAC-Man trial 
were significantly sicker than those in ESCAPE: 65 % had multi-system organ fail-
ure; only 11 % had decompensated heart failure; and the in-hospital mortality rate 
was 66 % in the control group [117].

The HFSA, ACCF/AHA, and ESC guidelines do not recommend the routine use 
of invasive hemodynamic monitoring in ADHF but do outline indications for PAC 
in carefully selected patients [8, 28, 118]. IHM should be considered in patients 
whose volume status and filling pressures are uncertain. In addition, placement of a 
PA catheter should be strongly considered in patients who are hypotensive, in car-
diogenic shock, are unresponsive to initial medical therapy, or who develop clini-
cally significant hypotension and/or significant worsening of renal function during 
initial treatment for ADHF. IHM will help identify patients who have hypotension 
because of low filling pressures, can guide the use of higher dose diuretic therapy 
and/or parenteral vasodilator therapy in patients with marginal blood pressure and 
persistent pulmonary congestion, and can indicate the need for inotropic therapy in 
patients with end-organ dysfunction, hypotension or worsening renal failure. IHM 
is indicated in patients with persistent severe symptoms despite adjustment of rec-
ommended therapies. In addition, invasive measurement of hemodynamics is indi-
cated in patients being considered for heart transplantation to determine PA 
pressures, pulmonary vascular resistance, and transpulmonary gradient and in 
patients being considered for a long-term left ventricular assist device to better 
assess right ventricular performance [8, 119].

 Diuretic Resistance

An impaired response to loop diuretics is seen in some patients with ADHF and is 
referred to as diuretic resistance (DR). Estimating an accurate incidence of diuretic 
resistance among patients with ADHF is hindered by the absence of a uniformly 
accepted definition. Probably the most commonly cited definition is “failure to 
decongest despite adequate and escalating doses of diuretics” [120]. Other defini-
tions include measures of sodium excretion or volume loss related to the amount of 
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furosemide administered [20]. A practical definition may be: persistent volume 
overload despite administration of 160 to 320 mg of furosemide or LD equivalent 
given intravenously over a 24-h period [83]. DR is more common in patients with 
diabetes, atherosclerotic disease, lower eGFR, high BUN and/or low systolic BP and 
is associated with greater risk of death and heart failure rehospitalization [121, 122].

DR results from the interplay between the pathophysiology of sodium retention 
in heart failure and the renal and neurohormonal responses to diuretic therapy. As 
described above, the diuretic response curve in heart failure is shifted downward 
and to the right so that the intraluminal threshold for diuresis is increased and the 
maximal effect or “ceiling” is reduced. DR represents a further shift downward and 
to the right of the response curve. The pathophysiology of DR is multifactorial. 
Potential causes include: changes in cardiac and renal hemodynamics (see below); 
decreased delivery of LDs to the proximal tubule as a result of decreased renal 
blood flow or decreased secretion of LDs into the proximal tubule due competition 
with organic acids (e.g. BUN) for binding sites on the organic acid transport system; 
the “breaking phenomenon” (see above); activation of the RAAS and sympathetic 
nervous system resulting in decreased renal blood flow; and an increase in the 
absorption of sodium at tubular sites not blocked by LDs including the proximal 
tubule (mediated by increases in angiotensin II) and the distal tubule and proximal 
collecting duct (mediated by increases in aldosterone) despite optimal doses of neu-
rohormonal antagonists [86, 123]. Chronically, hypertrophy and hyperfunction of 
the tubular cells in the nephron distal to the loop of Henle occurs which results in 
enhanced sodium retention [25, 26].

 Venous Congestion

There is increasing evidence that elevated central venous pressure and elevated 
intra-abdominal pressure (IAP) contribute to diuretic resistance and worsening 
renal function in patients with ADHF. This has been appreciated since 1950 [124]. 
A retrospective review of 2557 patients who underwent right heart catheterization 
at a single academic medical center found that elevated CVP was the only hemody-
namic parameter that was associated with low eGFR on multivariate analysis [125]. 
In another study, 51 patients with heart failure underwent pulmonary artery cathe-
terization. GFR and renal blood flow were assessed by (125)I-Iothalamate and  (131)
I-Hippuran clearances, respectively. High right atrial pressure had little impact on 
GFR in patients with normal or high renal blood flow but was associated with a 
significant reduction in GFR in patients with low renal blood flow [126]. In a study 
of 145 consecutive patients admitted with ADHF treated with intensive medical 
therapy guided by hemodynamic monitoring using a pulmonary artery catheter, 
elevated CVP on admission (and after intensive medical therapy) was the only 
hemodynamic measure that was associated with worsening renal function defined 
as increase in serum creatinine of ≥0.3 mg/dL. There was an incremental risk of 
worsening renal function with increasing CVP; 75 % of patients with baseline 
CVP > 24 mmHg developed worsening renal function during hospitalization [127].
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Mullens measured intraabdominal pressure (IAP) serially using a transvesicle 
technique [128, 129] in 40 patients admitted for treatment of ADHF. 60 % of patients 
had increased intraabdominal pressure (>7 mmHg) and 10 % had intra-abdominal 
hypertension (≥12 mmHg). Increased IAP was associated with worse renal function 
at baseline. Intensive medical therapy resulted in improved hemodynamics and 
lower IAP. There was a strong correlation noted between reduction in IAP and 
improvement in renal function in patients with elevated IAP at baseline [130]. In a 
small group of patients hospitalized for ADHF who had increased IAP and ascites 
who developed progressive elevation in serum creatinine in response to intravenous 
loop diuretics, mechanical fluid removal by paracentesis decreased IAP and 
improved renal function [131].

These data suggest that high right atrial pressure and elevated intraabdominal 
pressure contribute to renal dysfunction and diuretic resistance in patients with 
ADHF. Elevated IAP may compress the renal veins, the ureters or the renal paren-
chyma and probably impacts intra-glomerular hemodynamics. Glomerular filtration 
pressure can be calculated by subtracting proximal tubular pressure (which can be 
estimated by IAP) from mean blood pressure. The renal filtration gradient, which 
strongly correlates with GFR, is calculated by subtracting proximal tubular pressure 
from glomerular filtration pressure (mean blood pressure – 2 IAP). As IAP increases, 
especially in patients with relatively low mean arterial pressure, GFR significantly 
decreases [130].

 Cardiorenal Syndrome (CRS)

Combined disorders of cardiac and renal function are classified as cardiorenal syn-
dromes. CRS Type 1 is defined by the development of acute kidney injury occurring 
in the setting of an acute cardiac illness, most commonly ADHF. It occurs in approx-
imately 25–30 % of patients hospitalized for ADHF. The most commonly used cri-
teria to identify patients with CRS Type 1 are an increase in serum creatinine 
>0.3 mg/dL or a reduction in eGFR of 20–25 %. Risk factors for developing CRS 
include prior heart failure, male gender, diabetes, admission creatinine ≥1.5 mg/dL, 
and hypertension [132, 133]. The clinical syndrome is characterized by a rise in 
serum creatinine (generally within the first 3 days of hospitalization), oliguria and 
diuretic resistance with or without worsening HF symptoms. While alterations in 
renal hemodynamics including renal hypoperfusion, low systemic blood pressure 
and elevated venous congestion play a role in diuretic resistance and renal insuffi-
ciency in ADHF, changes in renal hemodynamics alone do not account for this 
syndrome. In an analysis from the ESCAPE trial, no correlation was found between 
any baseline hemodynamic parameter or change in hemodynamic parameter and the 
development of worsening renal function during heart failure hospitalization [134]. 
In an analysis of hemodynamic data from patients enrolled in the Vasodilation in 
Management of Acute Congestive Heart Failure (VMAC) trial who had undergone 
right heart catheterization, no correlation was found between worsening renal func-
tion and baseline right atrial pressure (RAP) or change in RAP. Smaller net fluid loss 
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in the first 24 h was strongly associated with an increased risk of developing worsen-
ing renal function [135]. Emerging evidence suggests that the pathophysiology of 
CRS Type I is multifactorial, involves complex heart and renal crosstalk and is 
mediated by hemodynamic changes, neurohormonal activation, inflammation, 
immune cell signaling, hypothalamic-pituitary stress reaction, systemic endotoxin 
exposure from the abdominal viscera, and oxidative stress resulting in bidirectional 
organ injury. This pathophysiology is incompletely understood and definitive 
approaches to treatment have not been established [32, 122, 136–138].

 Diuretic Resistance-Treatment Strategies

A number of treatment strategies have been found to be useful in patients with 
diuretic resistance. Diuretics should be given intravenously to avoid issues of 
decreased or delayed absorption because of intestinal edema. Escalating doses of IV 
diuretics should be administered to insure that the patient is diuretic resistant and 
not undertreated. Diuretics should be dosed at least 2–3 times a day or given as a 
continuous infusion to insure that the time of sub-threshold diuretic concentration 
in the loop of Henle is kept at a minimum. Data from several studies suggest that 
continuous infusion of loop diuretics improves diuresis and renal function when 
compared to bolus therapy [139, 140]. These results were not confirmed in the 
DOSE trial.

 Combined Diuretic Therapy (CDT)

The addition of an oral or intravenous thiazide diuretic has been shown to be helpful 
in patients with diuretic resistance. Thiazide diuretics are weak natriuretic agents 
that block only 5–10 % of filtered sodium when used as monotherapy. They are inef-
fective as single agents in the treatment of patients with moderate to severe heart 
failure. However, in the setting of LD therapy, sodium delivery to the distal tubule 
increases significantly. Hypertrophy and hyperfunction of the distal nephron con-
tribute to diuretic resistance. Blocking sodium uptake using TD has been shown to 
increase diuresis significantly. The combination of diuretics that act at different sites 
in the nephron has been termed “sequential nephron blockade”. Generally, it is 
appropriate to consider adding a TD when adequate diuresis has not been achieved 
despite an intravenous dose of furosemide of 180–360 mg daily (or other LD equiv-
alent). There is little evidence to suggest that one TD is superior to another when 
used in combination with an intravenous LD. It has been suggested that metolazone 
is superior to other TDs in patients with renal insufficiency but other TDs have been 
shown to be effective in this patient population. Traditionally, TDs have been given 
30 min before LD administration. However, this dosing regimen has not been stud-
ied - most studies of CDT looked at the effect of giving an LD and TD at the same 
time [20, 83, 141, 142].
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The most serious complication of CDT is hypokalemia which can be profound. 
Hyponatremia is common. Hypomagnesemia can occur and may make hypokale-
mia worse. Occasionally, CDT results in a marked diuresis which may result in 
hypotension. Electrolytes, renal function, urine output and vital signs need to be 
followed closely.

 Ultrafiltration (UF)

Ultrafiltration (UF) is the process of extracorporeal removal of plasma water from 
whole blood using a semipermeable membrane that allows for the removal of fluid 
in response to a transmembrane pressure gradient generated either by arterial pres-
sure (in the case of arterial-venous ultrafiltration) or by an extracorporeal pump (in 
the case of veno-venous ultrafiltration). Blood is removed from and then returned 
to the circulation after passing through a UF filter. The fluid removed is isotonic 
with plasma. In the past, the use of UF was limited by machines that required high 
flow rates, large extracorporeal blood volumes and the use of large bore intrave-
nous catheters. With contemporary UF devices (Aquadex System 100), veno-
venous ultrafiltration can be performed using a double lumen venous catheter 
placed centrally or peripherally that can accommodate 10–40 ml/min of blood flow. 
Therapeutic anticoagulation using continuous infusion heparin is recommended to 
avoid clotting the UF filter. UF can be performed at the bedside without the need 
for specialized personnel. The total extracorporeal blood volume is 33 cc. Pump 
blood flow can be adjusted to between 10–40 ml/min. Fluid removal can range 
from 10–500 ml/h [23, 143, 144].

UF removes fluid from the intravascular space. The reduction in blood volume 
results in a decrease in intraluminal hydrostatic pressure that promotes movement 
of fluid from the interstitial to the intravascular space. This preserves intravascular 
volume and maintains adequate intra-cardiac filling pressures, cardiac output and 
systemic blood pressure. Ultrafiltration can safely remove fluid in patients with vol-
ume overload provided that the rate of fluid removal does not exceed the rate at 
which extravascular fluid is reabsorbed into the intravascular space (the plasma 
refill rate or PRR). The PRR is proportional to the trans-capillary pressure gradient 
(the net difference between intraluminal and interstitial oncotic and hydrostatic 
pressure gradients) and the permeability of the capillary membrane. The plasma 
refill rate is approximately 15 ml/min but is variable among patients and changes in 
the same patient in response to heart failure treatment [23, 143, 144].

UF has been shown in patients with refractory heart failure to lower right atrial 
and pulmonary capillary wedge pressure and increase cardiac output and stroke 
volume without changing mean arterial pressure, heart rate or plasma volume [145]. 
One study compared UF with continuous infusion of furosemide with a goal of 
achieving a 50 % reduction in RA pressure in 16 patients with ADHF. The UF and 
furosemide patients had a similar reduction in RA and PCW pressures immediately 
after treatment. Both groups had elevation in plasma renin activity, norepinephrine 
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and aldosterone levels immediately after treatment. At day 4, the UF group demon-
strated a sustained reduction in filling pressures while the furosemide group had a 
return of filling pressures to baseline. In addition, by day 2, plasma renal activity, 
plasma norepinephrine levels, and aldosterone levels decreased to below baseline in 
the UF group but remained elevated in the furosemide group. These differences in 
filling pressures and neurohormone levels were sustained for three months [146]. 
These observations led to the hypothesis that ultrafiltration may be superior to IV 
diuretic therapy in avoiding diuretic-induced neurohormonal activation.

The Relief for Acutely Fluid-Overloaded Patients with Decompensated 
Congestive Heart Failure (RAPID-CHF) trial was a small multicenter study that 
compared a single 8-h session of UF with usual care to usual care alone in 40 
patients hospitalized for ADHF who had evidence of significant volume overload on 
physical exam. The primary end-point was weight loss 24 h after the time of enroll-
ment. Ultrafiltration was successfully performed in 18 of the 20 patients assigned to 
UF group. Fluid removal after 24 h was 4650 ml in the UF group and 2838 ml in the 
usual care groups (p = 0.001). Weight loss after 24 h, the primary end-point, was 
2.5 kg in the UF group and 1.86 kg in the usual care group (p = 0.240). UF was well 
tolerated. Dyspnea and CHF symptoms were significantly improved in the UF 
group compared to usual care at 48 h. There were greater improvements in global 
CHF and dyspnea assessments in the UF group compared with the usual care group 
at 48 h. There was no difference in the median length of stay between the study 
groups [147].

The Ultrafiltration versus Intravenous Diuretics for Patients Hospitalized for 
Acute Decompensated Congestive Heart Failure (UNLOAD) trial tested the hypoth-
esis that veno-venous ultrafiltration is superior to intravenous diuretics in patients 
hospitalized with ADHF [94]. 200 patients hospitalized with ADHF who had evi-
dence of volume overload were randomized within 24 h of admission to parenteral 
diuretics or ultrafiltration without concomitant diuretic therapy. The duration and 
rate (up to 500 ml/h) of fluid removal were decided by the treating physician. The 
minimum daily intravenous diuretic dose had to be at least twice the before- 
hospitalization daily oral dose. The primary efficacy end-points were weight loss 
and patients’ dyspnea assessment 48 h after randomization. The primary safety end-
points were: changes in serum blood urea nitrogen, creatinine, and electrolytes 
assessed at entry and at intervals up to 90 days after enrollment; and episodes of 
hypotension within 48 h of randomization.

Weight loss at 48 h was greater in the ultrafiltration group (5.0 kg vs 3.1 kg; 
p = 0.001). Dyspnea score improved to a similar degree in the two treatment arms. 
Changes in serum creatinine were similar in the two groups. Serum potassium 
<3.5 mEq/L was more common in the diuretic group than in the ultrafiltration group 
(12 % vs 1 %, P = 0.018). There was no difference in the length of index hospitaliza-
tion. Fewer patients in the ultrafiltration group required vasoactive drugs at 48 h. At 
90 days, the ultrafiltration group had fewer patients rehospitalized for HF (18 % vs 
32 %; p = 0.037). New York Heart Association functional class, Minnesota Living 
with Heart Failure scores, 6 -minute walk distance, Global Assessment scores and 
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B-type natriuretic peptide levels were similarly improved in both groups at dis-
charge and at 30 and 90 days.

The Cardiorenal Rescue Study in Acute Decompensated Heart Failure 
(CARRESS-HF) compared veno-venous ultrafiltration to diuretic-based stepped 
pharmacologic therapy in patients hospitalized for ADHF who had worsening renal 
function and persistent congestion [148]. Patients could be considered for inclusion 
in the trial if they were hospitalized for ADHF, had worsened renal function defined 
as an increase in serum creatinine of at least 0.3 mg/dL within 12 weeks before or 
10 days after the index admission for heart failure and had evidence of persistent 
congestion (defined by at least two of the following: at least 2+ peripheral edema, 
jugular venous pressure greater than 10 cm of water, or pulmonary edema or pleural 
effusions on chest radiography). There was no exclusion criterion based on ejection 
fraction. Patients with a serum creatinine level >3.5 mg/dL at the time of admission 
and those receiving intravenous vasodilators or inotropic agents were excluded 
from the study. Patients were randomized in a 1:1 ratio to ultrafiltration using the 
Aquadex System 100 with fluid removal at a rate of 200 ml per hour without con-
comitant diuretic therapy or stepped pharmacologic therapy targeted to achieve a 
daily urine output of 3–5 l and that could include bolus furosemide, continuous 
infusion furosemide, a thiazide diuretic, metolazone, dopamine or dobutamine at 2 
mcg/kg/min, and nitroglycerine or nesiritide. The primary end point was the bivari-
ate change from baseline in the serum creatinine level and body weight, assessed 
96 h after random assignment. Patients were followed for 60 days.

UF was found inferior to pharmacologic therapy due to an increase in creatinine 
in the ultrafiltration group (+0.23 vs −0.04; p = 0.003). There was no difference 
between treatment groups with respect to change in weight. A higher percentage of 
patients in the ultrafiltration group than in the pharmacologic-therapy group had a 
serious adverse event (72 % vs. 57 %, P = 0.03) predominantly related to bleeding 
complications, renal failure and infection. There was no difference in the estimated 
60-day mortality rate or the composite rate of death or hospitalization for heart fail-
ure. At 96 h and at day 7 or hospital discharge, there were no significant between 
group differences in scores on the dyspnea and global well-being visual-analogue 
scales. Clinical decongestion at 96 h (defined as JVP < 8 cm of water, no more than 
trace peripheral edema, and the absence of orthopnea) occurred in 9 % of patients 
with pharmacologic therapy and 10 % of patients with ultrafiltration.

Ultrafiltration has not been established as first line therapy to treat volume over-
load in ADHF in light of cost, the need for veno-venous access, provider experi-
ence, the need for specially trained nursing support, and the lack of benefit in 
randomized trials comparing UF to standard therapy. The ACCF/AHA and HFSA 
guidelines suggest that UF may be considered for patients with obvious volume 
overload in lieu of diuretics or for patients with refractory congestion not respond-
ing to medical therapy [8, 28]. Providers should be aware that initiating UF in 
patients with significant or progressive renal insufficiency, diuretic resistance, and 
refractory volume overload may cause worsening renal function and the need for 
chronic renal replacement therapy.
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 Parenteral Vasodilators

Vasodilators have a role in the management of patients with ADHF, especially in 
patients with hypertension on presentation, in patients without hypotension and 
with systolic dysfunction who have severe symptomatic volume overload and in 
patients who do not respond promptly to diuretic therapy alone in the absence of 
hypotension. Three parenteral vasodilators are appropriate in the treatment of 
ADHF: nitroglycerine, sodium nitroprusside and nesiritide. Vasodilators decrease 
preload and afterload to varying degrees, increase stroke volume, and decrease 
functional mitral regurgitation. Guidelines from the ACCF/AHA and HFSA endorse 
the use of nitroglycerine, nitroprusside, or nesiritide as additions to diuretic therapy 
for relief of congestive symptoms in the absence of hypotension [8, 28]. The use of 
IV nitroglycerine in the absence of hypotension is also endorsed by guidelines from 
the ESC and the American College of Emergency Physicians [118, 149]. The 2012 
ESC guidelines suggest that: “an IV infusion of a nitrate should be considered in 
patients with pulmonary congestion/edema and a systolic blood pressure of > 110 
mmHg, who do not have severe mitral or aortic stenosis, to reduce pulmonary capil-
lary wedge pressure and systemic vascular resistance. Nitrates may also relieve dys-
pnea and congestion. Symptoms and blood pressure should be monitored frequently 
during administration of IV nitrates” [118]. The HFSA Guidelines suggest that 
intravenous vasodilators (nitroprusside, nitroglycerin, or nesiritide) may be consid-
ered in patients with ADHF who have persistent severe HF despite aggressive treat-
ment with diuretics and standard oral therapies. It should be noted that only 18 % of 
patients enrolled in the ADHERE registry received IV vasodilators and <1 % of 
patients receive nitroprusside [150].

Nitroglycerin, nitroprusside and nesiritide all act by activating soluble guanyl-
ate cyclase in smooth muscle cells. The resulting increase in intracellular cyclic 
guanosine monophosphate (cGMP) results in vasodilation. The physiologic effect 
may be predominantly venodilation (NTG) or so called “balanced” arterial and 
venous dilation (SNP, nesiritide, and higher dose NTG). Most studies of vasodila-
tor therapy in ADHF have looked at short-term hemodynamic end-points. These 
studies suggest that vasodilator therapy is associated with an improvement in 
hemodynamic  parameters with a reduction in right atrial and pulmonary capillary 
wedge pressures, a reduction in the severity of mitral regurgitation and an increase 
in cardiac output. Reasonable goals for the use of vasodilator therapy include: 
more rapid relief of dyspnea; control of blood pressure in the patient presenting 
with ADHF and hypertension; improvement of symptoms in patients with an 
inadequate response to diuretic therapy; treatment of myocardial ischemia (with 
NTG); and improvement in hemodynamics while transitioning to oral heart failure 
medication [45, 61, 151–156].

Hypotension is the most important limitation of using vasodilators in heart fail-
ure. Vasodilators should be avoided in patients with a systolic blood pressure of 
<90–110 mmHg or mean blood pressures of less than 65 mmHg. Blood pressure 
should be monitored frequently and the vasodilator should be discontinued if 
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hypotension develops. Vasodilator therapy may be reinitiated at a lower dose once 
hypotension resolves. Because volume depleted patients are at significant risk of 
developing hypotension with vasodilator therapy, it is important to establish that 
the patient is volume overloaded prior to starting any of these medications. 
Vasodilators should be used with caution in patients with HFpEF as these patients 
are more preload sensitive. Vasodilators should also be used with caution, if at all, 
in patients with significant aortic or mitral stenosis [8, 118, 157].

 Organic Nitrates/Nitroglycerine

Nitroglycerine and other organic nitrates are pro-drugs that are converted to nitric 
oxide and other NO-containing compounds. NO stimulates the enzyme guanylate 
cyclase which in turn increases the production of cyclic guanosine monophosphate 
(cGMP) in the vascular wall. Increases in cGMP reduce cytosolic calcium levels by 
decreasing the release of calcium from the cytoplasmic reticulum and by reducing 
calcium influx from the extracellular space. In addition, NO-mediated increases in 
intracellular cGMP activate protein kinase G (PKG) which also plays an important 
role in mediating nitrate-mediated vasorelaxation. These changes lead to smooth 
muscle relaxation and venous and arterial vasodilation [153–158]. Endothelial 
release of prostacyclin may also contribute to the vascular effects [159]. The exact 
mechanism of the process of biotransformation from nitroglycerine to NO is incom-
pletely understood. Some studies suggest that NTG is hydrolyzed by hepatic gluta-
thione–organic nitrate reductase. Other data suggest that mitochondrial aldehyde 
dehydrogenase (ALDH-2) mediates NTG biotransformation [160].

Organic nitrates can be administered sublingually, orally, by inhalation, transder-
mally, or intravenously. At low dose (30–40 μg/min), intravenous NTG predomi-
nantly causes venodilation. At higher doses, NTG also causes arterial and coronary 
vasodilation [158]. The onset of the hemodynamic effects of NTG is immediate. 
The offset is also rapid. NTG has an elimination half-life of 3 minutes. Nitrates are 
cleared by extraction in the vasculature, hydrolysis in the blood, and metabolism by 
glutathione-nitrate reductase in the liver. Glass bottles and non-polyvinyl chloride 
plastic tubing must be used to avoid absorption onto plastic surfaces. The drug is 
generally initiated at an infusion rate of 10 mcg/min and increased in increments of 
5–10 μg/min every 3–5 minutes titrated to relief of symptoms of angina or dyspnea, 
reduction in PCWP, change in systolic blood pressure, or drug related side effects 
[17]. The maximum dose is between 200–500 mcg/min [153, 161].

The hemodynamic effects of a therapeutic dose of NTG in patients with heart 
failure due to systolic dysfunction include reductions in right- and left-sided filling 
pressures, pulmonary and systemic vascular resistance, and systolic blood pressure. 
Cardiac output generally improves due to a reduction in systemic vascular resis-
tance and the severity of mitral regurgitation [152, 153, 161]. In some patients, there 
may also be an improvement in myocardial ischemia related to NTG-mediated dila-
tion of epicardial coronary arteries and reductions in preload and afterload.
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There is evidence that the vasodilator response and hemodynamic effects of 
organic nitrates are attenuated in patients with heart failure. This is referred to as 
“nitrate resistance”. Up to 50 % of patients with heart failure do not have a signifi-
cant reduction in PCWP with conventional doses of nitrate (e.g. isosorbide dinitrate 
40 mg orally) [162–165]. Nitrate resistance can be overcome with increasing doses 
of nitrate but approximately 20 % of patients do not have a hemodynamic response 
to NTG regardless of dose [165, 166]. Nitrate resistance appears to be more com-
mon in patients with high right atrial pressure and/or significant edema. Proposed 
mechanisms for nitrate resistance include: an increase in sodium and water in the 
vascular wall; mechanical compression of arterioles by excessive interstitial fluid 
[164]; sulfhydryl group deficiency [167]; and neurohormonal activation leading to 
vasoconstriction with attenuation of the vasodilatory effects of nitrates [161]. 
Patients who do not have hemodynamic or clinical benefit at doses of IV NTG of 
greater than 200 mcg/min should be considered non-responders and are not expected 
to have clinical benefit from further dose escalation.

In addition, there is substantial evidence that treatment of ADHF with nitroglyc-
erine is limited by the development of early tolerance that results in a marked atten-
uation of the initial hemodynamic response and occurs in as little as 12–24 h after 
NTG initiation [161, 168, 169]. Early tolerance occurs in about half of patients and 
cannot be predicted by baseline hemodynamic measurements, the magnitude of the 
initial change in hemodynamics in response to NTG or baseline or treatment plasma 
levels of epinephrine, norepinephrine or renin [170]. A number of mechanisms have 
been proposed to explain nitrate tolerance including: early volume expansion after 
NTG initiation; neurohormonal activation in response to NTG administration 
(RAAS, sympathetic nervous system, arginine vasopressin, endothelin); sulfhydryl 
group depletion; nitrate-mediated increases in vascular superoxide/peroxynitrite 
production; impairment of nitrate biotransformation; and abnormalities of nitric 
oxide signal transduction including desensitization of soluble guanylate cyclase and 
increased phosphodiesterase activity [161, 168–170]. Data suggests that volume 
expansion, neurohormonal activation and sulfhydryl depletion are less likely to play 
an important role in the development of nitrate tolerance [161, 165, 171–174].

A number of strategies have been proposed to avoid nitrate tolerance. Sulfhydryl 
group repletion has been proposed for the prevention of tolerance [168]. This has 
not been supported by studies of concomitant treatment with the sulfhydryl group 
donor N-acetylcysteine or the sulfhydryl-containing ACE inhibitor captopril [171, 
173, 175]. Hydralazine has been shown to prevent the development of NTG toler-
ance in both experimental models and patients with congestive heart failure [176–
178]. It has been suggested that hydralazine prevents tolerance by preventing 
NTG-induced increases in vascular superoxide/peroxynitrite production or by scav-
enging vascular superoxide/peroxynitrite. The African American Heart Failure Trial 
(A-HeFT) demonstrated an improvement in survival and a decrease in hospitaliza-
tion in patients with chronic HFrEF with hydralazine and isosorbide dinitrate added 
to standard heart failure therapy compared with chronic heart failure therapy alone 
[179]. The use of hydralazine and ISDN has not been investigated in patients with 
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ADHF. The strategy of a >12-h nitrate free interval used to prevent tolerance in 
patients with chronic stable angina or chronic heart failure is not practical in the 
treatment of ADHF.

 Randomized Clinical Trials of Nitrates in ADHF

A prospective randomized trial studied the benefit of furosemide and isosorbide 
dinitrate in 104 patients who presented to mobile emergency units with pulmonary 
edema and oxygen saturations of less than 90 % [180]. All patients were treated 
with oxygen, morphine sulfate 3 mg bolus and furosemide 40 mg IV and then ran-
domized to high dose isosorbide dinitrate (3 mg bolus administered intravenously 
every 5 min) or high dose furosemide (80 mg IV every 15 min and isosorbide dini-
trate infusion at 1 mg/h (16 mcg/min) increased by 1 mg/h every 10 min. Treatment 
was continued in both groups until oxygen saturation increased to at least 96 % or 
mean arterial blood pressure decreased by at least 30 % or to lower than 90 mm Hg. 
The main end-points were death, need for mechanical ventilation, and myocardial 
infarction. The group that received high dose nitrates had significantly fewer myo-
cardial infarctions (17 % vs 37 %; p = 0.047) and less need for mechanical ventila-
tion (13 % vs 40 %; p = 0.0041). In addition, there were significantly greater 
improvements in heart rate, respiratory rate and oxygenation in the high dose nitrate 
group. Limitations of the study were that it was not blinded, it was conducted in an 
ambulatory out of hospital setting, and that a significant number of patients who 
were screened for enrollment did not meet the inclusion criteria and were excluded 
from randomization.

The Vasodilation in the Management of Acute Congestive Heart Failure (VMAC) 
Trial was a complex, randomized, multicenter, double blind, double-dummy, con-
trolled trial of 489 patients with ADHF [181]. The study included patients with 
preserved and depressed systolic function and patients with and without coronary 
artery disease. 246 patients underwent right heart catheterization at the discretion of 
the investigator (the catheterized stratum). Patients were randomized to receive 
intravenous NTG, intravenous nesiritide or placebo added to standard therapy for 
the first 3 h followed by nesiritide or NTG added to standard therapy for 24 h (the 
patients in the initial placebo group were again randomized to nesiritide or NTG at 
3 h.) Nesiritide was administered as a 2 mcg/kg bolus followed by a fixed-dose infu-
sion of 0.01 mcg/kg/min infusion. The dose could be increased every 3 h up to 
0.03 mcg/kg/min. The NTG dose was not dictated by protocol but was determined 
by the investigator and could be changed throughout the study period at the discre-
tion of the investigator. The primary end-points of the trial were change in PCWP at 
3 h in the catheterized stratum and patient self-evaluation of dyspnea at 3 h in the 
catheterized and non-catheterized strata. Secondary end-points included compari-
sons of hemodynamic and clinical effects between nesiritide and NTG groups at 
24 h. At 3 h, the mean dose of NTG was 42 mcg/min in the catheterized patients and 
29 mcg/min in the non-catheterized patients. At 24 h, the mean dose of NTG in the 
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catheterized patients increased to 55 mcg/min, but did not change in the non- 
catheterized patients. Only 23/273 patients in the nesiritide arm had an increase in 
nesiritide dose. At 3 h, there was a greater reduction in PCWP in the nesiritide group 
compared to both the placebo (P < 0.001) and NTG groups (P = 0.03). PCWP 
decreased by 5.8 mmHg in the nesiritide group; 3.8 mmHg in the NTG group; and 
2 mmHg in the placebo group. The difference in PCWP between NTG and placebo 
was not significant. At 3 h, there was greater improvement in dyspnea when nesirit-
ide was compared to placebo but not to NTG. There was no difference in dyspnea 
or global clinical assessment between NTG and placebo. At 24 h, there was a greater 
reduction in PCWP in the nesiritide group compared with the NTG group (−8.2 vs 
−6.3 mmHg; p < 0.05) but no difference in dyspnea and only a modest difference in 
improvement in global clinical status favoring nesiritide.

The most important limitation in the use of NTG is dose-related hypotension. 
Hypotension can develop in volume depleted patients or in patients in whom 
cardiac output is critically dependent on preload (e.g., aortic stenosis, restrictive 
cardiomyopathy, RV infarction). Sublingual nitroglycerin may rarely produce 
bradycardia and hypotension, probably due to activation of the Bezold-Jarisch 
reflex. Side effects of NTG include headache and abdominal pain. Serious side 
effects are unusual. NTG use is contraindicated in patients who have recently 
taken one of the phosphodiesterase type 5 (PDE5) inhibitors (sildenafil, varde-
nafil, tadalafil, avanafil) used to treat erectile dysfunction or pulmonary hyper-
tension because of the risk sustained hypotension. Approximately 20 % of 
patients with heart failure are resistant to the hemodynamic effects of any dose 
of NTG [8, 182, 183].

The preferred dose and route of administration of nitrates have not been estab-
lished. A common approach is to give nitrates at progressive dose increments with 
a goal of reducing mean blood pressure by 10 mmHg while maintaining systolic 
blood pressure >90 mmHg. Invasive hemodynamic monitoring is not needed. IV 
administration is preferred by most HF specialists. Starting nitroglycerin at 
10–20 mcg/min and increasing dose up to physiologic effect up to a maximum of 
200 mcg/min or isosorbide dinitrate 1–10 mg/h are common dosing regimens [61]. 
NTG should not be abruptly withdrawn in patients with ADHF as this may precipi-
tate reflex vasoconstriction with acute decompensation.

 Sodium Nitroprusside

Nitroprusside (SNP) is a powerful “balanced” nitrovasodilator affecting both arte-
rial and venous vasodilation. It is a water-soluble sodium salt comprised of Fe2+ 
complexed with nitric oxide (NO) and five cyanide anions. It functions as a pro- 
drug in that it reacts with sulfhydryl groups on erythrocytes, albumin and other 
proteins to form nitrosothiol and ultimately NO in the vasculature. The mecha-
nism of release of NO is not entirely clear. NO activates the guanylyl cyclase–
cyclic GMP–PKG pathway which, in turn, results in vascular smooth muscle 
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relaxation and venous and arterial vasodilation. Dilation of arterial résistance ves-
sels reduces LV afterload. The venodilator effect increases venous capacitance 
and decreases preload. Infusion results in a reduction in RA pressure, PCWP, 
systemic vascular resistance and pulmonary vascular resistance, an increase in 
stroke volume and cardiac output, reduction in secondary mitral regurgitation and 
little change in heart rate. In general, in patients with severe heart failure, nitro-
prusside increases cardiac output and renal blood flow, and improves GFR and 
diuretic effectiveness. However, excessive reduction in systemic blood pressure 
may prevent an increase or result in a decrease in renal blood flow. Nitroprusside 
generally reduces systolic and diastolic ventricular wall stress and lowers myocar-
dial oxygen consumption [153, 184–186].

Nitroprusside is an unstable molecule that decomposes when exposed to light. 
The medication must be protected from light to prevent degradation and subsequent 
rapid cyanide release on administration. The drug is administered as a continuous 
infusion. The onset of effect is within 30 s of the start of an infusion with peak 
hemodynamic effect seen within 2 min. The hemodynamic effects resolve within 
2 min of stopping the infusion [153, 184–186].

The major side effect of SNP is hypotension which can be rapidly reversed by 
lowering the dose or discontinuing the medication. Nitroprusside-related hypoten-
sion may be harmful in patients with myocardial infarction or ischemia. Nitroprusside 
may cause coronary steal in patients with coronary artery disease by dilating non- 
obstructed coronary arteries directing blood away from maximally dilated coronary 
beds downstream from a flow limiting stenosis. Unlike organic nitrates, tachyphyal-
axis to SNP does not occur. Some patients may have rebound elevation of systemic 
vascular resistance and blood pressure with clinical deterioration after abrupt dis-
continuation [187]. Therefore, gradual weaning after initiation of oral vasodilator 
therapy is recommended. Nitroprusside can worsen arterial hypoxemia in patients 
with chronic obstructive pulmonary disease or pneumonia due to worsening 
ventilation- perfusion mismatching resulting from nitroprusside-induced reversal of 
hypoxic pulmonary vasoconstriction with pulmonary arteriolar dilation in in non- 
ventilated areas. Methemoglobinemia is an unusual complication of treatment with 
SNP and is due to oxidation of hemoglobin by nitric oxide.

Toxicity from SNP may result from conversion of nitroprusside to cyanide and 
thiocyanate. Nitroprusside metabolism results in the release of cyanide anions 
in vivo. Cyanide is generally rapidly metabolized by hepatic rhodanase to  thiocyanate 
which is eliminated in the urine. The elimination half-life for thiocyanate is 3 days in 
patients with normal renal function but can be much longer in patients with renal 
insufficiency. Cyanide can also bind to tissue cytochrome oxidase. Accumulation of 
cyanide leads to severe lactic acidosis and symptoms of restlessness, agitation, and 
sinus tachycardia. Patients are at risk of cyanide toxicity when SNP is infused at rates 
>5 mcg/kg/min or administered in the setting of significant hepatic dysfunction. 
Cyanide toxicity is better correlated with serum rather than whole blood cyanide 
concentrations. Elevated lactate concentration is an excellent surrogate marker for 
cyanide toxicity. Cyanide toxicity can be treated by administration of thiosulfate or 
hydroxycobalamin. These medications are equally effective and have no significant 
adverse effects [188].
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The risk of thiocyanate toxicity increases in patients receiving SNP at rates 
>3 mcg/kg/min for ≥72 h and in patients with renal insufficiency. Signs and 
symptoms of thiocyanate toxicity include anorexia, nausea, fatigue, disorienta-
tion, and toxic psychosis. Thiocyanate can be removed readily by hemodialysis 
while cyanide cannot [185]. Thiocyanate and cyanide toxicity are rare in patients 
receiving ≤ 3 mcg/kg/min for ≤72 h.

There are a limited number of clinical trials that demonstrate efficacy of SNP 
in ADHF. A small single center trial of SNP in patients with refractory heart fail-
ure demonstrated a consistent reduction in PCWP from a mean of 32.2 to 
17.2 mmHg, increase in cardiac output from 2.98 to 5.2 l/min, reduction in mean 
blood pressure of 15 mmHg, and doubling of forward LVEF and stroke volume 
with similar responses in patients with and without an ischemic etiology of heart 
failure [189]. A single center open label randomized controlled trial compared 
SNP to furosemide in 50 patients with a PCWP >20 mmHg within 24 h of an acute 
myocardial infarction [190]. Within 1 h, there were greater decreases in PCWP 
(−9 vs. −4 mmHg) and systemic vascular resistance (−21 % vs +10 %), and 
greater increases in cardiac index (+16 % vs. −7 %) in the SNP group compared 
with the furosemide group, respectively.

A multi-center randomized placebo-controlled study compared a 48-h infusion 
of SNP to placebo in 812 men with presumed acute myocardial infarction and a 
left ventricular filling pressure ≥12 mmHg [191]. The mortality rates at 21 days 
and 13 weeks were not different between groups. The impact of SNP was related 
to the time of treatment with respect to onset of MI –related pain. Mortality at 
13 weeks was higher in the SNP group compared with the placebo group in 
patients in whom infusions were started within 9 h of the onset of pain but lower 
in the SNP group compared with placebo in patients in whom infusions were 
started after 9 h of the onset of pain.

A single-center retrospective review of patients admitted for ADHF who under-
went right heart catheterization and were found to have a cardiac index ≤2.0 l/min/
m2 and elevated filling pressures compared outcomes in patients who were or were 
not treated with SNP [192]. Patients treated with SNP had greater improvement in 
hemodynamic measurements during hospitalization, higher rates of oral vasodilator 
prescription at discharge, and lower rates of all-cause mortality at a median follow 
up of 25.7 months. SNP use was not associated with a higher rate of inotrope use or 
worsening renal function during hospitalization.

In a series of single center studies, SNP and IV diuretics were used to achieve 
specific hemodynamic parameters in patients with advanced heart failure many of 
whom were felt refractory to heart failure medications and were referred for heart 
transplantation. Using this approach, patients with severe decompensated heart fail-
ure having low cardiac outputs and high filling pressures on right heart catheteriza-
tion were treated with IV diuretics and sodium nitroprusside adjusted to achieve 
specific hemodynamic goals defined as: PCWP ≤ 15–18 mmHg, right atrial pres-
sure ≤8 mmHg, decrease in mean pulmonary artery pressure by at least 20 %, 
improvement in cardiac index to ≥2.2 l/min/m2 or systemic vascular resistance to 
1000–1200 dynes/sec cm-5, while maintaining a mean arterial pressure >65 mmHg 
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or systolic blood pressure ≥80 mmHg [44]. Parenteral therapy was replaced with 
oral vasodilator and diuretic therapy tailored to maintain hemodynamic goals. Using 
this approach, goals for cardiac output, pulmonary capillary wedge pressure, and 
systemic vascular resistance could be achieved by intravenous followed by oral 
therapy in the majority of patients [193].

Intensive reduction in systemic vascular resistance and ventricular filling 
pressures was accompanied by a reduction in LV end-diastolic and end-systolic 
volumes, no change in LFEF, a decrease in total stroke volume but a 40 % 
increase in forward stroke volume, and significant decreases in mitral and tricus-
pid regurgitation [45]. Improvements in hemodynamic parameters including 
near normal filling pressures were maintained at 8 months. Chronic hemody-
namic improvement was accompanied by sustained symptomatic improvement 
[112]. Improvements in mitral and tricuspid regurgitation and estimated pulmo-
nary artery pressures were sustained at 6 months on oral vasodilators and a flex-
ible diuretic regimen. Further reductions in right atrial and left atrial volumes 
were also seen [113].

The HFSA, ACCF/AHA and ESC guidelines all endorse the use of nitroprusside 
to treat ADHF in the absence of symptomatic hypotension [8, 28, 118]. Nitroprusside 
is particularly useful in severely congested patients in whom rapid reduction of 
afterload is felt necessary – especially in the setting of hypertension or severe mitral 
regurgitation. Because of its powerful blood pressure lowering effect, SNP should 
be used in an intensive care unit setting where frequent blood pressures can be 
obtained. It can be rapidly titrated to achieve a specific systolic or mean blood pres-
sure starting at doses as low as 0.1 mcg/kg/min and titrating up to as much as 
5.0 mcg/kg/min.

 Nesiritide

Nesiritide is a recombinant preparation of human B-type natriuretic peptide manu-
factured for intravenous administration. It has the same 32-amino acid sequence as 
endogenous BNP produced by the heart. Nesiritide is a balanced vasodilator with 
arterial and venous vasodilatory properties. Nesiritide binds to the natriuretic pep-
tide receptor-A (NPR-A) which is widely expressed in kidney, lung, adipose, and 
vascular smooth muscle cells. (NPR-B receptors bind C-type natriuretic peptide and 
NPR-C receptors do not have a guanylate cyclase domain and function as clearance 
receptors.) The NPR-A receptor is linked to the cGMP-dependent signaling cascade 
and mediates many of the cardiovascular and renal effects of the natriuretic pep-
tides. BNP binding to the NPR-A receptor activates the guanylyl cyclase–cyclic 
GMP–PKG pathway. The mean terminal half-life of nesiritide in patients with heart 
failure is approximately 18 min. Steady-state infusions of 0.01–0.03 mcg/kg/min 
increase baseline circulating BNP levels by three to six fold. BNP is metabolized by 
two mechanisms: binding to the NPR-C receptor with receptor-mediated internal-
ization/degradation and proteolytic cleavage by neutral endopeptidases. Renal 
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clearance plays a minimal role in nesiritide metabolism and medication dosing does 
not need to be modified for any degree of renal insufficiency [153, 194–197].

Nesiritide infusion is associated with dose-related decreases in systemic vascular 
resistance, pulmonary vascular resistance, and right atrial and pulmonary capillary 
wedge pressures and increases in stroke volume and cardiac output without a change 
in heart rate [198–200]. Nesiritide has been reported to decrease aldosterone [198, 
200] and endothelin-1 levels [201] with conflicting reports concerning the impact 
on plasma norepinephrine levels [198, 201]. Nesiritide exerts vasodilator effects on 
coronary conductance and resistance vessels, increases coronary blood flow despite 
a reduction in coronary perfusion pressure and decreases myocardial oxygen con-
sumption [202]. Nesiritide infusion is not associated with an increase in ventricular 
arrhythmias [203].

The results of clinical trials that have assessed the effect of nesiritide on urine 
output have been conflicting. In a placebo-controlled trial in which diuretics were 
held for 4 h prior to and during study drug infusion, patients receiving nesiritide at 
infusion rates of 0.015 mcg/kg/min or 0.03 mcg/kg/min had significantly greater 
urine output over a 6-h period compared to patients receiving placebo [200]. In the 
same report, nesiritide infusions at 0.015 mcg/kg/min or 0.03 mcg/kg/min were 
compared with placebo but patients could receive diuretics and/or other vasodila-
tors. Intravenous diuretics were given to significantly fewer patients in the nesiritide 
groups compared with the placebo group [200]. In the Nesiritide Administered Peri- 
Anesthesia in Patients Undergoing Cardiac Surgery (NAPA) trial, patients with an 
LVEF<40 % undergoing CABG with anticipated use of cardio-pulmonary bypass 
were randomized to receive fixed dose nesiritide at 0.01 mcg/kg/min or placebo for 
24–96 h after induction of anesthesia [204]. Nesiritide was associated with greater 
urine output (2926 vs 2350 ml) during the initial 24 h after surgery and a shorter 
hospital stay. In a double-blind, placebo-controlled, crossover study of patients with 
decompensated heart failure who had an increase in creatinine of ≥0.2 mg/dL and 
≥10 % above baseline within 6 months of enrollment, patients were randomized to 
a nesiritide bolus of 2 mcg/kg IV bolus followed by an infusion at 0.01 mcg/kg/min 
or placebo for 24 h on consecutive days [205]. There were no differences in GFR by 
iothalamate clearance, effective renal plasma flow by para-amino hippurate clear-
ance, urine output, or sodium excretion for any time interval or for the entire 24-h 
period between the nesiritide and placebo study days.

The Renal Optimization Strategies Evaluation (ROSE) trial was a multicenter, 
double blind placebo-controlled trial of 360 patients hospitalized with acute heart 
failure and renal dysfunction (defined as an eGFR of 15–60 mL/min/1.73 m2 by 
the MDRD equation) randomized to dopamine 2 mcg/kg/min, nesiritide 0.005 mcg/
kg/min without a bolus, or placebo for 72 h. All patients received open label intra-
venous loop diuretic treatment with a recommended daily dose of 2.5 times their 
total daily outpatient diuretic dose. No difference was found between study groups 
with respect to the two primary end-points: 72-h cumulative urine volume and 
change in cystatin C level. In addition, there were no between group differences in 
secondary end-points of measures of decongestion, renal function or clinical out-
comes [206].
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The Vasodilator in the Management of Acute Heart Failure (VMAC) trial was a 
complex, multi-center, randomized double-blinded controlled study of nesiritide, 
nitroglycerine, and placebo added to standard therapy in 489 patients hospitalized 
for worsening heart failure [181]. The study compared the hemodynamic and clini-
cal effects of nesiritide infusion at 0.01 mcg/kg/min after a bolus of 2 mcg/kg, IV 
nitroglycerine infusion at a rate determined by the investigator or placebo (see 
above for details). At 3 and 24 h, nesiritide lowered PCWP more than NTG, but 
there were no significant differences in patient reported dyspnea and only modest 
improvement in global clinical status in the nesiritide group.

A limitation of VMAC is that the mean dose of NTG was 42 mcg/min in the 
catheterized patients and 29 mcg/min in the non-catheterized patients, significantly 
below the optimal dose of 120–200 mg/min for the treatment of ADHF [161]. One 
of the sites in VMAC reported their single center results using aggressive up- titration 
of NTG that achieved a mean dose of 155 mcg/min at 3 h [207]. Nesiritide was 
associated with an early reduction in PCWP that was sustained over the 24-h study 
period. There was no evidence of nesiritide tolerance. High dose NTG was associ-
ated with a comparable reduction in PCWP that was delayed when compared with 
nesiritide. The NTG-associated decrease in PCWP was gradually attenuated despite 
continued up-titration reflecting the early development of NTG tolerance.

A subsequent retrospective pooled analysis of five small randomized trials of 
nesiritide of varying doses suggested that nesiritide increased the risk of worsening 
renal failure (defined by an increase in creatinine of greater than 0.5 mg/dL recorded 
at any time during the inpatient portion of the trial) [208]. Another retrospective 
pooled analysis of three small randomized trials of nesiritide of varying doses that 
reported 30-day mortality and did not require inotrope infusion as a control sug-
gested that there was a trend toward increased mortality in the nesiritide treated 
patients that did not reach statistical significance [209, 210]. Two subsequent meta- 
analyses of randomized clinical trials of nesiritide did not show an increase in 
30-day or 180-day all-cause mortality [211, 212] and did not show a clear relation-
ship between mortality and nesiritide dose [212].

The Acute Study of Clinical Effectiveness of Nesiritide in Decompensated Heart 
Failure (ASCEND-HF) trial was a multicenter randomized placebo-controlled trial 
designed to assess the safety and efficacy of nesiritide added to standard therapy 
compared to placebo added to standard therapy in 7141 patients hospitalized for 
ADHF [213]. Patients were randomized in a 1:1 ratio to receive placebo or  nesiritide. 
Nesiritide was administered as a continuous IV infusion at a dose of 0.01 mcg/kg/
min for 24–164 h. At the discretion of the investigator, patients could receive an 
optional intravenous bolus of 2 mcg/kg prior to the initiation of the continuous infu-
sion. Co-primary end-points were the change in self-reported dyspnea measured by 
a 7-point Likert scale at 6 and 24 h and the composite end-point of rehospitalization 
for heart failure or death within 30 days. Patients assigned to nesiritide more fre-
quently reported improved dyspnea at 6 and 24 h but this difference was small and 
did not meet the prespecified level for significance. There was no difference in 
rehospitalization for heart failure or death from any cause at 30 days analyzed sepa-
rately or as a composite end-point. There was also no difference in the rates of 
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worsening renal function defined as a more than a 25 % decrease in the eGFR cal-
culated using the simplified MDRD equation at any time from study drug initiation 
through day 30 of the trial. The results from ASCEND-HF suggest that nesiritide 
can be used safely in patients with ADHF but cannot be recommended for routine 
use in a broad range of patients hospitalized for decompensated heart failure.

The HFSA, ACCF/AHA and ESC guidelines all endorse the use of nesiritide for 
the rapid improvement of congestive symptoms in patients with ADHF in the 
absence of symptomatic hypotension [8, 28, 118]. The recommended starting dose 
of nesiritide is 0.01 mcg/kg/min with or without an initial bolus of 2 mcg/kg. The 
dose can be increased by 0.005 mcg/kg/min every 3 h up to a maximum of 0.03 mcg/
kg/min as tolerated by systemic blood pressure.

The primary side effects of nesiritide are headache and hypotension. In VMAC, 
headache occurred in 8 % of patients. Symptomatic hypotension was reported in 
4 % of patients receiving nesiritide, was of mild to moderate severity in most 
patients, and resolved spontaneously after a decrease or discontinuation of medica-
tion or following an intravenous fluid bolus of ≤250 mL [181]. Symptomatic hypo-
tension is dose-dependent and was reported in 11 % of patients with ADHF during 
infusion of 0.015 mcg/kg/min and in 17 % of patients during an infusion of 0.03 
mcg/kg/min [200].

 Inotropic Agents

The use of inotropic agents in patients hospitalized for ADHF is relatively common 
despite a lack of data from clinical trials that establishes safety and efficacy and 
despite observational data from large clinical registries that raise questions about 
safety. The most commonly used inotropic agents are dobutamine, dopamine, mil-
rinone, and levosimendan. Dobutamine, dopamine and milrinone increase intracel-
lular cyclic adenosine monophosphate (cAMP) and intracellular calcium 
concentration. Levosimendan is a calcium sensitizing agent with inotropic and 
vasodilatory effects. Levosimendan has not been approved for use in the U.S. or 
Canada. Intravenous inotropic agents may be used to relieve symptoms, improve 
hemodynamics and improve end-organ function in patients with acute decompen-
sated heart failure with severe systolic dysfunction who have diminished peripheral 
perfusion and/or hypotension.

 Dobutamine

Dobutamine was originally thought to be a selective β1 adrenergic receptor agonist. 
However, it has become clear that its pharmacologic effects are more complex. 
Dobutamine is a racemic mixture that stimulates β1, β2 and α1 adrenergic receptors. 
Its pharmacologic actions are a composite of the dose-related effects of each 
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enantiomer on adrenergic receptors. Its effects are not mediated through endoge-
nous release of norepinephrine and it does not stimulate dopaminergic receptors. 
Both enantiomers have agonist effects on the β1 adrenergic receptor. (+)-dobuta-
mine is 10 fold more potent than (−) - dobutamine with respect to β1 stimulation. 
Both isomers have mild agonist effects on the β2 receptor. (−)-dobutamine is an α1 
agonist while (+)-dobutamine is a mixed α1 agonist/antagonist.

The primary pharmacologic effect of dobutamine is an increase in myocardial 
contractility mediated by β1 receptor stimulation. β1 stimulation increases adenylyl 
cyclase activity resulting in an increase in intracellular cAMP. An increase in intra-
cellular cAMP facilitates calcium release from the sarcoplasmic reticulum and an 
increase in force generation by contractile proteins. The β1 effects result in positive 
inotropic effects with resulting increases in stroke volume and cardiac output and 
some reflex-mediated reduction in systemic vascular resistance. Dobutamine has 
relatively more inotropic than chronotropic effects when compared with isoproter-
enol. At equivalent inotropic doses, dobutamine enhances sinus node automaticity 
less than isoproterenol although has similar effects in increasing AV nodal and intra-
ventricular conduction. The blunted chronotropic response relative to inotropic 
response is not well understood but may be related to a contribution of cardiac α1 
receptor stimulation to inotrope effect. In the peripheral circulation, β2 stimulation 
can cause vasodilation at low doses. The α1 agonist effect of (−) – dobutamine on 
the arterial circulation is generally offset by the antagonist effect of (+)-dobutamine 
and the vasodilator effect of β2 stimulation. However, at higher doses, α-1 adrener-
gic receptor stimulation may cause venous and arterial vasoconstriction 
[214–217].

In most patients with heart failure, systolic dysfunction and low cardiac output, 
treatment with dobutamine results in an increase in stroke volume and cardiac out-
put, a reduction in systemic vascular resistance and a modest reduction in filling 
pressures. The overall effect on blood pressure is variable depending on the impact 
on cardiac output, systemic vascular resistance and reflex sympathetic tone. In gen-
eral, dobutamine causes little change in blood pressure and can be used safely in 
patients with hypotension. Pulmonary vascular resistance is generally not decreased. 
An increase in blood pressure may be seen at higher doses [214, 215, 218].

The effects of dobutamine on clinical outcomes have not been studied in pro-
spective randomized controlled clinical trials. Substantial clinical experience 
 suggests that dobutamine improves cardiac output, improves symptoms of low car-
diac output and pulmonary congestion, and improves end-organ function in patients 
with low cardiac output syndrome in the setting of severe left ventricular systolic 
dysfunction.

Dobutamine has a half-life of 2 min. The onset of effect is rapid. Steady state 
concentrations are reached within 10 min of starting the infusion. Doses of 
2–10 mcg/kg/minute are generally required to have an impact on cardiac output. 
The ESC guidelines recommend that dobutamine be started at infusion rates of 
2–3 mcg/kg/min. The dose can be increased by 1–2 mcg/kg/min based on  
clinical and hemodynamic response. The maximum recommended dose is 
15–20 mcg/kg per minute. However, if a desired response is not achieved with up 
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to 10 mcg/kg per minute, the addition of another inotrope or placement of an intra-
aortic balloon pump should be considered. The response to dobutamine is com-
monly attenuated in patients receiving β-adrenergic blocking agents. In some 
studies of dobutamine using infusion durations of >24–72 h, cardiac output has 
been noted to return toward baseline in some patients raising the possibility of 
pharmacologic tolerance [214, 216].

Side effects of dobutamine include tachycardia (especially in patients with atrial 
fibrillation), atrial and ventricular arrhythmias, eosinophilia and hypersensitivity 
myocarditis [203, 219, 220]. Dobutamine increases myocardial oxygen consump-
tion in patients with and without coronary artery disease [218, 221]. In patients with 
coronary artery disease, the increase in myocardial oxygen consumption may result 
in myocardial ischemia and worsening hemodynamics. Concern has been raised 
that dobutamine (and dopamine and milrinone) may cause additional cardiomyo-
cyte damage and ultimately worsen heart failure by causing myocardial ischemia 
and, perhaps, direct myocyte toxicity. [216, 217, 222–224].

 Dopamine

Dopamine is an endogenously produced catecholamine. It is a central neurotrans-
mitter that plays an important role in the regulation of movement. It is also produced 
in the periphery by epithelial cells of the proximal tubule in the kidney and is 
thought to have local diuretic and natriuretic effects.

The cardiovascular effects of dopamine are mediated by a number of distinct cell 
surface receptors that vary in their affinity for dopamine and mediate distinct dose- 
dependent cardiovascular effects. At low dose (≤2 mcg/kg/min), dopamine acts pri-
marily on the vascular dopamine type 1 (D1) receptors in the renal, mesenteric and 
coronary vasculature leading to vasodilation and natriuresis. D1 binding activates 
adenyl cyclase and increases intracellular cAMP leading to vasodilation. In addi-
tion, activation of D1 receptors in the proximal tubule and thick ascending limb of 
the loop of Henle inhibits the Na+-H+ exchanger and Na+:K+:2Cl− co-transporter 
facilitating the excretion of urinary sodium. Low-dose dopamine infusion results in 
an increase in renal blood flow, glomerular filtration rate and natriuresis.

At intermediate doses (2–5 mcg/kg/min), dopamine acts primarily on β1 recep-
tors and facilitates release of norepinephrine from nerve terminals. At this dose, 
dopamine has a predominant inotropic and chronotropic effect. Cardiac output and 
heart rate are increased. Systolic blood pressure and pulse pressure are generally 
increased and diastolic blood pressure remains the same or increases slightly. There 
is generally little change in peripheral vascular resistance at these doses. At higher 
doses (>5 mcg/kg/min) dopamine activates α1 receptors which causes arterial vaso-
constriction [214, 216, 217].

The effect of dopamine on renal physiology was evaluated in 13 patients with 
chronic heart failure [225]. Cardiac output, renal artery cross sectional area, 
renal blood flow, and renal vascular resistance were calculated at baseline and at 
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intravenous dopamine doses of 1, 2, 3, 5, and 10 mcg/kg/min. Cardiac output 
increased with increasing dose reaching statistical significance at doses of 5 and 
10 μg/kg/min with the peak occurring at 10 mcg/kg/min. Renal artery cross-
sectional area demonstrated a progressive increase with dose uptitration reaching 
statistical significance at doses of 5 and 10 μg/kg/min. Renal vascular resistance 
decreased reaching statistical significance at 2 mcg/kg/min with no difference 
seen from 2–10 mcg/kg/min. Renal blood flow progressively increased from 
2–10 μg/kg/min. The increase in renal blood flow was proportionately larger than 
corresponding increases in cardiac output and was due primarily to dilation of 
large conductance and small resistance renal blood vessels.

Despite the demonstrated effect of dopamine on renal blood flow, it has been dif-
ficult to demonstrate a clinical benefit of low dose dopamine in prospective random-
ized clinical trials that studied patients with ADHF. The Dopamine in Acute 
Decompensated Heart Failure Trials (DAD-HF and DAD-HF II) evaluated the effi-
cacy of adding dopamine to furosemide infusion in patients with ADHF [226, 227]. 
DAD-HF compared high dose furosemide (40 mg IV bolus followed by a 20 mg/h 
continuous infusion for 8 h) versus low dose furosemide (40 mg IV bolus followed 
by a 5 mg/h infusion for 8 h) plus dopamine 5 mcg/kg/min in sixty patients with 
ADHF. End-points included total diuresis and changes in dyspnea score during the 
8-h protocol, worsening renal failure defined as a rise in serum creatinine >0.3 mg/
dL from baseline to 24 h, electrolyte balance and 60-day post-discharge outcomes. 
The low-dose furosemide/dopamine protocol was equally effective as high dose 
furosemide with respect to diuresis and relief of dyspnea and was associated with 
less worsening renal failure and hypokalemia but no difference in 60-day mortality 
or rehospitalization rate. DAD-HF II was a three arm trial that randomized 161 
patients with ADHF to an 8-h infusion(s) of: high dose furosemide (20 mg/h con-
tinuous infusion); low dose furosemide (5 mg/h continuous infusion) plus dopamine 
5 mcg/kg/min; or low dose furosemide (5 mg/h continuous infusion) alone. All 
patients received furosemide 40 mg IV prior to randomization. No difference was 
found in the primary end-points of all-cause mortality and heart failure hospitaliza-
tion at 60-days and one year. There was also no difference in urinary output over 
24 h, dyspnea relief, or length of stay. Worsening renal function defined as a rise in 
serum creatinine ≥0.3 mg/dL from baseline to 24 h was more common in the high 
dose furosemide group than the low dose furosemide/dopamine or the low dose 
furosemide groups. The investigators concluded that the addition of low-dose dopa-
mine was not associated with any clinical benefit.

The Renal Optimization Strategies Evaluation (ROSE) trial was a multicenter, 
double blind placebo-controlled trial of 360 patients hospitalized with acute heart 
failure and renal dysfunction (defined as an eGFR of 15–60 mL/min/1.73 m2 by the 
MDRD equation) randomized to dopamine 2 mcg/kg/min, nesiritide 0.005 mcg/kg/
min without a bolus, or placebo for 72 h (see above). No difference was found 
between study groups with respect to the two primary end-points: 72-h cumulative 
urine volume and change in cystatin C level. In addition, there were no between- 
group differences in secondary end-points of measures of decongestion, renal func-
tion or clinical outcomes [206].
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The ACCF/AHA guidelines suggest that low dose dopamine ≤2 mcg/kg/min 
may be considered in addition to loop diuretics to improve diuresis and preserve 
renal function and renal blood flow [28]. The ESC guidelines suggest that dopamine 
at doses of 2–5 mcg/kg/min may be used as an inotrope in patients with heart fail-
ure, volume overload and hypotension [17]. Dopamine may be used to improve 
renal blood flow and diuresis in patients with decompensated heart failure who have 
an inadequate response to appropriately dosed intravenous loop diuretic. Dopamine 
dose should be based on estimated lean body weight and not on actual weight [216]. 
Dopamine should be administered through a central venous access site to avoid the 
risk of drug extravasation and ischemic necrosis of surrounding tissues associated 
with peripheral intravenous administration. Although dopamine increases cardiac 
output, it does not reduce left ventricular filling pressures and, in some patients, 
increases filling pressures. Dopamine causes more tachycardia than dobutamine and 
may precipitate angina in patients with coronary artery disease. It may cause atrial 
and ventricular arrhythmias [214].

 Milrinone

Milrinone is a bipyridine derivative that selectively inhibits phosphodiesterase III 
(PDE3). Milrinone decreases intracellular cAMP degradation and increases intra-
cellular cAMP which, in turn, increases intracellular calcium in cardiac and smooth 
muscle cells. Milrinone increases cardiac contractility and improves myocardial 
relaxation. Milrinone also causes systemic venous and arterial vasodilation and 
pulmonary arterial vasodilation. Milrinone increases cardiac output, lowers sys-
temic and pulmonary vascular resistance, and decreases left and right ventricular 
filling pressures. The reductions in systemic and pulmonary vascular resistance 
and intracardiac filling pressures are greater than those seen with dobutamine at 
doses that produce similar increases in cardiac output [218]. Milrinone causes less 
tachycardia than dobutamine and, unlike dobutamine, causes a minimal increase in 
myocardial oxygen consumption [218, 228, 229]. The effect on systemic blood 
pressure depends on the increase in cardiac output and the reduction in systemic 
vascular resistance that occurs with milrinone administration. Vasodilation-
mediated decreases in mean arterial pressure are relatively common and may limit 
the use of milrinone in some patients with low cardiac output and marginal arterial 
blood pressure. Unlike dobutamine, the effects of milrinone are not mediated by 
adrenergic receptors. As a result, milrinone may be used instead of dobutamine in 
patients with low cardiac output syndrome who are being treated with β-adrenergic 
blocking agents [216, 217].

The recommended dose of milrinone has been a 50 mcg/kg IV bolus followed by 
an infusion of 0.25–0.75 mcg/kg/min. However, bolus dosing has been associated 
with symptomatic hypotension. A study that compared the hemodynamic effects of 
a continuous infusion of 0.5 mcg/kg/min milrinone with or without an initial bolus 
demonstrated that the maximal effects on cardiac index and PCWP were seen 
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immediately after the initial IV bolus. However, improvement in pulmonary capil-
lary wedge pressure and cardiac output were similar at 2 and 3 h, with or without a 
bolus [230]. The ACCF/AHA and HFSA guidelines do not recommend a loading 
dose [8, 28]. The HFSA guidelines recommend that an initial dose of 0.01 mcg/kg/
min and final dose of 0.2–0.3 mcg/kg/min be considered [8]. The ACCF/AHA 
guidelines recommend a maintenance dose of 0.125–0.75 mcg/kg/min [28].

The elimination half-life of milrinone is 2.5 h but is nearly doubled in patients 
with severe heart failure. Milrinone is predominantly excreted by the kidney so dos-
age adjustments need to be made for patients with an eGFR <60 mL/min. Major 
side effects of milrinone include hypotension, atrial fibrillation and ventricular 
arrhythmias.

 Levosimendan

Levosimendan differs from other inotropic agents in that its mechanism for increas-
ing contractility does not involve an increase in intracellular cAMP. Levosimendan 
is a myofilament calcium sensitizer that interacts with Ca2+-saturated cardiac tropo-
nin C (cTNC). cTNC acts as a calcium sensitive “switch” to turn myocardial force 
production on during systole and off during diastole. Levosimendan binding to 
cTNC facilitates prolonged interaction between cTNC and troponin I increasing the 
contractile force generated during systole. Levosimendan does not affect diastolic 
function. Levosimendan is a vasodilator of systemic, pulmonary and coronary arter-
ies and systemic veins. Vasodilation is probably mediated by opening of adenosine 
triphosphate (ATP)-sensitive potassium channels in vascular smooth muscle cells 
which results in smooth muscle relaxation [231]. Levosimendan and its active 
metabolite OR-1896 are selective inhibitors of PDE3. PDE inhibition probably does 
not play a role in the vasodilatory or inotropic effects of levosimendan at doses used 
in clinical practice. The combined inotropic and vasodilatory effects result in an 
increased force of contraction, increased stroke volume and cardiac output, 
decreased preload and afterload and decreased PCWP. Levosimendan does not 
increase myocardial oxygen consumption [231]. The most common side effects are 
hypotension and headache. Tachycardia is unusual. The incidence of atrial fibrilla-
tion and hypokalemia are increased modestly. The elimination half-life of levosi-
mendan is 1–1.5 h. However, the elimination half-life of OR-1896 is 75–80 h so that 
cardiovascular effects may persist for 75–80 h after discontinuation of infusion 
[232, 233].

Several adequately powered multicenter randomized controlled clinical trials 
have assessed the efficacy of levosimendan compared with either placebo or dobu-
tamine in patients with ADHF.

The Survival of Patients With Acute Heart Failure in Need of Intravenous 
Inotropic Support (SURVIVE) study was a randomized, double-blind trial compar-
ing the efficacy and safety of intravenous levosimendan or dobutamine in 1327 
patients hospitalized with acute decompensated heart failure who required inotropic 
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support [234]. No difference was found between treatment groups in the primary 
end-point of all-cause mortality at 180 days. In addition, no differences were found 
in a number of secondary end-points including all-cause mortality at 31 days, num-
ber of days alive and out of the hospital during 180 days following randomization, 
patient global assessment, patient assessment of dyspnea at 24 h, and cardiovascular 
mortality at 180 days.

The Randomized EValuation of Intravenous Levosimendan Efficacy (REVIVE 
II) trial enrolled 600 patients hospitalized for treatment of ADHF who had an LVEF 
<35 % and who remained dyspneic at rest despite treatment with intravenous diuret-
ics [235]. Patients were randomly assigned to receive a single infusion of levosi-
mendan or placebo, each in addition to local standard treatments for ADHF. The 
primary end-point evaluated was the distribution of patients characterized as 
“Improved”, “Unchanged”, or “Worse” during the first 5 days after randomization 
based on a composite of patient self-reported global assessment at 6 h, 24 h and 
5 days. There was a modest benefit in the primary end-point in the levosimendan 
group. There was a decrease in length of stay in the levosimendan group but no dif-
ference in mortality at 90 days. Treatment with levosimendan was associated with 
more hypotension and atrial fibrillation.

A meta-analysis of randomized controlled clinical trials of levosimendan evalu-
ated the effect of levosimendan on mortality and length of stay compared to placebo 
or dobutamine. Data from 5480 patients in 45 randomized clinical trials were ana-
lyzed. In 23/48 trials, levosimendan was evaluated in patients with decompensated 
heart failure and in 17/48 trials, levosimendan was evaluated in patients who under-
went cardiothoracic surgery. The analysis found a significant reduction in mortality 
associated with the use of levosimendan. In addition, a reduction in mortality was 
found with levosimendan use when studies comparing levosimendan to placebo and 
levosimendan to dobutamine were analyzed separately. A reduction in mortality was 
also seen when studies with at least 30, 90, and 180 days of follow up were ana-
lyzed. In addition, treatment with levosimendan was associated with a decrease in 
length of stay [236].

In 2000, levosimendan was approved for use in Sweden. Since then, the drug has 
been approved in 60 countries worldwide but it remains not licensed in the United 
States.

 Use of Inotropes

The pattern of inotrope use has been described in several North American and 
European registries of patients admitted to the hospital with acute heart failure syn-
dromes. In the ADHERE registry, 14 % of patients were treated with one or more 
inotropic agents although <3 % of the patients in the registry had a systolic blood 
pressure of <90 mmHg at hospital admission and almost 50 % had preserved sys-
tolic function. One or more inotropic agents were used in 8 % of patients with pre-
served systolic function (3 % dobutamine, 5 % dopamine and 1 % milrinone) and in 
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19 % of patients with reduced systolic function (11 % dobutamine; 10 % dopamine; 
5 % milrinone). Only 8 % of patients who received either dobutamine or dopamine 
had a systolic blood pressure <90 mmHg. The mean systolic blood pressure on 
admission was 121.3 (±27.4) mmHg in patients who received milrinone and 124.0 
(±29.3) mmHg in patients who received dobutamine [150].

In the OPTIMIZE-HF Registry, intravenous inotropic medications were used in 
4 % of patients admitted for ADHF who had preserved systolic function and 12 % 
of patients with left ventricular systolic dysfunction [91]. Of the patients enrolled in 
OPTIMIZE-HF, 15 %, 6.5 %, 4.5 % and 3.2 % of patients were treated with an 
intravenous inotrope in the systolic blood pressure quartiles of <120 mmHg, 120–
139 mmHg, 140–161 mmHg, and >161 mmHg, respectively [237]. In the EuroHeart 
Failure Survey II, of 3580 patients hospitalized with heart failure, ~25–30 % of 
patients were treated with an inotropic agent (10.2 % dobutamine; 11.3 % dopa-
mine; 3.9 % levosimendan). Of patients admitted with “Decompensated Heart 
Failure” (as opposed to “Cardiogenic Shock” or “Pulmonary Oedema”), ~20–24 % 
of patients were treated with an inotrope (8.6 % dobutamine; 8.5 % dopamine; 
4.4 % levosimendan) [238]. In an Italian survey, of 2807 patients hospitalized for 
ADHF, 25 % of patients were treated with an IV inotrope [239].

Several studies have suggested that the use of intravenous inotropic agents in 
patients with ADHF is associated with an increase in adverse events including 
symptomatic hypotension, atrial and ventricular arrhythmias and in-hospital and 
long-term mortality [150, 240–242]. A retrospective observational analysis of data 
from the ADHERE registry suggested that in-hospital mortality is increased in 
patients admitted for ADHF who are treated with intravenous inotropic agents. The 
risk factor and propensity score-adjusted odds ratio for in-hospital mortality was 
calculated for 15,230 of 65,180 patients in the registry who received nitroglycerine, 
nesiritide, dobutamine or milrinone during hospitalization for ADHF. The majority 
of patients included in this analysis had either normal or elevated blood pressure. 
Treatment with either nesiritide or nitroglycerine was associated with significantly 
lower in-hospital mortality than either dobutamine or milrinone. The covariate and 
propensity score adjusted odds ratio for mortality was 0.69 (p < 0.005) when nitro-
glycerine was compared with milrinone and 0.46 (p < 0.005) when nitroglycerine 
was compared with dobutamine [150].

A similar retrospective analysis was performed using data from the University 
Health System Consortium (UHC) Clinical Database Pharmacy (a database with 
information from 32 academic hospitals) [240]. 2130 patients were identified who 
were hospitalized for ADHF and treated with dobutamine, milrinone or nesiritide. 
Using logistic regression, the relationship between drug therapy and in-hospital 
mortality was assessed. In-hospital mortality was 10.2 %, 7.9 % and 2.9 % for 
patients treated with dobutamine, milrinone and nesiritide, respectively. The risk 
adjusted odds ratio for in-hospital mortality was 3.5 for dobutamine and 3.9 for 
milrinone when compared with nesiritide.

A retrospective observational analysis was performed using data from the 
ESCAPE Trial to assess the impact of inpatient inotrope use on 6 month out-
comes [241]. Of the 433 patients enrolled, risk-adjusted hazard ratios for 6-month 
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mortality and mortality and rehospitalization were determined for the overall 
population and for patients treated with an intravenous vasodilator, inotrope or 
combination of inotrope and vasodilator. Overall 6-month mortality was 19 %. 
When compared to the overall cohort, risk adjusted HR for 6-month mortality 
was not significantly different for patients treated with vasodilators (HR 1.39, 
95 % CI 0.64–3.00) but was significantly increased for patients treated with ino-
tropes (HR 2.14, 95 % CI 1.10–4.15) and for patients treated with a combination 
of inotropes and vasodilators (HR 4.81, 95 % CI 2.34–9.90). The risk adjusted 
combined end-point of 6-month mortality or rehospitalization was not signifi-
cantly increased for patients treated with vasodilators (HR1.2, CI 0.81–1.78) but 
was significantly increased for patients treated with inotropes (HR 1.96, CI 1.37–
2.82) and patients treated with inotropes and vasodilators (HR 2.90, CI 1.88–
4.48). On multivariable analysis, impaired renal function and right atrial pressure 
were significant predictors for the use of inotropes. Renal function and elevated 
PCWP were predictors for the use of vasodilators. However, the most powerful 
predictor of inotrope or vasodilator use was the study site and managing 
physician.

The Outcomes of a Prospective Trial of Intravenous Milrinone for Exacerbations 
of Chronic Heart Failure (OPTIME-CHF) was a randomize, placebo-controlled, 
double blind trial that tested the hypothesis that short-term use of milrinone added 
to standard therapy in patients with chronic heart failure hospitalized for ADHF (but 
without “low output syndrome”) would improve clinical outcomes [243]. The study 
randomized 951 patients hospitalized with ADHF who did not require intravenous 
inotropic support to receive a 48-h infusion of milrinone 0.5 mcg/kg/min or saline 
placebo. No loading dose was administered. The dose could be adjusted downward 
to 0.375 mcg/kg/min or upward to 0.75 mcg/kg/min at the discretion of the treating 
physician. Patients were ineligible if the treating physician judged that intravenous 
inotropic therapy was essential. The primary end-point was the total number of days 
hospitalized for cardiovascular causes within 60 days after randomization. There 
was no difference found in the primary endpoint. There were also no differences in 
in-hospital mortality, 60-day mortality or the composite of death or readmission. 
Sustained hypotension (systolic blood pressure less than 80 mmHg for greater than 
30 min) requiring intervention and new atrial arrhythmias occurred more frequently 
in patients who received milrinone. There was also an important trend for an increase 
in ventricular tachycardia or ventricular fibrillation in the milrinone group that 
approached but did not reach statistical significance (p = 0.06). The authors 
 concluded that milrinone was not indicated as adjunctive therapy in patients hospi-
talized for ADHF.

A post-hoc analysis of the OPTIME-CHF data was performed to assess whether 
there was an interaction between the effect of short-term milrinone therapy and 
the etiology of heart failure (ischemic vs. non-ischemic) [242]. Patients with isch-
emic cardiomyopathy were found to have been adversely affected by milrinone. 
Patients with ischemic cardiomyopathy who were treated with milrinone had an 
increase in the primary end-point of days in the hospital or death within 60 days, 
death or re- hospitalization at 60 days, and in-hospital mortality (5.0 % vs 1.6 %) 
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when compared to those treated with placebo. Conversely, patients with non-isch-
emic cardiomyopathy seemed to benefit from milrinone. Non-ischemic patients 
treated with milrinone as compared with those treated with placebo had lower 
rates of in- hospital mortality and death or rehospitalization at 60 days.

A number of mechanisms have been proposed to explain the increase in adverse 
outcomes seen in patients with ADHF who are treated with inotropic agents. These 
include: cAMP-induced atrial and ventricular arrhythmias; vasodilation with coro-
nary hypoperfusion resulting in myocardial damage; increased myocardial oxygen 
consumption resulting in myocardial ischemia and myocardial injury; and direct 
myocyte toxicity possibly mediated by intracellular calcium overload [222, 224].

The ACCF/AHA, HFSA and ESC guidelines endorse the use of inotropes in 
patients with ADHF who have severe systolic dysfunction, significantly decreased 
cardiac output, diminished peripheral perfusion and end-organ dysfunction despite 
adequate or elevated filling pressures [8, 28, 118]. The goals of inotropic therapy are 
to relieve symptoms, maintain systemic perfusion and preserve end-organ function. 
Inotropes also may be indicated in fluid overloaded patients who remain volume 
overloaded despite intravenous diuretics and, if appropriate, intravenous vasodila-
tors. Inotropes may be used as “bridge therapy” in Stage D patients who are await-
ing mechanical circulatory support or heart transplantation.

The guidelines note the risk associated with inotropic therapy and recommend 
continuous heart rhythm monitoring and frequent blood pressure monitoring. The 
need for management in an intensive care or cardiac care unit should be assessed. 
Obtaining objective measurements of hemodynamic parameters using a PA catheter 
to guide therapy should be strongly considered. Lower doses of inotrope are recom-
mended to minimize adverse effects. The continued need for inotropic support (and 
the possibility of discontinuation) should be regularly assessed. An attempt to wean 
inotropes should be made after optimization of guideline directed medical therapy.

If an inotrope is indicated in a patient being treated with a β-blocker, milrinone 
is the preferred agent as its positive inotropic effect is not mediated by β-adrenergic 
stimulation. There is little data to guide decisions concerning whether to continue 
chronic β-blocker therapy in a patient who requires inotropic support. It is reason-
able to continue the β-blocker without a change in dose or decrease the dose of 
β-blocker with a plan to increase the dose if the patient improves and the inotrope 
can be discontinued. In the case of patients with cardiogenic shock, pulmonary 
edema, hypotension, or manifestations of severe end-organ hypoperfusion, it is 
 reasonable to hold the β-blocker until the patient stabilizes and end-organ function 
improves [61].

 Conclusions

Comprehensive guidelines for the management of ADHF have been published by 
the American College of Cardiology Foundation/American Heart Association 
(ACCF/AHA), the Heart Failure Society of America (HFSA), and the European 
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Society of Cardiology (ESC). In general, there are three phases in the evaluation and 
management of patients who present with ADHF including: initial assessment; 
ongoing assessment and treatment; and discharge planning. A critical part of the 
initial assessment is the evaluation for the presence of pulmonary or hemodynamic 
instability that may require emergent intervention. Assessment for ACS that may 
require emergent coronary artery angiography and coronary intervention is also an 
essential component of the initial assessment.

Initial treatment is focused on relieving respiratory distress and correcting 
hypoxia. Oxygen administered by nasal cannula or face mask is recommended in 
patients with hypoxia. The use of non-invasive positive pressure ventilation is rec-
ommended in patients with severe dyspnea, clinical evidence of pulmonary edema, 
or persistent hypoxia.

Pharmacologic therapy is focused on relieving pulmonary congestion. 
Intravenous loop diuretics are first-line therapy. Routine use of invasive hemody-
namic monitoring is not indicated and should be reserved for patients in cardiogenic 
shock, patients who are unresponsive to initial medical therapy, or patients who 
develop clinically significant hypotension and/or significant worsening of renal 
function during initial treatment for ADHF. Assessment of the adequacy of decon-
gestion can be challenging and is based on symptom relief and physical exam.

In the absence of hypotension, intravenous nitroglycerine, nitroprusside or 
nesiritide may be used in patients who do not respond adequately to parenteral 
diuretics. The use of intravenous inotropes is not indicated in most patients with 
ADHF except those with LV systolic dysfunction with cardiogenic shock, evidence 
of low cardiac output or end-organ dysfunction, hypotension or heart failure unre-
sponsive to diuretics and parenteral vasodilators.
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Chapter 12
Acute Decompensated Heart Failure: 
Treatment with Guideline Directed  
Medical Therapy and Discharge Planning

Daniel Fishbein

 Initiation or Continuation of Guideline Directed Medical 
Therapy (GDMT)

A number of medications including ACE inhibitors, ARBs, β-blockers, mineralo-
corticoid receptor antagonists (MRAs), and the combination of hydralazine/isosor-
bide dinitrate (in black patients) have been shown, in prospective randomized 
placebo-controlled clinical trials, to improve symptoms, decrease mortality and 
decrease hospitalization in ambulatory patients with heart failure with reduced 
ventricular systolic function [1–11]. Randomized studies of these agents have not 
been conducted in patients hospitalized for ADHF. The ACCF/AHA guidelines 
recommend that heart failure medications be carefully reviewed on admission and 
that appropriate changes be made during hospitalization. Chronic maintenance 
therapy with GDMT should, in general, be continued during hospitalization for 
ADHF and GDMT should be initiated in patients with ADHF and HFrEF who are 
not receiving chronic heart failure medications [12]. The HFSA guidelines empha-
size that hospitalization for ADHF is an “excellent opportunity” to optimize a 
patient’s chronic oral medical regimen [13]. The ESC guidelines recommend that 
GDMT should be continued on admission or should be started as soon as possible 
in patients with HFrEF [14].
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 Angiotensin Converting Enzyme Inhibitors (ACEI) or 
Angiotensin Receptor Blockers (ARB)

An attempt should be made during heart failure hospitalization to increase the ACEI 
or ARB dose to recommended target doses (lisinopril 20–35 mg daily, captopril 
50 mg tid, enalapril 10–20 mg bid; losartan 150 qd, candesartan 32 mg qd, valsartan 
160 mg bid) as tolerated by blood pressure, serum potassium concentration and 
renal function. An increased dose of ACE inhibitor or ARB may not be tolerated in 
patients who have low intracardiac filling pressures as a result of over diuresis. A 
reduction in the dose of ACEI and ARB should be considered in patients admitted 
with significant renal dysfunction or hyperkalemia. MRAs should be discontinued 
before ACEI or ARB in patients with hyperkalemia. An attempt to reinitiate or up 
titrate these medications should be subsequently considered depending on whether 
renal function or hyperkalemia improve during hospitalization.

The recommended starting doses of ACE inhibitor or ARB in hospitalized 
patients not receiving heart failure medications on admission are: captopril 6.25 mg 
tid, enalapril 2.5 mg bid, lisinopril 2.5–5.0 mg qd; losartan 50 mg qd, valsartan 
40 mg bid, or candesartan 4–8 mg daily [14]. It is reasonable to consider initiating 
an ACE inhibitor or ARB at half of the recommended starting dose in patients with 
borderline blood pressure or renal insufficiency. Caution should be used when treat-
ing a patient with significant hyperkalemia (K+ >5.0 mmol/L), significant renal dys-
function (creatinine >2.5 mg/dL or eGFR < 30 mL/min/1.73 m2), or symptomatic or 
significant asymptomatic hypotension (systolic blood pressure <90 mmHg). In gen-
eral, ACEIs or ARBs are not initiated in these settings. The dose of ACE inhibitor or 
ARB can be cautiously increased daily in the absence of hypotension, worsening 
renal function or hyperkalemia [12, 14].

 Beta-Blockers

In general, β-blockers should not be held nor the dose reduced unless the patient has 
severe pulmonary congestion, evidence of marginal or low cardiac output or hypo-
tension or if the ADHF hospitalization is felt to have been precipitated by β-blocker 
initiation or recent dose increase. Data from the Carvedilol or Metoprolol European 
Trial (COMET) [15], the ESCAPE trial [16], and the OPTIMIZE-HF program [17] 
all suggest that patients admitted to the hospital for ADHF who have their outpatient 
chronic β-blocker stopped or who are discharged on a significantly lower dose have 
a significantly higher risk-adjusted one and 2 year mortality (COMET); a signifi-
cantly higher risk adjusted rate of rehospitalization or death at 60–90 days 
(ESCAPE), and a significantly higher risk and propensity adjusted 60–90 day post- 
discharge mortality (OPTIMIZE-HF).

The ACCF and ESC recommend that β-blocker therapy should be initiated when 
parenteral diuretics, intravenous vasodilators and inotropic agents have been 
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 successfully discontinued [12, 14]. The patient should be hemodynamically stable 
and volume status should be optimized prior to β-blocker initiation. The initial dose 
of β-blocker should be small (carvedilol 3.125 mg bid, metoprolol succinate 12.5–
25 mg qd, bisoprolol 1.25 mg qd). Caution should also be used when initiating 
β-blockers in patients who have required treatment with inotropes earlier in their 
hospitalization [12]. The Initiation Management Predischarge: Process for 
Assessment of Carvedilol Therapy in Heart Failure (IMPACT-HF) trial was a pro-
spective randomized open-label study in 363 β-blocker naïve patients stabilized 
after hospitalization for ADHF who were randomized to pre-discharge initiation of 
β-blocker therapy or post-discharge initiation at the physician’s discretion [18]. 
Patients who had been treated with inotropic therapy during the HF hospitalization 
were excluded from entering the trial. The primary end-point, treatment with a 
β-blocker at 60 days after discharge, was significantly greater in the pre-discharge 
initiation group (91.2 % vs 73.4 %). No difference was found between groups with 
respect to side effects or hospital length of stay. Data from the OPTIMIZE-HF reg-
istry found that only 56.9 % of patients who were eligible for β-blocker therapy 
were receiving a β-blocker at admission; the mean total daily dose of carvedilol or 
metoprolol in patients who were receiving a β-blocker was less than half the recom-
mended dose; there was little change in dose during hospitalization or within the 
first 60–90 days after discharge; and only 17.5 % and 7.9 % of patients discharged 
on a β-blocker were at the recommended target dose of carvedilol or metoprolol 
succinate, respectively [19].

 Mineralocorticoid Receptor Antagonists (MRAs)

The MRAs spironolactone and eplerenone have been shown to improve survival in 
patients with HFrEF and are recommended GDMT in patients with systolic dys-
function. Despite this, data from the Get with the Guidelines-Heart Failure quality 
improvement registry suggest that only one third of patients eligible for aldosterone 
antagonist therapy receive an MRA at discharge following hospitalization for ADHF 
[20]. The ACCF/AHA and ESC guidelines recommend that treatment with an MRA 
be either continued or initiated in patients with reduced ejection fraction hospital-
ized for ADHF [12, 14]. The ACCF/AHA guidelines recommend that an MRA 
should be initiated only if the serum potassium is less than 5 mEq/L [12]. The start-
ing dose for patients with an eGFR ≥ 50 mL/min/1.73 m2 is 12.5–25 mg qd for 
spironolactone and 25 mg qd for eplerenone. For patients with an eGFR 30 to 
49 mL/min/1.73 m2, the initial dose should be eplerenone 25 mg once every other 
day or spironolactone 12.5 mg once daily or every other day. MRAs should not be 
used in patients being treated with both an ACEI and an ARB. Potassium supple-
mentation should be decreased on initiation of an MRA. Potassium and renal func-
tion need to be followed carefully in the hospitalized patient because of ongoing 
changes in volume status, diuretic dose, ACE inhibitor or ARB dose, systemic per-
fusion and renal function.
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 Hydralazine and Nitrates (H/NTG)

Black patients with HFrEF may benefit from the addition of hydralazine and nitrates. 
The African- American Heart Failure Trial (A-HeFT) randomized 1050 self- 
identified black patients with systolic dysfunction and NYHA Class III or IV heart 
failure symptoms who were receiving standard therapy for heart failure for at least 
three months to receive either a fixed dose of isosorbide dinitrate plus hydralazine 
or placebo [1]. The study was terminated prematurely because of a significantly 
lower mortality in the hydralazine/nitrate group compared to the control group 
(6.2 % vs 10.2 %; HR 0.57). In addition, there was a 33 % relative risk reduction in 
the rate of first hospitalization for heart failure and an improvement in quality of life 
score assessed by the Minnesota Living with Heart Failure questionnaire. Both the 
ACCF/AHA and HFSA guidelines recommend the combination of hydralazine/
nitrates as part of GDMT in self-identified black patients with symptomatic HFrEF 
[12, 13]. Despite these guidelines, an analysis from the Get with The Guidelines- 
Heart Failure registry found that of 11,185 African American patients admitted with 
HFrEF who were eligible for hydralazine/nitrate therapy, only 22.4 % received H/
NTG on discharge [21].

An attempt should be made to insure that the doses of GDMT be optimized dur-
ing the heart failure hospitalization and after discharge. A study of initiation and 
persistence of GDMT in 107,092 patients discharged after first hospitalization for 
heart failure in Denmark from 1995–2004 demonstrated that treatment with ACEI 
or ARB, β-blocker or MRA was initiated in 43 %, 27 % and 19 % of patients, 
respectively. Patients who did not have therapy initiated by 90 days after discharge 
had a low probability of later medication initiation. Persistence of treatment was 
high once initiated but treatment dosages were below recommended targets and, 
with the exception of carvedilol, were generally not increased after discharge [22].

 Implantable Cardioverter Defibrillator and Cardiac 
Resynchronization Therapy

Hospitalization allows for consultation with an electrophysiologist for evaluation 
for implantable cardioverter defibrillator (ICD) and/or cardiac resynchronization 
(CRT) therapy [13, 23]. Patients with HFrEF should be screened for ICD therapy 
for primary prevention of sudden cardiac arrest. ICD therapy is indicated in: patients 
with nonischemic dilated cardiomyopathy, NYHA FC II or III symptoms and an 
LVEF ≤35 %; patients with an LVEF ≤35 % due to prior MI who are at least 
40 days post-MI and have NYHA FC II-III symptoms; patients with LV dysfunction 
due to prior MI who are at least 40 days post-MI, have an LVEF ≤ 30 %, and are 
NYHA FC I; and patients with nonsustained VT due to prior MI, LVEF ≤ 40 %, and 
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inducible VF or sustained VT at electrophysiology study. Ideally, device implanta-
tion should be delayed until patients are receiving optimal medical therapy, are no 
longer volume overloaded and are hemodynamically stable. The benefit of implant-
ing a primary prevention ICD during hospitalization for ADHF has not been evalu-
ated [24–26].

Approximately 40 % of patients with HFrEF hospitalized for ADHF have a wide 
QRS complex. Cardiac resynchronization therapy may improve symptoms and sur-
vival in patients who have LVEF ≤ 35 %, sinus rhythm, LBBB with a QRS duration 
≥150 ms, and NYHA class II, III, or ambulatory IV symptoms on GDMT. CRT 
should be considered after discharge if the patient remains symptomatic despite 
appropriate GDMT [26–31].

 Discharge Planning

The optimal timing for hospital discharge has not been prospectively evaluated. In 
general, patients should have resolution of heart failure symptoms at rest and with 
minimal activity; should be hemodynamically stable without lightheadedness at rest 
or with activity; should have stable kidney and liver function; should have normal 
electrolytes; should be on optimal GDMT; should have the cause of heart failure 
established; should have conditions/precipitating factors that worsen heart failure 
identified and corrected; and should have volume status as normal as possible [32, 
33]. Patients with atrial fibrillation should have a controlled ventricular response. 
Hypertension should be well controlled.

In general, patients should be observed for 24 h after the transition from intrave-
nous to oral diuretics. Patients may become congested again during this period. It is 
also possible that, with better GDMT and resolution of congestion, the dose of oral 
diuretic will be overestimated based on the preadmission or intravenous dose and 
will need to be decreased prior to discharge. Patients who have been treated with 
parenteral vasodilator or inotropic therapy should be observed for at least 24 h after 
these medications are stopped to insure that the patient is clinically stable, does not 
develop recurrent findings of hypoperfusion, is not hypotensive, and remains 
diuretic responsive and euvolemic.

Discharge criteria from the HFSA 2010 Comprehensive Heart Failure Practice 
Guidelines are summarized in Table 12.1 [34].

The transition from the inpatient to the outpatient setting is a vulnerable time for 
patients who have been hospitalized for ADHF. Hospitalization for heart failure 
may reflect an important change in cardiac function and pathophysiology and may 
indicate that the trajectory of the patient’s underlying disease has changed. Patients 
are frequently discharged on a medical regimen that is different from and more 
complex than their regimen on admission. Patients are also discharged at a time 
when vital signs, volume status, renal function, appetite, salt and water intake, and 
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the absorption, metabolism and effect of medications are changing. In addition, the 
majority of patients with heart failure have multiple comorbidities that are associ-
ated with an increased risk of mortality and preventable hospitalization and that are 
frequently not addressed during the ADHF hospitalization [35].

Important components of discharge planning are reviewed below [33, 36]:

 Patient Education

The education of patients, family members and care-providers is an essential com-
ponent of discharge planning. Patients should be educated about:

 1. the dose, frequency and potential side effects of each medication; patients should 
be able to identify their medications and understand the reason for taking each 
medication; patients should receive explicit instructions about medication 
adjustment.

 2. warning signs and symptoms of worsening heart failure
 3. self-management skills including monitoring daily weights, controlling sodium 

intake, and monitoring blood pressure
 4. recommended level of activity

Table 12.1 Discharge criteria for patients hospitalized for ADHF

Recommended for all HF patients Exacerbating factors addressed
Near optimal volume status observed
Transition from intravenous to oral diuretic successfully 
completed
Patient and family education completed, including clear 
discharge instructions
LVEF documented
Smoking cessation counseling initiated
Near optimal pharmacologic therapy achieved, including 
ACE inhibitor and beta blocker (for patients with reduced 
LVEF), or intolerance documented (Sections 7 and 11)
Follow-up clinic visit scheduled, usually for 7–10 days

Should be considered for patients 
with advanced HF or recurrent 
admissions for HF

Oral medication regimen stable for 24 h
No intravenous vasodilator or inotropic agent for 24 h
Ambulation before discharge to assess functional capacity 
after therapy
Plans for post-discharge management (scale present in 
home, visiting nurse or telephone follow up generally no 
longer than 3 days after discharge)
Referral for disease management, if available

Reprinted with permission from Lindenfeld et al. [13]
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 5. clear guidelines for reporting signs and symptoms of heart failure, change in 
weight, and abnormal blood pressure to the appropriate care provider

 6. factors that may aggravate heart failure
 7. follow up in anticoagulation clinic in patients taking warfarin

In a randomized controlled trial of 223 patients hospitalized with ADHF, the 
addition of a 60 minute one-on-one teaching session with a nurse educator to the 
standard discharge process resulted in fewer days hospitalized or death within the 
first 180 days after discharge, a lower risk of rehospitalization or death, fewer heart 
failure hospitalizations, increased self-care measures and a reduced cost of care 
[37]. In a smaller study, patients hospitalized for ADHF were randomized to an in- 
hospital educational program conducted by a multidisciplinary team (nurse or edu-
cator and a pharmacist) or standard care. Patients randomized to the educational 
program showed higher knowledge scores at discharge, an improvement in quality 
of life measured by the MLWHF Questionnaire and trends toward better compli-
ance with ACEI and β-blocker therapy [38].

 Discharge on GDMT

Insuring that patients are discharged on appropriate heart failure medications 
reduces mortality and rehospitalization. An analysis from the National Heart Care 
Project (an initiative by the Centers for Medicare & Medicaid Services designed to 
improve the quality of care for Medicare beneficiaries hospitalized with heart fail-
ure) looked at 17,456 patients age ≥ 65 years who had systolic dysfunction and no 
contraindication to ACEI or ARB who survived hospitalization for heart failure. 
ACEI were prescribed to only 68 % of this ideal cohort. 78 % of patients were pre-
scribed either an ACEI or ARB. ACEI prescription was associated with a lower 
risk-adjusted 1-year mortality rate (HR 0.86) [39].

The relationship between the five ACC/AHA performance measures for patients 
hospitalized with heart failure (discharge instructions, evaluation of left ventricu-
lar systolic function, ACEI or ARB for LV systolic dysfunction, adult smoking 
cessation counseling and anticoagulation at discharge for atrial fibrillation) and 
sixty- to ninety-day mortality and combined mortality/rehospitalization rates were 
evaluated in 5791 patients in the Follow-up Cohort in the OPTIMIZE-HF registry 
[40]. None of the 5 measures was significantly associated with risk-adjusted 
60–90 day post- discharge mortality using multivariable and propensity-adjusted 
analysis. ACEI or ARB use at discharge was associated with a significant decrease 
in risk-adjusted 60–90 day mortality or rehospitalization (HR 0.51). Beta-blocker 
use at discharge, which was also evaluated, was associated with a significant 
reduction in 60–90 day mortality [HR 0.48] and combined mortality or rehospital-
ization (HR 0.73).

12 Acute Decompensated Heart Failure



292

A hospital based discharge medication program was initiated by Intermountain 
Health Care, a non-profit integrated health system including 20 hospitals that 
serves ~60 % of the population of Utah and southern Idaho. The intent of this pro-
gram was to insure that appropriate medications for secondary prevention were 
prescribed at discharge to all patients hospitalized for acute myocardial infarction, 
coronary heart disease, heart failure or atrial fibrillation. The measure for patients 
with HF was the prescription for an ACEI (or ARB if intolerant) at discharge. The 
proportion of HF patients who received a prescription for ACEI or ARB increased 
from ~64 % before the initiation of the program to > 90 % after. This was associ-
ated with statistically significant reductions in 30 day and 1 year mortality (HR of 
0.76 and 0.77, respectively) and 30 day and 1 year readmission (HR of 0.84 and 
0.91, respectively) [41].

 Comorbidities

Addressing the long-term management of common comorbid conditions should be 
part of transitional care planning [35, 36]. Community acquired pneumonia, influ-
enza and other respiratory infections are among the most common precipitants of 
hospitalization for ADHF [42, 43]. Influenza and pneumococcal vaccination remain 
significantly underutilized in heart failure patients. The prevalence of vaccination 
varies widely by region and country from 22 % – 37 % for influenza vaccine and 
1 % to 22 % for pneumococcal vaccine [44–46]. Patients hospitalized for ADHF 
should have their immunization status for influenza and pneumococcal disease 
reviewed and updated [47–49].

 Patient Safety

Systems of care that insure patient safety should be adopted by all hospitals. This 
includes the adoption of “Safe Practices” endorsed by the National Quality Forum 
[50]. This document emphasizes the importance of accurate and timely communica-
tion of clinical information among patient caregivers, medication reconciliation, 
and the important components of safe discharge practices.

 Written Discharge Instructions and Discharge Summary

All patients should be provided with written discharge instructions that address: 
discharge medications, activity level, diet, weight monitoring, follow-up appoint-
ments and what to do if symptoms worsen. In addition, clear and specific care 
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information should be transmitted in a timely manner from the cardiologist to all of 
the patient’s current health care providers and should address new medication initia-
tion and dose up-titration, adverse effects of new medications, need for laboratory 
monitoring, and follow up plan [36, 51].

 Post-discharge Follow Up

There is significant variation among institutions with respect to time from discharge 
to physician follow up [52]. The ACCF/AHA guidelines recommend scheduling an 
early follow-up visit within 7–14 days and an early telephone follow-up within 
3 days of hospital discharge [33] The HFSA practice guidelines recommend a fol-
low- up clinic visit in 7–10 days after hospital discharge [34].

Before discharge, at the first post-discharge visit and at all subsequent visits, the 
following should be addressed: the initiation, titration and optimization of GDMT; 
assessment of vital signs, volume status and systemic perfusion; assessment of elec-
trolytes and renal function; screening for common causes of worsening heart fail-
ure; and reinforcement of HF education including medication adherence and 
self-monitoring [53].

 Multidisciplinary Disease Management Programs

The ACCF/AHA, HFSA, Canadian Cardiovascular Society and ESC guidelines 
endorse the use of multidisciplinary heart failure disease management programs 
(DMP) for patients discharged after hospitalization for ADHF, especially those 
at high risk for hospital readmission [33, 34, 36, 54]. These programs generally 
include comprehensive discharge planning plus post-discharge support. The 
ESC Guidelines recommend that the key characteristics of a heart failure DMP 
include [54]:

 1. using a team approach
 2. providing inpatient and outpatient services
 3. discharge planning, education and counseling strategies which promote 

self-care
 4. ongoing optimization of medical therapy
 5. prescription of a flexible diuretic regimen
 6. close attention to clinical deterioration
 7. vigilant follow-up and enhanced access to care.

Multiple meta-analyses of DMPs have confirmed that these programs reduce all- 
cause mortality at 12 months, reduce HF-related readmissions at 12 months and 
improve quality of life [55–58]. Yu and colleagues compared randomized controlled 
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clinical trials of DMPs that were and were not effective in improving discharge 
outcomes in an effort to identify the essential characteristics of DMPs that resulted 
in improved outcomes [57]. They concluded that to be effective, DMPs should be 
multifaceted and should include: an in-hospital phase of care; intensive patient edu-
cation; self-care supportive strategies; optimization of GDMT; and ongoing surveil-
lance for and management of clinical deterioration. Another meta-analysis suggested 
that DMPs that employ case management interventions where patients are inten-
sively monitored by telephone calls and home visits (usually by a specialist nurse), 
were especially effective in improving outcomes [58]. Strategies that employ fol-
low- up by a specialized multidisciplinary team are also especially effective [55].

There has been increasing interest in structured telephone support (STS) and 
especially in home telemonitoring (TM). STS is monitoring and/or self-care man-
agement delivered using simple telephone technology. Home telemonitoring is a 
form of non-invasive, remote patient monitoring that involves the use of electronic 
devices and telecommunication technologies (e.g., monitoring devices, hand-held 
or wearable technologies, and intelligent sensors) for the digital transmission of 
physiologic and other disease-related data from the patient’s home to a health care 
center providing care and clinical feedback. Several meta-analyses have demon-
strated that STS reduces HF-related hospitalizations and probably all-cause mortal-
ity while TM reduces HF-related hospitalizations and all-cause mortality [59–61]. 
Both interventions improve quality of life, functional class, patient-knowledge and 
self-care [59].

A comprehensive systematic review and meta- analysis of transitional care inter-
ventions to prevent readmissions for people hospitalized with heart failure con-
tracted by the Agency for Healthcare Research and Quality was recently published 
[62]. This analysis found that a high-intensity home-visiting program reduced all- 
cause readmission and the composite of all-cause readmission or death at 30 days 
and 3–6 months and decreased HF-specific readmission over 3–6 months. Multi- 
disciplinary HF (MDS-HF) clinic interventions reduced all-cause readmission. STS 
interventions reduced HF-specific readmission but not all cause readmission. 
Home-visiting programs, MDS-HF clinics, and STS interventions reduced mortal-
ity. Neither telemonitoring nor nurse-led clinic interventions reduced readmission 
or mortality.

 Palliative Care

The ACCF/AHA and Canadian Cardiovascular Society (CCS) endorse early 
involvement of palliative care, especially in patients with advanced heart failure [33, 
63, 64]. Palliative care needs to be distinguished from hospice. Palliative care is 
specialized multidisciplinary care that focuses on improving the quality of life for 
people of any age who are living with any serious illness. Hospice is a system of 
interdisciplinary care that is focused on improving quality of life and relieving 
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suffering in the dying patient in the last months of life [65]. Palliative care should be 
considered in all patients with advanced heart failure to help identify and manage 
physical, psychological, and spiritual issues, to assist with decisions concerning 
advanced heart failure therapies, and to help with advance and end-of-life direc-
tives. Palliative care should be considered for many patients hospitalized with 
ADHF and should not be reserved for only patients at the end of life.

 Risk for Rehospitalization

Transitional care is especially important in patients at high risk for rehospitaliza-
tion. This includes patients with advanced age, previous hospitalizations for heart 
failure, multiple concomitant comorbidities, limited social support, frailty, cogni-
tive and functional impairment or depression [66, 67]. A review of 26 unique read-
mission risk prediction models found that they performed poorly in discriminating 
which patients were at risk for rehospitalization [68]. Data from the EVEREST trial 
suggests that findings of persistent congestion identified a population at high risk 
for readmission [69]. Cognitive impairment measured by the Mini Cog exam in 
patients hospitalized for ADHF was found to be strongly associated with the com-
posite end-point of rehospitalization or mortality (HR = 1.90) [70]. Cognitive 
impairment was identified as the most important predictor of post-discharge out-
comes among 55 variables analyzed.

 Other Issues

 Treatment Based on Systolic Blood Pressure

Current practice guidelines emphasize the use of parenteral loop diuretics in the 
initial treatment of ADHF. Several expert panels have suggested that initial blood 
pressure be integrated into the initial treatment paradigm [71–73]. There is data that 
suggests that volume redistribution rather than volume overload causes acute 
decompensation in patients with ADHF who present with hypertension. In some of 
these patients, an acute increase in systemic vascular resistance results in an acute 
reduction in stroke volume and an acute elevation in PCWP with the rapid develop-
ment of dyspnea with or without flash pulmonary edema. These patients generally 
do not have gradually progressive symptoms prior to hospitalization and have less 
evidence of edema and systemic venous congestion on presentation [74–76]. 
Mobilization of venous fluid from the splanchnic circulation may also play a role in 
these patients [77].

A consensus document from the Society of Academic Emergency Medicine /
HFSA Acute Heart Failure Working Group has proposed that presenting systolic 
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blood pressure be incorporated into the initial treatment paradigm by dividing 
patients into three groups: (1) hypertensive (SBP > 140 mmHg); (2) normotensive 
(SBP 100–140 mmHg); and (3) hypotensive (SBP < 100 mmHg). Patients in the 
hypertensive group would be treated with low dose diuretics and higher dose vaso-
dilators. Patients in the normotensive group would be treated with diuretics and 
moderate dose vasodilators. Patients in the hypotensive group would be treated with 
diuretics and inotropes as needed [72]. There have been no prospective randomized 
trials that have evaluated a treatment strategy based on initial systolic blood  pressure 
but several reports suggest that performing a randomized trial evaluating this 
approach is feasible [78–80].

 Improving Survival After Hospitalization for ADHF

Hospitalization for ADHF is an event that identifies a patient at high risk for dying 
in the next year. In patients with chronic heart failure, HF hospitalization is a marker 
of disease progression and probably reflects a change in the trajectory of the under-
lying heart disease. A retrospective analysis from the Candesartan in Heart failure: 
Assessment of reduction in Mortality and morbidity (CHARM) trials assessed the 
risk after discharge from a first hospitalization for HF compared to patients who 
were not hospitalized for HF using time-updated Cox proportional-hazards models 
[81]. After adjustment for predictors of death, mortality rate was found to be 
increased after HF hospitalization with a HR of 3.15. Longer duration of hospital-
ization and repeat hospitalization increased the risk of dying. A retrospective analy-
sis from the Digitalis Investigation Group (DIG) trial assessed the effect of incident 
HF hospitalization on subsequent mortality compared with no HF hospitalization in 
a propensity matched population [82]. Using matched Cox regression analysis, 
patients in the HF hospitalization group had a significantly increased risk of subse-
quent mortality compared with the no HF hospitalization group with a HR of 2.49. 
The HR for CV and HF mortality were 2.88 and 5.22, respectively. An analysis 
using health care utilization databases from British Columbia confirmed that the 
number of HF hospitalizations is a strong predictor of mortality in community HF 
patients with median survivals after the first, second, third and fourth hospitaliza-
tions of 2.4, 1.4, 1.0, and 0.6 years, respectively [83].

A number of clinical trials of newer medications that have attempted to show an 
impact on post-discharge outcomes have largely been negative. Agents that have 
been studied and shown to be ineffective include milrinone [84], nesiritide [85], the 
selective vasopressin (V2) receptor antagonist tolvaptan [86, 87], levosimendan 
[88], the direct renin inhibitor aliskerin [89], the adenosine A1 receptor antagonist 
rolofylline [90], and the endothelin receptor antagonist tezosentan [91]. There is 
substantial data that discharge on an ACEI and a β-blocker improves survival and 
decreases hospitalization [39–41, 92–94].

The Prospective Comparison of ARNI [Angiotensin Receptor–Neprilysin 
Inhibitor] with ACEI [Angiotensin-Converting–Enzyme Inhibitor] to Determine 
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Impact on Global Mortality and Morbidity in Heart Failure (PARADIGM-HF) Trial 
randomized 8442 patients with NYHA FC II, III or IV heart failure to receive a 
combination of valsartan and the neprilysin inhibitor sacubitril or enalapril [95–97]. 
The primary end-point of the trial was the composite of cardiovascular death and 
heart failure hospitalization. Neprilysin is a neutral endopeptidase inhibitor that 
degrades several endogenous vasoactive peptides including natriuretic peptides, 
bradykinin and adrenomedullin. Sacubitril inhibits neprilysin (but not ACE or ami-
nopeptidase P) and increases the levels of natriuretic peptides, bradykinin and 
 adrenomedullin. In PARADIGM-HF, when compared with enalapril, the combina-
tion of valsartan and sacubitril reduced the primary end-point by 20 %. Death from 
any cause was reduced by 16 %, cardiovascular death by 20 %, and HF hospitaliza-
tion by 21 %. Symptoms and physical limitations of heart failure were decreased. 
This combination was well tolerated with lower proportions of hyperkalemia, renal 
impairment and cough compared with enalapril.

This study was not conducted with patients hospitalized for ADHF. The combi-
nation has been approved by the FDA for use in patients with chronic heart failure 
(NYHA Class II-IV) and reduced ejection fraction to reduce the risk of cardiovas-
cular death and hospitalization for heart failure in place of ACEI or ARB. The com-
bination is marketed as Entresto. There has not been a consensus document that 
addresses whether patients with ADHF should be started on Entresto instead of 
ACEI or ARB or switched from ACEI or ARB to Entresto during HF 
hospitalization.

 Ongoing Drug Development

A number of new drugs with novel mechanisms of action are being evaluated in 
ongoing clinical trials in patients with ADHF [98, 99].

 Relaxin/Serelaxin

Relaxin is a naturally occurring vasoactive peptide hormone that is produced by the 
placenta and corpus luteum and also by the failing myocardium. It acts on a 
G-protein coupled receptor, RXFP1, which is abundantly expressed in the cardio-
vascular, renal, and reproductive systems. Activation of RXFPI increases the pro-
duction of cAMP with a resulting increase in nitric oxide production. In addition, 
relaxin has anti-inflammatory and anti-fibrotic effects and causes upregulation of 
vascular matrix metallo-proteinase-2 activity all of which result in vasodilation and 
increased vessel compliance [98–100].

In the Preliminary study of RELAXin in Acute Heart Failure (Pre-RELAX- 
AHF), 234 patients with acute heart failure, evidence of congestion on CXR, 
elevated BNP or NT-BNP, systolic blood pressure > 125 mmHg, and mild-moder-
ate renal insufficiency were treated with standard care and randomized to a 48-h 
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infusion of placebo or one of four doses of relaxin [101]. When compared to 
placebo, treatment with relaxin was associated with dyspnea improvement at 6, 
12, and 24 h by Likert scale and through day 14 by visual analogue scale. In addi-
tion, patients treated with relaxin had a shorter length of stay, greater days alive 
and out of the hospital, and reduced risk of cardiovascular death or HF 
readmission.

The RELAXin in Acute Heart Failure (RELAX-AHF) Trial randomized 1161 
patients with the same clinical characteristics as Pre-RELAX-AHF to receive stan-
dard care plus a 48-h infusion of placebo or serelaxin 30 mcg/kg per day [102]. 
Serelaxin is recombinant human relaxin-2. Serelaxin is identical in structure to 
naturally occurring relaxin and is formulated as a sterile solution for infusion. The 
study had two primary end-points that evaluated dyspnea improvement. Serelaxin 
improved the change in the visual analogue scale area under the curve (VAS AUC) 
from baseline to day 5. Serelaxin had no significant effect on the proportion of 
patients with moderate or marked dyspnea improvement measured by Likert scale 
during the first 24 h. Serelaxin had no effect on cardiovascular death or HF readmis-
sion at 60 days or days alive and out of the hospital at 60 days. Treatment with 
serelaxin was associated with fewer deaths at 180 days. Several phase three trials of 
serelaxin are ongoing.

 Ularitide

Urodilatin is a natriuretic peptide that is synthesized and secreted by distal renal 
tubular cells. Following intraluminal secretion, it binds to NPR-A receptors in the 
inner medullary collecting duct regulating renal sodium resorption and water 
homeostasis via cGMP-dependent signal transduction. Intravenous urodilatin 
increases diuresis and natriuresis and reduces pulmonary capillary wedge pressure 
(PCWP) and systemic vascular resistance [98, 99, 103].

Ularitide is a synthetically derived form of urodilatin. The SIRIUS II trial was 
a phase 2, randomized, double-blind, placebo controlled, dose-finding study in 
221 patients with acute decompensation of chronic heart failure with dyspnea at 
rest or with minimal activity, cardiac index ≤ 2.5 L/min/m2, and pulmonary capil-
lary wedge pressure ≥18 mmHg. Patients received standard care and were ran-
domized to a 24-h infusion of placebo or one of three doses of ularitide. At 6 h, 
patients treated with ularitide demonstrated a significant decrease in PCWP, 
improved dyspnea score, decreased systemic vascular resistance and increased 
cardiac index [104].The Efficacy and Safety of Ularitide for the Treatment of 
Acute Decompensated Heart Failure (TRUE-AHF) is an ongoing phase 3 trial 
designed to assess the effect of a 48-h continuous IV infusion of ularitide (15 ng/
kg/min) versus placebo on the clinical status of patients with acute decompen-
sated heart failure [43].
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 Istaroxime

Istaroxime is a novel steroidal intravenous inotropic agent unrelated to cardiac gly-
cosides. The drug has unique inotropic/lusitropic properties [42, 98, 105]. Istaroxime 
inhibits Na+/K+ ATPase and stimulates sarcoplasmic reticulum Ca2+adenosine tri-
phosphatase isoform 2a. This affects cytosolic accumulation of calcium during sys-
tole resulting in an inotropic response and rapid sequestration of calcium during 
diastole resulting in a lusitropic response.

The Hemodynamic, Echocardiographic and Neurohormonal Effects of 
Istaroxime, a Novel Inotropic Agent: A Randomized Controlled Trial in Patients 
with Heart Failure (HORIZON-HF) trial randomized 121 patients with acute 
decompensated heart failure and LVEF ≤ 35 % on standard heart failure therapy to 
a 6-h infusion of placebo or one of three doses of istaroxime [106]. Patients under-
went pulmonary artery catheterization within 48 h of admission and prior to ran-
domization. Comprehensive 2-dimensional, Doppler, and tissue Doppler 
echocardiography were performed immediately before and within the last 30 min-
utes of study drug infusion. The primary end-point of the trial was change in PCWP 
from baseline compared to placebo after the 6-h infusion. Istaroxime significantly 
reduced PCWP, left ventricular end-diastolic pressure and heart rate and increased 
systolic blood pressure and cardiac index. There were no changes in neurohor-
mones, renal function or troponin I. In addition, istaroxime improved systolic and 
diastolic function by echo parameters with evidence of increased contractility and 
decreased diastolic stiffness.

 Omecamtiv Mecarbil (OM)

Omecamtiv Mecarbil is a small-molecule, cardiac-selective myosin activator. OM 
increases the number of myosin heads interacting with actin resulting in the genera-
tion of greater contractile force. OM improves myocardial contractility by prolong-
ing systolic ejection time without changing myocardial oxygen consumption, 
myocyte calcium levels or the rate of left ventricular pressure development (LV dP/
dt). In contrast, dobutamine increases LV dP/dt, decreases systolic ejection time, 
and increases myocardial oxygen consumption [98, 99, 106]. In healthy men, OM 
infusion resulted in dose-related increases in systolic ejection time, associated with 
increases in stroke volume, fractional shortening, and ejection fraction without 
changes in diastolic function [13]. In the phase II Acute Treatment with Omecamtiv 
Mecarbil to Increase Contractility in Acute Heart Failure (ATOMIC-AHF) study, 
patients admitted with acute heart failure, LVEF ≤ 40 %, dyspnea and elevated 
natriuretic peptides were randomized to receive a 48-h infusion of placebo or one of 
three doses of OM [107]. The primary end-point was dyspnea relief at 6, 24 and 
48 h using a patient-reported 7-level Likert scale. OM did not improve the primary 
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endpoint. There were plasma concentration-related increases in left ventricular sys-
tolic ejection time (p < 0.0001) and decreases in end-systolic dimension (p < 0.05).

The Chronic Oral Study of Myosin Activation to Increase Contractility in Heart 
Failure (COSMIC-HF) trial is multicenter, Phase 2 trial designed to evaluate an oral 
modified release formulation of OM in chronic heart failure patients with reduced 
ejection fraction [108]. The trial consists of two parts, a dose escalation phase and a 
larger and longer expansion phase. The primary end-points for the expansion phase 
are to assess the maximum and pre-dose plasma concentration of OM. The second-
ary end-points are to assess changes from baseline in systolic ejection time, stroke 
volume, left ventricular end-systolic diameter, left ventricular end-diastolic diame-
ter, heart rate and N-terminal pro-brain natriuretic peptide at week 20, as well as the 
safety and tolerability of OM including incidence of adverse events from baseline to 
week 24.

 Conclusions

Hospitalization for ADHF identifies a patient at increased risk for dying in the next 
year. Initiation and optimization of guideline directed medical therapy is an impor-
tant component of treatment of the hospitalized patient and to date, the only phar-
macologic intervention that has been demonstrated to decrease post-discharge 
mortality and HF hospitalization.

Careful discharge planning is an important component of care in the patient hos-
pitalized with ADHF. Patient education should address the dose, frequency and 
potential side effects of each medication, self-management skills, and guidelines for 
reporting signs and symptoms of worsening heart failure. All patients should be 
provided with written discharge instructions. Multidisciplinary heart failure disease 
management programs appear to be helpful in improving outcomes, especially in 
patients at high risk for hospital readmission.
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Chapter 13
Cardiac-Oncology: Management of the Patient 
with Heart Failure After Chemotherapy

Ashwani Gupta and Howard J. Eisen

 Introduction

The survival of patients diagnosed with malignancy has improved drastically over 
the last few decades [1]. This has led to increased recognition of adverse events 
related to chemotherapeutic drugs, especially cardiovascular effects. Cardiovascular 
disease is the 2nd most common cause of mortality in these patients after the 
malignancy itself [2]. Cardiomyopathy is the most common cardiovascular side 
effect of chemotherapy. Various chemotherapeutic agents have been associated 
with the development of cardiomyopathy. A detailed list of these agents is pro-
vided in Table 13.1.

Chemotherapy-induced cardiomyopathy has been broadly classified into two 
types- Type I (non-reversible) and Type II (reversible) [3]. However, this distinction 
is not always mutually exclusive- type II dysfunction may not always be reversible 
and type I may reverse with cessation of the offending agent and heart failure (HF) 
therapy. Also, both types may co-exist, especially in patients receiving more than 
one cardiotoxic drug. Differences between type I and II cardiomyopathy are 
described in Table 13.2.
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 Definition

The definition of chemotherapy-induced cardiomyopathy has not been precisely 
defined. Various trials have employed different definitions of this entity. The Cardiac 
Review and Evaluation Committee (CRCE) has established the following criterion 
to diagnose chemotherapy induced cardiac dysfunction [4]:

 1. Decrease in left ventricular ejection fraction (LVEF), which is either global or 
worse in the septum

 2. Symptoms of congestive heart failure
 3. Signs of congestive heart failure, including but not limited to, S3 gallop, tachy-

cardia or both
 4. A symptomatic decline in LVEF of at least 5 % or asymptomatic decline in 

LVEF of at least 10 % to an absolute LVEF of <55 %

 Anthracyclines

Anthracyclines still remain the cornerstone of many modern chemotherapeutic regi-
mens, with doxorubicin being the most widely used agent. These agents intercalate 
between specific bases in the DNA and inhibit DNA and RNA synthesis. 
Cardiotoxicity with these agents was recognized very early and found to be dose- 
dependent [5]. Initial studies, performed in 1970s, recommended a maximum total 

Table 13.1 List of chemotherapeutic agents associated with cardiomyopathy

1. Anthracyclines — Doxorubicin, Daunorubicin, Epirubicin, Idarubicin, Mitoxantrone
2. Monoclonal antibodies against HER2 — Trastuzumab
3. Alkylating agents — Cyclophosphamide, Ifosfamide
4. Antimicrotubule agents — Paclitaxel
5. Angiogenesis inhibitors — Bevacizumab
6. Tyrosine kinase inhibitors — Sunitinib, sorefinib, imatinib, lapatinib
7. Pyrimidine analogues — 5-Flourouracil, Capecitabine

Table 13.2 Differences between Type I and Type II chemotherapy induced cardiomyopathy

Type I Type II

Myocardial cell death Myocardial cell dysfunction
Reversible Non-reversible
Related to cumulative dose Not related to cumulative dose
Agent cannot be reintroduced without 
risk

Agent can be reintroduced with minimal risk

Biopsy shows myocardial damage Minimal changes on biopsy
Drugs like anthracyclines, alkylating 
agents, microtubule inhibitors

Drugs like trastuzumab, angiogenesis inhibitors, 
pyrimidine analogues, tyrosine kinase inhibitors
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doxorubicin dose 550 mg/m2 [6]. However, these studies were limited by lack of 
evaluation for asymptomatic LV dysfunction. Recent studies report incidence of LV 
dysfunction to be as high as 50 % with long-term follow up [7]. Swain et al. [8] 
reported incidence of cardiomyopathy at 5 %, 16 % and 26 % respectively, with 
cumulative doses of 400, 500 and 550 mg/m2. Hence, currently the cumulative dose 
is usually limited to 400–450 mg/m2. However, there is no safe dose and cardiomy-
opathy has been reported with doses as low as 250 mg/m2, especially in children [9].

Three different manifestations of anthracycline-mediated cardiotoxicity have 
been described [10]:

 1. Acute — Acute cardiotoxicity is rare, occurring in <1 % patients and manifests 
within hours to weeks as arrhythmias, acute heart failure, myocardial ischemia, 
or pericarditis/myocarditis-like syndrome. Most patients recover completely 
from this acute cardiotoxicity. However, long terms effects are not known.

 2. Early-onset chronic — This manifestation occurs within the 1st year of treatment 
and incidence is reported at 1.6–2.1 %. It typically presents as dilated cardiomy-
opathy and may persist, or even progress, after discontinuation of the offending 
agent.

 3. Late-onset chronic — This is the most common form and is seen in about 
1.6–5 % patients. It typically occurs years after chemotherapy and presents as 
progressive dilated cardiomyopathy, heart failure, or arrhythmias.

Various risk factors have been described for the development of anthracycline- 
mediated cardiomyopathy (Table 13.3) [11]. The most important risk factor is the 
total cumulative dose. Other major risk factors include extremes of age, pre-existing 
cardiovascular disease, concomitant use of other cardiotoxic drugs and chest 
irradiation.

Anthracyclines produce progressive and irreversible type I cardiomyopathy. 
Cardiac biopsy typically shows patchy areas of interstitial fibrosis, vacuolation and 
rarely frank necrosis [12]. The pathophysiology of anthracycline-medicated cardio-
myopathy is not clearly understood and multiple mechanisms have been hypothe-
sized [13]. The most commonly accepted hypothesis is generation of excessive 
reactive oxygen species (ROS) and free radical induced myocyte damage. Various 
mechanisms have been hypothesized for excess free radical production, including 
mitochondrial dysfunction, increased endothelial nitric oxide synthase production, 
iron dependent redox cycling, and NAD(P)H dependent mechanisms [13]. However, 
recent literature suggests that the ROS hypothesis may not fully explain the 
anthracycline- induced cardiotoxicity [13]. Other hypothesized mechanisms include 
inhibition of topoisomerase II, DNA cross-linking, decreased ATP production, 
direct damage to the mitochondria and cell membranes, and increased apoptosis.

Several attempts have been made to reduce doxorubicin cardiotoxicity:

 1. Structural modification of anthracyclines —
Many studies have focused on the development of chemotherapeutic agents, 

with reduced cardiotoxicty, while preserving antitumor efficacy. Unfortunately, 
thus far, the development of such an agent has remained unsuccessful. Epirubicin 
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drew initial interest due to its reduced cardiotoxicity when compared mg-for- mg 
with doxorubicin. However, subsequent studies demonstrated epirubicin as a less 
potent chemotherapeutic agent compared to doxorubicin with similar cardiotox-
icity at functionally equivalent doses of epirubicin [14].

 2. Different vehicle —
A liposomal-encapsulated doxorubicin remains restricted to the circulating 

blood and does not cross capillary junctions into normal organs. However, it eas-
ily penetrates into the tumor due to increased capillary permeability. It has been 
shown to reduce cardiotoxicity while still retaining its anti-neoplastic effects 
[15]. However, more data is still required and increased cost limits its use.

 3. Different protocols —
Continuous infusion reduces the risk of cardiotoxicity by decreasing the peak level 

of the drug [16]. However, it is associated with increased cost, need for an 
indwelling catheter and increased inconvenience to the patient. There is also a 
concern for reduction in antineoplastic effects.

 Trastuzumab

Trastuzumab is a monoclonal antibody active against human epidermal growth fac-
tor (HER2) receptor, which is overexpressed in 25 % of breast cancers. However, 
trastuzumab significantly increases the risk of cardiomyopathy. A meta-analysis of 
randomized clinical trials with use of trastuzumab as an adjuvant chemotherapeutic 
agent showed a 1.6 % absolute increase in incidence of symptomatic heart failure 
and 7.2 % increase in LV systolic dysfunction [17]. Another trial in patients with 
metastatic breast cancer showed a 19 % increased risk of cardiomyopathy when 
trastuzumab was used in combination with anthracycline and cyclophosphamide, 
and a 12 % increased risk when added to paclitaxel [18]. Analysis of the SEER- 
Medicare database showed a 32.1 % incidence of cardiomyopathy in patients 
receiving trastuzumab and a 41.9 % incidence in patients receiving anthracycline 

Table 13.3 Risk factors for anthracycline-mediated cardiomyopathy

 1. Cumulative anthracycline dose
 2. Mode of administration (rate of infusion, type of agent, individual dose)
 3. Age — Children <15 years and elderly >70 years
 4. Chest irradiation
 5. Pre-existing cardiovascular disease
 6. Hypertension
 7. Use of other cardiotoxic drugs (e.g., trastuzumab, cyclophosphamide, paclitaxel)
 8. Female sex
 9. Trisomy 21
10. HFE gene mutation

A. Gupta and H.J. Eisen



313

plus trastuzumab, which is much higher than previously reported trials [19]. Most 
protocols recommend use of trastuzumab sequentially with anthracyclines. 
However, even sequential use is associated with an increased risk of cardiomyopa-
thy, though much less than concomitant use [20] (See Table 13.4).

Trastuzumab produces type II cardiomyopathy, which is not dose dependent 
and potentially reversible. There is no visible myocyte damage on histology and 
changes are visible only on electron microscopy [21]. Some authors have re-chal-
lenged patients with trastuzumab without recurrence of cardiomyopathy in most 
patients [4]. However, many authors have questioned its reversible nature and 
reported a 20–40 % incidence of persistent LV dysfunction [22]. MRI studies 
have shown evidence of delayed gadolinium enhancement despite recovery of 
cardiac function, suggesting persistent myocardial damage [23]. Long-term stud-
ies are needed to better define the natural history of trastuzumab-induced 
cardiomyopathy.

The mechanism of trastuzumab-induced cardiomyopathy is not well understood, 
but inhibition of ErbB2 is thought to be the main mechanism. ErbB2 is a critical 
component of multiple anti-apoptotic pathways and is necessary for myocyte sur-
vival and repair. Trastuzumab binds to the ErbB2 on cardiac myocytes and blocks 
the cardioprotective ErbB2-ErbB4 signaling pathway [24]. Removal of trastuzumab 
leads of resumption of these pathways and recovery of cardiac damage. The syner-
gistic cardiotoxic effects of anthracycline and trastuzumab can be explained by 
myocyte damage due to anthracyclines and blockage of repair mechanisms by 
trastuzumab [25].

A few approaches to reduce trastuzumab-induced cardiotoxicity are under 
investigation:

 1. Second generation monoclonal antibodies —
Lapatinib, a HER1 and HER2 receptor inhibitor, appears to be associated 

with much lower risk of cardiomyopathy than trastuzumab [26]. Other second- 
generation anti-HER2 therapies are being developed and three agents – nera-
tinib, trastuzumab-DM1 and pertuzumab, are currently under investigation.

 2. Anthracycline-sparing protocols —
The BCIRG 006 trial demonstrated that the anthracycline-sparing chemother-

apy protocols with trastuzumab alone were associated with significantly 
decreased risk of cardiomyopathy while preserving antitumor efficacy [27]. 
However, data regarding anti-neoplastic efficacy without anthracyclines is still 
conflicting [28].

Table 13.4 Risk factors for 
development of trastuzumab- 
induced cardiomyopathy

1. Age> 50 years
2. Hypertension
3. Concomitant use of anthracyclines or paclitaxel
4. Pre-existing cardiovascular disease
5. Smoking
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 3. Shorter treatment duration —
Preliminary data shows that shorter regimens of trastuzumab are associated 

with a lower incidence of cardiomyopathy [29]. However, larger long-term stud-
ies are required to assess cardiotoxicity and anti-tumor efficacy.

 Alkylating Agents

Cyclophosphamide is activated in the liver and its active metabolite crosslinks 
DNA, disrupting cell division. It has been associated with increased risk of cardio-
myopathy, especially in combination with an anthracycline or cisplatin [30]. Other 
risk factors include advanced age and mediastinal irradiation. The mechanism of 
cardiotoxicity is not very well established and appears to be related to the strength 
of the individual dose, rather than cumulative dose [30]. Ifosamide has also been 
rarely associated with cardiomyopathy [31].

 Antimicrotubule Agents

Paclitaxel, alone, has not been implicated as a cause of cardiomyopathy. However, 
it reduces the elimination of doxorubicin and increases its toxicity [32]. Paclitaxel 
should be avoided immediately before doxorubicin administration and within the 
next hour. The most common cardiovascular side-effect of paclitaxel is transient 
asymptomatic bradycardia [33].

 Flouropyramidines

5-Flourouracil (5-FU) and its oral prodrug capecitabine have been associated with 
cardiotoxicity. The most common cardiac side effect is myocardial ischemia, likely 
related to coronary vasospasm [34]. Cardiomyopathy from these agents is rare and 
limited to a few case reports. It appears to have a type II pattern, with recovery of 
cardiac function in most cases after cessation of the agent [35].

 Angiogenesis Inhibitors

Bevacizumab is a recombinant monoclonal antibody against the vascular endothe-
lial growth factor (VEGF) receptor. It has primarily been associated with an 
increased risk of thrombotic events. The risk of cardiomyopathy is very low and 
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follows the reversible type II pattern [36]. The most probable hypothesis is the loss 
of protective effects of VEGF against endothelial dysfunction caused by excess oxi-
dative stress.

 Tyrosine Kinase Inhibitors

The most common cardiovascular effect of tyrosine kinase inhibitors is hyperten-
sion. Sunitinib has been associated with a 6–8 % incidence of HF and up to a 19 % 
incidence of cardiomyopathy, especially in patients with pre-existing coronary 
artery disease and cardiac risk factors, like hypertension [37]. Imatinib, an inhibitor 
of the Bcr-Abl protein, is used in the treatment of chronic myelogenous leukemia 
and has been associated with HF as well [38]. It is hypothesized to induce cardio-
toxicity by the activation of the endoplasmic reticulum stress response pathways. 
Electron microscopy of cardiac biopsies demonstrates membrane whorls, pleomor-
phic mitochondria, effaced cristae, glycogen accumulation, lipid droplets, and vacu-
oles [38]. However, data is limited to animal studies and a few small case series.

 Diagnosis

Traditionally, the detection of cardiotoxicity has relied on detection of reduction in 
LVEF. Multiple-gated acquisition (MUGA) scan and transthoracic echocardiogra-
phy are the two most commonly used modalities. Baseline LVEF should always be 
obtained before initiation of chemotherapy. The values obtained from different 
modalities are not interchangeable and, hence, the same modality should continu-
ally be used throughout the chemotherapy protocol for an assessment and compari-
son of LVEF.

 MUGA Scan

Historically, MUGA scan has been the modality of choice to assess LVEF prior 
recent advances in echocardiography. MUGA scan has the advantage of lower inter- 
observer variability and generation of an exact LVEF number [39]. However, it 
exposes the patients to ionizing radiation (approximately 7.8 mSv/exam) [40] and 
does not provide any information regarding valvular disorders, pericardial diseases, 
and diastolic parameters. Currently, most centers use echocardiography as the pri-
mary modality for LVEF assessment. MUGA scan continues to be used at many 
centers due to the oncologists’ familiarity with the test and interpretation of its 
results. MUGA scan use should be limited in patients with poor acoustic windows 
or with pre-existing cardiomyopathy prior to the initiation of chemotherapy.
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 Transthoracic Echocardiography

Transthoracic echocardiography is the most commonly used modality for assess-
ment of LVEF in patients receiving chemotherapy. Echocardiography is readily 
accessible, portable, inexpensive, and does not expose patients to ionizing radiation. 
It also provides additional information regarding valvular disorders, diastolic dys-
function, and pericardial disorders. Its disadvantages include larger inter-observer 
variability, dependence on complex geometric models and lack of good acoustic 
windows in many patients. Inter-observer variability and need for assumptions 
regarding ventricular geometry can be reduced by using 3D transthoracic echocar-
diography [41]. A small study with real time 3D transthoracic echocardiogram 
showed good correlation with MRI and MUGA scans in patients receiving chemo-
therapy [23]. Poor acoustic windows can be improved by the use of contrast agents, 
which better delineate the endocardial borders and reduce intra- and inter-observer 
variability [42]. Ideally, 3D echocardiography or contrast-enhanced echocardiogra-
phy should be used as the modality of choice in screening patients for chemotherapy- 
induced cardiomyopathy.

Multiple indices of diastolic function have been evaluated in patients undergoing 
cardiotoxic chemotherapy [43]. Diastolic dysfunction usually precedes systolic 
dysfunction and early detection can potentially reduce the future risk of cardiomy-
opathy. However, none of the diastolic parameters have been found to have any 
significant association with development of future cardiac dysfunction [44].

Another modality used for early detection of cardiac dysfunction is the assess-
ment of cardiac reserve by exercise or pharmacological stress echocardiography. 
Small studies have shown that reduction in cardiac reserve can be seen as early as 
after first cycle of chemotherapy and it can predict future cardiovascular events [45]. 
However, data regarding use of stress echocardiography are very limited.

The newest development in echocardiography is speckled and strain imaging. 
Multiple small trials have shown that these modalities can detect systolic dysfunc-
tion earlier than standard parameters and predict long term development of cardio-
myopathy [46, 47]. Larger trials are still required before these modalities become 
standard of care. The major concern with these highly sensitive techniques is that 
many patients may never develop clinically significant cardiac dysfunction and life- 
saving therapies may be withheld unnecessarily.

 Endomyocardial Biopsy

An endomyocardial biopsy can show typical features of cell damage from agents 
with type I cardiotoxicity. It was the gold standard to diagnose chemotherapy- 
induced cardiotoxicity. Billingham et al. [12] performed the pivotal trials assess-
ing the histopathological changes following anthracycline exposure and developed 
a four point scoring system to characterize the extent of myocardial damage. 
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However, it is an invasive procedure with significant risks and is not routinely 
used these days, especially with recent advances in other modalities of non-inva-
sive imaging.

 Cardiac MRI

Cardiac MRI (CMR) is currently the gold standard for assessment of LVEF [48]. 
CMR can also identify regions of non-transmural cardiac injury by delayed gado-
linium enhancement. Anthracycline-induced cardiomyopathy characteristically 
demonstrates a delayed enhancement in the anterolateral wall and trastuzumab- 
induced cardiomyopathy shows a subepicardial delayed enhancement in the lateral 
wall [23]. CMR also provides detailed structural information, including right-sided 
chambers. However, CMR is not widely available and is expensive. CMR cannot be 
used in patients with metal devices or implants and gadolinium use is contraindi-
cated in patients with reduced renal function.

 Cardiac Biomarkers

Reduction in LVEF is a late development in the cascade of development of cardio-
myopathy and early identification is critical. Several cardiac biomarkers have been 
studied to identify early cardiac damage. However, utmost caution must be exer-
cised as a false positive result can withhold lifesaving therapy. A good biomarker 
must be easy to measure, accurate, reproducible, and most importantly, should have 
high specificity to limit likelihood of false positive results. Biomarkers should be 
used as an adjunct to the previously described modalities of cardiac assessment 
[49].

Troponin I is the most studied biomarker as a predictor of development of cardio-
myopathy. Elevation of troponin I levels can predict cardiac damage earlier than 
currently used modalities [50]. One study involving 703 patients receiving anthra-
cyclines showed a 30 % incidence of troponin I elevation and 9 % patients had 
persistent elevation even at 1 month [51]. Biomarker measurements were done 
before starting chemotherapy and immediately after. The testing was repeated at 12, 
24, 36 and 72 h and again at 1 month. Cardiovascular endpoints were seen in 1 %, 
37 % and 84 % patients, respectively, in troponin I negative, transient positive and 
persistent troponin I positive patients at 1 month. The positive and negative predic-
tive value of troponin I was 84 % and 99 %, respectively. However, this has not been 
validated in repeated larger trials. A consensus regarding optimal timing of troponin 
I measurement has also not been reached.

Serum atrial natriuretic peptide (ANP), B-type natriuretic peptide (BNP) and 
N-terminal proBNP (NT-proBNP) have not been validated as a screening tool in 
patients receiving cardiotoxic drugs [52, 53]. The studies with these markers have 
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been small, heterogeneous, single center trials and results have been conflicting. A 
few newer biomarkers have also shown promise in identification of cardiac damage, 
including, heart-type fatty acid-binding protein (H-FABP) [54] and glycogen phos-
phorylase BB (GPBB) [55].

 Screening

Screening guidelines have been published by various societies for anthracycline and 
trastuzumab-induced cardiomyopathy. However, there is a lack of consensus 
amongst various guidelines. Nuclear cardiology guidelines regarding screening for 
anthracycline-mediated cardiomyopathy are shown in Table 13.5 [56]. The 
Children’s Oncology Group’s Long-Term Follow-up Guidelines for Survivors of 
Childhood, Adolescent, and Young Adult Cancers (COG LTFU guidelines) recom-
mend assessment of LV function by either echocardiogram or MUGA scan every 
1–5 years (depending on the presence of risk factors for cardiotoxicity) [57].

The screening guidelines for trastuzumab-induced cardiomyopathy are slightly dif-
ferent. The National Comprehensive Cancer Network Guidelines recommend LVEF 
assessment at baseline and then every 3 months for the duration of chemotherapy [58]. 
The Cardiac Guideline Consensus Committee suggests that LVEF can be assessed 
every 3 months if EF is greater than 40 %. If the LVEF is less than 40 %, trastuzumab 
should be withheld and LVEF assessment should be done every month [59].

 Cardiac Protection

All patients receiving chemotherapy are considered at risk for development of 
HF. The most useful method to reduce cardiotoxicity is by limiting the cumulative 
dose and avoiding the co-administration of multiple cardiotoxic drugs. Anthracycline- 
induced cardiomyopathy is thought to be primarily due to free radical production and 
many anti-oxidants have been studied to provide cardioprotection. However, data for 
most of these compounds have been discrepant and disappointing. Dexrazoxane, an 
iron chelator, is the only FDA approved agent for cardioprotection during anthracy-
cline therapy [60]. A Cochrane meta-analysis showed significant benefit of dexra-
zoxane in prevention of cardiotoxicity with a hazard ratio of 0.29 (95 % CI 0.20–0.41) 
[61]. It has been shown to reduce subclinical myocyte damage during chemotherapy 
as well, as evidenced by reduced incidence of troponin I elevation. However, there 
are some concerns regarding the reduction of anti-tumor efficacy by anthracyclines, 
increased myelosuppression and higher risk of second malignancy [61]. Therefore, 
current guidelines recommend use of dexrazoxane only in patients who have already 
received ≥300 mg/m2 of doxorubicin and would benefit from further doses of doxo-
rubicin. Dexrazoxane is not approved for use in children.
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There has been limited data regarding role of standard HF drugs as cardioprotec-
tive agents. Small studies with use of carvedilol and valsartan have shown some 
cardioprotective effect [62, 63]. Cardinale et al. [64] randomized patients with posi-
tive troponin I levels at 1 month after chemotherapy to enalapril and placebo. The 
study found no reduction in LVEF in patients receiving enalapril, compared with a 
43 % incidence in the control group. The recently published OVERCOME trial 
showed a small, but statistically significant benefit in preserving LVEF with prophy-
lactic administration of enalapril and carvedilol [65]. However, larger multi-center 
trials are still needed. Many other agents are being evaluated as cardioprotective 
agents during chemotherapy.

 Management

Data regarding management of chemotherapy-induced cardiomyopathy is limited 
and there are no well-defined recommendations. Most patients with cancer are 
excluded from major trials and, if included, they form a very small percentage of 
patients in most large trials. Traditionally, these patients were believed to respond 
poorly to standard HF therapy and had a very poor prognosis with 2-year mortality 
up to 60 % [66]. However, these historic beliefs were based on studies with diuretics 
and digitalis as the mainstay of HF therapy. Currently, patients with chemotherapy- 
induced cardiomyopathy should be treated with the same guidelines as other causes 
of cardiomyopathy. Although ACE inhibitors, ARBs and beta-blockers have never 
been systematically studied in these patients, these agents should be prescribed in 
every patient, if possible, and titrated up to the maximal tolerated dose. Recent trials 
show that the most critical variable for recovery of LVEF is the time to initiation of 

Table 13.5 Guidelines for 
monitoring of LVEF by 
Equilibirum Radionuclinde 
Angiography (ERNA)

If baseline LVEF ≥50 %
Baseline ERNA before starting chemotherapy
Next ERNA at cumulative doxorubicin dose 250–300 mg/m2

Next ERNA at cumulative dose 450 mg/m2 (at 400 mg/m2 if 
high-risk)
Next ERNA prior to every dose >450 mg/m2

Discontinue if LVEF decreases by ≥10 % from baseline AND 
reaches ≤50 %
If baseline LVEF <50 %
Baseline ERNA before starting chemotherapy
Serial ERNA prior to every subsequent dose
Discontinue if LVEF decreases by ≥10 % from baseline OR 
reaches ≤30 %
If baseline LVEF<30 %
Chemotherapy is not recommended

13 Cardiac-Oncology: Management of the Patient 



320

HF therapy. Cardinal et al. [67] showed the likelihood of LVEF recovery are highest 
if HF therapy is started within 2 months, compared to no chances of complete 
recovery if started after 6 months and not even partial recovery if started after 
12 months. They found an approximately fourfold decrease in chances of complete 
recovery with doubling of time to initiation of HF therapy.

Small studies have shown significant benefit of cardiac resynchronization ther-
apy (CRT) in patients meeting criterion [68]. A larger trial regarding use of CRT in 
these patients called MADIT-CHIC (Multicenter Automated Defibrillator 
Implantation Trial- Chemotherapy Induced Cardiomyopathy) is currently ongoing 
and will provide further information regarding benefit of CRT in these patients [69].

Orthotopic heart transplant (OHT) is also an option for these patients after con-
firmed complete remission. Between October 1987 and October 2011, only 0.8 % 
transplants (total 453 transplants) were performed in the United States for 
doxorubicin- induced cardiomyopathy [70]. However, the number of OHT per-
formed per year for chemotherapy-induced cardiomyopathy has been constantly 
increasing. There was no difference in all-cause mortality or mortality from malig-
nancy between patients receiving OHT for chemotherapy-induced cardiomyopathy 
and all other causes of cardiomyopathy [70]. However, data regarding recurrence of 
malignancy or development of new malignancy is very limited. Data from the 
International Society of Heart and Lung Transplantation (ISHLT) Registry between 
January 2000 and December 2008 showed an increased risk of malignancy in 
patients with chemotherapy-induced cardiomyopathy compared to other causes of 
non-ischemic cardiomyopathy (5 % vs 2 % respectively, p value = 0.006) [71]. 
There was no effect on short or long-term survival and only 5 % cases of malig-
nancy occurred within the 1st year of OHT with only one case of recurrence of 
breast cancer.

Patients with trastuzumab-induced cardiomyopathy should be assessed for 
recovery of LV function, with concomitant increase of guideline-proven HF medi-
cations. Most patients recover their cardiac function within 1–2 months. If LV func-
tion recovers, patients can be rechallenged with trastuzumab with careful monitoring. 
If the EF falls again, trastuzumab should be stopped and not reinitiated again unless 
it is the only lifesaving therapy [20].

 Takotsubo Cardiomyopathy

Stress induced cardiomyopathy, also known as Takotsubo cardiomyopathy, is an 
acute reversible cardiomyopathy triggered by an acute stress [72]. Recently, there 
have been multiple reports of Takotsubo cardiomyopathy after chemotherapy. It has 
been reported with use of rituximab [73], 5-Flourouracil (5-FU) [74], vascular 
endothelial growth factor receptor antagonists, especially bevacizumab [75] and the 
tubulin-depolymerization agent combrestatin [76]. The strongest association 
appears to be with administration of 5-FU [72].
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 Cardiac-Oncology

The early detection and management of chemotherapy-induced cardiomyopathy 
will define the future of field of cardiac-oncology. Both cardiology and oncology 
are highly specialized fields and management of these overlapping, complicated 
disease processes requires the coordination of both specialists. Many signs and 
symptoms of heart failure are similar to side effects of chemotherapy and radiation, 
including fatigue, shortness of breath, dyspnea on exertion, lower extremity edema, 
etc. The decreased activity of patients undergoing chemotherapy can lead to a delay 
in the detection of cardiovascular disease in this patient population [77]. The man-
agement of these patients becomes even more difficult when patients pursue onco-
logical and cardiovascular care at different institutions. In addition, the screening 
and management guidelines are not streamlined and contribute to confusion along 
with poor adherence to recommendations leading to mismanagement of early 
asymptomatic cardiomyopathy [78]. The outcomes can be drastically improved by 
collaborative efforts between the oncologists and cardiologists in management of 
these disease processes [79].

The other major issue in cardiac-oncology is to maintain a fine balance between 
management of malignancy and cardiovascular outcomes. The aim is to provide 
adequate anti-cancer therapy with minimal cardiovascular risks. However, due to 
lack of data and absence of clear guidelines, the decision to continue or withhold 
chemotherapeutic agent has to be individualized and requires communication 
between the patient, the oncologist and the cardiologist.

There is an urgent need for development and widespread use of cardiac- oncology 
centers. These centers can result in better communication, better decision-making 
and hopefully, better outcomes. Cardiac-oncology centers may provide specialized 
care in the future and will aim to provide the best quality oncological care, as well 
as, early detection and management of cardiac dysfunction.
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Chapter 14
Atrial Arrhythmias and Heart Failure

S. Luke Kusmirek

 Introduction

Congestive heart failure and atrial arrhythmias, in particular atrial fibrillation are the 
two major cardiovascular epidemics of the current era with a major impact on the 
healthcare economics [1]. Incidence of both atrial fibrillation (AF) and congestive 
heart failure (CHF) is rapidly increasing [2]. These two conditions frequently coex-
ist; onset of one often predates and predicts the occurrence of the other [3, 4]. In a 
prospective study that examined the temporal relations of AF and CHF, the inci-
dence of CHF among AF patients was 33 per 1000 person-years, and the incidence 
of AF among CHF subjects was 64 per 1000 person-years. In patients with AF or 
CHF, subsequent development of the other is associated with increased mortality 
[2]. Patients with CHF are at excess risk of developing AF and the more advanced 
CHF is the more often AF occurs [4–8]. In the CONSENSUS trial, AF prevalence 
as high as 50 % was observed in NYHA class IV CHF population [8]. Conversely, 
presence of AF with uncontrolled ventricular response may lead to tachycardia- 
induced cardiomyopathy and precipitate CHF symptoms.

 Pathophysiology

Failing heart undergoes mechanical and electrical remodeling that promotes proar-
rhythmic changes at the cellular and organ level. All major arrhythmia mechanisms 
are promoted and facilitated by the typical progression of the myocardial injury 
from the time of the acute insult, through the compensated phase of recovery to the 
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long-term myocardial dysfunction and progressive loss of the cellular integrity and 
organ function. The increased levels of the serum and tissue norepinephrine, beta- 
receptor down regulation and unopposed activation of the sympathetic autonomic 
nervous system with the associated loss of the vagal input promote enhanced nor-
mal and pathological automaticity of the atrial pacemaker cells. Similarly, intracel-
lular calcium perturbations, increased catecholamines levels, ischemia and 
proarrhythmic effects of the medications and electrolyte disorders facilitate trig-
gered activity. Reentry, both functional as well as based on the presence of a fixed 
anatomical obstacle is also more likely to occur in CHF. The substrate necessary for 
reentry is created by the diffuse or focal cardiac tissue fibrosis leading to the loss of 
the gap junction function and enhancement in the anisotropic conduction properties. 
While the cellular changes are potentially reversible if addressed early, the loss of 
electrical and mechanical function of the atrium is generally irreversible once exten-
sive tissue necrosis and fibrosis has occurred [9, 10].

 Classification

Atrial arrhythmias are usually classified on the basis of the anatomical structures 
involved in their initiation and propagation. Supraventricular tachycardias including 
atrioventricular node re-entrant tachycardia, atrioventricular re-entrant tachycardia 
and focal automatic atrial tachycardia are typically seen in younger patients without 
structural heart disease. Their prevalence is approximately 0.22 % in general popu-
lation [11]. Diagnosis is usually established when a 12 lead electrocardiogram or a 
rhythm strip is recorded during the symptomatic episode of arrhythmia. There are 
only sporadically associated with the development of structural heart disease and 
carry overall benign prognosis. In rare cases of the rapid incessant arrhythmia, 
tachycardia-induced cardiomyopathy may develop. Cardiomyopathy is usually 
reversible once the tachycardia is controlled. Options of the therapy include rate 
control with atrioventricular node blocking agents (β-blockers, calcium channel 
blockers, digoxin), antiarrhythmic drugs (sotalol, amiodarone) or catheter ablation. 
Catheter ablation of all types of supraventricular tachycardia is very effective and 
carries a very low risk of the periprocedural complications. Thus, it is the therapy of 
choice for the majority of patients regardless of the status of the underlying cardiac 
disease. Moreover, in the cases of supraventricular tachycardia occurring in patients 
with the preexisting structural heart disease, CHF and tachycardia-induced cardio-
myopathy catheter ablation should be used preferentially to maximize the likeli-
hood of the arrhythmia cure and avoid the long-term risks and complications of drug 
therapy.

Conversely, micro and macro reentrant atrial tachycardias, atrial flutters and 
atrial fibrillation are the typical atrial arrhythmias associated with structural heart 
disease and CHF. Despite the occasional differences in the underlying basic arrhyth-
mia mechanism, atrial rates and the anatomical substrates involved, they are all 
producing similar clinical symptoms and share the same long term impact on the 
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atrial transport mechanics and overall cardiac performance. They also create similar 
increased risk of thromboembolic complications and respond to similar therapies. 
They will collectively be addressed as atrial fibrillation (AF) and as such will be the 
focus of this chapter. AF is often classified as first detected or recurrent as well as 
paroxysmal (when it terminates spontaneously), persistent (when it lasts more than 
7 days or requires some form of cardioversion for termination) or permanent (when 
it no longer responds to any therapeutic intervention). These categories are not 
mutually exclusive as the dominant pattern of AF may change over time depending 
on the patient’s clinical status and the therapies used for arrhythmia control.

 Epidemiology

AF is the most common heart rhythm abnormality. It is uncommon in young healthy 
individuals but rapidly increases in prevalence after the age of 50 up to approxi-
mately 10 % of patients over the age of 80 years old. Men are affected earlier in life 
but women catch up rapidly when in their 70s and 80s with the slight overall higher 
prevalence in women. Lifetime risk of AF development in the Western countries is 
about 1 in 4. The AF association with structural heart disease is well established. 
The most common associated conditions are hypertensive heart disease, coronary 
artery disease, and congestive heart failure [2]. The AF epidemiology in the non- 
Caucasian populations is not well studied but the available data reveals risk factors 
pattern similar to Caucasian patients but overall lower AF age-adjusted incidence 
and prevalence.

 Diagnosis

Atrial fibrillation is diagnosed with a combination of clinical history, physical 
examination findings and electrocardiographic recordings. Patient’s usually report 
palpitations, sensation of irregular pulse, dizziness, fatigue, shortness of breath and 
decreased exercise capacity. On physical examination pulse and heart rate are irreg-
ularly irregular and excessive resting or exercional tachycardia or bradycardia may 
be present. Findings of associated decompensated heart failure including low 
peripheral pulses, cool extremities, peripheral or pulmonary congestion and S3 gal-
lop often coexist. Recording of at least single lead electrocardiographic rhythm strip 
is necessary to confirm the diagnosis. AF may also be asymptomatic and the diag-
nosis is made solely on the basis of abnormal physical examination and/or electro-
cardiographic recordings. There is a wide spectrum of the ECG recording methods 
useful in AF diagnosis including “spot check” 12-lead ECG, ambulatory 24 h Holter 
monitors, extended use ECG loop recorders as well as implantable loop recorders. 
The accuracy of AF detection varies substantially between the methods but gener-
ally improves with the length of the monitoring and the patient compliance. The 
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implantable loop recorders provide the best compliance and their overall accuracy 
for AF detection was reported at 98.5 % in the XPECT trial [12]. The ECG monitor-
ing is also useful in the long term rate control assessment, monitoring the symptoms 
and evaluation of the efficacy of the therapy.

Once the diagnosis of AF is established, basic ancillary testing is recommended 
including blood tests (CBC, serum electrolytes, hepatic, renal and thyroid function 
tests) transthoracic echocardiography and in selected patients chest x-ray, trans-
esophageal echocardiography, 6-min walk test, stress testing and electrophysiologi-
cal study.

Many of these tests are also routinely used for evaluation of congestive heart 
failure status and if available may not need to be repeated [13].

 Therapy

Therapy of atrial arrhythmias in CHF is focused on preventing thromboembolic 
complications and controlling the arrhythmia associated symptoms. Successful res-
toration and maintenance of normal sinus rhythm should bring about the theoretical 
benefits of restoring the atriventricular synchrony, improvement in the atrial trans-
port, reduction in the long-term thromboembolic risk and return of the normal chro-
notropic competency. However these potential advantages were thus far not 
demonstrated to provide survival benefit in the clinical trials comparing diverse 
rhythm controlling strategies to rate control only.

 Prevention of the Thromboembolic Complications

CHF is a prothrombotic state. The neurohormonal changes triggered by CHF lead 
to increased risk of intracardiac thrombus formation leading to systemic thrombo-
embolism. In the WARCEF study, patients with CHF in normal sinus rhythm were 
treated with either oral aspirin or warfarin. The risk of the ischemic stroke in the 
anticoagulated patient was 2.5 % in warfarin group and 4.7 % in aspirin group, sig-
nificantly exceeding the stroke risk in general population [14]. However, the asso-
ciation of CHF and stroke in patients with preexisting AF is not as robust although 
the data is largely from older trials with variable CHF definitions [15]. AF is known 
to substantially increase the risk of stroke and systemic embolization in all patients 
with the possible exception of young patients with no structural heart disease and no 
associated risk factors who have paroxysmal AF only. No single risk assessment 
scale is proven to predict the individual occurrence of stroke with a high accuracy. 
In clinical practice CHADS2 and CHA2DS2-VASc scores serve as a convenient 
while imperfect tool for a rapid stroke risk assessment. Other scales like HAS- 
BLED are helpful in assessing the risk of anticoagulation related complications 
[16]. Coincidentally, CHF patients often have additional stroke risk factors and 
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generally should be considered for chronic anticoagulation with warfarin with the 
international normalized ratio (INR) target of 2.0 to 3.0. Currently approved and 
available oral anticoagulant alternatives to warfarin include direct thrombin inhibi-
tor dabigatran and oral factor Xa inhibitors rivaroxiban and apixaban. The pivotal 
trials of the newer anticoagulants included a significant number of patients with 
clinical CHF and systolic LV dysfunction. In all these trials, the outcomes in the 
CHF subgroup were similar to the overall positive results of the general study popu-
lation without excess risk of complications thus, the newer anticoagulants are con-
sidered safe and effective in CHF patients [17–19]. Given their decreased level of 
bleeding complications and excellent efficacy, novel oral anticoagulants are a valu-
able option for most of the patients with existing stroke risk factors including CHF 
population. Individuals who are intolerant to oral anticoagulants may be treated 
with aspirin or aspirin and clopidogrel combination. However, the antiplatelet ther-
apy is less effective than warfarin while the risk of bleeding complications is as high 
as with the oral anticoagulants [20, 21]. The alternative strategies of the thrombo-
embolic risk reduction in AF in a form of a percutaneous left atrial appendage 
occlusion device, percutaneous left atrial appendage ligation or surgical ligation 
may be considered in selected patient even if no outcomes data for their use in CHF 
patients is yet available.

 Rate Control Versus Rhythm Control in CHF

Rate control and rhythm control strategies result in similar outcomes in both mildly 
symptomatic patients as well as patients with more advanced CHF. AFFIRM trial of 
rate versus rhythm control in mildly symptomatic AF patients included over 4000 
patients. 23 % of patients had a history of mild CHF. No advantage of restoration of 
normal sinus rhythm over rate control was seen [22]. AF-CHF trial studied 1376 AF 
patients with more advanced CHF. Sinus rhythm restoration and maintenance pri-
marily with amiodarone resulted in the same outcomes for mortality, stroke and 
CHF hospitalization as rate control only [23]. Interestingly, the ability to maintain 
normal sinus rhythm with the antiarrhythmic drug therapy is associated with 
improved prognosis both in patients with mild and advanced CHF. It is not clear 
whether this phenomenon represents a true causative effect or is simply a marker of 
a lower risk patient.

 Rate Control

Rate control of AF is an accepted goal of therapy and an alternative to the restora-
tion and maintenance of normal sinus rhythm. Effective rate control of AF can be 
accomplished with medications as well as atrioventricular node ablation and perma-
nent pacemaker implantation. Pharmacological approach is usually the initial 
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strategy given its less invasive nature and reasonable efficacy. Pace and ablate strat-
egy is reserved for situations where medications are ineffective or are not tolerated. 
β-blockers are the drugs of choice in AF rate control and are particularly valuable in 
CHF patients. In general, β-blockers that have proven outcomes benefit in CHF 
including carvedilol, metoprolol succinate and bisoprolol should be use preferen-
tially. However, unstable patient may not be able to tolerate the higher doses needed 
for effective rate control. In addition, CHF patients with AF naive to β-blocker ther-
apy are more likely to be β-blocker intolerant and have a lesser chance to respond to 
the therapy including less reduction in mortality as compared to their non-AF coun-
terparts. Digoxin maybe added to β-blocker for an improved rate control efficacy 
and to allow for a lower dose of either drug to be used. Digoxin alone or in combina-
tion is less effective rate controlling agent during acute CHF decompensation. In 
refractory cases, intravenous or oral amiodarone may also be utilized but this strat-
egy increases bradycardic complications and the need for a pacemaker implanta-
tion. Calcium channel antagonist especially nondihydropyridines should be avoided 
in patients with depressed left ventricular function. Dronaderone was evaluated as a 
rate control strategy in patients with persistent AF. In PALLAS trial, active therapy 
with dronaderone resulted in increased cardiovascular events including mortality. 
Moreover, the use of dronaderone in patients with moderate to severe heart failure 
resulted in significant increase in mortality and worsening of heart failure status. 
Thus, dronaderone should not be used in patients with active CHF symptoms and 
AF [24, 25]. The targets of strict rate control (<80/min at rest, <110/min with mod-
erate exercise) were historically based on the values adopted from the AFFIRM trial 
[22]. The same targets were used in AF-CHF trial [23]. More recently, the strategy 
of strict versus lenient rate control (< 110/min at rest) was evaluated in RACE II 
study. Both approaches were found to have equivalent results however; patients 
with CHF and left ventricular dysfunction were underrepresented [26]. Periodic 
monitoring of left ventricular function is recommended for patients who are treated 
with lenient rate control to avoid the insidious onset of tachycardia-induced 
cardiomyopathy.

Pace and ablate approach to permanent AF rate control in CHF has significant 
benefits but also carries a risk of short and long term complications. The benefits are 
related to the immediate complete rate control, rhythm regularization and reversal 
of the tachycardia mediated left ventricular dysfunction. Poorly tolerated rate con-
trolling drugs can be discontinued. On the other hand, patient is rendered pacemaker 
dependent and faces the inherent risk of a random device failure or infection as well 
as hemodynamic consequences of the permanent pacing including progressive left 
ventricular failure and mitral regurgitation. Studies of pace and ablate strategy in 
unselected general population conducted prior to the era of cardiac resynchroniza-
tion suggested net positive effect on symptoms control, improvement in left ven-
tricular systolic performance and decreased rate of hospitalizations. However the 
same strategy studied in patients with low ejection fraction (EF) and CHF revealed 
more diverse outcomes with significant improvement in some patients but progres-
sive deterioration associated with a very high early mortality rates in majority of 
patients. The PAVE study examined the effect of right ventricular versus  biventricular 
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pacing after AV node ablation in patients with permanent AF. Biventricular pacing 
protected from LV systolic function deterioration and improved quality of life and 
functional measures. The effect was particularly apparent in the population of 
patients with preexisting CHF and reduced EF [27]. Similar improved outcomes 
were subsequently reported in pace and ablate patients with initial RV pacing only 
after the upgrade to biventricular system was performed and patients with de novo 
biventricular pacing [28, 29]. Recent systematic review of the AV node ablation in 
the cardiac resynchronization therapy recipients with CHF and AF suggested not 
only improvement in symptoms but also mortality benefit [30]. Therefore, pace and 
ablate strategy utilizing isolated RV pacing should not be used in heart failure 
patients while cardiac resynchronization therapy should be strongly considered in 
all patients with LV dysfunction and anticipated high rate of ventricular pacing or 
pacemaker dependency.

 Rhythm Control

Dofetilide and amiodarone are the only two antiarrhythmic drugs recommended for 
the pharmacological rhythm control of AF in CHF patients [31, 32]. The recom-
mendation is based on their lack of negative inotropic effect on myocardial contrac-
tility and neutral effect on survival in patients with CHF. Dofetilide is usually well 
tolerated and moderately effective for the sinus rhythm maintenance in patients with 
CHF or ischemic heart disease as reported in the DIAMOND study. The risk of 
drug-induced proarrhythmia, most commonly in a form of torsades de pointes is 
acceptably low as long as the renal function and serum electrolytes are stable and 
excessive QTc interval prolongation is avoided. Dofetilide should only be initiated 
in the hospital settings. Amiodarone is also safe and more effective than placebo for 
normal sinus rhythm maintenance in variety of clinical setting including CHF 
patients. Frequent occurrence of intolerance and potential for serious organ toxicity 
limits the utility of amiodarone in long-term AF therapy. In DIONYSOS trial, amio-
darone had to be stopped prematurely in 13.3 % of patients while 44.5 % of patients 
reported drug side effects at 12 months of its use [33]. It should be noted that the use 
of all other antiarrhythmic drugs including class I drugs, D-sotalol and dronaderone 
is associated with increased mortality in CHF patients and should be avoided.

 Pacing Therapy

Cardiac pacing therapy outside of the pace and ablate situation is often neces-
sary in CHF population with and without AF. The need for pacing is triggered 
by the increased frequency of sinus and atrioventricular node dysfunction as 
well as degenerative His-Purkinje conduction system disease driven by the car-
diomyopathic process and frequent iatrogenic bradyarrhythmic complications 
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of medical therapy with βblockers, digoxin and amiodarone. In addition, biven-
tricular pacing is indicated in patients with decreased left ventricular systolic 
function, widened QRS and at least mild heart failure. Atrial pacing in patients 
with sinus node dysfunction may reduce occurrences of AF precipitated by 
severe bradycardia. Overdrive atrial pacing, multisite pacing and unconven-
tional site pacing for AF prevention or AF burden reduction is controversial and 
the benefit is not clearly documented. High frequency conventional right ven-
tricular pacing is known to increase incidence of both AF and CHF regardless 
of the baseline LV systolic function [34]. Optimal pacemaker programming set 
to minimize right ventricular pacing should be utilized in all pacemaker recipi-
ents when appropriate. Cardiac resynchronization therapy is reasonable in the 
setting of the coexisting AF. Despite the improvements in the left ventricular 
systolic performance and CHF functional status associated with biventricular 
pacing the effect on AF is not as favorable. In CARE-HF study, biventricular 
pacing was not protective against the future development of AF. In the MADIT-
CRT the subgroup of clinical responders to resynchronization therapy defined as 
reduction in left atrial volume had lower incidence of new onset atrial fibrilla-
tion [35]. Presence of AF at the time of the biventricular pacemaker implanta-
tion is associated with decreases likelihood of clinical response and predicts 
increased risk of cardiac mortality particularly if the pacing therapy is not deliv-
ered at all times. Atrioventricular node ablation assures complete rate control 
and near 100 % delivery of cardiac resynchronization therapy and should be 
considered under these circumstances [36].

 Atrial Fibrillation Ablation

Catheter ablation of AF is an accepted therapy for symptomatic patients intolerant 
or unresponsive to medical management. It is postulated that ablation therapy in 
CHF patients would offer superior arrhythmia control translating into improvement 
in symptoms, myocardial systolic function parameters and potential mortality ben-
efit. Some observational or non-randomized studies in AF ablation suggest that 
CHF patients may be effectively treated by ablation and often have significant 
improvement in left ventricular function when arrhythmia is controlled [37–40]. 
These observations from non-randomized trials were corroborated by meta-analysis 
that reviewed outcomes of 1851 patients undergoing catheter ablation of 
AF. Subgroup of CHF patients required more redo procedures but experienced an 
average EF improvement of 11 % [41]. Randomized catheter ablation trial data in 
patients with LV dysfunction remains sparse. PABA-CHF randomized trial com-
pared AF ablation to AV node ablation and biventricular pacing in patients with LV 
dysfunction and found the AF ablation to be more effective resulting in improve-
ment in left ventricular EF, 6-min walk test and quality of life [42]. Another ran-
domized trial compared ablation to medical management in patients with 
symptomatic CHF and EF <35 % and found that the improvements in EF were 

S.L. Kusmirek



335

restricted to the ablation patients who were able to maintain sinus rhythm [43]. ARC 
HF trial randomized persistent AF patients with stable moderate to severe CHF and 
EF <35 % to extensive biatrial AF ablation versus rate control. Sinus rhythm was 
restored in 92 % of patients. At 12 months of follow up the ablation group had sig-
nificant improvement in peak oxygen consumption as well as significant improve-
ment in quality of life, decreased B-type naturetic peptide levels and regression of 
left atrial dilatation. A trend towards improved left ventricular EF was observed as 
well [44]. Large scale randomized trials enrolling CHF patients with EF 35 % or 
less and assigning them to either AF ablation or conventional medical therapy are 
ongoing and should provide more definitive data for the role of AF ablation in CHF 
population [45–47]. Accordingly, 2011 ACCF/AHA/HRS Focused Update on the 
Management of Patients With Atrial Fibrillation positions AF catheter ablation in 
patients with CHF in a “ may be considered” category where more studies are 
needed before a definitive assessment and recommendation for the therapy can be 
made [13].

 Summary

Atrial arrhythmias and CHF are common and often coexisting cardiac conditions. 
When present in the same patient, they tend to signify more advanced stage of car-
diac disease and lower probability of the successful control of either problem. All 
patients with AF and CHF should receive β-blockers and angiotensin receptor inhib-
itors in addition to arrhythmia directed therapy. Therapeutic options for arrhythmia 
control are sparser when CHF is present. Traditional pharmacological therapies 
offer modest success while more contemporary therapies are more promising but 
not extensively studied yet. The current approach to the therapy of AF is based on 
stroke prevention with systemic anticoagulation and adequate heart rate control. 
Atrioventricular node ablation and biventricular pacing is appropriate for patient 
who fail to achieve rate control targets with medications or are unable to tolerate 
medical therapy. Aggressive rhythm control with increasingly important role of the 
catheter ablation is reserved for patients who remain symptomatic despite success-
ful rate control.
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Chapter 15
Ventricular Arrhythmias and Heart Failure

Ethan R. Ellis and Mark E. Josephson

Abbreviations

AAD Antiarrhythmic drug
ARB Angiotensin receptor blocker
ARVC Arrhythmogenic right ventricular cardiomyopathy
BBRVT Bundle branch reentrant ventricular tachycardia
CMR Cardiovascular magnetic resonance
DAD Delayed after-depolarization
EAD Early after-depolarization
ECG Electrocardiogram
HCM Hypertrophic cardiomyopathy
HPS His-Purkinje system
ICD Implantable cardioverter-defibrillator
LCSD Left cardiac sympathetic denervation
LGE Late gadolinium enhancement
LVEF Left ventricular ejection fraction
MI Myocardial infarction
NSVT Nonsustained ventricular tachycardia
RAAS  Renin-angiotensin-aldosterone system
RFA Radiofrequency ablation
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SCD Sudden cardiac death
SR Sarcoplasmic reticulum
VAD Ventricular assist device
VF Ventricular fibrillation
VNS Vagal nerve stimulation
VPDs Ventricular premature depolarizations
VT Ventricular tachycardia

 Introduction

Sudden death accounts for a significant number of deaths in heart failure patients. 
A majority of sudden deaths in heart failure are from ventricular tachyarrhythmias 
[1, 2]. Ventricular tachycardia (VT) is common in heart failure patients and the 
approach to its evaluation and treatment requires special attention. Unique patho-
physiologic changes in cardiomyopathy and heart failure predispose these patients 
to the development of ventricular arrhythmias. Specifically targeting these changes 
can be beneficial when developing treatment strategies for VT in heart failure. In 
this chapter, we will review the mechanisms of arrhythmogenesis as they relate to 
the heart failure syndrome, the different clinical manifestations of ventricular 
arrhythmias in heart failure, as well as the most appropriate methods for treating 
ventricular arrhythmias in heart failure patients to prevent recurrent arrhythmias and 
sudden cardiac death (SCD).

 Mechanisms of Arrhythmogenesis

There are two primary mechanisms of arrhythmogenesis in general: abnormal 
impulse generation and abnormal impulse conduction leading to reentry. The two 
basic mechanisms of impulse generation in this context include automaticity, which 
refers to spontaneous depolarization based on pacemaker membrane currents, and 
triggered activity, which is dependent on after-depolarizations. Reentry is usually 
dependent on slow conduction but can also result from repolarization heterogeneity. 
Although every heart failure etiology has a predilection for a specific mechanism of 
arrhythmogenesis, all mechanisms of arrhythmogenesis may exist in all forms of 
heart failure (Table 15.1).

�Automaticity

Automaticity in cardiac myocytes may be normal or abnormal. Normal automatic-
ity originates in cells with intrinsic pacemaker properties at baseline whereas abnor-
mal automaticity occurs in cells that do not normally have automaticity but express 
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it when membrane properties are altered by disease. Pathological environments lead 
to a reduction in resting membrane potential and when reduced sufficiently, sponta-
neous diastolic depolarization may occur and lead to impulse initiation [3]. Some 
cells, such as Purkinje system myocytes, can display normal and abnormal automa-
ticity, expressing normal automaticity at high levels of membrane potential and 
abnormal automaticity when the membrane potential is reduced [3]. Ventricular 
myocytes on the other hand, only develop automaticity when they are partially 
depolarized due to underlying pathology and automaticity in ventricular myocytes 
is always abnormal. Under normal conditions, there is a hierarchy of intrinsic pace-
maker rates with the sinus node being the most rapid, followed by the atria, the AV 
node, the His bundle, and the Purkinje fibers respectively. In this hierarchy slower 
latent pacemaker cells are depolarized by propagating wavefronts originating from 
faster pacemaker cells preventing them from reaching their own spontaneous depo-
larization threshold potential. These latent pacemaker cells are inhibited by repeated 
depolarization, a phenomenon known as overdrive suppression [3, 4]. For automatic 
VT to occur, the pacemaker rate in the Purkinje cells or ventricular myocytes must 
increase above that of the sinus node and higher pacemaker cells. The most impor-
tant cause of this is sympathetic activation, which enhances the rate of spontaneous 
diastolic depolarization in latent ventricular pacemakers more than the sinus node. 
Catecholamine stimulation is generally required for the development of automatic 
ventricular arrhythmias.

�Triggered�Activity

Triggered activity describes impulse initiation dependent on after-depolarizations, 
which are oscillations in membrane potential that follow the upstroke of an action 
potential. There are two kinds of after-depolarizations. One occurs early during 
repolarization (early after-depolarizations (EADs)) and the other is delayed until 
repolarization is complete or nearly complete (delayed after-depolarizations 

Table 15.1 Structural heart disease and ventricular tachycardia mechanisms

Structural heart disease Reentry
Triggered 
activity Automaticity

Infarct-related cardiomyopathy
Coronary artery disease/Myocardial infarction ++++ + ++
Non-ischemic cardiomyopathy
Dilated cardiomyopathy ++++ + ++
Hypertrophic cardiomyopathy ++++ + +
Arrhythmogenic RV cardiomyopathy ++++ + +
Heart failure ++++ ++ +

All three of the classic mechanisms of arrhythmogenesis (reentry, triggered activity, and automa-
ticity) may contribute to the genesis of ventricular arrhythmias in heart failure regardless of the 
etiology. Here, the frequency of each mechanism based on heart failure etiology is shown. ++++ = 
very common, ++ = less common, + = rare. See text for discussion
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(DADs)) [5, 6]. A triggered impulse is initiated when an after-depolarization depo-
larizes a cell to its threshold potential leading to initiation of an action potential. A 
triggered action potential can then be followed by another after- depolarization that 
may or may not reach threshold. When it does reach threshold, a “train” of addi-
tional triggered action potentials can occur each arising from the after-potential 
caused by the previous action potential.

DADs occur when Ca2+ in the myoplasm and sarcoplasmic reticulum (SR) 
increases above normal levels (“calcium overload”). Abnormalities in the sequestra-
tion and release of Ca2+ by the SR may also contribute to their occurrence. When 
intracellular Ca2+ is elevated, Ca2+ in the SR may rise during repolarization to a criti-
cal level at which time a secondary, spontaneous release of Ca2+ occurs after the 
action potential generating a transient inward current (the DAD) [3, 5, 6]. This 
increase in intracellular Ca2+ may be a result of increase in heart rate or premature 
stimulation, digitalis inhibition of Na+/K+ pump, catecholamine enhanced L-type 
Ca2+ current, or other effects of pathology that increase Ca2+ loading such as heart 
failure or hypertrophy [3, 5, 6].

As opposed to DADs, EADs occur when repolarization of the action potential 
does not follow the normal smooth trajectory but suddenly shifts in a depolarizing 
direction. This occurs when outward current slows or inward current increases, at 
least transiently. When the relationship between inward and outward current is 
altered such that depolarization reaches threshold, inward current can be reactivated 
causing an action potential upstroke [5, 7, 8]. EADS occur under conditions that 
delay repolarization resulting in prolongation of the action potential duration, either 
by increasing inward current or decreasing outward current. They occur more read-
ily in Purkinje fibers than in ventricular or atrial muscle. Antiarrhythmic drugs that 
prolong the duration of the action potential of Purkinje fibers (i.e. class III antiar-
rhythmic drugs (AADs) such as sotalol and dofetilide or class IA AADs such as 
quinidine) can cause EADs through inhibition of the IKr repolarizing current [9]. 
Hypoxia, the combination of hypoxia and acidosis with or without catecholamines, 
and stretch are other causes of EADs to name a few [3, 5]. All causes of EADs are 
manifest on the surface electrocardiogram (ECG) as QT prolongation. EADs are the 
trigger of functional reentrant excitation leading to polymorphic VT.

�Slow�Conduction�and�Reentry

Reentrant excitation requires a region of unidirectional block, at least transiently, 
allowing for propagation of an impulse in one direction while preventing excitation 
in the other direction over the return pathway, which the impulse eventually uses to 
reenter the region and re-excite. Transient block can occur after rapid repetitive 
activation or after premature excitation. Reentry also may occur when there is per-
manent unidirectional block. In addition, for reentry to recur, the impulse conduct-
ing through the reentrant pathway must find excitable tissue. This requires that 
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conduction time around the circuit is longer than the effective refractory period of 
the myocardium from which it originated. Slow conduction and/or short refractory 
periods permit reentry to occur and are often a consequence of underlying pathol-
ogy. The reentrant circuit can have an anatomical component with a central obstacle 
or it may be functional with its size and shape determined by electrophysiologic 
properties of the involved tissue.

Myocardial fibrosis and scarring in a diseased heart affects conduction by several 
mechanisms. It increases the extracellular resistivity of myocyte bundles leading to 
slow conduction and block. Fibrosis can also distort the size and shape of myocar-
dial bundles trapped in scar tissue leading to changes in their conductive properties. 
Changes in cell-to-cell connections caused by fibrosis can also lead to conduction 
abnormalities in the diseased heart. During normal conduction of an impulse, axial 
current flows from one myocardial cell to another through gap junctions [10]. Gap 
junctions are specialized regions of close interaction between neighboring myo-
cytes in which clusters of transmembrane channels bridge the paired plasma mem-
branes [11]. Gap junctions are mainly located at the ends of myocytes in the 
intercalated disks and provide low resistance pathways for current flow between 
cells, which is important for impulse propagation. The primary proteins making up 
the channels of gap junctions are called connexins. Connexin 43 is the primary con-
nexin found in the ventricles [12, 13] whereas connexin 40 is primarily found in the 
His-Purkinje system (HPS). The orientation of gap junctions leads to more rapid 
conduction through the ventricular myocardium in the longitudinal direction, a 
property termed anisotropic conduction [14, 15]. This property can be altered by 
fibrosis and remodeling of gap junctions, which may predispose a diseased heart to 
slow conduction, unidirectional block, and reentry. An increased resistance to axial 
current flow caused by pathological structural alterations in gap junctions decreases 
the magnitude and spread of current along a myocardial bundle which can decrease 
conduction velocity and cause conduction block. The most important causes of slow 
conduction and reentry are connexin dysfunction and fibrosis, which often coexist 
(Fig. 15.1).

 Heart Failure and Arrhythmogenesis

As previously mentioned, all of the classic mechanisms of arrhythmogenesis may 
play a role in the development of ventricular arrhythmias in heart failure. Fibrosis 
and scarring of the ventricles due to myocardial infarction (MI), pathologic hyper-
trophy, non-infarct related fibrosis, or myocardial dysplasia predispose patients with 
cardiomyopathy to reentrant ventricular arrhythmias. Heart failure is associated 
with changes in the cardiac ion channel currents that lead to abnormal depolariza-
tion and repolarization, predisposing to automatic and triggered activity. These 
changes are at least in part due to the neurohormonal activation and biomechanical 
abnormalities associated with the heart failure syndrome (Table 15.2).
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�Fibrosis

Fibrosis is the most common cause of functional and anatomic block leading to 
slow conduction and reentry and occurs in both infarct-related and nonischemic 
cardiomyopathies. The pattern and extent of fibrosis may range from patchy areas 
in some forms of heart failure to extensive fibrotic scars in MI. In infarct-related 
cardiomyopathies, fibrosis replaces necrotic regions and may extend into non- 
infarcted bordering regions. The number of cell-to-cell contacts is reduced with 
side-to-side connections selectively affected [16, 17]. In healing infarct border 
zones, increased interstitial collagen disrupts the long transversely oriented gap 
junctions enhancing anisotropy by increasing the axial resistivity transverse to the 
long fiber axis [17]. Gap junctions at the ends of myocytes undergo fewer changes. 
Thus the normal property of uniform anisotropy is converted to non-uniform anisot-
ropy [16, 17].

When there is a large scar such as in hearts with myocardial infarcts, “peninsu-
las” and bridges of intact myocytes can project into or completely across areas of 

Myocardial structural remodeling and reentry

•   Connectivity

•   Discontinuities in effective axial resistance

•   Fiber bundle and myocyte dimensions
•   Fibrosis (separation of fiber bundles)
•   Gap junction distribution (anisotropy)

•   Gap junction remodeling (changes in
    number and location)

•   Extracellular resistivity

•   Extracellular matrix changes

•   Fibroblasts

•   Tight Junctions

•   Ion channel remodeling

Cardiomyopathy

Chronic heart failure

Coronary disease (m.i.)

Fig. 15.1 Myocardial Structural Remodeling Promotes Conditions for Reentry. Structural heart 
disease in heart failure and cardiomyopathy leads to pathophysiologic changes which result in 
abnormal impulse formation and propagation setting the stage for reentrant excitation. 
Abnormalities in cell-to-cell connectivity, extracellular resistance, and ion channel remodeling all 
contribute to the increased likelihood of reentrant arrhythmias in heart failure and cardiomyopathy. 
See text for discussion
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fibrosis termed “channels”. Myocytes in these bridges sometimes link with normal 
myocytes on the outer borders of the infarct [18]. Slow conduction can result from 
circuitous, nonuniform propagation through these myocardial bundles trapped in 
scar tissue, so-called “zig-zag conduction” [19]. The effects of fibrosis on conduc-
tion is often detectable by low amplitude, long duration, fractionated electrograms 
with delayed activation, the basis for substrate mapping for ablation of VT [20]. 
The number of fractionated electrograms seen during endocardial substrate map-
ping has been shown to correlate with the likelihood of inducible monomorphic 
ventricular tachycardia at the time of electrophysiology study [21]. Fractionated 
electrograms are also more likely to be seen during endocardial mapping in patients 
with infarct- related and nonischemic cardiomyopathy who present with VT when 
compared to patients with no VT, nonsustained ventricular tachycardia (NSVT), or 
cardiac arrest [22].

�Ischemia

Acute ischemia may result in abnormal automaticity or focal discharges from cal-
cium overload and triggered activity in the form of delayed or early after- 
depolarizations [23, 24]. Acute ischemia activates the ATP-sensitive potassium 
(KATP) channels, causing an increase in extracellular potassium in the cardiac mus-
cle. Minor increases in extracellular potassium depolarize the myocyte’s resting 
membrane potential, which can increase tissue excitability in early phases of isch-
emia [25]. Further hyperkalemia causes greater resting depolarization, decreased 

Table 15.2 Components of the arrhythmogenic substrate in structural heart disease

Structural heart 
disease Fibrosis

Myocyte 
hypertrophy

Non- 
uniform 
anisotropy

Gap 
junction 
remodeling

Neural 
factors

Ion 
channel 
changes

Infarct-related cardiomyopathy
Coronary artery 
disease/Myocardial 
infarction

+++ +++ +++ +++ +++ +++

Non-ischemic cardiomyopathy
Dilated 
cardiomyopathy

+++ +++ ? (likely) +++ +++ ??

Hypertrophic 
cardiomyopathy

+++ +++ ? (likely) +++ ?? ??

Arrhythmogenic RV 
cardiomyopathy

+++ +++ ? (likely) +++ ?? ??

Heart failure +++ +++ ? (likely) +++ +++ +++

Multiple pathophysiologic changes occur in cardiomyopathy and heart failure that predispose 
patients to the development ventricular arrhythmias. The most common pathophysiologic changes 
are shown as is the frequency with which they are seen based on the type of underlying structural 
heart disease. +++ = common, ?(likely) = probable, ?? = unknown. See text for discussion
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conduction velocity and tissue excitability, and shortening of the action potential 
duration, but prolongs the effective refractory period due to post-repolarization 
refractoriness [25]. These changes provide a substrate for injury current to flow 
between ischemic and nonischemic cells located in border zones, which can pro-
mote focal abnormal automaticity and initiate VT [26, 27].

�Action�Potential�Prolongation�and�Abnormal�Calcium�Handling

Prolongation of the action potential has been repeatedly demonstrated in isolated 
myocytes [28] and intact ventricular preparations [29] from failing hearts indepen-
dent of the cause. Downregulation of the transient outward current (Ito) is the most 
consistent ionic current change observed in heart failure [30–32] but downregula-
tion of other potassium channel currents including IK1, IKr, and IKs have also been 
reported in several models of heart failure [30, 33–37]. Another mechanism for 
altered repolarization is a late sodium current, found in high density in myocytes of 
animals with chronic heart failure [38].

Alterations in Ca2+ handling are also involved in action potential prolongation 
and a predisposition to ventricular arrhythmias in heart failure. Abnormal intracel-
lular calcium handling is a prominent feature of myocytes from failing hearts [39, 
40]. Variable changes in the Na+/Ca+ exchanger have been reported with the major-
ity of studies reporting an increase in function [41]. Downregulation of SERCA is 
also a consistent finding across studies [42–44] as is an increased open probability 
of the ryanodine receptor (the calcium release channel of the SR) [45, 46]. The basis 
for delayed afterdepolarizations is spontaneous calcium release from the SR which 
is facilitated by the presence of beta-adrenergic stimulation and the increased open 
probability of the ryanodine receptor [47]. Several studies have shown that adrener-
gic stimulation is necessary for the eliciting spontaneous calcium release from the 
SR and delayed afterdepolarizations [47, 48]. The calcium released is removed from 
the cell by the electrogenic Na+/Ca2+ exchanger whose function is upregulated in 
heart failure. This leads to a transient inward Na+ current that causes the delayed 
after-depolarization [49]. This is facilitated by the higher resting membrane poten-
tial created by a decrease in outward potassium current.

As previously mentioned, Purkinje myocytes are commonly the sources of after-
depolarizations associated with triggered arrhythmias and these cells undergo sub-
stantial remodeling of both K+ and Ca2+ currents, prolonging the action potential 
and leading to labile repolarization in these cells [50]. Prolongation of the action 
potential duration associated with down regulation of repolarizing currents and an 
increase in depolarizing currents lead to spatially and temporally labile repolariza-
tion that can predispose to after-depolarization-mediated triggered activity and 
functional reentry. The existence of after-depolarizations and reentry are not mutu-
ally exclusive. After-depolarizations that are of sufficient amplitude to illicit an 
action potential may serve to initiate an arrhythmia while reentry may sustain such 
arrhythmias [2].
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�Mechanical�Factors

Mechanical abnormalities in patients with heart failure such as increased wall stress 
and cavitary dilatation can alter the electrophysiologic properties of myocardial tis-
sue, termed mechanoelectric feedback [51, 52]. In the normal heart, acute myocar-
dial stretch exaggerates the normal rate-dependent shortening of refractoriness but 
does not influence transverse or longitudinal conduction velocity [53]. In contrast, 
an animal model found that the development of dilated cardiomyopathy resulted in 
significant prolongation of refractoriness and repolarization that increased further 
by volume augmentation and was not reversed by pharmacologic load reduction 
[54]. Stretch has also been shown to cause a reduction of connexin 43 as well as its 
redistribution to the lateral sarcolemmal membranes resulting in slowing of conduc-
tion in the transverse direction, predisposing these cells to reentry [55]. In human 
studies, direct correlations between left ventricular end-diastolic volume and the 
prevalence of ventricular arrhythmia have been seen [56]. It has also been reported 
that the typical QT prolongation seen in patients with advanced heart failure can be 
significantly reversed by mechanically unloading the left ventricle with a left ven-
tricular assist device [57].

�Altered�Neurohormonal�Signaling

Activation of the adrenergic and renin-angiotensin-aldosterone system (RAAS) is 
known to be important in the progression of heart failure. Inhibition of these path-
ways in randomized clinical trials has been associated with reduction in overall 
mortality as well as SCD mortality [58–64]. Heart failure is associated with enhance-
ment in sympathetic activity and a reduction in parasympathetic activity [65, 66]. 
This neurohormonal activation likely influences the substrate and triggers for ven-
tricular arrhythmias in heart failure. In ventricular biopsies and autopsy specimens, 
an increased density and exaggerated spatial heterogeneity of sympathetic nerves 
have been associated with a previous history of ventricular arrhythmias in cardio-
myopathies [67]. In the normal ventricle, sympathetic stimulation shortens the 
action potential duration and reduces the dispersion of repolarization, both associ-
ated with a decrease in arrhythmia potential [68]. However, in heart failure, sympa-
thetic stimulation is a potent stimulus for the generation of arrhythmias perhaps by 
enhancing the dispersion of repolarization. Beta-adrenergic stimulation is known to 
have significant effects on calcium handling as noted above [2]. Elevated levels of 
sympathetic stimulation enhance the rate of spontaneous diastolic depolarization in 
latent ventricular pacemakers more than the sinus node which can lead to the devel-
opment of automatic arrhythmias. Increases in intrinsic heart rate in the setting of 
sympathetic stimulation can also increase the likelihood of occurrence of triggered 
arrhythmias [6]. Furthermore, catecholamines can alter conduction and refractori-
ness, which may promote functional block and facilitate reentry.
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RAAS signaling has numerous effects on the cardiovascular system that increase 
heart failure patients’ propensity to develop ventricular arrhythmias. The two major 
effectors of the RAAS axis, angiotensin II and aldosterone, are upregulated in heart 
failure and have prominent effects on properties of myocardial cells [2]. Angiotensin 
II can indirectly promote arrhythmia formation via potassium and magnesium loss in 
the urine resulting in prolongation of repolarization. It can also potentiate the effects 
of the sympathetic nervous system. Vasoconstriction caused by RAAS activation 
alters loading conditions, affecting wall stress and mechanical factors. Angiotensin 
II and aldosterone also promote generation of fibrosis in the myocardium by myofi-
broblasts [69]. Angiotensin II has also been shown to influence gap junction cou-
pling in cardiac cells [70] possibly related to abnormal phosphorylation of connexin 
43 [71] leading to nonuniform anisotropy and promoting reentry. Angiotensin II can 
also inhibit a number of K+ currents including the transient outward K+ current (Ito) 
and delayed rectifier K+ currents (IKr) in the myocardium [72–75].

�Conduction�System�Disease�and�Bundle�Branch�Reentry

The QRS prolongation that often accompanies progression of myocardial disease can 
predispose patients to a unique arrhythmia called bundle branch reentrant ventricular 
tachycardia (BBRVT) [76, 77]. The unique properties of the HPS allow for rapid 
conduction and long refractory periods ordinarily preventing sustained reentry. 
However, conditions that result in prolongation of conduction in the HPS such as 
cardiomyopathy can facilitate sustained reentry [78]. Three circuits have been 
described in BBRVT. The first utilizes anterograde conduction over the right bundle 
branch and retrograde conduction over the left bundle branch with the His bundle 
adjacent to but separate from the circuit. The second form utilizes the left bundle as 
its anterograde limb and the right bundle for retrograde conduction. In more rare 
circumstances, intrafasicular reentry can also occur with the separate fascicles of the 
left bundle branch being used for the reentrant circuit [79]. Most patients that develop 
BBRVT tend to have advanced structural heart disease and QRS prolongation in the 
form of bundle branch block or nonspecific conduction delay. Although most have a 
baseline bundle branch block, the QRS prolongation in these patients is generally due 
to delayed conduction in one or both of the bundle branches rather than true block as 
complete block would not allow propagation of wavefronts retrogradely, which is 
required to facilitate reentry. This delay tends to be a result of the severity of the 
underlying heart disease with cardiac enlargement and heart failure being common.

 Ventricular Arrhythmias and Heart Failure Etiology

The management and prognosis of ventricular arrhythmias vary based on the etiol-
ogy of the underlying cardiomyopathy as well as the characteristics of the clinical 
arrhythmia. Although certain types of cardiomyopathy may predispose patients to 

E.R. Ellis and M.E. Josephson



349

the development of certain types of arrhythmias, all mechanisms of arrhythmogen-
esis can exist in all forms of heart failure. For example, sustained monomorphic VT 
due to reentry is common in infarct-related cardiomyopathy. However, such patients 
may also have tachycardias due to triggered activity from sites more classically 
associated with idiopathic VT such as the outflow tracts, fascicles, and coronary 
cusps. Similarly, certain cardiomyopathies may have a predisposition towards the 
development of arrhythmias originating in certain anatomic areas, such as the right 
ventricular inflow and outflow tracts in arrhythmogenic right ventricular cardiomy-
opathy. However, arrhythmias may originate from areas outside of these more clas-
sic sites in the same patients.

�Infarct-Related�Cardiomyopathy

Sustained monomorphic VT occurs most frequently in the setting of a healed MI 
and may occur in the subacute phase or long after the acute ischemic injury [80]. 
The extent of myocardial necrosis and subsequent fibrosis as well as the degree of 
left ventricular dysfunction are important determinants of arrhythmia risk following 
an MI.  The overall incidence of sustained VT following an MI was classically 
reported to be between 3 and 5 percent but has been estimated to have declined to 
1 % in recent years due to advances in revascularization resulting in smaller infarct 
scars [80]. Although most VTs in infarct-related cardiomyopathy are sustained 
through a reentrant mechanism, focal activation by abnormal automaticity or trig-
gered activity from the ischemic border zone may serve to initiate the tachycardia, 
especially in the setting of ischemia. Reentry is the mechanism underlying VT asso-
ciated with healed or healing MIs in more than 95 % of cases [80].

The 12-lead ECG during VT can provide important information regarding the 
presence or absence of prior myocardial infarction and localization of the VT ori-
gin. In the setting of prior MI, VT tends to arise subendocardially in the region of 
myocardial scarring. This results in qR or QR patterns of the QRS complexes over-
lying areas of infarction reflecting terminal activation of the subepicardium. A QS 
pattern can also occur in the setting of a prior full thickness MI. However, in this 
setting, the QS pattern represents a cavity potential and is of no value in localizing 
the VT origin. In the absence of a prior MI, such as in nonischemic cardiomyopa-
thy, a QS pattern of the QRS complex may suggest an epicardial origin of the VT 
(Fig. 15.2).

Although several possible anatomic abnormalities allowing for reentry in the set-
ting of MI have been postulated, it is now accepted that reentry in the presence of 
MI utilizes surviving bundles of myocardium within the scar, separated by 
 connective tissue, fibrosis, and disordered intercellular coupling [81] (Fig. 15.3). 
Evidence for this hypothesis includes the fact that fixed areas of slow conduction 
can be mapped during sinus rhythm in patients with VT and ablation at these sites 
can effectively eliminate VT [80]. The triggers for initiation of VT in this setting are 
increased in situations such as acute heart failure decompensation, which lead to 
surges in autonomic tone, electrolyte imbalances, and acute ischemia [24, 80].
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Ventricular tachycardia with prior infarct

Ventricular tachycardia in nonischemic cardiomyopathy

a

b

Fig. 15.2 The 12-lead ECG of VT in the presence and absence of prior myocardial infarction. 
Panel (a) is the ECG of a monomorphic VT in a patient with a prior anteroseptal MI. The QRS 
complexes in the anterior precordial leads demonstrate a qR pattern in a distribution consistent 
with the previous anteroseptal MI representing terminal activation of the subepicardium in this 
region. Panel (b) is the ECG of a monomorphic ventricular tachycardia in a patient with nonisch-
emic cardiomyopathy and no history of prior MI. None of the QRS complexes demonstrate a qR 
pattern consistent with the nonischemic substrate. The QS pattern seen in the lateral leads sug-
gests an epicardial origin of the VT given the absence of prior infarction. See text for 
discussion
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�Dilated�Cardiomyopathy

The pathophysiologic basis for ventricular arrhythmias in dilated cardiomyopathies 
is not well understood although several possible mechanisms have been postulated 
[80]. Extensive myocardial abnormalities, fibrosis, and the loss of cell-to-cell cou-
pling in patients with dilated cardiomyopathy may provide the substrate for reentry. 
Increased levels of fibrosis in the endocardium as well as the epicardium lead to 
increase in tissue anisotropy, particularly from epicardium to endocardium [82]. 
Most endocardial scars in dilated cardiomyopathy tend to be adjacent to the valve 
annulus while epicardial scars in these patients are often greater in extent than on the 
endocardium [83]. These epicardial scars may facilitate reentry due to development 
of conduction block in lines parallel to the epicardial fiber orientation between the 
epicardium and endocardium [82]. Focal mechanisms may also contribute to the gen-
esis of ventricular arrhythmias in these patients. Spontaneous and induced VT in 
patients with dilated cardiomyopathy have been found to arise in the subendocardium 

Elecrograms from patients
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Fig. 15.3 The Anatomic substrate for fractionated electrograms in coronary artery disease (CAD). 
Most ventricular tachycardias in the setting of prior myocardial infarction are sustained through a 
reentrant mechanism. Reentry is facilitated by slow conduction through surviving myocardial 
bundles trapped inside fibrotic myocardium. This slow conduction is detectable by low amplitude 
fractionated and late potentials with delayed activation represented above, left. Above right, fibro-
sis and scar from a prior myocardial infarction is pictured at the microscopic level. See text for 
discussion
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through triggered activity from early or delayed after-depolarizations without evi-
dence of reentry [84]. Patients with dilated cardiomyopathy have been shown to have 
nonhomogeneous distribution of sympathetic fibers. Regions with dense fibrosis 
show myocardial denervation similar to what is seen in a scar due to MI while other 
regions may show an increase in sympathetic innervations [85]. It is postulated that 
denervation hypersensitivity could lead to a regional increase in sensitivity to cate-
cholamines. Patients with severe heart failure requiring transplantation have been 
shown to have regional increases in sympathetic nerves around diseased myocardium 
and blood vessels and this was shown to be more pronounced in patients with a his-
tory of VT [67]. Autoantibodies against beta-1 adrenergic receptors have also been 
detected in up to 50 percent of patients with dilated cardiomyopathy, some subgroups 
of which can exert sympathomimetic activity [86]. These autoantibodies have been 
associated with increased rates of ventricular arrhythmias in heart failure patients as 
well [86, 87]. It is important to note that patients with dilated cardiomyopathy are ten 
times more likely to develop cardiac arrest associated with polymorphic VT or ven-
tricular fibrillation (VF) than to develop hemodynamically tolerated sustained mono-
morphic VT and this is likely an underestimate as this experience only includes 
survivors or cardiac arrest [80].

�Hypertrophic�Cardiomyopathy

Multiple variations of hypertrophic cardiomyopathy (HCM) exist with different 
clinical manifestations depending on the site and extent of hypertrophy. The hemo-
dynamic consequences of myocardial hypertrophy in these patients include left ven-
tricular outflow tract obstruction, mitral regurgitation, diastolic dysfunction, and 
myocardial ischemia. These patients have an increased likelihood of developing 
ventricular arrhythmias. Similar to all other etiologies of heart failure, it is thought 
that myocardial fibrosis, potentially related to ischemic damage, plays an important 
role in the arrhythmogenic substrate of HCM [88]. Late gadolinium enhancement 
(LGE) on cardiovascular magnetic resonance (CMR) imaging is a common finding 
in HCM patients, likely reflecting collagen deposition and fibrosis [89–91]. The 
extent of LGE in HCM patients has been correlated with SCD risk factors [90] as 
well as frequency of ventricular premature depolarizations (VPDs) and NSVT on 
ambulatory monitoring [92]. Although sustained monomorphic VT may occur in 
the presence of HCM, similar to dilated cardiomyopathies, these patients more 
commonly have cardiac arrest due to polymorphic VT or VF [80].

�Arrhythmogenic�Right�Ventricular�Cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is characterized by 
fibrous or fibro-fatty replacement of the right ventricular myocardium in the inflow 
tract, outflow tract, or apex of the right ventricle. The right ventricular myocardial 
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scarring initially produces regional wall motion abnormalities but as the disease 
progresses, it may involve the free wall and become global with right ventricular 
dilatation [93]. In some cases the left ventricle may also be involved [94]. These 
areas of scarring tend to be the focus of ventricular arrhythmias in patients with 
ARVC who often present with sustained or nonsustained monomorphic VT origi-
nating in the right ventricle. VTs originate from areas where scarring develops, most 
commonly the inflow tract, apex, or outflow tract of the right ventricle. As in the 
case with dilated cardiomyopathy, the fibrosis and scarring in this setting tends to be 
more pronounced in the epicardium than the endocardium. For individuals with 
advanced fibrosis, VT tends to be due to macroreentry in areas of epicardial scar. 
However, in patients with earlier stages of disease, VT may be due to triggered or 
automatic activity in the diseased myocardium, often related to adrenergic stimula-
tion. In such instances, VT and SCD are often exercise-induced [95]. Exercise is 
thought to increase the risk of sudden death in ARVC patients, potentially due to 
catecholamine effects on triggered or automatic activity or due to the increased 
stress placed on the right ventricle during exercise [96]. Animal models of ARVC 
have suggested that exercise increases right ventricular dilatation and worsens man-
ifestations of the disease [97]. In regards to the relationship of catecholamines and 
VT in patients with ARVC, a higher frequency of induced ventricular arrhythmias 
in patients with ARVC on isoproterenol infusion has been reported when compared 
to control patients [98]. Onset of VT has also been shown to be associated with 
gradual rises in sinus rates and shortening of coupling intervals prior to initiation 
suggesting an increase in sympathetic tone may play a role in initiation [99].

 Ventricular Arrhythmias and Risk of Sudden Death

Ventricular arrhythmias in heart failure patients may range from VPDs to VF lead-
ing to SCD. VPDs occur in 70 to 95 percent of patients with heart failure [100–102]. 
The significance of these beats varies according to the etiology of the cardiomyopa-
thy. VPDs in a patient with prior MI are associated with an increased risk of death. 
However, in patients with non-infarct-related cardiomyopathy, VPDs have not been 
uniformly shown to be associated with a worse prognosis [103]. The use of AADs 
to suppress VPDs has been shown to be harmful regardless of the etiology of heart 
failure due to their proarrhythmic effects [104, 105]. On the other hand, beta- 
blockers can often suppress VPDs and are indicated for most forms of heart failure 
regardless of the presence or absence of arrhythmias. In rare cases, very frequent 
VPDs may cause or worsen left ventricular dysfunction or patients may be highly 
symptomatic despite beta blockade. In such circumstances, treatment with AADs 
and catheter ablation is often necessary and can improve left ventricular function 
[106, 107]. When AADs are necessary, amiodarone has been shown to be safe in 
heart failure patients but it is not used for the routine suppression of ventricular 
arrhythmias as it has not been shown to provide any survival benefit [108, 109].

NSVT has been reported in 50 to 80 percent of heart failure patients on ambula-
tory monitoring [101, 110, 111]. The significance of NSVT in heart failure is similar 
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to that of VPDs. In patients with infarct-related cardiomyopathy [112, 113] and 
hypertrophic cardiomyopathy [114–116], NSVT has been associated with increased 
mortality. However, this has not been reliably shown in other forms of heart failure 
such as dilated cardiomyopathy [101, 111, 117] and heart failure related to valvular 
disease [118]. As is the case with VPDs, there is no clear role for pharmacologic 
suppression of NSVT to reduce the risk of SCD, but NSVT can be an indication for 
electrophysiology study in order to better risk stratify heart failure patients with the 
hopes of determining who may benefit from implantable cardioverter-defibrillator 
(ICD) therapy [119, 120]. Like VPDs, in rare cases, very frequent NSVT can con-
tribute to or exacerbate left ventricular dysfunction and may require more aggres-
sive therapies such as AADs or catheter ablation.

Sustained VT is far less frequent than VPDs and NSVT in heart failure patients. 
Several studies have reported an incidence of sustained VT in patients with heart 
failure or cardiomyopathy of 5 % or less [101, 110, 111]. However, VT and VF 
cause the majority of sudden deaths in heart failure patients [1]. It is notable that all 
types of ventricular arrhythmias, including VPDs, NSVT, and sustained VT have 
been associated with increased mortality for most groups of heart failure patients. 
Despite the increased mortality associated with ventricular arrhythmias in heart fail-
ure, the rates of sudden cardiac death are not increased. Even as total mortality rises, 
the percentage of patients dying suddenly remains the same across groups. 
Approximately half of all deaths in heart failure patients are sudden, regardless of 
the amount of ventricular ectopy. For any given patient, the greater the severity of 
the heart failure, the more likely they are to die suddenly, irrespective to their history 
of ventricular arrhythmias.

 Effect of Heart Failure Medications

Multiple classes of medications have been shown to improve mortality in heart fail-
ure patients due to systolic dysfunction. Standard therapy includes beta-blockers, 
ace inhibitors, angiotensin receptor blockers (ARBs), and aldosterone antagonists. 
Beta-blockers have been shown in multiple trials to impart a survival benefit to heart 
failure patients, mainly due to a significant reduction in SCD [61, 63, 121]. As pre-
viously discussed, heart failure is associated with enhancement of sympathetic 
activity and a reduction in parasympathetic activity [65, 66]. An increase in sinus 
rates in heart failure patients may be associated with an increased risk of sudden 
death, most likely due to an excess of sympathetic activity [2]. This may be because 
rapid rates increase the likelihood of triggered arrhythmias [6]. Although heart rate 
reduction has been associated with a survival benefit in heart failure patients, for any 
given reduction in heart rate and any baseline heart rate, beta blockade has been 
shown to further improve survival compared to placebo. This suggests that heart 
rate reduction is not the only mechanism responsible for the beneficial effects of 
beta blocker therapy [61].
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Ace inhibitors and ARBs have been shown to improve all cause mortality in heart 
failure. However, their effects on SCD are less clear. Several major trials found that 
the survival benefit was primarily due to slowed progression of heart failure with 
little or no reduction in sudden death [60, 122, 123]. However, other large trials have 
found ace inhibitors and ARBs to be associated with significant reductions in sud-
den death [124–126]. Less controversial is the effect of aldosterone antagonists on 
sudden death. Both spironolactone and eplerenone have been shown to significantly 
reduce overall mortality and sudden death in patients with advanced heart failure 
[59, 127]. Spironolactone has also been shown to reduce the frequency of VPDs and 
NSVT [128]. The mechanisms by which modulation of the RAAS axis might 
decrease the risk of sudden death is not well understood. However, possible effects 
may include reverse remodeling of the arrhythmogenic substrate, decreased prolif-
eration of fibrosis, and fewer effects of angiotensin II and aldosterone on active 
membrane properties [2]. Ace inhibitors and ARBs have been shown to prevent 
myocyte uncoupling and improve gap junction conductance through modulation of 
connexin 43 which may decrease the likelihood of sustained reentrant arrhythmias 
[55, 71]. Ace inhibitors, ARBs, and aldosterone antagonists may also decrease risk 
of ventricular arrhythmias through maintenance of a higher serum potassium con-
centration and decreased prolongation of action potential duration.

�Therapies�for�Ventricular�Arrhythmias

Ventricular arrhythmias are of greatest concern in heart failure patients because of 
the risks of developing a fatal arrhythmia leading to SCD. Although heart failure 
patients represent a high-risk group of patients for SCD, only a minority of patients 
with heart failure develops fatal ventricular arrhythmias. Knowing this, antiarrhyth-
mic medications and ICDs that prevent or abort SCD will benefit some patients but 
most high-risk patients will never require these interventions [129]. Interventions 
that prevent or abort SCD carry risks. Multiple large randomized controlled trials 
have demonstrated that antiarrhythmic drugs have significant and often fatal proar-
rhythmic effects [104, 130]. ICDs have risks as well including infectious complica-
tions, inappropriate ICD discharges, and device malfunctions [131]. Furthermore, 
ICDs may have proarrhythmic effects [132]. Further advances in risk stratification 
of heart failure patients will be an important role of future research.

�Antiarrhythmic�Drug�Therapy

The role of AADs for ventricular arrhythmias in patients with heart failure is lim-
ited. The use of AADs for suppression of ventricular arrhythmias fell out of favor 
after the CAST trial demonstrated that AADs had significant, often proarrhythmic 
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effects [104]. This was later confirmed in large randomized trials, suggesting AADs 
might harm more patients than they benefit. Beyond their proarrhythmic effects, 
most antiarrhythmic drugs also have some negative inotropic activity, which can 
produce heart failure in patients with ventricular dysfunction [133]. Low cardiac 
output and the associated renal dysfunction that is common in heart failure can 
impair elimination of these drugs, increasing the risk of drug toxicity. Some of the 
AADs, particularly the class I and class III agents exert a strong proarrhythmic 
effect. Heart failure is a risk factor for the development of torsades de pointes in 
patients receiving the class III agents ibutilide, sotalol, and dofetilide. Amiodarone 
is generally considered to be less proarrhythmic than other AADs and is often the 
preferred drug for treatment of ventricular arrhythmias in heart failure. Amiodarone 
trials have shown mixed results on mortality and SCD [120, 134–136]. The 2005 
ACC/AHA guidelines on the management of chronic heart failure do not recom-
mend amiodarone for the prevention of SCD but concluded that the evidence was in 
favor of efficacy for its use for reducing the frequency of ICD shocks in patients 
with recurrent ventricular arrhythmias [137].

�Catheter�Ablation

Radiofrequency ablation (RFA) can be an effective treatment for VT, particularly in 
patients with prior MI.  In such patients the endocardial border zones of scar are 
frequently the sites of reentrant circuits, which tend to be amenable to ablation. 
Ventricular arrhythmias in patients with nonischemic cardiomyopathy are more 
challenging to treat with catheter ablation as they often have more diffuse myocar-
dial disease and may have multiple reentrant circuits on the endocardium as well as 
epicardium [83]. Due to this more complex substrate, RFA tends to be less effective 
in such patients. Catheter ablation can be used as an alternative treatment strategy in 
patients who do not want an ICD or who are not considered candidates for ICD 
implantation. RFA can also be a useful adjunct to an ICD in patients who have fre-
quent arrhythmias and ICD shocks to reduce subsequent ICD therapies. Catheter 
ablation has also been shown to be effective at reducing the incidence of ICD shocks 
prophylactically in patients with a history of MI who received ICDs for secondary 
prevention of sudden death [138]. For patients with bundle branch reentrant VT 
(BBRVT), RFA is front line therapy where catheter ablation of the right bundle 
branch can eliminates the arrhythmia. The 2006 ACC/AHA/ESC guidelines recom-
mend patients with BBRVT undergo electrophysiology study and ablation [139].

�Surgical�Treatment

Map-guided surgical ablative therapy is an effective treatment for VT in patients 
with a prior MI and scar-related reentrant VT [140, 141] although it has little role in 
patients with more diffuse cardiomyopathy. Surgery for VT was more common 
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prior to the advent of catheter ablation and ICD therapy and the successes of these 
therapies have made VT surgery relatively uncommon. Despite its current infre-
quent use, the results of VT surgery were excellent in appropriately selected patients 
with experienced centers achieving over 90 % freedom from recurrent clinical VT 
in patients surviving surgery. Among those patients, more than half did not need 
adjuvant antiarrhythmic therapy [142]. VT surgery is particularly effective for 
patients whose VT is associated with a discrete aneurysm. ICDs, while responding 
to an episode of VT by pacing or shocking the heart to a stable rhythm, effectively 
prevent fatal consequences, but do not prevent further episodes of VT. Surgery for 
VT can offer a cure to appropriate patients at higher rates than would be expected 
with catheter ablation due to the amount of tissue damage achieved in surgery as 
compared to catheter ablation [142]. Advances in revascularization techniques and 
improvement in medical therapy for heart failure has led to a large reduction in 
patients presenting with large aneurysms and sustained monomorphic VT. A decline 
in the number of surgeons and electrophysiologists who are experienced in surgical 
techniques for VT due to coronary disease has limited the development of further 
refinements in VT surgery. However, given its high success rates for patients with 
heart failure and VT related to prior MI and aneurysm, we hope its utilization 
increases so that it does not become obsolete [142].

�Implantable�Cardioverter-Defibrillators

ICD therapy has been shown to be effective in aborting sudden arrhythmic death 
and is primarily employed for patients with cardiomyopathy and heart failure. In 
this section we will focus on the utility of ICDs for the secondary prevention of sud-
den death in heart failure patients with ventricular arrhythmias. In regards to ICD 
implantation for primary prevention of sudden death, it is important to note that no 
randomized controlled trials have demonstrated a statistically significant mortality 
benefit in patients with nonischemic cardiomyopathy although a mortality benefit 
has been demonstrated in infarct-related cardiomyopathy [143].

The indications for ICDs for secondary prevention in heart failure patients with 
a history of ventricular arrhythmias have rapidly expanded over the past 15 years. 
The results of several clinical trials have quickly been implemented into guidelines 
and subsequently routine clinical practice. However, ICD implantation carries risks 
including infection, inappropriate or unnecessary shocks, potential for proarrhyth-
mia, device malfunctions, and procedural complications [131, 132]. Furthermore, 
not all patients who meet criteria for a secondary prevention ICD will have a 
 recurrent arrhythmia as their cause of death. Thus, there is a need for better risk 
stratification strategies and a reappraisal of the strengths and limitations of evidence 
supporting ICD implantation [143].

Most patients with heart failure and cardiomyopathy who have had serious ven-
tricular arrhythmias in the absence of a clearly reversible cause are candidates for 
ICD implantation based on current guidelines [144]. These recommendations are 
based mainly on the results of three randomized clinical trials and a pooled analysis 
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of these studies, which compared ICDs to antiarrhythmic drug therapy in survivors 
of SCD as well as high-risk patients with sustained VT. These studies found that 
ICD therapy was associated with a decrease in arrhythmic death as compared to 
antiarrhythmic therapy and a mortality benefit was seen in the largest of the three 
studies [145–150]. Although these trials were not limited to patients with heart fail-
ure or cardiomyopathy, a significant percentage had a reduced left ventricular ejec-
tion fraction (LVEF). A more detailed analysis of the results of these studies is 
imperative before applying the overall results to determine ICD indications in heart 
failure patients with ventricular arrhythmias. In the AVID trial, the largest and best- 
designed secondary prevention trial and the only one to demonstrate a statistically 
significant total mortality reduction with ICD therapy, the magnitude of benefit for 
ICD therapy may have been influenced by an imbalance in beta blocker usage 
between groups (38.1 % in the ICD arm vs. 11.0 % in the antiarrhythmic arm at 
12 months of follow up). There was also a lower incidence of congestive heart fail-
ure in the ICD group and a higher incidence of NYHA functional class III heart 
failure in the antiarrhythmic group [143]. Similar to the AVID trial, the CIDS trial 
had more frequent use of beta-blockers in the ICD arm although the difference was 
less pronounced than in the AVID trial [151]. In the pooled analysis of AVID, CIDS, 
and CASH, over a follow up period of 6 years, prolongation of life in patients with 
ICDs was 4.4 months and the advantages of ICD therapy seemed to be present only 
in the first 3–4 years of follow-up. A subgroup analysis showed that in patients with 
EF>35 %, ICD therapy did not improve survival [148]. One could argue that in 
patients with LVEF>35 %, an ICD confers a relatively small and transient survival 
benefit for secondary prevention of SCD, which might be minimized in the current 
era of routine beta-blocker therapy and other highly effective heart failure therapies 
[151]. The benefits of an ICD in patients with severe left ventricular dysfunction 
have also been brought into question given the increased likelihood of nonarrhyth-
mic death in these patients. However, current guidelines do not stratify recommen-
dations for secondary prevention based upon LVEF.  Although there are certain 
patients that will clearly benefit from ICD implantation to prevent recurrent malig-
nant ventricular arrhythmias and sudden death, applying simplified guidelines to a 
complex patient population poses clear risks to patients without guaranteed benefits 
and an individualized approach to these patients is vital.

�Left�Ventricular�Assist�Devices�and�Cardiac�Transplantation

Sustained ventricular tachycardia in patients with advanced heart failure can be a 
potentially life-threatening arrhythmia, especially when associated with hemody-
namic embarrassment. This becomes of particular concern when such patients are 
refractory to antiarrhythmic drugs and hemodynamic stability limits the safety of 
catheter or surgical ablation strategies. Percutaneous circulatory assist devices are 
now being used to provide hemodynamic support during VT ablation allowing for 
entrainment mapping of sustained VT as well as prolonged substrate mapping and 
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ablation [152, 153]. Unfortunately, durable cure of sustained recurrent VT with 
catheter ablation in the setting of advanced heart failure can be difficult to achieve. 
For patients with a high burden of ventricular arrhythmias, ventricular assist devices 
(VADs) can provide circulatory support to the failing ventricle even if a patient is in 
ventricular tachycardia for a substantial amount of time. Surgical implantation of a 
VAD has been used to hemodynamically stabilize patients with VT storm and 
advanced cardiomyopathy [154, 155]. Such an intervention may prevent further 
episodes of VT by unloading the left ventricle and can also provide a bridge to car-
diac transplantation [156]. If VT does recur after VAD implant, the device will pro-
vide hemodynamic support for potential mapping and successful ablation has been 
reported in VAD patients [157, 158]. Should patients continue to have recurrent 
symptomatic ventricular tachycardia refractory to medical therapy, ICD implanta-
tion, catheter ablation, and VT surgery, consideration of cardiac transplant evalua-
tion could be recommended [159].

�Autonomic�Nervous�System�Modulation

As has been described, heart failure is associated with dysfunction of the autonomic 
nervous system, which plays a role in heart failure patients increased susceptibility 
to ventricular arrhythmias. Beyond regulation of the autonomic nervous system 
with medications, surgical and device-based therapies have also been employed for 
the treatment of ventricular arrhythmias. Left cardiac sympathetic denervation 
(LCSD) is a well-established treatment for patients with refractory ventricular 
arrhythmias in long QT syndrome and arrhythmogenic channelopathies and has 
recently been shown to be effective in patients with cardiomyopathy [160–162]. 
The procedure involves resection of the lower half of the left stellate ganglion and 
thoracic ganglia 2–4, which diminishes noradrenergic input to the left ventricular 
myocardium. The result is an adequate denervation without a significant Horner’s 
syndrome, since most sympathetic innervation to the eye arises from the upper gan-
glion. Early studies have also shown that LCSD may have beneficial effects in heart 
failure patients irrespective of its effects on ventricular arrhythmias [163]. 
Percutaneous stellate ganglia and thoracic sympathetic blocks or ablation have also 
been utilized for refractory ventricular tachycardia and have the benefit of being less 
invasive [164–166].

Vagal nerve stimulation (VNS) has also been shown to provide a protective effect 
against ventricular arrhythmias and preclinical studies have suggested that VNS will 
be effective at improving heart failure as well [167, 168]. Multiple studies have 
demonstrated a reduced incidence of ventricular arrhythmias with VNS in animals 
with cardiomyopathy and heart failure [169, 170]. Early human trials have sug-
gested that VNS is safe and feasible in chronic heart failure patients and may 
improve quality of life and left ventricular function [171]. Two large-scale clinical 
trials are currently underway to assess the efficacy of VNS for management of 
chronic heart failure [172, 173].
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Further data from these and future trials will likely aid in our understanding of 
the effects of VNS on ventricular arrhythmias in chronic heart failure.

 Conclusion

Understanding the mechanisms of arrhythmogenesis and the pathophysiologic 
changes in heart failure that predispose patients to ventricular tachycardia is important 
in the overall management of these complex cardiovascular patients. Through 
advances in medical knowledge and technologies, treatment strategies continue to tar-
get the underlying arrhythmia substrate and the pathologic changes of the heart failure 
syndrome, which will remain the cornerstone of VT treatment in cardiomyopathy.
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Chapter 16
Cardiac Defibrillators and Heart Failure

Michael L. Bernard and Michael R. Gold

 Introduction

Sudden Cardiac Death (SCD) is the leading cause of mortality in the United States 
and annually claims over 500,000 lives [1]. Initial efforts to prevent SCD were 
focused on patients who had survived SCD or who had sustained ventricular 
arrhythmias. However, given the low rate of survival of an out-of-hospital arrest 
(<5 %), there remained a substantial population at high risk for an initial SCD event 
[2]. Several landmark trials assessing the impact of Implantable Cardioverter- 
Defibrillators (ICDs) in addition to conventional medical therapy demonstrated sig-
nificant reduction in mortality for patients in whom ICDs were implanted. Currently, 
over 250,000 ICDs are implanted annually in the US with primary prevention serv-
ing as the most common indication [3]. The majority of patients undergoing ICD 
implantation suffer from congestive heart failure (CHF). A summary of indications 
for ICD implantation in heart failure patients is included in Table 16.1 [3, 4]. The 
standard of care for patients with persistent systolic dysfunction despite procedural 
and pharmacologic therapy includes implantation of ICDs in addition to conven-
tional medical therapy. This review will address the role of ICDs in the heart failure 
population.
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Table 16.1 ICD guidelines for heart failure patients

Secondary prevention
Class I

ICD therapy is indicated in patients who are survivors of cardiac arrest due to VF or 
hemodynamically unstable sustained VT after evaluation to define the cause of the event and to 
exclude any completely reversible causes
ICD therapy is indicated in patients with structural heart disease and spontaneous sustained VT, 
whether hemodynamically stable or unstable
ICD therapy is indicated in patients with syncope of undetermined origin with clinically 
relevant, hemodynamically significant sustained VT or VF induced at electrophysiological study
ICD therapy is indicated in patients with nonsustained VT due to prior MI, LVEF less than or 
equal to 40 %, and inducible VF or sustained VT at electrophysiological study

Class IIa

ICD implantation is reasonable for patients with unexplained syncope, significant LV 
dysfunction, and nonischemic DCM
ICD implantation is reasonable for patients with sustained VT and normal or near-normal 
ventricular function
Primary prevention
Class I

ICD therapy is indicated in patients with LVEF less than or equal to 35 % due to prior MI who 
are at least 40 days post-MI and are in NYHA functional Class II or III
ICD therapy is indicated in patients with nonischemic DCM who have an LVEF less than or 
equal to 35 % and who are in NYHA functional Class II or III
ICD therapy is indicated in patients with LV dysfunction due to prior MI who are at least 
40 days post
ICD in combination with biventricular pacing is indicated for patients who have LVEF less than 
or equal to 35 %, sinus rhythm, LBBB with a QRS duration greater than or equal to 150 ms, and 
NYHA class II, III, or ambulatory IV symptoms

Class IIa

ICD implantation is reasonable for non hospitalized patients awaiting transplantation
ICD in combination with biventricular pacing in patients with NYHA functional class II, III or 
IV, receiving optimal medical therapy, in sinus rhythm with a LBBB QRS 120–149 ms, and a 
reasonable survival expectation of >1 year
Patients who are at high risk of SCA due to genetic disorders, such as long QT syndrome, 
Brugada syndrome, hypertrophic cardiomyopathy and arrhythmogenic right ventricular 
cardiomyopathy (ARVC), and have reasonable expectation of survival with a good functional 
status at >1 year
ICD implantation is reasonable for patients with cardiac sarcoidosis, giant cell myocarditis, or 
Chagas disease

Class IIb

ICD therapy may be considered in patients with nonischemic heart disease who have an LVEF 
of less than or equal to 35 % and who are in NYHA functional Class I
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 Secondary Prevention Trials

ICDs were initially studied in patients who survived SCD or in those patients with 
sustained ventricular arrhythmias. From such secondary prevention trials, several 
findings suggested that patients with reduced systolic function had the greatest ben-
efit from ICD implantation. In the AVID study, patients who survived SCD or had 
sustained ventricular arrhythmias were randomized to ICD or Class III anti- 
arrhythmic drug therapy [5]. Left Ventricular Ejection Fraction (LVEF) was 0.31 
and 0.32 in the ICD and medical treatment arms, respectively. Fifty-five percent of 
the ICD group and 60 % of the medical therapy group had clinical heart failure 
symptoms. The primary outcome was a significant reduction in mortality for patients 
in the ICD arm. The benefit of ICD therapy was more pronounced among patients 
with LVEF <0.35. CIDS (Canadian Implantable Defibrillator Study) randomized 
patients with ventricular arrhythmias to ICD implantation versus amiodarone ther-
apy [6]. The mean LVEF was 0.33 and 0.34 in the ICD and amiodarone groups, 
respectively, with half of both groups diagnosed with clinical heart failure. 
Subanalysis of the CIDS population revealed that depressed LVEF (<0.35) and 
advanced NYHA (New York Heart Association) heart failure class were indepen-
dent predictors of benefit from ICD therapy [7]. CASH evaluated the effect of meto-
prolol, propafenone, amiodarone or ICD therapy in survivors of SCD [8]. All 
patients had clinical heart failure with mean LVEF ranging from 0.44 to 0.47 in the 
treatment arms. Again, ICD implantation provided a significant reduction in mortal-
ity compared with AADs. Furthermore, propafenone increased mortality leading to 
early cessation of the treatment arm. A meta-analysis of the AVID, CIDS and CASH 
trials yielded a 28 % relative risk reduction in mortality with ICD therapy compared 
with amiodarone therapy [9]. Furthermore, the difference in mortality was attrib-
uted to a 50 % reduction to arrhythmic deaths in the ICD group. There was no sta-
tistical difference between mortality for patients with LVEF >0.35; however among 
patient(s) with LVEF <0.35, there was a 34 % reduction in mortality with ICD 

Table 16.1 (continued)

ICD therapy may be considered in patients with syncope and advanced structural heart disease 
in whom thorough invasive and noninvasive investigations have failed to define a cause
ICD therapy may be considered in patients with a familial cardiomyopathy associated with 
sudden death
ICD therapy may be considered in patients with LV noncompaction

DMC dilated cardiomyopathy, LBBB left bundle branch block, LV left ventricular, LVEF left ven-
tricular ejection fraction, MI myocardial infarction, NYHA New York Heart Association, VF ven-
tricular fibrillation, VT ventricular tachycardia
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therapy. Secondary prevention of SCD trials provided the basis for future studies 
investigating ICD implantation as a primary prevention therapy. Patients with 
reduced LVEF were identified from these studies as a sub-population with the 
potential for significant benefit from ICD implantation. Additionally, ICD therapy 
reduced mortality compared with AAD therapy supporting ICD implantation as 
first-line therapy for patients with history of SCD or ventricular arrhythmias.

 Primary Prevention Trials

Due to the results of secondary prevention trials, the focus of ICD investigation 
switched to primary prevention of sudden death. Summaries of primary prevention 
ICD trials are included in Table 16.2. The MADIT and MUSTT trials were the first 
large primary prevention trials evaluating the impact ICD therapy on mortality. In 
both studies, the population included those with coronary artery disease, LV systolic 
dysfunction, non-sustained ventricular tachycardia and inducible sustained ventric-
ular tachycardia. In the MADIT trial, ICD therapy resulted in a 54 % reduction in 
mortality compared with AAD therapy. The mean LVEF was ~0.25 in the study 
population and two-thirds of the patients had clinical heart failure. Amiodarone 
consisted of 74 % of the AAD group and was associated with increased mortality 
compared with beta blocker therapy. Although ICD was not a treatment arm of the 
MUSTT trial, the results suggested that patients with inducible ventricular tachy-
cardia at the time of electrophysiology study were at high risk for SCD (MUSTT). 
Patients with coronary artery disease, LVEF <0.40, and non-sustained ventricular 
tachycardia underwent electrophysiology study. Patients with inducible sustained 
ventricular tachycardia were randomized to medical therapy or a strategy of antiar-
rhythmia guided therapy. In the latter arm, they received antiarrhythmic drugs and 
if unsuccessful for rendering VT/VF non-inducible then an ICD was implanted. 
Patients who were non-inducible at baseline were included in a registry. Fourteen 
percent (49/353) of patients randomized to no AAD therapy after inducible ven-
tricular tachycardia had syncope, sustained ventricular tachycardia or SCD leading 
to ICD implantation. This was markedly greater than the 3 % (49/1397) of patients 
that were non-inducible and had similar events leading to ICD implantation. These 
results suggested that depressed LVEF and inducible ventricular tachycardia were 
associated with a high risk of SCD. Furthermore, ICD therapy significantly reduced 
mortality in this population compared with conventional AAD therapy. However, 
total mortality was less strongly affected by inducibility of VT [10].

Several trials explored the effect of primary prevention ICD implantation at the 
time of coronary artery revascularization or shortly after myocardial infarction. 
CABG-PATCH assessed the impact of ICD implantation at the time of coronary 
artery bypass graft (CABG) surgery for patients at high risk for SCD [11]. There 
were 900 patients with reduced LVEF and abnormal signal averaged ECG random-
ized to CABG with or without ICD implantation. The mean age was 62 years old, 
LVEF was 0.27, and greater than 70 % had NYHA Class II/III heart failure. At the 
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end of 4 years there was no statistical difference in mortality among the two groups. 
Subsequent analysis demonstrated that ICD implantation significantly reduced 
arrhythmic deaths between groups by 45 % [12]. However, due to high percentages 
of non-arrhythmic death in the population the protective effect of ICD therapy was 
not effective in reducing all-cause mortality. Furthermore, revascularization may 
have lead to improvements in LVEF that protected from arrhythmic deaths. The 
DINAMIT trial evaluated ICD implantation in a high risk population at the time of 
acute myocardial infarction [13]. Patients with recent (6–40 days) myocardial 
infarction who had reduced LVEF and autonomic dysfunction (reduced heart rate 
variability or elevated 24 h average heart rate) were randomized to optimal medical 
therapy with and without ICD implantation. In 676 patients, the mean LVEF was 
0.28, >85 % had NYHA Class II/III heart failure and >70 % of patients suffered a 

Table 16.2 Primary prevention ICD trials

Trial
No. of 
patients Etiology

Major inclusion 
criteria

Hazard ratio 
for overall 
mortality 
(ICD) P value

MADIT  196 ICM EF ≤35 %, NSVT, 
inducible VT

0.46 0.009

MUSTT  704 ICM EF ≤40 %, NSVT, 
inducible VT

0.45a <0.001

MADIT II 1232 ICM EF ≤30 %, prior MI 0.69 0.016
SCD-HeFT 2521 ICM & 

NICM
EF ≤35 %, CHF 
NYHA Class II or 
III

0.77 0.007

DEFINITE  458 NICM EF ≤35 %, PVCs or 
NSVT

0.65 0.08

COMPANION 1520 ICM & 
NICM

EF ≤35 %, CHF 
NYHA Class II or 
III, QRS >120

0.64b 0.003

DINAMIT  676 ICM EF ≤35 %, ¯HRV, 
recent MI 
(<40 days)

1.08 0.66

CABG-PATCH 900 ICM EF ≤35 %, CABG, 
abnormal SAECG

1.07 0.64

MADIT Multicenter Automatic Defibrillator Implantation Trial, MUSTT Multicenter Unsustained 
Tachycardia Trial, SCD-HeFT Sudden Cardiac Death in Heart Failure Trial, DEFINITE 
Defibrillators in Non-Ischemic Cardiomyopathy Treatment Evaluation; COMPANION Comparison 
of Medical Therapy, Pacing, and Defibrillation in Heart Failure Trial; DINAMIT Defibrillator in 
Acute Myocardial Infarction Trial, CABG-PATCH Coronary Artery Bypass Graft Patch, ICM isch-
emic cardiomyopathy, EF ejection fraction, NSVT nonsustained VT, VT ventricular tachycardia, 
MI myocardial infarction, NICM nonischemic cardiomyopathy, CHF congestive heart failure, 
NYHA New York Heart Association, PVC premature ventricular contraction, HRV heart rate vari-
ability, SAECG signal-averaged ECG
aCOMPANION results listed are for CRT+ICD vs. medical therapy alone. The hazard ratio for 
overall mortality for CRT alone vs. medical therapy was 0.76 (P = 0.059)
bMUSTT results listed are the adjusted relative risk for overall mortality for patients receiving 
electrophysiologically guided therapy with an ICD compared with no antiarrhythmic therapy
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new Q-wave myocardial infarction. All-cause mortality was not statistically differ-
ent among the two groups; however, there was a statistically significant reduction in 
arrhythmic mortality in the ICD (HR 0.42). This was offset by an increase in non- 
arrhythmic deaths in the ICD group compared with control. The findings do not 
support implantation of primary prevention ICDs at the time of myocardial infarc-
tion. Furthermore this trial was the basis for the 40-day post-MI requirement for 
ICD implantation in the current guidelines. In a secondary analysis of DINAMIT, 
mortality in patients with ICD implantation differed greatly by whether they had 
received appropriate ICD shocks [14]. Patients in the ICD arm with appropriate ICD 
shocks had 15 % annual mortality compared with 6 % annual mortality in ICD 
patients with appropriate shocks. Effectively, the reduction in arrhythmic mortality 
observed in the ICD arm was negated by non-arrhythmic death in those ICD patients 
receiving appropriate ICD shocks. The DINAMIT results were supported by the 
IRIS trial where 898 patients with recent (5–31 days) myocardial infarction were 
randomized to conventional medical therapy with or without ICD implantation [15]. 
In the IRIS trial many more patients underwent PTCA (72 %) compared with the 
DINAMIT trial (27 %). There were similar rates of beta blocker and ACE/ARB use 
in both studies. All-cause mortality at an average of 37 months was not different in 
the ICD arm (HR 1.04) compared with control. Subgroup analysis demonstrated 
that patients with left main disease benefitted from ICD therapy whereas those with 
thrombolytic therapy fared better in the control group. There was a non-significant 
trend toward NYHA Class III/IV and smoking as predictors of ICD benefit. Similar 
to the DINAMIT trial, reduction in arrhythmic death in the ICD arm (HR 0.55) was 
offset by increase in non-arrhythmic death (HR 1.92). The results of the CABG- 
Patch, DINAMIT and IRIS trials found no mortality benefit of primary prevention 
ICD implantation in patients with reduced LVEF at the time of CABG or acute 
myocardial infarction.

MADIT II randomized 1232 patients with prior myocardial infarction and LVEF 
<0.30 to conventional medical therapy with and without ICD implantation [16]. 
Compared with MADIT, sustained VT or electrophysiology studies were not 
required for enrollment. The population was 85 % male with mean LVEF 0.23 in 
each group. Roughly two-thirds of the patient had at least NYHA Class II heart 
failure symptoms and 15 % were on AADs. There were 105/742 (14.2 %) and 
97/490 (17.9 %) deaths in the ICD and conventional groups, respectively (p = 
0.016), with a hazard ratio for ICD implantation of 0.69. The trial was stopped pre-
maturely once superiority of ICD therapy was detected. The effect of ICD on sur-
vival was not affected by age, sex, LVEF or NYHA Class. These results supported 
ICD implantation for primary prevention of SCD in patients with reduced LVEF 
and ischemic cardiomyopathy, a majority of whom have symptomatic heart 
failure.

The next generation of primary prevention trials included patients with non- 
ischemic cardiomyopathy as well as ischemic cardiomyopathy. The CAT trial ran-
domized 104 patients with reduced LVEF <0.30 and recent onset (<9 months) of 
dilated cardiomyopathy to conventional medical therapy with or without ICD 
implantation [17]. At a mean follow up of 5.5 years there was no statistical difference 

M.L. Bernard and M.R. Gold



377

in mortality with ICD implantation. Of note, the trial was stopped prematurely due to 
lower than expected SCD event rates in the control arm at 1 year. AMIOVERT ran-
domized 103 patients with non-ischemic cardiomyopathy, LVEF >0.35 and asymp-
tomatic non-sustained ventricular tachycardia to amiodarone versus ICD implantation 
[18]. There was no statistical difference in mortality at 1 and 3 years with a non-sta-
tistical trend toward reduced arrhythmic burden in the amiodarone arm. The 
DEFINITE trial [20] enrolled 458 patients with non-ischemic cardiomyopathy and 
ventricular ectopy to optimal medical therapy versus optimal medical therapy plus 
ICD. The mean LVEF was 0.21, roughly 80 % had NYHA Class II/III symptoms and 
clinical heart failure duration was 2.8 years. Beta blocker and ACE/ARB use was 
~85 % in the population. ICD therapy reduced all-cause mortality by 35 %, although 
this was not statistically significant (HR 0.65, CI 0.4–1.06). ICD did significantly 
reduce arrhythmic deaths (HR 0.2) without changing deaths related to heart failure. 
Subgroup analysis demonstrated that men and patients with NYHA Class III symp-
toms benefitted the most from ICD implantation. Age, LVEF and QRS duration had 
no significant impact on the outcome. All of these studies were underpowered so it is 
difficult to make conclusions regarding the role of ICD therapy in this population 
based on these trials.

SCD-HeFT (Sudden Cardiac Death Heart Failure Trial) was the first large ran-
domized trial to evaluate the efficacy of ICD therapy in systolic HF patients with 
reduced LVEF, regardless of etiology [19]. In contrast to the MADIT trials, patients 
with non-ischemic cardiomyopathy, in addition to those with ischemic cardiomy-
opathy, were included in the study. Over 2500 patients with NYHA Class II or III 
heart failure, LVEF <0.35 were randomized to placebo, amiodarone or ICD implan-
tation. The mean ejection fraction of the population was 0.25 and there were roughly 
equal non-ischemic and ischemic cardiomyopathy patients. The use of evidence 
based medical therapy and other appropriate medications were strongly encour-
aged. ACE/ARBs and beta blockers were being used by 95 and 70 % of patients, 
respectively, at the time of last follow up. The primary finding was that single cham-
ber ICD implantation imparted a 23 % relative risk reduction (HR 0.77) of all cause 
mortality that was statistically significant compared with placebo (Fig. 16.1).

The effect was similar in patients with either ischemic cardiomyopathy (HR 
0.79) or non-ischemic cardiomyopathy (HR 0.73). The mortality benefit was mark-
edly pronounced in patients with NYHA Class II heart failure (HR 0.54) compared 
with those with NYHA Class III (HR 1.16). Amiodarone did not significantly reduce 
mortality (HR 1.06) compared with placebo. There was a statistical trend toward 
worsened outcomes in NYHA Class III patients on amiodarone therapy (HR 1.44). 
SCD-HeFT demonstrated that regardless of etiology, patients with reduced LVEF 
benefited from ICD implantation. A meta-analysis of primary prevention ICD ther-
apy versus conventional medical therapy in non-ischemic patients from SCD-HeFT, 
DEFINITE, CAT, AMIOVERT and COMPANION [21] trials studied over 1800 
patients. The mean ejection fraction of the population was 0.28 with advanced heart 
failure (NYHA Class III/IV) present in roughly one third of the population. The 
analysis demonstrated a 31 % relative risk reduction in mortality in ICD recipients 
[22]. The results of primary prevention trials strongly supported ICD implantation 
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in addition to optimal medical therapy for patients with reduced LVEF regardless of 
type of cardiomyopathy. Additionally, these trials placed less emphasis on the 
requirement of inducible ventricular arrhythmias for high risk patients prior to ICD 
implantation.

 Cardiac Resynchronization Therapy (CRT)

Cardiac resynchronization therapy was developed based on observations that 
interventricular conduction disturbances, commonly observed in heart failure 
patients, were markers for poor ventricular function and increased mortality [23]. 
One of the most commonly observed conduction disturbances, LBBB, was associ-
ated with delayed activation of the left ventricular free wall. When early CRT 
investigators evaluated left ventricular pacing in concert with conventional right 
ventricular pacing, there were immediate improvements in hemodynamic perfor-
mance as well as long term improvement in clinical symptoms [24, 25]. Based on 
these observations, larger clinical trials exploring CRT were performed demon-
strating the benefit of CRT on mortality, left ventricular function, heart failure 
class and quality of life in symptomatic heart failure patients with depressed sys-
tolic function and wide (QRS >130 ms) LBBB [21, 26–32]. A full discussion of 
the effect of CRT on heart failure patients will be presented in a subsequent chap-
ter; however, the decision to implant an ICD should include consideration of a left 
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ventricular lead where indicated. While the incremental benefit of CRT when 
added to ICD therapy has been reported [21, 31, 32], the benefit of a defibrillator 
lead with CRT (CRT-D) versus CRT without an ICD lead (CRT-P) is less well 
studied. The COMPANION trial randomized 1520 advanced heart failure (NYHA 
Class III/IV) patients with wide QRS morphologies to optimal medical therapy, 
CRT-P and CRT-D in a 1:2:2 ratios. Compared with optimal medical therapy, 
death and hospitalization were reduced by 36 and 40 % in the CRT-P and CRT-D 
groups, respectively, and all-cause mortality was reduced by 24 and 36 % in the 
CRT-P and CRT-D, respectively. A secondary analysis of mode of death in the 
COMPANION trial showed that CRT-D significantly reduced the number of car-
diac deaths and, in particular, SCD compared with CRT-P [33]. Cardiac causes 
comprised 78 % of deaths in the COMPANION trial. CRT-D reduced all cardiac 
deaths by 38 % compared with optimal medical therapy whereas CRT-P reduced 
all cardiac deaths by 14.5 % which was not statistically different than optimal 
medical therapy (Fig. 16.2). The difference was due primarily to a significant 
reduction in SCD in the CRT-D arm of 56 %. Of note, both groups statistically 
reduced the rate of heart failure deaths by almost 30 % suggesting that CRT-D did 
not diminish the favorable hemodynamic effects of CRT-P. In an analysis of 
NYHA Class IV patients from COMPANION, CRT-D but not CRT-P significantly 
reduced sudden cardiac death compared with optimal medical therapy [34]. Since 
most patients with an indication for CRT also have an indication for an ICD and 
vise-versa, CRT-D is the usual choice for a biventricular implantable device for 
patients with heart failure and wide LBBB.

 Left Ventricular Assist Devices and ICDS

Left ventricular assist device (LVAD) implantation has become an increasingly used 
method for both short and long term stabilization of severe heart failure. 
Technological improvements and advancements in operative experience have pro-
pelled LVAD numbers over the last decade. Since almost every patient with an 
LVAD meets criteria for an ICD, there are particular issues unique to LVAD/ICD 
recipients that need to be considered. Interference between LVAD and ICD electro-
magnetic properties have been reported which impaired ICD function, often due to 
inability to communicate with the device [35–37]. In some cases, the pulse genera-
tor was exchanged for an LVAD-compatible device. Current ICD systems have 
adapted to account for possible interference by LVAD implantation. The role of 
LVADs for reducing ventricular arrhythmias has yet to be comprehensively evalu-
ated. In a retrospective analysis, LVAD implantation reduced the amount of ven-
tricular arrhythmias but 21 % of patients had appropriate therapy for ventricular 
arrhythmias despite the beneficial effects of continuous mechanical support [38]. 
There remains controversy if patients without ICDs prior to LVAD implantation 
should receive an ICD for primary prevention [39]. More studies are required to 
definitively address this matter.
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 Subcutaneous ICDS

Subcutaneous leads have been used in conjunction with transvenous defibrillator 
systems for patients with abnormal defibrillation thresholds. An entirely subcutane-
ous ICD system, avoiding transvenous and intracardiac leads, has recently been 
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developed [40]. Initial studies showed that subcutaneous ICDs (S-ICDs) appropri-
ately recognized and treated ventricular arrhythmias in 12 patients [41]. The S-ICD 
also performed as well or better than transvenous systems for SVT discrimination 
[42]. A major limitation of the S-ICD is the lack of antitachycardia or brady support 
pacing, except for a brief post-shock period. For patients requiring ICD implanta-
tion without a pacing indication, the subcutaneous ICD is an attractive option. The 
generator is placed in the left lateral costal margin and the lead courses subcutane-
ously to the xiphoid process and then along the left parasternal region. Avoiding the 
transvenous and intracardiac areas eliminates risk of intravascular infections, valvu-
lar damage, cardiac performation and pneumothorax. The S-ICD is also an alterna-
tive to traditional transvenous ICDs for patient with obstructive vascular access, 
prosthetic tricuspid valves and high risk of systemic infection such as dialysis or 
immunocompromised subjects.

 Conclusion

In addition to survivors of sudden cardiac death, heart failure patients have a high 
risk of fatal ventricular arrhythmias. ICD implantation for secondary prevention of 
SCD is established. For either ischemic or non-ischemic heart failure patients with 
reduced LVEF <0.35 and NYHA Class II–III symptoms, primary prevention ICD 
implantation in addition to optimal medical therapy has become the standard of 
care. When combined with medical therapy, ICDs offer an additional 20–30 % mor-
tality benefit that is most pronounced in those with the lowest LVEF. Mortality 
reduction is primarily driven by preventing sudden cardiac death rather than pre-
venting heath failure deaths. CRT when combined with a defibrillator lead offers the 
greatest magnitude of mortality advantage as well as improving heart failure symp-
toms in the appropriate patient. Although LVAD interference has been reported, 
current ICDs are designed to accommodate LVAD implantation. New technologies 
such as subcutaneous ICDs offer an alternative to traditional transvenous systems. 
Finally, despite advancements in identifying high risk patients for SCD, over half of 
SCD victims do not meet current indications for ICD therapy [43, 44]. In addition 
to optimizing device based therapy, efforts to identify factors associated with SCD 
should be explored such as those with heart failure and ejection fraction >35 %.
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Chapter 17
Cardiac Resynchronization Therapy  
in Heart Failure

Michael A. Samara and David S. Feldman

 Introduction

Heart failure pharmacotherapy including beta-blockers (BB), angiotensin convert-
ing enzyme inhibitors/Angiotensin II Receptor Blockers (ACEi/ARB), and aldoste-
rone antagonists have resulted in dramatic improvements in the morbidity and 
mortality of patients with heart failure (HF) with a reduced ejection fraction. 
However, in many patients, medical management alone is insufficient to achieve 
adequate symptom control and HF associated morbidity and mortality remains 
high. In a subgroup of these patients with prolonged QRS duration, particularly 
with left bundle branch block (LBBB) morphology, cardiac resynchronization ther-
apy (CRT) has demonstrated additional benefit. Currently CRT is indicated for 
patients with NYHA functional class II-IV heart failure, severe systolic dysfunction 
(left ventricular ejection fraction (LVEF) ≤35 %) and interventricular conduction 
delay. Over the last two decades it has become a key component of the staged treat-
ment of HF [1].
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 Background and Rationale for Use

The deleterious effects of dyssynchronous activation of the ventricular myocardium 
were first noted almost 90 years ago when Wiggers demonstrated a reduction in the 
rate of LV pressure rise (dP/dt) and peak power production with right ventricular 
(RV) pacing [2]. More recently Askenazi et al. demonstrated the incremental reduc-
tion in dp/dT and LV peak pressure incurred when moving from right atrial pacing 
with normal ventricular conduction, to RV (AV sequential) pacing, to direct RV 
pacing with loss of AV synchrony. They further demonstrated that RV pacing not 
only had acute hemodynamic effects, but also led to a significant reductions in the 
LVEF over time [3]. Burkhoff and colleagues demonstrated that an inverse linear 
relationship existed between the QRS duration and LV pressure production [4]. In 
addition to detrimental effects on systolic function, Zile et  al. demonstrated that 
diastolic properties and LV filling were also degraded with RV pacing with reduc-
tions in the isovolumic pressure decline and myocardial emptying rate [5]. In addi-
tion to the acute effects on hemodynamics and medium term effects on LV 
remodeling, increasing degrees of QRS prolongation are at least a marker for worse 
prognosis in advanced systolic HF. This was demonstrated in post-hoc analysis of 
the VEST (Vesnarinone) trial demonstrating a fivefold reduction in cumulative sur-
vival for patients with a QRS duration >220  ms versus those with normal QRS 
duration [6].

The prevalence of interventricular conduction delays in patients with advanced 
systolic HF (perhaps up to 1/3 of all HF patients) and the aforementioned observa-
tions lead several groups to question whether resynchronization of myocardial acti-
vation could result in improved hemodynamics and long-term outcomes. Mower 
and colleagues were the first to formally theorize that simultaneous pacing of both 
ventricles would reduce both electrical and mechanical dyssynchrony [7]. Cazeau 
et al., were the first to experiment with this approach in humans at Paris’ Hôpital 
Lariboisière. A standard dual chamber AV pacemaker was modified to pace both 
atria and both ventricles simultaneously—the LV lead having been implanted via 
thoracotomy. The group demonstrated that in eight subjects with QRS prolongation 
and end-stage HF despite maximal medical therapy, biventricular (BiV) pacing 
increased the mean cardiac index by 25 % and decreased the pulmonary capillary 
wedge pressure by 17  % [8]. Following their initial success, a number of small 
observational studies were performed demonstrating a variety of clinical benefits 
ultimately confirmed in large randomized studies.

Nelson and colleagues went on to demonstrate that in patients with LBBB (mean 
QRS duration 179 ± 3  ms) and severe systolic dysfunction, LV or BiV pacing 
resulted in a nearly instantaneous improvement in dP/dt and pulse pressure with a 
reduction in the arterial-coronary sinus oxygen difference and thus the myocardial 
oxygen consumption [9]. This critical observation underscores the key difference 
between CRT and inotropic agents which achieve their augmentation of contractility 
via an increase in myocardial oxygen consumption likely accounting for the adverse 
long-term effects that have been observed in clinical trials of these agents [10].
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Not surprisingly, electrical and mechanical dyssynchrony are associated with 
cellular pathophysiology with important regional changes in myocardial gene 
expression for stress remodeling proteins such as mitogen-activated protein kinases, 
altered cell survival signaling, reduced L-type calcium currents, and decreased 
adrenergic responsiveness with varying degrees of reversibility following resyn-
chronization therapy [11].

 Types of Dyssynchrony and Physiologic Consequences

The normal electrical activation of the ventricular myocardium results in simultane-
ous activation of the right and left bundles of the Purkinje system culminating in the 
generation of symmetric counterforces during cardiac ejection. The normal Purkinje 
system is electrically isolated from the myocardium except at the apically located 
terminal Purkinje-myocardial junctions facilitating the normal apical to basal 
mechanical activation and contraction. When this is interrupted due to conduction 
block, dyssynchronous activation of the myocardium results. Also common in the 
setting of advanced systolic heart failure is first degree AV block with associated 
alterations in atrioventricular synchrony. Cumulatively these conduction distur-
bances (particularly in the context of LBBB) result in three types of dyssynchrony 
with important implications for cardiac performance.

�Intraventricular�Dyssynchrony

Dyssynchronous activation of the LV myocardium with LBBB results in early, 
unloaded contraction of the interventricular septum. Rather than contributing to a 
rise in LV pressure, this contraction is primarily converted to prestretch of the 
lateral wall. This results in reductions in stroke volume, dP/dt, and pulse pressure 
and ultimately worsening LV systolic function and mitral regurgitation due to 
uncoordinated contraction of the papillary muscles. These derangements in turn 
contribute to progressive adverse remodeling and the “vicious cycle” of HF 
pathophysiology.

�Interventricular�Dyssynchrony

With LBBB and RV pacing there is early RV activation resulting in a disadvanta-
geous pressure gradient between the RV and LV. This gradient precipitates a reduc-
tion in the RV stroke volume and concordant reduction in LV preload. While CRT is 
conventionally thought of as a therapy for LV failure there is emerging evidence that 
correcting interventricular dyssynchrony may have benefits for RV performance. 
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Haddad et al. recently presented data suggesting that patients undergoing CRT-D 
implantation had significant improvements in their RV ejection fraction, end- systolic 
volume, and RV peak filling rate [12].

�AV�Dyssynchrony

While not the primary target of CRT, correction of AV dyssynchrony has increas-
ingly been regarded as a critical function of CRT. Advanced first degree AV block is 
common in systolic heart failure and results in increased left atrial pressures, 
decreased LV diastolic filling times and diastolic mitral regurgitation due to the 
superimposition of atrial contraction (which occurs too early) and early diastolic LV 
filling. The echocardiographic hallmark of this phenomenon is fusion of the A and 
E waves. In contrast, short AV delays also reduce LV preload by causing interrup-
tion of active atrial transport via premature closure of the mitral valve.

 Clinical Trial Data

Investigators have taken a stepwise approach to the evaluation of CRT beginning 
with small studies investigating the acute hemodynamic effects of CRT in patients 
with severe HF and culminating in large studies assessing mortality and long-term 
clinical outcomes in thousands of patients with milder degrees of HF. The seminal 
studies from this clinical trial program are summarized below:

NYHA FC III-IV Early clinical trials on CRT focused on patients with NYHA 
class III or IV HF despite optimal medical therapy (OMT), and severe LV systolic 
dysfunction (LVEF <35  %) with evidence of electrical dyssynchrony defined as 
QRS prolongation of at least 120–150 (ms).

PATH-CHF Encouraged by the short-term results of hemodynamic studies involv-
ing CRT, Auricchio et al. set out to define the longer term effects of biventricular or 
univentricular (LV) stimulation on functional capacity in 41 patients [13]. They 
demonstrated a net increase in peak oxygen consumption (peak VO2) from 12.5 to 
15.2 ml/kg/m/in (p = 0.002) and an improvement in 6-min walk from 342 to 416 m. 
PATH-CHF was the first study to establish the durability of CRTs effects with these 
clinical benefits persisting after 12 months of therapy [13].

MUSTIC Cazeau et al. performed a single-blind, randomized, controlled cross-
over study assessing the clinical effects of CRT in patients with NYHA class III–IV 
symptoms and QRS durations >150 ms. Their unique crossover design overcame 
some of the methodological barriers of PATH-CHF which as a non-blinded study 
relying on effort dependent clinical endpoints like peak VO2 and 6-min walk was 
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susceptible to obvious biases. The study consisted of two phases including a 
3-month period of active therapy (AV sequential pacing with CRT) and a 3-month 
period of inactive (ventricular inhibited pacing) allowing each patient to function as 
his/her own control. The group found that patients receiving CRT had improved 
6-min walk distances, an 8 % increase in peak VO2, improved quality-of-life scores 
as assessed by the Minnesota Living With Heart Failure Questionnaire (MLWHFQ), 
and a 2/3 reduction in HF hospitalizations [14].

MIRACLE Abraham et al., performed the first large-scale, double-blind, random-
ized clinical trial assessing the efficacy of CRT in patients with QRS durations 
>130 ms. All enrolled patients (n = 453) were implanted with CRT capable devices 
and then randomized to atrial-biventricular pacing vs. no pacing [15]. At 6 months 
of follow-up the CRT group experienced improvements in 6-min walk (+39 vs. 
+10 m, p = 0.005), functional class, quality of life, and EF (+4.6 % vs. −0.2 %, 
p<0.001). Also observed was a reduction in HF hospitalizations (8 vs. 15 %). While 
generally safe, this large scale study highlighted some of the potential complica-
tions of CRT implantation including failure to place a coronary sinus lead in 8 % of 
patients, coronary sinus perforation, and death [15]. The MIRACLE trial led to 
approval of CRT by the Food and Drug Administration (FDA).

MIRACLE-ICD CRTs rise was contemporaneous with a period of rapidly evolv-
ing guidelines for implantable cardioverter defibrillator (ICD) therapy. Young et al. 
went on to perform an analogous study in and identical patient population receiving 
devices with combined CRT and ICD functionality [16]. Three hundred sixty-nine 
patients were randomized to a control (ICD on/CRT off) or CRT group (ICD on/
CRT on). At 6 months the CRT group had greater improvements in quality of life, 
functional class, and peak VO2, but no difference in 6-min walk, EF, HF hospitaliza-
tions, or survival. Of critical importance, MIRACLE ICD highlighted the fact that 
the benefits of CRT could be achieved without evidence of proarrhythmia or com-
promise in ICD function.

Meta-analysis of Studies with NYHA Class III-IV HF A 2007 Meta-analysis 
published in the Journal of the American Medical Association summarized the 
results of the 14 randomized trials performed up to that point including 4420 patients 
[17]. This demonstrated improvements in NYHA functional class, 6-min walk, and 
quality of life metrics. There was an overall reduction in the rate of HF associated 
hospitalizations (RR 0.63, 95 % CI 0.43–0.93) as well as a reduction in all-cause 
mortality (RR 0.78, 95  % CI 0.67–0.91) driven by a reduction in deaths from 
“pump-failure” (RR 0.64; 95 % CI 0.49–0.84) [17]. These benefits were achieved 
with a high rate of procedural success (93 %) and low risk of complications.

COMPANION While early studies hinted towards a potential improvement in 
hard clinical outcomes such as HF hospitalizations and HF and all-cause mortality, 
this question was first directly addressed in an appropriately powered study by 
Bristow et al. who randomized 1520 patients with QRS duration >120 ms in a 1:2:2 
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ratio to OMT, CRT-pacemaker (CRT-P), or CRT-defibrillator (CRT-D) [18]. In addi-
tion to conventional criteria for CRT enrolled patients had to have at least one HF 
hospitalization in the year prior to randomization. Compared to OMT, CRT-P and 
CRT-D both demonstrated reductions in the primary composite endpoint of time to 
death from or hospitalization for any cause (Hazard ratio 0.81 and 0.80 respec-
tively). The combined end point of death from or hospitalization for HF was reduced 
by 34 % in the CRT-P group and 40 % in the CRT-D group. CRT-P patients had a 
non-significant reduction in all cause mortality whereas patients with CRT-D had a 
significant 36 % reduction in the risk of all cause mortality (p = 0.003) [18]. The 
COMPANION trial led to FDA approval of combined CRT-D devices.

CARE-HF Cleland et al. further examined the effects of CRT-P versus OMT on 
morbidity and mortality in 813 patients followed for 29 months and established for 
the first time that CRT-P alone provided a mortality benefit in patients with QRS 
duration >120 ms. Patients with CRT-P had a 37 % reduction in the primary end-
point a composite of death from any cause or unplanned hospitalization for a major 
cardiovascular event. Similarly there was a 36 % reduction in the secondary end-
point of all cause mortality [19]. The study also demonstrated a reduction in end- 
systolic volume index, mitral regurgitant jet volume, and improvement in LVEF and 
QoL. Subsequent longer-term follow-up from the CARE-HF investigators demon-
strated that these reductions in mortality are durable and that they were due to a 
reduction in both sudden cardiac death and pump failure [20]. It is interesting to 
note that unlike prior studies (including COMPANION) the inclusion criteria for 
patients with intermediate QRS durations (i.e., between 120 and 149 ms) required 
two of three additional echocardiographic features of dyssynchrony including: aor-
tic preejection delay of more than 140 ms, an interventricular mechanical delay of 
more than 40 ms, or delayed activation of the posterolateral LV wall [19].

NYHA FC I-II The clinical trial program outlined above provided conclusive evi-
dence that CRT reduced HF associated morbidity and mortality in patients with 
severe systolic heart failure. However, as the majority of HF patients are NYHA FC 
I and II, investigators began to ask whether earlier application of CRT could result 
in an inflexion point in the natural history of the disease.

MIRACLE-ICD II Abraham et al. first assessed the efficacy of CRT-D in patients 
with NYHA class II symptoms and a QRS duration >130 ms [21]. CRT-D treated 
patients had no significant improvement in peak VO2 but did see improvement in 
ventricular remodeling (LV systolic and diastolic volumes and LVEF). CRT-D 
patients demonstrated significant improvements in NYHA class and ventilator 
 efficiency (VE/VCO2) a well validated and effort-independent predictor of survival 
in patients with advanced HF [21].

REVERSE Linde and Packer et  al., examined the effects of CRT-D in patients 
with NYHA I and II HF with QRS durations >120 ms and with LVEF ≤40 % [22]. 
The large, randomized, double-blind trial enrolled 610 patients randomized 2:1 to 
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CRT-D versus ICD alone. The primary endpoint was the novel clinical composite 
score which classified patients as “improved,” “unchanged,” or “worsened” based 
on a combination of mortality, HF hospitalizations, withdrawal from the study, or 
worsening NYHA class. The study included an American arm that proceeded for 
12 months and a European arm that extended follow-up to 24 months. While there 
was no difference In the clinical composite score, CRT-D patients demonstrated 
significant reductions in the LV end-systolic volume index, improvements in LVEF, 
and a delay in the time-to-first HF hospitalization (hazard ratio: 0.47, p = 0.03).

RAFT Tang et al., assessed the efficacy of CRT added to ICD therapy to reduce HF 
morbidity and hospitalizations in patients with NYHA FC II and III HF, QRS dura-
tion >120  ms, and LVEF <30  % [23]. In pre-specified subgroup analysis both 
patients with NYHA FC II and III symptoms had significant reductions in the com-
posite endpoint of death or hospitalization for HF. Somewhat surprisingly, only the 
patients with NYHA II symptoms had a statistically significant reduction in all 
cause mortality (Hazard ratio 0.71; 95 % CI 0.56–0.91).

MADIT-CRT Moss et  al. performed the largest and longest follow-up study to 
date of CRT in patients with mild HF (NYHA class I–II) in 1820 patients with 
LVEF of 30 % or less and QRS duration >120 ms [24]. Importantly only NYHA 
class I patients with ischemic cardiomyopathy were included in the study. They 
demonstrated that during an average follow-up of 2.4 years CRT lead to a 34 % 
reduction in the primary endpoint of death from any cause or nonfatal HF event. 
This was driven largely by a 41 % reduction in HF events in the CRT group. Pre- 
specified subgroup analysis demonstrated that the majority of the clinical benefit 
was seen in patients with LBBB and QRS duration of ≥150 ms. In contrast to RAFT 
there was no demonstrable reduction in the risk of mortality in the CRT group.

Meta-analysis of Studies with NYHA Class I-II HF A meta-analysis and sys-
tematic review of CRT in patients with mild HF (NYHA FC I–II) was performed by 
Santangeli et  al. [25]. These authors reviewed results from CONTAK-CD, 
MIRACLE-ICD-II, REVERSE, MADIT-CRT, and RAFT with 4213 patients (91 % 
of whom were NYHA II functional class). They demonstrated a reduction in mortal-
ity (OR 0.78, 95 % CI 0.63–0.97) and HF events (OR 0.63; 95 % CI 0.52–0.76) 
[25]. In addition, they demonstrated beneficial reverse remodeling with an improve-
ment in LVEF of 4.8 % (95 % CI 0.9–8.7 %) and reduction in LV end-systolic vol-
ume index of −19.4 ml/m2 (95 % CI −18.2 to −20.7 ml/m2).

While it is tempting to lump NYHA I and II patients together in this analysis, it 
is essential to note that only 372 patients (<20 % of patients enrolled in REVERSE 
and MADIT-CRT and no patients in RAFT or MIRACLE-ICD II) were NYHA FC 
I.  In fact in REVERSE, patients were required to have previously had NYHA II 
symptoms before enrollment. In the European REVERSE study, results trended 
toward favoring CRT-OFF in the NYHA I cohort. Subgroup analysis from MADIT- 
CRT demonstrated inconclusive results in NYHA I patients with ischemic cardio-
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myopathy. With uncertainty about benefit and increased early risk of adverse events 
(13 % in CRT-D patients vs. 6.7 % in ICD only patients in RAFT) guideline societ-
ies have generally tempered or removed recommendations for implantation in 
patients with NYHA I symptoms [23, 26].

 Current Guidelines

In 2011 the Heart Failure Society of America (HFSA) updated their guideline rec-
ommendations to reflect the growing appreciation of a concentration of CRT’s ben-
efits in patients with LBBB and QRS duration ≥150 ms and the general paucity of 
data to support CRT in NYHA class I patients [26, 27]. In 2012 the American 
College of Cardiology, American Heart Association, and Heart Rhythm Society 
(ACC/AHA/HRS) combined guidelines have been modified to similarly reflect 
these changes [28] (Table 17.1). Importantly all CRT guidelines are predicated on 
the expectation of ongoing guideline supported OMT.

 Implantation and Follow-Up

While initial studies in CRT necessitated epicardial LV lead placement via thora-
cotomy, currently the vast majority of patients can be successfully provided LV 
pacing via transvenous coronary sinus lead placement. The procedure is performed 
in an electorphysiology laboratory. Following creation of a subcutaneous pocket, 
RA and RV leads are placed with a standard approach via the axillary or cephalic 
vein (Fig. 17.1). A coronary sinus occlusion venogram is performed to identify a 
target vein and then using various guidewires and catheters the coronary sinus lead 
is positioned. This lead should ideally be positioned in the mid posterolateral aspect 
of the LV, thereby maximizing spatial separation from the RV lead. This degree of 
separation when assessed by a standard lateral chest roentogram has been shown to 
be predictive of acute hemodynamic response to CRT [29]. Pacing thresholds are 
assessed and because of the proximity of the posterolateral LV to both the left 
phrenic nerve and the diaphragm itself, diaphragmatic capture is assessed for.

Maximizing the likelihood of CRT response requires maintenance of continuous 
or near-continuous BiV pacing. While the precise threshold for optimal effect is 
unknown, prior retrospective analysis of large CRT trials demonstrated that the 
maximum benefit in reduction of HF hospitalizations and mortality was seen in 
patients receiving ≥92 % BiV pacing [30] (See Fig. 17.2). Maximizing BiV pacing 
requires programming algorithms allowing for AV intervals short enough to mini-
mize native conduction but long enough to facilitate optimal ventricular loading. 
Individual optimization of the AV delay was incorporated into most of the landmark 
CRT trials listed above.
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Many methods for echo guided AV optimization exist. These rely on achieving 
optimal separation of the A and E waves on Pulsed-wave Doppler of the mitral 
inflow, optimizing the Doppler-derived rate of pressure rise (derived from analysis 
of the mitral regurgitant jet), optimizing the myocardial performance index (Tei 
Index), or maximizing the LV outflow tract or aortic flow velocity profile (VTI) 
[31]. Prospective studies assessing the effect of automated or echo-guided AV opti-
mization have demonstrated no benefit in functional status, quality-of-life, or ven-
tricular remodeling versus a fixed AV delay of 120 milliseconds [32]. Similarly, 
while current devices allow for multiple configurations of biventricular or LV pac-
ing, recent studies have failed to demonstrate a clear benefit of biventricular pacing 

Table 17.1 ACC/AHA 2013 revised guidelines for CRT

Recommendations
Class of 
recommendation

Level of 
evidence

CRT is indicated for patients who have LVEF ≤35 %, sinus 
rhythm, LBBB with a QRS ≥150 ms, and NYHA class II, 
III, or ambulatory IV symptoms on OMT

I A: NYHA 
III/IV
B: NYHA 
II

CRT can be useful for patients who have LVEF ≤35 %, 
sinus rhythm, a non-LBBB pattern with QRS ≥150 ms, and 
NYHA class III/ambulatory class IV symptoms on OMT

IIa A

CRT can be useful for patients who have LVEF ≤35 %, 
sinus rhythm, LBBB with a QRS 120–149 ms, and NYHA 
class II, III, or ambulatory IV symptoms on OMT

IIa B

CRT can be useful in patients with AF and LVEF ≤35 % 
on GDMT if (a) the patient requires ventricular pacing or 
otherwise meets CRT criteria and (b) AV nodal ablation or 
rate control allows near 100 % ventricular pacing with CRT

IIa B

CRT can be useful for patients on OMT who have LVEF 
≤35 % and are undergoing new or replacement device with 
anticipated ventricular pacing (>40 %)

IIa C

CRT may be considered for patients who have LVEF 
≤35 %, sinus rhythm, a non-LBBB pattern with a QRS 
duration of 120–149 ms, and NYHA class III/ambulatory 
class IV on OMT

IIb B

CRT may be considered for patients who have LVEF 
≤35 %, sinus rhythm, a non-LBBB pattern with QRS 
≥150 ms, and NYHA class II symptoms on OMT

IIb B

CRT may be considered for patients who have LVEF 
≤30 %, ischemic etiology of HF, sinus rhythm, LBBB with 
QRS ≥150 ms, and NYHA class I symptoms on OMT

IIb C

CRT is not recommended for patients with NYHA class I 
or II symptoms and non-LBBB pattern with QRS <150 ms

III: No Benefit B

CRT is not indicated for patients whose comorbidities and/
or frailty limit survival to <1 y

III: No Benefit C

Reprinted from Journal of the American College of Cardiology, Yancy et al. [28], © 2013, with 
permission from Elsevier
OMT optimal medical therapy
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Fig. 17.1 Ideal lead position by AP and lateral CXR. Note the position of the LV lead in the mid 
to basal aspect of the posterolateral wall. Also note the degree of spatial separation between the RV 
and LV lead tips in the lateral projection

Fig. 17.2 ECG changes associated with biventricular stimulation. Top row demonstrates typical 
ECG findings of complete left bundle branch block (LBBB). The bottom row demonstrates desired 
changes in the ECG accompanying biventricular (BiV) pacing. Stimulation from the posterolateral 
aspect of the LV generates anterior forces represented as a positive deflection in the anteroseptal 
precordial leads (V1–V3). The left-to-right and basal-to-apical progression of electrical activation 
from an optimally positioned lead should also result in the reversal of polarity in leads I, III, and 
aVR demonstrated above
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over LV only pacing [33]. While failing to consistently demonstrate efficacy in 
clinical trials, in individual patients AV optimization can be critical to maximizing 
the frequency of ventricular pacing.

�Safety�and�Complications

Between 2 and 6 % of LV leads cannot be placed via the transvenous approach and 
require epicardial lead placement via thoracotomy [34]. Between 4 and 10 % of 
patients experience a clinically significant lead dislodgement necessitating reposi-
tioning [17]. The incidence of other complications has been assessed and reported 
in a recent review in the Journal of the American Medical Association [17]. In 54 
reviewed studies including over 6000 patients the implant success rate was 93 % 
with peri-procedural complications occurring in 4 % of cases and peri-procedural 
death occurring in 0.3 % of patients [17]. Coronary sinus dissection or perforation 
can occur, but is rarely a fatal complication owing to the relatively low pressure of 
the cardiac venous system with pericardial effusion/tamponade complicating only 
0.6–1.2 % of cases. Just over 1 % of patients developed device site infections con-
sistent with the reported risk of infectious complications of 1–2 % for all implanted 
electrophysiologic devices.

�Clinical�Response�and�Nonresponders

One of the challenges in assessing CRT efficacy in clinical trials has been disagree-
ment regarding what outcomes should be used to assess response. Fornwalt et al. 
recently assessed the agreement among the 15 most common response-criteria used 
in 26 published CRT studies. They found that 99 % of patients in these studies were 
CRT “responders” on the basis of at least 1 criteria, but that 75 % of comparisons 
between response-criteria demonstrated poor agreement [35]. The selection of 
response-criteria also has important implications on trial design as endpoints such 
as quality of life, 6-min walk, and peak VO2 are either subjective or effort dependent 
measures that are susceptible to bias. Substudy analysis from MADIT-CRT began 
to identify characteristics associated with patients who are “super-responders” to 
CRT [36]. Table 17.2 presents other clinical features demonstrating efficacy in pre-
dicting response to CRT along with supporting references [36–44]. Importantly, to 
date, no features have demonstrated more reliability in predicting response to CRT 
than QRS duration and the presence of LBBB [45].

While the majority of appropriately selected patients derive clinical benefit from 
CRT, approximately 30  % of patients with appropriate QRS criteria are nonre-
sponders without improvement in symptoms, ventricular remodeling, or HF hospi-
talizations. Mullens et al. demonstrated that a multi-disciplinary CRT nonresponder 
clinic could successfully identify and intervene on omissions or insufficiencies in 
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the care of CRT nonresponders in a positive way. Interventions addressed subopti-
mal AV delay, loss of BiV pacing due to arrhythmia, suboptimal LV lead position, 
and suboptimal HF pharmacotherapy [46].

In the case of patients who do respond to CRT it is critical that the augmentation 
of blood pressure and cardiac performance provided by CRT be used as an opportu-
nity to titrate neurohormonal antagonists. Small restrospective studies have demon-
strated that CRT facilitates titration of BB and ACEI with simultaneous weaning of 
diuretics [47].

�Atrial�Fibrillation

Atrial fibrillation (AF) is exceedingly common in patients with HF and becomes 
more prevalent with increasing degrees of HF severity. The OPTIME CHF and 
CONSENSUS studies assessing the utility of milrinone and enalapril respectively 
in patients with NYHA IV symptoms demonstrated a prevalence of 35–50 % [48]. 
It is therefore not surprising that AF is amongst the most common reasons for loss 
of BiV pacing by facilitating rapid AV conduction that outpaces programmed AV 
delays or exceeding the upper tracking limit. For this reason CRT trials have uni-
formly excluded patients with AF.

Particularly in patients with AF it is critical to confirm biventricular pacing by 
ECG as device diagnostics may spuriously report BiV pacing. Kamath et al. dem-
onstrated that 12-lead Holter monitoring in patients with permanent atrial fibrilla-
tion frequently revealed inadequate BiV pacing percentages in patients with device 
diagnostics reporting very high rates of BiV pacing [49]. Approaches to AF in CRT 
include algorithms to achieve higher BiV pacing rates including ventricular sensed 
response, conducted AF response, and atrial tracking recovery; intensification of 

Table 17.2 Conventional predictors of CRT response [36–44]

Response more likely Response less likely

Qrs duration [36] ≥150 ms <150 ms
BBB pattern [36] LBBB RBBB or IVCD
Cardiomyopathy [36] Nonischemic Ischemic
Gender [36] Female Male
Dyssynchrony [37, 41] Present Absent
BMI <30 kg/m2 [36] Present Absent
Left atrial size [36] Smaller Larger
Scar burden [42, 43] Low burden High Burden

Non-transmural Transmural
Posterolateral viable Posterolateral scar

Mitral regurgitation [38, 39] Mild-moderate Severe
RV dysfunction [40] None-mild Severe
Lead position [44] Posterior or lateral Anterior or apical
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rate control; anti-arrhythmic drug therapy; and ultimately AV nodal ablation. 
Ganesan et al. performed a meta-analysis examining the utility of AVN ablation in 
AF patients with CRT. They demonstrated that AVN ablation was associated with 
significant reductions in all-cause and cardiovascular mortality, as well as improve-
ment in mean NYHA functional class when compared to rate control strategies [50]. 
The updated ACC/AHA/HRS guidelines provide a IIa indication for CRT in these 
patients only if appropriate measures are taken to achieve high rates of BiV pacing 
(Table 17.1).

 Controversies in CRT

�Mechanical�Dyssynchrony�and�Narrow�Complex�QRS

Currently, only a minority of HF patients meet the QRS criteria for CRT and not all 
CRT candidates are clinical responders. As such, there are ongoing efforts to iden-
tify measures of mechanical dyssynchrony that can assist in better predicting 
response. Beshai et al. assessed the utility of CRT in 172 patients with narrow QRS 
complexes but with echocardiographic evidence of mechanical dyssynchrony 
(defined as opposing-wall delay of ≥65 ms on tissue Doppler imaging or a mechani-
cal dyssynchrony in the septal-to-posterior wall of ≥130 ms) in the ReithinQ trial. 
They found that while CRT treated patients had a significant improvement in NYHA 
class there was no significant improvement in quality of life, 6-min walk, LV reverse 
remodeling, or the primary endpoint of peak VO2 [51]. The Predictors of Response 
to CRT (PROSPECT) trial assessed the efficacy of 12 echocardiographic parame-
ters of mechanical dyssynchrony in predicting CRT response in 498 patients as 
evinced by an improvement in clinical composite score and a ≥15 % reduction in 
the LV end systolic volume at 6 months. In general these parameters demonstrated 
poor sensitivity and specificity with receiver operating characteristic area under the 
curves (ROC AUC) for most parameters falling between 0.5 and 0.6 [52].

In contrast to these disappointing results, the Speckle Tracking and 
Resynchronization (STAR) study assessed the ability of radial, circumferential, 
transverse, and longitudinal strain evidence of mechanical dyssynchrony (≥130 ms 
opposing wall delay) to predict improvements in LVEF and adverse long-term 
events including death, transplant, or left ventricular assist device therapy. Radial 
and transverse dyssynchrony predicted improved LVEF response. Interestingly, 
patients undergoing CRT without transverse or radial dyssynchrony had a signifi-
cantly higher rate of adverse HF endpoints [37]. In the NARROW-CRT study, Muto 
et  al., demonstrated that in patients with ischemic cardiomyopathy, narrow QRS 
complexes and echocardiographic evidence of mechanical dyssynchrony (≥60 ms 
difference in septal and lateral time-to-peak systolic velocity), CRT-D resulted in 
improvements in clinical composite scores and a reduction in the composite end-
point of HF hospitalization, HF death, and spontaneous ventricular fibrillation [41]. 
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While intriguing STAR and NARROW-CRT were small studies and require cor-
roboration in larger scale trials. While data has not yet been published, the largest 
study to date investigating CRT in patients with narrow QRS complexes, EchoCRT 
was terminated early due to futility after recruiting over 1000 patients [53].

�Patients�with�NYHA�Class�IV�HF

The majority of patients in CRT trials of advanced HF patients had NYHA class III 
symptoms with ambulatory class IV patients representing a small minority. These 
were truly ambulatory patients with resting HF symptoms and did not include 
patients requiring inotropic or parenteral vasodilator therapy. Sub-study analysis of 
217 ambulatory class IV patients from the COMPANION trial demonstrated that 
CRTP and CRTD provided substantial reductions in HF hospitalization and all- 
cause mortality [54]. Subsequent studies have demonstrated improvements in ven-
tricular remodeling and clinical composite scores. Despite these benefits, studies 
continue to show that 1- and 2-year mortality remain high in these patients at 25 % 
and 38  % respectively [55]. CRT should generally not be regarded as a salvage 
therapy for end-stage ACC/AHA stage D HF patients.

�Patients�with�LVEF�>�35�%

There are several studies examining the utility of CRT in patients with moderately 
reduced LV systolic function (LVEF 35–45  %). Substudy analysis from the 
PROSPECT trial including 86 patients with LVEF >35 % demonstrated benefits 
comparable to patients with more severely depressed EFs in LV end systolic volume 
and clinical composite score [56]. In the BLOCK-HF trial, Curtis et al. examined 
the role of CRT vs. RV pacing in 691 patients with advanced atrioventricular block 
necessitating pacing and an LVEF ≤50 % with NYHA class I–III symptoms. They 
demonstrated a 26 % reduction in the primary composite endpoint of time to death 
from any cause, urgent care visit for HF, or a 15 % or more increase in LV end- 
systolic volume index in patients with a mean QRS duration of 122 ms. The role of 
CRT in this population is to be further addressed prospectively in the currently 
enrolling MIRACLE EF trial which will assess the utility of CRT-P in patients with 
QRS duration >30 ms and LVEF 35–50 % [57].

 Summary

CRT has emerged as a critically important therapy for patients with persistent symp-
toms of systolic HF despite optimal medical therapy. An extensive program of clini-
cal trials has demonstrated substantial benefits in HF morbidity and mortality in 
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appropriately selected patients. Current efforts focus on refining candidate selection 
to identify patients most likely to respond and perhaps expand candidacy to patients 
who do not meet conventional criteria.
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Chapter 18
Revascularization and Heart Failure
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Abbreviations

AWESOME Angina with extremely serious operative mortality evaluation
CABG Coronary artery bypass grafting
CASS Coronary Artery surgery study
CCS Canadian cardiovascular society
CHF Congestive heart failure
DES Drug-eluting stent
DSE Dobutamine stress echocardiography
HEART Heart failure revascularization trial
IABP Intra-aortic balloon pump
IMA Internal mammary artery
LAD Left anterior descending
LVAD Left ventricular assist device
LVEDVI Left ventricular end diastolic volume index
LVESVI Left ventricular end systolic volume index
LVEF Left ventricular ejection fraction
MRI Magnetic resonance imaging
NYHA New York Heart Association
OMM Optimal medical management
PARR-2 PET and Recovery following revascularization
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PAsP Pulmonary artery systolic pressure
PCI Percutaneous coronary intervention
PET Positron emission tomography
REHEAT Revascularization in ischemic heart failure trial
SPECT Single-photon emission computed tomography
STICH Surgical treatment for ischemic heart failure
SVR Surgical ventricular reconstruction

 Introduction

Management of patients with important myocardial dysfunction and concomitant 
coronary artery disease can be challenging. There is a dearth of data from random-
ized studies to help guide the decision-making process, and the available data can 
be confusing due to small sample sizes, inconsistent definitions, lack of rigorous 
criteria for study enrollment and the retrospective nature of many studies. The 
increase in public reporting of surgical and interventional cardiologic results may 
potentially lead to pressure to deny high-risk patients appropriate therapy if there is 
unclear evidence for benefit, especially if there is a sense that the risk-stratification 
system will not adequately account for the risk factors. A clear understanding of the 
available data can help ensure that patients receive appropriate revascularization 
when there is a reasonable chance for improved survival or symptom abatement.

For the typical patient with ischemic cardiomyopathy, the decision to proceed 
with revascularization is relatively easy based on the patient’s symptoms and coro-
nary anatomy as there are large studies or guidelines to support that decision. 
Occasionally, an assessment of myocardial viability may be useful in guiding the 
decision. However, some patients need additional evaluation as there are findings 
that lead to a very high operative mortality or suggest less opportunity for favorable 
long-term outcome with revascularization, and patients with those factors should 
only receive revascularization with caution. An understanding of the available data 
can help simplify the decision-making process.

The Coronary Artery Surgery Study (CASS) was an early attempt to compare 
bypass surgery with medical therapy [1]. While it included patients with a depressed 
left ventricular ejection fraction (LVEF), those with an LVEF of <35  % were 
excluded from the trial and is precisely the group of patients that leads to many of 
the clinical dilemmas today. More recently, a few randomized trials have studied the 
management of patients with ischemic cardiomyopathy and significantly decreased 
LVEF and had the potential to put some of these questions to rest. The results of the 
Surgical Treatment for Ischemic Heart Failure (STICH) trial [2] were controversial 
at best. The Heart Failure Revascularization Trial (HEART) [3] was closed prema-
turely due to withdrawal of funding related to slow patient recruitment, and the PET 
and Recovery Following Revascularization (PARR-2) [4] trial looked specifically at 
PET-guided management of patients rather than the relative merits of surgery versus 
medical management. Despite these publications, the management of this patient 
group is not much clearer than it was a decade ago.
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The key factor in directing patient care should always be improvement of the 
patient’s condition, whether that be fewer symptoms or better survival. 
Revascularization in ischemic cardiomyopathy can be achieved in many patients 
with low surgical risk. While it is clear that some patients represent high surgical 
risk, most patients with ischemic cardiomyopathy are at high risk for medical man-
agement as well. In order to make the choice between high-risk surgery and high-
risk medical management, it is important to understand the outcomes of both 
therapies and to try to select that which is best for the individual patient.

 Major Trials

�CASS�Registry

The first large-scale study to assess the relative roles of medical management and 
revascularization in patients with ischemic cardiomyopathy was the CASS Registry 
[5]. This study used a large cohort of non-randomized patients who did not meet the 
entry criteria for the CASS study and were followed for outcomes. In the subgroup 
with an EF ≤ 35 %, there were 420 patients treated medically and 231 treated with 
coronary artery bypass grafting (CABG). There were several different baseline 
characteristics, and 30 % of the CABG patients underwent myocardial plication or 
resection for aneurysm as well. After controlling for preoperative variables, patients 
who underwent surgery had better outcomes than their medically treated counter-
parts, with the greatest benefit seen in patients with an ejection fraction <25 %. In 
that group, 5-year survival after CABG was 63 % versus 43 % in medically- managed 
patients. Patients who presented with angina had greater symptomatic improvement 
with surgery (30.2 % versus 9.8 %) while only 6.4 % of surgical patients and 5.8 % 
of medical patients presenting with heart failure symptoms were free of limitation. 
While survival for patients with angina was much better with surgery, those whose 
primary symptom was dyspnea or fatigue had a 3-year mortality of 45.2 % in both 
groups. Although this study was non-randomized, it represented a large patient pop-
ulation that was closely followed and provided the basis for the treatment of patients 
with ischemic cardiomyopathy for many years. It helped define the mantra that 
patients with ischemic cardiomyopathy and angina should undergo revasculariza-
tion or, alternatively, demonstrated that clinicians were able to successfully use 
undefined patient characteristics to select therapies for their patients.

�STICH

The STICH Trial was an NIH-funded study designed to answer two basic questions. 
The main focus of the study was to determine if patients who were candidates for 
CABG and had a large area of anterior akinesia or dyskinesia were better treated 
with CABG alone or CABG plus surgical ventricular reconstruction (SVR) 
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(Hypothesis 2). This portion of the study was highly criticized for deviations from 
its protocol involving patient enrollment and management. The other question was 
whether patients with a reduced ejection fraction and coronary artery disease were 
better treated with optimal medical management (OMM) or OMM plus CABG 
(Hypothesis 1). There were 1212 patients with an EF ≤ 35 % randomized in the 
Hypothesis 1 arm of the trial [2]. Patients with ≥50 % stenosis of the left main 
(LM), or with Canadian Cardiovascular Society (CCS) Class III or IV angina were 
excluded from the trial as these patients were felt to be best served with surgical 
therapy. While the overall death rate was similar (41 % medical versus 36 % CABG), 
the rate of cardiovascular death was less in the CABG group (33 % medical versus 
28 % CABG, p = 0.05), and the CABG group had a lower combined outcome of 
death from any cause or readmission for cardiovascular cause. One concern with the 
study was the high crossover rate such that 17 % of the patients assigned to OMM 
alone received CABG and 9 % of the patients randomized to CABG were treated 
medically. The study was designed to assess therapy on an intent-to-treat basis, so 
the large number of cross-over patients may have contributed to the apparently 
equivalent results. When analyzed in an as-treated manner, there was a survival 
advantage for surgery that was also present when cross-over patients were excluded 
and only per-protocol patients that received their assigned therapy were included. 
While well-intentioned, the conclusion of the study that there is no difference 
between survival in medically managed and revascularized patients is flawed due to 
the high crossover rate and the intention-to-treat analysis, and may be used to deny 
patients appropriate therapy.

Another issue with the STICH trial is that only about 50 % of the cohort under-
went any sort of viability testing before randomization, limiting the ability to do 
effective subgroup analysis. An attempt to analyze the effects of viability on out-
come [6] showed that unadjusted mortality with revascularization was lower in 
patients with viable myocardium, but this difference was not present after adjust-
ment for baseline variables. In addition, there did not appear to be a survival benefit 
for surgical patients over their medical counterparts regardless of viability on an 
intent-to-treat basis. However, this study also had several problems, most notably 
the potentially non-random manner in which viability tests were ordered such that 
patients with a preoperative viability study may have been significantly different 
from those without such a test. The preoperative variables published in the two 
STICH reports contain sufficiently different data sets making comparison of the 
groups difficult, but it appears that the patients who underwent preoperative viabil-
ity testing had more heart failure symptoms than those who did not, suggesting that 
a selection bias did occur. In addition, amongst the patients studied, the viable and 
non-viable patient groups had several key differences in baseline characteristics, 
such as EF, left ventricular end diastolic volume index (LVEDVI) and left ventricu-
lar end systolic volume index (LVESVI). In the presence of these confounding vari-
ables, viability may not be an independent risk factor for poor outcome, but may 
still be a marker of risk. In the cohort of patients undergoing SVR in addition to 
revascularization (Hypothesis 2), the degree of volume reduction was judged by 
many critics to be inadequate, possibly explaining the conclusion of the study that 
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there was not additional benefit in SVR over revascularization alone. Since SVR is 
felt by many to be useful in the treatment of patients with heart failure symptoms 
due to a large anterior akinetic area following myocardial infarction, the criteria for 
patient enrollment in this study were questioned as there were many patients whose 
ischemic symptoms were greater than their heart failure symptoms and patients 
were included who did not have evidence of prior myocardial infarction but were 
subject to anterior volume reduction operations.

�HEART

The HEART Trial [3] was designed to help determine the optimal management of 
patients with a low ejection fraction and coronary artery disease in the absence of 
angina. It was established as a trial of patients with an EF ≤ 35 % with demonstrated 
viability who were randomized to either conservative management or angiography 
followed by either percutaneous coronary intervention (PCI) or CABG as judged 
appropriate. While there was no difference in outcome between the conservative 
and invasive management strategies, the study was underpowered as there were 
only 138 patients enrolled due to slow recruitment of patients and subsequent with-
drawal of funding. Although this study was unsuccessful in answering its intended 
question, it raises the issue that patients with ischemic cardiomyopathy and heart 
failure symptoms may be equally served with revascularization or conservative 
management. However, a study powered appropriately to answer this question is 
still needed.

�Duke�Databank

The Duke Cardiovascular Disease Databank is a large clinical dataset of patients 
treated at Duke University Hospital that started enrolling patients in 1969. It includes 
data on over 200,000 patients and has been a source of information on a variety of 
cardiovascular problems. In a report of 1391 patients with ischemic cardiomyopa-
thy and heart failure symptoms with an EF < 40 % and New York Heart Association 
(NYHA) Class II–IV congestive heart failure (CHF), O’Conner et al. [7] looked at 
outcomes in patients treated medically and compared them to patients treated surgi-
cally between 1969 and 1994. There were many differences in the baseline charac-
teristics between the medical and surgical groups. After adjustment for these 
differences, short-term and long-term outcomes were analyzed. For short-term sur-
vival, medical management was superior for single vessel disease. There was no 
difference for two-vessel disease, and a trend to favor surgery for triple vessel dis-
ease. However, all groups were best served with surgery for survival greater than 
30 days as this allowed the impact of up-front surgical risk to diminish. Surgery was 
favored regardless of age, EF, NYHA Class or angina status. More recently, 
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Velazquez et al. [8] applied the STICH enrollment criteria to the Duke Databank to 
compare medical and surgical management in ischemic cardiomyopathy. Patients 
with LM > 50 %, CCS Class III–IV, acute myocardial infarction or those treated 
with PCI were excluded. A total of 763 patients were included, 624 who had 
received medical treatment and 139 who underwent CABG. After applying propen-
sity analysis methods, there was a survival benefit that favored surgical management 
through 10 years. While these two studies are from a single institution and are ret-
rospective in nature, they are some of the largest studies that are available to help 
guide management in these patients.

The CASS Registry [5] and Duke Database [7, 8] studies support revasculariza-
tion in patients with ischemic cardiomyopathy. The same applies for the STICH 
Trial [2] on an “as treated” basis. The guidelines for revascularization reflect these 
concepts and provide the basis for patient selection in many cases. Many patients 
with ischemic cardiomyopathy can undergo revascularization with an acceptable 
operative mortality, and long-term outcome with surgical management is superior to 
medical management in many of these patients.

 Patient Selection

�LM�and�Angina

The decision to revascularize a patient with ischemic cardiomyopathy needs to be 
based on patient symptoms, myocardial assessment and clinical judgment. Often, 
the decision to offer revascularization is relatively easy such as in patients with 
stenosis of the left main artery or significant angina and is supported by published 
guidelines. Significant left main stenosis is considered an indication for CABG [9] 
with or without symptoms. As such, these patients have been excluded from ran-
domized trials of medical versus surgical therapy in ischemic cardiomyopathy. In 
the absence of other factors that would significantly elevate the risk of intervention, 
patients with LM stenosis ≥50 % should undergo revascularization regardless of the 
ejection fraction. Similarly, significant angina is considered an indication for revas-
cularization in the presence of double- or triple-vessel disease, or significant steno-
sis of the proximal left anterior descending (LAD) [9], even in the presence of a 
diminished ejection fraction. In the presence of compelling coronary anatomy and 
significant angina (CCS Class III or IV), especially in the absence of significant 
heart failure symptoms, additional assessment is usually not necessary before pro-
ceeding with revascularization as the operative mortality is relatively low, symp-
tomatic improvement is good and the results with revascularization are considerably 
better than with medical management.

Patients who are asymptomatic or have milder degrees of angina may also be 
appropriate for revascularization. In the 2004 American College of Cardiology and 
American Heart Association [9] CABG guidelines, CABG is recommended as a 
Class I indication in patients with asymptomatic ischemia, mild angina or stable 
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angina with triple vessel disease, with a larger survival benefit compared to medical 
therapy when the ejection fraction is less than 50 %. Similar recommendations are 
given for stable angina with 2-vessel disease. CABG in patients with stable angina 
with proximal LAD disease and an ejection fraction <50 % is a Class IIa indication. 
One caveat for these recommendations is that patients with mild systolic dysfunc-
tion have a significantly lower operative mortality than those with more severe dys-
function. While few cardiac surgeons would hesitate to follow these guidelines on a 
patient with an ejection fraction of 40–45 %, the data that supports CABG in EF less 
than 35 % in the absence of significant angina is less robust and these patients may 
require additional evaluation such as viability testing, assessment of ventricular size 
or evaluation for dyssynchrony.

�Viability

There is consensus that revascularization is appropriate when there is myocardial 
viability in the area of intended revascularization such that the procedure can either 
restore flow to jeopardized myocardium or prevent future ischemic events. Angina 
may be used as a marker of viability [10, 11], although there is not perfect correla-
tion between symptoms and viability as assessed noninvasively. Current guidelines 
[12] recommend assessment of myocardial ischemia and viability in patients with 
ischemic cardiomyopathy who may be candidates for revascularization in the 
absence of angina as a Class IIa indication.

Viability can be assessed by several means. Dobutamine stress echocardiography 
(DSE), single-photon emission computed tomography (SPECT), positron emission 
tomography (PET) and magnetic resonance imaging (MRI) are the most commonly 
utilized methods. They work by assessing cellular integrity, metabolic function, 
microcirculation or contractile reserve. Each has strengths and weaknesses, but 
there is no apparent difference in clinical outcome based on the test chosen [13, 14]. 
Ideally, viability testing would accurately determine how much of the dysfunctional 
myocardium may recover function with restoration of blood flow and how much is 
scar and is incapable of functional recovery. Myocardial stunning is defined as myo-
cardium that has normal blood flow but is dysfunctional due to an acute event. 
Stunned myocardium has the potential to recover full function in the absence of 
additional injury. In the setting of ischemic cardiomyopathy, myocardium may be 
adequately perfused at rest but be underperfused during stress, creating stunning 
due to repeated episodes of ischemia. As this process continues, the stunned seg-
ments may progress to become hibernating myocardium. Hibernating myocardium 
is dysfunctional myocardium that has down-regulated its pattern of genetic expres-
sion in response to chronic inadequate blood flow, and has the potential for full 
recovery with the resumption of normal perfusion. Transmural scar is a full thick-
ness myocardial injury that is permanent, while non-transmural scar represents an 
area of non-viable tissue (often subendocardium) with viable myocardium making 
up the rest of the thickness of the ventricular wall. While an area of non-transmural 
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myocardium may appear viable on some studies due to perfusion of the adjacent 
viable tissue, the scar may limit the ability of this muscle to produce a contractile 
segment. The critical distinction between stunned and hibernating myocardium is 
that stunned myocardium usually recovers function within 3 months whereas hiber-
nating myocardium may take longer to recover [15].

In a given patient, the presence or absence of viability is generally based on the 
presence of dysfunctional but viable myocardium in sufficient amount to be clini-
cally significant with the understanding that enough myocardium needs to be sal-
vageable with revascularization for the patient to gain a survival or symptom 
advantage over medically treated patients. Quantification of viability is often made 
first by assessing the number of dysfunctional myocardial segments that are viable 
by one of the accepted methods. The percentage of dysfunctional segments in 
patients with ischemic cardiomyopathy varies significantly. Three studies labeled 
25 % [16], 69 % [15] and 46 % [17] of the studied segments dysfunctional, and 
37 % [16], 45 % [15] and 81 % [17] of those segments were viable in the same stud-
ies, respectively, with the remaining dysfunctional segments representing scar. 
Once the viable segments have been identified, the myocardium of patients as a 
whole is then labeled as viable or non-viable depending upon the percentage of 
dysfunctional segments in a given patient that are viable. Typically, a patient with 
approximately 25 % of dysfunctional segments identified as viable is considered to 
have myocardial viability. Percentages of patients with viability vary greatly from 
27 to 81 % [6, 10, 13, 16, 18, 19], with much of the variability likely due to patient 
selection rather than the method used to ascertain viability.

An early report of the use of PET scanning to determine the influence of viability 
on outcomes in ischemic cardiomyopathy included 93 patients referred for PET 
scans at a central facility [20] who were treated at their local hospitals. There were 
50 patients who were treated medically and 43 who underwent CABG in this multi- 
center retrospective study. Predictors of survival included CHF class, history of 
prior MI and mismatch on the PET scan. Interestingly, the authors defined mismatch 
as >5 % of the ventricle showing mismatch between perfusion and glucose metabo-
lism, in contrast to most other studies where viability is usually defined as ≥25 % of 
the myocardium with perfused but dysfunctional segments. In this study of 
unmatched patients, those with PET mismatch had better survival (75 % vs. 30 % at 
4 years) and more improvement in CHF and angina symptoms than their medical 
counterparts. In patients without mismatch, there was a non-significant improve-
ment in survival if the patient had severe angina but no difference if there were no 
mismatch and minimal angina. Patients with a low EF and severe angina had better 
survival than their medical counterparts regardless of the presence of viability, con-
firming that this group of patients does not need to be studied for viability prior to 
operation. In terms of symptomatic improvement, there was mild improvement in 
CHF symptoms in medically treated patients. Surgical patients had improved angina 
class, and an improvement in heart failure class that was more apparent in patients 
with PET mismatch. Those without mismatch but with severe angina had a trend 
towards better outcomes with revascularization. Amongst medically-treated 
patients, those with mismatch had poorer survival than those without (30  % vs. 
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52  %). The study demonstrated that patients with viable myocardium should be 
considered for revascularization regardless of symptoms and it confirmed that 
patients with angina should undergo revascularization without regard to viability.

Bax et al. [21] evaluated 68 patients with preoperative DSE followed by revascu-
larization by CABG (n = 60) or angioplasty (n = 8). Sixty two patients had radionu-
clide ventriculography before and 3 months after revascularization. Viability was 
associated with better post-operative outcomes. Viable patients had improvement in 
EF, NYHA Class and CCS Class, while non-viable patients as a whole showed 
improvement only in CCS. While there was improvement in NYHA Class in 21 % 
of the individuals without viability, this was not seen in the group as a whole. There 
was also a higher event rate in patients with non-viable myocardium when defined 
as a combined outcome of cardiac death, MI and readmission for CHF. The viability 
of the myocardium also influenced the recovery of myocardium. On follow-up 
examination, there was improvement in 27  % of the dysfunctional segments of 
myocardium. Improvement occurred in 90 % of the viable segments compared to 
25 % of the non-viable segments. The improvement in contraction of non-viable 
segments demonstrates either lack of reproducibility of test methods or difficulty in 
determining viability by non-invasive means, and it suggests that the presence or 
absence of viability alone cannot be use to predict outcome.

A similar lack of perfect correlation between viability and recovery was reported 
by Mandegar et al. [22]. In 85 patients with ischemic cardiomyopathy who were 
deemed viable by DSE, 17.6 % of the patients did not show an improvement in EF 
after CABG despite an improvement seen on DSE at the time of initial evaluation. 
The average improvement in EF was 9.9 %, and patients with a higher LVESV had 
a lower likelihood of EF recovery, in contrast to other data that showed no correla-
tion between ventricular size and EF improvement [21]. The number of viable seg-
ments on DSE correlated with outcome. Patients with 6 or more viable segments out 
of a possible 16 segments had a favorable outcome regardless of the LVESV, but 
LVESV played an important role in determining outcome in patients with <6 viable 
segments. In other words, the extent of remodeling becomes an independent predic-
tor of outcome in patients with limited myocardial viability.

In the multicenter PARR-2 trial, 430 patients with ischemic cardiomyopathy 
were randomized to standard therapy or to have a preoperative PET scan to help 
guide therapy [4]. The hypothesis was that the information gained from a PET scan 
in addition to standard of care studies would influence patient management and 
improve survival. This study demonstrated a trend towards reduction of cardiac 
events with PET-guided therapy but no difference in the primary outcome of death, 
MI or cardiac rehospitalization at 1 year. Abraham et al. [23] reported a post hoc 
analysis of the PARR-2 patients who received care at the University of Ottawa Heart 
Institute, termed the Ottawa-FIVE study. This was done because the authors from 
Ottawa had enrolled the majority of the PARR-2 patients and they felt that their 
results may have differed from those of the other centers, many of which did not 
have PET scanning on site and may have felt less confident in using PET results to 
make important patient management decisions. The Ottawa-FIVE PET-assisted 
subgroup had fewer patients (19 %) reach the composite endpoint compared to stan-
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dard care (41 %) despite 78 % of the latter group undergoing non-PET viability 
testing based on standard clinical criteria. The difference in outcome could not be 
explained solely on the incidence of revascularization since the percentage of 
patients who underwent revascularization was the same in the PET-assisted and 
standard care groups. Further, while the Ottawa-FIVE PET-assisted group had bet-
ter outcomes than the non-Ottawa PARR-2 patients, the Ottawa standard care group 
fared worse than their PARR-2 counterparts. It appears that the Ottawa-FIVE group, 
taken as a whole, did about as well as the non-Ottawa PARR-2 patients. Therefore, 
while there is a suggestion that preoperative PET scanning may be useful in deter-
mining the treatment plan for patients with ischemic cardiomyopathy even if they 
have undergone viability assessment by other means, the data is not clear on this 
issue. This was also seen in another study where PET was used to guide revascular-
ization decisions [24]. The standard care group had a higher operative mortality and 
lower long-term survival than those who underwent PET-guided revascularization, 
but the survival in the patients excluded from CABG due to the PET scan results 
was so poor that the survival in the overall group was roughly similar between PET- 
guided therapy and non-PET-guided therapy. Thus, the benefit to PET scanning may 
be in withholding surgery from those who will do poorly with either treatment 
rather than increasing overall patient survival.

Viability testing in ischemic cardiomyopathy has limited value. It is not neces-
sary to determine viability through additional studies in patients with significant 
angina, as they will do better with revascularization than medical management. It 
may have use in predicting operative risk and symptomatic improvement in patients 
with heart failure as a dominant symptom. Patients with severe ischemic cardiomy-
opathy and significant heart failure are less likely to have improvement in symp-
toms or ejection fraction after revascularization. When performed, viability testing 
should be used only as one criteria in the decision to perform revascularization, not 
as an absolute requirement, as some patients without viability will benefit from 
revascularization.

 Mode of Revascularization

Many studies have been conducted to examine the relative benefits and effective-
ness of CABG versus PCI in the treatment of patients with coronary artery disease. 
While the specifics of the studies have varied, they tend to show similar findings: 
short- and medium-term mortality rates are similar for the two therapies; long-term 
survival is better with CABG; reintervention rates are higher with PCI; and CABG 
offers more complete revascularization. Similar results have been seen in patients 
with ischemic cardiomyopathy. Gioia et al. [25] published a non-randomized multi-
center study looking at 220 patients with an EF ≤ 35 % who underwent PCI with a 
drug-eluting stent (DES) or CABG. DES patients had fewer treated vessels (1.3 vs. 
3), lower 6-month mortality and a higher reintervention rate. However, CABG 
patients had better relief from heart failure symptoms. There was no difference in 
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survival or cardiovascular outcomes at 2 years despite only 83 % of CABG patients 
receiving an IMA graft and thienopyridine use for only 3–6  months after DES 
implantation.

Sedlis et  al. [26] reported the results of the Angina With Extremely Serious 
Operative Mortality Evaluation (AWESOME) trial and registry subgroups with an 
EF < 35 %. The trial patients (n = 94) were randomized to PCI or CABG to treat 
medically refractory ischemia, while the registry patients (n = 352) underwent PCI 
or CABG by either physician or patient choice. While there were some baseline dif-
ferences in the registry patients, there was no difference in 36-month survival 
between the treatment groups. These data suggest that revascularization can be per-
formed with either PCI or CABG with equivalent medium-term outcomes with the 
caveat that all of the patients had significant angina and patients who were asymp-
tomatic or only had symptoms of heart failure were excluded from the trial.

The Revascularization in Ischemic Heart Failure Trial (REHEAT) [27] was a 
non-randomized prospective case-controlled comparison of PCI and CABG in 109 
patients with an EF < 40 %. There were 55 patients treated with PCI (1.8 vessels 
treated) and 54 patients who underwent CABG (2.8 bypass grafts). All patients had 
significant angina, viability by DSE and/or ischemia by a treadmill stress test. 
Short-term survival was better in patients undergoing PCI. There was no difference 
in survival at 36 months and better long-term event-free survival rates in CABG 
patients. Long-term functional status was better in PCI patients by treadmill testing 
but the NYHA and CCS Classes were the similar in both groups.

A meta-analysis of 4766 patients in 19 studies [28] determined that PCI had a low 
in-hospital mortality rate and an acceptable long-term mortality rate. In addition, it 
found no difference between CABG and PCI long-term outcomes, although this 
study is limited by the inherent issues associated with the meta-analysis methodology. 
While PCI and CABG may be options for revascularization in patients with ischemic 
cardiomyopathy, some studies have been limited to patients with ischemia or viability 
[26, 27] and have not included patients with heart failure as the predominant symp-
tom. In addition none of the studies have looked at long-term results (5 – 10 years).

The quality of the target vessels is an important factor in determining outcomes 
following surgical revascularization. In a study of 908 patients with ischemic car-
diomyopathy undergoing surgical revascularization, target coronary arteries were 
graded as good, fair or poor based on vessel size and presence of diffuse disease 
[29]. Predictors of survival (mean 65 months) included good or fair coronary status, 
viability in the areas grafted and complete revascularization. These were also fac-
tors in event-free survival. This study clearly demonstrated that patients with a poor 
ventricle need complete revascularization, and that the quality of the target vessels 
is important in making that feasible.

Choosing to treat a patient with ischemic cardiomyopathy with revascularization 
requires a careful analysis of their symptoms and substrate. While PCI and CABG 
are both reasonable options in ischemic cardiomyopathy, one may have advantages 
in a given patient and be the preferred method. It is important to provide complete 
revascularization when possible. When the patient has a poor ventricle and poor 
targets, medical management may be the preferred option.
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 Other Risk Factors

�Dyssynchrony

Cardiac resynchronization therapy has emerged as a way to improve cardiac func-
tion in patients with left bundle branch block and heart failure symptoms. 
Mechanical dyssynchrony has been evaluated as a prognostic marker for success 
after revascularization and must be distinguished from electrical dyssynchrony in 
that many of these patients have a narrow QRS on the EKG. Mechanical dyssyn-
chrony can be assessed by tissue Doppler, gated PET and SPECT. Penicka et al. 
[30] reported 215 patients with ischemic cardiomyopathy and an EF < 40 % with 
NYHA Class I–III CHF symptoms who underwent CABG. All were assessed for 
viability by SPECT and dyssynchrony by tissue Doppler. The in-hospital mortality 
was 11.6  %. In patients with pre-CABG dyssynchrony ≥119  ms, the operative 
mortality was 27 % compared to 3 % in patients without dyssynchrony. The pres-
ence of dyssynchrony led to a poor outcome regardless of viability seen on SPECT 
scan. In addition to use as a preoperative predictor of poor outcome, the presence 
or absence of dyssynchrony after operation was a marker for long-term outcome. 
Post-operative dyssynchrony ≥72 ms with 5 or fewer viable segments was associ-
ated with a higher rate of late death and rehospitalization compared to patients 
without dyssynchrony and larger areas of viability. In another study from the same 
group, 79 patients with a EuroSCORE >10 % underwent MRI to assess viability 
and tissue Doppler to measure dyssynchrony [31]. EuroSCORE underestimated 
mortality in patients without viability but gave a reasonable assessment of risk in 
patients with viability. In patients with dyssynchrony ≥105 ms, 30-day mortality 
was 61 % compared to 11 % in the absence of dyssynchrony. This study demon-
strates the important impact of dyssynchrony in patients who have an elevated 
operative risk and the inaccuracy of using standard risk models to assess patient 
risk when dyssynchrony is present. In an observational study that used gated PET 
to assess dyssynchrony [32], mechanical dyssynchrony was an independent predic-
tor of mortality in patients regardless of whether they were treated with revascular-
ization or medically managed, and patients who underwent CABG had better 
survival than those treated medically at all levels of dyssynchrony. However, the 
risk of death with CABG approached that of medical management at the extremes 
of dyssynchrony. This study suggests that patients with dyssynchrony are better 
treated with surgery and should be offered operation, albeit at higher risk, unless 
they have severe dyssynchrony.

These studies demonstrate that a focus on dyssynchrony may allow for better 
patient selection than by looking at ejection fraction alone. While assessment of 
mechanical dyssynchrony is more difficult than EF, there may be no survival 
 advantage with revascularization in patients with severe dyssynchrony, justifying 
the additional diagnostic study in patients without other clear indications for 
revascularization.
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�Ejection�Fraction

There is conflicting evidence assessing whether ejection fraction is a predictor of 
outcome following revascularization. Low EF has been linked with higher operative 
mortality [31, 33, 34], but this has not been seen in every study [35]. Long-term sur-
vival has been shown to be influenced by preoperative EF [24], while others have 
shown no correlation [33, 35]. Determining the link between EF and mortality is 
complicated by other factors that coexist with low EF such as large ventricular vol-
umes or non-viability. These other factors are associated with a poor outcome, mak-
ing the identification of EF as an independent risk factor difficult. While EF should be 
taken into consideration when deciding for or against operation, other factors such as 
viability, symptoms, LV size and the state of compensation may be more important.

�Ventricular�Size�or�Volume

One of the greatest predictors of long-term survival in heart failure patients is left 
ventricular volume. The risk for early death with a severely enlarged heart is signifi-
cantly higher than with mild LV enlargement. Ventricular volume has also been eval-
uated as a risk factor for poor outcome following CABG in ischemic cardiomyopathy. 
Kim et al. [36] reported outcomes in 42 patients with an EF ≤ 30 % who underwent 
volume determinations by radionuclide angiography. The decision to operate was 
based on clinical grounds more than the results of viability testing. The patients were 
divided into groups based on the LVESVI. Group A had an LVESVI < 100 ml/m2 and 
Group B > 100 ml/m2. The operative mortality was 5 % in both groups, and there was 
a non-significant improvement in 2-year survival in Group A compared to Group 
B. More patients in Group A had Class III–IV CHF before operation than in Group 
B, yet all Group A patients improved to NYHA Class I–II. In contrast, fewer patients 
in Group B were in Class III–IV CHF before operation because many of these 
patients would have been referred for heart transplantation rather than CABG. Yet, 
the Group B patients that did undergo CABG were unlikely to improve to Class I–II 
CHF. Of the 6 Group B patients with preoperative Class III–IV CHF, only 2 improved 
to Class I–II and one died after operation. In contrast to the differential effect with 
heart failure symptoms, both groups experienced decreased angina with 
CABG. Similar results were seen in 75 patients followed for 8 years after CABG 
[37] who had preoperative DSE to assess viability. This group was highly selected in 
that all patients had evidence of viability and those treated with IABP support were 
excluded. There was 89.3 % survival at 8 years. In patients with a LVESVI < 100 ml/
m2, there was a 72.1 % freedom from CHF symptoms while only 46.9 % of patients 
with an LVESVI > 100 ml/m2 were free from symptoms. There was an improvement 
in NYHA Class at 4 years, but there was no difference in heart failure symptoms 
between the preoperative and 8-year time points, suggesting that the symptomatic 
improvement in CHF is not durable even in patients with preoperative viability.
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Bax et al. [38] reported on 79 patients with ischemic cardiomyopathy who under-
went preoperative assessment by both PET and SPECT. Viability was present in 49 
of the patients. Of the viable patients, 5 died before reassessment at 1 year, 24 had 
an improvement in EF and 20 showed no improvement in EF. In contrast, the non- 
viable patients had no improvement in EF as a group, although 11 of 27 individual 
patients did show some improvement. The greatest predictor of improvement in EF 
was the LVESV, in that patients with a large ventricle were less likely to show an 
improvement, these results being similar to that seen by Mandegar et al. [22]. In the 
article by Bax et al. [38], patients were followed for 3 years. Events were character-
ized as death, MI and hospital readmission for CHF. The event rate strongly corre-
lated with ventricular size. The event rate in patients with an LVESV ≥ 130 mL was 
37 %, in LVESV ≥ 160 mL was 53 % and in LVESV ≥ 180 mL was 63 %. The event 
rate was 67 % in patients with a large LV without viability compared to 5 % if the 
ventricles were small with viability.

Preoperative left ventricular size has been associated with outcome independent 
of viability or ejection fraction. In the severely enlarged heart, remodeling may be 
so severe that the myocardium is essentially end-stage and is not capable of improv-
ing despite revascularization. Patients with severely enlarged ventricles may be bet-
ter treated by means other than revascularization.

 Very Poor Prognostic Signs

The overall mortality rate for patients with ischemic cardiomyopathy undergoing 
operation is in the range of 3–10 %, although there have been reports with higher 
and lower mortality rates. Much of this variability depends upon patient selection. 
Many studies have noted subgroups of patients that have fared much worse than the 
other patients. Patients with very poor prognostic signs should probably not undergo 
revascularization without careful consideration since an operative mortality of 
20–30 % could easily eliminate any survival advantage that revascularization could 
otherwise bestow. Table 18.1 [11, 30, 31, 33, 34, 39, 40] lists many of the factors 
that have been found to put patients at very high operative risk.

�Decompensated�Patients

While many of the observational studies excluded patients with recent myocardial 
infarction or worsening heart failure, some have included patients who had more 
acute presentations. Elefteriades et al. [33] reported on 83 patients with ischemic 
cardiomyopathy (EF ≤ 30 %) who underwent CABG. While the overall mortality 
rate was 8.4 %, it was 22.7 % in patients who were admitted to the ICU immediately 
before operation due to cardiogenic shock compared to 3.3 % in those who were 
stable prior to operation. Emergency operation was also cited as a risk factor for 
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perioperative death by others [11, 29, 35, 39]. In the study by Bouchart et al. [39], 
49 of 141 patients with an EF ≤ 25 % had a transmural infarction within 30 days of 
operation and 37 patients underwent operation within 24 h of catheterization due to 
clinical need. The operative mortality was 25 % in those patients requiring opera-
tion within 12 h of catheterization. Pocar et al. [40] studied 45 patients with signifi-
cant heart failure (NYHA Class III–IV) who had undergone preoperative PET 
scanning prior to elective CABG. While these patients were clinically stable, the 
preoperative hemodynamics demonstrated a degree of decompensation in many of 
them. An LVEDP ≥ 25 mmHg was associated with a threefold increase in the risk 
of death and an LVEDP ≥ 20 mmHg was associated with an increased need for 
IABP support. None of the patients with an LVEDP ≥  25  mmHg improved to 
NYHA Class I. A high operative mortality was also seen by Bouchart et al. [39] 
where patients with an LVEDP ≥ 23 mmHg had a mortality of 20 % compared to 
2.7 % without this risk factor. One theory is that an elevated LVEDP inhibits dia-
stolic flow of the subendocardium and this is responsible for the poor results seen 
with an elevated LVEDP. Thus, patients who are unstable should be stabilized and 
optimized if possible before undergoing revascularization. Alternatively, high 
LVEDP may be a marker for more advanced cardiac injury, decompensation or 
remodeling, and should prompt consideration for other therapies.

�Other�High�Risk�Patients

Elevated pulmonary artery pressure has also been indicted as a significant risk fac-
tor in patients undergoing revascularization. Hovnanian et al. [34] reported on 244 
patients with an EF ≤ 35 % who had viability by thallium scanning. In-hospital 
mortality was 3.7 %, but was 25 % in those patients with a pulmonary artery systolic 
pressure (PAsP) >70 mmHg. However, 17 % of the patients had a mitral valve inter-
vention as well as CABG, making it more difficult to apply these data to patients 
with coronary disease alone. Selim Isbir et al. [41] also reported a negative survival 

Table 18.1 Factors that indicate very high operative risk [11, 30, 31, 33, 34, 39, 40]

Risk factor
Mortality 
associated

Mortality 
without Reference

Dyssynchrony by tissue Doppler
   ≥119 ms
   >105 ms with EuroSCORE >10

27 %
61 %

3 %
11 %

Penicka et al. [30]
Maruskova et al. [31]

Cardiogenic shock 22.7 % 3.3 % Elefteriades et al. [33]
Elevated filling pressures
  LVEDP ≥ 23 mmHg
  LVEDP ≥ 20 mmHg

20 %
3× increase

2.7 % Bouchart et al. [39]
Pocar et al. [40]

Emergent operation 25 %
38.9 %

n/a
n/a

Bouchart et al. [39]
Fedoruk et al. [11]

Pulmonary artery pressure (systolic) >70 25 % n/a Hovnanian et al. [34]
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effect with an elevated pulmonary artery pressure by multivariate analysis, but no 
value was given above which the risk rises and pulmonary artery catheters were not 
placed preoperatively on a routine basis.

�NYHA

Many of the patients with ischemic cardiomyopathy have symptoms of CHF. Those 
with important angina in addition to heart failure symptoms have good survival and 
symptom relief with revascularization. However, patients with predominantly Class 
IV CHF symptoms are at higher operative risk [29, 34, 39], have lower long-term 
survival [34, 35, 39] and have less resolution of their symptoms [37]. It may be dif-
ficult to opt for revascularization in a patient with no angina and Class IV heart 
failure symptoms, especially when the operative mortality can reach 29 % [39], but 
these same patients are also at high risk for death with medical management alone. 
Choosing the patient with stable Class IV heart failure symptoms for revasculariza-
tion and directing the decompensated patients towards medical management, heart 
transplantation or ventricular assist device therapy may minimize the operative risk 
and maximize outcomes.

 Patient Optimization

The best results are clearly seen in patients who can undergo elective operation and 
those with compensated symptoms. Appropriate patient selection is the single 
greatest factor in achieving low operative mortality. In terms of conduct of the oper-
ation, myocardial protection is critical to limit additional ischemic damage. 
Complete revascularization is important in all patients, especially those with isch-
emic cardiomyopathy [29]. Perioperative management with an intra-aortic balloon 
pump (IABP) has been shown to be beneficial [41]. The operation also needs to be 
conducted in a time-efficient manner as longer cross-clamp and bypass times have 
been associated with lower survival [41]. Choice of conduit may not be as impor-
tant in ischemic cardiomyopathy as it is with a normal ventricle. Selim Isbir et al. 
[41] used the left internal mammary artery (IMA) in only 50.4 % of patients and 
found no correlation between IMA use and outcome out to 4 years. Even though 
there is evidence that some patients without ischemic cardiomyopathy may benefit 
from the use of bilateral IMA grafts, it was not better than the use of single IMAs 
in patients with an ejection fraction <30 %, although there was slightly better out-
come with bilateral IMAs seen in patients with an EF ≥ 30 % [42]. While these 
results may be influenced by patient selection in that patients with lower risk may 
have received bilateral IMAs, these results probably reflect the relative dominance 
of the cardiomyopathy in determining long-term outcomes rather than the details of 
the revascularization.
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 Results

�Angina/CHF

One of the main reasons to perform revascularization is to improve symptoms. 
Angina is present in a significant number of patients with ischemic cardiomyopathy. 
Revascularization leads to significant improvement in angina score [16, 33], even in 
the absence of viability [21]. As angina usually signifies the presence of viability, its 
improvement without demonstrated viability probably represents a limitation in the 
assessment techniques. The improvement in CHF seems less robust, but improve-
ment can occur [16, 33], although not in the absence of viability [21]. Unfortunately, 
the improvement in CHF symptoms may not be durable [37]. The improvement in 
angina and CHF is independent from any change in EF [43]. Patients with ischemic 
cardiomyopathy who are referred for revascularization can expect improvement in 
angina symptoms, but should only expect improvement in CHF symptoms if there 
is myocardial viability present.

�EF/Volumes

Ejection fraction is a marker for mortality in patients with heart failure. Many stud-
ies have shown an improvement in EF following revascularization [27, 39], although 
some have only shown improvement in patients with viability [21, 22, 37, 38]. In 
general, there is no consistent improvement in EF in patients with nonviable myo-
cardium [21, 38]. Some have shown that recovery of EF is dependent upon LVESV 
[16, 22], with larger ventricles showing less likelihood for recovery of EF. Finally, 
the status of the coronary arteries to be revascularized plays a role in the recovery of 
ventricular function. EF improved in patients with good or fair coronary arteries but 
did not change in patients with poor target vessels [29].

While revascularization may improve ejection fraction, it is not clear that this 
improvement correlates with better outcome. In a study of 104 patients with ischemic 
cardiomyopathy and EF ≤ 30 % [43] with preoperative and postoperative assessment 
of EF, only 68 of the patients demonstrated an improvement in EF of ≥5 % above 
baseline. In this group, the EF increased from 24 to 39 %. In contrast, the remaining 
patients showed no significant improvement (<5  %). Despite this difference in 
response to revascularization, survival was the same in both groups. In addition, both 
groups had equivalent improvements in angina and heart failure symptoms. Thus, the 
improvement in EF may make clinicians feel better about performing revasculariza-
tion, but is probably not a clinically important marker of outcome.

Similar to EF, ventricular dimensions may improve with revascularization. 
Bouchart et al. [39] reported a decrease in LVEDVI in patients with ischemic car-
diomyopathy who underwent revascularization but these changes were not seen by 
others [27]. Even if the ventricular dimensions improve with revascularization, there 
is no evidence that this will lead to a clinically relevant improvement in outcome.
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�Survival

Based on the few randomized and several non-randomized comparison studies, it 
is clear that select patients do much better with revascularization than with medi-
cal management alone. Many studies have shown good results in patients undergo-
ing revascularization but lack a comparison group, making it difficult to make a 
definitive statement of benefit. In one large meta-analysis of 4119 patients from 26 
studies, 5-year survival was an impressive 73.4 % in patients undergoing on-pump 
revascularization [44]. This compares favorably to medical management which 
has been associated with an annual mortality rate of 16 % in patients with viability 
and 6.2  % in those who were non-viable [13]. Several authors have identified 
groups of patients who are at high risk for death following surgical revasculariza-
tion. These patients may be the most difficult to manage, as they likely also have 
poor outcome with medical management alone. While they may have a high opera-
tive mortality, it may be superior to their results with medical management, but 
may not be high enough to be cost-effective or worth it for the patient and their 
family. Until better data is available to determine the relative effectiveness of 
revascularization and medical management in these high-risk patients, other 
options should be considered.

 Other Options

Yoon et al. reported their results in 1468 patients with an EF < 30 %. Patients were 
either treated with CABG, CABG with mitral valve repair or replacement, CABG 
with SVR or listing for transplantation. Viability testing was performed in only 
about 20 % of the patients. The treatment plan was based on the clinical situation. 
In their retrospective analysis, they determined that most patients would have ben-
efited most with either CABG or listing for transplantation, despite the 18 % mortal-
ity seen on the waiting list in this cohort. The authors believe that mitral repair in 
ischemic cardiomyopathy provides few benefits to most patients. The addition of 
mitral repair to CABG in patients with 3+ or 4+ mitral regurgitation has been shown 
to produce no survival benefit and no long-term relief from significant heart failure 
over CABG alone [45]. Left ventricular reconstruction is, at best, useful in a limited 
number of patients with ischemic cardiomyopathy as it works best in the setting of 
an anterior-septal infarct. Although the STICH Trial has cast some doubt about its 
use in a larger patient population, other data document marked symptomatic 
improvement and survival benefit when compared with historic controls [46, 47]. If 
patients are deemed extraordinarily high risk for CABG with little probability of 
symptomatic or survival benefit, then transplantation is a reasonable option with 
excellent results. However, despite the potential favorable outcome with transplan-
tation, donor shortages have resulted in long wait lists with the potential for 
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significant mortality while awaiting transplantation, eliminating this as an option 
for many patients who are in need of timely intervention. In addition, the use of 
organs for patients who have other treatment options may deny patients who require 
transplant a chance at life.

With the advent of smaller, more durable left ventricular assist devices (LVADs), 
this may be a better option than revascularization for many of these high-risk 
patients. In the elective setting and good patient selection, LVAD therapy can 
achieve 95.8 % 3-year survival [48]. Even in a broader group of patients, therapy 
with modern LVADs achieves better survival than medical therapy in end-stage car-
diomyopathy [49, 50]. In addition, heart failure symptoms are greatly improved and 
the results seem to be durable with more consistent relief of heart failure symptoms 
than seen in patients undergoing revascularization. This therapy is particularly 
suited for many of the patients who are considered high risk for revascularization 
alone - those with very large ventricles, NYHA Class IV symptoms, low cardiac 
index, high LVEDP and significant mitral regurgitation. In addition, since LVAD 
therapy does not rely on the adequacy of LV function, the presence of viability is not 
a concern. As devices continue to improve and costs are lowered, this will likely 
become the treatment of choice for patients with ischemic cardiomyopathy with 
important risk factors for revascularization alone.

 Conclusion

Patients with significant stenosis of the left main coronary artery or significant 
angina should undergo revascularization unless there are compelling reasons to treat 
them medically. Those with significant angina do not need routine viability testing 
before operation. When indicated, viability testing can be performed by SPECT, 
DSE, PET or MRI and the choice of testing method should be made based primarily 
on local expertise. Patients with viability should not be treated with medical man-
agement alone as the magnitude of improvement in survival with surgery is proba-
bly greatest in patients with myocardial viability. Angina will often improve after 
revascularization, regardless of the results of viability testing. Symptoms of heart 
failure are more likely to improve if there is viability, but this improvement may not 
be durable as the underlying cardiomyopathy is still present. Low ejection fraction 
should not preclude operation by itself, but may be a marker for higher surgical risk. 
EF is more likely to improve in patients who exhibit viability, but this may not be 
clinically relevant.

Patients at very high-risk for early mortality should receive revascularization 
only after careful consideration of other options, and modification of their risk fac-
tors if possible. These include patients who have had a recent myocardial infarction, 
very large ventricles, dyssynchrony as assessed by tissue Doppler, or hemodynamic 
parameters consistent with cardiogenic shock. These patients should be strongly 
considered for alternative therapies such as transplantation or LVAD support.
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Chapter 19
Valve Repair and Replacement in Congestive 
Heart Failure

Salil V. Deo† and Soon J. Park

 Mitral Regurgitation

 Introduction

The mitral valve consists of two leaflets, two papillary muscles, and multiple 
 chordae, which transmit the command of the papillary muscle to the leaflets. Yet this 
simple description does not do justice the extremely complex interplay of these 
structures, which helps to promote a well-functioning competent mitral valve. 
While degenerative mitral valve disease affects primarily the mitral valve leaflets, 
mitral regurgitation in congestive heart failure primarily involves the annular and 
sub-valvar apparatus. Carpentier was the first to introduce a systematic classifica-
tion of mitral valve disease [1], which is based on the mechanism of mitral regurgi-
tation. Thereafter many labels like “ischemic”, “cardiomyopathy induced”, 
“functional” or “non-organic” have been interchangeably used to define this condi-
tion. Yet in reality the degree and mechanism of regurgitation changes according to 
the extent of left ventricular dysfunction [2–5]. As Repogle et al. [5] have described, 
ischemic mitral regurgitation (IMR) can be divided into the following categories: 
(a) Acute MR: This can be due to myocardial infarction and associated papillary 
muscle ischemia or ventricular dysfunction. (b) MR due to end-stage Ischemic car-
diomyopathy & (c) Chronic MR: Ischemic heart disease with changes in the regional 
wall motion leading to chronic mitral regurgitation. Another group of patients who 
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further confuse the overall picture are those with coronary artery disease and associ-
ated mitral valve prolapse or myxomatous mitral valve disease [6]. In an attempt to 
provide some clarity to the situation, it is prudent to separate these patients into two 
main entities; Ischemic mitral regurgitation (IMR) and Functional mitral regurgita-
tion (FMR) [7].

 Ischemic Mitral Regurgitation

The basis for IMR is a localized change in the ventricular geometry. McGee et al. have 
demonstrated increase incidence of IMR with inferior as compared to anterior wall 
ischemia [8]. A similar finding was detected by echocardiographic analysis of segmen-
tal leaflet anatomy [9]. There are subtle differences in mitral pathology depending upon 
the location of the infarction. Three-dimensional echocardiography has demonstrated 
that anterior infarction is associated with more depressed left ventricular function, 
annular dilatation in the antero-posterior axis and annular flattening [10–12]. Inferior 
infarction has a higher tendency to cause early IMR, likely due to greater dis co-ordi-
nation of the papillary muscles [13, 14]. Greater leaflet tension with resultantly more 
MR occurs when the papillary muscles are displaced in a postero-lateral and apical 
direction [15]. This phenomenon is more likely with inferior rather than anterior infarc-
tion. Dis-synchrony among left ventricular myocardium especially at the area of papil-
lary muscle insertion is an important contributory factor for IMR [16].

Annular dilatation is associated with IMR too, but unlike FMR it is not the pri-
mary cause of regurgitation. In fact patients with acute IMR may have significant 
regurgitation due to a disturbed ventriculo-annular relationship without much annu-
lar dilatation.

 Functional Mitral Regurgitation

FMR should be reserved for patients with depressed left ventricular function and 
dilated cardiomyopathy, whether it is ischemic or idiopathic. Studies have demon-
strated that leaflet tethering due to alteration in left ventricular global geometry is 
the primary etiology of FMR [17–20]. Animal models have demonstrated that FMR 
depends on the left ventricle developing a globular shape [19]. Annular dilatation, 
which takes place predominantly in a septo-posterior direction, has been found to be 
an important factor for the production of FMR, with limited regurgitation in patients 
with minimal increase in annular size [21]. A geometrical change in the left ventri-
cle, promotes increase in the inter-papillary distance, resulting in restricted leaflet 
motion and a reduction in the coaptation area [22].

Thus IMR and FMR are the two end-points of the entire spectrum of mitral 
regurgitation associated with congestive heart failure. In the real world, patients 
may present with a variable combination of both conditions (Fig. 19.1) [7].
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 Dynamic Nature of Mitral Regurgitation

IMR/FMR is also very dynamic in nature with variation in severity over time and 
level of activity. Inotropes will increase the dp/dt promoting more closing of the 
valve and reducing MR [23, 24]. Conditions (anesthesia, diuretic therapy) leading 
to a reduction in preload and left ventricular diastolic size will reduce MR [25]. 
Lancellotti et al. have demonstrated the importance of exercise echocardiography as 
a tool in unmasking MR in patients with congestive heart failure [26, 27]. A change 
in the effective regurgitant orifice area (EROA) is due to a systolic expansion of the 
mitral annulus; leading to increase in cooptation distance, increase in the tenting 
area (area between the mitral annulus and the leaflet cooptation line) and the sphe-
ricity index (both end-systolic and end-diastolic) [28]. A sudden increase in MR 
during daily activities can provoke flash pulmonary edema, acute systolic pulmo-
nary hypertension and electromechanical dys-synchrony promoting further MR [27, 
29, 30]. Any discrepancy between symptoms and resting echocardiographic find-
ings should be investigated with exercise testing to unmask latent MR. Exercise 
induced MR is of great prognostic importance in these patients; a change in EROA 
>13 mm2 being a significant predictor of late mortality as demonstrated by Lancelotti 
and colleagues [31, 32] (Fig. 19.2).

 Quantification of Ischemic Mitral Regurgitation/ Functional 
Mitral Regurgitation

The following factors need to be considered for the quantification of IMR/FMR:

 (a) Severity of MR; number and direction of the regurgitant jets &
 (b) Degree of LV dilatation, dysfunction and remodeling.

Echocardiography needs to focus on both the mitral valve anatomy as well as 
the LV geometry: The important factors which need to be considered for evaluat-
ing a patient with mitral regurgitation are: LV indices: left ventricular volumes, 

IMR FMR

Inferior MI
Preserved EF
Local LV remodeling
Leaflet tethering
Type IIIb leaflet motion

Anterior MI
Ischemic CMP
Increased LV size
Annular dilation

End stage CMP
Severe reduced EF
Spherical LV
Very dilated annulus
Type I leaflet motion

Fig. 19.1 This figure demonstrates the subtle differences in ischemic mitral regurgitation (IMR) 
and functional mitral regurgitation (FMR) (Reprinted from Timek and Miller [7], © 2011, with 
permission from Elsevier)
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ejection fraction, sphericity index, the diastolic function and wall motion abnor-
malities & MV indices: mitral annular dimensions, effective regurgitant orifice 
area (EROA), co-aptation depth, tenting area and tenting volume on 3-D Echo 
(Fig. 19.3) [16]. Table 19.1 denotes the measurements obtained with echocardio-
graphic examination of 21 control subjects and 128 patients with left ventricular 
dysfunction (<50 %).
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Fig. 19.2 Lancellotti and colleagues demonstrated that survival was significantly different in 
patients stratified by effective regurgitant orifice (ERO); important cut-off values being ERO 
≥20 mm2 at rest (a) and an increase in ERO ≥ 13 mm2 on exercise (b) (Reprinted with permission 
from Lancellotti et al. [31] by permission of Oxford University Press)

LV
LA

Regurgitant
volume

Fig. 19.3 A diagrammatic 
representation of the 
co-aptation depth (H), the 
tenting area (T) and 
Regurgitant volume; all are 
important in the 
quantification of mitral 
regurgitation (Reprinted 
with permission from 
Agricola et al. [16], by 
permission of Oxford 
University Press)
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 Secondary Changes in Leaflet Structure

Although this is primarily a condition of the left ventricle, the leaflets them-
selves are far from innocent by-standers in the disease process (Fig. 19.4). 
While the leaflets may appear grossly normal at surgery, significant biochemical 
changes have been identified in the leaflets in patients with long-standing car-
diomyopathy. Grande-Allen and colleagues studied leaflet tissue obtained from 
recipient hearts explanted at the time of transplantation and tested them with 
tissue obtained from normal hearts at autopsy. Biochemically these leaflets had 
a higher cellular count (78 % more), higher collagen density (15 % more) and 
lower water content (7 % less). These changes made the leaflets thicker and less 
pliable compared to their normal counterparts. The chordae tendinae also had a 
smaller cross-sectional area compared to the normal cohort. The leaflets were 
28–41 % longer than normal [34]. The leaflet length correlated with left atrial 
diameter, annular diameter while thickness correlated with annular size as well 
as left ventricular and left atrial dimensions [34].

Organic MR

Valve environment altered

Altered material properties

Fibrotic remodeling
Cell proliferation
More collagen
More GAGs
Less water

Leaflet distortion
Stretch/elongation
Chordal reorientation

Valve loading altered
Increased tensile loading
Loss of compressive load relief

Functional MR
Loss of redundancy
Loss of coaptation

•   Ischemic or dilated Cardiomyopathy
•   Annular dilatation

•   Abnormal ventricular wall motion
•   Papillary muscle displacement

•   Circulating neurohormones, cytokines, proteolytic enzymes

Fig. 19.4 The flowchart by Gravnde-Allen et  al. demonstrates changes in leaflet structure and 
 composition in ischemic/functional mitral regurgitation (Reprinted from Grande-Allen et al. [34], 
© 2005, with permission from Elsevier)

S.V. Deo and S.J. Park



433

 Importance of Mitral Regurgitation on Survival with Heart 
Failure

The presence of IMR has a profound influence on survival. In 1988, Hickey et al. 
demonstrated a 34 % increase in mortality for patients with severe IMR compared 
to those with coronary artery disease and no MR. Even patients with mild IMR had 
a 4  % increase in mortality above baseline [35]. The Survival and Ventricular 
enlargement study (SAVE) demonstrated that even the presence of mild MR was an 
independent risk factor for cardiovascular mortality (Relative Risk = 2(1.28–3.04)) 
during a 3.5 years follow-up period [36]. Grigioni and colleagues compared 194 
(IMR+) and 104 (IMR –ve) after matching them for age, gender and ejection frac-
tion over a patient-year period of 817 years [37]. The IMR cohort experienced a 
much higher long-term mortality (62 +/− 5 % vs 39 +/− 6 %; p < 0.001) at the end 
of 5 years, with the presence of IMR independently affecting survival on a multi- 
variate analysis. The mean ejection fraction in this study was in the approximate 
range of 26–36 % for both cohorts (Fig. 19.5).

Trichon et al. evaluated 2057 pts with symptomatic systolic heart failure undergo-
ing evaluation in the cardiac catheterization laboratory over a 14-year period. While 
56 % had IMR of any grade, importantly almost half of these patients had moderate/
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Survival  (±SE) after diagnosis according to presence of IMR.

Fig. 19.5 Patients with ischemic MR clearly have a poorer survival as demonstrated by this 
Kaplan-Meier curve (Reprinted from Grigioni et al. [37], © 2001, with permission from Wolters 
Kluwer Health Inc./American Heart Publications)
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severe IMR. They have demonstrated a 40 % survival at 5 years and have demon-
strated that the presence of even moderate IMR is a risk factor for early mortality 
[38]. A study from the University of Michigan in 1421 patients with congestive heart 
failure (LV ejection fraction <35 %) demonstrated 50 % survival of 628 +/− 47 days 
for patients with severe IMR [39]. Importantly almost 50 % of the patients in this 
study had at least moderate MR, which demonstrates the important relationship 
between left ventricular systolic dysfunction and the presence of MR. Ellis et  al. 
demonstrated an inferior outcomes in patients with IMR undergoing percutaneous 
intervention, especially in the subset of patients with LVEF <40 % [40].

Thus many retrospective studies have demonstrated poorer survival in patients 
with IMR with approximately 40 %–50 % survival at the end of 3–5 years.

 What Degree of Ischemic Mitral Regurgitation Should 
Be Addressed?

All agree that moderate-severe IMR should be addressed at the time of coronary 
artery bypass grafting (CABG) [41, 42]. Correcting regurgitation at the time of 
CABG improves exercise capacity, symptoms and promotes reverse ventricular 
remodeling [43, 44]. The American College of Cardiology recommends concomi-
tant mitral valve surgery in patients with LVEF <40 % with severe symptomatic 
mitral regurgitation. The committee prefers valve repair; but if that is not possible 
then replacement should be carried out with chordal preservation [45].

 Results of Repair and Replacement with Ischemic/ Functional 
Mitral Regurgitation

David and colleagues were among the first to demonstrate good results with mitral 
valve replacement while preserving the subvalvar apparatus [46]. Bolling and Bach 
were the first to demonstrate successful mitral annuloplasty (MVA) in patients with 
cardiomyopathy. They were successful in operating on 16 patients (mean ejection 
fraction 16 +/− 5 %) without peri-operative mortality and demonstrated significant 
improvements in stroke volume, ejection fraction and cardiac output with concomi-
tant reduction in regurgitant volume and fraction [2]. This landmark achievement dis-
puted the theory of the “pop-off” effect of the mitral valve for a failing left ventricle. 
The Bolling hypothesis is that there is an “ annular solution for a ventricular prob-
lem… such that reconstruction of the mitral valve annulus` geometric abnormality by 
an undersized ring restores valvular competency, alleviates excessive ventricular 
workload, improves ventricular geometry and improves ventricular function”. This 
concept was validated by the Stanford group using animal models [47]. Mihaljevic 
and colleagues studied patients undergoing CABG + MVA (290) and CABG alone 
(100) and presented their results in a propensity-matched cohort [48]. A restrictive 
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annuloplasty with the use of both rigid rings (22  %) (Carpentier- Edwards Classic 
Annuloplasty ring, Edward Lifesciences, Irvine, CA), partially flexible posterior 
annuloplasty bands (63  %) (Cosgrove-Edwards Annuloplasty system, Edward 
Lifesciences, Irvine, CA) and even posterior suture plication with autologous pericar-
dium or Peri-Guard graft (6.9 %) (Baxter Healthcare Corp., Deerfield, IL) was per-
formed. Their estimated survival for MVA + CABG (92 %, 74 % and 39 %) and 
CABG (88 %, 75 % and 47 % ) at the end of 1, 5 and 10 years was comparable 
(p = 0.3). In the early period of follow-up, renal insufficiency, severe wall motion 
abnormalities, and surgery in an earlier time period were the predictors of mortality. 
For the late constant hazard phase insulin dependent diabetes, renal insufficiency, 
older age, were significant predictors. The benefit of MVA was in abolishing early 
post-operative MR. Unfortunately this study failed to demonstrate any incremental 
clinical benefit of concomitant MVA. In fact they caution that the longer ischemic 
time needed for MVA could be detrimental in the sick, old patient. They have pro-
jected a recurrence of 3 +/ 4 + MR in 9 % and 20 % in the CABG + MVA cohort at 
the end of 1 and 5 years respectively. Grossi et al. [42] studied a cohort of 223 patients 
over two decades, with 152 undergoing MVA (77 % ring and 23 % suture annulo-
plasty). As they have found the era of surgery to be an important predictor of outcome, 
we will concentrate on their results in patients operated after 1988. Analyzing their 
entire cohort, they report that type of surgery (repair vs replacement), papillary mus-
cle rupture, congestive heart failure and acute MR impair long-term survival. In their 
contemporary series of patients (surgery after 1988) however, outcome are poorer for 
mitral valve replacement (hazard Ratio; 0.45(0.22–0.93)) and emergency surgery 
(hazard ratio 0.19(0.06–0.64)). Using complicated statistical models, they conclude 
that NYHA functional class and patient selection determine outcome rather than sur-
gical procedure. Impressively almost 82 % from the MVA cohort were free of signifi-
cant MR. They recommend restrictive MVA as the first strategy for patients with an 
annular pathology, while those with significant leaflet tethering or papillary muscle 
dysfunction would do better with posterior chordal preservation and MVR.  Mayo 
Clinc recently presented their experience of 431 patients who underwent mitral valve 
repair/replacement for ischemic MR over a 14 year period [6]. Overall survival for the 
entire cohort was 82.7 %, 55.2 % and 24.3 % at the end of 1, 5 and 10 years respec-
tively. All patients in the repair cohort underwent either an undersized band or rigid 
ring annuloplasty. Details of sub-annular apparatus preservation are unfortunately not 
available in individual patients due to the retrospective nature of the study, although 
institutional policy is to perform at least posterior chordal preservation. Prior CABG, 
emergency surgery and age were risk factors for early mortality (<1 year) while age, 
renal insufficiency and diabetes contributed to the late constant hazard phase. These 
results are similar to those at the Cleveland Clinic [48]. This underlines the impor-
tance of patient factors rather than procedure to late outcome.

Fukuda and colleagues [49] reported results of 126 patients with severe left ven-
tricular dysfunction (≤30 %), who underwent mitral valve annuloplasty. They found 
that annuloplasty is not a predictor of improved survival. However they, as well as 
many others have demonstrated an improved quality of life and functional capacity 
after mitral valve surgery.
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Two important issues regarding repair of ischemic mitral regurgitation are recur-
rent regurgitation and a more recently introduced concept of exercise induced mitral 
stenosis. The incidence of recurrent regurgitation after repair is not small. Gilinov 
et al. have reported a repair failure rate of 9 % over a 5-year period [41]. Chan and 
co-workers have demonstrated a recurrence rate of 23 % in their study evaluating 65 
patients with mitral valve repair [50].

Exercise induced mitral stenosis is being increasingly reported with patients 
undergoing restrictive annuloplasty [51]. Magne and co-workers have reported 
increase in trans-valvular gradients with restrictive annuloplasty leading to pulmo-
nary hypertension and increased clinical symptoms [51]. Some authors have impli-
cated left ventricular dysfunction and pulmonary vascular disease rather than mitral 
valve gradients as the cause for pulmonary hypertension after ischemic mitral valve 
repair [52, 53].

 Geometric Rings for Ischemic Mitral Regurgitation

The GeoformTM ring (Edwards Lifesciences, Irvine, CA) has a unique three dimen-
sional shape designed to reduce the anteroposterior diameter and elevate P2 segment 
of the leaflet. DeBonis et al. demonstrated survival of 81.1 +/− 6.6 % at 3.5 years, 
while recurrent regurgitation was present in 16  %. Significant exercise induced 
mitral stenosis was not found in any of the survivors. Restricted motion of the pos-
terior leaflet is an important predictor of recurrent regurgitation.

The Carpentier-McCarty-Adams ETLogixringTM is the first ring specifically 
designed to treat asymmetrical restriction of the posterior leaflet. Initial results are 
favorable with a low residual grade of regurgitation and improvement in echocar-
diographic parameters early after surgery [54]. A recent study demonstrates signifi-
cant reduction (p < 0.0006) in the mitral annular diameter, tenting area as well as 
tenting height after use of the ETLogixringTM. They conclude that the ring is useful 
for selective patients with ischemic mitral regurgitation. While functional mitral 
stenosis has not been reported with the GeoformTM ring, Martin and colleagues have 
recently reported their results on 40 patients with the ETLogixringTM [55].

The choice of ring for the repair of ischemic regurgitation is a very complex 
issue, and an exhaustive discussion regarding this issue is beyond the purview of 
this article. However while energy and dollars are being spent on devising and mar-
keting new rings, reports are also available demonstrating comparable changes in 
the geometry of the mitral valve [56].

 Percutaneous Techniques to Deal with Mitral Regurgitation

As discussed in the earlier part of the chapter, mortality and morbidity associated 
with the surgical treatment of mitral regurgitation may be significant. Patients may 
be denied surgery on the grounds that it is too high risk [57]. Various techniques are 
present attempting to correct mitral regurgitation in a minimally invasive manner. 
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A detailed classification (based on functional anatomy) is provided by Chiam and 
Ruiz in their comprehensive review [58].

Among the many experimental methods, the MitraClipTM (Abbott Vascular, 
Santa Clara, CA) based on the Alfieri edge-to-edge repair is the only method having 
entered and completed clinical trials. The technique is based on the open surgical 
technique of Alfieri where the anterior and posterior leaflets are approximated 
together to create a double mitral orifice. A steeable catheter is utilized to deploy the 
clip. The approach is antegrade via a trans-septal puncture. In 2009, Feldman and 
colleagues reported the mid-term results of the EVEREST (Endovascular Valve 
Edge-to-edge Repair trial) trial, the first randomized controlled single arm study 
aimed at assessing feasibility of percutaneous mitral valve repair [59]. A total of 107 
patients underwent MitraClipTM repair with <1  % in-hospital mortality. Overall, 
74 % had procedural success, defined as residual mitral regurgitation ≤2 + at the 
end of the procedure. At the end of 1 year, 66 % were free of ≥2 + MR, surgery or 
death. During surgery, repair was still possible in the majority of patients. Although 
clip embolization was not an issue, partial clip dislodgement occurred in 9 %. The 
EVEREST II trial (NCT 00209274) was undertaken comparing surgical repair and 
MitraClipTM in a 2:1 randomized manner. The non-inferiority end-point of the study 
was met, demonstrating that device therapy was comparable to surgical repair at the 
end of 1 year of follow-up. In another sub-study of EVEREST II, high-risk patients 
(STS score >12 %) undergoing MitraClipTM repair were compared to similar patients 
electing for optimal medical therapy. This study demonstrated a significant improve-
ment in clinical symptoms and left ventricular reverse remodeling after 12 months 
in the device cohort. A large clinical study from Germany has also demonstrated the 
benefit of device therapy, however it is important to note that the follow-up duration 
of these patients is still limited [60]. Given the relatively high incidence of recur-
rence of regurgitation in the EVEREST study, careful thought is needed before opt-
ing for this procedure and an open discussion with the patient regarding this aspect 
is important.

Devices can be implanted in the coronary sinus to reduce the septo-anterior 
dimensions of the mitral valve. The Monarc device® (Edwards Lifesciences, 
Irvine, CA) consists of proximal self-expandable anchors with a spring-like 
bridge with shortening forces. The EVOLUTION trial reported a reduction in MR 
garde in 85.7 % patients with severe regurgitation pre-operatively. The main con-
cern is compression of the circumflex coronary artery, which was present angio-
graphically in 30 % at the end of 6 months. Among these patients, 13.3 % had 
myocardial infarction. The TITAN trial reported results with the Carillon device 
(Cardiac Dimension Inc., Kirkland, WA), a fixed-length double anchor implant to 
be positioned in the coronary sinus. Among 53 patients enrolled in the study, 32 % 
devices were recaptured after implant, the main reason being circumflex coronary 
artery compression.

Devices based on these two principles: the edge-to-edge repair and reducing 
the septo-anterior dimensions are the most promising at the moment. Many other 
methods are in various stages of experimental trials. Surgical therapy will always 
remain the gold standard of care for these patients, and the use of alternative 
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therapies needs to be done with an informed discussion with the patient regarding 
the possibility of recurrent regurgitation. However, open surgical approach is not 
without significant morbidity and postoperative recovery. A careful balance needs 
to be achieved between attaining a better clinical end-point and the patient’s qual-
ity of life.

To summarize, mitral regurgitation is definitely a predictor of mortality in 
patients with poor ventricular function. Significant mitral regurgitation (moderate or 
more) warrants surgical intervention, even more so if done concomitantly with cor-
onary artery surgery. Surgery in the form of a restrictive annuloplasty can be per-
formed with an early mortality of 5–10 %. While late survival will not be favorably 
altered with mitral valve surgery, quality of life and functional capacity is definitely 
superior. Mitral valve replacement is comparable to repair with regards outcome, 
especially if performed using the chordal sparing approach. Patient factors like 
renal dysfunction, age, diabetes, and era of surgery are important predictors of sur-
vival. Important concerns with repair like the risk of recurrence and the risk of 
inducing functional mitral stenosis have to be considered while making the decision 
to repair or replace the valve. Geometrically altered rings are available for the repair 
of ischemic mitral regurgitation; however experience with them is limited when 
compared to the use of conventional rings and bands for degenerative mitral valve 
repair. Hence further data is necessary to allow us to make an informed decision 
regarding choosing any one ring over the other.

Percutaneous techniques are still to find a niche in the armamentarium of avail-
able procedures. While they may be beneficial for a select population of very high 
risk patients, much more data needs to be obtained to determine their place amongst 
various options already at hand.

 Tricuspid Regurgitation

Tricuspid valve disease may occur in patients with congestive heart failure. It is 
primarily due to two mechanisms: (a) Tricuspid regurgitation (TR) develops sec-
ondary to pulmonary hypertension and right ventricular dysfunction (b) Primary 
tricuspid valve disease can occur due to isolated right ventricular dysfunction or 
more commonly due to pacemaker lead induced damage.

Secondary TR is the most common tricuspid valve pathology associated with 
congestive heart failure. Right ventricular dysfunction results in a gradual increase 
in the annular diameter of the tricuspid valve. This enlargement occurs at the ante-
rior aspect of the annulus corresponding to the right ventricular free wall. Its shape 
changes from a saddle to a more planar dimension [61]. An enlarged annulus leads 
to improper cooptation of the leaflets and a predominantly central jet of regurgita-
tion. They may suffer from ascites, pedal edema and hepatomegaly, the classical 
features of right-sided failure. Additionally they also demonstrate reduced func-
tional capacity, fatigue and dyspnea on exertion.
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Dreyfus et al. have demonstrated that TR may fail to resolve after correction of 
the left sided-pathology [62]. The presence of severe TR is also an independent 
predictor of mortality [39]. Hence severe TR is best corrected surgically at the time 
of mitral valve surgery (Class I indication) [63]. Data regarding tricuspid valve sur-
gery in isolated TR or TR after prior correction of left sided pathology is less clear 
(Class IIA indication) [63]. In patients with ischemic/functional mitral regurgita-
tion, TR is a more important issue. Matsunaga et al. demonstrated a 30 % preva-
lence of 2+TR in patients undergoing mitral valve surgery. In spite of adopting a 
very liberal policy towards surgical correction of the tricuspid valve, almost 2/3rd of 
the patients developed moderate TR at the end of 3 years [64].

Tricuspid valve repair consists of various procedures like (1) autologous pro-
cedures viz. bicuspidalization [65] or De Vega annuloplasty & (2) annuloplasty 
procedures using rigid or flexible bands/rings. A large series of 790 patients dem-
onstrates the use of four different techniques: DeVega repair, Peri-Guard® pericar-
dial strip annuloplasty, Edwards-Cosgrove flexible band and Carpentier-Edwards 
semi-rigid ring.

Tricuspid valve replacement can be performed using either a mechanical or bio-
prosthesis. As a general rule, tissue valves are preferred unless specifically contra- 
indicated for other reasons. Readers are encouraged to pursue the article by Chikwe 
et al. for a detailed description of the available surgical procedures [66].

Concomitant tricuspid valve surgery with mitral procedures can be done very 
safely (1–2 % early mortality). A comparison of the various available procedures 
demonstrates more durable results with prosthetic annuloplasty compared to autolo-
gous procedures [67].

Results after the surgical repair of isolated tricuspid valve repair are less satisfac-
tory. Severe underlying right ventricular failure has been implicated as an important 
causative factor. Predictors of poor outcome after isolated tricuspid surgery are poor 
NYHA functional class, pre-operative hemoglobin and right ventricular end- systolic 
area [68].

A study reviewing the Mayo Clinic experience with isolated tricuspid valve 
replacement demonstrated that NYHA class IV and a higher Charlson index were 
independent predictors for late mortality [69]. The only echocardiographic predic-
tor identified was right index of myocardial performance (RIMP) ratio [69]. Among 
survivors, almost a quarter needed re-admission for congestive heart failure during 
the follow-up period. Hence intensive surveillance is important even after surgery to 
ensure good functional status and quality of life.

The poor results are partly due to a reluctance of surgeons to operate on the tri-
cuspid valve. Analysis of the Society of Thoracic Surgeons cardiac database from 
2004–2007 demonstrates that tricuspid valve surgery is conducted in very small 
numbers [70]. Authors at the Mayo clinic demonstrate that surgery can be done with 
a reasonable outcome if patients are operated before the onset of severe right ven-
tricular failure [69].

In conclusion, we recommend that patients with 2+TR should undergo con-
comitant repair at the time of left-sided procedures. Patients with isolated TR 
have a higher mortality; it is important in these patients to proceed with surgery 

19 Valve Repair and Replacement in Congestive Heart Failure



440

before the onset of severe right ventricular failure. Attention to diuretic therapy 
and fluid balance are important even after surgery to ensure a good functional 
status and quality of life.

 Aortic Regurgitation

Aortic regurgitation produces predominantly a volume overload on the left ventricle. 
The lesion is well tolerated initially and symptoms are minimal. However a left ven-
tricular end-systolic diameter >50 mmHg is associated with increased mortality, and 
is an indication for aortic valve replacement. Guidelines recommend surgery even for 
asymptomatic patients with left ventricular dysfunction (LVEF <50 %), however stud-
ies have demonstrated a significant reluctance to conduct surgery in these high-risk 
patients [63]. The Euro Heart Survey has demonstrated that only 22 % with LVEF in 
the range of 30–50 % underwent surgery while only 3 % with severe LV dysfunction 
(LVEF <30  %) received operative intervention [71]. A retrospective single center 
study demonstrated that only a third of the patients with severe AR and LV dysfunc-
tion actually underwent surgery. The pre-operative factors cited for non-intervention 
were an older age, female gender, presence of diabetes and renal dysfunction, and the 
need for concomitant procedures. Operative mortality is in the range of 7–10 % [72]. 
Kamath and co-workers have demonstrated that in severe AR patients with severe LV 
dysfunction, AVR is an independent predictor of improved survival [73]. AVR had 
significant survival benefit with 1-year, 2-year, and 5-year survival rates of 88  %, 
82 %, and 70 %, respectively, compared to 65 %, 50 %, and 37 %, respectively, in the 
population who did not receive AVR surgery (p < 0.001). Patients with severe LV 
dysfunction (LVEF <35 %) and (LVEF <20 %) demonstrated a 5-year survival of 
70 % and 60 % respectively. Although survival cannot match the age-matched normal 
population, we have still demonstrated a benefit for surgical intervention. Propensity 
matched results have also demonstrated the advantage of surgical therapy [72].

A study from the Mayo Clinic demonstrated that preoperative ejection fraction, 
left ventricular end-systolic dimension, indexed end-systolic dimension, end- 
diastolic dimension, and indexed end-diastolic dimension were univariate predic-
tors of late ejection fraction. In a multivariate model, the only predictor of late 
normal ejection fraction was a higher preoperative ejection fraction (odds ratio, 
2.85; p < 0.001) [74].

Thankfully, regression in left ventricular dimensions has been demonstrated after 
aortic valve replacement. Bonow et al. monitored changes in left ventricular dimen-
sions and ejection fraction after aortic valve replacement in 61 patients [75]. They 
utilized echocardiography and radionuclide scanning to assess them over a 7-year 
period. Between preoperative and early postoperative studies, left ventricular end- 
diastolic dimension decreased (from 75 ± 6 to 56 ± 9 mm, p < 0.001), peak systolic 
wall stress decreased (from 247  ±  50 to 163  ±  42 dynes), and ejection fraction 
increased (from 43 ± 9 % to 51 ± 16 %, p < 0.001). However patients without early 
increase in the ejection fraction failed to demonstrate any improvement long-term. 
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They further demonstrate a significant improvement in ejection fraction even in 
patients with severe LV dysfunction [72].

Hence, aortic valve replacement is beneficial even in patients with advanced left 
ventricular dysfunction. Compared to metical therapy, benefit in terms of quality of life 
and functional capacity is observed after surgery. Associated preoperative factors and a 
higher operative mortality rate have to be considered when considering surgical inter-
vention in patients with severe aortic regurgitation and left ventricular dysfunction.

Aortic valve replacement is one of the most common adult cardiac procedures 
performed in the USA. Patients with a poor ejection fraction typically develop a 
subset of aortic stenosis (AS): a low gradient, low flow (LF-LG) severe AS.

 Definition

LF-LG severe AS is defined as a combination of an EOA ≤1.0 cm2 (or EOA index 
<0.6 cm2/m2) with a low mean trans-valvular gradient (less than 40 mmHg). Low- flow 
mean either a cardiac index <3 l/m2/min or an ejection fraction (less than 40 or 35 %).

 Pseudo-Severe Aortic Stenosis

Patients with primarily left ventricular dysfunction may have a small aortic valve 
area with low trans-valvular gradient due to their sub-normal stroke volume. The 
small effective orifice area of the aortic valve in these patients is secondary to 
incomplete opening during systole.

This stratification has a significant clinical consequence as aortic valve replace-
ment fails to improve the symptomatology in the latter cohort and may actually be 
detrimental.

 Role of Dobutamine Stress Echocardiography

Dobutamine stress echocardiography [76] is implemented as a confirmatory test for 
assessing LF-LG AS. While true aortic stenosis will present with a significant increase 
in gradient (mean transvalvular gradient >40 mmHg) with minimally increase flow and 
aortic valve orifice area (change <0.3 cm2, valve area <1 cms2) pseudo-severe aortic 
stenosis will demonstrate an increased flow without much change in the gradient [63]. 
The European Committee for guidelines on valvular heart disease recommends this 
test for all patients with LF-LG AS. Apart from being a diagnostic test, the increase in 
ejection fraction helps to assess contractile reserve of the left ventricle, an important 
prognostic indicator [77]. Contractile reserve is defined as an increase in ejection frac-
tion >20 % with dobutamine infusion compared to the baseline [78].
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Momin et al. studied the changes in stroke volume, left ventricular ejection frac-
tion, aortic valve area and mean pressure gradient in patients with and without con-
tractile reserve on DSE. Patients with an intact contractile reserve demonstrated an 
increase in stroke volume (33 %), LVEF (12 %), aortic valve area (0.1 cm2) and 
MPG (47 %). Those devoid of contractile reserve demonstrated minimal increase in 
values on Dobutamine stress echocardiography.

 TOPAS Study

The TOPAS (Truly or Pseudo-Severe Aortic Stenosis) is a prospective study con-
ducted to improve the accuracy of differentiating true from pseudo-aortic stenosis. 
While authors agree that DSE is a reliable test, stenotic indices obtained from the 
DSE depend upon the magnitude of flow increase achieved. Blais and co-workers 
have developed a new stenotic index, the EOAprojwhich determines the orifice area 
at a standardized flow rate of 250 ml/s, a constant which they have derived using 
hydraulic models in the laboratory. Hence they have presented their equation as: 
EOAproj=EOArest+ VC*(250-Qrest). The authors have further indexed this obtained 
value to the patient’s body surface area to derive the indexed projected EOA. Using 
a cut-off of ≤ 0.55 cm2/m2, the sensitivity of this score increased from 93 to 100 % 
(Fig. 19.6) [79].
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Fig. 19.6 The technique of indexed projected effective orifice area is a reliable test to differentiate 
true and pseudo-severe aortic stenosis. The panels D-F demonstrate the change of this parameter 
in patients with true (red triangles) and pseudo-severe (blue triangles) aortic stenosis (Reprinted 
with permission Blais et al. [79]. © 2006, with permission from Wolters Kluwer Health Inc)
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While these investigations are useful to the surgeon for risk stratification, clinical 
assessment and evaluation of risk factors are essential to implement the correct 
strategy suited to the individual patient. However, optimal medical therapy has 
proved inferior to surgical AVR irrespective of contractile flow reserve. Five-year 
mortality with conservative therapy can be as high as 87 %. Hence many authors 
recommend valve replacement for patients with LF LG aortic stenosis [77, 79]. 
Trans-cutaneous aortic valve implantation is emerging as an exciting option for 
these high-risk patients.

 Results of Conventional AVR

 Peri-operative Mortality

Overall peri-operative mortality in this cohort remains high; in the range of 9–22 % 
[77, 80–83]. Cardiogenic shock (79 %), sepsis (9 %), stroke (3 %) and respiratory 
failure were reported as important causes of death in a multi-centric study from 
Europe [83]. Univariate analysis of this large cohort of patients demonstrated that a 
higher EuroSCORE, poorer NYHA functional class, coronary artery disease, and 
longer surgical duration were important predictors of early mortality. Monin et al. 
[77] have demonstrated that operative risk is significantly higher for patients with a 
mean pressure gradient (MPG) <20 mmHg (44 % vs 11 %; p = 0.0006). Multivariate 
analysis from this cohort defined absence of contractile reserve (Odds ratio 10.9; 
95 % confidence interval 2.6–43.3; p = 0.001) and MPG <20 mmHg (Odds ratio 
4.7; 95 % confidence interval 1.1–21; p = 0.04) as predictors of peri-operative mor-
tality. Coronary artery disease and prior myocardial infarction are also important in 
risk stratification [84]. Importantly, Levy et al. [83] have demonstrated that surgical 
outcomes are better in the present era (2000–2005) (a 10 % reduction in mortality; 
p  =  0.04) in spite of more emergency cases being conducted (a 9  % increase; 
p = 0.04).

While a risk stratification score selectively devised for this patient population is 
not yet available, the use of the EuroSCORE or the STS risk score tailored to the 
individual patient’s condition is the best tool to make an informed decision [85, 86]. 
As described earlier, DSE and contractile reserve are important prognosticators in 
patient outcome.

 Functional Capacity After Aortic Valve Replacement

Multiple authors have demonstrated improved functional status after aortic valve 
replacement [77, 80, 81] While significantly more improvement was found in 
patients with a contractile reserve >20 % on DSE, even patients with no reserve did 
better after aortic valve replacement [77]. The TOPAS study assessed the Duke 
Activity Score index (DASI) scores and distance covered in the standard 6-min walk 
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test (6 MW) both before and after AVR. They were able to demonstrate a significant 
increase in both parameters (DASI and 6  MW) in the AVR cohort (∆DASI: 
+5.9 ± 3.3 and ∆6 MW: +66 ± 27) while patients maintained with optimal medical 
therapy actually demonstrated a decline in function at the end of 1 year of follow-up 
(∆DASI: −5.5 ± 2.6 and ∆6 MW: −9 ± 22) [87].

 Predictors of Long-term Survival

A multi-centric study has demonstrated an overall 5-year survival of 49 ± 4 % after 
aortic valve replacement [83]. They have demonstrated a significant difference in 
survival stratified by ejection fraction (less and more than 20 %; p = 0.005), multi-
vessel coronary disease (p  =  0.002) and EuroScore (less and more than 10; 
p = 0.0001). Recent European guidelines for valvular heart disease state that the 
EuroSCORE may overestimate mortality with the Society of Thoracic Surgeons 
risk calculator being a more accurate predictor in high-risk patients with severe 
aortic stenosis [63].

Results in patients with no contractile reserve: (Fig. 19.7).
Tribouilloy et al. [80] conducted a prospective multi-centric study of 81 patients 

with LF-LG aortic stenosis without contractile reserve. While their operative mor-
tality was relatively high (22 %), they demonstrated a significant improvement in 
5  year survival in surgically treated patients compared to OMM (54  ±  7  % vs 

1.0
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0.2
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0 20 40 60 0 20 40 60

Follow-up (months) Follow-up (months)
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65±11%
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Medical management Medical management

Log tank P=0.001 P=0.019

a b

Fig. 19.7 This Kaplan-Meier curve compares survival with aortic valve replacement (AVR) or 
optimal medical therapy in patients without contractile reserve on Dobutamine Stress 
Echocardiograph. As depicted, results are significantly superior with AVR; in the entire cohort (a) 
as well a propensity matched sub-group (b) (Reprinted with permission from Tribouilloy et al. [80]
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13 ± 7 %; p = 0.001). Propensity matching demonstrated that an ejection fraction 
<20  % and coronary artery disease were independent predictors of mortality. 
Hospital survivors demonstrated a 5-year survival of 69 ± 5 %.

Thus they demonstrated that aortic valve replacement was beneficial even in patients 
without functional reserve, albeit at the cost of a higher operatively mortality.

 Results with Optimal Medical Therapy in Patients with LF-LG 
Aortic Stenosis

Studies are unanimous in concluding that optimal medical therapy is associated 
with very poor outcome in these patients. Both survival and functional class are very 
poor in patients managed non-surgically. Thus in spite of the high early mortality, 
surgical aortic valve replacement provides the patient with the best odds for a longer 
and better quality of life.

 Role of TAVI in Patients with LF-LG Severe Aortic Stenosis

Fraccaro et al. [88] have presented their data using Edwards SAPIEN / SAPIEN XT™ 
as well as then Medtronic CoreValve™ in patients with left ventricular dysfunction. 
They studied 384 patients undergoing transcutaneous aortic valve implantation (TAVI); 
50 patients had LVEF <35 % (Group A) while the remaining 334 (Group B) had nor-
mal left ventricular function. Patients (n=50) with left ventricular function <35 % had 
a much higher logistic EuroSCORE™, STS®score, higher degree of renal dysfunction 
and poorer NYHA functional class. While in-hospital mortality was higher in Group A 
(14 %) compared to Group B (4 %) (p = 0.004), among hospital survivors cardiovascu-
lar mortality was comparable at the end of 1 year (10 % in Group A and 6 % in Group 
B; p=0.434). In the group A cohort, ejection fraction increased from a baseline of 27.7 
± 6 % to 46.6 ± 13.7 % at the end of 1 year (p < 0.0001). The Authors conclude that 
further studies are needed to define the role of TAVI in patients with LF-LG severe 
aortic stenosis, but recommend that left ventricular dysfunction should not be a contra-
indication for performing TAVI. They further make a recommendation for TAVI with-
out pre-dilatation, as this avoids the need for rapid ventricular pacing which may be 
very deleterious in these sick patients. (Fig. 19.8) [89].

 Conclusion

The treatment of patients with low flow low gradient aortic stenosis requires a coor-
dinated approach between the cardiologist and surgeon. Dobutamine stress echocar-
diography is an important tool to separate true aortic stenosis from pseudo-aortic 
stenosis, a stratification having important clinical and therapeutic consequences. In 
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spite of the higher operative mortality of surgical aortic valve replacement, this 
therapy provides better long-term survival and quality of life in the majority of sur-
vivors. Trans-cutaneous aortic valve implantation presents an exciting option in 
these patients; although left ventricular dysfunction should not be a contraindication 
for this procedure, the exact risk-benefit equation is still unknown.

 Transcutaneous Aortic Valve Replacement

Surgical aortic valve replacement (SAVR) is the gold standard for the treatment of 
critical aortic stenosis. However, significant co-morbidities may make conventional 
surgery exceedingly high risk. For these patients who are denied SAVR due to risk 
factors [71], an alternative therapeutic option has emerged due to the pioneering 
work of Dr. Alain Cribier [90]. From an experimental procedure, TAVI 
(Transcutaneous aortic valve implantation) is now the go-to procedure for extremely 
“high-risk” or inoperable patients, with clinical experience reaching the 10 year 
mark this year [91].

LVEF≤40%

EOA≤1.0

↑ SV ≥20%

LV Flow Reserve

∆P≥40 & EOA <1.2 ∆P<40 & EOA ≥1.2
(EOAProj≤1.0-1.2) (EOAProj>1.0-1.2)

(EOAProj<1.0-1.2)

CT Ca≥1,650 CT Ca<1,650

MEDICAL Rx TRIALSAVR ± CABG SAVR (High Op. Risk)
TAVR?

CT Ca≥1,650

No Yes

Dobutamine Stress Echo

No LV Flow Reserve

True-Severe ASPseudo-Severe ASTrue-Severe AS

↑ SV <20%

∆P<40

Fig. 19.8 Drs. Pibarot and Dumesnil have outlined this protocol for the management of patients 
with low-flow low-gradient severe aortic stenosis with a reduced ejection fraction. Abbreviations: 
EOA effective orifice area (in square centimeters), EOAProj projected EOA at normal flow rate (in 
square centimeters); P mean transvalvular gradient (in mmHg), CT Ca calcium score (in Agatston 
Unit) on Computerized tomography, SV stroke volume, Op operative, SAVR surgical aortic valve 
replacement, TAVR transcatheter aortic valve replacement (Reprinted and adapted from Pibarot 
and Dumesnil [89], © 2012, with permission from Elsevier)
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 Overview of Current Devices

Presently two devices are widely being used: The Edwards SAPIEN trans-catheter 
heart valve (Edwards Lifesciences, Irvine, CA) and the Medtronic CoreValve™ 
(Medtronic Corp, Minneapolis, MN, USA). The SAPIEN valve is designed from 
bovine pericardium, similar to the Edwards PERIMOUNT® valve. It is treated with 
the same THERMAFIX™ anti-calcification process implemented for all other 
valves. The Edwards SAPIEN valve is available in 23 and 26  mm sizes. These 
valves are recommended for annuli in the range of 18–22  mm and 21–25  mm 
respectively. The Edwards system has been designed for a trans-femoral or a trans- 
apical approach and is available in two sheath sizes (25Fr and 28Fr). While the 
trans-femoral delivery system contains a RETROFLEX 3™ delivery system, the 
trans-apical valve is placed on the ASCENDRA introducer system™.

The Medtronic CORE-VALVE™ is available in three sizes 26, 29 and 31 mm. 
The AccuTrak® delivery system is designed to provide a controlled environment 
of valve delivery without the need for rapid ventricular pacing during deployment. 
This valve has been designed for delivery via three routes: trans-femoral, direct 
trans-aortic and via the subclavian artery. Unlike the SAPIEN® valve which is 
placed intra-annularly, the CORE-VALVE™ is a supra-annular seating valve with 
a much longer leaflet coaptation zone. This design has been provided to equitably 
distribute strain along the valve. The frame is provided with 8 mm gaps, which 
allow adequate coronary ostial perfusion and instrumentation. The CORE-
VALVE™ delivery system is much smaller than the SAPIEN® at 18Fr size irre-
spective of valve size.

 Randomized Trials

The first US implant occurred as part of the REVIVAL I study in March 2005. This 
trial was designed to compare outcomes between TAVI with balloon aortic valvulo-
plasty. After technical problems due to antegrade implantation, modifications to 
design were made and the REVIVAL II was introduced, the first patient being 
enrolled in December 2005. This trial was designed to include only a trans-femoral 
approach, with 55 patients being enrolled.

The PARTNER (Placement of AoRticTraNscathetER Valves; Clinicaltrials.gov 
Identifier: NCT0053084) trial was the first prospective, multi-centric, pivotal, ran-
domized controlled trial conducted to determine the efficacy of TAVI.  The 
PARTNER A study consists of two cohorts: (A) a comparison of TAVI (either trans-
femoral or transapical) using the SAPIEN® and SAVR in patients who are deemed 
high risk. (B) a comparison of trans-femoral TAVI and optimal medical manage-
ment (OMM) in patients considered inoperable.

The PARTNER IA consisted of 699 high-risk patients with critical calcific aortic 
stenosis undergoing either transfemoral (TF) or trans-apical (TA) aortic valve 
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replacement. The study was powered to achieve a statistical significance for all- 
cause mortality at the 1 year (non-inferiority). After including 492 and 207 patients 
in the TF and TA cohorts respectively, patients were assigned to TAVI or surgical 
aortic valve replacement with 1:1 randomization [92, 93].

The PARTNER IB study consisted of 358 patients considered too high risk for 
conventional surgery, but eligible for transfemoral TAVI. They were randomized 
equally between TF-TAVI and standard therapy, defined as Balloon aortic valvot-
omy (78.2  %), medial therapy alone (7.9  %), aortic valve replacement (6.1  %) 
apical- aortic conduits (3.3 %) or TAVI outside the USA (2.2 %).

The PARTNER committee recently presented 2 year outcomes of the PARTNER 
IA study [94]. The PARTNER IA study met its non-inferiority end-point 
 demonstrating that TAVI has comparable outcomes to SAVR. The PARTNER IA 
study met its non-inferiority end-point demonstrating that TAVI has comparable 
outcomes to SAVR. At the end of 2 years, all-cause mortality was comparable in 
both SAVR and TAVI cohorts at 35 % and 33.9 % respectively (p = 0.78). Bleeding 
complications were significantly higher in the SAVR cohort (29.5  % vs 19  %; 
p = 0.002) while stroke/TIA were more common in the TAVI cohort (11.2 % vs 
6.5 %; p = 0.05). Vascular complications were present in 11.6 % of TAVI patients, 
majority of them were related to the trans-femoral approach. Pacemaker require-
ment, dialysis, and endocarditis were comparable in both cohorts. Predictors of 
mortality for the TAVI cohort were a smaller body mass index (Hazard ratio 
0.93(0.90, 0.97)), higher mean gradient (Hazard ratio 0.82(0.72, 0.94)), creatinine 
at baseline (Hazard ratio 1.06(1.00, 1.13)) and prior vascular surgery or stent 
(Hazard ratio 1.85(1.10, 3.39)). The study demonstrated a satisfactory decline in the 
mean gradient and increase in the aortic valve area after TAVI during the 2-year 
follow-up.

The main concerns raised with TAVI were the occurrence of neurological events 
post-procedure and the presence of residual peri-prosthetic regurgitation. A separate 
article focusing on neurological events in this PARTNER IA study, demonstrated 
that there are two distinct hazard phases associated with adverse CNS events. While 
the initial phase was driven by the procedure (hazard function 2.21 + 0.68) the late 
phase was predominantly influenced by patient-related factors (like history of prior 
stroke and NYHA class) [95].

PARTNER investigators have found paravalvular regurgitation to be an 
important predictor of mortality. The presence of paravalvular leak (mild–
severe) increased the odds of mortality twofold (1.43–3.10) over an estimated 
3 year period (p < 0.01; log-rank test). The valve cover index, defined as 100* 
[(valve prosthesis diameter-annulus diameter)/valve prosthesis diameter] was 
lower in patients with para-valvular leak, demonstrating that valve under sizing 
was an important causative factor [96]. Colli et al. have introduced a calcifica-
tion score, which allows prediction of post-procedure para- and overall aortic 
regurgitation [97].

The PARTNER IB cohort results demonstrate significant advantage of TAVI over 
OMM. TAVI reduced the occurrence of all-cause mortality and re- hospitalizations 
by 29.1 % at the end of 1 year. The major concern was a higher incidence of stroke 
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(5  % vs 1.1  %; p  =  0.06) and major vascular complications (16.2  % vs 1.1  %; 
p < 0.001) in the TAVI; important to note that as part of the study design all patients 
in the TAVI arm underwent a trans-femoral approach. A significant improvement in 
functional status was present in the TAVI cohort compared to the OMM group.

Data is also available from several registries which look at results of TAVI in 
the “real world”. They all report a procedural success rate ranging from 88 % to 
more than 95 %. The lowest reported 1-year morality is 6.7 % while 30.7 % is the 
highest [91].

 Valve in Valve

Isolated reports of a valve in valve procedure (TAV in SAV) using the CoreValve® 
(Medtronic corp., Minneapolis, MN) have been published since 2007 [98]. While 
this procedure is evolving, coronary ostial occlusion, atheroembolism, and 
appropriate positioning of the prosthesis are some concerns with the procedure. 
As experience increases more information regarding feasibility and ease of this 
“TAV in SAV” procedure in various commercially available stented and stentless 
valves will be available. Piazza et  al. present one of the largest single center 
series on this subject, having performed this procedure in 20 patients with a rea-
sonable early mortality [99].

 Economic Aspects of TAVI

A detailed cost-analysis of the PARTNER study revealed that procedural cost for 
transapical arm of TAVI ($90,000 ± 40,000) was higher than conventional aortic 
valve replacement ($80,000 ± 47,000). The cost of a transfemoral and conventional 
AVR were comparable. However, total expenditure at the end of 1 year in both 
cohorts was comparable [100]. While TF-TAVI resulted in improved quality of life 
(QOL) as well as cost benefit, patients undergoing TA-TAVI and conventional AVR 
had similar procedural cost and QOL scores. Thus they conclude that at present 
TF-TAVI is economically beneficial to surgical AVR.

 On-going Trials

Apart from the PARTNER II study, a search of the website “http://www.clinicaltri-
als.gov” [101] demonstrates eight other registered trials being conducted worldwide 
on feasibility of TAVI in a variety of clinical situations. Results of these studies will 
help us to define a clear set of inclusion and exclusion criteria for the procedure 
(Table 19.2).
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 European Society for Valvular Heart Disease 2012 Guidelines

TAVI is a beneficial therapy in patients with “high-risk” severe calcific aortic steno-
sis. Patients with a EUROSCORE >20 or an STS score >10 % are well suited to this 
procedure. Individual patient related factors like age, prior cardiac surgery, espe-
cially coronary artery bypass with patent grafts, porcelain aorta, prior mediastinal 
radiation, and medical risk factors like COPD, oxygen dependency and physical 
frailty are other factors which needed to be taken into account to reach a well- 
informed decision regarding patient care. Guidelines recommend that decision to 
proceed with TAVI or SAVR should be jointly taken by a “heart team” and cardiolo-
gists [63, 102] (Tables 19.3 and 19.4).

At present results and outcomes of TAVI at the early phase and studies with a 
longer follow-up period will be needed to determine the exact indications of 
TAVI. At present suffice to say that it is an exciting emerging technology, which 
provides a reasonable alternative in high-risk patients with severe aortic stenosis.
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Table 19.3 An outline of the present recommendations for TAVI in the management of severe 
calcific aortic stenosis

Recommendations Class Level References

TAVI should only be undertaken with a multidisciplinary ‘heart 
team’ including cardiologists and cardiac surgeons and other 
specialists if necessary

I C

TAVI should only be performed in hospitals with cardiac surgery 
on-site

I C

TAVI is indicated in patients with severe symptomatic AS who 
are not suitable for AVR as assessed by a ‘heart team’ and who 
are likely to gain improvement in their quality of life and to have 
a life expectancy of more than 1 year after considerations of their 
comorbidities

I B [99]

TAVI should be considered in high-risk patients with severe 
symptomatic AS who may still be suitable for surgery, but in 
whom TAVI is factored by a ‘heart team’ based on the individual 
risk profile and anatomic suitability

IIa B [97]

Reprinted with permission from Vahanian et  al. [63], © 2012, with permission from Oxford 
University Press
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Chapter 20
Patient Selection for Cardiac Transplantation

Michael L. Craig and Adrian B. Van Bakel

 Introduction

Congestive heart failure (HF) remains one of the leading causes of hospitalization 
in adults in the United States. The direct and indirect costs associated with this ill-
ness are estimated at $32 billion for 2013 and projected to reach $70 billion by 
2030. The majority of this financial burden arises from the over one million hospi-
talizations that occur annually for acute decompensated HF [1]. Advances in phar-
macologic and device therapy for HF, and their associated reductions in morbidity 
and mortality, have led to increasing numbers of patients progressing to advanced 
heart failure. Of the nearly six million adults with congestive heart failure, it is has 
been estimated that 20 % have ACC Stage D disease—the group of patients who 
should be considered for advanced heart failure therapies. Unfortunately, this poten-
tial pool far exceeds the roughly 2300 cardiac transplantations that are performed 
yearly in the United States, and the 3700 performed worldwide, in each of the last 
several years [2].

Cardiac transplantation has offered the greatest morbidity and mortality benefit 
for patients with end-stage heart failure for many decades. In addition, continued 
advancements in the field of mechanical circulatory support have expanded the 
therapeutic strategies available for patients with end-stage heart failure. In this 
chapter, the process of patient selection for cardiac transplantation will be reviewed 
with specific emphasis on indications for cardiac transplantation, risk stratification 
of patients with end-stage heart failure, the process of evaluation, absolute and rela-
tive contraindications for cardiac transplantation, and predictors of post-transplant 
survival.
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 Indications for Cardiac Transplantation

The International Society for Heart and Lung Transplantation (ISHLT), American 
College of Cardiology (ACC), American Heart Association (AHA), Heart Failure 
Society of America (HFSA), European Society of Cardiology (ESC) and the 
Canadian Cardiovascular Society (CCS) have all published guidelines summarizing 
the indications for cardiac transplantation. These guidelines are largely centered on 
the patient with refractory symptoms of HF despite maximal medical and device 
therapy. The discussion below will focus on the indications for cardiac transplanta-
tion and risk stratification for the ambulatory patient with HF followed by brief 
discussion of those populations deserving special consideration.

 Risk Stratification of Patients with Advanced Heart Failure

The goal of any medical therapy is to maximize longevity and quality of life. Though 
morbidity and mortality for patients with Stage D HF are high, cardiac transplanta-
tion also carries inherent short and long-term risks. As such, appropriate risk strati-
fication of patients who may qualify for transplantation is essential to perform 
transplantation when prognosis is sufficiently poor, while still retaining a high like-
lihood of success. Realizing the limitations of the New York Heart Association 
functional classification system, the ACC and the AHA developed the stages of 
heart failure in 2001 in effort to further define the progression of disease and guide 
the management of patients with congestive heart failure. According to this classifi-
cation system, Stage D patients, defined as those who have marked symptoms at rest 
despite maximal pharmacologic and device therapy, should be considered for 
advanced heart failure therapies to include cardiac transplantation. The perfect 
model for identifying the most appropriate patient for cardiac transplantation would 
include all variables which have been shown to have prognostic value in patients 
with congestive heart failure. In univariate analysis, ejection fraction, NYHA func-
tional class, hemodynamic abnormalities and markers of poor tissue perfusion have 
all been shown to predict survival in patients with HF. The challenge lies in the 
sheer number of variables that ultimately affect the HF phenotype—making the use 
of one or even a few such variables problematic.

 Cardiopulmonary Exercise Testing

Peak oxygen consumption (VO2), as measured by a cardiopulmonary exercise test 
(CPX), provides an objective measurement of functional capacity and has proven 
to be extremely useful in risk stratifying patients with HF. A peak VO2 of < 14 ml/
kg/min has been historically used as an indication for cardiac transplantation; how-
ever this threshold was validated in an era prior to the widespread use of current 
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evidence based pharmacologic and device therapies [3, 4]. More recent studies 
have shown a peak VO2 of < 10 ml/kg/min to be a better discriminator of risk for 
those with end stage HF. In a study of 715 patients referred for cardiac transplanta-
tion, those with a peak VO2 of ≤ 10 ml/kg/min had a 1 year event free survival of 
65 %, compared to 77 % for peak VO2 between 10 and 14 ml/kg/min and 86 % for 
peak VO2 > 14 ml/kg/min [5].

The 10 year update of the 2006 International Society for Heart Lung 
Transplantation (ISHLT) listing criteria for heart transplantation was recently pub-
lished, further refining CPX listing criteria [6]. A maximal CPX is defined as one in 
which the respiratory exchange ratio is > 1.05 and anaerobic metabolism is achieved 
in the setting of optimal medical therapy. In addition, a peak VO2 of ≤ 12 ml/kg/min 
was recommended as a guide to listing in patients on beta blocker therapy—in those 
intolerant of beta blocker therapy, a peak VO2 of ≤ 14 ml/kg/min should be used. In 
women and patients under the age of 50, using a peak VO2 of ≤ 50 % of predicted 
as a guide to listing received a Class IIa recommendation, while in patients with a 
submaximal CPX, use of a ventilation equivalent of carbon dioxide (VE/VCO2) of 
> 35 as a determinant for listing received a Class IIb recommendation. In obese 
patients, defined as a body mass index (BMI) > 30 kg/m2, an adjusted to lean body 
mass peak VO2 of < 19 ml/kg/min received a Class IIb recommendation as a guide 
to selection. Finally, the use of peak VO2 as the sole criteria for listing received a 
Class III recommendation. In addition, the presence of a CRT device does not alter 
the current peak VO2 cutoff (Class I recommendation).

Although peak VO2 has been shown to have strong prognostic value in patients 
referred for cardiac transplant evaluation, the use of any single variable to determine 
need for transplantation is problematic. With this in mind, several models have been 
designed, using numerous variables, and have proven to be highly predictive of 
prognosis in patients with HF.

 Heart Failure Risk Models

The Heart Failure Survival Score (HFSS) is a non-invasive risk stratification model 
that was developed using 80 clinical characteristics from 269 patients and then pro-
spectively validated in 199 patients [7]. Seven characteristics were predictive of 
survival in multivariate analysis and were used to construct this model: ischemic 
cardiomyopathy, resting heart rate, left ventricular ejection fraction, interventricular 
conduction delay (QRS ≥120 ms), mean resting blood pressure, peak VO2 and 
serum sodium. Based on the score derived from this model, patients are stratified 
into low, medium and high risk groups. Events, defined as the need for urgent trans-
plant or death without transplant at 1 year, occurred in 12 %, 40 % and 65 % of the 
patients in these respective groups. Based on these findings, the authors concluded 
that patients in the medium and high risk groups should be considered for cardiac 
transplantation. Although this model was validated in the era prior to widespread 
use of beta blockers, aldosterone receptor blockers and device therapy, it has been 
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more recently validated in a modern cohort [5, 8]. The inherent variability of several 
of the risk factors used, as well as the somewhat arbitrary use of urgent transplanta-
tion as a part of the combined endpoint has resulted in some criticism of this model.

The Seattle Heart Failure Score (SHFM) is another multivariate risk model, 
derived from a cohort of 1125 patients, used to predict one, 2 and 3 year survival in 
patients with HF. Patients were risk stratified into one of five groups based on a 
score of −1 to 4. The 2 year survival rate was approximately 93 %, 89 %, 78 %, 
58 %, 29 % and 10 % respectively in these five groups. In addition, this model pre-
dicts the impact of the addition of pharmacologic and device based therapy on sur-
vival—making it a more useful and illustrative tool for patients. This model, which 
was prospectively validated in 9942 patients with HF with over 17,000 years of 
follow-up, also benefits from the fact that it was derived in an era with more wide- 
spread use of current evidence-based pharmacologic and device therapies [9].

The updated 2016 ISHLT guidelines are more explicit in recommending use of 
prognosis scoring in addition to CPX testing to determine whether and when to list 
a candidate for transplantation. The new guidelines suggest a HFSS in the high/
medium risk range or a SHFM estimated 1 year survival of < 80 % along with an 
appropriately low peak VO2 are adequate criteria for transplant candidacy [6].In 
addition to the focus on patients with ambulatory Stage D HF, there are several other 
populations of patients who deserve special consideration. Patients who are hospi-
talized with refractory cardiogenic shock, dependent on intravenous inotropes for 
maintenance of end organ perfusion, symptomatic with ventricular arrhythmias 
refractory to pharmacologic and device therapy, symptomatic with severely limiting 
ischemia refractory to pharmacologic therapies and not amenable to revasculariza-
tion, and those with severely symptomatic congenital heart disease not amenable to 
corrective surgeries may also be considered for cardiac transplantation.

 Evaluation for Cardiac Transplantation

Patients with one or more indications for cardiac transplantation should be referred 
to a heart transplant center for comprehensive evaluation. The number of transplant 
centers has been on the decline in recent years. Some would argue this trend is a 
favorable one, as it forces organ implantation and longitudinal care of the transplant 
recipient into the hands of a skilled few. Of the roughly 3700 transplants that were 
performed worldwide in 2009, about 50 % were performed in centers that perform 
more than 20 transplants per year (21 % of all centers), 33 % in centers that perform 
10–19 transplants per year (39 % of all centers) and the remaining in centers that 
perform < 10 transplants per year (40 % of all centers) [2].

The first step in the evaluation process should focus on patient education. As with 
any other proposed therapy or procedure, the patient should be counseled on the 
potential short and long-term risk and benefits of cardiac transplantation. While the 
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expected benefits of improved survival and quality of life with cardiac  transplantation 
are clear, the long-term increased risk of infection, malignancy and renal dysfunc-
tion should be discussed—in many respects, patients are trading one disease for 
another. In the spirit of informed consent, alternative therapies, which may include 
palliative care and/or left ventricular assist device therapy, should also be discussed. 
Once education has been completed, the evaluation process may then proceed with 
a head-to-toe medical, social and financial evaluation. This next stage should be 
conducted by a multidisciplinary team that should be comprised of not only 
advanced heart failure cardiologists, cardiothoracic surgeons and consulting physi-
cians but also transplant coordinators, mid-level providers, pharmacists, social 
workers, psychologists, financial coordinators, physical and occupational therapists 
and other allied health professionals. Amongst the group of consulting physicians, 
a transplant infectious disease specialist, immunologist and cardiac pathologist are 
invaluable resources. In addition to numerous consultations to assess surgical can-
didacy, comorbidities, mental capacity, and financial and social support, patients 
should also undergo thorough diagnostic testing to include imaging and laboratory 
evaluation to assess end-organ function, glycemic control, bone density, nutritional 
status, and age appropriate cancer screening.

In addition, ABO blood group typing and quantification of antibodies to human 
leukocytes antigens (HLAs) are necessary for donor-recipient matching. HLA anti-
bodies are identified and quantified by a method known as panel-reactive antibody 
(PRA) testing. During this testing, which may be done by solid phase, flow cytomet-
ric, or cytotoxic methods, the type and strength of antibodies directed against HLA 
antigens in the potential donor pool are identified. These results are distilled to a 
cPRA (expressed as a percent) when using solid phase and flow cytometric assays 
or a PRA when using cytotoxic methods. The cPRA and PRA are estimates of the 
potential donor pool that would possess unacceptable HLA antigens. Prior to wide-
spread use of solid phase assays that can identify specific HLA antibodies, patients 
with a PRA > 10 %, generally required a prospective crossmatch prior to transplan-
tation. The specificity of solid phase and flow cytometric assays now allows virtual 
crossmatching and thus wider sharing of donor organs without prospective cross-
matching. A multidisciplinary approach ensuring appropriate patient selection is 
not only the most important determinant of post-transplant survival, but is also criti-
cal in maintaining proper organ stewardship.

 Contraindications for Cardiac Transplantation

The ISHLT, ACC, AHA, HFSA ESC and the CCS have all published guidelines in 
regard to either contraindications or insufficient indications for cardiac transplanta-
tion. In general, there is consensus of opinion in regard to the contraindications for 
cardiac transplantation.
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 Pulmonary Hypertension

Acute right ventricular failure (RVF) is one of the most feared perioperative compli-
cations of cardiac transplantation and, therefore, preoperative risk stratification is 
crucial. It has been estimated that as many as 20 % of early deaths in transplanted 
patients have resulted from increased pre-operative pulmonary vascular resistance 
(PVR) and the resultant decline in right ventricular function that may ensue post- 
operatively [10]. Because of the significant morbidity and mortality associated with 
this dreaded consequence, many different static and dynamic measurements of pul-
monary hemodynamic variables have been described to guide the selection of 
potential candidates. In addition to PVR, specific cutoffs for pulmonary artery sys-
tolic pressure (PASP) and transpulmonary gradient (TPG) have been utilized to 
identify those at increased risk for RVF. Although these absolute limits have been 
used, a dichotomy does not exist and, therefore, the degree of hemodynamic abnor-
mality may be used to predict incremental risk [11]. 2016 ISHLT guidelines suggest 
a PASP ≥ 50 mmHg, a PVR > 3 Woods units or a TPG ≥15 mmHg, may be consid-
ered as a relative contraindication for cardiac transplantation [6]. In addition, a 
PASP > 60 mmHg imposes additional risk for RVF and/or death in those who have 
either an increased TPG or PVR. In patients with one or more abnormal hemody-
namic measurements, a provocative pharmacologic challenge may be considered 
with one of several different pulmonary and/or systemic vasodilators. Commonly 
used agents include nitroprusside, nitric oxide, and nitroglycerin. If acceptable 
hemodynamics cannot be achieved with one or more of these therapies, or such 
therapy results in significant systemic hypotension (SBP < 85 mmHg), admission 
for further pharmacologic and/or left ventricular assist device (LVAD) therapies 
may be considered. In those patients who demonstrate pulmonary vasoreactivity, 
that is in those who are able to satisfactorily improve their PVR and/or PASP with 
provocation, their predicted survival post-transplant is unclear with some studies 
showing worsened survival post-transplant [12] and others showing outcomes simi-
lar to those with more normal PVR pre-transplant [13, 14].

 Advanced Age

When evaluating a patient for cardiac transplantation, advanced age is a relative con-
traindication to cardiac transplantation. In 2011, the median age of the cardiac trans-
plant recipient was 54 years of age—a number which has not varied much over the 
years. However, the age distribution of transplant recipients has changed significantly 
in the last decade with older patients now being transplanted more frequently. From 
1982 to 1991, approximately 38 % of cardiac transplant recipients were between the 
ages of 50 and 59 and 12 % were between the ages of 60 and 69. In contrast, from 
2002 to 2010, the former group received 35 % of the available hearts, while the oldest 
group received 27 % of all implants [2]. This trend is a reflection of the growing 
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experience that carefully selected patients with end-stage HF and advance age may 
do well with cardiac transplantation.

The previously mentioned supply and demand mismatch in regard to donor 
hearts and potential recipients has certainly led to many ethical discussions centered 
on advanced age when determining recipient candidacy. Having said that, instead of 
asking whether a patient is “too old” for transplant, the better question is “What is 
the likelihood that the patient will live the average 12.1 years post-transplant in light 
of their age and other co-morbidities?”. In the early years of cardiac transplantation, 
age > 55 years old was considered a contraindication to cardiac transplantation due 
to concerns for decreased survival post-transplant. Over the last two decades, how-
ever, numerous single center studies have demonstrated similar outcomes in patients 
> 60 years of age when compared to younger patients [15–17]. In addition, several 
other centers have reported individual experiences suggesting that carefully selected 
patients > 70 years of age may still do well with cardiac transplantation [18–21]. To 
the contrary, other single-center studies have demonstrated decreased post- transplant 
survival in patients > 60 years of age. In one of the largest retrospective studies to 
date, Weiss et al. looked at over 14,000 patients transplanted between 1999 and 
2006. In patients ≥ 60 years of age, 30 day, 1 year and 5 year survival was 93 %, 
84 %, and 69 % respectively compared to 94 %, 87 %, and 75 % in those < 60 years 
of age. Despite this survival difference, the authors concluded that results were still 
encouraging in those ≥ 60 years of age and, therefore, cardiac transplantation 
should be extended to this age group [22].

Based on the works noted above and other similar single center experiences, the 
2016 ISHLT guidelines modified the listing criteria to address the issue of advanced 
age in assessing recipient candidacy. These guidelines state that patients should be 
considered for cardiac transplantation if they are ≤ 70 years of age (Class I recom-
mendation). These guidelines further state that carefully selected patients >70 years 
of age may also be considered for cardiac transplantation (Class IIb) [6].

 Malignancy

In determining a patient’s candidacy for cardiac transplantation, appropriate cancer 
screening is crucial. All patients should undergo age and gender appropriate screen-
ing which may include colonoscopy, mammography, Pap smear, pelvic examination 
and assessment of prostate-specific antigen levels. Based on patient comorbidities 
and/or family history, additional imaging of the chest, abdomen and pelvis and other 
tumor markers may also be considered.

In addition to appropriate cancer screening, patients with a known malignancy 
should undergo careful evaluation and risk stratification. Historically, most centers 
have required that a potential recipient be in remission for at least 5 years prior to 
transplantation due to the necessary immunosuppression and incumbent risk of pro-
voking previously treated malignancies. This approach is somewhat supported by 
recent evidence suggesting that the risk of recurrence is directly related to  cancer- free 
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duration prior to transplantation, with those patients being in remission for ≥ 5 years 
having the lowest risk of recurrence post-transplant [23]. Along similar lines, 
smaller single center studies have shown no significant difference in regard to sur-
vival or the development of a malignancy after transplant in those with an appropri-
ate interval free of malignancy prior to transplantation [24]. This delineation 
however is somewhat arbitrary, as pre-existing neoplasms are quite diverse in regard 
to response to treatment, risk of recurrence and metastatic potential. Numerous 
studies have demonstrated that patients with pre-existing malignancies have under-
gone cardiac transplantation without recurrence of their primary tumor after trans-
plantation [25–28]. Realizing that a single, defined cancer-free period prior to 
cardiac transplantation is arbitrary, the 2016 ISHLT guidelines maintained the fol-
lowing Class I recommendation: “Cardiac transplantation should be considered 
when tumor recurrence is low based on tumor type, response to therapy and nega-
tive metastatic work-up. The specific amount of time to wait to transplant after 
neoplasm remission will depend on the aforementioned factors and no arbitrary 
time period for observation should be used” [6].

 Obesity

Morbid obesity has long been considered a relative contraindication to cardiac 
transplantation. Numerous trials have demonstrated a direct relationship between 
obesity and morbidity and mortality after cardiac surgery. Using various methods to 
measure obesity, several single-center studies have shown a similar correlation 
between pre-transplant obesity and unfavorable outcomes after cardiac transplanta-
tion. These outcomes included increased risk of primary graft failure, mortality, 
infection, frequency of high-grade rejection and decreased time to first high-grade 
rejection [29–32]. Other small studies have shown no difference in similar meaning-
ful outcomes, such as survival, rejection or infection, after cardiac transplantation 
[29, 31]. Although this data is conflicting, the weight of the evidence supports the 
notion that pre-transplant obesity is associated with worse outcomes after cardiac 
transplantation. As a result, the 2016 ISHLT guidelines issued a Class IIa recom-
mendation stating that patients with a body mass index > 35 kg/m2 are at a greater 
risk of poor outcomes after cardiac transplantation and, therefore, it is reasonable to 
recommend weight loss to a target BMI below 35 kg/m2 prior to listing [6].

 Diabetes Mellitus

Diabetes mellitus (DM) and its associated end-organ damage should be carefully 
analyzed in patients undergoing evaluation for cardiac transplantation. One must 
also consider the potential adverse effects of corticosteroids on glycemic control, 
and the potential need for insulin post-transplant in patients previously treated with 
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oral hypoglycemics. Given the complexities of these assessments, consultation with 
an endocrinologist should be considered.

Several studies have shown that patients with pre-existing DM may do well after 
cardiac transplantation with similar survival, transplant coronary artery disease, 
rejection and infection [33, 34]. Other single-center studies have shown less favor-
able outcomes in patients with pre-existing DM citing worse mortality, transplant 
coronary artery disease, infections and ejection fraction [33, 35–38]. In the largest 
evaluation of patients with and without DM undergoing cardiac transplantation, 
Russo et al. reviewed over 20,000 patients undergoing first-time cardiac transplant 
between 1995 and 2005. The authors concluded that there was no significant differ-
ence in post-transplant survival between the group with uncomplicated, pre-existing 
DM and the group without DM. However, when comparing those with pre-existing 
DM and evidence of end-organ disease to the group without DM, mortality and 
post-transplant renal failure and infections were worse in the former group. In the 
2016 ISHLT guidelines on the listing criteria for heart transplantation a Class IIa 
recommendation was given stating that DM with end-organ damage, other than 
poor glycemic control (glycosylated hemoglobin > 7.5) or non-proliferative reti-
nopathy, was a relative contraindication to cardiac transplantation.

 Chronic Kidney Disease

Because of the potentially detrimental effects of the long-term use of immunosup-
pressants on renal function, as well as the common comorbidities that often afflict 
the patient being considered for cardiac transplantation, evaluation of renal function 
prior to transplantation is critical. Numerous risk factors for the development of 
significant renal disease after cardiac transplantation have been identified and 
include age, male gender, hypertension, diabetes mellitus, impaired creatinine 
clearance/estimated glomerular filtration rate (GFR) prior to transplantation, and 
the number of episodes of rejection after transplantation [39–44]. During the early 
years of cardiac transplantation, irreversible renal dysfunction, defined as a serum 
creatinine > 2 mg/dl, was considered a contraindication to cardiac transplantation 
[45]. However, no specific level of creatinine has been previously identified that 
confers an unacceptable risk for cardiac transplantation. Nonetheless, the majority 
of transplant centers have defined some cut-off for either serum creatinine, creati-
nine clearance or estimated GFR above which is considered a relative contraindica-
tion for cardiac transplantation in the absence of concomitant renal transplantation. 
In addition to measures of renal function, the use of renal ultrasound, to assess 
kidney size and evaluate for evidence of medical renal disease, and renal arterial 
ultrasound, to assess for renovascular disease, may also aid in risk stratification. In 
the 2016 ISHLT guidelines a Class IIa recommendation was made in regard to renal 
dysfunction stating that estimated GFR or creatinine clearance should be measured 
and, in those with evidence of abnormal renal function, renal ultrasound, renal arte-
rial ultrasound and estimation of proteinuria should be considered. Furthermore, the 
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presence of irreversible renal dysfunction, defined as an  estimated GFR < 30 ml/
min/1.73 m2, may be considered a relative contraindication to cardiac transplanta-
tion alone [6].

 Peripheral Vascular Disease

The presence and severity of cerebrovascular and peripheral vascular disease (PVD) 
should also be considered prior to cardiac transplantation. In small, single-center 
studies, the development of PVD post-transplant occurred in approximately 10 % of 
patients. Pre-transplant ischemic heart disease, smoking, post-transplant hyperten-
sion, and hypertriglyceridemia were identified as risk factors for the development of 
PVD after heart transplantation [46, 47]. The approach to evaluation, as well as the 
degree of PVD deemed unacceptable for transplantation, varies widely among 
transplant centers worldwide. In the 2016 ISHLT guidelines a Class IIb recommen-
dation was made in regard to vascular disease stating that clinically severe, symp-
tomatic cerebrovascular disease not amenable to revascularization, as well peripheral 
vascular disease that is not revascularizable and will likely limit rehabilitation, may 
be considered a contraindication to cardiac transplantation [6].

 Tobacco Abuse

The effects of smoking on the cardiovascular system in the general population, as 
well as the oncogenic effects of tobacco exposure, have been well described. In 
addition, smoking after cardiac transplantation has been shown to accelerate 
allograft vasculopathy as well as the development of malignancy [48]. Unfortunately, 
approximately 20 % of patients who are abstinent from tobacco at the time of trans-
plant start smoking again after cardiac transplantation [49, 50]. Furthermore, 
although second-hand tobacco exposure has been correlated with the development 
of coronary artery disease, it is often difficult to convey this important relationship 
to patients and families [51, 52]. It is paramount, therefore, that the patient, as well 
as their caregivers, be educated on the importance of tobacco cessation and the 
importance of avoiding second-hand smoke during the evaluation process as well as 
during the post-transplant period—a Class I recommendation in the 2016 ISHLT 
guidelines. Given the poor outcomes that are associated with tobacco use in the 
months preceding heart transplantation, abstinence should be assessed at least 
6 months prior to transplantation and potentially monthly in those with a perceived 
high risk of recidivism. Assessment of urine markers of tobacco exposure, such as 
nicotine and cotinine, may also be considered given the imprecise assessment of 
second-hand tobacco exposure. Recent studies have suggested that individuals self- 
identified as non-smokers with a serum cotinine > 0.7 ng/ml had an increased risk 
of coronary artery disease [53]. The 2016 ISHLT guidelines go on to state that 

M.L. Craig and A.B. Van Bakel



471

active tobacco abuse may be considered a relative contraindication to cardiac trans-
plantation (Class IIa/Level of Evidence C) [6].

 Substance Abuse

Although there is evidence that consumption of moderate amounts of alcohol may 
have protective effects on the cardiovascular system [54], the toxic effect of excessive 
alcohol consumption have been well described. In men and women who consume 
more than four and three drinks per occasion respectively, there is an increased risk of 
alcohol abuse [55]. In addition, there is evidence that chronic, excessive alcohol con-
sumption may impair memory [56]. Although little is known about recidivism in 
patients with a history of alcoholism who have undergone cardiac transplantation, in 
such patients who have undergone liver transplantation, as many as 50 % begin return 
to alcohol consumption in the first 5 years post-transplant [57]. In this same popula-
tion, a family history of alcoholism, lack of social support and < 6 months abstinence 
prior to transplantation have been identified as risk factors for relapse [58]. Most pro-
grams require a period of abstinence prior to listing for transplant. The 2016 ISHLT 
guidelines suggest that a structured rehabilitation program be considered for patients 
with a history of alcohol abuse in the last 24 months prior to listing for transplant 
(Class IIb/Level of Evidence C). In addition, patients who are actively abusing alcohol 
or other substances of abuse should not undergo cardiac transplantation (Class III/
Level of Evidence C) [6].

 Psychosocial Status

An exhaustive psychosocial assessment of the patient and their caregivers is critical 
in the transplant evaluation process. There must be confidence that the patient is 
able to comprehend his or her current disease state, prognosis, and the risks and 
benefits of cardiac transplantation, as well as understand alternative therapies 
including LVADs and palliative care. In addition, there should be a track record of 
compliance given the complex drug regimens, frequent clinic visits and procedures, 
and lifestyle changes that are incumbent with cardiac transplantation. The evalua-
tion should also include an assessment of the patient’s perception of their current 
quality of life, as well as their long-term goals. Lastly, adequate caregivers must be 
identified who are willing, able and committed to supporting the patient periopera-
tively as well as long-term. The 2016 ISHLT guidelines state that social supports 
deemed insufficient to achieve compliant care in the outpatient setting is a relative 
contraindication to heart transplantation. Further, the benefit of heart transplantation 
in patients with severe cognitive-behavioral disabilities or dementia has not been 
established, may cause harm and cannot be recommended in this sub-group of 
patients (Class IIa/Level of Evidence C).
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Maintaining objectivity when discussing these assessments can be difficult. The 
transplant team must be careful not to confuse potential psychosocial predictors of 
poor outcome with their own perceptions of the patient’s quality of life or value to 
society.

 Listing and Donor-Recipient Matching

Once a patient has gone through the evaluation process and has been deemed an 
appropriate candidate for cardiac transplantation, he or she is placed on a waiting 
list and is given a listing status which is determined by their severity of illness. 
Patients who are in the hospital receiving mechanical circulatory support (i.e. left 
and/or right ventricular assist device, total artificial heart, intra-aortic balloon pump, 
extracorporeal membrane oxygenation) for acute hemodynamic decompensation 
and/or multiple inotropic drugs along with continuous hemodynamic monitoring of 
left ventricular filling pressures are designated Status IA. Patients on single or mul-
tiple low dose inotropes and those with a durable left ventricular assist device in 
place are designated Status IB. Patients not meeting these criteria are designated 
Status 2. In patients who have been previously listed but are not currently trans-
plantable due to a potentially reversible reason (i.e. infection, end-organ dysfunc-
tion, etc.) a Status 7 (temporarily inactive) designation is used.

The United Network for Organ Sharing (UNOS) is a private, non-profit organiza-
tion that is contracted by the federal government to manage the organ transplant 
system within the United States. An organ procurement organization (OPO) is a 
private, non-profit organization which is certified by the Centers for Medicare and 
Medicaid Services and is responsible for donor management within a given geo-
graphic area. Once a donor becomes available, the local OPO offers the donor heart 
to all potential candidates via a centralized computer network that is maintained by 
UNOS. UNOS makes offers to transplant programs based on ABO blood typing and 
acceptable donor weight ranges that have been submitted by all transplant programs 
for their potential recipients. Within the group of potential recipients with an accept-
able blood type and weight, donor hearts are allocated to recipients based on sever-
ity of illness and time on the list. The algorithm used by UNOS to allocate donor 
hearts is complex and ultimately attempts to ensure the most appropriate allocation 
of a precious resource to the sickest patients.

 Pre-transplant Longitudinal Care

While awaiting transplantation, listed patients should undergo periodic assessment 
to ensure continued candidacy. Patients should be seen in follow-up at least every 
3 months with assessment of weight/BMI and routine laboratory testing to assess 
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blood counts, coagulation and end-organ function. PRA testing should be performed 
after sensitizing events (i.e. blood transfusion, LVAD implantation, etc.) or on a 
regular basis in patients with a PRA > 10 % at baseline. In regard to HF severity, 
cardiopulmonary stress testing should be repeated at least yearly—right heart cath-
eterization should be performed every 6 months and considered more frequently in 
patients with pulmonary hypertension. Age appropriate cancer screening to include 
Pap smear, mammogram and assessment of prostate-specific antigen levels should 
also be performed.
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Chapter 21
Pathophysiology of the Alloimmune Response 
and Immunosuppression

Michael X. Pham

 The Alloimmune Response to Foreign Antigen

 Introduction

Alloimmunity is defined as the body’s immune response to foreign antigens found 
on the cells of organs transplanted between genetically nonidentical members of the 
same species (allografts). In organ transplantation, alloimmunity is primarily 
directed toward Major Histocompatability Complex (MHC) molecules expressed 
on the surface of donor organs. The alloimmune response can be broadly classified 
into two arms. Cell-mediated immunity involves the activation and recruitment of 
antigen-specific cytotoxic T-lymphocytes, macrophages, and natural killer cells in 
response to a foreign graft. In contrast, humoral immunity is primarily mediated by 
B-lymphocytes, antibodies, and complement. Both processes, if left unmodulated 
after organ transplantation, can lead to organ rejection.

 Components of the Alloimmune Response

• MHC molecules are called Human leukocyte antigens (HLA) in humans. 
They are cell surface antigen-presenting proteins that are encoded by the MHC 
complex, a large group of highly polymorphic genes located on chromosome 6. 
These proteins are used by the immune system to differentiate between cells of 
self and non-self origin and to recognize foreign invaders such as bacteria and 
viruses. The MHC molecules are divided into two classes. Class I molecules are 
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encoded by three major HLA genes (HLA-A, B, and C). They are expressed on 
the surface of all nucleated cells and present endogenous antigen (proteins 
derived from within the cell such as viral peptides and tumor antigens) to the 
immune system. Class II molecules are encoded by three additional HLA genes 
(HLA-DP, DQ, DR) and are only expressed on the surface of specialized cells, 
called antigen presenting cells (APC). APCs have the ability to process and pres-
ent exogenous antigen, such as bacteria, that has been uptaken and digested by 
the cell. The HLA genes are co-dominantly expressed. Therefore, each individ-
ual will inherit and express one allele from each parent for each of the six major 
MHC genes.

• Antigen presenting cells include dendritic cells, macrophages, B lymphocytes, 
and activated vascular endothelial cells. Their primary role is to present foreign 
antigen to T lymphocytes. Because T lymphocytes are unable to recognize intact 
or free antigen, APC’s must internalize and process any soluble donor antigen 
and must subsequently present them as donor antigen fragments bound to MHC 
molecules on their surfaces. APC’s can be of both donor and recipient origin.

• Two major populations of T lymphocytes are involved in the alloresponse to a 
transplanted organ. Cytotoxic T lymphocytes, also known as CD8+ T cells 
because they express the CD8 glycoprotein on their surfaces, have T cell recep-
tors that recognize foreign antigen fragments bound to MHC Class I proteins on 
the surface of donor cells, and, in response, induce cell death via direct cytotox-
icity or by inducing apoptosis. They play a major role in cell-mediated immunity. 
In contrast, helper T lymphocytes, or CD4+ T cells, contain T receptors that 
recognize MHC Class II complexes on the surface of APCs, and in turn stimulate 
antibody-producing B-cells that generate antibodies specific to the recognized 
antigen. Helper T lymphocytes also stimulate macrophages and natural killer 
cells that are involved in cell-mediated immunity.

• B lymphocytes are involved in the humoral response to alloantigens. B lympho-
cytes contain immunoglobulin receptors on their surface that recognize foreign 
antigen. Once activated, B lymphocytes differentiate into antibody-secreting 
plasma cells that generate antibodies with specificities against specific MHC 
Class I or II molecules. These antibodies bind to the surface of their target donor 
cells, activate complement, and induce cell lysis. Additionally, alloantibodies 
coat the surface of donor cells and target them for destruction by macrophages 
and natural killer cells.

• Natural killer cells are a small subset of lymphocytes that lack both T-cell and 
B-cell surface receptors to directly recognize foreign antigen. Instead, they are 
recruited by activated T helper lymphocytes through the secretion of cytokines 
such as interleukin-2 (IL-2) and interferon-gamma (IFN-gamma) to kill foreign 
cells.

• Macrophages are differentiated monocytes that reside within tissues. They func-
tion as APCs by presenting processed alloantigen fragments in combination with 
MHC Class II molecules to CD4+ T lymphocytes. Additionally, macrophages 
play a similar effector role as natural killer cells.
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 Mechanisms of Transplant Rejection

 Allorecognition

The initial step in mounting an alloimmune response to a transplanted organ occurs 
in the recipient’s lymph nodes and involves recognition of the transplanted tissue as 
non-self, or foreign. The recipient’s immune response recognizes the presence of 
donor (foreign) antigen through one of two pathways. In the direct pathway, donor 
dendritic cells present within the transplanted organ migrate from the graft to the 
recipient’s lymph nodes, where intact, foreign MHC class I and II proteins expressed 
on their surfaces are recognized by recipient CD8+ and CD4+ T cells, respectively. 
This pathway is thought to play a major role in acute rejection. In the indirect path-
way, recipient APCs (both dendritic cells and B lymphocytes) enter the graft, where 
they internalize and process soluble MHC molecules shed by the graft, and subse-
quently migrate back to the draining lymph nodes. There, foreign MHC proteins are 
recognized by recipient CD4+ T cells as processed peptides complexed with self 
MHC class II molecules.

 Lymphocyte Activation and Proliferation

In the lymph nodes, naïve and memory T lymphocytes interact with APCs of both 
donor and host origin. Individual T lymphocytes are only able to recognize a single, 
specific antigen presented in the context of MHC. A T lymphocyte with a specificity 
for a particular MHC-peptide complex is activated and undergoes clonal expansion 
once it recognizes its unique ligand on the surface of APCs. T lymphocyte activa-
tion requires two specific signals (Fig. 21.1a–d). Signal 1 occurs when the T cell 
receptor (TCR) on the surface of T lymphocytes recognizes and binds to the peptide- 
MHC complex on the surface of APCs. This is followed by a second, costimulatory 
signal which involves interaction between the B7 ligand on the APC with CD28 on 
the surface of T lymphocytes. Signals 1 and 2 initiate a series of signal transduction 
pathways that result in the expression of the interleukin-2 (IL-2) gene. IL-2 and 
other cytokines, in turn, bind to the IL-2 receptor on the surface of the original T 
lymphocyte and on nearby activated T lymphocytes to provide a third signal that 
triggers cell division, clonal expansion, and differentiation to express effector 
functions.

 Effector Mechanisms Leading to Tissue Injury

Allograft rejection is mediated through both cellular and humoral effector mecha-
nisms (Fig. 21.2). Activated, antigen-specific CD8+ T lymphocytes directly affect 
donor cell death via releasing a number of cytotoxic proteins that result in cell lysis 
and that induce apoptosis within the target cell. Similarly, activated CD4+ helper T 
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Fig. 21.1 Steps in T lymphocyte activation and proliferation. Panel a Multiple signals are required 
for T cell activation and proliferation in response to alloantigen recognition. Panel b Donor anti-
gens on the surface of antigen presenting cells (APC) are recognized by the T cell receptor (TCR) 
on the surface of T lymphocytes (signal 1). Panel c A second signal, involving binding of the B7 
molecules on the APC to CD28 on the surface of T lymphocytes is required for T lymphocyte 
activation to occur (signal 2). Signals 1 and 2 trigger an increase in the cytoplasmic levels of cal-
cium, which in turn activates the cytoplasmic protein phosphatase calcineurin. Calcineurin dephos-
phorylates a transcription factor called nuclear factor of activated T cells (NFAT), allowing it to 
enter the nucleus, where it promotes the expression of interleukin 2 (IL-2). Panel d Secreted IL-2 
binds to the IL-2 receptor (IL-2R) on the surface of activated T lymphocytes (signal 3), providing 
the stimulus needed for cell growth and proliferation through the mammalian target of rapamycin 
(mTOR) pathway

Fig. 21.1 (continued)
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lymphocytes secrete a variety of cytokines, including interleukin-4 and interleukin-
 5 that promote the maturation of B-lymphocytes and the production of donor- 
specific alloantibodies. Alloantibodies bind to their specific MHC targets on the 
surface of vascular endothelial cells within the allograft, where they cause active 
damage to the graft by activating the complement cascade and by targeting cells for 
destruction by natural killer cells and macrophages in a process called antibody- 
dependent cell-mediated cytotoxicity (ADCC). The later cells have specific recep-
tors on their surfaces that recognize tissue-bound antibody and kill targeted cells 
through the release of pore-forming proteins and proteolytic enzymes. Additionally, 
CD4+ T lymphocytes initiate a nonspecific delayed-type hypersensitivity (DTH) 
response whereby non-antigen-specific cells such as macrophages, natural killer 
cells, and monocytes are recruited into the graft to enhance the inflammatory 
response.

 Principles of Immunosuppression

The goal of immunosuppression is to blunt the alloimmune response to prevent or 
treat cardiac allograft rejection while minimizing both drug toxicities as well as the 
major sequella of immune suppression, namely infection and malignancy. Most 
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clinically used immunosuppressive regimens consist of a combination of several 
agents used concurrently and follow several general principles. The first principle is 
that immune reactivity and tendency toward graft rejection are highest early (within 
the first 3–6 months) after graft implantation and decrease with time. Thus, most 
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Fig. 21.2 Effector mechanisms leading to allograft rejection. Activated T lymphocytes undergo 
clonal expansion and differentiation into effector cells. CD8+ cytotoxic T lymphocytes directly 
affect donor cell death by causing cell lysis and inducing apoptosis. In contrast, CD4+ helper T 
cells secrete cytokines and chemokines that stimulate B lymphocyte maturation and alloantibody 
production and that help macrophages, natural killer cells, and monocytes to induce a delayed-type 
hypersensitivity response
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regimens employ the highest intensity of immunosuppression immediately after 
surgery and decrease the intensity over the first year, eventually settling on the low-
est maintenance levels of immunosuppression that are compatible with preventing 
graft rejection and minimizing drug toxicities. The second general principle is to 
use low doses of several drugs without overlapping toxicities in preference over 
higher (and more toxic) doses of a single drug whenever feasible. The third princi-
ple is that too intense immunosuppression is undesirable because it leads to undesir-
able effects such as susceptibility to infection and malignancy.

Immunosuppressive regimens can be classified as induction, maintenance, or 
anti-rejection. Induction regimens provide intense early post-operative immune 
suppression while maintenance regimens are used throughout the patient’s life to 
prevent both acute and chronic rejection. This chapter will review the induction and 
maintenance immunosuppressive regimens used in heart transplantation. The treat-
ment of acute rejection will be discussed in subsequent chapters.

 Induction Therapy

Currently, slightly fewer than 50 % of heart transplant programs employ a strategy of 
augmented immunosuppression, or induction therapy, during the early post- operative 
period [1]. The goal of induction therapy is to provide intense immunosuppression 
when the risk of allograft rejection is highest. From a clinical perspective, the main 
advantages of induction therapy are to allow delayed initiation of nephrotoxic immu-
nosuppressive drugs in patients with compromised renal function prior to or follow-
ing surgery and to provide some flexibility with respect to early corticosteroid 
weaning or use of corticosteroid-sparing maintenance immunosuppressive regimens 
after transplantation [2–4]. Several anti-lymphocyte antibodies that target specific 
epitopes on the surface of both B and T cells have been used as part of induction 
therapy. However, the overall strategy of universal induction therapy and the optimal 
drugs to achieve a state of early intense immunosuppression remain controversial. 
The decreased early rejection observed with induction therapy may be negated by an 
increase in late rejection after induction therapy is completed and by the potential for 
increased rates of infection and malignancy associated with such therapy [5–11]. 
However, patients at highest risk for fatal rejection, including younger patients, 
African American patients, patients with high levels of pre-formed antibodies against 
HLA epitopes, and patients supported on ventricular assist devices may derive a ben-
efit from induction therapy [12].

 Muromonab-CD3 (OKT3)

OKT3 is a murine monoclonal antibody that binds to the T cell receptor-CD3 com-
plex on the surface of circulating T cells. It exerts its immunosuppressive effects via 
a variety of mechanisms, including rapid T cell depletion from the peripheral 
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circulation as a result of opsonization in the liver and spleen, and modulation of the 
T cell receptor-CD3 antigen recognition complex, thereby blocking the immuno-
logic function of these cells [13, 14].

OKT3 administration is associated with a number of important acute and long- 
term side effects. The first or second drug dose is typically associated with a cytokine 
release syndrome characterized by fevers, rigors, nausea, vomiting, diarrhea, hypo-
tension, chest pain, dyspnea or wheezing, arthralgias, and myalgias. This syndrome 
is caused by initial activation of T cells and release of multiple cytokines. It can be 
attenuated by pre-medication with intravenous steroids, antihistamines, antipyret-
ics, and H2-blockers. Rare life-threatening complications have included pulmonary 
edema, aseptic meningitis, and encephalopathy. Long-term adverse reactions include 
an increased risk of life-threatening opportunistic infections, particularly with cyto-
megalovirus, and post-transplant lymphoproliferative disorders. Finally, prolonged use 
of OKT3 can elicit a host anti-mouse antibody response that can blunt future drug effi-
cacy and increase the risk of antibody-mediated rejection [15–17]. Due to these adverse 
effects and the availability of alternate agents, the use of OKT3 has been abandoned.

 Polyclonal Anti-thymocyte Antibodies

Polyclonal antibodies are derived by immunization of horses (ATGAM) or rabbits 
(Thymoglobulin) with human thymocytes. These preparations contain antibodies 
directed against a wide variety of human T-cell antigens and cause rapid depletion 
of T-lymphocytes by inducing complement-mediated cytolysis and cell-mediated 
opsonization in the spleen and liver. There are no head-to-head comparison trials of 
ATGAM and Thymoglobulin in heart transplantation, but data from the kidney 
transplant literature suggests that thymoglobulin may result in a lower incidence of 
both short and long-term acute rejection compared to ATGAM, possibly because of 
more profound and durable lymphopenia after Thymoglobulin administration [18, 
19]. These agents combined are currently employed in 20 % of heart transplant 
recipients based upon the most recent international transplant registry data [1].

The major acute side effects associated with this class of drugs include a serum 
sickness reaction characterized by fevers, chills, tachycardia, hypertension or hypo-
tension, myalgias, and rash. The reaction is typically noticed during the first or 
second drug infusion and can be treated by temporarily stopping the drug infusion 
and restarting at a lower infusion rate. Pre-medication with intravenous steroids, 
antihistamines, antipyretics, and H2 blockers can prevent or reduce the severity of 
symptoms. Dose-dependent leukopenia (30–50 %) and thrombocytopenia (30–
40 %) have also been observed and typically respond to dose reduction or drug 
discontinuation for severe cases (WBC < 2000 cells/mm3 or platelet count < 50,000 
cells/mm3). These agents do not induce a host antibody response to horse or rabbit 
sera and can be re-used for the treatment of allograft rejection. Long-term side 
effects include a pre-disposition to opportunistic infections, particularly with cyto-
megalovirus, and a possible increase in the incidence and aggressiveness of post- 
transplant malignancies [11, 20, 21].
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 Interleukin-2 Receptor Antagonists

In recent years, the use of interleukin-2 (IL-2) receptor antagonists for induction 
therapy has increased, and these drugs are now used in 28 % of patients undergoing 
heart transplantation [1]. Compared to OKT3 and anti-thymocyte antibodies, this 
class of drugs has a significantly lower incidence of drug-related adverse reactions 
[22, 23]. The currently available agent, Basiliximab (Simulect), is an anti-IL-2 
receptor monoclonal antibodies that selectively binds to the IL-2 receptor of 
T-lymphocytes, blocks binding of IL-2 to the receptor complex, and exhibits its 
immunosuppressive effects by inhibiting IL-2 mediated T-lymphocyte 
proliferation.

Basiliximab was studied in a pilot multicenter, placebo-controlled randomized 
study of 56 de novo heart transplant recipients designed to assess the safety, toler-
ability, and pharmacokinetics of the drug. Patients were randomized to two doses of 
either basiliximab or to placebo in addition to a background immunosuppressive 
regimen that included cyclosporine, mycophenolate mofetil, and corticosteroids. 
There were no significant differences between treatment groups with respect to 
drug-related adverse events or infections. At 6 months, a non-statistically significant 
trend toward a decrease in the mean number of days to a first biopsy-proven acute 
rejection episode of ISHLT Grade ≥ 2R or to a rejection episode with hemodynamic 
compromise was observed in the basiliximab group compared to placebo (74 versus 
41 days) [24].

 Alemtuzumab

Alemtuzumab (Campath-1H) is a humanized rat monoclonal antibody that targets 
the CD52 antigen expressed on both T and B cells. This powerful cytolytic agent 
produces a profound lymphopenia that lasts for approximately 6 months and that 
may persist for up to 3 years in some individuals [25]. The agent was originally 
developed to treat chronic lymphocytic leukemia but has also been used as induc-
tion therapy in kidney and heart transplantation, where it has permitted use of lower 
intensity maintenance immunosuppression [26, 27]. Currently, the use of alemtu-
zumab as induction therapy is limited to only 2 % of heart transplant recipients [28].

 Maintenance Immunosuppressive Regimens

The strategies and drugs used for immune suppression have advanced considerably 
since the first heart transplant was performed in 1967. Beginning with the introduc-
tion of cyclosporine in 1983, significant advances have been made in moving from 
drugs that provide broad and non-specific immunosuppression to newer agents that 
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provide more targeted immunosuppression through selective inhibition of lympho-
cyte activation and proliferation. Drug selectivity has resulted in a marked increase 
in patient survival due to a decrease in the incidence of both life-threatening oppor-
tunistic infections and rejection episodes. Most maintenance immunosuppressive 
protocols employ a three-drug regimen consisting of a calcineurin-inhibitor (cyclo-
sporine or tacrolimus), an antimetabolite agent (mycophenolate mofetil or less com-
monly azathioprine), and tapering doses of corticosteroids over the first year 
post-transplantation. The commonly used drugs in heart transplantation and their 
toxicities are outlined in Table 21.1 [29].

 Calcineurin-Inhibitors

Since the introduction of cyclosporine in the early 1980’s, the calcineurin inhibitors 
have remained the cornerstone of maintenance immunosuppressive therapy in heart 
and other solid organ transplantation. These drugs exert their immunosuppressive 
effects by inhibiting calcineurin, which is normally responsible for the transcription 
of IL-2 and several other cytokines, including TNF-α, granulocyte-macrophage 
colony-stimulating factor, and interferon-gamma (Fig. 21.1). The end result is 
blunting of T-lymphocyte activation and proliferation in response to alloantigens. 
The two available calcineurin inhibitors, cyclosporine and tacrolimus, form com-
plexes with different intracellular binding proteins, and these drug-protein com-
plexes subsequently bind to and inhibit calcineurin. The drugs differ with respect to 
both efficacy and side effect profile.

 Cyclosporine

Cyclosporine is a peptide derived from the fungus Tolypocladium inflatum that has 
powerful immunosuppressive properties. It binds to the cytoplasmic protein 
cyclophilin to inhibit calcineurin. The drug is available in several formulations. The 
older oil-based formulation, called Sandimmune®, was characterized by variable 
and incomplete absorption. The newer modified formulations, including Gengraf® 
and Neoral®, are microemulsion formulations that result in improved and more 
reproducible drug absorption. Due to their improved pharmacokinetic profile, the 
microemulsion preparations are generally preferred over the oil-based formulation. 
The two formulations are not considered bioequivalent, and patients should not be 
routinely switched from one to the other without close monitoring of drug levels.

Dosing and Therapeutic Drug Monitoring Cyclosporine is available as oil-based 
or microemulsion capsules, as an oral microemulsion solution, and as a concentrate 
for injection. When given intravenously, approximately one third of the daily oral 
dose should be given as a continuous infusion over 24 h. The drug is typically 
titrated to achieve therapeutic 12-h trough levels. In general, cyclosporine levels are 
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Table 21.1 Immunosuppressive agents used in heart transplantation [29]

Drug Dosing Target levels Major toxicities

Calcineurin inhibitors
Cyclosporine 4–8 mg/kg/day in 2 

divided doses, 
titrated to keep 
target 12-h trough 
levels

0–6 months: 
250–350 ng/mL
6–12 months: 
200–250 ng/mL
>12 months: 
100–200 ng/mL

Renal insufficiency
Hypertension
Dyslipidemia
Hypokalemia and 
hypomagnesemia
Hyperurecemia
Neurotoxicity 
(encephalopathy, seizures, 
tremors, neuropathy)
Gingival hyperplasia
Hirsutism

Tacrolimus 0.05–0.1 mg/kg/
day in 2 divided 
doses, titrated to 
keep target 12-hr. 
trough levels

0–6 months: 
10–15 ng/mL
6–12 months: 
5–10 ng/mL
>12 months: 
5–10 ng/mL

Renal dysfunction
Hypertension
Hyperglycemia and diabetes 
mellitus
Dyslipidemia
Hyperkalemia
Hypomagnesemia
Neurotoxicity (tremors, 
headaches)

Cell cycle agents
Azathioprine 1.5–3.0 mg/kg/day, 

titrated to keep 
WBC ~ 3 K

None Bone marrow suppression
Hepatitis (rare)
Pancreatitis
Malignancy

Mycophenolate 
mofetil

2000–3000 mg/day 
in 2 divided doses

Mycophenolic 
acid (MPA): 2–5 
mcg/ml

Gastrointestinal disturbances 
(nausea, gastritis, and 
diarrhea)
Leukopenia

Mycophenolic acid 1440 mg/day in 2 
divided doses

None Less gastrointestinal 
disturbances compared to 
mycophenolate mofetil
Leukopenia

Proliferation signal inhibitors
Sirolimus 1–3 mg/day, 

titrated to keep 
therapeutic 24-h 
trough levels

5–10 ng/mL Oral ulcerations
Hypercholesterolemia and 
hypertriglyceridemia
Poor wound healing
Lower extremity edema
Pulmonary toxicities 
(pneumonitis, alveolar 
hemorrhage)
Leukopenia, anemia, and 
thrombocytopenia
Potentiation of CNI 
nephrotoxicity
Proteinuria
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kept highest in the first year post-transplantation (200–350 ng/mL) and lowered in 
subsequent periods (100–200 ng/mL). However, target drug levels should be indi-
vidualized according to a patient’s risk of rejection, renal function, and susceptibil-
ity to drug toxicities and infection.

Major Toxicities The major toxicities of cyclosporine include renal insufficiency, 
hypertension, dyslipidemia, hypokalemia and hypomagnesemia, and neurotoxicity 
(see Table 21.1). Gingival hyperplasia and hirsutism are two additional side effects 
that are unique to cyclosporine.

 Tacrolimus

Tacrolimus (Prograf®), previously known as FK-506, is a macrolide compound 
derived from the fungus Streptomyces tsukubaensis. It binds to a cytoplasmic pro-
tein called FK binding protein and inhibits calcineurin via a similar pathway to that 
of cyclosporine. In recent years, the use of tacrolimus in heart transplantation has 
increased, and it is currently the most widely used calcineurin-inhibitor.

Multiple single-center and multi-center randomized comparisons between de 
novo use of tacrolimus and cyclosporine after heart transplantation have been 
reported [30–37]. As a whole, these trials have shown similar survival between 
patients treated with the two agents but fewer episodes of biopsy-proven or drug- 
treated acute rejection among patients treated with tacrolimus. Additionally, tacro-
limus is associated with a more favorable side effect profile compared to cyclosporine. 
Compared to patients treated with cyclosporine, patients on tacrolimus had less 

Table 21.1 (continued)

Drug Dosing Target levels Major toxicities

Everolimus 1–1.5 mg/day, 
titrated to keep 
therapeutic 12-h 
trough levels

3–8 ng/mL Similar to sirolimus

Corticosteroids
Prednisone 0.5–1 mg/kg/day in 

2 divided doses, 
tapered to 0.05 mg/
kg/day by 6–12 
month

None Weight gain
Hypertension
Hyperlipidemia
Osteopenia
Hyperglycemia
Poor wound healing
Salt and water retention
Proximal myopathy
Cataracts
Peptic ulcer disease
Growth retardation

Reproduced with permission from McGraw Hill, Pham et al. [29], with permission from 
McGraw- Hill
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hypertension, less hyperlipidemia, but a higher incidence of post-transplant diabetes 
mellitus.

Dosing and Therapeutic Drug Monitoring Tacrolimus is available as oral cap-
sules and as an injectable solution. The drug is typically given orally. When intrave-
nous administration is required, approximately one third of the daily oral dose 
should be given as a continuous infusion over 24 h. Drug dosing is titrated to achieve 
therapeutic 12-h trough levels. In general, target levels are typically highest in the 
first 6 months (10–15 ng/mL) and lower thereafter (5–10 ng/mL).

Major Toxicities Compared to cyclosporine, the use of tacrolimus is associated 
with less hypertension and dyslipidemia. However, an increased frequency of 
 new- onset diabetes mellitus has been observed in patients on tacrolimus compared 
with cyclosporine.

 Antimetabolites

The antimetabolites, or antiproliferative agents, interfere with the synthesis of 
nucleic acids and exert their immunosuppressive effects by inhibiting the prolifera-
tion of both T and B lymphocytes.

 Azathioprine

Azathioprine (Imuran®) is a prodrug that is first rapidly hydrolyzed in the blood to 
its active form, 6-mercaptopurine, and subsequently converted to a purine analogue, 
thio-inosine-monophosphate. This antimetabolite is incorporated into DNA and 
inhibits further nucleotide synthesis, thereby preventing mitosis and proliferation of 
rapidly dividing cells such as activated T and B lymphocytes. This drug is typically 
used as an adjunctive immunosuppressive agent with either corticosteroids or more 
commonly in conjunction with a calcineurin inhibitor. The major side effects include 
dose-dependent myelosuppression, particularly leukopenia. Azathioprine should be 
temporarily withheld if the white cell count falls below 3000/mm2 or drops by 50 % 
compared to the previous value. Other potentially serious side effects include hepa-
totoxicity and pancreatitis.

 Mycophenolate Mofetil

Mycophenolate mofetil (Cellcept®) has replaced azathioprine as the preferred anti-
metabolite agent in recent years. It is also prodrug that is rapidly hydrolyzed to its 
active form, mycophenolic acid (MPA). MPA is a reversible inhibitor of inosine 
monophosphate dehydrogenease, a critical enzyme for the de-novo synthesis of 
guanine nucleotides. Lymphocytes lack a key enzyme in the guanine salvage 
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pathway and are dependent upon the de novo pathway for the production of purines 
necessary for RNA and DNA synthesis. Therefore both T- and B-lymphocytes pro-
liferation are selectively inhibited.

In a multi-center, active-controlled, randomized trial, mycophenolate mofetil 
was compared with azathioprine when used in conjunction with cyclosporine and 
corticosteroids in 650 de novo heart transplant recipients. Because an intravenous 
form of the study drug (mycophenolate mofetil) was not available at the time of the 
trial, 11 % of the patients withdrew before receiving the drug. Survival and rejection 
were similar in both groups when analyzed in an intention-to-treatment manner. 
However, among treated patients, mycophenolate mofetil was associated with a 
 significant reduction in both mortality (6 % versus 11 %, p=0.031) and in the inci-
dence of treatable rejection (66 % versus 74 %, p=0.026) at 1 year [38].

Dosing and Therapeutic Drug Monitoring Mycophenolate mofetil is available 
as an oral tablet or capsule and as a powder for injection. The intravenous solution 
is given at the same oral dose as a 2 h infusion every 12 h. The drug is typically 
administered at a starting dose of 1000–1500 mg twice daily and subsequently 
decreased as needed in response to leukopenia or gastrointestinal intolerance. While 
drug monitoring is not routinely performed, some centers target MPA trough levels 
between 2 and 5 ng/mL.

Major Toxicities Mycophenolate mofetil is not nephrotoxic and causes less bone 
marrow suppression compared to azathioprine. The main side effects include dose 
related leukopenia and gastrointestinal toxicities such as nausea, gastritis, and diar-
rhea. A possible association between mycophenolate mofetil and Progressive 
Multifocal Leukoencephalopathy (PML) has been reported [39].

 Mycophenolic Acid

Mycophenolate sodium (Myfortic®) is an enteric coated, delayed release salt of 
mycophenolic acid, developed to improve the upper gastrointestinal tolerability of 
mycophenolate. Mycophenolic acid is available in 180 mg and 360 mg enteric 
coated tablets. Because of this coating, the tablet should not be crushed. The follow-
ing conversions between mycophenolate mofetil (MMF) and mycophenolate 
sodium should provide equimolar amounts of MPA:

• 1000 mg MMF = 720 mg mycophenolate sodium
• 1500 mg MMF = 1080 mg mycophenolate sodium

Single and multi-center studies in de novo heart transplant recipients have shown 
that EC-MPS is therapeutically similar to MMF with respect to prevention of both 
biopsy-proven and treated acute rejection episodes, graft loss, or death. However, 
significantly fewer patients in the EC-MPS group required dose reductions during 
treatment [40, 41].
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 Proliferation Signal Inhibitors

In recent years, a new class of drugs called proliferation signal inhibitors, or mam-
malian target of rapamycin (mTOR) inhibitors, has been used in selected patients 
with renal insufficiency, cardiac allograft vasculopathy, or malignancies, in an 
attempt to reverse or slow progression of these conditions. However, the high inci-
dence of drug-related adverse effects, including pericardial effusions, delayed ster-
nal wound healing after transplantation, and the potential for enhanced nephrotoxicity 
when used with standard-dose cyclosporine, may limit the widespread use of these 
agents as de-novo therapy following transplantation [36, 42–44]. The two drugs in 
this class, Sirolimus and Everolimus, have similar mechanisms of action. They are 
structurally similar to Tacrolimus and also bind to the FK binding protein; however, 
they exert their immunosuppressive effects via a calcineurin-independent mecha-
nism. The drug-immunophilin complex inhibits a protein kinase in the cytoplasm 
called mammalian target of rapamycin (mTOR) (Fig. 21.1d). mTOR is involved in 
the transduction signals from the IL-2 receptor to the nucleus. The consequence of 
mTOR inhibition is cell cycle arrest at the G1 to S phase, preventing both T- and 
B-cell proliferation in response to cytokine signals.

 Sirolimus

Sirolimus (Rapamune®) is a macrolide antibiotic derived from the fungus 
Streptomyces hygroscopicus. The efficacy of sirolimus as an alternative to azathio-
prine was evaluated in a prospective, open-label, randomized trial of 136 de novo 
heart transplant recipients. Patients were randomized 2:1 to receive one of two siro-
limus doses (3 or 5 mg) or to azathioprine. Sirolimus doses were subsequently 
adjusted in both groups to achieve similar target blood levels. All patients received 
concurrent immunosuppression with cyclosporine and corticosteroids. Compared 
with azathioprine, the use of either dose of sirolimus was associated with fewer 
biopsy-proven acute cellular rejection episodes at 6 months. Additionally, the 
development of cardiac allograft vasculopathy, as defined by intravascular ultra-
sound, was significantly reduced in the sirolimus groups at both 6 months and 
2 years. Patient survival at 12 months was comparable among groups [43]. The 
combination of sirolimus with tacrolimus was also compared against mycopheno-
late mofetil with tacrolimus and mycophenolate mofetil with cyclosporine in a 
multi-center randomized trial involving 343 de novo heart transplant recipients. In 
this study, there was no statistically significant difference in the incidence of acute 
cellular rejection or hemodynamically compromising rejection among the three 
groups, but patients in both the sirolimus plus tacrolimus group and in the myco-
phenolate mofetil plus tacrolimus group experienced fewer treated rejection epi-
sodes compared to patients in the mycophenolate mofetil plus cyclosporine group. 
However, patients in the sirolimus plus tacrolimus group experienced an increased 
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incidence of renal dysfunction and wound healing complications compared to the 
other two groups [36].

Dosing and Therapeutic Drug Monitoring Sirolimus is available in a liquid or tablet 
formulation. When used in conjunction with cyclosporine-modified capsules (Gengraf 
or Neoral), Sirolimus should be given 4 h after cyclosporine administration to minimize 
the pharmacokinetic interaction between the two drugs. Dosing is typically adjusted to 
achieve serum trough levels of 5–10 ng/mL. However, target ranges may vary depend-
ing upon the assay (immunoassay versus chromatographic) used, and clinicians should 
be familiar with the reference range for the assay used at their institutions.

Major Toxicities Sirolimus has no inherent nephrotoxic effects but can potentiate 
the efficacy and nephrotoxic effects of the calcineurin inhibitors. Therefore, when 
these agents are used together, the dosage of the calcineurin inhibitor should be 
reduced by approximately 25 %, and reduced calcineurin-inhibitor drug therapeutic 
drug levels should be targeted. The most common drug-related toxicities include 
hyperlipidemia, oral ulcerations, lower extremity edema, and bone marrow suppres-
sion with leukopenia, thrombocytopenia, and anemia [43]. Post-surgical wound 
healing complications, as well as an increase in the incidence of pleural and pericar-
dial effusions requiring drainage, have also been reported when the drug is used 
immediately after transplantation [42, 45]. Proteinuria has also been reported among 
patients converted to sirolimus, although its incidence and clinical significance are 
not well understood [46]. Finally, rare but serious cases of sirolimus-related pulmo-
nary toxicities have been described [47–49].

 Everolimus

Everolimus (Zortress®, Certican®) is an analog of Sirolimus that has weaker bind-
ing affinity to the FK binding protein and subsequently has a shorter drug half-life 
(30 h) compared to that of sirolimus (60 h). Everolimus was studied in a 24-month, 
multi-center, randomized, open-label non-inferiority study involving 721 de novo 
heart transplant recipients. Patients were randomized to one of two everolimus drug 
exposures (1.5 mg/day or 3.0 mg/day in divided doses) with reduced-dose cyclospo-
rine, or to mycophenolate mofetil with standard-dose cyclosporine. Patients received 
corticosteroids with or without induction therapy according to individual transplant 
center protocols. Enrollment into the higher dose (3.0 mg/day) everolimus arm was 
stopped prematurely due to a higher incidence of early mortality in this group. 
Everolimus was found to be non-inferior to mycophenolate mofetil with respect to 
the primary efficacy endpoint of biopsy-proven acute cellular rejection, acute rejec-
tion with hemodynamic compromise, graft loss or retransplantation, death, or loss 
to follow-up. As reported with previous studies [50], patients on everolimus had 
reduced intimal proliferation on intravascular ultrasound at 12 months post- 
transplantation. More nonfatal serious adverse events, particularly pericardial 

21 Pathophysiology of the Alloimmune Response and Immunosuppression



494

effusions, and a higher rate of drug discontinuations due to adverse events were 
reported in the everolimus group compared to the mycophenolate mofetil group. 
Finally, everolimus was noted to be inferior to mycophenolate mofetil with respect 
to renal function, but a post-hoc analysis indicated that this finding was largely 
driven by a subset of study centers that were not successful in reducing the cyclo-
sporine exposure in the everolimus group [43].

Major Toxicities The side effect profile for everolimus is similar to that of siroli-
mus, although it has been reported in clinical practice that the frequency and sever-
ity of adverse events may be attenulated with everolimus. When everolimus is used 
in conjunction with a calcineurin inhibitor, the calcineurin inhibitor dosage should 
be reduced by approximately 25 % to minimize the risk of potentiated nephrotoxic-
ity. Finally, the use of everolimus during the first 3 months after heart  transplantation 
is not recommended due to concerns regarding the risk of increased mortality due to 
serious opportunistic infections.

 Corticosteroids

Corticosteroids are non-specific anti-inflammatory agents that interrupt multiple 
steps in immune activation, including antigen presentation, cytokine production, 
and proliferation of lymphocytes. Although steroids are highly effective for the 
prevention and treatment of acute rejection, their long-term use is associated 
with a number of adverse effects including new onset or worsening diabetes mel-
litus, hyperlipidemia, hypertension, fluid retention, myopathy, osteoporosis, and 
a predisposition toward opportunistic infections. Thus, while most programs 
employ corticosteroids as one of the three maintenance immunosuppressive 
agents, they are used in relatively high doses in the early postoperative period but 
then tapered to low doses or discontinued altogether after the first 6–12 months 
[51–54]. Certain low-risk patients may tolerate earlier (within 1–2 months post-
transplantation) steroid withdrawal without long-term adverse consequences 
[55, 56].

 Trends in Immunosuppression Use

Recent international trends in the use of maintenance immunosuppressive agents at 
1 and 5 years post-transplantation are presented in Fig. 21.3. Tacrolimus use has 
steadily increased since 2000 and is currently the most widely used calcineurin 
inhibitor in heart transplantation. Mycophenolate mofetil and mycophenolic acid 
remain the predominant antimetabolite agents. Use of the proliferation signal inhib-
itors sirolimus or everolimus is infrequent (9 %) during the first year but has steadily 
increased in recent years, such that 20 % of patients are on either agent by 5 years 
post-transplantation. Finally, the use of long-term corticosteroids has continued to 
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decline steadily, with fewer than 50 % of patients remaining on some amount of 
corticosteroids by 5 years post-transplantation [1] .

 Special Considerations

Most programs employ a standard de-novo immunosuppressive regimen immedi-
ately after transplantation. Once stabilized on a particular regimen, immunosup-
pressive agents are not routinely altered except in response to significant drug 
toxicities or post-transplant complications. The most common changes in drug regi-
mens and their rationale are described below.

 Refractory or Recurrent Rejection

Following one or more episodes of acute rejection, many centers will attempt 
to optimize a patient’s baseline immunosuppression. Some programs that rou-
tinely utilize cyclosporine as the de-no calcineurin-inhibitor of choice will switch 
patients to tacrolimus. Patients previously on azathioprine may be converted to the 
newer and more effective antimetabolite agents, mycophenolate mofetil or myco-
phenolic acid. Finally, patients on either azathioprine or mycophenolate mofetil 
may be converted to one of the proliferation signal inhibitors, either sirolimus or 
everolimus.
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Fig. 21.3 Maintenance immunosuppression after heart transplantation [1]. The histogram shows 
the proportion of heart transplant recipients who were maintained on each immunosuppressive 
agent at the time of their 1-year and 5-year follow-up appointments between January 2007 to June 
2011. Different patient cohorts are represented in the 1-year and 5-year histograms. MMF myco-
phenolate mofetil. MPA mycophenolic acid [1] (Adapted from Stehlik et al. [1], © 2012, with 
permission from Elsevier)

21 Pathophysiology of the Alloimmune Response and Immunosuppression



496

 Renal Insufficiency

Several renal sparing protocols are employed to slow or reverse the progression of 
calcineurin inhibitor-mediated nephrotoxicity. Strategies include calcineurin- 
inhibitor dosage reduction in conjunction with either an antimetabolite agent or a 
proliferation signal inhibitor, or complete withdrawal of the calcineurin-inhibitor in 
favor of using the combination of a proliferation signal inhibitor and mycophenolate 
mofetil (CNI-free regimens). All three strategies have resulted in significant 
improvements in renal function without a significant increase in the rate of acute 
rejection or graft dysfunction [57–65]. The use of CNI-free regimens may provide 
additional improvements in renal function compared to low-dose CNI strategies in 
carefully selected patients who are at low risk of rejection [66, 67]. Of important 
note, use of a calcineurin-free regimen as de-novo immunosuppression, in the early 
(within 12 weeks) post-operative period, or in patients at higher risk for rejection, 
should be done with caution due to the observed increased incidence of biopsy- 
proven rejection in these settings [68, 69]. Additionally, the use of proliferation 
signal inhibitors should be avoided in patients with pre-existing proteinturia 
(≥150 mg/day) as renal function has been reported to further diminish in these 
patients after exposure to a proliferation signal inhibitor [65].

 Cardiac Allograft Vasculopathy

Because mTOR also signals smooth muscle and endothelial cell proliferation in 
response to growth factors, the proliferation signal inhibitors have been used to 
prevent allograft vasculopathy when used in a de-novo setting after heart transplan-
tation, or to slow disease progression and to reduce the incidence of clinically sig-
nificant cardiac events in patients with established disease [43, 50, 70, 71].

 Malignancies

Observational data, mostly from the kidney transplant literature, suggest that the 
proliferation signal inhibitors sirolimus and everolimus may reduce the incidence of 
post-transplant malignancies [72–74]. Limited data also suggests that sirolimus 
monotherapy may cause regression of certain skin tumors, such as Kaposi sarcoma, 
in kidney transplant recipients [75]. Postulated mechanisms responsible for this 
anti-tumor effect include direct antiproliferative actions of these drugs on tumor 
growth and angiogenesis as well as facilitation of CNI dose reduction or withdrawal 
[76]. Randomized, controlled clinical trials, adequately powered within each organ 
group, will be required to determine if the proliferation signal inhibitors are effec-
tive for prevention and treatment of post-transplant malignancies.
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 Side Effects

Certain side effects, such as hirsutism or gingival hyperplasia, are unique to cyclo-
sporine. Therefore, individuals who develop severe forms of these complications on 
cyclosporine may be converted to tacrolimus. Patients with persistent upper gastro-
intestinal symptoms on mycophenolate mofetil despite an initial dose reduction 
may better tolerate enteric coated mycophenolate sodium. Severe cases of sirolimus- 
related lower extremity edema and rare but potentially life-threatening episodes of 
sirolimus-related interstitial pneumonitis will prompt most centers to discontinue 
the drug.

 Drug Interactions

Clinicians involved in the care of heart transplant recipients should be aware of the 
potential for drug interactions when other agents are added to or deleted from a 
patient’s medical regimen [77]. A list of the most common and clinically important 
drug interactions is presented in Table 21.2 [29].

Pharmacokinetic drug interactions occur when a new drug changes immunosup-
pressive drug levels, either by interfering with the absorption, distribution, metabo-
lism, or elimination of the immunosuppressive agent. Most clinically important 
pharmacokinetic drug interactions occur due to altered drug metabolism. The calci-
neurin inhibitors and proliferation signal inhibitors are extensively metabolized by 
the cytochrome P-450 3 A4 enzyme pathway in the liver. Drugs that induce the 
P-450 3 A4 pathway result in enhanced metabolism of the calcineurin inhibitors and 
proliferation signal inhibitors, thus lowering their blood levels and clinical effective-
ness. The most common P-450 3 A4 inducers include the anti-seizure medication 
phenytoin, the anti-tubercular drug rifampin, and the herbal agent St. John’s Wort. 
Conversely, drugs that inhibit the enzyme pathway result in decreased metabolism of 
the calcineurin inhibitors and proliferation signal inhibitors, thereby increasing their 
blood levels and potentiating their toxicities. The most common P-450 3 A4 inhibi-
tors include the calcium channel blockers, antifungal drugs, macrolide antibiotics, 
HIV protease inhibitors, the anti-arrhythmic agent amiodarone, and grapefruit 
juice. Finally, the immunosuppressive agents themselves can affect the metabolism 
of other drugs. For example, patients taking many HMG Co-A reductase inhibitors 
(statins) in conjunction with cyclosporine, tacrolimus, or sirolimus have an increased 
risk of myopathy and/or rhabdomyolysis due to increased statin drug levels.

Drugs with potential immunosuppressive interactions are not contra-indicated in 
heart transplant recipients but should be used cautiously with close monitoring of 
immunosuppressive drug levels and toxicities. One important exception is the com-
bination of azathioprine and allopurinol. Allopurinol inhibits the activity of xan-
thine oxidase, which is involved in the metabolism of azathioprine, resulting in high 
levels of the active metabolite 6-mercaptopurine and subsequent severe bone 
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marrow suppression. This combination should be avoided, particularly given the 
availability of alternate immunosuppressive agents such as mycophonolate mofetil 
and mycophenolic acid.

Pharmacodynamic drug interactions occur when a drug modulates an immuno-
suppressive agent’s effect at a given blood concentration, either increasing or dimin-
ishing the immunosuppressive drug’s physiologic effect. For example, concurrent 
use of ganciclovir, valganciclovir, or trimetroprim-sulfamethoxazole can potentiate 
the myelosuppressive effects of the antimetabolite agents and proliferation signal 
inhibitors. Additionally, additive nephrotoxicity is observed when amphotericin B, 
aminoglycosides, foscarnet, or nonsteroidal anti-inflammatory agents are used with 
the calcineurin inhibitors.

Table 21.2 Important drug interactions [29]

Drugs that increase levels of cyclosporine, tacrolimus, and sirolimus

Calcium channel blockers Diltiazem
Nifedipine
Nicardipine
Verapamil

Antifungal drugs Itraconazole
Fluconazole
Ketoconazole
Voriconazole
Posaconazole

Macrolide antibiotics All
Fluoroquinolone antibiotics Ciprofloxacin
HIV-protease inhibitors All
Antiarrhythmic agents Amiodarone
Gastrointestinal agents Metoclopramide
Miscellaneous Grapefruit juice
Drugs that decrease levels of cyclosporine, tacrolimus, and sirolimus
Anti-tubercular drugs Rifampin
Anti-seizure drugs Phenytoin

Phenobarbital
Gastrointestinal drugs Octreotide
Miscellaneous St. John’s Wort
Drugs with synergistic nephrotoxicity when used with cyclosporine or tacrolimus
Aminoglycoside antibiotics
Amphotericin B
Colchicine
Non-steroidal anti-inflammatory agents (NSAIDs)
Drugs whose concentrations are increased when used with cyclosporine or tacrolimus
Lovastatin
Simvastatin
Atorvastatin
Ezetimibe

Reproduced with permission from McGraw Hill, Pham et al. [29], with permission from McGraw- 
Hill
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Chapter 22
Antibody-Mediated Rejection

Abdallah Georges Kfoury, Deborah Budge, Kimberly D. Brunisholz, 
and M. Elizabeth H. Hammond

 Introduction

Antibody-mediated rejection (AMR) of the cardiac allograft, formerly also termed 
vascular or humoral rejection, typically occurs in the absence of interstitial lympho-
cytic infiltrates that are characteristic of acute cellular rejection. Its pathological 
hallmarks include capillary endothelial activation and macrophage infiltration, as 
well as vascular immunofluorescent deposition of immunoglobulin and comple-
ment. Clinically, AMR occurs early post heart transplant and tends to recur, is harder 
to treat, and is associated with poor outcomes [1–6].

The concept that acute and chronic rejection in heart transplantation may be 
mediated by alloantibodies has only been recently accepted. In some recipients, a 
humoral immune response triggered by antibody-antigen engagement may ulti-
mately result in graft injury and dysfunction through the interplay of various cellu-
lar and non-cellular pathways [7–11].

Prior to 2005, cardiac AMR was loosely defined and not uniformly accepted 
even when clinically manifest. As a result, its true incidence and breadth from 
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subclinical to symptomatic states were not fully appreciated. Likewise, treatment 
strategies could neither be standardized nor tested effectively on a large scale [1–3, 
7, 12–14].

Recent years have seen a rising interest and awareness of the clinical significance 
of cardiac AMR for a number of reasons. Among them, its formal recognition by the 
International Society for Heart and Lung Transplantation (ISHLT), general consen-
sus on its defining pathologic criteria, and a growing body of clinical experience 
[15–18]. Additionally, new advances in solid-phase assays have allowed a more 
accurate and discriminate appraisal of preformed or de novo antibodies [19, 20] that 
are usually implicated in its pathophysiology. Emerging animal models of cardiac 
AMR will become important platforms to further elucidate its mechanisms and to 
test candidate therapies.

 Predisposing Risk Factors

 Recipient Demographics

AMR is more likely to be found in females, patients with congenital heart disease, 
and those of younger age among an adult population [1–4]. Recent findings suggest 
that pathologic AMR is also clinically relevant in the pediatric cardiac transplant 
population even in the absence of pre-formed antibodies [5].

 Preformed Antibodies

While AMR has been found to occur both early and late after transplantation, pre- 
sensitization remains one of its main risk factors. From mainly observational stud-
ies, situations associated with preformed antibodies include previous transplantation, 
transfusion, and pregnancy [1, 3, 21]. Patients implanted with cardiac assist or 
replacement devices can also develop alloantibodies, the extent of which may vary 
with the type of support. It appears that continuous-flow left ventricular assist 
devices (LVAD) are associated with lower PRA levels than are pulsatile-flow LVADs 
[22, 23]. Platelet transfusions during LVAD implantation have been shown to be a 
risk factor associated with the development of human leukocyte antigen (HLA) 
class I immunoglobulin G (IgG) antibodies [24]. Furthermore, LVAD recipients 
develop prominent B-cell activation as evidenced by increased production of anti- 
HLA class I and class II antibodies [24].
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 Positive Post-operative Donor-Recipient Crossmatch

A positive post-operative donor-recipient crossmatch is highly associated with his-
tologic evidence of AMR, again suggesting a strong etiologic role of pre-formed 
alloantibodies in AMR [6, 12, 25, 26]. In a small group of 44 patients, Michaels 
et al. demonstrated that a positive flow cytometry T-cell crossmatch was signifi-
cantly observed in 32 % of AMR-positive recipients compared with 12 % of con-
trols without AMR on endomyocardial biopsy (EMB) [3].

Nowadays with better antibody detection assays and virtual crossmatching, a 
situation where a highly-sensitized patient is transplanted and allowed to have a 
positive final crossmatch is usually avoided.

 Ischemia

The exact mechanism for cardiac dysfunction and poor survival after prolonged 
allograft ischemic time remains unclear, but it is in part likely due to triggering of 
the innate immune response within the allograft [27]. These hearts may display 
histologic findings similar to those observed during AMR, suggesting that ischemic 
graft injury resulting from delayed ischemic time may predispose cardiac transplant 
recipients to AMR by triggering the host adaptive immune responses as well [28, 
29]. However, several studies have shown no difference in graft ischemic time when 
comparing patients diagnosed with AMR to those with the histopathologic diagno-
sis of acute cellular rejection [3, 25]. This has recently been substantiated by Singhal 
et al. demonstrating that increased ischemic time is not associated with higher inci-
dence or frequency of AMR post-transplant [30].

 Muromonab-CD3 Sensitization

The use of muromonab-CD3 (Orthoclone OKT3®), a murine monoclonal antibody, 
post-transplant for induction or for rejection treatment is a significant risk factor for 
AMR. This is especially true in patients who become sensitized and develop human 
anti-mouse antibody. In our experience, these patients uniformly exhibited immu-
nohistologic changes on EMB which were indistinguishable from those seen in 
AMR, and suffered poor outcomes [31, 32]. OKT3 was voluntarily discontinued a 
few years ago because of safety issues. Yet, the use of this drug contributed much to 
our early description and understanding of cardiac AMR.
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 Viral Infection

Preoperative seropositive status for cytomegalovirus (CMV), grafting of organs 
from seropositive donors or a postoperative CMV infection, are associated with an 
increased risk of AMR and chronic rejection. These same factors are associated 
with chronic rejection in kidney, lung, and liver transplant recipients [33, 34]. 
Complex interplay between immunological and non-immunological factors such as 
CMV infection, HLA mismatch, and AMR after transplant can ultimately lead to 
endothelial injury and exaggerated repair response which leads to the development 
of cardiac allograft vasculopathy (CAV), a major cause of late graft failure and sub-
sequent poor survival in patients following heart transplantation [35, 36].

 De-novo Donor-Specific Antibodies Post-transplantation

Recent data suggest that cardiac AMR is strongly correlated with the development 
of anti-HLA antibodies post-transplantation [7, 37]. Detection or absence of donor- 
specific antibodies (DSA) does not, however, confirm or exclude the diagnosis of 
AMR. As demonstrated by Bocrie et al. in a study of renal transplant recipients, 
DSA were present in 58.3 % of renal allografts with chronic allograft nephropathy 
but were detectable in the peripheral blood in only 16.6 % of cases [38]. Also, DSA 
may be entirely bound to the allograft and undetectable in peripheral blood even 
after a biopsy-proven AMR episode. The precise role of non-HLA antibodies post- 
transplant in AMR occurrence remains unclear. Recently, Nath et al. showed that 
non-HLA antibodies directed against cardiac myosin and vimentin were elevated in 
recipients who subsequently developed AMR [39]. However, antibodies to major 
histocompatability class I-related chain A (MICA) have not been shown to correlate 
with rejection episodes, survival, and CAV following heart transplantation [40]. 
Therefore, current 2013 ISHLT guidelines focus on pathologic features of AMR 
with DSA detection supportive of a rejection episode, but are not essential for diag-
nosis [15, 16].

 Immunology/Pathways of Cardiac AMR

New information about the human immune responses has emerged which is highly 
relevant to the pathogenesis of AMR in allografts. The innate immune response 
system, which evolved to defend humans against foreign invaders, is also activated 
by other injuries deemed dangerous to the organism, such as medical device implan-
tation, brain death, or ischemia-reperfusion injury (IRI). It has been recently empha-
sized that both the innate and adaptive immune responses are important in mediating 
allograft injury after transplantation [27, 28, 41, 42].
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Innate immunity refers to the non-specific immune system originally described 
by Janeway, whose elements include macrophages, neutrophils, natural killer cells, 
platelets, endothelial cells, cytokines, coagulation proteins and complement compo-
nents [28, 43, 44]. The system involves pattern recognition receptors (Toll like 
receptors, TLR) on these cells that respond to specific pathogens or injury associ-
ated molecular profiles [28, 41, 43–45].

The innate system can initiate an adaptive immune response in transplanted 
patients because alloantigens are always presented in the context of allograft tissue 
injury. A variety of injury related molecules are released during IRI and these mol-
ecules are recognized by TLR receptors on dendritic cells, vascular endothelial cells 
and lymphocytes leading to dendritic cell activation and antigen recognition. 
Inflammatory responses include cytokine storms, complement activation and leuko-
cyte chemotaxis that further accelerate and modify the allograft immune response.

By contrast, adaptive immunity is highly specific and is triggered by the recogni-
tion of specific antigen and can be reprised because of the specific memory function 
of its elements, the T and B lymphocytes [11, 46–48]. T cells recognize antigen as 
peptides bound to Major Histocompatibility Complex (MHC) proteins and prolifer-
ate in response; B cells proliferate in response to T-cell antigenic recognition and 
also can recognize antigen themselves through their immunoglobulin receptors. 
These specific responses generate specific effector mechanisms including antibody 
production, complement activation, coagulation, and CD8 mediated cytotoxicity. 
These effector mechanisms functions trigger innate immune responses of further 
coagulation, kinin, and complement activation and injury [47, 49–51] (Fig. 22.1). 
Details of the allo-immune response are covered elsewhere in this textbook.

B cells are critical players in the pathogenesis of the antibody mediated immune 
response. B-cell immunoglobulin protein receptors are uniquely coded to a specific 
antigen. When the antigen is encountered in its native form (not in association with 
MHC antigens as required by T cells), the B cell can undergo activation to specific 
plasma cells and memory cells. T-cell dependent activation requires a co- stimulatory 
signal from a corresponding specific Th2 cell, a T helper cell, that secretes cytokines 
leading to clonal expansion and differentiation into plasma cells and memory cells. 
With T-cell independent antigens, the activation signals of antigen recognition and 
co-stimulation are both provided by the antigen. In some cases the co-stimulatory 
signal is supplied by TLR receptors on cells such as endothelial cells. T-cell inde-
pendent antigen stimulation results in differentiation of B cells into Immunoglobulin 
M producing plasma cells, exclusively. Fully activated B lymphocytes of either type 
possess surface markers CD 19, part of the antigen receptor, and CD 20, a marker of 
complete activation, particularly important in T-cell independent antigen recogni-
tion. Activated B cells can produce small quantities of specific immunoglobulin and 
those responding to T-cell dependent antigens can undergo immunoglobulin class 
switching [52–54].

Plasma cells are end stage cells that produce large quantities of an antigen spe-
cific antibody of a defined immunoglobulin class. They are incapable of antigen 
recognition and do not possess the usual B-cell markers CD19 and CD20. They do 
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possess other surface markers including CD27, CD 38 and CD 78 and IL-6 receptor. 
They lack the common leukocyte antigen, CD45 [55–57].

The other important effector cells of the antibody adaptive immune response are 
macrophages, neutrophils, platelets and NK Cells, which possess Fc receptors for 
immunoglobulin as well as TLR receptors and complement receptors. These effec-
tor cells, while not possessing specific antigen recognition properties, are stimulated 
through these cell surface receptors to produce specific proteins that act as effectors 
of the innate immune response, chiefly through the coagulation, kinin and comple-
ment cascades [41, 44, 47, 58, 59].

In AMR, the principal site of immune interaction is the vascular endothelium. 
Endothelial cells function to present antigen and act as co-stimulatory cells to T 
cells. They possess TLR receptors that allow them to respond to injury associated 
molecular profiles created during allograft injury or ischemia. This interaction leads 
to endothelial activation and cytokine release which triggers inflammation, den-
dritic cell activation, and also lymphocyte activation. Endothelial cells express 
CD40 and other molecules which can contribute to T-cell activation (CD58; CD134 
ligand, ICOS ligand). CD 40 is critical in providing cognate T-cell help for B-cell Ig 
production and class switching. CD 40 and its ligand have been demonstrated in 
cardiac allografts undergoing rejection [59–61].
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Antibodies produced against MHC and other antigens released during tissue 
injury bind to MHC antigens on the vascular endothelium. These antibodies may or 
may not fix complement which can accelerate the level of injury of the endothelium. 
Importantly, the antibodies also can bind immune cells with receptors for the Fc por-
tion of the immunoglobulin molecule, including macrophages, NK cells, B lympho-
cytes, neutrophils, and platelets, which further accelerate allograft injury [62–65].

In summary, the reaction of the host to an allograft is a complex interplay of fac-
tors involving both the innate and adaptive immune responses. The centerpiece of 
these reactions is the endothelium of the microvasculature which acts both as an 
active participant and the target of the destructive elements of this response. If the 
vascular endothelium is repeatedly injured by these processes, the graft will experi-
ence ischemic damage that either eventuates in global myocardial damage and heart 
failure or allograft coronary artery disease and graft loss [66, 67].

 Pathology of Cardiac AMR

In 2005, a consensus conference was held at the National Institutes of Health con-
cerning AMR in solid organ allografts, which led to a concerted effort to standard-
ize the definition of AMR in hearts and the approach to diagnosis [8, 29].The 
ISHLT 2005 guidelines recommended diagnosis of AMR based on interpretation 
of pathologic changes in conjunction with cardiac allograft dysfunction and/or 
hemodynamic compromise and the presence of DSA [29]. AMR has since been 
recognized to exist along a spectrum from an asymptomatic phase with occurrence 
of DSA in isolation to a symptomatic phase with allograft dysfunction and hemo-
dynamic compromise. This is a clinically useful distinction as asymptomatic AMR 
has been shown to be associated with poorer outcomes [1, 3, 17, 18, 68, 69]. 
Furthermore, a universally accepted definition for allograft dysfunction does not 
exist. The ISHLT 2005 working formulation for cardiac AMR was further refined 
in 2013. For the remainder of this section, the pathologic features published in 
2013 will be described and illustrated. Table 22.1 contrasts the recommendations 
across the three versions of the ISHLT guidelines. A key difference between the 
2005 and 2013 ISHLT guidelines is the proposed shift from a clinical to pathologic 
diagnosis [15, 16].

 Specimen Handling Considerations

Specimen requirements for cardiac biopsy interpretation were standardized in the 
first ISHLT grading schema. At least four biopsy fragments of viable non-scarred 
myocardium are necessary to ensure an adequate sample for interpretation. Early 
studies of AMR in cardiac allografts used frozen tissue samples obtained at the time 
of routine endomyocardial biopsy. Such samples were considered highly desirable 
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for this purpose in the original ISHLT grading schema because they obviate the 
artifacts associated with routine formalin fixed paraffin embedded (FFPE) tissue 
processing which includes tissue fixation, dehydration and lipid extraction associ-
ated with xylene infiltration prior to paraffinization. Newer experience suggests that 
these processing issues can be surmounted by using other fixatives and different 
immunohistochemical methods. The recent updating of the ISHLT schema for car-
diac allografts allows for either frozen or FFPE samples to be used. Reagents and 
procedures vary depending on the sample type [70] (Table 22.2).

Table 22.1 Comparison of antibody-mediated rejection grading across ISHLT schemata [16, 29, 70]

1990 grading 
schema [70]

2005 grading  
schema [29]

2013 grading  
schema [16]

Required samples Four pieces of 
myocardium

Three pieces of 
myocardium

Three pieces of 
myocardium

Sample type to be 
used for IHC

Frozen tissue should 
be saved for 
potential IF to detect 
‘vascular’ rejection

Frozen tissue or tissue 
fixed for routine 
processing could be 
used for detection

Same as 2005

IHC surveillance Optional Only in biopsies 
suspected 
histologically to be 
positive

2 biopsies in first month; 
then at 1, 3, 6 and 
12 months

Histopathology  
of AMR

Vasculitis, edema 
without cellular 
infiltrate

Edema, capillary 
swelling, intravascular 
macrophages or 
neutrophils, interstitial 
edema

Same as 2005

IHC, IF method IF optional with 
IgG, IgM, C3 
scoring as additional 
information

IgG, IgM, IgA, C3d 
and/or C4d or C1q, 
fibrin

C4d and/or C3d required; 
IgG, IgM, fibrin optional; 
HLA for capillary 
integrity assessment

IHC, IP method None IP for CD68 or C4d 
and CD34 or CD31 to 
define capillaries

IP for CD68 and C4d; 
CD31, CD 34 optional to 
define capillaries; C3d 
optional

AMR scoring Humoral Rejection AMR positive 
(AMR1) if positive 
histology, IHC, graft 
dysfunction, and DSA

pAMR 1–3 based only 
on histology and IHC

DSA None required Required for AMR 
positive (AMR1)

Should be checked with 
biopsy, but not required 
for pAMR diagnosis

Follow up of AMR None required None required After 2 weeks until 
negative by IHC

ISHLT international society for heart and lung transplantation, IHC immunohistochemistry, IF 
immunofluorescence, IP immunoperoxidase, AMR antibody-mediated rejection, HLA human leu-
kocyte antigen, DSA donor-specific antibodies
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 Histopathologic Features of Cardiac AMR

In acute AMR, there are well defined histopathologic features predominantly 
involving the capillaries (Fig. 22.2a–c). The capillaries are swollen with enlarged 
endothelial cells possessing obvious features of activation by electron microscopy 
[32]. The endothelial cells can occlude the lumina. Often there are also adherent 

Table 22.2 2013 ISHLT pAMR criteria [16]

Histologic features IF features IP features Comments

pAMR 0 No suspicious 
findings

No findings No findings No findings

pAMR 1 
(H+)

Capillary endothelial 
swelling or 
denudation; 
intravascular 
accumulation of 
macrophages or 
neutrophils; 
interstitial edema

Negative Negative May see weak 
IF or IP 
staining that 
does not qualify 
as positive

pAMR 1 
(I+)

None or focal  
features as above

Diffuse or multifocal 
intense staining with 
C4d or C3d in 
capillaries

Diffuse or 
multifocal 
intense staining 
of capillaries 
with C4d and 
CD 68 if used

Either IF or IP 
features qualify 
as positive; 
Intensity is 
similar to 
controls

pAMR 2 Capillary endothelial 
swelling or 
denudation; 
intravascular 
accumulation of 
macrophages or 
neutrophils; 
interstitial edema

Diffuse or multifocal 
intense staining with 
C4d or C3d in 
capillaries; strong 
HLA staining of 
capillaries

Diffuse or 
multifocal 
intense staining 
of capillaries 
with C4d and 
CD 68 if used

Either IF or IP 
features qualify 
as positive

pAMR 3 Capillary endothelial 
swelling or 
denudation; 
intravascular 
accumulation of 
macrophages or 
neutrophils; 
interstitial edema; 
intravascular thrombi; 
myocyte necrosis 
without cellular 
rejection; interstitial 
tissue debris

Diffuse or multifocal 
interrupted staining 
with C4d or C3d in 
capillaries; weak 
staining of HLA ; 
fibrin accumulation; 
C3d or C4d 
autostaining of 
necrotic myocytes

Diffuse or 
multifocal 
intense staining 
of capillaries 
with C4d and 
CD 68 if used; 
CD31 or CD34 
staining of 
capillaries 
demonstrates 
damaged walls 
or capillary loss

Histologic 
features hard to 
distinguish 
from severe 
rejection 
(ISHLT 3R)

ISHLT international society for heart and lung transplantation, IF immunofluorescence, IP immu-
noperoxidase, H histopathology, I immunopathology, HLA human leukocyte antigen
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macrophages and/or neutrophils in the capillaries that cause the vessels to have a 
cellular, rope like character. In later biopsies of AMR when capillary damage has 
been prolonged, the capillaries may appear discontinuous or even absent, giving a 
faulty innocuous appearance. In such cases, there is often significant interstitial 
edema manifested as widening of interstitial spaces, often with a bluish color. As 
this process continues unabated, the capillaries disappear, the edema dissipates and 
the process becomes very difficult to distinguish from a negative biopsy without 
evidence of any acute rejection. Two groups have documented that the histopatho-
logic features do not correlate well with the immunopathologic features [71, 72].

When AMR becomes severe, there may be associated necrotic debris in the inter-
stitial spaces and extravasated leukocytes and platelets, providing the obvious 
appearance of severe injury [17, 32, 73, 74].

 Immunopathologic Features of Cardiac AMR

To diagnose AMR, biopsies must be subjected to immunohistochemical (IHC) or 
immunofluorescence (IF) staining to detect immune reactants of AMR, especially 
complement components. By immunohistochemistry on FFPE prepared samples, 
macrophages are detected by CD 68 staining, capillary damage is defined using CD 
34 or CD 31, and C4d is detected in capillaries [73] (Fig. 22.2g–i).

There is less agreement about the significance of the distribution of the C4d 
staining (all capillaries or just focal areas) and the intensity of C4d staining pro-
vided on a semi-quantitative scale. More studies must be done to correlate various 
patterns of staining with patient outcomes in order to see what patterns are most 
significant. C3d can be sought by immunohistochemistry, but no large studies have 
been published on the value of this staining method.

By IF staining, C4d and/or C3d can be detected in capillaries and issues of dis-
tribution and intensity are significant (Fig. 22.2d, e). One group has published that 
both C3d and C4d are needed to accurately diagnose AMR by IF. This result is 
controversial. Other IF reactants which can expand the diagnostic accuracy include 
IgG or IgM and HLA-DR which is upregulated on capillaries in acute AMR and 
downregulated when AMR becomes severe and longstanding. Detection of HLA 
DR by IF is optional. Evaluation of IF staining for fibrin is also optional. Fibrin 
staining has been shown by at least two groups to correlate with severity of AMR 
and with poor outcome [75–78] (Fig. 22.2f).

 Outstanding Pathology Controversies

The most vexing issue of cardiac transplant pathology interpretation is the interplay 
of factors which can affect the histologic and immunopathologic findings as previ-
ously described. Pathologic examination relies on the expression of proteins and 
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Fig. 22.2 Pathology of Cardiac AMR. (a) Endomyocardial biopsy showing obvious adherence of 
macrophages to swollen endothelial cells throughout the fragment (hematoxylin and eosin (H&E) 
stain, 10×). Immunofluorescent (IF) staining for C4d was negative. Diagnosis: pAMR 1 (H+). (b) 
Endomyocardial biopsy shows prominent intravascular macrophages, neutrophils and prominent 
endothelial cells (H&E stain, 20×). IF staining was strongly positive for C4d (panel e). Diagnosis: 
pAMR 2. (c) Endomyocardial biopsy from patient with persistent AMR over several weeks. 
Capillaries are swollen with adherent macrophages. Interstial regions are edematous and contain 
cellular debris as well as more macrophages (H&E stain, 20×). IF staining was positive for C4d 
and fibrin (panel f). Diagnosis: pAMR 3. (d) C4d on frozen section of endomyocardial biopsy 
from patient without significant histologic features of AMR on the current biopsy, but obvious 
AMR on previous biopsies. Strong linear stained capillaries are seen throughout the section (IF 
stain, 10×). Diagnosis: pAMR 1 (I+). (e) C4d on frozen section of endomyocardial biopsy from 
patient with obvious histologic evidence of AMR (panel b). Round capillary profiles show intense 
staining (IF stain, 10×). Diagnosis: pAMR 2. (f) Endomyocardial biopsy (same patient, panel C) 
showing fibrin intensely stains swollen capillary profiles and extends into the neighboring intersti-
tium (IF stain, 20×). Diagnosis: pAMR 3. (g) Immunohistochemical (IHC) stain for C4d from 
patient suspected of having AMR on the basis of prior history of AMR. Tissue previously fixed in 
formalin was used and shows strong brown outlining of capillaries. Staining of similar intensity 
was found in the control biopsy (immunoperoxidase (IP) stain, 10×). Diagnosis: pAMR 1 (I+). (h) 
IHC stain for CD68 to highlight macrophages from the biopsy shown in panel G. Strongly stained 
brown macrophages are scattered throughout the capillaries (IP stain, 20×). Diagnosis: pAMR 1 
(I+). (i) IHC stain for CD34, a marker of activated endothelial cells and platelets. Capillaries have 
ragged profiles which extend into the interstitial spaces suggesting neovascularization. Patient had 
three previous episodes of AMR during the first year post-transplant (IP stain, 10×). Diagnosis: 
pAMR 1 (I+)
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cells in a tiny sample of the heart transplant tissue. Traditional pathologic monitor-
ing relies on interval biopsies which are morbid and prone to artifacts of sampling, 
interpretation, sample handling, and test method selection.

Fortunately, the genes and proteins involved in these complex interactions have 
been defined in experimental systems and molecular and proteomic methods are 
emerging to allow monitoring in vivo. The interplay between serum and tissue sam-
pling will also require definition [79–82].

Molecular profiling using non overlapping pathogenesis based transcripts (PBT) 
have been successfully used to complement pathologic assessment of renal trans-
plant biopsies and certain transcripts have shown high correlation with histopathol-
ogy, DSA activity and poor outcome in renal AMR patients [79]. The transcript sets 
each define relevant biologic events in transplantation such as parenchymal injury, 
endothelial activation, infiltration by T cells or macrophages, and gamma interferon 
induced inflammatory events. The transcript sets were independently developed in 
experimental systems and tested in human transplant renal biopsy tissue. When the 
same approach was applied to cardiac transplant biopsies, expression of transcript 
sets reflecting T-cell and macrophage infiltration, and y -interferon effects correlated 
strongly with each other and with transcripts indicating tissue/myocardium injury. 
This molecular phenotype correlated with Quilty (p < 0.005), capillaritis (p < 0.05) 
and decreased left ventricular ejection fraction (LVEF) (p < 0.007), but not with the 
histologic diagnosis of acute cellular rejection. The study was done prior to the 
ISHLT grading schema characterizing AMR but capillaritis is a reasonable correlate 
of AMR. Further work is needed to validate this interesting study [79, 82].

A recent pilot study using plasma proteomics has also been reported in renal 
transplant patients, providing evidence that protein concentrations in plasma may 
provide a relevant measure for the occurrence of biopsy-proven acute rejection and 
offers a potential tool for immunologic monitoring [83].

Until markers of these diverse processes are available, we will have to rely on 
careful clinical-pathologic correlation among providers. Hopefully, molecular pro-
filing based on discrete transcript sets and proteomic monitoring will eventually 
solve this conundrum.

 Clinical Features of Cardiac AMR

 Incidence/Prevalence

The true incidence of cardiac AMR has not been well documented in the absence of 
routine screening in asymptomatic patients. It is therefore likely that it had been 
underreported prior to 2011. Much of the literature instead describes the prevalence 
of symptomatic AMR. The prevalence of lone symptomatic AMR ranges between 
10 and 15 %, whereas the prevalence of AMR when routinely surveilled (symptom-
atic and asymptomatic) or when diagnosed concurrently with acute cellular rejection 
(mixed rejection) may surpass 40 % [10, 84–86]. This wide range is also the result 
of the lack of prior standardized diagnostic criteria as well as the diversity of the 
populations studied in their predisposition to AMR.
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 Time to Occurrence

Observational studies indicate that cardiac AMR tends to become manifest early 
after transplantation [2, 3, 77, 84, 87]. Additionally, the risk of recurrence is higher 
in heart transplant recipients who have three or more episodes of AMR in the first 
3 months post-transplant, and repeat episodes of AMR are usually clustered soon 
after the first episode occurs. AMR can occur late after heart transplantation, though 
less commonly, and is usually associated with de novo DSA and poor outcomes [67, 
88]. It is difficult sometimes to separate early from late AMR since most reports of 
late symptomatic AMR come from transplant programs that do not routinely screen 
asymptomatic patients earlier on.

 Presentation

Most episodes of cardiac AMR are mild in severity and perhaps silent [87]. When 
clinically manifest, there are no signs or symptoms specific to AMR. Instead, patients 
typically present with congestive (shortness of breath, dyspnea on exertion, cough) 
or low-flow (fatigue, exercise intolerance) symptoms that are common to overt heart 
failure from any cause. Signs on physical exam will vary depending on the patient’s 
acuity and whether a single or both ventricles are involved. A lower than usual blood 
pressure, an elevated central venous pressure, or a new S3 gallop are all warning 
signs that mandate immediate attention and further diagnostic investigation, prefer-
ably in the hospital. Signs and symptoms can be subtle and mild in a stable out-
patient or severe and catastrophic in another with cardiogenic shock. Unlike for 
acute cellular rejection, patients with AMR are more likely to present with allograft 
dysfunction, hemodynamic compromise, or heart failure [1, 2, 4, 6, 13, 14, 89, 90].

On echocardiogram, besides systolic dysfunction, AMR may be associated with 
abnormal diastolic function (Fig. 22.3), increased left ventricular mass [91]. 
Findings on 12-lead electrocardiogram are also non-specific but we have found 

a b

Fig. 22.3 Diastolic abnormalities on echocardiogram. (a) Pulse wave Doppler of the mitral valve 
inflow in a patient with acute AMR. Increased E/A ratio. The Mitral Valve Deceleration Time 
measures 61 msec. (b) Tissue Doppler of the septal mitral valve annulus showing reduced e’ veloc-
ity and reversal of e’/a’ ratio

22 Antibody-Mediated Rejection



518

 diffuse low QRS voltage on presentation to be invariably associated with fatal acute 
AMR. Blood tests abnormalities are typically related to the patient’s other co- 
morbidities and circulatory stability in general. Non-invasive methods including 
biomarkers to detect rejection may be abnormal with acute AMR, but to date none 
can exclusively be used to reliably diagnose it or rule it out. As such, cardiac AMR 
remains a pathological diagnosis on endomyocardial biopsy.

 Outcomes

The chances of pathological resolution of asymptomatic cardiac AMR when left 
untreated are related to its severity and time of occurrence since transplant (Fig. 22.4). 
Milder AMR episodes and those taking place beyond 12 months post- transplant are 
more likely to resolve or improve on follow up biopsies [87]. Even then, asymptom-
atic cardiac AMR tends to recur and has been linked to a higher risk of CAV [18] and 
cardiovascular mortality [92] (Fig. 22.5).
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Definitive therapeutic success with acute cardiac AMR is difficult to gauge given 
the limited experience and the lack of standardized approach. Better odds of recovery 
appear to be related to timely and aggressive intervention. The availability of newer 
agents specifically targeting various steps of the humoral immunologic response 
allows for a multi-target approach that may be both more effective and safer.

Besides the immediate clinical challenges that acute AMR poses, patients who 
develop a pattern of repeated AMR have a many fold higher risk of cardiac allograft 
vasculopathy, chronic cardiac dysfunction, and mortality [3, 7, 9, 17, 68, 89]. An 
accelerated form of diffuse coronary artery disease developing over weeks has been 
associated with AMR and notoriously portends very poor outcomes [93]. The nature 
of the mechanistic link between microscopic AMR and macroscopic CAV remains 
to be fully elucidated. It is also conceivable that AMR and CAV are part of one 
pathological-clinical continuum.

 Treatment of Cardiac AMR

The diagnosis of AMR is made by pathological findings. The decision of whether to 
treat and with what requires careful consideration and will take into account the 
patient’s clinical presentation, biopsy grade, allograft function, and the presence of 
donor-specific antibodies (Fig. 22.6). General recommendations for the treatment of 
AMR were published by the ISHLT in 2010 [94]. As more is learned about the 
pathophysiology and consequences of AMR, additional therapeutic strategies are 
being tried. The alloantibody response is complex, however, and caution needs to be 
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taken as these new treatments have potential toxicities and disruptive effects on the 
modulating action of the immune response [95]. Ultimately, there is great need for 
randomized controlled trials in the prevention and treatment of AMR.

 ISHLT Guidelines1 [94]

 Class IIa

 1. The following treatments can be used to disrupt the immune-mediated injury of 
the heart allograft in AMR: (1) high-dose intravenous (IV) corticosteroids; (2) 
cytolytic immunosuppressive therapy.

 2. The following treatments may be used to remove circulating anti-HLA antibod-
ies or decrease their reactivity: (1) plasmapheresis; (2) immune apheresis (immu-
noadsorption); (3) IVIg.

 3. The following treatments are used to maintain adequate cardiac output and sys-
temic blood pressure: (1) IV inotropes and vasopressors; (2) mechanical circula-
tory support.

 4. When AMR is suspected, EMB examination should be expanded to include immu-
nohistochemistry stains for complement split products and possible antibody.

 5. Recipient serum should be screened for presence, quantity and specificity of 
anti-donor (HLA) antibodies.

 6. Follow-up EMB should be performed 1–4 weeks after initiation of therapy and 
include immunohistochemistry examination.

 7. Adjustment of maintenance immunosuppressive therapy may be considered. 
This can include increase in the dose of current immunosuppressive agent(s), 
addition of new agent(s) or conversion to different agent(s).

1 All recommendations are Level of Evidence C.
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 Class IIb

 1. Systemic anticoagulation may decrease intravascular thrombosis in the heart 
allograft.

 2. Emergent retransplantation may be considered if the above measures do not 
restore acceptable heart allograft function, but outcomes in this situation are 
unfavorable.

 Therapeutic Targets: Current and Future

 T-Cell Inhibition

B-cell activity, including activation, isotype switching, and antibody production, is 
tightly regulated by T cells, therefore therapy targeting T-cell activity is an impor-
tant aspect of treatment for AMR. Antithymocyte globulin (ATG) is prepared by 
immunizing rabbits or horses to macerated human thymus which contains predomi-
nately T cells, but also B cells, plasma cells, and dendritic cells, resulting in multiple 
antilymphocyte immunoglobulins. Various preparations are available and include 
rabbit antithymocyte globulin (rAThG), rabbit anti-T cell globulin (rATcG), equine 
antithymocyte globulin (eAThG), and equine antilymphocyte globulin (eALG). 
rAThG is the most commonly used preparation in the United States. ATG is very 
effective at killing or modulating T cells and is used as an induction agent and for 
treatment of cellular rejection [94, 96–100]. In addition to T-cell targets (CD3, CD4, 
CD8, and T-cell receptors), ATG contains antibodies to B-cell and plasma cell anti-
gens and antigens expressed on both T and B cells, including CD20, CD30, FcR, 
CD126, and CD138 [101–103]. ATG may therefore be effective in the treatment of 
AMR beyond its inhibition of T cells via B-cell apoptosis, blockade of cytokine 
receptors, and binding of inhibitory receptors. It is generally used in moderate to 
severe cases of AMR associated with graft dysfunction and/or hemodynamic com-
promise. A usual course of treatment is between 3 and 7 days, and a CD3-count 
guided strategy may result in lower adverse events [103, 104].

The primary effect of calcineurin inhibitors (tacrolimus, cyclosporine) is inhibi-
tion of T-cell activation; there is no conclusive evidence for activity on T-cell- 
independent B-cell antibody production. Based on data showing less rejection in 
patients treated with tacrolimus/mycophenolate mofetil (MMF) versus cyclospo-
rine/MMF, some advocate changing from cyclosporine to tacrolimus in a patient 
with AMR [105]. Rapamycin is an mTOR inhibitor that inhibits T-cell activity by 
blocking transcription of IL-2. Unlike the CNIs, rapamycin may also inhibit B-cell 
antibody production and proliferation via T-cell independent mechanisms [106, 
107]. In clinical studies, rapamycin has been associated with decreased incidence 
and slower progression of cardiac allograft vasculopathy [108–110], a process 
likely related to AMR-mediated mechanisms. Changing from MMF to rapamycin 
or the addition of rapamycin is a reasonable strategy in a patient with AMR.
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 B-Cell Depletion/Inhibition

The spleen is the largest lymphoid organ in the body and houses antibody- producing 
memory B cells and plasma cells [111]. Splenectomy has been successfully used as 
a rescue therapy in cases of severe AMR in kidney transplant recipients refractory 
to standard therapy [112–114], however data for its use in heart transplant patients 
is lacking. When used, it is often combined with other B-cell targeted therapies to 
achieve maximal response.

B-cell depletion is also achieved with the administration of antibodies which 
bind antigens expressed on the surface of B cells. Agents used include the anti-
 CD52 antibody alemtuzumab as well as antithymocyte globulin, both of which 
deplete T cells in addition to B cells [100, 115–118]. Recently, the anti-CD20 anti-
body rituximab has been increasingly used. CD20 is not present on pro-B cells or 
mature plasma cells, thus it effectively eliminates peripheral B cells, but does not 
prevent the regeneration of B cells from precursors and may not directly decrease 
immunoglobulin levels. Research and therapeutic interest in rituximab has been 
greatest in the kidney transplant field [119–121]. A few case reports and series 
describe the use of rituximab in the treatment of AMR in cardiac transplant recipi-
ents, always as part of a multi-therapy regimen; therefore it is difficult to determine 
the exact efficacy of rituximab [90, 122–125].

Additional B-cell depleting agents developed for the treatment of lymphoma and 
autoimmune diseases and which may be useful in transplantation include the anti-
 CD20 antibodies ofatumumab and ocrelizumab, which are potentially more potent, 
have a lower risk for immunogenicity, and have less complement activation [126–
130] CD22 is an inhibitory receptor that remains present as B cells mature and after 
expression of CD20 is lost. Epratuzumab is an anti-CD22 antibody shown to reduce 
B-cell numbers as well as inhibit their activation and proliferation [131]. Anti-CD19 
antibodies are being developed and have the added advantage of acting against B 
cells and plasma cells [132].

Agents that target co-stimulatory receptors on the surface of B cells may also 
have therapeutic benefit in AMR. BAFF is a costimulator critical for B-cell differ-
entiation, survival and expansion; naive B cells in particular are sensitive to BAFF 
depletion. Belimumab and atacicept target BAFF and have shown potential in the 
treatment of systemic lupus erythmatosus [133, 134]. Co-stimulation ligand recep-
tor pairs, such as CD40-CD154, present on T and B cells are essential for activation. 
Anti-CD154 antibodies were promising but failed in clinical trials due to throm-
botic complication [135–137]. Unlike CD154, CD40 is not expressed on platelets 
and may not have the same thrombotic risk. Anti-CD40 antibodies are being tested 
in autoimmune diseases and transplantation [137].

B-cell depletion may have adverse effects [95]. Regulatory B cells inhibit effector 
T cells and facilitate the expansion of regulatory T cells, thereby potentially promoting 
tolerance. Therapies that target B cells may also deplete these important regulatory B 
cells. Further research is needed to identify the optimal agents and timing of adminis-
tration that balance the effects of B cell depletion on rejection and graft survival.
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 Plasma Cell Depletion

Plasma cells produce large amounts of IgG, a proportion of which will be misfolded 
and require degradation by the proteasome. Bortezomib acts as a proteasome inhibi-
tor and therefore results in accumulation of misfolded proteins and apoptosis of 
plasma cells. Developed for the treatment of multiple myeloma, bortezomib has 
been used in the treatment of AMR in transplant recipients, and may be particularly 
useful by preferentially targeting alloantibody-producing cells [138–142]. Toxicities 
with bortezomib have been reported, and randomized controlled trials are needed to 
formally evaluate this therapy prior to widespread adoption.

 Antibody Removal

Immunoadsorption (IA), plasmapheresis (PP), and therapeutic plasma exchange 
(TPE) effectively and quickly remove circulating antibodies and have been used for 
desensitization and treatment of AMR [14, 56, 143–145]. A single exchange of one 
plasma volume with PP or TPE removes approximately two-thirds of all solutes in 
the plasma; therefore multiple sessions are required for adequate antibody removal. 
According to ISHLT guidelines, common protocols consist of 1–5 sessions of PP 
per week for 1–4 weeks [94]. The plasma volume is usually replaced with albumin 
or fresh frozen plasma. IA uses regenerable adsorbers that are able to process high 
volumes of plasma and remove antibody through affinity adsorption. It is more 
effective and specific at antibody removal, generally achieving >90 % antibody 
reduction with two sessions, but does not remove circulating cytokines. It is less 
likely to cause hemodynamic instability, however it is less widely available. 
Additional therapies targeting antibody activity or production should be combined 
with these methods of antibody removal to minimize the rapid rebound in antibody 
titers that occurs following treatment.

 Antibody Inhibition

The activity of circulating antibodies can also be targeted, most commonly with 
intravenous immunoglobulin (IVIg). IVIg contains polyclonal IgG obtained from 
pooled plasma samples. There are multiple potential mechanisms by which IVIg 
may be effective in the treatment of AMR, including the expansion of regulatory T 
cells, up-regulation of the inhibitory FcyRIIB receptor on B cells, and the suppres-
sion of complement activation [146–148]. Although there is very little data from 
clinical trials examining the use of IVIg in transplant, it is commonly used for 
desensitization and for treatment of rejection, often in combination with PP and/or 
agents that target antibody production such as rituximab [149, 150]. Future use of 
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IVIg may include IgG that has been engineered to have greater affinity for the MHC 
class I receptor FcRn, in which binding would compete with endogenous IgG and 
lead to a reduction in IgG titers [151].

Many of the changes seen in AMR are mediated through the complement cascade, 
and there is recent interest in use of agents that target this pathway. Small animal 
studies showed improved graft survival, decreased incidence of AMR, and reduced 
inflammatory infiltration following treatment with an anti-C5 monoclonal antibody 
or C5aR antagonist [152–154]. Eculizumab, an antibody directed against the com-
plement component C5, has been successfully used in the treatment of AMR in renal 
transplant recipients [155–157]. Additional data is needed prior to routine use.

 Other Measures

Glucocorticoids bind to glucocorticoid receptors on T cells, antigen presenting 
cells, and endothelial cells and modify gene regulation via the glucocorticoid 
response elements. Immunosuppressive effects include decreased production of 
multiple pro-inflammatory cytokines and interference with cytokine receptor sig-
naling [159–161]. For AMR associated with hemodynamic abnormalities, high- 
dose corticosteroids (methylprednisolone 1000 mg IV daily for 3 consecutive days) 
should be used. In less severe cases, an oral bolus dose may be used. Table 22.3 
summarizes the dose, frequency, duration, and most common side effects of these 
various drugs/interventions used for cardiac AMR.

In AMR, platelets and other components of the coagulation cascade are activated 
and microthrombi may develop in the small vessels of the allograft, potentially lead-
ing to ischemia and further graft dysfunction [32, 89]. When treating a patient for 
AMR, it is reasonable to administer systemic anticoagulation to decrease the risk of 
intravascular thrombosis [94].

Potential future therapies for the treatment of AMR include anti-interleukins, 
agents that inhibit more proximal components of the complement cascade, and 
strategies aimed at inducing tolerance [162–165].

 Desensitization

Patients with pre-transplant sensitization have increased wait times to transplant, as 
well as increased rejection, higher rates of cardiac allograft vasculopathy, and 
decreased survival following transplant [3, 166–168]. Desensitization therapy may 
be performed in order to minimize these risks, and utilizes many of the same thera-
pies used in the treatment of AMR [169]. Protocols vary by transplant center and 
may also be individualized for each patient. In 2009, the ISHLT published a report 
from a consensus conference on the management of sensitized patients which con-
tains a description of desensitization protocols from six transplant centers [170]. 
Most programs treated patients with pre-transplant PRAs >50 % and used a 
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combination of plasmapheresis, IVIg and rituximab. Bortezemib has also been suc-
cessfully utilized, generally if initial treatments failed to adequately reduce PRA 
levels [171, 172]. Clinical trials are needed and are being organized around proto-
cols for desensitization and prevention.

 Animal Models of AMR

Experiments using animal models have led to advancements in the understanding 
and treatment of rejection in heart transplantation. Early studies emphasized the 
important role of T cells in rejection. In these studies, the passive transfer of anti-
bodies to rodent allograft recipients failed to accelerate rejection, whereas the trans-
fer of sensitized lymphocytes led to prompt rejection [173–176]. Although it would 
later be shown the lack of rejection with early antibody transfer was due to a lack of 

Table 22.3 Drugs and interventions in cardiac AMR [94, 139–141, 156–158]

Dose Frequency Duration Side effects

Plasmapheresis (PP) [94] 1–2 plasma 
exchanges

Daily
Every other 
day
3 times per 
week
Once weekly

3–5 days
1–2 weeks
1–4 weeks
2–4 weeks

Hypotension, 
bleeding, 
blood-borne 
infection

IV immunoglobulin [94] 100–1000 mg/kg 1–3 times 
per week, 
often after 
PP

1–4 weeks Headache, fever, 
chills, thrombosis, 
volume overload, 
aseptic meningitis, 
acute renal failure

Rituximab [94] 375 mg/m2 Once 
weekly

1–4 weeks Fever, hives, 
chills, leukopenia, 
infection, nausea

Bortezomib [139–141] 1.3 mg/m2 Every 
3–5 days

4 doses 
(2–4 weeks)

GI toxicity, 
thrombocytopenia, 
neutropenia, 
peripheral 
neuropathy

Eculizumab [156–159] 600–900 mg Once 
weekly

1–4 weeks GI toxicity, 
nasopharyngitis, 
anemia, headache, 
leukopenia,

Corticosteroids
  Methylprednisolone
  Prednisone

250–1000 mg
1–3 mg/kg

Daily
Daily

3 days
3–5 days

Fluid retention, 
hyperglycemia, 
osteoporosis, 
hypertension

Antithymocyte  
Globulin (rabbit)

0.75–1.5 mg/kg Daily or 
every other 
day

5–14 days Fever, chills, 
hypotension, 
shortness of 
breath, 
thrombocytopenia
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graft perfusion [177–179], research was directed away from the role of antibodies 
in rejection for many years and instead focused on the importance of T cells and 
cellular rejection in graft survival.

Two significant findings reignited the interest in AMR: the ability to identify C4d 
deposition in graft microvasculature and the recognition that C4d is often associated 
with circulating donor-specific antibodies [179, 180]. Since then, research using small 
animal models has led to insights in acute and chronic AMR, but there is great need for 
better animal models to fill existing gaps in our knowledge of and ability to treat AMR.

 Acute AMR

Acute AMR is characterized pathologically by endothelial activation, inflammatory 
infiltration, and parenchymal injury. In mouse models of rejection, C3d and C4d 
deposition have been associated with circulating alloantibodies; grafted immuno-
globulin knockout mice lacking alloantibody do not show C3d and C4d deposition 
and early endothelial injury [181–183]. The passive transfer of complement activat-
ing antibodies to these knockout mice leads to complement deposition and allograft 
rejection [184, 185]. An adequate antibody titer is necessary to produce the patho-
logic changes of AMR [186]. Future research that manipulates the antibody titer used 
in transfer experiments may allow the creation of models of subclinical AMR [187].

Complement activation can lead to the production of split products such as C5a 
and C5b, pro-inflammatory proteins that attract macrophages, neutrophils, and 
platelets. In allograft mouse models in which monoclonal antibodies to C5 or C5a 
receptor antagonists were administered, chemokine up-regulation and macrophage 
infiltration were inhibited [152–154]. These models allow the opportunity to under-
stand the role of complement in AMR and to test new therapeutic targets.

Non-complement mediated pathways also contribute to acute AMR. Antibody- 
binding to MHC class I antigens on endothelial cells in the absence of complement 
and leukocytes leads to the release of growth factors and cytokines and to cell prolif-
eration [188, 189]. Antibody binding to endothelial cells and vimentin stimulates the 
expression of P-selectin, which leads to leukocyte and platelet adherence and accel-
erated rejection [190–192]. Findings such as these may help explain and character-
ize the changes of AMR that are sometimes seen in the absence of C4d deposition.

 Chronic AMR

Chronic AMR is an established consequence of cumulative and repetitive episodes 
of AMR and is characterized most commonly in cardiac allografts by vasculopathy. 
Colvin et al. demonstrated that chronic arteriopathy can be induced by the passive 
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transfer of donor specific antibodies to knockout mice devoid of T and B cells [193]. 
The arteriopathy could persist and progress even following clearance of antibody 
and C4d deposition. Similarly, the transfer of polyclonal antibodies to transplanted 
SCID mice leads to extensive graft arteriopathy; an adequate antibody titer is neces-
sary to cause vasculopathy [194].

Reed and colleagues have shown that antibody binding to endothelial cell surface 
molecules leads to changes in signal transduction of pro-inflammatory and pro- 
proliferative pathways. One example is mammalian target of rapamycin complex 1 
(mTORC1)-mediated activation of cell survival and proliferation signaling path-
ways following anti-HLA antibody binding [189]. These findings provide the 
 rationale for using rapamycin, an mTORC1 inhibitor, to prevent or halt the progres-
sion of vasculopathy [195]. Anti-HLA antibody binding has also been shown to 
stimulate Rho and its target protein Rho kinase, initiating pathways of cell prolifera-
tion [196]. Treatment with a Rho-kinase inhibitor suppressed vasculopathy develop-
ment in a mouse model [197]. Additional animal models are needed to further 
elucidate the pathways linking antibody-binding, signaling cascades, and chronic 
rejection and to test potential new therapies.

 Accommodation and Tolerance

Accommodation is defined as the resistance of a graft to the effects of graft-specific 
antibodies and complement fixation [198, 199]. Complete inhibition of complement 
activation is one potential mechanism in cardiac xenografts that show accommoda-
tion [200]. These grafts demonstrate deposition of C4d and C3d but not C5b and 
MAC, the late components of the complement cascade. Other accommodated xeno-
graft models show increased expression of cytoprotective proteins that have anti- 
apoptotic activities [201–204].

Exposure to low levels of donor-specific antibodies may lead to accommodation 
[203]. In one model, repeated injection of low-dose donor-specific antibodies led to 
increased expression of complement regulatory proteins such as decay accelerating 
factor [204]. Reed and colleagues have shown that the signaling events which regu-
late accommodation versus cell proliferation are dependent on the specificity and 
the concentration of the antibody [205].

In need of better understanding is whether long-term exposure to donor-specific 
antibodies, even at low levels, would eventually lead to chronic rejection or if 
accommodation could persist. Colvin has suggested that accommodation may not 
be an all-or-none phenomenon, but rather a spectrum exists along which acute rejec-
tion, accommodation, and chronic rejection can develop following antibody binding 
[206]. Animal models provide the opportunity to gain an understanding of the 
mechanisms and natural history of accommodation which could lead to new thera-
peutic strategies.
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Chapter 23
Infections After Cardiac Transplantation

Robin K. Avery

 Introduction

Recent years have seen many advances in prevention and treatment of infections in 
heart transplant candidates and recipients. In general, the field has adopted an 
increasingly proactive approach, with the advent of molecular diagnosis for early 
detection of viral infections, for example. In particular, strategies for prevention of 
cytomegalovirus (CMV) infection, either prophylaxis or pre-emptive therapy or a 
combination of these, have rendered CMV less likely to be symptomatic and tissue- 
invasive [1]. Standardization of definitions for infection in ventricular assist device 
(VAD) patients [2] and heart transplant recipients [3] have helped to facilitate inter- 
center comparisons and establish guidelines [4–6]. However, challenges remain. 
Multidrug-resistant bacteria [7–9] and a more virulent strain of C. difficile [10] 
have led to complicated courses for some patients over the past decade. Newer 
understanding of the impact of low-level or subclinical viral infections on allograft 
function [11, 12] has brought to our attention the importance of asymptomatic vire-
mia in some circumstances. And longer post-transplant survival has led to increas-
ing risk of environmental infection exposures (occupational, residential, recreational, 
travel-related). Future directions for research should include further studies of the 
impact of newer immunosuppressive agents on transplant-related infections, refine-
ment of diagnostic techniques for assessing pathogen-specific immune function, 
and continuing improvements on pre-transplant screening and post-transplant infec-
tion prophylaxis and monitoring.

R.K. Avery, MD, FIDSA 
Division of Infectious Disease (Transplant/Oncology), Johns Hopkins Hospital,  
1830 East Monument Street #449, Baltimore, MD 21205, USA
e-mail: ravery4@jhmi.edu

mailto:ravery4@jhmi.edu


540

 Pretransplant Screening, Immunizations, and  
VAD-Related Infections

Heart transplant candidates, like all solid organ transplant candidates, should be 
subjected to a rigorous pre-transplant evaluation process that includes an assess-
ment of infections, both overt and latent, that the patient has had in the past [13]. 
This is accomplished by a careful medical history and thorough exam, examination 
of previous microbiology records if any, and full evaluation of any symptoms, phys-
ical signs, or radiographic indications of possible active infection. The purpose of 
this is to render transplantation safer by application of preventive measures pre- 
transplant, by treating active infections to the extent possible, and utilizing prophy-
lactic measures for latent infections according to current guidelines [13].

Donor screening and prevention of donor-transmitted infections will be described 
below.

Patients with advanced heart failure who come to transplant evaluation may have 
had a variety of infections, including pneumonia, sinusitis, urinary tract infections, 
bloodstream infections, and skin/soft tissue infections. Particularly common are 
cellulitis and sometimes ulcerations of the lower extremities in the setting of periph-
eral edema, and infections related to (primarily central) intravenous access catheters 
that are placed either for long-term administration of inotropes, or short-term for 
inpatient treatment of acute decompensated heart failure. Infections related to other 
endovascular devices, including intra-aortic balloon pumps, pacemakers, or implant-
able defibrillators, are also common. Patients who are bridged to transplant with a 
ventricular assist device (VAD) are particularly subject to infections originating in 
the driveline site, across a spectrum that includes localized driveline site infection, 
pocket infection, bacteremia, candidemia, and VAD endocarditis [2, 14, 15]. In one 
series, half of the VAD patients bridged to transplant had post-transplant blood-
stream infections, with Staphylococcus species being the most common organism, 
followed by Candida, Pseudomonas, and Enterococcus [15].

Treatment of active infection prior to transplantation is a central principle, but 
complete eradication of infection is not always possible until the transplant, particu-
larly in patients on mechanical circulatory support for whom removal of the VAD 
(with transplantation) is necessary for complete resolution of infection. However, 
infections that do not involve mechanical circulatory support devices should be 
treated as fully as possible (see Table 23.1 for recommended durations of therapy of 
infections in the pre-transplant phase). That is to say, wherever possible, pneumonias 
should be treated according to standard guidelines depending on severity, organism, 
and whether community-acquired or healthcare-associated (Table 23.1). This treat-
ment period should ideally result in the resolution of symptoms and radiographic 
findings (although in some cases, radiographic findings may persist for some time 
after the resolution of infection and this decision can be individualized.) Infections 
involving vascular access devices should be treated according to standard guidelines 
(Table 23.1), and repeat blood cultures at least several days after completion of the 
planned course of antibiotic therapy should be obtained for “proof of cure.” Urinary 
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tract infections (UTI) should be treated with removal or change of the foley catheter 
(if any) in addition to administration of culture-directed antimicrobial therapy. 
Duration of UTI therapy can range from short-course (3 day) therapy of outpatient 
uncomplicated UTI’s in females to 6 weeks or more for prostatitis in males, but most 
frequently will be in the range of 7–10 days (Table 23.1) [16–23]. The patient should 
have a repeat urine culture off antibiotics and also a repeat urinalysis to demonstrate 
the resolution of pyuria. If pyuria persists, additional evaluation is warranted, which 
may include a urine culture specifically for fungi (Candida glabrata may not grow 
well on standard urine cultures but is increasingly seen as a pathogen in patients with 
multisystem illnesses.) Duration of therapy for cellulitis can be complicated by slow 
resolution of erythema and persistence of swelling in patients with lower extremity 
edema, but most often will be in the 7–14 day range. The use of oral suppression after 
a series of recurrent infections, such as cellulitis, is a consideration, but given the risks 
of complications such as C. difficile—associated diarrhea, such a decision should be 
carefully weighed and the risks and benefits discussed fully with the patient.

Table 23.1 Duration of therapy for common pre-transplant infections [16–23]

Infection Therapy duration Guidelines

Pneumonia 
(Community-acquired)

Minimum 5 days, afebrile  
48–72 h, stable

IDSA Guidelines [16]

Pneumonia (Hospital- 
acquired, ventilator- 
associated, and 
healthcare-associated)

8 days (if responding); unless 
Pseudomonas aeruginosa 
(14–21 days)

ATS/ IDSA  
Guidelines [17]

Implantable cardiac device 
infections

(AHA Guidelines) [18]

  Pocket infection 10–14 days after device removal
  Bloodstream infection At least 14 days after device removal
  Complicated infection At least 4–6 weeks AHA Guidelines [18]
Bacteremia (Catheter- 
related, without other 
implantable devices)

2–6 weeks depending on organism 
and clinical circumstances

(IDSA Guidelines) [19]

Infective endocarditis 4–6 weeks (depending on type, 
organism—although 2-week regimens 
have been described for certain 
organisms, transplant candidates 
should receive longer durations)

(AHA/IDSA 
Guidelines) [20]

Urinary tract infection
Uncomplicated cystitis in 
women

3–7 days (IDSA/ESMID 
Guidelines) [21]

Uncomplicated 
pyelonephritis in women

7–14 days (depending on  
antibiotic used)

(IDSA/ESMID 
Guidelines) [21]

Catheter-associated UTI 7 days if prompt response; 
10–14 days if delayed response

IDSA Guidelines [22]

Cellulitis (non-necrotizing) 7–10 days or more (varies by 
organism and clinical course)

IDSA Guidelines [23]
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For patients who have an infection with a VAD in place, recent guidelines are 
helpful with duration of therapy and decisions about long-term suppression [2, 4]. 
Organisms are most frequently staphylococci, but Gram-negative bacilli such as 
Pseudomonas; other Gram-positive organisms such as enterococci; and fungal 
infections may occur [14, 15]. Fungemia was described in 7 VAD patients in one 
series (5 with candidemia, 2 with aspergillosis) for an attack rate of 0.1 infec-
tions/1000 days of device support [24]. Most patients with a VAD-related infection 
can safely undergo transplantation provided that their bloodstream infection is con-
trolled at the time of transplantation, and appropriate antibiotics are administered 
post-transplant as well as pre-transplant to eradicate any additional remaining foci. 
In some cases, a bacteremia or candidemia cannot be controlled prior to transplant 
because of continued presence of the device. In such situations, transplantation may 
be undertaken, but with the known risk of persistence or recurrence of the infection 
and with lengthy antimicrobial therapy afterwards. It is a principle of endovascular 
infections in general that definitive treatment often involves removal of the device 
(catheter, pacemaker, ICD), but with VAD’s the situation is complicated by the dif-
ficulty of removal and replacement of the device, which can only be undertaken in 
extreme circumstances. Therefore, control of the infection and (in some cases) con-
tinuous suppression of previous organisms until transplant may be all that can be 
achieved prior to transplantation. Unfortunately, as with other healthcare-associated 
infections, the rise of multiply-resistant bacterial pathogens has complicated ther-
apy and sometimes led to use of newer drugs such as daptomycin [25].

As part of pre-transplant evaluation, the recipient undergoes a serologic screen-
ing panel which can help with risk stratification and with prophylaxis post- transplant 
(Table 23.2) [13]. This generally includes, at a minimum, serologic testing for HIV, 
HBV, HCV, syphilis, CMV, EBV, and VZV. Patients with a positive HCV antibody 
screening test should undergo HCV RNA screening and, if positive for HCV RNA, 
should undergo evaluation by a hepatologist. Patients with positive anti-HBc and 
anti-HBs but negative HBsAg are those who have had HBV in the past and have 
resolved it; no further therapy is necessary. Patients with positive HBsAg have 
active HBV infection and should be seen by a hepatologist. Patients with isolated 
positive anti-HBs (with negative HBsAg and negative anti-HBc) have received 
effective vaccination. Patients with positive anti-HBc, negative HBsAg and negative 
anti-HBs are either those who have resolved infection (with anti-HBs waning below 
the level of detectability), or those with early active infection in the “window period” 
(in which case the anti-HBc IgM is positive), or those with false-positive anti-HBc. 
Further evaluation with HBV DNA and anti-HBc IgM is desirable.

Patients with a positive non-treponemal serologic test for syphilis (e.g. RPR) 
should have a treponemal test performed for confirmation (e.g. FTA-ABS or 
MHATP). If the treponemal test is negative, the RPR is most likely a biologic false- 
positive and is not a contraindication to transplantation. If the treponemal test is 
positive, the patient should be evaluated for active syphilis and treated according to 
standard guidelines. Involvement of an infectious disease specialist is highly recom-
mended. Treated syphilis is not a contraindication to transplantation. After  treatment 
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the RPR titer may take months to years to resolve, so a negative RPR is not required 
after treatment of syphilis before proceeding to transplantation.

Serology for VZV is performed primarily to detect the uncommon seronegative 
transplant candidate, and to help with management of VZV exposures post- 
transplant. Less than 10 % of adults are seronegative for VZV in most regions. 
However, VZV-seronegative individuals are at risk for severe primary varicella if 
exposed post-transplant, and should receive varicella vaccination pre-transplant if 
they are not on immunosuppression already, and if they are not expected to undergo 
transplantation within 4 weeks. (If they do receive varicella vaccination pre- 
transplant and then get a donor offer less than 4 weeks later, they may undergo 
transplantation but with immediate post-transplant initiation of acyclovir or ganci-
clovir therapy.) VZV-seronegative candidates who cannot receive varicella immuni-
zation pre-transplant (due to being on immunosuppression or being too close in 
time to transplant) should be counseled extensively on their risk of acquiring vari-
cella post-transplant and should be encouraged to report any exposures immediately 
so that prophylactic antiviral therapy can be administered.

Serology for CMV and EBV should be performed primarily to determine risk 
status in conjunction with the CMV and EBV serologies of the donor (see below). 
The relevant serologies are CMV IgG and EBV VCA IgG. In both cases, the 
highest- risk status is donor-seropositive, recipient-seronegative (D+/R−) which 
often warrants special monitoring and in some cases for CMV, may warrant extended 
prophylaxis [1, 6].

HIV was once considered a contraindication to transplantation, but in recent 
years, successful transplantation of HIV-positive kidney and liver recipients has 

Table 23.2 Pre-transplant testing of donor and recipient [37]

OPTN/HRSA minimum requirements for deceased donor testing (United States) for infection

U.S. FDA-licensed Anti-HIV-1 and Anti-HIV-2 serologic screening test
Hepatitis screen serological testing, including HBsAg, HBcAb, and anti-HCV
VDRL or RPR
Anti-CMV
EBV serological testing
Blood and urine cultures; urinalysis within 24 hours prior to cross-clamp
http://optn.transplant.hrsa.gov/PoliciesandBylaws2/policies/pdfs/policy_2.pdf [37]
Additional donor testing (under specific circumstances)
NAT (Nucleic Acid Amplification Testing) for HCV, HBV, HIV (see text)
Recipient pre-transplant testing
Serology for HIV, HBV, HCV (anti-HCV and HCV RNA), syphilis (RPR or syphilis IgG), CMV 
(CMV IgG), EBV (VCA IgG) Toxoplasma IgG, as above
Serology for VZV, hepatitis A, ± HSV
Testing for latent TB infection (interferon-gamma release assay, or tuberculin skin test)
For those with possible exposures: serologies for Strongyloides, Chagas disease, schistosomiasis
Blood, urine, sputum, stool microbiologic diagnostic testing if clinically indicated
Chest Xray; CT scans and other imaging if clinically indicated
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been reported through a multicenter study and has become widely accepted practice 
[26]. Thoracic transplantation of HIV-positive candidates has been less commonly 
performed, but has been reported [27, 28] and is likely to increase in the future, 
based on the experience in abdominal transplantation, and based on the large num-
ber of individuals with HIV who have controlled viral loads and who are surviving 
longer with chronic diseases including heart disease. Transplantation of HIV- 
positive recipients requires careful monitoring of pharmacokinetics by a pharmacist 
with knowledge of the extensive drug interactions particularly between protease 
inhibitors and calcineurin inhibitors [29]. Evaluation of HIV-positive candidates 
should include an assessment of the patient’s HIV-RNA viral load and CD4 count 
over time as well as any opportunistic infections in the past, and any indications of 
active infection that might persist or recur post-transplant [29].

The transplant candidate should undergo testing for latent TB infection with an 
interferon-gamma release assay (IGRA) blood test, or PPD skin testing, and should 
be considered for latent TB therapy with isoniazid if either of these tests is positive 
(see below) [13, 30].

Further recommendations on management of latent TB infection [30] as well as 
pre-transplant non-tuberculous mycobacterial infections [31] are given below.

The pre-transplant evaluation is also an important time to update immunizations, 
which are more effective when administered prior to transplant [13, 32]. The 
American Society for Transplantation (AST) has published guidelines for immuni-
zations in pretransplant candidates and post-transplant recipients [32]. Because of 
the degree of detail of these recommendations, the reader is referred to the AST 
Guidelines for further information [32]. For pediatric candidates, standard immuni-
zation series should be completed prior to transplant whenever possible [32]. For 
adult candidates, immunizations should be administered according to the recom-
mendations for adult immunizations with the exception that live virus vaccines (e.g. 
varicella vaccine, zoster vaccine) should only be administered if the patient is not on 
immunosuppression and transplantation is not anticipated within 4 weeks [32]. The 
patient should receive yearly influenza vaccine with the injected preparation rather 
than the live attenuated nasal vaccine [33]. The family members of the transplant 
candidate should also receive influenza immunization to create a “circle of protec-
tion” around the patient [33]. Pneumococcal vaccine should be administered if it 
has not been received within 5 years and if the patient has not already had 2 lifetime 
doses. The 3-dose hepatitis B vaccine series should be administered to any candi-
date who is seronegative for anti-HBs. Although commonly administered at 0, 1, 
and 6 months, an accelerated course (e.g. 0, 1, and 2 months) can be given to those 
in whom transplantation is anticipated to occur soon. (Although HBV vaccine can 
be given post-transplant, it is less effective in patients on immunosuppression.) 
Tetanus-diphtheria-acellular pertussis (Tdap) vaccine should be administered if not 
already received (although the standard time interval for repeating tetanus vaccine 
is 10 years, the Tdap vaccine can be given if the last tetanus vaccine was >2 years 
previous.) The advantage to Tdap is the additional protection against pertussis, 
which can cause protracted infection in immunocompromised patients.
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HPV vaccine should be offered to patients aged 11–26 of both genders. HPV is 
a significant issue in long-term survivors of transplantation although the efficacy of 
pre-transplant HPV vaccine in preventing post-transplant HPV is yet unknown. 
Zoster vaccine should be offered to candidates age 60 and above who are not on 
immunosuppression and who are not anticipated to undergo transplantation within 
4 weeks. It can also be offered to those aged 50–59 who meet the above criteria (it 
is FDA-approved but not ACIP-recommended for this age group.)

 Early Post-transplant Infections

According to the paradigm initially developed by Rubin [34], there are 3 distinct 
time periods of post-transplant infection risk: the first month, months 2–6, and after 
6 months. At any stage, the risk for infection is a combination of the “net state of 
immunosuppression” and the patient’s particular environmental exposures [34]. In 
the first post-transplant month, although immunosuppressive medications are being 
administered at high doses, the full effects of immunosuppression have not yet 
taken hold on the immune system, and the vast majority of infections are not oppor-
tunistic infections, but rather are those which can occur after any major surgical 
procedure [34]. These include catheter-related infections, urinary tract infections, 
pneumonias, empyemas, sternal wound infections, and mediastinitis. Risk factors 
for these infections include protracted intensive care unit stay, protracted require-
ment for mechanical ventilation, primary graft dysfunction, technical complications 
of surgery, need for reoperations (such as exploration and evacuation of hemato-
mas), renal dysfunction and need for renal replacement therapy, multiorgan dys-
function, older age, and diabetes.

Neutropenia associated with transplant medications such as ganciclovir, valgan-
ciclovir, mycophenolate mofetil, and azathioprine can also contribute to infection 
risk. As discussed below, multidrug-resistant organisms are increasingly seen, and 
occur particularly in those patients with extensive prior antibiotic exposures both 
pre- and post-transplant [7–9].

While most of the above infections can occur in any solid organ transplant recipi-
ent, heart recipients are particularly at risk for intrathoracic infections, including 
mediastinitis. Sternal wound infections may occur as after any cardiac surgery, but 
may be more common in transplant recipients than in nontransplanted cardiac sur-
gery patients. A study from a large Spanish database (the RESITRA database) 
reported an incidence of 4.8 % for incisional surgical site infections in heart recipi-
ents, with staphylococci being the most common pathogens, but a variety of other 
organisms were seen including Gram-negative bacilli (Proteus, and extended- 
spectrum- beta-lactamase producing E. coli); and yeast (Candida albicans and C. 
glabrata) [35]. Patients with pre-existing VAD-related infections are at risk for 
mediastinitis with their previous infecting organisms unless a lengthy course 
(4–6 weeks) of pathogen-directed post-transplant therapy is administered.
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Other commonly seen infections during the first month include candidiasis (espe-
cially oropharyngeal thrush) and herpes simplex virus (HSV) reactivation. Prophylaxis 
of oropharyngeal candidiasis with either nystatin oral suspension (swish and swallow) 
or clotrimazole troches is almost universal. Oropharyngeal and occasionally esopha-
geal HSV infection can result from reactivation of HSV-1, while genital and perianal 
HSV can result from reactivation of HSV-2. Thus most patients who are not receiving 
ganciclovir or valganciclovir prophylaxis for CMV should be receiving acyclovir or 
valacyclovir prophylaxis for HSV (and VZV). Uncommonly, opportunistic infections 
such as cytomegalovirus or aspergillosis may be seen during the first month, in the 
setting of pre-transplant immunosuppression or excessive environmental exposures.

 Donor-Transmitted Infections

A wide variety of organisms (bacterial, fungal, viral) have been reported to be trans-
mitted via solid organ transplantation [36]. Some, but not all, are preventable through 
pre-transplant screening [13]. Like prospective transplant recipients, prospective 
deceased donors undergo a rigorous screening process consisting of a serologic 
panel, review of medical records, and detailed medical and social history (in this 
case from the donor’s family members.) In addition, blood cultures, urine culture, 
and chest radiography are generally performed although the results of cultures may 
not be available until after the transplant has been performed. Details of standard 
deceased donor testing can be found in Table 23.2 and on the OPTN/HRSA website 
http://optn.transplant.hrsa.gov/PoliciesandBylaws2/policies/pdfs/policy_2.pdf [37].

The serologic panel performed on deceased donors is similar to that for recipi-
ents, and serves three main functions . First, certain serologies may disqualify the 
donor completely – in the US, in the past, this has included a positive test for HIV 
or a positive HBsAg indicative of active HBV infection, although in other parts of 
the world these criteria might not disqualify all donors. Most recently, the possible 
use of HIV-positive donors is being explored through the HOPE Act [38]. Second, 
serology results might suggest limiting the donor to a particular subgroup of recipi-
ents (e.g. an HCV-positive donor to an HCV-positive recipient, see below.) Finally, 
serologic screening may help to determine risk stratification and prophylaxis proto-
cols post-transplant, as with CMV and EBV for which the highest risk group is 
seronegative recipients with seropositive donors (D+/R−). A positive donor serol-
ogy for syphilis is not a contraindication to transplantation, but the recipient should 
be treated. Donor blood testing for latent TB infection, in the form of the interferon- 
gamma release assay (IGRA), is not yet universally available due to the requirement 
that the test be performed in a specialized laboratory using living cells.

Until recently, most of the elements of the serology panel were antibody serolo-
gies (IgG) indicating exposure at some time in the past. This landscape is changing, 
after transmissions of viral infections such as HIV and HCV were reported during 
the “window period” (prior to antibody seroconversion) of the donor [39, 40]. The 
deceased-donor time frame was traditionally not long enough to conduct assays that 
directly detect the presence of viral genomes, which would detect infection earlier 
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than antibody seroconversion and thus shorten the “window period”. More recently, 
with development of rapid molecular testing known as NAT (“nucleic acid amplifi-
cation”) testing, it has become possible for the majority of organ procurement orga-
nizations (OPO’s) to perform NAT testing in the deceased donor time frame [41]. A 
national discussion ensued regarding whether or not NAT testing should be applied 
to all prospective donors, or whether it should be restricted to those with CDC- 
defined high risk behaviors (including injection drug use, sexual promiscuity, and 
incarceration) [40]. Recent guidelines from the US Public Health Service have rec-
ommended NAT testing for HCV for all donors, and NAT testing for HIV in high- 
risk donors [41]. For further discussion on the risk of HCV and HBV in the cardiac 
transplant recipient, see section on “Other Viruses” below.

Other infections which would generally disqualify prospective donors include 
bacteremias with virulent organisms such as MRSA, VRE, or multidrug-resistant 
Gram-negative bacteria; active invasive fungal infection, or active tuberculosis. 
Occasionally, a bacterially-contaminated organ, where the infection was not previ-
ously suspected, may result in transmission of infection to the recipient [42]. However, 
bacterial meningitis with community-acquired organisms such as Pneumococcus is 
not considered a contraindication to transplantation if appropriate antibiotics are 
administered to the recipient post-transplant [43, 44]. Recently a study from UCLA 
extended this concept by reporting safe transplantation of hearts from donors with 
bacterial sepsis [45], although it should be noted that this referred to sepsis with com-
munity–acquired organisms and not with nosocomial, multidrug- resistant organisms. 
Also, caution should be exercised in prospective donors with abnormal CSF findings 
without positive bacterial cultures, since such fatal transmissions as West Nile virus, 
rabies, lymphocytic choriomeningitis virus, or even lymphoma could result [36]. If a 
bacterial meningitis donor is to be utilized, proof of bacterial infection with a positive 
culture of donor CSF is important.

The formation of the Disease Transmission Advisory Committee (DTAC) by 
OPTN/UNOS was a significant advance towards a more evidence-based under-
standing of the nature, risks, and outcomes of donor-transmitted infections [46]. 
Since 2005, this group has reviewed all reported possible transmissions of infection 
or malignancy, and have scored these as proven, probable, or possible according to 
uniform criteria [46]. Transplant centers and clinicians are strongly encouraged to 
report any suspected donor-derived infections via this mechanism, which contrib-
utes to the knowledge base of the transplant community as a whole, in addition to 
facilitating notifications and communications to other transplant centers who have 
transplanted organs from the same donor.

 Cytomegalovirus

Cytomegalovirus (CMV) remains one of the most important post-transplant infec-
tions, although prophylactic and pre-emptive therapy strategies have reduced its 
incidence and severity [1, 5, 6]. Prior to the prophylaxis era, between 40–80 % of 
transplant recipients developed symptomatic CMV disease. The highest risk group 
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is the donor-seropositive, recipient-seronegative (CMV D+/R−) group in which the 
recipient has no antecedent CMV-specific immunity but acquires a CMV viral load 
from the donor. Those recipients who were already seropositive for CMV (R+) can 
develop CMV reactivation under the influence of immunosuppression, particularly 
after treatment for rejection, and those who are D+/R+ can either reactivate their 
own CMV strain from the past, or can develop superinfection with the donor’s strain 
of CMV. Classically, symptomatic CMV appeared most frequently between 1 and 
4 months post-transplant, but with prophylaxis, a first episode of CMV might occur 
in the second half of the first post-transplant year or even later [1] (Fig. 23.1).

Clinical manifestations of CMV infection fall into three categories: asymptom-
atic viremia, “CMV syndrome,” and tissue-invasive CMV. All 3 categories are 
referred to as “CMV infection,” and the latter 2 categories (CMV syndrome and 
tissue-invasive CMV) are referred to as “symptomatic CMV” or “CMV disease.” 
Asymptomatic viremia is usually associated with a low blood viral load (often 
<10,000 copies/ml) and is usually discovered as part of a pre-emptive monitoring 
program. “CMV syndrome”, associated with moderate elevation of the viral load 
(e.g. 10,000–100,000 copies/ml), is a flulike illness with fevers, chills, malaise, 
myalgias, and often leukopenia, thrombocytopenia, and mild elevations of the liver 
function tests. Tissue-invasive CMV (usually associated with high viral loads, 
100,000 copies/ml and above) is the most clinically severe manifestation, and refers 
to the situation where CMV can be detected in tissue by histopathology and/or tis-
sue immunostaining. The organs most commonly involved are the lung (CMV 
pneumonitis), liver (CMV hepatitis), GI tract (CMV esophagitis, gastritis, enteritis, 
colitis) and less commonly the eye (CMV retinitis) and central nervous system 
(CMV meningoencephalitis.) For lung and liver transplant recipients, the allograft 
is the most common localization for tissue-invasive CMV, but in heart recipients, 
CMV myocarditis is uncommon, and GI tract manifestations appear more  frequently. 

Fig. 23.1 Cytomegalovirus 
inclusion in type 2 
pneumocyte from 
immunocompromised 
patient with CMV 
pneumonia. The cell 
contains an eosinophilic 
nuclear inclusion that 
obscures most of the cell 
nuclear and multiple 
smaller basophilic 
cytoplasmic inclusions. 
1000× magnification 
(Image courtesy of  
Dr. Carol Farver, Pathology 
Department, Cleveland 
Clinic)
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Tissue-invasive CMV is often associated with debilitation, multiorgan dysfunction, 
and a prolonged recovery phase. Higher peak viral loads in the initial CMV episode 
are associated with risk for recurrences, tissue-invasive disease, and development of 
ganciclovir resistance.

Detection of CMV was originally performed by tissue culture of peripheral 
blood, but this was time-consuming and labor-intensive. Shell-vial centrifugation 
culture reduced the turnaround time to 48 hours but was less sensitive at low viral 
loads. The pp65 antigenemia test provided a semi-quantitative measure of CMV 
load, but was labor-intensive and lost sensitivity if samples were mailed in from 
distant sites. Most centers now use some form of molecular diagnostic test, most 
commonly the quantitative CMV PCR, which expresses the viral load in copies/ml. 
However, inter-center comparisons have been complicated by inter-laboratory vari-
ation and a multiplicity of locally-designed assays. The recent development of a 
WHO standard (in IU/ml) and the advent of the first FDA-approved quantitative 
PCR test should help to standardize these disparate results [47].

Given the severity of CMV in the early years of transplantation, considerable 
effort has been devoted to developing systems of prevention. Two main strategies, 
termed “prophylaxis” and “pre-emptive therapy”, have been shown to reduce CMV 
incidence and severity.

“Prophylaxis” refers to administration of an antiviral agent to an entire group. In 
cardiac transplantation, this approach was pioneered by Merigan et al. in 1992, with 
a randomized trial of a 4-week intravenous ganciclovir regimen compared with pla-
cebo [48]. This regimen significantly reduced the incidence of symptomatic CMV 
from 46 % to 9 % in the recipient-seropositive (R+) subgroup, but did not signifi-
cantly reduce symptomatic CMV in the high-risk D+/R− subgroup [48]. Today, 
most centers use prophylaxis with valganciclovir, which is an oral analogue of IV 
ganciclovir but which has greater bioavailability than the older formulation of oral 
ganciclovir. The PV16000 study compared 100 days of prophylaxis with valganci-
clovir to oral ganciclovir in kidney, heart, pancreas, and liver transplant recipients, 
and found that oral valganciclovir prophylaxis was associated with less break-
through viremia while on prophylaxis and less ganciclovir resistance, but the inci-
dence of viremia and symptomatic CMV disease by the end of 1 year were 
comparable between the two groups [49]. In D+/R− kidney [50] and in all lung 
recipients [51], extended courses of prophylaxis have recently been reported in ran-
domized trials to be beneficial with regards to reduction in CMV events (6 months 
and 12 months respectively) but whether this is the case for D+/R− heart recipients 
remains to be demonstrated. The addition of CMV hyperimmune globulin (CMVIg) 
to prophylaxis regimens for D+/R− recipients, a once-popular strategy [52], is now 
less frequently used due to the high cost of this therapy and the perceived efficacy 
of valganciclovir. However, recent studies using large databases suggest that the use 
of CMVIg as well as use of antiviral prophylaxis may improve long-term outcomes 
in cardiac transplantation [53, 54].

The other main strategy for CMV prevention is “pre-emptive therapy,” which 
restricts anti-CMV antiviral usage only to those who develop evidence of CMV 
infection on a sensitive early detection test (usually either quantitative CMV PCR or 
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pp65 antigenemia.) This requires surveillance monitoring of all patients at risk. 
Advocates of pre-emptive therapy cite reductions in cost, toxicity, and possibly anti-
viral resistance associated with use of less antiviral drug [55]. They also point out 
that “late CMV” can occur after discontinuation of prophylaxis, and can be highly 
symptomatic [56]. However, the overall efficacy of prophylaxis has been shown in 
many studies over time [57]. With pre-emptive therapy, logistics can be daunting, 
and missing even one sample can lead to development of high viral loads and overt 
CMV disease prior to detection. Prophylaxis may also provide other benefits, such 
as prevention of other herpesviruses such as Epstein-Barr virus [58] and human 
herpesvirus-6 (HHV-6). Most centers now use valganciclovir prophylaxis, at least 
for D+/R− recipients (for at least 3 months), but may choose either prophylaxis or 
pre-emptive therapy for lower-risk (R+) recipients. Some centers have chosen to use 
a combined strategy of prophylaxis and pre-emptive therapy in order to detect “late 
CMV” occurring after prophylaxis while still at a low level of viral load, although 
this strategy has yet to be subjected to a randomized trial. It should be noted that 
valganciclovir causes both neutropenia and thrombocytopenia, and the CBC with 
differential should be carefully monitored (at least every 1–2 weeks, preferably 
weekly) while on extended courses of valganciclovir. CMV D−/R− recipients do 
not require anti-CMV prophylaxis, but generally receive prophylaxis for herpes 
simplex virus (HSV) and varicella-zoster virus (VZV) in the form of acyclovir or 
valacyclovir, for at least the first 1–3 months post-transplant.

The effects of CMV on the function of the allograft, particularly on cardiac 
allograft vasculopathy, have been the subject of intense research interest [12, 59, 
60]. Early studies suggested that development of symptomatic CMV, or being in the 
high-risk D+/R− subgroup, were associated with greater risk for allograft dysfunc-
tion and development of CAV [61]. However, not all studies have uniformly shown 
this [62, 63]. Valantine et al. examined late outcomes of the groups from the original 
1992 heart transplant IV ganciclovir prophylaxis study [48], who had been random-
ized to ganciclovir or no ganciclovir prophylaxis [64]. She found that ganciclovir 
prophylaxis (especially in patients who did not receive calcium channel blockers) 
was associated with significantly less risk for CAV [64]. There is also a suggestion 
that longer-term, low-level CMV viremia may be more deleterious to the allograft 
than short-term, high-level viremia [65, 66]. The impact of subclinical CMV was 
reported by Tu et al., in a study showing that CMV-specific CD4 cell activity was 
associated with better control of CMV viremia and a decreased risk for allograft 
vasculopathy and rejection [67]. In another study from the same group, aggressive 
prophylaxis (for the high-risk D+/R− group) was associated with better CMV out-
comes than less aggressive prophylaxis (for the lower-risk R+ group), showing that 
the expected findings were reversed by the intensity of prophylaxis [11]. A non- 
randomized but intriguing study by Potena et al. recently reported that prophylaxis 
was associated with less symptomatic CMV disease and smaller changes in maxi-
mal intimal thickness than pre-emptive therapy [68]. However this study compared 
two different eras of CMV prevention at one center, and so these findings await 
larger and preferably randomized studies for confirmation.
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Different immunosuppressive agents can have differential effects on CMV risk. 
It has long been known that administration of antilymphocyte therapy for rejection 
markedly raises risk for symptomatic CMV in the weeks following such treatment 
[69], and that that increased risk can be counterbalanced by administration of anti-
viral prophylaxis with ganciclovir derivatives during and after this anti-rejection 
treatment [70]. In addition, the mTOR inhibitor everolimus was associated with 
significantly lower risk for CMV in a large randomized trial comparing regimens 
containing two doses of everolimus with a non-everolimus regimen [71], as well as 
a lower risk for CAV in the everolimus groups [71]. Future studies of novel immu-
nosuppressive agents should ideally include an assessment of the impact of these 
agents on current rates of CMV infection and disease.

 Epstein-Barr Virus (EBV) and Post-transplant 
Lymphoproliferative Disorder (PTLD)

Epstein-Barr virus is a lymphotropic and oncogenic virus which remains latent in 
lymphocytes over the lifetime of an infected individual, and can reactivate under the 
influence of immunosuppression [72]. Transplant immunosuppression reduces 
EBV-specific immune function, allowing replication of EBV in infected lympho-
cytes to proceed unchecked, resulting first in a polyclonal lymphoproliferative syn-
drome, and progressing in some cases to a full-blown monoclonal B-cell lymphoma. 
Over 90 % of adults have had EBV at some time in the past, reflected in a positive 
EBV VCA IgG serology at the time of transplant. Consequently, almost all adult 
donors are also EBV-seropositive. The uncommon EBV D+/R− group is at high 
risk for primary EBV acquired from the donor, and for transformation to PTLD/
lymphoma [72]. Pediatric transplant recipients are more likely than adults to be 
EBV D+/R− (since they may not yet have had time to acquire EBV infection), and 
as such, are at high risk for PTLD [73]. In addition, EBV R+ recipients may develop 
symptomatic EBV/PTLD particularly after intensification of immunosuppression 
for rejection, such as treatment with antilymphocyte therapy [74]. EBV infection 
may take the form of asymptomatic viremia, an undifferentiated febrile illness, a 
mononucleosis-like syndrome, or a monoclonal lymphoma (PTLD) that can affect 
any organ including the allograft, but is particularly common in the lung, GI tract, 
central nervous system, and liver. Peripheral lymphadenopathy may not be present. 
For GI tract lesions, sudden gastrointestinal hemorrhage or perforation may be the 
presenting symptom. Although overt lymphoma from PTLD is usually associated 
with high blood viral loads of EBV, there are exceptions where PTLD occurs with 
low or even undetectable blood viral load [72]. Such cases may be EBV-negative 
PTLD, or may be EBV-positive when detected in tissue by in situ hybridization 
(EBER).

Treatment of PTLD involves reduction of immunosuppression, to the extent pos-
sible. For heart recipients, this option is limited by the risk of rejection, in contrast 
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to kidney recipients who can go back on dialysis if they lose the allograft. Reduction 
of immunosuppression generally works best in the setting of EBV viremia before 
frank lymphoma has developed, but is still worth doing even after biopsy-proven 
lymphoma has been diagnosed. If reduction of immunosuppression does not reverse 
the process, treatment of full-blown PTLD generally consists of rituximab-based 
regimens (rituximab alone, or in combination with chemotherapy regimens such as 
R-CHOP.) For localized disease, surgery or radiation therapy can be an option. Prior 
to the rituximab era, the prognosis of PTLD was poor, but has been improved by the 
addition of rituximab therapy [72].

Prevention of PTLD involves careful use of immunosuppression in high-risk 
patients, and monitoring of EBV D+/R− patients with quantitative EBV PCR over 
time [73, 75]. As with pre-emptive therapy for CMV, this approach offers the oppor-
tunity to intervene early with reduction of immunosuppression when the EBV PCR 
turns positive, in hopes of avoiding progression to high viral loads and PTLD [73, 
75]. The utility of antiviral therapy in preventing PTLD has been debated, but a 
body of indirect evidence suggests a potential role for ganciclovir derivatives in this 
regard [58, 73, 76].

 Other Viral Infections

Other viruses in the herpesvirus family share the characteristic of lifelong latency 
with CMV and EBV. Herpes simplex virus (HSV) is common in the general popula-
tion, particularly HSV-1 (the oropharyngeal strain of HSV). Reactivation occurs 
early post-transplant in the form of oral ulcers and occasionally esophagitis, if pro-
phylaxis is not administered. Patients who are seropositive for HSV-2 can experi-
ence reactivation in the genital/perianal area. Rarely, HSV can cause other more 
serious infections such as hepatitis, pneumonitis, and meningoencephalitis. These 
are uncommonly seen now due to the widespread use of antiviral prophylaxis (gan-
ciclovir derivatives as well as acyclovir and valacyclovir prevent HSV and VZV).

Varicella-zoster virus (VZV) reactivation is common as well, and >90 % of 
adults are VZV-seropositive. Most zoster reactivations are in the form of zoster 
(shingles) extending over one to two or occasionally several dermatomes. In severely 
immunosuppressed patients, disseminated zoster can occur, including both cutane-
ous and visceral dissemination (involving lungs, liver, central nervous system, and 
sometimes other organs.) In occasional cases, “rashless” zoster can occur, either 
with cutaneous symptoms in the absence of a rash, or purely visceral involvement. 
Diagnosis of either HSV or VZV in the central nervous system rests upon the CSF 
PCR for those viruses.

In addition to HSV, VZV, CMV, and EBV, the herpesvirus family also includes 
human herpesviruses 6, 7, and 8. HHV-6 and 7 are the agents of roseola in infants, 
and seropositivity is almost universal in adults. Reactivation of HHV-6 is common 
post-transplant and may occur earlier than CMV [77]. It may take the form of 
asymptomatic viremia, a febrile illness, pancytopenia, or tissue localization in lung, 
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liver, or the central nervous system (meningoencephalitis). HHV-7 produces a simi-
lar array of infections though it is less commonly detected post-transplant than 
HHV-6. HHV-8 is the agent of Kaposi’s sarcoma and may also reactivate post- 
transplant, although this appears to be uncommon in the US and more frequently 
seen in certain transplant centers in the Middle East and Europe [78].

Community respiratory viruses are important pathogens post-transplant, as 
hypoxemia and severe and protracted respiratory illness can result, sometimes 
requiring mechanical ventilation [79, 80]. Given that RSV infection can be particu-
larly severe in pediatric cardiac patients and transplant recipients, nearly half of 
pediatric transplant centers in a survey in the U.S. utilize RSV prophylaxis with 
palivizumab, mostly below age 24 months [81]. In addition, in lung transplant recip-
ients, profound allograft dysfunction can result 3–6 months after resolution of a 
respiratory viral infection [82]. Multiplex viral panels for diagnosis of respiratory 
viral infections are available to be performed on either nasopharyngeal viral swabs 
or bronchoalveolar lavage specimens [83]. These panels often consist of PCR’s for 
influenza, parainfluenza virus (1, 2, 3), adenovirus, respiratory syncytial virus 
(RSV), human metapneumovirus (h-MP), and sometimes other viruses. Early diag-
nosis of influenza and institution of therapy within 48 hours can reduce the risk of 
ICU admission and severe complications [79]. Antiviral resistance in influenza may 
vary from year to year, and each year’s updated recommendations from the Centers 
for Disease Control and Prevention (CDC) should be consulted [84]. Patients with 
symptomatic RSV, parainfluenza, or hMP infection may be candidates for inhaled 
or oral ribavirin therapy to prevent worsening lower-tract disease (and allograft dys-
function in lung transplant recipients) [85, 86]. Adenovirus deserves special men-
tion because it was the most common viral genome detected in a pediatric heart 
transplant study of myocardial biopsies by Shirali et al., in which detection of myo-
cardial viral genomes was associated with allograft dysfunction and adverse events 
[87]. In this study it was far more commonly detected in myocardial biopsies than 
was CMV [87]. Adenovirus infection, however, is likely less common in adults.

Parvovirus B19 may reactivate in immunocompromised patients and most fre-
quently presents with severe anemia in the absence of blood loss [88]. The classic 
presentation with a slapped-cheek rash is usually not seen. Diagnosis is by blood 
parvovirus PCR and/or a bone marrow biopsy showing characteristic changes. 
Treatment is with intravenous immunoglobulin as there are currently no available 
antivirals with parvovirus-specific activity [88].

The gastrointestinal viruses (including norovirus and rotavirus) are very com-
mon in the general population, and are acquired through fecal-oral spread or food-
borne illness. Although generally short and self-limited infections in healthy people, 
these viruses can cause protracted syndromes of chronic diarrhea in transplant 
recipients [89] and should be specifically sought in patients with unexplained diar-
rhea in whom C. difficile, bacterial enteric pathogens, and stool examination for ova 
and parasites has been negative.

Hepatitis B (HBV) and hepatitis C (HCV) may have a variety of effects on the 
heart transplant recipient, depending on the circumstances. Donors positive for hep-
atitis B surface antigen (HBsAg) are not generally used in the US although a 
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 literature from Taiwan demonstrates safe transplantation from such donors with 
intensive prophylaxis in an endemic region [90]. On the other hand, the “core-posi-
tive” donor (HBsAg negative, anti-HBc positive) conveys a much lower risk of HBV 
transmission (1 in 30 or 1 in 60) which may be further reduced by effective pre-
transplant immunization of the recipient and by prophylaxis of HBV-seronegative 
recipients [91, 92].

Hepatitis C is transmitted highly efficiently from seropositive donors to seroposi-
tive recipients (up to 75 % of the time in different studies), and carried a risk of 
increased cardiac allograft vasculopathy in one study [93] whereas another study 
showed poorer overall outcomes [94]. Although hepatitis C positive donors are 
sometimes targeted for HCV+ recipients and/or elderly recipients, the latter study 
by Gasink et al. demonstrated less successful outcomes with these groups as well 
[94]. HCV-positive donors should be used with great caution and only with strin-
gent informed consent, preferably in life-threatening situations in which it would be 
difficult for another donor to be found.

 Bacterial Infections Including MRSA, VRE, and Multidrug- 
Resistant Gram-Negative Bacteria

In the current era, some strains of both Gram-positive and Gram-negative organisms 
have increasingly developed resistance to standard antibiotics. Methicillin-resistant 
Staphylococcus aureus (MRSA) has become common in the general community as 
well as in healthcare-associated infections [7, 25]. Vancomycin-resistant Enterococcus 
(VRE) has also become a common colonizer of the GI tract particularly in patients 
with protracted hospitalizations and extensive antibiotic use [9]. More recently, 
Gram-negative bacilli such as E. coli and Klebsiella pneumoniae that produce 
extended-spectrum beta-lactamases (ESBL) have become increasingly common, and 
these strains are resistant to all beta-lactam-related antibiotics except for carbapen-
ems (imipenem, meropenem, ertapenem) [8]. Resistance to quinolones is also on the 
rise, due to widespread use of quinolones for respiratory and urinary tract infections 
in the general population. Susceptibility to quinolones can no longer be assumed, as 
with a patient with fever and pyuria. Most concerning is the rise of carbapenem-
resistant organisms such as KPC, which may be resistant to all antibiotics except for 
amikacin, colistin, and tigecycline [8]. The first two of these agents are nephrotoxic, 
and tigecycline is not highly active for bacteremic infections. Development of more 
effective and less toxic antibiotics for these multiresistant Gram-negative organisms 
would be a welcome development. Awareness of past colonization or infection with 
these any antimicrobial-resistant organisms in the recipient can inform decisions 
about empiric therapy for febrile illnesses post- transplant while awaiting culture 
results. Whether infection or colonization with such organisms should disqualify 
recipients from transplantation is debated. If past MRSA or VRE or ESBL-Gram 
negative infection has been treated and is no longer active, most clinicians would not 
consider these to be contraindications to transplantation, but past infection with more 
highly-resistant organisms such as KPC may be, given the difficulty of complete 
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eradication of these types of organisms and the limitations of available antibiotic 
therapy. Studies are currently underway to provide more evidence-based risk assess-
ment in this regard.

 Bacterial Infections: Clostridium difficile

C. difficile infection, though known for decades, rose to prominence in 2005 with 
the advent of a new and more virulent strain which produced an upsurge in infections 
and an increase in morbidity and mortality [10]. It may be hospital-acquired, or may 
be triggered by antibiotic usage which alters the balance of normal organisms in the 
intestine, allowing C. difficile to multiply. The organism produces a toxin which 
causes inflammation and pseudomembranes of the colonic mucosa, and presents 
clinically as severe diarrhea which can be accompanied by fever, leukocytosis, and 
abdominal pain. When C. difficile occurs in the setting of ileus, with increasing 
abdominal distention and pain rather than diarrhea, the complication of colonic dila-
tation and perforation is a significant risk. Fulminant infection may require colec-
tomy for control. Infection in transplant recipients is common, partly due to their 
frequent and lengthy hospitalizations and partly as a result of extensive antibiotic use 
both pre- and post-transplant in this population [10, 95]. Detection of C. difficile by 
PCR is more sensitive than the previous enzyme immunoassays for C. difficile toxin. 
Oral metronidazole remains the initial treatment of choice except in severe infection, 
in which oral vancomycin is generally used. Oral vancomycin may be substituted if 
oral metronidazole has not produced improvement. When ileus is present, intrave-
nous metronidazole is used, sometimes in combination with rectal vancomycin ene-
mas or instillation of enteral vancomycin via nasogastric tube. The new drug 
fidaxomicin appears to be associated with decreased risk of C. difficile recurrences 
[96], but is expensive. Its use in transplant recipients is currently under study.

Recurrences of C. difficile-associated diarrhea may occur in transplant recipients 
due to the persistence of C. difficile spores that are unaffected by anti-C. difficile 
antibiotic therapy and that subsequently germinate and cause recrudescence of the 
infection, as well as frequent use of antibiotics in this population. Another area of 
controversy is how long to wait after a C. difficile episode in a recipient on the wait-
ing list, before reactivating their candidacy for transplantation. Further studies of 
optimal therapy, duration, and prophylaxis of C. difficile would be helpful in the 
transplant population.

 Bacterial Infections: Nocardia, Legionella, Listeria, 
Salmonella, Tuberculosis, Nontuberculous Mycobacteria

Some bacterial infections are seen principally in immunocompromised patients 
(e.g. nocardiosis) and some are more severe in their manifestations in immunocom-
promised patients (e.g. salmonellosis, mycobacterial infection.) Nocardiosis, like 
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fungal infections, likely relates to environmental exposures in the setting of immu-
nosuppression [97]. Most common presentations include pulmonary nodules and 
nodular infiltrates, with occasional CNS involvement (including space-occupying 
brain abscesses) and skin and soft-tissue infections. Trimethoprim-sulfamethoxazole 
prophylaxis (administered for Pneumocystis prevention) provides some but not 
complete protection.

Legionella pneumonia occurs in the community particularly in older individuals 
or those with chronic lung disease, but can be particularly severe, multilobar, and 
rapidly progressive in immunocompromised individuals [98, 99]. It is associated 
with water sources including water leaks in patient homes, and also hospital water 
supplies in some centers. Hallmarks of legionellosis include rapid radiographic pro-
gression and presence of polymorphonuclear leukocytes but absence of conven-
tional organisms on Gram staining of sputum. It is likely an under-recognized 
infection in transplant recipients [98, 99]. Culture or PCR for Legionella can be 
performed as part of an immunocompromised bronchoalveolar lavage panel, and 
inclusion of a macrolide (e.g. azithromycin) as part of empiric therapy for pneumo-
nia provides Legionella coverage. The urine antigen test detects only Legionella 
pneumophila type 1, but other species (e. g L. micdadei, L. longbeachae) may 
cause pneumonia in immunocompromised hosts, so the urine antigen test should 
not be considered to rule out Legionella [100]. Along with Legionella, other “atyp-
ical” organisms such as Mycoplasma pneumoniae and Chlamydophila (formerly 
Chlamydia) pneumoniae should be considered in the differential diagnosis of 
severe pneumonia. PCR testing for these organisms is also available, and this group 
responds to azithromycin, doxycycline, or respiratory quinolones such as moxi-
floxacin and levofloxacin.

Listeria monocytogenes causes meningitis, bacteremia, and occasionally other 
infections in infants, the elderly, pregnant women, and immunocompromised 
patients [101, 102]. Myocarditis in cardiac transplant recipients has been occasion-
ally reported [103]. It is a foodborne illness associated with unpasteurized dairy 
foods and soft cheeses, deli meats, frankfurters including turkey franks, and other 
foods as well. A large outbreak in 2012 was traced to contaminated cantaloupe. 
Other foodborne pathogens may have protracted or unusually severe presentations 
in transplant recipients, including Salmonella, which is more likely to cause bacte-
remia and metastatic seeding in this group. Eggs and poultry should always be 
cooked thoroughly, and utensils and cutting boards thoroughly cleaned.

Tuberculosis is a major problem for transplant programs in endemic areas [104]. 
In addition to classic pulmonary TB presentations, extrapulmonary, military, and 
atypical presentations are common in transplant recipients [104–106]. Most 
 post- transplant TB occurs by reactivation of latent TB infection in the recipient, but 
approximately 4 % is donor-derived [105]. In the past, detection of TB infection 
relied on the PPD skin test, but anergy in chronically ill or immunocompromised 
individuals has led to false negative tests in some transplant candidates and recipi-
ents. In the last several years, interferon-gamma release assay (IGRA) testing has 
become available, which detects the patient’s lymphocyte reactivity to TB antigens 
[30]. The advantages of this test are that it differentiates between Mycobacterium 
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tuberculosis infection (positive) and BCG vaccination (negative) and that it is per-
formed as a single step rather than requiring reassessment in 48 hours as with the 
skin test. However, the IGRA assay may still be falsely negative in immunocompro-
mised individuals as it depends on cellular immune function. In addition, it must be 
transported promptly to the laboratory and processed immediately, or an “indeter-
minate” result may be received.

Development of active TB post-transplant is associated with high rates of extra-
pulmonary and disseminated infection, morbidity, and mortality. Use of rifampin, 
one of the most effective anti-TB drugs, in a combination regimen, is associated 
with decreased levels of calcineurin inhibitors and consequently a risk of rejection. 
Even with increased doses of cyclosporine or tacrolimus, it may be very difficult to 
achieve adequate levels. It is far safer to prevent active TB by detecting and treating 
latent TB infection, preferably starting in the pre-transplant phase if possible, and 
completing a 9-month course of isoniazid post-transplant. Liver function tests 
should be monitored during these courses of latent TB infection therapy, but isonia-
zid hepatotoxicity appears to be less common in transplant candidates and recipi-
ents than previously thought [107–109]. Administration of pyridoxine (vitamin B6) 
50 mg/day while on isoniazid serves to prevent the development of neuropathy as a 
side effect of isoniazid.

As yet, the deceased donor time frame does not usually allow for testing of the 
donor for latent TB infection, so transplant clinicians should be alert for risk factors 
in the history or clinical presentation of the patient (e.g. homelessness, alcoholism, 
incarceration, residence or country of origin in endemic areas, compatible radio-
graphic abnormalities such as apical scarring or calcified hilar nodes, or multiple 
“culture-negative” pulmonary infections.)

Nontuberculous mycobacterial infection is often related to environmental expo-
sures (soil, gardening, lake or pond water, hot tubs or jacuzzis) [31, 110]. Most often 
this presents with chronic pulmonary nodules and nodular infiltrates with or without 
cavitation. Bronchoalveolar lavage is often necessary to make this diagnosis and 
distinguish this from nocardiosis, tuberculosis, fungal infection, and other entities. 
If expectorated sputum is used for diagnosis, two samples showing the same organ-
ism should be obtained for confirmation according to current guidelines. A single 
sputum culture is not necessarily an indication for therapy. Chest CT scanning is 
helpful in delineating the nature and extent of parenchymal disease, which may or 
may not be assessable by plain chest radiography.

The most common nontuberculous mycobacterial (NTM) infection seen in this 
population is that caused by the Mycobacterium avium complex (MAC, also known 
as MAI.) Although most commonly seen in a pulmonary presentation as above, 
 disseminated infection in severely immunocompromised patients can present with 
fever, pancytopenia, diarrhea, and elevated liver function tests. Other NTM infec-
tions include M. kansasii (which can produce a tuberculosis-like presentation) and 
the rapid-grower mycobacteria, including M. fortuitum, M. chelonae, and M. 
abscessus [31, 110]. These may be highly antimicrobial-resistant, especially M. 
abscessus. These organisms may cause sternal wound infections and soft tissue 
infections as well as pulmonary infections. Treatment of any of these NTM  infections 

23 Infections After Cardiac Transplantation



558

usually involves lengthy combination therapy (usually at least 12 months with at 
least 3 drugs) and is associated with GI intolerance and other adverse effects of the 
antimicrobial regimen, so decisions regarding therapy should be made after a thor-
ough diagnostic process and careful consideration.

 Fungal Infections: Candidiasis

Candida spp. are members of the normal flora of the oropharynx, intestinal tract, 
and skin. Not surprisingly, under the influence of steroids and other immunosup-
pression with the addition of antibacterial antibiotics, Candida spp. can overgrow 
and cause mucosal and other infections [111]. Oropharyngeal candidiasis, and less 
commonly esophageal candidiasis, can occur in the early period post-transplant, 
and at later times particularly when immunosuppression is intensified. Administration 
of oral nystatin suspension or clotrimazole troches for the first month and during 
subsequent time periods of increased risk is usually effective for prevention. 
Candidal colonization of the urinary tract can also occur, particularly in the setting 
of prolonged bladder catheterization. Treatment involves removal or change of the 
bladder catheter, and in some cases, antifungal (usually fluconazole) therapy.

Although many Candida spp. including most C. albicans, C. tropicalis, C. parap-
silosis are fluconazole-sensitive, occasionally fluconazole resistance can occur in 
these species. In addition, it should be noted that certain Candida spp., including C. 
krusei and many C. glabrata, are fluconazole-resistant. Echinocandins such as 
micafungin, caspofungin, or anidulafungin are frequently used for infections with 
these organisms, but are not ideal for the urinary tract as they achieve low concen-
trations there. Standard amphotericin B is quite nephrotoxic in the transplant popu-
lation, and generally when amphotericin is needed, it is administered in the form of 
a less nephrotoxic lipid preparation (liposomal amphotericin or amphotericin B 
lipid complex), but these preparations may still cause adverse renal effects, electro-
lyte depletion, and infusion-related reactions.

Epidemiology of invasive fungal infections has recently been described using 
large multicenter databases. In a prospective registry of 17 U. S. hospitals, 515 
proven or probable invasive fungal infections were identified in solid organ trans-
plant recipients, of which 59 % were due to Candida spp. Almost half of these 
infections in heart recipients occurred during the first 100 post-transplant days 
[112]. Predictors of mortality included poor organ function, neutropenia, and ste-
roids [112]. Candida spp. were the second most common cause of invasive fungal 
infections (after Aspergillus spp) in a large Italian series of thoracic transplant 
recipients [113]. However, a single-center study from Stanford found that the inci-
dence and attributable mortality of invasive candidiasis in thoracic transplant recipi-
ents was decreasing over a 24-year period [114]. Invasive candidal infections 
include candidemias, which are mostly catheter-related bloodstream infections but 
occasionally can stem from a urinary tract or other source. Deep candidal infection 
of the surgical site (sternal wound and mediastinum) may occur [115], particularly 
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in patients bridged to transplant on a VAD who had pre-transplant candidal infection 
or candidemia. Administration of appropriate antifungal therapy for 6 weeks post- 
transplant should treat or prevent this complication. Candidal pericarditis in relation 
to retained epicardial leads has been described [116].

Candidal empyemas are more common in lung or heart-lung transplant recipi-
ents, but can also occur in heart-alone transplant recipients particularly with pro-
longed chest tube drainage and reoperations. Mycotic rupture of the ascending aorta 
has been described in a heart/lung transplant recipient [117]. Patients who receive 
combined heart/abdominal organ, particularly heart-liver or heart-pancreas trans-
plants, may have candidal infection at the abdominal site.

 Fungal Infections: Aspergillosis and Other Mold Infections

Aspergillosis was traditionally one of the most feared post-transplant infections, 
due to its high mortality in the pre-azole era. Remarkable improvements in progno-
sis have accompanied the use of voriconazole and of combination therapy (voricon-
azole plus echinocandin) [118] but some patients, particularly those with 
disseminated or CNS infection, may still have poor outcomes [119].

Acquisition of colonization by Aspergillus spp. is generally a result of environ-
mental exposures, particularly the outdoors (gardening, farming, landscaping) or 
construction activity involving either residential or hospital construction [119]. 
Nosocomial outbreaks have been linked to hospital construction in the past, and 
new construction plans involving wards where immunocompromised patients are 
housed should be carefully designed, with measures in place to limit spread of dust 
and aerosolized spores. Smoking marijuana also increases exposure to Aspergillus 
spores [120]. All transplant candidates and recipients should be counseled to avoid 
marijuana smoking. Another risk factor for aspergillosis and other mold infections 
is neutropenia, which can result from medications such as valganciclovir, ganciclo-
vir, mycophenolate mofetil, and azathioprine. In the above-mentioned large pro-
spective study from 17 U.S. transplant centers, aspergillosis was the second most 
common cause of invasive fungal infection (IFI) in solid organ transplant recipients 
overall, comprising one-quarter of proven or probable IFI’s, and the most common 
in lung recipients [112]. In the Italian study of thoracic (mainly heart) transplant 
recipients mentioned above, aspergillosis accounted for two-thirds of IFI’s [113].

Clinical presentations of aspergillosis in the transplant population are most fre-
quently pulmonary or sinopulmonary, with nodular and often cavitary pulmonary nod-
ules with or without a halo sign and associated infiltrates [119]. Occasionally Aspergillus 
can colonize a pre-existing cavity in the lung. Disseminated aspergillosis can present in 
any organ, including the brain and meninges, spinal cord, abdominal organs, and skin-
soft tissue. Late-onset aspergillosis has been described and now may occur in as many 
as half of patients with post-transplant aspergillosis [121]. The late-onset disease carries 
a poorer prognosis and was associated in one study with the use of sirolimus plus tacro-
limus for refractory rejection or cardiac allograft vasculopathy [121].
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Aspergillosis is much more common in lung and heart-lung recipients than in 
heart-alone recipients, due to the exposure of the lung allograft to the external envi-
ronment, and the high rate of pretransplant colonization with Aspergillus particu-
larly in patients with cystic fibrosis. Lung and heart-lung recipients may develop 
distinctive syndromes of airway aspergillosis, especially in the presence of stents 
and/or stenosis [122]. Therefore, most lung transplant programs administer anti- 
mold prophylaxis (voriconazole, itraconazole, and/or inhaled amphotericin prepara-
tions) whereas most heart transplant programs do not.

Recent years have seen the rise of non-Aspergillus mold infections, which may be 
more likely to involve the CNS and may have a poorer prognosis in the azole era than 
aspergillosis itself [123, 124]. Some concerns have been raised that the widespread 
use of voriconazole for prophylaxis in lung and bone marrow transplant patients might 
lead to selection for zygomycetes, including Mucor and Rhizopus, with attendant 
high mortality. The azole antifungal posaconazole has a broad spectrum that includes 
zygomycetes as well as Aspergillus, but absorption requires ingestion of food con-
taining fat with each dose, and therefore therapeutic levels may be difficult to main-
tain. The newer extended-release formulation achieves better levels.

 Fungal Infections: Cryptococcosis

Cryptococcosis is a common fungal infection in the immunocompromised host 
[125]. Cryptococcal infection presents most frequently in the form of cryptococ-
cal meningitis, although a nodular pulmonary presentation is not uncommon. 
Other localizations include mass-like lesions in the brain (cryptococcomas), cel-
lulitis, and peritoneal cryptococcosis (particularly in liver transplant candidates.) 
A large multicenter registry has explored a variety of characteristics and risk 
factors for cryptococcosis in solid organ transplant recipients. Although most 
cryptococcal infections are caused by C. neoformans, a more recently identified 
species, C. gattii, has been increasingly recognized, particularly in the Northwest 
US [126].

Treatment of cryptococcosis in the solid organ transplant population is gener-
ally with liposomal amphotericin preparations as induction therapy, particularly if 
the infection involves the central nervous system, dissemination, or fungemia 
[127]. Many patients are then transitioned to fluconazole maintenance regimens 
when stabilization of disease has been achieved. In selected individuals with clini-
cally mild disease or infection limited to the lungs, initial therapy with high-dose 
fluconazole may be attempted [127]. In a multicenter cohort, the duration of 
maintenance therapy was a median of 6 months, with a relapse rate of 1.3 % [127]. 
CSF cryptococcal antigen titers should be followed with serial lumbar punctures 
in patients with cryptococcal meningitis. However, for others with nonmeningeal 
cryptococcosis, the blood cryptococcal antigen titer is less reliable as an indicator 
of the activity of disease. An immune reconstitution inflammatory syndrome 
(IRIS) occurs shortly after the start of therapy in about 5 % of patients [128], 
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owing to the fact that treatment of severe fungal infections in transplant recipients 
usually also includes reduction of immunosuppression. Hallmarks of an IRIS 
include a flare of signs or symptoms at previously noted sites of infection, but 
with negative cultures or declining measures of organism presence (such as the 
cryptococcal antigen on CSF.)

 Fungal Infections: Endemic Mycoses

Of the geographically endemic mycoses, the two that are most likely to be seen 
post-transplant are histoplasmosis and coccidioidomycosis [129–133]. Disseminated 
blastomycosis has been described after heart transplantation [134], but appears to be 
less common. Histoplasmosis is endemic in the Midwestern US and many individu-
als residing in that area have been exposed early in life, particularly if they have had 
contact with farms, chickens or other birds. Hallmarks of latent histoplasmosis 
include calcified granulomata, including within the spleen. In most patients with 
past histoplasmosis that has not yet reactivated, the urine antigen and blood anti-
body levels are negative. However, the urine Histoplasma antigen test is very useful 
in patients with febrile or other compatible illnesses post-transplant, in whom histo-
plasmosis is a diagnostic consideration [130].

There is as yet no specific recommendation for prophylaxis for histoplasmosis 
for heart transplant recipients who show radiographic evidence of past histoplasmo-
sis, although heightened clinical awareness and vigorous pursuit of the diagnosis in 
patients who develop febrile illnesses is important. Both blood fungal isolator cul-
tures and (if a pulmonary presentation) BAL fungal cultures should be sent. 
Histoplasma cultures may take up to 4 weeks to grow, so if not detected by urine 
antigen or on transbronchial biopsy or on initial fungal stains of the BAL sample, it 
may be necessary to institute empiric therapy (with liposomal amphotericin or an 
azole) prior to diagnostic confirmation. Disseminated histoplasmosis may present 
with unexplained fever and pancytopenia, with or without diarrhea, elevated liver 
function tests, or pulmonary or CNS involvement, and should be suspected in any 
such presentations, since diagnosis is often delayed.

Coccidioidomycosis is endemic in the Southwest US, especially Arizona, New 
Mexico, southern California and parts of Texas. This organism is found in the desert 
and has been associated with reactivation of latent pulmonary, CNS, or dissemi-
nated infection after the onset of immunosuppression. When infection involves the 
CNS, it is particularly difficult to eradicate, and therefore prevention is paramount. 
For individuals who have a past history of coccidioidomycosis, lifelong 
 post- transplant prophylaxis is indicated [131]. In a series of 100 transplant recipi-
ents with prior coccidioidomycosis, all of the 6 % who did not receive antifungal 
prophylaxis all reactivated coccidioidomycosis; and only 5 of the 94 who did receive 
prophylaxis reactivated this infection [131]. For those who have had active coccidi-
oidomycosis prior to transplant, full treatment and resolution of prior infection, 
where possible, is desirable.
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 Fungal Infections: Pneumocystis

Pneumocystis jiroveci (formerly P. carinii) was formerly considered to be a para-
site, but has been found to be more related to the fungi. Pneumocystis causes a dif-
fuse pneumonia (PCP) characterized by bilateral interstitial infiltrates, severe 
hypoxemia, elevated LDH, pulmonary dysfunction, and sometimes the formation of 
blebs and spontaneous pneumothoraces [135]. The recovery phase from this infec-
tion is extremely protracted, and persistent pulmonary disability is common. Prior to 
the use of universal trimethoprim-sulfa prophylaxis in organ transplantation, the inci-
dence of PCP was high. PCP prophylaxis should be administered to any non- sulfa- 
allergic heart transplant recipients, preferably for at least the first year (or longer in 
situations of enhanced immunosuppression.) For sulfa-allergic patients, alternatives 
include dapsone, aerosolized pentamidine, or atovaquone. Before administration of 
dapsone, the patient should be screened for G6PD deficiency. If a non-sulfa-based 
prophylaxis is used, the side benefits of sulfa are lost (including some prevention of 
Nocardia, Listeria, Toxoplasma, and some respiratory and urinary bacterial patho-
gens.) Late PCP after discontinuation of prophylaxis sometimes occurs, especially in 
the setting of augmented immunosuppression. For lung and heart-lung recipients, 
PCP prophylaxis should be administered lifelong, as those patients have a continued 
risk for PCP that does not diminish after the first year [136].

 Parasitic Infections: Toxoplasmosis, Strongyloidiasis, Chagas’ 
Disease, Schistosomiasis

Since the early days of transplantation, it has been recognized that toxoplasmosis is 
a particular problem in heart recipients, due to the propensity of Toxoplasma to 
encyst in myocytes including cardiac myocytes [137]. The highest risk for develop-
ment of active toxoplasmosis is in the Toxoplasma D+/R− patient where the para-
site load is acquired via the donor heart [137]. Pyrimethamine prophylaxis was used 
with success at Papworth Hospital, who had described primary toxoplasmosis in 4 
of the first 7 Toxoplasma D+/R− heart recipients in their program [138]. Clinical 
manifestations of toxoplasmosis include most frequently single or multiple brain 
abscesses, and occasionally pulmonary nodules and infiltrates, meningitis, and 
other localizations of infection. In many cases, administration of sulfa-based pro-
phylaxis for PCP is also sufficient to prevent toxoplasmosis [139, 140], but the 
sulfa-allergic patient who is Toxoplasma D+/R− is at particular risk and should 
receive alternative Toxoplasma prophylaxis e.g. with pyrimethamine for at least the 
first post-transplant year. Patients should also be counseled to avoid eating under-
cooked or raw meat, and to avoid contact with cat litter boxes as these are also ways 
of acquiring toxoplasmosis after transplant.

Strongyloides stercoralis is a parasite of worldwide endemicity in tropical and 
subtropical regions, including the southeastern US. Unusual among intestinal 
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 parasites, it possesses an auto-infection cycle that can perpetuate the lifecycle of the 
parasite in the intestine even years to decades after leaving an endemic area. Under the 
influence of immunosuppression, hyperinfection and dissemination can occur, lead-
ing to high mortality [141–143]. Clinical presentation of disseminated strongyloidia-
sis may involve Gram-negative bacteremias or meningitis, as the migrating 
Strongyloides larvae carry intestinal bacteria with them as they migrate widely 
through the lungs and the CNS. Given the severity of this illness, pretransplant screen-
ing is indicated for any individual who has resided in an endemic area. Screening can 
be accomplished with a Strongyloides IgG serologic test and treatment, if that test is 
positive, with a relatively simple regimen of oral ivermectin (e.g. 0.2 mg/kg/dose, for 
2 doses given 1 week apart). This intervention, performed pretransplant, can effec-
tively prevent one of the most devastating of post-transplant infections.

Chagas disease (Trypanosoma cruzi) is a major problem in endemic areas of 
Central and South America, and in some nonendemic areas where a substantial 
number of individuals’ country of origin is endemic [144, 145]. Chagas disease can 
be donor-transmitted by transplantation [146] or may reactivate in the seropositive 
recipient [147]. Chagas cardiomyopathy may be the underlying disease leading to 
the need for heart transplantation [148, 149]. In patients at risk for reactivation of 
Chagas disease, current recommendations include minimization of immunosup-
pression, and parasitemia PCR monitoring with some centers administering pre- 
emptive therapy with antiparasitic agents such as benznidazole in PCR-positive 
individuals [149–151].

Other parasitic infections may occur in association with specific geographic 
regions or activities. Schistosomiasis due to S. mansoni, S. japonicum, S. haema-
tobium and other species occurs in multiple tropical countries. For patients who 
originate from or who have resided in endemic areas, screening with Schistosoma 
serology, and treatment with praziquantel for those with positive serology, is 
recommended.

 Antimicrobial Drug Interactions and Adverse Effects

Many medications interact with the calcineurin inhibitors (tacrolimus and cyclospo-
rine) and with the mTOR inhibitors (sirolimus and everolimus) [152]. The AST ID 
Guidelines provides a comprehensive list [152]. Among antibiotics, the most com-
mon drug classes to elevate these levels include macrolides and azole antifungals. 
Among macrolides, this effect is most pronounced with clarithromycin and erythro-
mycin, and is minimal to negligible with azithromycin; thus azithromycin is the 
macrolide of choice in the transplant population. In the unusual circumstance where 
clarithromycin or erythromycin must be given, close monitoring and readjustment 
of calcineurin inhibitor or mTOR inhibitor levels and doses is necessary, both at the 
initiation and right after discontinuation of therapy.

Azole antifungals are very frequently used for either prophylaxis or therapy in 
transplant recipients. The azole antifungals also raise levels of the transplant 
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 immunosuppressive medications above; in some cases, co-administration is offi-
cially contraindicated (as in the case of sirolimus plus voriconazole.) However, in 
most cases, the levels of calcineurin inhibitors or mTOR inhibitors can be managed 
by dose-decreasing and close monitoring of levels, but in some cases this may prove 
too difficult and alternate therapies might be pursued. Monitoring of levels, as with 
the macrolides, is particularly important just after the start of azole therapy and right 
after discontinuation (when the level will fall and rejection is a risk if an adjustment 
in dosage is not made promptly.)

As previously mentioned, there is a profound interaction between HIV protease 
inhibitors and calcineurin inhibitors [153], resulting in an up to 50-fold reduction in 
the dose of tacrolimus; being administered much less frequently than the usual dos-
ing, for example only one dose every 1–2 weeks in some patients. HIV-positive 
transplant recipients should have their medication list monitored by an experienced 
pharmacist in ongoing fashion and particularly during each new hospital admission, 
at which times the medical regimen is most likely to be changed.

Antimicrobials that decrease levels of calcineurin inhibitors and mTOR inhibitors 
are less numerous. The most common antimicrobial agent causing this type of inter-
action is rifampin, which results in extremely low levels of calcineurin inhibitors, 
even when doses are increased and levels carefully monitored. Rifampin is better 
avoided in this population, except in cases of active TB (and even then, rifampin-
sparing regimens have sometimes been advocated), and in cases of refractory MRSA 
infection in which its administration as adjunct therapy may be lifesaving. However, 
alternative immunosuppression may have to be temporarily substituted.

Transplant recipients and primary physicians and local (non-transplant) cardiol-
ogists must be educated on reporting every new proposed prescription or non- 
prescription medication to the cardiac transplant team for review. Cases and 
anecdotes abound, such as a heart transplant recipient who went to an urgent care 
center for bronchitis and was prescribed clarithromycin, resulting in his hospital 
admission with acute renal failure due to a high cyclosporine level. This is 
 particularly important as transplant recipients are surviving longer, returning to 
sometimes distant home communities, and as their care is increasingly delegated to 
local clinicians, particularly in the late post-transplant phase.

 Immunizations and Strategies for Safer Living

A major goal of transplantation is for the recipient to have a long life with a well- 
functioning allograft, and to be able to return to the activities that he or she wishes 
to pursue. In some ways, the more successful the transplant, the greater number of 
potential infectious risks the long-term transplant survivor may encounter, either on 
the job (if they choose to return to work) or in the home or recreational environment 
[154]. Although the total immunosuppression burden is likely to be less after the 
first year post-transplant, the patient still remains at increased risk from a variety of 
infections. In addition, transplant recipients may (with or without informing their 
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coordinators) gradually resume activities that they were previously advised were 
risky, as they get farther out from the experience of transplantation and feel health-
ier and safer. The reader is referred to the American Society of Transplantation 
(AST) ID Guidelines section on “Strategies for Safe Living” for full detailed recom-
mendations on food, water, outdoor, pet, occupational, and other exposures [154]. 
While the recommendations from different centers may differ in minor respects, the 
principles of such advice given to transplant recipients over many years are shared 
ones, and are based on knowledge of transmission modalities, case reports and case 
series, and pooling of clinical experience from multiple clinicians. It is recom-
mended to include this advice in initial pre- and post-transplant teaching, but also to 
review and refresh the recipients’ knowledge and assess their understanding at some 
point after the first post-transplant year.

Immunizations in the post-transplant patient are also important. Detailed recom-
mendations for immunizations both pre- and post-transplant, and for patients con-
templating international travel, can also be found in the AST ID Guidelines [32]. It 
is particularly important for patients contemplating travel to visit a Travel Clinic 
that has experience with transplant recipients, at least 2–3 months prior to the 
planned trip, as additional immunizations, destination-specific advice, prophylaxis 
for malaria and traveler’s diarrhea, as well as additional infection prevention mea-
sures can be accomplished in an individualized fashion.

In general, only non-live vaccines are administered post-transplant. Routine post-
transplant immunizations should include the yearly seasonal injected (non- live) 
influenza vaccine [32, 33]. The live attenuated nasal influenza vaccine should not be 
administered to transplant recipients. Because the protection afforded by the influ-
enza vaccine may be less than 100 % in immunocompromised patients, all family 
members in close contact with the patient, as well as all health care workers, should 
be vaccinated to create a “cocoon” or circle of protection around the patient [33]. 
Influenza vaccination is safe for transplant recipients, and has not been found to 
cause rejection or allograft dysfunction in any larger studies, despite case reports and 
small case series to the contrary [33, 155]. In fact, a large database study of kidney 
transplant recipients with Medicare insurance found that receiving influenza vaccina-
tion was associated with better allograft function than not receiving influenza vacci-
nation [156]. Influenza itself carries a high risk of morbidity and mortality in the 
transplant patient [79]. It is influenza itself, not the flu shot that should be feared.

Pneumococcal vaccine (the 23-valent pneumococcal polysaccharide vaccine) 
should be repeated up to a lifetime 2 doses, if not received within the last 5 years 
[32]. Recently a new recommendation for administration of the conjugated PCV-13 
vaccine to immunocompromised patients was announced by the Advisory Committee 
on Immunization Practices (ACIP), followed 8 or more weeks later by the 23-valent 
pneumococcal vaccine (if not received within the last 5 years, and up to 2 lifetime 
doses) [157]. However, studies of the previous PCV-7 conjugated vaccine failed to 
demonstrate any advantage in immunogenicity or durability of protection over stan-
dard pneumococcal vaccine in a group of renal transplant recipients [158], and the 
prime-boost strategy of PCV-7 followed by 23-valent pneumococcal vaccine in liver 
transplant recipients did not result in enhanced immunogenicity [159].
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Tetanus-diphtheria-acellular pertussis (Tdap) vaccine should be administered if 
a tetanus booster has not been received within 10 years, or to any individual involved 
in health care or in care of infants (such as a grandparent who is also a transplant 
recipient) with the recognition that pertussis can cause severe respiratory infection 
in adults are well as children. Generally the Tdap vaccine will have been adminis-
tered in the pre-transplant period, but if missed at that time, can be administered 
post-transplant as well. Hepatitis A and B vaccines can be administered to complete 
a series post-transplant, but are likely to be less immunogenic than when given in 
the pre-transplant setting.

Live vaccines including varicella vaccine, measles-mumps-rubella (MMR), zos-
ter vaccine, live attenuated nasal influenza vaccine, yellow fever vaccine, oral 
typhoid vaccine, oral polio vaccine, and smallpox vaccine are contraindicated in the 
transplant recipient [32], although small series and case reports have documented 
safe administration of MMR and varicella vaccine in some pediatric recipients [160, 
161]. Oral polio vaccine is no longer used in the US. Smallpox vaccine is adminis-
tered only to selected members of the military, and not to the general public. A letter 
of exemption may be provided for transplant recipients who are “required” to 
receive MMR vaccine (for school or employment) or yellow fever vaccine (for 
travel to specific countries that have that requirement.)

Infants and children in the household of a transplant recipient may receive any 
vaccines currently licensed in the US and recommended in age-specific immuniza-
tion guidelines. There is a common misconception, even among some pediatricians, 
that live vaccines must be withheld from the child if there is a transplant recipient in 
the household. This would only be true for oral polio vaccine, which is no longer 
used in the US. MMR vaccine has not been shown to be transmitted in households; 
rotavirus vaccine also has not posed transmission problems, and the wild-type rota-
virus would pose more of a threat to the transplant recipient. It is best for the 
 transplant recipient to employ excellent hand hygiene and to avoid changing dia-
pers. With the varicella vaccine, which is live-attenuated, there is a very small 
chance of transmission to a seronegative transplant recipient in the home, but <10 % 
of adults are varicella-seronegative, and the child would pose much more of a risk if 
they acquired natural varicella, so it is still recommended that the child receive vari-
cella vaccine. If the vaccinated child develops a rash, and the transplant recipient in 
the household is seronegative for VZV, some clinicians would administer antiviral 
therapy (acyclovir) for 3 weeks.

 Conclusion

Heart transplantation continues to carry risks of infection, although the current 
emphasis on prophylaxis, early detection, and rapid therapy has diminished these 
risks. There are special considerations for the transplant candidate bridged to trans-
plantation on a VAD, but VAD-related infections can frequently be effectively sup-
pressed until transplantation and eradicated thereafter. The pre-transplant evaluation 
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offers an excellent opportunity to update immunizations, educate the patient on 
infection prevention, and ensure the resolution of any previous infections. Post- 
transplant prevention and management strategies for CMV, EBV/PTLD, and other 
organisms are outlined above. Effects of infections on the allograft, particularly 
viral infections, constitute an area of active research. The rise of multiresistant bac-
teria and C. difficile infection has provided an ongoing challenge, and effective 
prevention programs for these organisms rely mainly on hospital infection control. 
Any newer immunosuppressive medications should be thoroughly studied as to 
their effects on infection incidence and type. Finally, review of immunizations, drug 
interactions, and strategies for safe living can help minimize complications of trans-
plantation and maximize the patient’s post-transplant health.
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Chapter 24
Post-transplant Complications: Hypertension, 
Renal Dysfunction, Diabetes Mellitus, 
Malignancy, Arrhythmias, Osteoporosis, 
Sexual Dysfunction

Jose Nativi Nicolau and Josef Stehlik

 Introduction

Apart from morbidity related to the allograft, post-transplant complications are often 
related to the long-term use of immunosuppressive therapy. In addition, post- transplant 
morbidity may also be related to the medical conditions that lead to the need for heart 
transplantation in the first place. In this chapter, we review the incidence of key post-
transplant complications, risk factors that make their clinical presentation more likely, 
as well as approaches to prevent and treat these complications.

 Hypertension

 Epidemiology

Systemic hypertension is a frequent comorbidity in heart transplant recipients. Close 
to half of adult heart recipients have a diagnosis of hypertension at the time of trans-
plant [1]. In addition, a number of factors lead to further elevation of systemic blood 
pressure after heart transplant. In the first weeks to months after heart transplanta-
tion, there is a gradual increase in the systolic blood pressure of 12–15 mmHg and in 
the diastolic blood pressure of 15–18 mmHg [2]. This rise is not accompanied by the 
typical nighttime decrease in blood pressure that is observed in essential hyperten-
sion, and usually requires treatment with multiple anti-hypertensives [2]. 
Cyclosporine-based immunosuppression, male gender, age older than 20 years and 
previous history of cardiovascular disease are common characteristics in 
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hypertensive heart transplant recipients; while donor characteristics have not been 
linked to post-transplant hypertension [3]. With early immunosuppressive regimens 
including steroids and azathioprine, hypertension developed in approximately 20 % 
of the patients [4]. With the introduction of cyclosporine the rate of treated hyperten-
sion increased to 73 % in the first year and 92.6 % 5 years after transplantation [1]. 
Presence of hypertension after transplant has not been associated with worse sur-
vival, however, possibly due to close monitoring of these patients and early introduc-
tion of antihypertensive therapies [1, 5].

 Pathophysiology

The pathophysiology of systemic hypertension after heart transplantation has been 
originally attributed mainly to calcineurin inhibitors (CNI). It has been later shown 
that patients on CNI-free immunosuppression also tend to develop hypertension, 
and several additional mechanisms have been proposed (Table 24.1).

 Calcineurin Inhibitors

A number of mechanisms associated with CNI have been linked to development of 
hypertension after transplant. Cyclosporine is known to enhance calcium permea-
bility into mesangial cells in the glomerulus and also augments the angiotensin 
II-induced increases in free calcium in the smooth muscle cell [6, 7]. In animal 
models, cyclosporine use resulted in a reduced mesangial cell area and glomerular 
ultrafiltration [8]. These mechanisms likely result in increased renal vascular resis-
tance, proteinuria, renal insufficiency and systemic hypertension observed in 
patients treated with cyclosporine [9]. In addition, in heart transplant recipients 
treated with cyclosporine, the systemic sympathetic activity increases approxi-
mately threefold compared to transplant recipients treated without cyclosporine and 

Table 24.1 Causes of post-transplant hypertension

1. Calcineurin inhibitors
Increased calcium permeability into mesangial cells
Increased free calcium in smooth muscle cells
Reduced glomerular ultrafiltration and renal failure
Increased sympathetic activity
Increased vasoconstrictive neurohormones (endothelin)
2. Steroids
Sodium and water retention
3. Extracellular volume expansion
Surgical denervation interrupts response of renin-angiotensin system, inhibiting diuresis and 
natriuresis
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compared to patients with essential hypertension [10]. Moreover, neurohormones 
like endothelin are elevated in transplant patients treated with cyclosporine and the 
potent vasoconstrictive properties of endothelin could have a significant role in sys-
temic vasoconstriction and hypertension [11–13].

Tacrolimus is structurally different than cyclosporine and has been associated 
with decreased incidence of hypertension [14–16]. Taylor et al. compared the effects 
of tacrolimus and cyclosporine on systemic blood pressure in a multicenter random-
ized trial. At 12 months after heart transplantation, the incidence of hypertension 
was significantly lower (48 %) in the tacrolimus group compared to the cyclospo-
rine group (71 %) [16].

 Steroids

Steroids cause sodium and water retention and have been linked to elevation of 
blood pressure. Whether steroid-free immunosuppression could decrease the inci-
dence of hypertension has been tested. However, two studies showed no significant 
differences in hypertension between steroid and steroid-free regimens [17, 18]. 
Moreover, higher number of patients on steroid-free maintenance developed acute 
rejection and required re-introduction of steroid therapy.

 Extracellular Fluid Volume Expansion

Increase in plasma volume is common in heart transplant recipients. Braith et al. dem-
onstrated that heart transplant recipients develop extracellular volume expansion of 
14 % and a significant increase in atrial natriuretic peptide compared to healthy controls, 
or even other solid organ transplant recipients [19]. Interestingly, this volume expansion 
is accompanied by normal plasma angiotensinogen, aldosterone and angiotensin con-
verting enzyme activity [19, 20]. This abnormal volume expansion has been attributed 
to the interruption of the interplay between the renin-angiotensin- aldosterone system 
and the atrial mechanoreceptors. In the transplanted heart, the natriuretic response of 
these receptors to the negative feedback of the renin- angiotensin- aldosterone system is 
lost [21–24]. Animal models confirmed that it is the surgical denervation of the afferent 
fibers from the atrial and ventricular mechanoreceptors that causes the decrease in the 
expected diuresis and natriuresis from volume expansion [25, 26].

 Treatment

 Calcium Channel Blockers

Based on the increased calcium permeability seen with cyclosporine, calcium chan-
nel blockers have been tested in post-transplant hypertension. The nondihydropyri-
dine calcium channel blocker diltiazem was compared in a randomized controlled 
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trial to lisinopril, as monotherapy. Neither of these drugs achieved adequate blood 
pressure control, with only 38 and 46 % satisfactory response, respectively [27]. In 
some studies, diltiazem has been associated with decreased glomerular filtration 
rate and increased creatinine levels in heart transplant recipients [28, 29]. Leenen 
et al. tested the dihydropyridine amlodipine in a double blind placebo controlled 
trial. Amlodipine was started at 2.5 mg and uptitrated to 10 mg over several weeks 
after heart transplantation. The average daily dose was 6.8 mg at 12 months. 
Compared to the placebo group, amlodipine decreased the systolic blood pressure 
by 15–20 mmHg and diastolic blood pressure by 7–10 mmHg at 12 months after 
heart transplantation [30].

 Angiotensin Converting Enzyme Inhibitors

In the above mentioned trial of diltiazem vs lisinopril as monotherapy in heart 
transplant recipients, only 48 % of the patients treated with lisinopril achieved 
adequate blood pressure control with a mean daily dose of 18 mg [27]. A small 
prospective study in hypertensive heart transplant recipients treated with the 
combination of enalapril (mean dose 11 mg/daily) and furosemide (mean dose 
62 mg/daily) successfully controlled systolic and diastolic blood pressure with-
out affecting renal function [31]. Similar results were reported with the combina-
tion of enalapril (mean dose 20 mg/daily) plus furosemide (mean dose 40 mg/
daily) alone, or with verapamil (mean dose 168 mg/daily) [32]. A prospective 
study of 15 heart transplant recipients treated with fosinopril demonstrated a 
significant reduction in systolic and diastolic blood pressure (basal 160 ± 
11 mmHg/98 ± 8 mmHg) compared to 12 months after therapy (137 ± 
12 mmHg/84 ± 9 mmHg) [33].

In relation to the volume expansion after transplant, Braith et al. demonstrated 
with a cross-over design that the suppression of the renin-angiotensin-aldosterone 
system with high dose captopril (225 mg/day) produced a normovolemic state in 
heart transplant recipients but it is unclear if this outcome is related to a normoten-
sive state [34].

 Low-Salt Diet

Blood pressure in heart transplant recipients is sensitive to salt intake. This was 
reported by Singer et al. who demonstrated that heart transplant recipients who 
received 5 days of low sodium intake (10 mmol/d) had lower blood pressure com-
pared to those who received a high sodium intake (350 mmol/d), 137/94 ± 8/4 vs. 
148/97 ± 5/3, respectively [35].

The International Society for Heart and Lung Transplantation Guidelines for the 
care of heart transplant recipients (ISHLT guidelines) recommend the same blood 
pressure goals for patients with hypertension after heart transplant as for patients 
with essential hypertension. Lifestyle modifications (low salt diet, weight loss and 
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exercise) and control of risk factors (diabetes, hyperlipidemia) are encouraged. 
Calcium channel blockers, especially non-dyhidropyridines, are considered first 
line of therapy, followed by angiotensin converting enzyme inhibitors or angioten-
sin receptor blockers [36].

 Renal Dysfunction

 Epidemiology

Renal dysfunction is a leading post-transplant morbidity in solid organ transplanta-
tion. Among patients who received heart transplant in the U.S. between 1990 and 
2000, 20 % had advanced renal dysfunction (glomerular filtration rate <29 ml/
min/1.73 m2 or were receiving renal replacement therapy) by 10 years after trans-
plant [37]. Typically, a steeper decrease in glomerular filtration rate (GFR) is seen 
in the first year after transplant, with a more gradual but continued decline in renal 
function thereafter. The etiology of renal dysfunction after heart transplant is multi-
factorial. The key factors that can negatively influence renal function after trans-
plant are reviewed below.

 Pathophysiology

 Calcineurin Inhibitors (CNIs)

CNIs, which are used almost universally after heart transplant, have nephrotoxic 
properties and represent one of the leading factors for decline of renal function after 
transplant. Initiation of CNI therapy results in vasoconstriction of the afferent glo-
merular arteriole and decrease in GFR. While this acute ‘hemodynamic’ effect is 
often reversible, continued use of CNIs also results in chronic nephrotoxicity, which 
is not easily reversible. Some of these chronic effects have been attributed to CNI 
mediated activation of the renin-angiotensin-aldosterone axis and increase in endo-
thelin levels [38, 39]. Histologically, CNI nephrotoxicity presents as interstitial 
fibrosis, tubular atrophy, arteriolar hyalinosis and glomerulosclerosis [40].

The acute effects of CNIs appear to be more pronounced with intravenous admin-
istration of cyclosporine and tacrolimus, and are related to the serum concentration 
of these drugs. Therefore, if intravenous administration of CNIs is necessary, it is 
recommended that these are administered as an infusion, either over 6 h in a twice 
daily dose, or as continuous infusion, until parenteral administration is possible. As 
bioavailability of parenteral CNI formulations is only 20–35 %, it is important to 
adjust the intravenous dose accordingly to avoid excessive serum CNI levels and the 
resulting nephrotoxicity. Long-term nephrotoxic effects of CNIs have also been cor-
related with CNI serum levels [41].
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Different approaches to reduction of the nephrotoxic effects of CNIs have been 
proposed. A number of clinical studies tested the utility of calcium channel block-
ers, angiotensin converting enzyme inhibitors and angiotensin receptor blockers in 
mitigating CNI nephrotoxicity [30, 42–44]. While the results have not been consis-
tent, it appears prudent to preferentially use these classes of drugs in heart transplant 
recipients who also have hypertension [45].

Reduction of target CNI levels (or CNI minimization) is another approach to 
reduce nephrotoxicity and consists of reducing the target serum levels of CNI in 
patients considered to be at particularly high risk of renal dysfunction. The intro-
duction of mycophenolate mofetil, which antirejection effect is more potent com-
pared to the previously used cell cycle inhibitor azathioprine, has been especially 
important in enabling reduction of CNI levels without substantially increasing the 
risk of rejection [46, 47]. While CNI minimization has been shown to preserve renal 
function when implemented early, it is less clear how effective this approach is if 
implemented later after transplant in patients with established renal dysfunction 
[48, 49]. Finally, CNI-free regimens have been tested to determine the efficacy of 
this approach in preventing or reversing renal injury after heart transplant. 
Substitution of cyclosporine or tacrolimus by a target of rapamycin (mTOR) inhibi-
tor, sirolimus or everolimus, in patients who developed renal dysfunction after 
transplant, has been tested. A number of mostly single center studies have shown 
that discontinuation of CNI and use of an mTOR inhibitor in combination with a 
cell cycle inhibitor in patients typically several years after heart transplant resulted 
in improvement of renal function, and this strategy appeared to be safe [50–53]. A 
recent multicenter study randomized 116 patients at a mean time of 3.9 years after 
transplant to continuation of CNI based regimen vs conversion of CNI to sirolimus. 
One year after randomization, the patients assigned to sirolimus had significantly 
higher creatinine clearance (delta of +4.4 mL/min/1.73 m2), however they also had 
a numerically higher incidence of acute rejection, and a full one third of the patients 
had to discontinue sirolimus due to significant side effects [54]. The use of a CNI- 
free regimen in de novo heart transplantation has been tested in the multicenter 
randomized STN-Heart trial. This approach has resulted in an unacceptably high 
rate of acute rejection in the sirolimus/mycophenolate mofetil arm and this trial was 
stopped prematurely. In summary, most heart transplant recipients remain on CNIs 
in the current era. In addition to the approaches described above, best outcome as far 
as renal function will be achieved through careful long-term monitoring of CNI 
serum levels, avoidance of excessive CNI serum concentrations during times of 
unstable drug metabolism, and attention to additional nephrotoxic factors.

 Hypertension

The effects of hypertension after heart transplant are described in detail earlier in 
this chapter. Hypertension before heart transplant is a risk factor for renal dysfunc-
tion after transplant. Heart transplant recipients without history of hypertension are 
likely to develop hypertension after transplant. CNIs, mTOR inhibitors, 
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mycophenolate mofetil and corticosteroids can all cause or contribute to the devel-
opment of hypertension. At 1 year after transplant, 72 % of adult heart transplant 
recipients are treated for hypertension, and this number increases to >90 % at 5 
years after transplant [1]. Strict blood pressure control should be pursued in heart 
transplant recipients who also have hypertension and renal dysfunction [55]. ACE-I 
and ARBs should be considered as first line therapy. Calcium channel blockers may 
also have specific advantages in this patient population [45].

 Pre-existing Renal Dysfunction

Abnormal renal function before transplant represents a risk factor for developing 
severe renal dysfunction after transplant (Fig. 24.1). Twenty-four hour urine collec-
tion for determination of creatinine clearance should be obtained in patients being 
evaluated for heart transplantation. In patients with abnormal renal function, etiol-
ogy of the renal dysfunction should be determined. While patients with cardiorenal 
syndrome have a good chance for improvement and stabilization of renal function 
after transplant, renal dysfunction of other causes is likely to further progress after 
transplant and represent a challenge in clinical management of the heart transplant 
recipient. Therefore, irreversible renal dysfunction with estimated GFR <40 ml/min 
should be considered a relative contraindication for heart transplantation [56]. 
Combined heart and kidney transplantation can be considered in carefully selected 
candidates who have advanced heart and kidney disease in the absence of additional 
comorbidities likely to compromise post-transplant survival.
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Fig. 24.1 Relative risk of severe renal dysfunction within 5 years after transplant as a function of 
recipient’s serum creatinine level at the time of transplant. Patients without severe renal dysfunc-
tion at the time of transplant, transplanted 2001–6/2006 (Reprinted with permission from the 
International Society for Heart and Lung Transplantation [1] © 2012)
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 Diabetes Mellitus

Recipients with history of diabetes mellitus are more likely to develop renal dys-
function after heart transplant. Strict control of normoglycemia and ACE-I or ARB 
therapy in patients with diabetes mellitus and proteinuria may decrease the risk of 
progressive renal dysfunction in this patient cohort.

 Recipient Age

Older patients are more likely to develop renal dysfunction after transplant, inde-
pendently of their baseline renal function at the time of transplant or additional 
relevant comorbidities [1].

 BK Virus Infection

Polyoma BK virus infection in heart transplant recipients is relatively rare [57]. This 
diagnosis should however be ruled out in patients with unexplained worsening of 
renal function. Reduction of immunosuppression is likely to result in clearance of 
the BK virus and improvement in renal function.

 Other Risk Factors

Additional predictors of renal dysfunction after heart transplant are listed in Table 24.2.
Renal dysfunction is a potent risk factor for short and long-term mortality after 

heart transplant [1]. Control of progression of renal disease should be addressed by 
aggressively pursuing all modifiable risk factors. When etiology of renal disease, or 
of an unexpected progression of renal dysfunction, is not certain, renal biopsy 

Table 24.2 Risk factors for 
renal dysfunction after heart 
transplant

1. Recipient comorbidities
Renal dysfunction
Hypertension
Diabetes mellitus
History of infection requiring IV antibiotic therapy at the time 
of transplant
Acute graft rejection
2. Recipient age
3. CNI therapy:
Cyclosporine
Tacrolimus
4. Combined use of CNIs and mTOR inhibitorsa

CNI calcineurin inhibitor, mTOR target of rapamycin
aMay be avoided if CNI exposure is reduced
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should be considered [58]. The incidence of severe renal failure after transplant has 
been gradually decreasing. This has been attributed to reduction of the target serum 
CNI levels (partly enabled by the introduction of mycophenolate mofetil), as well as 
to implementation of renal protective strategies described above. Despite that, some 
heart transplant recipients will develop end-stage kidney disease. These patients 
will be candidates for renal replacement therapy. This should include kidney trans-
plantation in eligible heart transplant recipients.

 Diabetes Mellitus

 Epidemiology

Approximately 25 % of heart transplant recipients carry a diagnosis of diabetes 
mellitus at the time of transplant and this proportion increases to 40 % by 5 years 
after heart transplant [1]. The increased prevalence of diabetes mellitus after trans-
plant is a well described side effect of immunosuppressive therapies.

Risk factors for development of post-transplant diabetes mellitus include pre- 
transplant hyperglycemia, family history of diabetes, need for insulin use 
 postoperatively, older age, non-white race, body mass index >25, tobacco use, ste-
roid and tacrolimus use at discharge and higher number of rejections after transplant 
[59–62]. No direct relationship has been found with pre-transplant oral glucose tol-
erance test or with the presence of HLA Class II phenotypes associated with Type 1 
diabetes mellitus [63].

Pre and post-transplant diabetes mellitus have different implications for survival. 
While pre-transplant diabetes has been shown to have a negative impact on post- 
transplant survival, [1, 64–66] it has been suggested that this risk mainly applies to 
patients with more advanced forms of the disease that has resulted in end-organ compli-
cations such as nephropathy, retinopathy or neuropathy before transplantation. On the 
other hand, post-transplant diabetes mellitus has not been associated with decreased 
survival at two [67] or five [65] years after transplantation. Post- transplant diabetes has 
similarly not been shown to result in higher risk of cardiac allograft vasculopathy [61, 
68] or higher risk of infections compared to heart transplant recipients without diabetes 
mellitus [67]. Whether this is due to a different pathophysiology of this disorder, or due 
to a better control of glycemia in carefully monitored transplant recipients, is not known.

 Pathophysiology

The development of post-transplant diabetes mellitus has been associated with the use 
of corticosteroids and calcineurin inhibitors (Table 24.3). Steroid-induced diabetes is 
well described and is caused by abnormal glucose metabolism due to increased insu-
lin resistance [69]. CNI can also cause post-transplant diabetes mellitus by decreasing 
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insulin secretion, increasing insulin resistance and by a direct toxic effect on the pan-
creatic beta cell [70]. While both cyclosporine and tacrolimus may cause diabetes 
mellitus, the onset of hyperglycemia is typically more abrupt in patients on tacrolimus 
therapy. Whether the risk of post-transplant diabetes is higher with tacrolimus com-
pared to cyclosporine is not well established. An analysis of the United Network of 
Organ Sharing (UNOS) database demonstrated that patients on tacrolimus therapy 
had an 85 % higher relative risk of developing post-transplant diabetes [61] compared 
to cyclosporine treated patients, but this trend was not observed in several other stud-
ies [71, 72]. In a multicenter randomized trial of cyclosporine and tacrolimus, similar 
rates of treated diabetes in heart transplant recipients were observed—12 % and 14 % 
at 12 months, respectively [16].

 Treatment

Attempts to decrease the incidence of post-transplant diabetes have focused on 
adjustments in immunosuppression regimens. Lizak et al. explored the effects of 
early (within 12 months) vs late (after 12 months) steroid withdrawal in heart trans-
plant recipients. Unexpectedly, at 5 years after transplant, the group of patients who 
had an early steroid withdrawal had a higher rate of diabetes compared to the 
patients who had a late withdrawal (80 vs 51 %, p = 0.018) [73].

The ISHLT guidelines recommend routine screening for early detection of post- 
transplant diabetes. Heart transplant recipients with diabetes should be encouraged 
to make life style changes including weight control, low carbohydrate-lipid diet and 
regular exercise. The goals of medical therapy with oral hypoglycemic drugs and 
insulin are similar to goals in patients without history of transplant [36].

 Malignancy

 Epidemiology

Past 5 years after transplant, malignancy is responsible for approximately 20 % of 
deaths in adult heart transplant recipients; and, more heart transplant recipients will 
die from malignancy than from cardiac allograft vasculopathy [1]. In a transplant 
recipient, we can encounter malignancy as a result of three clinical scenarios: de novo, 

Table 24.3 Causes and 
mechanism of post-transplant 
diabetes mellitus

1. Corticosteroids
Insulin resistance
2. Calcineurin inhibitors
Decreased insulin secretion
Increased insulin resistance
Toxic effects on pancreatic islet cells
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donor derived, and as a recurrence of previously treated recipient cancer. In general, 
the pathogenesis of cancer is influenced by genetics, immune mechanisms and envi-
ronmental factors. In transplant recipients, it is the long-term exposure to immunosup-
pressive medications that is believed to weaken the native barriers to cancer 
development and progression, and result in higher risk of malignancy.

 Pathophysiology

 De Novo Malignancy

In a healthy individual, T lymphocytes, natural killer cells and various cytokines are 
believed to participate in cancer immune surveillance—protection of the host from 
newly forming tumors [74]. Immunosuppressive medications impair the ability of 
the host immune system to eliminate tumor cells. More recent investigations have 
shown, however, that direct effects of immunosuppressive medications (e.g. CNIs 
and azathioprine) at the site of tumor development may also play a role, raising 
mutagenesis in cells and speeding up tumor growth [75]. This explains why certain 
malignancies, e.g. skin cancers, or cancers associated with viral infections, are fre-
quent in transplant recipients. Interestingly, the effect of mTOR inhibitors on cancer 
risk may be favorable. The effects of rapamycin on TGF-β and angiogenesis are 
opposite to CNIs— rapamycin suppresses TGF- β and decreases angiogenesis [76]. 
As an extension of these experimental findings, several clinical investigations have 
suggested that use of mTOR inhibitors may be associated with lower incidence of 
skin malignancy after organ transplant [77, 78].

Skin cancer is the most frequent type of malignancy after heart transplant. 
Analysis of a multicenter U.S. registry has demonstrated that at 10 years after trans-
plant, 11 % of patients have developed squamous cell skin cancer, 8 % have devel-
oped basal cell carcinoma and 1 % of patients have developed melanoma [79]. The 
risk factors for skin cancer development included lighter skin, older age, pre- 
transplant history of skin cancer and residence in latitude with higher UV-light 
exposure. Patients receiving higher doses of cyclosporine, azathioprine and myco-
phenolate were also shown to have higher incidence of skin cancer. Compared to 
age- and gender-matched general population, the incidence of the different types of 
skin cancer was elevated up to 30-fold, and the diagnosis of skin cancer was associ-
ated with higher mortality [79].

The incidence of non-skin malignancies after heart transplantation is also 
increased compared to a general population. An analysis of the Canadian Organ 
Replacement Register, Canadian Mortality Database and Canadian Cancer Registry 
has shown that the 15-year cumulative incidence of all cancers excluding squamous 
basal cell skin carcinoma among 1,703 heart transplant recipients was 17 %. A total 
of 160 cancers developed in these patients, compared to an expected 59. Among 
specific cancers, the incidence was statistically higher for lymphoma, lung cancer, 
oral cancer and multiple myeloma, and numerically higher for a number of addi-
tional malignancies, including cancer of kidney, prostate, pancreas and others [80]. 
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A study that included large number of transplant recipients in Australia demon-
strated higher risk of 12 types of cancer in heart transplant recipients compared to 
the matched general population [81]. Increased incidence of non-skin cancer in 
solid organ recipients has also been confirmed by a number of other reports (Fig. 
24.2) [1, 82–84].

Apart from skin cancer, hematological malignancies after solid organ trans-
plant show the highest increase in incidence compared to the general population. 
Post- transplant lymphoproliferative disorder (PTLD) represents the bulk of 
the hematological malignancies. Its incidence in children is approximately 1.5 % 
and 6 %, and in adults 0.3 % and 0.7 %, 1- and 5-years after heart transplant, 
respectively [85]. Epstein Barr Virus (EBV) plays a key role in PTLD pathogen-
esis. EBV is a herpesvirus with a seroprevalence of approximately 50 % in chil-
dren by the age of 5 years and of over 90 % in adults [86]. The lack of an effective 
T-cell response in immunosuppressed recipients compromises the ability of the 
organism to control EBV replication and leads to uncontrolled polyclonal or 
monoclonal replication of EBV-infected lymphocytes—PTLD. The risk of PTLD 
development is especially high after a primary EBV infection. Therefore, pediat-
ric heart transplant recipients are at a higher risk of developing PTLD than adults, 
and most cancers diagnosed after heart transplant in children are PTLD [87]. In 
the pediatric heart transplant population, children between 1 and 10 years are at 
the highest risk, with 25 % of patients in this age group who were seronegative 
at the time of transplant developing PTLD [88]. In addition to young age and 
EBV seronegativity, use of certain immunosuppressive agents has been associ-
ated with increased risk of PTLD – OKT3, antilymphocyte globulin, and most 
recently belatacept [89, 90].

EBV positive forms of PTLD often occur early after transplant. EBV-negative 
forms of PTLD do not appear to be linked to EBV infection, can occur in both pedi-
atric and adult heart transplant recipients, and typically presents later (years) after 
transplant [91].
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The PTLD presentation may be somewhat non-specific. This diagnosis should be 
considered in patients with high EBV viral load in blood and pharyngitis, enlarged 
tonsils, lymphadenopathy, hepatomegaly or splenomegaly. Gastrointestinal symp-
toms including indigestion, diarrhea and abdominal pain may be present as lympho-
cyte proliferation often takes place in the abundant gut lymphoid tissue. Neurological 
symptoms can be seen when central nervous system is involved, which is consid-
ered a marker of worse outcome. Focal presentation in the form of EBV-associated 
lymphoma can also be seen, and the lymphoma may infiltrate any organ. The full 
diagnostic workup of a suspected PTLD is outlined in Table 24.4 [92].

Treatment of PTLD includes aggressive reduction of immunosuppression, aimed 
at restoring of the recipient’s ability to generate cytotoxic lymphocytes and control 
the proliferation of the EBV infected lymphocytes. Reduction of  immunosuppression 
alone can lead to PTLD remission in up to 40 % of patients with EBV positive 
PTLD [93]. Additional pharmacotherapy includes the use of antivirals acyclovir and 
ganciclovir, anti-CD-20 antibody rituximab, or cyclophosamide and prednisone 
chemotherapy. The efficacy of intravenous immunoglobulin and interferon is less 
well established. The utility of a proteasome inhibitor bortezomib is also being 
tested. Surgical debulking may be needed in selected cases, and radiation has been 
used, especially when CNS involvement is present [92].

Table 24.4 Diagnostic 
workup of suspected 
post-transplant 
lymphoproliferative disorder

1. Routine testing
Complete blood count, differential, platelet count
Serum electrolytes, calcium, blood urea nitrogen, creatinine
Liver function tests
Uric acid
Lactate dehydrogenase
Quantitative immunoglobulins
EBV serologies (anti-EBNA, VCA and EA)
EBV viral load from peripheral blood
Stool for occult bleeding
Chest radiograph
CT scan of neck/chest/abdomen/pelvis
Core needle or excisional biopsy of lesion(s)
Flow cytometry of lymphocytes
EBER, CD20 histochemistry studies of pathologic samples
2. Testing indicated in selected patients
Gastrointestinal endoscopy
Bone scan
Bone marrow biopsy
Brain computed tomography / magnetic resonance imaging
Lumbar puncture

Reproduced with permission from Green and Michaels [92], 
Table 3, © 2013, John Wiley and Sons
EBER EBV-encoded RNA, EBNA Epstein–Barr nuclear antigens, 
EA early antigen, VCA viral capsid antigen
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Chronic chemoprophylaxis with acyclovir in recipients who are EBV seronega-
tive at the time of transplant, especially if the donor is EBV seropositive, has been 
practiced by some heart transplant programs. The intent is to reduce the likelihood 
of PTLD development in this high risk cohort of patients, but data evaluating the 
efficacy of this approach are limited. Surveillance monitoring of EBV load and 
preemptive reduction in immunosuppressive therapy is an alternate approach used 
especially in pediatric programs. This strategy has been shown to decrease PTLD 
incidence in pediatric kidney and liver transplant [55, 94].

One-year survival after PTLD diagnosis has been reported at 55–75 %, with 
5-year survival 40–60 % [7, 12–14]. Survival in children is in general better com-
pared to adults and survival in EBV positive PTLD is better compared to EBV nega-
tive forms of the disease. Outcomes after PTLD have been improving recently, likely 
a result of earlier diagnosis allowed by EBV surveillance, use of preemptive reduc-
tion in immunosuppressive therapy and introduction of therapy with rituximab [92].

Prevention of malignancy after transplant starts with heart transplant candidate 
evaluation. All candidates should undergo age appropriate cancer screening, 
including colonoscopy, mammogram and PAP cervical smear. Skin exam should 
also be done and a Dermatology consultation obtained should any suspicious skin 
lesions be identified. If precancerous lesions are identified during cancer screen-
ing, treatment should be initiated without delay. After transplant, cancer screening 
should be continued. Patients should be instructed to protect their skin from UV 
radiation by appropriate clothing, head cover and skin sun-block. Dermatology 
skin cancer screening should be done every 6–12 months. Annual physical exami-
nation for adenopathy or abnormal masses should be done, and age appropriate 
colon, breast and cervical cancer screening should be continued. Chest radiogra-
phy is in general performed annually, as is serum prostate-specific antigen (PSA) 
level, although data regarding its utility is limited. Surveillance monitoring of 
EBV load or chemoprophylaxis with antivirals should be done in patients who are 
at high risk for PTLD. All patients should be encouraged to report any unusual 
findings or symptoms. Minimization of immunosuppression is recommended 
when safe and feasible in heart transplant candidates at risk of, or with history of, 
malignancy [45].

 Donor Derived Malignancy

While donor derived malignancy is relatively rare, the consequences of such an 
event can be devastating [95, 96]. A detailed personal medical history obtained from 
donor family at the time of organ procurement should specifically inquire about any 
history of tumor diagnosis or treatment. A careful physical exam of the donor should 
focus on ruling out malignancy that could be detected by physical exam, such as 
skin cancer. Results of imaging studies obtained during donor evaluation should 
also be reviewed to rule out possible diagnosis of cancer. This should especially 
apply to older donors, and donors whose cause of death is an intracranial bleed or 
whose cause of death may not be fully explained.
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In donors with history of a tumor, the risk of donor related malignancy transmis-
sion needs to be assessed and balanced with a benefit of using the particular organ 
for transplantation. In 2011, the Disease Transmission Advisory Committee (DTAC) 
of the Organ Procurement and Transplantation Network/United Network for Organ 
Sharing (OPTN/UNOS) published a report that assigned various tumors with spe-
cific levels of risk for transmission to the recipient (Table 24.5) [97]. Benign tumors 
in which malignancy is excluded represents no significant risk to the recipient and 
their presence should not alter organ allocation decisions. A minimal risk category 
designates tumors with a risk of transmission of <0.1 %. Donors with tumors in this 
category should be strongly considered for heart transplantation. Use of organs 
from donors with tumors with low risk of transmission (0.1–1 %) should be evalu-
ated on a case by case basis, and the risk of transmission weighed against the benefit 
of transplantation in the particular recipient. Transplantation of heart allografts from 
donors with more than low risk (>1 %) of malignancy transmission should only be 
considered in exceptional circumstances.

 Personal History of Malignancy

Heart transplant candidacy decisions in patients with history of malignancy can be 
challenging. In general, a cancer-free period likely to assure a sufficiently low risk 
of cancer recurrence should be achieved before listing for transplantation. Cardiac 
transplant may be considered when tumor recurrence is low based on tumor type, 
response to therapy and negative metastatic work-up [56]. This approach has 
resulted in favorable outcomes in transplant recipients with history of malignancy 
[98, 99], however shorter cancer-free survival before thoracic transplant has been 
associated with higher recurrence rate of malignancy, and with higher post- 
transplant mortality in those transplanted <12 months after cancer treatment [100].

The number of patients with advanced heart failure and history of malignancy has 
been on the rise, as novel oncotherapy regimens have significantly improved survival, at 
times at the expense of increased cardiotoxic risk [101]. Frequently used chemothera-
peutic agents associated with cardiotoxicity include anthracyclines, cyclophosphamide, 
5-fluorouracil, and more recently trastuzumab and tyrosine kinase inhibitors [102–105]. 
A review of a contemporary cohort of 232 patients with chemotherapy induced cardio-
myopathy transplanted between 2000 and 2008 has demonstrated similar survival com-
pared to patients without history of malignancy. The group of patients with chemotherapy 
induced cardiomyopathy did have however a higher rate of infection after transplant  
(22 vs. 14 %, p = 0.004) [106]. It would therefore appear reasonable to reduce immuno-
suppression levels when feasible in this group of patients. Finally, durable left ventricu-
lar assist devices have become a useful tool in bridging patients with severe forms of 
heart failure and history of recent malignancy to transplant eligibility.

In summary, cancer represents a major post-transplant morbidity and remains a lead-
ing cause of mortality after transplant. However, advances in cancer surveillance and 
treatment, and in immunosuppressive approaches after heart transplant have resulted in 
reduced incidence of malignancy after heart transplant in the most recent era [1].
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Table 24.5 Risk categories for donor derived tumor transmission

Risk category (% 
risk of transmission) Tumor type

No significant risk Benign tumors in which malignancy is excluded
Minimal risk 
(<0.1 %)

Basal cell carcinoma, skin
Squamous cell carcinoma, skin without metastases
Carcinoma in situ, skin (non-melanoma)
In situ cervical carcinoma
In situ vocal cord carcinoma
Superficial (noninvasive) papillary carcinoma of bladder (T0N0M0 by TNM stage)
Solitary papillary thyroid carcinoma, ≤0.5 cm
Minimally invasive follicular carcinoma, thyroid, ≤1.0 cm
Resected solitary renal cell carcinoma, ≤1.0 cm, well differentiated

Low risk (0.1–1 %) Resected solitary renal cell carcinoma, >1.0 cm ≤2.5 cm, well differentiated
Low grade CNS tumor (WHO grade I or II)
Primary CNS mature teratoma
Solitary papillary thyroid carcinoma, 0.5–2.0 cm
Minimally invasive follicular carcinoma, thyroid, 1.0–2.0 cm
History of treated non-CNS malignancy (≥5 years prior) with >99 % 
probability of cure

Intermediate risk 
(1–10 %)

Breast carcinoma in situ (stage 0)
Colon carcinoma in situ (stage 0)
Resected solitary renal cell carcinoma T1b (4–7 cm) well differentiated 
stage I
History of treated non-CNS malignancy (≥5 years prior) with probability 
of cure between 90 and 99 %

High risk (>10 %) Malignant melanoma
Breast carcinoma >stage 0
Colon carcinoma >stage 0
Choriocarcinoma
Any CNS tumor with ventriculoperitoneal or ventriculoatrial shunt, 
surgery, irradiation or extra-CNS metastasis
CNS Tumor WHO grade III or IV
Leukemia or lymphoma
History of melanoma, leukemia or lymphoma, small cell lung/
neuroendocrine carcinoma
Any other history of treated non-CNS malignancy with either (a) 
insufficient follow-up to predict behavior, (b) considered incurable or (c) 
with probability of cure <90 %
Metastatic carcinoma
Sarcoma
Lung cancer (stages I–IV)
Renal cell carcinoma >7 cm or stage II–IV
Small cell/neuroendocrine carcinoma, any site of origin
Active cancer not listed elsewhere

Adapted with permission from Nalesnik et al. [97], Table 2, © 2011, with permission from John 
Wiley and Sons
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 Arrhythmias

In most instances, arrhythmias after transplant originate in the donor heart. When 
the biatrial anastomosis technique is used, the recipient’s right and left atrial tissue 
is anastomosed to the donor heart, and both the recipient and the donor sinus nodes 
will be in place after transplant. A surface EKG will show two sets of p-waves, 
however atrial depolarization driven by the recipient’s sinus activity will be inter-
rupted at the suture line, and only the donor sinus activity will be conducted to the 
ventricles. During bicaval anastomosis, only left atrial donor tissue will remain in 
place, while donor right atrium is excised.

Cryopreservation of the donor allograft at the time of organ procurement results 
in ischemic myocardial injury, which severity depends on the length of ischemic 
time, age of the donor, presence of myocardial hypertrophy and other factors. 
Ischemic injury as well as surgical trauma may result in sinus node dysfunction; this 
is seen in up to 50 % of patients when electrophysiologic studies are performed, and 
this dysfunction is typically temporary [107, 108]. The resulting rhythm is marked 
sinus bradycardia or slow junctional escape rhythm. In a freshly transplanted heart 
with restrictive filling, bradycardia may result in reduced cardiac output and restora-
tion of higher heart rate is necessary. This can be achieved with isoproterenol 
 infusion or temporary atrial pacing. Theophylline has also been used, but whether 
this therapy results in a faster return of sinus activity has not been well established 
[109]. When marked sinus bradycardia persists for more than 2 or 3 weeks, perma-
nent atrial pacemaker is the treatment of choice.

Of note, atropine will be void of its parasympatholytic effects on the denervated 
transplanted heart. Similarly, in the absence of sinus node dysfunction, the baseline 
heart rate after heart transplant will be elevated (typically 90–110 beats/min), as the 
resting heart rate of the denervated transplanted heart is no longer modulated by the 
vagal tone. Whether this chronically elevated resting heart rate has any negative 
consequences is not known. Studies in patients with heart failure that showed ben-
eficial effects of ivabradine, an If—channel inhibitor with strong negative chrono-
tropic properties, have generated recent interest in this topic, and some studies 
suggested that patients with higher heart rate after transplant may have a higher risk 
of mortality. Whether this relationship is causal needs further study [110–113].

The most frequent group arrhythmias after heart transplant are supraventricular 
arrhythmias. Most will be donor derived, however some may result from develop-
ment of electrical conductivity between the recipient and the donor atrial tissue late 
after transplant, and this can become clinically apparent when recipient-derived 
atrial arrhythmias are conducted to the donor atrial tissue [114, 115]. Atrial flutter is 
the most common atrial arrhythmia, followed by atrial fibrillation and supraven-
tricular reentry arrhythmias resulting from accessory or dual atrioventricular nodal 
pathways [115]. Atrial fibrillation occurring in the peritransplant period usually 
results from perioperative irritation of the pericardium. Expeditious electrical car-
dioversion will usually convert the patient to sinus rhythm, and extended antiar-
rhythmic or anticoagulation therapy will typically not be needed. Atrial fibrillation 
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later after transplant can be seen in the setting of acute rejection or cardiac allograft 
vasculopathy, and these diagnoses should be considered in these circumstances. 
Otherwise, treatment of supraventricular arrhythmias in heart transplant recipients 
is similar to treatment of patients with native heart. A notable exception is the use of 
adenosine. The transplanted heart is hypersensitive to the effects of adenosine, and 
its intravenous bolus administration can result in atrioventricular block lasting for 
dozens of seconds and up to several minutes [116]. Radiofrequency ablation of 
arrhythmias can be used after heart transplantation; knowledge of the anatomy and 
the physiology of the transplanted heart and the possible role of donor atrial tissue 
should be taken into consideration during this therapy [117].

Malignant ventricular arrhythmias in a normally functioning heart allograft are 
rare. When ventricular systolic dysfunction develops due to cardiac allograft vas-
culopathy or due to myocardial injury of other etiology, the risk of ventricular 
arrhythmias is increased, but accurate data regarding the risk of arrhythmic sud-
den cardiac death in this clinical scenario are lacking. ICDs have been used in 
these patients for primary prevention of sudden cardiac death, and for secondary 
prevention in patients with documented ventricular tachycardia or with unex-
plained syncope [118].

 Osteoporosis

Osteoporosis is a metabolic bone disease characterized by low bone mass and 
microarchitectural deterioration of bony tissue leading to enhanced bone fragility 
and a consequent increase in fracture risk [119]. Clinically, bone mass is evaluated 
by measurements of Bone Mineral Density (BMD) using Dual X-ray Absorptiometry 
(DXA). BMD is expressed as absolute BMD (g/cm2) and is usually designated by 
the number of standard deviations (SD) from the normal mean (T score). The World 
Health Organization developed criteria for the clinical diagnosis of osteoporosis 
based on the T score. A normal value for BMD ranges within 1 SD of the young 
adult reference mean. Osteopenia is a value for BMD more than 1 SD below the 
young adult mean but less than 2.5 SD below this value. Osteoporosis is defined as 
a value for BMD 2.5 or more below the young adult mean [119].

 Epidemiology

Bone density decreases in almost all patients after heart transplantation [120]. The 
decline occurs faster during the first 6 months after heart transplantation, after 
which it slows down, even if moderate maintenance doses of corticosteroids are 
used [121, 122]. Higher bone loss is observed in the lumbar spine and in patients 
with more exposure to corticosteroids, lower serum vitamin D metabolites, higher 
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levels of resorption markers, and in men with lower testosterone levels [122]. 
Vertebral fractures are common (35–44 %) and often occur during the first 6 months 
after heart transplantation [123–125]. Pre-transplant evaluation of bone density or 
measurement of biochemical indexes of mineral metabolism (1,25- dihydroxyvitamin 
D or intact PTH) have not been associated with increased risk of fracture after heart 
transplantation [125].

 Pathophysiology

The reasons for bone loss after heart transplantation are multifactorial (Table 24.6). 
A decreased bone mass before transplantation combined with a fast bone loss trig-
gered by immunosuppressive agents are the main contributors. Patients with chronic 
heart failure are known to have decrease BMD, most likely from decreased physical 
activity and also from the utilization of loop diuretics causing a secondary increase 
in the PTH [126].

 Corticosteroids

The main effect of corticosteroids on bone metabolism is through decreasing of the 
number and function of osteoblasts and a consequent significant reduction in bone 
formation. There is also an increase in bone resorption through stimulation of osteo-
clastogenesis [127]. In heart transplant recipients, glucocorticoid-induced osteope-
nia is observed as early as 2 months after transplant [128].

 Calcineurin Inhibitors

Animal studies have demonstrated a fast and severe bone loss with cyclosporine, 
and the severity depends on the dose and duration of therapy. Cyclosporine causes 
bone resorption and also stimulates bone formation [129–131]. This effect on bone 
formation could potentially counteract the suppressive effects of glucocorticoste-
roids on the osteoblasts [132]. Tacrolimus stimulates bone resorption thorough 
mechanisms similar to cyclosporine [133].

Table 24.6 Causes and 
mechanisms of post- 
transplant bone loss

1. Decreased bone mass before transplantation
2. Corticosteroids
Decreased osteogenesis (main mechanism)
Increased bone resorption
3. Calcineurin inhibitors
Increased bone resorption
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 Treatment

The treatment of post-transplant osteoporosis includes exercise, calcium and vita-
min D supplementation, calcitonin and bisphosphonates.

 Exercise

Animal studies have demonstrated that mechanical loading with exercise produces 
small bone deformations. These deformations stimulate paracrine and autocrine 
factors that increases bone formation [134, 135]. Insulin-like growth factor (IGF-1) 
is expressed in mechanically stimulated vertebrae [136] and is associated with 
markers of bone synthesis and collagen production [137]. In a small randomized 
control trial in heart transplant recipients, 6 months of low back and resistance exer-
cises restored BMD of the whole body, femur neck and lumbar vertebra to within 
pre-transplant levels [138].

 Elemental Calcium + Vitamin D

Calcium is needed for bone formation and vitamin D increases its intestinal absorption. 
The combination therapy of calcium with vitamin D decreases fractures in women with 
osteoporosis. In heart transplant recipients, bone density decreases despite calcium 
supplementation, [128], however the combination of calcium and vitamin D has been 
shown to decrease the rate of bone loss during corticosteroid therapy [139].

 Active Metabolites of Vitamin D

Calcidiol, also known as 25-hydroxyvitamin D, is a prohormone that is converted in 
the kidneys to calcitriol, the active form of vitamin D. The combination of calcium 
with alphacalcidiol reduces, but does not fully prevent, the early accelerated bones 
loss seen after heart transplantation [140]. Smabrook et al. have also shown that the 
combination of calcitriol with calcium prevents post-transplant bone loss [141, 142].

 Calcitonin

Calcitonin is a hormone produced in the thyroid that reduces serum calcium levels 
and inhibits the resorptive activity of osteoclasts. As monotherapy, it decreases bone 
density loss [128]. Braith et al. compared calcitonin vs calcitonin + resistance exer-
cise after heart transplantation. Calcitonin as monotherapy decreased bone loss in 
the total body and femoral neck but not in the lumbar area. Calcitonin and exercise 
successfully decreased bone loss in the total body, femoral neck and also in the 
lumbar spine [143].
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 Biphosphonates

The effect of bisphosphonates on bone metabolism is in inhibition in osteoclast- 
mediated bone-resorption. Alendronate and risedronate are approved by the FDA 
for the treatment of glucocorticosteroid-induced osteoporosis. While some data 
suggested better efficacy of alendronate compared to calcitriol in the prevention of 
bone loss after heart transplantation, others have shown comparable effects on BMD 
[144]. As far as treatment side effects, the rates of gastrointestinal adverse events 
were similar between the groups, while patients receiving calcitriol developed more 
hypercalcemia (8 vs 1 %) and hypercalciuria (27 vs 7 %) [145].

The ISHLT guidelines recommend screening for osteoporosis before and 
12 months after heart transplantation. Weight-bearing and muscle strengthening 
regular exercise should be encouraged. Calcium (1,000–1,500 mg/day) and vitamin 
D (400–1000 IU/day) should be initiated before and continued after heart 
 transplantation. Adult patients should be treated with bisphosphonates for the first 
12 months after transplant, at which point these can be discontinued if there is no 
evidence of osteopenia or osteoporosis on DXA scan. Yearly DXA scans are recom-
mended thereafter, with re-initiation of bisphosphonates if evidence of bone loss is 
detected. Active metabolites of vitamin D (calcidiol, alfacalcidiol and calcitriol) 
should not be first line of therapy; if they are used, serum and urinary calcium 
should be monitored. Calcitonin is not recommended for bone loss after heart trans-
plantation [36].

 Sexual Dysfunction

The first reports of sexual dysfunction in heart transplant recipients were by 
Christian Barnard in 1978 [146]. Sexual function is an important part of quality of 
life. Heart transplant improves the overall quality of life, [147] but satisfaction in 
sexual life is known to be negatively affected, compared to other elements such as 
physical capacity, family and social relationships, which typically improve [148]. 
While previous reports suggested improvement in the sexual activity after heart 
transplantation, [149] more objective assessment such as the International Index of 
Erectile Dysfunction and the Female Sexual Function Index have shown that 78 % 
of men and 50 % of women suffered from sexual dysfunction at 6 months after heart 
transplantation, with symptoms including impotence, ejaculation problems, changes 
in libido and avoidance of sexual opportunities [150–153].

 Pathophysiology

The causes of sexual dysfunction after heart transplantation are not well described, 
but could be related to immunosuppression and decreased physical health. Chronic 
glucocorticosteroid therapy reduces serum testosterone levels [154]. Cyclosporine 
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alters libido and mycophenolate is associated with impotence. Target of rapamycin 
inhibitors are known to inhibit spermatogonia [155]. Measures of mental health and 
depression were similar in recipients with and without sexual dysfunction suggesting 
that psychological causes are less related to post-transplant sexual dysfunction [150].

 Treatment

Erectile dysfunction in heart transplant recipients is underdiagnosed and undertreated. 
Successful interventions with phosphodiesterase inhibitors, intracavernosal injec-
tions, vacuum constriction device, testosterone supplementation and penile prosthesis 
have been used without significant complications in this patient population [156].
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Chapter 25
Patient Selection

Sharven Taghavi and Abeel A. Mangi

 Introduction

Heart failure remains a growing problem worldwide [1, 2]. This is especially 
true in the Western World, where its prevalence is estimated around 1–2 % [1, 
3–6]. For patients with advanced heart failure, quality of life is poor and mortal-
ity is as high as 50 % at 1 year after only one hospitalization [1, 3–6]. Heart 
transplantation remains the gold standard for end stage heart failure. It results in 
improved quality of life and a 10-year survival of up to 60 % [7]. However, a 
shortage of organ donors and increasing waiting times means many transplant 
candidates will not receive donor hearts [7]. In addition, many patients with end 
stage heart failure are ineligible for heart transplantation due to various contra-
indications [8].

Left ventricular assist device (LVAD) therapy for patients in end-stage heart 
failure results in improved quality of life and better survival [9–14]. Newer gen-
eration, continuous-flow LVAD have resulted in improved outcomes with 
decreased complications when compared to first generation pulsatile-flow 
devices [15, 16]. Studies have estimated that there are as many as 200,000 
patients in the United States that would benefit from such therapy [17, 18]. 
Careful patient selection remains the most important process in obtaining a  
successful outcome with LVAD implantation.
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 Indications to Left Ventricular Assist Device

In 2006, the International Society for Heart and Lung Transplantation released the 
Guidelines for the Care of Cardiac Transplant Candidates, in which recommenda-
tions for the institutional of MCS were made [19]. These guidelines recommended 
that patients be considered for MCS when they are no longer able to sustain ade-
quate oxygen delivery for normal end-organ function, despite maximal medical 
therapy and/or intra-aortic balloon pump support [19]. The hemodynamic criteria 
for LVAD placement described at that time included a systolic blood pressure less 
than 80 mmHG, mean arterial pressure (MAP) less than 65 mmHG, or a systemic 
vascular resistance (SVR) greater than 2100 dynes.sec/cm [19]. However, as 
experience with MCS devices increased the indications for LVAD implantation 
has evolved. Results of the REMATCH trial lead to coverage of HM-2 implanta-
tion by the Centers for Medicare and Medicaid Services (CMS) when certain 
criterion was met. This included patients with New York Heart Association Class 
IV heart failure without response to optimal medical management for at least 45 
of the past 60 days, a left ventricular ejection fraction of less than 25 %, and peak 
oxygen consumption of less than or equal to 14/ml/kg/min unless balloon pump 
or inotrope dependent [20, 21].

 Contraindications and Other Considerations to Left 
Ventricular Assist Device

In addition to hemodynamic parameters, many additional factors must be assessed 
to determine if a patient is a candidate for LVAD therapy [19]. While age is not an 
absolute contraindication to LVAD placement, ISHLT guidelines recommend a 
thorough evaluation of other clinical risk factors in patients over the age of 60 [19]. 
In addition, guidelines recommend that patients have a body surface area greater 
than 1.5 m2 [19].

An overall assessment of end-organ function is also a necessary component of 
patient selection for LVAD [19]. Patients with CHF commonly have some degree of 
renal dysfunction and renal failure is a predictor of poor outcomes in patients under-
going LVAD implantation [22, 23]. A serum creatinine greater than 3.0 mg/dl and 
the need for dialysis have typically been considered contraindications for 
LVAD. However, renal function has been shown to improve in heart failure patients 
after implementation of LVAD [12, 24, 25]. Therefore, an assessment of the revers-
ibility of renal dysfunction is an integral component of the patient selection process. 
Similarly, hepatic dysfunction and the potential for recovery of function must be 
evaluated [19]. Liver dysfunction is an marker of poor outcomes in patients with 
LVAD [26]. ISHLT guidelines recommend exuding caution in patients with alanine 
aminotransferase (ALT) or aspartate aminotransferase (AST) values over three time 
greater than control values or with an INR over 2.5 [19]. Studies have shown that 
elevated bilirubin is also a predictor of poor outcomes in LVAD placement [26]. 
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Liver function can improve after the implementation of LVAD [12, 25, 27, 28] and 
this must be a consideration when evaluating hepatic dysfunction.

Pulmonary function should be assessed with a 1 s forced expiratory volume 
(FEV1) less than 1 considered a contraindication for LVAD [19]. Mechanical venti-
lation is also a risk factor for poor outcomes in LVAD patients [29, 30]. Candidates 
for LVAD should also be thoroughly assessed for clinical evidence of infection as 
sepsis is a common cause of death after institution of MCS [29–32] and an elevated 
white blood cell count has been identified as a risk factor for mortality in LVAD 
patients [33].

A neurological and psychological evaluation is also an important aspect of 
patient selection. Any post-stroke motor deficits should be identified to determine if 
the patient is physically capable of taking care of the LVAD. Neurological dysfunc-
tion can effect outcomes post-implantation of LVAD [29, 30, 32]. Psychiatric his-
tory and/or the presence of substance abuse should also be assessed. Patients with a 
psychiatric history or concerning symptoms should be referred to a psychiatrist for 
evaluation prior to device implantation [19].

Other factors that should be considered include nutritional status and the pres-
ence of active malignancy. A study has shown that a pre-albumin level less than 
15 mg/dL results in increased mortality in LVAD patients [34]. Cachexia is also a 
clear contraindication to LVAD [35]. While active malignancy can be a contraindi-
cation to LVAD implantation, the use of MCS in certain situations may allow for 
prolongation of life to allow treatment of the malignancy followed by transplanta-
tion, or for destination therapy.

 Assessment of Overall Outcomes

Proper patient selection remains the most critical step to implementation of mechan-
ical circulatory support (MCS) as patients who are less sick at the time of implanta-
tion have superior outcomes [36]. Numerous risk assessment scores have been 
developed in order to help physicians quantify risk of mechanical circulatory sup-
port to patients. Most risk assessment scores were established in older generation 
pulsatile LVADs and their utilization in new generation common flow LVAD still 
needs validation. Furthermore, these risk assessment scores are based on retrospec-
tive analyses of small, single-institutional studies [37]. However, they remain as 
valuable tools in predicting patient risk in implementing mechanical circulatory 
support.

The National Institutes of Health (NIH) sponsored Interagency Registry for 
Mechanically Assisted Circulatory Support (INTERMACS) scale was developed to 
improve patient selection and improve outcomes [6]. The INTERMACS scale 
divides patients into 7 levels according to their hemodynamic status prior to implan-
tation of LVAD. A summary of the INTERMACS scale is shown in Table 25.1 [38]. 
The INTERMACS scale has been validated in a previous single-institutional study 
[39], however, it has not been tested or validated in prospective fashion. Yet, it 
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remains a useful tool for overall clinical assessment of patients requiring mechani-
cal circulatory support.

The Columbia University/Cleveland Clinic risk factor selection scale (RFSS) 
was the first scoring system to examine risk of mechanical circulatory support. This 
study examined 56 patients with the HeartMate (HM) implantable pneumatic (IP) 
and HM vented electric (VE) devices. While too small for a multivariate analysis, 
this study identified five risk factors for death: oliguria, ventilator dependence, ele-
vated central venous pressure (CVP), elevated prothrombin time (PT), and reopera-
tion status [40]. This scoring system was later revised based on data from 130 
patients receiving the HM VE. A summary of the revised scoring system (RSS) is 
shown in Table 25.2. While mechanical ventilation, elevated CVP and PT remained 
a part of the risk scoring system, post-cardiotomy shock and pre-operative LVAD 
were also found to be important factors. A score greater than 5 was estimated to 
have an operative mortality risk of 46 % [41].

Lietz et al. examined 45 baseline laboratory, hemodynamic, and clinical parame-
ters and outcomes in destination therapy (DT) patients. The authors devised a score 

Table 25.1 Overview of INTERMACS classification

Profile Description

1-year 
survival 
%

Time frame for 
intervention

Profile 1: 
Critical 
cardiogenic 
shock

Life-threatening hypotension despite 
rapidly increasing inotropic support. 
Critical organ hypoperfusion 
confirmed by worsening acidosis or 
high lactate levels

65 Within hours

Profile 2: 
Progressive 
decline

Declining function despite inotropic 
support. May see worsening renal or 
hepatic function

72 Within a few days

Profile 3: Stable 
but inotrope 
dependent

Stable hemodynamics and organ 
function while on inotropic support 
but unable to wean from support

82 Elective intervention 
over a period of weeks 
to months

Profile 4: 
Resting 
symptoms

Hemodynamically stable but with 
daily symptoms at rest or during 
activities of daily living. Usually 
require high doses of diuretics

75 Elective intervention 
over a period of weeks 
to months

Profile 5: 
Exertion 
intolerant

Comfortable at rest or during 
activities of daily living but unable to 
perform other activities

72 Variable, depends on 
maintenance of nutrition, 
organ function, 
symptoms and activity

Profile 6: 
Exertion limited

Comfortable at rest and is able to 
perform other activities outside the 
home but fatigues after a few 
minutes

72 Variable, depends on 
maintenance of nutrition, 
organ function, 
symptoms and activity

Profile 7: 
Advanced 
NYHA III

Stable without current or recent 
episodes of unstable fluid balance

73 LVAD may not be 
currently indicated
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Table 25.2 Predicting overall outcomes [37, 40–42]

Scoring system

Number 
of 
patients

Device 
studied

Predictors of mortality (Points 
per risk factor) Scoring

Columbia 
University/
Cleveland Clinic 
Risk Factor 
Selection Scale 
(RFSS) [37]

56 HM XVE
HM IP

Urine output <30 cc/hr (1)
Elevated CVP (1)
Mechanical ventilation (1)
Elevated prothrombin time (1)
Redo sternotomy (1)

>5 points: 
operative 
mortality 67 %

Columbia 
University/
Cleveland Clinic 
Revised 
Screening Scale 
(RSS) [40]

130 HM VE Mechanical ventilation (3)
Cardiogenic shock (2)
Pre-operative LVAD (2)
Elevated CVP (2)
Elevated prothrombin time (1)

1 year survival:
≤5 points: 46 %
>5 points: 12 %

Lietz-Miller 
Destination 
Therapy Risk 
Score (DTRS) 
[41]

222 HM XVE Platelet Count ≤148,000/uL (7)
Albumin ≤3.3 g/dL (5)
INR >1.1 (4)
Vasodilator therapy (4)
Mean pulmonary artery 
pressures ≤25 mmHg (3)
Aspartate aminotransferase 
>45 U/mL (2)
Hematocrit ≤34 % (2)
Blood urea nitrogen >51 U/dL (2)
No intravenous inotropes (2)

1 year survival:
0–8 points: 81 %
9–16 points: 
62 %
17–19 points: 
28 %
>19 points: 11 %

Muenster 
University 
Medical Center 
[42]

241 Variable Pre-operative transfusion of 
>10 units RBC and/or 10 units 
FFP (6)
Inotropes (5)
Lactate >3 mg/dL (5)
LDH >500 and/or CK >200 and/
or troponin I >20 ng/mL (5)
C-reactive protein >8 and/or 
WBC >13 (4)
Re-do sternotomy (4)
Pre-operative mechanical 
ventilation (3)
Creatinine >1.5 mg/dL and/or 
BUN >40 and/or CVVH(d) (3)
Emergency implant (3)
Pre-operative CPR (2)
Ischemic etiology (2)
Heart rate >100 (1)
Hemoglobin <12 g/dL and/or 
hematocrit <35 % (1)
Age >50

ICU mortality:
≥15 points: 
15.8 %
16–30 points: 
48.2 %
>30 points: 65.2
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that stratified patients in low-, medium-, and high-risk categories. Estimated 1 year 
survival for patients in the low-, medium-, high, and very high-risk categories was 
81.2, 62.4, 27.8 and 10.7 %. It is important to note that this study did not include 
patients requiring mechanical ventilation or intra-aortic balloon pump (IABP). 
Furthermore, when this risk assessment score was tested in continuous flow LVADs, 
it was shown to be a poor predictor of mortality in bridge to transplant (BTT) patients 
and only of modest use in DR patients [37]. Klotz et al. at Muenster University 
Medical Center identified several pre-operative risk factors for mortality in an analy-
sis of 241 patients with variable devices. Using a weighted risk score, this study 
divided patients into low-, medium, and high-risk groups [42]. A summary of risk 
factors predicting death in LVAD patients for this study is shown in Table 25.2.

Holman et al. used the INTERMACS database to determine predictors of mortal-
ity for patients on mechanical circulatory support [43]. Predictors of death included 
older patient age, cardiogenic shock with hemodynamic compromise described by 
assignment of INTERMACS level 1, and clinical indicators of right ventricular fail-
ure such as ascites and hyperbilirubinemia.

 Assessment of Right Ventricular Function

Right ventricular (RV) dysfunction is common in congestive heart failure [44]. 
Implantation of LVAD results in increased cardiac output and venous return, which 
can exacerbate severe RV failure [45]. In addition, unloading of the left ventricle 
can shift the interventricular septum to the left, decreasing the septal contribution to 
RV output [46, 47]. As many as 20–35 % of LVAD patients will develop severe RV 
failure and this directly increases mortality [48]. RV dysfunction after institution of 
MCS leads to longer lengths of stay, higher morbidity and mortality, and worse 
post-transplant outcomes [28, 49–51]. For this reason, assessment of RV function 
prior to LVAD implantation is essential.

An assessment of RV function should include an echocardiogram and invasive 
hemodynamics [19]. A low RV systolic pressure with elevated right atrial pressure 
and low RV stroke volume is a marker of severe RV impairment with decreased 
potential for reversibility [52]. Echocardiographic parameters that may be helpful in 
predicting post-LVAD RV failure include tricuspid annular plane systolic excursion 
(TAPSE) less than 1.5 cm, right to left ventricular end-diastolic diameter greater 
than 0.72, and RV stroke volume index [53]. It must be kept in mind that an RV that 
appears dysfunctional on echocardiogram may still be capable of generating high 
pulmonary pressures, therefore, invasive hemodynamics are a critical component of 
RV assessment. A pulmonary artery systolic pressure of less than 50 mmHg is 
thought to be associated with a high RV failure risk [48]. In addition, a RV stroke 
work index (RVSWI) of less than 450 mmHG × ml/m2 is predictive of RV failure 
[48]. For patients with borderline RV function, an extended assessment period using 
a Swan-Ganz catheter in an ICU setting may be beneficial in determining if the 
patient can be managed with LVAD implantation alone [48].
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Risk factor scores have been devised to help quantify the risk of RV failure as 
seen in Table 25.3. Fitzpatrick et al. from the University of Pennsylvania identified 
several risk factors for needing right ventricular assist device (RVAD) support. 
Independent predictors of RVAD support included cardiac index less than 2.2 L/
m2, RVSWI less than 250 mmHG × ml/m2, severe RV dysfunction, serum creati-
nine greater than 1.9 mg/dL, previous cardiac surgery, and systolic blood pressure 
less than or equal to 96 mmHg. An important limitation of this study was that a 
small minority of the patients (less than 4 %) had continuous flow LVAD [54]. The 
University of Michigan risk score also identified several risk factors for RV failure. 
However, only 15 % of the devices in this study were continuous flow devices. 
Risk factors for RV failure in this study included vasopressor requirement, AST 
greater than 80 IH/L, bilirubin over 2.0 mg/dL, and serum creatinine greater than 
2.3 mg/dL [48].

Kormos et al. carried out the largest study to date examining RV failure after 
implantation of a continuous-flow LVAD. In this study, numerous clinical, echo-
cardiographic, and hemodynamic parameters were assessed. The University of 
Michigan RV failure score was also examined. Of the 484 patients in this study to 
receive the Heartmate-2 (HM-2) as a bridge to transplantation, 6 % required 
RVAD, 7 % required prolonged inotropic support, and 7 % required late initiation 
of inotropic support. The parameters found to predict RV failure on multivariate 

Table 25.3 Scoring scales to predict RV failure after LVAD implantation [48, 54, 55]

Scoring system

Number 
of 
patients

Device 
studied

Predictors of mortality 
(Points per risk factor) Scoring

University of 
Pennsylvania RV 
Failure Risk Score 
[54]

266 Variable Cardiac index ≤2.2 L/
min/m2 (18)
RVSWI ≤250 mmHG 
× ml/m2 (18)
Severe RV 
dysfunction (17)
Previous cardiac 
surgery (16)
Systolic BP 
<96 mmHG (13)

Need for RV 
support:
<30 points: 4 %
≥65 points: 89 %

University of 
Michigan Risk Score 
[48]

197 Variable Vasopressor 
requirement (4)
AST ≥80 IU/L (2)
Bilirubin ≥2 mg/dL 
(2.5)
Serum creatinine 
≥2.3 mg/dL (3)

Likelihood of RV 
failure:
≤3 points: 0.49
4–5 points: 2.8
≥7.6

Kormos et al. [55] 484 Heartmate II CVP/PCWP >0.63 (RR: 
2.3)
Mechanical ventilation 
(RR: 5.5)
BUN >39 mg/dL (RR: 2.1)

Relative risk for 
RV failure
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analysis included the need for mechanical ventilation, a central venous pressure/
wedge pressure ratio greater than 0.63, and a blood urea nitrogen (BUN) over 
39 mg/dL [55].

 Timing of Implantation

While mechanical circulatory support was once reserved for patients in New York 
Heart Association class IV heart failure in impending cardiogenic shock [29, 56], the 
benefits of implanting less critically ill patients is coming to light. Earlier device 
implantation, before end organ damage and right ventricular failure, leads to improved 
outcomes. Yet the estimated 5–10 % perioperative mortality [11, 57] for device 
implantation must be considered when implanting less severely ill patients. For exam-
ple, a patient with a short estimated waiting time for cardiac transplantation in good 
clinical state might benefit from awaiting transplantation. However, for DT patients 
who reach inotrope dependence, LVAD implementation should not be delayed [58].

The two most common indications for LVAD placement are cardiogenic shock 
(INTERMACS level 1) and worsening symptoms in inotropic dependent patients 
(INTERMACS level 2). These two classes of patients account for 60 % of all MCS 
patients [10]. For stable, but inotropic-dependent patients (INTERMACS level 3), true 
dependence should be verified with a trial to withdraw inotropes. Once dependence has 
been verified, the patient should be considered for LVAD implantation as these patients 
have been shown to obtain the most benefit from institution of LVAD [58, 59].

For patients meeting INTERMACS levels 4–6 criterion, the timing of LVAD 
implantation remains controversial. Subgroup analysis of the REMATCH trial 
showed no survival benefit with implantation of LVAD in non-inotropic dependent 
patients. However, all clinical factors should be considered as up to 40 % of ambula-
tory heart transplantation candidates will deteriorate and require upgrade to high- 
urgency status or require emergency MCS [60]. For these non-inotrope dependent 
patients, cardiopulmonary testing is considered to be the best indicator of long-term 
outcomes [61, 62] and may be a useful tool in determining if patients will have a 
desirable outcome without LVAD support. Other risk scores such as the Heart 
Failure Survival Score [63] or the Seattle Heart Failure Risk Score [64] may also be 
useful adjuncts.

 Total Artificial Heart

The total artificial heart (TAH) provides biventricular support and replaces the 
patient’s native ventricles and all four valves orthotopically. A large proportion of 
patients with LVAD will go on to develop right heart failure. The TAH can main-
tain these patients and provide complete replacement of the failing heart. The TAH 
has other additional advantages. It can be useful in patients whom LVAD and 
BIVAD is contraindicated, such as those with aortic regurgitation, cardiac 
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arrhythmias, left ventricular thrombus, an aortic prosthesis, or an acquired ven-
tricular septal defect [65, 66].

The largest study to date examining the use of the TAH demonstrated that in 
patients with irreversible biventricular failure, TAH implantation results in improved 
survival. Implantation of the TAH improved outcomes by providing immediate 
hemodynamic restoration and recovery of end-organ damage. This allowed a greater 
number of patients to reach cardiac transplantation [65, 66]. As experience with the 
TAH has increased, outcomes have improved [66]. Continued research and device 
improvement will lead to better results and decreased adverse events.

 Summary

Implantation of LVAD results in better quality of life and improved survival for 
select patients with congestive heart failure [9–14]. However, perioperative mortal-
ity remains high and appropriate patient selection is the most critical step to ensur-
ing successful device implantation [11, 57]. Patients should undergo a thorough 
clinical examination, including echocardiographic and invasive hemodynamic 
assessment, to determine if there is an indication for LVAD. Numerous risk factors 
have been identified to risk-stratify patients and these factors should be considered 
and conveyed to the patient in the decision making process. In addition, because 
LVAD implantation can unmask RV dysfunction and result in severe RV failure, an 
assessment of RV function and potential need for RVAD should be made. Finally, 
one must determine the optimal timing for device implantation. Some patients, due 
to severe hemodynamic instability, will clearly need emergent LVAD therapy. 
However, other may benefit from medical optimization and elective implantation.

References

 1. Cowie M, Mosterd A, Wood D, Deckers J, Poole-Wilson P, Sutton G, et al. The epidemiology 
of heart failure. Eur Heart J. 1997;18(2):208–25.

 2. Lund LH, Matthews J, Aaronson K. Patient selection for left ventricular assist devices. Eur 
J Heart Fail. 2010;12(5):434–43.

 3. Deng MC. Orthotopic heart transplantation: highlights and limitations. Surg Clinics N Am. 
2004;84(1):243–55.

 4. Lund LH, Mancini D. Heart failure in women. Med Clin N Am. 2004;88(5):1321.
 5. Schocken DD, Arrieta MI, Leaverton PE, Ross EA. Prevalence and mortality rate of congestive 

heart failure in the United States. J Am Coll Cardiol. 1992;20(2):301–6.
 6. Stevenson LW. Evolving role of mechanical circulatory support in advanced heart failure. In: 

Frazier OH, Kirklin JK, editors. Mechanical Circulatory Support. Philadelphia, PA: Elsevier, 
2006:181–283.

 7. Taylor DO, Edwards LB, Boucek MM, Trulock EP, Aurora P, Christie J, et al. Registry of the 
International Society for Heart and Lung Transplantation: twenty-fourth official adult heart 
transplant report – 2007. J Heart Lung Transplant Rev. 2007;26(8):769–81.

 8. Deng MC, Edwards LB, Hertz MI, Rowe AW, Keck BM, Kormos R, et al. Mechanical circula-
tory support device database of the International Society for Heart and Lung Transplantation: 
third annual report – 2005. J Heart Lung Transplant 2005;24(9):1182–7.

25 Patient Selection



616

 9. Frazier O, Rose EA, McCarthy P, Burton NA, Tector A, Levin H, et al. Improved mortality and 
rehabilitation of transplant candidates treated with a long-term implantable left ventricular 
assist system. Ann Surg. 1995;222(3):327.

 10. Kirklin JK, Naftel DC, Kormos RL, Stevenson LW, Pagani FD, Miller MA, et al. Third 
INTERMACS annual report: the evolution of destination therapy in the United States. J Heart 
Lung Transplant. 2011;30(2):115–23.

 11. Miller LW, Pagani FD, Russell SD, John R, Boyle AJ, Aaronson KD, et al. Use of a continuous- 
flow device in patients awaiting heart transplantation. N Engl J Med. 2007;357(9):885–96.

 12. Pagani FD, Miller LW, Russell SD, Aaronson KD, John R, Boyle AJ, et al. Extended mechani-
cal circulatory support with a continuous-flow rotary left ventricular assist device. J Am Coll 
Cardiol. 2009;54(4):312–21.

 13. Rogers JG, Aaronson KD, Boyle AJ, Russell SD, Milano CA, Pagani FD, et al. Continuous 
flow left ventricular assist device improves functional capacity and quality of life of advanced 
heart failure patients. J Am Coll Cardiol Res Support Non-US Gov’t. 2010;55(17):1826–34.

 14. Rose EA, Gelijns AC, Moskowitz AJ, Heitjan DF, Stevenson LW, Dembitsky W, et al. Long- 
term use of a left ventricular assist device for end-stage heart failure. N Engl J Med. 
2001;345(20):1435–43.

 15. Boyle AJ, Russell SD, Teuteberg JJ, Slaughter MS, Moazami N, Pagani FD, et al. Low throm-
boembolism and pump thrombosis with the heartMate II left ventricular assist device: analysis 
of outpatient anti-coagulation. J Heart Lung Transplant. 2009;28(9):881–7.

 16. John R, Kamdar F, Liao K, Colvin-Adams M, Boyle A, Joyce L. Improved survival and 
decreasing incidence of adverse events with the HeartMate II left ventricular assist device as 
bridge-to-transplant therapy. Ann Thorac Surg. [Comparative Study]. 2008;86(4):1227–34; 
discussion 34–5.

 17. Ammar KA, Jacobsen SJ, Mahoney DW, Kors JA, Redfield MM, Burnett Jr JC, et al. Prevalence 
and prognostic significance of heart failure stages. Circulation. 2007;115(12):1563–70.

 18. Baughman KL, Jarcho JA. Bridge to life – cardiac mechanical support. N Engl J Med 
2007;357(9):846–9.

 19. Gronda E, Bourge RC, Costanzo MR, Deng M, Mancini D, Martinelli L, et al. Heart rhythm 
considerations in heart transplant candidates and considerations for ventricular assist devices: 
International Society for Heart and Lung Transplantation guidelines for the care of cardiac 
transplant candidates – 2006. J Heart Lung Tranplant. 2006;25(9):1043–56.

 20. Slaughter MS, Meyer AL, Birks EJ. Destination therapy with left ventricular assist devices: 
patient selection and outcomes. Curr Op Cardiol. 2011;26(3):232.

 21. Slaughter MS, Pagani FD, Rogers JG, Miller LW, Sun B, Russell SD, et al. Clinical manage-
ment of continuous-flow left ventricular assist devices in advanced heart failure. J Heart Lung 
Transplant. 2010;29(4):S1–S39.

 22. Butler J, Geisberg C, Howser R, Portner PM, Rogers JG, Deng MC, et al. Relationship between 
renal function and left ventricular assist device use. Ann Thorac Surg. 2006;81(5):1745–51.

 23. Sandner SE, Zimpfer D, Zrunek P, Rajek A, Schima H, Dunkler D, et al. Renal function and 
outcome after continuous flow left ventricular assist device implantation. Ann Thorac Surg. 
2009;87(4):1072–8.

 24. Radovancevic B, Vrtovec B, de Kort E, Radovancevic R, Gregoric ID, Frazier O. End-organ 
function in patients on long-term circulatory support with continuous-or pulsatile-flow assist 
devices. J Heart Lung Transplant. 2007;26(8):815–8.

 25. Letsou GV, Myers TJ, Gregoric ID, Delgado R, Shah N, Robertson K, et al. Continuous axial- 
flow left ventricular assist device (Jarvik 2000) maintains kidney and liver perfusion for up to 
6 months. Ann Thorac Surg. 2003;76(4):1167–70.

 26. Reinhartz O, Farrar DJ, Hershon JH, Avery GJ, Haeusslein EA, Hill JD. Importance of preop-
erative liver function as a predictor of survival in patients supported with Thoratec ventricular 
assist devices as a bridge to transplantation. J Thorac Cardiovasc Surg. 1998;116(4):633–40.

 27. Farrar DJ, Hill J. Recovery of major organ function in patients awaiting heart transplantation 
with Thoratec ventricular assist devices. Thoratec Ventricular Assist Device Principal 
Investigators. J Heart Lung Transplant. 1994;13(6):1125.

S. Taghavi and A.A. Mangi



617

 28. Frazier O, Rose EA, Oz MC, Dembitsky W, McCarthy P, Radovancevic B, et al. Multicenter 
clinical evaluation of the HeartMate vented electric left ventricular assist system in patients 
awaiting heart transplantation. J Thorac Cardiovasc Surg. 2001;122(6):1186.

 29. Aaronson KD, Patel H, Pagani FD. Patient selection for left ventricular assist device therapy. 
Ann Thorac Surg. 2003;75(6):S29–35.

 30. Miller LW. Patient selection for the use of ventricular assist devices as a bridge to transplanta-
tion. Ann Thorac Surg. 2003;75(6):S66–71.

 31. Frazier O, Delgado RM. Mechanical circulatory support for advanced heart failure. Circulation. 
2003;108(25):3064–8.

 32. Williams MR, Oz MC. Indications and patient selection for mechanical ventricular assistance. 
Ann Thorac Surg. 2001;71(3):S86–91.

 33. Deng MC, Edwards LB, Hertz MI, Rowe AW, Keck BM, Kormos R, et al. Mechanical circula-
tory support device database of the International Society for Heart and Lung Transplantation: 
second annual report – 2004. J Heart Lung Transplant. 2004;23(9):1027–34.

 34. Lockard K, Degore L, Schwarm P, Winowich S, O’Shea G, Siegenthaler M, et al. 5: lack of 
improvement in prealbumin at two weeks predicts a poor outcome after mechanical circulatory 
support. J Heart Lung Transplant. 2009;28(2):S66.

 35. Butler J, Howser R, Portner PM, Pierson RN. Body mass index and outcomes after left ven-
tricular assist device placement. Ann Thorac Surg. 2005;79(1):66–73.

 36. Boyle AJ, Ascheim DD, Russo MJ, Kormos RL, John R, Naka Y, et al. Clinical outcomes for 
continuous-flow left ventricular assist device patients stratified by pre-operative INTERMACS 
classification. J Heart Lung Transplant. 2011;30(4):402–7.

 37. Teuteberg JJ, Ewald GA, Adamson RM, Lietz K, Miller LW, Tatooles AJ, et al. Risk assess-
ment for continuous flow left ventricular assist devices: does the destination therapy risk score 
work? An analysis of over 1,000 patients. J Am Coll Cardiol. 2012;60(1):44–51.

 38. Stevenson LW, Pagani FD, Young JB, Jessup M, Miller L, Kormos RL, et al. INTERMACS profiles 
of advanced heart failure: the current picture. J Heart Lung Transplant. 2009;28(6):535–41.

 39. Alba AC, Rao V, Ivanov J, Ross HJ, Delgado DH. Usefulness of the INTERMACS scale to 
predict outcomes after mechanical assist device implantation. J Heart Lung Transplant. 
2009;28(8):827–33.

 40. Oz MC, Goldstein DJ, Pepino P, Weinberg AD, Thompson SM, Catanese KA, et al. Screening 
scale predicts patients successfully receiving long-term implantable left ventricular assist 
devices. Circulation. 1995;92(9):169–73.

 41. Rao V, Oz MC, Flannery MA, Catanese KA, Argenziano M, Naka Y. Revised screening scale 
to predict survival after insertion of a left ventricular assist device. J Thorac Cardiovasc Surg. 
2003;125(4):855–62.

 42. Klotz S, Vahlhaus C, Riehl C, Reitz C, Sindermann JR, Scheld HH. Pre-operative prediction 
of post-VAD implant mortality using easily accessible clinical parameters. J Heart Lung 
Transplant. 2010;29(1):45–52.

 43. Holman WL, Kormos RL, Naftel DC, Miller MA, Pagani FD, Blume E, et al. Predictors of 
death and transplant in patients with a mechanical circulatory support device: a multi- 
institutional study. J Heart Lung Transplant. 2009;28(1):44–50.

 44. Feldman D, Menachemi DM, Abraham WT, Wexler RK. Management strategies for stage-D 
patients with acute heart failure. Clin Cardiol. 2008;31(7):297–301.

 45. Lietz K, Miller LW. Patient selection for left-ventricular assist devices. Curr Opin Cardiol. 
2009;24(3):246–51.

 46. Farrar D. Ventricular interactions during mechanical circulatory support. Sem Thoracic 
Cardiovasc Surg. 1994;6(3):163–8.

 47. Farrar DJ, Compton PG, Hershon JJ, Fonger JD, Hill JD. Right heart interaction with the 
mechanically assisted left heart. World J Surg. 1985;9(1):89–102.

 48. Matthews JC, Koelling TM, Pagani FD, Aaronson KD. The right ventricular failure risk score: 
a pre-operative tool for assessing the risk of right ventricular failure in left ventricular assist 
device candidates. J Am Coll Cardiol. 2008;51(22):2163–72.

25 Patient Selection



618

 49. Dang NC, Topkara VK, Mercando M, Kay J, Kruger KH, Aboodi MS, et al. Right heart failure 
after left ventricular assist device implantation in patients with chronic congestive heart fail-
ure. J Heart Lung Transplant. 2006;25(1):1.

 50. Kavarana MN, Pessin-Minsley MS, Urtecho J, Catanese KA, Flannery M, Oz MC, et al. Right 
ventricular dysfunction and organ failure in left ventricular assist device recipients: a continu-
ing problem. Ann Thorac Surg. 2002;73(3):745–50.

 51. Ochiai Y, McCarthy PM, Smedira NG, Banbury MK, Navia JL, Feng J, et al. Predictors of 
severe right ventricular failure after implantable left ventricular assist device insertion: analy-
sis of 245 patients. Circulation. 2002;106(12 suppl 1):I-198–202.

 52. Morgan JA, John R, Lee BJ, Oz MC, Naka Y. Is severe right ventricular failure in left ventricu-
lar assist device recipients a risk factor for unsuccessful bridging to transplant and post- 
transplant mortality. Ann Thorac Surg. 2004;77(3):859–63.

 53. Kukucka M, Stepanenko A, Potapov E, Krabatsch T, Redlin M, Mladenow A, et al. Right-to- 
left ventricular end-diastolic diameter ratio and prediction of right ventricular failure with 
continuous-flow left ventricular assist devices. J Heart Lung Transplant. 2011;30(1):64–9.

 54. Fitzpatrick III JR, Frederick JR, Hsu VM, Kozin ED, O’Hara ML, Howell E, et al. A risk score 
derived from preoperative data analysis predicts the need for biventricular mechanical circula-
tory support. J Heart Lung Transplantation Off J Heart Lung Transplant. 2008;27(12):1286.

 55. Kormos RL, Teuteberg JJ, Pagani FD, Russell SD, John R, Miller LW, et al. Right ventricular 
failure in patients with the HeartMate II continuous-flow left ventricular assist device: inci-
dence, risk factors, and effect on outcomes. J Thorac Cardiovasc Surg. 2010;139(5):1316.

 56. Stevenson LW, Shekar P. Ventricular assist devices for durable support. Circulation. 
2005;112(9):e111–e5.

 57. Pal JD, Klodell CT, John R, Pagani FD, Rogers JG, Farrar DJ, et al. Low operative mortality 
with implantation of a continuous-flow left ventricular assist device and impact of concurrent 
cardiac procedures. Circulation. 2009;120(11 suppl 1):S215–S9.

 58. Stevenson LW, Miller LW, Desvigne-Nickens P, Ascheim DD, Parides MK, Renlund DG, et al. 
Left ventricular assist device as destination for patients undergoing intravenous inotropic ther-
apy. Circulation. 2004;110(8):975–81.

 59. Lietz K, Long JW, Kfoury AG, Slaughter MS, Silver MA, Milano CA, et al. Outcomes of left 
ventricular assist device implantation as destination therapy in the post-REMATCH era. 
Circulation. 2007;116(5):497–505.

 60. Lietz K, Miller LW. Improved survival of patients with end-stage heart failure listed for heart 
transplantation: analysis of organ procurement and transplantation network/US United 
Network of Organ Sharing data, 1990 to 2005. J Am Coll Cardiol. 2007;50(13):1282–90.

 61. Mancini D, Eisen H, Kussmaul W, Mull R, Edmunds Jr L, Wilson J. Value of peak exercise 
oxygen consumption for optimal timing of cardiac transplantation in ambulatory patients with 
heart failure. Circulation. 1991;83(3):778–86.

 62. Mehra MR, Kobashigawa J, Starling R, Russell S, Uber PA, Parameshwar J, et al. Listing cri-
teria for heart transplantation: International Society for Heart and Lung Transplantation guide-
lines for the care of cardiac transplant candidates – 2006. J Heart Lung Transplant. 
2006;25(9):1024.

 63. Aaronson KD, Schwartz JS, Chen TM, Wong KL, Goin JE, Mancini DM. Development and 
prospective validation of a clinical index to predict survival in ambulatory patients referred for 
cardiac transplant evaluation. Circulation. 1997;95(12):2660–7.

 64. Levy WC, Mozaffarian D, Linker DT, Sutradhar SC, Anker SD, Cropp AB, et al. The seattle 
heart failure model prediction of survival in heart failure. Circulation. 2006;113(11):1424–33.

 65. Copeland JG, Smith RG, Arabia FA, Nolan PE, Sethi GK, Tsau PH, et al. Cardiac replacement 
with a total artificial heart as a bridge to transplantation. N Engl J Med. 2004;351(9):859–67.

 66. Gray NA, Selzman CH. Current status of the total artificial heart. Am Heart 
J. 2006;152(1):4–10.

S. Taghavi and A.A. Mangi



619© Springer-Verlag London 2017 
H. Eisen (ed.), Heart Failure, DOI 10.1007/978-1-4471-4219-5_26

Chapter 26
Acute Mechanical Circulatory Support

Michael M. Koerner and Aly El-Banayosy

Abbreviations

ACCF American College of Cardiology Foundation
ACLS Advanced Cardiovascular Life Support
AHA American Heart Association
BVAD Biventricular Assist Device
CPR Cardiopulmonary Resuscitation
CS Cardiogenic Shock
ECMO ExtraCorporeal Membrane Oxygenation
IABP Intra-aortic Balloon Pump
LVAD Left Ventricular Assist Device
MI Myocardial Infarction
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 Introduction

This chapter provides clinical facts of cardiac arrest (CA) and cardiogenic shock (CS) 
mostly caused by acute myocardial infarction (AMI), as well as prognostic aspects if 
refractory to conventional therapy and beyond treatment with an intra- aortic balloon 
pump (IABP). CS had a high mortality due to limited options for patients who did not 
respond to traditional treatment algorithms [1]. Now more than a decade later with the 
more sophisticated mechanical circulatory support devices even patients with advanced 
CS states have better chances for survival [2]. Specific emphasis is given to the evolving 
role of acute mechanical circulatory support devices (aMCS) which can be used inter-
disciplinary and usually do not require surgical presence and/or immediate access to a 
catheterization laboratory (cath lab). Some remarks about the history of extracorporeal 
membrane oxygenation (ECMO) which nowadays can be placed peripherally percuta-
neously as first line aMCS in the emergency department (ED), at the patient’s bedside in 
the hospital or wherever needed: being placed when and where needed outside a cath lab 
or operating room (OR): without a time demanding transport, a surgical cut down or 
central placement with a thoracotomy. Being placed when and where needed as a percu-
taneous peripheral femoro-femoral veno-arterial (pVA-ECMO) when an IABP is or is 
expected not to be sufficient. Devices which will require the patient’s transfer to another 
location and/or imaging during their placement like fluoroscopy, a transesophageal 
echocardiogram, a cath lab or primarily even a atrioseptostomy before sufficient hemo-
dynamics can be established for necessary brain and organ protection are considered 
here as subacute mechanical circulatory support devices (sMCS) and will not be 
described in detail in this chapter, as well as the armamentarium of devices available to 
be placed with the need of a sternotomy or thoracotomy. Beside the risk of losing crucial 
time securing or reestablishing sufficient brain/organ perfusion and so potentially mini-
mizing a patient’s chances by using any sMCS in acute life- threatening situations like 
CA and therapy-refractory CS one has also to be aware of the sMCS possible additional 
side effects and/or possible sMCS specific complications. A pVA-ECMO device is serv-
ing in the majority of patients as a percutaneous heart-lung machine. If the patient’s left 
ventricle will not eject sufficiently after restoring cardiopulmonary circulation for brain 
and organ perfusion under pVA- ECMO support with this specific aMCS additional 
options have to be considered in individual patients. So some of the most common 
aMCS will be described because all of them can be placed outside an OR, cath lab or 
intensive care unit by trained physicians without surgical background the moment a 
patient is suffering from witnessed CA without appropriate resumption of spontaneous 
circulation (ROSC) and/or therapy-refractory CS.

CA in an out-of hospital setting has still a mortality of 92 % [3]. CS is the leading 
cause of death for patients suffering from AMI who reach the hospital alive [4], and 
mortality in affected patients remains high (50–70 %) despite advances of reperfu-
sion therapy [5–8].

CS is a complex, self-perpetuating pathological process of end-organ hypoperfu-
sion caused by left, right or biventricular myocardial injury with decreased coronary 
blood flow in the presence of adequate intravascular volume and left ventricular fill-
ing pressure resulting in systolic and/or diastolic myocardial pump failure, a degen-
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erating clinical spiral of multi organ dysfunction that begins when the heart is no 
longer able to provide sufficient resting pressure and flow that frequently causes 
death [4, 9–14]. The etiology of CS can result from several types of cardiac dysfunc-
tion: acute coronary insufficiency due to systolic or diastolic dysfunction,  valvular 
dysfunction, cardiac arrhythmias, acute or chronic coronary artery disease, meta-
bolic or mechanical complications. Major pathological conditions are listed in Table 
26.1 [15–18]. All of those are causing advanced CS. CS which very soon will cause 
irreversible brain and organ damage. Both are leading to an extreme high mortality 

Table 26.1 Aetiologies of advanced CS: a lethal condition like CA if not reversible as soon as possible 
“time is tissue”: Indications for an aMCS with a percutaneous VA-ECMO if refractory to 
conventional medical therapy, IAPB or resuscitation non-responsive to ACLS (<30 min) [15–18]

By low-output syndromes:
  Cardiac arrest and cardiogenic shock acute decompensation of pre-existing chronic heart 

failure: non-ischemic: congenital, iron overload, amyloidosis, postviral, metabolic or ischemic 
cardiomyopathy, VAD failure (mechanical, electrical, pump thrombus)

  Acute myocardial infarction with right, left or biventricular pump failure
  Mechanical complications of acute myocardial infarction with CA and advanced CS before 

diagnose and treatment can be established: tamponade, papillary muscle rupture, stunning 
with severe mitral valve regurgitation, post-infarct ventricular septal defect, left ventricular 
free wall rupture

  Arrhythmias refractory to medications and electrotherapy: ventricular fibrillation, tachycardia, 
intractable atrial fibrillation with rapid rate response of supraventricular tachycardia

  Pacer refractory electrical mechanical dissociation: post myocardial infarct, intoxication, 
electrolyte imbalance, severe hypothermia

  Decompensated severe aortic stenosis, ventricular outflow tract obstruction before cath lab or 
OR can be reached or is ready to be used

  Prosthetic valve failure: fracture, thrombosis, paravalvular leak
  Restriction of ventricular filling: restrictive pericarditis, myxomas

Valvular regurgitation: endocarditis, rheumatic, traumatic, congenital

  Cardiac tamponade: posttraumatic:stab or gun shoot wounds, autoimmune disease, infection, 
neoplasm with good 1-year life expectancy

  Acute severe myocarditis /−necrosis: viral, carbon monoxide intoxication, sarcoidosis, 
autoimmune: post- partum, lupus, giant cell myocarditis

  Prolonged cardiopulmonary bypass, post cardiotomy syndrome (early, late)
  Intoxication: iatrogenic, accidental or suicide related: beta-blocker, cocaine, chemotherapy, smoke
  Cytokine storm (brain damage, sepsis immune response syndrome, chemotherapy)
  Graft failure after heart or heart lung transplantation: donor related etiology, insufficient 

preservation, rejection related failure (early, late)
  Hypothermia
  Hypoxemia
  Drowning
  Hypertension
  Pheocromocytoma [16]
  Takotsubo syndrome [17, 18]
  Pulmonary hypertension
  Acute right heart/biventricular failure due to pulmonary embolism

Reproduced with permission from Koerner and Jahanyar [15], Lippincott Williams & Wilkins
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similar to CA if not reversed immediately. If advanced CS and CA are refractory to 
conventional therapy one has to be proactive by providing immediate sufficient car-
diopulmonary support to stabilize the patient’s circulation and tissue oxygenation. 
Proactive means first things first: first restoration of cardiopulmonary circulation and 
tissue oxygenation whenever and wherever needed with the help of an aMCS to beat 
the running time and not to lose organ function, as well as and finally the patient. 
After the patient has been stabilized (“time is tissue”) a transport to a cath lab or 
operating room can safely be done for further diagnostic and therapeutic measures. 
Major contraindications for the use of a peripheral percutaneous aMCS VA-ECMO 
using the femoral vessels as access to treat CS and CA are listed in Table 26.2.

 Prognosis of CS

Incidence and treatment of CS in a 10-year period [19], as well as 30-year trends in 
the magnitude of, management of, and hospital death rates associated with CS in 
patients with AMI and acute coronary syndrome have been analyzed recently [20–
22]. The systolic blood pressure, creatinine clearance, and number of vasopressors 
are significant predictors of mortality in patients with persistent vasopressor- 
dependent CS following AMI, despite a patent infarct artery. These prognostic vari-
ables may be useful for risk stratification and in selecting patients for investigation 
of additional therapies [23], and pro- and anti- inflammatory markers like interleu-
kin −6, −7, −8 and −10 predict outcome in AMI complicated by CS [24].

CS is a serious disorder with a high early death rate, but one that is treatable and 
that, if approached proactively (“aggressively”), can result in full recovery [13, 22]. 
VA-ECMO is capable to obtain rapid resuscitation, stabilization, and subsequent tri-
age to a more permanent treatment strategy [25]: “bridge-to-decision” means until 
neurological recovery, cardiac recovery will occur or as “bridge-to-bridge” in case a 
heart replacement (cardiac transplantation, total artificial heart or biventricular assist 
device) or LVAD may be indicated after neurological recovery, but  irreversible myo-
cardial failure, or until withdrawal of care will be requested or organ donation [26].

Table 26.2 Contraindications for peripheral percutaneous aMCS VA-ECMO support over femoral 
vessels to treat CS and/or CA

  High cardiac output syndromes: overwhelming proven septicemia, thyrotoxicosis, anemia, 
shunt syndromes

  Aortic dissection
  Severe aortic regurgitation
  Severe known peripheral vascular occlusive disease
  Intolerance to anticoagulants (including: cerebral hemorrhage, active gastrointestinal 

bleeding)
  Do Not Resuscitate orders
  Expected mortality >95 % (including: unrecoverable heart/lung disease while not being 

already identified as a transplant or VAD candidate
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The results of the Intraaortic Balloon Pump in Cardiogenic Shock II (IABP- 
SHOCK II) trial show that in patients with AMI and hemodynamic compromise who 
undergo revascularization, the routine use of an IABP, as compared with  standard 
therapy, does not improve survival [27]. On the basis of the findings of the IABP-
SHOCK II trial one has to move forward with the understanding that a cardiovascular 
condition with 40  % mortality at 30  days remains unacceptable [28]. The overall 
6-month-mortality of CS patients remained 50 % in accordance with other reports 
[29]. In case the revascularization with PCI is not successful the mortality had been 
described as high as 85  % [30]. The immediate use of aMCS may even become 
equally important as opening the occluded artery in STEMI patients with 
CS. Eventually, the focus of these patients may therefore shift from door-to- balloon 
time to door to-sufficient circulatory support time, but only in the light of clinical 
evidence [31]. Mitral regurgitation is an independent predictor of 1-year mortality in 
ST-elevation myocardial infarction patients presenting in CS on admission [32].

In regard to post-cardiotomy heart failure otherwise established markers of renal 
and hepatic failure seem not to be appropriate to predict mortality in the acute stage 
before extracorporeal life support implantation [33].

 History

Based on the pioneering work of Gibbon who developed the first heart-lung 
machine facilitating open-heart surgery [34], Dennis reported 10  years later 
about the clinical use of a cannula for left heart bypass without thoracotomy in 
1962 [35] followed by Kennedy reporting the use of a pump oxygenator in clini-
cal heart failure by “femoral- vein-to-femoral-artery cannulation in 1966 [36], 
whereas Hill reported first clinical experience in patients assisted with extracor-
poreal veno-arterial and veno-venous circulation starting in 1968 [37, 38]. A 
battery-powered portable cardiopulmonary bypass machine had been used by 
Mattox in 39 patients whose condition precluded their transport to the OR [39]. 
Among others Dembitsky used portable ECMO devices for emergency resusci-
tation and trained a team of in-house personnel to emergently prepare, apply, 
and temporarily manage cardiopulmonary bypass until personnel with greater 
specialty training arrived [40].

The 2011 ACCF/AHA/SCAI guidelines present recommendations for circula-
tory support: “A hemodynamic support device is recommended for patients with CS 
after STEMI who do not quickly stabilize with pharmacological therapy.” [41] 
(Level of Evidence B) [13, 29, 42–44]. The 2013 ACCF/AHA guidelines for the 
management of ST-Elevation Myocardial Infarction are stating for the treatment of 
CS as a Class IIa (Level of Evidence B):

“1. The use of IABP counter pulsation can be useful for patients with CS after STEMI who 
do not quickly stabilize with pharmacologically therapy“, and as a Class IIa (Level of 
Evidence C): “alternative LVADs for circulatory support may be considered in patients with 
refractory CS.” [45]
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 Indications for AMCS

An aMCS is indicated in CA (witnessed, not longer than 20 min without ROSC) 
and therapy-refractory CS despite conservative treatment including volume load, 
inotropes and IABP.  The principal benefit of left ventricular assist devices 
(LVADs) (which encompass pVADs, as well as surgical VADs is to compensate 
for the loss of myocardial pump function, normalizing cardiac output and thus 
allowing physiologic perfusion of vital organs, especially if this can be achieved 
where the CA and/or CS manifested first [15, 46–48]. Some pVads can only be 
placed with additional imaging inside a hospital or even require always a cath lab 
due to the need of additional imaging [49, 50]—therefore they are called here 
sMCS not aMCS. Peripheral VA-ECMO are shown to improve survival in AMI 
with CS [51–54] or CA [55–57].

 Guidelines

Important especially for cardiologists focusing on Critical Care Cardiology [58] the 
2011 ACCF/AHA/SCAI guidelines presenting straight forward recommendations 
for acute mechanical circulatory support: “A hemodynamic support device is rec-
ommended for patients with CS after STEMI who do not quickly stabilize with 
pharmacological therapy.” [41] (Level of Evidence B) [13, 29, 42–44], and the 2013 
ACCF/AHA guidelines for the management of ST-Elevation Myocardial Infarction 
are stating for the treatment of CS as a Class IIa (Level of Evidence B): “1. The use 
of IABP counter pulsation can be useful for patients with CS after STEMI who do 
not quickly stabilize with pharmacologically therapy.“, and as a Class IIb (Level of 
Evidence C): “alternative LVADs for circulatory support may be considered in 
patients with refractory CS.” [45].

Required and expected features for an excellent peripheral insertable aMCS to 
beat the “time is tissue” reality: easy to assemble, fast to apply, and easy, effective, 
as well as safe to use where and when needed (“KISS” keep it stupid simple: no 
paralytics, no cath lab).

 Cardiac Arrest

It is being estimated that 300,000 CA occur each year in the United States, with 
50 % happening out-of hospital and the other half to patients in a hospital setting [3, 
59]. Based on the findings of Goldberger’s observational study which suggest that 
efforts to systematically increase the duration of resuscitation could improve sur-
vival in high-risk patient [60] we suggest in addition that patients who having a 
witnessed in-hospital CA and who do not achieve ROSC after a duration of 10 min 
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of Advanced Cardiovascular Life Support (ACLS) based high-quality CPR should 
always additionally be presented to an ECMO team for possible placement of per-
cutaneous VA-ECMO in the absence of contraindication for ECMO.

 Out-of-Hospital Cardiac Arrest: Prognostic Aspects

Approximately 92 % of persons who experience a out-of-hospital CA in the US die 
[3]. Predictors of survival from out-of-hospital CA have been evaluated in a system-
atic review and meta-analysis [61]. ECMO has been proposed as the ultimate heroic 
rescue in prolonged CA unresponsive to conventional CPR [55–57, 62, 63]. The 
effectiveness of ECMO in out-of-hospital CA remains debated [64, 65]. A rule for 
termination of CPR in out-of-hospital CA has been validated prospectively to get an 
universal prehospital termination of resuscitation clinical prediction rule for 
advanced and basic life support providers [66], but Morrison did not report that the 
use of an aMCS like a percutaneous VA-ECMO for some of the patients with CA 
had been considered to be a therapeutic option at any point before the termination 
of resuscitation or transport to a hospital [67].

ROSC after prolonged, complete, whole-body ischemia is an unnatural patho-
physiological state created by successful CPR [68, 69]. Modest, but significant pre-
dictors of neurological outcome and mortality in patients after CA as compared to 
neuron-specific enolase seem circulating microRNAs to be [70]. In addition procal-
citonin might be an ancillary marker for outcome prediction after CA treated by 
induced hypothermia [71–73]. Clinical predictors for in-hospital mortality are 
unsuccessful angioplasty, asystole or pulse less electrical activity before ECMO 
introduction, and ECMO-related complications [8].

Rescue by temporary aMCS like VA-ECMO provides an ultimate therapeutic 
option with good outcomes in patient after a period of prolonged CA [63].

Out-of hospital percutaneous VA-ECMO implantation during refractory CA 
after witnessed drowning [47] (Fig. 26.1) or asystolic CA in a half-marathon runner 
[46] (Fig. 26.1) demonstrate the clinical potential and could be considered for pro-
tocol based prospective multicenter studies [74].

Out-of hospital CA with in-hospital ECMO implantation was found to have poor 
outcome suggesting that the implantation and use of ECMO should be more 
restricted following out-of-hospital refractory CA [75]. SpvO2 was found to be use-
ful in witnessed refractory in-or-out-of hospital CA to predict the inability of main-
taining refractory CA victims on ECMO without detrimental capillary leak and 
multi organ failure until neurological evaluation [76]. The level of lactic acid at 48 h 
after CA is an independent predictor of mortality and unfavorable neurologic out-
come. Persisting elevated lactic acid over 48 h predicts a poor prognosis [77]. At this 
point in time it is still recommended that a multimodal approach to neurologic prog-
nostication post CA has to be utilized [78]. The ethical appropriateness of out-of- 
hospital use of aMCS like percutaneous VA-ECMO especially if it carries the 
potential not only to achieve full recovery of the patient in CA and/or CS, but also 
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to prolong life for possible organ donation in case the individual patient may become 
brain dead or decease due to withdrawal of care (cardiac or circulatory death), 
Controlled Donation after Circulatory Death needs to be discussed [79–81].

 Acute Ischemic Myocardial Infarction with CS

Left main coronary artery transradial rescue percutaneous coronary intervention for 
AMI complicated by CS with Impella® ventricular mechanical support [82], 
advanced heart failure, therapy-refractory cardiogenic shock.

�Right�Heart�Failure

As an aMCS a percutaneous centrifugal pump [83] or as sMCS the TandemHeart® 
[84–86] or when FDA approved for sale the Impella RP RV® support system 
(Abiomed, Danvers, MA, USA).

�Allograft�Failure

Percutaneous mechanical circulatory support to treat severe allograft failure 
[87–90].

a b

Fig. 26.1 Rescue by temporary aMCS like VA-ECMO provides an ultimate therapeutic option 
with good outcomes in patient after a period of prolonged CA [63]. Out-of hospital percutaneous 
VA-ECMO implantation during refractory CA after witnessed drowning (Reprinted from Arltet al. 
[47] © 2011, with permission from Elsevier) (a) or asystolic CA in a half-marathon runner 
(Reprinted from Lebreton et al. [46] © 2011, with permission from Elsevier) (b) demonstrate the 
clinical potential and could be considered for protocol based prospective multicenter studies [74]
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�Pulmonary�Embolism

Percutaneous VA-ECMO improves prognosis of hemodynamic instable patients 
with massive pulmonary embolism [91] and such treated additionally with catheter- 
based interventions [92].

�Trauma

Extracorporeal life support in patients with severe trauma evolved as an advanced 
treatment strategy for refractory clinical settings [93, 94].

�Poisoning�Induced�CA�and�Therapy-Refractory�CS

ECMO may improve survival of critically ill poisoned patients who experiencing 
CA and severe CS refractory to conventional treatment [63, 95, 96].

�Peri-�and�Postpartum

Percutaneous aMCS VA-ECMO here are also lifesaving tools [97, 98].

 Acute and Subacute Mechanical Circulatory Support Devices

�Intra-Aortic�Balloon�Counter�Pulsation

IABP was introduced in 1968 [99] into clinical practice. IABP has long been the 
mainstay of mechanical therapy in the treatment of infarction-related CS [13, 99–
105] and was considered to be capable to lower mortality [44], but in the random-
ized IABP SHOCK Trial IABP did not reduce elevated levels of IL-6 levels which 
is known to be a strong predictor of adverse outcome [102]. Also the results of the 
Counterpulsation to Reduce Infarct Size Pre-PCI Acute Myocardial Infarction 
(CRISP AMI) [106] are helping to clarify the existing controversy about observa-
tion of lack of IABP effectiveness in high-risk percutaneous coronary interventions 
without CS [27, 105, 107, 108].

Devices being used as aMCS and sMCS and some of their specifics are listed in 
Table 26.3 such as:
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Centrifugal Pumps Centrifugal pumps like the Revolution Centrifugal Blood 
Pump® (Sorin Group Italia S.r.l.TM, Milano, Italy), the Biomedicus ® (Medtronic 
Inc., Minneapolis, MN, USA) [40, 46, 55, 109–112], Rotaflow® pump (Maquet, 
Wayne, NJ, USA) [22, 63, 90] or Sarns Delphin® pump (Terumo Inc., Ann Arbor, 
MI) [8] are lifesaving tools which allow the time saving percutaneous placement of 
VA-cannulas in the femoral vessels out-of-hospitals or out-of-cath-lab to establish 
the necessary circulatory support.

Portable Mobile aMCS ECMO Systems There are currently two FDA approved 
portable mobile aMCS ECMO systems for percutaneous use available: the 
CardioHelp System® (Maquet, Wayne, NJ, USA), and the LifeBridge B2T® 
(Lifebridge North America Inc., San Antonio, TX) [113].

CentriMag® The CentriMag® ECMO device: The CentriMag® (Thoratec Inc., 
Pleasanton, CA, USA) ECMO device consists of a single use centrifugal pump, a 
motor, a console and a flow probe. The low-pressure drop Quadrox D® oxygenator 
(Maquet, Wayne, NJ, USA) is attached in the circuit [2, 114, 115]. In a multicenter 
trial the short-term support for patients with CS with this device demonstrated a low 
incidence of device-related complications and no device failures [116]. It can also 
be used as an aMCS as pLVAD [97] or percutaneous RVAD [83].

�Devices�(sMCS)

Impella® The Impella LV® support device (Abiomed Inc., Danvers, MA, USA) 
uses a miniaturized axial flow pump and can be used alone [117–119], combined 
with IABP [120, 121] or other ventricular assist devices [83, 122]. The Impella RP 
RV® support system design is based on the Impella 5.0® and can be used as a percu-
taneously applicable RVAD.

Tandem Heart® The Tandem Heart® (Cardiac Assist Inc., Pittsburgh, PA, USA) is a 
useful tool in selected patients who are already hospitalized and a cath lab or an operat-
ing room is available [123, 124]. This sMCS has clearly an indication as pLVAD as a 
bridge to recovery from myocarditis when sufficient left ventricular unloading may not 
be achievable by percutaneous aMCS VA-ECMO without atrioseptostomy [125], the 
patient does not present with therapy-refractory CS and no concerns for relevant perfo-
ration during the atrioseptostomy due to acute inflammatory changes with possible 
fragile myocardium exist. Variations of placement of the TandemHeart® e.g. as pLVAD 
[126] or as pRVAD [84–86] in combination with e.g. the Impella 2.5® percutaneous 
device for left ventricular unloading have been reported [89].
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 Future Trends

The worldwide successful use of aMCS which are peripherally percutaneously 
applicable as VA-ECMO to rescue patients in CA and/or therapy-refractory CS even 
in out-of-hospital scenarios has been performed already years ago, but evolved 
more within the last 5 years, passing the visionary and pioneering stage [15, 40].

A wet-primed ECMO circuit with hollow-fiber membrane oxygenator can be 
stored for up to 2 weeks if prepared according to the protocol recently published by 
Karimova [127]. Based on this information the access to rapid-response to provide 
an aMCS like a percutaneous VA- ECMO support for patients in CA and/or CS in a 
hospital, emergency room or ambulance is feasible.

Mobile ECMO teams being trained and competent in: assessing / triaging patients’ 
medical indication for aMCS could cover metropolitan areas 24/7, capable to insert 
percutaneous arterial and venous femoral cannulas to establish sufficient access: in 
hospital based Emergency Departments [128] or even under out-of- hospital conditions 
in the field (Fig. 26.1) [47], within an ambulance (Fig. 26.1) [46] where and when 
needed, capable to start the circuit, to adjust respirator settings and IV medications.

The availability and targeted use of aMCS like percutaneous VA-ECMO as a 
bridge to decision has been effective to promptly restore adequate systemic perfu-
sion, allowing further time to evaluate cerebral and myocardial recovery or candi-
dacy for long-term VAD, TAH, heart transplantation [129], withdrawal of care  and/
or donor organ preservation [130, 131]. Beside re-establishing sufficient brain and 
organ perfusion in a short period of time while keeping the odds and chances for 
neurological and organ recovery high, a safe transport of these critical ill patients on 
percutaneous VA-ECMO support to a regional ECMO center can be done [40, 110, 
132, 133]. If necessary these transports can be performed across oceans and conti-
nents while the patients remains hemodynamically safe on VA-ECMO In case the 
left ventricle is not going to eject or may stop to eject under the aMCS like the 
VA-ECMO and developing relevant therapy-refractory pulmonary congestion and 
edema a percutaneous balloon atrioseptostomy can be performed. This can be done 
fast as needed, effective and by using minimal invasive techniques for offloading the 
left heart of patients with the chance of a reversible cardiac dysfunction under 
VA-ECMO suffering from refractory pulmonary edema [134].

Not FDA approved, but in clinical use in Europe: a minimal invasive technique 
for decompressing the left ventricle if high left-heart filling pressures during periph-
eral VA-ECMO continue to exist by using the pulsatile paracorporeal assist device, 
the iVAC® (PulseCath, Groningen, The Netherlands), which will be implantable 
through the right axillary artery with a subclavicular incision [135, 136].

 Bridge to Decision

The compelling purpose of use an aMCS like a percutaneous VA-ECMO is to pre-
vent hypoxemia and lack of organ perfusion as long as the window of opportunity 
is existing to prevent or minimize brain and organ dysfunction. Again “time is 
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tissue” and an aMCS is capable to reestablish and secure cardiopulmonary function, 
as well as to serve as a bridge to decision in patients with refractory acute CS and 
CA: to decide if cardiac recovery will take place [137], if heart replacement (LVAD, 
BVAD, TAH, HTx) may be necessary and an appropriate option, if withdrawal of 
care is justified or eventually organ donation will be possible [26, 130, 131, 138]. 
Randomized controlled trials in the intensive care unit are lacking, but should be 
abandoned [139] and other study designs may be considered [74].

“To live is not merely to breathe; it is to act; it is to make use of our organs, senses, facul-
ties – of all those parts of ourselves which give us the feeling of existence”

Jean-Jacques Rousseau 1712–1778 (French philosopher and writer whose novels 
inspired the leaders of the French Revolution).

References

 1. Hochman JS, Sleeper LA, Webb JG, et al. Early revascularization in acute myocardial infarc-
tion complicated by cardiogenic shock. N Engl J Med. 1999;341(9):625–34.

 2. Aziz TA, Singh G, Popjes E, et al. Initial experience with CentriMag extracorporal membrane 
oxygenation for support of critically ill patients with refractory cardiogenic shock. J Heart 
Lung Transplant. 2010;29(1):66–71.

 3. McNally B, Robb R, Mehta M, et al. Out-of-hospital cardiac arrest surveillance – Cardiac 
Arrest Registry to Enhance Survival (CARES), United States, October 1, 2005–December 
31, 2010. MMWR Surveill Summ. 2011;60(8):1–19 . Epub 2011/07/29.

 4. Hasdai D, Harrington RA, Hochman JS, et  al. Platelet glycoprotein IIb/IIIa blockade and 
outcome of cardiogenic shock complicating acute coronary syndromes without persistent 
ST-segment elevation. J Am Coll Cardiol. 2000;36(3):685–92.

 5. Goldberg RJ, Samad NA, Yarzebski J, et al. Temporal trends in cardiogenic shock complicat-
ing acute myocardial infarction. N Engl J Med. 1999;340(15):1162–8 . Epub 1999/04/15.

 6. Hochman JS, Butler CE, Sleeper LA, et al. Cardiogenic shock complicating acute myocardial 
infarction–etiologies, management and outcome: a report from the SHOCK Trial Registry. 
SHould we emergently revascularize Occluded Coronaries for cardiogenic shocK? J Am Coll 
Cardiol. 2000;36(3 Suppl A):1063–70.

 7. Hochman JS, Sleeper LA, White HD, et al. One-year survival following early revasculariza-
tion for cardiogenic shock. JAMA. 2001;285(2):190–2 . Epub 2001/02/15.

 8. Sakamoto S, Taniguchi N, Nakajima S, et  al. Extracorporeal life support for cardiogenic 
shock or cardiac arrest due to acute coronary syndrome. Ann Thorac Surg. 2012;94(1):1–7.

 9. Hasdai D, Topol EJ, Califf RM, et al. Cardiogenic shock complicating acute coronary syn-
dromes. Lancet. 2000;356(9231):749–56 . Epub 2000/11/21.

 10. Westaby SKR, Banning AP. Cardiogenic shock in ACS. Part 1: prediction, presentation and 
medical therapy. Nat Rev Cardiol. 2011;9(3):158–71.

 11. Westaby S, Anastasiadis K, Wieselthaler GM.  Cardiogenic shock in ACS.  Part 2: role of 
mechanical circulatory support. Nat Rev Cardiol. 2012;9(4):195–208.

 12. Topalian SGF, Parrillo JE. Cardiogenic shock. Crit Care Med. 2008;36(1 Suppl):S66–74.
 13. Reynolds HR, Hochman JS. Cardiogenic shock: current concepts and improving outcomes. 

Circulation. 2008;117(5):686–97.
 14. Holmes Jr DR. Cardiogenic shock: a lethal complication of acute myocardial infarction. Rev 

Cardiovasc Med. 2003;4(3):131–5 . Epub 2003/09/02.
 15. Koerner MM, Jahanyar J. Assist devices for circulatory support in therapy-refractory acute 

heart failure. Curr Opin Cardiol. 2008;23(4):399–406 . Epub 2008/06/04.
 16. Sojod G, Diana M, Wall J, et al. Successful extracorporeal membrane oxygenation treatment for 

pheochromocytoma-induced acute cardiac failure. Am J Emerg Med. 2012;30(6):1017.e1–3.

26 Acute Mechanical Circulatory Support



632

 17. Donker DW, Pragt E, Weerwind PW, et al. Rescue extracorporeal life support as a bridge to 
reflection in fulminant stress-induced cardiomyopathy. Int J  Cardiol. 2012;154(3):e54–6. 
doi:10.1016/j.ijcard.2011.06.037 . Epub 2011 Jun 24.

 18. Vernick WJ, Hargrove WC, Augoustides JG, Horak J. Takotsubo cardiomyopathy associated 
with cardiac arrest following cardiac surgery: new variants of an unusual syndrome. J Card 
Surg. 2010;25:654–93.

 19. Jeger RV, Radovanovic D, Hunziker PR, et al. Ten-year trends in the incidence and treatment 
of cardiogenic shock. Ann Intern Med. 2008;149(9):618–26 . Epub 2008/11/05.

 20. Goldberg RJ, Spencer FA, Gore JM, et al. Thirty-year trends (1975 to 2005) in the magnitude 
of, management of, and hospital death rates associated with cardiogenic shock in patients 
with acute myocardial infarction: a population-based perspective. Circulation. 
2009;119(9):1211–9 . Epub 2009/02/25.

 21. Awad HH, Anderson Jr FA, Gore JM, et al. Cardiogenic shock complicating acute coronary 
syndromes: insights from the Global Registry of Acute Coronary Events. Am Heart 
J. 2012;163(6):963–71.

 22. Combes A, Leprince P, Luyt CE, et al. Outcomes and long-term quality-of-life of patients 
supported by extracorporeal membrane oxygenation for refractory cardiogenic shock. Crit 
Care Med. 2008;36(5):1404–11 . Epub 2008/04/25.

 23. Katz JN, Stebbins AL, Alexander JH, et al. Predictors of 30-day mortality in patients with 
refractory cardiogenic shock following acute myocardial infarction despite a patent infarct 
artery. Am Heart J. 2009;158(4):680–7.

 24. Prondzinsky R, Unverzagt S, Lemm H, et al. Interleukin-6, −7, −8 and −10 predict outcome 
in acute myocardial infarction complicated by cardiogenic shock. Clin Res Cardiol. 
2012;101(5):375–84 . Epub 2012/01/04.

 25. Bermudez CA, Rocha RV, Toyoda Y, et  al. Extracorporeal membrane oxygenation for 
advanced refractory shock in acute and chronic cardiomyopathy. Ann Thorac Surg. 
2011;92(6):2125–31.

 26. Vivien B, Deye N, Mégarbane B, et al. Extracorporeal life support in a case of fatal flecainide 
and betaxolol poisoning allowing successful cardiac allograft. Ann Emerg Med. 
2010;56(4):409–12.

 27. Thiele H, Zeymer U, Neumann FJ, et al. Intraaortic balloon support for myocardial infarction 
with cardiogenic shock. N Engl J Med. 2012;367(14):1287–96 . Epub 2012/08/28.

 28. O’Connor CM, Rogers JG. Evidence for overturning the guidelines in cardiogenic shock. N 
Engl J Med. 2012;367(14):1349–50 . Epub 2012/08/28.

 29. Hochman JS, Sleeper LA, Webb JG, et al. Early revascularization in acute myocardial infarc-
tion complicated by cardiogenic shock. SHOCK Investigators. Should We Emergently 
Revascularize Occluded Coronaries for Cardiogenic Shock. N Engl J Med. 1999;341(9):625–
34 . Epub 1999/08/26.

 30. Webb JG, Lowe AM, Sanborn TA, et al. Percutaneous coronary intervention for cardiogenic 
shock in the SHOCK trial. J Am Coll Cardiol. 2003;42(8):1380–6 . Epub 2003/10/18.

 31. Ouweneel DM, Henriques JPS. Percutaneous cardiac support devices for cardiogenic shock: 
current indications and recommendations. Heart. 2012;98(16):1246–54.

 32. Engstrom AE, Vis MM, Bouma BJ, et al. Mitral regurgitation is an independent predictor of 
1-year mortality in ST-elevation myocardial infarction patients presenting in cardiogenic 
shock on admission. Acute Card Care. 2010;12(2):51–7 . Epub 2010/05/21.

 33. Heilmann C, Trummer G, Berchtold-Herz M, et al. Established markers of renal and hepatic 
failure are not appropriate to predict mortality in the acute stage before extracorporeal life 
support implantation. Eur J Cardiothorac Surg. 2012;42(1):135–41.

 34. Stokes TL, Gibbon Jr JH. Experimental maintenance of life by a mechanical heart and lung 
during occlusion of the venae cavae followed by survival. Surg Gynecol Obstet. 
1950;91(2):138–56 . Epub 1950/08/01.

 35. Dennis C, Carlens E, Senning A, et al. Clinical use of a cannula for left heart bypass without 
thoracotomy: experimental protection against fibrillation by left heart bypass. Ann Surg. 
1962;156:623–37.

M.M. Koerner and A. El-Banayosy

http://dx.doi.org/10.1016/j.ijcard.2011.06.037


633

 36. Kennedy J, Bailas N, Barnard P, et al. USe of a pump oxygenator in clinical cardiac failure. 
JAMA. 1966;195(2):61–6.

 37. Hill JD, Branson ML, Hackel A, et al. Laboratory and clinical studies during prolonged par-
tial extracorporeal circulation using the Bramson membrane lung. Circulation. 1968;37(4 
Suppl):II 139–5.

 38. Hill JD, Branson ML, Rapaport E, et  al. Experimental and clinical experiences with pro-
longed oxygenation and assisted circulation. Ann Surg. 1969;170(3):448–59.

 39. Mattox KL, Beall Jr AC. Resuscitation of the moribund patient using portable cardiopulmo-
nary bypass. Ann Thorac Surg. 1976;22(5):436–42.

 40. Dembitsky WP, Moreno-Cabral RJ, Adamson RM, Daily PO. Emergency resuscitation using 
portable extracorporeal membrane oxygenation. Ann Thorac Surg. 1993;55(1):304–9.

 41. Levine GN, Bates ER, Blankenship JC, et  al. 2011 ACCF/AHA/SCAI Guideline for 
Percutaneous Coronary Intervention: a report of the American College of Cardiology 
Foundation/American Heart Association Task Force on Practice Guidelines and the Society 
for Cardiovascular Angiography and Interventions. Circulation. 2011;124(23):e574–651.

 42. Sanborn TA, Sleeper LA, Bates ER, et al. Impact of thrombolysis, intra-aortic balloon pump 
counterpulsation, and their combination in cardiogenic shock complicating acute myocardial 
infarction: a report from the SHOCK Trial Registry. SHould we emergently revascularize 
Occluded Coronaries for cardiogenic shocK? J  Am Coll Cardiol. 2000;36(3 Suppl 
A):1123–9.

 43. Chen EW, Canto JG, Parsons LS, et al. Relation between hospital intra-aortic balloon coun-
terpulsation volume and mortality in acute myocardial infarction complicated by cardiogenic 
shock. Circulation. 2003;108(8):951–7.

 44. Barron HV, Every NR, Parsons LS, et al. The use of intra-aortic balloon counterpulsation in 
patients with cardiogenic shock complicating acute myocardial infarction: data from the 
National Registry of Myocardial Infarction 2. Am Heart J. 2001;141(6):933–9.

 45. O’Gara PT, Kushner FG, Ascheim DD, et al. 2013 ACCF/AHA guideline for the manage-
ment of ST-elevation myocardial infarction: executive summary: a report of the American 
College of Cardiology Foundation/American Heart Association Task Force on Practice 
Guidelines. Circulation. 2013;127(4):529–55 . Epub 2012/12/19.

 46. Lebreton G, Pozzi M, Luyt CE, et al. Out-of-hospital extra-corporeal life support implanta-
tion during refractory cardiac arrest in a half-marathon runner. Resuscitation. 2011;82(9):1239–
42 . Epub 2011/05/04.

 47. Arlt M, Philipp A, Voelkel S, et al. Out-of-hospital extracorporeal life support for cardiac 
arrest-A case report. Resuscitation. 2011;822(9):1243–5. doi:10.1016/j.resuscita-
tion.2011.03.022 . Epub 2011 Mar 31.

 48. Cook S, Windecker S. Percutaneous ventricular assist devices for cardiogenic shock. Curr 
Heart Fail Rep. 2008;5(3):163–9 . Epub 2008/08/30.

 49. Kar B, Gregoric ID, Basra SS, et  al. The percutaneous ventricular assist device in severe 
refractory cardiogenic shock. J Am Coll Cardiol. 2011;57(6):688–96 Epub 2010/10/19.

 50. Kar B, Basra SS, Shah NR, et  al. Percutaneous circulatory support in cardiogenic shock: 
interventional bridge to recovery. Circulation. 2012;125(14):1809–17.

 51. Tang gH, Malekan R, Kai M, et al. Peripheral venoarterial extracorporeal membrane oxygen-
ation improves survival in myocardial infarction with cardiogenic shock. J Thorac Cardiovasc 
Surg. 2013;145(3):e32–3.

 52. Takayama H, Truby L, Koekort M, et al. Clinical outcome of mechanical circulatory support 
for refractory cardiogenic shock in the current era. J Heart Lung Transplant. 2013;32(1):106–
11 . Epub 2012/12/25.

 53. Formica F, Avalli L, Colagrande L, et al. Extracorporeal membrane oxygenation to support 
adult patients with cardiac failure: predictive factors of 30-day mortality. Interact Cardiovasc 
Thorac Surg. 2010;10(5):721–6 . Epub 2010/02/04.

 54. Tanaka K, Sato N, Yamamoto T, et al. Measurement of end-tidal carbon dioxide in patients 
with cardiogenic shock treated using a percutaneous cardiopulmonary assist system. J Nippon 
Med Sch. 2004;71(3):160–6 . Epub 2004/07/01.

26 Acute Mechanical Circulatory Support

http://dx.doi.org/10.1016/j.resuscitation.2011.03.022
http://dx.doi.org/10.1016/j.resuscitation.2011.03.022


634

 55. Schwarz B, Mair P, Margreiter J, et al. Experience with percutaneous venoarterial cardiopul-
monary bypass for emergency circulatory support. Crit Care Med. 2003;31(3):758–64 . Epub 
2003/03/11.

 56. Mégarbane B, Leprince P, Deye N, et al. Emergency feasibility in medical intensive care unit 
of extracorporeal life support for refractory cardiac arrest. Intensive Care Med. 
2007;33(5):758–64.

 57. Chen Y-S, Lin J-W, Yu H-Y, et al. Cardiopulmonary resuscitation with assisted extracorporeal 
life-support versus conventional cardiopulmonary resuscitation in adults with in-hospital car-
diac arrest: an observational study and propensity analysis. Lancet. 2008;372:554–61.

 58. Morrow DA, Fang JC, Fintel DJ, et al. Evolution of critical care cardiology: transformation 
of the cardiovascular intensive care unit and the emerging need for new medical staffing and 
training models: a scientific statement from the American Heart Association. Circulation. 
2012;126(11):1408–28 . Epub 2012/08/16.

 59. Travers AH, Rea TD, Bobrow BJ, et  al. Part 4: CPR overview: 2010 American Heart 
Association Guidelines for Cardiopulmonary Resuscitation and Emergency Cardiovascular 
Care. Circulation. 2010;122(18 Suppl 3):S676–84 . Epub 2010/10/22.

 60. Goldberger ZD, Chan PS, Berg RA, et al. Duration of resuscitation efforts and survival after 
in-hospital cardiac arrest: an observational study. Lancet. 2012;380(9852):1473–81. 
doi:10.1016/S0140-6736(12)60862-9 . Epub 2012 Sep 5.

 61. Sasson C, Rogers MAM, Dahl J, et al. Predictors of survival from out-of-hospital cardiac arrest: 
a systematic review and meta-analysis. Circ Cardiovasc Qual Outcomes. 2010;3(1):63–81.

 62. Chen J-S, Ko W-J, Yu H-Y, et al. Analysis of the outcome for patients experiencing myocar-
dial infarction and cardiopulmonary resuscitation refractory to conventional therapies neces-
sitating extracorporeal life support rescue *. Crit Care Med. 2006;34(4):950–7. 
doi:10.1097/01.CCM.0000206103.35460.1F.

 63. Massetti M, Tasle M, Le Page O, et al. Back from irreversibility: extracorporeal life support 
for prolonged cardiac arrest. Ann Thorac Surg. 2005;79(1):178–83 ; discussion 83–4.

 64. Morimura N, Sakamoto T, Nagao K, et al. Extracorporeal cardiopulmonary resuscitation for 
out-of-hospital cardiac arrest: a review of the Japanese literature. Resuscitation. 
2011;82(1):10–4 . Epub 2010/10/12.

 65. Maekawa K, Tanno K, Hase M, et  al. Extracorporeal cardiopulmonary resuscitation for 
patients with out-of-hospital cardiac arrest of cardiac origin: a propensity-matched study and 
predictor analysis. Crit Care Med. 2013;41(5):1186–96 . Epub 2013/02/08.

 66. Morrison LJ, LM V, Kiss A, TOR Investigators, et al. Validation of a rule for termination of 
resuscitation in out-of-hospital cardiac arrest. N Engl J Med. 2006;355(5):478–87.

 67. Morrison LJ, Verbeek PR, Zhan C, et al. Validation of a universal prehospital termination of 
resuscitation clinical prediction rule for advanced and basic life support providers. 
Resuscitation. 2009;80(3):324–8 . Epub 2009/01/20.

 68. Neumar RW, Nolan JP, Adrie C, et al. Post–cardiac arrest syndrome: epidemiology, patho-
physiology, treatment, and prognostication A Ccnsensus statement from the International 
Liaison Committee on Resuscitation (American Heart Association, Australian and New 
Zealand Council on Resuscitation, European Resuscitation Council, Heart and Stroke 
Foundation of Canada, InterAmerican Heart Foundation, Resuscitation Council of Asia, and 
the Resuscitation Council of Southern Africa); the American Heart Association Emergency 
Cardiovascular Care Committee; the Council on Cardiovascular Surgery and Anesthesia; the 
Council on Cardiopulmonary, Perioperative, and Critical Care; the Council on Clinical 
Cardiology; and the Stroke Council. Circulation. 2008;118(23):2452–83.

 69. Negovsky VA. The second step in resuscitation–the treatment of the ‘post-resuscitation dis-
ease’. Resuscitation. 1972;1(1):1–7 . Epub 1972/03/01.

 70. Stammet P, Goretti E, Vausort M, et al. Circulating microRNAs after cardiac arrest. Crit Care 
Med. 2012;40(12):3209–14 . Epub 2012/08/15.

 71. Stammet P, Devaux Y, Azuaje F, et  al. Assessment of procalcitonin to predict outcome in 
hypothermia-treated patients after cardiac arrest. Crit Care Res Pract. 2011;2011:631062 . 
Epub 2011/11/24.

M.M. Koerner and A. El-Banayosy

http://dx.doi.org/10.1016/S0140-6736(12)60862-9
http://dx.doi.org/10.1097/01.CCM.0000206103.35460.1F


635

 72. Hayashida H, Kaneko T, Kasaoka S, et al. Comparison of the predictability of neurological 
outcome by serum procalcitonin and glial fibrillary acidic protein in postcardiac-arrest 
patients. Neurocrit Care. 2010;12(2):252–7.

 73. Engel H, Ben Hamouda N, Portmann K, et al. Serum procalcitonin as a marker of post-cardiac 
arrest syndrome and long-term neurological recovery, but not of early-onset infections, in coma-
tose post-anoxic patients treated with therapeutic hypothermia. Resuscitation. 84(6):776–81.

 74. (ROC) ROC. Website homepage. https://roc.uwctc.org/. Accessed June 2013.
 75. Le Guen M, Nicolas-Robin A, Carreira S, et al. Extracorporeal life support following out-of- 

hospital refractory cardiac arrest. Crit Care. 2011;15(1):R29 . Epub 2011/01/20.
 76. Mégarbane B, Deve N, Aout M, et al. Usefulness of routine laboratory parameters in the deci-

sion to treat refractory cardiac arrest with extracorporeal life support. Resuscitation. 
2011;82(9):1154–61. doi:10.1016/j.resuscitation.2011.05.007 . Epub 2011 May 19.

 77. Kliegel A, Losert H, Sterz F, et al. Serial lactate determinations for prediction of outcome 
after cardiac arrest. Medicine. 2004;83(5):274–9.

 78. Tisherman SA, Rittenberger J. Should our crystal ball after cardiac arrest include one of the 
building blocks of life? Crit Care Med. 2012;40(12):3321–3. doi:10.1097/
CCM.0b013e31826536c9.

 79. Lippert FK, Raffay V, Georgiou M, et  al. European Resuscitation Council Guidelines for 
Resuscitation 2010 Section 10. The ethics of resuscitation and end-of-life decisions. 
Resuscitation. 2010;81(10):1445–51 . Epub 2010/10/20.

 80. Flannigan C, Bourke TW, Chisakuta A. Out-of-hospital extracorporeal life support—when is 
it appropriate? Resuscitation. 2012;83(3):e85.

 81. JM H. Open letter to JR Lake, president OPTN/UNOS, Nov 11, 2011. www.ncbcenter.org/
documentdoc?id=368. 2011.

 82. Dahdouh Z, Roule V, Lognoné T, et al. Left main coronary artery transradial rescue percutane-
ous coronary intervention for acute myocardial infarction complicated by cardiogenic shock 
with Impella ventricular mechanical support. Cardiovasc Revasc Med. 2012;13(2):142.e1–4.

 83. Takayama H, Naka Y, Kodali SK, et al. A novel approach to percutaneous right-ventricular 
mechanical support. Eur J Cardiothorac Surg. 2012;41(2):423–6 . Epub 2011/07/09.

 84. Atiemo AD, Conte JV, Heldman AW. Resuscitation and recovery from acute right ventricular 
failure using a percutaneous right ventricular assist device. Catheter Cardiovasc Interv. 
2006;68(1):78–82 . Epub 2006/06/10.

 85. Giesler GM, Gomez JS, Letsou G, et al. Initial report of percutaneous right ventricular assist 
for right ventricular shock secondary to right ventricular infarction. Catheter Cardiovasc 
Interv. 2006;68(2):263–6 . Epub 2006/07/05.

 86. Kapur NK, Paruchuri V, Korabathina R, et al. Effects of a percitaneous mechanical circula-
tory support device for medically refreactory right ventricular failure. J Heart Lung Transplant. 
2011;30(12):1360–7.

 87. Arpesella G, Loforte A, Mikus E, et al. Extracorporeal membrane oxygenation for primary 
allograft failure. Transplant Proc. 2008;40(10):3596–7 . Epub 2008/12/23.

 88. Chandola R, Cusimano R, Osten M, et  al. Postcardiac transplant transcatheter core valve 
implantation for aortic insufficiency secondary to Impella device placement. Ann Thorac 
Surg. 2012;93(6):e155–7 . Epub 2012/05/29.

 89. Rajagopal V, Steahr G, Wilmer CI, et  al. A novel percutaneous mechanical biventricular 
bridge to recovery in severe cardiac allograft rejection. J  Heart Lung Transplant. 
2010;29(1):93–5.

 90. D’Alessandro C, Aubert S, Golmard JL, et al. Extra-corporeal membrane oxygenation tem-
porary support for early graft failure after cardiac transplantation. Eur J Cardiothorac Surg. 
2010;37(2):343–9.

 91. Maggio P, Hemmila M, Haft J, et  al. Extracorporeal life support for massive pulmonary 
embolism. J Trauma. 2007;62(3):570–6 . Epub 2007/04/07.

 92. Munakata R, Yamamoto T, Hosokawa Y, et al. Massive pulmonary embolism requiring extra-
corporeal life support treated with catheter-based interventions. Int Heart J. 2012;53(6):370–4. 
Epub 2012/12/22.

26 Acute Mechanical Circulatory Support

https://roc.uwctc.org/
http://dx.doi.org/10.1016/j.resuscitation.2011.05.007
http://dx.doi.org/10.1097/CCM.0b013e31826536c9
http://dx.doi.org/10.1097/CCM.0b013e31826536c9


636

 93. Bonacchi M, Spina R, Torracchi L, et al. Extracorporeal life support in patients with severe 
trauma: an advanced treatment strategy for refractory clinical settings. J Thorac Cardiovasc 
Surg. 2013;145(6):1617–26 . Epub 2012 Sep 13.

 94. Arlt M, Philipp A, Voelkel S, et al. Extracorporeal membrane oxygenation in severe trauma 
patients with bleeding shock. Resuscitation. 2010;81(7):804–9.

 95. Massetti M, Bruno P, Babatasi G, et al. Cardiopulmonary bypass and severe drug intoxica-
tion. J Thorac Cardiovasc Surg. 2000;120(2):424–5 . Epub 2000/08/05.

 96. Masson R, Colas V, Parienti J-J, et al. A comparison of survival with and without extracorpo-
real life support treatment for severe poisoning due to drug intoxication. Resuscitation. 
2012;83(11):1413–7.

 97. Palanzo D, Baer L, El-Banayosy A, et al. Successful treatment of peripartum cardiomyopathy 
with extracorporeal membrane oxygenation. Perfusion. 2009;24(2):75–9.

 98. Sim SS, Chou HC, Chen JW, et  al. Extracorporeal membrane oxygenation in maternal 
arrhythmic cardiogenic shock. Am J Emerg Med. 2012;30.

 99. Kantrowitz A, Tjonneland S, Freed PS, et al. Initial clinical experience with intraaortic bal-
loon pumping in cardiogenic shock. JAMA. 1968;203(2):113–8 . Epub 1968/01/08.

 100. Cheng JM, den Uil CA, Hoeks SE, et al. Percutaneous left ventricular assist devices vs. intra- 
aortic balloon pump counterpulsation for treatment of cardiogenic shock: a meta-analysis of 
controlled trials. Eur Heart J. 2009;30(17):2102–8.

 101. Nordhaug D, Steensrud T, Muller S, et al. Intraaortic balloon pumping improves hemody-
namics and right ventricular efficiency in acute ischemic right ventricular failure. Ann Thorac 
Surg. 2004;78(4):1426–32.

 102. Prondzinsky R, Lemm H, Swyter M, et al. Intra-aortic balloon counterpulsation in patients 
with acute myocardial infarction complicated by cardiogenic shock: The prospective, ran-
domized IABP SHOCK Trial for attenuation of multiorgan dysfunction syndrome. Crit Care 
Med. 2010;38(1):152–60. doi:10.1097/CCM.0b013e3181b78671.

 103. Buerke M, Prondzinsky R, Lemm H, et al. Intra-aortic balloon counterpulsation in the treat-
ment of infarction-related cardiogenic shock—review of the current evidence. Artif Organs. 
2012;36(6):505–11.

 104. Bahekar A, Singh M, Singh S, et  al. Cardiovascular outcomes using intra-aortic balloon 
pump in high-risk acute myocardial infarction with or without cardiogenic shock: a meta- 
analysis. J Cardiovasc Pharmacol Ther. 2012;17(1):44–56.

 105. Ndrepepa G, Kastrati A. Need for critical reappraisal of intra-aortic balloon counterpulsation. 
JAMA. 2011;306(12):1376–7 . Epub 2011/09/01.

 106. Patel MR, Smalling RW, Thiele H, et al. Intra-aortic balloon counterpulsation and infarct size 
in patients with acute anterior myocardial infarction without shock: the CRISP AMI random-
ized trial. JAMA. 2011;306(12):1329–37 . Epub 2011/09/01.

 107. Romeo F, Acconcia MC, Sergi D, et al. Lack of intra-aortic balloon pump effectiveness in 
high-risk percutaneous coronary interventions without cardiogenic shock: a comprehensive 
meta-analysis of randomised trials and observational studies. Int J Cardiol. 2013;167(5):1783–
93 . Epub 2013/01/09.

 108. Sjauw KD, Engström AE, Vis MM, et al. A systematic review and meta-analysis of intra- 
aortic balloon pump therapy in ST-elevation myocardial infarction: should we change the 
guidelines? Eur Heart J. 2009;30(4):459–68.

 109. Minami K, El-Banayosy A, Posival H, et al. Improvement of survival rate in patients with 
cardiogenic shock by using nonpulsatile and pulsatile ventricular assist device. Int J Artif 
Organs. 1992;15(12):715–21 . Epub 1992/12/01.

 110. El-Banayosy A, Posival H, Hartmann D, et al. Transport of patients in cardiogenic shock with 
mobile femoral-femoral cardiopulmonary bypass. J  Cardiothorac Vasc Anesth. 
1995;9(3):301–3.

 111. Reiss N, El-Banayosy A, Mirow N, et al. Implantation of the biomedicus centrifugal pump in 
post-transplant right heart failure. J  Cardiovasc Surg (Torino). 2000;41(5):691–4 . Epub 
2001/01/10.

M.M. Koerner and A. El-Banayosy

http://dx.doi.org/10.1097/CCM.0b013e3181b78671


637

 112. Kutty RS, Parameshwar J, Lewis C, et al. Use of centrifugal left ventricular assist device as a 
bridge to candidacy in severe heart failure with secondary pulmonary hypertension. Eur 
J Cardiothorac Surg. 2013;43(6):1237–42.

 113. Mehlhorn U, Brieske M, Fischer UM, et al. LIFEBRIDGE: a portable, modular, rapidly avail-
able “plug-and-play” mechanical circulatory support system. Ann Thorac Surg. 
2005;8(5):1887–92.

 114. De Robertis F, Birks EJ, Rogers P, et al. Clinical performance with the Levitronix Centrimag 
short-term ventricular assist device. J Heart Lung Transplant. 2006;25(2):181–6.

 115. Mueller JP, Kuenzli A, Reuthebuch O, et al. The CentriMag: a new optimized centrifugal 
blood pump with levitating impeller. Heart Surg Forum. 2004;7(5):E477–80 . Epub 
2005/04/02.

 116. John R, Long JW, Massey HT, et  al. Outcomes of a multicenter trial of the Levitronix 
CentriMag ventricular assist system for short-term circulatory support. J Thorac Cardiovasc 
Surg. 2011;141(4):932–9.

 117. Meyns B, Dens J, Sergeant P, et al. Initial experiences with the Impella device in patients with 
cardiogenic shock  – Impella support for cardiogenic shock. Thorac Cardiovasc Surg. 
2003;51(6):312–7 . Epub 2003/12/12.

 118. Siegenthaler MP, Brehm K, Strecker T, et al. The Impella Recover microaxial left ventricular 
assist device reduces mortality for postcardiotomy failure: a three-center experience. J Thorac 
Cardiovasc Surg. 2004;127(3):812–22 . Epub 2004/03/06.

 119. Engström AE, Cocchieri R, Driessen AH, et  al. The Impella 2.5 and 5.0 devices for 
ST-elevation myocardial infarction patients presenting with severe and profound cardiogenic 
shock: the Academic Medical Center intensive care unit experience. Crit Care Med. 
2011;39(9):2072–9. doi:10.1097/CCM.0b013e31821e89b5.

 120. Cubeddu RJ, Lago R, Horvath SA, et al. Use of the Impella 2.5 system alone, after and in 
combination with an intra-aortic balloon pump in patients with cardiogenic shock: case 
description and review of the literature. EuroIntervention. 2012;7(12):1453–60. doi:10.4244/
EIJV7I12A226.

 121. Gupta A, Allaqaband S, Bajwa T. Combined use of Impella device and intra-aortic balloon 
pump to improve survival in a patient in profound cardiogenic shock post cardiac arrest. 
Catheter Cardiovasc Interv. 2009;74(6):975–6 . Epub 2009/06/13.

 122. Koeckert MS, Jorde UP, Naka Y, et al. Impella LP 2.5 for left ventricular unloading during 
venoarterial extracorporeal membrane oxygenation support. J Card Surg. 2011;26(6):666–8.

 123. Gregoric ID, Loyalka P, Radovancevic R, et al. TandemHeart as a rescue therapy for patients 
with critical aortic valve stenosis. Ann Thorac Surg. 2009;88:1822–7.

 124. Loebe M, Zade Asfahani WH, Petrov GP, et  al. Surgical considerations on the use of the 
percutaneous ventricular assist device TandemHeart® in critical aortic valve stenosis. Thorac 
Cardiovasc Surg. 2009;57(01):50–2.

 125. Chandra D, Kar B, Idelchik G, et al. Usefulness of percutaneous left ventricular assist device as 
a bridge to recovery from myocarditis. Am J Cardiol. 2007;99(12):1755–6 . Epub 2007/06/15.

 126. Idelchik GM, Loyalka P, Kar B.  Percutaneous ventricular assist device placement during 
active cardiopulmonary resuscitation for severe refractory cardiogenic shock after acute 
myocardial infarction. Tex Heart Inst J (From the Texas Heart Institute of St Luke’s Episcopal 
Hospital, Texas Children's Hospital). 2007;34(2):204–8 . Epub 2007/07/12.

 127. Karimova A, Robertson A, Cross N, et al. A wet-primed extracorporeal membrane oxygen-
ation circuit with hollow-fiber membrane oxygenator maintains adequate function for use 
during cardiopulmonary resuscitation after 2  weeks on standby. Crit Care Med. 
2005;33(7):1572–6.

 128. Bellezzo JM, Shinar Z, Davis DP, et al. Emergency physician-initiated extracorporeal cardio-
pulmonary resuscitation. Resuscitation. 2012;83(8):966–70.

 129. Russo CF, Cannata A, Lanfranconi M, et al. Veno-arterial extracorporeal membrane oxygen-
ation using Levitronix centrifugal pump as bridge to decision for refractory cardiogenic 
shock. J Thorac Cardiovasc Surg. 2010;140(6):1416–21.

26 Acute Mechanical Circulatory Support

http://dx.doi.org/10.1097/CCM.0b013e31821e89b5
http://dx.doi.org/10.4244/EIJV7I12A226
http://dx.doi.org/10.4244/EIJV7I12A226


638

 130. Englesbe MJ, Woodrum D, Debroy M, et al. Salvage of an unstable brain dead donor with 
prompt extracorporeal support. Transplantation. 2004;78(12):1815. doi:10.097/01.
TP.0000141360.74374.A1.

 131. Magliocca JF, Magee JC, Rowe SA, et al. Extracorporeal support for organ donation after 
cardiac death effectively expands the donor pool. J  Trauma Acute Care Surg. 
2005;58(6):1095–102.

 132. Javidfar J, Brodie D, Takayama H, et al. Safe transport of critically ill adult patients on extra-
corporeal membrane oxygenation support to a regional extracorporeal membrane oxygen-
ation center. ASAIO J. 2011;57(5):421–5 . Epub 2011/08/27.

 133. Formica F, Avalli L, Redaelli G, et al. Interhospital stabilization of adult patients with refrac-
tory cardiogenic shock by veno-arterial extracorporeal membrane oxygenation. Int J Cardiol. 
2011;147(1):164–5.

 134. Bignon M, Roule V, Dahdouh Z, et al. Percutaneous balloon atrioseptostomy for left heart 
discharge in extracorporeal life support patients with persistent pulmonary edema. J Interv 
Cardiol. 2012;25(1):62–7. doi:10.1111/j.1540-8183.2011.00681.x . Epub 2011 Nov 4.

 135. Anastasiadis K, Chalvatzoulis O, Antonitsis P, et al. Left ventricular decompression during 
peripheral extracorporeal membrane oxygenation support with the use of the novel iVAC 
pulsatile paracorporeal assist device. Ann Thorac Surg. 2011;92(6):2257–9.

 136. Anastasiadis K, Antonitsis P, Chalvatzoulis O, et al. Use of a novel short-term mechanical 
circulatory support device for cardiac recovery. J Heart Lung Transplant. 2011;30(6):732–3.

 137. Koerner M, Brehm C, El-Banayosy A. Venous-arterial extracorporeal membraneoxygenation 
is more than life support: it has the capacity to facilitate myocardial recovery. Crit Care Med. 
2012;40(12 (suppl) abstract 567):1–328.

 138. Santise G, Sciacca S, D'Ancona G, et al. Circulatory support system as a bridge to decision 
in patients with refractory acute cardiogenic shock: is there a space for extracorporeal mem-
brane oxygenation? J Thorac Cardiovasc Surg. 2008;135(3):717.

 139. Vincent J. We should abandon randomized controlled trials in the intensive care unit. Crit 
Care Med. 2010;38(10 (suppl)):534–8.

M.M. Koerner and A. El-Banayosy

http://dx.doi.org/10.097/01.TP.0000141360.74374.A1
http://dx.doi.org/10.097/01.TP.0000141360.74374.A1
http://dx.doi.org/10.1111/j.1540-8183.2011.00681.x


639© Springer-Verlag London 2017 
H. Eisen (ed.), Heart Failure, DOI 10.1007/978-1-4471-4219-5_27

Chapter 27
Mechanical Circulatory Support as a Bridge 
to Heart Transplantation

Antoine H. Chaanine and Sean P. Pinney

 Introduction

Heart failure (HF) is a worldwide pandemic. According to the latest American Heart 
Association Heart Disease and Stroke Statistics 2011 Update, HF affects approxi-
mately 5.7 million Americans with an incidence of 670,000 new HF cases ≥45 years 
of age [1]. It is estimated that HF affects more than 23 million people worldwide 
[2]. HF is associated with a process known as remodeling that consists of adverse 
cellular, structural, and functional changes in the myocardium. Clinically, this 
results in progressive enlargement of the ventricle, reduction in contractility, and 
increases in intracardiac filling pressures [3]. As a consequence of the reduced con-
tractility, decreased cardiac output occurs, resulting in the syndrome of HF. The 
remodeling process is often initiated after an initial insult, such as myocardial 
infarction or prolonged and uncontrolled hypertension, and is also associated with 
increases in the left ventricular (LV) muscle mass, LV end diastolic and end systolic 
volumes, and a change in LV sphericity [3]. At the cellular level, histological 
changes include cardiomyocyte hypertrophy [4, 5], cardiomyocyte slippage [6], 
increased interstitial fibrosis, myocyte lengthening, and apoptosis [7–9]. The initia-
tors of the remodeling process remain incompletely understood. Medical therapy 
with angiotensin-converting-enzyme inhibitors, β-blockers [10–13], aldosterone 
antagonists [14, 15], and angiotensin-receptor blockers [16, 17] has significantly 
improved morbidity and mortality in patients with HF. Advanced HF affects 10 % 
of the HF population and is associated with a dismal quality of life, recurrent hospi-
talizations and a mortality up to 50 % per year. Medical arms in left ventricular 
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assist device (LVAD) trials have generally been inotrope dependent and have had 
1-year mortality of over 75 % [18–20].

The traditional treatment for medically refractory HF has been heart transplanta-
tion. In spite of the increased number of HF patients, the total number of heart trans-
plants in the United States has remained virtually unchanged in the range of 2200 
transplants performed annually. Moreover, many patients with advanced HF are not 
eligible for heart transplantation due to existing comorbidities or advanced age. A 
major advancement in the treatment of HF has been the emergence of LVADs both 
as a bridge to transplantation (BTT) and as destination therapy (DT), which has revo-
lutionized and improved the care of the sickest HF patients. The first use of a ven-
tricular assist device is attributed to Michael DeBakey to support a patient in 
post-cardiotomy shock. Over the ensuing decades, with the support of the NIH 
Artificial Heart Program, the types and applications of LVADs were broadened to act 
as a BTT. In fact, the original indication for which implantable LVADs were granted 
approval by the US FDA was as a BTT. However, due to a high rate of device-related 
complications, the widespread use of LVADs, both as a BTT and DT did not occur 
until after the publication of the Randomized Evaluation of Mechanical Assistance 
for the Treatment of Congestive Heart Failure REMATCH trial in 2001 [18].

This chapter provides up to date overview of the various LVAD generations, 
LVAD indications and clinical outcomes, as well as the current utilization and future 
potential of this technology.

 Classification and Description of Devices

A mechanical circulatory support pump may be positioned extracorporeally or 
intracorporeally as a biventricular assist device (BiVAD), a right ventricular assist 
device (RVAD), or more commonly as a LVAD. Moreover, the pump characteristic 
further substratifies it into a pulsatile or nonpulsatile device. The three different 
generations of LVADs are described below and are shown in Fig. 27.1. LVADs FDA 
approved for BTT are highlighted in Table 27.1.

 First-Generation LVADs

The first-generation of implantable devices are classified as pulsatile pumps. 
Examples of this class are the HeartMate XVE® (Thoratec Corp., Pleasanton, CA), 
Thoratec PVAD™ (Thoratec Corp., Pleasanton, CA), and Novacor N100 (World 
Heart, Inc., Oakland, CA). First-generation devices had larger tissue and blood con-
tacting surfaces as well as multiple moving parts [21]. Their implantation requires a 
median sternotomy, with inflow and outflow cannulation insertions made at the left 
ventricular apex and ascending aorta, respectively. Due to its large size, the pump-
ing chamber is located entirely within the abdomen or preperitoneal space with the 
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Fig. 27.1 Generations of left ventricular assist devices. (a) Schematic drawing of the implanted 
first-generation LVAD HeartMate XVE. (b) Schematic drawing of the implanted second- generation 
LVAD HeartMate II. (c) Third-generation LVADs. Upper image HeartMate III and lower image 
HeartWare HVAD. (d) Schematic drawing of the implanted HeartWare HVAD ((a) Adapted with 
permission from the Wilson et al. [21], © 2009, with permission from Elsevier. (b) and (c) (upper): 
Adapted with permission from Thoratec incorporation. (c) (lower) and (d): Adapted with permis-
sion from HeartWare incorporation)

Table 27.1 Left ventricular assist devices approved by FDA for BTT

LVAD Manufacturer Generation Portable

Thoratec PVAD Thoratec 1st generation Yes
Novacor World Heart 1st generation Yes
HeartMate XVE Thoratec 1st generation Yes
HeartMate II Thoratec 2nd generation Yes
HeartWare HVAD HeartWare 3rd generation Yes
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transcutaneous driveline exiting the abdominal wall. The major disadvantage of 
these pumps was their lack of durability, mostly due to failure of the inflow valve 
after about 18 months of support. Furthermore, high risk of infection, thrombus 
formation, and blood trauma were significant complications that needed to improve, 
especially if long-term support was to be achieved with LVAD therapy.

 Second-Generation LVADs

The second-generation LVADs are continuous flow (CF) devices that are smaller in 
size with better efficiency and durability than the first-generation pumps. Examples of 
the second-generation LVADs include the HeartMate II® (Thoratec Corp., Pleasanton, 
CA), Jarvik 2000 (Jarvik Heart, Inc., New York, NY), and Micromed DeBakey® 
(MicroMed Cardiovascular, Inc., Houston, TX). Historically, some questioned whether 
these CF-LVADs could support long-term end-organ function. It has been well demon-
strated that pulsatile blood flow primarily occurs at large arteries as compared to capil-
lary flow, where pulsatile flow is markedly reduced and the average velocity of blood 
flow in capillaries is about one-thousandth of that of the aorta [22]. Subsequently, large 
animal studies were able to demonstrate successful long-term end-organ perfusion 
with CF [23, 24]. The key mechanical difference was the implementation of a valveless 
axial pump with a rotary motor as the only moving part in the system. This was accom-
plished by the introduction of an internal rotor in the axial path of flow that was sus-
pended by blood-immersed bearings [25]. The idea behind this design was further 
reduction of prothrombotic sites and minimization of wear and tear associated with 
multiple moving parts. Efficiency was further enhanced with elimination of the reser-
voir chamber and inflow/outflow valves. The blood contacting surfaces were designed 
with textured titanium as an additional antithrombotic measure.

Its current configuration consists of an inlet cannula placed in the left ventricle, and 
an outflow cannula which is anastomosed to the aorta via a Dacron graft. A single 
driveline exits the abdominal wall just below the costal margin. The impeller blade is 
powered by an electromagnetic motor, which is driven by an external battery source 
similar to first-generation devices. The second-generation LVADs are designed to pro-
vide high-level cardiac output, with rotary speeds of 8000 to a maximum of 15,000 rpm. 
The benchmark predicted mechanical life of second- generation LVADs is 5 years, but 
longer support has been well documented. Long-term anticoagulation is still required, 
with emphasis on individual patient needs as discussed below.

 Third-Generation LVADs

The critical difference between the second and third-generation LVADs is that the 
latter utilizes non-contact bearings to support its impellar which allows for rota-
tion without friction or wear [26]. The goal of this design is to further minimize 
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prothrombotic sites while enhancing efficiency and durability. Examples of the 
third- generation devices include DuraHeart™ (Terumo Heart, Inc., Ann Arbor, 
MI), HeartWare HVAD® (HeartWare International, Inc., Framingham MA), 
Incor® (Berlin Heart, Inc., Berlin, Germany), Levacor® (World Heart Inc., Salt 
Lake City, UT), and HeartMate III (Thoratec Corp., Pleasanton, CA). Third-
generation LVADs are CF pumps that can be broadly differentiated as follows: (1) 
centrifugal versus axial flow pumps, and (2) magnetically levitated impeller +/− 
hydrodynamic support [27]. The primary difference between centrifugal flow and 
axial flow pumps lies in the design of their rotating elements. The rotating element 
of a centrifugal pump acts as a spinning disk with blades that can be viewed as a 
‘thrower’; fluid is captured and then thrown tangentially off the blade tips. In 
contrast, the rotating element of an axial pump operates like an Archimedes screw 
and can be viewed as a ‘pusher’. Advantages of centrifugal pumps include lower 
rotational speeds, higher efficiency, and further enhanced anatomic design. 
Moazami et al. describes in detail differences in pump mechanics between axial 
and centrifugal CF pumps and its translation into clinical practice [28]. The Incor 
is the only third-generation axial pump under active clinical investigation, with 
the remaining pumps being centrifugal. In terms of levitation, the DuraHeart 
employs a dual hydrodynamic and magnetic system for levitation compared to the 
Levacor, which is completely magnetically levitated. Unique to the HeartWare, 
which was FDA approved for BTT in November 2012, is that implantation is 
completely intrapericardial due to the smaller pump size, eliminating the need for 
an abdominal pocket [29]. In terms of survival, reports demonstrate expected suc-
cess with third-generation devices. One European single-center study reported 
very promising long-term outcomes in 68 patients implanted with the DuraHeart. 
Overall survival at 3, 6, 12, and 24 months was 87 %, 81 %, 77 %, and 61 %, 
respectively [30]. The HeartWare Ventricular Assist Device (HVAD) BTT 
ADVANCE trial enrolled, in a non-randomized fashion, 140 patients who received 
the HVAD investigational pump versus 499 patients who received a commercially 
available pump, most controls had received the HeartMate II LVAD. The study 
showed that the HVAD was non-inferior to the commercially available pumps. 
Survival in patients receiving the HVAD was 91 % at 6 months and 84 % at 1 year. 
The disease specific and global quality-of-life scores improved significantly, 
adverse event rates remained low and the median 6-min walk distance improved 
by 128.5 m at 6 months after HVAD implantation [31, 32] which is almost a three-
fold greater than the improvement achieved in the cardiac resynchronization ther-
apy (CRT) COMPANION trial that enrolled patients with class IV of NYHA [33]. 
These outcomes reflect incremental improvement since the initial European BTT 
trial of the same device [34]. Infection, right heart failure, device replacement, 
stroke, kidney dysfunction, hemolysis and arrhythmia rates were similar to those 
reported previously for the HeartMate II [35]. Electromagnetic interference 
between the HVAD and an implantable defibrillator occurred in two patients and 
thus evaluation for electromagnetic interference before discharge is recom-
mended. The majority of third-generation devices are either in clinical trials, 
under development or only available in Europe.
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 Molecular Changes After LVAD Implantation and Their 
Correlation to Clinical Recovery

Patients with chronic advanced HF can show near-normalization of nearly all of 
the structural abnormalities of the myocardium or reverse remodeling after LVAD 
support due to near-total unloading of the ventricle. However, reverse remodeling 
does not always equate with clinical recovery. In spite of the reversal of structural 
changes in most patients after a period of support, only a small percentage of 
patients have shown significant associated improvement in their myocardial func-
tion. This improvement in myocardial function can be significant enough to allow 
the device to be removed, known as myocardial recovery. The molecular changes 
occurring after LVAD support, both in patients bridged to transplantation and in 
patients who have recovered enough myocardial function to have the device 
removed, have been studied [36]. Reverse remodeling may be attributable to a 
reversal of the pathological mechanisms that occur in remodeling or the generation 
of new pathways. A reduction in myocardial cell size occurs after LVAD unload-
ing, which does not necessarily correlate with improved cardiac function [37, 38]. 
However, some of the changes in both the cardiac myocyte and the matrix after 
LVAD support have been shown to correlate with myocardial recovery. In the myo-
cyte, increases in the cytoskeletal proteins and improvements in the Ca2+ handling 
pathway seem to be specifically associated with myocardial recovery [39]. Changes 
in the matrix are complex, but excessive scarring appears to limit the ability for 
recovery, and the degree of fibrosis in the myocardium at the time of implantation 
may predict the ability to recover [40–42]. However, translation of structural 
recovery to sustainable function permitting device removal remains uncertain. In 
the series by Dandel and coworkers, 32 nonischemic patients who were weaned 
demonstrated a survival rate of 78 % at 5 years after device explantation. Clinical 
heart failure recurred during the first 3 years after weaning in 31.3 %, and two died 
of heart failure. More recently, the same group has updated their experience and 
defined parameters likely to be associated with successful long-term survival after 
LVAD explantation. They entertained that left ventricular ejection fraction >45 % 
at an end-diastolic diameter of <55 mm carries a predictive value of 87.5 % for 
5-year cardiac stability. More meaningful and sustained recovery after LVAD 
explantation is seen in patients who develop HF in the context of myocarditis, 
peripartum cardiomyopathy, and post cardiac surgery [43]. Birks and colleagues 
implanted LVADs in 15 patients with severe HF due to nonischemic cardiomyopa-
thy. The patients were treated with lisinopril, carvedilol, spironolactone, and losar-
tan to enhance reverse remodeling. Once regression of left ventricular enlargement 
had been achieved, the β2-adrenergic receptor agonist clenbuterol was adminis-
tered to prevent myocardial atrophy. Of the 15 patients, 11 had sufficient myocar-
dial recovery to undergo explantation of the LVAD at 10 months after implantation 
of the device. One patient died of intractable arrhythmias 24 h after explantation; 
another died of carcinoma of the lung 27 months after explantation. The cumula-
tive rate of freedom from recurrent heart failure among the surviving patients was 
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100 % and 88.9 % at 1 year and 4 years, respectively [44]. This investigation sug-
gested long-term recovery with pharmacologic support; however, the absence of a 
control group precludes conclusive statements about the precise role of quadruple 
therapy and particularly raises doubts about the true impact of the agent clen-
buterol. These data require further confirmation in randomized controlled trials.

 Patient Selection and Clinical Outcomes with LVADS

Critical factors in order to achieve optimal outcomes after implantation of a LVAD 
include patient’s illness, underlying comorbidity and timing of device implantation. 
It is very important that surgery take place at the right time when the patient is nei-
ther too sick nor too early in the course of the patient’s illness.

The Heart Failure Survival Score and the Seattle Heart Failure Model can be 
used to estimate a heart failure patient’s expected survival during the next 1 to 
2 years with medical management and to identify patients at high risk of death who 
might benefit from LVAD support. Before consideration for LVAD implantation, 
patients should be evaluated at specialized centers, where they receive aggressive 
medical management for advanced heart disease. If they remain refractory to stan-
dard therapy, they should be assessed and, if appropriate, listed for cardiac trans-
plantation. Patients who have prolonged waitlist time, especially if they are inotrope 
dependent, should be considered for LVAD implantation as a BTT as the waitlist 
mortality for transplant exceeds by far that of LVAD mortality [45]. Other indica-
tions for LVAD implantation include individuals who require temporary circulatory 
support and are expected to recover after a cardiac insult (Bridge to recovery) or 
those who need long-term support but have a relative or absolute contraindication to 
cardiac transplantation (DT). About 80–90 % of LVADs are implanted in transplant 
candidates who are not expected to survive until transplant or who are deemed too 
sick for transplant or who have potentially reversible transplant contraindications 
[46]. On the contrary, up to 17 % of DT patients subsequently undergo heart trans-
plantation [47] and many BTT patients subsequently become ineligible for heart 
transplantation. Despite that recommendations for mechanical circulatory support 
have been implemented [48], patient selection usually relies on certain criteria such 
as patient clinical status, inotrope dependence and invasive hemodynamic parame-
ters. It is noteworthy to mention that with worsening clinical status, the need for 
LVAD increases but so does the peri-operative risk and thus optimal operative 
 timing becomes difficult. Another key consideration for LVAD implantation is the 
expected waiting time for heart transplantation, which is highly variable between 
different regions and is dependent on body size, blood type and panel reactive anti-
bodies. The main goals of LVAD therapy are to improve symptoms, quality of life 
and prognosis. Other goals include stabilization or reversal of organ dysfunction 
and lowering pulmonary vascular resistance which may then allow subsequent suc-
cessful heart transplantation. Table 27.2 highlights the indications and contraindica-
tions of LVAD implantation.
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Patient risk factors that are associated with worse outcomes after LVAD implan-
tation or preclude LVAD implantation include deficiencies in nutritional status, 
hematologic abnormalities, presence of hepatic and renal insufficiency, right ven-
tricular dysfunction, lung disease and neuropsychiatric and psychological consider-
ations [48–50]. A clinical algorithm that takes into account a patient’s risk factors is 
shown in Fig. 27.2. Various composite risk scores have been devised from hemody-
namic parameters and measures of end-organ function to help identify predictors of 
survival and guide patient selection. Examples of these risk scores are the Columbia 
University/Cleveland Clinic risk factor selection scale (RFSS) [51], The Columbia 
University/Cleveland Clinic revised screening scale (RSS) [52], the Lietz-Miller 
Destination Therapy Risk Score (DTRS) [47] and most recently the HeartMate II 
risk score (HMRS) [53]. Although useful in clinical decision-making, none of the 
risk scores, except for the HMRS, have been prospectively validated. They are 
derived from small selected populations and are limited to specific mechanical 
devices. The HMRS has been prospectively validated and included 1122 patients 

Table 27.2 Indications and contraindications for LVAD implantation

Indications
NYHA class IV symptoms and failure to respond to OMT for at least 45 days of the last 60 days
Chronic inotrope dependence and life expectancy <2 years (more than 50 % 1-year mortality)
Left ventricular ejection fraction <25 %
Peak oxygen consumption ≤12 ml/kg/min with significant cardiac limitation
Refractory cardiogenic shock or failure (SBP ≤80–90 mmHg, PCWP ≥ 20 mmHg, CI ≤ 2.2 L/
min/m2) or declining renal or right ventricular function.
Recurrent sustained ventricular tachycardia in the setting of an untreatable arrhythmogenic 
substrate
Body surface area >1.5 m2

Contraindications to heart transplant or PVR >5 Woods.unit or GFR <25–30 ml/min/1.73 m2 
that is likely to improve after LVAD implantation.
Relative contraindications
Age >65, unless minimal or no other risk factors
Chronic kidney disease with Cr >3 mg/dL
Severe chronic malnutrition (BMI <21 kg/m2, in males and <19.21 kg/m2 in females)
Morbid Obesity (BMI >40.21 kg/m2)
Mechanical ventilation
Severe mitral stenosis or moderate to severe aortic insufficiency or uncorrectable mitral 
regurgitation
Absolute contraindications
Potentially reversible cause of heart failure or high surgical risk for successful implantation
Neurological deficits impairing the ability to manage device, or lack of psychosocial support or 
new evolving stroke
Severe multiorgan failure, severe pulmonary hypertension and severely reduced RV function
Active systemic infection or terminal illness (such as metastatic cancer and cirrhosis)
Inability to tolerate systemic anticoagulation and heparin induced thrombocytopenia
Impending renal or hepatic failure or severe pulmonary dysfunction (FEV1 <1 L)
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who have received HeartMate II as a BTT or DT. The limitation of the HMRS is that 
clinical trial patient population is not representative of many non-trial patients. 
Moreover, the applicability of the HMRS to patients undergoing implant of other 
types of CF devices is not known.

The INTERMACS registry [54] has defined patient profiles which distinguish 
various categories of risk among the subset of advanced HF patients. The 
INTERMACS risk levels, Table 27.3, range from 1–7 and in general level 1–5 fall 
under NYHA class IV, with level 1 classifying as the worst state, known as cardio-
genic shock or Crash and Burn. Levels 6–7 are patients in the advanced NYHA 
class III subset and can be viewed as relatively low risk. Patients receiving implant-
able ventricular assist devices were frequently in profiles 1 and 2 and experienced 
relatively high perioperative mortality. This lead to the gradual shift towards 
implanting less sick individuals with INTERMACS profiles level 3–4 as reported in 
the second INTERMACS report that analyzed 1092 primary LVAD implants includ-
ing 48 % pulsatile-flow and 52 % CF pumps [55]. An emerging issue in BTT is 
whether to implant an LVAD before the institution of chronic inotrope support. The 
vast majority of patients implanted to date have been inotrope dependent. Inotrope 
dependence is associated with more than 50 % mortality at 6 months [56] and the 
medical arm in the REMATCH [18] and INTrEPID [19] had 76 % and 89 % mortal-
ity at 1-year, respectively. Moreover, earlier implantation, before right ventricular 
and multiorgan failure, leads to better outcomes. This is a favored strategy for DT. It 
is also important to realize that poor tolerance of evidence-based pharmacologic 
therapy, repeat hospitalizations, escalating inotrope or pressor needs and end-organ 
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Fig. 27.2 Clinical algorithm to initiate mechanical circulatory support and factors involved in 
determining outcomes and appropriateness of LVAD implantation. OMT optimal medical therapy, 
CRT cardiac resynchronization therapy, HTx heart transplant, MS mitral stenosis, AI aortic 
insufficiency
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dysfunction are more integrated criteria for LVAD than single hemodynamic param-
eters. In general, outcomes are better for stable patients entering an operative proce-
dure than for subjects who are in extremis.

The effects of LVAD support as a BTT on heart transplantation outcomes have 
been conflicting in different trials. In the ISHLT registry, patients with pre-heart 
transplant LVAD fared worse after heart transplantation [57]. This registry did not 
account for selection bias, era of implant, patient characteristics and other con-
founding factors. In fact other studies suggested a neutral [58] or favorable [59] 
effect. Moreover, it has been shown that the HeartMate II® device reduces wait list 
mortality and improves post-transplant survival as opposed to inotrope therapy and 
other mechanical assist device therapy [60]. The duration of support with HeartMate 
II LVAD did not affect early and long-term post-transplant survival when compared 
to that of conventional transplantation [61, 62]. However, device infections and the 
increased need for blood transfusions during LVAD support were associated with 
significant reduction in 1 year and 10 years post-transplant survival [61, 62]. The 
frequent need for blood transfusions during LVAD support may provoke HLA sen-
sitization, which can impact heart transplant candidacy. Complications other than 
those listed above did not seem to have significant impact on post-transplant sur-
vival in HeartMate II trials [61].

Table 27.3 Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) 
clinical profiles [54]

Level Definition Description

1 Critical 
cardiogenic 
shock

“Crash and burn”. Patients with cardiogenic shock despite escalating 
inotropic support resulting in critical organ hypoperfusion. Definitive 
intervention needed within hours.

2 Progressive 
decline

“Sliding fast”. Patients with clinical status declining despite being on 
inotropes or are unable to tolerate inotropic therapy. Definitive 
intervention needed within few days.

3 Stable but 
inotrope 
dependent

“Dependent stability”. Patients whose clinical status (blood pressure, 
organ function) is stable with continuous intravenous inotropic support or 
a temporary support device but are unable to be weaned off. Definitive 
intervention during a period of weeks to few months.

4 Resting 
symptoms

“Resting symptoms”. Patient experiences daily symptoms at rest and 
require high doses of diuretics. Definitive intervention elective within a 
period of weeks to few months.

5 Exertion 
intolerant

“Housebound”. Patient asymptomatic at rest but is unable to engage 
with any other activity. May consider for LVAD implantation.

6 Exertion 
limited

“Walking wounded”. Patient with no evidence of fluid overload and is 
comfortable at rest and with activities of daily living but gets fatigued 
within the first few minutes of any meaningful activity. May consider for 
LVAD implantation.

7 Advanced 
NYHA III

“Advanced NYHA III”. Patients without evidence of fluid overload who 
are living comfortably with meaningful activity limited to mild physical 
exertion. Advanced HF therapies may not currently be indicated.

Modified from Stevenson et al. [54], © 2009, with permission from Elsevier

A.H. Chaanine and S.P. Pinney



649

The REMATCH trial, a multicenter study that compared long-term implanta-
tion of LVADs with optimal medical management for patients with refractory 
heart  failure, was conducted to test the hypothesis of destination therapy for 
patients ineligible for transplantation [18]. This trial demonstrated that compared 
with best medical therapy device implanted patients had an average extension of 
life of 8 months, of which 3 months were spent in the hospital. This particular 
trial demonstrated that when patients were appropriately selected, even patients 
with a futile outlook could achieve clinically meaningful benefits. However, 
patients with devices were more than twice as likely to develop an adverse event 
than the medical therapy group and had a higher median number of days spent in 
and out of the hospital. Thus, at 2 years, only 23 % in the ventricular assist device 
group were alive compared with 8 % in the medical group. The probability of 
infection with the device was 28 %; bleeding, 42 %; and device failure, 35 %, 
requiring device replacement. This early proof-of-concept trial did not result in 
an aggressive widespread translation into community application because of 
concerns of cost, lack of device durability, and complications related to infection 
and thromboembolism.

To date, the only CF-LVAD approved for both BTT and DT is the HeartMate 
II. The HMII BTT clinical trial was a prospective, multicenter study without a con-
current control group that included 133 patients with end-stage heart failure who 
were awaiting heart transplantation. The principal competing outcomes were the 
number of patients bridged to transplantation; who experienced myocardial recov-
ery or continued to be supported while remaining eligible for transplantation at 
180 days after LVAD implantation. The principal outcome occurred in 100 patients 
and the median duration of support was 126 days. The survival rate was 75 % and 
68 % at 6 and 12 months, respectively. The therapy resulted in significant improve-
ment in functional status and in quality of life at 3 months after LVAD implantation. 
Major adverse events included postoperative bleeding, stroke, right heart failure and 
percutaneous lead infection. Pump thrombosis occurred in two patients. This study 
resulted in market approval of the HeartMate II as a BTT by the FDA in April 2008 
[63]. The pivotal DT trial with the HeartMate II, is the largest published, random-
ized clinical trial of DT. The trial evaluated the use of the second-generation CF 
axial pump, the HeartMate II. The study was conducted between March 2005 and 
May 2007and enrolled 200 patients with advanced HF not eligible for heart trans-
plant at 38 United States hospitals. The trial entry criteria were similar to that of the 
REMATCH trial. The study randomized patients in a 2:1 fashion; 134 patients 
received CF axial flow device, the HeartMate II, and 66 patients received the first- 
generation pulsatile device HeartMate XVE. The study demonstrated that the 
HeartMate II had a significantly greater percentage of patients who reached the 
primary endpoint of survival at 2 years, free of disabling stroke and reoperation for 
pump replacement, compared with the XVE [64]. Survival rates were 68 % and 
58 % at 1 year and 2 years, as compared to 55 % and 24 % for the HeartMate XVE, 
respectively (Fig. 27.3). These results led to FDA approval of HeartMate II® for 
destination therapy in January 2010.
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 Current State of LVAD Utilization and Quality of Life Post 
LVAD Implantation

The choice of device largely depends on the indication for which it is being used 
and the anticipated duration of support. The most common indications for the use of 
LVADs are in patients with heart failure (BTT, DT or as a bridge to candidacy), 
cardiogenic shock (post-cardiotomy or post-myocardial infarction or myocarditis) 
or refractory ventricular arrhythmias. According to the latest INTERMACS annual 
report, 98 % of LVADs being implanted are second-generation [65]. In addition, the 
indications for device implantation between January 2009 and June 2010 were BTT 
(41 %), bridge to candidacy (43 %), DT (13.8 %), bridge to recovery (1.0 %), rescue 
therapy (0.5 %) and other (0.5 %). The area of biggest change over the previous 
2 years was the increase of device implantation as DT. This trend can partly be 
attributed to the approval of the HeartMate II® in January 2010 as a device for des-
tination therapy in patients deemed not eligible for transplantation. Nearly 30 % of 
patients receiving implantation as BTT were still on mechanical support at 2 years 
and 43 % of those patients were no longer listed for transplant after 2 years of 
mechanical support. Another significant finding of the INTERMACS data is the 
continued improvement in overall survival with LVAD implantation. The latest 
reported survival of 79 % at 1 year and 66 % at 2 years among all patients receiving 
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Fig. 27.3 Survival rates in two trials of left ventricular assist devices as a destination therapy. The 
bars labeled 2009 represent data reported by Slaughter et al. [60] and the ones labeled 2001 repre-
sent data reported in the REMATCH trial [18]
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LVAD support is quite remarkable given the dismal prognosis with best medical 
therapy in this group of patients. A subgroup analysis of the data showed that 
patients receiving CF pumps, especially the HeartMate II LVAD, fared even better, 
with a survival rate of nearly 80 % at 1 year [65, 66]. DT continues to carry a 
slightly higher risk than BTT therapy. The survival difference in predicted 1-year 
survival, when adjusted for risk factor prevalence in each group, is approximately 
5 %. The small survival difference is likely related to the ability of transplantation 
for some BTT patients in the event of device related complications [67]. However, 
it is noteworthy to mention that the mortality rate in patients with INTERMACS 
level 1 continues to be high.

Despite potential complications, LVADs significantly improved the quality of 
life (QOL) and functional capacity in patients with advanced HF. QOL in a dis-
eased state is a multidimensional concept and includes aspects of physical, mental 
and social functioning. The Minnesota Living With Heart Failure Questionnaire 
(MLHFQ) and the Kansas City Cardiomyopathy Questionnaire (KCCQ) are reli-
able and validated health status questionnaires specific to patients living with HF 
[68, 69]. LVAD patients, when surveyed about lifestyle changes, were able to drive, 
exercise, travel, return to work or school and engage in hobbies [70]. The improve-
ment in QOL can be seen as early as 1 to 3 months after LVAD implantation and is 
sustained for the duration of support. This QOL improvement surpasses that 
achieved with adjunctive pharmacologic or cardiac resynchronization therapy in 
patients with advanced HF [71, 72]. More recently, in BTT and DT patients, the 
HeartMate II CF device has improved QOL on multiple validated indexes such as 
the MLHFQ and KCCQ [18, 63]. Patients with HeartMate II LVAD had signifi-
cantly higher peak VO2 at 6 months when compared with that at 3 months post 
LVAD implantation [73]. Additionally, there was significant increase in the dis-
tance that the patients could walk between baseline (43 m) and 3 months after 
HeartMate II implantation (292 m) [63]. These improvements were maintained but 
did not change significantly for the duration of the follow-up period [35]. The 
impact of different devices on QOL has not been compared directly in clinical tri-
als to date. It is supposed that QOL may be even higher with the newer devices 
because of their smaller size, higher efficiency and durability and less associated 
complications. QOL outcome measures have become an integral part of all clinical 
trials and registries involving LVADs due to the evolution of the mechanical circu-
latory support devices.

Another emerging aspect is donor heart allocation in the present LVAD era. 
According to the United Network of Organ Sharing (UNOS), patients who are criti-
cally ill (class IA) who could not receive a heart transplant and instead ended up 
having a LVAD implant as a bridge to transplant, remained classified as class IA for 
the next 30 days after LVAD implantation. The rationale behind this is that LVAD 
supported patients remained at high risk for LVAD failure over time. However, this 
decision was implemented back when pulsatile flow devices were being incorpo-
rated. This prioritization has remained even after the emergence of continuous flow 
LVADs, which are less likely to fail and have produced higher survival rates. 
Because of that, there is a perception that stable patients are able to ‘jump the list’ 
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ahead of other more critically ill patients and has raised a concern as to whether the 
UNOS donor heart allocation system in its present configuration is indeed fair [74]. 
The question that comes to the surface is whether clinically stable LVAD patients 
should continue to receive prioritization for donor hearts. Dardas et al. proposed 
that they should not as this action violates the justice principle. There is no utilitar-
ian reason to prioritize stable LVAD patients because transplant outcomes are not 
superior in this group compared with other class IA and class IB subgroups [75]. In 
the Eurotransplant system, there is no prioritization for stable LVAD patients unless 
they develop a device complication [76]. The solution to this problem would per-
haps be by adapting a heart allocation score similar to that for end-stage liver dis-
ease. Another possibility is to expand the number of prioritization categories 
matching individual risk profiles [74].

 Optimal Anticoagulation Regimen in Patients with LVAD

Patients with axial-flow LVADs develop substantial alterations in their prothrombotic 
profile and platelet function, which appears to be reversible after the removal of the 
device and are likely to be responsible for the non-surgical bleeding episodes [77–79]. 
Warfarin seems to offer a lower thromboembolic risk compared with unfractionated 
heparin or low molecular weight heparin [80]. There are reports which suggest that 
some axial-flow LVAD patients may be managed without anticoagulation, for example 
after major bleeding complications; however, these papers are subject to publication 
bias as poor outcomes are unlikely to have been reported [81, 82]. Antiplatelet and 
anticoagulant therapy must be started early, but only after meticulous control of post-
operative bleeding has ensued. The use of warfarin (INR target 2–3), in association 
with aspirin at 81–325 mg/day, or with point-of-care tests titrated antiplatelet therapy 
to inhibit 70 %, is one strategy that can be used. Although HeartWare targets a higher 
INR, the target INR for the newer CF devices is in the range of 1.5 to 2.5, beyond which 
the risk of thrombosis and bleeding escalates [49, 83]. This is because gastrointestinal 
bleeding (GIB) is more commonly encountered with the newer CF pumps [84]. 
Although the exact reason for this occurrence is uncertain, one hypothesis implicates 
the development of acquired von Willebrand (vWF) factor deficiency caused by 
increased shear stress and reduced pulsatility of these devices with an increased preva-
lence of arteriovenous malformations (AVMs). An identical constellation of findings is 
described in Heyde’s syndrome, namely, aortic stenosis with acquired vWF deficiency 
and GIB from AVMs. The rate of GIB ranges between 18–30 %. Importantly, these 
rates are significantly higher than that described in patients receiving Aspirin and 
Warfarin for mechanical valve prosthesis [85]. Recurrent bleeding after a first event is 
not uncommon and ranges between 21–44 %. However, available data suggests that 
GIB is associated with very low mortality (<1 %) [86, 87]. History of GIB, age, INR 
and platelet count were found as an independent predictors for GIB in a multivariate 
analysis. The risk/benefit of reducing or discontinuing anticoagulation should be thor-
oughly assessed and discussed with the patient. Lowering of the device power and 
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speed to decrease shear stress may decrease such bleeding episodes but remains to be 
proven as a viable treatment option. Higher degree of anticoagulation must be targeted 
in patients with atrial fibrillation, prior thromboembolic events, presence of atrial or 
ventricular thrombi and if low assist device flow rates of less than 3 L/min are antici-
pated. Patients who develop heparin-induced thrombocytopenia after LVAD implanta-
tion, which is verified by serotonin release assay [88], are at high risk of thromboembolism 
and should be treated with a direct thrombin inhibitor. Bivalirudin is the preferred agent 
as its elimination is enzymatic by thrombin and is not dependent on renal or liver func-
tions, which are frequently impaired in patients at the time of LVAD implantation [88].

 Impact of Adverse Events on LVAD Outcomes

Despite significant progress, even the latest generation LVADs are burdened by a 
significant long-term adverse events profile that will increasingly challenge physi-
cians, especially now that LVADs are more frequently used as a destination therapy 
[89]. Only 30 % of CF-LVAD recipients survive the first year without experiencing 
a major adverse event. (Fig. 27.4). Below is a brief discussion of the most frequent 
or debilitating adverse events, their potential causes and future implications.

*Major Event: First occurrence of infection, bleeding,
device malfunction, stroke or death

100

90

80

70

60

50

40

30

20

10

0
0 6 12 18 24 30 36 42 48

Months post implant

%
 F

re
ed

om
 F

ro
m

 E
ve

nt

Patients 5436, Events = 3611

Months % Freedom

1

3

6

12

24

36

48%

59%

40%

30%

19%

14%
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 Right Ventricular Failure

Right ventricular failure (RVF) after LVAD implantation is associated with signifi-
cant morbidity and mortality. INTERMACS classifies severe RVF as those requir-
ing RVAD placement and moderate RVF as those requiring prolonged inotropic 
support or pulmonary vasodilators. RVF post LVAD is also classified according to 
the period when it occurs, specifically intraoperative, early or late, i.e., greater than 
14 days [90]. INTERMACS has implemented a set of criteria to help standardize the 
diagnosis of RVF following LVAD implantation. These diagnostic criteria include 
elevated central venous pressure (CVP) >18 mmHg with a cardiac index less than 
2.2 L/min in the absence of elevated left atrial pressure of more than 18 mmHg 
along with the need for postoperative inotropic support more than 14 days and 
inhaled nitric oxide more than 48 h [91]. A number of complex mechanisms contrib-
ute to RVF in the early postoperative period. These include sudden increases in 
cardiac output leading to increases in venous return and RV preload; shifting of the 
interventricular septum towards the LV and the “suck down” effect caused by LV 
unloading which may subsequently increase RV wall stress; and increased pulmo-
nary vasoreactivity in the setting of cardiopulmonary bypass, blood transfusions 
and inflammation leading to increased RV afterload [92]. The incidence of RVF 
ranges from 9–44 % depending on the diagnostic criteria used [93, 94]. Clinically, 
RVF may result in renal and hepatic dysfunction along with the formation of ascites 
and lower extremity edema. Reductions in RV stroke volume may dangerously 
underfill the LV risking the potential for suck down events, ventricular arrhythmias 
and cardiogenic shock. Not surprisingly, perioperative mortality increases from 19 
to 43 % in the setting of RV failure.

Identifying which patients are susceptible to RVF following LVAD implantation 
has been challenging and is still a subject of ongoing investigation. Patients who 
require preoperative mechanical cardiac support are at increased risk of RVF. High 
CVP and CVP/PCWP ratio, decreased cardiac index ≤ 2.2 L/min/m2, low right ven-
tricular stroke work index ≤ 0.25 mmHg L/m2 or high PVR have all been identified 
as potential risk factors for RVF [95]. Patients with multiorgan dysfunction are also 
at an increased risk for RVF. A preoperative risk score to predict RVF preoperatively 
and the need for BIVAD has been established by Alturi et al. Through a multivariate 
regression analysis, the authors show a CVP >15 mmHg, severe RVF, preoperative 
Intubation, severe Tricuspid regurgitation and a heart rate >100-Tachycardia 
(CRITT) carries an OR of 2, 3.7, 4.3, 4.1 and 2, respectively. Using these data, a 
highly sensitive and easy to use risk score can be performed to determine the need 
for biventricular support [96]. The RVF risk score (RVFRS) is also a sensitive risk 
score that can be used to predict RVF and death after LVAD implantation. Risk fac-
tors included in the RVFRS are: vasopressin requirements (4 points), aspartate ami-
notransferase ≥ 80 IU/L (2 points), Bilirubin ≥ 2 mg/dL (2.5 points) and creatinine 
≥ 2.3 mg/dL (3 points). The OR for RVF for patients with RVFRS ≤3, 4–5, and 
≥5.5 were 0.49, 2.8 and 7.6, and the 180-day survivals were 90 %, 80 % and 66 %, 
respectively [94]. RVF is typically treated by adjunctive inotropic support and a 
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decrease in the pumping power of the LVAD to prevent excessive suction pressure 
on the interventricular septum. When these measures are insufficient, reoperation 
for temporary or permanent RVAD support may be required.

 Device Malfunction

INTERMACS categorizes device malfunction as pump failure and non-pump fail-
ure. Pump failure includes dysfunction of any blood contact part of the device and 
non-pump failure includes dysfunction of other device components. Pump throm-
bosis is a rare but potentially devastating complication of LVADs. Making a clinical 
diagnosis of pump thrombosis can be challenging and may be suggested by abnor-
mal readings from the pump console (gradual or sudden sustained increases in the 
Power to maintain a preset speed), blood testing for hemolysis (lactate dehydroge-
nase (LDH) and plasma free hemoglobin), Doppler Echocardiography [97], CT 
imaging [98] and hemodynamic studies. There is no standardized approach to the 
management of pump thrombus. Various strategies have been implemented to treat 
suspected pump thrombus and avoid device exchange, such as using glycoprotein 
IIb/ IIIa inhibitors, direct thrombin inhibitors, systemic thrombolytic therapy and 
direct intraventricular delivery of thrombolytics. In the absence of acute hemody-
namic compromise, an initial attempt at one of these conservative non-surgical mea-
sures is favored, since device exchange for thrombus has been associated with poor 
outcomes. Starling and his colleagues, in a recent multi-institutional study, have 
observed an increase in the rate of HeartMate II device thrombosis as compared 
with pre-approval clinical trial results and clinical experience. The occurrence of 
confirmed pump thrombosis at 3 months after transplantation has increased from 
2.4 % in 2011 to 8.4 % by January 1, 2013. Elevated levels of LDH at 3 months after 
implantation mirrored that of device thrombosis. The mortality rate among patients 
who had pump thrombosis and did not undergo heart transplantation or pump 
replacement was 48.2 % in the ensuing 6 months after pump thrombosis [99].

 Stroke

INTERMACS defines stroke as any new, temporary or permanent, focal or global 
neurological deficit. The HeartWare BTT trial employed the Modified Rankin 
Scale for evaluation of the degree of residual disability in those patients suffering 
stroke. Notably, this metric has been included in the primary endpoint of the 
proposed REVIVE-IT trial. The incidence of stroke in large studies is: ischemic 
stroke (4–8 %), hemorrhagic stroke (2–11 %), TIA (2–4 %), disabling stroke 
(3.6–11 %) and death from stroke (3.6–8.5 %). Ischemic strokes are considered 
to be thromboembolic events from the pump. Hemorrhagic strokes may be due to 
de novo cerebrovascular bleeds or hemorrhagic conversion of a prior 
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thromboembolic event. Investigators have recently reported an association 
between LVAD related blood stream infections and stroke, with a 20-fold eleva-
tion in risk for hemorrhagic stroke in a cohort of continuous flow LVAD patients 
who had a proven blood stream infection [100]. Management of LVAD related 
stroke presents unique challenges where the need for anticoagulation (AC) in 
patients suspected of thromboembolism must be balanced by the risk of hemor-
rhagic conversion. Further, withholding AC for hemorrhagic stroke must be bal-
anced against the risk of pump thrombus. INTERMACS data will inform future 
guidelines for optimal AC regimens and blood pressure control that will be criti-
cal in stroke prevention.

 Infection

INTERMACS differentiates between infections not directly related to the device, 
those associated with the pump itself, percutaneous site infection (PSI), pocket 
infections and finally sepsis. In the trials, the rates of infections are: PSI (12–
32 %), pump pocket infections (2–9 %), and systemic infections (11–36 %) 
[101]. A recent review of 593 patients entered into the INTERMACS database 
has summarized the problem, and the findings suggest where improvements may 
be made. Bacterial pathogens dominate fungal organisms at a ratio of nearly 9:1. 
Infection presents most commonly in the blood (32 %) or driveline (21 %). There 
were nearly 2.5 cumulative infections per patient at 18 months, but most occurred 
within the 3-month perioperative period (P < .0001). Fungal infections are gener-
ally resistant to treatment and are associated with high mortality [102]. 
INTERMACS level 1, age older than 60 years, high blood urea nitrogen concen-
tration, diabetes, obesity and need for biventricular support were predictors of 
infection. Specialists have described the problem of recurrent blood infections as 
“VADitis” and stress the life- long need for antibiotics. Prevention of device 
related infection remains a major focus for LVAD centers. General strategies 
include surgical best practice principles to prevent surgical site contamination. 
Antibiotic prophylaxis is routinely given before LVAD implantation. Additional 
strategies to minimize infection risk include tunneling the driveline contralateral 
to the pump pocket to lengthen the subcutaneous course, with the aim of creating 
a greater barrier for the passage of bacteria from driveline exit site to pump 
pocket. Clearly, small flexible drivelines that may be anchored to the skin and the 
elimination of pump pockets within the abdominal wall may both help to further 
lower infection incidence. Fully implantable systems utilizing advanced transcu-
taneous energy transfer systems will ultimately be employed for the patient’s 
convenience and reduced risk of infection. Probably the single most important 
intervention is adequate pre-discharge patient education for wound care and 
trauma avoidance. Patients who do not clear their bacteremia after antibiotic 
administration are considered to have their device infected and the only effective 
treatment is device replacement or heart transplantation.
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 Aortic Insufficiency

The development of aortic insufficiency (AI) may impair pump function and has been 
associated with worse survival [103]. AI was seen more frequently in continuous flow 
than in pulsatile flow pumps. It is likely that the prevalence of this disorder increases 
over time. In a multivariate analysis, increases in aortic root size after LVAD were 
associated with the development of significant AI [104]. Transvalvular pressure is 
increased in magnitude and duration in continuous flow circulation and it has been 
postulated that these hemodynamic changes increase in stretch on the valve, patho-
logical remodeling and commissural fusion [105]. With the development of AI, a 
closed circulatory loop is formed where a portion of LVAD output in the ascending 
aorta returns back into the device. In this situation, although pump flows are elevated, 
forward systemic flows are reduced. Serial echocardiographic follow up suggests that 
AI progresses over time [104]. The clinical spectrum of presentation of severe AI dur-
ing LVAD support ranges from the asymptomatic patient with elevated LVAD flows to 
overt heart failure requiring more urgent intervention. It has been suggested that repair 
may be favorable due to shorter operative time and because bio-prosthetic valves 
appear to be at risk for degeneration. Recent reports describe a variety of percutaneous 
techniques to manage AI developing during continuous flow LVAD support, including 
occlusion devices and Transcatheter Aortic Valve Implantation.

 Conclusion and Future Perspective

LVADs have changed the landscape for the treatment of HF and the technology will 
continue to develop in the foreseeable future. On the horizon are transcutaneously 
powered LVADs that are specifically engineered to reduce the risk of infections 
through the elimination of drivelines that exit the skin. Moreover, the risk of bleed-
ing and thromboembolic phenomenon should be greatly reduced with further refine-
ments in pump technologies. As the use of LVADs increases, physicians must be 
prepared to readily access and manage complications in the post-implantation 
period. It is speculated that better device selection combined with better patient 
selection, a multidisciplinary team approach and knowledgeable personnel will pro-
duce better outcomes, fewer complications and improved patient survival. Advances 
in the treatment of advanced HF in past decade have been tremendous and enthusi-
asm to develop newer therapeutic modalities and approaches continues to emerge.
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Chapter 28
Medical Management of the Patient 
with Chronic Mechanical Circulatory Support

Sunu S. Thomas and Ulrich P. Jorde

 Introduction

Continuous flow ventricular assist devices (CF-LVADs) have become a well- 
established therapeutic option for patients with end-stage heart disease. Whether as 
a bridge to transplant (BTT) or as destination therapy (DT) in those who are trans-
plant ineligible, mechanical circulatory support has afforded both survival and qual-
ity of life benefits to patients with symptoms and hemodynamics refractory to 
medical therapy. Survival rates of 80 and 70 % at 1 and 2 years post-implant have 
led to a dramatic rise in both the number of devices in use and the centers implant-
ing them. Indeed, more than 5300 devices have been implanted in the United States 
over the last 5 years [1].

Current CF-LVADs with Federal Drug Administration (FDA) approval are the 
Thoratec HeartMate II (Pleasanton, CA) and Heartware HVAD (Framinghman, 
MA) (Figs. 28.1 and 28.2). Both devices pump blood from the left ventricle through 
an inflow cannula and divert it towards the systemic circulation via an outflow graft 
anastamosed to the ascending aorta. Both share a similar design, with an external 
system controller serving as the patient-device interface which is linked to the pump 
via a percutaneous drive line. Both devices are dependent on rechargeable batteries 
for power. Differences arise in relative size, pump position and mechanism generat-
ing continuous flow (See Table 28.1). The HeartMate II weighing 342 g is surgically 

S.S. Thomas, MD, MSc, FRCPC (*) 
Harvard Medical School, Heart Failure & Transplant Services, Massachusetts  
General Hospital, 55 Fruit Street, Bigelow 800, Boston, MA 02114, USA
e-mail: ssthomas@partners.org 

U.P. Jorde, MD 
Division of Cardiology, Montefiore Medical Center/Albert Einstein College of Medicine, 
3400 Bainbridge Avenue, Medical Arts Pavilion, 7th Floor, Bronx, NY 10467, USA
e-mail: ujorde@montefiore.org

mailto:ssthomas@partners.org
mailto:ujorde@montefiore.org


666

Fig. 28.1 Thoratec HeartMate II Left Ventricular Assist Device (LVAD). Left; LVAD system com-
plete with external controller connected to the LVAD via a percutaneous drive line with power 
input from batteries suspended in a holster. The pump is located within the extraperitoneal space. 
Right; Impeller generated unidirectional axial flow (arrows) (Images courtesy of Thoratec 
(Pleasanton, CA))

Inflow Cannula

Driveline

Blood Flow
Channel

VAD OutflowWide Blade
Impeller

Fig. 28.2 Heartware HVAD Left Ventricular Assist Device. Left; HVAD with system controller 
and battery packs affixed to patient belt. Note position of HVAD directly opposed to left ventricu-
lar apex within the intrapericardial space. Right Upper; HVAD components. Right Lower; 
Unidirectional centrifugal flow through the HVAD (Image courtesy of Heartware (Framingham, 
MA))
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placed within an extraperitoneal pocket. It provides axial flow with its impeller 
stabilized by inflow and outflow stators within the pump housing. The HVAD is a 
smaller device weighing approximately 160 g and can be surgically fitted into the 
intra-pericardial space. Unlike the HeartMate II, its impeller is freely suspended 
within the pump by the interaction of hydrodynamic and magnetic forces that gen-
erate centrifugal continuous flow.

The HeartMate II device has become the predominant CF-LVAD for patients 
with medically refractory heart failure [5, 6]. In 2008, it was approved by the US 
Food and Drug Administration (FDA) as a bridge to transplant strategy after pivotal 
clinical trial data demonstrated 6–12 month survival rates of 75  % and –68  %, 
respectively, in patients awaiting cardiac transplantation [2]. In 2010, it received 
FDA approval for destination therapy after the HeartMate II DT trial [3] demon-
strated a 2 year survival rate of 58 % in patients with CF-LVADs, and superior out-
comes with respect to disabling stroke, reoperation or device replacement as 
compared to the first generation pulsatile LVADs.

The Heartware HVAD received its FDA approval as a bridge to transplant strat-
egy in 2012 following results of the ADVANCE trial [4]. In comparison to 
INTERMACS controls, consisting predominantly of HeartMate II LVADs, 
Heartware HVAD outcomes were non-inferior for the primary endpoint of 180 day 
survival, transplantation or device explantation for myocardial recovery. In addi-
tion, patients with Heartware HVADs had improved functional capacity and overall 
quality of life [4].

The continuously improving outcomes benefits afforded by LVADs have been 
somewhat offset by device-related complications. Reports from the INTERMACS 
registry indicate significant adverse event rates related to bleeding, infection and 
cardiac arrhythmias [1] that often lead to increased hospitalization and patient 
morbidity [7]. With pressures to improve patient survival, enhance quality of life 
and limit hospital readmission rates, optimizing LVAD outpatient medical man-
agement has become both a necessity and priority. This chapter will outline cur-
rent approaches to the care of the ambulatory patient with continuous flow 
ventricular assist devices.

Table 28.1 Continuous flow left ventricular assist devices with United States Food and Drug 
Administration Approval [2–4]

HeartMate II HVAD

Manufacturer Thoratec Heartware
FDA approval Bridge to transplant (2008) Bridge to transplant (2012)

Destination therapy (2010)
Clinical trials HeartMate II BTT trial [2] ADVANCE BTT trial [4]

HeartMate II DT trial [3]
Size 342 g 160 g
Speed range 6000–15,000 rpm 1800–4000 rpm
Mechanism of flow Axial Centrifugal
Flow estimation Less reliable More reliable
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 Goals of Outpatient Management

Prior to discharge, patients undergo extensive preparation for life outside of the hos-
pital with a ventricular assist device [8]. A multidisciplinary team is involved to ensure 
patient safety and education. This medical team includes cardiac surgeons, heart fail-
ure cardiologists, nurse practitioners, physician assistants, physical and occupational 
therapists, nutritionists and pharmacists. Specific learning objectives include recogni-
tion of device alarms, percutaneous lead and abdominal wound care, and safe device 
operation including power cable and battery exchanges. Additional teaching will 
inform the patient of potential signs and symptoms of VAD-related complications, 
and reinforce compliance with medications and healthy heart lifestyles standard to 
their pre-device heart failure management. Only following an education program, and 
often requiring successful completion of an examination, are patients deemed safe for 
hospital discharge either to a home environment or rehabilitation center.

 Ambulatory Clinical Assessment and Management

Regular outpatient follow-up ensures the longitudinal assessment of patient status, 
evaluation of appropriate device function, screening for VAD-related complications 
and optimization of medical therapy. Additional studies including the 6-min walk 
test, cardiopulmonary exercise testing, echocardiography and right-heart catheter-
ization may provide further indices of functional capacity and overall myocardial 
function. Accordingly, the clinical assessment may be divided into a thorough 
examination of patient and device.

�LVAD�Focused�Patient�History

A clinical history will attempt to reveal signs and symptoms of volume overload, 
including fatigue, dyspnea, orthopnea, paroxysmal nocturnal dyspnea, pedal edema 
and worsening abdominal girth. Potential LVAD-related complications may be elic-
ited from a history of fever, jaundice, discolored urine, transient neurological defi-
cits, bleeding, defibrillator discharges or audible LVAD alarms. Additional history 
may focus on a review of medications and patient compliance, dietary discretion, 
quality of life and caregiver fatigue.

�Physical�Examination

Physical examination begins with a measurement of baseline and orthostatic vitals. 
A palpable pulse may not reliably be present in the CF-LVAD patient depending on 
the degree of mechanical unloading, aortic valve opening and intrinsic myocardial 
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contractility. As such, heart rate and rhythm are typically derived from a traditional 
electrocardiogram. Measurement of an auscultatory blood pressure using a sphyg-
momanometer may also prove difficult in the absence of pulsatility. In such patients, 
a Doppler probe may be used to signal a blood pressure reading. Once the brachial 
artery is localized using the Doppler, the blood pressure cuff is inflated until the 
signal is no longer audible. The blood pressure is recorded at which point the signal 
returns with cuff deflation. However, care must be taken in LVAD patients with a 
pulse as the Doppler recording may in fact represent a systolic blood pressure rather 
than the assumed mean [9].

Measurement of jugular venous distension, the presence of c-v waves or a 
Kussmaul’s sign may be indicative of elevated right-sided filling pressures due to 
right ventricular dysfunction or frank volume overload.

Precordial auscultation should reveal a continuous LVAD hum with superim-
posed first (S1) and second (S2) heart sounds, the latter predominantly arising 
from pulmonic valve closure with potential contribution from the aortic valve 
depending upon the frequency and degree of its opening. Low frequency heart 
sounds including an S3 or S4 may prove challenging to auscultate over the LVAD 
hum. Systemic perfusion may be derived from the relative warmth of the periph-
eral extremities.

A respiratory exam including measurement of ambient oxygen saturation and 
auscultation of the chest for potential adventitious sounds may be followed with an 
examination of the abdomen for ascites, hepatomegaly or jaundice suggestive of 
liver congestion or hemolysis. A rectal exam may be necessary if a clinical history 
elicits concern for melena or frank blood per rectum. The key component of the 
abdominal exam is assessment of the percutaneous driveline, its position, secure-
ment and the healing status of its exit site. Discharge, purulence, or palpable tender-
ness along the driveline’s intra-abdominal course should heighten the suspicion for 
an infection.

Neurological examination may yield potential deficits arising from a cerebral 
bleed or embolic event to which the LVAD patient is vulnerable. Assessment of 
body mass index (BMI) may serve as a marker of nutritional status and cardiac 
transplant eligibility.

�LVAD�Interrogation:�Thoratec�HeartMate�II

LVAD parameters can be assessed once the patient connects their system controller 
to a power base unit (PBU). The initial PBU display provides a table of parameter 
readings logged in chronological order (See Fig. 28.3). Device alarms and temporal 
trends of LVAD flow, pulsatility index (PI) and pump power may provide important 
clues to device function and patient clinical status.

Power, the product of the voltage and current applied to the motor, is directly 
measured by the LVAD. Normal power for the HeartMate II LVAD may range from 
5 to 7 Watts. Higher power readings may reflect greater demand from faster device 
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speeds. However, sustained power spikes of greater than 10–12 Watts at baseline 
speed may suggest intermittent resistance to flow from a developing device 
thrombosis.

Flow is an estimated value derived from device speed and consumed power. As 
such, higher flow values may be confounded by conditions (i.e. device thrombosis) 
that result in increasing power requirements but not greater pump flow.

The PI displayed on the power module represents the average magnitude of each 
flow pulse over a 15 s interval of time. A low PI (<3.0) may arise from conditions 
related to poor left ventricular preload, including excessive unloading from acceler-
ated device speeds, hypovolemia, functional mitral stenosis, severe pulmonary 
hypertension, right ventricular failure or cardiac tamponade. In contrast, higher PI 
values may reflect enhanced contractility indicative of myocardial recovery or alter-
natively, high left ventricular preload states resulting from volume overload or inad-
equate mechanical unloading due to slower device speeds.

Fig. 28.3 HeartMate II Monitor Display Screens. Upper left panel; Power base unit (PBU) dis-
play demonstrating normal values for pump speed, flow, power and pulsatility index (PI). Upper 
right panel; PBU display detailing device speeds, power and pulsatility index over time. The high-
lighted PI event is notable for a speed drop from 9600 rpm to the low speed limit set at 9000 rpm. 
Lower left panel; Low speed alarm triggered if the device operates at a speed at least 200 rpm 
slower than the low speed limit. In this instance, the LVAD speed is 8600 rpm despite a low speed 
limit of 9000 rpm. Lower right panel; Red heart alarm display resulting from a pump stoppage, low 
flow (< 2.5 L/min) or disconnection of the percutaneous lead (Modified and courtesy of Thoratec 
(Pleasanton, CA))
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A “PI event” refers to a sudden change in pump flow pulsatility of at least 45 % 
of the PI averaged over the preceding 15 s interval. PI events may be attributed to 
significant orthostasis exaggerated by hypovolemia or vasodilation, or arrhythmias 
leading to poor ventricular preload. They may also arise from “suction events” due 
to transient septal contact with the inflow cannula, or from acute proximal device 
occlusion. In response to a PI event and assuming a suction event, the HeartMate II 
will automatically slow down to a preset lower speed to improve preload conditions 
(See Fig. 28.4). Initial clinical management of a PI event entails optimization of 
ventricular preload conditions, clinical reassessment with slower device speeds and 
echocardiography to assess ventricular chamber size.

Red heart alarms indicate critically low pump flow and/or pump stoppage either 
representing mechanical failure of the pump itself or, more commonly, malfunction 
or disconnection of the percutaneous driveline and/or controller circuits. Such 
events should prompt a thorough evaluation of the device with inputs from the man-
ufacturer and the LVAD care team including cardiac surgeons and heart failure 
specialists.

�LVAD�Interrogation:�Heartware�HVAD

The Heartware HVAD monitor also displays pump speed and power. Flow is 
reported with very good precision using software that takes the patient’s current 
hematocrit into account. In addition, flow is presented as a pulsatility waveform. 
With the HVAD, pulsatility is measured as the difference between the peak and 
trough of the flow waveform. Optimal pump flow requires a waveform trough and 
calculated pulsatility to each be greater than 2 l per minute. The relationship between 
device speed, the magnitude and pattern of waveform pulsatility, and LVAD flow is 
depicted in Fig. 28.5. Highlighting the dynamic relationship between patient clini-
cal status and device function. As demonstrated, faster device speeds result in higher 
LVAD flow and therefore, greater mechanical unloading. However, excessive LVAD 
speed may unduly unload the ventricle. This may lead to reduced pulsatility and 
smaller ventricular chamber sizes that are vulnerable to suction events and possible 
device occlusion with complete cessation of flow. As such, an understanding of 
HVAD waveform analysis can facilitate the optimization of device-based patient 
care. In addition, the HVAD monitor may display critical alarms and provide a dif-
ferential diagnosis of their potential etiologies.

�Investigations

Routine laboratory tests measured during an LVAD clinic visit typically consist 
of a measured hematocrit, electrolytes, creatinine and blood urea nitrogen (BUN). 
Anticoagulation targets may be adjusted according to device and patient-specific 
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Fig. 28.4 Heartware HVAD monitor display screens. Upper; Normal HVAD Power Base Unit 
(PBU) display demonstrating fixed pump speed, estimated flow and device power. Normal flow 
waveforms with a minimum trough flow and its difference from peak greater than 2 L/min (*). 
Lower; HVAD PBU display screen demonstrating a red heart alarm due to a critical battery issue. 
The troubleshooting tab provides a differential diagnosis underscoring each of the three potential 
red heart alarm triggers (critical battery, high watts and power disconnect) (Image modified and 
courtesy of Heartware (Framingham, MA))
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international normalized ratio (INR) goals. Serum lactate dehydrogenase (LDH) 
may be used as an important marker of hemolysis. Clinical suspicion for device 
thrombosis should also prompt testing for plasma free and urine hemogloblin, 
haptoglobin levels and reticulocyte counts [10]. Abnormal cardiac biomarker 
measures, such as brain natriuretic peptide (BNP) or troponin, may suggest myo-
cardial strain from elevated filling pressures, inadequate mechanical unloading 
or infarction.

Chest and abdominal x-rays provide important clues related to LVAD inflow can-
nula position, outflow graft bend relief status and the integrity of system controller 
wires.

A transthoracic echocardiogram should be undertaken at routine intervals dur-
ing follow-up or with any change in clinical status [11]. A baseline echocardio-
gram offers invaluable information related to cardiac structure and hemodynamics 
following LVAD implantation. Prior to discharge, a ramp echocardiogram is often 
performed to assess the change in left and right ventricular dimensions and severity 
of valvular regurgitation across a range of device speeds. Although a validated 
approach with prognostic evidence is lacking, there is general consensus that the 
optimal device speed refers to that which ensures the adequate decompression of 
the left ventricle while maintaining the interventricular septum in mid-position, 
minimizing mitral regurgitation and preserving right ventricular size and function. 
During subsequent clinical follow-up, echocardiographic comparisons of these 
indices or the presence of a device-related complication (e.g. thrombus, aortic 
insufficiency) may account for changes in clinical status, and suggest the need for 
further tailoring of medical therapy or adjustment of LVAD parameters.

Fig. 28.5 Relationship between Heartware HVAD flow rate, device speed and pulsatility. Faster 
HVAD speeds result in higher LVAD flow rates and lower pulsatility from greater mechanical 
unloading. Partial and full suction events, characterized by both waveform inversion and their 
magnitude of deflection, can arise if speeds are increased beyond permissive ventricular loading 
conditions and may eventually lead to cessation of pump flow from device occlusion (Image cour-
tesy of Heartware (Framingham, MA))
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 Medical Therapy

�Heart�Failure

Volume overload may arise in the LVAD patient due to inadequate diuresis, medi-
cal or dietary non-compliance, right ventricular failure or ineffective mechanical 
unloading. Therapy entails counseling and optimization of diuretics and device 
parameters. There is general consensus that chronic heart failure management, 
including beta-blockers, angiotensin converting enzyme inhibitors or angiotensin 
blockers, and aldosterone antagonists be re-initiated following LVAD implantation 
[11]. Whether such therapies alter the natural history of the right or mechanically 
supported left ventricle in all LVAD patients remains to be clarified. However, 
there is evidence that amongst select individuals, namely younger patients with 
non- ischemic cardiomyopathies of short (< 3 months) duration, maximally toler-
ated neurohormonal blockade with adjunctive mechanical support may facilitate 
myocardial recovery [12]. Previous studies demonstrated recovery rates ranging 
from 1 to 13 % amongst LVAD patients supported with variable device types and 
medical therapies [13–15].

The Harefield protocol [12] was the first to mandate a two phase strategy in 
which patients with dilated non-ischemic cardiomyopathies follow a strict neu-
rohormonal regimen of lisinopril 40  mg daily, carvediolol 25  mg three times 
daily, spironolactone 25 mg daily, digoxin 125 μg daily and losartan 100 mg 
daily to promote reverse ventricular remodeling following placement of a 
HeartMate II LVAD. Patients were maintained on this protocol until which time 
their left ventricular end diastolic dimension was less than 60 mm when mea-
sured at the lowest LVAD speed of 6000 rpm for 15 min. Subsequently, in the 
second phase of the protocol, patients were given clenbuterol, a sympathomi-
metic amine with β2 agonist properties, with the substitution of the non-selec-
tive beta-blocker, carvedilol, with the β1 antagonist, bisoprolol. It has been 
proposed that the addition of clenbuterol promotes physiologic myocardial 
hypertrophy. With this strategy, 63 % of patients underwent LVAD explantation 
after an average of 286 days of mechanical support with normalization of filling 
pressures, ejection fraction and an 83 % survival without recurrent heart failure 
at 1 and 3 years following device removal [16].

More recently, the Montefiore three-step cardiac recovery protocol, involving 
echocardiography, cardiopulmonary stress testing and right heart catheterization, 
demonstrated normalization of cardiac function in 24 % of LVAD patients with a 
device explantation rate of 14  % [17, 18]. Myocardial recovery did not require 
 clenbuterol and was achieved using the combination of neurohormonal blockade 
and continuous flow mechanical support.
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�Blood�Pressure�Management

Current consensus recommends a mean blood pressure of less than 80 mmHg for patients 
with CF-LVADs [11]. Heart failure medications, such as beta blockers and renin-angio-
tensin-aldosterone system antagonists are the preferred first line agents to achieve a nor-
motensive LVAD state [11]. Higher systemic pressures have anecdotally been associated 
with an increased propensity for intracranial bleeding. Pressure-dependent long term 
outcomes, particularly in DT LVAD patients, merit further investigation.

�Antithrombotic�Therapy

CF-LVADs require both anticoagulation and antiplatelet therapy to reduce the risk 
of device thrombosis and other thromboembolic events. Coumadin is initiated in the 
post-operative state once hemostasis has been achieved. INR targets vary according 
to LVAD device (2.0 ± 0.5 for HM II and 2.0–3.0 for Heartware) and their relative 
thrombotic risk [10]. This range bears clinical significance as an INR < 1.5 has been 
associated with an increased risk of thromboembolism in HeartMate II patients, 
whereas hemorrhagic event rates were reportedly higher with an INR > 2.5 [19]. In 
practice, however, this may vary according to institutional experience and individ-
ual patient history with respect to bleeding and thrombosis.

All LVAD patients should receive daily aspirin (81–325 mg). Some institutions 
may also add dipyridamole 75 mg three times daily to their antiplatelet regimen. 
Heartware HVAD patients should be assessed for aspirin resistance using Verifynow, 
a P2Y12 resistance assay. For aspirin non-responders, combination therapy with 
clopidogrel or dipyridamole may be necessary.

�Adjuvant�Medical�Therapy

Particular patients may require specific medical therapies given their VAD-related 
complications, including anti-arrhythmic agents for ventricular arrhythmias, chronic 
suppressive antibiotic therapy for drive-line infections and pulmonary vasodilators 
for right ventricular dysfunction.

 LVAD-Related Complications

Despite improved survival outcomes with device therapy, LVAD complications 
remain a significant source of patient morbidity and healthcare burden [20]. The 
following section will elaborate upon common complications related to CF-LVADs 
and their current management strategies.
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�The�Hemostatic�Conundrum:�Bleeding�and�Thrombosis

 Bleeding

In both clinical trials and registry data, bleeding constitutes the greatest complica-
tion burden to patients with CF-LVADs. Patients are at significant risk for bleeds 
ranging from epistaxis and gastrointestinal (GI) bleeding to fatal intracerebral hem-
orrhage. The incidence of hemorrhagic strokes in the HeartMate II BTT, DT and 
Heartware ADVANCE trials has ranged from 2 to 11  % with annual event per 
patient rates as high [2–4].

However, the vast majority of bleeding complications with CF-LVADs arise 
from GI bleeding. Some centers report an incidence of 19–23  % in their 
HeartMate II patient population with independent predictors consisting of throm-
bocytopenia, an elevated INR, hypertension and a prior history of GI bleeding 
source [21–23]. Thrombotic and bleeding complications amongst HeartMate II 
patients have respectively been reported to account for 9 and 29 % of hospital 
readmissions [7].

CF-LVAD patients predisposed to the development of arteriovenous malfor-
mations [23, 24] in a manner similar to Heyde’s syndrome in which high shear 
stress across a stenotic aortic valve is associated with angiodysplasia within the 
GI tract, although it is uncertain whether new AVMs develop or existing AVMs 
bleed because of anticoagulation and the bleeding diathesis induced by 
CF-LVADs [25]. Specifically, continuous flow through the LVAD pump may lead 
to an acquired Type IIa von Willebrand syndrome through the loss of high molec-
ular weight multimers of von Willebrand factor (vwf) [26–28]. Occurring as 
early as within 1 day following CF-LVAD implantation [27], the syndrome may 
lead to an age-dependent increase in mucosal bleeding [28]. Reversibility of the 
syndrome was evidenced by vwf restoration following device removal or cardiac 
transplantation [28, 29]. Yet, bleeding does not occur in all CF-LVAD patients 
despite ubiquitous vwf deficiency and further study is needed to prospectively 
identify those patients who may be free of thrombosis with minimal or no 
anticoagulation.

Management of a bleed typically begins with discontinuation of anticoagulation 
and antiplatelet therapies, blood transfusions when deemed necessary, initiation of 
proton-pump inhibitors and consultation with gastroenterology specialists. 
Investigations include fecal occult blood tests to confirm melena and imaging 
modalities such as upper GI endoscopy, colonoscopy, push enteroscopy, mesenteric 
angiography, tagged red blood cell scans or pill capsule endoscopy to localize and 
potentially treat a bleeding source [23, 30, 31]. However, non-focal GI bleeding 
may occur in a subset of patients despite diagnostic efforts creating a management 
dilemma. Studies have begun to explore novel therapies including the somatostatin 
analogue, octreotide; Factor VIII/von Willebrand factor replacement therapy using 
Humate P; and even adrenaline as a means of increasing pulsatility to address the 
presumed culprit of continuous flow [21, 32, 33].
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 Device Thrombosis

Thrombus within the pump or the outflow graft increases the risk for systemic 
embolization and may lead to inadequate ventricular unloading or pump failure 
(See Fig. 28.6). The incidence is not trivial with an initially reported rate of occur-
rence of 2 [2] and 4 % [3] in the HeartMate BTT and DT trials. It is noteworthy that 
criteria for device thrombosis were quite rigid in the clinical trials. We believe that 
clinically relevant device thrombosis may occur in up to 10 % of patients and recent 
preliminary reports from the ADVANCE-CAP study [34] and the FDA report for 
Heartware HVAD approval support this contention.

Pump thrombosis may arise from multiple factors including inadequate antico-
agulation, malposition of the inflow cannula, intrinsic hypercoagulability, ingestion 
of residual clot from the cardiac chambers or from imperfections of the impeller. 
Frequency of aortic valve opening and device flow have been proposed as plausible 
risk factors for pump thrombosis [35]. Closure of the aortic valve with faster speeds 
ensures that blood flows in series from the ventricle into the pump ensuring  maximal 
flow through the device. On the other hand, aortic root washout may be suboptimal 
in this setting. In contrast, LVAD flow may be diminished when blood flows in par-
allel via both the pump and the left ventricular outflow tract when the aortic valve is 
permitted to open although this situation permits optimal root washout. Ultimately, 
such hypotheses will have to be prospectively investigated.

Device thrombosis may initially present with or without of signs and symp-
toms of worsening heart failure due to inadequate mechanical unloading. 
Clinical markers of hemolysis including jaundice or icterus, and laboratory 

Fig. 28.6 VAD-Related Thrombosis. Clot within the outflow graft (left; black arrow). In situ 
device thrombus (right; red arrow) (Images courtesy of Dr. Hiroo Takayama, Division of 
Cardiothoracic Surgery, Columbia University Medical Center)
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measures such as an elevated plasma free hemoglobin, low haptoglobin or the 
presence of hemoglobinuria are suggestive of red blood cell lysis due to obstruc-
tion-related non-laminar flow through the device. Moreover, a serum level of 
lactate dehydrogenase (LDH) greater than three times normal has been found to 
have a specificity of 90 and a 100 % sensitivity for a device thrombosis [36]. 
Interrogation of the system controller may further reveal episodes of sustained 
power spikes. Echocardiographic findings of an unloaded ventricle including 
increased myocardial contractility, ventricular dilatation, changes in Doppler 
flows or worsening mitral regurgitation may also suggest impairment of LVAD 
function [37]. In the presence of a high pre- test likelihood of device thrombosis, 
e.g. LDH greater than three times normal, the Columbia Ramp protocol can be 
used to quantify the relative change in left ventricular dimension with changing 
LVAD speeds (See Fig. 28.7). The slope derived from the linearization of this 
relationship may be used to noninvasively identify device thrombosis [36]. In 
this study, each patient with a positive ramp study and evidence of end-organ 
dysfunction, e.g. renal failure, proceeded to device exchange with subsequent 
intra-operative confirmation of pump thrombosis.

INR > 1.8
PTT > 60
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Fig. 28.7 Diagnostic algorithm for device thrombosis using the Columbia Ramp Protocol 
(Modified from Uriel et al. [36])
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 Management of Device Thrombosis

Initial management of an in situ pump thrombosis entails aggressive anticoagula-
tion typically with intravenous heparin. The use of GPIIa/IIIb inhibitors [38] and 
intraventricular thrombolytics [39] have demonstrated modest success but have fre-
quently been limited by potentially fatal hemorrhagic complications. Increasing 
LVAD speed may also be considered as a strategy to overcome a hemodynamically 
obstructive pump thrombosis. However, this carries the theoretical risk of systemic 
LVAD clot embolization. Ultimately, symptom severity and signs of end-organ 
damage indicative of poor systemic perfusion often requires reoperation for device 
exchange.

A subset of patients with HeartMate II LVADs implanted between February 2010 
and April 2012 may be at risk for a bend relief disconnect [40, 41]. The bend relief 
refers to the polytetrafluoroethylene tubing that sheathes the proximal outflow graft 
at its insertion point with the pump. Detachment renders the underlying outflow 
graft susceptible to malformation, damage and potential obstruction from kinking 
or in situ thrombus formation. Patients may present with features of hemolysis and 
symptoms of heart failure due to outflow impairment. The incidence of full and 
partial disconnection has been reported to be as high as 11 and 23 % at Columbia 
University Medical Center for LVADs implanted during this period. Anterior- 
posterior abdominal x-rays facilitate the diagnosis and treatment may require surgi-
cal correction (See Fig. 28.8). However, design modifications following a US FDA 
Class 1R recall in April 2012 should obviate this complication for HeartMate II 
LVADs produced after this date.

�Aortic�Insufficiency

The de novo development of native valve aortic insufficiency (AI) has gained greater 
recognition as an acquired complication with long-term device use. Mild to moder-
ate AI has been reported by several groups to have a prevalence of 25 % after 1 year 
of support [42–44]. In the presence of AI, blood initially pumped by the LVAD into 
the ascending aorta regurgitates back into the left ventricle rendering the device 
inefficient. Multiple risk factors have been associated with AI development includ-
ing patient age, duration of LVAD support, as well as aortic root diameter. In addi-
tion, failure of the aortic valve to open during LVAD support has been associated 
with AI and its progression [43–45]. Leaflet stasis arising from aortic valve closure 
can predispose to commissural fusion and consequent malcoaptation leading to val-
vular incompetence [46]. However, consensus is lacking in regards to the ideal 
LVAD setting to ensure appropriate mechanical unloading and frequency of aortic 
valve opening as lower speeds required to accomplish this may be associated with a 
higher frequency of device thrombosis.

28 Medical Management of the Patient with Chronic Mechanical Circulatory Support



680

AI presentations may range in clinical severity from the asymptomatic to heart 
failure or frank cardiogenic shock [47]. Diagnosis and the quantification of AI 
severity typically require echocardiography. Right heart catheterization may pro-
vide additional hemodynamic data regarding the degree of decompensation and 
may facilitate LVAD speed adjustments and tailored medical therapies using inotro-
pes, vasodilators and diuretics. Ultimately, however, definitive management may 
require invasive correction of the valve, particularly for destination therapy patients 
for whom cardiac transplantation is not an option. The surgical techniques typically 
employed for pre-existing AI during initial LVAD implantation may also be consid-
ered for de novo AI correction. These include central aortic valve repair using a 
“Park” stitch, or definitive left ventricular outflow tract closure by a pericardial disk 

a b

c d

Fig. 28.8 HeartMate II bend relief disconnect. Normal bend relief position (white arrow) at its 
insertion point between the outflow graft (black arrowhead) and the LVAD pump (black arrow) as 
demonstrated by an abdominal x-ray (a) and photo (b). Inflow cannula marked by white arrow-
head. Abdominal x-ray (c) and photo (d) of a full bend relief disconnection [40]
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or patch [48–52]. However, with the elimination of potential flow through the aortic 
valve, survival is dependent on native left ventricular ejection through a patent 
device. Alternatively, valve replacement with a bioprosthetic may be considered 
[53, 54]. More recently, case reports have described the percutaneous closure of the 
aortic valve using an Amplatzer septal occluder device [55, 56]. While such 
approaches are promising, further clinical study is warranted as outcomes have not 
consistently been favorable.

�Infection

Infection in the CF-LVAD patient may present across a clinical spectrum ranging 
from the asymptomatic to fever, fatigue and generalized malaise. The percutaneous 
driveline is the predominant source of infection as its communication with the intra- 
abdominal cavity creates a critical portal of entry for pathogens [2–4] (See Fig. 
28.9). In the HeartMate II BTT and Heartware ADVANCE trials, the respective 
incidence of a driveline infection was 14.0 and 12.1 % [2, 4]. Although driveline 
infections are not themselves a risk factor for death [57], they do contribute to 
broader patient morbidity including increasing risks for intracerebral hemorrhage 
and stroke, rehospitalization, long-term antibiotic therapy, and repeat surgery for 
device exchange [7, 58, 59]. For BTT LVAD patients, an active infection may nega-
tively influence their transplant candidacy and potentially lead to poorer survival 
post-transplant [60].

Patient comorbidities including renal failure, prolonged hospitalization, obesity 
and diabetes predispose to a relative immunocompromised state and greater infec-
tion risk [61]. Prior to hospital discharge, the patient and their caregivers are 
instructed on appropriate driveline care using sterile technique and the importance 
of driveline immobilization. Although institutional practice may vary, drive line 

Fig. 28.9 HeartMate II 
percutaneous drive line 
infection (Image courtesy 
of Dr. Hiroo Takayama, 
Division of Cardiothoracic 
Surgery, Columbia 
University Medical Center)
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dressings are typically changed daily until which time the exit site has healed with 
adequate granulation tissue [62]. Depression was recently found in a multicenter 
trial to be a significant risk factor for LVAD infection raising psychosocial health 
and ability for self-care as important determinants of LVAD outcome [63].

Infection in the LVAD patient may be categorized as (1) VAD-specific; (2) VAD- 
related or (3) VAD-non- related [64]. VAD-specific�infections refer to the primary 
involvement of device hardware including the driveline, pump components, the 
inflow cannula, outflow graft and the pump pocket. For the HeartMate II, the latter 
may be defined as the extraperitoneal cavity within which the pump resides. In con-
trast, the Heartware HVAD is surgically implanted within the intrapericardial space 
and does not require creation of a pocket. Diagnostic requirements for VAD-specific 
infections are summarized in Table 28.2 and are modelled after traditional Duke 
infective endocarditis criteria including positive blood cultures, echocardiography 
and suggestive clinical findings [65]. VAD-related�infections are defined as those not 
directly involving the device but to which it is vulnerable. These include blood stream 
infections, infective endocarditis and mediastinitis. Non-VAD� related� �infections 
refer to those that affect systems independent of the device and include urinary tract 
infections, pneumonia, cholecystitis and diarrhea from Clostridium difficile.

Table 28.2 Diagnostic criteria for ventricular assist device-specific infection [64]

Major criteria
  Positive peripheral blood cultures consistent with:
    An indistinguishable organism recovered from ≥ 2 blood cultures taken ≥ 12 h apart with 

no other focus of infection,
   or
    All of 3 or a majority of ≥4 separate blood cultures (with the first and last set drawn ≥ least 

1 h apart) with no other focus of infection
  ≥ 2 positive blood cultures drawn simultaneously from central and peripheral venous 

catheters
  Echocardiogram positive for VAD-related IE with evidence of any or all of the following:
   Intracardiac mass associated with the inflow cannula or in an area of turbulent flow
   Vegetation on implanted material
   Abscess
   New or partial dehiscence of outflow cannula
Minor criteria
  Fever ≥ 38 °C
  Vascular
   Major arterial emboli, septic pulmonary infarcts
   Mycotic aneurysm
   Intracerebral, visceral or conjunctival hemorrhage
   Janeway’s lesions
  Immune-mediated
   Glomerulonephritis, Osler’s nodes, Roth spots
  Positive blood culture that does not meet criteria as noted above
    Excluding single positive culture for coagulase-negative staphylococci or Stapylococcus 

lugdunensis
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Clinical examination may reveal erythema or discharge at the driveline exit site. 
Tenderness along its intra-abdominal course can signify either an associated super-
ficial tissue infection or a more concerning deeper source extending to the LVAD 
pocket and the device itself. Other sources, including urinary, skin, oral and respira-
tory infections may spread hematogenously to secondarily infect the LVAD.

Cultures from blood and driveline exit site swabs for bacterial and fungal infec-
tions are imperative for diagnosis and tailoring of antimicrobial therapy. Laboratory 
investigations may also include a complete blood count (CBC), measurement of 
erythrocyte sedimentation rates (ESR) and C-reactive protein (CRP). Palpable fluc-
tuance and abdominal tenderness should prompt further imaging by ultrasonogra-
phy or computed tomography of the abdomen and thorax to assess for deeper tissue 
involvement, fluid collections and possible pocket infection.

Most driveline infections arise from the proliferation of Gram-positive bacteria. 
Staphylococcus epidermidis, Staphylococcus aureus, Enterococcus spp., Escherichia 
coli, Enterobacter faecalis, Klebsiella pneumonia and Pseudomonas aeruginosa are 
known to colonize the driveline and eventually lead to infection. Of known micro-
bial offenders, Candida infections portend the highest mortality in LVAD patients.

If a driveline infection has extended to the adjacent tissue, surgical debride-
ment and/or or the use of a vacuum assisted closure device should be employed 
[61]. However, infections that migrate into the LVAD pocket render the device 
equally infected. The decision to intervene surgically is often dictated by viru-
lence of pathogen, patient clinical status, surgical risk and transplant candidacy 
[66, 67]. For patients with DT LVADs, management may involve long-term sup-
pressive antibiotic therapy with possible consideration for pump exchange 
depending on morbidity and likelihood for re-infection with a new device. In 
contrast, bridge to transplant LVAD patients may remain on antibiotic therapy 
with the benefit of a higher priority on the transplant waiting list due to a device 
complication [68], provided that their acuity and extent of infection have not 
deemed them transplant ineligible.

�Ventricular�Arrhythmia

Ventricular tachyarrhythmias (VT) may be acutely tolerated by patients with LVADs 
with case reports of survival even after 12 h of ventricular fibrillation [69–71]. On 
the other hand, right ventricular failure leading to impairment in LVAD output and 
the formation of an intra-cardiac thrombus are potential consequences of sustained 
VT [72–74]. The VT burden amongst HeartMate II patients has been reported to be 
greatest within the early post-operative period ranging in incidence from 13 to 39 % 
[2, 75, 76]. The true incidence of late ventricular arrhythmias, however, may be 
underestimated owing to inconsistent defibrillator use and non-standard device set-
tings for the monitoring of arrhythmic events.

Patients may be asymptomatic with VT, with detection arising only upon defi-
brillator interrogation. Symptoms may include fatigue, dyspnea, weakness, nausea, 
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edema, dizziness, syncope and chest pain, and correlate with arrhythmia duration 
and its impact on ventricular function [72].

Predictors for VT include a history of pre-LVAD ventricular arrhythmia [72, 77], 
older age [78], lower rates of β-blocker treatment [79], and the use of the device as 
destination therapy [78] highlighting the relative contribution of patient comorbid-
ity to their VT predisposition. Ischemic and non-ischemic cardiomyopathies have 
both been associated with VT across multiple studies amongst both pulsatile and 
continuous flow devices [80–82]. The myocardium itself may be arrhythmogenic 
resulting from progression of an underlying cardiomyopathy or from a history of 
structural heart disease already predisposed to arrhythmia such as sarcoidosis or 
hypertrophic cardiomyopathy. LVAD surgery may contribute to a VT focus, particu-
larly from the apical scar around the inflow cannula [80, 83]. In addition, VT may 
result from “suction” events that occur when the left ventricle is excessively decom-
pressed either by aggressive device speeds or inadequate LV preload. The septum is 
drawn towards the inflow cannula by the negative pressure generated by such condi-
tions and its contact with the inflow cannula serves as the arrhythmic precipitant 
[76, 84]. Suction events are typically transient with obligate speed reduction pro-
grammed into the LVAD for patient safety. However, without correction of baseline 
speed, suction-induced VT may progress from intermittent septal contact to a frank 
mechanical obstruction of the inflow cannula by the septal myocardium [85]. With 
the exception of hemodynamically destabilizing suction events, VAD-related VT is 
otherwise not acutely decompensating. Management is typically less emergent and 
mainly driven by signs and symptoms of right heart failure and low output. However, 
if VT is hemodynamically destabilizing, the LVAD patient may be externally defi-
brillated with electrical shocks. Anti-arrhythmic therapy, including intravenous 
amiodarone, lidocaine or procainamide, may have limited effectiveness against VT 
in the LVAD setting [72]. Reversible causes merit correction including QTc prolon-
gation by electrolyte imbalance or offending medications. For patients with recur-
rent or incessant ventricular arrhythmias, invasive electrophysiology studies and 
ablation strategies may be of therapeutic benefit [83, 86, 87].

VT prophylaxis may begin with beta-blocker therapy for both the recognition of 
its absence as a predictor of arrhythmic events in LVAD patients and for its benefit 
in left ventricular remodeling and possible myocardial recovery [16, 18]. 
Continuation of amiodarone or other anti-arrhythmic agents may be considered in 
patients with a pre-existing history of their use. The use of implantable cardioverter- 
defibrillators (ICD) for primary and secondary prevention against sudden cardiac 
death has been controversial. Current guidelines recommend defibrillator implanta-
tion in all patients undergoing LVAD placement or reactivation of their anti- 
arrhythmic therapies in those with pre-existing ICDs [11]. The challenge lies in the 
relative paucity of contemporary data to justify such recommendations. Studies 
demonstrating survival benefits amongst LVAD patients with ICDs included those 
supported with earlier generation pulsatile devices [77, 79]. However, in a study 
with CF-LVADs, no deaths occurred from malignant ventricular arrhythmias 
amongst 44 Heartmate II and 17 Heartware patients over a mean prospective fol-
low- up of 365 days [82]. Defibrillators were implanted in each of the study partici-
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pants which enabled the detection of a 34 % rate of appropriate ICD therapy for 
episodes of ventricular fibrillation and mono- and polymorphic VT. Similarly, retro-
spective findings involving 23 HeartMate II patients failed to demonstrate ventricu-
lar arrhythmia-related death [76]. Absent definitive clinical trials examining this 
issue, some advocate that all LVAD patients receive ICDs due to the anticipated VT 
burden following implantation and its impact on right ventricular function [76, 82, 
88]. Our decision to implant a primary prevention ICD relies on a patient’s history 
of preoperative VT (Fig. 28.10). This is based on the fact that VT in LVAD patients 
does not usually result in sudden death, as well as our prospective study of 95 
HeartMate II patients revealing only a 4 % incidence of (hemodynamically stable) 
VT in those patients without preimplant ventricular arrhythmias [89].

 Conclusion

Continuous flow left ventricular assist devices have provided an unprecedented 
mortality benefit to patients with end-stage heart disease. Early clinical trials that 
established their use as bridge to transplant and destination therapies reported sur-
vival rates of 68 % at 1 year [2] and 58 % [3] at 2 years following device implanta-
tion, respectively. Recent INTERMACS reports have consistently attested to 1–2 
year actuarial survival of greater than 80 and 70 % [1, 5] approximating outcomes 
typically reserved for the current gold standard for heart replacement therapy, car-
diac transplantation [90]. While improvements in patient selection, surgical exper-
tise and medical care have evolved with our collective experience, LVAD- related 
complications burden both patient and the healthcare system. Their recognition and 

Fig. 28.10 Defibrillator therapy algorithm following ventricular assist device implantation 
(Modified from Garan et al. [89])
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study promise to improve both clinic outcomes and our understanding of device and 
heart failure physiology. In turn, such advancements will undoubtedly broaden the 
application of mechanical circulatory support therapies to a greater number of 
patients in need and eliminate the need for cardiac transplantation in many.
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Chapter 29
The Total Artificial Heart

Keyur B. Shah, Anit K. Mankad, Daniel G. Tang, and Vigneshwar Kasirajan

 Introduction

The National Health Institute (NHI) established the Artificial Heart Program in 
1964 to promote development of a device to replace the dying heart. More than four 
decades later, the twenty first century has brought with it the dawn of the mechani-
cal circulatory support age for the treatment of advanced heart failure. However, 
recent progress is highlighted by technological advances and improved clinical out-
comes of left ventricular assist devices (LVAD), while heart replacement technolo-
gies have exhibited a more modest evolution.

None the less, the total artificial heart (TAH) is an effective means for treating 
advanced heart failure in patients dying of biventricular heart failure. Furthermore, 
the device represents a lifesaving alternative for patients with severe shock and ana-
tomical contraindications to LVAD therapy. This chapter reviews the development, 
technical considerations and patient selection for the TAH.

 History

The notion of an artificial heart has long captured the imagination. As early as 1812, 
M. Le Gallois, a French physician in the midst of the Industrial Revolution, noted: 
“… if the place of the heart could be … artificially formed … then life might be 
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indefinitely maintained …” [1]. A century later in 1929, O.S. Gibbs reported one of 
the earliest uses of an extracorporeal artificial heart to completely support circula-
tion in an animal model [2]. The use of left heart bypass in 1952 by Forrest Dodrill 
to perform a mitral commissurotomy and cardiopulmonary bypass in 1953 by John 
Gibbon to close an atrial septal defect marked the beginning of modern cardiac 
surgery [3, 4]. In 1957, Willem Kolff and Tetsuzo Akutsu developed a pneumati-
cally driven orthotopic total artificial heart that was successfully implanted and sup-
ported a dog for 90 min [5]. The investigators and their trainees would go on to 
pioneer artificial heart research programs at multiple centers and their efforts would 
eventually culminate in human implantation.

In 1964, the NHI established the U.S. Artificial Heart Program, paralleling the 
ambitions of the U.S. Space Program. The initial goal of the program was to develop 
a fully implantable atomic powered artificial heart for clinical use within 10 years. 
Near this time, the 1st human heart transplant was performed in South Africa with 
intense media fanfare; however poor survival would soon dampen enthusiasm. A 
similar experience would later be repeated with the artificial heart.

In 1969, Denton Cooley and Domingo Liotta implanted the first human artificial 
heart in a 47 year old man with severe ischemic cardiomyopathy who was undergo-
ing remodeling ventriculoplasty. An experimental pneumatic artificial heart 
designed by Liotta was implanted after the patient was unable to come off cardio-
pulmonary bypass. The artificial heart successfully provided hemodynamic support, 
but the patient quickly developed hemolysis and progressive renal failure. A donor 
heart was found and he underwent transplantation after 64 h of support; unfortu-
nately, the patient died 32 h later from sepsis [6, 7]. The ground breaking event was 
filled with controversy as Cooley and Liotta were criticized for performing an 
experimental procedure without appropriate prior institutional or federal approval. 
The patient’s family unsuccessfully sued (and appealed up to the U.S. Supreme 
Court) alleging negligence, lack of informed consent, and improper experimenta-
tion [8]. Cooley resigned from the Baylor College of Medicine and Liotta was sus-
pended and would subsequently return to Argentina. Claims of intellectual theft 
culminated in one of the most infamous professional feuds between Cooley and 
Michael DeBakey [9].

Another decade would pass before further human attempts with a TAH. In 1981, 
Cooley implanted another pneumatic artificial heart (designed by Akutsu) as a 
bridge to transplant for a 36 year old man with cardiac arrest shortly following coro-
nary bypass surgery. His postoperative course was notable for renal failure and 
severe hypoxia attributed to left pulmonary venous obstruction, requiring veno- 
venous extracorporeal membrane oxygenation. He underwent transplantation after 
55 h of TAH support, however the patient died 1 week later from overwhelming 
sepsis [10].

In 1982, with both federal and institutional approval, William DeVries performed 
the well-publicized permanent implant of the Jarvik-7 TAH as destination therapy 
into Dr. Barney Clark [11]. Dr. Clark was not a candidate for transplantation and he 
survived for 112 days tethered to the device’s large pneumatic console driver. His 
postoperative course was difficult. He developed recurrent respiratory failure 
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 requiring tracheostomy, fracture of the prosthetic mitral valve strut requiring 
replacement of the artificial left ventricle, fevers, stroke, seizures, delirium, inter-
mittent renal failure, and bleeding related to anticoagulation. He ultimately suc-
cumbed to pseudomembranous colitis. On numerous occasions, Dr. Clark stated 
that he volunteered for the experiment for the benefit of science; however, he also 
similarly asked numerous times to be allowed to die. The public spectacle of his 
story provoked discussions of the ethics of extreme human experimentation.

DeVries went on to perform three more implants as permanent or destination 
therapy. Survival ranged from 10 to 620 days and the clinical outcomes were marred 
by significant complications. The high cost of therapy with limited survival and 
poor quality of life tempered enthusiasm. Eventually, no further implants as destina-
tion therapy were allowed and focus shifted to the development of partial circula-
tory support with ventricular assist devices.

Nonetheless, experience with artificial hearts as a bridge to transplant continued 
to accumulate at a handful of centers. In 1985, Copeland performed the first suc-
cessful bridge to transplantation with the Jarvik-7 TAH [12]. The device was even-
tually renamed the CardioWest TAH (Syncardia, Tuscon, AZ) with minor design 
changes to become the contemporary TAH approved for a bridge to transplantation 
in 2004.

Human trials of another TAH for destination therapy began in 2001. The Abiomed 
AbioCor Implantable Replacement Heart (IRH) (AbioMed, Danvers, MA) is fully 
implantable utilizing a transcutaneous energy transfer (TET) coil to recharge the 
batteries and an electrically driven hydraulic pump to actuate the ventricles. Results 
of the first seven patients implanted were reported in 2004 and revealed significant 
complications [13]. One died intraoperatively from bleeding and another died sev-
eral hours postoperatively from a presumed aprotinin reaction. The remaining five 
had difficult postoperative courses with only two patients surviving to discharge. 
Ultimately 14 patients were implanted with the longest surviving 512 days. The 
device received FDA approval for destination therapy in 2006, but manufacturer has 
so far elected not to market the device.

 Device Design

The CardioWest TAH descends from the Jarvik-7 which was developed at the 
University of Utah. Initially known as the Jarvik TAH with a 100 mL fill volume, its 
first human implantation was performed in 1982. The Jarvik TAH attached to atrial 
cuffs, replacing the entire ventricular myocardium and all four valves. In 1984, the 
Jarvik-7 was introduced with a fill volume of 70 mL for each ventricle. This device 
was then FDA-approved for investigational use with a new drive line coated with 
Dacron velour in 1993 as the CardioWest TAH.

The CardioWest TAH consists of two separate pulsatile, polyurethane-lined blood 
pumps that together weigh 160 g and displaces 400 mL of volume. Each pump has a 
pneumatic driver that pulls a 4-layer polyurethane diaphragm down to allow blood to 
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enter the ventricle, and then a precisely calibrated pulse of air is used to push the blood 
out of the ventricle (Fig. 29.1). There are two Bjork-Shiley tilting- disc valves for each 
ventricular unit (placed in the inflow and outflow ports), that ensure unidirectional flow 
through the device. The settings (heart rate and drive pressure) are optimized by the 
operator to achieve partial fill of each ventricle (minimizing stasis and risk of thrombus 
formation) with complete ejection of the blood that is contained. This pump is capable 
of generating up to 9.5 L/min of flow through each ventricle. Upon implantation, the 
patient is tethered to an external drive console weighing 400 pounds that contains pis-
tons to support the drive pressure and controls the heart rate and systolic duration  
(Fig. 29.2a). Development of the portable Excor driver in Europe and the Freedom 
driver (CE Mark approved in Europe and under clinical trial in the U.S.) have enabled 
discharge of TAH patients (Fig. 29.2b). The ability to discharge patients from a hospital 
environment has been the main limiting factor in more widespread use of this technol-
ogy. Successful discharge using a portable driver may allow the use of the TAH as a 
destination device in selected patients.

Fig. 29.1 The CardioWest 
Total Artificial Heart 
(TAH). The TAH consists 
of two pneumatically 
driven pulsatile pumps that 
replace the ventricle and 
four heart valves. The 
device is connected to the 
atrial cuffs and great 
vessels (Reprinted with 
permission from Syncardia 
Systems Inc.)
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a

b

Fig. 29.2 The pneumatic drivers for the CardioWest Total Artificial Heart (TAH). Patients after 
device implantation are connected to the 400 lb. in hospital drive (a). The portable Freedom Driver 
(b) is under clinic investigation and will allow for discharge to home with the CardioWest TAH 
(Images provided by Joe Kuttenkuler, Virginia Commonwealth University)
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The AbioCor IRH replaces the ventricles of the heart, and has a unique charg-
ing mechanism allowing it to be free of a percutaneous driveline [14]. The 
AbioCor IRH has four internal components and four external components. The 
internal components include the AbioCor thoracic unit, lithium ion battery, con-
troller, and TET coil (Fig. 29.3). The thoracic unit consists of an energy converter, 
two pumping chambers (left and right ventricles) and four 24 mm tri-leaflet 
valves, along with a hydraulic pumping system. The energy converter is situated 
between the chambers and contains a centrifugal pump driven by a brushless 
direct current motor. The centrifugal pump pressurizes low-viscosity hydraulic 
fluid, which utilizes a 2- position switching valve to alternate pumping of the right 
and left chambers. Displacing fluid to one ventricle creates negative pressure in 
the other ventricle resulting in alternating left and right ventricular pumping. The 
rate of the switching valve can be set between 75 and 150 beats per minute and 
results in flows of 4–8 liters per minute. Blood contacting surfaces are made of 
polyetherurethane. The internal controller transmits device performance data to a 
bedside console by radiofrequency transmission, including hydraulic pressure 
waveforms and battery status. Implementing a process of inductive coupling, 
internal TET coil accepts high frequency power transmitted through the skin from 
an external TET coil (secured over the internal TET coil with adhesive dressings). 
The external components include the external TET coil, portable TET module 
(ambulatory use), bedside console, and batteries.

a b

Fig. 29.3 The fully implantable AbioCor Implantable Replacement Heart (IRH). The device is 
shown in panel (a) with all of the implantable internal components include the AbioCor thoracic 
unit, lithium ion battery, controller, and TET coil. The chest x-ray (b) shows the components of the 
device in a patient (Reprinted with permission from Abiomed)
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The AbioCor IRH was first approved by the Food and Drug Administration 
(FDA) in September of 2006 as a Humanitarian Use Device. However, this pump is 
currently no longer being manufactured, thus the remainder of the chapter will 
focus on the CardioWest TAH.

 Clinical Trials

Much of the contemporary published experience with the CardioWest TAH comes 
from the 10-year North American pivotal study and single center experiences from 
high volume European hospitals (data summarized in Table 29.1). There are no 
randomized, controlled trials that compare the TAH to other forms of biventricular 
support or replacement.

In 1990, use of the Jarvik-7 was banned in the United States, until 1993 when the 
FDA approved the device for investigational use at five U.S. centers. Dr. Jack 
Copeland and colleagues published their 10-year experience evaluating the safety 
and efficacy of the now renamed CardioWest TAH as a bridge to heart transplanta-
tion [19]. The study included 95 patients of which 81 met the standard inclusion 
criteria of the protocol. The survival analysis of this protocol group was the basis for 
eventual FDA approval of the device in the United States. Fourteen of the patients 
were excluded from the core analysis because they failed to meet the protocol inclu-
sion criteria or received the device on a compassionate use exception (absent docu-
mentation for meeting inclusion criteria [4], rescue from LVAD [3], dialysis [2], not 
transplant candidate [2], co-existing medical condition likely to prevent survival [2] 
or failing cardiac allograft [1]).

The investigators established that the device restored end-organ function and 
hemodynamic stability, thus effectively bridging dying patients to heart transplanta-
tion at an impressive rate of 79 %, the highest reported rate for any device at the 
time of publication. Additionally, patients experienced a post-transplant survival 
comparable to published registry data (1-year 86 %, 5-year 64 %). The device had 
very low failure rates (1 case of diaphragm rupture) and most of the device- related 
complications were related to fitting complications (2 deaths) and catheter entrap-
ment from upper extremity central venous lines (3 deaths).

Unlike in the United States, European utilization of the Jarvik-7/CardioWest 
TAH has been uninterrupted since the 1980’s. Reports from France and Germany 
describe outcomes from a wide spectrum of patients of high severity of illness 
including a higher prevalence of preoperative cardiac arrest, hemodialysis, and 
mechanical ventilation. Leprince published the French experience in 127 patients 
over 15 years [15]. Most deaths were related to multi-organ failure and occurred 
within 2 weeks (12 ± 9 days) of device implantation. A German series by 
El-Banayosy et al. reported on 42 patients implanted with the TAH who were 
extremely sick, many who would have been excluded criteria for the U.S. trial. The 
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Table 29.1 Summary of major clinical studies with the CardioWest total artificial heart [15–18]

Copeland et al. [17]

Leprince et al. 
[15] (127 pts);

El-Banayosy 
et al. [16]  
(42 patients)

Roussel  
et al. [18]  
(42 patients)

Protocol 
(N = 81)

Exception 
(N = 14)

Preoperative characteristics
Age (years, 
mean ± SD )

51 ± 10 NR 38 ± 13 51 ± 13 46 ± 10

Male gender (%) 86 % NR 85 % 88 % 95 %
IABP (%) 36 % NR NR 67 % 33 %
Multiple/Inotropes 
Pressors (%)

100 % NR NR 100 % NR

Mechanical 
ventilation (%)

42 % NR NR 74 % 14 %

Pre-operative dialysis 
(%)

0 % NR NR 52 % 7 %

Pre-operative cardiac 
arrest (%)

37 % NR NR 45 % 14 %

Failure to wean from 
CPB (%)

19 % NR NR 26 % NR

Survival to transplant 
(%)

79 % 50 % < 1993 = 43 %;
1993–1997 = 55 %;
1997–2001 = 74 %

26 % 
transplanted;22 % 
alive on device

72 %

Days on device 
(Mean ± SD)

79 ± 84 NR NR 86 ± 89 101 ± 86

Device malfunction
Ruptured diaphragm 
(%)

1 % 1 % 2 % 0 %

Catheter entrapment 
(%)

3 % NR 2 % 2 %

Fit complication (%) 5 % NR 19 % 5 %
Complications
Any bleeding (%) 44 % 26 % 21 % NR
Bleeding requiring 
re-operation (%)

21 % NR 19 % 52 %

Pump/mediastinal 
infection (%)

5 % NR 3 % 5 % 5 %

Driveline infection 
(%)

21 % NR NR 7 % 14 %

Any infection (%) 77 % NR NR 83 %
Any neurological 
Event (%)

27 % 0.016 event/
month

9.6 %

Stroke (%) 12 % NR 0 % NR 8 %
Hemodialysis (%) 27 % 15 % in those 

with normal 
baseline

64 %
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study reported a 52 % mortality rate on the TAH, with most patients dying from 
irreversible pre-implantation end organ failure [16]. The findings of the German 
study highlight the limitations of the pump in the setting of chronically or severely 
compromised liver and kidney function.

 Patient Selection

The current application of the TAH is to bridge patients dying from bi-ventricular 
failure to heart transplantation. The inclusion criteria for the U.S. clinical trial 
included (1) heart transplant eligibility, (2) New York Heart Association class IV 
symptoms, (3) adequate thoracic cavity size, and (4) hemodynamic compromise 
(Cardiac index ≤2.0 liters/min/m2 with systemic hypotension or high central venous 
pressure [>18 mmHg] or requirement of multiple vasoactive medication/IABP/
CPB) [19]. Real world application of the device has extended to a number of indica-
tions where LVAD therapy is not ideal: including patients with myocardial wall 
rupture, extensive intracavitary thrombus formation, cardiac allograft failure, refrac-
tory arrhythmias, mechanical valves, complex congenital heart disease, restrictive 
cardiomyopathy, hypertrophic cardiomyopathy, proximal aortic disease, failed 
LVAD therapy and acute fulminant cardiogenic shock.

Right ventricular failure in patients who have LVADs portends a poor outcome 
[20]. However, identifying patients with right ventricular dysfunction that would 
benefit from biventricular support/replacement rather than an LVAD for bridge to 
heart transplantation remains clinically challenging. While a myriad of risk mea-
sures for right ventricular failure have been identified, congruency of these mea-
sures in the real world patient is often absent. Table 29.2 lists a sampling of the 
various echocardiographic, hemodynamic, clinical and laboratory measures that 
have been proposed [20–24]. Furthermore, selecting type of biventricular therapy 
can be clinically challenging. In retrospective reports, outcomes with biventricular 
assist devices (bi-VADs) have been generally sub-optimal compared to the TAH, 

Table 29.1 (continued)

Copeland et al. [17]

Leprince et al. 
[15] (127 pts);

El-Banayosy 
et al. [16]  
(42 patients)

Roussel  
et al. [18]  
(42 patients)

Protocol 
(N = 81)

Exception 
(N = 14)

Outcomes
Survival to transplant 
(%)

79 % 50 % < 1993 = 43 %;
1993–1997 = 
55 %;
1997–2001 = 
74 %

26 % transplanted; 
22 % alive on  
device

72 %

Post-transplant 1-Yr 
Survival (%)

86 % NR NR NR 90 %

CPB cardiopulmonary bypass, IABP intraaortic balloon pump, NR not reported, Yr year
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Table 29.2 Summary of various clinical parameters shown to predict right ventricular failure after 
left ventricular assist device placement [20–24]

No RVF RVF P Study

Hemodynamic parameters
RVSWI
(mmHg •mL•m−2)

368 ± 245 151 ± 75 (RVAD) 0.01 Fukamachi 
et al. [24]

556 ± 298 391 ± 226 (RVAD)
541 ± 344 (inotropes > 
14d)
560 ± 335 (Late RVF)

0.04 Kormos et al. 
[20]

463 ± 180 330 ± 160
(RVAD, inhaled NO, 
inotropes>14d)

0.002 Kato et al. [23]

Cardiac output (L/min) 3.5 ± 0.9 2.8 ± 0.5 (RVAD) 0.02 Fukamachi 
et al. [24]

Cardiac index (L/min/
m2)

2.5 (IQR 
1.2–4.3)

2.1 (IQR 1.5–3.1)
(RVAD, inhaled NO, 
hypotension)

0.04 Potapov et al. 
[21]

Pulmonary artery 
systolic pressure 
(mmHg)

38 ± 11 31 ± 5 (RVAD) 0.015 Fukamachi 
et al. [24]

52 ± 11 62 ± 11 
(inotropes>14d)

0.03 Puwanant et al. 
[22]

Central venous pressure 
(mmHg)

12 ± 6.4 16 ± 6 (RVAD)
15 ± 7 (inotropes > 
14d)
13 ± 8 (late RVF)

0.01 Kormos et al. 
[20]

Echocardiographic parameters
TAPSE (mm) 15 ± 6 8 ± 4 (inotropes>14d) <0.01 Puwanant et al. 

[22]
RV systolic pressure 
(mmHg)

46 ± 11 60 ± 14 
(inotropes>14d)

0.02 Puwanant et al. 
[22]

LVEDd (mm) 75 (IQR 
53–102)

68 (IQR 64–75)
(RVAD, inhaled NO, 
hypotension)

0.03 Potapov et al. 
[21]

73 ± 13 63 ± 10
(RVAD, inhaled NO, 
inotropes>14d)

<0.001 Kato et al. [23]

LA/LVEDd 0.8 ± 0.2 0.7 ± 0.1
(RVAD, inhaled NO, 
inotropes>14d)

0.004 Kato et al. [23]

Laboratory parameters
AST (mg/dL) 74 ± 201 236 ± 557 (RVAD)

78 ± 236 (inotropes > 
14d)
89 ± 164 (late RVF)

0.02 Kormos et al. 
[20]

146 ± 189 637 ± 1519 (RVAD) 0.006 Fukamachi 
et al. [24]

K.B. Shah et al.



701

however comparative prospective data are lacking [25, 26]. In general, patients 
requiring biventricular support with potential for myocardial recovery should be 
considered for bi-VADs; while those with refractory shock or expected to require 
prolonged support may benefit from the TAH.

Anatomical limitations may preclude candidacy for the CardioWest TAH, as the 
device can compress venous return in undersized patients. In clinical study, a body- 
surface area of 1.7–2.5 m2 or anterior-posterior distance (from the anterior vertebral 
body to the inner table of the sternum at the 10th thoracic vertebrate) greater than 
10 cm on computed tomographic imaging were required for device placement [19]. 

Table 29.2 (continued)

No RVF RVF P Study

Albumin (mg/dL) 3.4 ± 0.6 3.7 ± 0.6
(RVAD, inhaled NO, 
inotropes>14d)

0.028 Kato et al. [23]

Total Bilirubin (mg/dL) 1.6 ± 0.8 2.1 ± 1.6
(RVAD, inhaled NO, 
inotropes>14d)

0.018 Kato et al. [23]

BUN(mg/dL) 30 ± 17 36 ± 17 (RVAD)
32 ± 14 
(inotropes>14d)
33 ± 20 (late RVF)

0.05 Kormos et al. 
[20]

INR 1.4 (IQR 
1.1–5.0)

1.64 (IQR 1.2–3.0)
(RVAD, inhaled NO, 
hypotension)

0.046 Potapov et al. 
[21]

NT-proBNP (pg/mL) 4699 (IQR 
925–10,433)

13,026 (IQR 8800–
17,566) (RVAD, 
inhaled NO, 
hypotension)

0.046 Potapov et al. 
[21]

C-reactive Protein 1.8 (IQR 
0.3–20)

4.3 (IQR 1.3–30)
(RVAD, inhaled NO, 
hypotension)

0.02 Potapov et al. 
[21]

Clinical characteristics
Ventilator support 21 (5 %) 11(37 %) (RVAD)

5 (14 %) 
(inotropes>14d)
3 (9 %) (late RVF)

<0.001 Kormos et al. 
[20]

Myocarditis 0 3 (27 %) (RVAD) <0.001 Fukamachi 
et al. [24]

Body Surface Area (m2) 2 ± 0.2 1.7 ± 0.2 (RVAD) <0.001 Fukamachi 
et al. [24]

AST Aspartate Aminotransferase, BUN Blood Urea Nitrogen, LA/LVEDd Left Atrial diameter 
divided by Left Ventricular End Diastolic diameter, LVEDd Left Ventricular End Diastolic diame-
ter, NO Nitric Oxide, RV Right Ventricular, RVAD Right Ventricular Assist Device, RVSWI Right 
Ventricular Stroke Work Index, RVF Right Ventricular Failure, TAPSE Tricuspid Annular Plane 
Systolic Excursion, TR Tricuspid regurgitation Grade: Grade I, regurgitation jet reaches middle 
part of the right atrium; Grade II, regurgitation jet reaches roof of the right atrium; Grade III, regur-
gitation jet into caval veins; and Grade IV, pulsation of the hepatic and jugular veins
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While thoracic diameter has been used as a guideline for sizing, the size of the car-
diac silhouette may be an important determinant for appropriate fitting of the 
TAH. El-Banayosy et al. reported numerous fit problems and difficulty with chest 
closure especially in patients with acute post-myocardial infarction cardiogenic 
shock, where the ventricle had not yet dilated as occurs in a chronic cardiomyopathy 
[16]. However, successful implantation is feasible in smaller patients who have an 
enlarged cardiac silhouette allowing for adequate space for the device after ven-
triculectomy. Furthermore, in smaller patients, displacement of the left TAH pump 
in the leftward direction can be considered to prevent compressive effects. Utilizing 
this strategy, Leprince and colleagues have reported successful implantation of the 
device in smaller patients with excellent clinical outcomes and rare fit complication 
[27]. Development of a smaller, 50 cc CardioWest TAH is ongoing and could allow 
for implantation of the device into children and smaller adults.

Clinical risk factors for the TAH differ from accepted risk factors for LVAD 
implantation and robust data for selecting patients are absent. In a post-hoc analysis 
of the patient included and eligible for the Pivotal U.S. Study, only a history of 
smoking identified risk of death on device in a multivariate analysis, while hemody-
namic parameters and measures of end organ function were not predictors [28]. In 
European studies and the U.S. post-market experience, patients with the TAH 
implanted for allograft failure had less favorable outcomes [15, 16, 29]. As a general 
consideration, patients with irreversible end-organ damage (kidney, liver), markedly 
elevated pulmonary vascular resistance and unalterable contraindications to heart 
transplantation (U.S. only) should be excluded from candidacy.

 Operative Techniques and Considerations

The device is implanted through a standard median sternotomy. Similar to implant 
techniques for LVADs, the left diaphragm is taken down and a small preperitoneal 
space is made. Once the patient is on cardiopulmonary bypass, the left and right 
ventricle are excised leaving a 1 cm rim of muscle below the mitral and tricuspid 
annulus. The incisions are carried through the right and left ventricular outflow tract 
and the aorta and pulmonary artery are transected just above the aortic and pul-
monic valves. The mitral and tricuspid valve leaflets are excised leaving the annular 
rim. The cuffs of the atrial quick-connects and the grafts to the great arteries are then 
trimmed and sewn to their respective orifices. To minimize risk of thrombotic com-
plications and kinking, the surgeon should make efforts to minimize the synthetic 
material used to form the atrial quick-connects and the length of the aortic and 
pulmonary graft.

The pericardium is lined with thin sheets of polytetrafluoroethylene (PTFE) to 
facilitate subsequent sternal re-entry for transplantation [30]. The drivelines are 
passed through the abdominal wall and the artificial ventricles are connected to their 
respective orifices. Inflammatory contracture of the pericardium about the device 
can limit the space available for a donor allograft. In addition to reducing device 
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induced inflammation with the PTFE, a standard breast prosthesis is placed where 
the apex of the heart would sit and generally filled with 200 ml of saline. The system 
is deaired and the aortic clamp is then removed. The artificial heart settings are 
steadily increased and the patient is taken off of cardiopulmonary bypass.

Early bleeding after TAH implant is frequent with high rates of surgical re- 
exploration in published reports (Table 29.1). Some institutions perform delayed 
sternal closure leaving the chest open often for several days until postoperative 
bleeding is stable. During chest closure, the right and left atrial venous return are 
subject to compression by the device and can result in abrupt drops in the fill vol-
ume and cardiac output. While intraoperative transesophageal echocardiography 
cannot visualize the pump clearly, it provides valuable information on right and left 
atrial venous inflow. Compression is more common with the right pump (both the 
cava and right-sided pulmonary veins) and can generally be treated with displace-
ment of the device leftward and inferiorly.

 Management Considerations

 Pump Optimization

The optimal settings for the CardioWest ventricles maintains full ejection of each 
ventricle while only partially filling thus allowing for accommodation for fluxes in 
venous return. The driver console has a computer display showing the airflow wave-
forms for each pump in systole and diastole, stroke volume as estimated by displaced 
air in the driveline and cardiac output. The user can manipulate various parameters to 
modulate pump performance including ejection rate, vacuum pressure to augment 
filling, ejection pressure and percentage of each pump cycle spent in systole.

Changes in the displayed parameters may signal a physiological change or a 
device-related problem. Decreases in fill volumes and pump output should raise 
concern for hypovolemia. Early after device implantation, decreased pump output 
should prompt urgent evaluation for bleeding, atrial tamponade or compression of 
venous return. If the pumps are persistently full-filling despite optimization of ejec-
tion parameters, one should evaluate for venous congestion and consider diuresis. 
Clinicians should also investigate for an air leak or kink in the drivelines for any 
abrupt change in parameters, especially in late onset after device implantation.

 Anticoagulation

Although anticoagulation therapy and monitoring vary from center to center, 
the incidence of thromboembolic complication with the CardioWest TAH is 
low. Once the chest is closed and there is minimal chest tube drainage, patients 
receive heparin or bivalirudin along with antiplatelet therapy with aspirin 

29 The Total Artificial Heart



704

(81 mg daily), and dipyridamole (50 mg thrice daily) [31, 32]. Once patients 
are ambulatory and tolerating a diet, warfarin is started to achieve an interna-
tional normalized ratio (INR) between 2 and 3. Many centers implement a 
multitargeted monitoring approach to guide anticoagulation [31, 33, 34]. 
Antiplatelet agents are titrated by optical aggregometry to 20–40 % normal 
function and thromboelastography is used to guide anticoagulation early after 
device implantation.

 Renal Failure and Natriuretic Peptides

The incidence of dialysis dependent acute renal failure after implantation of the 
TAH is high, and it is unclear if these finding are attributable to the pre-implantation 
condition of the patient or factors specific to the device itself. The reported inci-
dence of renal failure, as defined as serum creatinine concentration ≥ 5 mg/dL or 
need for dialysis, ranged from 19 to 64 % in previous studies [17, 18]. Even after 
selecting for healthier patients with normal kidney function prior to surgery, 
El-Banayosy et al. still observed a 15 % rate of renal replacement therapy after 
implanting the TAH [16].

We and others have noted that exogenous perioperative replacement with low 
dose nesiritide may improve renal function as measured by urine output and glo-
merular filtration rate, and that patients can be gradually weaned from the nesirit-
ide once they are clinically euvolemic [35, 36]. After ventriculectomy, the 
circulating concentrations of B-type natriuretic peptide (BNP) decrease to nor-
mal within hours of surgery and loss of intrinsic production of BNP may increase 
the risk of renal failure following TAH implantation. The abrupt removal of BNP 
may adversely impact renal function by altering renal hemodynamics and neuro-
hormonal balance. The impact of nesiritide use on longer term outcomes is not 
defined.

 Anemia

Severe anemia is prevalent during TAH support and reverses after heart transplanta-
tion. The etiology is not clear but appears to be multifactorial and includes low 
grade hemolysis from the four mechanical valves and ineffective erythropoeisis sec-
ondary to inflammation [37]. Despite the anemia, patients supported with the device 
exhibit reasonable exercise tolerance and minimal symptoms even with hemoglobin 
concentrations as low 6–8 g/dL. While overt hemolysis requiring blood transfusion 
was common in the early experience with the TAH, these issues improved by 
decreasing the Δp/Δt of air delivery from the driver [38]. Blood transfusions are 
avoided to prevent sensitization unless patients are symptomatic or there are other 
concerns of limited end organ perfusion.
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 Exercise and Rehabilitation

Physical therapy and rehabilitation are feasible and encourage early after implanta-
tion of the TAH. In a study by Kohli and colleagues, patients were participating in 
physical therapy safely in the first week and ambulating on a treadmill by the third 
week after implantation [39]. Bearing in mind the device parameters and output are 
rather fixed and do not change in response to activity, patients in the study were 
observed to have a flat blood pressure response to moderate levels of activity. Prior 
to therapy, it is reasonable to augment device ejection rate to accommodate increased 
oxygen demands.

 Future Direction and Devices

While already approved for use Europe, the Freedom driver used with the CardioWest 
TAH is being studied for home discharge in the United States. If the portable driver 
is approved, patients who were once tethered to the hospital awaiting heart trans-
plantation may now be discharged home. Furthermore, home discharge of patients 
will allow once again evaluation of the TAH for destination therapy.

Considering the durability and clinical success with axial flow LVADs, develop-
ment of a continuous flow TAH is under investigation. Frazier et al. developed a 
technique in which two HeartMate II LVADs (Thoratic Corporation; Pleasonton, 
California) supplanted excised ventricles by replacing the inflow and outflow grafts 
with titanium adapters [40]. The condition included two controllers for the two sep-
arate pumps. They were able to demonstrate changes in the pump flow during exer-
cise on a treadmill, indicating that these non-pulsatile pumps could accommodate 
changes in venous return based on inflow pressure. The authors also reported a 
human implantation in a patient with severe systemic amyloid who achieved cardio-
vascular stability, but succumbed to hepatic failure from amyloid after 5 weeks [41].

The Cleveland Clinic Continuous Flow Total Artificial Heart (CFTAH; Cleveland, 
Ohio) has a single DC motor and rotating assembly affixed to two centrifugal 
pumps, the speed of which can be modulated to maintain pulsatility (Fig. 29.4) [24]. 
The remarkable passive self-regulating design allows a single magnet to be dis-
placed either to the right or left depending on elevations in the left or right atrial 
pressure, respectively. Hence, with physiological elevations in left atrial pressure, 
there is a free axial shift of the magnet to the right reducing the right pump aperture 
size and flow to maintain a steady state. An automatic speed control mode is used to 
reduce pump flow in the setting of elevated systemic vascular resistance thereby 
blunting the effect of high systemic blood pressures on the function of the TAH. This 
device is currently undergoing in vivo studies, bench testing and fit studies in 
humans [42–44].

French investigators are implementing bioprosthetic material to design a TAH 
with reduced the need for anticoagulation. The Carmat TAH (CARMAT; Paris, 
France) is an implantable, electro-hydraulically driven, pulsatile flow device with 
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four bioprosthetic valves [45]. Its’ blood-pumping surfaces consist of processed 
pericardial tissue and expanded polytetrafluorethylene (ePTFE), potentially allow-
ing for the reduction of anticoagulation. The Carmat TAH contains two ventricles, 
each with a blood compartment and a liquid compartment, separated by a pulsatile 
hybrid membrane (Fig. 29.5). The membrane has a polyurethane layer at the liquid- 
contacting surface and bovine pericardial tissue on the blood-contacting surface. 
The fixed surface of the blood compartment is covered with ePTFE. Electro- 
hydraulic pumps create a systolic and a diastolic phase by moving the silicone fluid 
and deploying the hybrid membrane. The stroke volume (30–65 ml) and the beat 
rate (35–150 bpm) of the prosthesis adapt automatically in response to changes in 

Fig. 29.4 The cleveland 
clinic continuous flow total 
artificial heart. The device 
consists of two centrifugal 
pumps and is currently 
under laboratory 
investigation (Image 
provided courtesy of 
Leonard Golding, MD, 
Cleveland Clinic)

a b

Fig. 29.5 The Carmat total artificial heart. The exterior (a) and inner workings (b) of the TAH 
revealing a electro-hydraulically driven, pulsatile flow device with four bioprosthetic valves 
(Image reprinted with permission from CARMAT)
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preload detected by baroreceptors located in the device. The resulting pulsatile 
blood flow ranges from 2 to 9 L/min with a flow adjustment on the right side to cor-
rect for the bronchial shunt. The prosthesis is partially surrounded by a flexible 
compliance bag. This device is currently in the preclinical phase of bench testing.

Total heart replacement with a mechanical heart has proven to be an effective 
therapy to salvage the sickest patients dying of heart failure. As device technology 
becomes more portable, durable and bio-integrated, the artificial heart will chal-
lenge heart transplantation as the definitive therapy for end-stage heart failure.
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Chapter 30
Physiology of Stem Cells

Jos Domen and Kimberly Gandy

 Stem Cells: History

Mammalian life, at conception, starts with a single zygote that has the ability to 
form all of the cells of the body (as well as extra-embryonic tissues). This cell by 
definition is a pluripotent stem cell, that is, it is capable of assuming all possible cell 
fates. It has long been recognized that certain tissues, such as blood, skin and gut 
epithelium, have a high turnover throughout life, and need to be replenished con-
tinuously from progenitor or stem cells. The need for stem cells in adults is less well 
understood, and only recently, has stem cell potential been identified in mature tis-
sues that do not have rapid turnover.

A leading impetus in the search for stem cells was the aftermath of the atomic 
bomb explosions in World War II. It became clear that exposure to radiation could 
kill the ability of the body to generate new blood cells, and at somewhat higher 
doses, could destroy the ability of the intestinal tract to regenerate. Both conditions 
result in death. Mouse experiments confirmed the lethal consequences of irradiation 
and demonstrated that the ability to generate blood cells could be preserved if just 
one limb was shielded from radiation [1]. This was followed by the equally critical 
observation that transfer of non-irradiated bone marrow cells could restore the abil-
ity to generate blood cells [2]. It was then determined that irradiation followed by 
bone marrow transfer resulted in the appearance of colonies of myeloid and ery-
throid cells in the spleen and that all of the cells in a colony were derived from one 
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cell [3]. Hematopoietic Stem Cells are the small subset of spleen colony-forming 
cells that can give rise to both secondary colonies, as well as lymphoid offspring [4, 
5]. Specific labeling methods and reconstitution assays developed since [6, 7] have 
greatly improved our ability to study these cells.

Not only has a great deal been learned about these hematopoietic stem cells in 
the last 50 years, but they have also found widespread application in the clinic. 
Mimicking the original observation that bone marrow could rescue the hematopoi-
etic system in an otherwise lethally irradiated recipient, bone marrow transplanta-
tion has become standard of care to treat cancer patients that undergo high dose 
chemo and/or radiation therapy, or that suffer from hematopoietic malignancies. 
Worldwide, more than 50,000 people receive bone marrow transplantations each 
year [8]. Approximately 21,000 are allogeneic, the rest are autologous transplants. 
Increasingly, mobilized peripheral blood or umbilical cord blood is used as the 
source.

Stem cells in most other systems are less well characterized, and in many cases, 
have only been recognized fairly recently as being present in adults. Clinical use is 
limited, at best, to trials.

 Stem Cells: Definition

Stem cells are defined as cells that have, at the individual cell level, the ability to 
both self-renew (make more copies of themselves) and differentiate into one, many 
or all cell fates of the body (Fig. 30.1). Stem cells are typically rare and are often 
quiescent.

Self-renewal in its strictest sense implies unlimited proliferative capacity, since 
the daughters are identical to the parent cell. This is impossible to verify experimen-
tally, at least without unlimited funding and time. A more practical definition would 
be the ability to function and produce cells beyond the normal lifespan of the organ-

Fig. 30.1 Stem and progenitor cells defined by proliferative and differentiation capacity. This 
figure depicts the reduction in proliferative potential and differentiation potential during cell matu-
ration. It should be kept in mind that these differences are not absolute. Some mature cells, e.g. 
lymphocytes, can proliferate extensively, and some mature cells retain the potential to differentiate 
further. B cell class switching would be an example
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ism. E.g. murine hematopoietic stem cells can be transplanted serially, and 
 repopulate new hosts, at least five times [9–11]. While this is not unlimited, it clearly 
suffices for the animal, even if the need for cells is higher than normal, such as fol-
lowing (repeated) serious injury and blood loss. In addition, it is important to note 
that the proliferative limitations encountered may well be a result of the experimen-
tal conditions (repeated transplantation into an irradiated environment) and do not 
necessarily represent the true limitations inherent to the stem cells themselves.

Cells that come much closer to demonstrating unlimited proliferative capacity 
are cells that can be maintained in culture, such as embryonic stem cells. Many of 
the murine ES cell lines have been in culture now for over 20 years, and have been 
used and expanded extensively by many different laboratories, without losing the 
ability to act as pluripotent stem cells with the capacity to regenerate a mouse.

The differentiation capacity is the main distinguishing feature between different 
types of stem cells. Pluripotent stem cells such as embryonic stem cells and iPS cells 
have the ability to generate all the different cells in the body (and can generate the 
organism as a whole). These cells represent germ line stem cells, the cells that allow 
life to pass from one generation to the next. Other types of stem cells in the adult body 
(sometimes referred to as “adult stem cells”) are more restricted; they can differentiate 
into many (multipotent) or a few (oligopotent) cell lineages within the germ layer 
from which they are derived. Mesenchymal stem cells and hematopoietic stem cells, 
for instance, can make subsets of mature mesoderm cells. The ability of stem cells to 
produce cells derived from other germ layers was hotly debated a decade ago, a debate 
that was referred to as the stem cell plasticity debate. It was claimed, for instance, that 
blood cells could differentiate into brain cells, or liver cells [12, 13]. More extensive 
analysis revealed, however, that much of this apparent plasticity was due to experi-
mental artifacts, such as cell fusion. Plasticity or transdifferentiation--differentiation 
into a lineage that is not part of the normal repertoire of the stem cell, seems to happen 
rarely, if at all, under normal conditions [14–16]. Interestingly, what has surfaced 
since this debate is the ability to reprogram cells, even regular somatic cells without 
stem cell ability, into pluripotent stem cells (the so-called iPS cells) with the ability to 
produce cells from endodermal, mesodermal and ectodermal origin [17–21].

Once stem cells commit to differentiation, and leave the stem cell pool, they typi-
cally go through an intermediate stage often referred to as progenitors (Fig. 30.2). 
In some systems other names are used for these cells: In skin, for instance, they are 
called transit-amplifying cells. Practically, the difference between stem and pro-
genitor cells can be hard to make. Progenitor cells may still have the potential to 
generate several different types of mature cells. Progenitor cells often have exten-
sive proliferative capacity, and much of the expansion needed to amplify the off-
spring of the rare stem cells into the many mature cells needed in tissues such as 
skin, blood and gut epithelium, occurs at the progenitor level. However, progenitor 
cells do not self-renew. With every cell division they move closer to the mature 
state. New cells from any given progenitor cell are only generated for a relatively 
brief period of time, whereas stem cells may produce new cells throughout life. 
However, the distinction between newly generated and older pre-existing cells can 
be hard to make when the mature cells are long-lived.
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Diagrams, such as the tree shown in Fig. 30.2 often depict progenitors as very 
distinct entities, with differentiation steps taking them from more primitive to less 
primitive, more restricted, progenitors, eventually resulting in mature cells. These 
entities are based on purification methods such as Fluorescence Activated Cell 
Sorting (FACS) or assays such as colony assays. The ability to purify, study and use 
progenitors with specific potential is very useful and informative. The cells them-
selves, however, can be thought of as being on a continuum, gradually shifting from 
one phenotype to the next, gradually restricting their differentiation potential.

 Stem Cells: Niche and Regulation

Obviously, in view of their proliferative potential, stem cells need extensive regula-
tion. While some stem cells, such as neuronal stem cells, are mostly quiescent and 
generate few offspring under normal conditions, other stem cells have to continu-
ously generate large numbers of mature cells. For example, in the hematopoietic 
system more than 1011 mature cells need to be produced every day [23–25]. To 
control this expansion, and prevent it from escaping control, stem cells typically 
need specific signals to maintain their stem cell potential. In the absence of these 
signals the cells either differentiate along a default pathway, or undergo apoptosis. 
Yet it is also essential that the stem cell numbers are maintained. Loss of e.g. colon 
or hematopoietic stem cells would result in death in days to weeks. Stem cell 
homeostasis (Fig. 30.3) requires that under steady state conditions, following stem 
cell division, on average one of the daughter cells remains a stem cell, while the 
other cell either commits to differentiation, or undergoes apoptosis. The place where 

Fig. 30.2 Classical stem cell differentiation pattern. This would apply to hematopoietic cell dif-
ferentiation, but also to other types of cells, e.g. skin [22]. Maintenance of stem cells is assured by 
stem cell self-renewal. Much of the proliferation needed to obtain the required number of mature 
cells occurs at the progenitor level. Progenitors can initially be oligopotent (more than one cell fate 
possible) or can be committed to a single outcome. Full commitment of progenitors to a new more 
restricted stage can take several days. Mature cells, depending on type, may retain the capacity for 
extensive proliferation (e.g. lymphocytes) or may not be able to divide at all (red blood cells, 
muscle cells)
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stem cells receive these signals is often referred to as the stem cell niche (Fig. 30.4). 
This can be a very defined, physical environment. Figure 30.4 shows two examples 
of stem cell niches. In the Drosophila spermatogonium the location of the stem cells 
that produce the spermatozoa is exactly defined. They are at the tip of the gonad, in 
direct contact with other cells known as hub-cells. These hub cells provide the sig-
nals necessary for the stem cells to remain stem cells. Once the stem cells divide the 
cell division is oriented such that one daughter cell remains in contact with the hub 

Fig. 30.3 Stem cell 
homeostasis. A stem cell 
pool size is regulated at 
different levels. 
Symmetrical self-renewing 
divisions (both daughters 
remain stem cells) are the 
main mechanism for 
expansion, while 
differentiation and 
apoptosis are the main 
exits from the stem cell 
pool. Migration, resulting 
in either resettlement in a 
stem cell niche, or in exit 
from the stem cell pool 
through differentiation or 
apoptosis, can complicate 
this process

a b

Fig. 30.4 The concept of the stem cell niche. Shown are two examples of stem cell niches, the 
Drosophila spermatogonium, and the mammalian hematopoietic stem cell. (a) In this niche con-
cept the germ and somatic cells in the apical tip of the testis that are in direct contact with the hub 
cells remain stem cells. Once this contact is lost, through oriented cell division, the cells start their 
differentiation toward spermatozoa, which takes many steps and several more cell division. (b) In 
the hematopoietic system the organization is more flexible in that HSC have the ability to move 
from their resting niches near the bone to the vasculature, and back. Both environments differ 
significantly, e.g. in O2 levels. Most differentiation (including the accompanying proliferation) also 
takes place in the bone marrow. The resulting mature cells enter the blood to leave the bone 
marrow
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cells, and the other daughter loses contact. The daughter cell that has lost contact 
commits to differentiation, resulting in an obligatory asymmetric cell division. A 
similar asymmetric division occurs for the accompanying cyst cells that surround 
the germ cell throughout the differentiation process. The critical signal, through the 
Jak/Stat pathway, provided by the hub cells is called Unpaired (Upd), which is a 
ligand for the receptor Domeless (Dome) and the associated Jak kinase Hopscotch 
(Hop). Upon binding of Upd the receptor is phosphorylated by Hop, followed by 
Stat binding, phosphorylation, dimerization, and translocation to the nucleus. 
Mutants in which the cyst cells overexpress the ligand Upd never form functional 
sperm. Instead the spermatogonium fills up with stem cells. Mutants without func-
tional Stat do not maintain stem cells, but have a single early wave of spermatogen-
esis [26, 27].

In the mammalian bone marrow the location of the hematopoietic stem cells has 
been less clear. One reason is that bone marrow is typically studied as a cell suspen-
sion by flow cytometry and colony- or reconstitution assays after it has been 
removed from the marrow spaces, rather than by histology in situ. Also, regulation 
is more complex in that hematopoietic stem cells can leave their niches in the bone 
marrow and travel through the vasculature to new locations such as spleen and liver. 
They do so in a regulated fashion several times during development [28], but retain 
the ability to migrate in adult life as a response to various stimuli [29, 30], with 
CXCR4/SDF-1α signaling as a central component. Clinically, this is used to harvest 
them: Rather than harvest bone marrow directly hematopoietic stem cells are har-
vested as Mobilized Peripheral Blood (MPB) by leukapheresis after treatment of the 
donor with the growth factor G-CSF and the chemotherapeutic cyclophosphamide. 
Nevertheless, much has been learned in recent years about the important cells in the 
niche, and the signals governing stem cell behavior. An in-depth discussion is out-
side of the scope of this more general chapter, and many reviews can be used as 
starting points to further probe the literature, see e.g. [31–36]. A variety of cells 
have been reported to be part of this niche, including osteoblasts [37–39], sinusoidal 
endothelium [40], CXCL12 expressing reticular cells [41], adipocytes [42] and 
mesenchymal stem cells [43]. A number of regulators have been postulated to be 
involved in stem cell maintenance in this niche. These include Wnt proteins [44–
47], the Notch pathway [48–50], insulin-like growth factor (IGF-2) and angiopoietin- 
like proteins [51–53]. Important regulators of cell cycle progression include the 
p16Ink4a–CDk4/6Rb and p19Arf-P53-P21Cip1 pathways [54, 55]. Another important 
factor for stem cells is the ability to maintain telomere length during successive cell 
divisions. To accomplish this stem cells express telomerase. Loss of telomerase can 
limit stem cell self-renewal during serial transplantation [56] and aging [57]. It has 
recently been reported that telomerase activity is regulated by Wnt/β-catenin in 
stem cells [58]. Despite all of the progress that has been made in characterizing the 
regulation of hematopoietic stem cells no clear conditions have been defined yet 
that allow for robust expansion of these cells outside of the body [59], something 
that would be extremely useful in broadening their therapeutic potential. This indi-
cates that our understanding of HSC self-renewal, and the molecular players 
involved, is still lacking.
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Other types of stem cells, in particular Embryonic Stem cells, are capable of 
extensive expansion outside of the body using defined conditions without reduction 
of their pluripotency, their ability to differentiate into all tissues of the body. Much 
has been learned about the factors governing unlimited self-renewal and develop-
mental potential [55, 60–62]. Central components include the transcription factors 
Oct4, Sox2 and Nanog. These transcription factors, which interact physically, form 
a finely tuned network, disturbance of which can lead to loss of pluripotency. 
Additional proteins, like the zinc-finger DNA binding protein Ronin, are also 
involved and can prevent differentiation [63]. In addition there is regulation at the 
epigenetic level, with Polycomp complexes playing an important role [62]. 
Ultimately demonstrating the importance of these pathways has been the ability to 
use forced expression of several of these proteins to convert somatic cells into plu-
ripotent stem cells [61] (See iPSC section below.)

Overall, these examples illustrate that niches are important and specific, and their 
presence can limit and regulate stem cell presence. This regulation is especially 
critical for cells that continuously produce large numbers of mature cells. Loss of 
control of expansion would quickly result in a proliferative disease, or even 
cancer.

 Stem Cells: Clinical Use

The specifics of the use of stem cells in the heart are discussed elsewhere in this 
book. This section will be limited to a more general overview of the current and 
potential use of stem cells in medicine. As mentioned earlier, hematopoietic stem 
cell transplantation is currently in widespread use, albeit that this involves transfer 
of stem cell containing cell preparations, and not highly purified HSC. This is an 
important distinction, as the main indication for use is the treatment of malignan-
cies. Autologous transplants in which patients receive their own cells, harvested 
prior to intensive chemotherapy, thus carry a risk of reseeding the patient with can-
cer cells that contaminate the graft. Small-scale studies with highly purified autolo-
gous hematopoietic stem cells indicate that high level purification indeed improves 
outcome [64, 65]. Allogeneic transplants, in which the patient receives cells from a 
different individual, do not carry this risk, but, specific for hematopoietic trans-
plants, may result in adaptive immune cells in the graft reacting against the host 
body. This is known as graft-versus host disease, and is a potentially lethal compli-
cation of allogeneic hematopoietic cell transplantation [66–68].

Hematopoietic stem cells have the potential, and are starting to be used for many 
other therapies [69], including the treatment of autoimmune diseases [70], the treat-
ment of inherited metabolic diseases [71] and the induction of tolerance for solid 
organ transplantation [69, 72–74].

Skin is another tissue that is transplanted in routine clinical use, and that depends 
for functioning on the transplanted stem cells [75–77]. Skin, like blood, is continu-
ously regenerated from stem cells. Old cells slough off and are discarded. Autologous 
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transplants, in which skin is harvested at one place of the body and transplanted to 
another, e.g. to cover a burn, results in lasting engraftment. Allogeneic skin trans-
plants, typically harvested from a deceased donor, are used as temporary cover, as 
they will be rejected by the immune system.

Other types of stem cells, especially mesenchymal stem cells, are being tested in 
clinical trials [78–80], including trials addressing cardiac failures [81–83], but are 
not yet in routine use. Mesenchymal stem cells can be harvested relatively easily 
from various sources, including bone marrow and adipose tissue, expanded in cul-
ture and can differentiate into many tissues, including bone, adipose, myogenic and 
hepatic cells [84]. In addition, mesenchymal stem cells can modulate immune 
responses [78, 80]. Neuronal stem cells are also being tested in initial clinical trials, 
e.g. [85–87]. Other cells, including ES cells [88, 89] and iPS cells [21, 90–93], are 
being developed for eventual clinical use.

 Stem Cells and Cancer

Stem cells, through their ability to persist for long periods of time while 
cycling, even if slowly, are prime candidates to collect the mutations necessary 
to allow escape from their normal controls and become transformed. Like nor-
mal, non- transformed, stem cells cancer stem cells may remain dependent on a 
stem cell niche for some of their regulatory (pro-mitogenic) signals [35, 94], 
even though they may have lost other parts of the normal regulatory circuitry, 
like essential tumor suppressor genes that should prevent these cells from pro-
liferating [55, 95].

Interestingly, it has been recognized recently that cancers themselves tend to be 
organized in cancer stem cells, which may only make up a small part of the tumor 
and the bulk of the tumor cells which are derived from these stem cells, analogous 
to differentiated cells in normal tissues [96–101]. In this model the cancer stem cells 
are both necessary to maintain the tumor, and sufficient, if not eradicated com-
pletely, to regrow the tumor (relapse) after treatment.

 Induced Pluripotent Stem Cells (IPSC)

One of the most exciting developments in stem cell biology in the last decade has 
been the discovery that a stem cell phenotype, even that of pluripotent stem cells, 
can be induced in somatic cells following transduction with a limited set of genes. 
In the initial landmark studies mouse fibroblasts, transduced with Oct4, Sox2, Klf4 
and c-Myc, were reprogrammed into cells very similar to Embryonic Stem cells 
[19]. These results were rapidly confirmed with human cells, and a slightly different 
gene combination (Oct4, Sox2, Nanog and Lin28) [18, 20]. Many different types of 
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cells are open to reprogramming, including fibroblasts (above), keratinocytes [102], 
neural stem cells, hepatocytes and gastric epithelial cells [103], adipocytes and 
hematopoietic cells [104].

IPS cells have a number of obvious advantages over ES cells. Unlike ES cells, 
their origin is not ethically controversial. Furthermore, the ability to generate plu-
ripotent cells from any donor holds great promises for the development of specific 
disease models. However, it remains to be established how closely iPS cells resem-
ble ES cells, and the presence, at least in the initial experiments, of the oncogene 
c-Myc in the transformation mix gives pause when contemplating clinical use [61]. 
The optimal gene combination for induction of iPS cells remains a subject of inter-
est [61], complicated by the more recent observations that show that it is possible to 
reprogram cells to a different fate without passing through the pluripotent interme-
diate stage [105, 106]. It is possible, e.g. to reprogram fibroblasts directly into neu-
rons [107] or cardiomyocytes [108]. While in early stages, this clearly further 
increases the possibilities for creating genetically matched tissues for research and 
therapy.

 Stem Cells and the Heart

When discussing stem cells in the context of the heart in general, or heart failure in 
particular, there are several different points of view that can be considered. Stem 
cells play a role in generating the structures of the heart [109]. Heart specification 
starts with the so-called first heart field, which will initially form a tube with endo-
cardial layer on the inside, and a myocardial layer on the outside. Through differen-
tial growth and folding this will eventually result in a multi-chambered heart, with 
cells from the first heart field forming the left side of the heart, while cells from a 
second heart field mostly form the right side and outflow tract [110, 111]. To some 
extent, progenitors remain present once the heart is formed and provide a certain 
level of regenerative potential. There may be other stem cells as well that can be 
used to ameliorate the function of damaged heart tissue [112–114]. In addition to 
endogenous heart cells [115], there are other somatic stem cells (like mesenchymal 
stem cells) [116] and pluripotent stem cells (ES cells or iPS cells) [21, 110]. The 
therapeutic use of stem cells for cardiac repair is discussed in more detail elsewhere 
in this book.

Interestingly, while regeneration of functional myocardial tissue is limited in 
heart failure following myocardial infarct or other damage, cardiac progenitor cells 
are present in the myocardium, e.g. [117–119]. It may be possible to use these cells 
to improve function in failing hearts. In addition to the presence of cardiac progeni-
tors, it has recently also been shown that at least some existing cardiomyocytes 
retain the potential to divide and replace cells [120]. This potential of cardiomyo-
cyte proliferation can be greatly stimulated with exogenous administration of select 
micro RNA’s (miRNA’s) [121].
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 Conclusion

Stem cells play an essential role, during development and continuing in adult life. 
While much has been learned about the biology of stem cells in different organs and 
organisms, much more remains to be learned. The clinical promise is enormous, and 
current use barely scratches the surface. To develop this promise into eventual clini-
cal reality it will be essential to follow the winding path, despite its frequent switch-
backs, carefully. As tempting as shortcuts can be, in systems as complex as those 
discussed here, a methodical approach is the only reliable method of distinguishing 
what does and does not work when translated to the clinic. The biggest danger in 
attempting and failing at shortcuts to the clinic is establishing as common knowl-
edge that something “does not work” before it has been tested. This can prevent 
promising avenues from being explored and developed.
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Chapter 31
Stem Cell Therapy in Heart Failure

Sachil Shah and Alan W. Heldman

 Introduction

Despite advances in prevention and treatment, cardiovascular disease (CVD) is still 
the leading cause of morbidity and mortality in the United States. As mortality from 
CVD declines, and more of our patients survive acute myocardial infarction, revas-
cularization procedures, arrhythmias, and treatments for congenital and acquired 
valvular and structural heart disorders, so the prevalence of heart failure (HF) con-
tinues to increase with more than 550,000 new cases annually [1]. Half of humans 
with HF will die within 5 years of onset; it was cited as a contributing cause in more 
than 280,000 deaths in 2008 [1]. HF is also well-known to be extremely costly, with 
health care services, medications, and lost productivity equating to a U.S. national 
burden of $34.4 billion each year [2]. This high clinical and economic cost provides 
great impetus for the development of new therapeutic approaches for HF.

While it was long taught that that the human heart had no capacity for regenera-
tion because cardiac myocytes existed in a terminally differentiated state, a number 
of lines of evidence have overturned that idea. While the rate of cell turnover remains 
a topic of debate [3], demonstration in humans of chimerism of a sex mismatched 
transplanted heart [4], of mitotic figures in myocardium after infarction [5], and of 
differential integration of Carbon-14 (from Cold War nuclear bomb tests) [6] sug-
gested that some turnover of myocytes does occur in humans. Demonstration of 
myocardial regeneration after infarction in animal models [7] initiated a new field 
for translational research.
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The therapeutic cell types [8], mechanisms of action, routes of administration, 
and treatable conditions [9] are now beginning to be defined. This chapter will 
review briefly some of the significant clinical trials in the field of myocardial regen-
eration for the treatment of heart failure. We argue that a relatively rational progres-
sion from translational studies to clinically informative trials [10] is now 
underway.

 Stem Cells

Toronto scientists Till and McCulloch described stem cells in 1963 in their work on 
the radiation sensitivity of mouse bone marrow cells [11]. Stem cells are cells that can 
continuously self-renew and undergo differentiation to a cell lineage [12]. Stem cells 
are described as pluripotent if they can form all the cell types of the adult organism 
and totipotent if in addition they can form embryonic tissues. Once a stem cell is con-
fined to a certain tissue, its potency is generally limited to differentiation into cell 
types of that tissue. Besides heart failure [13], other clinical entities being studied for 
stem cell therapy include vascular disease, wounds, burns, hematological diseases, 
malignancies, Parkinson’s disease, Alzheimer’s disease, multiple sclerosis, spinal 
cord injury, diabetes, and other conditions [14]. Stem cells used in investigational 
studies could broadly be classified based on their differentiation potential: totipotent 
embryonic stem cells, adult multipotent stem cells, adult tissue specific stem cells, and 
‘embryonic-like’ induced pluripotent stem cells. Both autologous (i.e., the patient’s 
own) and allogeneic (from a donor) cells are under investigation.

 Stem Cells and Cardiac Regeneration

The potential for the human heart to regenerate constitutes a revolutionary paradigm 
shift in our understanding of myocardial pathophysiology; besides cellular hyper-
trophy, necrosis, apoptosis, and fibrosis, it appears that under the right conditions 
we can enable another myocardial response to injury – regeneration. While rate of 
cell turnover in the human heart is debated, the existence of the phenomenon is a) 
clearly established, and b) clearly inadequate to recoup the myocytes lost during 
myocardial infarction. One possible exception might be found in the syndrome of 
Anomalous Left Coronary Artery from the Pulmonary Artery (ALCAPA, or Bland- 
White- Garland syndrome); these infants have evidence of myocardial infarction, 
but if surgically corrected early may recover normal left ventricular function [15]. 
While the mechanism of this phenomenon is unknown, it seems likely that the 
regenerative potential of an infant’s myocardium might be substantially greater than 
that of adults’.

As a potential therapeutic intervention in adults, stem cell transplantation may be 
viewed as an attempt to augment the inadequate endogenous regenerative capacity 
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of the heart, and to prevent the maladaptive sequelae. Mechanisms by which trans-
planted stem cells enhance cardiac regeneration include the formation of new car-
diac myocytes, new blood vessels, modulation of inflammation, and attenuation of 
remodeling and fibrosis [16].

 Stem Cells for Myocardial Disease

In this section we review broad categories of cell types under study for myocardial 
regeneration.

 Skeletal Myoblasts

Skeletal myoblasts are stem cells located under the basal lamina in skeletal muscle; 
they were postulated to participate in repair following injury, and were among the 
first cells to be considered for myocardial regenerative therapy [17]. They can be 
obtained as an autologous product, have high scalability in culture, and appear to be 
resistant to ischemia. In animal models skeletal myoblasts appeared promising [18, 
19]. Early phase clinical studies did encounter a safety concern and it was specu-
lated that ventricular tachyarrhythmias might arise from failure of the graft electro-
mechanically to couple with endogenous cardiomyocytes [20, 21].

 Bone Marrow Derived Stem Cells

The adult bone marrow is home to a vast array of support cells and multipotent precur-
sor lineage stem cells. Bone marrow derived stem cells (BMDSC) are the earliest and 
most investigated in all of stem cell research. In adult humans, BMDSC can be col-
lected by iliac crest aspiration of marrow with expansion in culture, or obtained by cell 
sorting from peripheral blood after cytokine mobilization. BMDSC exhibit plasticity 
in vitro permitting differentiation into many cell types including those of cardiogenic 
lineage, such as contracting cardiomyocytes, coronary arterioles and capillaries [7]. 
BMDSCs appear to constitute many different cell types, and of these, preclinical stud-
ies [22] and clinical trials have examined several for their potential to promote favour-
able healing after myocardial infarction. Freshly prepared mononuclear cell fraction 
of BMDSCs have been the subject of the largest experience to date, but more specific 
fractions from the bone marrow include precursors of hematopoietic stem cells 
(HSCs), mesenchymal stem cells (MSCs) and endothelial progenitor cells (EPCs), 
which are found in varying quantities within the mononuclear population [23].

HSCs are negative for lineage markers (lin−) but express hematopoietic marker 
CD45 with Sca-1+, CD34+, CD133+ and c-kit+ (CD117) [24]. The 
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 transdifferentiation of HSC into cardiomyocytes and endothelial cells in the heart 
has been demonstrated in animal models. Experiments with the administration of 
c-kit+/lin− HSC in infarcted rat myocardium demonstrated significant cardiogenesis 
in conjunction with improved myocardial perfusion, angiogenesis and collateral 
vessel formation [25], translating into improved myocardial function, whether by 
transdifferentiation or another mechanism [26]. EPCs have the ability to differenti-
ate into endothelial cells, and exist both in the bone marrow and in the peripheral 
circulation. EPCs share a common precursor with the HSCs and are CD34+ but are 
negative for CD45 [27]. Kawamoto et al. demonstrated engraftment, neovascular-
ization and improved cardiac function with both intravenous and intramyocardial 
delivery of EPCs [28, 29].

MSC constitute a small percentage of the bone marrow; they express Stro-1, 
CD90, CD106, CD13 but no classic hematopoietic or endothelial cell markers [30, 
31], and exhibit the capacity to differentiate into cells of several tissue types, includ-
ing osteoblasts, chondroblasts and adipocytes. Our lab and others have demon-
strated that bone marrow-derived MSCs transplanted into infarcted myocardium 
result in functional improvement with reduction of infarct scar area [32–34]. MSC 
also possess immunomodulatory characteristics, inhibiting immune responses dur-
ing allogeneic transplantation in humans [35]. The use of allograft MSCs in animal 
models and in human subjects has followed; graft rejection has not been observed, 
and this approach reduced scar size and improved cardiac function in ischemic car-
diomyopathy (ICM) [16, 36, 37].

 Cardiac Stem Cells

Cells obtained from the heart with the Lin−/c-kit+ phenotype appear to have the 
potential to differentiate into functional cardiac myocytes, smooth muscle cells, and 
endothelial cells in vitro; these CSCs have been applied in animal models and in 
human subjects with the expectation of forming differentiated cardiac myocytes 
in vivo. CSC harvested from the adult heart (for example, from the right atrial 
appendage normally incised during many open heart surgeries) also exhibit other 
markers including Sca-1+ cells [38], side population (SP) cells [39], and ISL-1+ 
cells. Sca1-positive cells constitute 0.3 % of the myocyte compartment, and appear 
to have the potential for expressing cardiac transcription factors and transdifferenti-
ating into cardiac myocytes in vivo [40]. Similarly, cellular and animal studies of 
Sca-1+/CD31cells [41], and SP cells [42] demonstrate cardiomyogenic potential. 
Together with Islet-1+ and c-kit+ CSCs , these and perhaps other cardiac stem cells 
exist in niches [43] from which proliferation, migration and regeneration may occur.

Reconstitution of the cardiac stem cell niche has been proposed to underlie the 
potential efficacy of “cardiospheres,” biologically engineered cultured multicel-
lular structures containing a core of c-kit+ with supporting cells [44, 45], and cells 
derived from cultured cardiospheres have also advanced through the translational 
pathway [46].
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 Pluripotent Stem Cells

Pluripotent stem cells are those which may generate all three germ layers (ectoderm, 
mesoderm, and endoderm) and which self-renew indefinitely; these include embry-
onic stem cells (ESC) obtained from the developing embryo. ESC also have the poten-
tial for cardiac differentiation [47], but development of these cell types for therapy has 
been limited compared to other cells. Despite mechanistically feasible findings, both 
ethical issues and the potential of tumorgenicity [48] have led investigators to other 
approaches towards pluripotency, including nuclear reprogramming of differentiated 
adult cells [49, 50]. Like ESC, induced pluripotent stem cells (iPSC) have been shown 
in small animals to improve heart function after infarction [51].

 Umbilical Cord Stem Cells

Human umbilical cord blood is a rich source of both HSC [52] and MSC [53] and 
these cells maintain proliferative potential which is neither embryonic nor adult, but 
probably in between [54]. Cord blood-derived cells have been used clinically for the 
treatment of hematologic diseases [55]. Transdifferentiation into cardiac myocytes 
and other lineages has been demonstrated [56], and transplantation into infarcted 
myocardium resulted in neoangiogenesis, reduced infarct size and improved ven-
tricular function in animal models [57–59]. The availability of large quantities of 
cord blood may favour therapeutic development [60].

 Adipose Derived Stem Cells

Paradoxically, as clinicians and epidemiologists bemoan the increasing trend 
towards obesity in industrialized societies, human adipose tissue also contains cells 
with multipotent potential [61]. Studies in vitro studies demonstrate ADSC can be 
persuaded to differentiate into cardiac myocyte-like cells [62, 63]. Showing similar 
characteristics as MSCs [64, 65], ADSC have been shown to regenerate damaged 
myocardium in animal studies [66], leading to translational studies with adipose 
tissue derived products in human subjects.

 Cardiovascular Disease Targets for Stem Cell Therapy

 Ischemic Cardiomyopathy

Most studies of cell therapy for myocardial disease have focused on that resulting 
from ischemic damage. Whether in the acute phase of myocardial infarction, or in 
the later stages of chronic ICM, this closely related set of disorders is 
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well- understood after decades of clinical and preclinical investigation, and is par-
ticularly well-represented by small and large animal models [67]. Nonetheless, 
important non-ischemic heart diseases also have been subjected to translational 
investigation for stem cell therapies.

 Non-ischemic Cardiomyopathies

In animal models, inherited non-ischemic cardiomyopathy [68–70], anthracycline 
chemotherapy-associated cardiomyopathy [71, 72], post-myocarditis cardiomyopa-
thy [73, 74], and pacing tachycardia-induced cardiomyopathy [75] have been stud-
ied as potential targets for cell therapies. While clinical investigation and trials in 
these non-ischemic conditions remain fewer than those for acute and chronic isch-
emic myocardial diseases, translation into early phase human investigation for non- 
ischemic cardiomyopathies has begun.

 Regenerative Mechanisms of Stem Cells

The hope that stem cells could replace damaged heart tissue [19, 22] by transdif-
ferentiation into functioning cardiac myocytes and vascular cells (akin to re- 
populating a bare patch of lawn with grass seed) has proved a misleading 
oversimplification. Transdifferentiation may occur as a low-frequency event, but is 
unlikely to explain the magnitude and temporal course of myocardial regeneration; 
instead, the modulation and amplifaction of endogenous processes by the adminis-
tered cell product appears to represent a major mechanism of action [76–78]. In a 
porcine myocardial infarct model, the administration of bone marrow derived 
MSCs resulted in 20-fold increase in endogenous c-kit+ CSCs; this principle was 
further supported by the finding that co-culture with MSCs enriched cardiopoetic 
cells obtained from heart biopsies [33]. Based on this finding of cell-cell interac-
tion between niche-modulating cells and cardiotypic cells, co-administration of 
MSCs and CSCs in porcine chronic ICM was twice as effective as either cell type 
alone [79].

Cytokines which may be involved in this effect include vascular endothelial 
growth factor (VEGF), basic fibroblast growth factor (bFGF), insulin growth factor 
1 (IGF-1), thymosin β4 (TB4), and stromal cell-derived factors 1 (SDF-1) [80], and 
it is likely that these cytokines are expressed with some temporal and spatial speci-
ficity including autocrine feedback, to modulate a local stem cell niche, influencing 
endogenous stem cells for proliferation, differentiation, cardiac remodelling and 
repair [81, 82]. Other paracrine effects may alter the metabolism [83] and recruit-
able contractility [84] of viable cardiac myocytes, and fusion of host cells with 
transplanted stem cells may occur, with the resulting cell exhibiting some of the 
characteristics of each contributor [85].
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 Techniques of Stem Cell Delivery

Cell administration in small animal models typically involved direct myocardial injec-
tion of cell suspensions through the epicardium. Large animal preclinical studies 
opened additional options, most of which have been applied in human subjects, 
including intracoronary infusion (either continuous or by stopping flow with an occlu-
sive balloon), transendocardial injection (with purpose-built devices), transepicardial 
injection (typically adjunctive to open heart surgery), retrograde coronary perfusion, 
and intravenous administration. Each approach has its own logistical and technical 
advantages and disadvantages [86], and as clinical trials progress the outcomes related 
to the delivery technique may influence results as much as does the cell product [87].

Intracoronary administration has been frequently used following acute myocar-
dial infarction reperfusion. If the target vessel is patent, the injured territory can 
accurately be targeted by infusing the culprit coronary, but engraftment will require 
cells to transmigrate across the endothelial lining, homing to sites of injured myo-
cardium [88]. The potential for cell products to occlude the microvascular space is 
more than a theoretical concern [89].

Intramyocardial injection, by either transepicardial or transendocardial approaches, 
avoids these limitations, but increases the complexity of the cell administration proce-
dure. Cells can be delivered directly to injured (or bordering) myocardium, without 
depending on the uncertainty of coronary transmigration. The spatial accuracy of these 
techniques has allowed subsequent analyses of the local influences of cells, revascular-
ization, or the combination [90]. Transendocardial stem cell injection (TESI) into the 
border of an infarct zone appears to confer special benefit with concordant reduction in 
scar size and improvement in local contractility [91], so it makes sense for approaches 
to targeting the injection to be incorporated into trial designs [92]. Integration of CT or 
MR imaging of an infarction with ventriculographic assessment of wall motion permits 
directed delivery using fluoroscopy as the only real-time modality. Simultaneous 
biplane fluoroscopy is particularly advantageous when navigating a catheter in the LV 
chamber. Three- dimensional electromechanical mapping (EMM) [93] adds additional 
detail to the real-time assessment of potential targets for TESI, providing spatial assess-
ment of myocardial viability and contractility [94].

Intravenous infusion of cells avoids most of the technical challenges of the above 
approaches, but most cells are likely to be filtered and retained in the pulmonary 
vasculature [95], reducing the efficiency of this strategy compared to the more 
direct approaches [96, 97].

 Clinical Trials

Comprehensive reviews of clinical trials in the field are regularly published and 
updated [98, 99], and this chapter will not duplicate those efforts. In order that this 
chapter might be of more than transient relevance before becoming out of date, we 
have attempted here to connect the principles of cell biology, cardiac 
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pathophysiology, and clinical trials design for only some of the more than 100 stud-
ies conducted or ongoing.

 Acute Myocardial Infarction

Cell therapy studies for acute MI have included more than 1000 patients, mostly 
receiving BMDSC via intracoronary infusion. Results are mixed. For example, two 
studies can be compared. In a well-conducted, trial enrolling 101 patients with a 
first, anterior MI and receiving reperfusion by PCI, Lunde et al. randomized patients 
to receive bone marrow mononuclear cells (median cell number 68 × 106) by intra-
coronary infusion with stop-flow balloon occlusion. Control patients were not sub-
jected to sham/placebo interventions. At 6 month cardiac MRI, no benefit was 
detected from cell infusion [100].

In contrast, the REPAIR-AMI trial randomized 204 patients with an acute MI to 
receive a ~200 × 106 bone marrow mononuclear cells or placebo 3–7 days after 
initial coronary intervention, again by stop flow intracoronary infusion. In this case, 
both LV ejection fraction changes and clinical endpoints seemed to be improved by 
cell therapy [101].

Among the many potential confounders for these trials, a few might be particu-
larly significant. Important variability exists even among patients meeting the most 
tightly controlled inclusion criteria; differences in the severity and extent of coro-
nary disease, pre-infarction angina, time to treatment, and others will influence the 
extent of myocardial injury, the efficacy of its salvage, the rate of recovery of myo-
cardial contractility after reperfusion, and the net effect on global LV function. 
Ejection fraction, though undoubtedly a powerful marker of future clinical risk, is 
determined by the estimation of end-diastolic LV volume and end-systolic volume; 
it may vary substantially both on a beat to beat basis and as loading conditions 
change. Meta-analyses have been attempted and suggest that bone marrow cell infu-
sion after acute MI may result in improved LVEF, reduced left ventricular end sys-
tolic volume (LVESV), and reduce infarct size [102]. Trends suggesting greater 
benefit in patients with more severely reduced EF are seen in these and other [103] 
trials of cell therapy for acute MI, including studies based on intravenous adminis-
tration [104]. However, only large trials, such as the ongoing BAMI (The Effect of 
Intracoronary Reinfusion of BM-MNC on All Cause Mortality in Acute Myocardial 
Infarction) trial can approach balancing all these variables.

 Chronic Ischemic Cardiomyopathy

In comparison with trials for acute MI, those enrolling patients with ICM include a 
broader range of cell types and delivery strategies. There is also significant hetero-
geneity among the outcome measures studied and the techniques used to 
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characterize changes after cell therapy. Cardiac MRI is particularly useful in this 
regard, allowing quantification of both global and regional myocardial function, and 
measurement of the mass of viable myocardium and scar. While MRI remains the 
most complete technique, CT now approaches MRI in many of these measures. 
Many patients with ICM have implanted pacemakers and defibrillators, which cre-
ate artifacts partially obscuring the heart with either MRI or CT. SPECT, PET, and 
echocardiography have been used as well.

Clinical assessments included in some trials have included the highly subjective 
(NYHA functional class) and more quantitative (MVO2 max) measures. The poten-
tial for placebo effect is particularly great when highly motivated patients with seri-
ous conditions undergo procedures with novel therapies [105], reinforcing the value 
of randomized blinded placebo controlled trials in this arena.

 Bone Marrow-Derived Cells for Ischemic Cardiomyopathy

A number of cell products have been derived from adult bone marrow for preclinical 
and clinical testing. Bone marrow includes a heterogeneous population of cell types, 
among which there may be significant overlapping features. Whether the study 
product was a fresh preparation of bone marrow, was characterized by selecting 
from bone marrow cells for specific surface markers, or was culture expanded, clini-
cal trials of bone marrow-derived cells for chronic ICM are reviewed here.

In 2003 Perin and colleagues published a prospective, nonrandomized, open- 
label safety and feasibility study of bone marrow derived CD34 marker (+) cells 
delivered by transendocardial injection, in 14 patients with severe LV dysfunction 
and ICM versus seven controls [106]. They reported that cell injection was associ-
ated with reduction in myocardial ischemia, improvement in global left ventricular 
function, and mechanical improvement of the injected segments as assessed by 
single-photon emission computed tomography (SPECT) analysis and EMM respec-
tively. Treated patients also had significant improvements in New York Heart 
Association (NYHA) functional capacity, Canadian Cardiovascular Society Angina 
Score (CCSAS), achieved metabolic equivalents (METs) and maximum oxygen 
consumption (VO2 max); results also supported the safety of transendocardial stem 
cell delivery with the NOGA® system.

Randomized trials of bone marrow derived cells have not settled the question of 
whether this approach is effective. The FOCUS-CCTRN trial [107] randomized 92 
patients with ischemic heart disease and LVEF ≤ 0.45 to receive 100 × 106 autolo-
gous bone marrow mononuclear cells, or placebo by transendocardial injection. 
Injections were targeted to 15 sites of viable myocardium as assessed by NOGA® 
electromechanical mapping. At 6 months, echocardiographic LV volume and EF, 
exercise capacity, and SPECT perfusion were not different between groups.

Different endpoints were assessed when our group studied 65 patients with ICM 
and LVEF < 0.50. The TAC-HFT trial [108] compared autologous bone marrow 
mononuclear cells (n = 19) vs placebo (n = 10), and autologous culture-expanded 
bone marrow-derived mesenchymal stem cells (n = 19) vs placebo (n = 11). Cells 

31 Stem Cell Therapy in Heart Failure



736

were injected at ten sites encompassing an infarct scar as assessed by CT or MRI, 
and biplane left ventriculography, using the Biocardia Helical Infusion Catheter®, 
which differs from the NOGA Myostar® in important respects; lacking the electro-
mechanical mapping function of the NOGA system, the Biocardia catheter is navi-
gated to sites selected based on prior cardiac imaging and real-time fluoroscopy. Its 
needle tip is helical, as compared to the straight needle of the NOGA Myostar. In 
this study, the transendocardial injection of cultured mesenchymal stem cells was 
associated with decreasing scar, increasing viable myocardial mass, and improved 
quality of life and 6 min walk distance.

Again, whether discrepant results relate to different patient populations, different 
cell types, different delivery strategies, different endpoint measures and techniques, 
or to the vicissitudes of early phase clinical trials will only begin to be answered 
when additional trial results come available.

The transepicardial approach to cell delivery has also been studied in patients 
with ICM undergoing CABG [109, 110]. Patel randomized 20 patients with ICM to 
undergo off-pump CABG with direct injection of autologous CD34+ cells vs off- 
pump CABG alone [111]. The treatment group had greater improvement in LVEF 
compared to controls at 6 months. Stamm and colleagues randomized patients with 
chronic ICM to receive direct injection of freshly prepared autologous CD133+ 
bone marrow cells along with CABG (n = 20) vs CABG alone (control, n = 20), and 
reported improvement in LVEF and myocardial perfusion at 6 months in the cell 
therapy group [112].

As described above, the intracoronary delivery of cells for acute MI has been 
studied in a large number of patients, but this approach has also been used for deliv-
ery of bone marrow-derived cells in patients with ICM. Small feasibility studies 
[113–116] suggested this might be safe. Strauer et al. compared 191 patients with 
ICM who received autologous bone marrow derived mononuclear cells vs 200 
patients who chose not to receive cell therapy. Efficacy findings were reported 
including improved ejection fraction and long-term survival after cell therapy, but 
the trial design limits certainty of conclusions [117].

 Skeletal Myoblasts

Menasche and colleagues reported in 2001 the transfer of autologous skeletal 
myoblasts into the myocardium by transepicardial injection during CABG in a 
single patient with ICM [118]. Subsequent work by the same group conducted in 
a non- randomized open label fashion suggested improvement in regional systolic 
contractility, but with the new onset of sustained ventricular tachycardia [17]. 
When randomized placebo-controlled design was employed for 97 patients 
undergoing coronary bypass with transfer of skeletal myoblasts (400 × 106 or 
800 × 106 million) or placebo, there was no improvement in regional or global 
LV contractility associated with cell treatment; those receiving myoblasts had 
more arrhythmia events, though total major adverse cardiac events did not differ 
among groups [119].
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Dib administered skeletal myoblasts via transendocardial injection in 12 patients 
with ICM in an open label unblinded randomized fashion, and compared to 11 con-
trol subjects [120]. This trial reported improvement in NYHA class and quality of 
life with myoblasts; left ventricular volume changes were not statistically different 
between groups. Arrhythmia events were not increased with cell treatment. While 
the meaning of changes in serial electromechanical mapping are not known, it is 
interesting that 3 month follow-up mapping in the patients treated with cells showed 
increased unipolar electrocardiographic voltage in the treated segments and the 
hearts as a whole, compared with baseline.

 Cardiac Stem Cells

In the SCIPIO trial, autologous cardiac stem cells identified by the c-kit+ marker 
were obtained from the right atrial appendage of patients undergoing coronary 
bypass surgery, were expanded in culture, then were returned to the patient a mean 
of 113 days later. One-half million to one million cells were administered by intra-
coronary infusion with a stop-flow technique into an infarct territory in a random-
ized, open-label trial of 16 patients. Among nine patients who had baseline and 4 
month cardiac MRI scans, the ejection fraction increased significantly from 27.5 % 
at baseline (i.e., 4 months after CABG, and before CSC infusion), to 35.1 % after 
4 months and to 41.2 % after 12 months, and this seemed to correlate with improved 
NYHA class and quality of life [121].

 Cardiosphere-Derived Cells

In the CADUCEUS trial, heart tissue was obtained by endomyocardial biopsy, a 
minimally invasive transcatheter procedure. Cardiospheres were prepared by cul-
ture from this material, and dispersed cells from these structures were returned to 
the patient by intracoronary infusion. One important difference from some other 
ischemic cardiomyopathy trials is that these patients had very recent infarctions; 
they were enrolled 2–4 weeks after acute MI and were treated (n = 17) 1 ½–3 months 
after infarction in a randomized 2:1 scheme against control treatment (n = 8). Six 
months after treatment, MRI showed reduced scar mass, increased viable myocar-
dium, and improved regional contractility. Chamber volume and EF did not differ 
between groups. Similar findings were reported after 12 month MRI [122].

 Non-Ischemic Cardiomyopathy

While the myocardial disease related to coronary ischemia has been the subject of 
much more preclinical, translational, and clinical study, other forms of cardiomy-
opathy are important and have motivated investigation as well. Idiopathic dilated 
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cardiomyopathy (DCM), and specific entities such as familial cardiomyopathies or 
chemotherapy-associated cardiomyopathy are beginning to be studied with the hope 
that cell therapy may regenerate or repair damaged myocardium.

Arguero et al. conducted the first clinical trial including bone marrow-derived 
cells delivery by surgical transepicardial injection, including in five patients with 
DCM [123]. Similarly, Arom et al. administered peripherally circulating cells by 
thoracoscopic injection in 20 patients with ischemic cardiomyopathy and 21 patients 
with DCM [124]. Both studies reported improved LVEF and functional status.

Fischer-Rasokat et al. conducted a study in 33 patients with DCM using an intra-
coronary infusion of BMDSC. After 3 months, cardiac function improved signifi-
cantly and at 12 months N-terminal prohormone brain natriuretic peptide 
(NT-proBNP) serum levels were also decreased [125]. Improvements in quality of 
life, clinical symptoms, exercise capacity and cardiac function were reported in a 
similar study conducted by Martino et al. [126].

In the first randomized, open label, controlled trial performed by Seth et al., 
patients with DCM (n = 24) were administered autologous bone marrow mononu-
clear cells, and compared to 20 control patients. Cell administration was by intra-
coronary infusion, during balloon occlusion of the coronary sinus effluent. At 
6 months, the treatment group demonstrated significant improvements in the LVEF, 
NYHA scale, and cardiac volumes compared to controls [127]. A later report from 
the same group continued to show improved cardiac function and clinical symptoms 
with treatment (n = 41) compared to control (n = 40) [128].

Vrtovec has reported the long-term follow-up of 110 patients = DCM who were 
randomized to receive open-label intracoronary infusion of CD34+ cells obtained 
by GM-CSF mobilization and apheresis, or control. LVEF increased up to 3 years, 
after which improvement declined, but at 5 years, the patients receiving cells still 
had higher LVEF and 6-min walk distance, and lower N-terminal B-type natriuretic 
peptide (a blood biomarker of heart failure.) [129].

Taken in context, these results do suggest that the treatment of non-ischemic 
cardiomyopathies is feasible and can be considered; randomized blinded placebo 
controlled trials will be required before firm conclusions can be drawn about 
efficacy.

 Autologous Vs Allogeneic

As surveyed herein, a variety of autologous cell products have been subjected to 
early stage testing with a variety of strategies. While autologous cells would be 
expected to avoid the potential of host rejection, compared with the possibility of 
donor-derived allogeneic products, autologous cells do have important practical and 
clinical limitations. Depending on the cell type being prepared, tissue acquisition 
and processing, and culture expansion impose logistical obstacles to treatment when 
it might be needed. Furthermore, it has been suggested that stem cells from older, 
sicker patients are marked by smaller number or less potency [130]. Finally, the 
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requirement to prepare (and perform pre-release quality testing for) a cell product 
for each individual patient is an expensive undertaking.

Allogeneic cell products, for example from young healthy donor tissue, might 
overcome these obstacles. Patients with comorbid conditions would be spared tissue 
harvest, and the product could eventually be prepared in large quantities in advance 
for administration when a patient’s clinical situation is ideal for treatment (with so- 
called “off the shelf” allogeneic products.) Whether the safety and efficacy of allo-
geneic cell therapies would be limited by rejection is preliminarily addressed by a 
few studies.

Mesenchymal stem cells, in particular, seem to have characteristics which do not 
induce immune rejection. MSC have been transplanted in ischemic and non- 
ischemic myocardium in large animal models [37], and in human subjects [104] 
without the use of immunosuppressive drugs. Penn et al. reported the administration 
of a proprietary allogeneic cell product via a novel coronary adventitial delivery 
system in 25 patients with acute MI; 19 received cells, and six were enrolled in a 
non-randomized control registry. Cells were given 2–5 days after infarction. No 
humoral or cellular immune reactions were detected.

In 2012, Penn conducted a similar study in 25 patients with AMI. Patients receiv-
ing MSC demonstrated no immune response, with improvement in LVEF and left 
ventricular volumes at 4 months, especially in patients receiving the 50 million dose. 
Improved echocardiographic LVEF was reported for the cell-treated patients [131].

In the POSEIDON study, our group randomized patients with ICM to receive 
either allogeneic or autologous MSC by fluoroscopically-guided transendocardial 
injection (TESI). Allogeneic cells did not elicit alloimmune reactions, and both 
cell types were associated with reduction in the CT scan early contrast enhance-
ment defect [132], with scar reduction and improved regional contractility par-
ticularly at sites of TESI, and particularly in regions with severely impaired 
baseline contractility [91].

 Conclusions and the Future

Here we have surveyed a sample of the preclinical and clinical investigation to date 
in the field of cell therapy for myocardial disease. While a large number of early 
phase studies have been completed, they are marked by great heterogeneity of pur-
pose and design, so that it is premature to draw many certain conclusions. While it 
is possible that publication bias has improved the overall picture, the field is notable 
for a relative absence of trials showing adverse effects of cell therapy, with the 
exception of possible arrhythmogenesis with skeletal myoblasts, and the procedural 
risks of applying the therapy.

Particularly in light of the safety findings of phase I trials, and the various dem-
onstrations and suggestions of efficacy summarized here, it is reasonable to hope for 
results with future trials which might lead clinicians and patients to make rational 
decisions about regenerative approaches to treating heart disease.
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Overreliance on EF as an endpoint may obscure clinically relevant findings, as 
we see a number of studies showing substantial clinical improvement without paral-
lel increases in EF. While EF is a powerful tool for stratifying risk in many myocar-
dial diseases, it is highly dependent on loading conditions, and is derived from 
end-diastolic and end-systolic volumes; reduction of both volumes, for example, 
might indicate favorable remodeling (particularly when accompanied by change in 
the geometry of the ventricle) even without increase in EF.

The mechanisms of action of exogenously administered cells are now under-
stood to be substantially more complex than merely “re-seeding a bare spot of 
lawn,” and laboratory investigation conducted in parallel with clinical trials will 
continue to shed light on the ways in which stem cells’ interaction with host cells, 
their secreted products, anti-inflammatory and anti-fibrotic properties, and physical 
behaviors influence outcomes.

Techniques which manipulate cells, such as overexpression of anti-apoptotic sur-
vival genes have shown promise in preclinical studies [133]. The practical implica-
tions remain to be seen, particularly with regards regulatory processes. Other 
approaches to increasing the regenerative potential of cell therapy for myocardial 
disease will include tissue engineered constructs [134], adjunctive molecular thera-
pies, and combinations of cell types [135].
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Chapter 32
Origins of Quality Metrics

Howard M. Julien and David J. Whellan

 Origins of Quality Metrics

The movement toward the use of quality metrics to shape the delivery of clinical 
care has its origin in the advent of the evidence based health care (EBHC) move-
ment. EBHC “is the conscientious use of current best evidence in making decisions 
about the care of individual patients or the delivery of health services” [1, 2]. 
Evidence based healthcare encompasses the practice of evidence based medicine 
(EBM) which was best defined by Sackett et al. in their 1996 editorial on the sub-
ject. “Evidence based medicine is the conscientious, explicit, and judicious use of 
current best evidence in making decisions about the care of individual patients” [3]. 
It lies at the intersection between best external evidence, patient values and expecta-
tions, and individual clinical expertise (Fig. 32.1).

EBM is the practice of using data from studies comparing the efficacy of multi-
ple interventions or treatments to guide clinical practice. Quality metrics have their 
origin in EBM which in turn developed out of application of findings of clinical 
epidemiology. Parallel to developments in research techniques were social factors 
that combined to lead to the development of quality measures and the current health 
care landscape.

The quality measurement and improvement initiative began in the late 1990s 
with the development of a consensus recognition amongst healthcare providers and 
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industry leaders that a disconnect existed between the care that should be delivered 
and that which was actually delivered.

The Institute of Medicine established six aims of improvement to address areas 
where the health care system underperforms. They postulate that healthcare should be: 
safe, effective, patient centered, timely, efficient and equitable [4]. National efforts to 
describe where and to what extent the health care system underperforms led to the pas-
sage of the title IX of the Public Health Service Act (42 U.S.C. 299 et seq.). Section 913 
(a)(2) of the title outlines the creation of the Agency for Healthcare Research Quality 
(AHRQ) and charges the agency with generating “an annual report on national trends 
in the quality of healthcare provided to the American people.” This annual report, 
known as the National Healthcare Quality Report (NHQR) or Quality Report for short, 
was first published in 2003 and outlined five key findings:

 1. High quality health care is not yet a universal reality
 2. Opportunities for preventative care are frequently missed
 3. Management of chronic diseases presents unique quality challenges
 4. There is more to learn
 5. Greater improvement is possible

The first national program for the measurement and reporting of hospital quality 
was started by the Joint Commission in 1998 with its ORYX initiative [5] The Joint 
Commission (formerly known as the Joint Commission on Accreditation of 
Healthcare Organizations- JCAHO) is an independent not for profit organization 
that accredits and certifies more than 19,000 health care organizations and programs 
in the United States. In 2002, hospitals accredited by the Joint Commission were 
required to collect and report non-standardized data for two four core health 
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Best
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Patient values
& expectations

EBM

Fig. 32.1 Foundations of 
evidence based medicine 
(EBM) [2]
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 measures (heart failure, acute myocardial infarction, pregnancy and pneumonia). 
These data were first made available to the public in 2004 [6].

 Overview of Quality Metrics

Any attempt to improve a process first begins with a definition of what the goal 
of improvement is. In the realm of health care delivery and patient care, this 
necessitates the definition of quality health care. The most concise definition 
comes from the National Committee for Quality Assurance (NCQA), a private 
not- for-profit organization founded in 1990 that collects annual data from pro-
viders and health plans and compares the results against developed standards in 
order to effect change. The NCQA defines quality health care as the “extent to 
which patients get the care they need in a manner that most effectively protects 
or restores their health” [7]. According to the NCQA this includes receiving pre-
ventative care as well as timely access to effective, evidence based medical treat-
ments. The ultimate goal of these interventions as outlined in their vision and 
mission statements is to improve/transform health care quality through measure-
ment, transparency and accountability.

The NCQA uses a continuous three stage cycle of measurement, analysis and 
improvement to drive change. Self-reported data in more than 40 areas are obtained 
from health plans and providers on an annual basis. The NCQA has developed stan-
dards in conjunction with health plans, large employers, patients, doctors and policy 
makers so that consensus could be reached on which outcomes are important to 
measure and how to measure them. The comparison of self-reported data on an 
annual basis with standards established by the NCQA becomes the substrate orga-
nizations used to develop focused health care quality improvement initiatives and to 
create agendas within an organization for subsequent years.

As outlined by the Institute of Medicine (IOM), quality improvement initiatives 
should aim to develop systems that are safe and designed to avoid injury as well as 
provide services that are effective, patient centered, delivered efficiently and in an 
equitable manner. To achieve these aims, quality metrics should have “scientific 
validity, specification of numerators and denominators, and certainty that a potential 
measure is interpretable, applicable, and feasible” [4].

 Metrics Versus Guidelines

Often confused with guideline recommendations, performance measurements are 
used to construct a framework for the boundaries of care. As outlined by the 
American College of Cardiology Foundation and the American Heart Association 
(ACCF/AHA) task force on performance measures, “performance measures 
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identify aspects of care for which the failure to provide a particular process of care 
is judged as poor clinical performance” whereas practice guidelines delineate “pro-
cesses of care that should that should generally be used in patients with a given 
condition” [8]. As highlighted by the writing committee to develop heart failure 
clinical performance measures in 2005, development of quality metrics aims to cap-
ture implementation of those processes or structural aspects of care whose support-
ing evidence “is so strong that failure to perform such actions reduces the likelihood 
that optimal patient outcomes will occur” [9].

 Process Versus Outcome Measures

Once the goal of a quality improvement initiative has been identified, the individual(s) 
or group undertaking the initiative need tools to study existing processes and the 
outcomes they result in. Outcome measures quantify high level safety, patient care 
and financial endpoints that indicate how well an organization is meeting its goals. 
Ideally, outcome measures specify a population to study and a specific timeline over 
which the measure would be applied.

Process measures assess the specific steps or tasks in a pathway that lead to a 
specific outcome metric. Several process measures can be studied sequentially to 
codify the steps that lead to the outcome measure of interest (Fig. 32.2). While out-
come measures can be used to measure the overarching goals and directions for a 
healthcare organization, process measures are used to steer granular interventions 
towards these goals.

 Heart Failure as a Quality Focus: Rationale for Measurement

 Improvement in Quality of Care

Health care quality metrics are developed for a wide array of audiences and reasons. 
Patients and purchasers may use them when deciding on providers and plans, insti-
tutions and individual providers may use them as tools to drive performance 
improvement initiatives, assess resource utilization or compare themselves with 
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Process
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Fig. 32.2 Relationship of process measures to outcome measures
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competitors. Donabedian proposed in 1991 that the quality of healthcare could be 
assessed by assessing its structure, process and outcomes [10]. In the United States, 
the IOM defines healthcare quality as “the degree to which health services for indi-
viduals and populations increase the likelihood of desired health outcomes and are 
consistent with current professional knowledge” [11].

Process measures provide information about health care delivery that can be 
used to affect change within a system. Process measures carry the additional benefit 
of requiring little--if any, risk adjustment for patient illness. The development of a 
process measure requires identification of an eligible population to which the mea-
sure is then applied [12]. An example would be to measure the percentage of all 
patients with left ventricular systolic dysfunction (eligible population) that have 
been prescribed and angiotensin converting enzyme inhibitor (ACEI) or an angio-
tensin receptor blocker (ARB).

• Chassin and colleagues proposed that process measures be judged against 4 cri-
teria in order to maximize their relevance to clinical outcomes [5]. Measures 
should: be grounded in strong evidence linking the process of care to improved 
outcomes

• accurately capture whether or not the process of care being measured was 
performed

• address processes that have few intervening processes of care between the one 
being measured and the outcome that is targeted

• have small to no chance of inducing adverse events

 Rationale for Heart Failure as a Quality Focus

In Crossing the Quality Chasm, the IOM makes the case that focusing on specific 
conditions provides added meaning to patients as well as those involved in the 
utilization, delivery, strategic implementation or purchasing of health care [4]. In 
addition to aligning the multiple stakeholders involved in healthcare delivery and 
utilization, prioritizing disease conditions can help combat forces that fragment 
and misalign the health care system and stifle systematic quality improvement 
efforts.

Heart Failure is an important national public health issue with widespread 
prevalence, significant morbidity, mortality, and cost implications for patients, 
providers and payors (both public and private). Of all diagnoses, more Medicare 
dollars are spent on congestive heart failure diagnosis and treatment than any 
other in the United States. An estimated five million Americans live with the 
diagnosis and an additional 550,000 diagnoses are made each year [13]. 
Understanding of the pathophysiology of the disease has led to the development 
of non-invasive, pharmacologic and biomechanical tools to diagnose and treat 
heart failure. Despite these significant advances, evidence indicates that the 
implementation and use of these new tools falls below that which might be 
expected.
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The NCQA describes the fragmentation of the United States health care system 
as one in which “episodic care is delivered by a range of providers who are not as 
well-connected to one another as they should be” [14]. Furthermore, “poorly coor-
dinated care is frequently lower quality, more expensive and can result in poor 
health outcomes.”

 Major Organizations Developing Quality Metrics

 ACC/AHA/PCPI

In February 2000 the AHA/ACCF Task Force on Performance Measures was cre-
ated to develop guidelines across the scope of cardiovascular disease care. In 
2003 the ACC, AHA and Physician Consortium for Performance Improvement 
(PCPI) developed measures for heart failure patients that received care in the 
outpatient setting. The ACCF and AHA first developed inpatient clinical perfor-
mance measures for adults with chronic heart failure in 2005 [9] Five inpatient 
measures and 11 outpatient measures were proposed based on 2005 ACCF/AHA 
class I and class III guideline recommendations for the diagnosis and manage-
ment of heart failure as well as the Team Management of Patients with Heart 
Failure: A statement for Healthcare Professionals From the Cardiovascular 
Nursing Council of the American Heart Association. These measures were most 
recently updated in May 2012 by the Heart Failure workgroup and published in 
conjunction with the PCPI. This updated measure set expanded its scope to 

Table 32.1 ACC/AHA attributes for satisfactory performance measures [15]

Useful in improving patient 
outcomes

Evidence-based
Interpretable
Actionable

Measure design Denominator precisely 
defined
Numerator precisely 
defined
Validity Face validity

Content validity
Construct validity

Reliability
Measure implementation Feasability Reasonable effort

Reasonable cost
Reasonable time period for collection

Reprinted with permission from Bonow et al. [15], © 2012
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include guidelines from the European Society of Cardiology and the Heart 
Failure Society of America (HFSA) [15].

Measures put forth by the (ACCF/AHA/PCPI) in the 2012 update have been 
streamlined to include both the ambulatory and hospital care settings with the aim of 
quantifying processes (process measures) in patients with heart failure meant to favor-
ably influence morbidity and mortality (outcome measures). Five outpatient measures 
and three inpatient measures from the 2005 version of the guidelines were retired with 
this update. Currently, nine measures exist divided into three groups- outcome mea-
sures, process measures and paired/bundled measures (Tables 32.1 and 32.2) [15].

Among measures that were considered for inclusion in the 2012 update but did 
not make final inclusion were: use of aldosterone antagonists, implementation of 
cardiac resynchronization therapy (CRT), combined nitrate and hydralazine therapy 
in addition to standard medical therapy with ACE inhibitors or ARBs and beta 
blockers for African American patients with heart failure. Reasons for exclusion 
varied from niche target population (aldosterone antagonists), incomplete definition 
by existing literature of patient population best served (CRT) and narrow clinical 
trial data combined with significant systems based barriers to implementation (com-
bined nitrate and hydralazine therapy for African American patients with HF).

 The Joint Commission

The Joint Commission announced its first four core measurement areas for hospitals 
in May 2001. These included acute myocardial infarction and heart failure. The 
three measures in the heart failure measure set are outlined below (Table 32.3) [16] 
and are heavily influenced by ACC/AHA guidelines outlined above. The Joint 
Commission launched its disease specific care certification program in 2002 and to 
date encompasses at least 26 different programs. Disease specific care certification 
is available to Joint Commission accredited organizations for 2 year periods with 
interval reassessment after 1 year [17].

The population for the heart failure measure data set is derived from patients 
admitted to a hospital for inpatient acute care and discharged to home, homecare 

Table 32.3 Joint 
Commission/CMS heart 
failure quality measure set 
[16]

HF set measure ID Measure short name

HF-1 Discharge instructionsa

HF-2 Evaluation of LVS functiona

HF-3 ACEI or ARB for LVSD

Reprinted with permission © Joint Commission Resources: 
(Heart Failure Core Measure Set). Oakbrook Terrace, IL: Joint 
Commission on Accreditation of Healthcare Organizations, 
(Table). (http://www.jointcommission.org/assets/1/6/Heart%20
Failure.pdf). Reprinted with permission and electronic copies
aDenotes Non-accountability Measure
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or court/law enforcement. Patients with a principal ICD-9-CM diagnosis code for 
heart failure are selected from this population and those with an ICD-9-CM prin-
cipal or other procedure code of Left ventricular Assist Device or Heart Transplant 
are excluded. The variables admission date and birthdate are used to calculate age. 
Patients with ages upon admission greater than 18 years of age and length of stay 
less than or equal to 120 days were eligible for sampling. Based on Joint 
Commission specifications, hospitals may choose to sample data on a quarterly or 
monthly basis with the minimum sample size reported graduated by the initial 
patient population size.

The HF-1 measure set is a process type performance measure that aims to assess 
an institution’s patient/caregiver education initiatives. It is reasoned that patient/
caregiver education initiatives will result in a reduction in patient non-compliance 
with diet and medications- a key factor behind changes in a heart failure patient’s 
clinical status. Institutions must provide evidence that written instructions or 
 educational materials were given to the patient/caregiver either during the hospital-
ization or upon discharge. Based on the population listed above the percentage of 
patients who are sent home with discharge instructions is tabulated. In addition to 
the standard exclusions listed above, patients that are enrolled in clinical trials or are 
documented to receive comfort measures only are excluded from the denominator. 
The instructions/educational material provided is required to address information 
on activity level, diet, discharge medications, follow-up appointment, weight moni-
toring and contingency plans if symptoms worsen.

The HF-2 measure set is a process type performance measure that aims to have 
assessment of Left Ventricular Systolic (LVS) function Similar to the HF-1 measure 
set, patients that are enrolled in clinical trials or are documented to receive comfort 
measures only were excluded from the denominator. In addition, patients discharged 
to another hospital, who left against medical advice, who expired, who were dis-
charged home or to a health care facility for hospice care or had reasons docu-
mented by a physician/physician assistant/advanced practice nurse for no LVS 
function evaluation were all also excluded.

Also a process type performance measure, the HF-3 measure set examines the 
proportion of heart failure patients that are prescribed an ACE inhibitor or ARB at 
hospital discharge in comparison to all heart failure patients with left ventricular sys-
tolic dysfunction (LVSD). The denominator for this measure once again includes the 
standard population of patients in the heart failure measure dataset and patients with 
“chart documentation of a LVEF less than 40% or a narrative description of LVS func-
tion consistent with moderate or severe systolic dysfunction.” Of the three measures 
in the Joint Commission HF measure set it is the only one designated as an account-
ability measure.

The Joint Commission recently relaxed its requirements for reporting heart 
failure related outcomes for accredited. As of January 1, 2015 hospitals are no 
longer required to report the core measures listed above. Those that started to 
report data for calendar year 2014 must continue to do so through the last quarter 
of 2014 [18].
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 National Quality Forum

The National Quality Forum (NQF) a voluntary consensus standards setting organi-
zation published in January 2012 a statement endorsing 39 cardiovascular care qual-
ity measures. Of these, nine relate to heart failure and encompass measures that 
have been delineated by members of consortium groups listed above- CMS, PCPI, 
AHRQ (Table 32.4) [19].

 Performance of Metrics in Clinical Practice

Scrutinio et al. have described the beneficial effect of process of care measures on 
1 year post hospital discharge survival. In an analysis of 496 patients with acute 
decompensated heart failure, eligible for treatment, significant improvement in 1 
year mortality was associated with discharge prescription of rennin angiotensin 
system inhibitors RASIs (RR0.59; P = 0.015), beta blockers (RR 0.44; P < 0.001) 
after adjusting for known prognostic risk factors. In addition, the combination 
therapy, which was not adopted in the ACCF/AHA/PCPI HF performance measure 
set was also found to have significant improvement in 1 year post hospital dis-
charge survival. Prescription of aldosterone antagonists and planned cardioverter-
defibrillator implantation failed to reach statistical significance (RR 0.87 and 0.49 
respectively) [20].

Mazimba et al. examined the relationship between adherence to performance 
metrics and 30 day hospital readmission rates in a retrospective study of 6063 
patients admitted with congestive heart failure to one of four hospitals in a regional 
health system. The study prospectively assessed adherence to four quality mea-

Table 32.4 Heart failure subset of AHRQ endorsed cardiovascular measures [19]

Number Measure Name Organization

0079 Heart failure: LVEF assessment (outpatient setting) PCPI
0081 Heart failure: ACEI or ARB therapy for left ventricular systolic 

dysfunction
PCPI

0083 Heart failure: beta-blocker therapy for LVSD PCPI
0135 Evaluation of left ventricular systolic dysfunction CMS
0162 ACEI or ARB for left ventricular systolic dysfunction – heart 

failure patients
CMS

0358 Congestive heart failure (CHF) mortality rate AHRQ
0229 Hospital 30-day, all-cause, RSMR following HF hospitalization for 

patients 18 and older
CMS

0330 Hospital 30-day, all-cause, risk-standardized readmission rate 
following heart failure hospitalization for patients 18 and older

CMS

0277 CHF admission AHRQ

CHF congestive heart failure, HF heart failure, LVEF left ventricular ejection fraction, LVSD left 
ventricular systolic
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sures- administration of written discharge instructions, LV systolic function mea-
surement, ACE inhibitor or ARB prescribed at discharge, smoking cessation 
advice given. Readmission rates increased from 16.8 % to 24.8 % over the time 
period from 2002 to 2008 while adherence to performance measures increased 
from 95.8 % to 99.9 %. Aside from assessment of LVEF, 30 day readmission rate 
was not  associated with adherence to performance measures. Readmitted patients 
were found to have twice the odds of not having had their LVEF measured (OR 
2.0; p < 0.00005; CI 1.45–2.63) [21].

Although clinical trials have been used to develop best care guidelines which 
have in turn been used to develop quality measures, evidence in the form of clinical 
trials fails to support this seemingly logical progression. Miller et al. examined the 
association between JCAHO accreditation scores and AHRQ’s Inpatient Quality 
Indicators and Patient Safety Indicators (IQIs and PSIs). Despite high scores on 
JCAHO measures by most institutions, IQI and PSI performance varied with no 
significant relationship between them. JCAHO categorical accreditation decisions 
were not significantly related to IQI/PSI performance [22].

 Accountable Care Organizations

The Patient Protection and Affordable Care Act (PPACA) or simply Affordable 
Care Act (ACA) was signed into law March 2010. One of the many changes to gov-
ernment sponsored healthcare delivery that it calls for is the creation of accountable 
care organizations (ACOs) whose goals are to manage and coordinate care for 
Medicare fee for service beneficiaries. Furthermore, “ACOs that meet quality and 
performance standards established by the Secretary are eligible to receive payment 
for shared savings” [23].

These changes come as a part of the shared savings program for Medicare man-
dated to be enacted no later than January 1, 2012. They are designed to promote 
accountability for a patient population, coordinate services, and promote “invest-
ment in infrastructure and redesigned care processes for high quality and efficient 
service delivery. Providers of services and suppliers in an ACO continue to receive 
payments under the original Medicare fee for service program under parts A and B 
“in the same manner as they would otherwise except that a participating ACO is 
eligible to receive payment for shared savings.” In order to participate, ACOs must 
serve at least 5000 Medicare fee for service beneficiaries and participate in the 
shared savings program for at least 3 years.

Measures to assess quality of care provided by ACOs have been broadly divided 
into three categories: clinical process and outcomes, patient/caregiver experience of 
care and utilization (i.e. rates of hospital admissions). Furthermore, failure to meet 
quality performance standards are grounds for termination of agreements with 
ACOs. Quality of care will be measured using national standards applied to four 
domains- patient/caregiver experience, care coordination/patient safety, preventa-
tive health and at risk populations. Heart failure patients have been identified as one 
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of these at risk populations and the quality measure assigned is beta blocker therapy 
left ventricular systolic dysfunction. This quality measure focuses on the population 
of patients aged 18 or older with heart failure and a current or prior left ventricular 
ejection fraction less than 40 percent. Beta blocker therapy had to be prescribed 
within a 12 month period when seen in the outpatient setting or at hospital  discharge. 
Data on this outcome is to be collected using the ACOs group practice reporting 
option (GPRO) web interface that is designed for clinical quality measure 
reporting.

Ultimately, quality measure data collected will be used to guide a new pay for 
performance initiative gradually phased in over the minimum 3 year period of 
 participation in the ACO. In the first year, a pay for reporting policy is applied to all 
33 quality measures. In the third year of participation, pay for performance mecha-
nisms will apply to 32 of the 33 quality measures. National benchmark data will be 
collected and released at the start of the second year when pay for performance 
begins on many of the quality measures. For the heart failure population, pay for 
performance with respect to prescription of beta blocker therapy for patients with 
left ventricular systolic dysfunction is delayed until the third year of participation in 
the ACO. A minimum attainment level will be set at 30 percent/30th percentile of 
the performance benchmark with a sliding scale point value assigned up to the max-
imum attainment value at or above 90 percent/90th percentile of the benchmark of 
national performance.

Final scores are based upon a composite of the average points obtained within 
each of the four domains listed above and an overall score that will be used to deter-
mine an overall quality performance score and sharing rate. Should an ACO fail to 
achieve a minimum attainment level on 70 percent of measures in each domain it is 
at risk of being placed on a hitherto unspecified correction plan.

 Bundled Payments

The bundled payments for care improvement (BPCI) initiative was developed by the 
Center for Medicare and Medicaid Innovation (created by the ACA) as an innovative 
payment model that develops payment arrangements for organizations based on epi-
sodes of care. This is in contrast to the traditional model which calls for payments to 
be made to providers for each of the services they provide related to a single illness or 
course of treatment. These new payment arrangements include financial and perfor-
mance accountability for episodes of care. It is postulated that this payment model 
will result in the reduction of health care costs for Medicare while increasing coordi-
nation among service providers as well as overall quality of care provided.

CMS announced on January 31, 2013 health care organizations that were selected 
to participate in the bundled payment for care quality improvement initiative. The 
BPCI initiative is being tested using four implementation models- each of which 
defines an episode of care differently [24].
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In the first model, the episode of care is defined as an inpatient stay in an acute 
care hospital. Medicare will make separate retrospective payments to hospitals and 
physicians using the existing Inpatient Prospective Payment System (IPPS) and the 
Physician Fee Schedule respectively. Payments to hospitals under this model are 
discounted from the IPPS; however, hospitals and physicians have the opportunity 
to “share gains arising from the providers’ care redesign efforts” [24].

The second and third models call for retrospective payments however, the second 
implementation model defines the episode as an inpatient stay in an acute care hos-
pital (including all related services and ending 30, 60 or 90 days after discharge) 
while for the third model and episode of care is triggered by a stay at an acute care 
hospital and begins at initiation of post-acute care services. These services include 
participating skilled nursing facilities, inpatient rehabilitation facilities, long-term 
care hospitals or home health agencies.

Unlike the previous three models, the fourth model calls for a single prospective 
bundled payment to hospitals for all services provided during the stay by hospitals 
themselves, physicians and other providers involved with care. Instead of submit-
ting claims to Medicare as per usual, physicians and other providers will submit 
“no-pay claims” and will receive payment by the hospital from the initial bundled 
payment. Readmissions for up to 30 days after the initial hospital discharge will be 
included in the bundled payment amount paid to the hospital.

 Controversies

There exist several potential mechanisms explaining discrepancies between 
improvements over time as determined by quality metrics and actual patient out-
comes. Process measures may not accurately capture the implementation of the 
rationale that they were designed for. The HF-1 performance measure encompasses 
six different potentially complex components that must be addressed in discharge 
instructions but does not capture patient understanding of instructions given. 
General level of education, health literacy and learning style can vary greatly among 
patient populations and can impact the degree to which interventions are successful. 
Quality measures that are tied to patient satisfaction may cause health care provid-
ers to allocate resources previously directed towards patient care instead towards 
“customer service” at the expense of clinical outcomes.

The creation of the Medicare shared savings program attempts to reward provid-
ers and suppliers for care coordination and delivery of high quality care. It is not 
clear that delivery of high quality care directly results in health care cost savings. 
This creates the potential challenge of incentivizing practices that may not be fis-
cally sustainable in the long-term. Additionally, potential exists for quality metrics 
to incentivize outdated and even potentially harmful clinical practices if quality 
metrics and incentives for meeting those practice metrics are not updated on a regu-
lar basis in order to keep up with the most current body of scientific evidence [25].
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In the largest and most recent prospective study to date, Fonarow et al. examined 
the association between ACC/AHA performance measures for 5791 patients hospi-
talized with heart failure at 91 hospitals in the United States in the OPTIMIZE-HF 
registry and 60 to 90 day mortality [26]. The study found that none of the five ACC/
AHA heart failure performance measures- aside from ACEI or ARB use at  discharge 
were associated with a statistically significant reduction in risk of early mortality 
(60 to 90 days after hospital discharge). Beta blocker use at the time of hospital 
discharge (which was not one of the ACC/AHA heart failure performance measures 
at the time of the study) was a significant predictor of reduced risk of mortality 
(Hazard ratio 0.48; 95 % confidence interval 0.30–0.79; P = 0.004).

Schopfer et al. in their study of heart failure performance measure compliance at 
3665 hospitals in the United States found that hospitals in the top quartile of 
 composite compliance had significantly lower 30 day mortality rates than those in 
the bottom quartile of composite compliance (11.1 % versus 11.5 % p < 0.001). No 
significant difference in 30 day readmission rates were seen (24.7 % versus 24.9 %, 
p = 0.098). These data were limited by the observation that more compliant hospi-
tals in the dataset were located in referral areas with fewer whites, greater propor-
tions of Hispanics and Asians, more high school graduates, more individuals with a 
graduate degree, and higher household income. These hospitals also had more heart 
failure admissions per year and were less likely to be a critical access hospital. After 
adjusting for age, race/ethnicity, income, education, number of HF admissions and 
type of hospital, hospitals in the top quartile of composite compliance failed to have 
statistically significant 30 day mortality rates when compared with all other hospi-
tals (11.2 % versus 11.3 %, p < 0.59). 30 day hospital readmission rate failed to 
reach statistical significance for both the adjusted and the unadjusted analysis [27].

Furthermore, regional variation in healthcare costs and practice environments 
do not seem to be accounted for in pay for performance mechanisms. For more 
than 20 years the Dartmouth Atlas of Health Care has used administrative data 
and survey information to chronicle differences in health care resource utilization. 
Pressures to conform to national quality standards potentially places undue bur-
dens on practitioners in large metropolitan areas where costs of delivering care 
can be higher.

With the possibility of quality measures being tied to reimbursement in the 
future, pressure may develop to secure reimbursement through compliance with 
process measures rather than undertaking initiatives that improve quality of patient 
care. In the 2012 update to the heart failure performance measure set, the ACCF/
AHA recognized that their measure of discharge instructions resulted in “improved 
adherence without regard to the quality of discharge instructions provided.”

Clinical research has borne tremendous advances in the diagnosis and treatment 
of heart failure over the past several decades. These advances have been compiled by 
professional societies into best practice guidelines. In an effort to ensure that all 
patients receive care that is safe, effective, efficient, timely, patient-centered and 
equitable -in keeping with IOM recommendations, quality metrics have emerged 
from the and appear to have an ever growing role in shaping the delivery of health 
care for patients with heart failure. The basic and clinical science behind the treat-
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ment of heart failure is constantly evolving therefore it is imperative that quality 
measures adapt to reflect changes in best clinical practice.
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Chapter 33
Exercise and Patients with Heart Failure

Donna Mancini

 Reduced Exercise Capacity in HF

Heart failure is defined as the inability of the heart to adequately perfuse metaboliz-
ing tissues. The classic symptoms of heart failure (CHF) are exertional fatigue and 
dyspnea. Traditionally it has been hypothesized that the major limitation to exercise 
performance in CHF patients results from a reduced cardiac output response to 
exercise leading to skeletal muscle underperfusion and lactic acidosis [1, 2]. 
However, secondary changes in other organ systems such as skeletal muscle, the 
vasculature and the lungs play an important role in the genesis of both fatigue and 
dyspnea [3].

Heart failure can occur in patients with both reduced and preserved systolic func-
tion. Exercise performance in patients with reduced systolic function will be the 
focus of this chapter.

 Central Hemodynamic Factors

Cardiac disease can limit an increase cardiac output from a variety of mechanisms 
including decreased contractility, decreased chronotropic response, active ischemia, 
obstruction to flow and pulmonary hypertension [4]. In the presence of a reduced 
cardiac output, the heart is dependent on three principle compensatory mechanisms to 
maintain normal function. First, the Frank-Starling mechanism, which increases pre-
load to sustain cardiac stroke volume. Second, myocardial hypertrophy occurs, to 
increase the mass of contractile tissue. Third, the sympathetic nervous system is 
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activated to augment myocardial contractility. In the short term, these compensatory 
mechanisms serve to preserve cardiac output but with persistent stimulation ultimately 
become detrimental, contributing to the progression of the disease process. Figure 
33.1 shows a schematic illustrating the methods of increasing cardiac output in 
response to exercise in normal subjects (a) and those with systolic heart failure (b) [4].

In heart failure patients, decreased exercise capacity has similarly been attributed 
to a decreased cardiac output response which leads to skeletal muscle underperfu-
sion and intramuscular lactic acidosis [1, 2]. This is based on observations that 
patients with heart failure exhibit reduced cardiac output responses to exercise com-
pared to normal subjects. Additionally, there is a pronounced increase in filling pres-
sures with the development of marked pulmonary hypertension with pulmonary 
capillary wedge pressures reaching as high as 50–60 mm Hg [2].

Exercise hemodynamic and ventilatory gas measurements during progressive 
treadmill exercise in patients with heart failure were first described by Karl Weber 
in 1981 [5]. This report demonstrated the usefulness of this technique as a non- 
invasive method for characterizing cardiac reserve and functional status. Weber 
demonstrated a significant correlation between cardiac output response and oxygen 
consumption and was able to classify patients into groups of worsening severity on 
the basis of this non-invasive technique. He found that with worsening heart failure 
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Fig. 33.1 Mechanisms to augment cardiac output (C.O.) in (a) healthy persons and (b) Patients 
with heart failure VO2 = C.O. (HR × SV) (Reprinted from Pina et al. [4], © 2003, with permission 
from Wolters Kluwer Health)
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the cardiac output response is markedly diminished. Several other studies have 
shown a significant correlation between the peak VO2 and cardiac output [6–8]. It is 
this correlation between peak VO2 and cardiac output which underlies the prognos-
tic value of VO2 in HF leading to the widespread use of cardiopulmonary exercise 
testing in the evaluation of these patients.

 Peripheral Factors

The peak cardiac output response to exercise is not the sole determinant of exercise 
performance in HF patients. Patients with similar reductions in left ventricular func-
tion estimated using ejection fraction have a wide range of exercise capacity [3]. 
Furthermore, therapeutic interventions aimed at acutely increasing cardiac output 
such as positive inotropic drugs do not significantly increase exercise capacity [9, 
10]. The discrepancy between enhanced cardiac output and fixed exercise capacity 
can be explained by abnormalities of skeletal muscle and of the peripheral vascula-
ture. Alterations of skeletal muscle metabolism and mass plays an important role in 
limiting peak functional capacity in HF patients [11–14]. The changes that occur in 
the skeletal muscle are critical in the genesis of the primary symptoms of heart fail-
ure (dyspnea and fatigue) (Fig. 33.2). Additionally as heart failure becomes progres-
sive the compensatory response to this disease process further negatively impacts 
skeletal muscle function creating a downward spiral (Fig. 33.3).

LV dysfunction

Muscle hypothesis

Inflammation

Decreased
activity

Exercise

Afferents

Fatigue Breathlessness

Decreased
perfusion

Hypoxia • Atrophic
• Inflamed

• Deconditioned
• Metabolically

abnormal

Fig. 33.2 The muscle hypothesis is that the changes in the skeletal muscle result in reduced exer-
cise capacity. Stimulation of ergoreceptors i.e. muscle nerve afferents sensitive to the amount of 
skeletal muscle work leads to the sensation of dyspnea and fatigue
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CHF patients exhibit generalized skeletal muscle atrophy [11]. Muscle atrophy 
results from decreased protein synthesis, increased protein degradation or both. 
CHF is a catabolic state with deficiencies in several anabolic hormones [15–17]. In 
male CHF patients, deficiencies in circulating total testosterone and insulin-like 
growth factor are common and these decreases correlate with CHF severity [18]. 
Growth hormone (GH) resistance and reduction in skeletal muscle IGF-1 concen-
tration contribute to skeletal muscle atrophy in HF by directly reducing protein 
synthesis [19]. Exercise training has been shown to increase local expression of 
IGF-1 in normal subjects and HF patients [20]. Patients with HF develop insulin 
resistance that is related to clinical events and mortality [21].

Chronic low level systemic inflammation, characteristic of the CHF state, also 
effect changes in skeletal muscle [22] and with the progression of CHF. Inflammatory 
mediators released into the circulation further activate systemic inflammation and 
promote muscle atrophy [23, 24].

In addition to skeletal muscle changes, the peripheral circulation undergoes sub-
stantial transformations during the progression of HF with an alteration of regional 
vascular control. These changes occur both at the level of the vascular endothelium 
and the vascular smooth muscle. Changes in capillary density have been reported in 
skeletal muscle of patients with HF. Capillary density has been reported to be nor-
mal or decreased [25, 26] depending on normalization to muscle fibers number and 
size. Aerobic training increases capillary density. Nitric oxide (NO)-mediated con-
trol of vasomotor tone in CHF [27–29] is attenuated representing endothelial 
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 dysfunction. Of note, aerobic training normalizes endothelial function in patients 
with HF probably via a mechanism of increased shear stress [30].

Finally, the respiratory muscles are also affected by chronic hypoperfusion and 
neurohormonal activation which occurs in heart failure [31]. Dyspnea is a complex 
sensation but weak respiratory muscles coupled with stiff congested lungs as occurs 
in HF predisposes patients to shortness of breath. Measurement of diaphragmatic 
work per breath demonstrates dramatic increases in patients with heart failure at rest 
and during exercise [32]. A reduction in inspiratory and expiratory respiratory mus-
cle strength in patients with HF from both systolic and diastolic dysfunction has 
been shown [33, 34]. The endurance of the respiratory muscles in HF patients is also 
diminished compared to normal subjects [35]. The effect of selective respiratory 
muscle training on exertional dyspnea and exercise capacity has been examined in 
heart failure subjects. Respiratory muscle endurance, respiratory muscle strength, 
submaximal and maximal exercise capacity can be significantly improved with 
selective respiratory muscle training [36, 37].

In summary, exercise capacity is markedly reduced in most patients with CHF 
due to both a diminished cardiac output with exercise and to secondary changes in 
skeletal muscle, the peripheral circulation and the lungs. As noted above, most of 
the individual factors that contribute to reduced exercise capacity in CHF are 
improved by exercise training.

 Exercise Performance and Prognosis in Patients with CHF

As discussed previously, Peak VO2 is derived from the Fick Principle and is the 
product of peak cardiac output and maximal arterio-venous oxygen difference. As 
most sedentary individuals will achieve comparable maximal arterio-venous differ-
ence, peak VO2 provides an indirect assessment of cardiac output reserve. Several 
peripheral factors may also impact peak VO2, such as skeletal muscle mass and 
endothelial function, as well as age, gender and conditioning status.

The use of peak VO2 to predict prognosis in patients with HF was first described 
by Szlachcic [38]. In a prospective study of 114 ambulatory patients with severe 
CHF referred for cardiac transplantation, a VO2 of less than 14 mL/kg per minute 
was used as a criterion for acceptance for cardiac transplantation. One-year survival 
was 94 % in patients with a VO2 above 14 mL/kg/min. Accepted transplant candi-
dates with a VO2 below 14 mL/kg per minute had a 1-year survival of 70 %, whereas 
the patients with a significant co-morbidity and reduced VO2 had a 1-year survival 
of 47 %. This approach permitted the identification of candidates whose transplant 
could be safely deferred [39].

Analysis of peak VO2 normalized by a predicted maximum based on age, obe-
sity, and gender has been performed to determine if better prognostication can be 
achieved using percent of predicted peak VO2. Some investigators have suggested 
the superiority of this approach, though others have shown no clear benefit [40, 41]. 
Likely, the additional value of adjusting for sex, age and body composition in any 
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study cohort is a function of how these characteristics are distributed across the 
cohort; in studies focusing on middle age men of average weight, both approaches 
yield similar results [40] while cohorts with greater heterogeneity would likely be 
better served by reference to sex and age specific prediction equations with adjust-
ment for weight extremes [41].

Since the initial report of the value of peak VO2 in guiding transplant candidate 
selection in 1991, there have been many advances in the treatment of heart failure in 
particular, the use of beta blockade. This therapy has impacted significantly long- 
term survival without improving peak VO2. Whether VO2 retained its predictive 
power of in the beta-blocker era has been the subject of several reports [42–44]. 
Consistent across the reports was the sustained utility of this parameter in predicting 
survival whether cohorts were dichotomized by threshold values of above and below 
14 ml/kg/min, or above and below 10 ml/kg/min. The survival for patients on beta 
blocking agents improved but nevertheless survival separated according to peak 
VO2. With the improved survival, a lower cut point than 14 ml/kg/min for referral or 
listing for cardiac transplant has generally been accepted, with the AHA/ACC 
guidelines now selecting a peak VO2 below 10 ml/kg/min with achievement of 
anaerobic threshold as an absolute indication for transplant (in the absence of sig-
nificant contraindications). A peak VO2 of 11–14 ml/kg/min or 55 % of predicted 
peak VO2 resulting in major limitation of the patient’s daily activities is considered 
a relative indication for transplant listing [45].

During cardiopulmonary exercise testing other variables are collected that 
also confer prognostic information. Ventilatory efficiency during exercise, most 
frequently measured by the VE/VCO2 ratio or slope, has been found by several 
investigators to be even more predictive of outcome than peak VO2 [46–50]. The 
abnormal VE/VCO2 response results from increased ventilation–perfusion mis-
matching and heightened chemosensitivity and ergoreflex responses. This height-
ened ventilatory response occurs from the onset of exercise and thus unlike peak 
VO2, the VE/VCO2 relation does not require a maximal effort. VE/VCO2 >34 has 
been the cut-point selected in many studies but similar to peak VO2, this param-
eter is a continuous variable with no absolute cut-point. Frequently in studies, 
both peak VO2 and VE/VCO2 are found to have independent prognostic power, 
thus, the combination of both VE/VCO2 and peak VO2 may provide the strongest 
way to determine risk. Thus both peak VO2 and VE/VCO2 slope provide indepen-
dent and complementary data on prognosis and should be used together to assess 
risk [46–50]. VE/VCO2 correlates more strongly with pulmonary pressures mea-
sured during exercise than does peak VO2. Exercise oscillatory breathing is asso-
ciated with a poor prognosis. There is no uniform definition of this type of 
breathing but it is a periodic cycling of hyper and hypopnea with appropriate 
changes in PET O2 and PET CO2. This breathing pattern is observed in about 
12–30 % of HF patients during exercise and most patients with exercise oscilla-
tory breathing will have central sleep apnea. Presence of periodic breathing can 
predict mortality by itself or when combined with the ventilatory slope. In one 
study of 156 patients with HF, this breathing pattern was strongly correlated with 
sudden death [51, 52].
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Other parameters measured during cardiopulmonary exercise testing also shown 
to have prognostic power in chronic heart failure include: blood pressure response 
to exercise (i.e. blunted or failure to increase BP with exercise associated with poor 
prognosis), the heart rate response to exercise (i.e. chronotropic incompetence), the 
ventilatory threshold, circulatory power (Peak VO2 × systolic BP), oxygen kinetics, 
end tidal Pco2 and oxygen recovery post exercise [45–53].

As we discussed, the prognostic value of peak VO2 has been presumed to be as a 
non-invasive indicator of peak cardiac output response to exercise. Exercise studies 
in HF patients using both metabolic carts and hemodynamic measurements from 
Swan Ganz catheters have shown that some measurements such as a reduced left 
ventricular stroke work index (LVSWI) at peak exercise to be a better prognostic 
indicator than peak VO2 [54–57]. As exercise hemodynamic studies are difficult to 
perform, other investigators have tried to derive other non-invasive parameters 
which would better approximate this variable. Cohen-Solal [53] proposed ‘peak 
circulatory power’ which is the product of the peak VO2 and the last systolic arterial 
pressure measurement. The data for this calculation is available from any cardiopul-
monary exercise test without the need for special equipment. The value of the ‘cir-
culatory power’ was assessed in a study involving 175 heart failure patients. During 
a 25 ± 10 month follow-up, 16 % died and 18 % underwent cardiac transplantation. 
Multivariable analysis demonstrated that the peak ‘circulatory power’ (chi-square = 
19.9, P < 0.001) was the only variable predictive of death or need for transplant. 
When this was analyzed in terms of quartiles of peak VO2 or circulatory power, it 
appeared that prognosis was worse as peak VO2 declined, but that circulatory power 
aids in selecting subgroups with particularly poor prognosis—those with both 
reduced peak VO2 and reduced blood pressure.

The technology of metabolic carts has improved and new systems now permit 
non-invasive measurement of cardiac output using inert gas re-breathing techniques 
[58, 59]. Inert gas rebreathing is a novel, non-invasive method to measure cardiac 
output during exercise and is reliable, safe and easily performed in patients with 
CHF [59]. The Innocor rebreathing system uses an oxygen enriched mixture of an 
inert soluble gas (0.5 % nitrous oxide [N2O]) and an inert insoluble gas (0.1 % sul-
fur hexafluoride, [SF6]) N2O concentration decreases during the rebreathing maneu-
ver, with a rate proportional to pulmonary blood flow. With the ability to measure 
cardiac output during exercise, cardiac power can then be derived. Cardiac Power 
incorporates blood pressure into the exercise hemodynamic assessment. It takes into 
account both the flow and pressure generating ability of the heart. Tan [60] has 
argued that it could be viewed as a comprehensive indicator of cardiac function. 
This technology was applied in 171 consecutive CHF patients during symptom lim-
ited bicycle exercise [59]. An accurate measure of peak CO was obtained in 148 
patients (85 % of patients). Peak cardiac power was derived from the product of the 
peak mean arterial blood pressure and CO divided by 451. Duration of follow-up 
averaged 1 year. Univariable and multivariable analyses were performed using car-
diopulmonary exercise variables (i.e., peak VO2, peak CO, peak cardiac power,  VE/
VCO2 slope, and VO2 at anaerobic threshold). Event-free survival for the entire 
cohort was 83 % with 5 deaths, 4 LVAD implants and 16 urgent transplants. In this 
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cohort, peak VO2 was 12.9 ± 4.5 ml/kg/min and peak cardiac power was 1.7 ± 0.9 
watts. Univariable predictors of adverse outcome were peak VO2, peak CO, peak 
cardiac power, VE/VCO2 slope and VO2 at anaerobic threshold. By multivariable 
analysis, peak cardiac power and peak CO were predictive of outcome with peak 
cardiac power being the most powerful independent predictor of outcome (P = 0.01).

As the population ages and more patients survive debilitating myocardial infarc-
tions and/or previously untreatable cardiac disease, there is an ever increasing popu-
lation of patients with heart failure. When patients approach Stage D, their 
therapeutic options become increasingly limited. Cardiac transplant and left ven-
tricular assist devices provide (LVAD) the salvage therapies of these patients. With 
the limited donor supply for transplant, inevitably there will be an increasing num-
ber of chronic device patients. The exercise response of patients supported by 
mechanical assist device will become increasingly important. Despite mechanical 
support, the exercise capacity of device patients is significantly reduced [61, 62]. 
The exercise physiology of these patients is unique and results from both the central 
and peripheral effects of heart failure in conjunction with the limitations of the 
mechanical device. The right heart is unsupported by the commonly used left ven-
tricular continuous flow pumps. Right ventricular dysfunction is one of the limiting 
factors for peak exercise performance in these patients particularly since the exer-
cise response is primarily preload mediated. Unlike the earlier pulsatile left ven-
tricular assist devices which had an automatic fill mode which ejected faster with an 
increase in pump filling, the continuous flow LVADs work with a fixed pump speed 
(8600–10,000) set with the patient at rest. The speed is selected to optimize unload-
ing of the ventricle and to prevent excessive emptying that results in “suction” 
(hypotension, arrhythmias). The pump speed of these devices does not change with 
exercise such that the exercise response is primarily pre-load dependent. Maximum 
cardiac output of these devices is approximately 10–12 L/min. Additional cardiac 
output response during exercise can be provided by the native heart working in par-
allel with the mechanical device. Several long term complications associated with 
the new continuous flow devices such as anemia and the development of aortic valve 
leaflet fusion with or without aortic insufficiency can also impact exercise perfor-
mance [63, 64].

Nevertheless, rest and exercise hemodynamic measurements in LVAD patients 
are improved compared to unsupported heart failure patients with lower pulmonary 
pressures and higher cardiac output [61, 62, 64]. Peak VO2 following support with 
a continuous flow LVAD averages 12–17 ml/kg/min. The largest study of Heartmate 
II patients (n = 18) revealed an average percent peak VO2 of 49 ± 19 % or 15.6 ± 
4.7 ml/kg/min 3 months post insertion.

The 6 min walk test is a popularly used assessment of functional capacity in 
patients with heart failure. It is considered a measure of submaximal exercise per-
formance and thus the level of function needed to perform the activities of daily 
living. The 6 min walk test, i.e., the distance walked over a period of 6 min, is less 
subjective than the NYHA functional class, but still can be heavily influenced by the 
patient’s and/or tester’s motivation. The 6 min walk test has been shown to provide 
prognostic information by the Study of Left Ventricular Dysfunction (SOLVD) 
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investigators who demonstrated in a sub-study of 898 HF patients in their registry 
that mortality risk was 3.7 times higher in those patients with a 6 min walk distance 
<350 meters compared to those who walked >450 m. Similarly, the risk of HF hos-
pitalization was 1.4 times higher in those with reduced walk distance [65]. Given 
the limitations of the current LVADs, the 6 min walk test rather than peak VO2 has 
been increasingly used to assess the therapeutic response to mechanical support.

 Benefits of Exercise for the Treatment of Chronic Heart 
Failure

Histologic and metabolic changes of skeletal muscle in HF as described earlier in 
this chapter may be partially due to muscle disuse [11, 66]. Exercise is a physiologic 
intervention with a broad variety of positive cardiovascular effects that include 
changes in lipid metabolism, insulin resistance, weight, arterial hypertension, 
inflammation and mood [67]. Effects of aerobic exercise on the myocardium have 
been well established. Regular dynamic exercise increases stroke volume, cardiac 
output and reduces beta-adrenergic stimulation. Exercise training increases myocar-
dial mass, left ventricular dimensions and stroke volume in healthy subjects [68]. In 
chronic heart failure, exercise has been shown to improve exercise tolerance and 
symptoms which is attributed to peripheral adaptations such as improved endothe-
lial function and skeletal muscle strengthening [13].

Many of the central and peripheral changes induced by aerobic training may 
have a marked therapeutic effect in patients with heart failure. Potential advantages 
of training in HF (Table 33.1) include central hemodynamic changes such as an 
increase in stroke volume, and a potential increase in contractility, alteration of 
autonomic tone with a decrease in sympathetic stimulation, an improvement in 
endothelial and vascular function with a decrease in peripheral vascular resistance, 
muscle enzymatic changes with an increased oxidative capacity and decrease in 
lactate production.

Animal models have been used to investigate the effects of exercise training on 
the failing heart. Using an ischemic rat model of HF, Musch [69] studied the effects 
of endurance training. The training protocol consisted of 60 min sessions of tread-
mill exercise 5 days a week for 10–12 weeks. Following the training program in the 
rats with heart failure, VO2 was higher, succinate dehydrogenase activity increased 
and lactate levels were lower during submaximal exercise. No differences were 
observed in regional perfusion or in hemodynamic measurements. In this rat model 
of heart failure, all derived benefits of training were from peripheral mechanisms. 
Central cardiac function was not altered. Todaka [70] using a pacing-induced model 
of HF in dogs demonstrated both central and peripheral effects of exercise training. 
One group received daily treadmill exercise (4.4 km/h, 2 h/day) while the other dogs 
remained sedentary. At 4 weeks, in-vivo hemodynamic measurements revealed rela-
tive preservation of maximum rate of pressure rise and left ventricular end-diastolic 
pressure in the exercised compared with the sedentary dogs. Subsequent in-vitro 

33 Exercise and Patients with Heart Failure



774

analysis of cardiac function revealed similarly depressed systolic functions in both 
groups. However, whereas the diastolic myocardial stiffness constant was elevated 
in the sedentary group, it was normal in the exercise training group (32 ± 3 in sed-
entary dogs, 21 ± 3 in exercised dogs, 20 ± 4 in otherwise normal dogs). Thus, daily 
exercise training preserved in-vivo hemodynamics and in-vitro measures of dia-
stolic stiffness. The authors concluded that changes in heart function may contribute 
to the overall beneficial hemodynamic effects of exercise training in this canine 
model of CHF by a significant effect on diastolic properties.

In patients with CHF, a wide range of hemodynamic changes observed in 
response to exercise training may also impact on reverse remodeling [13, 14, 67]. 
One study reported an increase in peak cardiac output [13]. The same workload is 

Table 33.1 Benefits of 
aerobic training

Morphologic ↑ Myocardial mass
↑ Left ventricular end diastolic volume
↑ Diameter of coronary arteries
↑  Myocardial & Skeletal muscle capillary to 

fiber ratio
Skeletal 
muscle

↑ Capillary density
↑ Mitochondrial volume and cristae
↑  Enzymes citric acid cycle and electron 

transport chain
±↑ Myoglobin
↑ Use of free fatty acids
↑ Potential to store glycogen
↑ Local A-VO2 difference
↑ Maximal flow rate through muscle

Hemodynamic ↓ Resting HR
↓ Double product at submaximal workloads
↑ Stroke volume
↑ Maximum cardiac output
↑ Peak VO2

Metabolic ↑ HDL
↓ Triglycerides
↓ Fasting glucose
↓ Catecholamines
↑ Lipoprotein lipase
↓ Hepatic lipase (converts HDL2 HDL3)
↑  LCAT (esterifies chol with FFA, enhancing 

chol transport)
↑  βeta hydroxacyl Co dehydrogenase (↑ βeta 

oxidation FFA)

Abbreviations: ↑ increase ↓ decrease, A-V O2 arterial-venous dif-
ference, HDL high density lipoprotein, VLDL very low density 
lipoprotein, FFA free fatty acid, LVEDV left ventricular end dia-
stolic volume, chol cholesterol, LCAT lipoprotein lipase
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achieved at a lower heart rate and rate-pressure product [13], indicating a more effi-
cient utilization of myocardial work and oxygen consumption. Several studies have 
attempted to characterize the physiologic mechanisms for the clinical improvement 
in patients with HF. Sullivan studied 12 patients with HF with a mean VO2 of 
16.3 ml/kg/min and an ejection fraction 21 % [71]. Aerobic training was performed 
3–5 h a week for 6 months. With exercise training, peak VO2 rose 23 % from 16.8 
to 20.6 ml/kg/min. Peak cardiac output, peak A-VO2 difference and peak leg blood 
flow also significantly increased but ejection fraction was unchanged. Training 
decreased leg lactate production. Leg blood flow during submaximal exercise did 
not increase suggesting that the major benefit derived from training was via increased 
oxygen extraction by the skeletal muscles and the largest proportion of the increase 
in VO2 was derived from peripheral adaptation with a possible small central 
contribution.

Selective arm training [12] in HF patients demonstrated an improvement but not 
normalization in the skeletal muscle metabolic abnormalities. Percutaneous muscle 
biopsies of the vastus lateralis showed that aerobic training increased the volume 
density of mitochondria [72]. Oxidative enzyme activity in skeletal muscle also 
increased with exercise training indicating improved oxidative function [72].

Various forms of exercise training can be prescribed [73, 74]. The most fre-
quent used method is dynamic aerobic training (e.g. running and cycling) fol-
lowed by resistance (e.g. strength training) exercises. Dynamic exercise with 
alternating muscle contraction and relaxation results in a steady rise of systolic 
blood pressure when intensity increases, while the diastolic pressure varies mini-
mally. In contrast, resistance exercise is characterized by prolonged isometric 
muscle contraction before relaxation with high interstitial pressure that causes 
collapse of arterioles and capillaries. Blood pressure increases in relation to inten-
sity and duration of the contraction. Although of minimal benefit with respect to 
cardiac adaptions, strength training has been shown to also be safe and effective 
at correcting muscle atrophy and weakness [74], two parameters that are gener-
ally less affected by aerobic-type training. The intensity of training programs also 
vary and can be personalized for the patient and his/her particular problem. Most 
of the studies done in heart failure subjects have involved dynamic aerobic train-
ing at approximately 70 % of peak VO2.

Belardinelli investigated the value of low intensity exercise training in patients 
with HF randomized to training versus control groups [75]. The exercise prescrip-
tion in this study called for 3 weekly training sessions of bicycle exercise at 40 % of 
peak VO2 for 8 weeks. Peak VO2, serum catecholamines, lactate and vastus lateralis 
skeletal muscle biopsies were performed before and after training. Peak VO2 
increased, serum lactate and catecholamine levels declined during submaximal 
exercise, and the volume density of mitochondria were enhanced at the conclusion 
of the study only in the trained group. Similarly, Demopoulus et al. demonstrated 
the value of low intensity training in patients with severe HF [76]. Using a semire-
cumbent stationary bicycle, patients trained below 50 % of peak VO2, 1 h/day, 4x/
week, for 3 months. Peak VO2 rose from 11.5 to 15 ml/kg/min. Peak reactive hyper-
emia of the calf but not the forearm muscle increased with training. In this study, left 
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ventricular diastolic wall stress was measured during bicycle exercise at low 
(<50 %) and more conventional training workloads (70–80 % peak VO2). Diastolic 
wall stress was significantly reduced at the lower than at the conventional training 
rates in these patients.

Skeletal muscle bulk is also reduced in chronic heart failure and could lead to 
early skeletal muscle fatigue and decreased exercise capacity [11]. Physical decon-
ditioning may contribute to wasting, especially of the leg muscles. The role that 
physical training plays in increasing leg muscle bulk has yet to be determined but 
may well contribute to the increased exercise tolerance seen after training.

The effect of aerobic training on endothelial function has also been studied. 
Isolated forearm training using handgrip exercise resulted in improved flow depen-
dent dilatation [77]. L-NMMA attenuated this improvement implying that the nor-
malization of flow dependent dilatation with training resulted from enhanced 
endothelial release of nitric oxide. This is an important finding in that it may indicate 
that with training there is an improvement in skeletal muscle perfusion. Also improve-
ment in the endothelial function of large conduit vessels may decrease impedance to 
the failing left ventricle and thus improve left ventricular ejection fraction. At this 
point other investigators have demonstrated increases in skeletal muscle leg perfu-
sion and cardiac output at maximal but not during submaximal activity.

Modulation of “sympathetic overdrive” is another beneficial effect of exercise 
training. Training increases the parasympathetically mediated component of heart 
rate variability as well as prolonged exercise duration and increased peak VO2 [14]. 
Similarly, the effect of training on autonomic tone assessed by heart rate variability 
and radiolabeled norepinephrine spillover demonstrated a shift from sympathetic to 
enhanced vagal activity [14]. Other investigators have demonstrated a decrease in 
serum catecholamine levels both at rest and during submaximal exercise in these 
patients following aerobic training [78].

The HF-ACTION trial was a large multicenter, randomized study examining the 
effects of exercise training on patients with HF (2331 patients with an ejections 
fraction <35 % enrolled over 4 years). The primary endpoint of the study was over-
all mortality. The study did not meet its primary endpoint i.e. a significant reduction 
in all cause mortality or hospitalizations. The sub-study analysis, which adjusted for 
mortality predictors, did show an exercise dose-dependent benefit in QOL, oxygen 
uptake, and functional capacity. The observed exercise effect was very modest with 
an increase of peak VO2 or only 0.3 ml/min/kg. The study showed that exercise 
training was safe in patients with HF over an extended period of time in a closely 
supervised setting with frequent follow-up. Unlike previous studies suggesting that 
women and older patients may not respond well to exercise training, the HF-ACTION 
sub-study demonstrated that exercise-related benefits are consistent across sex, 
race, age, and other subgroups [79]. The modest effect of exercise training on peak 
functional capacity in the HF-ACTION trial may argue against disuse playing an 
important role in the pathogenesis of muscle alterations in HF; however these find-
ings may simply reflect the difficulty with adherence to exercise training in a large 
study population [80]. In the first 3 months where the goal was greater or equal to 
90 min of exercise weekly, only 40 % of patients met this goal. By the final year of 
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the study <30 % were fully adherent with the exercise regimen. A subsequent analy-
sis of the ACTION-HF cohort examining the impact of the volume of exercise per-
formed on clinical events and exercise performance would support the hypothesis 
that the lack of significance in the ACTION trial primarily was related to the low 
compliance with therapy. The volume of exercise was computed as hours/week of 
exercise multiplied by the average exercise intensity in metabolic units. Those 
patients with a high volume of exercise did show a significant risk reduction for all 
cause death and hospitalizations as well as greatest increases in peak VO2. Therefore, 
the findings of the HF-ACTION trial do not invalidate the documented beneficial 
effects of exercise training on functional capacity and muscle mass in smaller popu-
lations of HF patients.

The ACTION –HF trial focused on ambulatory Stage C heart failure patients. 
With the development of the new continuous flow devices for left ventricular sup-
port (Heartmate II, Heartware) with greater durability, there are increasing number 
of patients with Stage D HF benefiting from this therapy both as a bridge to trans-
plant as well as destination therapy [81, 82]. Stage D patients are frequently severely 
debilitated, bedbound, malnourished and often dependent on intravenous medica-
tions to support the circulation at rest. Following device implantation, these patients 
should benefit from intensive rehabilitation. Physical therapy is started in the early 
post-operative period. Formal cardiac rehab programs post VAD insertion have not 
been well described. Nevertheless these patients can exercise and rehab could 
potentially hasten recovery and increase exercise performance. There is minimal 
data on the impact of aerobic training in these patients. One recent report by Kohli 
et al. [83] describes the response to training in 22 patients supported by the total 
artificial heart and 12 LVAD Heartmate II patients. The training protocol used 
endurance exercise on a motorized treadmill or an upper/lower extremity recumbent 
stepper. Frequency of training was 3–5 days/week beginning at 5–10 min of exer-
cise at a perceived exertion level of ≤ 13 on a Borg scale from 6–20. The aim was 
to achieve ≥ 30 min of continuous aerobic activity. Patients with Heartmate II had 
an increase in mean arterial pressure with exercise unlike to TAH where exercise 
mean arterial pressure was flat. For patients with TAH the weekly mean perfor-
mance on the treadmill increased from 1.6 ± 0.2 Mets at week 1–2.4 ± 0.6 Mets at 
week 8. The benefit of the aerobic training in LVAD patients was not reported. 
There is a single case report of training in a HMXVE the formerly used pulsatile 
pump [84]. There are no reports of isometric training in these patients.

 Summary

Reduced exercise capacity is a cardinal symptom of patients with heart failure. Both 
central and peripheral changes contribute to the reduced functional capacity. 
Exercise testing provides important prognostic information for the management of 
these patients. Routine exercise i.e. training is a therapeutic option which has been 
underutilized and may significantly impact the quality of life and outcomes.
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Chapter 34
Heart Failure Management and Development 
of Heart Failure Programs

Jooyoung Julia Shin and Ileana L. Piña

 Introduction

Heart failure (HF) as a syndrome is the end stage of a variety of cardiac disorders 
which include ischemic, valvular disease and dilated cardiomyopathies of different 
etiologies. The prevalence and incidence of HF continue to grow steadily with pro-
jections into 2030 in the order of >8 million individuals [1]. The reasons for this 
unprecedented growth are many and include aging of the population, better man-
agement of acute arrhythmias, the use of defibrillators, and rapid attention to patients 
with acute coronary syndrome with invasive interventions, among others. The epi-
demic affects not only the United States but also the rest of the world, with a grow-
ing number of patients with heart failure and preserved ejection fraction (HFpEF), 
which is a piece of this syndrome without many evidence-based therapies [2].

 Economic Burden

It is inevitable that with a high incidence of HF, increased costs will accompany the 
syndrome. The total cost of HF (direct and indirect costs) is expected to increase 
from $30.7 billion in 2012 to $69.8 billion by 2030, [1]. By 2030, projected cost 
estimates of treating patients with HF will be $160 billion in direct costs, if one 
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assumes all costs are related to the HF itself and not other diagnoses. Approximately 
80 % of the costs are related to hospitalizations and overall nursing care, including 
skilled nursing facilities [1]. Projections worldwide are equally worrisome, as 
reported in a worldwide cost assessment and projection of 197 countries. In 2012, 
the overall economic cost of caring for HF was estimated at $108 billion per annum 
broken down into direct costs at $65 billion and indirect costs at $43 billion. Notably, 
countries with high income spend a greater amount on direct costs, unlike countries 
with middle or low income [3].

 Leading Cause of Hospitalization

HF is the leading cause of hospitalizations for Medicare recipients. In parallel, HF 
is also the leading cause of 30-day rehospitalizations, bringing with it a worse mor-
tality than patients who are stable and managed as outpatient (33 % vs. 8 % annual 
mortality) [4–6]. Each hospitalization adds to the poor outcome, whether by true 
worsening of HF, omission (not prescribing guideline directed medical therapy 
(GDMT)) or commission (removal of GDMT), failure to restart GDMT, and/or pre-
scribing drugs that are not recommended for HF [7, 8]. Multiple medical therapies 
that have shown to improve survival and decrease hospitalizations are still not being 
prescribed adequately and are given in low doses without uptitration [9]. Quality 
improvement programs, such as the Get With the Guidelines (GWTG) registry of 
the American Heart Association (AHA) have emphasized the use of GDMT in 
patients who are being discharged after an acute decompensation. As the length of 
hospital stay has dropped, the 30-day rehospitalization rates have steadily increased 
leading to the question: “Are patients being discharged prematurely?” Patients who 
are discharged without adequate decongestion, initiation and planned uptitration of 
drugs, in addition to inadequate education, medication reconciliation, and a poor 
diuretic regimen are destined to return to the hospital within 30 days.

 Hospitalization Increases Mortality

Most patients who relapse do so within the first 3 weeks, with many of the returned 
admissions due to something other than another HF decompensation, although it is 
often related to HF (e.g. excessive diuresis leading to renal insufficiency) [10–12]. 
Half of admissions are avoidable and are due to a variety of provider and/or patient 
issues. Failure to understand medication purposes, timing of dosing, or drug-drug 
interactions often leads to non-adherence. Other reasons include dietary indiscre-
tions, failure to be engaged in self-care and inadequate initiation or uptitration of 
live-saving therapies by providers. Rather than placing blame on patient behavior, it 
behooves the provider teams to facilitate patient education and engagement, which 
often improves adherence to both medications and diet. Education of providers 
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should also not be ignored in order to overcome the inertia of uptitration of drugs 
even when the patient looks “well.” Education programs with multiple interventions 
have worked best in changing provider behavior [13].

In the past 5 years there has been an increasing focus on the high readmission 
rate for HF patients [14]. A HF hospitalization changes the patient’s journey, with a 
combined mortality and readmission rate of 30 % within 90 days after discharge 
from an admission for decompensated HF [15, 16]. Jencks et al. reported an average 
readmission rate of 20 % with 50 % or more of patients not seen by a healthcare 
provider within the first 30 days after discharge [6]. Certainly this trend and the 
mortality that follows hospitalization is not acceptable and has led to Centers for 
Medicare and Medicaid Services (CMS) penalties for excessive readmissions.

To address this issue, hospitals have launched internal programs to lower the 
rate of readmissions. It is important to note that many of the readmissions have 
other primary diagnoses and only approximately 28–40 % are due to an actual 
re-exacerbation of heart failure [17]. This fact raises the possibility that other 
comorbidities may not have been addressed during the initial hospitalization, only 
to reappear in a clinically significant way.

Yet readmissions have a high variability among different regions of the country 
as well as among differing types of hospitals, i.e. teaching vs. community [18]. 
Some of the greatest variability may be related to local culture and practices and 
not necessarily to failed programs. In a review of 2008 Medicare Provider Analysis 
and Review (MEDPAR) files, readmissions varied from 11 to 32 % in 306 hospitals 
across various regions of the U.S and had a strong association between all-cause 
admission rates and readmissions. The 76 regional centers with the highest quartile 
of readmission rates for HF had a mean of 28 % while those with the lowest quartile 
had a mean of 20 %. Those with the highest rates of readmissions were from 
medium to large hospitals, were in the Northeast and had a higher number of 
women, African Americans and Hispanics. These differences should not be over-
looked when programs are being planned. Yet most interventions have focused 
only on the transition from hospital to outpatient rather than a broader public health 
view to reduce incentives to admit patients and use hospital services, i.e., increas-
ing costs.

Furthermore, given the rising number of patients not being discharged to home 
on their own but rather to skilled nursing facilities or to home with visiting nurses, 
it is important to examine the readmission rates in these groups of patients [14]. 
Madigan and colleagues examined the Chronic Conditions Database of Medicare 
and found that the 30 day rehospitalization rate was 26 with 42 % of patients having 
cardiac-related diagnoses for the rehospitalization who were using home health care 
services [19, 20]. The readmission rates had a strong association with the prior 
number of hospitalizations, the level of disease severity at baseline and the intensity 
of the visits by the home health care nurse. A more detailed review indicated that 
many of the rehospitalizations could have been avoided. (See Table 34.1).

In light of the potentially avoidable hospitalizations for home health-care patients 
and the large percent of those related to HF symptoms, a solid partnership with a HF 
program can be invaluable by providing an evaluation early into the home health 
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care course, even providing transportation or physician home visits to curb growing 
symptoms and administering guideline driven therapy by an expert HF team.

Thus, the rehospitalization issue for HF patients is complex and less likely to 
improve with only a narrow focus. We must target instead the integration of various 
approaches, including partnering with primary care providers and nurse-driven 
home health care, as well as with skilled nursing facilities.

 The Guideline-Practice GAP

It is a constant and iterative process to encourage practices, whether academic or 
community-based, to apply the peer-reviewed guidelines for medical and device ther-
apy [21]. The gap still exists in HF registries and is especially guideline-recommended 
medication doses are still marginal [22, 23]. Gaps in therapy also exist with respect to 
gender and race; for example, hydralazine and nitrates are used in fewer than ¼ of 
eligible African American patients with symptomatic HF [24]. Importantly, it has 
been shown that patients who need admission but are already on HF medical therapy 
are more likely to be discharged on evidence-based therapies [5].

The source of the inability to uptitrate drugs to their guideline or clinical trial 
levels is probably multifaceted but includes lack of self-efficacy with uptitration, 
physician pride that he/she needs no further training or counsel, fears of side effects, 
and clinical inertia. Educational programs that target quality improvement in apply-
ing HF GDMT should be multifactorial [13]. Current requirements for recertifica-
tion will hopefully help to close the gap as clinicians look internally into their own 
practice and find places for improvement. Yet, the literature is replete with examples 
of decreases in poor outcomes, including mortality when GDMT is applied 

Table 34.1 Selected potentially avoidable hospitalizations for home health care patients with 
heart failure using claim indicators by AHRQ designation of Prevention Quality Indicators

AHRQ prevention quality 
indicators

Primary diagnosis  
(% of total; N)

Secondary diagnosis  
(% of total; N)

Heart failure 34 % (6514) 55 %(10,589)
Hypertension 0.14 % (27) 34 %(6588)
COPD 2.6 % (494) 32 % (6184)
Infections 1.6 % (312) 11.5 % (2214)
Dehydration 2.2 % (431) 10.6 % (2041)
Bacterial Pneumonia 4.7 % (913) 6.8 % (1305)
Diabetes, long-term 1.3 % (244) 6.4 % (1235)
Angina without procedure 0.2 % (47) 4.4 % (847)
Diabetes, uncontrolled 0.12 % (23) 1.67 % (311)

Reprinted and adapted from Madigan et al. [20], © 2012, with permission from Blackwell 
Publishing/Association for Health Services Research; Hospital Research and Educational Trust; 
Association of University Programs in Health Admin
http://www.qualityindicators.ahrq.gov/pqi_overview.htm; (N = 19,326)
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 appropriately and consistently [25]. Patients deserve the best of treatment and the 
best of care.

Nonetheless, programs that focus on targeted and directed quality improvement 
have been shown to raise the level of care significantly [5, 26]. Some of these pro-
grams are directed to the inpatient stay and others to the transition to outpatient care 
[27, 28]. Heart failure programs can add a great deal of benefit by actively and 
vocally supporting such programs within a healthcare system and becoming the 
champions of quality care as groups that are respected for their clinical quality 
efforts. Programs are most successful when carried out at a system level and with 
buy-in from clinicians throughout [29–31].

There are multiple health care delivery settings for heart failure. Prevention of 
HF would be best and would avoid all the costs and patient burden that follows a HF 
diagnosis. Prevention is most likely to be delivered by the patient’s primary care 
provider, requires an awareness of the risk factors leading to HF (Stage A), and  
requires aggressive interventions to improve them, e.g., hypertension or hyperlipid-
emia. Acute care in the emergency room or hospital observation unit, chronic care 
in a heart failure clinic, home care with specialized heart failure nurses are all poten-
tial sites of therapy. Palliative care can be a partner in all of these settings, except for 
the Stage A patients.

 Why Are Heart Failure Programs Needed?

The disease epidemic of HF results in high utilization and costs of health care. 
There are several potential causes of high utilization and costs. These include devia-
tion from evidence-based care, poor communication between primary care provid-
ers and specialists, poor communication between health-care providers and patients, 
failure to address psychosocial issues and patient adherence, a lack of coordinated 
long-term management, and ineffective transitional management from the hospital 
to home or skilled nursing facility (See Table 34.2). A well-structured specialized 

Table 34.2 Why we need HF programs

Realization: It is impossible for a single practitioner to care for a large number of HF patients 
using cutting-edge evidence-based care in the current practice environment

It is equally impossible for a single HF physician to care for the ever growing number of patients
  Other providers of care are essential
  Teams must be created
In hospital care is fragmented
Measures of quality are being collected by hospitals and systems
Transitions of care are not consistent across episodes
Payment is linked to quality
  Penalties exist
  Other penalties at the level of the provider are inevitable
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heart failure program can address some or most of these problems. Cost reduction 
is not the only issue driving the establishment of specialized HF programs. Clinical 
care and continuity of care should constitute top priority. Other issues driving the 
development of HF programs include research and the reputation of a hospital as a 
specialized care center.

Planning a HF program needs to take into consideration the social and cultural 
milieu of the local patient population, which can differ from an inner-city setting to an 
urban population. The geographic distribution of the target population will dictate the 
ease to which patients can access clinical care services and prioritize initiatives such as 
telehealth or home-based visits. The incidence of heart failure, medical co-morbidities 
and age can also differ by geographic location. Other demographic factors, such as 
socioeconomic characteristics, health literacy, and ethnicity should be taken into con-
sideration to ensure that care is provided within a culturally appropriate paradigm.

There are multiple goals for a HF clinic, such as improved access to appropriate 
cost-effective health care, improving patient quality of life and survival while 
decreasing hospitalizations, control of health care costs, and a means to track qual-
ity outcomes. There should be a seamless integration of medical care, pharmaco-
logic intervention, patient education, and patient support.

Criteria have been proposed to identify those patients who could gain most ben-
efit from care in a HF clinic [32]. High-risk markers include recent HF hospitaliza-
tions, renal insufficiency, or multiple active comorbidities. Clinics that cannot 
provide all facets of advanced HF care should partner with a facility that can offer 
options such as mechanical support and heart transplantation in eligible patients, 
recognizing that these constitute a small percentage of the total HF population.

 Heart Failure Care as Disease Management

Disease management programs have been described as a means to improve the qual-
ity of care for patients with chronic illnesses under a multidisciplinary framework 
in a cost-effective manner. Disease management may be an effective way to treat 
patients with or at risk for heart failure by increasing quality of care, enhancing 
adherence to practice guidelines, and expediting accessibility to healthcare services. 
Disease management may also improve efficiency of delivery of healthcare services 
by promoting quality while reducing costs. It can do this for the HF population by 
preventing or minimizing the effects of heart failure through integrative and proac-
tive care. The definition of disease management by the Care Continuum Alliance 
(formerly the Disease Management Association of America) has helped to standard-
ize the terminology related to the practice of disease management. They define dis-
ease management as a multidisciplinary, continuum-based approach to health care 
delivery that proactively identifies populations with, or at risk for, established medi-
cal conditions that: supports the physician/patient relationship and plan of care; 
emphasizes prevention of exacerbations and complications utilizing cost-effective 
evidence-based practice guidelines and patient empowerment strategies such as 
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self-management education; and continuously evaluates clinical, humanistic, and 
economic outcomes with the goal of improving overall health. In addition, they 
recommend that all of the following components be in place in order for a program 
to be considered a disease management program: population identification process; 
evidence-based practice guidelines; collaborative practice model to include physi-
cian and support-service providers; risk identification and matching of interventions 
with need; patient self-management education (may include behavior modification 
programs); process and outcomes measurement, evaluation, and management; rou-
tine reporting (may include communication with patient, physician and other care 
providers); and appropriate use of information technology (may include data regis-
tries, telehealth and automated decision support tools).

There is a considerable body of clinical evidence supporting the use of disease 
management strategies for the treatment of patients with heart failure [33–38]. 
Disease management programs utilize strategies designed to improve adherence to 
scientific guidelines and established treatment plans. These disease management 
principles should be practiced consistently in order to maximize the efficiency of 
resource use within the healthcare system. Ultimately, the goal of disease manage-
ment programs in HF is to augment quality of patient care while concurrently reduc-
ing the public health burden. A team of experts dedicated to the same goal, i.e., the 
patient’s overall well-being, may also improve patient engagement and self-care. 
The patient is seen as an active member of the team.

The American Heart Association Expert panel on Disease Management recom-
mends the following principles for the development, implementation, and evalua-
tion of disease management programs [39]

 – The main goal of disease management should be to improve the quality of care 
and patient outcomes.

 – Scientifically derived, peer-reviewed guidelines should be the basis of all disease 
management programs. These guidelines should be evidence based and consen-
sus driven.

 – Disease management programs should help increase adherence to treatment 
plans based on the best available evidence.

 – Disease management programs should include consensus-driven performance 
measures.

 – All disease management efforts must include ongoing and scientifically based 
evaluations, including clinical outcomes.

 – Disease management programs should exist within an integrated and compre-
hensive system of care in which the patient-provider relationship is central.

 – To ensure optimal patient outcomes, disease management programs should 
address the complexities of medical comorbidities.

 – Disease management programs should be developed for all populations and 
should particularly address members of the underserved or vulnerable 
populations.

 – Organizations involved in disease management should scrupulously address 
potential conflicts of interest.
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There are a large number of studies that give evidence of some improved 
outcomes with the use of disease management strategies for the treatment of 
patients with heart failure. One publication describing 10 observational studies 
of disease management in HF showed improved symptoms and functional class, 
reduced hospitalizations and length of stay, improved adherence to HF thera-
pies and improved patient and physician satisfaction [40]. Another study of 9 
randomized controlled trials of HF disease management programs showed 
reduced hospitalizations, readmissions and length of stay, that translated into 
cost savings but no appreciable impact on mortality [41]. Several other studies 
showed an improvement in functional class and quality of life, increased adher-
ence to guideline-directed medical therapy and reduced readmission rates 
[42–45].

Although there are several studies that support disease management programs 
in the treatment of HF, there still needs to be more scrutiny into what practices 
and components constitute the most successful of programs. In a more recent 
study, the Medicare Health Support Pilot Program was a large, randomized study 
of eight commercial programs for disease management that used nurse-based 
call centers [46]. The program randomly assigned patients with heart failure to 
disease management versus usual care to evaluate the effects of the commercial 
programs on the quality of clinical care, acute care utilization, and Medicare 
expenditures. This was a large study, enrolling 242,417 patients (163,107 in the 
intervention group and 79, 310 in the control group). Ultimately, the commercial 
disease-management programs did not reduce hospital admissions or emergency 
room visits, as compared with usual care. However, they did observe 14 signifi-
cant improvements in process- of- care measures, but these modest improvements 
came at substantial cost, with no demonstrable savings in Medicare expendi-
tures. The authors concluded that commercial disease-management programs 
using nurse-based call centers achieved only modest improvements in quality-
of-care measures, with no demonstrable reduction in the utilization of acute care 
or the costs of care. The authors further suggested that the findings might be 
explained by the severity of chronic disease among the patients studied, delays 
in patients receiving protocol-driven disease management care after hospitaliza-
tions, and the lack of integration between specialists and the primary care pro-
viders of the patients. Clearly more study is required to determine which 
components of disease management practice build the more successful 
programs.

Barriers to adequate HF care include patient-related issues and problems in the 
care system delivery. Patient barriers include inability to sustain complex self-care 
management, lack of motivation due to depression or poor functional capacity, and 
financial concerns. Issues with the delivery of disease management health care 
include the lack of capacity of high-frequency patient follow-ups (usually 1 week 
post discharge, then every 1–2 weeks for medication titration and to maintain effec-
tive diuresis), and lack of shared communication between multiple health care 
providers.
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 Multidisciplinary Structure

HF is a progressive disease characterized by clinical exacerbations that result in the 
utilization of acute healthcare services. Effective treatment for these patients 
involves complex drug management, time-consuming patient education and fre-
quent clinical visits [19]. The lack of careful management of patient symptoms 
results in excessive use of acute emergency and hospital services; indeed, as many 
as 50 % of HF admissions may be preventable [47]. The goal of HF care is to pre-
vent episodes of clinical exacerbations so as to ensure better quality of life and 
survival for the patient and offer more efficient use of healthcare resources. HF 
treatment requires significant adjustments in lifestyle. The prevention of clinical 
deterioration and maintenance of a good quality of life require the patient to actively 
participate in the disease management process. For the healthcare provider, success-
ful management of symptomatic HF patients requires frequent follow-up visits and 
determined efforts to improve patient adherence to medical treatment and lifestyle 
changes. While current research supports the benefits of some elements of care 
delivery processes in disease management programs for HF, it does not specify a 
single, specific healthcare delivery model as the most successful system. In truth, it 
is likely that a variety of approaches should be tailored to the specific needs of the 
local patient population and resource availability [40]. In general, care for the HF 
patient can be improved by a system that emphasizes comprehensiveness of care 
while preserving efficient healthcare delivery.

Many of the different models of chronic HF care incorporate the following 
important elements: coordination of care across different providers, patient/care-
giver education, patient/caregiver support with a focus on patient self-management 
and adherence, medication management, rigorous clinical monitoring, and imple-
mentation of guideline-directed protocols [48]. The ACC/AHA guidelines state that 
optimal care is best delivered by a team that includes both a primary care physician 
and a cardiologist [7] and there is strong evidence supporting the benefit of multi-
disciplinary programs for the management of HF. For example, in one meta- analysis 
of 30 randomized-controlled trials of multidisciplinary programs for HF showed a 
reduction in all-cause hospitalization (13 % lower risk), HF-related admissions 
(30 %) and mortality (20 %) compared with individuals receiving usual care; inter-
ventions involved a physician and at least one other type of health professional such 
as a nurse, pharmacist, dietician, or social worker [49]. Multiple other studies show 
that multidisciplinary interventions for HF management may improve patient adher-
ence, functional status, reduce risk of hospital admissions, reduce length of hospital 
stay, confer improved survival, and reduce healthcare costs [30, 41, 48–58].

In 2008, the Heart Failure Society of America published a consensus statement 
that described the integral elements of a HF clinic, which focused on the systems 
and procedures that would provide the most consistent application of evidence- 
based guidelines and, ultimately, ensure optimal patient care [59]. The authors spec-
ified the follow areas: disease management, functional assessment, quality of life 
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assessment, medical therapy and drug evaluation, device evaluation, nutritional 
assessment, follow-up, advance planning, communication, provider education, and 
quality assessment. The authors acknowledged that these areas had not been sub-
jected to standard trial methodology and that few studies had adequate power or 
statistical design to show that specialized HF clinics decreased mortality for HF 
patients. As described above, however, there are many studies demonstrating 
improved quality of life, functional status, and patient satisfaction, with reduced 
hospitalizations for patients followed in HF clinics [41]. The current era of Patient 
Centered Outcomes Research (PCORI) may be able to compare strategies of HF 
care using patient reported outcomes, such as quality of life and satisfaction with 
the care.

Most specialized HF clinics practice a multidisciplinary approach that may 
include physicians, nurses, pharmacists, nutritionists, social workers, exercise phys-
iologists, and other health care professionals with specialized training and skills in 
HF management [60, 61]. With consistent application of GDMT and the common 
goals of improving patient well-being and increasing the efficiency of healthcare 
deliver, the multidisciplinary team establishes a long-term relationship with an indi-
vidual patient to optimize medical therapy, provide frequent clinical follow-up with 
ready access to care in the case of decompensation, administer thorough patient and 
caregiver education, and create seamless coordination of care between multiple care 
providers. Comprehensive education of the patient and family with a focus on 
increasing adherence to therapy and self-care can improve HF outcomes. Numerous 
clinical studies provide strong evidence for the effectiveness of multidisciplinary 
disease management of HF and the components of HF management programs con-
sistent across these studies include multidisciplinary teams of health professionals, 
intensive patient education and support for self-management, and ready access to 
providers.

A successful multidisciplinary HF clinic requires adequate financial resources to 
support provider training and the framework for coordinated healthcare delivery 
and quality assessment. This includes a provider to patient ratio that will support 
individualized and comprehensive patient care.

 Management of the HF Patient

A systematic approach to the assessment of the HF patient provides the crux of 
effective HF management. The ongoing management of the HF patient should 
address the following components: etiology and ongoing factors contributing to 
myocardial dysfunction, circulatory status, related co-morbidities, goals for ongo-
ing therapy, psychological and social vulnerabilities, patient preferences and end- 
of- life decisions (Table 34.3) [62]. Important elements of HF management include 
symptom review, medication titration, education of the patient, care provider and 
family, self-management support, management of comorbidities, telephone support, 
psychosocial and care provider support, and palliative care. The frequency of office 
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visits and HF treatment should be guided by established protocols to ensure uniform 
practice and the attainment of optimal guideline-directed medical and device thera-
pies. Patients should ideally be seen within a week of hospital discharge and every 
2 weeks if they exhibit unstable symptoms. Stable HF patients should be followed 
at a minimum frequency of every 3 months. Recent evidence from GWTG implies 
that a visit that occurs early, within 1 week of discharge can lead to a decrease in 
hospitalizations [31].

The assessment of functional capacity remains an important component of the 
initial and follow-up evaluation of HF patients. There are three well-validated meth-
ods to assess functional status in HF patients, New York Heart Association (NYHA) 
class, the 6-minute walk test (6MWT), and cardiopulmonary exercise stress (CPET) 
testing [63–66]. BNP testing may also be useful, but its purpose in guiding outpa-
tient management of HF is currently undergoing study. Baseline NYHA functional 
classification should be assessed then reassessed with every visit. An objective 
assessment of functional status with either 6MWT or CPET should also be per-
formed initially then serially to determine response to clinical interventions. CPET 
is also important to risk stratifying patients potentially needing advanced therapies 
such as mechanical assist device or cardiac transplantation. Peak oxygen uptake 

Table 34.3 Ongoing assessment in heart failure [62]

Cause of and contributing factors to left ventricular dysfunction:
  Original cause (e.g. ischemia, alcohol)
  Additional exacerbating factors (e.g. tachycardia, anemia, infection, pulmonary emboli, 

obesity, excessive alcohol consumption, use of recreational drugs, use of nonsteroidal 
anti-inflammatory agents, thyroid disease)

Current circulatory status:
  Resting profile – evidence of congestion or hypoperfusion
  Cardiovascular reserve – activity level, evidence of limitation
  Potential to improve current status with adjustment of therapy – therapy for fluid retention 

and symptomatic hypotension
Related risks:
  Symptoms of dysrhythmias
  Risk or symptoms for embolic events
  Recurrent ischemic events
Defining goals for ongoing therapy:
  Establishment of clinical stability
  Maintenance of clinical stability
  Modulation of disease progression – target dosages of ACE inhibitors and beta-blockers
Behavioral, psychological, and social risks:
  Non-adherence and factors that contribute to it
  Anxiety and depression
  Social isolation
Patient preferences and end-of-life decisions

Reprinted and adapted from Grady et al. [62]; © 2000, with permission from Wolters Kluwer 
Health
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(VO2) obtained during CPET is one of the most powerful predictors of mortality in 
this population and may also serve to deliver an individualized exercise prescrip-
tion. Serial measurements of health status, such as through the Minnesota Living 
with Heart Failure Questionnaire or Kansas City Cardiomyopathy Questionnaire, 
can also predict survival and hospitalization risk for patients with HF [67–69].

Evidence-based practice guidelines for the pharmacologic and device therapy of 
HF have been published by several professional organizations [7, 70]. These guide-
lines are best put in protocol form for HF management clinics in order to ensure 
uniform practice across all healthcare providers and to expedite up-titration and 
optimization to the target dosages of guideline-directed HF medications. A compre-
hensive drug evaluation can reduce hospital admission rates and improve survival 
[51, 60, 71–74]. A look at adherence to the medication regimen should be done with 
each visit, with a focus on strategies to improve patient adherence and involvement 
in HF care.

Nutritional assessment and education can be done by a physician extender or 
nutritionist as part of the holistic approach to HF care. Sodium and fluid indiscre-
tion accounts for at least 18 % of preventable readmissions for HF [75] and time 
should be spent devoted to teaching patients about salt and fluid restriction, espe-
cially those with frequent acute exacerbations of HF. Early identification and inter-
vention for cachexia are also important since cachexia is a marker for poor outcomes 
in HF [76].

Effective communication is extremely important to improved patient outcomes. 
Shared decision-making between the healthcare provider and patient leads to better 
adherence and patient satisfaction [77]. In addition, clear communication between 
different healthcare providers decreases the incidence of medication errors and con-
flicting treatment plans. HF patients usually have many comorbidities and all of the 
care provided by their various providers should be well-coordinated to decrease 
discrepancies and improve patient outcomes and the efficiency of healthcare 
delivery.

Each HF patient should have an individualized care management plan for the 
long-term care of their disease. Components of the care management plan include 
HF management goals, treatment plans, a list of problems such as lifestyle changes, 
medication administration, and means of transportation, and clear contact informa-
tion for their various healthcare providers. A copy of the care management plan 
should be given to the patient and his or her care provider, as well as each health 
care provider that is involved in the care of the patient. HF patient education should 
provide information on their medical condition, lifestyle changes that need to be 
made, medications, and the predicted course of their condition. The patients’ family 
member and care providers should also be educated on HF. Standardized HF educa-
tional resources, such as booklets or support group meetings, are very useful to meet 
the education objectives of patients and their care providers.

Patient self-management is a care model whereby the patient is actively engaged 
in and takes responsibility for their healthcare. This model requires an informed and 
motivated patient. By promoting self-management in the care of HF, patients are 
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empowered to understand their disease and treatments, and to be able to recognize 
the signs of HF decompensation before they become emergent.

Telephone services to assess symptoms, up-titrate medications, provide educa-
tion, or offer emotional support, complement the face-to-face clinical care of the HF 
patient. This should be delivered by a nurse proficient at HF care and these phone 
interactions should be guided by evidence-based protocols.

Advanced heart failure therapies are required for a relatively small proportion of 
people with HF and these patients should be managed intensively in a tertiary hos-
pital with capability for mechanical support devices and/or heart transplantation. 
For those patients with end-stage HF for whom advanced therapies are not appropri-
ate, involvement of palliative care services can improve the quality of life of patients 
with HF and their families facing death. Health professionals treating HF patients 
should have some training in palliative care philosophy.

 Home Care and Telemonitoring

HF disease management programs can incorporate home care and telemonitoring 
into their systems of care [78]. Some studies have shown that multidisciplinary 
interventions that included home-based components were the most effective in the 
care of the HF patient [79]. Home care may be provided by home health care ven-
dors that employ visiting nurses or other home health care professionals [80]. 
Home-based visitation by physicians has also been reported as another strategy to 
improve outcomes for HF patients [81]. Home care visits have been shown to 
decrease risk of all-cause and HF-related admissions [49].

The HF clinic can utilize telemonitoring technology to monitor patients who 
cannot make frequent visits, either due to geographic limitations or an inability to 
leave their homes [82, 83]. Telemonitoring is the use of telecommunications or 
other electronic information processing technologies to monitor patient health sta-
tus at a distance. Telemonitoring devices include those that monitor vital signs and 
weight. Physiologic data such as body weight, blood pressure, and heart rate can be 
captured electronically on a scheduled or ad hoc basis for review and intervention, 
if needed. Remote analysis of intrathoracic impedance may also be used to monitor 
for worsening HF [84, 85]. Telemonitoring has been shown to improve outcomes in 
HF patients, such as decreased admissions and reduced risk of mortality [49]. Some 
of the published evidence suggests that telemonitoring may be as effective as other 
disease management programs for decreasing patient risk of hospitalization and 
increasing quality of life [86–88] while other studies show no difference in patient 
outcomes [89, 90]. Careful examination of some telemonitoring programs will 
show that beyond the early study time-period, adherence to the intervention drops 
off, making it nearly impossible to determine true efficacy in an intent-to-treat anal-
ysis. It may be more important, therefore, to examine the system in which telemoni-
toring is deployed, rather than the type of telemonitoring used.
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 Hospital to Clinic Transition

HF is a chronic disease that cannot be holistically treated if only acute exacerbations 
are addressed. Continuity of care needs to be the main focus of HF care in order to 
ensure the best patient outcomes. When a patient is hospitalized for acute decom-
pensated HF, inadequate discharge planning is a major contributor to early rehospi-
talization rates [75]. Patients should have an early outpatient follow-up after a HF 
hospitalization or emergency department visit. The use of risk models may help 
guide follow-up care [91–93]. Higher risk patients should receive follow-up within 
72 h; this can be accomplished as a telephone contact, home health visit, or clinic 
visit. Starting care management strategies during the inpatient hospital stay has 
been shown to reduce the risk of hospital readmission [94, 95].

 Physical Rehabilitation

Consensus-driven guidelines recommend that all stable patients with HF should be 
referred to a specifically designed physical activity program and that exercise ther-
apy should accompany GDMT. Data suggest that rehabilitation programs may result 
in improved physical functioning and an improvement in health-related quality of 
life for HF patients. The HF-ACTION trial found a modest improvement in out-
comes and a much better improvement when patients adhered to the exercise pro-
gram. The trial also demonstrated excellent safety in aerobic training throughout the 
study. However, there are limited data as to whether home-based or organized exer-
cise programs would best meet their needs [96–99]. As in most long-term programs, 
the patients in HF-ACTION had a drop in adherence to the exercise intervention 
despite multiple interventions to enhance patient compliance [100]. Future studies 
are needed to determine if aerobic training also could improve outcomes in HFpEF 
patients, although small trials are consistently positive. Furthermore, the issue of 
adherence and modalities or interventions to improve exercise compliance are criti-
cally needed.

 Assessing Quality in HF Care

The assessment of quality in HF care can be divided into outcome, process, and 
structural components [101, 102]. Outcome measures, such as survival and qual-
ity of life, are the most important quality measures from the perspective of both 
patient and healthcare provider. Process of care measures are the most accepted 
indicators of quality for hospitals and individual providers. Adoption of many of 
these process measures have been shown to improve outcomes in randomized 
trials.
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Outcome measures that should be followed include: mortality, HF readmission 
rate, the percentage of HF patients on maximally tolerated guideline directed medi-
cal therapy, functional status, quality of life, and patient satisfactions. Process mea-
surements include the number of patients referred to multidisciplinary HF care, the 
percentage of HF patients with documented assessment of cardiac function, and 
those for whom an advanced care plan has been addressed. Hospitals and HF clinics 
can have formal evaluations of their outcome measures by such organizations such 
as The Joint Commission and the American Heart Association Get With the 
Guidelines Heart Failure Program.

 Conclusion

Advances in the treatment of HF and early interventions to prevent clinical decom-
pensation delay disease progression and improve survival. After initial evaluation 
and the implementation of guideline-directed medical therapy, outpatient HF man-
agement strategies focus on the maintenance of patient stability (Fig. 34.1). Patient 
education, a focus on self-management and adherence, and discharge planning may 
further contribute to clinical stability and improved patient outcomes. 
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Fig. 34.1 Communication to primary care provider and other healthcare providers
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Multidisciplinary disease-management HF programs may help improve HF patient 
outcomes, including decreased symptoms, improved quality of life, reduced rates of 
hospital admission, and decreased healthcare costs.

The principals of effective HF care include: a patient-centered multidisciplinary 
approach, rigorous adherence to evidence-based treatment through written proto-
cols, early detection of exacerbations, development of individualized management 
plans, promotion of patient self-management, continuity of care, and continuous 
monitoring of program outcomes and quality improvement.
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Chapter 35
Inflammation and Heart Failure

Kyung-Hee Kim, Diana Kim, and Howard J. Eisen

 Small Animal Models of Heart Failure

Heart failure is a leading cause of death and continues to provide significant 
 socioeconomic burdens worldwide [1]. Heart failure is a clinical syndrome attrib-
uted to various causes. Although most patients share the final stage of left ventricu-
lar (LV) dysfunction, the pathophysiology from initial myocardial damage to LV 
dysfunction differs in every patient [2]. Therefore, the study of heart failure requires 
various animal models that mimic the pathogenetic features of heart failure in 
humans. In this respect, animal models of LV hypertrophy that lead to heart failure 
have been useful for providing a new insight into the complex pathogenesis of heart 
failure and for testing novel heart failure therapeutic options before clinical experi-
ence [3]. Many investigators have scaled down from large animal models to small 
models because they are easier to manipulate, cheaper to maintain, and similar to 
the human cardiovascular system. Moreover, recent advances in echocardiography 
and micronanometer conductance catheters have made it possible to reliably evalu-
ate cardiac function in small animal models [4, 5]. The role of these models for 
understanding the disease and developing new treatment cannot be overempha-
sized. Additionally, the costs are much lower; thus, the experiment is more feasible. 
The current section will focus upon new aspects of rat models of heart failure. The 
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sections below describe three clinical conditions that can result in heart failure: 
pressure overloaded model (concentric hypertrophy), volume overloaded model 
(eccentric hypertrophy), mixed load ventricular remodeling model (Fig. 35.1) [6]. 
Regardless of the initial stimulus, for example, hypertension, ischemia, or volume 
overload, the heart counters insults with hypertrophy where inflammatory plays a 
major role. Before we will discuss the inflammatory pathophysiology of the heart 
failure, we mention the major animal models of heart failure. The authors recognize 
that the complexities of the human diseases that lead to HF are difficult to mimic in 
most animal models. All of the to-be-mentioned small animal models have advan-
tages and limitations, and the transfer from experimental to human heart failure 
needs critical evaluation. However, many new therapeutic strategies that have 
shown success in different animal models of heart failure have subsequently proven 
to be useful in human heart failure. With these limitations in mind, this section of 
the chapter gives an overview of the various animal models of heart failure 

a b

c d

Fig. 35.1 Animal models of heart failure. (a) Sham (b) Pressure overloaded model after suprare-
nal ligation (c) Volume overloaded model after mitral regurgitation (d) Mixed load remodeling 
model after myocardial infarction
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according to the pathophysiology-based human classification of heart failure. In the 
next section of the chapter, we will discuss the pathophysiology of heart failure 
focused on inflammation and how it is clinically presented.

 Rat Pressure Overload Models

 Aortic Banding

Models involving an abnormal pressure load have been most useful in the study of 
the pathogenesis of hypertrophy, subcellular failure, and vascular changes. There 
are numerous surgical methods to induce pressure overload in rats, but the ascend-
ing aortic banding is one of the more widely used surgical models, in which a stric-
ture is placed around the ascending aorta of weanling rats [7, 8]. Compared with 
ascending aortic banding, abdominal aortic banding model is more physiologic 
model like human clinical settings. Abdominal aortic banding is also a well- 
established model for inducing hypertrophy due to pressure overload in animals and 
it has been used extensively for many decades [9, 10]. The abdominal aorta is 
exposed above the left renal artery and a silk thread is passed under it. A 23 cannula 
is placed longitudinally on the aorta and both aorta and cannula is tied. The cannula 
is then removed, leaving an aortic lumen determined by the diameter of the cannula 
(Fig. 35.2). The skin is closed by clipping and covered with tar spray. Kim and col-
leagues [11] have used this model extensively to explore the new phosphodiesterase 
5 inhibitors (PDE 5 inhibitors), udenafil therapy to prevent heart failure and 

Fig. 35.2 The procedure of pressure overload model; suprarenal ligation
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decreased inflammatory markers in pressure overloaded failing heart. They showed 
that udenafil-attenuated myocardial fibrosis and apoptosis. Udenafil also decreased 
myocardial matrix metalloproteinase-9 expression and augmented serum interleu-
kin- 10 concentration. Long-term udenafil use prevented cardiac remodeling and 
improved exercise capacity and survival in rats exposed to pressure-overload car-
diac hypertrophy.

 Rat Volume Overload Models

 Aortocaval Fistula

Much less is known about signal systems for volume overload than those for pres-
sure loads because there are fewer volume overload models. It is of interest that, as 
opposed to LV pressure overload, LV volume overload is associated with a decrease 
in interstitial collagen surrounding cardiomyocytes [12, 13]. The pure volume over-
load of aortocaval fistula (ACF) in the rat causes a LV stretch stimulus without an 
increase in LV pressure due to the arterial-venous shunt. As in the human with a 
pure volume overload, this results in an adverse LV eccentric remodeling involving 
increases in LV end-diastolic pressure and LV end-diastolic dimension to wall 
thickness ratio over a period of time. Heart failure is induced in this model by surgi-
cal creation of an arteriovenous (AV) fistula between the abdominal aorta and infe-
rior vena cava, distal to the origin of the renal arteries [14, 15].

 Mitral Regurgitation Model in Rats

Mitral regurgitation (MR) is the most common type of valvular heart disease that 
induces LV volume overload. In their pioneering work, Pu et al. [16] developed an 
MR rat model for the first time. However, their report lacked details about the ani-
mal model, LV remodeling, exercise capacity, and histological findings that are 
critically important for future research. Kim et al. [17] established a reliable small 
animal model of chronic MR using rats and verified the pathophysiological features 
of this model using serial echocardiography. After anesthesia, an intracardiac echo-
cardiographic catheter is inserted into the esophagus for transesophageal echocar-
diography. A lateral thoracotomy is performed, and a needle is inserted into the LV 
via apical puncture and is advanced toward the mitral valve to create a hole in the 
leaflet and induce MR under the guidance of transesophageal echocardiography. 
Using this model, they evaluated that sildenafil attenuated LV remodeling and pre-
vents exercise intolerance in a rat model of chronic MR likely due to the antiapop-
totic, anti-inflammatory effects of sildenafil. They used transcriptional profiling of 
cardiac apical tissues which revealed that gene sets related to inflammatory response, 
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DNA damage response, cell cycle checkpoint, and cellular signaling pathways were 
significantly enriched by genes with reciprocal changes in sildenafil treatment group 
(Fig. 35.3).

 Rat Ischemic Injury/Myocardial Infarction Model (Mixed Load 
Ventricular Remodeling Model)

Various methods have been applied to induce MI and/or ischemia in animals via 
occlusions of coronary arteries. Left ventricular MI in rats has been established by 
Pfeffer et al. [18] In brief, after anesthesia, orotracheal intubation and thoracotomy, 
the heart is rapidly exteriorized and the LCA is ligated in the proximal segment 
using a thin thread. The occlusion of the artery can be recognized by blanching of 
the tissue distal to the ligation. Rats with infarctions greater than 46 % develop 
congestive HF after 21 days with elevated filling pressures, reduced cardiac output, 
and a minimal capacity to respond to pre- and after-load stress. The degree of 

Sham

ROS

Sildenafil

Mitral regurgitation
with Sildenafil Mitral regurgitation

Volume overload
Shear stress

Inflammation
DNA damage

Endothelial dysfunction

Cellular injury/Apoptosis
LV remodeling
Myocardial contractility

Fig. 35.3 Mitral regurgitation causes progressive left ventricular dilatation, wall thinning, and 
cardiomyocyte elongation, which recapitulates eccentric remodeling with inflammation cell infil-
tration, extracellular matrix degradation and activation of DNA damage pathway. The anti- inflam-
matory and antiapoptotic effects of sildenafil seemed to play a key role in preventing LV 
remodeling
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impairment of LV function is directly related to the extent of myocardial loss. In 
comparison to the permanent occlusion model, the reperfusion MI model leads to a 
higher infiltration of inflammatory cells, attenuated fibrotic remodeling and 
enhanced neovascularization in the area of infarction [19].

 Methodological Considerations

HF animal models must be carefully characterized to ensure that they have the criti-
cal features that have been described above. The level of characterization will ulti-
mately be determined by the study design and the available equipment and resources. 
Several additional points are worth considering as work continues in animal mod-
els: (1) Our first concern was that heart size and gender have been neglected in some 
previous experiments. In our pilot study, we found that rats showed rapid growth of 
the heart between 8 and 10 weeks of age (LVESD, 3.40 ± 0.15 mm vs. 4.02 ± 
0.27 mm; LVEDD, 6.41 ± 0.34 mm vs. 7.31 ± 0.34 mm for 8 vs. 10 weeks of age, p 
< 0.01); thus, this period was not optimal for evaluating LV remodeling (Fig. 35.4). 
(2) When considering new treatment approaches, experiments that determine 
whether treatment reverses ventricular remodeling are more relevant than animal 
studies of prevention of heart failure; (3) Complete hemodynamic assessment of the 
animals used is essential, including assessment of both static and dynamic parame-
ters as well as structural remodeling in determining the magnitude of these param-
eters. Assessment of ventricular cardiac performance is also of importance; 
(4) Assessment of the functional capacity of both diseased and treated animals to 
determine whether improvement in hemodynamics and cardiac function afforded 
by pharmacological intervention is clinically significant; (5) Longer-term studies on 
the effects of treatment must be performed with effects on survival and toxicity 
being included. We will mention shortly the approaches that have been used rou-
tinely to reliably characterize small-animal heart failure models are outlined below.
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Fig. 35.4 In Kim et al. pilot study, they found that rats showed rapid growth of the heart between 
8 and 10 weeks of age (LVESD, 3.40 ± 0.15 mm vs. 4.02 ± 0.27 mm; LVEDD, 6.41 ± 0.34 mm vs. 
7.31 ± 0.34 mm for 8 vs. 10 weeks of age, p < 0.01); thus, this period was not optimal for evaluat-
ing LV remodeling
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 In Vivo Cardiac Function

Transthoracic echocardiography can be used to evaluate cardiac function in anes-
thetized or conscious rats [17, 20–22]. LV septal and posterior wall thickness (SWT 
and PWT, respectively) and the LV end diastolic/systolic dimension (EDD/ESD, 
respectively) can be measured using M-mode echocardiography at the papillary 
muscle level. The LV ejection fraction (EF) and LV mass can be estimated by estab-
lished formulas [23]. Transthoracic 2-dimensional guided M-mode echocardiogra-
phy and pulsed-wave Doppler wave can be performed by using a variety of 
commercially available echocardiograph machines (Fig. 35.5). Serial measurements 
should be performed to evaluate structural and functional progression of heart fail-
ure or to evaluate the efficacy of therapeutics. Recent miniaturization and refine-
ment of imaging technology for rats such as high-field-strength MRI machines 
(9.4 T) have facilitated noninvasive characterization of the pulmonary and systemic 
circulation in rodents [24, 25]. However, cardiac MRI of small animal model needs 
lots of time to get the image, so anesthesia time could affect the result of study.

 In Vivo Measurements of Exercise Capacity

Measurements of exercise capacity is very important parameters in patients with 
heart failure. Exercise capacity of rats can be measured by several methods. Kim 
et al. used the Rotal Rod Treadmill [17]. The rats ran on a knurled drum as the drum 
rotated to avoid falling off. Animals were trained two times before the test to adjust 
the treadmill. Treadmill speed was gradually increased from 3 revolutions per min-
ute (rpm) to 15 rpm every 1 minute, and maximum exercise time was recorded. 
Guazzi et al. [26] measure maximal exercise capacity with a conventional 

a b c

Fig. 35.5 Echocardiography (a) 2D & M-mode. Color Doppler. (b) Spectral Doppler. Mitral 
inflow. (c) Tissue Doppler. Mitral annulus
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motor- driven treadmill. They had the 2-week acclimatization period. During the 
first week of acclimatization, this consisted of 3 sessions of slow walking on the 
treadmill for 10 to 15 minutes each. During the second week of acclimatization, rats 
underwent 3 maximal exercise capacity tests, with the final 2 averaged. If there is 
special chamber, maximal VO2 can be measured. The animals were placed on a 
treadmill and enclosed in an airtight metabolic chamber. This chamber was adapted 
for the determination of O2 uptake (VO2) by using an open-circuit method [27].

 In Vivo Measurements of Loading Cardiac Conditions

Thanks to advances in microcatheter technology, ventricular pressure-volume rela-
tionships has been successfully translated to small animal models, including rats, 
allowing for detailed characterization of cardiovascular function. This method is 
unique for providing measures of ventricular performance that are more specific to 
the heart and less affected by vascular loading conditions. Pacher et al. showed the 
protocol in depth and detail in Nature Protocols [4]. Despite its invasiveness, this 
sophisticated methodology has great potential for characterizing cardiac function in 
various rodent- models of cardiovascular disease.

 Conclusions

There is not yet a perfect preclinical model that accurately reproduces all the clinical 
pathological features of human heart failure. However, it is also clear that animal models 
have provided, and will continue to provide, valuable insight into the numerous path-
ways that contribute to the development and maintenance of heart failure. These models 
will allow us to investigate important interactions between the various triggers, which 
have been implicated in heart failure, their impact on signaling pathways, and their tem-
poral evolution into the structural and functional abnormalities, which characterize the 
myocardial dysfunction process. Use of both classic and newly developed animal mod-
els will allow us to continue to rigorously test new hypotheses regarding pathogenesis 
and evaluate the ability of newly developed agents for prevention and reversal of estab-
lished disease. Careful and rigorous clinical trials will be required to establish safety and 
efficacy of any heart failure therapy or mechanism in human patients.

 Pathophysiology

Heart failure is described by a complex pathophysiology that includes more than 
just the cardiovascular system. Heart failure is often thought of in the context of the 
“neurohormonal hypothesis.” This hypothesis states that that neurohormonal influ-
ences involving imbalance of sympathetic and parasympathetic tone as well as 
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disruption of the renin-angiotensin-aldosterone system contribute to heart failure 
[28]. Additionally, deleterious systemic inflammation involving various cytokines 
has been observed to further the progression of chronic heart failure, as postulated 
by the “cytokine hypothesis” [29]. Although the relationship between inflammatory 
cytokines and the neuroendocrine system has not been fully elucidated, studies 
show that the two systems influence each other to advance the status of heart failure 
[30]. Further, recent studies have shown that the two systems may interact with each 
other in the pathogenesis of this disorder [31]. This section will discuss the role of 
inflammation and neurohormonal influences in the pathophysiology of heart failure, 
as well as other aspects of heart failure syndrome such as cachexia, endothelial 
dysfunction, and reduced skeletal muscle blood flow.

 Cytokines in Heart Failure

Elevated circulating levels of pro-inflammatory cytokines are seen with heart 
 failure. The most important cytokines are TNF-α, IL-6, and IL-1. A number of che-
mokines, including macrophage chemoattractant protein (MCP)-1, IL-8, and mac-
rophage inflammatory protein (MIP)-1α are also associated with heart failure; these 
levels of chemokines increase with heart failure progression. Increased expression 
of inflammatory cytokines and chemokines has been demonstrated by Damas et al. 
at both the protein and mRNA levels in a study of patients with heart failure; par-
ticularly high levels of these pro-inflammatory cytokines and chemokines were 
found in the coronary circulation [32]. The pro-inflammatory effects seem to be 
unopposed due to the absence of anti-inflammatory cytokines such as IL-10. The 
result of this imbalance leads to a systemic inflammatory effect [33]. The causes of 
inflammation in heart failure are manifold. The initial inflammation in early stages 
of myocardial infarction activates an immune response that can potentially explain 
some of the pro-inflammatory signals in heart failure. Moreover, mechanical over-
load and shear stress cause cytokine expression in various cell types including the 
endothelium, leukocytes, and even the cardiomyocytes themselves, suggesting 
these are native molecules made not just by the immune system but within the heart 
tissue itself. The consequential effects of these pro-inflammatory cytokines include 
release of radical nitric oxide, oxidative stress, and apoptosis among many other 
outcomes. Here, we describe the individual roles of TNF-α, IL-6, IL-1, TLRs and 
MMPs for their contribution to the pro-inflammatory state during heart failure and 
their intrinsic connection to neurohormonal activation.

 Tumor Necrosis Factor Alpha (TNF-α)

TNF-α is a cytokine released by myocardial cells in response to damage and 
thought to be the one of most important mediators of HF progression. TNF-α 
exerts its effects via TNF-α receptors (TNFR), which are ubiquitously expressed. 
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Circulating levels in TNF-α levels are elevated in patients with CHF and increases 
as heart failure worsens [34], demonstrating a positive association between TNF-α 
and the progression of HF. TNFR then modulates myocardial function through two 
ways: (1) instantaneous activation of the sphingomyelinase signaling pathway that 
occurs within minutes of ligand interaction and (2) a slower, delayed response that 
involves the inhibition of β-adrenergic by nitric oxide [35]. TNFR-1, one subtype 
of the TNF receptor, is more abundantly expressed and mediates the majority of 
TNF-α’s deleterious effects such as remodeling, hypertrophy, nuclear factor-
kappa-B production, and apoptosis. TNF-α mediates its apoptotic effects through 
its effect on the death domain within the cytoplasmic portion of the TNF recep-
tor-1, and secondarily activating NF-kB. Additionally, cytokines exert a cytotoxic 
effect on cardiomyocytes, leading to necrosis [36]. NF-kB effects and necrosis, 
together, further compromise the composition and function of the heart. TNFR-2, 
which is less commonly expressed, actually provides a protective effect for the 
heart. A study with patients with myocardial infarction by Valgimigli et al. dem-
onstrated that TNFR-1 was the most powerful independent risk factor for HF and 
death [37]. Yet despite the contradictory effects of the TNFR-1 and TNFR-2, 
Hamid et al. implicated that both receptors are necessary in precipitating the 
pathophysiological consequences of TNF-α [38], including left ventricular dys-
function and remodeling, cardiac myocyte apoptosis, development of anorexia and 
cachexia, reduced skeletal muscle blood flow, and endothelial dysfunction, and 
other effects.

 Interleukin 6

Increased concentrations of circulatory IL-6 are also strongly associated with 
advancement of HF. Moreover, in hospitalized patients with CAD, IL-6 levels 
were significantly associated with all-cause and cardiovascular mortality [39]. 
IL-6 type cytokines mediate their signals through the ubiquitously expressed gly-
coprotein (gp) 130 receptor subunit, which is central to the inflammatory effects 
observed in HF.

Short-term activation of IL-6R confers protective effects during ischemia 
partly through its classical, membrane-bound signaling. However, constitutive, 
persistent activation of gp130 present during heart failure states contributes to 
cardiac hypertrophy, myocardial dysfunction, and muscle wasting via IL-6 
trans-signaling pathway [40]. Nevertheless, it has also been shown in genetic 
models of IL-6 that IL-6 is not necessary for the pathogenesis of heart failure. 
Fuchs et al. showed that IL-6 knockout mice did not have differences in LV 
dysfunction and hypertrophy after MI compared to regular mice. They postu-
lated that there were redundancies between this system and the JAK/STAT path-
ways such that there were compensatory mechanisms through alternative 
receptors [41].

K.-H. Kim et al.



815

 Interleukin 1

IL-1 works synergistically with TNF-α to depress myocardial contractility in a 
dose-dependent manner. IL-1, similar to TNF-α, is a potent inducer of myocardial 
apoptosis and hypertrophy in vitro [42, 43]. Further, it is involved in arrhythmo-
genesis, leading to exacerbation of HF [44]. Recent studies have suggested that 
TNF and IL-1 may have negative inotropic effect on the heart indirectly through 
activation and release of IL-8 [45, 46]. Preclinical studies suggest that IL-1 block-
ade has a positive effect on the failing heart, and clinical trials are under way to 
investigate the role of IL-1 blockade in improving symptomatic outcomes in 
patients with HF [47].

 Toll-like Receptors

Toll-like receptors (TLRs) are also speculated to be an important link to inflamma-
tion in HF. TLRs are pattern-recognition receptors that are primarily involved in 
initiating the innate immune responses in the presence of conserved microbial mol-
ecules. Studies show that in HF that arises after acute myocardial infarction, TLRs 
are activated on monocytes. For example, in a study of patients with acute myocar-
dial infarction by Satoh et al., TLR4 levels on monocytes positively correlated with 
IL-6 and TNF-α levels [48], indicating that activation of TLR4 through a myocytic 
inflammation reaction is associated with HF post-MI. This evidence is strengthened 
by inflammatory cytokines’ upregulatory effect on TLR2 and TLR4 of vascular 
endothelial cells, which is likely to contribute to endothelial cell-related inflamma-
tion in HF. Additionally, enhanced effects of TLR2 and TLR4 are seen in injured 
myocardium, which subsequently recruit cells of innate immunity that may contrib-
ute to the myocardial inflammation in HF progression. The link between TLR and 
inflammation can be explained by TLRs’ capacity to respond to not only microbes, 
but also to molecules released from injured cells, such as fibronectin and heat shock 
protein 60 [49].

 Matrix Metalloproteases

Inflammatory cytokines, particularly TNF-α, are important regulators of myocar-
dial activity of a proteolytic system called matrix metalloproteinases (MMPs) and 
their inhibitors, tissue inhibitors of metalloproteinases (TIMPS). During left ven-
tricular remodeling and heart failure, a fine balance exists between matrix metal-
loproteinases, which are responsible for digesting extracellular matrix, and TIMPs, 
their inhibitors. It has been shown that through the different stages after MI leading 
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to heart failure that there are important spatial and temporal changes that corre-
spond to functional outcomes. TNF-α, along with numerous other cytokines, is 
overexpressed by cardiomyocytes and causes the induction of MMP activity. The 
increased MMP proteolytic activity relative to TIMP activity results in disturbance 
of fibrillar collagen and ultimately fosters ventricular dilation. Thus, TNF-α is seen 
to influence left ventricular (LV) remodeling, a marked characteristic of heart fail-
ure, through the induction of MMP species. Interestingly, this phenomenon is short- 
lived. As time progresses, the MMP activity appears to decrease in response to 
TNF-α and TIMP increases, leading to increased collagen content and cardiac 
fibrosis [50].

 Neurohormonal Activation

It has been well documented that heart failure is characterized by neurohormonal 
activation, in addition to inflammatory events. Neurohormonal activation is a pro-
cess that involves renin-angiotensin-aldosterone system (RAAS) and the adrenergic 
system. Both systems are activated almost simultaneously upon damage to the myo-
cardium, resulting in an increase of norepinephrine, angiotensin II, endothelin, 
TNF-α and aldosterone [51], in order to improve the mechanical state of the heart.

Angiotensin II (Ang II), a major factor in RAAS, is a robust vasoconstrictor of 
the renal efferent arterioles and systemic circulation that is produced during states 
of low cardiac output. Ang II also stimulates release of norepinephrine, from sym-
pathetic nerve terminals and induces the release of aldosterone and AVP, both of 
which increase circulating blood volume through retention of sodium and/or water. 
Low cardiac output also activates SNS, which promotes vasoconstriction of periph-
eral vessels. While these effects can be beneficial in restoring cardiac output in a 
functional heart, persistent activation of both systems can have catastrophic effects 
on cardiac function, particularly in an already compromised heart. A mechanism 
through which this may occur is through the combined vasopressor effects by RAAS 
and SNS, which induce a large increase in left ventricular afterload. This, in turn, 
results in elevated myocardial demand, pulmonary capillary wedge pressure, and 
left ventricular end-diastolic pressure, all of which contribute to progression of 
HF. Furthermore, increased blood volume by aldosterone and AVP results in 
increased intracardiac pressure, pulmonary congestion, and edema [52]. Excessive 
sympathetic activity is also directly correlated to cardiac myocyte apoptosis, hyper-
trophy, and focal myocardial necrosis [53]. Additionally, Ang II also directly induces 
cardiac myocyte necrosis and modifies the myocardial matrix structure [54], latter 
by promoting reactive perivascular and interstitial fibrosis. It is not surprising, then, 
that the degree of neurohormonal activation is correlated with severity of HF. Francis 
et al. studied neurohormonal activation among patients with left ventricular dys-
function with and without congestive heart failure, which demonstrated plasma nor-
epinephrine, plasma AVP, and plasma renin increase as heart failure progresses [55]. 
Further, the extent of neurohormonal activation is correlated with prognosis of 
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HF. For example, the Cooperative North Scandinavian Enalapril Survival Study 
demonstrated that levels of angiotensin, ANP (atrial natriuretic peptide), norepi-
nephrine, and epinephrine were significantly higher in patients who died than those 
who survived in a study of patients with severe heart failure randomized to treat-
ment with enalapril or placebo [56]. The association between neurohormonal acti-
vation and long-term prognosis of HF is well evidenced by studies that demonstrate 
improvement in cardiac function and reduced mortality after administration of inhi-
bition of neurohormonal activation in patients with HF. In the Metoprolol CR/XL 
Randomised Intervention Trial in-Congestive Heart Failure (MERIT-HF) study, 
metrolol, a beta blocker, given once daily in addition to optimum standard therapy 
improved survival of patients with chronic heart failure [57]. β-blockade is thought 
to suppress many deleterious hemodynamic and metabolic effects of SNS and at 
least partially interfere with the RAAS in patients with HF [58]. Analogously, ACE 
inhibitors and angiotensin II receptor blockers suppress neurohormonal activation 
by inhibiting the effects of angiotensin.

It is important to note that inflammatory and neurohormonal activation in HF 
progression are not independent processes. Studies have demonstrated that angio-
tensin II has significant proinflammatory effects in the vascular wall, inducing acti-
vation of leukocytes and synthesis of adhesion molecules, ROS, and inflammatory 
cytokines, which facilitate in endothelial dysfunction and vascular inflammation 
[59]. Further, activation of the SNS primarily suppresses the activity of the innate 
immune system while it modulate the cells of the acquired immune system [60]. 
Gurantz et al. demonstrated that TNF-α and IL-1 are directly related to increasing 
angiotensin II receptor density in the myocardium [30]. Further interplay between 
these two systems is further detailed in pre-clinical animal studies, suggesting a 
complex process that needs to be better understood.

 Clinical Disease

Heart failure can either be acute or chronic, and is characterized by inability of the 
ventricle to fill with or eject blood. The inability leads to decreased cardiac output 
that can no longer meet the body’s nutritional demands. Moreover, blood backs up 
and becomes congested in the lungs, liver, and systemic circulation. This leads to a 
variety of symptoms: dyspnea, orthopnea, paroxysmal or intermittent nocturnal 
dyspnea, fatigue, cyanosis, and edema. As described in previous sections, activation 
of neurohormonal and inflammatory systems occurs both in response to heart fail-
ure in the body’s attempt to restore blood pressure and blood volume and thus, 
cardiac output.

The most common cause of heart failure is coronary artery disease, accounting 
for nearly 70 percent of heart failure cases [61]. It has become even more important 
now that improvements in the treatment of acute MI with reperfusion therapy have 
led to increased survivors. A combination of factors, including ischemia, infarct 
size, ventricular remodeling, mechanical stress, cardiomyocyte death contribute to 
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global cardiac dysfunction and heart failure [62]. Outside of coronary artery dis-
ease, heart failure is also associated with uncontrolled hypertension, alcohol abuse, 
drug abuse, hyperthyroidism, and abnormalities of the heart valves. Viral infection 
and myocarditis are also associated with heart failure, although they are rare causes. 
Here we discuss the inflammatory etiologies behind the pathogenesis of these clini-
cal diseases, and discuss their relationship to anemia, cardiac cachexia, pulmonary 
hypertension and systemic inflammation.

 Clinical Etiologies for Inflammation in Heart Failure

Essential hypertension is another common yet unrecognized cause of heart failure 
that leads to a pro-inflammatory state. In essential hypertension, there is increased 
afterload on the heart due to increased peripheral vascular resistance. These changes 
often modulate mechanical and immunogenic factors that lead to endothelial dys-
function, media growth, ECM deposition, and inflammation. In animal models of 
hypertension, evidence of inflammation has been found in the vessels of the vascu-
lature. Furthermore, C-reactive protein (CRP) and IL-6 are also associated with 
vascular lesions in hypertension and associated with impaired cardiovascular out-
comes [63]. In other experimental models and humans, pro-inflammatory cytokines 
related to the RAAS system have been implicated in hypertensive vessels, further 
corroborating this process. Thus, inflammation is an underlying cause of both 
hypertension that ultimately precipitates in heart failure [64].

Another cause of heart failure is alcoholic cardiomyopathy, which presents with 
a dilated cardiomyopathy. Often times, this cardiomyopathy is reversible with com-
plete abstinence from alcohol. In this disease, alcohol precipitates a chronic inflam-
matory process that can potentially contribute to heart failure. Studies have shown 
that there are high levels of pro-inflammatory cytokines in patients with alcoholic 
liver disease [65]. Moreover, the genetic makeup of pro and anti-inflammatory 
cytokines in humans has been closely associated with the development of alcohol- 
related diseases. In these situations, chronic alcohol use actually precipitates 
chronic inflammation through lipopolysaccharides (LPS), a bacterial component, 
through transmigration in the gut. In the healthy individual, LPS is detoxified and 
is prevented from inducing a systemic inflammatory response. However, in the 
chronic alcoholic, the liver dysfunction leads to a systemic response to LPS, lead-
ing to  pro- immunogenic signals like TNF-α and TLR stimulation, which are also 
two of the previously described inflammatory mediators in the progression of heart 
failure [66].

Thyroid hormone disarray has been closely linked to heart failure, both in hyper 
and hypothyroid states. In patients with pre-existing heart disease, hyperthyroid 
states can exacerbate poor contractility and output. Hyperthyroidism can also inde-
pendently decrease ventricular contractility through sustained sinus tachycardia or 
atrial fibrillation. Oppositely, low thyroid hormone levels alter cardiac gene expres-
sion and increases systemic vascular resistance, precipitating heart failure [67]. 
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Although thyroid dysfunction directly affects the heart, many etiologies for thyroid 
dysfunction are immune in nature. For example, Hashimoto’s thyroiditis and other 
auto-immune thyroiditis diseases are precipitates by imbalances in humoral and 
cell-mediated immune responses, leading to pro-inflammatory conditions that 
mimic some of the systemic inflammatory signs observed in heart failure. One such 
example is IL-6, which is found to play a significant role in the pathogenesis of 
Hashimoto’s thyroiditis, and is also a cytokine found to be responsible for heart 
failure progression [68].

Heart valve dysfunction leads directly to heart failure by altering the pressure 
volume relationships in the heart and exacerbating remodeling. Recent studies have 
shown that there may be a role of inflammation between heart valve dysfunction and 
cardiac failure. For example, stenotic aortic valves are often found to exhibit signifi-
cant infiltration from mononuclear inflammatory cells [69]. Other signs of inflam-
mation have been found in rheumatic and non-rheumatic causes of valvular 
dysfunction [70], suggesting the potential link to the inflammation in heart failure.

Myocarditis is a disease that is completely inflammatory in etiology that leads to 
heart failure. It is characterized by inflammatory infiltrates in the myocardium. 
Myocarditis is either infectious or autoimmune in nature, and much of what is 
known has been elucidated from experimental models suggesting the role for pro- 
inflammatory cytokines and various cell-mediated responses. The most common 
etiology is coxsackievirus B3 (CVB3), which progresses to a chronic myocarditis 
leading to heart failure in genetically susceptible individuals. On a molecular level, 
CVB3 has been shown to both directly cause cell death. Moreover, it has been 
observed that for certain subtypes of CVB3, some myocytes recover due to an 
immune response, specifically through NK cells, antibodies, macrophages, T cells, 
interferon-α, and interferon-β. Thus, immune response that succeeds infection with 
CVB3 is important in preventing direct cell death and necrosis of myocardial tissue 
in response to replicating virus. However, it is important to note that inflammation 
induced against CVB3 infection may also lead to autoimmunity, thus resulting in 
detrimental effects. In similar experiments, Neu et al. [71] found that autoantibodies 
were formed in response to cardiac myosin after CVB3 infection. Autoantibodies 
(humoral) to other proteins including antinucleotide translocator (ANT), branched 
chain ketoacidic dehydrogenase, and extracellular matrix proteins were also found 
in further mouse models of myocarditis, which were also detected in the serum of 
human myocarditis patients.

 Inflammation and Heart Failure Clinical Syndromes

To understand the role of inflammation in the body, it is important to understand its 
role in precipitating the clinical syndromes found in anemia, cachexia, pulmonary 
hypertension and systemic inflammation.

Anemia is found in one third of cases, and is often times related to kidney insuf-
ficiency present in approximately one half of heart failure and commonly precipitated 
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by renal vasoconstriction and ischemia. Consequently, the kidney is unable to pro-
duce erythropoietin (EPO) to sufficient levels, thus causing anemia. Anemia can also 
be directly caused by the immune system, as recent studies show. For example, exces-
sive production of TNF-α and IL-6 in CHF can cause reduced EPO secretion and 
even interfere with the ability for EPO to signal within the bone marrow. These cyto-
kines have been shown to inhibit EPO production on the transcriptional and transduc-
tional level [72]. Moreover, these pro-inflammatory cytokines also reduce iron supply 
in the bone marrow. Hepcidin, a peptide hormone that is made in the liver and coor-
dinates iron metabolism, also serves as a link between anemia and inflammation. 
During highly inflammatory processes, hepcidin increases at the cytokine level, cor-
responding to release of CRP and amyloid protein. Anemia induces progression of 
cardiac function not only by causing tachycardic stress and increased volume, but 
also by reducing renal blood flow and fluid retention. Anemia is also found to be 
more commonly associated with mortality in heart failure [73, 74].

In cachexia, body wasting is commonly thought to be related to heart failure and 
is related to reduced LVEF. It is also associated with generalized loss of tissue, 
including fat and bone from reduced total mass. There is increasing information that 
neurohormonal and immune abnormalities contribute to this clinical progress. For 
example, cardiac cachexia is related to plasma levels of inflammatory cytokines, 
such as TNF-α. Moreover, it has also been related to neuroendocrine activation 
leading to a tipping of the scale towards catabolic process vs anabolic process [75]. 
Pro-inflammatory cytokines are also playing an important role in maintaining the 
catabolic processes. For example, TNF-α increases expression of a catabolic hor-
mone leptin and IL-1 reduced neuropeptide Y, both of are involved in catabolic 
events. Endotoxin and cytokines induce expression of leptin, TNF-α contributes to 
obesity-related hyperleptinemia, while IL-1 effects on the CNS leads to release of 
neuropeptide Y. Decreased bowel perfusion due to the heart failure and dietary defi-
ciencies have also been observed to play a role. Moreover, IL-6 activation requires 
an excess of essential amino acids, leading to catabolism of skeletal muscle mass. 
TNF-α also activates protein breakdown in striated muscle and leads to a wasting 
process [76].

Resultant decreased blood oxygen from decreased cardiac output and anemia 
can cause hypoxic vasoconstriction in the pulmonary circulation. Moreover, the 
neurohormonal activation can further corroborate this, leading to pulmonary hyper-
tension and often times right-sided heart failure. Moreover, increased blood in area 
of the pulmonary arterial wall triggers inflammation [77], contributing to fatigue 
and dyspnea. Monocytes and macrophages are found in pulmonary lesions, activat-
ing IL-6 and IL-10 as well as presenting antigens to T cells. These plaques found in 
pulmonary hypertension contribute to the clinical syndrome of pulmonary hyper-
tension in heart failure and contribute to symptoms of edema. TNF-α, for example, 
ameliorate pulmonary pressure and has been shown significantly higher levels in 
pulmonary hypertensive states [78].

CRP levels are frequently elevated in heart failure, and commonly plays a role in 
also contributing to the pathogenesis of comorbid diseases such as COPD. Moreover, 
there are specific roles in a continuum between the heart and lung, which are related 
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to CRP and IL-6, called the cardiopulmonary continuum. Moreover, autoantigens 
and oxidized LDL trigger activation of T-cells, macrophages, and mast cells leading 
to IFN-γ and TNF-α secretion, also activating MMPs. TNF-α is very important in 
the cardiopulmonary phenomenon. CRP is elevated by TNF-α and IL-6, which can 
then continue to worsen atherosclerotic levels and can increase fibrinogen and 
increase prothrombotic risk [79].
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Acutely decompensated heart failure  
(ADHF) (cont.) 

assessment and treatment, 209–212
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OM, 299–300
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outcomes, 153–154
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parenteral vasodilators
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myocardial injury, 163–165
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vital signs, 173–174
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295–296
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allograft failure, 626
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allorecognition, 479
lymphocyte activation and 

proliferation, 479–482
Alveolar edema, 186
American College of Cardiology/American 

Heart Association (ACC/AHA), 
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Antibody-mediated rejection (AMR) (cont.)
therapeutic targets

antibody inhibition, 523–524
anti-interleukins, 524
B-cell depletion/inhibition, 522
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CAD. See Coronary artery disease (CAD)
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major toxicities of, 488, 489
therapeutic drug monitoring, 487–489
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treatment, 624
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Cardiothoracic ratio (CTR), 185
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anatomical limitations, 701
anticoagulation, 703
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Cheyne-Stokes respirations, 173
CHF. See Congestive heart failure (CHF)
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Clostridium difficile infection, 555
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imaging (CMRI)
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Combined diuretic therapy (CDT), 246–247
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COMPANION trial, 398
Composite congestion score (CCS),  

237–238
Congestive heart failure (CHF), 85

atrial fibrillation ablation, 334–335
classification, 328–329
CONSENSUS trial, 327
diagnosis, 329–330
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incidence, 327
pacing therapy, 333–334
pathophysiology, 327–328
rate control, 331–333
rhythm control, 333
therapy, 330
thromboembolic complications, 

complications of, 330–331
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clinical presentation, 43, 44
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Cytokine hypothesis, 813
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cardiac allograft vasculopathy, 550
clinical manifestations, 548
immunosuppressive agents, 551
pp65 antigenemia test, 549
“pre-emptive therapy”, 549–550
prophylaxis, 549
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D
DAD. See Delayed after-depolarizations 
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Data from the Diuretic Optimization Strategy 

Evaluation in Acute Heart Failure 
(DOSE-AHF) trial, 239
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Ischemic mitral regurgitation (IMR)
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prevention of, 590
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Desensitization therapy, 524–525
Device thrombosis, LVAD

diagnostic algorithm, 678
echocardiographic findings, 678
Heartware HVAD approval, 677
management of, 679
pump thrombosis, 677
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Diabetes mellitus (DM), 107, 179
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treatment, 586
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venous congestion, 244–245

Diuretic therapy
carbonic anhydrase inhibitors, 234
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CDT, 246–247
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LD (see Loop diuretics (LD))
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thiazide and thiazide-like diuretics, 235
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heart allograft transplantation, 591
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Donor-specific antibodies (DSA)
allograft dysfunction, 511
de-novo post-transplantation, 508
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bloodstream infections, 540
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HPV vaccine, 545
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solid organ transplantation, 546
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treatment, 540
urinary tract infections, 540
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Drug interactions
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dietary non-adherence, 206
infection, 207
medications, 206–208
OPTIMIZE-HF registry, 200
pneumonia, 206–207
renal dysfunction, 208–209
right ventricular pacing, 208
thyroid disease, 207
uncontrolled hypertension,  

204–205
chest radiograph, 186
hospitalization, 199, 200
initial treatment, 198–199
initial triage, 196–198
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circulatory power, 771
functional capacity, 772
heart rate response, 771
hemodynamic measurements, 772
metabolic cart technology, 771
one-year survival, 769
oxygen kinetics, 771
oxygen recovery post exercise, 771
ventilatory efficiency, 770
ventilatory threshold, 771

peripheral circulation, 768
peripheral factors, 767–769

Extended-spectrum beta-lactamases  
(ESBL), 554

F
FACS. See Fluorescence activated cell sorting 

(FACS)
FAK. See Focal adhesion kinase (FAK)
Fetal gene program, 8
Fibroblast proliferation, 9
Fibrosis, 9
Fluorescence activated cell sorting (FACS), 

713, 714
Focal adhesion kinase (FAK), 5, 17
Frank-Starling mechanism, 32–33, 70, 765
Functional mitral regurgitation (FMR)

dynamic nature, 429
echocardiographic examination, 430, 431
vs. IMR, 428, 429
leaflet structure and composition, 432
quantification of, 429–430

Fungal infections
aspergillosis, 559–560
candidiasis, 558–559
cryptococcosis, 560–561
endemic mycoses, 561
epidemiology, 558
non-Aspergillus mold infections, 560
pneumocystis, 562

Furosemide, 225, 233, 234

G
GDMT. See Guideline determined medical 

therapy (GDMT)
Geoform™ ring, 436
Global Registry of Acute Coronary Events 

(GRACE), 203
Glomerular filtration rate (GFR), 244
Glycogen synthase kinase 3β (GSK3β), 6
Grb2-associated binder (Gab) proteins, 5
Guideline determined medical therapy 

(GDMT), 195, 211, 285
ACEI/ARB, 286
β-blockers, 286–287
CRT, 288–289
H/NTG, 288
ICD, 288–289
MRAs, 287

Guideline directed medical therapy (GDMT), 
784, 786–787, 792, 796

H
HC. See Hemoconcentration (HC)
Heart failure (HF), 87

acute decompensated heart failure,  
29–30

Index



837

biomarkers, myocardial remodelling, 
15–17

cardiac non-coding RNA, 17
cardiomyocyte changes

AT1R, 7
cardiac mass, 7–8
cardiac mechanotransduction, 5, 6
cellular death pathway, 6, 7
cellular deformation, 4–5
diastolic stretch, 8
experimental models, 6
GATA-4 and NFAT, 6
hypertrophy, 4, 7, 8
IGF-1 activity, 7
mechanical stretch, 5, 6
myocyte hypertrophy, 8
SACs, 4

cell death, 12–14
chronic heart failure, 30–31
clinical presentation, 28–29
compensated and de-compensated chronic 

heart failure, 31–32
compensatory mechanisms, 3–4
constriction vs. RV infarction and 

tamponade, 45, 47
constrictive pericarditis

clinical presentation, 43, 44
pathophysiology, 41–43
and restrictive cardiomyopathy, 40, 

44–46
constrictive pericarditis and restrictive 

cardiomyopathy, 40
definition of, 28
ECM changes, 14
etiology, 28
excitation-contraction coupling, 9–10
fibroblast proliferation and fibrosis, 9
impaired nitric oxide coupling, 15
inflammation, myocardial, 12
metabolism, myocardial, 10–12
myocardium-vascular mismatch, 9
neurohormonal hypothesis, 812
pathophysiology, 32–33
RAAS (see Renin-angiotensin-aldosterone 

system (RAAS))
restrictive cardiomyopathy, 40, 44

clinical presentation, 44
constrictive pericarditis vs., 44–46

sarcolemmal proteins, 10
SNS (see Sympathetic nervous system 

(SNS))
unilateral, 38–40
valvular regurgitation, 35, 37–39
valvular stenosis, 33–35

vascular changes and endothelial 
dysfunction, 15

Heart failure (HF) programs
cost-effective health care, 788
disease management, 788–795
evidence-based care, 787
Guideline-Practice GAP, 786–787
home care and telemonitoring, 795–797
hospitalization

home health care patients, 785, 786
leading cause, 784
mortality, 784–786

incidence, 783
long-term management, 787
patient adherence, 787
patient quality of life and survival, 788
primary care and healthcare providers, 797
psychosocial issues, 787
rehospitalization issue, 786
social and cultural milieu, 788
transitional management, 787

Heart failure related event (HFRA), 159
Heart failure revascularization trial (HEART), 

404, 407
Heart Failure Society of America (HFSA) 

Guidelines
CAD, 204, 205
discharge planning, ADHF, 289, 290
GDMT, 285
H/NTG, 288
hospitalization, 199, 200
initial treatment, 198, 199
inotropes, 269
morphine, 220
nesiritide, 260
nitroprusside, 257
NIV, 221
ongoing assessment and treatment, 

209–212
PAC, 243
parenteral vasodilators, 250
post-discharge follow up, 293
UF, 249

Heart failure survival score (HFSS), 463–464, 
614, 645

Heart failure with preserved ejection fraction 
(HFPEF), 111

ADHF, 152, 155–156, 158, 161
anemia, 180
diagnosis, 130–133
diastolic heart failure, 125
epidemiology, 126–127
LD, 232
pathophysiology, 127–130
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Heart failure with preserved ejection fraction 
(HFPEF) (cont.)

treatment
CRT, 136, 140, 141
heterogeneous approach, 141
lifestyle/exercise interventions, 

136–139
multimodal approach, 142
multiple drug trials, 133
pharmaceutical trials, 133–136
TZDs, 141

Heart failure with reduced ejection fraction 
(HFREF)

ADHF, 152, 155–156, 158, 161
anemia, 180
β-blocker therapy

Beta-Blocker Evaluation of Survival 
Trial, 102–103

Cardiac Insufficiency Bisoprolol Study, 
100–101

Carvedilol Or Metoprolol European 
Trial, 103

Carvedilol Trials Program, 101
Multicenter Automatic Defibrillator 

Implantation Trial With Cardiac 
Resynchronization Therapy, 103

propranolol, 99
single-center randomized trial, 104

diagnosis, 131
epidemiology, 127
treatment, 133, 136, 141

HeartMate II left ventricular assist device
bend relief disconnect, 679, 680
FDA approval, 665, 667
hemorrhagic strokes, incidence, 676
hydrodynamic and magnetic forces, 667
LVAD implantation, 651
mean arterial pressure, 777
Monitor Display Screens, 669
percutaneous drive line infection, 681
post-transplant survival, 648
power base unit, 669
pre-approval clinical trial, 655
pulsatility index, 669–671
reverse ventricular remodeling, 674
second-generation LVADs, 642
thromboembolism, 675
thrombotic and bleeding complications, 676

HeartMate II risk score (HMRS), 646–647
HeartWare Ventricular Assist Device 

(HVAD), 643, 666, 667. 671–673, 
675, 677, 682

Hemoconcentration (HC)
anemia, 240

definition, 240
early and late patients, 241
ESCAPE trial, 239
EVEREST trial, 240
hospitalization, 241
KorHF Registry, 240–241
limitations, 241–242
NP levels, 241–242
PROTECT study, 240
worsening renal function, 239

Hemodynamic, echocardiographic and 
neurohormonal effects of 
istaroxime, a novel inotropic agent: 
a randomized controlled trial in 
patients with heart failure 
(HORIZON-HF) trial, 299

Hemodynamics
acute decompensated heart failure, 29
constrictive pericarditis and restrictive 

cardiomyopathy, 40
constrictive vs. restrictive cardiomyopathy, 

44–45
correlation and invasive, 29
invasive assessment, right ventricular 

failure, 74–76
parameters, 31
unilateral heart failure, 38–40
valvular regurgitation, 35, 37–38
valvular stenosis, 34, 35

Hepatic synthetic function, 182
Hepatitis B virus (HBV), 542, 546, 547, 

553–554
Hepatitis C virus (HCV), 542, 546, 547, 

553–554
Herpes simplex virus (HSV), 552
Heyde’s syndrome, 652, 676
HFPEF. See Heart failure with preserved 

ejection fraction (HFPEF)
HFREF. See Heart failure with reduced 

ejection fraction (HFREF)
HFSA Guidelines. See Heart Failure Society 

of America (HFSA) Guidelines
His-Purkinje system (HPS), 343
Hperthyroidism, 207
Hydralazine, 288
Hydrostatic pressure, 157
Hyperfunction, 246
Hyperkalemia, 91, 209, 233, 235–237, 286, 

345–346
Hypertension, 155

epidemiology, 577–578
pathophysiology

CNIs, 578–579
extracellular fluid volume expansion, 579
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steroids, 579
treatment

angiotensin converting enzyme 
inhibitors, 580

calcium channel blockers, 579–580
low-salt diet, 580–581

Hypertrophic cardiomyopathy (HCM), 16, 352
Hypertrophy, 246
Hypokalemia, 233
Hypomagnesemia, 233, 247
Hypotension, 250–251
Hypothyroidism, 207
Hypoxia, 342

I
IAP. See Intra-abdominal pressure (IAP)
ICDs. See Implantable Cardioverter- 

Defibrillators (ICDs)
IHM. See Invasive hemodynamic monitoring 

(IHM)
Imaging techniques

CCT, 59
chest radiography, 50
CMR

ascending aorta with phase contrast 
imaging, 55, 57

echocardiography, 53
exam, 54, 56
LGE, 58–59
RV and LV function and dimension, 

54, 56
stress perfusion imaging with, 57
tissue characterization, 55, 57, 59

echocardiography
cardiac dyssynchrony assessment, 53
diagnosis, 51
initial evaluation, 51
2D echocardiography, LV function  

and dimension, 52, 53
nuclear medicine, 60

Imatinib, 315
Immunology/pathways, AMR

adaptive immunity
antibody production, 509
coagulation, 509
complement activation, 509
macrophages, 510
memory function, 509
neutrophils, 510
NK cells, 510
platelets, 510

allo-immune response, 509
B-cell immunoglobulin protein  

receptors, 509

CD 40, 510
CD8 mediated cytotoxicity, 509
donor and host responses, 509, 510
innate immunity

alloantigens, 509
brain death, 508
IRI, 508
medical device implantation, 508
non-specific immune system, 509
pattern recognition receptors, 509

plasma cells, 509–510
vascular endothelium, 510, 511

Immunosuppression. See also Induction 
therapy

anti-rejection, 484
cardiac allograft vasculopathy, 496
induction (see Induction therapy)
maintenance (see Maintenance 

immunosuppressive therapy)
post-transplant malignancies, 496
postulated mechanisms, anti-tumor effect, 

496
principles of, 482–484
randomized controlled clinical trials, 496
refractory/recurrent rejection, 495
renal insufficiency, 496
renal sparing protocols, 496
side effects

gingival hyperplasia, 497
hirsutism, 497

strategies and drugs, 486
Implantable cardioverter-defibrillators (ICDs)

and CRT, 288–289, 378–380
indications for, 371–373
LVAD, 379
primary prevention trials

CAT trial, 376
DINAMIT trial, 375–377
MADIT trial, 374, 376
mortality, 377, 378
MUSTT trial, 374
SCD-HeFT, 377

secondary prevention trials, 373–374
subcutaneous, 380–381
VT, 356–358

Induced pluripotent stem cells (iPSC), 
718–719, 731

Induction therapy
advantages, 484
alemtuzumab, 486
corticosteroid-sparing maintenance 

regimens, 484
interleukin-2 receptor antagonists, 486
Muromonab-CD3 (OKT3), 484–485
polyclonal antibodies, 485
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Infarct-related cardiomyopathy, 349–351
Infections, cardiac transplantation

antimicrobials, 563–564
bacterial (see Bacterial infections)
community respiratory viruses, 553
donor-transmitted infections, 546–547
early post-transplant infections, 545–546
EBV infection, 551–552
fungal (see Fungal infections)
gastrointestinal viruses, 553
HSV, 552
immunizations

non-live vaccines, 565
oral polio vaccine, 566
pneumococcal vaccine, 565
in post-transplant patient, 565
tetanus-diphtheria-acellular pertussis 

vaccine, 566
varicella vaccine, 566

parasitic infections, 562–563
parvovirus B19, 553
pretransplant screening (see Pre-transplant 

testing)
prevention and treatment, 539
PTLD, 551–552
VAD (see Ventricular assist device 

(VAD)-related infections)
VZV reactivation, 552

Inflammation, HF
clinical syndromes

alcoholic cardiomyopathy, 818
anemia, 819–820
auto-immune thyroiditis diseases, 819
cachexia, 820
C-reactive protein levels, 820–821
decreased cardiac output, 817
essential hypertension, 818
etiologies, 818–819
Hashimoto’s thyroiditis, 819
heart valve dysfunction, 819
myocarditis, 819
neurohormonal and inflammatory 

systems, 817
pulmonary hypertension, 820
thyroid hormone disarray, 818

interleukin 1, 815
interleukin 6, 814
matrix metalloproteases, 815–816
neurohormonal activation, 816–817
pro-inflammatory cytokines, 813
toll-like receptors, 815
tumor necrosis factor alpha, 813–814

Inhaled nitric oxide (iNO), 80
Initiation Management Predischarge: Process 

for Assessment of Carvedilol 

Therapy in Heart Failure 
(IMPACT-HF) trial, 287

Inotropic agents
dobutamine, 260–262
dopamine, 262–264
inotropes, 266–269
levosimendan, 260, 265–266
milrinone, 264–265

INR. See International normalized ratio (INR)
Insulin-like growth factor 1 (IGF-1), 7
Integrin-linked kinase (ILK), 5
Interagency Registry for Mechanically 

Assisted Circulatory Support 
(INTERMACS) clinical profiles, 
647, 648

Intercellular adhesion molecule-1 (ICAM-1), 
12

Interferon-gamma release assay (IGRA) blood 
test, 544

Interleukin-2 (IL-2) receptor antagonists, 486
International normalized ratio (INR), 182, 331
International Society of Heart and Lung 

Transplantation (ISHLT) Registry, 
320

Intra-abdominal pressure (IAP), 244, 245
Intra-aortic balloon pump (IABP), 415, 417, 

418, 612, 620, 624, 627–629
Intraaortic balloon pump in cardiogenic 

shock II (IABP-SHOCK II) trial, 
623, 627

Intrinsic myocardial disease, 72
Invasive hemodynamic monitoring (IHM), 

242, 243
IPSC. See Induced pluripotent stem cells 

(IPSC)
Ischemic cardiomyopathy (ICM)

CASS Registry, 405, 406
chronic

bone marrow-derived cells, 735–736
cardiac stem cells, 737
cardiosphere-derived cells, 737
skeletal myoblasts, 736–737

Duke Databank, 407–408
HFSS, 463
mortality rate, 416
patient optimization, 418
revascularization, 405, 408
stem cell therapy, 731–732
ventricular volume, 415
viability testing, 409, 412

Ischemic hepatitis, 182
Ischemic mitral regurgitation (IMR)

acute, 427
annular dilatation, 428
chronic, 427
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dynamic nature, 429
echocardiographic examination, 430, 431
end-stage Ischemic cardiomyopathy, 427
exercise induced mitral stenosis, 436
vs. FMR, 428, 429
geometric rings for, 436
incidence, 428
leaflet structure and composition, 432
mitral valve replacement (see Mitral 

annuloplasty (MVA))
moderate-severe, 434
quantification of, 429–430
recurrent regurgitation, 436
on survival, 433–434
ventricular geometry, 428

Istaroxime, 299

J
Jugular venous pressure (JVP), 29, 175–177

K
Kansas City Cardiomyopathy Questionnaire 

(KCCQ), 651
Kidney disease, chronic, 17, 126, 179, 229, 

469–470
Korean Heart Failure (KorHF) Registry, 

240–241

L
LaPlace’s law, 70
Late gadolinium enhancement (LGE),  

58–59, 352
LD. See Loop diuretics (LD)
Left cardiac sympathetic denervation  

(LCSD), 359
Left ventricular assist devices (LVADs),  

81, 379
aortic insufficiency

clinical severity, 680
definitive management, 680
de novo development, 679
leaflet stasis, 679
left ventricular ejection, 681
surgical techniques, 680

cardiac output and venous return, 612
cardiogenic shock, 614
clinical recovery correlation, 644–645
end-organ function, 608
first-generation LVADs

blood trauma, 642
for BTT, 640, 641
median sternotomy, 640

pulsatile pumps, 640
risk of infection, 642
thrombus formation, 642

hemostatic conundrum
bleeding, 676
device thrombosis, 677–679

indications, 608
infection

antimicrobial therapy, 683
clinical examination, 683
diagnostic criteria, 682
patient comorbidities, 681
percutaneous driveline, 681, 683
VAD-non-related, 682
VAD-related, 682
VAD-specific, 682

INTERMACS scale, 609, 614
liver dysfunction, 608, 609
long-term adverse events profile

aortic insufficiency, 6587
causes and implications, 653
device malfunction, 655
infections, 656
right ventricular failure, 654–655
stroke, 655–656

mechanical ventilation, 609
molecular changes, 644–645
neurological and psychological evaluation, 

609
optimal anticoagulation regimen, patients, 

652–653
patient selection

clinical algorithm, 646, 647
contraindications, 645, 646
device infections, 648
indications, 645, 646
INTERMACS risk levels, 647, 648
patient risk factors, 646
quality of life and prognosis, 645
REMATCH trial, 649
survival rates, 649, 650

platelet transfusions, 506
psychosocial assessment, 471
pulmonary hypertension, 466
and quality of life post implantation

dismal prognosis, 650–651
donor heart allocation, 651–652
Eurotransplant system, 652
functional capacity, patients, 651
indications, 650
individual risk profiles, 652

revascularization, 421
second-generation LVADs, 642
TAH, 614
therapy
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Left ventricular assist devices (LVADs) (cont.)
contraindications, 608–609
indications, 608
neurological and psychological 

evaluation, 609
pulmonary function, 609
quality of life, 607

third-generation LVADs, 642–643
ventricular arrhythmia

arrhythmic events, 683
defibrillator therapy algorithm, 685
predictors, 684
right ventricular failure, 683
suction events, 684

Left ventricular end-diastolic pressure 
(LVEDP), 158

Levosimendan, 265–266
Lietz-Miller destination therapy risk score 

(DTRS), 646
Lipids, 11–12, 57, 558
Liver function tests (LFTs), 181–182
Loop diuretics (LD)

DOSE trial, 228–230
hemodynamic effects, 227–228
mode of administration, 228–230
pharmacokinetics/pharmacology

breaking phenomenon, 225
bumetanide, 225–226
chronic administration, 225
doseresponse curve, 224
ethacrynic acid, 223, 226
furosemide, 225, 226
intraluminal concentration, 223, 224
post-diuretic sodium retention, 225
sodium transport inhibition, 222
sulfonamide, 226
torsemide, 225

side effects
electrolyte abnormalities, 233
excessive diuresis, 232–233
hypersensitivity reactions, 233
muscle pain, 234
ototoxicity, 234

therapy, response to, 230–231
Lower extremity edema (LE), 163, 175
LVADs. See Left ventricular assist devices 

(LVADs)

M
Maintenance immunosuppressive therapy

antimetabolites/antiproliferative agents, 
490–491

CNIs

cyclosporine, 487–489
tacrolimus, 489–490

corticosteroids, 489, 494
drug selectivity, 487
international trends, 494–495
proliferation signal inhibitors, 492–494

Major histocompatability class I-related chain 
A (MICA), 508

Mammalian target of rapamycin (mTOR) 
inhibitors. See Proliferation signal 
inhibitors

MAPK. See Mitogen-activated protein kinase 
(MAPK)

Marijuana smoking, 559
Matrix metalloproteinases (MMPs), 14
Mean pulmonary artery pressures (MPAP), 

132
Mechanical circulatory support (MCS)

acute and subacute
centrifugal pumps, 629
CentriMag® ECMO device, 629
devices, 629
IABP, 627–629
Impella LV® support device, 629
indications, 624
portable mobile, 629
Tandem Heart®, 629
therapy-refractory CS and CA,  

627, 628
adequate systemic perfusion, 630
chronic (see Continuous flow ventricular 

assist devices (CF-LVADs))
classification, 640–643
dyssynchrony, 414
medically refractory HF, 640
pulsatile paracorporeal assist  

device, 630
Mechanotransduction, cardiac, 5, 6
Medical therapy

anticoagulation and antiplatelet therapy, 
675

antithrombotic therapy, 675
blood pressure management, 675
heart failure

Harefield protocol, 674
Montefiore three-step cardiac recovery 

protocol, 674
volume overload, 674

VAD-related complications, 675
Medtronic CoreValve™, 447
Metaiodobenzylguanidine (MIBG), 112–115
Methemoglobinemia, 255
Methicillin-resistant Staphylococcus aureus 

(MRSA), 547, 554
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Metoprolol tartrate, 100
Micro-RNAs (miRNAs), 17, 719
Milrinone, 264–265
Mineralocorticoid receptor antagonists 

(MRAs), 179, 211, 222, 235–236, 
286–288

Minnesota Living With Heart Failure 
Questionnaire (MLHFQ), 651

MIRACLE EF trial, 398
Mitogen-activated protein kinase (MAPK), 5
MitraClip™ repair, 437
Mitral annuloplasty (MVA)

annular pathology, 435
Bolling hypothesis, 434
clinical benefit, 435
functional capacity, 435
quality of life, 435
renal insufficiency, 435

Mitral regurgitation
classification, functional anatomy, 437
clinical trials, 437
edge-to-edge repair, 437
FMR (see Functional mitral regurgitation 

(FMR))
functional capacity, 438
IMR (see Ischemic mitral regurgitation 

(IMR))
quality of life, 438
septo-anterior dimensions, 437
surgical intervention, 438
surgical treatment, 436

MMPs. See Matrix metalloproteinases 
(MMPs)

Mobilized peripheral blood (MPB), 712, 716
Modified Diet in Renal Disease (MDRD) 

equations, 229
Multicenter automated defibrillator 

implantation trial (MADIT), 374, 
376

Multicenter automated defibrillator 
implantation trial-chemotherapy 
induced cardiomyopathy (MADIT- 
CHIC), 320

Multicenter unsustained tachycardia trial 
(MUSTT), 374

Multiple-gated acquisition (MUGA)  
scan, 315

Myocardial disease
ADSC, 731
BMDSC, 729–730
CSC, 730
fibrosis, 343–345
inflammation, 12
injury, 163–165

iPSC, 731
metabolism, 10–12
remodelling, biomarkers of, 15–17
skeletal myoblasts, 729
tagging, 55
umbilical cord stem cells, 731

Myocardium-vascular mismatch, 9
Myocyte hypertrophy, 8, 70

N
NARROW-CRT study, 397
Natriuretic peptide (NP), 131, 133, 182–184, 

241–242
Necrosis, 13–14
Neprilysin, 94, 297
Nesiritide administered peri-anesthesia in 

patients undergoing cardiac surgery 
(NAPA) trial, 258

Neuregulin-1 (NRG1), 16–17
Neurohormone, 227, 228
Neutral endopeptidase inhibition, 141
Nitrate resistance, 252
Nitric oxide (NO), 15
Nitroglycerin (NTG), 251–253
Non-diastolic dysfunction, 133
Noninvasive intermittent positive pressure 

ventilation (NIPPV), 220, 221
Noninvasive positive pressure ventilation 

(NPPV), 220–222
Noninvasive pressure support ventilation 

(NIPSV), 220
Noninvasive ventilation (NIV), 220–222
Non-ischemic cardiomyopathy, 674, 684, 732, 

737–739
Non-steroidal anti-inflammatory drugs 

(NSAIDS), 141
Nonsustained ventricular tachycardia (NSVT), 

353–354
Nontuberculous mycobacterial (NTM) 

infection, 557–558
Norepinephrine (NE), 98
NP. See Natriuretic peptide (NP)
N-terminal proBNP (NT-BNP), 104–105
Nuclear factor of activated T cells  

(NFAT), 4
Nuclear medicine, 60

O
Obesity, 468, 656, 681, 731
Obstructive sleep apnea (OSA), 114
Omecamtiv Mecarbil (OM), 299–300
Organic nitrates, 251–254

Index



844

Organized Program to Initiate Lifesaving 
Treatment in Hospitalized Patients 
with Heart Failure 
(OPTIMIZE-HF), 151–153,  
160, 161

acute HF decompensation, 200
acute pulmonary edema, 171
CAD, 203, 204
creatinine, 179
diuretic therapy, 237, 238
dyspnea, 172
hemoglobin, 180
hypertension, 204
inotrope, 267
medication and dietary non-adherence, 206
pneumonia, 206
renal dysfunction, 209–210

Orthotopic heart transplant (OHT), 320
OSA. See Obstructive sleep apnea (OSA)
Osteoporosis

causes, 595
epidemiology, 594–595
microarchitectural deterioration, bony 

tissue, 594
pathophysiology

CNI, 595
corticosteroids, 595

treatment
bisphosphonates, 597
calcidiol, 596
calcitonin, 596
elemental calcium and vitamin D, 596
exercise, 596

Outcomes of a Prospective Trial of 
Intravenous Milrinone for 
Exacerbations of Chronic Heart 
Failure (OPTIME-CHF), 268

OVERCOME trial, 319

P
PAC. See Pulmonary artery catheter (PAC)
Pacing therapy, 333–334
Paclitaxel, 314
PALLAS trial, 332
Panel-reactive antibody (PRA) testing, 465, 

473, 506, 525
Parasitic infections

Chagas disease (Trypanosoma cruzi), 563
schistosomiasis, 563
strongyloidiasis, 562–563
toxoplasmosis, 562

Paroxysmal nocturnal dyspnea (PND), 172
Patient management

advanced heart failure therapies, 795
ambulatory clinical assessment

LVAD parameters, 669–671
LVAD-related complications, 668
patient history, 668
physical examination, 668–669

care management plan, 794
etiology, 792
functional capacity assessment, 793
nutritional assessment and education, 794
patient safety and education, 668
risk assessment scores, 609
scoring scales, RV failure prediction, 609, 

610, 612
TAH, 614–615
telephone services, 795

Patient selection
destination therapy patients, 610
implantation timing, 614
INTERMACS classification, 609, 610, 612
LM and angina, 408–409, 419
mode of, 412–413
myocardial viability, revascularization

DSE, 409
hibernating myocardium, 409
MRI, 409
PARR-2 trial, 411
PET scanning, 409, 410
quantification of, 410
radionuclide ventriculography, 411
SPECT, 409
survival predictors, 413
testing, ischemic cardiomyopathy, 412

revised scoring system, 610, 611
right ventricular dysfunction

mechanical circulatory support, 614
morbidity and mortality, 612
risk factor scores, 613

PCWP. See Pulmonary capillary wedge 
pressure (PCWP)

PDE-5Is. See Phosphodiesterase-5 inhibitors 
(PDE-5Is)

Percutaneous coronary intervention (PCI), 136
Peripheral vascular disease (PVD), 470
Peroxisome proliferator-activated receptor 

(PPAR)
PPARα, 11–12
PPARγ, 207–208

Peroxynitrite, 14
PET and Recovery Following 

Revascularization (PARR-2)  
trial, 404

Pharmacodynamic drug interactions, 498
Pharmacokinetic drug interactions, 497–498
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Phosphodiesterase-5 inhibitors (PDE-5Is), 80
PIIINP. See Pro-collagen type III amino- 

terminal propeptide (PIIINP)
PINP. See Pro-collagen type I amino-terminal 

propeptide (PINP)
Placement of aortictranscatheter (PARTNER) 

valves, 447, 448
Plasma cell

antigen recognition, 509
B lymphocytes, 478, 509
depletion, 523

Plasma refill rate (PRR), 247
Pleural effusion, 174
Polyclonal anti-thymocyte antibodies, 485
Positron emission tomography (PET), 60
Post-transplant infections

arrhythmias, 593–594
causes of, 578
cytomegalovirus disease

cardiac allograft vasculopathy, 550
clinical manifestations, 548
immunosuppressive agents, 551
pp65 antigenemia test, 549
“pre-emptive therapy”, 549–550
prophylaxis, 549
tissue culture, peripheral blood, 549
tissue-invasive, 548, 549
in type 2 pneumocyte, 548

DM, 585–586
hypertension, 577–581
malignancy

epidemiology, 586–587
pathophysiology, 587–592
patients, personal history, 591

osteoporosis, 594–597
renal dysfunction, 581–585
sexual dysfunction, 597–598

Post-transplant lymphoproliferative disorder 
(PTLD)

diagnosis, 589, 590
hematological malignancies, 588
immunosuppression, aggressive reduction, 

589
prevention, 552
treatment, 551–552, 589

PPAR. See Peroxisome proliferator-activated 
receptor (PPAR)

PPARg coactivator-1 (PGC-1), 14
PRA testing. See Panel-reactive antibody 

(PRA) testing
Pregabalin, 208
Preliminary study of RELAX in acute heart 

failure (Pre-RELAX-AHF),  
181, 232

Premature ventricular contractions (PVCs), 
205–206

Pre-RELAX-AHF. See Preliminary study of 
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β-blocker therapy

considerations and cautions with, 
105–108

HFPEF, 111
HFREF (see Heart failure with reduced 

ejection fraction (HFREF))
in hospitalized heart failure patients, 

108–109
inhibition, clinical benefits, 104–105
monitoring, 112–114

inhibition
non-pharmacologic therapies,  

114–115
rationale for, 98–99

Systemic vascular resistance (SVR), 157
Systolic blood pressure (SBP), 295–296
Systolic interdependence, 67–68

T
TAC. See Transaortic constriction (TAC)
Tachycardia, 173
Takotsubo cardiomyopathy, 320
Tamponade, 45, 47
TAPSE. See Tricuspid annular plane systolic 

excursion (TAPSE)
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Ventricular tachycardia (VT) (cont.)
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