
 http://cpr.sagepub.com/
& Rehabilitation

European Journal of Cardiovascular Prevention

 http://cpr.sagepub.com/content/17/6/637
The online version of this article can be found at:

 
DOI: 10.1097/HJR.0b013e3283361dc5

 2010 17: 637European Journal of Cardiovascular Prevention & Rehabilitation
(Italian Federation of Cardiology)

Working Group 'Exercise Physiology, Sport Cardiology and Cardiac Rehabilitation' of the Italian Society of Cardiology
Emdin, Donato Mele, Claudio Passino, Giorgio Vescovo, Carlo Vigorito, Giovanni Q. Villani, Piergiuseppe Agostoni and 
Massimo F. Piepoli, Marco Guazzi, Giuseppe Boriani, Mariantonietta Cicoira, Ugo Corrà, Luciano Dalla Libera, Michele

Exercise intolerance in chronic heart failure: mechanisms and therapies. Part I
 
 

Published by:

 http://www.sagepublications.com

On behalf of:
 

 European Society of Cardiology

European Association for Cardiovascular Prevention and Rehabilitation 

 can be found at:European Journal of Cardiovascular Prevention & RehabilitationAdditional services and information for 
 
 
 

 
 http://cpr.sagepub.com/cgi/alertsEmail Alerts: 

 

 http://cpr.sagepub.com/subscriptionsSubscriptions:  

 http://www.sagepub.com/journalsReprints.navReprints: 
 

 http://www.sagepub.com/journalsPermissions.navPermissions: 
 

 What is This?
 

- Dec 1, 2010Version of Record >> 

 at Centro Cardiologico Monzino on July 26, 2012cpr.sagepub.comDownloaded from 

http://cpr.sagepub.com/
http://cpr.sagepub.com/content/17/6/637
http://www.sagepublications.com
http://www.escardio.org
http://cpr.sagepub.com/cgi/alerts
http://cpr.sagepub.com/subscriptions
http://www.sagepub.com/journalsReprints.nav
http://www.sagepub.com/journalsPermissions.nav
http://cpr.sagepub.com/content/17/6/637.full.pdf
http://online.sagepub.com/site/sphelp/vorhelp.xhtml
http://cpr.sagepub.com/


Original Scientific Paper

Exercise intolerance in chronic heart failure: mechanisms
and therapies. Part I
Massimo F. Piepolia, Marco Guazzic, Giuseppe Borianid,
Mariantonietta Cicoirae, Ugo Corràf, Luciano Dalla Liberal, Michele Emding,
Donato Melei, Claudio Passinog,h, Giorgio Vescovoj, Carlo Vigoritok,
Giovanni Q. Villania and Piergiuseppe Agostonib; on behalf of the Working
Group ‘Exercise Physiology, Sport Cardiology and Cardiac Rehabilitation’ of
the Italian Society of Cardiology (Italian Federation of Cardiology)

aHeart Failure Unit, Department of Cardiology, G da Saliceto Hospital, Piacenza, bDipartimento di Scienze
Cardiovascolari, Centro Cardiologico Monzino, IRCCS, University of Milan, cCardiopulmonary Unit, San Paolo
Hospital, University of Milan, dDepartment of Cardiology, Azienda Ospedaliera S. Orsola-Malpighi, University of
Bologna, eDivision of Cardiology, Department of Biomedical and Surgical Sciences, University of Verona, fVeruno
Medical Centre, S. Maugeri Foundation, Veruno, gFondazione G. Monasterio CNR-Regione Toscana, hScuola
Superiore Sant’Anna, Pisa, iDepartment of Cardiology, Azienda Ospedaliera S. Anna, University of Ferrara,
jDepartment of Internal Medicine, San Bortolo Hospital, Vicenza, kDivision of Cardiac Rehabilitation, Federico II
School of Medicine, University of Naples and lCNR, Institute of Neurosciences, Padova, Italy
Received 23 September 2009 Accepted 30 November 2009

Muscular fatigue and dyspnoea on exertion are among the most common symptoms in chronic heart failure; however their

origin is still poorly understood. Several studies have shown that cardiac dysfunction alone cannot fully explain their origin,

but the contribution of the multiorgan failure present in this syndrome must be highlighted. In this study, divided in two

parts (see part II: pp. 643–648), we aimed to summarize the existing evidence and the most controversial aspects of the

complex interplay of different factors involved in symptom generation. In this first part of the review, six key factors are

revised: the heart, the lung, the skeletal muscle, the hormonal changes, the O2 delivery to the periphery, the endothelium. In

the second part, the role of the excitatory reflexes and the cardiac cachexia will be presented, and finally, the potential

therapeutic implications are discussed. We believe that a better knowledge of the pathophysiology of this syndrome may

contribute to the management of the patients and to the improvement in their stress tolerance and quality of life. Eur J

Cardiovasc Prev Rehabil 17:637–642 �c 2010 The European Society of Cardiology

European Journal of Cardiovascular Prevention and Rehabilitation 2010, 17:637–642
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The problem: origin of symptoms in
heart failure
Chronic heart failure (CHF) is a multisystem syndrome.

Although initiated by a reduction in cardiac function, it is

characterized by the activation of compensatory mechanisms,

which involve the whole body: haemodynamic, autonomic

and neuro-humoral changes may be initially beneficial,

but subsequently become detrimental and lead to

perpetuation of the syndrome [1]. These, once activated,

are responsible for severe changes in many vital organs

and may generate symptoms. Muscular fatigue and

dyspnoea are the more common symptoms in CHF;

however their origin is still poorly understood [2]. Several

studies have shown that changes in cardiac function

cannot fully explain their origin [3]. Interventional studies

have also opposed a concept of central haemodynamics as
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the sole determinant of exercise capacity in CHF: pharma-

cological agents, which increase cardiac output (dobuta-

mine) and/or reduce pulmonary capillary wedge pressure

(hydralazine) do not result in an immediate increase in

exercise capacity. Better knowledge of the pathophysiology

of this syndrome may contribute to the management of the

patients and to the improvement in their stress tolerance

and quality of life [4].

This position study, divided into two parts, endorsed by

the ‘Exercise Physiology, Sport Cardiology and Cardiac

Rehabilitation’ Working Group of the Italian Society of

Cardiology (Italian Federation of Cardiology), summarizes

the existing evidence of the complex interplay of dif-

ferent factors involved in symptom generation in CHF

because of systolic dysfunction. The roles of the key

factors are revised and therapeutic implications are dis-

cussed here. In this first part of the review, the con-

tributions of the heart, the lung, the skeletal muscle, the

hormonal changes, the O2 delivery to the periphery and

the endothelium are presented. In the second part, the

roles of the excitatory reflexes and the cardiac cachexia

will be presented, and finally, the potential therapeutic

implications are discussed.

Table 1 summarizes the various causes of the two major

CHF symptoms, dyspnoea and fatigue, and the relative

contribution of the above considered factors.

The heart
Intuitively, central haemodynamics, and the heart in

particular, should be the major determinants of exercise

capacity. There are several items in favour of this con-

cept. Exercise capacity (expressed as peak O2 consump-

tion or peakVO2) is strictly related to cardiac output on

the basis of the Fick principle

peakVo2 ¼ Cardiac Output� ðA � VÞO2 diff

¼ Stroke Volume�Heart Rate
�ðA � VÞO2 diff

where (A – V), O2 difference is arterio–venous O2

difference, which is usually similar between normal

individuals and CHF patients [5]. Thus, exercise

intolerance is mainly related to heart function and its

chronotropic response, both altered in CHF. In keeping

with this, in CHF secondary to idiopathic cardiomyopathy,

the cardiac response to low-dose dobutamine, assessed

by echocardiography, is correlated with peakVO2 [6]. This

not only suggests the importance of the pump function,

but also that low-dose dobutamine, which is insensitive

to factors such as skeletal muscle deconditioning or

poor motivation, is a valuable alternative technique to

peakVO2 determination for assessing the severity of the

disease. Furthermore, many heart abnormalities, such as

arrhythmias (abnormal heart rate or rhythm) or valve

diseases, if severe enough, can cause shortness of breath

and/or exercise intolerance.

The leading role of pump function has been challenged

by several evidences of poor relationship between resting

left ventricular (LV) systolic function and peakVO2 [7].

Recently, the role of the heart has been emphasized, but

that different indices of LV dysfunction (and not just

ejection fraction) need to be monitored, for example,

indices of longitudinal LV function assessed by tissue

Doppler imaging [8]. Furthermore, LV asynchrony, rather

than uniform depression of systolic ventricular function,

may play a key role in determining the maximum exercise

tolerance by prolonging the total isovolumic period within

the cardiac cycle [9]. The important contribution of

electromechanical conduction delays to symptom gen-

eration has been further confirmed [10], regardless of

baseline LV systolic dysfunction severity [10]. These

findings might also explain the inconsistent effect of

positive inotropic agents [11], whose efficacy may be

conditioned by the substratum of the myocardial disease.

Importantly, the strong relationship between diastolic

abnormalities and exercise limitation should be not under-

scored [12,13]. Severity of effort intolerance is linked

with LV filling pressure, and consequently, therapeutic

interventions that lower this pressure may enhance

exercise capacity.

The lung
A modified lung physiology is an important determinant of

exercise intolerance, ventilation inefficiency and dyspnoea

sensation in CHF [14]. Classically, the initial source of

injury to the lung is an impaired LV haemodynamic because

of increased LV filling pressure and consequent untoward

backward injury on the pulmonary capillary bed. The

consequences of these haemodynamic perturbations are

two-fold: (i) changes in lung airways function and

mechanical properties, (ii) development of gas exchange

abnormalities because of alveolar–capillary injury and

dysfunction. Both play a key role in the limitation of

maximal exercise performance and may significantly affect

the physiological linear ventilatory response to maximal

exercise. It is also possible that a damaged endothelium

(see chapter 6) may play a critical role in lung dysfunction.

An excessive ventilatory requirement during incremental

workloads is typical of CHF and is conventionally

identified as an increased relationship between the rise

in ventilation and the rate of carbon dioxide elimination

Table 1 Contribution of different mechanisms to exercise
intolerance symptom in heart failure

Factor Dyspnoea Muscle fatigue

Heart + ±
Lung + + ±
Muscle ± + + +
Hormonal changes + +
Oxygen delivery ± + +
Endothelium + + +
Excitatory reflexes + + +
Cardiac cachexia ± + + +
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(VE/VCO2). The VE/VCO2, either measured in specific

exercise periods [15] or during the entire exercise (or

the greatest part of exercise) as VE/VCO2 slope, has a

remarkable value for risk stratification and prognostic

prediction [16]. The increased VE/VCO2 slope is

ascribable to high dead space ventilation, low CO2 partial

pressure and/or abnormal ventilatory control mechanisms,

with convincing evidence presented for all these putative

mechanisms. The next subheadings briefly focus on the

pulmonary determinants of an augmented VE/VCO2.

Airways function abnormalities

Mechanical lung properties of CHF patients are primarily

challenged by an increased stiffness whose entity

depends on the severity and duration of the disease.

Major pathogenetic bases for lung stiffening are inter-

stitial lung congestion and heart to lung pathological

interaction because of cardiomegaly, vascular engorge-

ment, increased alveolar surface tension, unequal ventila-

tion and activation of contractile elements of the vascular

wall [17]. The combination of these factors leads to the

development of a typical restrictive lung pattern [18,19].

According to Wasserman, the lung restriction may occur as

a function of haemodynamic derangement, suggesting a

pathogenetic role of an increased wasted ventilation with

those patients with higher VE/VCO2 slope exhibiting the

higher dead space to tidal volume ratio and a premature

increase in respiratory rate as a compensatory mechanism.

In agreement with this, some degree of reversal in

pulmonary restriction and improvement in the ventilatory

response to exercise were shown after ultrafiltration, and

afterload reduction with dialysis with lung decongestion,

emphasizing the role of fluid overload [20].

Lung diffusion abnormalities

Diffusion changes and gas exchange inefficiency occur

mainly in the setting of diastolic CHF [21]. As for

abnormalities in lung mechanics, pressure elevation in

the pulmonary circulation is the initial source of injury to

the anatomical integrity and functional properties of lung

capillaries and alveolar spaces (i.e. the blood gas barrier);

this can be studied by evaluating gas diffusion for carbon

monoxide or nitric oxide techniques (DLCO and DLNO,

respectively). A low DLCO relates with disease severity

and increased pulmonary vascular resistances [22]. For a

given haemoglobin (Hb) concentration, these changes are

primarily driven by a reduction in alveolar membrane

component (Dm) rather than changes in capillary blood

volume [23]. A correlation between alveolar–arterial O2

gradient, DLCO and peak VO2, and between Dm and VE/

VCO2 slope were shown supporting the role of lung

diffusion abnormalities [24].

The skeletal muscle
A key role of the periphery has emerged, generating the

‘muscle hypothesis’, where exertional dyspnoea and

fatigue are resulting from skeletal muscle disorders, also

because of deconditioning [25]. These disorders are

responsible for the maintenance and progression of the

systemic abnormalities, at neurohormonal level, leading

to a vicious circle. This constitutes the physiological basis

for the benefit of physical conditioning in prognosis

(Fig. 1).

Intrinsic modifications in muscle composition (and not

only blood flow reduction) play a major role: qualitative

and quantitative changes, such as muscle wastage [26]

and shift from slow (fatigue resistant) to fast (fatigue

non-resistant) fibre type, reduction in mitochondrial

density and enzymes are likely to be involved [27]. An

imbalance between protein synthesis and degradation

with resultant cachectic status (see chapter 8, part II)

plays an important role in symptoms. Programmed cell

death has been found both in skeletal muscle and

interstitial cells [28].

The regulation of fibre type involves the growth hormone/

insulin-like growth factor-1/calcineurin/transcriptional co-

activator PGC1-a cascade [29], whereas mechanisms

leading to muscle wastage, protein degradation can occur

through cytokine-triggered skeletal muscle apoptosis,

but also through ubiquitin/proteasome and nonubiquitin-

dependent pathways [30]. The systems controlling

ubiquitin/proteasome activation are triggered by tumour

necrosis factor a and growth hormone/insulin-like growth

factor 1 [31]. Apoptosis correlates with the severity,

triggered by tumour necrosis factor a: it can be induced

by its second messenger sphingosine in-vitro experiments

with activation of caspases 3 and 9 and mitochondrial

cytochrome c release [32].

Furthermore, other factors contribute to muscle dysfunc-

tion. In the muscle, high levels of oxidation depressed

peak force generation and slowed contraction and

relaxation times [33]. A chronic inflammatory status is

associated with elevation of proinflammatory cytokines:

inducible NO synthase (NOS) production and oxidative

stress are sufficient to activate nuclear factor-kappa B, a

transcription factor for proinflammatory cytokine gene

expression that contributes to muscle damage. Oxidation

of sarcomeric proteins, such as myosin heavy chains,

tropomyosin and actin lead to contractile impairment and

muscle fatigue [34].

The hormonal changes
Neurohormonal response to heart damage may be con-

sidered a physiological compensatory response, aimed at

maintaining an adequate circulatory support particularly

during stress. Cardiac output is sustained through an in-

crease in plasma volume, heart rate and contractility.

These responses are elicited by activation of adrenergic

drive to heart and vessels, parasympathetic withdrawal,

increased renin–angiotensin–aldosterone system activation

Exercise intolerance in chronic heart failure Piepoli et al. 639
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[35] associated with a vasoconstrictive endothelial res-

ponse by endothelin secretion [36] and vasopressin

release [37]. However, chronically maintained neuroendo-

crine activation becomes detrimental and leads to the overt

clinical picture of CHF. Autonomic imbalance exerts a

proarrhythmic and profibrotic effects, sodium-water reten-

tion with increased extravascular water and peripheral and

lung oedema (leading to dypneoa). Arteriolar vasoconstric-

tion provokes negative effect in trophism and function of

skeletal muscles, renal hypoperfusion and dysfunction

(leading to fatigue).

At organ level, neurohormonal activation supports the

ventricular, vascular and tissue remodelling processes,

associated with alterations at structural level, by ongoing

cell apoptosis and necrosis, hypertrophy, fibrosis, leading

to irreversible morphofunctional changes in the heart,

peripheral muscles, lungs and kidney.

Plasma norepinephrine is an independent predictor of

mortality [38]. Thus counteraction of the activated

adrenergic nervous system and renin–angiotensin–aldos-

terone system constitutes the pathophysiological basis for

modern pharmacological treatment using neurohormonal

antagonists, namely b-blockers, angiotensin-converting

enzyme inhibitors, angiotensin receptor blockers and

aldosterone antagonists.

In a significant percentage, patients with CHF may

present with a ‘low triiodotironine status’, characterized

by reduced peripheral conversion of the thyroid prohor-

mone tetraiodotironine to the biologically active hormone

triiodotironine. Low triiodotironine level contributes to

the overall derangement of the neurohormonal control of

circulation and recognizes a prognostic role [39]. CHF is

associated with insulin resistance, characterized by both

fasting and stimulated hyperinsulinaemia, which may in-

duce altered metabolism of skeletal and heart muscle [40].

Neurohormonal activation is associated in advanced

stages with immunoinflammatory flare, as indicated by

higher levels of some cytokines, such as tumor necrosis a
or interleukin 6, though targeted treatment has failed, up

to now, to improve the patient outcome [41].

Thus, a chronic ‘fly or fight’ adaptation takes place. The

overall predominance of sodium retention, vasocontric-

tive systems on the main counter regulatory system

is represented by cardiac endocrine function, that is,

the ability of atrial and ventricular cardiomyocites

under haemodynamic stress to produce and secrete

two peptide hormones (atrial and brain natriuretic

peptides) with potent natriuretic/vasodilator and anti-

hypertrophic/apoptotic properties [42]. Their assay may

guide the evaluation of efficacy of therapeutical efforts,

including physical aerobic training [43].

The role of cortisol and sexual hormones is, at present,

under intense evaluation. Indeed, high cortisol adminis-

tration prevents endothelium damage during acute coro-

nary syndrome and women seem to be more protected

from nocturnal periodic breathing both in the presence of

CHF or during high-altitude exposure.

The oxygen delivery to the periphery
Classically, O2 delivery is measured as cardiac output

times the arterial O2 content (CaO2). However, this is O2

delivery to the capillary, which does not consider the

O2 flow from the capillary to the mitochondria, where O2

partial pressure in the blood (pO2) is around 0 mmHg.

Fig. 1
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CaO2 depends on Hb concentration, pO2 and the position

of the oxyhaemoglobin (Hb-O2) dissociation curve. The

latter, however, has little effect on CaO2. Indeed in the

absence of hypoxia in CHF, and in normal individuals, in

the systemic artery, the Hb-O2 dissociation curve is flat

on its upper part so that whatever shifts right ward or

leftward (acidosis, temperature and molecules such

as 2,3-diphosphoglycerate) do not have any significant

effect CaO2 [44].

In CHF cardiac output is low; its increase during exercise

is blunted and patients are often anaemic: all these

factors reduce CaO2. In the systemic artery, CaO2

increases during exercise, mainly above the anaerobic

threshold, because of an increase in Hb. Exercise-induced

haemo concentration is likely because of an oncotic effect

of increased intracellular lactates and lactate metabolites,

with a role of spleen contraction variable in the different

animal species [45].

In the capillaries, with exercise, pO2 progressively

reduces from around 100 mmHg measured near the

arteriolar end up to 18 mmHg at the venular end of the

vessels both in normal individuals and CHF patients [46].

Indeed, in a progressively increasing workload exercise,

pO2 reduces up to the anaerobic threshold, whereas

Hb-O2 reduces throughout the test because of acidosis

above the anaerobic threshold (Bohr Effect). The CHF

patients, however, show a less defined temporal beha-

viour of pO2 changes during exercise with an increase,

at end exercise from pO2 nadir, observed in 20% of cases.

This phenomenon is likely because of a mismatch be-

tween blood perfusion and O2 extraction in the muscle

fibres. Oxygen flow from the capillary to the mitochondria

depends on distance between the two, and, most import-

antly, on the type of tissues which O2 flow through. It is

likely that muscle fibrosis, and other chronic hypoxia-

related muscle fibre changes observed in CHF negatively

influence O2 flow to the mitochondria [47].

The endothelium
Endothelial dysfunction actively affects the impaired O2

delivery to the periphery. Endothelial dysfunction is a

hallmark finding in both experimental and clinical CHF

[48], and a decreased skeletal muscle vasodilatation in

response to exercise seems to be an important determi-

nant of exercise intolerance [49]. In normal individuals,

during exercise a progressive peripheral arterial vasodila-

tation is involved in the O2 delivery process and a signi-

ficant role in the regulation of working muscle perfusion

is played by flow-mediated release of endothelial vaso-

dilating substances [50].

This flow-mediated vasodilatation is because of the

attractive force of fluid flow or shear stress. The

endothelium senses shear stress by means of a mechano-

transducer apparatus that is not fully defined, but that

involves cytoskeletal deformation and the release of

endothelial agonists such as prostacyclin, endothelium-

derived hyperpolarizing factor and NO [51]. Exercise is

a physiological stimulus that increases shear stress in

the endothelial surface and the flow-stimulated release

of endothelium-derived NO plays a critical role in the

response to exercise. When the NOS pathway is altered

by the experimental administration of exogenous NOS

antagonists, exercise-induced redistribution of blood flow

to skeletal muscle is attenuated and exercise capacity is

impaired [52].

In CHF patients, abnormalities in endothelial synthesis

of NO increased synthesis of endotelin-1 and changes in

prostaglandin metabolism significantly contribute in the

impaired muscle blood flow distribution during exercise.

NOS inhibition significantly reduced the forearm vasodi-

latation response to handgrip exercise in normal indivi-

duals, but did not change the response in patients with

CHF suggesting that flow-induced NO-mediated vasodi-

latation during exercise is blunted in these patients [53].

In most CHF patients endothelial-mediated flow-depen-

dent vasodilatation may be reduced as a consequence of

physical deconditioning and the mechanistic evidence may

be unmasked by studying the effects of exercise training on

the endothelial function and exercise performance.

Selected local forearm training by repetitive handgrip

exercise is capable of significantly improving the brachial

artery endothelial response [54]. Regular long-term

physical exercise improves both basal endothelial NO

formation and agonist-mediated endothelium-dependent

vasodilatation of the skeletal muscle microvasculature of

the lower limb [55].

The correction of the endothelium dysfunction was

associated with a significant increase in exercise capacity.

Interestingly, even in stable optimally treated patients

receiving resynchronization therapy, a session of exercise

training improved the brachial artery flow-mediated endo-

thelial response and peakVO2 [56]. Whether after physi-

cal training a lack of changes in endothelial function may

help to identify patients with a worse clinical outcome

remains an open and relevant question.

References
1 McMurray JJ, Stewart S. Epidemiology, aetiology, and prognosis of heart

failure. Heart 2000; 83:596–602.
2 Clark AL, Coats A. The mechanisms underlying the increased ventilatory

response to exercise in chronic stable heart failure. Eur Heart J 1992;
13:1698–1708.

3 Weber KT, Wilson JR, Janicki JS, Likoff MJ. Exercise testing in the evaluation
of the patient with chronic cardiac failure. Am Rev Respir Dis 1984; 129
(2 Pt 2):S60–S62.

4 Coats AJS, Clark AL, Piepoli M, Volterrani M, Poole-Wilson PA. Symptoms
and quality of life in heart failure; the muscle hypothesis. Br Heart J 1994;
72:S36–S39.

5 Stringer WW, Hansen JE, Wasserman K. Cardiac output estimated
noninvasively from oxygen uptake during exercise. J Appl Physiol 1997;
82:908–912.

6 Scrutinio D, Napoli V, Passantino A, Ricci A, Lagioia R, Rizzon P.
Low-dose dobutamine responsiveness in idiopathic dilated cardiomyopathy:
relation to exercise capacity and clinical outcome. Eur Heart J 2000;
21:927–934.

Exercise intolerance in chronic heart failure Piepoli et al. 641

Copyright © The European Society of Cardiology. Unauthorized reproduction of this article is prohibited. at Centro Cardiologico Monzino on July 26, 2012cpr.sagepub.comDownloaded from 

http://cpr.sagepub.com/


7 Franciosa JA, Park M, Levine TB. Lack of correlation between exercise
capacity and indexes of resting left ventricular performance in heart failure.
Am J Cardiol 1981; 47:33–39.

8 Witte KK, Nikitin NP, De Silva R, Cleland JG, Clark AL. Exercise capacity
and cardiac function assessed by tissue Doppler imaging in chronic heart
failure. Heart 2004; 90:1144–1150.

9 Duncan AM, Francis DP, Gibson DG, Henein MY. Limitation of exercise
tolerance in chronic heart failure: distinct effects of left Bundle Branch block
and coronary artery disease. J Am Coll Cardiol 2004; 43:1524–1531.

10 Champagne de Labriolle A, Leclercq C, Daubert JC. Influence of conduction
time intervals on symptoms and exercise tolerance in patients with heart
failure with left ventricular systolic dysfunction. Heart 2005; 91:1211–1212.

11 Curfman GD. Inotropic therapy for heart failure-an unfulfilled promise.
N Engl J Med 1991; 325:1509–1510.

12 Packer M. Abnormalities of diastolic function as a potential cause of
exercise intolerance in chronic heart failure. Circulation 1990; 81
(Suppl 2):III78–III86.

13 Yip GW, Frenneaux M, Sanderson JE. Heart failure with a normal ejection
fraction: new developments. Heart 2009; 95:1549–1552.

14 Myers J, Salleh A, Buchanan N, Nevtel J, Bowes E, Froelicher VF. Ventilatory
mechanisms of exercise intolerance in chronic heart failure. Am Heart J
1992; 124:710–719.

15 Sun XG, Hansen JE, Garatachea N, Storer TW, Wasserman K. Ventilatory
efficiency during exercise in healthy subjects. Am J Respir Crit Care Med
2002; 166:1443–1448.

16 Guazzi M, Myers J, Arena R. Cardiopulmonary exercise testing in the clinical
and prognostic assessment of diastolic heart failure. J Am Coll Cardiol
2005; 46:1883–1890.

17 Hosenpud JD, Stibolt TA, Atwal K, Shelly D. Abnormal pulmonary function
specifically related to congestive heart failure: comparison of patients before
and after cardiac transplantation. Am J Med 1990; 88:493–496.

18 Wasserman K, Zhang YY, Gitt A, Belardinelli R, Koike A, Lubarsky L,
Agostoni PG. Lung function and exercise gas exchange in chronic heart
failure. Circulation 1997; 96:2221–2227.

19 Agostoni P, Pellegrino R, Conca C, Rodarte JR, Brusasco V. Exercise
hyperpnea in chronic heart failure: relationships to lung stiffness and
expiratory flow limitation. J Appl Physiol 2002; 92:1409–1416.

20 Agostoni PG, Marenzi GC, Pepi M, Doria E, Salvioni A, Perego G, et al.
Isolated ultrafiltration in moderate congestive heart failure. J Am Coll Cardiol
1993; 21:434–431.

21 Guazzi M. Alveolar gas diffusion abnormalities in heart failure. J Card Fail
2008; 14:695–702.

22 Puri S, Baker BL, Dutka DP, Oakley CM, Hughes JM, Cleland JG. Reduced
alveolar-capillary membrane diffusing capacity in chronic heart failure. Its
pathophysiological relevance and relationship to exercise performance.
Circulation 1995; 91:2769–2774.

23 Agostoni P, Bussotti M, Cattadori G, Margutti E, Contini M, Muratori M, et al.
Gas diffusion and alveolar-capillary unit in chronic heart failure. Eur Heart J
2006; 27:2538–2543.

24 Guazzi M, Reina G, Tumminello G, Guazzi MD. Alveolar-capillary membrane
conductance is the best pulmonary correlate of exercise ventilatory
efficiency in heart failure patients. Eur J Heart Fail 2005; 7:1017–1022.

25 Lipkin DP, Jones DA, Round JM, Poole-Wilson PA. Abnormalities of
skeletal muscle in patients with chronic heart failure. Int J Cardiol 1988;
18:187–195.

26 Volterrani M, Clark AL, Ludman PF, Swan JW, Adamopoulos S, Piepoli M,
Coats AJ. Predictors of exercise capacity in chronic heart failure. Eur Heart J
1994; 15:801–809.

27 Vescovo G, Ceconi C, Bernocchi P, Ferrari R, Carraro U, Ambrosio GB,
Libera LD. Skeletal muscle myosin heavy chain expression in rats with
monocrotaline-induced cardiac hypertrophy and failure. Relation to blood
flow and degree of muscle atrophy. Cardiovasc Res 1998; 39:233–241.

28 Vescovo G, Volterrani M, Zennaro R, Sandri M, Ceconi C, Lorusso R, et al.
Apoptosis in the skeletal muscle of patients with heart failure: investigation
of clinical and biochemical changes. Heart 2000; 84:431–437.

29 Vescovo G, Ravara B, Gobbo V, Angelini A, Dalla Libera L. Skeletal muscle
fibres synthesis in heart failure: role of PGC-1a, calcineurin and GH. Int J
Cardiol 2005; 104:298–306.

30 Dalla Libera L, Vescovo G, Volterrani M. Physiological basis for contractile
dysfunction in heart failure. Curr Pharmacol Des 2008; 14:2572–2581.

31 Schulze PC, Fang J, Kassik KA, Gannon J, Cupesi M, MacGillivray C, et al.
Transgenic overexpression of locally acting insulin-like growth factor-1 inhibit
ubiquitin-mediated muscle atrophy in chronic left-ventricular dysfunction.
Circ Res 2005; 97:418–426.

32 Dalla Libera L, Ravara B, Angelini A, Rossini K, Sandri M, Thiene G, et al.
Beneficial effects on skeletal muscle of the angiotensin II type 1 receptor

blocker Irbesartan in experimental heart failure. Circulation 2001;
103:2195–2000.

33 Dalla Libera L, Ravara B, Gobbo V, Danieli Betto D, Germinario E,
Angelini A, Vescovo G. Skeletal muscle myofibrillar protein oxidation in heart
failure and the protective effect of Carvedilol. J Mol Cell Cardiol 2005;
38:803–807.

34 Vescovo G, Dalla Libera L. Skeletal muscle apoptosis in experimental Heart
Failure: the only link between inflammation and skeletal muscle wastage?
Curr Opin: Clin: Nutr Metab Care 2006; 9:416–422.

35 Swedberg K, Eneroth P, Kjekshus J, Wilhelmsen L. Hormones regulating
cardiovascular function in patients with severe congestive heart failure and
their relation to mortality. CONSENSUS Trial Study Group. Circulation
1990; 82:1730–1736.

36 Teerlink JR. Endothelins: pathophysiology and treatment implications in
chronic heart failure. Curr Heart Fail Rep 2005; 2:191–197.

37 Schrier RW. Water and sodium retention in edematous disorders: role of
vasopressin and aldosterone. Am J Med 2006; 119 (Suppl 1):S47–S53.

38 Cohn JN, Levine TB, Olivari MT, Garberg V, Lura D, Francis GS, et al.
Plasma norepinephrine as a guide to prognosis in patients with chronic
congestive heart failure. N Engl J Med 1984; 311:819–823.

39 Passino C, Pingitore A, Landi P, Fontana M, Zyw L, Clerico A, et al.
Prognostic value of combined measurement of brain natriuretic peptide and
triiodothyronine in heart failure. J Card Fail 2009; 15:35–40.

40 Swan JW, Anker SD, Walton C, Godsland IF, Clark AL, Leyva F, et al. Insulin
resistance in chronic heart failure: relation to severity and etiology of heart
failure. J Am Coll Cardiol 1997; 30:527–532.

41 Mann DL, McMurray JJ, Packer M, Swedberg K, Borer JS, Colucci WS, et al.
Targeted anticytokine therapy in patients with chronic heart failure: results of
the randomized etanercept worldwide evaluation (RENEWAL). Circulation
2004; 109:1594–1602.

42 Clerico A, Recchia FA, Passino C, Emdin M. Cardiac endocrine function is
an essential component of the homeostatic regulation network:
physiological and clinical implications. (Review) Am J Physiol Heart Circ
Physiol 2006; 290:H17–H29.

43 Passino C, Severino S, Poletti R, Piepoli M. Aerobic training decreases
B-type natriuretic peptide expression and adrenergic activation in patients
with heart failure. J Am Coll Cardiol 2006; 47:1835–1839.

44 Perego GB, Marenzi GC, Guazzi M, Sganzerla P, Assanelli E, Palermo P,
et al. Contribution of PO2, P50, and Hb to changes in arteriovenous O2

content during exercise in heart failure. J Appl Physiol 1996; 80:623–631.
45 Agostoni P, Wasserman K, Guazzi M, Cattadori G, Palermo P, Marenzi G,

Guazzi MD. Exercise-induced hemoconcentration in heart failure due to
dilated cardiomyopathy. Am J Cardiol 1999; 83:278–280.

46 Agostoni PG, Wasserman K, Perego GB, Guazzi M, Cattadori G, Palermo P,
et al. Oxygen transport to muscle during exercise in chronic congestive heart
failure secondary to idiopathic dilated cardiomyopathy. Am J Cardiol 1997;
79:29–33.

47 Koike A, Wasserman K, Taniguchi K, Hiroe M, Marumo F. Critical capillary
oxygen partial pressure and lactate threshold in patients with cardiovascular
disease. J Am Coll Cardiol 1994; 23:1644–1650.

48 Drexler H, Hayoz D, Münzel T, Just H, Zelis R, Brunner HR. Endothelial
function in congestive heart failure. Am Heart J 1993; 126:761–764.

49 LeJemtel TH, Maskin CS, Lucido D, Chadwick BJ. Failure to augment
maximal limb blood flow in response to one-leg versus two-leg exercise in
patients with severe heart failure. Circulation 1986; 74:245–251.

50 Cooke JP, Tsao PS. Go with the flow. Circulation 2001; 103:2773–2775.
51 Chien S. Mechanotransduction and endothelial cell homeostasis: the

wisdom of the cell. Am J Physiol 2007; 292:H1209–H1224.
52 Maxwell AJ, Schauble E, Bernstein D, Cooke JP. Limb blood flow during

exercise is dependent on nitric oxide. Circulation 1998; 98:369–374.
53 Katz SD, Krum H, Khan T, Knecht M. Exercise-induced vasodilation in

forearm circulation of normal subjects and patients with congestive heart
failure: role of endothelium-derived nitric oxide. J Am Coll Cardiol 1996;
28:585–590.

54 Katz SD, Yuen J, Bijou R, LeJemtel TH. Training improves endothelium-
dependent vasodilation in resistance vessels of patients with heart failure.
J Appl Physiol 1997; 82:1488–1492.

55 Hambrecht R, Fiehn E, Weigl C, Gielen S, Hamann C, Kaiser R, et al.
Regular physical exercise corrects endothelial dysfunction and improves
exercise capacity in patients with chronic heart failure. Circulation 1998;
98:2709–2715.

56 Belardinelli R, Capestro F, Misiani A, Scipione P, Georgiou D. Moderate
exercise training improves functional capacity, quality of life, and
endothelium-dependent vasodilation in chronic heart failure patients with
implantable cardioverter defibrillators and cardiac resynchronization therapy.
Eur J Cardiovasc Prev Rehabil 2006; 13:818–825.

642 European Journal of Cardiovascular Prevention and Rehabilitation 2010, Vol 17 No 6

Copyright © The European Society of Cardiology. Unauthorized reproduction of this article is prohibited. at Centro Cardiologico Monzino on July 26, 2012cpr.sagepub.comDownloaded from 

http://cpr.sagepub.com/



