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CHAPTER 1

EXERCISE TRAINING IN CHRONIC HEART FAILURE 13

INTRODUCTION 



partly known. Possibly, in HF developing on
the basis of ischemia/infarction, increased
apoptosis in the affected structures plays a
major role, while it is hypertrophy and fibrosis
in HF developing on the basis of increased
afterload42. It is essential to realize that the
before-mentioned processes originate and
evolve in rest, a state where a beginning degra-
dation of cardiac performance will not become
manifest: in an early stage and only exercise
would unmask a limitation in cardiac output.

It appears that chronic sympathoexcitation
plays a pivotal role in the natural history of HF.
Also, HF is associated with a weakened barore-
flex26. Both sympathetic hyperactivity and
lowered baroreflex sensitivity (BRS) are present
in mild stage C HF31 and the therapeutic effect
of beta-blockade in patients with asymptomatic
left ventricular systolic dysfunction (LVSD)
suggests that chronic sympathoexcitation is also
found in stage B heart failure1. As chronic
sympathoexcitation leads to chronic activation
of the renin-angiotensin-aldosteron system
(RAAS) it implicates a generalized neurohu-
moral activation that is crucial for the remod-
eling of the heart as HF progresses35, with
enlargement due to increased filling pressure,
and hypertrophy and fibrosis stimulated by
increased levels of angiotensin and aldosteron42.

What is the initial mechanism that causes
sympathoexcitation in rest in emerging HF?
The postulate of a diminished cardiac output
that increases sympathetic outflow due to a
decrease in baroreceptor firing rate caused by
low blood pressure62 is no longer a tenable
hypothesis. First of all, cardiac output is not
compromised at rest in the initial stage of
emerging HF. Second, blood pressure is not
lowered in asymptomatic patients. Third, if
blood pressure would decrease, baroreflexes
would reset to the prevailing new blood pres-
sure value16. Fourth, in animal experiments
with denervated baroreflex afferents, no signs
of chronic sympathoexcitation were found, e.g.,
total peripheral resistance did not change16.
Most likely, signals from the heart itself cause

the sympathoexcitation.
It is reasonable to assume that in emerging

HF localized areas in the heart come into exis-
tence in which increased mechanical stretch
and/or metabolic stress/ischemia occur.
Cardiac sympathetic afferents are then acti-
vated by mechanical stretch and by metabolites
like potassium, hydrogen ion, adenosine,
bradykinin and prostaglandins63,83, resulting in
elevation of sympathetic tone: the cardiac
sympathetic afferent reflex (CSAR).

In normal hearts, CSAR is not excited at rest,
but, in HF it is. Additionally, CSAR is enhanced
in HF because of an increase in discharge inten-
sity at the receptor level and also because of an
increase in central reflex gain51,86. A schematic
representation of the CSAR pathway is outlined
in Figure 1. CSAR afferents project on the rostro-
ventrolateral medulla (RVLM) and on the
nucleus tractus solitarii (NTS). CSAR afferents
activate sympathetic efferents at the level of the
RLVM. At the level of the NTS, CSAR afferents
activate interneurons71,86. These interneurons
release the neuromodulator gamma-aminobu-
tyric acid (GABA) that inhibits the barosensitive
NTS neurons87. As a result CSAR increases
sympathetic outflow and reduces BRS.

Hence, permanent CSAR activation might
well be the initial cause of the chronic sympa-
thoexcitation in HF. As HF progresses, and due
to changes in blood composition due to the
permanent neurohumoral activation, skeletal
muscle becomes involved. Due to several struc-
tural and functional changes, mataboreceptors,
normally only stimulated during exercise,
become also active at rest. This permanent
stimulation of the peripheral chemoreflex
causes additional sympathoexcitation89.

As patients with the highest sympathetic
activation and patients with the lowest BRS

have the poorest survival4,10, lowering CSAR

activity, sympathoexcitation and plasma cate-
cholamine concentrations, and increasing BRS,
seem logical therapeutic goals in emerging and
overt HF.
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1.1 PREVALENCE AND
PROGNOSIS OF HEART FAILURE

Heart failure (HF) was already described in
antiquity. Around 400 BCE, Hippocrates gave a
detailed description of the symptoms of this
disease. He depicts one of his patients as
follows: ‘[The patient] appears yellow; the
whole body is edematous; the face is red; the
mouth dry; he is thirsty; and when he eats,
respiration quickens. In the same day at some
times he may appear better while at others he
is suffering acutely and seems on the verge of
dying’ (Internal Affections XXI)44.

HF is a growing worldwide health problem.
In the Netherlands, from 1980 to 1999, the
annual hospitalization rate increased by 72%56.
In the European population, the estimated
prevalence of HF ranges from 0.4% up to 2%.
The prevalence of HF increases rapidly with
advancing age. The Framingham study
reported an approximately 10 times higher
occurrence of HF in the age group ≥ 80 years as
in the age group 50-59 (91 versus 8 cases per
1000 persons)36. It is estimated that the world’s
population aged 60 and over will be three
times higher in 2050 than in 2000 (2 billion).
Hence, with a proportionally increasing older
population, longevity partly accounts for this
increasing occurrence of HF. Another factor
that contributes to the rising prevalence of HF

is the increasing post-infarction survival rate54:
the occurrence of a myocardial infarction
increases the risk for CHF 2-3 fold74. Also, it was
found in patients ≥ 65 years in Canada,  that
75% of this cohort developed HF within 5 years
after their first myocardial infarction24.
Furthermore, a high living standard with over-
weight and sedentary life style is also associated
with HF21,58. According to the World Health
Organization, in 2015, 2.3 billion people around
the world will have a body mass index in the
obese or overweight range. Consequently, this
increase in obese people will add to the
increasing prevalence of HF. 

Despite the development of new therapies,

the prognosis of HF remains poor76. Half of the
HF patients dies within 4 years of the diagnosis,
and less than half of the population with severe
HF survives the first year after diagnosis80. This
underscores the importance of the ongoing
quest to improve current therapies and to
develop new therapeutic modalities.

1.2 PATHOPHYSIOLOGY OF
CHRONIC HEART FAILURE 

An unifying definition of HF is lacking.
There are, however, three items that are
emphasized in most definitions, namely short-
ness of breath during rest and/or during exer-
tion, fluid retention, and a functional or struc-
tural abnormality of the heart21. HF can occur
acutely, e.g., in the setting of acute myocardial
infarction, or it can be a chronic condition. A
majority of research, including this thesis,
focuses on chronic heart failure (CHF).
Formerly, the abbreviation CHF stood for
congestive HF; this usage has been abandoned,
because adequate treatment keeps most of the
HF patients out of the decompensated condi-
tion.

In 2001, the American Heart Association
postulated a new approach to the classify HF39.
Four stages were discerned in the pathogenesis
and development of HF:
Stage A; At high risk for HF but without

structural heart disease or symptoms of HF.
Stage B; Structural heart disease but without

signs or symptoms of HF.
Stage C; Structural heart disease with prior or

current symptoms of HF

Stage D; Refractory HF requiring specialized
interventions.

With these stages, the Guidelines emphasize
origin, development and progression of the
disease, where ‘pre’-stages A and B focus on the
risk factors that predispose toward the develop-
ment of actual HF (stages C and D). The mecha-
nisms that cause structural heart disease (stage
B) to develop into actual HF (stage C) are only
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difficult to perceive57, and in symptom-limited
exercise tests, as performed in CHF, the plateau
is often not attained81 (see Figure 2), hence, peak
oxygen uptake (V

.
O2 peak) is assessed instead. By

its nature, V
.
O2 peak is in practice strongly influ-

enced by the motivation of the patient, the
selected exercise protocol and the tester’s
subjective choice of the test endpoint5,79.
Consequently, V

.
O2 peak is more a subjective

parameter. 

More objective measures of exercise capacity
than V

.
O2 peak can be assessed by submaximal

exercise testing (or by the submaximal part of a
symptom limited exercise test), such as
V
.
E/V

.
CO2 slope, the oxygen uptake efficiency

slope (OUES) and the oxygen uptake-work rate
relation (ΔV

.
O2/ΔW).

The V
.
E/V

.
CO2 slope is an exercise testing

parameter with high prognostic value in
CHF13,18. It can be obtained by linear regression
analysis of the relation between minute ventila-
tion (V

.
E) and carbon dioxide output (V

.
CO2)

during an incremental exercise test (see Figure
3). It reflects the ventilatory response to exer-
cise, i.e., the slope reflects the gain of the
chemoreflex that triggers ventilation in
response to PCO2 changes in the blood. As a

consequence of overactive chemoreceptors, the
V
.
E/V

.
CO2 slope is increased in CHF. Normal

values of the V
.
E/V

.
CO2 slope are between 20 and

30; in CHF patients it can reach values as high
as 8067.  

In 1996 Baba et al.7 introduced OUES as an
objective and reproducible measure of exercise
capacity8,37,85 (see Figure 4). The OUES is deter-
mined by regressing oxygen uptake against the
logarithm of total ventilation during an incre-
mental exercise test. It describes the efficiency
by which oxygen can be extracted from the
ambient air. In CHF patients it was shown that
among other exercise-test derived parameters
(V
.
O2 peak, V

.
E/V

.
CO2 slope and ventilatory anaer-

obic threshold) OUES had the strongest prog-
nostic value; OUES was also the only exercise
variable with independent prognostic value18.

Another measure of exercise capacity is
ΔV

.
O2/ΔW, which can be used as a supplemental

index to the other exercise testing variables to
more precisely assess exercise capacity.
ΔV

.
O2/ΔW describes the amount of oxygen that

is utilized in relation to the amount of external
work performed (see Figure 5); ΔV

.
O2/ΔW on

itself, also has important prognostic power in
CHF46. ΔV

.
O2/ΔW is often reduced in CHF, and
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Figure 2. Peak oxygen uptake
Peak oxygen uptake of a healthy male (�, age 48)
and a male chronic heart failure patient (�, age 48). 
The oxygen uptake of the healthy male reaches a
plateau, the oxygen uptake of the chronic heart
failure patient does not reach a plateau.

V. E 
(l/

m
in

)

140

120

100

80

60

40

20

0

V
.
CO2

 (l/min)

0 1 2 3 4 5

Figure 3. V
.
E/V

.
CO2 slope

�: V
.
E/V

.
CO2 slope of a healthy male (age 48),

V
.
E/V

.
CO2 slope = 24; 

�: V
.
E/V

.
CO2 slope of a male chronic heart failure

patient (age 53), V
.
E/V

.
CO2 slope = 37.

1.3 FITNESS

Fitness is a broad term. According to the
Dutch Van Dale dictionary, fitness means
being physically in good shape. Oftentimes, the
ability to cope with stress is included in the
definition of the word. In this thesis we focus
on two different aspects of fitness that are
specifically relevant in CHF: exercise capacity
and autonomic functioning. 

1.3.1 Fitness and exercise capacity 
in CHF

In CHF patients exercise capacity is
decreased, frequently to such an extent that
participation in several daily life activities
becomes impossible. The degree of exercise
intolerance in CHF is paralleled by an increased
mortality18, moreover, several studies suggest
that increasing exercise capacity in CHF

improves prognosis68,73,77. Therefore, improving
exercise capacity is one of the major issues in
CHF-related treatment. Part of this thesis
concentrates on the effect of therapeutic inter-
ventions on fitness in the context of exercise

capacity, focusing on changes in fitness-related
cardiopulmonary exercise variables discussed
below.  

Clinically, the maximal oxygen uptake 
(V
.
O2 max) is the most frequently used measure of

exercise capacity. V
.
O2 max is an objective para-

meter, being defined as the point at which
oxygen uptake reaches a plateau despite contin-
uing exercise and increasing workload82 (see
Figure 2). Unfortunately, such a plateau is often
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Figure 1. Neural pathways involved in sympa-
thoexcitation and baroreflex inhibition by cardiac
sympathetic afferents. 
Gademan et al. Am J Physiol 2008.
Panel A: sacral and thoracic spinal, and caudal and
rostral medullar sections; 
panel B: NTS details (based on71). ALS = anterolateral
(spinothalamic) system; CVLM = caudal ventrolateral
medulla; GABA = inhibiting neuromodulator gamma-
aminobutyric acid; Glu = excitatory neurotransmitter 
L-glutamate; NA = nucleus ambiguus; NG = nodose
ganglion; NRM = nucleus raphe magnus; NTS =
nucleus tractus solitarius; PAG = periaquaductal grey;
PG = petrosal ganglion; PRG = posterior (dorsal) root
ganglion; RVLM = rostral ventrolateral medulla; 
SP = excitatory neuromodulator substance P; IX = 9th
cranial (glossopharyngeal) nerve; X = 10th cranial
(vagus) nerve. Dark gray spots: involved areas.
Inhibiting neurons at the level of the brainstem: gray,
dashed; sympathetic efferents: gray, continuous;
parasympathetic efferents: gray, dotted.



Baroreflex vigor is usually characterized in
terms of the extent of bradycardia that occurs
when blood pressure increases, and is indicated
by BRS. BRS is expressed as the increase of the
interval between heart beats (in ms) per mmHg
systolic blood pressure rise and is usually deter-
mined during rest. Lowered BRS in CHF paral-
lels deterioration of clinical and hemodynamic
status and is strongly associated with poor
survival48,55.

1.4 TREATMENT OF 
HEART FAILURE

A broad therapeutic spectrum is used in
CHF. The cornerstone of CHF management is
pharmacological therapy, where each patient is
to be submitted to an individualized combina-
tion of the following medications to achieve an
optimal treatment effect: angiotensin-
converting (ACE) inhibitors, diuretics, beta-
adrenoreceptor antagonists, aldosterone
receptor antagonists, angiotensin receptor
antagonists, cardiac glycosides, vasodilator
agents (nitrates/hydralazine), positive inotropic
agents, anticoagulation and antiarrhytmic
agents. Treatment with this pharmacological
regimen interferes at various levels with the
process of neurohumoral activation, thus
reducing the detrimental influences of this
process to a certain extent21. 

Besides pharmacological therapy, surgical
treatment is an option for part of the CHF

patients. Common surgical interventions are:
coronary revascularization, valvular surgery
and surgical remodeling of the left ventricle.
For patients with end-stage drug refractory
CHF, cardiac transplantation may be the last
option. Supplementary to pharmacological
therapy and/or surgical intervention, device
therapy (implantable cardiovertor defibrillator
and/or biventricular pacemaker, Figure 6) has
been implemented in the last decade as therapy
for patients with both drug refractory CHF and
left ventricular dysfunction.

Another important part of treatment of CHF

is self-care management. Self-care can be
defined as actions by the patient intended at
maintaining physical stability, avoidance of
behavior that can worsen the condition, and
recognition of the early symptoms of deteriora-
tion43. One of the aspects of self-care manage-
ment is being physically active. In practice, a
limited period of exercise training/rehabilita-
tion is often prescribed/advised following a
cardiovascular event, an episode of decompen-
sation or to recover from surgical interventions.
However, exercise training could be a more
beneficial therapy if it is incorporated in daily
life and not only used occasionally in situations
as mentioned above.

In this thesis we focus on the fitness-related
effects of two non-pharmacological treatment
modalities within the scope of the cardiologist,
namely exercise training and biventricular
pacing.

1.5 MECHANISMS AND EFFECTS
OF EXERCISE TRAINING 

In the past, patients with CHF were advised
to avoid exertion, for fear of worsening cardiac
function due to myocardial stress38. In the late
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Figure 6. A biventricular pacing device, the leads
are positioned in the right atrium, the right ventricle
(usually the apex) and a postero-lateral vein (through
the coronary sinus). 

the reduction in ΔV
.
O2/ΔW reflects the severity

of CHF40,78. However, patients with mild CHF

may have relatively normal ΔV
.
O2/ΔW values78.  

1.3.2 Fitness and autonomic functioning
in CHF

Discussing autonomic functioning in the
context of fitness is less evident than discussing
exercise capacity. However, exercise capacity
and autonomic functioning in CHF are closely
related41,52, as physical training improves both
exercise capacity and autonomic functioning,
the latter manifesting, e.g., as a decrease in
neurohumoral activation and an increase in
BRS27. Major part of this thesis is concerned
with improvement of autonomic functioning

in CHF, mainly focusing on the arterial barore-
flex.

The arterial baroreflex buffers blood pres-
sure and it prevents wide short-term fluctua-
tions of arterial blood pressure. Baroreceptors
are stretch-sensitive receptors located in the
aortic wall, the wall of the pulmonary artery,
and the carotid sinuses. Every blood pressure
pulsation elicits an afferent baroreceptor burst,
of which the intensity depends on the systolic
blood pressure (SBP) of the given heart beat
relative to the average blood pressure level.
Hence, when the SBP of the given heart beat is
relatively low, the burst intensity of the barore-
ceptor will also be low, and when the SBP of
the given heart beat is relatively high, the burst
intensity of the baroreceptor will also be high.
The afferent baroreceptor burst constitutes
neural information for the vasomotor centre in
the medulla oblongata62. Here, the efferent
reflex output is generated, both in the form of
a vagal burst (more intense with a higher blood
pressure pulsation) and in the form of a brief
episode of sympathoinhibition (the degree of
inhibition increasing with blood pressure). 
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Figure 4. The oxygen uptake efficiency slope 
Panel A:  The relationship between oxygen uptake
and minute ventilation during exercise in a 53-year
old chronic heart failure patient (�) and in a
healthy male (age 48, �). 
Panel B: The relation plotted on a logarhytmic
scale. The slope of panel B represents the oxygen
uptake efficiency.
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Figure 5. Oxygen uptake kinetics (ΔV
.
O2/ΔW)

The oxygen uptake – work rate relation of a 48 year
old chronic heart failure patient. This relation
describes how much oxygen is consumed in relation to
the quantity of external work performed. 



Improvement of the mechanical activation
pattern of the left ventricle is the primary
working mechanism of CRT49. CRT induces
early excitation of the region which is else late
activated due to delayed intrinsic conduction,
hence, biventricular pacing synchronizes the
activation of the left ventricular free wall and
the intraventricular septum and improves
mechanical contractility and mitral regurgita-
tion. Moreover, Nelson et al.59 found that CRT

enhanced systolic function with modestly
diminished energy cost, which is probably
explained by lowering of lateral wall stress. 

As CRT enhances systolic function and
improves myocardial efficiency in CHF, it is not
surprising that CRT also improves exercise
capacity, since oxygen uptake depends on
cardiac output67. In the MIRACLE trial it was
shown that CRT improved V

.
O2 peak , as  well as

submaximal exercise capacity, measured by the
six minute walk test2. 

In addition to the beneficial clinical effects
of CRT on fitness in the context of exercise
capacity, CRT also has a positive impact on
autonomic functioning in CHF. CRT has been
proven to reduce sympathetic nerve activity,
BNP, ET-1 and norepinephrine and to increase
heart rate variability after six
months3,11,23,25,32,47,60,75. A plausible and clinically
relevant explanation for these observations
would be that CRT reduces metabolic and
mechanical stress in affected ventricular
muscle, thus reversing CSAR activation and
sympathetic outflow. However, direct proof of
this CRT working mechanism is difficult to
obtain, as CSAR afferent activity cannot be
measured in humans. 

1.7 AIMS AND OUTLINE OF 
THIS THESIS

Aim of this thesis is to study the effects of
exercise training and of biventricular pacing on
fitness-related cardiopulmonary exercise testing
variables and on brs in the setting of CHF. Also,

we address the underlying effect mechanisms.
In Chapter 2 we review the effects of exercise

training on neurohumoral excitation and auto-
nomic derangement at rest.

In Chapter 3 we address, in a modeling study,
a number of issues that are relevant for the
interpretation of BRS. By means of computer
simulations we investigate the link between the
well known phenomena of blood pressure
resonance (the Mayer waves) on one hand, and
blood pressure buffering (possibly the most
essential function of the baroreflex) on the
other hand.

In Chapter 4 we probe the hypothesis that
sole exercise-associated somatosensory input to
the brainstem is a training stimulus for the
autonomic nervous system. We compare in
stable untrained CHF patients the effect of tran-
scutaneous electrical nerve stimulation (TENS)
with the effects of bicycle exercise training. BRS

was used as an outcome measure of autonomic
functioning. To mimic exercise-associated
somatosensory ergoreceptor stimulation by
TENS, we applied periodic (2/s, marching pace)
burst stimulation to both feet. 

Chapters 5 and 6 are devoted to the effect of
exercise training on fitness in the context of
exercise capacity. We studied the effect of exer-
cise training in CHF patients on the OUES

(chapter 5) and on oxygen uptake - work rela-
tion (chapter 6). In contrast to the V

.
O2 max, OUES

and ΔV
.
O2/ΔW are independent of the maxi-

mally attained exercise intensity. Therefore
both are very convenient and reliable measures
of exercise capacity in CHF. 

In Chapters 7 and 8 we describe the effect of
biventricular pacing on the arterial baroreflex.
Since CSAR afferent firing is known to decrease
BRS28,87, CRT-induced CSAR deactivation should
be accompanied by a BRS increase. 

In Chapter 7 we describe the acute effect of
biventricular pacing on the arterial baroreflex.
As no other studies have yet found an acute
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1970s and early 1980s the first studies appeared
reporting that exercise training was safe in
patients with CHF15,50. At present, it is clear that
exercise training is not only safe but also bene-
ficial in CHF. Exercise training lessens dyspnea
and fatigue34,53, improves quality of life,
improves New York Heart Association (NYHA)
class6,9,20,61,65,84, decreases morbidity and, likely,
also mortality19,68,73,77. Currently, European and
American guidelines21,38 recommend exercise
training in addition to pharmacotherapy.

Beneficial effects of exercise training in CHF

have been documented at various functional
and structural levels. Several peripheral
muscular adaptations occur under the influ-
ence of exercise training, for instance, increased
capillary density, blood flow, mitochondrial
volume density, fibre size, slow twitch fibres
and decreased lactic acidosis and vascular resis-
tance22,30,33,34,45,69. Although the ELVD-CHF

trial29 reported a slightly increased left ventric-
ular ejection fraction, most studies report
hardly any change in this variable70. The gener-
ally observed exercise-training induced increase
in V

.
O2 peak

73 is presumably mainly to be attrib-
uted to an increase in peak heart rate, an
increase in stroke volume during exercise and
to peripheral muscular adaptations. Other
cardiopulmonary exercise testing variables than
V
.
O2 peak, that are increased by exercise training

in CHF are the V
.
E/V

.
CO2 slope, ventilatory

anaerobic threshold and workload. The effect
of exercise training in CHF on OUES and
ΔV

.
O2/ΔW has not been elucidated yet.

In addition to these effects, exercise training
in CHF also reduces autonomic derangement
and neurohumoral excitation at rest27; exercise
training decreases sympathetic outflow and
increases BRS in CHF. However, the mechanism
that mediates the normalization of the neuro-
humoral activation and autonomic derange-
ment by exercise training has not yet been
identified. Pinpointing the key elements of an
exercise program that are responsible to
achieve an autonomic training effect would
allow for the design of training programs

specific for CHF patients, with maximal efficacy
at minimal work loads that meet the limited
exercise tolerance.

Ergoreceptor activity stemming from
working muscle may be a key factor in the
exercise-induced increase in BRS at rest. On
their way to the thalamus, the neural fibres
conveying such ergoreceptor information
project to several structures, such as the NTS17.
During exercise, these projections release
substance P at the NTS72. Substance P enhances
the baroreflex66 by modulating the transmis-
sion of the baroreceptive afferents to the NTS

neurons. We assume that baroreflex enhance-
ment after exercise materializes in the NTS in
the form of an elevated substance P level that
outlasts the actual exercise period88. The
enduring production of substance P by barore-
ceptor afferents71 would make such a sustained
effect even more likely. We suppose that this
effect lasts for more than 24 hours, thus facili-
tating a lasting cumulative training effect that
can be achieved by daily stimulation. Substance
P has long-lasting effects (>24 hours) on the
modulation of neural activity in other systems,
e.g., in the spinal cord64. It is however not
known if substance P has these long-lasting
effects in the NTS. In any case, the consequence
of this scenario would be that baroreflex
training effects could also be attained by exer-
cise-mimicking somatosensory stimulation
alone, without actual accompanying exercise. 

1.6 EFFECTS/MECHANISMS 
OF BIVENTRICULAR PACING
ON FITNESS

Cardiac resynchronization therapy (CRT) is a
relatively new therapy in CHF; the first case
report of a patient who received CRT appeared
in 199412. Currently, it is known that CRT

improves mortality, symptoms, quality of life
and NYHA class2,14. As a result of these
successful outcomes, CRT is nowadays an estab-
lished therapy in CHF.
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