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1 General Introduction






General introduction

Cardiovascular diseasemains the leading cause of death, being responsible for almost one third of
all deaths worldwide and close to half of all deaths in Europe. However, in some parts of Europe
including Belgium, cancer is now for the first time the cause of more deathsdhatiovascular
diseaseamong men. This may be partly explained by a decrease in mortality in coronary artery

disease (CAD) due to a better prevention and treatment policy.

Together with the ageing of the population, this susc@s secondary prevention and prolonging
survival in patients suffering from coronary events, may contribute to the increasing overall
prevalence of heart failure (HF). HF affects abo@€d of the population with a sharp rise to more
than 10% above the agof 70 year$. CADis by far the most common cause of HF, but also
hypertension, tachyarrhythmia, cardiomyopathies and valvular heart disease (VHD) may eventually
lead to HP. VHD is usually less regarded as a major piiglaith problem, howeer a substantial
burden of this disease exists and will probably further increase, due to increasing life expectancy and

its link with degenerative valve diseake.

Exercise intolerance is a hallmark feature of HF with symptoms of breathlessness and fatigue and
indicates a poor prognosis. Likewise, an impaired exercise capacity is also seen in CAD and VHD
patients® with a similar prognosticalue® *° Cardiac rehabilitation (CR) has been recommended in

both CAD and HF to reduce risk factors and to improve exercise tolerance,-tedatéd quaity of

life and prognosié.'" **Nevertheless, more than half of eligible cardiac patients do not attend CR or

drop out prematurely* **

To date, the mechanisms underlying exercise intolerance in patients both with and without HF are
not entirely clear, suggesting further investigation. In addition, the outcome in hospitalized HF
patients has nobeen investigated in Belgium thus far and needs to be further explored as well as
the value of exercise training as a treatment modality in a broader spectrum of cardiac patients.
CAYFEfas GKS AYLX SYSNHSE (a8 {iRFIQ hedighs ardikBENEND2 § O

be adequately addressed to further increase participation in CR.
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General introduction

1 Exercise intolerance indart failure

HF can be defined as an abnormality of cardiac structure or function leading to failure of the heart to
deliver oxygen at rate corresponding with the requirements of the metabolizing tisSuéhile
traditionally associated with a pump failure ceduced ejection fraction (HFRER has become
widely recognizedhat HF can occur even when left ventricular ejectiaction (LVEF) is preserved
(HFPEE" Unlike HFREFwhich is diagnosed when signs and symptoms of HF are present together
with a reduced LVEF, patients whirPERave similar signs and symptoms but evidence of a normal
systolic LV functiorand diastolic LV dysfunction!® HFPERs currently observed in 50% of HF

patients and outcomes are similar to thoseHRREE'

1.1 Pathophysiology

In HFREReft ventricular remodeling is driven by a progressive loss of cardiomyodyeause of
oxidative stress usually resulting from ischemia, infection or toxicity. This results in a shift in the
balance between collagen deposition and degradation, contributing to LV dilatation and eccentric LV
remodeling. In advancedFREFendothdial dysfunction is also present and contributes to the raised
plasma levels of inflammatory parameters suchtamor necrosis factor alpha and interleukin 6
which affects diastolic function. A novel paradigm has been proposétFRERvith comorbidities
contributing to a systemic inflammatory state. This inflammatory state induces oxidative stress in the
coronary microvascular endothelium, which reduces myocardial nitric oxide bioavailability and leads
to a reduced protein kinase G activity in cardiomyesytwhich therefore become stiff and

hypertrophied,resulting in impaired left ventriculdilling.*®
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HF is marked by an interplay between the underlying myocardial dysfunction and the compensatory
neurohormonal mechanismdncluding the sympathetic nervous system, the reaigiotensin
aldosteron system (RAAS) and several cytokines. Although the activation of these systems can
initially compensate for the depressed myocardial function, their {tawgn activation results ira

further impairment of cardiac function and cardiac remodelling leading to progression of heart
failure and cardiac decompensatiofi?! One of the key stones of this neurohormonal activation, the
autonomic nervous system (ANS)described in Part 1 of this thesis, but is also summarized in the
following section. The majority of research has focused on the impact of autonomic imbalance in

HFREHimited information exists iHFPEE* 23
14



General introduction

The ANS enables the body to adjust its circulation and respiration to mainta@ppaapriate oxygen
delivery to tissues. The balance between the sympathetic (SNS) and parasympathetic nerve system
(PNS) is mediated by the interaction between the central command originating from the central
motor areas and peripheral feedback afferentmicluding the baroreflex, chemoreflex and
ergoreflex?* 2> The nucleus tractus solitarius (NTS) is the integrating centre located in the medulla
oblongata?®®’ SNS activation isnediated via the release of norepinephrine and epinephrine,

whereas the PNS acts through the release of acetylchdfirfé.

The SNS exerts a wide variety of cardiovascular effects, including heart rate acceleration, increase in
cardiac contractility, accelerated cardiac relaxation @edrease in venous capacitance in order to
increase cardiac performances gart of the so called fight or flight response. Conversely, the PNS
slows the heart rate but has no effect on cardiac contractifitBaroreceptors are together with
ergoreceptors and peripheral chemoreceptors responsible for these dgmamic changes with
baroreceptors having an inhibitory function whereas the other receptors rather stimulate th8*SNS.

% |In HF, an increase in chemoreflex and ergoreflex responsiveness is seen ‘eitluction in
baroreflex activity resulting in an increase in adrenergic outfl&\#* > *This results in an enhanced
peripheral vasoconstriction during exercise in order to preserve an adequate blood pressure level,
thereby unfortunately limiting blood flow in the exercising muscle which further exacerbates

muscular abnormalities typically se in HF.

Ergoreceptors and chemoreceptors also take part in the regulation of ventilation by influencing the
respiratory neurons in the pons and medulfaVery recently, a synaptic interaction between

respiratory and sympathetic neurons has been proposed with the NTS as a coordinating®tentre.
Overactivity of these receptors is related to the inappropriate increase in the ventilatory drive in HF

with a detrimental impact on prognosi§>®
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PERIPHERALFEEDBACK MECHANISMS

Chemoreceptors Ergoreceptors

/ CENTRALNERVOUS SYSTEM \
Central
command

Nucleus Tractus Solitarius

Cardiovascular Respiratory
\ regulation SR = regulation
Parasympathetic ympathetic
activity activit

-Heart rate
- Contractility
-Peripheral vascular resistance Ventilation

-Heart rate

- (Contractility)

- Cardiac output & blood pressure

Figure 1Mechanisms of autonomic control. Under normal conditions, the inhibitory input of the baroreceptors
is the major controlling mechanism. As heart failure progresses, baroreceptor activity is blunted and the
excitatory input of the chemoreceptors and ergoeptors predominates with an increase in sympathetic

activity and ventilation.

RAAS is a second neurohormonal mechanism that is activated in response to a decrease in blood
pressure with the conversion of angiotensinogen to angiotensin | via the secrefiarnin.
Angiotensin | is cleaved further by angiotensin converting enzyme (ACE) to generate the active
angiotensin Il. This latter peptide helps to maintain the extracellular fluid volume and arterial blood
pressure 1) by its stimulation of aldosterorsecretion which promotes renal salt and water
retention, 2) by a generalized vasoconstriction through direct action and also through boosting of
sympathetic activity and finally 3) by stimulating the sensation of thirst and hence fluid intake. In HF,

this cascade ultimately results in an excessive vasoconstriction and fluid retéftidn.

Neurohormonal activation isalso characterized by an increase in several biomarkers, dimou
natriuretic peptides of which brain natriuretic peptides (BNP) are most commonly used for
evaluation. The main stimulus is stretch of cardiac myocytes, but also certain hormones (such as

catecholamines and angiotensin Il) and hypoxia in the settirsgote coronary syndrome (ACS) may
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General introduction

activate these peptides. On secretion, the propeptide is split into the biologically active BNP and the
remaining part of the prohormone ¢rminal proBNP (NProBNP). Activation of natriuretic
peptides causes diuresisasodilatation and a decrease in renin and aldosterone secretion in order to

oppose the acute increase in ventricular voluffi&.

1.3 Markers of exercise intolerance

Exercise intolerance is a hallmark feature of HF and indicates a poor prognosis. In general, exercise
capacity is slightly more impaired HFREBs inHFPEF Since thdandmark study of Mancini, peak
oxygen consumption (peak Y\has become widely accepted as a prognosticitbtowever, several
drawbacks have led to a search for novel prognostic exercise parameters. The Y&EOpE0Owhich
describes the increase in ventilation in response to a risingp@&®@uction’? has been proven to be
prognostically superior, not only in predicting mortality but also in providing additional information
regarding hospitalizatioffboth in HFRERs inHFPEFR* Instead of the traditional cuoff values of

peak V@ <14 ml.mifn.kg' and a VE/VCOslope >34 to indicate a poor prognosis, devel
classification has recently been introduced. Under current medical management strategies, a
VEINC@a f 2 LIS xnp b<t®Rml.min.kgSdrelindigative of a particularly poor progno$is.

“ Likewise, an ipaired peak V@and a steep ventilatory slope are seen in a substantial part of CAD

patients with a similar prognostic valGe/>*

Different pathophysiological mechanisms are ulgbt to underlie these parameters. The peak, VO
dependent on the cardiac outpylCO)and the arterievenous Q difference, whereas the VE/VgO
slope is rather attributable to a combination of an elevated dead space and a reduced arterial CO
tension wih the latter being partly driven by the ergoreflex. These mechanisms are further described

in detail in Part 1 of this thesis.

Besides peak \Waand VE/VCOslope, also other cardiopulmonary exercise test (CPET) parameters
have been proven to bprognostically important. An irregular breathing pattern that persists during
exercise with cyclic fluctuations in minute ventilation and gas exchange kinetics, also known as
exercise oscillatory ventilation (EOV) and the partial pressure ofidadCQ (P=CQ are further
described in part 1 of this thesis. In addition, chronotropic incompetence which is an inadequate
heart rate response to exercise, is also a marker of poor prognosis even in the setting of

blockade®*>*

17



General introduction

A frequently used submaximal exercise test is thensinute walking test (6MWT), which
approximates the capacity to perform activities of daily living but does not allow for a thieroug
investigation into the pathogenetic mechanisms involved in fatigue and dyspnoea serSation.
Although the distance walked in six minutes (6MWD) is described as a prognostic marker of cardiac
death and cardiovascular event$,* there is currently no supportive evidence for its use as an

alternative to CPET derived variabies.

1.4 Treatment

The introduction of medication influencing neurohormonal activation, was a milestone in the
GNBFGYSYyG FyR 2dz2id2YS 2F 1 cw9cCcod . Sl o6i 0 -60f2018!
1), angiotensin receptor blockers (ARB) and aldosterogep®r antagonists are known to reduce
neurohormonal activation with a positive influence on prognddisaddition,i blocker therapy has

also been shown to reduce the VE/V\Gbpe without significantly altering peak Y& **whereas

ACH may influence both peak \d@nd VE/VCgslope althougtthis is not supported in all studies.
63

Recently, Cha et &f.reported that cardiac resynchronization therapy (CRT) may also modulate the
sympathetic function. Brthermore, CRT may increase peak, W@h a concomitant decrease in the

VE/VC@slope?® The role of exercise training in the treatment of HF is discussed in the next section.

1.5 Exercise training

Cardiac rehabilitation (CR) has been recommended in both CAD and HF to reduce rislafactors
improve exercise tolerance, healtBlated quality of life and prognosfs'™ '* ®® ®A recent meta
analysis demonstrates that CR has no effect on steorh mortality in HF but a trend towards a
decrease in longerm mortality is present. A small body of evidence suggests that CR may also

benefit HFPEBatients, but further studies are meled®®

An improvement in exercise intolerance after exercise training has been widely recognized with an
increase irpeak V@and a concomitant decrease in ventilatory abnormalities. Peripheral rather than
central adaptations are thought to be responsible, with changes in skeletal muscle mass, muscle
metabolism, endothelial function, inflammatory state and changes oawyrat the lung level®™

These changes in the periphery may result in a decrease in ergoreflex and chemoreflatioactiv

with a concomitant decrease in hyperventilation and sympathetic outff6i¥Likewise, a decrease

18



General introduction

in natriuretic peptides after exercise training suggests nearmonal improvement® 8 Although
far less described, also central adaptations are reported with an increa€®due to changes in

heart rate and stroke volum®.

Because of its proven efficacy and safety, aerobic training is widely recomméfdedffect the
muscle alteations typically seen in HF patients, strength training should also be consitidred.
order to further improve the effects of exercise training, novel training modalities are currently being

tested such as higmtensity aerobic interval trainiri§ ®and inspiratory muscle trainin.

1.6 Research questions

According to the aforementioned literatur@rgoreflex activity may play a majoole in exercise
intolerance in HF. Nevertheless, the presence of ergoreflex activity in the current situation is less
clear because of changes in pharmacological treatment. In add#iorincreased ventilatory drive

has been demonstrated not only in Hftit also in CAD with a similar prognostic valué'However,
information on the ergoreflex is currég lacking in this population. Therefore, the first part of this

thesis will focus on exercisetolerance and the relevance of the ergoreflex.

2 Outcomeand the key role of exercise training in heart failure

2.1 Outcomeof HF

Despite improvements imedical treatment mortality and readmission rates remain high in HF, with
an increase in patients witHFPEE’ In the latter group, the use of similar drugs in HFREHd not

result in an improvement in prognosidindicating the urgent need for novel treatment strategies.

Data from hospitalized HF patientsay beuseful to ketter understand the clinical characteristics,
patient management and outcomes and may ultimately help to improve patient outcm&s.
Research has shownahimportant geographic variations exist, both in patient characteristics and
treatment3*°* Therefore, country specific data are important but for Belgium, no such data have

been published so far.
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2.2 The role of natriuretic peptides in exercise capacity and exercise training

Natriuretic peptides have become increasingly important for the diagn@and prognosis of HF
patients, both with reduced and preserved ejection fractfdri?Despite significantly higher baseline

levels of natriuretic peptides in HFREF, the prognosis in patients with HFPEF is as poor as in those
with HFFEF for a given BNP lev&his may indicate that neurohormonattivation is the primary

driver of outcome instead of LVEE%  In addition, mtriuretic peptides have also been
demonstrated to be predictive for cardiac events and mortality in other clinical settings such as acute
coronary syndrome, coronary artery bypass graft (CABG), VHD and even in patients without CAD at

baseline 38 %%

The link between natriuretic peptides and an impaired exercise capacity or increased ventilatory
drive has alreag been demonstrated in HE° Furthermore, exercise training may improve both
exercise inblerance and neurohormonal activatidn.®® 8% 19408 However, it is not clear whether
exercise capacity and the improvement after exercise training are piimaffected by left

ventricular function or natriuretic peptides.

2.3 Research questions

Because of the lack of data on the clinical characteristics and outcome of HF patiBetgium, the
second part of this dissertation will provide data on this subject. In addition, since natriuretic
peptides seem to have a major impact on outcome, its influence on exercise capacity and the training

response will be further explored, both @ardiac patients with reduced and preserved LVEF.

3 Barriers in the implementation of cardiac rehabilitation

3.1 Participation and dropout in cardiac rehabilitation

Despite the clear benefits of CR as described in the previous section, figupastimipation in CR

are disappointing with less than 50% attendance of the eligible patiéhtsaddition, a considerable
number of those patients who actually attend CR, drop out prematurely varying from 22% t'65%.
199 patients after myocardial infarction and CABG are most commonly provided by CR. Despite

evidence on the benefits of CR for the increasinguytaiion of HF patients, this is not reflected in the

20
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sobering number of less than 20% participating in"CR° Specific data on participation in CR are

lacking for Belgium.

Adherence to application of exercise recommendations is dependent on both the adherence of
health-care praviders to clinical guidelines (guideline adherence) as well as to adherence of the
LI GASYG (2 Ot AYyAOAlIYQa | ROAOS O6LI GASY(d I RKSNBYyOS

I NNASNB F2NJ IdZARSEAYS | RKSNBYyOS IINB NBtFGSR G
exercise training as we#s to organizational and political issues such as availability of exercise
training sites and reimbursement for enrolment in €Referral is a prerequisite to have access to

CR, but remains suboptimal particularly among worten.

Patient adherence is a multidimensional phenomenon, determined by thepiatgrof a set of five

dimensions: social and economic factors, factors related to the health system, factors related to

GKS LI GASyiQa O2yRAGAZ2YIE (GKS (GKSNIXLER I|yR GKS |
adherence is particularly determined lage, female gender, a low so&@gonomic status, a lack of

motivation, psychological characteristics, and financial and medical coné&iso the perception

of seltcontrol of the problem and illness cognition may play a key Y3l8everal of these barriers

are potentially modifiable and should thereforbe adequately addressed in order to increase

participation inCR

3.2 Valvular heart disease

Although VHDIis less common in industrialized countries th@AD HF or hypertension, VHD is
frequent and often requires interventioh.’ In industrialized countes, the prevalence of VHD is
estimated at 2.5%. Because of the predominance of degenerative aetiologies, the prevalence of VHD
increases markedly after the age of 65 years, in particular with regard to aortic stenosis and mitral

regurgitation which accoun for 3 in 4 cases of VHD

Decisioamaking for intervention is complex, since VHD is often seen at an older age and, as a
consequence, there is a higher frequency of comorbiditgntributing to increased risk of
intervention’” ®> Several registries worldwide have consistently shown that, in current practice,
therapeutic intervention for VHD is underused in higgk patients with symptoms, for reasons
which are often unjustified. This stressd® importance of the widespread use of careful risk

stratification'* The two most widely used scores are the European System for Cardiac Operative
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Risk Evaluation (EuroSCORE) and the Society of Thoracic Surgeons scatterthaving the
advantage of being specific to VHD but less 4isendly than the EuroSCORE.

In the past twodecades, progress has been made regarding minimal invasive surgery to reduce the
surgical trauma. Minimal invasive surgery, such as ministernotomy for aortic valve and port access
procedures for mitral valve disease, has been considered to have sevemitages besides the

cosmetic aspect, including a reduced ventilation time, less bleeding and a reduced hospital stay. Few

of these aspects however, have been objectively establisHet,

Although exercise capacity is an important parameter of prognosis and quality of life, there is limited
information regarding the effect of valvular surgery on exercise capacity. Current literature suggests
that despite improvements in symptomatic status, exercise capacity does not recover spontaneously
after aortic (AVS) or mitral valve surgery (M{SYhis argues in favour of the need for cardiac

rehabilitation, although this is currently not mentioned in the management guidelines on VHD.

3.3 Research questions

Attendance and adherence in CR seem to be disappointing but specific data on the Belgian situation
are scarce Therefore, the third part of this work will assess participation and anaipand will try to

gain insight in the current barriers in the implentation of CR. Another type of barrier is the lack of
knowledge on exercise capacity agxerciseraining in an important subgroup of the cardiac patient

population, i.e. VHD patients. This will therefore, be the focus of the final chapter.
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Aims and scope

The general aim of this thesis is to obtain knowledge on the mechanisms of exercise intolerance in
cardiacpatients both with and without heart failurefo evaluateoutcome in heart failure anthe

effects of exercise trainingn a broader cardiac patient population. In addition, the implementation

2F OFNRAIFO NBKIFIOATAGEFGAZ2Y Ay WIKS NBIf fAFS &S

and dropout, which are further explored in this work.

Part 1

It is remarkable that a reflex arising from the exercising muscle, i.e. the ergoreflex, may influence
both fatigue and dyspnoea, being the major characteristics of exercise intoleramtie Ergoreflex
activity has been related to exercise intolerance amgbarticular to the increased ventilatory drive
typically seen irHFE Moreover, overactivity of the ergoreflex has been proven to be an ominous sign
for a poor prognosis? However, numerous issues regarding this mechanism remain unanswered.
Since pharmacological treatment has changed over the past decades with the introduction of
neurohormonal agents with an impact on survival and exercise intoleramgeredflex activity irHF
patients at present is unknown. In addition, an increased ventilatory drive is not exclusively seen in
HFpatients but also in cardiac patients without signdH5 ®a population whose ergoreflex activity

has not been investigated thus far. Even in healthy subjects, the contributitimoérgoreflex to
ventilation remains uncledr.® * " Therefore, thefirst part of this thesis handles about exercise
intolerance and its mechanisms. Because of the extensive amount of literature on this topic and its
complexity, available literature has been reviewed and the current knowledge about this topic has
been described inhe first two chapters of this worlChapter 1provides an overview on the role of

the autonomic nervous system of the heart in the developmentiBfwith a special focus on its role
during exercise. Irchapter 2 an update is given on prognostically im@ort cardiopulmonary
exercise variables and their determinantsHit Chapter 3reports on the activity of the ergoreflex

and its current relationship to exercise intolerance and subsequent prognosis in a broad spectrum of

subjects, ranging from healthy Isjects and patients with coronary artery diseaseHBpatients.

Part 2

Despite improvements in the treatment &fF; mortality and readmission rates remain high with an
increase irHFpatients with preserved ejection fractiofIn the latter group, the use of similar drugs
does not result in an improvement in progno3isdicating theurgent need for novel treatment
strategies Data from hospitalized HF patients are useful to better understand the clinical

characteristics, patient management and outcomes and may help to improve patient outcdrifes
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however, such data are currently lacking for Belgium. In addition, the similarities in outcome
between HF patients with reduced and preserved LVEF for a given BNP ledals toinvestigate
whether exercise capaciig predominantly affected by neurohormonal activation or LVEF and how
exercise training may provide an answer for exercise intolerance, (in)dependent of the
aforementioned factorsHence, thesecond partof this dissertation focuses on outcome in HF ia th
Belgian situation but also on the role of neurohormonal activation in exercise capacity and the
possibilities of exercise training as an effective treatment modalitghlpter 4 the first results of

the Belgian BIGF registry are presented regardipgtient characteristics and shetérm outcome

of patients hospitalized for HEhapter Sevaluates the impact of NgroBNP on exercise capacity in
CAD patients with a wide range of left ventricular function and neurohormonal activation as well as

whetherthe improvement after exercise training depends on one of these factors.

Part 3

Despite the clear benefits of CR, figures on participation in CR are disappointing with more than half
of eligible patients who do not attend CRn addition a considerable numer of those patients who
actually attend CR, drop out prematuréfyln Belgium, specific data on particigati among the
different patient groups and ifHFin particular, are lacking. A variety of reasons for doop have

been described in literature but may be different among countries because of different legislation
and environmental conditions. Therefordetthird part of this work assesses the current barriers in

the implementation of CRChapter 6reports on participation in CR among different patient groups
with a focus orHF. In addition, potential predisposing clinical characteristics for {npartidpation

are evaluated irHF as well as the benefit of exercise training in comparison with other patient
groups. Inchapter 7, drop-out is evaluated in a broad spectrum of cardiac patients with a focus on
potential predisposing clinical characteristicserise parameters and psychosocial factors which
could lead to dropout. Despite the recommendation for CR in several cardiac patient groups, the
effects of CR are not fully acknowledged/idDthus far. Moreover, the influence of the preoperative
state ard the type of valvular surgery on exercise capacity are not known. Therefbapter 8
focuses on exercise capacity and the effects of exercise training after valvular surgery according to

the preoperative state, as assessed by the EuroSCORE, and ypehef surgery.
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Methodology

The analyses of this work are based on different datasets which are further explained in this section.

To gain insight in the working mechanism of the ergoreflex (chapter 3), a broad spectrum of patients
was tested ranging from healthy subjects @ADpatients andHF patients in different stages of
disease severity. These patients were recruited betweenil 4011 and March 2013 in two

participating hospitals: AZ Maria Middelares Ghent and QtieeeVrouw Hospital Aalst.

TheBIO- HeartFailure BIGHRF registry was used to evaluate clinical characteristics and gbart
outcome in hospitalizetiFpatients (chapter 4) as well as to analyze the participation rate in cardiac
rehabilitation amongHF patients (chapter 6). This Belgian ongoing prospedti¥eregistry is the
result of a cooperation since 2008 between the departments of cardiology of two hissiz Maria
Middelares Ghent and University Hospital Brussels). The objedftithés registry is to prospectively
collect data regarding baseline characteristicshaspital treatments, medication at discharge and
outcome for consecutive patients admetd with acute HF (NYHA Il or V). For the analysis
concerning outcome, data from both hospitals were used. Data from AZ Maria Middelares Ghent
were also used to evaluate the participation ratedRamongHFpatients, by using both the BiBF

registry andthe Cardiac Rehabilitation database.

The Cardiac Rehabilitation database is a multidisciplinary registry, which was started in October 2007
in AZ Maria Middelares Ghent and since April 2011 simultaneously recorded in AZ Maria Middelares
Ghent en OnzieveVrouw Hospital Aalst. These data gr@spectively collected at start and end of

the rehabilitation program by the different disciplines (cardiologist, physiotherapist, social nurse,
dietician and psychologist) and include medical background, medication use, laboratory results,
exercise panmeters, anthropometric measures, social and psychological characteristics of all
patients enteringCR irrespective of the diagnosis. The aim of this project is to gain insight in the
characteristics and pathologies of the diverse population that partiegpan CR to study the effects

of CR2Yy RATFTFSNBYydG FaLsodta 2F GKS LI GASydoa O2yR
hospitalization and mortality. Data from AZ Maria Middelares Ghent were used for the analysis of the
impact of neurohormonal activatioon exercise capacity and training effects (chapter 5) . Data from
both hospitals were analyzed to evaluate dropt (chapter 7) and to study the effects of exercise

training inVHDpatients (chapter 8) .
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Figure 2 Overview ofthe two datasets used in this thesiBhe timeline at the left side shows the period of data
collection. The horizontal lines represent the time at which the cooperation with a participating hospital was
started or ended Studies based on the BIGF registry g indicated in red and studies based on the Cardiac

Rehabilitation Database are indicated in green. The study in the middle of the figure is based on both datasets.
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1 Introduction

Heart failure is a clinical syndrome that develops in response of a cardiac insult, resulting in a decline
of cardiac performance. Several neurohormonal mechanisms atwated in response to the
underlying myocardial dysfunction, including the sympathetic nervous system (SNS) and the renin
angiotensinaldosteron axis (RAAS axis). Although the activation of these systems can initially
compensate for the depressed myocaidfunction, their longerm activation results in a further
impairment of cardiac function leading to progression of heart failure and cardiac decompensation.

2

As pointed out by Parati and Esfesympathetic activation occurs subsequently to the development

of heart failure and then impactadversely on clinical outcomé&his is in contrast to essential
hypertension where SNS activation is already important in the initiation and the maintenance of
hypertension. Also, there is now clear evidence that besides sympathetic activation, also reduced
vagal function plays a role in the development of heart faiflire this chapter we will briefly review

the normal cardiovascular actions of the autonomic nervous system (ANS) and then discuss the
pathophysiology andgotential therapeutic implications of sympathetic hyperactivity and reduced

vagal function in heart failure.

2 The ANS and normal cardiac function

In the normal heart, the SNS has different cardiovascular actions, including acceleration of the heart
rate, increase in cardiac contractility, reduction of venous capacitance and constriction of resistance
vessels. The cardiac sympathetic nerve fibers are located subepicardially and travel along the major
coronary arterie:®> The sympathetic outflow to the@eart and peripheral circulation is regtéa by
cardiovascular reflexesAfferent fibers are carried toward the central nervous system (CNS) by
autonomic nerves, whereas efferent impulses travel from the CNS toward different organs. The main
reflex respnses originate from the aortic arch and carotid baroreceptors (SNS inhibition),
cardiopulmonary baroreceptors (including the Bezaddish reflex, SNS inhibition), cardiovascular
low-threshold polymodal receptors (SNS activation) and peripheral chemamsep(SNS
activation)® As already summarized by Van Stabe effect of SNS activation on the periphery is
mediated by 4 pathways: (1) norepinephrine releasing neurons through the right stellate ganglion
reaching the sinus and atrioventriem nodes (resulting in an increase in heart rate and shortening of
atrioventricular conduction) and through the left stellate ganglion reaching the left ventricle

(resulting in an increase in contractile strength), (2) epinephrine released in circuigtitve adrenal
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cortex affecting both the myocardium and peripheral vessels, (3) direct effect on peripheral vessels
through local release of epinephrine and norepinephrine, (4) circulating norepinephrine which can
act on multiple locations (e.g. increaseheart rate during exercise in heart transplant recipients).
Norepinephrine and epinephrine bind to specific adrenergic receptors, of which there are at least 9
subtypes (3 alphateceptor subtypes, 3 alphaceptor subtypes and 3 bet&ceptor subtypes) In

the human heart, activation of betal and beta2 adrenergic receptors is the most powerful
physiologic mechanism to acutely increase cardiac performance and the beta adrenergic receptor
density is greatest at the apical myocardifitapproximately 80% of norepinephrine releasedthe
sympathetic nerve terminals is recycled by the norepinephrine transporter 1, whereas the remainder

clears into the circulatiof.

The parasympathetic nervous system affects the cardiovascular system by slowing heart rate through
vagal impulses. The parasympathetic fibers run with the vagus nervendobardially, and are
mainly present in the atrial myocardium and less abundantly in the ventricular myocafdium.
Acetylcholine released from poeganglionic cardiac parasympathetic nerves reduces heart rate by
binding to muscarinic cholinergic redeps (primarily M2 subtype) on sinoatrial nodal céfls:*
Parasympathetienediated changes in heart rate are initiated primarily in the CNS or originate from
activation or inhibition of sensory nerves. Stimulation of arterial baroreceptors, trigeminal receptors
and subsets of cardiopulmonary receptors with vagéerents, reflexively increase cardiovagal
activity and decrease heart ratén contrast, stimulation of pulmonary stretch receptors with vagal
afferents and subsets of visceral and somatic receptors with spinal afferents reflexively decrease
cardiovagahctivity and increase heart rafé Importantly, the parasympathetic nervous system and

the SNS are often working interactively with opposing resulting effects.

3 Heart failure and sympathetic hyperactivity

3.1 Pathophysiology

Patients with heart failure are characterized by an abnormally activated sympathetic and altered
parasympathetic tone, with also attenuated cardiovascular reflexes and a maladaptive
downregulation of adrenergic nerve terminafsi* In the early changes of heart failure there is a

selective cardiac change in the autonomic regulation with a decrease in heart rate variability and a
selective increase in cardiac norepinephrine spillover in order to preserve cardiac output (CO).

Chronic persistent myocardial dysfunction is associated with a more generalized sympathetic
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hyperactivity. Evidence for this increased sympathetic activity in patients with heart failure includes
increased central sympathetic outflow and increased norepinephripidogser to plasma from
activated sympathetic nerve fibers, and consequently increased plasma norepinephrine levels.
Besides the increased muscle sympathetic nerve activity and norepinephrine spillover, patients with
heart failure and reduced ejection tion may also have a decreased neuronal density and a
decreased neuronal function resulting in decreased norepinephrine concentration within the
cardiomyocytes. Compared with myocardium of healthy individuals, the myocardium of patients with
chronic leftventricular dysfunction is also characterized by a significant reduction of presynaptic
norepinephrine uptake and postsynaptic betal adrenergic receptor defsity. This latter
phenomenon has been documented in patients after acute myocardial infarction where it
contributes to adverse left ventricular remodeling, in patients with heart failure due to dilated
cardiomyopathy as well as in patis with hypertrophic cardiomyopathy who develop left
ventricular dilatation and heart failur€* The increase in norepinephrine levels apparently results in

a decrease in betal adrenergic receptor density and a betal adrenergic receptor desensitization
which appears to be a predominantly prote&iadaptation. The role of cardiac beta2 and beta3
adrenergic receptors as well as cardiac alphal adrenergic receptors in heart failure has not been fully

elucidated yet

3.2 Effects during exercise

Hemodynamic effects

During exercise, cardiovascular and respiratory responses are regulated by the ANS in order to
provide a sufficient oxygen supply to the working muséléhe balance between parasympathetic

and sympathetic nerve activity is mediated by the interaction between the central command,
originating from the ceral motor areas, and peripheral feedback afferents, including the baroreflex,
chemoreflex, and ergorefleX.** Sensory input from these cardiovascular afferents is projected to
the nucleus tractus solitarius in the medulla oblongata, which plays a pivotal role in integrating and
referring this information to other regions of the CNS with an impact on the sympathetic

parasympathetic outflowf?

Activation of the SNS during exese normally induces a rise in heart rate and contractility resulting
in an increased COTogether with local metabolic vasodilatation, increased CO amplifies|tuel b
flow to the working muscles. Local vasodilatation is, however, partially restrained by a SNS mediated

vasoconstriction in order to maintain an adequate level of blood presSure.
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Baroreceptors, located in the aortic arch and carotid sindSese together with ergoreceptors,
group Il and IV skeletal muscle affereftgesponsiblefor these hemodynamic change€nce
activated, the main function of these baroreceptors is to maintain the arterial blood pressure at an
adequate level (set point) by ireaising or decreasing peripheral vasoconstrictibburing exercise,

a rapid resetting of this set point occurs (towards a higher level) in order to allow a higher arterial
pressure and increased blood flow to adjust to the increased metabolic desdahdportantly, in a
significant number of conditions, including coexisting sleep apnoea, myocardial ischemia, obesity and
inflammation, aditional nonbaroreflex mediated excitatory stimuli may elevate the set point for

central sympathetic outflow or neurotransmitter release at rest and during exercise.

As metabolites accumulate during exercise and signal insufficient oxygen supply taedtuisiag
muscles, ergoreceptors become activated and provide a rise in arterial pressure and blood flow
primarily via an increased ventricular contractility and stroke volume with a resultant increase in
CO?* % 27 The effect of the ergoreflex on heart rate has been a matter of debate. Sartiors
suggested that the ergoreflex has only a minor influence of®HRwever, when the mean arterial
pressure is elevated, arterial baroreflex should decrease heart rate to lower mean arterial préssure.
As heart rate remains unchanged, the influence of the ergoreflex on heart rate regulation is thought
to be masked by counterregulation of the arterial barorefféRuring severe exercise the ability of

the ergoreflex to elicit further increases in CO becomes limited. Pressor responses are then mediated
via peripheral vasoconstriction, but are smaller in comparison with the cotiibuwf CO* In
normal healthy subjects, ergoreflex activity is buffered by the arterial baroreflex. If this reflex is left
unbuffered, than instead of a rise in CO, peripheral vasocimtisih in the active skeletal muscle is

induced as a response to ergoreflex activation.

Due to a chronic left ventricular dysfunction, a catabolic state is seen in heart failure with metabolic
changes and chronic underperfusion of the skeletal muscle. A shift from type | to typeisttular

fibers has been reported with a decrease in oxidative enzyme capacity and a concomitant rise in
lactate and lactate dehydrogenase activity’* Skeétal muscle apoptosis has also been described in

heart failure and is thought to be triggered by pro inflammatory cytokii€s.

This altered muscle metabolism may elicit an accumulatiom&tabolic byproducts which results in

a chronic activation of the ergoreceptors and subsequently sympathetic hyperactivity. Whereas in
normal conditions the ergoreflex increases CO, a shift towards peripheral vasoconstriction is seen in
heart failure, tirther limiting blood flow and exacerbating skeletal muscle abnormalities and fatigue

complaints®”*® The loss of the CO response likely reflects the impaired ability to increase ventricular
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functior” *" * and the shift towards a peripheral vasoconstriction indicates a reduced baroreflex

buffering in pathologic situation$.

Ventilatory effects

Apart from hemodynamic changes, ergoreceptors are also thought to take part in ventilatory
responses during exercise. However, the role of these receptors in modulating ventilation in healthy
subjects has been questioned duedonflicting results in the literaturé *>** On the other hand, in
patients with heart failure, an overactive ergoreflex mechanism has been demonstrated resulting in
an excessive increase in ventilation and symptoms of breathlessness. A disruption of this reflex has
been shown to correla with several prognostic exercise parameters, including the peak ard

the ventilatory slope ***®

Chemoreceptors may also play a critical role in the increased ventilatory response in heart*failure.
4 According to their locationthey are subdivided into central medullary and peripheral carotid
afferents with the former being particularly sensitive to changes inv@@le the latter are activated

in hypoxic condition&’ In patients with heart failure, enhanced hypoxic and central hypercapnic
chemosensitivity has been describ&d® This hypersensitivity is assat#d with a higher incidence

of arrhythmias, Cheyn&tokes respiration and indicates a poor progn8sia/hen the chemoreflex

and ergoreflex are combined, the response to ventilation is gredban the sum of the two
responses separately, suggesting that their interaction has an additional stimulatory effect on

ventilation*’

In conclusionin a generalized sympathetic state which is seen in patients with heart failure, an
enhanced peripheral vasoconstriction occurs during exercise in order to preserve an adequate blood
pressure levelConsequently, this limits blood flow in the exercisingstie and thereby further
exacerbates muscular abnormalities. Concerning the ventilatory aspect, an inappropriate rise in
ventilation is seen which is related to the complaints of breathlessness and indicates a poor
prognosis. As such, sympathetic hypendaty contributes to the downward vicious cycle
characteristic for heart failure, with fatigue and dyspnoea being the major barriers for exercise

tolerance.
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3.3 Therapeutic implications

Medication

Several classes of medication can interact with the SNSnduitit its activity in patients with heart
failure. Chronid blocker therapy has been extensively evaluated in patients with heart failure.
Several large scale clinical trials have shown that bisoprolol, carvedilol, metoprolol succinate and
nebivolol everse left ventricular remodeling, reduce the risk of hospitalization and improve survival
in patients with chronic heart failur&. This protective effect of blockers is multifactorial and
related to several factors, including the inhibition of catecholamine cardiotoxic effects, betal
adrenergic receptor up regulation, attenuation of the RAE, subendocardial coronafjow
enhancement and restoration of the reflex control on the heart and circul&tiS metaanalysis in
almost 20.000 patients demonstrated that the risk reduction withlockers in patients with systolic
heart failure was predominantly @uto heart rate reduction achieved byblockade rather than the
type ofi blockade, the dose of thie blockade, the underlying course of heart failure and many other

potential confounders®

The RAA®Xis is up regulated in heart failure and the resulting angioteisand aldosterone
production enhances the release and inhibits the uptake of norepinephrine at nerve endings.
Because of this interaction with the SNS, a part of the beneficial effect of angiotrsmerting
enzyme inhibitors and aldosterone antagonists in heart failcea probably be attributed to their
effect on norepinephriné® However not all medications that interact with the SNS have shown
beneficial effects in patients with heart failure. Prazosin for example inhibits the alphal receptor but
causes an increase in cathecholamine levels which probably explains a worse outcome in clinical
trials> Also, moxonidine that acts through both alpha2 and imidazolidine receptors and causes a
marked doseelated reduction in @sma norepinephrine, was associated with an increased

mortality in clinical trials?

Device therapy

Cardiac resynchronization therapy (CRT) is an effective therapy in patients with advanced heart
failure and electrical/mechanical dyssynchrony. Several large outcome studies have shown that this
device therapy is associated with an improvement of symptaguslity of life and survivdf Cha et

al>® recently reported that CRT modulates sympathetic function by up regulating presynaptic

receptor function as evidenced by increased iodi® metaiodobenzylguanidine ‘{{i]-MIBG)
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imaging. Importantly, theaversal of neuronal remodeling in response to CRT appeared to be beyond
that achieved by medical therapyAlso, patients with a less impaired presynaptic adrenergic

preservation (or a better sympathetic reserve) showed a better response to CRT.

Exercisdraining

Exercise training has been demonstrated to improve exercise tolerance and quality of life, and
reduce hospitalisations in heart failuré. There is also limited evidence that exercise training
reduces morality. One of the responsible mechanisms for these beneficial effects is the
counteraction of the sympathetic hyperactivity. Heart rate variability, beat to beat variations in time
of consecutive heartbeats expressed in a normal sinus rhythm, is frequesly to evaluate the
ANS®* Training has been shown to improve heart rate variability, indicating that the ANS and the

sinoatrial node respond dynamically to environmental charm§és.

Regular exercise reverses sympathetic hyperactivity in favor of exercise tolerance, through its
influence on the different receptors which mediate the sympathiagal balance. Training effects
have traditionally been attributed to peripheral rather thaantral adaptations. A (partial) reversal

of structural abnormalities in skeletal muscle such as a decreased oxidative capacity, an impaired leg
muscle blood flow with endothelial dysfunction and a glycolytic fiber type distribution, has been
demonstrated #ter exercise training*®* This reshift towards an aerobic metabolism may result in a
decreased ergoreflex activity with a concomitant reduced activation of the sympathetic odtffGw.

% Another effect of exercise training is the restoration of the blunted baroreflex sensitivityThe
baroreflex is known to buffer the ergoreflex mediated vasoconstrictforhis buffering mechanism
together with a reduced triggering of the ergoreceptors, results in anawvga skeletal muscle blood

flow which has a positive effect on fatigue complaints.

As ergoreflex activity is also known to influence ventilation, a decrease in its activation through
exercise training, has a positive impact on the prognostic importantilegory inefficiency, typically
seen in patients with heart failur&.Exercise training also reduces chemoreceptor activity, another

mediator of the ventilatory drivé&?

Through its impact on the periphery, exercise training is able to influence the ANS thereby dealing

with the two main reasons for exercise intolerance, dyspnoea and fatigue.
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4 Heart failure and reducedagal function

4.1 Pathophysiology

Dysfunction of the parasympathetic nervous system has been documented extensively in heart
failure in both animal studies and humans. Already in 1971, Eckberg’®stadwed that arterial
baroreflex control of heart rate was reduced in patients with left ventricular dysfunction. Moreover,
altered vagal control of heart rate appears to be present early in the development of left ventricular
dysfunctior* and is associated with a poor prognosis in patients post myocardial infarction and heart
failure.”> "% Despite the recognition of a reduced vagal control in heart failure and its association with
worse outcomes, the precise anatomical sites and mechanisms of abnormal vagal control are not
very clear: The overall (limited) evidence suggests that the anatomical level of dysfunction seems to
lie at the level of the ganglion since postganglionic mechanisms are uptegund functionaf.
Different noninvasive technigues can be used to measure vagal nerve activity including resting heart

rate, heart rate variallity, baroreflex sensitivity and heart rate turbulence (for an extensive review,

sed?).

4.2 Effects during exercise

In normal subjects, vagal control results in a reduction in resting heart rate through its inhibitory
effect on the SNS and hyperpolarizatiofithe sinus nodal cells. Via a NO pathway, parasympathetic
activation can cause vasorelaxation, but vasoconstriction through its action on vascular smooth
muscle has also been describ@dApart from the bradycardic effect, a negative inotropic effect
resulting in a decreased myocardial contractility has been demonstrated after vagal nerve
stimulation/® As such, parasympathetic activity decreases the cardiac work and myocardial oxygen
demand’®

Vagal function is blunted in heart faildfe’

and is thought to originate from a withdrawal of
baroreflex activity. As blood pressure falls in heart failure, baroreflex activity is reduced resulting in a
decrease in the inhibitory input to adrenergic contfoWhereas in normal conditions, hneceptor
activity modulates chemoreceptt® and ergoreflex activatiof, this inhibition is impaired in heart
failure, with a resultant increase in ergoreflmediated vasoconstrictiol and a hyperventilatory

respon® during exercis&**
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4.3 Therapeutic implications

Whilei blockade has found its place as a corner stone therapy for heart failure that impacts the SNS,

far less is known about medicati@md interventions that augment parasympathetic function.

Medication

Since there is a close interaction between the sympathetic and vagal nervous system, medical
therapy that influences the SNS may also have an effect on the vagal nervous system. This has been
shown both experimentally and clinically foblockers in hearfailure. They can augment the vagal
nerve control of heart rate by blocking the cardiac sympatheticjpnetional beta2 adrenoreceptor

that facilitates norepinephrine relead®.Also, they can increase the density of M2 receptors
especially in the endocardial tissues of the left ventricle free vaall, change heart rate variability
measurements, suggesting increased parasympathetic fun@liBhAccordingly, studies with ACE
inhibitors and angiotensin receptoidtkers suggest an additional protective role by their reduction

of angiotensine I, which potentiates sympathetic activity dohdnts vagal inhibitory actionAlso,
spironolactone might have sympatholytic effects. In contrast, loop diuretics inducingid¢rgn
disturbances in fluid balances, may cause a greater suppression of parasympathetic tone (for an in

depth review of this issue s&.

Device therapy

The association between impaired vagal reflexes and increased cardiac mortality raised the
possibility that increasing vagal activity could have a protective effect. This has been shown in
different animal models by direct electrical stimulation of thehtigervical vagu&>®® The first
human experience of chronic vagal stimulatiin patients with heart failure suggests that this
treatment is feasible, safe and tolerable and leads to a subjective clinical improvéhiotential
mechanisms of a favorable effect include a heart rate mediated effect;aandinergic effects (that

may occur at the central level and at the peripheral level),-aptiptotic effects, increase in NO and
anti-inflammatory effecs.”* % Larger clinical trials are currently ongoing to further evaluate the

safety and efficag of vagus nerve stimulation in patients with heart failtte.
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Exercise training

Numerous studies have demonstrated that exercise training increases heart rate variability and
baroreflex sensitivity, indicating a restoration of the baroreflex function and the concomitant vagal

activity > %8 929

These training effects are thought to be related to the mediation of different neuromodulators of the
parasympathetic nerve activity. A decrease in neuronal nitric oxide synthase (nNOS) has been shown
in heart failure and may be involved in the parasympathetic withdralahnother modulator is
angiotensin Il, which is known to inhibit \adunction through its action on the baroreflex function

and to facilitate sympathetic activifff. ® Exercise training increases NO bioavailability and
endothelial function, and suppresses angiotensin I, thereby improving vagal fudttiorn® By
restoring baroreflex function, exercise training limits the detrimengffiects of ergoreflex and
chemoreflex activity which results in improvements of exercise tolerance in patients suffering

heart failure.

55



Research Partd Chapter 1

5 References

1. Mann DL and Bristow MR. Mechanisms and models in heart failure: the biomechanical model and beyond.
Circulation 2005; 111: 28349.

2. Triposkiadis F, Karayannis G, Giamouzis G, Skoularigis J, Louridas G and Butler J. The sympathetic nervous
system in he# failure physiology, pathophysiology, and clinical implicatidn&m Coll Cardia2009; 54: 1747

62.

3. Parati G and Esler M. The human sympathetic nervous system: its relevance in hypertension and heart
failure. Eur Heart J2012; 33: 105&6.

4. Bibevski S and Dunlap ME. Evidence for impaired vagus nerve activity in heart fidiare.Fail Rev2011;

16: 12935.

5. Zipes DP. Heatfirain interactions in cardiac arrhythmias: role of the autonomic nervous systéewe Clin J

Med. 2008; 75 Suppl 2: S®4

6. Malliani A, Pagani M, Pizzinelli P, Furlan R and Guzzetti S. Cardiovascular reflexes mediated by sympathetic
afferent fibers.J Auton Nerv Syst983; 7: 29801.

7.Van Stee EW. Autonomic innervation of the he&riviron Health Perspect978; 26151-8.

8. Leineweber K, Wangemann T, Giessler C, eéhgddependent changes of cardiac neuronal noradrenaline
reuptake transporter (uptakel) in the human heaftAm Coll Cardidt002; 40: 1459.

9. Feldman DS, Carnes CA, Abraham WT and Bristow MR. Mechanisms of diseaas@renetayic receptors
alterations in signal transduction and pharmacogenomics in heart faiNaeClin Pract Cardiovasc Me2D05;

2: 47583.

10. Brodde OE, Bruck H, Leinewelierand Seyfarth T. Presence, distribution and physiological function of
adrenergic and muscarinic receptor subtypes in the human hBadic Res Cardid001; 96: 5288.

11. Katona PG, Lipson D and Dauchot PJ. Opposing central and peripheral effeateoopifie on
parasympathetic cardiac contrdhm J Physioll977; 232: H1461.

12. Chapleau MW and Sabharwal R. Methods of assessing vagus nerve activity and retéexesg:ail Rev

2011; 16: 10227.

13.Himura Y, Felten SY, Kashiki M, Lewandowski Tehdbdy JM and Liang CS. Cardiac noradrenergic nerve
terminal abnormalities in dogs with experimental congestive heart faildneeulation 1993; 88: 129309.

14. Liang CS, Fan TH, Sullebarger JT and Sakamoto S. Decreased adrenergic neuronal ufitake activ
experimental right heart failure. A chambspecific contributor to betaadrenoceptor downregulationJ Clin
Invest1989; 84: 12675.

15. Caldwell JH, Link JM, Levy WC, Poole JE and Stratton JR. Evidencedguqatsynaptic mismatch of the
cardiac sympathetic nervous system in ischemic congestive heart faliNacl Med2008; 49: 23411.

16. Ungerer M, Bohm M, Elce JS, Erdmann E and Lohse MJ. Altered expressionaafrémtagic receptor

kinase and beta-hdrenergic receptors in the failifguman heart.Circulation 1993; 87: 4543.

17. Choudhury L, Rosen SD, Lefroy DC, Nihoyannopoulos P, Oakley CM and Camici PG. Myocardial beta
adrenoceptor density in primary and secondary left ventricular hypertropluy.Heart J1996; 17: 1703.

56



Research Part d Chapter 1

18. Merlet P, Delforge J, Syrota A, et al. Positron emission tomography with 11:C2CGPto assess beta
adrenergic receptor concentration in idiopathic dilated cardiomyopa@iyculation 1993; 87: 11698.

19. Spyrou N, Rosen SD, F@hdoubadi F, et al. Wbcardial betaadrenoceptor density one month after acute
myocardial infarction predicts left ventricular volumes at six monihd&m Coll Cardid2002; 40: 12124,

20.Decherchi P, Dousset E and Jammes Y. Respiratory and cardiovascular responsdsyetioikdid anterior

muscle afferent fibers in rat&xp Brain Re2007; 183: 29312.

21.0'Leary DS. Altered reflex cardiovascular control during exercise in heart failure: animal gxgiBhiysiol

2006; 91: 737.

22. Dampney RA, Coleman MJ, Fontds, et al. Central mechanisms underlying shahd longterm
regulation of the cardiovascular syste@lin Exp Pharmacol Physi@002; 29: 268.

23.Khan MH and Sinoway LI. Muscle reflex control of sympathetic nerve activity in heart failure: thé role o
exercise conditioningdeart Fail Re\2000; 5: 87100.

24. Kougias P, Weakley SM, Yao Q, Lin PH and Chen C. Arterial baroreceptors in the management of systemic
hypertensionMed Sci Monit2010; 16: RAS.

25.Kaufman MP, Longhurst JC, Rybicki KJaé¥ellH and Mitchell JH. Effects of static muscular contraction on
impulse activity of groups Ill and IV afferents in catdppl Physiol Respir Environ Exerc PHy383; 55: 105

12.

26. Crisafulli A, Scott AC, Wensel R, et al. Muscle metabotiefiieiced increases in stroke volumdled Sci

Sports Exer2003; 35: 22:B; discussion 9.

27. Crisafulli A, Salis E, Pittau G, et al. Modulation of cardiac contractility by muscle metaboreflex following
efforts of different intensities in human#&m J Physiol HeaCirc Physiol006; 291: H30382.

28. Piepoli M, Clark AL and Coats AJ. Muscle metaboreceptors in hemodynamic, autonomic, and ventilatory
responses to exercise in mefwn J Physioll995; 269: H14286.

29. Nishiyasu T, Tan N, Morimoto K, Nishiyasu M, Yamaguchi Y and Murakami N. Enhancement of
parasympathetic cardiac activity during activation of muscle metaboreflex in hurdakspl Physioll994; 77:
277883.

30. lellamo F, Pizzinelli P, Massaro M, Raimo&diPeruzzi G and Legramante JM. Muscle metaboreflex
contribution to sinus node regulation during static exercise: insights from spectral analysis of heart rate
variability.Circulation 1999; 100: 2B2.

31. Augustyniak RA, Collins HL, Ansorge EJ, RbssndNO'Leary DS. Severe exercise alters the strength and
mechanisms of the muscle metaboreflésm J Physiol Heart Circ Physiil01; 280: H16452.

32. Kim JK, Salslercado JA, Rodriguez J, Scislo TJ and O'Leary DS. Arterial baroreflex alters stréngth a
mechanisms of muscle metaboreflex during dynamic exerdse.J Physiol Heart Circ Physik005; 288:
H137480.

33.Mancini DM, Coyle E, Coggan A, et al. Contribution of intrinsic skeletal muscle changes to 31P NMR skeletal
muscle metabolic abnormalés in patients with chronic heart failur€irculation 1989; 80: 13386.

34. Schaufelberger M, Eriksson BO, Grimby G, Held P and Swedberg K. Skeletal muscle alterations in patients
with chronic heart failureEur Heart J1997; 18: 97-80.

57



Research Partd Chapter 1

35.Vescovo @nd Dalla Libera L. Skeletal muscle apoptosis in experimental heart failure: the only link between
inflammation and skeletal muscle wastageé@rr Opin Clin Nutr Metab Ca2006; 9: 41&2.

36. Vescovo G, Volterrani M, Zennaro R, et al. Apoptosis in thietak muscle of patients with heart failure:
investigation of clinical and biochemical chand#¢sart (British Cardiac Societ@00; 84: 437.

37. Clark AL, Poolevilson PA and Coats AJ. Exercise limitation in chronic heart failure: central role of the
periphery.J Am Coll Cardial996; 28: 109202.

38.Hammond RL, Augustyniak RA, Rossi NF, Churchill PC, Lapanowski K and O'Leary DS. Heart failure alters the
strength and mechanisms of the muscle metaboreffex J Physiol Heart Circ Phys2@00; 278: H8128.

39.Kim JK, Salslercado JA, Hammond RL, Rgdez J, Scislo TJ and O'Leary DS. Attenuated arterial baroreflex
buffering of muscle metaboreflex in heart failuesm J Physiol Heart Circ Physl05; 289: H24183.

40. Piepoli M, Ponikowski P, Clark AL, Banasiak W, Capucci A and Coats AJ. lkneurdglain the "muscle
hypothesis" of exercise intolerance in chronic heart faildmm Heart J1999; 137: 1056.

41. Scott AC, Francis DP, Davies LC, Ponikowski P, Coats AJ and Piepoli MF. Contribution of skeletal muscle
‘ergoreceptors’ in the humarteg to respiratory control in chronic heart failuré.Physiol2000; 529 Pt 3: 863

70.

42. Piepoli M, Clark AL, Volterrani M, Adamopoulos S, Sleight P and Coats AJ. Contribution of muscle afferents
to the hemodynamic, autonomic, and ventilatory responge®xercise in patients with chronic heart failure:

effects of physical trainingirculation 1996; 93: 94@2.

43. Ponikowski P, Francis DP, Piepoli MF, et al. Enhanced ventilatory response to exercise in patients with
chronic heart failure and preserdeexercise tolerance: marker of abnormal cardiorespiratory reflex control and
predictor of poor prognosisCirculation 2001; 103: 9672.

44.Chua TP, Clark AL, Amadi AA and Coats AJ. Relation between chemosensitivity and the ventilatory response
to exergse in chronic heart failurel Am Coll Cardial996; 27: 65.

45. Ponikowski P, Chua TP, Anker SD, et al. Peripheral chemoreceptor hypersensitivity: an ominous sign in
patients with chronic heart failureCirculation 2001; 104: 5449.

46. Ponikowski PChua TP, Piepoli M, et al. Augmented peripheral chemosensitivity as a potential input to
baroreflex impairment and autonomic imbalance in chronic heart failGieculation 1997; 96: 25884.

47. Lykidis CK, Kumar P and Balanos GM. The respiratorynsespto the combined activation of the muscle
metaboreflex and the ventilatory chemoreflekdv Exp Med BioR009; 648: 287.

48. McMurray JJ, Adamopoulos S, Anker SD, et al. ESC guidelines for the diagnosis and treatment of acute and
chronic heart failure 2012: The Task Force for the Diagnosis and Treatment of Acute and Chronic Heart Failure
2012 of the European Society of Cardiglo@eveloped in collaboration with the Heart Failure Association
(HFA) of the ESEur J Heart Fai2012; 14: 80589.

49. Adamson PB and Gilbert EM. Reducing the risk of sudden death in heart failure withldekears.J Card

Fail 2006; 12: 73416.

50. McAlister FA, Wiebe N, Ezekowitz JA, Leung AA and Armstrong PWarMétsis: betalocker dose, heart

rate reduction, and death in patients with heart failuen Intern Med2009; 150: 78494.

58



Research Part d Chapter 1

51. Cohn JN, Archibald DG, Ziesche S, et al. Effect oflilateo therapy on mortality in chronic congestive

heart failure. Results of a Veterans Administration Cooperative SNid§ngl J Medl986; 314: 154B2.

52. Cohn JN, Pfeffer MA, Rouleau J, etAalverse mortality effect of central sympathetic inhibitiavith
sustainedrelease moxonidine in patients with heart failure (MOXC@N}.J Heart Fail003; 5: 65%7.

53. Cha YM, Chareonthaitawee P, Dong YX, et al. Cardiac sympathetic reserve and response to cardiac
resynchronization therapyCirc Heart FaiR011; 4: 33%4.

54. Flynn KE, Pina IL, Whellan DJ, et al. Effects of exercise training on health status in patients with chronic
heart failure: HFACTION randomized controlled tridAMA 2009; 301: 1459.

55. O'Connor CM, Whellan DJ, Lee KL, et akdeff and safety of exercise training in patients with chronic
heart failure: HFACTION randomized controlled tridAMA 2009; 301: 143%0.

56. McMillan DE. Interpreting heart rate variability sleep/wake patterns in cardiac pati@ér@ardiovasc Nurs

2002; 17: 6981.

57.Larsen Al, Gjesdal K, Hall C, Aukrust P, Aarsland T and Dickstein K. Effect of exercise training in patients with
heart failure: a pilot study on autonomic balance assessed by heart rate variabilityJ Cardiovasc Prev
Rehabil 2004 11: 1627.

58. Malfatto G, Branzi G, Riva B, Sala L, Leonetti G and Facchini M. Recovery of cardiac autonomic
responsiveness with lowtensity physical training in patients with chronic heart failuger J Heart Fai2002;

4: 15966.

59. Murad K, Brubker PH, Fitzgerald DM, et al. Exercise training improves heart rate variability in older
patients with heart failure: a randomized, controlled, singlended trial. Congestive heart failure (Greenwich,
Conn) 2012; 18: 197.

60. Roveda F, Middlekauff HHRRondon MU, et al. The effects of exercise training on sympathetic neural
activation in advanced heart failure: a randomized controlled tdigdm Coll Cardid2003; 42: 8540.

61.Hambrecht R, Niebauer J, Fiehn E, et al. Physical training in patiimtstable chronic heart failure: effects

on cardiorespiratory fithess and ultrastructural abnormalities of leg musdlésn Coll Cardiol995; 25: 1239

49.

62. Hambrecht R, Fiehn E, Yu J, et al. Effects of endurance training on mitochondrial ulinasteu fiber

type distribution in skeletal muscle of patients with stable chronic heart failiram Coll Cardiol997; 29:
106773.

63. Hambrecht R, Fiehn E, Weigl C, et al. Regular physical exercise corrects endothelial dysfunction and
improves exerise capacity in patients with chronic heart failu€rculation 1998; 98: 27045.

64. Sullivan MJ, Higginbotham MB and Cobb FR. Exercise training in patients with severe left ventricular
dysfunction. Hemodynamic and metabolic effec@#culation 1988;78: 50615.

65.Wang HJ, Pan YX, Wang WZ, et al. Exercise training prevents the exaggerated exercise pressor reflex in rats
with chronic heart failureJ Appl PhysioR010; 108: 13655.

66.Wang HJ, Zucker IH and Wang W. Muscle reflex in heart failure: the role of exercise trammdhysiol.

2012; 3: 398.

59



Research Partd Chapter 1

67. Gademan MG, Swenne CA, Verwey HF, dEfédct of exercise training on autonomic derangement and
neurohumoral activation in chronic heart failur&Card Fai007; 13: 294803.

68. lellamo F, Manzi V, Caminiti G, et al. Dossponse relationship of baroreflex sensitivity and heart rate
variallity to individuallytailored exercise training in patients with heart failutet J Cardiol2011.

69.Li YL, Ding Y, Agnew C and Schultz HD. Exercise training improves peripheral chemoreflex function in heart
failure rabbits.J Appl PhysioR008; 105782-90.

70.Eckberg DL, Drabinsky M and Braunwald E. Defective cardiac parasympathetic control in patients with heart
diseaseN Engl J Medl971; 285: 87-B3.

71.Kinugawa T and Dibn&unlap ME. Altered vagal and sympathetic control of heart rate tnvkaftricular
dysfunction and heart failuredm J Physioll995; 268: R3106.

72. Kleiger RE, Miller JP, Bigger JT, Jr. and Moss AJ. Decreased heart rate variability and its association with
increased mortality after acute myocardial infarctigkm J Caridl. 1987; 59: 25@&2.

73. La Rovere MT, Bigger JT, Jr., Marcus FI, Mortara A and Schwartz PJ. Baroreflex sensitivity-aatd heart
variability in prediction of total cardiac mortality after myocardial infarction. ATRAMI (Autonomic Tone and
Reflexes AfteMyocardial Infarction) Investigatorsancet 1998; 351: 47-84.

74.Olshansky B, Sabbah HN, Hauptman PJ and Colucci WS. Parasympathetic nervous system and heart failure:
pathophysiology and potential implications for thera@jirculation 2008; 118863-71.

75.Lewis ME, AKhalidi AH, Bonser RS, et\&hgus nerve stimulation decreases left ventricular contractility in

vivo in the human and pig heard.Physiol2001; 534: 54-B52.

76.Buch AN, Coote JH and Townend JN. Mortality, cardiac vagal camtrghysical trainingwhat's the link?

Exp PhysioR002; 87: 4235.

77. Binkley PF, Nunziata E, Haas GJ, Nelson SD and Cody RJ. Parasympathetic withdrawal is an integral
component of autonomic imbalance in congestive heart failure: demonstration inahusubjects and
verification in a paced canine model of ventricular faililrédm Coll Cardial991; 18: 4642.

78. Nolan J, Flapan AD, Capewell S, MacDonald TM, Neilson JM and Ewing DJ. Decreased cardiac
parasympathetic activity in chronic heart failuaed its relation to left ventricular functiorBr Heart J1992;

67: 4825.

79.Clark AL and Cleland JG. The control of adrenergic function in heart failure: therapeutic intervdatian.

Fail Rev2000; 5: 10114.

80. Heistad D, Abboud FM, Mark AL and Schmid PG. Effect of baroreceptor activity on ventilatory response to
chemoreceptor stimulation] Appl Physioll975; 39: 416.

81. Somers VK, Mark AL and Abboud FM. Interaction of baroreceptor and chemoreceptor osftent of
sympathetic nerve activity in normal humardsClin Investl991; 87: 1953.

82.Kubo T, Parker JD, Azevedo ER, éfagal heart rate responses to chronic bélackade in human heart

failure relate to cardiac norepinephrine spillov&ur J dart Fail 2005; 7: 8781.

83. Goldsmith RL, Bigger JT, Bloomfield DM, et al. t@mg carvedilol therapy increases parasympathetic

nervous system activity in chronic congestive heart faildra.J Cardioll997; 80: 1104.

60



Research Part d Chapter 1

84. Xu XL, Zang WJ, Lu J,Kx®, Li M and Yu XJ. Effects of carvedilol on M2 receptors and cholinesterase
positive nerves in adriamycinduced rat failing heartAuton Neurosci2006; 130: €.6.

85. Desai MY, Watanabe MA, Laddu AA and Hauptman PJ. Pharmacologic modulation ohpeaitzetyc

activity in heart failureHeart Fail Rev2011; 16: 1793.

86.Li M, Zheng C, Sato T, Kawada T, Sugimachi M and Sunagawa K. Vagal nerve stimulation markedly improves
longterm survival after chronic heart failure in ratSirculation 2004;109: 12064.

87. Sabbah HN, Wang M, Jiang A, Ruble SB and Hamann J. Right vagus nerve stimulation improves left
ventricular systolic function in dogs with heart failudeAm Coll Cardid2010; 55: A16.E151.

88. Zhang Y, Popovic ZB, Bibevski S, et al.nzhuagus nerve stimulation improves autonomic control and
attenuates systemic inflammation and heart failure progression in a canineraighpacing modelCirc Heart

Fail 2009; 2: 69D.

89. Schwartz PJ, De Ferrari GM, Sanzo A, et al. Long term tiagdhtion in patients with advanced heart

failure: first experience in macur J Heart Fai2008; 10: 88491.

90.De Ferrari GM and Schwartz PJ. Vagus nerve stimulation: froelipieal to clinical application: challenges

and future directionsHeartFail Rev2011; 16: 19803.

91.Hauptman PJ, Schwartz PJ, Gold MR, et al. Rationale and study design of the increase of vagal tone in heart
failure study: INOVATHF.Am Heart J2012; 163: 9542 el.

92. Adamopoulos S, Ponikowski P, Cerquetani E, &imdadian pattern of heart rate variability in chronic heart
failure patients. Effects of physical trainirigur Heart J1995; 16: 138®.

93. Coats AJ, Adamopoulos S, Radaelli A, et al. Controlled trial of physical training in chronic heart failure.
Exercise performance, hemodynamics, ventilation, and autonomic fundioculation 1992; 85: 21131.

94. Kiilavuori K, Toivonen L, Naveri H amihonen H. Reversal of autonomic derangements by physical training

in chronic heart failure assessed by heart rate variablity. Heart J1995; 16: 496.

95. Radaelli A, Coats AJ, Leuzzi S, et al. Physical training enhances sympathetic and pasetgyegattiol of

heart rate and peripheral vessels in chronic heart fail@n Sci (Lond}996; 91 Suppl: 92.

96. Nihei M, Lee JK, Honjo H, et al. Decreased vagal control over heart rate in rats wigidégghtongestive

heart failure: downregulatip of neuronal nitric oxide synthas€irc J2005; 69: 493.

97. Mousa TM, Liu D, Cornish KG and Zucker IH. Exercise training enhances baroreflex sensitivity by an
angiotensin Hdependent mechanism in chronic heart failudeAppl PhysioR008; 104: 61.24.

98. Townend JN, ahni M, West JN, Littler WA and Coote JH. Modulation of cardiac autonomic control in
humans by angiotensin Hypertension1995; 25: 127%.

99. Hambrecht R, Wolf A, Gielen S, et al. Effect of exercise on coronary endothelial function in patients with
coronary artery diseas® Engl J Med?000; 342: 4540.

100.Kingwell BA. Nitric oxide as a metabolic regulator during exercise: effects of grainirealth and disease.

Clin Exp Pharmacol Phys@000; 27: 23%0.

61






Chapter 2
Exercise intolerancen heart failure: update
on exercise parameters for diagnosis,

prognosis and therapeutic interventions

Pardaens Sofie, Calders Patrick, Derom BacSutter Johan

Acta Cardialgica2013; 68 (5): 49504



Research Part d Chapter 2

Abstract

Exercise intolerance is a hallmark feature of chronic heart failure and is associated with poor
prognosis. This review provides an update on cardiopulmonary exercise variables, proven to be
prognostically important in heart failure. Besides the widely pteg peak oxygen consumption
(peakVQ,) and VE/VCCslope, other exercise variablesexercise oscillatory ventilation (EOV) and
partial pressure of endidal CQ (P-CQ) ¢ should gain attention in the interpretation of
cardiopulmonary exercise testingn addition to prognosis, the pathophysiological origin is also
discussed. Different mechanisms underlie these exercise variables with an important contribution of
hemodynamic, pulmonary and peripheral abnormalities. Given the different pathophysiological
origin, a multivariate assessment with the inclusion of all the aforementioned parameters should be
encouraged, not only for diagnostic and prognostic purposes but also for evaluating the effect of

interventions.

Keywords heart failure cardiopulmonaryexercise testing, exercise intolerance, prognadisgnosis

intervention
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1 Introduction

Heart failure is a syndrome, initiated by a reduction in cardiac function and mainly characterized by
symptoms and signs which are the result of compensatbgmodynamic, autonomic and
neurohormonal mechanisnisExercise intolerance is a hallmark feature of chronic heart failure and
indicates a poor prognds This review provides an update on cardiopulmonary exercise variables

which have proven to be prognostically important in heart failure.

2 Cardiopulmonary exercise parameters

2.1  Aerobic capacity: peak oxygen consumption

Originally, the heart was thoughtotbe the major determinant of exercise intolerance. This
presumption is partially true as exercise capacity, expressed by the peak oxygen consumption, is
determined by cardiac output and the artei@nous QRA FFSNBYy OS | OO0O2NRAy 3 (2
Snce Stringer and his colleagdetemonstrated that the (A/) Q difference was similar between

normal subjects and heart failure patients, exercise intolerance in heart failure was assumed to be
the result of an impaired cardiac function. This has, however, been questioned by others as there is

only a weak correlatiobetween resting measures of left ventricular function and exercise capacity.

Since Mancini et didemonstrated its prognostic value in heart transplant candidates, peak oxygen
consumption has become a widely accepted prognosticator. In contrast to healthy subjects veho ha

a plateau in oxygen uptake in line with increasing workload (maximum oxygen uptake ara})

heart failure patients often do not achieve a plateau phase due to early occurrence of intolerable
symptoms limiting exercise. Therefore, the term peak orygensumption (peak VAP has been

used, calculated as the average oxygen consumption of the last 30 seconds of peak exercise (Figure
1A)?

During the last decade, this parameter appeared to have its drawbacks. Its predictive information is

I FFSOGSR o0& GKS &dzo 2SS Qialluie pdiant ditdlan inteyhtediateZexercideY A G S R
tolerance, i.e. a peak \ietween 10 and 18ml.mihkg".° Moreover, the traditional cut point of
14ml.mir* kg® to indicate a heightened risk for mortality, did not seem to provide the same
predictive information in female patienfsAsi blockade has become a standard pharmacological

intervention in recent years, the prognostic power of peak, \fQpatients receiving blockers, has
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been questioned. Rent research in large study populations demonstrated that peak oxygen
consumption is a determinant of survival, even in the setting blockade® ° Whether the threshold
needs to be adjusted to the use ofblockers, is still a matter of debate. While some authors advise
a downward adjustment of the traditional cuaff for an appropriate estimation of the rikpthers
have found that the optimal prognostic threshold value (14 ml:hkg?) is similar between patients
treated with or withouti blockers? Current guidelines recommend the use of théetel Weber
classification of peak \i@or risk stratification in heart failurewith a peak V&ess than 10 ml.min

! kg* reflecting the worst prognosis (Table'f).

peak VO, VE/VCO, slope

VO, (ml/min/kg) ¢ /
VE (I/min) =

Warming up Incremental exercise Recovery

Time (mm:ss)

VCO, {ml/min)

Exercise oscillatory ventilation (EOV) PCO, (kPa)
| - xPa PETCO2|
3 16 PETO2
\ NAA—
| a
VE (L/min) 2
! 4.39kPa
—
Warming up Incremental exercise ‘ Recovery 24 /\,—
Time (mm:ss)
33mmHg =4.39kPa

Figure 1.(A) Example of the peak oxygen consumption during exercise. Peak oxygen consungationlased

as the average of the last 30 seconds of peak exercisg. &@gen consumption, peak Y.(peak oxygen
consumption. (B) Schematic representation of the linear increase in ventilation in response to a rigsing CO
production. The ventilatory slope is represented in the equation y=0.05046x+0.9159 as the slope = 50.46.
VE/VCGQ slope, ventilatory slope; VE, ventilation; \WC®@arbon dioxide production. (C) lllustration of an
oscillatory ventilation pattern during exeise. VE, ventilation. (D) Example of the partial pressure otidatl

CQ. The line at the bottom of the graph represents thg@dQ. In this case, FHCQis below the cubff value of
33mmHg. PCQ, partial pressure of entldal carbon dioxide.
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Tablel. Risk stratification and prognosis in chronic heart failure patients

Risk stratification and prognosis

excellent prognosis > progressively worse prognosis
low risk high risk
peak Vo, ClassA ClassB Class €
>20.0 ml 02.kg-1.min-1 16.0-20.0 ml 02 kg-1.min-1 10.0-15.9 ml 02 kg-1.min-1
Weber 1987 little or no evidence of heart failure mild to moderate heart failure moderate to severe heart failure
VEVCO; slope va v Vi
<300 30.0-35.9 36.0-449
Arena 2007 neglible 2-year risk for adverse events | low 2-year risk for adverse events | moderate 2-year risk for adverse events
<5% ~15% ~30%
peak VO, & VE/VCO, slope ‘
Arena 2010 Low risk for major cardiac events intermediate risk for major cardiac events

EOV not present
P.CO; Resting PETCO2
2 33.0 mmHg

3-8 mmHg increase during exercise

EOV, exercise oscillatory ventilation; peak,Vi@@ak oxygen consumptionz£Q, partial pressure entidal
carbon dioxide; VE/VGGlope, ventilatory slope; VC I, ventilatory class I; VC Il, ventilatory class II; VC llI,

ventilatory class IlI; VC IV, ventilatory slB&

2.2 Ventilatory inefficiency: the ventilatory slope

The limitations in the prognostic value of peak M@ve led 6 a search for novel prognostic
parameters. As exercise ventilation inefficiency is a key characteristic in the complaints of heart

failure patients, this phenomenon has gained attention.

The VE/VCGslope describes the linear increase in ventilatiomesponse to a rising G@roduction
(Figure 1B). Nevertheless, this relation is not linear during the whole exercise test. Beyond the
respiratory compensation point, VE increases disproportionately to, W€€ause it is driven both by

CQ output and by a dcrease in plasma pH when the buffering action of bicarbonates is excékded.
Whether the calculation of the VE/V&S€ope from data of the early part of exése providesequally
prognosticpower as data from the whole exercisest to peak exercise, has beam interesting

point of discussion. Currently, there is important evidence in favour of the inclusion of the last part to
peak exercise in the calculation of the VED/Glope to optimize its prognostic sensitivity. The
submaximal slope computed from the first 50% of the data points or below the respiratory
compensation point, could provide a prognostic surrogate in those patients who are unable to

perform a maximal tes*
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Even thogh the peak oxygen consumption and the VE/Y€lGpe seem to be related, there is no
clear linear relation between these parameters (Figure 2). Different pathophysiological mechanisms
have been proposed for elucidating the increased ventilatory demandgUbe modified alveolar
equation VE/VCO= 863/[PaC®* (1-Vp/V7)], the VE/VCOslope can be explained by two main
factors: the physiological dead space/tidal volume ratig'\{y) and the arterial C&£tension (PaCg).

Early lactic acidosis has been proposas an additional factor explaining the rise in ventilafion.
However, this should rather be seen as being part of the change in arterdaiin, which will be

discussed later in this review.

Increased dead space ventilation is a common finding in heart failure patients and is the result of
injury to the lungs due to the backward hemodynamic effects of heart failure with a pressure and
volume overload" One of the disturbances occurring at the lung level is the development of a
restrictive lungpattern with reductions in vital capacity and forced expiratory volum@dlso,
disturbances in lung diffusion capacity are seen with a reduced alveafdlfary membrane
conductancée'® A third plausible cause of an increased\Wis a ventilatiorperfusion mismatch with

the blood flow distributed more to the upper part of the lungs in patients with a steep sfope.

Recent research has demonstrated an increased ventilatory drive with subsequent reductions in
PaC@"® This hyperventilation is the second mechanism to explain ventilatory inefficiency in heart
failure and is thought to originate from disturbances in the chemoreflex and the ergoreflex.

According to their location, chemoreceptors are subdivided into cematlullary and peripheral
carotid afferents with the former being particularly sensitive to changes invw@e the latter are
activated in hypoxic conditiorS.In heart failure patients, enhanced hypoxic and central hypercapnic
chemosensitivity has been describ&dlhis hypersensitivity may play a critical role in the increased
ventilatory respons® and reflects a worse clinical status with a higher incidence of arrhythmias and
CheyneStokes respiratioA: Moreover, it was found to be an independent predictor of de&th.

Similar to the chemoreflex, overactivation of the ergoreflex has been proposed in chronic heart
failure. Ergoreceptors are myelinategoup-lll and unmyelinated group/ skeletal muscle afferents
which are sensitive to mechanical deformations and metabolic products of the exercising muscles,
respectively?”” Several metabolites have been postulated as potential triggers, prostaglandins,
bradykinins and a decrease in pH being the most important determirfant$.Endothelium
impairment with a concomitant decreased muscle perfusion has also been linked to ergoreflex
activation® A disruption of this reflex has been shown to correlate with the ventilatory slope and is
inversely related to the peak V& A link between the ergoreflex and the chemoreflex has been

demonstrated, indicating a common mechanism of activatfoitVhen these two reflexes are
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combined, the responseotventilation is greater than the sum of the two responses separately,

suggesting that theiinteraction has an additional stimulatory effect on ventilatfon.

Besides the dead space ventilation and the arteriaj t8@sion, some authors have suggested that
muscle deconditioningvith concomitant early lactate acidosis is a third possible mechanism to
explain the increased ventilatory demafiiHowever, it should rather be seen as a part of the so
OFff SR WYdROD S KBRHKRGKSaSNA2NB Tt SE LX éAy3d | LAG2
dysfunction, a catabolic state is seen in heart failure with metabolic changes and chronic
underperfusion of the skeletal muscle. A shift from tyip® typellb muscular fires has been
reported with a decrease in oxidative enzyme capacity and a concomitant rise in lactate and lactate
dehydrogenase activit§f This altered muscle atabolism may elicit an accumulation of metabolic
byproducts which results in a chronic activation of the ergoreceptors. This enhanced activity causes
an increase in the VE/Vg6lope with symptoms of breathlessness and sympathetic activation with
an increased vascular resistance further exacerbating the skeletal muscle abnormalities and the

fatigue complaints?

Whether the hyperventilation otthe increase in dead space ventilation is the most important
determinant of ventilatory efficiency, has been discussed by several authors. While some of them
argue there is an equal contribution of the two mechanish&uazzi and his colleagi@s
demonstrated that a decrease in PaCad peak exercise retained a greater prognostic $icgince.
Wensel et al®* described that the VE/VG@atio is predominantly related to the W/ ratio at rest

and during aerobic exercise but as anaerobic metabolism ensues, the hyperventilatory response
affects the VE/VCLQatio. As such, hyperventilation leads to an increase in overall VEAQG.

Sin@ research has shown that the overall VE/Y@Dpe is prognostically superibrregulatory
mechanisms involved in the tight control of ventilatory command and blood gas tensither than

lung function abnormalities may play a critical pathophysiological role in the exercise ventilation
inefficiency of CHF patient8.As literature shows that the overactive ergoreflex is more closely
related to exercise tolerance than other autonomic indexes or refletkés mechanism arising from

the periphery can be seen as the keystone in symptom generation and disease progfession.

Numerous studies have compared the VE/YGIOpe with the peak V£to assess their value for
predicting the risk for mortity and cardiovascular eventérena et af* recently analysed this
extensive literature and resumed that the majority of these investigations indicated that the
ventilatory response to exeise was superior to peak Yot only in predicting mortality but also in

providing additional information regarding hospitalisation. One study revealed that the VE/VCO
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slope retained its prognostic significance up to 36 months whereas the peakv&©Orelated to
adverse events for only 18 montfisAnother strength of the slope is its potential to stratify the
mortality risk in patients with intermediate exercise tolerarf¢ét should be nticed that the greater

part of the current investigations concerned heart failure patients with a reduced ejection fraction.
However, those who have focused on patients with preserved ejection fraction obtained similar
findings>*

An abnormal slope is commonly identified as a value of more than 34. This threshold was originally
introduced by Chua et &f.whose followup survey of 18 months demonstrated a survival rate of
95% in patients with a normal VE/VC8ope compared with 69% in those with a high slope.
Whether the use of blockers affects the prognostic power of the ventilatotgpe, has scarcely
been studied.According to a study with 417 heart failure patients, it can be assumed that this
parameter retains its prognostic significance, independently from the prescribed medication.
Recently, the EACPR and AHA working group usedinelventilatory classification to provide an
appropriate risk stratification iheart failure, whereby a VE/VG@8&ope higher than 45 is indicative of

a particularly poor prognosis (Table'$}?

R? Lnesr = 0,108
554

40

VE/VCO, slope ¥

T T
q 3 8 10 12 14 16 18 20 2 24 2% 28 30

peakVoO, (ml/min/kg)

Figure 2.lllustration of the relationship between the peak oxygen consumption dredventilatory slopeR?
linear=0.108 represents a weak correlation between the two parameters. Pegkp¢@k oxygen consumption;

VE/VC®slope, ventilatory slope.
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2.3 A new marker of ventilatory inefficiency: exercise oscillatory ventilation (EOV)

A third parameter that recelty gained more attention, is an irregular breathing pattern at rest that
persists during exercise with cyclic fluctuations in minute ventilation and gas exchange kinetics,
known as exercise oscillatory ventilation (Figure YThis phenomenon is seen in 12 to 35% of heart
failure patients® The wide variation in prevalence may be due to the lack of unambiguous diagnostic
criteria. The most commonly used definitions are those proposed by €arrd Leité®. Both authors

use the range and the amplitude of the ventilatory oscillations to describe this phenomenon but
apply different practical cubff values.Ingle et af® evaluated the impact of the use of different
criteria on the prevalence and prognostic significance of EOV and established thatetlaence
varied between 25 and 31%, according to the Corra or the Leite criteria respectively. In addition, EOV
using the Corra criteria, was a more powerful predictor of adverse outcome indicating the
importance of the use of uniform criteria in futurgtudies. The EACPR and AHA working group
currently useghe definition of Corra to describe EOV as an oscillatory pattern at rest that persists for

¥cmr 2F (GKS SESNODA&S GSad Fa +Fy FYLXRUdAzRS 2F xwmp

In contrast to the ventilatory slope, the origin of the oscillatory breathing pattern during exercise has
been less explored. A recent study of Murphy e’alemonstrated that the presence of EOV signals
hemodynamic impairment during exercise as indicated by an impaired cardiac index and elevated
filling pressures. Whé some authors suggest that a prolonged circulatory time between lung and
chemoreceptors resulting in an imprecise control of respiration, is an important determinant of
periodic breathing? others have refuted this hypothest§.A third potential mechanism is an
increased chemoreceptaensitivity?? although there is currently no consensus in literatfté® As

the ergoreflex is linked to chemoreceptor sensitivity and periodic breathing is common in patients
with disturbances in the muscle reflex, this peripheral feedback mechanism could also be a possible
link to ingability in exercise ventilatio”? In conclusion, the presence of exercise oscillatory
ventilation suggests a combination of an impaired hemodynamic function with disturbed autonomic

reflex mechanisns.

The presence of EQV is always an abnormal ventilatory response to exercise and is associated with
poor outcome.Although the majority of the studies focused on heart failure patients with a reduced
ejection fraction, one study demonstrated a similaeyalence and prognostic value of oscillatory
breathing in heart failure patients with a preserved ejection fracfion.

Both shortterm follow-up of 6 month* as well as longerm investigations of 2 to 3 yedrs’

established that EOV is a strong predictor of poor prognosis and mortality. The presence of this
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oscillatory breathing pattern might even have more predictive value than other prognosticators such
as the peak VQor the ventilatory shpe* *" A recently published study by Guazzi efassessed
whether any additional prognostic indication may be obtained by combining an established cardiac
biomarker such as #&rminal pro brain natriuretic peptice (NFproBNP) and exercise ventilatory
abnormalities assessed by cardiopulmonary exercise testing (CPET). Their conclusion wak that N
proBNP combined with EOV provided the highest level of risk prediction for cardiac outcome. The
survival rate among pants with mild levels of neurohormonal activation but EOV was even worse
than that observed in patients with the most unfavorablepf®BNP but no EOV.

Although the pathogenetic bases for an increased ventilatory slope are in part similar to those
proposedl forthe oscillatory gas kinetics, the presence of EOV does not necessarily imply an elevated
ventilatory slope but when both are present, the burden of risk for cardiac death is considerably
elevated?” Both ventilatory markers might also be different in predicting the mode of death.
Whereas VE/VGGslope was the strongésndependent marker of cardiac pump failure events,
exercise oscillatory breathing was the only exercise parameter providing predictive information on

sudden cardiac deatff.

2.4 Partial pressure of endidal CQ (P=CQ)

Assessment athe partial pressure of entldal CQ (P:CQ) as a prognostic exercise parameter has

been strongly recommended by the current guidelines (Tabf€ 1).

P=«CQ is the CQpressure which is nemvasively measured at the end of the expiration (Figure 1D).
It reflects the elimination of carbon dioxide at rest and during exercise and represents, therefore,
cardiac function and the matching of ventilation and perfusion witthie pulmonary system’ If
cardiac output (CO) is impaired, blood flow to the lungs is reduced resulting in a diminished carbon
dioxide elimnation, as expressed by a decreasegCR. This presumption has been confirmed by
several studies with a significant correlation betweesCR) and indicators of cardiac functidh.A
significant negate correlation with WV: ,a noninvasive indicator of ventilatioperfusion
matching, was also fountl.In the case of a ventilatieperfusian mismatch, which is not uncommon

in heart failure, a steep line rather than a plateau phase is seep@CR making the estimation of

the absolute C@pressure difficult. However, relative changes, e.g. after an intéiwenare still
interpretable. Besides cardiac function and ventilatigrerfusion matching, a link with a decrease in
the arterial CQ@ pressure has also been suggest@dherefore, a reduced J£Q is likely to be
multifactorial with cardiac output, the enlarged physiologic dead spacetlamadrterial CQpressure

being important mechanisms.
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Under normal circumstances, resting values of426mmHg have been observed, with an increase
between 3 and 8 mmHg at the ventilatory threshoidd low resting PCQ, i.e. less than 33 mmHg,

as well as a limited increase of{€Q during exercise, particularly at the ventilatory threshold, is a
marker of poor prognosis and predicts cardiatated events and mortality irgpendently from

other exercise variables. Significant correlations with other prognostic parameters such as the peak
VQ, and the VE/VClope have been demonstratéd.

3 Therapeutic possibilities: targets for the future

3.1 Pharmacological therapy

In the last two decades, pharmalogical treatment has changexi blocker therapy has become a
standard of care in heart failure. The most remarkable effec¢t lfbckade is seen in the decrease of
the ventilatory slop€; which is in part the result of a reduction in peripheral chemosensitivity and
ergoreflex activity>®>* On the other hand, the pdtive effect on diffusion capacity may also result in

an improvement in ventilatory efficiency.

Angiotensinconverting enzyme (ACE) inhibitors may positively influence exercise capacity due to
their vasodilatoy characteristics. Early studies demonstrated that the use of ACE inhibitors improved
the peak oxygen consumptichThis finding, however, was not supported diyrer authors who only
saw a decrease in the ventilatory slope whereas the peakr¥i@ained unchangetf. The positive
effects of the administration of ACE inhibitors and angiotensin receptor blockers were not seen in

heart failure with a preserved ejection fractiéh.

A greater availability of nitric oxide (NO) due to phosphodiesterase 5 inhibition with sildenafil, is
relatively novel treatment strategy in chronic heart failure. Sildenafil has been shown to improve
cardiac output (CO), to reduce the pulmonary vasomotor tone and to improve the diffusion capacity,
resulting in an increase in peak M@ith a concomitantdecrease of the ventilatory inefficiency and a
reversal of the oscillatory breathing patte?h®® Whether sildenafil influences the ventilatory reflex
mechanisms, has not been fully investigated. However, one author revealed that an improvement in
endothelial activity and muscle perfusion through phosphodiesterase 5 inhibition, resulted in a
decrease in ergoreflex activity which was related to an improvement in aerobic capacity and
ventilatory efficiency? ® These improvements in exercise capacity, however, have not been

confirmed in heart failure patients with preserved ejection fractfon.
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3.2 Exercise training

Physical training has become an important part of heart failure management sirtas ibeen
demonstrated to improve exercise tolerance and quatif life, and to reduce hospitalisation in heart
failure. There is also limited evidence that exercise training reduces moftafty.increase in peak
oxygen consmption and a consonant decrease in the VE/Y€@pe has been widely recogniz&4d.

A recently published study has provided evide that exercise training may also decrease or even
reverse exercise oscillatory ventilatiShLiterature concerning the influence of exercise training on
P=«CQ in heart failure is lacking. A study in patients following physical training after acute myocardial
infarction, however, suggestthat improvement in BCQ with a concomitant increase in cardiac
index is possibl& Despite some improvements in left ventricular function, peripheral adaptations
are thought to be primarily responsible for the enhanced exercise tolerance in heart failure after

exercise training.

A reduction in both muscle mass and muscle quality has been observed in heart failure patients,
O2YYZ2yfé& NBFSNNBR |a WKSFENI FlFEAfd2NBE Yéez2Ll KeéQ
myopathy is characterized by apoptosis, a shift towardsofyic typell fibres with a concomitant

rise in lactate and lactate dehydrogenase activity, a depressed oxidative enzyme capacity and a lower
mitochondrial volumé® ® In addition, insulin resistance and a grdlammatory state which are
typically seen in heart failure, contribute to the anabolic/catabolic imbal@h&hysical traimig has

been shown to counteracteveral features of this myopathy with a shift towards typ&bre
distribution, an increase in oxidative enzyme capacity and mitochondrial déAgityreduction in

local expression of inflammatory cytokines has also been demonstrated after exercise tPaiftieg.

shift towards an aerobic metabolism may result in a decreased ergoreflex and chemoreflex activity,
with a concomitant decrease in hyperventilation, exercise oscillatory ventilation and sympathetic

outflow.®* 7

Endothelial dysfunction, due to a decreased nitric oxide (NO) bioavailability, is another key feature in
chronic heart failure. Exercise training improves the endothelium mediated vasodilation with a
concomitant increase in leg blood flow and exercise capaln addition, by decreasing peripheral

vascular resistance and ventricular afterload, small but significant improvements in stroke volume

and a reduction in cardiomegaly has been demonstrated.
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Besides these peripheral changes, training also induces alterations that occur at the lung level with
an increase in alveolarapillary membrane diffusion capacity which nwntribute to an improved

ventilatory efficiency?

3.3 Devices

Cardiac resynchronization therapy (CRT) was introduced in order to restore the abnormal electrical
activation which is frequently seen in patients with advanced heart failure. Conduction
abnormalities, suchas a left bundlédranch block,are known to be responsible for mechanical
dyssychrony with an impaired ejection fraction and mitral regurgitation as a result. Besides these
haemodynamic consequences, conduction disturbances also take part in the ventricular remodelling
process”® Implantation of a CRT device has been demonstrated to improve ventricular function,
symptoms, exercise tolerance and quality of life amdubstantially reduce the risk for mortality and

hospitalisation’*

Although several studies reported an improvement of peak erygonsumption and the distance
walked in six minutes, fewer studies evaluated the ventilatory slope. However, trials which also
included the VE/VCCslope consistently reported an improvement in both aerobic capacity and
ventilatory efficiency” According to Piepoli and his colleagues, improvement in exercise capacity
occurs 12 months after implantation whereas cardiac indices restore already after 6 months,
indicating the importance of peripheral changé&hese peripheral changes include the restoration

of the neurohormonal reflex control with a pastilar emphasis on the ergoreflék!’ An additional
beneficial effect on exercise tolerance is seen when CRT implantation is followed by exercise

training.”® This finding further emphasizes tiraportance of the peripheral adaptations.

4 Conclusions

Cardigulmonary exercise testingg a well recognised instrument for the evaluation of exercise
intolerance in CHF. Besides the peak &f@l the VE/VCOslope, other exercise variableEEOV and
P=CQ - should gain atteribn in the interpretation of CPEAs mentioned in this review, VE/VLO
slope and EOV have been demonstrated to be superior in providing prognostic information. Although
less known in literature, #CQ seems to be also a promising \abie. Given the different
physiological origin of these 4 exercise variables, a multivariate assessment with the inclusion of all
the aforementioned parameters should be encouraged , not only for diagnostic and prognostic

purposes but also for evaluating the effect of interventions.
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Abstract

Background: The presence of ergoreflex activity and its current relation to hyperventilation and
prognosis in cardiac patients is unclear. Therefore, we evaluated ergoreflex activity in cardiac
patients with and without heart failure (CHF) as well as ialthg subjects, and we examined how
strong ergoreceptor activity was related to a mortality risk score in CHF (MAGGIC).

Methods and results: Twerdiive healthy subjects and 76 patients were included, among whom
were 25 with ischemic heart disease (IHP),with stable CHF, and 27 with unstable CHF. Ergoreflex
activity was measured with a dynamic handgrip exercise, followed by-hawetgrip regional
circulatory occlusion (PRCO). Ergoreflex activity contributed significantly to ventilation (median
[interquartile range] %V) in unstable CHF (81 ¢7&L] %V without PHRCO, 92 [82 107] %V with
PHRCO, and 1[b ¢ 20] difference in %V, g 0.001) and was positively correlated with the MAGGIC
NAail a02NB o0{LISIFENYIyYy °~ T 5 ®rsobsetvedill heatthy subjéct( b 2 S NI
[-10 to 5] difference in %V), IHD[@ to 3] difference in %V) and stable CHH+{L1 to 6] difference

in %V).

Conclusions: Ergoreflex activity contributes to hyperventilation, but only in CHF patients with
persistentsymptoms and is closely related to the MAGGIC risk score. Ergoreflex activity was not
present in patients with IHD or stable CHF, suggesting other reasons for the increased ventilatory

drive in those patients.

Keywords:ergoreflex, ventilation, MAGGICKkiscore, heart failure, ischemic heart disease, healthy

subjects
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1 Introduction

Chronic heart failure (CHF) has been mainly characterized by exercise intolerance with symptoms of
fatigue and breathlessnesswith the latter being expressed by ventilatory inefficiency during
exercise. A steep ventilatory slope has not only been demonstrated with CHF, but also with ischemic

heart disease (IHB)with a similar prognostic value.

Overactivity of theergoreceptors, i.e. skeletal muscle afferents, has been shown to contribute to the
excessive ventilatory response in CHF, with a detrimental impact on prodfidisarmacological
treatment has changed over the last decadedth neurohormonal agents being recommended in
CHF with reduced left ventricular ejection fraction (LVEF) because of their beneficial effect on
hospitalization and premature deathDespite their obvious effect on survival, their influence on
exercise intolerance and its determinants is less clear.

Notwithstanding the presence of an increased ventilatory slope in a substantial number of patients
with IHD, information on the ergoreflex is currently lacking. Also in healthy subjects, the role of the
ergoreflex in ventilatory control remains rather unclear, with some studies reporting a contribution

of the ergoreflex to ventilation and others stagjithere is no involvemerit> " *°

Therefore, the primary aim of this study wasedwaluate the presence of ergoreflex activity and its
current relation to the ventilatory response to exercise and exercise intolerance in a broad spectrum
of subjects, ranging from healthy subjects and patients with IHD to stable and unstable CHF .patients
In addition, we examined how activity of the ergoreceptors was related to a recently validated
prognostic risk score in CHF patients, developed by the Matdysis Global Group in Chronic Heart
Failure (MAGGIC).

2 Methods

2.1 Study population

Twentynine healthy subjects and 76 patients were prospectively included from April 2011 to March
2013. Healthy subjects were free from clinical sigmshistory of heart disease, diabetes, or
pulmonary disease. A 1st patient group consisted of patients who had an ischemic event without

signs of heart failure >1 month preceding the study (IHD, n=25), a 2nd group were stable heart failure

patients with rR dzOSR [ +9C 6 Xnpr0 ¢K2 KIR Fy SLMAaz2RS 2F R
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study and had no signs of fluid retention on the moment of testing (stable CHF, n=24). A third group
O2yairaidSR 2F KSIFENI FIFAfdzNB LI (A Sy dedompehsatéd (K45 RdzOS |
mo) and were still symptomatic despite optimal medical treatment (unstable CHF, n=27). Heart

failure patients with ischemic or nonischemic heart disease and who were treated according to the
recommendations of the European Society ofrdizogy (ESC) regarding medicatiertblocker,

angiotensin converting enzyme (ACE) inhibitor or angiotensin receptor blocker (ARB) and
mineralocorticoid receptor antagonist (MRARNd deviced were included. Seriously limiting
musculoskeletal or neurologic disorders such as recent orthopedic surgery (<6 mo), rheumatoid
arthritis or a cerebrovascularccident (CVA) with potential influence of the performance of the tests,

were considered to be exclusion criteria.

2.2 Ethics

This study protocol was approved by the local ethical committees of the two participating hospitals
(AZ Maria Middelares, Gherand OnzelieveVrouw Hospital, Aalst) and each of the participants
gave informed consent. The clinical investigations were conducted according to the principles of the

Declaration of Helsinki.

2.3 Risk score calculation

An integer risk score for predictingortality was calculated in CHF patients (n=51), with the use of

the online calculator from the MAGGIC gradfhe following predictors werincluded in the risk
calculation: age, sex, diabetes, chronic obstructive pulmonary disease (COPD), time since diagnosis,
current smoker, New York Heart Assacie 2y 6 b, | | 0 (blotkérsiahd ACK iBhibits 6r 2 T
ARB, body mass index (BMI), telis blood pressure at rest, serum creatinine, and LVEF. A
progressively higher risk score identified an increased risk for mortality within 1 and 3 years,
expressed as the median [interquartile range]. According to the cumulative mortality risk over 3
years, patients were categorized into 6 risk groups in the original stuBgcause of the small

sample in the present study, CHF patientsravelassified into 3 risk groups: 24 patients were

Of FaaATASR | a KI @Ay 3 -ylrisk 698 [#% 99, 8y|risk AFI[Kl%22%]p D42 NE  XKH
patients had a medium risk with a score @28 (1y risk 15% [12%18%], 3y risk 36% [29%40%])

and 13 patients had a high risk with a score >28 (isk 32% [25%46%], 3y risk 63% [52%79%)]).
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2.4 Ergoreflex activity

Before the test, maximal handgrip force was measured with the nondomimantas the greatest of

the peak forces produced by 3 brief maximal handgrip contractions with a Baseline pneumatic
squeeze dynamometer. Ergoreflex activity was evaluated with the-fpastigrip regional circulatory
occlusion (PHRCO) method, consisting & parts which were performed in random order.
Ventilatory parameters were measured (Cortex Metalyzer 3B brbgthreath analysis) during 3
minutes of resting, followed by a rhythmic handgrip exercise at 50% of the predetermined maximal
capacity until exhastion (30 squeezes/min) and a recovery period of 3 minutes. After a pause of 30
minutes, the same exercise protocol was used, but followed by 3 minutes of blood flow stasis in the
exercising arm by inflation of a forearm tourniquet 30mmHg above systai&spre (PHRCO). After

the cuff was inflated, the subject was instructed to relax. Four of the 29 healthy subjects complained
of pain or serious discomfort and were excluded from further analysis. This protocol has been shown
to isolate the metabolic stat of the muscle and to prolong the activation of the ergoreceptdrs.
Because the performance was not equal during the 2 parts of the tests with a difference in peak
exercise, ergoreflex acttyiwas expressed as the percentage exercise response that was maintained
during PHRCO (¥ and 3" minutes) compared with the percentage exercise response maintained
during normal recovery (2 and 3 minutes)? The differencebetween these 2 percentages

represents the contribution of the ergoreflex activity to the ventilatory parameters (Fig 1).

14
12 ERGOREFLE
ACTIVITY
vg L0
{I/min} g
&
4
5 REST EXERCISE RECOVERY
':I T T T T T T T T T 1
1 2 3 4 5 & 7 & 9 10
Time {min) —#—without acclusion

with acclusion

Figure 1 Measurement of ergoreflex activity. Ergoreflex activity is expressed as the percentage exercise
response that is maintained during recovery with occlusion (12.9/11.0 = 117%) compared with the percentage
exercise response maintained during recovery withoctlusion (10.7/10.4 = 103%). The difference between
these 2 percentages represents the contribution of the ergoreflex activity to ventilation (difference in %V =

14%)
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2.5 Exercise testing

Cardiopulmonary exercise testing was performed on a esxdometerwith the use of a protocol

I RILJASR G2 GKS &dzoeS00GaQ LKeaAOlrft adlddzae =Syl
obtained on a breattby-breath basis with the use of an Oxycon Pro spirometer (Jaegéasys

Healthcare, Germany). Heart rate (HR) wastinuously registered with the use of a -lEad
electrocardiography, and blood pressure was noninvasively measured, with the use of a manual
sphygmanometer every 2 minutes during the exercise test. Patients and healthy subjects exercised to

the limits oftheir functional capacities or until the physician stopped the test because of adverse
events, such as chest pain, dizziness, potentialijthifeatening arrhythmias, ST segment deviations,

and marked systolic hypotension or hypertension. The maximakaet load during incremental

exercise was recorded. Peak oxygen consumption (peakwd3 defined as the mean of the last 30

seconds of peak exercise and was expressed as rilkgin The slope of the linear relation between

VE (yaxis) and VC{x-axs), the VE/VC{slope, was calculated by including all data points to the

end of exercise. A classification according to tertiles of peg@c 14-17¢x My Y tkgB)Yandy

to ventilatory classes of VE/VE6lope™ (<30¢ 3035¢ 3644¢cxnp0 61 a YIRS F2NJ ¢

ergoreflex activity by measures of exercise tolerance.

2.6 Statistical methods

Statistical analysis was performed with the use of IBM SPSS Statistics for &/indersion 21.0

(IBM, Armonk, New York). Overall differences in clinical characteristics and exercise capacity
0S06SSy GKS GKNBS LI GASY(d 3INRdAzZLIA 6SNB | 4aSaasSR
and Kruskal Wallis test for continuous vaites. A level of alpha of 0.05 was used to indicate
statistical significance. The Mawdhitney U test was used to further evaluate differences in
continuous variables between the individual patient groups. In the latter analyses, the inflation of
type | eror due to multiple comparisons was taken into account by considering an alpha level of 0.01
to indicate statistical significance. Ergoreflex activity within healthy subjects and in each patient
group separately was evaluated with the use of the Wilcoxamtciredpairs signedanks test.
Differences in ergoreflex activity between the patient groups were compared withusieeof the
KruskalWallis testand MannWhitney U test. No comparison with healthy subjects was made,
because this was not a matched corltgyoup. Because age was significantly different between the
individual patient groups, ergoreflex activity was further evaluated in patient groups stratified by the
median age (64 y). A similar analysis was performed to assess the influence of COP@railexerg

activity in unstable CHF patients. The Krusiallis test and the Mar#Vhitney U test were also
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used to evaluate ergoreflex activity according to groups of MAGGIC score, peand/@E/NCO
slope. The relationship between ergoreflex activity gmmdgnostic parameters was assessed with

Spearman bivariate correlations.

3 Results

3.1 Clinical characteristics

Clinical characteristics of the patient groups are presented in Table 1; 85% of the total patient
population were men and their median age was[@derquartile range 53; 72] years. Unstable CHF
patients were older than stable CHF and IHD patients (dye«8.001) and had a lower BMI (p<0.01)
than patients with IHD. LVEF was significantly different among the 3 groups (overall p<0.001), with
the lowest values in the group with unstable CHF. The group with uest@blF was also more
symptomatic with 45%o0f the patients in NYHA functional class Il or IV (p<0.01). Calculation of the
MAGGIC risk score in heart failure patients resulted in a significantly higher risk score (median
[interquartile range]) in unstable CHF (26 [223] vs 15 [1X 20], p<0.001)Worse exercise capacity

was also seen in unstable CHF, as expressed by a progressively lower load and; peakaiigher
VE/VC@®slope (overall p<0.001). Of the healthy subjects, 56% were men and their median age was
45 years. Only a small number ¢fetn had cardiovascular risk factors; 4% had hypertension, 17%
had hyperlipidemia and 1 (4%) was an active smoker on the moment of testing. None of the healthy
subjects took heart diseaselated medication, except for 1 who took aspirin. Exercise capaeity

found to be normal with a median peak Y@ 33 ml.min'.kg" and a VE/VCGlope of 28.

3.2 Ergoreflex activity in healthy subjects and patients

As presented in Table 2, ergoreflex activity was present only in unstable CHF, with a significant
contribution of the ergoreflex to ventilation (p<0.001). Ventilation during recovery witiREID was

11% higher than during normal recovery and this was likely the result of the higher breathing
frequency (p=0.001). Healthy subjects and IHD and stable CHF patiemted no sign of ergoreflex
contribution to their ventilatory pattern. Similar results were obtained when patients were first
stratified according to their age. Ergoreflex activity was present only in unstable CHF, both in patients
younger and older thaB4 years (Supplement 1). Supplementary analyses in unstable CHF according
to the presence of COPD showed ergoreflex activation in both patient groups regardless of COPD

(Supplement 2).
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Table 1.Clinical characteristics

Healthy IHD Stable CHF  Unstable Diff between
subjects n=25 n=24 CHF patient
n=25 n=27 groups: P
value
Age (years) 45[35,57] 62[55,68] 55[48,64] 71[65,79}" <0.001
Men (%) 56 84 91 85 0.761
BMI (kg/m?) 24 [23,26] 28[26,30] 27[25,30] 25 [24,28f 0.010
CAD (%) 100 71° 67 0.007
Etiology CHF (%) 0.813
Ischemic 62 59
Non ischemic 38 41
LVEF (%) 67 [62,73] 30[24,37] 25[17,300° <0.001
NYHA class (%) <0.001
| 92 25 0>
Il 8 75 55
1] 0 0 41
v 0 0 4
Risk factors & comorbidities (%)
Hypertension 4 76 50 56 0.142
Hyperlipidemia 17 96 75 78 0.092
Diabetes 0 28 29 37 0.746
Smoking 4 16 29 7 0.026
COPD 0 0 8 30" 0.003
AF during hospitalisation 20 42 41 0.188
Systolic BP at rest (mmHgQ) 130 125 110 110 0.005
[120,140] [120,130] [110,124f [105,120f
Creatinine (mg/dl) 0.99 1 1.33 0.007
[0.89,1.13] [0.90,1.43] [1.02,1.67]
HF diagnosed last 18 mont{f) 54 37 <0.001
Medication (%)
Aspirin 4 100 38 52° <0.001
wblockers 0 88 88 70 0.194
ACEinhibitors/ ARB 0 60 83 82 0.106
Diuretics 0 12 67 89’ <0.001
Spironolacton 0 0 8¢g 93 <0.001
Antiarrhythmic drugs 0 4 17 11 0.374
Digoxin 0 0 17 22 0.035
Exercise capacity
Maximal load (Watt) 168 125 110 74 <0.001
[147,250] [108,153]  [88,143] [51,80f¢
Peak VQ(ml.min*kg") 33[26,38] 19[17,22] 17[12,20] 12[10,14}° <0.001
VE/VC@slope 28[25,30] 33[28,36] 35[32,39] 44 [36,50f° 0.001

Continuous variables are presented as median [interquartile range], categorical variables are presel

percentage.

IHD, ischemic heart disease; CHF, chronic heart failure; Diff, difference; BMI, body mass index; CAD,
artery disease; LVEF, tlefentricular ejection fraction; NYHA, New York Heart Association; COPD, c
obstructive pulmonary disease; AF, atrial fibrillation; BP, blood pressure; HF, heart failureyhik@érs,
Angiotensin Converting Enzyme inhibitors; ARB, Angiotensin RecBjpckers; peak VO peak oxygen

consumption

<0.01°p<0.001, unstable CHF vs IHD patients
°p<0.01dp<0.001, unstable CHF vs stable CHF patients
®p<0.01'p<0.001, stable CHF vs IHD patients
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Table 2 Ergoreflex activity in healthy subjects and patients

Healthy IHD Stable CHF Unstable CHF Diff in % exercise
subjects n=25 n=24 n=27 response
n=25 between the
patient groups:
P value
Ventilation (V)
% without PHRCO 84 [79,95] 85 [76,88] 86[81,91] 81 [73,91]
% with PHRCO 83 [78,90] 81[76,86] 85[75,93] 92[82,107]
P value 0.174 0.326 0.458 <0.001
Diff in %V -4 [-10,5] 0 [-8,3] -3 [-11,6] 11 [6,201° <0.001
Breathing frequency
(BF)
% without PHRCO 90 [72,96] 84[74,100] 90 [81,100] 85][76,83]
% with PHRCO 81 [68,92] 88 [79,95] 85[79,93] 95[83,117]
P value 0.069 0.427 0.376 0.001
Diff in %BF  -5[-12,1] 5 [9,15] -5[-9,6] 80,187 0.013
Tidal volume (VT)
% without PHRCO 97 [88,118] 97[86,104] 95[89,104] 96 [84103]
% with PHRCO 100 [91,123] 94 [84,100] 97 [83,106] 96 [83109]
P value 0.397 0.122 0.932 0.719
Diff in %VT 4[-8,13] -1 [-19,5] 2 [-12,14] 5[-12,10] 0.235

Variables are presented as median [interquartile randelD, ischemic heart disease; CHF, chronic h
failure; Diff, difference; PIRCO, poshandgrip regional circulatory occlusion; V, ventilation; Diff in ¢
difference in percentage ventilation; BF, breathing frequency; Diff in %BF, difference in peecbntathing
frequency; VT, tidal volume; Diff in %VT, difference in percentage tidal volume.

4p<0.001 unstable CHF vs. Ijp0.01 unstable CHF vs. stable G4P.001 unstable CHF vs. stable CHF

When patients were subdivided according to their p&&R, a difference in ergoreflex activity was
found between patients who had a peakV® m n  Y'tkgP ¥rid ypatients with a peak UG<14
ml.min".kg" (overall p<0.05). A classification according to the ventilatory classes of the WE/VCO
slope, revealed difference in the activity of the ergoreceptors between patients who had a
GSYGAt I G02NE &af 2LIS xmplopé helBw thikvaldeJovesall p<BLO5). Ergo@fiex / h

activity according to diagnosis, peakyénd VE/VCgXlope is represented in kige 2.

In the total patient group, ergoreflex contribution to ventilation was negatively correlated with LVEF

6 { LIS I N3O.R9g, p=00018) and peak YO { LIS I N3O.R7, p=01028). No correlation was

found with the VE/VCOslope. When the patient populain was subdivided according to the
VENCRATf 21LJS oXon YR Bon0X O2NNBtFGA2ya 6SNB Y2NE
VENNCRa f 2LIS O2YLI NBR ¢AGK GKS (2 (0.353; p=30.080, BegkiyO I N2 dzLJ
{ LIS NJI0.588, p<0.001; VECQ & f 2 LIST { LISIENXIY “Tnonppz LI ndnn
with a VE/VC@slope <34, no significant correlations with LVEF, peak ofO/E/VC@slope were

demonstrated. These findings are shown in Figure 3.
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Figure 2.Ergoreflex activity according to (A) diagnosis, (B) MAGGIC mortality risk score, (C) peak oxygen
consumption (peak V&and (D) VE/VGGlope and expressed as the median value with the interquartile range

[Q1, Q3] on top of each bar. *Significant diffecen

3.3 Ergoreflex activity and the MAGGIC risk score

The overall MAGGIC score (median [interquartile range]) in CHF patients was 2129]4with
estimated lyear and 3year allcause mortality risk of 11% [6%23%] and 27% [15% 49%]
respectively. Unsible CHF patients had a considerably higher MAGGIC score and associated
mortality risk (26 [22¢ 33], 1y risk 18% [12% 32%], 3y risk 40% [29% 63%]) than stable CHF
patients (15 [1k 20], 1y risk 6% [4%10%)], 3y risk 16% [11%24%]) (all p<0.001

Ergoreflex was evaluated in 3 risk groups with a clear activation in patients with a score >20 (overall

p<0.05; Fig 2). A positive correlation was found between ergoreflex activity and the MAGGIC risk

d02NB O{LISINXYIY "TndnomMI LIndaAnHO
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Figure 3.Relationship between ergoreflex activity and (A) left ventricular ejection fraction (LVEF), (B) peak

oxygen consumption (peak YO and (C) VE/VGGslope, represented in scatterplots according to the

GEYGAEF G2NE &f2LI8 odon | y®RE 2505 0Xo nt FIGNES v & ff R BAIGKS &

relationship with a dashed line. Patients with a VE/Y@W@pe >34 are indicated with circles and the

relationship with a solid line.
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