European Heart Journal (2015) 36, 1974-1982
doi:10.1093/eurheartj/ehv087

EUROPEAN
SOCIETY OF

CARBHOLOGY ®

REVIEW

Clinical update

The sympathetic/parasympathetic imbalance
in heart failure with reduced ejection fraction

John S. Floras'* and Piotr Ponikowski?

"University Health Network and Mount Sinai Hospital Division of Cardiology, University of Toronto, Suite 1614, 600 University Avenue, Toronto, Ontario,
Canada M5G 1X5; and 2Depar‘tment for Heart Disease, Medical University, Clinical Military Hospital, Wroclaw, Poland

Received 29 January 2015; revised 26 February 2015; accepted 6 March 2015; online publish-ahead-of-print 14 May 2015

Cardiovascularautonomic imbalance, a cardinal phenotype of human heart failure, has adverse implications for symptoms during wakefulness and

sleep; for cardiac, renal, and immune function; for exercise capacity; and for lifespan and mode of death. The objectives of this Clinical Review are

to summarize current knowledge concerning mechanisms for disturbed parasympathetic and sympathetic circulatory controlin heart failure with

reduced ejection fraction and its clinical and prognostic implications; to demonstrate the patient-specific nature of abnormalities underlying this

common phenotype; and to illustrate how such variation provides opportunities to improve or restore normal sympathetic/parasympathetic

balance through personalized drug or device therapy.
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Introduction

The balance between parasympathetic and sympathetic contribu-
tions to cardiovascular regulation shifts in response to increasing end-
diastolic pressure or falling stroke volume at the very onset of left
ventricular systolic dysfunction.'~® Equilibrium may be re-established
initially, but as heart failure advances, central neural networks trans-
form and ordinarily quiescent autonomic reflexes are recruited. Irre-
spective of the aetiology of heart failure, the net result is vagal
attenuation and, over time, progressively pathological augmentation
of sympathetic outflow® and neural and adrenal catecholamine
release. Thus, heart failure should be considered a disorder of
autonomic as well as myocardial function.”

The objectives of this Clinical Review are to summarize current
knowledge concerningmechanisms for disturbed parasympathet-
ic and sympathetic circulatory control in human heart failure with
reduced ejection fraction (HFrEF) and its clinical and prognostic
implications; to demonstrate the patient specificity of such abnor-
malities; and to propose how such variation provides opportun-
ities for personalized heart failure therapy. The Journal’s word
and reference limits oblige us to eschew discussion of patients
with heart failure due to preserved ejection fraction and also to
limit the granularity of this review. Thus, we apologize, in

advance, to those investigators whose important work we are
able to cite only indirectly.

Evaluation of autonomic
cardiovascular regulation

Parasympathetic and sympathetic activity can be estimated in
conscious humans using a range of methods, as summarized in
Table 1. Each has its particular advantages and limitations. In the
time domain, tonic vagal heart rate modulation is appreciated
as notable variation, particularly respiratory sinus variation, in
cardiac cycle length. Within the frequency domain, tonic oscilla-
tions in parasympathetic drive generate the majority of high
(0.15-0.5 Hz) spectral power and to a lesser extent harmonic
and non-harmonic power spectral density at lower frequencies.
Arterial baroreceptor reflex regulation of cardiac vagal tone (i.e.
gain or sensitivity) can be quantified within the time domain as
the extent to which spontaneous or drug-induced increases in
systolic blood pressure prolong the subsequent pulse interval
and in the frequency domain via transfer function analysis, with
variability of blood pressure and pulse interval as the respective
input and output variables.®
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Table I Methods to assess human autonomic cardiovascular regulation
Vagal Sympathetic Ancillary data Research Clinical
utility utility
Heart rate (HR) atrest ~ Yes Yes + ++
HR response to Yes Yes + +
Valsalva’s
manoeuver
HR variation: time Yes If with BP Quantitation of spontaneous blood pressure (BP) — HR relationship  ++ +++
domain to estimate arterial baroreflex regulation of sino-atrial deceleration
(vagal) or acceleration (sympathetic)
HR variation: frequency ~ Yes Yes High-frequency spectral power reflects vagal HR modulation; spectral ~ ++ +
domain power at lower frequencies primarily sympathetic HR modulation;
Concurrent BP — HR spectral power transfer function to estimate
arterial baroreflex regulation of HR
HR responsesto drug  Yes Yes Arterial baroreceptor stimulation by phenylephrine elicits immediate ~ +++ ++
stimuli vagal response; unloading by vasodilators elicits reflex sympathetic
response
HR response to Yes Yes Responses to lower body negative or positive pressure primarily ++ !
mechanical stimuli sympathetic; to negative or positive neck pressure primarily vagal
BP variability ! ? Time or frequency domain measures not specific to autonomic ! !
regulation;
Principal utility when evaluated in conjunction with HRV spectrum
Arterial/venous No Yes Global non-specific index + ++
norepinephrine (NE)
Urinary NE excretion No Yes Global non-specific index + ++
NE spillover to plasma ~ No Yes Total body or organ-specific (heart, kidney, limb muscle, brain) data +++ +
Sympathetic nerve No Yes Multi-unit or single-unit efferent muscle sympathetic nerve activity +4+ +
recordings (MSNA);
Sympathetic reflex response to baroreceptor, chemoreceptor,
muscle mechano- and metabo-reflex and other reflex simulation or
inhibition can be estimated in time domain; Concurrent BP —
MSNA spectral power transfer function estimates arterial
baroreflex efferent sympathetic regulation in frequency domain
Sympathetic nerve No Yes Nucleartracers or PET ligands to assess principally cardiac sympathetic ~ ++ ++
imaging innervation and NE uptake

Clinicians still lack a reference biomarker of sympathetic activity
in heart failure. Mean values for venous plasma norepinephrine con-
centrations will still anticipate the overall survival of cohorts, but their
deficiencies with respect to the phenotypic characterization of indi-
vidual patients have been well described and addressed only in part
through the acquisition of arterial samples. Present insight into the
mechanisms for and magnitude of sympathetic activation in indivi-
duals with heart failure derives from either radiotracer methodology,
enabling calculation of total body or organ-specific norepinephrine
release rates into plasma or uptake of norepinephrine into cardiac
sympathetic nerves’ or by quantifying, using microelectrodes,
multi- or single-unit discharge innervating skeletal muscle.® Within
the frequency domain, tonic oscillations in sympathetic drive have
been demonstrated in healthy subjects to generate the majority of
low (0.05-0.15Hz) spectral power and some power below
0.05 Hz, and although not universally accepted, the ratio between
low and high-frequency spectral power has been proposed as a
crude estimate of sino-atrial sympathetic/parasympathetic balance.”
The principal limitation to the interpretation of spectral analyses in
heart failure, however, is that its variability reflects the autonomic

modulation of heart rate, not the magnitude of neurotransmitter
input to the sino-atrial node.” As central sympathetic outflow
becomes intense and invariant, as occurs with advanced heart failure,
low-frequency spectral power ebbs such that there is an inverse,
rather than positive, relationship between muscle sympathetic nerve

activity (MSNA) and low-frequency spectral power."®

Imbalance in heart failure:
prognostic implications

The concept of autonomic reflex malfunction in human heart failure
emerged from the demonstration by Eckberg et al."" of attenuated
bradycardia in response to a drug-induced rise in systolic arterial
pressure. Over the last three decades, each of decreased tonic
and reflex vagal heart rate modulation; increased heart rate,
venous plasma norepinephrine, cardiac norepinephrine stores and
cardiac norepinephrine spillover, renal norepinephrine spillover,
and muscle sympathetic burst frequency; and decreased cardiac
"BI_MIBG and ""C-HED uptake and low-frequency heart rate
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variability has been documented in HFrEF and each, reflecting
abnormal autonomic control of the cardiovascular system (see
Table 1) has been associated, in longitudinal cohort studies, with
greater mortality risk.>'>~ ">

Neural reflex mechanisms

Arterial baroreceptor reflex

The blunted reflex vagal response to a rise in blood pressure in
human heart failure was attributed initially to diminished carotid
sinus and aortic baroreceptor afferent nerve firing in response to sys-
tolic stretch. It was assumed that as a consequence there would be, in
parallel, less reflex restraint on efferent sympathetic discharge. It was
inferred that the net result of such disinhibition would be an equiva-
lentincrease in sympathetic outflow to all innervated organs and vas-
cular beds."® However, data acquired using radiotracer methods or
microneurography refuted that simplistic construct: in the majority
of patients with mild to moderate heart failure, relative to control
subjects, heart rate variation was attenuated'” and cardiac norepin-
ephrine spillover was increased but renal norepinephrine spillover
and muscle sympathetic nerve traffic were not."® Group mean
values for MSNA may increase progressively with mild to moderate
to severe impairment of ventricular systolic function,* but once left
ventricular ejection fraction (LVEF) falls below 40%, there is no cor-
relation within cohorts between LVEF and muscle sympathetic nerve
discharge."

Concurrently, the presumption that diminished arterial baro-
receptor nerve input caused equal impairment of reflex parasympa-
thetic and sympathetic responses was rendered untenable by the
demonstrations that: (i) impaired ganglionic neurotransmission is
the principal cause of diminished vagal heart rate modulation in
canine heart failure;?° (i) in an ovine heart failure model with impaired
arterial baroreflex regulation of heart rate, baroreflex regulation of
cardiac and renal sympathetic discharge is not attenuated,”’?* and
(i) there is no parallel alteration in the arterial baroreflex regulation
of MSNA in other conditions, such as healthy ageing23 and primary
hypertension,>* characterized by diminished reflex vagal heart rate
modulation and increased efferent sympathetic discharge.

Nonetheless, the results of initial comparisons, in heart failure and
control subjects, of changes in nerve firing rates (i.e. bursts/min) in
response to drug-induced decreases and increases in blood pressure
were interpreted as evidence for such impairment of arterial baro-
receptor reflex regulation of muscle sympathetic outflow.*?
However, control subjects were not always matched with heart
failure patients for age,”® these differences were not observed con-
sistently,” and those frequency-based calculations did not consider
heart rate-gated nature of sympathetic nerve firing and hence
the simple arithmetical consequence of the attenuated vagally
mediated chronotropic response to drug stimuli. When burst fre-
quency was recalculated as burst incidence (i.e. bursts/100 cardiac
cycles), a heart rate-independent variable, little or no difference in
the MSNA response emerged between heart failure and control
subjects.”’

Additional evidence confirming intact arterial baroreflex con-
trol of sympathetic activity in human heart failure accrued from
several experiments applying independent methods: preservation

of pulse-synchronous MSNA discharge; synchronization, in end-
stage heart failure, of muscle sympathetic alternans with pulsus
alternans; instantaneous changes in muscle sympathetic burst ampli-
tude and duration in response to the onset and off-set of ventricular
bigeminy; and in comparisons of subjects with impaired and preserved
systolic function, similar gains of the transfer function between blood
pressure variability as input and MSNA variability as output, similar
total body spillover responses to sodium nitroprusside-induced reduc-
tions in arterial pressure, and similar inhibition of MSNA by the Mueller
manoeuver.” From these observations, it could be concluded that
the arterial baroreceptor reflex in human heart failure is responding
appropriately to perceived decreases in stroke volume or diastolic
blood pressure by eliciting sympathetic activation. Consequently,
attention focused on establishing evidence for an upward shift,
within the central nervous system, of the set point for adrenergic and
vagal outflow,?® and on elucidating the contributions of other neural
cardiovascular reflexes to the development of parasympathetic—
sympathetic imbalance in heart failure.

Cardiopulmonary mechanosensitive
reflexes

In contrast to these prior investigations concerning arterial baro-
receptor reflexes, Dunlap et al.*® demonstrated significant impair-
ment in the reflex sympatho-inhibition elicited normally by stretch
of unmyelinated mechanoreceptor afferents sited within the heart
and pulmonary veins. However, volume expansion in dogs has
been shown to potentiate the cardiac sympathetic afferent reflex*”
and in humans, a number of seemingly paradoxical clinical observa-
tions argue for the emergence in heart failure of an additional
cardiac sympatho-excitatory reflex, arising potentially from stimula-
tion of cardiac sympathetic afferents or cardiac myelinated afferents
located primarily at the atrial-venous confluence. These include
unanticipated inverse relationships between both left ventricular
stroke volume index and left ventricular stroke work index and
MSNA and positive relationships between pulmonary artery mean
and pulmonary diastolic pressures and both MSNA and cardiac nor-
epinephrine spillover and a paradoxical reduction in cardiac (but not
total body) norepinephrine spillover when atrial pressures were
reduced selectively without altering intra-arterial pressure.” Recent
evidence for paradoxical muscle sympathetic reflex activation by an
increase in atrial pressure was established through the comparison,
in middle-aged subjects with and without heart failure, of single-unit
discharge in response to an increase in preload induced by non-
hypertensive lower body positive pressure. Whereas discharge
from the majority of single units diminished in response to this stimu-
lusin control subjects, in those with heart failure the majority of single
units exhibited increased firing rates (Figure 1).2

Cardiac chemosensitive reflexes

Acute induction of both infero-posterior and anterior myocardial
ischaemia also elicits reflex sympatho-excitation by stimulating
cardiac sympathetic afferents.*

Zuckerand his colleagues have established substantive evidence in
experimental preparations for the contribution of an enhanced cardiac
sympathetic afferent reflex to renal and cardiac sympatho-excitation

in heart failure.®?" In their hands, chemical ablation of cardiac
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Figure I Number and percentage of total identified efferent muscle sympathetic single units in healthy controls and heart failure that increase
firing rate reflexively in response to non-hypotensive lower body negative pressure (LBNP; — 10 mmHg) and decrease firing rate reflexively in re-
sponse to non-hypertensive lower body positive pressure (LBPP; 410 mmHg): ‘anticipated’, or that decrease firing rate reflexively in response to
non-hypotensive lower body negative pressure (LBNP; — 10 mmHg) andincrease firing rate reflexively in response to non-hypertensive lower body
positive pressure (LBPP; +10 mmHg): ‘paradoxical’. P-values for proportion of anticipated : paradoxical responses observed in heart failure patients

compared with healthy controls. Reproduced from Millar et al.®

sympathetic afferents resulted in sympatho-inhibiton and attenuation
of adverse ventricular remodelling after myocardial infarction.*

These intriguing studies in the experimental?®3"3? and clinical
setting of heart failure® confirm the presence of overactive cardiac
afferent reflexes that operate as excitatory inputs to the central auto-
nomic control system, shifting the balance towards sympathetic pre-
dominance. Interestingly, they are entirely in line with the hypothesis
proposed by Poole-Wilson and colleagues®* that myocardial damage,
whether caused by ischaemic or other pathological processes, eli-
cited, through these cardiac afferent reflexes, functional and struc-
tural changes within the central nervous system triggering local and
systemic inflammatory responses, parasympathetic depletion, and
sympathetic activation. Disinhibition of immune systems by dimin-
ished vagal tone®* would, in turn, stimulate a broad range of patho-
physiology, accelerate the progression of heart failure, and affect
adversely survival (Figure 2).3* Autonomic dysfunction and deranged
immune mechanisms in heart failure, traditionally viewed in isolation,
may in fact interact closely.

Augmented cardiac reflex sympatho-excitation whether stimu-
lated by transient impairment in ventricular systolic functionasa con-
sequence of myocardial damage with haemodynamic deterioration
or by myocardial ischaemia or necrosis unrelated to any acute
haemodynamic perturbation therefore should be included among
pathophysiological mechanisms responsible for sympathetic over-
activation in chronic heart failure syndromes. Augmented cardiac

sympathetic excitatory reflexes also may contribute significantly to
the development of acute heart failure. Transient increases in filling
pressure ordinarily would redistribute fluid to capacitance vessels
by inhibiting sympathetic outflow reflexively. However, in the
setting of heart failure, ‘paradoxical’ sympathetic activation could
shift blood volume from the venous (principally splanchnic) reservoir
into the cardiopulmonary pool, causing congestion and eliciting dys-
pnoea. Thus, reflex-mediated fluid shifts rather than progressive
renal sodium retention may underlie episodes of rapid clinical
decompensation.®

Pulmonary stretch receptor reflex

With increased breathing rate and smaller tidal volumes, there is less
stimulation of the sympatho-inhibitory reflex elicited by lung stretch.
As a consequence heart failure patients with such breathing patterns
exhibit greater muscle sympathetic burst frequency or amplitude.*®

Reflexes arising from skeletal muscles

The concept placing skeletal muscle pathology as central to the
pathophysiology of chronic heart failure and symptoms of exercise
intolerance was proposed by Coats et al.*” as ‘the muscle hypothesis’.
These investigators proposed that early metabolic distress augments
afferent muscle ergo-receptor discharge. Sensitive to the metabolic
products of muscle exercise, ergo-receptors modulate the haemo-
dynamic, ventilatory, and autonomic responses during exercise to
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Figure 2 Hypothetical mechanisms linking altered myocardial function to central and peripheral disturbances of the immune and autonomic
systems resulting in mutual facilitation of heart failure progression. Reproduced from Jankowska et al.>® with permission of the European Society

of Cardiology.

optimize muscle work.*® Amplification of this reflex in chronic HFrEF
results in augmented efferent ventilatory and sympathoneural
responses to exercise’® accompanied usually by evidence for
increased arterial chemoreflex sensitivity and diminished arterial
baroreflex regulation of heart rate all independent of left ventricular
ejection fraction.>”

Most literature concerning sympathetic activity in heart failure
reports data acquired at rest. Such information provides only
limited insight into between-patient variation in the magnitude of
sympathetic activity generated in the course of daily activity. For
example, when a cohort whose mean left ventricular ejection fraction
was 18% was divided on the basis of peak exercise performance into
those with Vo,peac >56% (mean LVEF 17%) and those with Vo, peak
<56% of that predicted on the basis of age, weight, and sex (mean
LVEF 20%), in the former subgroup MSNA at rest was similar to
that of matched control subjects, whereas in the latter subgroup
resting MSNA was ~50% greater. However, handgrip exercise
increased MSNA significantly, relative to age-matched control
subjects, in both subgroups. When post-handgrip ischaemia was
applied to activate muscle the ergo- or metabo-reflex, MSNA
remained elevated significantly in the subgroup with diminished
exercise capacity.'” It is now possible to record MSNA from one
leg while the contra-lateral leg propels a cycling ergometer. Applying
this protocol, Notarius et al.* detected both a significant inverse
relationship between exercise-induced MSNA and Vopea in sub-
jects with and without heart failure, and a qualitatively different
between-group response to this stimulus: a reduction in MSNA
burst frequency during exercise in middle-aged healthy controls,
but sympathetic excitation in those with heart failure (Figure 3).

Peripheral and central chemoreceptor
reflexes

In humans, stimulation of chemoreceptors (peripheral, responding
primarily to hypoxia, and central, responding primarily to hypercap-
nia) elicits reflex increases in ventilation and sympathetic outflow.
Comepared with healthy subjects, patients with heart failure and
impaired ejection fraction demonstrate augmented peripheral and
central chemosensitivity, which results in a disproportionate increase
in MSNA responses elicited. At rest, a substantial minority of heart
failure patients exhibit increased peripheral (hypoxic) or central
(hypercapneic) chemoreflex-mediated increases in MSNA*'=* This
observation has been recently confirmed in a contemporary, optimally
treated heart failure population, in whom nearly half exhibited increased
peripheral chemosensitivity and augmented increases in systolic blood
pressure and heart rate in response to transient hypoxia.** In HFrEF
patients, augmented tonic excitatory input from peripheral chemore-
ceptors can suppress arterial baroreflex inhibition of sympathetic
outflow™ in addition to stimulating low-frequency periodic oscillations
in breathing, an increased ventilatory response to exercise, and ven-
tricular arrhythmias.*' Those who manifest peripheral and central
chemoreflex-mediated sympatho-excitation are reported to suffer a
50% 4-year mortality rate*® As with reflexes arising from skeletal
muscle, a propensity to increased peripheral chemosensitivity may
be unmasked by exercise*’” and attenuated by the adenosine receptor
antagonist, caffeine.*® In rat and rabbit models of HFrEF, carotid body
denervation resulted in significant reductions in indices of sympathetic
outﬂow,49 and in a heart failure patient, autonomic balance was
restored after surgical removal of one carotid body.>°
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Figure 3 Similarheartrate (top panel) but divergent muscle sym-
pathetic nerve activity burst frequency (lower panel) responses to
graded one-legged dynamic exercise in subjects with and without
heart failure. Heart rate increased significantly in response to in-
creasing exercise intensity during the second minute of one-legged
cycling in both healthy control (white bars) and heart failure (black
bars) subjects (4, P < 0.003 for 50% vs. zero load cycling) with no
between-group difference (P = 0.10). Muscle sympathetic nerve
activity burst frequency (bursts/min) decreased significantly from
baseline during both exercise intensities in healthy control subjects
but decreased significantly during both exercise intensities in heart
failure patients (*, P < 0.001 HFrEF vs. control). This divergence
became more pronounced as exercise intensity increased
(P = 0.01) with no between-group interaction. There was no signifi-
cant difference in muscle sympathetic nerve activity between exer-
cise intensities within groups (P = 0.78). Adapted from Notarius
et al.*

Renal afferent nerves

The development of percutaneous methods for renal denervation in
humans has generated considerable interest in the sensory neural
properties of the kidney.>" In experimental preparations, myelinated
renal afferent nerves have been shown to increase discharge in re-
sponse to haemodynamic stimuli, such as increased intra-renal pres-
sure and systemic hypotension, and chemical stimuli commonly
present in heart failure, such as renal ischaemia and increased brady-
kinin, adenosine and urea. The result is a reflex sympatho-excitatory

response.”> Whether these renal afferents play a similar role in
human heart failure has yet to be determined. However, in one
heart failure cohort, renalinsufficiency defined as an estimated glom-
erular filtration rate <60 mL/min/1.73 m?, predicted independently
patients’ MSNA.>

Central neural mechanisms

Application of radiotracer methodology to studies of jugular venous
catecholamine content has documented in human heart failure sig-
nificant increases in spillover of epinephrine and in norepinephrine
and serotonin metabolites, and a significant relationship between
these indices of brain catecholamine turnover and cardiac norepin-
ephrine spillover.>* Selective sampling of venous effluent from cor-
tical and subcortical brain regions of treated heart failure and
control subjects identified a four-fold increase in mean values for
supra-bulbar subcortical norepinephrine turnover in patients, in
whom there was as well a significant relationship between turnover
and total body norepinephrine spillover.>®

The parasympathetic/sympathetic imbalance in heart failure is
more than a simple consequence of alterations in the absolute and
relative magnitude of these several neural inputs to brainstem
centres involved in the generation of autonomic outflow or of com-
munication within the network of cortical regions participating in
their modulation. These reflexes themselves interact and integrate
centrally via involving additive summation, mutual facilitation, or
mutual inhibition.>® Augmentation in heart failure of the gain of one
reflexarc, such as the peripheral chemoreceptor reflex, often inhibits
the responsiveness of another, such as the arterial baroreceptor
reflex.*

There is now extensive experimental evidence that early in the
course of heart failure neurohumoral and inflammatory disturbances
within the central nervous system initiate sympatho-excitation
and dampen parasympathetic outflow. These changes in turn initi-
ate a positive feedback loop stimulating further adverse immune
responses.”®***7 Up-regulation of the brain and plasma renin-
angiotensin-aldosterone pathways plays a key role in this shift.?®
Angiotensin Il interacts with the arterial baroreflex at several sites
within and outside the blood—brain barrier to inhibit vagal discharge
andincrease central sympathetic outflow. Adrenally produced aldos-
terone has been shown to increase angiotensin AT receptor mMRNA,
protein, and NAD(P)H subunit gene expression in the paraventricu-
lar nucleus and at the same time plasma norepinephrine concentra-
tions.”® In animal heart failure models, the cardiac sympathetic
afferent reflex, which is potentiated by chronic central infusion of
angiotensin ll, is augmented centrally as a consequence of increases
in brain angiotensin I, decreased neuronal nitric oxide synthesis, gen-
eration of reactive oxygen species, and activation of rho kinase.>” The
efferent sympathetic response elicited can be normalized by central
infusion of antisense oligodeoxynucleotides to AT, receptor
mMRNA.%® Sympatho-excitation in a rabbit model of heart failure is
characterized by increased rostral ventrolateral medullary angioten-
sin AT1 receptor and NAD(P)H oxidase subunit gene expression
with consequent up-regulation of NADPH-dependent superoxide
anion production, resulting in a state of intense oxidative stress.®’!
Sympatho-excitatory responses to intracerebroventrical infusion of
angiotensin Il were abolished by central infusion of the angiotensin
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AT1 receptor antagonist, losartan; by the superoxide dismutase
mimetic, tempol; and by the inhibitor of NAD(P)H, apocyanin.®’

In rat models, intracerebroventricular infusion of either Fab frag-
ments, inhibiting endogenous ouabain,®* or the mineralocorticoid
antagonist, spironolactone,63 reduced efferent renal sympathetic dis-
charge and enhanced its arterial baroreflex regulation. In ovine heart
failure, central infusion of the angiotensin AT4 receptor antagonist,
losartan, reduced cardiac but not renal sympathetic nerve activity.**
Collectively, these findings indicate that heart failure begets a positive
feedback loop, with angiotensin Il atits core, which propels relentless
progression of these immune, inflammatory, and autonomic distur-
bances and foreshortens survival.

Synthesis

Autonomic imbalance characterized by sympathetic predominance
is a classical feature of HFrEF with clinically relevant consequences.
These include disease progression, development or deteriora-
tion of exercise intolerance, ventricular remodelling and arrhthymias,
and premature death. The mechanisms underlying these processes
and their relative time courses have yet to be elucidated fully.
However, it is now evident, from a diverse range of animal ex-
periments, that the set points for sympathetic and vagal efferent
discharge are altered within the central nervous system by several
mechanisms including inflammation, perturbations in the brain
renin-angiotensin-aldosterone system and endogenous ouabain,
generation of reactive oxygen species, and chemoreceptor sensitiza-
tion. Our present understanding of the peripheral neural reflex
interactions that conspire to alter parasympathetic/sympathetic
equilibrium in human heart failure also has evolved considerably
over the last decade. It is now appreciated that there is an upward
shift in the central set point for sympathetic outflow; that altered
ganglionic neurotransmission impairs vagal heart rate modulation;
that conventional inhibitory cardiopulmonary reflexes are less
potent; that arterial and pulmonary stretch reflex gains are not com-
promised, but that the stimulus to these mechanoreceptorsis attenu-
ated; that sympatho-excitatory muscle mechanoreflexes are
augmented; that a paradoxical sympatho-excitatory low-pressure
reflex surfaces; and that in a substantial number of patients the
chemoreceptor reflex, the muscle metabo-reflex, and renal afferent
sympatho-excitatory reflex all are augmented.” These findings have
resulted in a more nuanced and complex model of mechanisms re-
sponsible for neural cardiovascular disequilibrium in human heart
failure (Figure 4).

Sleep

A fundamental limitation of contemporary literature, and in particu-
lar clinical trial literature, concerning the role and prognostic signifi-
cance of autonomic disturbances in heart failure is that it focuses
almost exclusively upon measurements obtained with patients
awake. The impact of sleep, and particularly disturbed sleep, on
these inter-relationships in heartfailure has only recently been appre-
ciated. This is not a trivial consideration. Heart failure patients sleep
on average 78 min less than individuals without heart failure and
hence spend a greater proportion of the day in a state of wakefulness
that is itself accompanied by increased sympathetic and decreased

vagal tone.®® Even with contemporary heart failure therapy, including
evidence-based drug and device treatment, clinically significant sleep
apnoea (an apnoea—hypopnoea index >15 events/h) is evident in
~50% of heart failure patients. Of these, half will have primarily ob-
structive and half primarily central sleep apnoea.®®

Although these two entities differ with respect to aetiology, with
the former caused by the collapse of the pharynx and the latter by
withdrawal of central drive to muscles of respiration during sleep,
these two conditions share a common nocturnal phenotype, involv-
ing repetitive cycles of apnoea, hypoxia, hypercapnia, arousal from
sleep, and clustered bursts of efferent sympathetic nerve discharge
elicited and entrained by those stimuli. Moreover, the acute
autonomic consequences of sleep-related breathing disorders have
after effects that carry over into wakefulness: in heart failure patients
with sleep apnoea muscle sympathetic activity is increased by
15 bursts/100 cardiac cycles on average, relative to patients
without sleep apnoea®” and in a randomized controlled trial abolition
of obstructive sleep apnoea with treatment resulted in an almost
equivalent reduction in MSNA burst incidence.®® Indeed, the major-
ity of patients in whom each cardiac cycle is accompanied by an
efferent sympathetic burst have either obstructive or central sleep
apnoea. If directed at the myocardium, increased sympathetic
traffic increases the risk of ventricular arrhythmia;69 that directed at
resistance vessels increases afterload and compromises exercise cap-
acity; and an increase in efferent renal sympathetic nerve traffic will
increase renal release, renal sodium reabsorption, renal vascular
release, and resistance to the action of loop diuretics. Importantly,
the co-existence of sleep and heart failure has prognostic implica-
tions: in a recent series examining specifically patients with ischaemic
cardiomyopathy the adjusted hazard ratio for mortality if sleep
apnoea was present was 3.03.”°

The concept that sodium retention consequent to increased effer-
ent sympathetic outflow in heartfailure with co-existing sleep apnoea
will worsen both conditions has received particular recent atten-
tion.”" Peripheral oedema that accumulates over the course of the
day shifts rostrally during supine sleep. Relative to heart failure
patients without sleep apnoea, the volume of fluid displaced from
the legs is greatest in those with central sleep apnoea and inter-
mediate, but still increased significantly in patients with obstructive
sleep apnoea. Fluid that accumulates overnight in the neck causes
peri-pharyngeal oedema and increase both neck circumference
and pharyngeal resistance; these changes, in turn, will intensify ob-
structive apnoea acutely and over time increase the severity of
heart failure. Fluid that accumulates primarily in the lungs causes pul-
monary congestion which in turn irritates pulmonary afferents that
elicit reflexively hyperventilation, inducing hypocapnea and initiating
acutely the cycles of apnoea and hyperpnoea characteristic of
Cheyne—Stokes respiration and over time worsening ventricular sys-
tolic function. Thus, there is a bidirectional relationship between
heart failure and sleep apnoea in which the sympathetic nervous
system participates as an important mechanistic intermediary.71

Summary and therapeutic
implications

The autonomic phenotype of a heart failure patient reflects the inte-
gration, within that individual of central nervous system resetting plus
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diminished inhibitory and augmented excitatory neural reflex influ-
ences, some beingappropriate homeostatic responses to the haemo-
dynamic chemical and metabolic consequences of heart failure, but
others pathological. Consequently, the dynamics, magnitude, and
time course of parasympathetic and sympathetic derangements eli-
cited by heart failure will vary from patient to patient. This diversity
provides the opportunity to improve the morbidity and survival of
such patients by addressing patient-specific pathophysiology, i.e. by
adding tailored patient-specific interventions to the foundation of
evidence-based drug and device therapy.

Thus, recognition and individual characterization of the magnitude
and mechanisms of parasympathetic/sympathetic imbalance in heart
failure provides a range of therapeutic opportunities that may be

categorized broadly under the themes of afferent, central, and effer-
ent neural modulation”? (Figure 5). Indeed, contemporary evidence-
based therapy for HFrEF”? exploits several of these opportunities
and as a consequence alters many of the autonomic measures item-
ized in Table 1. Beta-adrenoceptor antagonists increase arterial bar-
oreflex heart rate modulation but have no effect on MSNA or its
reflex modulation.”*”” Carvedilol, but not metoprolol, reduces
cardiac and total body norepinephrine spillover likely due to its spe-
cific antagonism of peripheral sympathetic pre-junctional beta,-
adrenergic receptors’* and restoration of norepinephrine uptake
as assessed using cardiac '2I-MIBG imaging.”® In contrast, both
angiotensin-converting enzyme inhibition and angiotensin receptor

77-79
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antagonism have been reported to inhibit MSN in addition
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78,80 and

to increasing arterial baroreflex heart rate modulation
reducing cardiac '?|-MIBG release.2® Aside from the demonstration
that spironolactone increases *I-MIBG uptake,® there is little at
present in the human HFrEF randomized trial literature concerning
the impact of mineralocorticoid antagonism on sympathetic discharge
or vagal heart rate modulation. Digoxin®* and cardiac resynchroniza-
tion therapy® have been reported to increase HRV, presumably by en-
hancingvagal HR modulation. Inarecenttrial, HFrEF patients with OSA
who were randomized to CPAP were found after 6—8 weeks to have
greater myocardial "'C-hydroxyephredrine retention, a presynaptic
marker of sympathetic nerve function.®®

Examples of afferent neural modulation to restore autonomic
equilibrium currently under investigation include: vagal nerve stimu-
lation; electrical carotid baroreceptor reflex activation (for which
demonstration of preserved arterial baroreflex modulation of
MSNA was pivotal); reduction of a sympatho-excitatory atrial
reflex by normalizing cardiac filling pressure; reduction of MSNA
and augmentation of cardiac vagal tone through exercise training;
desensitization of cardiac sympathetic afferents; destruction of affer-
ent renal nerves; and pharmacological or device-based desensitiza-
tion, inhibition, or abolition of carotid chemoreceptors. Upwardly
reset efferent sympathetic traffic and diminished vagal outflow may
be addressed at cortical or brainstem sites by interventions that,
in conjunction with centrally acting angiotensin antagonists or
angiotensin-converting enzyme inhibitors, increase neuronal NOS
expression or synthesis, antagonize the generation of reactive
oxygen species, inhibit Rho kinase and associated enzymes, increase

angiotensin-converting enzyme 2 expression, or stimulate angio-
tensin AT, receptors;®” 8 by exercise training;®® by other centrally
acting drugs (including lipophilic statins®); or by devices that
abolish obstructive or central sleep apnoea. Examples of efferent
neural modulation include: vagal nerve stimulation; acetylcholines-
terase inhibition and nicotinic receptor agonists (to increase vagal
pre-ganglionic discharge, ganglionic neurotransmission, and neuro-
transmitter bio-availability); restoration of neuronal re-uptake of
norepinephrine by cardiac and sympathetic nerve terminals; pre-
junctional inhibition of norepinephrine release (a property of carve-
dilol, but not B4-selective antagonists); targeting G-protein-coupled
receptor kinase 2 signalling; and efferent renal denervation. The risk is
that without prior autonomic phenotyping, these interventions may
be applied indiscriminately or inappropriately.”® The opportunity is
to improve substantially symptoms and survival through application
on the basis of evidence derived from appropriately designed
randomized controlled trials.
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