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Chronic Baroreflex Activation: A Potential Therapeutic
Approach to Heart Failure With Preserved Ejection Fraction
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ABSTRACT

Heart failure with preserved ejection fraction (HFpEF) is a substantial public health issue, equal in mag-
nitude to heart failure with reduced ejection fraction. Clinical outcomes of HFpEF patients are generally
poor, related annual accrual of health care expenses amount to billions of dollars, and no therapy has been
shown to be effective in randomized clinical trials. Baroreflex activation therapy (BAT) produced by stim-
ulating the carotid sinuses using an implanted device (Rheos) is being studied for the treatment of hyper-
tension, the primary comorbidity of HFpEF. Other potential benefits include regression of left ventricular
hypertrophy, normalization of the sympathovagal balance, inhibition of the renin-angiotensin-aldosterone
system, arterio- and venodilation, and preservation of renal function. This paper reviews the evidence
suggesting that BAT may be a promising therapy for HFpEF and introduces the HOPE4HF trial (Clinical-
Trials.gov Identifier: NCT00957073), a randomized outcomes trial designed to evaluate the clinical safety
and efficacy of BAT in the HFpEF population. (J Cardiac Fail 2010;m:1—12)

Key Words: Baroreceptors, electrical stimulation, hypertrophy, autonomic nervous system.

Heart Failure With Preserved Ejection Fraction

Heart failure (HF) continues to be a major public health
burden that is currently estimated to affect >5 million in-
dividuals in the United States and > 6.5 million individuals
in Europe.'”

More than one-half of HF patients exhibit left ventricular
ejection fraction (EF) >40%—50%, and the term HF with
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preserved EF (HFpEF) has been adopted for this condition.
Symptoms and clinical outcomes of HFpEF are similar to
HF with reduced EF (HFrEF). Both types of HF generally
present with neurohormonal activation, deranged sympa-
thovagal balance, increased left ventricular (LV) filling
pressure, fluid retention, and exercise intolerance
(Table 1). The principal factors which distinguish HFpEF
from HFrEF are a higher prevalence of hypertension, fe-
male preponderance, older age, and concentric rather than
eccentric hypertrophy.®* Although several therapies (eg,
B-blockers, angiotensin-converting enzyme (ACE) inhibi-
tors, and cardiac resynchronization therapy) have proven
to be beneficial in HFrEF, none has been shown to be effec-
tive in randomized clinical trials of patients with HFpEF.
In the absence of specific treatments to improve HFpEF
outcomes, current treatment guidelines call for aggressive
use of conventional therapies to address the comorbidities
of hypertension, elevated heart rate, vascular stiffness, renal
dysfunction, diabetes, and increased diastolic filling pres-
sures.” Unfortunately, several trials of medical therapy
have failed to show benefit in HFpEF, including the
CHARM (Candesartan in Heart Failure) and I-PRESERVE
(Irbesartan in Heart Failure With Preserved Ejection
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Table 1. Heart Failure With Preserved Ejection Fraction Strategies Targeted by Baroreceptor Activation Therapy

Therapeutic Strategy

Hypertension management

Heart rate control

Inhibition of sympathetic nervous and
renin-angiotensin-aldosterone systems

Venous congestion and LV filling pressure

Mechanisms by Which BAT Has Its Effect

Arterial vasodilation, reduced central arterial stiffness

Restored sympathovagal balance, arrhythmia suppression, left atrial remodeling

Renal nerve—mediated inhibition of renin secretion, renal artery vasodilation, reduced renal artery
stiffness, reduced plasma norepinephrine

Reduced venous neural tone leading to increased venous capacitance, reduced proximal tubule Na and

H,O reabsorption, suppressd nonosmotic release of vasopressin

Myocardial ischemia

Coronary artery vasodilation, LV hypertrophy regression, reduced heart rate and

pressure-volume area (PVA)

Exercise intolerance
Pulmonary hypertension
Obstructive sleep apnea

Reduced muscle sympathetic nerve activity, reduced arterial stiffness

Decreased pulmonary vascular resistance, pulmonary artery stiffness

Reduced sympathetic tone, decreased carotid body sensitivity to hypoxia, reduced tension of upper
airway smooth muscle'"

Fraction) studies. One potential underlying cause of failed
therapies is iatrogenic sympathetic activation. A provoca-
tive study of hypertensive patients® demonstrated that
a combination of diuretic and angiotensin receptor blocker
(ARB) therapy, despite normalizing systolic and diastolic
blood pressures, persistently increased sympathetic activity
as assessed by muscle sympathetic nerve activity. Similarly,
use of dihydropyridine calcium-channel blockers com-
monly leads to peripheral edema and reflex tachycardia.’
A recent study of B-adrenergic blockade in HFpEF reported
worse outcomes in women taking fB-blockers compared
with those who did not.® Although these medications
have not been studied in HFpEF clinical trials, they are
common first-line treatment for the comorbidities associ-
ated with HFpEF.

HF prevalence, and that of HFpEF in particular, has in-
creased as the population has aged.” Aging itself is known
to increase sympathetic activity, reduce parasympathetic
control of heart rate, and reduce baroreflex sensitivity
(BRS). Thus, patients may be naturally predisposed to be
refractory to therapies that induce sympathetic activation.
This notion is supported by a finding that depressed BRS
is an independent predictor of outcome in HF that is not af-
fected by the presence of a B-blocker.'® Such autonomic
dysfunction has been demonstrated in essential and resis-
tant hypertension patients. Therefore, it is likely that
many HFpEF patients experience the same pathophysiol-
ogy. In contrast to sympathomimetic drugs, a subanalysis
of the DIG (Digitalis Investigation Group) trial suggests
that low-dose digitalis may improve rates of HF hospitali-
zation and mortality in HFpEF and HFrEF."' The putative
benefits of digitalis may be explained by studies that have
demonstrated a connection between digitalis and increased
traffic in the carotid sinus nerve and related afferents,
apparently by increasing sensitivity of arterial and cardio-
pulmonary baroreceptors, the key modulators of autonomic
tone. Therefore, therapies that reduce sympathetic activity,
such as those that modulate the baroreflex, may hold
promise for HFpEF.'*"3

An active implantable medical device has been devel-
oped to electrically elicit the baroreflex through stimulation
of carotid baroreceptors. The Rheos System (CVRx, Min-
neapolis, Minnesota), which provides baroreflex activation
therapy (BAT), resembles a pacemaker system and consists

of a pulse generator implanted in the pectoral region of the
chest and =1 carotid sinus leads which are connected to the
pulse generator via flexible wires and to the carotid sinus by
an electrode with an insulative backer (Fig. 1). The effects
of BAT are stimulus dependent and can be titrated to
meet the needs of each patient through interactive device
programming.

The first clinical application of BAT was for the treatment of
resistant hypertension, defined as systolic blood pressure

Wireless
Programming
System

Baroreflex
Activation Lead

Implantable
Pulse Generator

Fig. 1. The Rheos System, which enables chronic baroreflex acti-
vation as a therapy, consists of an implanted pulse generator and
2 carotid sinus leads. The pulse generator is implanted in the
pectoral region, connected by a lead body to an insulated electrode
that is in contact with the carotid sinus. The system is programmed
with a wireless laptop computer-based system.
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=160 mm Hg despite maximum treatment with antihyperten-
sive medications (=3 drugs, =1 of which being a diuretic). As
detailed in subsequent sections, results from feasibility studies
have demonstrated substantial and persistent reductions in ar-
terial pressures and heart rate.'* Echocardiographic data from
a subset of patients exhibit reductions in left ventricular mass
and other improvements in cardiac structure and function that
occur contemporaneously with therapy.'* Although the effect
of BAT on outcome has yet to be established, the LIFE (Life-
style Interventions and Independence for Elders) trial has
clearly linked regression of left ventricular mass with improve-
ment in outcomes pertinent to HE.'> Regression of LV hyper-
trophy is associated with improvement in diastolic function,
reduction of filling pressure, and improved balance between
myocardial supply and demand. Reduced LV mass and associ-
ated reductions in filling pressure can silence high-threshold
receptors responsible for sympathetic activation'® and enable
cardiopulmonary stretch receptors to regain functionality,
thereby further lowering sympathetic activity and cardiac
norepinephrine (NE) spillover.'’

Benefits of BAT therefore appear to extend beyond the
lowering of blood pressure to systemic reduction of efferent
sympathetic activity. Therefore, it is possible that BAT could
succeed at improving outcomes in HFpEF where conven-
tional therapies have failed. Because the sympathoinhibition
of BAT is brought about by the baroreflex, it is instructive to
inquire if there are other physiologic effects of this reflex rel-
evant to HFpEF. The remainder of this review focuses on the
physiology of baroreceptors and the potential therapeutic
effects of chronically activating the baroreflex in HFpEF.

Baroreceptor Anatomy and Signaling

The baroreflex has been the subject of intense study for
more than a century.'®'? Despite the volume of knowledge
about the baroreflex, misconceptions remain. The barore-
flex is typically associated only with blood pressure regula-
tion. In addition, the baroreflex provides beat-to-beat
regulation of circulatory homeostasis.?’

The baroreflex feedback signal originates predominantly
in the carotid sinus and aortic arch. Baroreceptors are be-
lieved to be most concentrated at the medial-adventitial
border of the arterial wall and are stimulated by arterial dis-
tention rather than directly by arterial pressure.”’ They are
exquisitely sensitive, having been documented to detect
changes in distention corresponding to a 1 mm Hg pressure
difference.>' Afferent fibers associated with baroreceptors
innervate the nucleus of the solitary tract (NTS) in the me-
dulla. Although reflexes arise from both carotid and aortic
afferents, these converge at the same location in the NTS
and drive the same pool of sympathetic motor neurons.
Although previous studies have suggested different func-
tions subserved by carotid and aortic baroreceptors,** nerve
traffic from the carotid afferents are capable of modulating
sympathetic nerve activity on their own and of having
a dominant effect in interactions with other cardiovascular

reflexes.?’** Therefore, the present review focuses primar-
ily on the carotid baroreceptors.

The baroreflex functions as a negative feedback loop.
Stimulation of baroreceptors (equivalent to a rise in blood
pressure) by distention or electric current propagates via
the carotid sinus (Hering) nerve through the glossopharyng-
eal nerve (cranial nerve IX) to the ipsilateral NTS. Through
a series of interneurons, an excitatory signal is transmitted
to the caudal ventrolateral medulla which, in turn, inhibits
activity in the rostral ventrolateral medulla (RVLM), the
principal site of sympathetic outflow in the brainstem.
The RVLM sends projections down the spinal column to
the intermediolateral cell group which, by way of the para-
vertebral column, carries sympathetic efferent traffic to all
major organs and tissues. Thus, inhibition at the RVLM re-
sults in reduced sympathetic activity to the heart, blood ves-
sels, adrenal glands, kidneys, lungs, and other organs.22

In addition to regulating sympathetic outflow,
baroreceptor-related traffic ascends the carotid sinus nerve
to the nucleus ambiguous and vagal motor nucleus to mod-
ulate parasympathetic efferent traffic to the heart and other
organs through the vagus nerves.”* Through the simulta-
neous activation of vagal and sympathetic outflows, the
baroreflex is the primary cardiovascular reflex involved in
the regulation of short-term and possibly long-term blood
pressure in humans.”*?* Projections also exist from the
NTS to the supraoptic and paraventricular nuclei in the
hypothalamus, the nuclei responsible for vasopressin
synthesis. Through this pathway, the baroreflex inhibits
the nonosmotic release of vasopressin.”® Vasopressin has
been shown to play an important role in HFrEF, contribut-
ing to increased peripheral resistance and hyponatremia.*’

Baroreflex responses can also be modulated by afferent
input to the NTS from skeletal muscle, kidney, cardiopul-
monary, and chemoreceptors (Fig. 2). Sympathetic outflow
is ultimately determined by integration of all afferent traf-
fic. However, input from the carotid sinus baroreceptors is
a dominant influence, and only when input from carotid
sinus receptors is diminished do other receptors begin to
dominate regulation of sympathetic outflow.”®

Recently, the protein ASIC2 has been implicated as the
molecular mediator of baroreceptor stretch transduction.*
Transgenic null mice lacking the ASIC2 ion channel
display diminished parasympathetic heart rate modulation,
enhanced sympathetic control of heart and vascular resis-
tance, reduction in baroreflex gain, and elevated blood
pressure. It is unknown if baroreceptor dysfunction is
responsible for neurohormonal activation in HF,*® but the
pathology observed from ASIC2 null mice raises the possi-
bility that baroreceptor dysfunction may participate in the
natural history of cardiovascular diseases, including
HFpEF. If baroreceptor dysfunction is a factor in the dis-
ease process, electrical activation that bypasses impaired
receptors may be an ideal therapy.

Hemodynamic modulation by the baroreflex is accom-
plished by regionally specific changes in sympathetic out-
flow. Rather than being a generalized ‘“‘fight or flight”
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Fig. 2. Schematic depicting the primary determinants of central
sympathetic outflow. Dashed arrows represent inhibitory influ-
ences, and solid arrows represent excitatory influences. Cardiac
afferents can be either inhibitory arising from vagal cardiopulmo-
nary receptors or excitatory from high threshold receptors inner-
vated by sympathetic afferents. Note that baroreflex activation
not only influences sympathetic outflow directly but also modu-
lates factors involved in sympathetic excitation through hemody-
namic effects. Modified from Kaplan and Victor, Clinical
hypertension, Lippincott (2010).

withdrawal of sympathetic tone, efferent outflow is cen-
trally orchestrated by means such as frequency coding to
specifically modulate each target system. Frequency coding
produces not only modulation of NE release, but also re-
lease of cotransmitters, such as dopamine, neuropeptide
Y (NPY), adenosine triphosphate, and calcitonin gene-
related peptide,’! so that the various proportions of each
transmitter can be selectively controlled.”* Further refine-
ment is achieved by the distribution of receptors at each
organ relative to sites of transmitter release. Such refine-
ment is frequently observed in organs, in which arteries
and veins exhibit distinct receptor populations or altered
distributions of receptors.’® Unlike pharmacologic thera-
pies that act in a nonspecific manner regarding target organ
effects, stimulating the baroreflex with BAT alters release of
transmitters in region-specific and regulated proportions.

Therapeutic Targets of Baroreflex Activation in
HFpEF

Sympathetic Nervous System

Congestive heart failure is traditionally defined as a path-
ophysiologic state in which the heart is unable to supply

perfusion commensurate with requirements of tissue meta-
bolic demand or when such perfusion can be achieved only
by the heart operating at elevated filling pressures. The syn-
drome of heart failure is not synonymous with LV systolic
dysfunction. Indeed, diastolic abnormalities can promote
circulatory congestion in the face of normal or elevated
ejection fraction.

When flow to peripheral tissues is sufficiently reduced at
rest or during exertion, compensatory mechanisms medi-
ated by increased activity of the sympathetic nervous sys-
tem (SNS) are invoked, such as retention of sodium and
water by the kidneys, increased cardiac output due to ele-
vated heart rate and myocardial contractility, and diversion
of perfusion to vital beds owing to vasoconstriction. As a re-
sult of these compensatory mechanisms, levels of circulat-
ing NE, angiotensin II, and vasopressin are increased. The
shift in neurohormonal balance promotes venous conges-
tion and increased load on the heart, thereby further reduc-
ing peripheral flow, impairing diastolic relaxation, and
increasing LV filling pressure. In addition, neurohormonal
activation promotes adverse cardiac remodeling.** This vi-
cious cycle continues unabated until filling pressures rise
sufficiently to initiate pulmonary edema and, ultimately, de-
compensation. This process is the final common pathway
for acute decompensated HF regardless of EF.*>

HF patients experience little benefit from the parasympa-
thetic nervous system, whose tone is decreased and efferent
traffic inhibited by increased SNS activity. Rather, the syn-
drome is characterized by chronic activation of the SNS
leading to elevated plasma NE in peripheral (eg, antecubi-
tal) veins and the coronary sinus, driven by spillover from
the heart, arteries, and kidneys.37 Excess plasma catechol-
amines are similarly prevalent in essential and obesity-
related hypertension. Vasoconstriction in skeletal muscle
mediated by the SNS, in addition to increasing cardiac
load, leads to microvascular rarefaction, which may be a po-
tential mechanism for reduced delivery of glucose and
a substrate for impaired functional capacity, insulin resis-
tance, and hyperinsulinemia.*®>°

Cardiac sympathetic stimulation contributes to develop-
ment of LV hypertrophy and increases myocardial automa-
ticity, which can promote ventricular tachyarrhythmias and
sudden death. Thus, the level of sympathetic drive to the
failing heart is a major determinant of prognosis and is
the basis for B-adrenergic blockade as a therapy.*® Cardiac
pathology is also affected by elevated NPY, a cotransmitter
of NE simultaneously released by efferent sympathetic
nerve terminals. It has been shown that NPY can inhibit
parasympathetic tone by modulating release of acetylcho-
line through stimulation of prejunctional alpha-1 receptors
on vagal nerve endings.*'** Although no pharmacologic
therapy exists for excess NPY, levels are modulated by
the baroreflex in parallel with NE because of reduced sym-
pathetic tone.

The elevated LV filling pressures characteristic of HF
can lead to further sympathetic activation by reducing bar-
oreflex gain in the NTS due to dysfunction of
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sympathoinhibitory cardiopulmonary afferents and activa-
tion of sympathetic afferents.'”** Compounding the pathol-
ogy, excess plasma NE promotes hypertrophy of vascular
smooth muscle, thereby increasing arterial stiffness and
LV afterload.”® Further contributing to neurohormonal acti-
vation are the chemoreceptors, whose sensitivity to hypoxia
becomes elevated.**

As illustrated in Fig. 2, sympathetic outflow from the
NTS is determined by the convergence of signals from
somatic, renal, chemoreceptor, and cardiac afferents. Al-
though it is controversial whether carotid baroreceptors
dysfunction is responsible for initiating sympathoexcitation
in many cardiovascular diseases,'® it may contribute to it by
either resetting to maintain SNS activation or generating in-
sufficient afferent signaling to compete with other inputs to
the NTS. Some of the benefits that cardiac glycosides, such
as digitalis, confer to HF patients may be a result of sensi-
tizing carotid, aortic, and cardiopulmonary receptors so that
afferent traffic is increased.*>*° Tn addition, chronic baror-
eflex stimulation has been shown to increase BRS, thereby
further potentiating the therapeutic effect.*’

BAT has been shown to directly affect SNS traffic and
autonomic balance to the heart. Wustmann et al*’ reported
analyses of serial 24-hour ambulatory electrocardiogram re-
cordings in hypertensive patients receiving BAT. Over the
course of 12 months, patients exhibited a reduced low
frequency—high frequency ratio, corresponding to dimin-
ished sympathetic activity. Patients also developed in-
creased heart rate turbulence, indicating increased
parasympathetic activity and BRS.

Baroreflex effects on sympathetic activity can be quanti-
fied with muscle sympathetic nerve activity (MSNA).**
MSNA provides a direct measurement of postganglionic
SNS traffic elicited by NE release, in the form of spontane-
ous bursts of discharge targeted to skeletal muscle vascula-
ture. Traffic observed in MSNA has been shown to be
highly regulated by the carotid baroreceptors. Although
sympathetic efferent activity may differ among target or-
gans, it has been shown that changes in MSNA induced
by baroreflex activation are similar to changes observed
in cardiac and renal sympathetic nerve activity.*’ MSNA
has recently been shown to be elevated in both hypertension
and HE"

Heusser et al’' have reported effects on MSNA in 12 pa-
tients with resistant hypertension treated with BAT for
a minimum of 3 months. Even after long-term therapy,
acute activation of BAT elicited sustained decreases in
MSNA that were quickly reversible when therapy was with-
drawn. Furthermore, changes in MSNA were positively cor-
related with the reduction of systolic blood pressure (SBP;
Fig. 3A). As emphasized in an accompanying editorial,>>
the reduction in pressure was not due to reduced cardiac
output. Rather, it was an effect of vasodilation with a con-
comitant reduction in heart rate. This distinguishes the
effects of BAT from drugs such as selective B-blockers,
which reduce pressure acutely by reducing -cardiac
output through a reduction in heart rate and cardiac

contractile function. Interrelationships of BP and heart
rate assessed by cross-spectral and sequence techniques fur-
ther demonstrated that baroreflex regulation of heart rate
was unimpaired by acute activation of BAT. Indeed, heart
rate variability tended to increase, suggestive of improved
cardiac sympathovagal balance. Acute modulation of the
renin-angiotensin-aldosterone system (RAAS) was also ob-
served as renin levels dropped acutely by 20%.'

Modulation of SNS activity driven by baroreflex activa-
tion also affects kidney function by altering renal nerve ac-
tivity. One mechanism by which this may occur is through
altering the properties of the pressure-natriuresis curve by
redistribution of blood flow from the renal cortex to the me-
dulla, the portion of the kidney most sensitive to ischemia
due to its escape from autoregulation.”® Changes in renal
sympathetic efferent activity, along with renal artery vaso-
dilation, are presumably the means by which the baroreflex
reduces activation of the RAAS. Consequent reduction in
plasma angiotensin will further decrease central sympa-
thetic outflow.>*

SNS activation is also known to affect immune function
by promoting activation of T cells, which release reactive
oxygen species which reduce the bioavailability of nitric
oxide, thereby exacerbating vasoconstriction.”> Activated
T cells may also constitute an important part of the mech-
anism linking increased SNS activation with fibrosis and
associated structural remodeling of arteries and the myocar-
dium. Fibrotic effects of activated T cells may be exacer-
bated by oxidative stress from plasma angiotensin and
catecholamines secondary to sympathetic activation.>

The Heart

The heart is preferentially targeted by SNS activation
early in the course of the development of HF as assessed
by spillover of NE and, as has recently been shown,
NPY.”” The increase in NPY is further evidence of in-
creased cardiac sympathetic nerve activity as opposed to
a reduction in neuronal reuptake.”’ Increasing NE spillover
is believed to be the consequence of diminished sympa-
thoinhibition from cardiopulmonary receptor feedback as
a result of damage from ischemia and/or hypertrophy and
enhanced activation of high-threshold receptors due to ele-
vated filling pressures.’® Elevated sympathetic activity also
inhibits vagal modulation of the heart, resulting in dimin-
ished heart rate variability, and has been shown to contrib-
ute to diastolic dysfunction.>

To assess effects of BAT on cardiac function, LV pressure-
volume (PV) relationships®® were measured using the conduc-
tance catheter technique in normotensive canines. Figure 3B
shows that the initiation of BAT from steady state (dashed
PV loop) results in a gradual fall in BP until a new steady state
isreached (solid PV loop) which was maintained for 8-10 min-
utes. BAT resulted in increased stroke volume, small reduction
in end-diastolic volume, and a reduction in LV filling pres-
sures. Cardiac output was preserved despite a reduction in
heart rate of ~20%. The slope of the end-systolic pressure



6 Journal of Cardiac Failure Vol. m No. m m 2010

A

_ 22 ey LN /\/\)WV V\
i51‘150 / \ 'IJ \j “&
O VAR = e 7 S
g "0 o™

OFF ON OFF ON OFF

MSNA [%]

Time [mins]
mm LV Mass
— LVMI
350 150
325
2 ang I
2 s 125
*
7] *
0 250 il
S 225
s 100
S 20
—1 175
150 75
0 = Lo
7 D
<, <,
s, Y %, ,
%, S %, '$
e I e R/
*P<0.001

(;w/B) INAT

120
DEVICE OFF
100
=)
=
£ =0
£
£
Q
5
2 60
[%]
&
= 40
- |
20
DEVICE ON
50 60 120
LV Volume (arbitrary units)
Radial Central
D 260 260
240 240
2 OFF =2 OFF
200 200
180 180
160 160
140 140
-
o 120 120
i 4 0 200 400 600 800 1000 0 200 400 600 800 1000
E
E
Qo 150 150
1=
3 140 140
8w ON 130 ON
9.’ 120 120
o
110 110
100 100
90 20
80 B8O
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (ms)

Fig. 3. Baroreflex activation therapy (BAT) exhibits several high-level effects that may be beneficial for patients with preserved-ejection-
fraction heart failure. (A) Acute impact of BAT on muscle sympathetic nerve activity, showing rapid reductions in sympathetic traffic con-
comitant with pressure reduction induced by activation of BAT.*’ (B) Acute effects of BAT on cardiac pressure-volume relationships in
normotensive dogs, demonstrating increased stroke volume, maintained end-diastolic volume, and a large reduction in arterial resistance
(Ea). No effects were observed on cardiac contractility assessed by the ESPVR. (C) Chronic effects of BAT on cardiac structure in resistant
hypertension patients, demonstrating significant reductions in LV mass (solid bars) and LV mass index (open bars). (D) Impact of acute
BAT on central pressure waveform derived from radial tonometry, demonstrating reduction in augmentation index and elevated diastolic
pressure despite the decrease in heart rate owing to attenuation of reflected wave amplitude and timing and improved arterial stiffness. Pulse
pressure amplification was also increased after BAT, indicating a greater reduction in central blood pressure relative to peripheral.

volume relationship (ESPVR, a load-independent measure of
contractility) was unchanged compared with the preload re-
duction at baseline before BAT (data not shown), indicating
no effect on myocardial contractile function. This finding
was important in that a reduction in contractility would limit
the increase in stroke volume, thereby resulting in a fall in car-
diac output. However, any increase in contractility would re-
sult in an increase in myocardial oxygen consumption.

In this series of studies in normotensive canines with
acute BAT activation, cardiac efficiency increased due to
preserved cardiac output that required less energy to ac-
complish as a result of reduced afterload (Fig. 3B: reduc-
tion in Ea, a measure of arterial load). Specifically, the
ratio of stroke work to PV area increased by 35%. This in-
crease was due to maintenance of stroke work and a reduc-
tion in PV area (PVA), indicating a reduction in myocardial

oxygen consumption (MVO,), because MVO, is directly
related to PVA.®! Stroke work was preserved, because
end-diastolic volume was maintained nearly constant rela-
tive to baseline and BAT induced vasodilation, allowing ex-
traction of potential energy available during contraction
that would normally have been liberated as heat. These ef-
fects are distinct from those of [-adrenergic blockade,
which reduces the ESPVR along with heart rate, thereby re-
ducing cardiac work at the expense of cardiac output.

It is important to note that the effects on heart rate with
BAT were mediated not by sympathetic withdrawal, but by
increased parasympathetic tone, because it has been dem-
onstrated to be blocked by atropine.®® It has further been
shown that the baroreflex causes coronary artery dilation
through both sympathetic and parasympathetic mecha-
nisms.®? A study of patients receiving carotid sinus nerve
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stimulation demonstrated in the clinical setting that cardiac
output is unaffected by baroreflex activation.** Reduced
heart rate is offset by increased stroke volume facilitated
by vasodilation.®’

Reduced ventricular loading due to the baroreflex has
been shown clinically®*® to reduce myocardial oxygen
consumption. Increased coronary flow further increases ox-
ygen availability. Refractory angina patients with carotid si-
nus nerve stimulators experienced complete relief of
symptoms upon stimulation, resulting in increased exercise
duration.®*% Nitrates did not alleviate symptoms in this co-
hort. High-rate pacing in these ischemic patients resulted in
rapid increases in LV end-diastolic pressure and tension-
time index. Carotid sinus nerve stimulation promptly re-
versed these effects.® Thus, metabolic benefits conferred
by the baroreflex to the heart are more profound than
a mere lowering of heart rate. These metabolic effects
may be beneficial to HFpEF patients, whose delayed LV re-
laxation and impaired ventriculovascular coupling be
linked to impaired cardiac energy reserve.®®

In a pacing model of HF, LV end-diastolic pressures were
directly observed to be reduced by BAT compared with
control subjects not receiving BAT.®” Similarly, surges in
plasma NE and angiotensin II that occurred concomitantly
with increased filling pressure were suppressed. The net re-
sult of these benefits on the pacing model was to double the
survival of canines treated with BAT (68.1 = 7.4 vs 37.3 =
3.2 days; P < .01). Importantly, there were no differences
in SBP, and the improved outcomes were independent of
heart rate.

Significant structural remodeling has been observed in
the microembolization model of HF when treated with
BAT. Compared with control HF animals that did not re-
ceive intervention, dogs treated with BAT exhibited reduced
myocyte cross-sectional area, fibrosis, and LV chamber
size.®® These observations further support the notion
that BAT may demonstrate clinical benefit, because all
therapies that have been successful in the treatment of HF
induce rernodeling.69 In addition to structural benefits, mo-
lecular remodeling was observed. BAT up-regulated RNA
message for B; receptors and normalized the nitric oxide
synthase (NOS) profile by elevating message for endothe-
lial NOS while decreasing that for inducible NOS.”

Reduction of sympathetic activity is expected to reduce
myocardial automaticity. This expectation was confirmed
in the microembolization model of HF, which demonstrated
that chronic BAT increased threshold to induce ventricular
tachyarrhythmias compared with control. The increased
threshold for induction was reversed when BAT was with-
drawn.”" Clinical antiarrhythmic effects of baroreflex activa-
tion have also been documented: Patients implanted with
carotid sinus nerve stimulators experienced cessation of sup-
raventricular tachycardia when therapy was applied.””

Clinical experience with BAT has documented therapeu-
tic benefits corresponding to mechanisms observed in pre-
clinical studies. Among the >400 patients implanted
worldwide, 18 patients with stage II resistant hypertension

have completed follow-up through 4 years of Rheos ther-
apy.”> In these 18 patients, a sustained and significant re-
duction in SBP (mean reduction at 4 years: —53 = 9 mm
Hg), diastolic blood pressure (DBP; mean reduction at
4 years: —30 £ 6 mm Hg), and heart rate (mean reduction
at 4 years: —5 = 2 beats/min) has been observed. Impor-
tantly, 12/18 patients (67%) achieved an SBP <140 mm
Hg, and antihypertensive medication usage has gradually
decreased such that the average number of medications
used has been reduced by 1.6. No unexpected system- or
procedure-related serious adverse events have occurred dur-
ing follow-up of these patients. Thus, BAT has been shown
clinically to address one of the primary treatment goals in
HFpEF.

Results from other cohorts receiving BAT have indicated
that electrical stimulation of the carotid baroreflex may pro-
vide incremental physiologic benefits beyond those of sim-
ply lowering blood pressure and heart rate. In an
echocardiography substudy in which all patients had stage
IT hypertension and stage A-B HFpEF (baseline LVEF
66 £ 5%), LV mass index (LVMI) decreased from a baseline
of 138.8 + 35.4 g/m* by 17.8 + 16.0 g/m* (n = 33) and
24.6 + 17.9 g/m* (n = 21) at 3 and 12 months, respectively
P < .001).74 In absolute terms, LV mass decreased by > 50
g at 12 months from a baseline of ~300 g (Fig. 3C). The
magnitude of this reduction is greater than what has been ob-
served from therapies such as ACE inhibitors or angiotensin-
receptor blockers.”” Left atrial diameter and mitral A-wave
velocity (surrogate for late ventricular filling velocity)
were also significantly reduced, suggesting an improvement
in LV filling pressures. This improvement in left atrial struc-
ture and function may confer additional benefits in patients
who experience atrial fibrillation. Stroke work was reduced
by 15% at both 3 and 12 months, and the rate-pressure prod-
uct (surrogate for myocardial oxygen demand) was signifi-
cantly reduced, suggesting that BAT reduced global cardiac
workload. Baseline 6-minute hall walk distance (6MHW;
mean 438 * 153 m) was near the clinical threshold for re-
duced capacity. Treatment with BAT resulted in a statistically
and clinically significant improvement in 6MHW distance
(mean increase: +37 * 60 m).”®

A definitive trial of this technology has been underway
since 2007 in patients with resistant hypertension (Rheos Piv-
otal Trial, ClinicalTrials.gov identifier: NCT00442286).
Endpoints include: for efficacy: 1) the percentage of patients
with =10 mm Hg drop in blood pressure after 6 months; and
2) the percentage of patients with a sustained response at
12 months; and for safety: 1) system- and procedure-
related serious adverse event—free rate in the first 30 days af-
ter procedure; 2) serious hypertension-related adverse event
and serious system-related adverse event—free rate >30
days after implantation through 12 months after randomiza-
tion; and 3) serious therapy-related adverse event—free rate
through 6 months after randomization. An interim analysis
of this trial by the Data Safety Monitoring Board found that
efficacy endpoint (1) was unlikely to be met owing to the
higher than expected number of responders in those
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randomized to have the device turned off for the first
6 months. This interim analysis also showed that the
30-day safety endpoint (1) was unlikely to be met even as
the majority of clinical events were ones that resolved.

Final results of this study will be available in 2011 when
the last study subject completes the 12-month endpoint.
Until the results are published, any conclusions concerning
the magnitude and durability of effect of this technology
must be considered to be tentative.

Arteries and Veins

As previously discussed, reductions in BP by BAT are
brought about in part by reductions in systemic vascular re-
sistance. This effect is achieved by reducing sympathetic
outflow to arteries in skeletal muscle, thereby dilating the
bed primarily responsible for arterial resistance. Modula-
tion of blood flow distribution by BAT is regional rather
than systemic, with vasodilation preferentially occurring
in skeletal muscle.

Regional distribution of perfusion is known to be deranged
in canine models of heart failure as well as in the clinical
setting.”’~ "% A recent magnetic resonance imaging study of
skeletal muscle perfusion in patients with HFpEF® found
that exercise tolerance correlated with the extent of skeletal
muscle vasodilation, suggesting clinical impaired perfusion.
BAT may be uniquely positioned to target this pathology.

Central conduit arteries are richly innervated with sym-
pathetic nerves.®' ™ Studies have shown that stimulation
of baroreceptors can affect smooth muscle tone in central
conduit vessels.®"* BAT has been observed to modulate
smooth muscle in conduit arteries. Figure 3D illustrates
the effects of BAT on a central pressure waveform calcu-
lated from radial artery tonometry in a hypertensive patient
with a history of HFpEF. Initiation of BAT produces a re-
duction in augmentation index, despite a reduced heart
rate, which results in systolic pressure dropping at a ratio
of 3:1 compared with diastolic pressure (Fig. 3D). The im-
plication of this effect is that BAT acutely reduces arterial
stiffness, which is primarily thought to reside in conduit
arteries. It has previously been shown that reduced late
systolic loading improves diastolic function®” through in-
creased relaxation time. Furthermore, reduction in pulsatile
load and the magnitude of the reflected wave have been
shown to correlate with regression of LV mass and preven-
tion of target organ damage.®®

Despite substantial reduction in pressure, coronary perfu-
sion increased as assessed by the subendocardial viability
ratio.?” Although systolic pressure dropped ~100 mm
Hg, the patient experienced no symptoms. Accompanying
the large reduction in peripheral pressure was greater
reduction in central pressure, thereby restoring pulse ampli-
fication. Given the recent finding that aortic diameter corre-
lates with exercise tolerance in HFpEE,®*® reduced conduit
artery stiffness resulting from BAT might further increase
a patient’s exercise tolerance.

In the echocardiography cohort described previously, re-
ductions in arterial stiffness (calculated as stroke volume/
pulse pressure) and increased diameter of the left ventricular
outflow tract were observed at 3 and sustained after 12 months
of BAT.® Thus, the reduced pulsatile load resulting from
BAT may have contributed to the substantial reductions ob-
served in LV mass. These effects on arterial properties may
be relevant in HF, because it has recently been shown that
HFpEF patients have elevated central aortic stiffness.”

Studies have documented that baroreflex activation can
modulate resistance in the pulmonary vascular bed by al-
most 20% in normotensive canines.”’ The baroreflex can
also modulate pulsatile properties of the lung, as evidenced
by alteration of the characteristic impedance of the pulmo-
nary artery.92 This may have important implications in HF,
because pulmonary hypertension is common, particularly in
HFpEF. Unloading of the RV by reducing pulmonary artery
afterload may enhance LV filling and reduce LV pressures
by reducing effects of pericardial constraint.”?

Some of the most important effects of baroreceptor stimu-
lation pertain to veins. The venous system is the principal
blood reservoir, normally containing 70%—80% of blood
volume. In animal models of HF, it has been shown that total
vascular capacitance is decreased, independent of blood vol-
ume.”* Baroreceptor activation has been shown to reduce ve-
nous smooth muscle tone and increase venous capacitance,
the magnitude of the increase being similar to that observed
with nitrates.”® Increased capacitance is achieved through di-
lation of venules,”® which are particularly prominent in the
splanchnic circulation. An increase in venous capacitance
shifts fluid from the central compartment to the periphery, re-
sulting in reduced central venous pressure (CVP). This effect
may be especially important in HF, because it has been shown
that LV filling pressure, independently of cardiac contractile
function, can be increased only by reducing venous capaci-
tance.”’ This mechanism may be the means by which sodium
nitroprusside therapy improves outcomes in HE.”® Indeed, re-
cent studies of acute decompensated HF have shown that
CVP is the strongest predictor of future hospitalization and
a key determinant of renal function.”

From a standpoint of therapeutic goals, combined vaso-
venodilation has been the cornerstone of HF therapy for
decades. Although drugs have afforded the ability to ac-
complish these goals grossly and with unintended conse-
quences, BAT provides a method to precisely modulate
the degree of unloading using the body’s physiologic
regulatory pathways. BAT likely provides benefits beyond
contemporary medical therapy by using mechanisms that
are as yet unidentified or unexploited. For example, BAT
has been shown to exert effects through vascular postjunc-
tional a,-adrenergic receptors'® for which no pharmaco-
logic therapy has yet been developed.

Renal Effects and Volume Regulation

Kidney disease is a common comorbidity in HF which
increases the likelihood of poor outcome. Baroreflex
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effects, as manifested in efferent renal traffic, modulate re-
nin secretion via a B-adrenergic receptor—mediated mecha-
nism similar to B-blockers, but also via o;-adrenergic
receptors, which reduce sodium and water reabsorption in
the nephron.'*!

Lohmeier et al have reported several series of dogs
treated with BAT. Models have included normal dogs and
dogs with obesity hypertension,and reduced renal mass
hypertension.'®*~'%* BAT is titrated to achieve a 20 mm
Hg reduction in mean arterial pressure (MAP). In all series,
BAT reduced plasma NE along with MAP and was further
shown to not elicit changes in plasma renin and urinary so-
dium excretion, even in normotensive animals. This is con-
sistent with other reports of shifts in the renal blood flow/
glomerular filtration rate (GFR) pressure relationship in
which the autoregulation capacity of the kidney is main-
tained at lower pressures.'”” Measurements of urinary so-
dium excretion at various levels of MAP and salt intake
allowed construction of pressure-natriuresis curves. The
curves demonstrated that BAT shifts the relationship left-
ward, so that there is no sodium retention despite the lower
MAP (T. E. Lohmeier, personal communication, 2009).
One possible mechanism responsible for this effect is the
maintenance of renal medullary flow, which has been pro-
posed as the mediator of pressure-natriuresis.' Infusion
of the nitric oxide (NO) inhibitor L-NAME has been shown
to reduce medullary flow, leading to a sustained increase in
blood pressure while renal cortical flow was unaltered.'®’ In
normotensive gods made hypertensive by chronic L-NAME
infusion, BAT was able to reduce blood pressure to near
baseline values over a period of 4 weeks (CVRx data on
file) suggesting that BAT was able to restore sodium bal-
ance. Possible mechanisms assessing NO-dependent and
-independent mechanisms require further study.

BAT has been clinically observed to provide renoprotec-
tive benefits in patients with stage 1-3 chronic kidney dis-
ease (CKD). In addition to similar reductions in BP and
LV mass as the general cohort, no significant change in
the estimated GFR was observed in 24 CKD patients re-
ceiving BAT for 1 year.'”® This effect was observed across
all stages of CKD in the cohort. Given the close relation-
ship between decline in kidney function and worsening car-
diac outcome, these results provide substantive support for
the use of BAT in HF patients with compromised kidney
function.

Modulation of renal nerve traffic by the baroreflex also
affects mechanical properties of the renal arteries. BAT
has been shown to acutely reduce renal vascular resistance
as well as stiffness quantified by renal artery pulse wave ve-
locity,'*''? the latter effect being important in minimizing
pulsatile energy reaching the glomerular capillaries.''! This
may be particularly important in that renal autoregulation
appears to be influenced to a greater extent by pulsatile
pressure than absolute pressure.''*!!?

The benefits of BAT on renal vascular resistance have
also been documented in a canine pacing model of HF. In
this model, a treadmill exercise protocol was performed

during which renal artery blood flow was measured. Prelim-
inary results indicate that over the course of 4 weeks,
a graded response was observed to progressive levels of ex-
ercise, during which renal artery resistance increased nearly
4-fold with increasing levels of intensity in HF control an-
imals. In canines treated with BAT, the increase in renal ar-
tery resistance was blunted, so that blood flow was
maintained near baseline levels (I. H. Zucker, personal
communication, 2009). This effect may offer further bene-
fits to exercise tolerance that are not conferred by drugs,
whereby vasodilators commonly used to improve cardiac
output in HF do not improve renal blood flow.''*

Clinical Limitations

With the current generation of the Rheos device, implan-
tation requires surgical exposure of the carotid sinus; how-
ever, the technique is simpler than a common surgical
procedure, carotid endarterectomy, because there is no
vascular access. Application of current to the carotid baro-
receptors has occasionally been observed to elicit symp-
toms in patients such as facial tingling, coughing, and
tooth pain, all symptoms of extraneous stimulation of cra-
nial nerves. These effects either subside in a few minutes
or programming parameters can usually be adjusted to cir-
cumvent this. Given the multiple effects of BAT, medica-
tion adjustments of p-blockers, diuretics, and RAAS
inhibitors may be required to optimize therapeutic benefits.

Summary

At present, no therapy has been demonstrated to be effec-
tive in the treatment of HFpEF. Consensus guidelines call
for treatment of comorbidities, the foremost of which is hy-
pertension. As described in the present review, baroreflex
effects can affect many of the major comorbidities and pa-
thologies, including hypertension (Table 1). BAT is a de-
vice-based therapy that chronically excites carotid
baroreceptors to modulate hemodynamics. Feasibility stud-
ies of BAT have demonstrated significant reductions in
arterial pressure that are maintained for =4 years of
follow-up. By leveraging the well documented abilities of
the baroreflex to modulate a host of physiologic properties,
BAT offers benefits to HFpEF patients beyond BP control.

As previously demonstrated in patients with resistant hy-
pertension, BAT reduces afterload, consequently reducing
filling pressures, LV mass, and left atrial size. Accompany-
ing these structural changes are chronic reductions in sym-
pathetic nerve activity and plasma NE, increased
parasympathetic nerve activity, and improved heart rate var-
iability. Dilation of arteries and veins promotes skeletal
muscle and coronary perfusion, normalizes blood flow dis-
tribution, and lowers central venous pressure, a key deter-
minant of clinical outcome. Autonomic and circulatory
changes promote preservation of renal function through
maintenance of euvolemia and suppression of vasopressin
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release. Baroreflex-mediated changes may also ameliorate
pulmonary hypertension and sleep apnea.

As a result of this wide spectrum of potential benefit,
BAT is being evaluated as a therapy for HFpEF in the
CVRx Health Outcomes Prospective Evaluation for Heart
Failure With EF =40% (HOPE4HF) trial (ClinicalTrials.
gov Identifier: NCT00957073). HOPE4HF is a prospective
randomized trial of ~540 subjects at up to 70 U.S. sites
and up to 20 sites outside of the U.S. Subjects will be ran-
domized in a 2:1 ratio to receive BAT plus medical manage-
ment (device arm) or to receive medical management alone
(medical management arm). The primary efficacy endpoint
will be measured by the time from randomization to cardio-
vascular death or heart failure event, defined as a heart fail-
ure hospitalization or an emergency department or clinic
visit requiring intravenous therapy for the treatment of heart
failure.

Because the symptomology and pathophysiology of
HFpEF and HF with reduced EF share much in common,
it is likely that BAT will also benefit HF patients whose
EF is <40%. Future studies will explore possible therapeu-
tic benefit in this population.
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