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Abstract

Recent technical advances have led to the development of a medical device that can reliably
activate the carotid baroreflex with an acceptable degree of safety. Because activation of the
sympathetic nervous system plays an important role in the pathogenesis of hypertension and heart
failure, the unique ability of this device to chronically suppress central sympathetic outflow in a
controlled manner suggests potential value in the treatment of these conditions. This notion is
supported by both clinical and experimental animal studies, and the major aim of this article is to
elucidate the physiological mechanisms that account for the favorable effects of baroreflex
activation therapy in patients with resistant hyper-tension and heart failure. Illumination of the
neurohormonal, renal, and cardiac actions of baroreflex activation is likely to provide the means
for better identification of those patients that are most likely to respond favorably to this device-
based therapy.
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Introduction

Due to challenges in developing a safe medical device capable of producing reliable
suppression of sympathetic activity by electrical activation of the carotid baroreflex, it has
taken several decades for baroreflex activation therapy (BAT) to evolve as a potential
treatment for cardiovascular diseases, especially for those in which the pathogenesis is
linked to overactivity of the sympathetic nervous system [1]. Recent technological advances
by CVRX, Inc. have led to the development of implantable baroreflex activation systems
based on a pulse generator and electrodes that allow electric field stimulation of the carotid
sinus wall [1]. One of the targets for BAT has been resistant hypertension, defined as blood
pressure that remains above goal despite the concurrent use of at least three antihypertensive
drugs at maximally tolerated doses, with one being a diuretic [2]. In this review, we will
briefly discuss the clinical trials using the prototype Rheos system and the second-
generation Barostim neo to deliver BAT in patients with resistant hypertension. A more
extensive discussion of these clinical trials has been published by others [3, 4¢, 5-7]. The
primary focus of this review is on the clinical findings and experimental animal studies that
have provided insight into the mechanisms that account for the physiological effects of BAT
and the relevance of these mechanisms to hypertension therapy. Indeed, elucidation of these
mechanisms may help identify patients with resistant hypertension who stand to benefit the
most from BAT. Additionally, we discuss how the mechanistic insight from these studies
provides a strong rationale for the potential use of BAT in the treatment of heart failure, a
condition in which sympathetic activation is a major determinant of prognosis [8].

Rheos System and Surgical Implantation

The first-generation Rheos system for activation of the carotid baroreflex consists of
stimulating electrodes connected to a pulse generator implanted subcutaneously in the
infraclavicular region. During surgery, the optimal placement of the electrodes on the
carotid sinus is assessed based upon maximal reductions in arterial pressure and heart rate
during electrical stimulation of the carotid baroreflex [9]. Once the optimal placement of the
electrodes is confirmed, the electrodes are secured around the carotid sinuses. The implanted
pulse generator is completely programmable by radiofrequency control using an external
programming system. This allows for controlled current delivery throughout the day,
including the possibility of providing customized patterns of baroreflex activation. However,
to date, only continuous current delivery has been used clinically. Implantation of the
second-generation Barostim neo is much less invasive. This system uses a miniaturized
electrode for unilateral implantation and therapy, as discussed below (see Barostim neo
Trial).
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Clinical Trials of BAT in Resistant Hypertension

Device-Based Therapy of Hypertension Trial (DEBuUT-HT)

Confirming previous experimental studies [10, 11], a first-in-human proof-of-concept study
of the Rheos system indicated that acute electrical activation of the carotid sinus in patients
undergoing elective carotid surgery elicits significant and immediate reductions in blood
pressure and heart rate [12]. Based on evidence that reductions in blood pressure caused by
continuous electrical activation of the baroreflex are sustained over the long term, both in
normotensive and hypertensive animal models [10, 11], the phase Il open-label
nonrandomized feasibility DEBUT-HT study was designed to evaluate the safety and
efficacy of the Rheos system over three months of activation in 45 resistant hypertensive
patients, with follow-up at yearly intervals for up to two years [3]. No significant changes in
antihypertensive medications occurred during the study. The efficacy of electrical activation
of the baroreflex with the Rheos system in these high-risk patients was indicated by the
sustained lowering of blood pressure after three months of therapy (mean £ SE; 21+4 mmHg
systolic, 12+2 mmHg diastolic), a response that was even more pronounced in 17 subjects
who completed two years of follow-up (338 systolic, 22+6 mmHg diastolic). While the
trial indicated an acceptable safety profile, some procedure-related events did occur, likely
reflecting the initial lack of procedural experience.

Rheos Pivotal Trial

The promising results in DEBUT-HT led to the design of the randomized double-blind
placebo-controlled Phase 111 Rheos Pivotal Trial. The goal of this study was to assess the
efficacy and safety of the first-generation Rheos System in 265 patients with resistant
hypertension [4¢]. All patients were implanted with the Rheos system, and then were
randomized one month after implantation in a 2:1 ratio to receive BAT immediately or six
months later. In both groups, medication was maintained throughout the trial, but was
allowed to change according to physician judgment. The trial was successful in meeting the
prespecified sustained efficacy endpoint, with 81 % of the group that received immediate
BAT showing a reduction of systolic blood pressure (SBP) of at least 10 mmHg at month 12
as compared to month 0, and of a magnitude at least 50 % of that obtained at month 6.
However, the acute efficacy criterion was not met, since the proportion of patients with a
reduction in SBP of at least 10 mmHg at six months was only 8 % greater in the group
receiving BAT from the beginning as compared to the group with device implantation but
without immediate BAT. The failure to meet the prespecified acute efficacy endpoint was
apparently primarily due to a larger and more variable reduction than expected in SBP at six
months in the group with inactive implants, and likely reflected the less-than-optimal trial
design [4e, 7]. Notwithstanding the issues related to trial design, the results of the Rheos
Pivotal Trial further underscored the promise of BAT for the treatment of resistant
hypertension, as both the immediate and delayed treatment groups had 12-month BAT-
induced reductions in SBP of more than 30 mmHg, with 50 % of patients achieving SBP of
less than 140 mmHg. Moreover, a long-term single-arm open-label follow-up study in 276
subjects demonstrated prolonged efficacy of the Rheos system for an average of 28 months
(maximum 53 months), with a responder rate greater than 75 % and a sustained SBP
reduction of more than 30 mmHg in the responders [5].

Curr Hypertens Rep. Author manuscript; available in PMC 2015 March 18.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

lliescu et al.

Page 4

While the safety of both BAT and the device itself were confirmed in the Rheos Pivotal
Trial, issues related to procedural safety, as previously noted in the DEBUT-HT study,
emerged once again, and the trial failed to meet the prespecified 82 % event-free
performance endpoint. The most prevalent serious adverse events (SAE) were either
transient or permanent nerve injury. Unfortunately, the failure to achieve this endpoint may
have implied not that procedural complications were too frequent, but that the target set for
the procedure was overly optimistic [4¢, 7]. Indeed, the SAE profile compares favorably
with the results from endarterectomy trials involving intervention in the anatomical region.
Nonetheless, these results prompted the development of a second-generation device to
deliver BAT, the Barostim neo.

Barostim neo Trial

To address potential safety concerns with surgical manipulation of the carotid arteries for
perivascular implantation of electrodes around the carotid sinuses using the Rheos system, a
miniaturized electrode was designed to minimize the invasiveness of the implant procedure
[6]. This new electrode is sutured to the surface of the carotid sinus and does not require the
extensive isolation of the carotid arteries needed for wrapping the Rheos electrodes around
the carotid bifurcation. In addition to miniaturization, the new system utilizes a unilateral
approach, with obvious procedural benefits, stemming from the finding that 77 % of the
patients in the Rheos trial ultimately received unilateral stimulation despite the majority
having had bilateral implants [4]. The primary objective of the open-label Barostim neo
Trial was to determine safety and efficacy of the Barostim neo system in 30 patients with
resistant hypertension. Reductions in SBP (mean + SE) with BAT in this trial were 26+3
mmHg and 26:4 mmHg at three and six months of follow-up respectively, values
comparable to those in previous trials. Furthermore, 43 % of the resistant hypertensive
patients achieved SBP <140 mmHg by the sixth month of therapy. Regarding safety, 90 %
of patients were free from system- or procedure-related events within 30 days post-implant,
compared with 75 % in the Rheos Pivotal Trial, and the few events that did occur were fully
resolved with only modest treatments. Additionally, the benign long-term safety profile was
demonstrated by the fact that 97 % of patients remained event-free, compared to 87 % in the
Rheos Pivotal Trial. On the heels of these encouraging preliminary findings, a larger, FDA-
approved multicenter randomized double-blind pivotal clinical trial has been designed to
further evaluate the safety and efficacy of the Barostim neo system. The U.S. Barostim
Hypertension Pivotal Trial (NCT01679132) is ongoing and is randomizing patients with
resistant hypertension to medical therapy versus BAT, utilizing the smaller-unilateral-lead
Barostim neo system, in a safety and efficacy trial.

Mechanisms of Blood Pressure Lowering by BAT

In light of the encouraging results from the clinical studies, as summarized above,
understanding the critical mechanisms that account for blood pressure lowering during BAT
is of paramount importance in identifying those hypertensive patients most likely to benefit
from this device-based therapy.
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Suppression of Central Sympathetic Outflow

Natural activation of the baroreceptors by increased pressure leads to suppression of central
sympathetic outflow and attendant reductions in blood pressure and heart rate. However, this
effect has long been considered to be transient, as the baroreceptors adapt to the prevailing
level of arterial pressure [13, 14]. Bypassing mechanotransduction by electrical activation of
the carotid sinus provides sustained afferent baroreceptor input into the brain, and
consequently may chronically suppress central sympathetic outflow. The acute
sympathoinhibitory effects of BAT were confirmed in a subset of hypertensive patients from
the DEBUT-HTstudy, where electrical activation of the baroreflex for several minutes
elicited immediate and pronounced reductions in both arterial pressure and muscle
sympathetic nerve activity (MSNA) [15]. While long-term determinations of MSNA during
chronic BAT have not been reported in subjects with resistant hypertension, experimental
studies provide compelling evidence that suppression of central sympathetic outflow is a
sustained response to chronic activation of the baroreflex. More specifically, chronic blood
pressure lowering during three weeks of BAT in normotensive dogs was associated with
marked and sustained suppression of whole-body norepinephrine spillover to plasma [16¢].

While these studies support the contention that chronic BAT has sustained effects to inhibit
central sympathetic out-flow and lower blood pressure, they also raise the question of
whether similar efficacy can be obtained by complete pharmacologic blockade of
postjunctional adrenergic receptors with established roles in mediating the long-term effects
of the sympathetic nervous system on blood pressure. This question was addressed by
chronic administration of a-1/p-1,2 antagonists alone and subsequently during simultaneous
carotid baroreflex activation [17]. Complete adrenergic blockade led to a sustained reduction
in blood pressure of approximately 20 mmHg in association with an approximate threefold
increase in plasma NE concentration. Most importantly, when BAT was administered for
one week during complete adrenergic blockade, blood pressure decreased an additional 10
mmHg in parallel with suppression of plasma NE levels to control values. These data
indicate that BAT has sustained effects to inhibit drug-induced increases in central
sympathetic outflow and to lower blood pressure by actions beyond those mediated by well-
established adrenergic mechanisms.

Renal Sympathetic Nerve Activity and Renin Secretion

It is well established that the changes in autonomic activity to the heart and peripheral
vasculature account for immediate reductions in arterial pressure during acute activation of
the baro-reflex. However, these actions of baroreflex activation are not sufficient to maintain
reduced arterial pressure during long-term suppression of sympathetic outflow to non-renal
territories because the kidneys would respond to the fall in pressure by retaining salt and
water until blood volume increased sufficiently to restore arterial pressure to control levels
[13, 18]. Therefore, an increase in renal excretory function at a lower prevailing level of
arterial pressure is an absolute requirement for the maintenance of sodium balance during
BAT [13, 18].

Increases in renal sympathetic nerve activity (RSNA) may reduce sodium excretion by
promoting sodium reabsorption and by decreasing GFR as a result of increasing
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preglomerular renal vascular resistance [19]. Modest increases in RSNA promote sodium
reabsorption directly by stimulation of tubular a-adrenergic receptors and indirectly by
generation of angiotensin during stimulation of renin secretion through activation of -
adrenergic receptors located on the juxtaglomerular cells. Reductions in GFR and renal
blood flow occur at higher levels of RSNA that stimulate renal vascular a-adrenergic
receptors. Accordingly, reduced RSNA may provide the critical link between suppression of
central sympathetic outflow and the obligate increase in renal excretory function required to
maintain reduced arterial pressure during BAT [13 18]. Although RSNA has not been
directly measured during BAT, experimental studies in chronically instrumented animals
have demonstrated that the natural activation of the baroreflex in hypertension has sustained
effects to suppress RSNA and promote sodium excretion [13, 18].

Activation of the renin-angiotensin system plays a critical role in the restoration of arterial
pressure when the kidneys are exposed to reduced renal perfusion pressure. As the renal
nerves tonically stimulate renin release and enhance renin responses to reductions in renal
perfusion pressure [19], suppression of RSNA and attendant inhibition of renin secretion
may be an important factor in the lowering of arterial pressure during BAT. Indeed, in
normotensive dogs subjected to three weeks of baroreflex activation, renin secretion did not
increase during suppression of central sympathetic outflow [16¢] despite sustained
reductions in arterial pressure (approximately 20 mmHg) that would normally increase renin
release [20, 21]. Furthermore, in the sympathetically mediated model of obesity-induced
hypertension in dogs, chronic baroreflex activation abolished the hypertension in association
with parallel suppression of sympathetic activity and plasma renin activity [22¢]. These
studies suggest that the lowering of arterial pressure during BAT is mediated, at least in part,
by sympathoinhibition and concomitant suppression of renin secretion, most likely mediated
by reductions in RSNA.

If inhibition of pressure-dependent renin release is, in fact, an important contributing factor
to the chronic hypotensive effects of BAT, then increases in plasma levels of angiotensin 11
or aldosterone would be expected to minimize blood pressure lowering during baroreflex
activation. This contention is supported by responses to baroreflex activation in canine
models of hypertension produced by exogenous infusion of angiotensin Il and aldosterone
[23, 24]. In both models, clamping these hormones at higher than normal plasma levels by
constant infusion produced non-sympathetically mediated forms of hypertension. More to
the point, after angiotensin and aldosterone hypertension were established, acute reductions
in blood pressure during baroreflex activation were substantial and comparable to those
measured before induction of hypertension. Thus, the effects of sympathetic inhibition on
the peripheral vasculature were comparable under these conditions. However, in contrast to
the impressive sustained lowering of blood pressure in normotensive dogs and in dogs with
obesity-induced hypertension in which activation of the renin-angiotensin-aldosterone
system during BAT was inhibited, the long-term antihypertensive effects of baroreflex
activation in the angiotensin and aldosterone models of hypertension were relatively
insignificant. Following initial reductions in blood pressure in the angiotensin and
aldosterone models of hypertension, blood pressure slowly returned to initial hypertensive
levels during BAT. These observations suggest that, in the presence of high circulating
levels of these potent sodium-retaining hormones, inhibition of a-adrenergic receptor-
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mediated tubular reabsorption of sodium during suppression of RSNA has only modest
effects to promote sodium excretion and lower arterial pressure. Therefore, because GFR
decreases modestly during BAT, as is discussed below, maximal blood pressure lowering is
dependent upon inhibition of both the direct and indirect (angiotensin-mediated) effects of
the renal nerves on sodium reabsorption. Taken together, these studies suggest that BAT
may provide the greatest clinical benefit in hypertensive patients whose high blood pressure
is associated with sympathetic activation and a renin-angiotensin-aldosterone system that is
responsive to neural modulation.

Renal Sympathetic Nerve Activity and Renal Hemodynamics

In addition to promoting tubular reabsorption of sodium, increases in RSNA may decrease
sodium excretion by increasing preglomerular vascular constriction and concomitantly
reducing GFR, although this is most likely only at the elevated levels of nerve activation that
are present under pathophysio-logical conditions such as heart failure and possibly resistant
hypertension [19]. However, the possibility that neurally mediated increases in GFR
increase renal excretory function during suppression of sympathetic activity during BAT is
not supported by empirical data in patients with resistant hypertension and in normotensive
and hypertensive canines.

The chronic effects of baroreflex activation on GFR have been evaluated in both clinical and
experimental studies. In patients with resistant hypertension enrolled in the Rheos Pivotal
Trial, eGFR was modestly reduced (approximately 10 %) after six months of BAT [25¢].
Further changes in eGFR did not occur when additional measurements were assessed after
12 months of therapy, and there were no changes in urinary albumin excretion during the
12-month period of BAT. Stratification of the Rheos patients based on baseline eGFR
indicated that the greatest reduction in GFR occurred in patients in the highest eGFR
category (>90 mL/min/1.73 m2), whereas those in the lowest initial range (<60 mL/min/
1.73 m2) were devoid of changes in GFR during BAT. In experimental studies in
normotensive dogs and in dogs with obesity hypertension and glomerular hyperfiltration
(GFRs 35-40 % above control levels), reductions in GFR of approximately 10 % occurred
along with the lowering of arterial pressure during chronic BAT [22¢, 26]. In both of these
canine studies, GFR returned to control levels after BAT was terminated. As glomerular
hyperfiltration may lead to progressive glomerular injury, and add to the impairment of renal
excretory function and exacerbation of hypertension, this effect of producing a modest non-
progressive physiological reduction in GFR may be especially relevant to the long-term
beneficial effects of BAT in patients with resistant hypertension, many of whom are obese
[3, 4s, 6].

While the mechanisms that account for the reduction in GFR during BAT are unresolved,
there are several relevant considerations. One possibility is that decreased GFR is simply the
result of a drop in renal perfusion pressure. However, this would hold true only if pre- and
post-glomerular arteriolar tone is unchanged, which is not the normal response to a
reduction in renal perfusion pressure. Under normal conditions, a chronic reduction in
perfusion pressure yielding a lower GFR would decrease sodium chloride delivery to the
macula densa, and concomitantly activate two mechanisms geared towards reestablishment
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of glomerular capillary pressure: 1) afferent arteriolar vasodilation via the tubuloglomerular
feedback (TGF) mechanism, and 2) efferent arteriolar constriction as a result of increased
angiotensin Il generation during stimulation of renin secretion. However, both of these
compensatory responses are likely altered by BAT. First, as RSNA promotes sodium
reabsorption in the proximal tubule and in the loop of Henle, suppression of RSNA by BAT
would increase sodium chlo-ride delivery to the macula densa and increase the TGF signal
to constrict the afferent arteriole. This effect of BAT may be especially important in
counteracting the hyperfiltration of obesity. According to the tubular hypothesis for
glomerular filtration, in obesity, increased neurally mediated sodium re-absorption prior to
the macula densa may account for TGF-dependent dilation of the afferent arteriole [27].
Second, because BAT inhibits renin secretion, this would likely diminish the compensatory
increase in postglomerular resistance that normally contributes to the maintenance of
glomerular pressure during reduced renal perfusion pressure [28]. An analogous fall in GFR
occurs during antihypertensive therapy with inhibitors to the renin-angiotensin system [29].
Because blockade of the renin-angiotensin system lowers intraglomerular pressure during
hypertension therapy, moderate acute decreases in GFR do occur, but they are commonly
associated with long-term preservation of renal function [29]. The non-progressive moderate
fall in GFR during 12 months of BAT in patients with resistant hypertension is consistent
with these observations [25¢].

BAT and Cardiac Autonomic Activity

Buffering of beat-to-beat fluctuations in arterial blood pressure is achieved by dynamic
alterations in central input from arterial baroreceptors and compensatory changes in
sympathetic and parasympathetic activity. In contrast to pulse-synchronous baroreceptor
discharge, the Rheos and Barostim neo systems deliver continuous nonpulsatile electrical
impulses to carotid sinus afferent fibers, which leads to the conceptual concern that this
device-based therapy may disrupt normal physiological baroreflex function. Patients
subjected to BAT, however, do not exhibit signs of orthostatic hypotension or syncope [3].
Furthermore, clinical studies in subsets of patients from the DEBut-HT study further dispute
the notion that BAT may disrupt natural baroreflex function. In one study, 24-hour ECG
recordings were made before and after three months of BAT [30]. In 21 subjects, BAT not
only decreased arterial pressure appreciably but reduced heart rate as well. Of greater
relevance to this issue, heart rate variability actually increased during BAT. Furthermore,
baroreflex-mediated measures of heart rate variability suggested an increase in cardiac
baroreflex sensitivity. Another study found no worsening of baroreflex regulation of heart
rate or sympathetic activity even in the face of impressive reductions in MSNA during acute
baroreflex activation [15].

Experimental studies in normotensive and hypertensive dogs have provided further insight
into modulation of cardiac autonomic function during baroreflex activation. In normotensive
dogs, levels of carotid sinus stimulation producing sustained reductions in MAP and heart
rate of 20 mmHg and 15 bpm, respectively, were actually associated with significant
increases in heart rate variability and in the sensitivity of the natural cardiac baroreflex
responses to spontaneous fluctuations in arterial pressure throughout the three weeks of
baroreflex activation [16¢]. Decreases in heart rate variability and cardiac baroreflex
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sensitivity have been identified as predictors and risk factors for cardiac arrhythmias and
mortality in cardiovascular and renal disease [31-34], and are common findings in obese
individuals [35, 36], along with their propensity for cardiac arrhythmias [37-39]. Therefore,
from 24-hour recordings of spontaneous fluctuations in arterial pressure and heart rate, we
evaluated whether BAT restored impaired spontaneous baroreflex control and heart rate
variability in dogs with obesity-induced hypertension [40e]. As illustrated in Fig. 1, the
development of obesity by fat-feeding led to dramatic reductions in baroreflex sensitivity
and heart rate variability, while arterial pressure and heart rate progressively increased (not
shown). Remarkably, baroreflex activation abolished the hypertension and markedly
reduced the tachycardia in the established phase of obesity when the increase in body weight
was stable. More specifically, BAT completely restored cardiac baroreflex sensitivity and
considerably improved heart rate variability. In addition, daily power spectral analysis of
heart rate throughout the duration of the study showed that reduced parasympathetic activity
played a key role in mediating impairment of cardiac baroreflex sensitivity and heart rate
variability and, most importantly, their restoration by BAT.

Parenthetically, bilateral renal denervation, while also abolishing the hypertension, had no
effect on the tachycardia and did not improve the impairment in baroreflex sensitivity and
heart rate variability of obesity (Fig. 1), discounting the importance of renal afferent nerves
in this pathophysiology. Therefore, a potential benefit of BAT in patients with resistant
hypertension, who are commonly obese, may be the restoration of cardiac rhythmicity by
improving spontaneous baroreflex sensitivity and shifting cardiac autonomic balance in
favor of parasympathetic activity. As arrhythmias are known to contribute significantly to
mortality in heart failure, the actions of BAT to decrease sympathetic and increase
parasympathetic activity may be particularly important in this patient population.

BAT for Treatment of Chronic Heart Failure

Heart failure (HF) is associated with autonomic imbalance and neurohormonal activation [8,
31, 41]. Increased sympathetic activity, withdrawal of vagal activity, and stimulation of the
renin-angiotensin system all contribute to the pathogenesis of HF. Accordingly, sympathetic
inhibition with B-adrenergic blockers and pharmacological inhibition of the reninangiotensin
system have clear therapeutic benefit [42, 43]. However, despite experimental and clinical
studies indicating that reduced baroreflex sensitivity and heart rate variability (markers of
vagal activity) and increased heart rate are associated with heart failure and are risk factors
for cardiac arrhythmias and mortality [31, 44], less attention has been given to increasing
vagal activity to correct the autonomic imbalance of HF. More recently, experimental
studies have demonstrated that electrical cervical vagal nerve stimulation improves long-
term survival and left ventricular function in experimental models of chronic heart failure
[45-47], suggesting that vagal withdrawal has a detrimental role in the pathogenesis of heart
failure.

Table 1 summarizes the physiological effects of BAT reported in normotensive and
hypertensive dogs and in patients with resistant hypertension. Because these findings
indicate that BAT suppresses sympathetic activity, augments parasym-pathetic activity,
suppresses neurohormonal activation, increases renal excretory function, and reduces
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cardiac hyper-trophy, it is reasonable to hypothesize that BAT may provide a beneficial
therapeutic approach for the treatment of heart failure. This theory is supported by canine
studies conducted in two different experimental models of heart failure.

Experimental Studies

Zucker et al. evaluated the effects of chronic BAT in the rapid ventricular pacing model of
heart failure [48]. After two weeks of pacing, dogs were randomly assigned to either BAT or
a control group without BAT. Subsequently, dogs were paced until they either died or were
moribund. A most impressive response reported in this study was that BAT increased
survival to 68 days, compared to 37 days in controls. In the BAT-treated group, there was
substantially less activation of the sympathetic nervous and the renin-angiotensin systems,
suggesting a plausible relationship between suppression of neurohormonal activation and
increased survival. The effects of BAT were also evaluated in the coronary
microembolization-induced model of heart failure [49¢]. After coronary microembolization
to produce an initial reduction in ejection fraction to 25 %, dogs were randomized into BAT
and non-BAT control groups. Measures of left ventricular function, remodeling, and
ventricular arrhythmogenesis were evaluated after 3—6 weeks of heart failure. In dogs with
chronic heart failure, BAT increased left ventricular ejection fraction, stroke volume, and
cardiac output, and decreased left ventricular end-systolic volume, indicating improvement
in left ventricular systolic function. These measures were either unchanged or deteriorated
further in control dogs with heart failure. Cellular and structural markers indicated partial
reversal of left ventricular remodeling in the BAT-treated group. In addition, BAT therapy
abolished the tachycardia associated with heart failure, and markedly increased the threshold
for lethal ventricular arrhythmias.

In summary, experimental models of heart failure in dogs indicate that BAT improves
autonomic imbalance and left ventricular function, increases the threshold for lethal
ventricular arrhythmias, and prolongs survival. These findings, along with those reported in
normotensive and hypertensive dogs and in patients with resistant hypertension (Table 1),
including a report indicating substantial regression of left ventricular hypertrophy in 21
patients after 12 months of BAT [50], provide a strong rationale for conducting a small
single-arm open-label study in patients with heart failure.

Clinical Studies

Eleven subjects with heart failure and reduced ejection fraction (NYHA class 111) were
enrolled in an open-label feasibility trial to determine whether BAT improved clinical
outcome. Temporal changes during up to six months of follow-up showed sustained
reductions in MNSA along with improvement in NYHA class and 6-minute walk distance
[51]. There were no changes in either MAP or heart rate during BAT, suggesting improved
cardiac function associated with increased stroke volume. The results of this preliminary
open-label trial are encouraging and are consistent with the experimental and clinical studies
discussed above. A larger-scale trial in 140 subjects, randomized 1:1 to BAT plus optimal
medical management versus optimal medical management alone, is ongoing to confirm
these clinical improvements and to determine whether this device-based therapy truly leads
to desirable clinical outcomes (NCT01471860 and NCT 1720160).
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Conclusions

Technical advances have led to the development of a medical device — the Barostim neo —
that can reliably activate the carotid baroreflex with an acceptable degree of safety. Because
activation of the sympathetic nervous system plays a key role in the pathogenesis of
hypertension and heart failure, the unique ability of this medical device to chronically
suppress central sympathetic outflow in a controlled manner, with favorable physiological
effects on the heart and kidneys, underscores its potential value in the treatment of these
conditions. Along with suppression of sympathetic activity, sustained baroreflex-mediated
vagal modulation may add to the clinical benefit of BAT in heart failure by improving
cardiac autonomic dysfunction, which contributes to the poor prognosis in these patients.
Randomized controlled trials are ongoing, and results will influence whether BAT assumes a
role in the treatment of resistant hypertension and heart failure.
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Fig. 1.

Time (Days)

Changes in baroreflex sensitivity and heart rate variability during developing obesity and
responses to baroreflex activation therapy and bilateral renal denervation during established
obesity. Control (C), recovery (Rec). During days 4-31, obesity hypertension was induced
by feeding dogs a high-fat diet. During this time, mean arterial pressure and heart rate
increased from 100£2 to 117+3 mm Hg and from 86+3 to 130+4 bpm, respectively, along
with an increase in body weight of approximately 50 %. After day 31, dietary fat was
minimal, and there were no further change in body weight throughout the remainder of the

study
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Table 1

Responses to BAT in Resistant Hypertension and in Normotensive and Hypertensive Canines

« Sustained suppression of central sympathetic outflow
» Reduced arterial pressure

« Reduced left ventricular hypertrophy

« Improved renal excretory function

« Suppression of renin secretion

« Reduced heart rate and increased heart rate variability

« Increased cardiac baroreflex sensitivity
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