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Abstract

Aims Heart failure with reduced ejection fraction (HFrEF) is associated with excessive sympathetic and impaired parasympa-
thetic activity. The Barostim Neo™ device is used for electronical baroreflex activation therapy (BAT) to counteract autonomic
nervous system dysbalance. Randomized trials have shown that BAT improves walking distance and reduces N-terminal
prohormone of brain natriuretic peptide (NT-proBNP) levels at least in patients with only moderate elevation at baseline.
Its impact on the risk of heart failure hospitalization (HFH) and death is not yet established, and experience in clinical routine
is limited.
Methods and results We report on patient characteristics and clinical outcome in a retrospective, non-randomized single-
centre registry of BAT in HFrEF. Patients in the New York Heart Association (NYHA) Classes III and IV with a left ventricular
ejection fraction (LVEF) <35% despite guideline-directed medical therapy were eligible. Symptom burden, echocardiography,
and laboratory testing were assessed at baseline and after 12 months. Clinical events of HFH and death were recorded at rou-
tine clinical follow-up. Data are shown as number (%) or median (inter-quartile range). Between 2014 and 2020, 30 patients
were treated with BAT. Median age was 67 (63–77) years, and 27 patients (90%) were male. Most patients (83%) had previous
HFH. Device implantation was successful in all patients. At 12 months, six patients had died and three were alive but did not
attend follow-up. NYHA class was III/IV in 26 (87%)/4 (13%) patients at baseline, improved in 19 patients, and remained un-
changed in 5 patients (P < 0.001). LVEF improved from 25.5 (20.0–30.5) % at baseline to 30.0 (25.0–36.0) % at 12 months
(P = 0.014). Left ventricular end-diastolic diameter remained unchanged. A numerical decrease in NT-proBNP [3165 (880–
8085) vs. 1001 (599–3820) pg/mL] was not significant (P = 0.526). Median follow-up for clinical events was 16 (10–33) months.
Mortality at 1 (n = 6, 20%) and 3 years (n = 10, 33%) was as expected by the Meta-Analysis Global Group in Chronic Heart
Failure risk score. Despite BAT, event rate was high in patients with NYHA Class IV, NT-proBNP levels >1600 pg/mL, or esti-
mated glomerular filtration rate (eGFR) <30 mL/min at baseline. NYHA class and eGFR were independent predictors of
mortality.
Conclusions Patients with HFrEF who are selected for BAT are in a stage of worsening or even advanced heart failure. BAT
appears to be safe and improves clinical symptoms and—to a modest degree—left ventricular function. The risk of death re-
mains high in advanced disease stages. Patient selection seems to be crucial, and the impact of BAT in earlier disease stages
needs to be established.
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Introduction

Heart failure (HF) is a chronic and progressive syndrome af-
fecting billions of patients worldwide. Despite recent major
advances in medical treatment, a large proportion of patients
suffering from HF with reduced ejection fraction (HFrEF)
remain symptomatic and thus limited in quality of life even
after treatment initialization and stabilization on therapy.
Furthermore, in these putatively ‘stable’ patients, the
residual risk for recurrent cardiovascular events, that is, HF
hospitalization and premature death, has shown to be much
higher in absolute rates compared with risk of cardiovascular
events in patients, for example, with atherosclerotic cardio-
vascular disease.1

The concept of worsening HF (WHF) was introduced to fo-
cus on patients with progressive disease indicated by deteri-
oration of cardiac function, increase in biomarkers, and signs
and symptoms of cardiac decompensation with need to
intensify medical treatment especially with use of intrave-
nous diuretics either in the outpatient setting or during
hospitalization.1 Hospitalization for WHF has shown to be as-
sociated with a three-fold higher risk for mortality with the
highest risk within the first months after discharge in the
Candesartan in Heart failure: Assessment of Reduction in
Mortality and morbidity (CHARM) trial population.2 Similarly,
25% of patients hospitalized for WHF died or were
readmitted within 30 days of discharge in a contemporary
US real-world registry.3

Therefore, there is need for new therapeutic options be-
yond established medical therapy to improve symptoms
and outcome in patients suffering from HFrEF with persistent
limitation and progressive disease.

Whereas cardiac resynchronization therapy (CRT) is estab-
lished for selected patients with left bundle branch block
and wide QRS complex,4 several device therapies are being
evaluated to treat HFrEF via modulation of the autonomic
nervous system (ANS) with the intention to restore the bal-
ance between sympathetic and parasympathetic nervous
system function.5 Previous studies have shown that HF is
associated with excessive sympathetic nervous system
activation and concomitant impairment of parasympathetic
activity already early in the course of the disease.6–8

The ANS is regulated by complex interaction of afferent
reflexes including baroreceptor, chemoreceptor, muscle
metaboreceptor, and mechanoreceptor reflexes and renal
nerve reflexes, which are integrated within the central
nervous system to regulate cardiac output and vital organ
perfusion via efferent sympathetic and vagal signalling in-
cluding ß-adrenergic receptor stimulation, neurohumoral ac-
tivation, inflammation, and nitric oxide synthesis signalling
(for detailed review, see Floras and Ponikowski9). The dis-
equilibrium of the ANS in HF correlates to impaired heart
rate (HR) variability (HRV), cardiomyocyte dysfunction and
apoptosis, neurohumoral activation, impaired nitric oxide

signalling, inflammation and susceptibility to arrhythmia,
and sudden death.5

Baroreflex activation therapy (BAT) is administered
through a pacemaker-like device with an extravascular lead
that activates the carotid baroreceptor electronically, simulat-
ing an increase in blood pressure and provoking a
central-mediated increase in parasympathetic activity.5,9,10

BAT was initially designed to treat drug-resistant arterial
hypertension.11 In HFrEF, it has been proven to reduce
N-terminal prohormone of brain natriuretic peptide
(NT-proBNP) levels and improve New York Heart Association
(NYHA) class and exercise capacity effectively in a random-
ized controlled trial, the BeAT-HF trial.12 Nevertheless, the
impact of BAT on the rate of HF hospitalization and death is
unknown and the experience with BAT in HFrEF in clinical
routine regarding patient selection, safety, and outcome is
sparse.

In a retrospective, monocentric registry, all HFrEF patients
treated with BAT at the Heart Centre Dresden were included
to gain information on patient selection in a real-world set-
ting, on safety, and on outcome.

Methods

The BAT - HFrEF registry was designed as a monocentric, ret-
rospective registry to characterize all HFrEF patients im-
planted with a BAT device (Barostim Neo™, CVRx Inc., MN,
USA) at the Heart Centre Dresden between 2014 (when the
CE mark for the treatment of HFrEF was conferred) and
September 2020. The surgical procedure of device implanta-
tion followed a standardized protocol as reported
elsewhere.13 Patients were invited regularly after BAT im-
plantation for routine clinical assessment and control of de-
vice functionality in the outpatient HF clinic. This study was
in accordance with the Declaration of Helsinki and was ap-
proved by the local ethics committee (Technische Universität
Dresden, BO-EK-204042021).

Study population

Patients were eligible for the implantation of BAT as per clin-
ical standard: chronic HF (CHF) with left ventricular (LV) ejec-
tion fraction (LVEF ≤ 35%) and persistent dyspnoea according
to NYHA Class III, IV, or II when former IV despite optimized
medical treatment including the highest tolerated dose of
angiotensin-converting enzyme inhibitors (ACEis), angioten-
sin receptor blockers (ARBs), or angiotensin receptor/
neprilysin inhibitors (ARNIs), beta-blockers (BBs), and miner-
alocorticoid receptor antagonists (MRAs) for at least 3 months
and clinically stable for at least 4 weeks. Systolic blood pres-
sure had to be at least 100 mmHg. Patients with an indication
for CRT or recent CRT implantation within the last 6 months
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were deemed ineligible. Surgical suitability was given when at
least one carotid bifurcation was below the level of the man-
dible and free from atherosclerotic plaques reducing the in-
ner luminal diameter of the distal common carotid artery or
the internal carotid artery by more than 50%. Decision for
BAT implantation was made by the institutional multidisci-
plinary heart failure team in consent of the informed patient.

Data collection

Data on patient characteristics at baseline including
demographics, symptoms, medical treatment, comorbidities,
imaging findings, and laboratory values were compiled from
clinical records. Periprocedural parameters of the BAT device
implantation were taken from surgery reports and discharge
letters. Follow-up information was gathered during routine
clinical care 1 month after BAT implantation and at 3, 6, 12,
24, 36, 48, and 60 months thereafter. Ultra-short-term HRV
was calculated as standard deviation of all RR intervals
(SDNN) and the root mean square of successive RR interval
differences (RMSSD) from resting electrocardiograms (ECGs)
before BAT implantation and at follow-up as described
previously.14 Statistical analysis was performed with all avail-
able data up to September 2021, at least 12 months after BAT
implantation in every patient.

Statistical analysis

All data were analysed using SPSS Version 27 (IBM Corpora-
tion, Chicago, IL, USA). Continuous variables are depicted as
median and inter-quartile range. Categorical variables are
given as numbers and percentages. Normal distribution was
tested by applying the Shapiro–Wilk test. Differences in con-
tinuous variables between baseline and 12 month follow-up
were analysed by paired Student’s t-test or non-parametric
Wilcoxon signed-rank test, as appropriate. Categorical vari-
ables were tested by applying Fisher’s exact test. Survival
time analysis or event-free time analysis regarding HF hospi-
talizations was evaluated with the Kaplan–Meier method by
applying the log-rank test for group comparisons. A stepwise
multivariate binary logistic Cox regression analysis with sur-
vival at 3 years was used to identify predictors of survival. A
P value of <0.05 was considered statistically significant.

Results

We report on patient characteristics and clinical results after
12 months of treatment. Due to small numbers, open-label
design, and missing control group, the results are descriptive.
We also performed an outcome analysis including total indi-
vidual follow-up time.

Patient characteristics at baseline

Between the years 2014 and 2020, 30 patients with chronic
HFrEF were treated with BAT. Table 1 shows the patients’
characteristics. Median age in our cohort was 67 (63–77)
years, 27 patients (90%) were male, all patients were Cauca-
sian, and median body mass index (BMI) was 29 (26–35) kg/
m2. CHF was diagnosed 5 (3–10) years before initiation of
BAT. The vast majority of patients (83%) were previously hos-
pitalized due to decompensated HF. Nearly half of the pa-
tients (47%) were hospitalized for this reason at least three
times. Median LV end-diastolic diameter (LVEDD) was en-
larged with 63 (58–69) mm, and LVEF was severely reduced
with 25 (20–31) %. Secondary mitral regurgitation of at least
moderate severity was found in four patients (13%) and tri-
cuspid regurgitation in nine patients (30%). History of atrial
fibrillation or flutter was documented in 57% of patients.
An implantable cardioverter defibrillator (ICD) was implanted
in 73% of patients. One third of patients were treated with a

Table 1 Baseline demographic characteristics and treatment

Variables (n = 30) Median (IQR)/n (%)

Age (years) 67 (63–77)
Male gender (n) 27 (90)
Caucasian race (n) 30 (100)
BMI (kg/m2) 29 (26–35)
Obesity (BMI > 30 kg/m2) (n) 12 (40)
Ischaemic heart disease (n) 18 (60)
LVEF (%) 25 (20–31)
LVEDD (mm) 63 (58–69)
NYHA Class II/III/IV (n) 0/26/4 (0/87/13)
Duration of CHF (years) 5 (3–10)
Heart failure hospitalization (n) 25 (83)
≥3 heart failure hospitalizations (n) 14 (47)
NT-proBNP (pg/mL) 3165 (880–8085)
NT-proBNP > 1600 pg/mL (n) 18 (64)a

Systolic blood pressure 128 (113–136)
Diastolic blood pressure 72 (66–81)
Mitral valve insufficiency ≥ moderate (n) 4 (13)
Tricuspid valve insufficiency ≥ moderate (n) 9 (30)
Atrial fibrillation/flutter (n) 17 (57)
Diabetes mellitus (n) 16 (53)
Arterial hypertension (n) 20 (67)
COPD (n) 4 (13)
History of malignant disease (n) 5 (17)
Creatinine (μmol/L) 120 (95–165)
eGFR (mL/min/kg) 55 (34–70)
Cardiac devices
ICD (n) 22 (73)
CRT (n) 10 (33)

Diuretics (n) 28 (93)
Ivabradine (n) 4 (13)
Digitoxin (n) 1 (3)

BMI, body mass index; CHF, chronic heart failure; COPD, chronic
obstructive pulmonary disease; CRT, cardiac resynchronization
therapy; eGFR, estimated glomerular filtration rate; ICD, implant-
able cardioverter defibrillator; IQR, inter-quartile range; LVEDD, left
ventricular end-diastolic diameter; LVEF, left ventricular ejection
fraction; NT-proBNP, N-terminal prohormone of brain natriuretic
peptide; NYHA, New York Heart Association.
aTwo values missing.
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CRT device and classified as CRT non-responder. Most pa-
tients (87%) reported dyspnoea according to NYHA Class III,
whereas four patients suffered from dyspnoea with any phys-
ical activity or intermittently at rest according to NYHA Class
IV. Accordingly, NT-proBNP levels were found to be highly el-
evated with 3165 (880–8085) pg/mL in median. The median
estimated glomerular filtration rate (eGFR) was 55 mL/min.
Twenty per cent of patients had a baseline eGFR < 30 mL/
min indicating end-organ damage. Typical comorbidities as
obesity (40%), diabetes mellitus (53%), and arterial hyperten-
sion (67%) were seen frequently.

Medical treatment of HF included ACEi or ARB in 43% of
patients, and 50% of the patients received an ARNI. BBs were
used in 97% of patients and MRAs in 63% of patients. Pa-
tients treated with a particular drug class reached in mean
of 61% (ACEi/ARB), 67% (ARNI), 61% (BB), and 54% (MRA)
of target dose, respectively. At baseline, sodium–glucose
cotransporter 2 inhibitors (SGLT2is) were given only to a mi-
nority of 17% of patients (Table 2).

Safety

Complications associated with device implantation were rare:
device pocket bleeding and red blood cell transfusion

occurred in two patients and transient nerve injury in two pa-
tients. A surgical revision of the pocket site was necessary in
one patient due to haematoma. Both patients with transient
nerve injury reported ipsilateral paraesthesia or hypoesthesia
of the tongue, and one of them suffered from dysphagia. All
complaints were resolved within the first 3 months.
Periprocedural strokes did not occur. There were no device
infections in the periprocedural time nor during the long-
term follow-up.

Clinical outcomes

The success rate of Barostim Neo™ implantation was 100%,
and the system was activated in all patients. After 12 months
of BAT, six patients had died (20%). Three patients were alive
but did not attend follow-up visits so that further information
on clinical status was not available.

In the remaining patients (70%), blood pressure and HR re-
mained stable (Figure 1). BAT did not hinder intensification of
medical therapy with initiation of SGLT2i in four patients and
ARNI in five patients during follow-up. Median dosage of
ACEi/ARB, ARNI, BB, and MRA remained stable during
follow-up (Table 2).

Table 2 Treatment with heart failure medications of prognostic relevance at baseline and 12 month follow-up

Class of drug Baseline, n (%) % target dose 12 months, n (%) % target dose

Beta-blocker (n) 29 (97) 61 18 (86) 64
ACEi or ARB (n) 13 (43) 61 6 (29) 58
ARNI (n) 15 (50) 67 15 (71) 63
MRA (n) 19 (63) 54 13 (62) 50
SGLT2i (n) 5 (17) n.a. 9 (43) n.a.

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor/neprilysin inhibitor; MRA,
mineralocorticoid receptor antagonist; SGLT2i, sodium–glucose cotransporter 2 inhibitor.
Data were obtained in 30 patients at baseline and 21 patients at follow-up.

Figure 1 Systolic blood pressure, diastolic blood pressure, and heart rate. The median systolic blood pressure at baseline was 128 (113–136) and 130
(122–141) mmHg after 12 months. The median diastolic blood pressure at baseline was 72 (66–81) and 70 (65–76) mmHg after 12 months. The median
heart rate at baseline was 72 (66–79) and 70 (65–76) b.p.m. after 12 months. There were no significant differences between baseline and 12 months.
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NYHA functional class significantly improved between
baseline and 12 month follow-up (P < 0.001) (Figure 2). This
was accompanied by a numerical decrease in NT-proBNP
[3165 (880–8085) vs. 1001 (599–3820) pg/mL]. However, this
change did not reach statistical significance (P = 0.526). A nu-
merical, statistically non-significant reduction in NT-proBNP
was seen in both subgroups of patients with an initial NT-
proBNP level below or above 1600 pg/mL (P = 0.196 and
P = 0.314) (Figure 3).

The LVEF improved from 25.5 (20.0–30.5) % at baseline to
30.0 (25.0–36.0) % at 12 months (P = 0.014), whereas LVEDD
remained unchanged (P = 0.284) (Figure 4). Further echocar-
diographic findings are depicted in Table 3. Left atrial diame-
ter and volume index were found to be enlarged at baseline
and declined after 12 months of BAT in trend. Right ventricu-
lar systolic pressure (RVSP) estimated by the maximum
tricuspid regurgitation velocity was elevated at baseline and
numerically lower at follow-up. However, this was not statisti-
cally significant and potentially biased by underreporting in
patients with normal RVSP and those without tricuspid
regurgitation.

Ultra-short-term HRV was assessed in 18 patients without
atrial fibrillation or atrial pacemaker stimulation at baseline
and after follow-up of 12 months. There was no significant
change in SDNN [18.8 (11.3–29.5) vs. 14.5 (10.4–30.3) ms;
P = 0.586] or RMSSD [17.8 (12.8–38.0) vs. 19.0 (13.8–36.4)
ms; P = 0.943].

Median follow-up time for clinical events defined as death
or HF hospitalization was 16 (10–33) months. During this
time, a total of 10 patients died [2 HF, 3 not related to HF
(sepsis, renal failure, and malignancy), and 5 unexplained].
This accounts for a number of deaths of 16.8 per 100 patient
years. Mortality at 1 and 3 years was 20% and 33.3%, which
was as expected when risk of all-cause death was estimated
using the Meta-Analysis Global Group in Chronic Heart
Failure (MAGGIC) risk score with 20.6% mortality at 1 year
and 42.5% at 3 years (Figure 5 ).15

A total of 14 patients were hospitalized due to HF during
follow-up. One of those patients was hospitalized twice for
this reason, resulting in an event rate of 15. The number of

Figure 2 New York Heart Association (NYHA) functional class is depicted
at baseline and after 12 months, showing a significant improvement to a
lower NYHA class at follow-up. Six patients were dead at the 12 month
follow-up, and three values are missing due to loss of follow-up.

Figure 3 N-terminal prohormone of brain natriuretic peptide (NT-proBNP). There was no significant change in NT-proBNP between baseline and after
12 months, neither in total nor after separating patients into two groups using an NT-proBNP of 1600 pg/mL as arbitrary cut-off. IQR, inter-quartile
range.

BAT - HFrEF registry 3377

ESC Heart Failure 2023; 10: 3373–3384
DOI: 10.1002/ehf2.14508



first and recurrent HF hospitalizations was 28.5 per 100 pa-
tient years.

Advanced HF symptoms defined as NYHA Class IV, high
NT-proBNP levels >1600 pg/mL, and severely impaired renal
function with an eGFR < 30 mL/min at baseline significantly
predicted the risk of death or HF hospitalization (Figure 6 ).
In a multivariate analysis of survival at 3 years, NYHA Class
IV and an NT-proBNP above median (3165 pg/mL) remained
statistically significant independent predictors of mortality
(Table 4).

Regarding patients with or without cardiac
resynchronization therapy at baseline, there were no differ-
ences in change of LVEF [5.3 (0.0–5.0) vs. 5.5 (�1.5 to 10.0);
P = 0.837] or NT-proBNP [350 (�3309 to 2249) vs. �391
(�1035 to 245); P = 0.659] between baseline and 12 months.
CRT did not impact the risk for HF hospitalization or death
(Figure 6 and Table 4).

Discussion

Main findings

To the best of our knowledge, this is the largest observational
registry aiming to characterize patients with CHF treated with
BAT in routine clinical practice and to analyse safety and clin-
ical outcome during intermediate-term follow-up. The data
demonstrate that (i) patients who are selected for BAT are
in a stage of worsening or even advanced HF; (ii) the risk of
HF hospitalizations and death remains extremely high at least
in those patients who present in NYHA Class IV and have high
NT-proBNP levels or severe renal comorbidity; (iii) BAT in
HFrEF appears safe, at least in a setting of a specialized unit
with standardized procedures of patient selection, device im-
plantation, and long-term follow-up; and (iv) BAT improves
clinical symptoms and—to a modest degree—LV function.

Patient population

Patients included in this registry were in a state of worsening
or even advanced HFrEF and frequently suffered from comor-
bidities such as diabetes, impaired renal function, atrial fibril-
lation, or obesity. Compared with the randomized trials of
BAT in HFrEF, the HOPE4HF and BeAT-HF trials, patients in
our registry were slightly older and had a slightly worse renal
function, significantly higher NT-proBNP values, and a higher
rate of prior HF hospitalizations.12,16 Patients in this registry
had more severe symptoms regarding NYHA class and higher
NT-proBNP levels along with worse LVEF and renal function
indicating secondary organ failure as compared with patients
in the Vericiguat Global Study in Subjects with Heart Failure

Figure 4 Left ventricular ejection fraction (LVEF) and left ventricular end-diastolic diameter (LVEDD). LVEF showed a slight but statistically significant
improvement from baseline to 12 months. LVEDD showed no significant improvement after 12 months. IQR, inter-quartile range.

Table 3 Echocardiographic assessment at baseline and 12 month
follow-up

Baseline 12 months P value

LA diameter (mm) 47 (44–52) 47 (41–50) 0.021
LAVI (mL/m2) 48 (39–58) 37 (30–56) 0.099
LVEDD (mm) 63 (58–69) 60 (58–66) 0.284
LVESD (mm) 56 (49–64) 53 (45–64) 0.244
LVEF (%) 26 (20–30) 30 (25–36) 0.014
IVS thickness (mm) 12 (10–13) 12 (10–13) 0.623
RV diameter (mm) 33 (27–42) 34 (25–42) 0.431
RVSP (mmHg) 54 (38–56) 42 (29–56) 0.441
TAPSE (mm) 13 (11–19) 14 (12–18) 0.832

IVS, interventricular septum; LA, left atrium in parasternal long-axis
view; LAVI, left atrial volume index; LVEDD, left ventricular
end-diastolic diameter; LVEF, left ventricular ejection fraction;
LVESD, left ventricular end-systolic diameter; RV, right ventricular;
RVSP, right ventricular systolic pressure; TAPSE, tricuspid annular
plane systolic excursion.
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with Reduced Ejection Fraction (VICTORIA) trial, which tested
the effect of vericiguat compared with placebo in a dedicated
HFrEF population of patients with worsening symptoms and
recent event of HF decompensation in spite of already initial-
ized medical treatment.17 All of these characteristics are re-
lated to outcome in terms of HF hospitalization and death
and are used for the prognostication of survival.15

Autonomic function/heart rate variability

Heart rate and beat-to-beat HRV are regulated by the ANS.
Reduced HRV as determined by SDNN carried a significant
risk in cardiac mortality in patients after myocardial infarction
with incremental risk when LVEF was below 35%.18 Whereas
BAT was shown to improve RMSSD among other time- and
frequency-domain measures but not SDNN in patients with
arterial hypertension, the impact of BAT on HRV in HFrEF
has not been studied so far.11,19 In our cohort, there was no
change in HR with BAT on top of background BB therapy
and no change in HRV as determined by the time-domain
measures of SDNN or RMSSD over time. Either this might
be related to technical issues because the method of ultra-
short-term HRV calculated from 10 s ECG recordings is less
well established compared with short-term and longer term
recordings of 10 min or 24 h.14 Moreover, patients in our co-
hort having high NT-proBNP levels might be in a stage of HF
too advanced to be susceptible for ANS modulation by
BAT.19,20 Furthermore, HRV per se might be suboptimal to
monitor the effects of BAT on ANS in HF. However, there is
no reference standard measure of ANS activity clinically avail-

able (for review, see Patel et al.5). Nevertheless, in a recent
study in 425 patients with HFrEF on optimal medical and de-
vice therapy, abnormal baroreceptor and chemoreceptor sen-
sitivity strongly predicted lower HRV and exercise tolerance
as well as impaired risk of adequate ICD shocks and cardiac
death.21 These findings underscore the need to establish reli-
able measures of ANS activity to guide proper patient selec-
tion in an individualized therapeutic approach to treat HF.19

Clinical benefit

Patient characterization is of major impact to contextualize
clinical outcome in our patient cohort. The risk of death in
the treatment arm of the EMPEROR-Reduced trial, a patient
group that was treated according to current guidelines but
with less high-risk characteristics, was 10.1 per 100 patient
years.22 In contrast, rate of death was 16.9 in the placebo
arm of the VICTORIA trial17 and 16.8 per 100 patient years
in our registry population. In addition, the number of deaths
after 1 and 3 years in our population was as expected accord-
ing to the MAGGIC risk score. On the other hand, the number
of first and recurrent HF hospitalizations in our cohort was
lower with 28.5 compared with 42.4 per 100 patient years
in the VICTORIA trial. These findings might indicate that
BAT does not have major impact on mortality but reduces
the risk of HF hospitalizations. The BeAT-HF trial
(NCT02627196), even though in a non-blinded fashion, was
designed to answer the important question if BAT is able to
reduce morbidity and mortality in HFrEF. Results of this trial
are expected to be published this year.

Figure 5 Mortality. Cumulative mortality after baroreflex activation therapy (BAT) implantation is depicted. Mortality was 20% after 1 year and 44%
after 3 years. Yellow dots indicate mortality as predicted by the Meta-Analysis Global Group in Chronic Heart Failure (MAGGIC) risk score at 1 year
(20.6%) and 3 years (42.5%).
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A lower than expected number of HF hospitalizations are
in line with the improvement in LVEF and NYHA class seen
in our cohort. Data on echocardiographic parameters in BAT
are sparse. In the HOPE4HF trial, a non-significant trend of
2.5 ± 1.7% LVEF between-group difference (P = 0.15) in fa-
vour of BAT compared with medical therapy was shown.16

A small-sized prospective registry comparing 10 patients with

BAT and 30 patients with medical therapy only demonstrated
a 10% increase in LVEF already 3 months after BAT. However,
groups were not balanced at baseline with significantly lower
LVEF in the BAT group.23 Whereas BAT might therefore have
an impact on cardiac contractility, cardiac structure as mea-
sured by LVEDD seems to be unaffected at least in median-
term follow-up. A dedicated mechanistic study from

Figure 6 Predictors of outcome. New York Heart Association (NYHA) Class IV, estimated glomerular filtration rate (eGFR) <30 mL/min, and N-terminal
prohormone of brain natriuretic peptide (NT-proBNP) >1600 pg/mL were statistically significant predictors for worse outcome regarding death or
heart failure hospitalization (HFH). Whether patients had a cardiac resynchronization therapy (CRT) device or not was not an outcome predictor.
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Grossman et al., which was already published in 1991,
demonstrated a close relationship between total peripheral
resistance and echocardiographically determined LV filling
patterns. As compared with patients with normal ventricular
filling, those with impaired LV filling had a 4.5 times higher
increase in norepinephrine levels in response to isometric
exercise and more than two times higher total peripheral
resistance but a five times lower increase in cardiac output
despite an equivalent increase in mean arterial blood
pressure.24 In other words, high peripheral resistance and
sympathetic overdrive are associated with impaired LV func-
tion and inability to generate an adequate cardiac output in
response to exercise. Peripheral vasoconstriction and resis-
tance are thought to be a main consequence of ANS imbal-
ance in HF.5,9 Thus, clinical findings from the HOPE4HF trial
are of importance, showing a significant increase in systolic
blood pressure and pulse pressure as a result of BAT in HF,
which might be caused by improved stroke volume due to re-
duced vascular resistance.16 A raise in cardiac contractility as
a result of reduced afterload is also in line with a reduction in
LV filling pressure and—as it is seen in our patients—with a
reduced left atrial volume overload. However, dedicated
echocardiographic assessment is necessary to understand
the impact of BAT on cardiac structure and function. There
is a BAT post-market multicentre study in Germany designed
to assess cardiac function and remodelling in HFrEF patients,
the BiRD-HF trial, using core lab analysis of echocardiographic
parameters. This registry attempts to enrol 110 patients and
is still ongoing.

The improvement in NYHA classification in our cohort is of
clinical importance and consistent with the findings of the
HOPE4HF and BeAT-HF trials as well as a meta-analysis of
these trials.20 This clinical benefit was shown to be indepen-
dent of age, gender, or presence of comorbidities such as
atrial fibrillation in these randomized trials and went along
with a significant improvement in walking distance in a
6 min hall walk test and quality-of-life assessment.20 The re-
duction in symptom burden seems to be given on top of an
optimized medical therapy including ARNI as indicated by
the registry by Guckel et al.23

In contrast to other trials and registries, we did not detect
any statistically significant changes in NT-proBNP after BAT in

our patient cohort. Two assumptions may account: first, the
sample size is just too small and the variability of
NT-proBNP is too high to reach statistical significance despite
a numerical reduction of �68% in NT-proBNP. Second, there
is no reduction in NT-proBNP because our patient cohort is
already too sick to benefit from BAT. The BeAT-HF trial data,
in contrast to previous trials, revealed that patients initially
randomized to BAT vs. control (Cohort A) did not have any
benefit regarding NT-proBNP. Post hoc analyses identified
the eligibility criterion of NT-proBNP > 1600 pg/mL in pa-
tients without previous HF hospitalization, which was used
to enrich the study population with patients at high risk for
morbid and mortal events, as a marker for more advanced
HF and a marker for a patient group, which might have a
lower treatment response. In patients with baseline
NT-proBNP levels <1600 pg/mL, a significant reduction in
NT-proBNP with BAT could be confirmed. In a complex re-
structure of the study population and in agreement with
the Food Drug Administration (FDA), final analysis focused
on patients with baseline NT-proBNP < 1600 pg/mL (Cohorts
B and C).12 The FDA finally approved Barostim Neo™ in 2019
for the use in patients with HFrEF and NT-
proBNP < 1600 pg/mL. Several trials suggest that patients
with lower NT-proBNP levels might have greater response
to HF therapies. The treatment effect of vericiguat vs. pla-
cebo on the primary composite endpoint of cardiovascular
death or HF hospitalization in the VICTORIA trial was greatest
in patients with NT-proBNP levels below 4000 pg/mL but not
obvious anymore in those with levels >8000 pg/mL.25 The
LCZ696 in Advanced Heart Failure (LIFE) trial taught us that
striking achievements of ARNI in patients predominantly in
NYHA Class II in the PARADIGM-HF study cannot necessarily
be extrapolated to patients with advanced HF.26,27 This
double-blind randomized clinical trial compared sacubitril/
valsartan with valsartan in patients in NYHA Class IV. After
24 weeks, there were no significant differences between
groups regarding NT-proBNP and a composite of clinical out-
come parameters.26 We could not detect a difference in
treatment response depending on baseline NT-proBNP with
an arbitrary cut-off of 1600 pg/mL or when split by median
(data not shown). Nevertheless, most of our patients were
in NYHA Class III and some even in Class IV with a median

Table 4 Predictors of death at 3 years

Univariate Multivariate

HR (95% CI) P value HR (95% CI) P value

eGFR < 30 mL/min 12.70 (3.49; 46.15) <0.001 2.85 (0.48; 16.88) 0.105
NYHA Class IV 8.81 (2.17; 35.71) 0.002 7.02 (1.60; 30.71) 0.010
NT-proBNP > median 3165 pg/mL 12.47 (1.56; 99.68) 0.017 11.43 (1.41; 92.68) 0.023
CRT 1.11 (0.31; 3.95) 0.869

Stepwise multivariate binary logistic Cox regression analysis with survival at 3 years as depending variable. Median NT-proBNP level was
used for categorization due to missing events in patients with NT-proBNP < 1600 pg/mL.
CI, confidence interval; CRT, cardiac resynchronization therapy; eGFR, estimated glomerular filtration rate; HR, hazard ratio; NT-proBNP, N-
terminal prohormone of brain natriuretic peptide; NYHA, New York Heart Association.
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NT-proBNP level >3100 pg/mL, so that it could be argued
that our patients’ NT-proBNP and mortality did not improve
because they were already too sick and would only benefit
from a mechanical assist device or heart transplant. This is
supported by the finding that NYHA Class IV, NT-proBNP
levels >1600 pg/mL, and secondary organ dysfunction with
eGFR < 30 mL/min significantly predicted HF hospitalizations
and death with eGFR < 30 mL/min and NYHA Class IV as in-
dependent predictors of survival at 3 years. Whether patients
in a markedly earlier disease stage and NYHA Class II situation
represent a patient group with particular potential to benefit
from BAT is unclear. To our knowledge, there are no studies
at this point in time investigating Barostim Neo™ in patients
in NYHA Class II and/or the full LVEF range for HFrEF with
an LVEF ≤ 40% as defined by current guidelines4 rather the
restriction to use in NYHA III and LVEF < 35% by CE mark
and FDA approval. If an NT-proBNP cut-off of 1600 pg/mL is
optimal to predict treatment response needs to be
established.20 Our data indicate that patient selection is cru-
cial to utilize the therapeutic potential of BAT in HFrEF.

A subanalysis of the HOPE4HF study indicated that patients
without CRT have more pronounced treatment effects with
BAT compared with those with CRT.28 Patients with CRT
therefore were excluded from study participation in the
BeAT-HF trial, and subsequently, the FDA approved Barostim
Neo™ only in patients without CRT. One third of the patients
in our cohort were treated with CRT for at least 6 months be-
fore BAT. Our data do not indicate any difference in treat-
ment effect on NT-proBNP, LVEF, or clinical events in patients
with or without CRT. This is in line with findings from Guckel
et al. In this registry, 90% of BAT patients were CRT non-
responder.23 Further studies are necessary to define the effi-
cacy of BAT in CRT patients.

Safety

As already shown in the setting of clinical trials, complication
rates of Barostim Neo™ implantation were also low in routine
clinical care. Bleeding and nerve injuries occurred, all of
which resolved completely. No device had to be extracted be-
cause of infection or for other reasons. Theoretically, there is
no risk of device endocarditis, because the lead is located
strictly extravascular.

Blood pressure and HR remained stable during BAT in our
cohort, which serves as an important safety marker, because
HFrEF patients often suffer from symptomatic hypotension
that limits HF therapy (Figure 1). Our patients received ade-
quate guideline-directed HF medication (Table 2). Almost all
patients were treated with either ARNI or ACEi/ARB in addi-
tion to a BB, and 60% of patients were on triple therapy in
combination with an MRA. Regarding drug classes used and
percentage of target doses achieved, patients in our cohort

were treated more intense compared with those in the re-
cent registries or clinical trials.17,22,29 BAT did not result in
down-titration of medical therapy and did not hinder medical
treatment intensification. It is relevant to point out that only
five patients were treated with SGLT2i at baseline. However,
results of outcome trials with SGLT2i in CHF were pending
when most of the patients in this registry were scheduled
for BAT.22,30 Treatment with an SGLT2i was initiated in four
patients at follow-up.

Limitations

All conclusions drawn from the data obtained from our
registry have to be taken with outmost caution due to its
monocentric, retrospective, non-randomized, and non-
blinded design and its small sample size, which makes our
analysis prone to bias. This study is neither designed nor
powered to assess the impact of BAT on morality or morbid-
ity in HFrEF. In addition, our study lacks a control group. This
means that the observed changes over time could be unre-
lated or not entirely due to BAT. Intensification of medical
HF treatment in some patients during follow-up might have
impacted the results. Moreover, our patient collective does
not represent a general HF population due to the selection
process in a highly specialized centre with an overrepresenta-
tion of patients in a more advanced stage of the disease.
Women are fairly underrepresented with 10% of the study
population. This was also a limitation of previous randomized
trials and cohorts. Therefore, further research is necessary to
evaluate the effectiveness of BAT in women. Besides HRV, no
other measures of ANS activity such as baroreceptor or che-
moreceptor sensitivity have been obtained to monitor the ef-
fect of BAT on ANS and to identify potential non-responders.

Conclusions

In a real-world situation of BAT in WHF, the Barostim Neo™

system has shown to be safe and effective in reduction of
symptom burden and in a modest improvement of LV con-
tractility. The subsequent number of HF hospitalizations in
median-term follow-up was lower than expected, whereas
BAT seems not to impact mortality. In patients with more ad-
vanced HF, the risk for HF hospitalization and death remains
extremely high despite BAT. So treatment with the Barostim
Neo™ system seems to be futile or at least of questionable ef-
fectiveness in this subgroup. Further studies are essential to
demonstrate the effects of BAT on outcome and to identify
most susceptible patient groups.
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