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Introduction: Although heart failure (HF) outcomes have improved dramatically with
the use of guideline directed medical therapy and implantable devices, the overall
prognosis of patients with HF and reduced ejection fraction (HFrEF) remains poor.
Autonomic Regulation Therapy (ART) using chronic vagus nerve stimulation (VNS) has
been evaluated in the ANTHEM-HF study, using changes in heart rate (HR) dynamics
as a biomarker of autonomic nervous system engagement and cardiac control to guide
VNS titration. ART was associated with sustained improvement in cardiac function and
HF symptoms in patients with HFrEF and persistent HF symptoms despite guideline-
directed medical therapy (GDMT). We sought to determine whether the responsiveness
of the autonomic nervous system to ART, as reflected in HR response to vagus
stimulation during the VNS duty cycle, is maintained after long-term chronic VNS
administration.

Methods: Fifteen patients with HFrEF and implanted with a VNS systems in the
ANTHEM-HF study were evaluated after 4.7 ± 0.3 years (range: 4.0–5.0 years) of
chronic ART. ECG electrodes were placed on each patient’s wrists, and ECG rhythm
strips were recorded. Instantaneous HR time series was computed at each patient’s
chronically programmed VNS intensity and during progressively increasing VNS intensity.
HR during active stimulation (on-time) was compared to HR just prior to initiation of each
stimulation cycle (off-time).

Results: Persistent autonomic engagement was observed in a majority of patients (11
of 15, 73%) after chronic ART for four or more years. The average magnitude of HR
reduction during ART on-time in all patients was 2.4 ± 3.2 bpm at the chronically
programmed VNS pulse parameter settings.
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Conclusion: Autonomic responsiveness to VNS persists in patients with HFrEF who
received chronic ART for up to 5 years as a supplement to GDMT. This suggests that the
effects of ART on autonomic engagement and cardiac control remain durable over time.

Clinical Trial Registration: [ClinicalTrials.gov], identifier [#NCT01823887, CTRI
registration #CTRI/2012/05/002681].

Keywords: heart failure, autonomic regulation therapy, vagus nerve stimulation, non-pharmacological therapy,
guideline directed medical therapy

INTRODUCTION

Chronic heart failure (HF) is characterized by autonomic
dysfunction, including excessive sympathetic activation and
concomitant parasympathetic withdrawal (Eckberg et al., 1971;
Brunner-La Rocca et al., 2001). This autonomic imbalance is
associated with cardiovascular dysregulation, worsening HF, and
increased risk of mortality independent of ejection fraction (EF)
and ventricular arrhythmias (La Rovere et al., 1998; Nolan et al.,
1998).

The ANTHEM-HF Study (ClinicalTrials.gov #NCT01823887)
was a multicenter, open-label feasibility study that evaluated
open-loop autonomic regulation therapy (ART) utilizing cervical
vagus nerve stimulation (VNS) and found that ART was
associated with sustained improvement at 6 months after VNS
titration in heart rate (HR), HR variability, left ventricular
(LV) function, HF symptoms, and quality of life in patients
with chronic, stable, symptomatic HF with reduced EF (HFrEF)
(Premchand et al., 2014, 2016). An analysis of electrocardiogram
(ECG) recordings from ANTHEM-HF patients showed that
instantaneous HR change during therapeutic levels of VNS can
be used as a biomarker of autonomic engagement and cardiac
control (Nearing et al., 2016). Autonomic engagement was
reflected in distinct, observable changes in HR dynamics that
occurred during VNS (Libbus et al., 2017).

Whether similar biomarker changes are observable after
longer periods of ART is unknown. Therefore, we sought to
evaluate changes in HR dynamics after 4 or more years of
continuous ART for patients with HFrEF. We hypothesize that
vagal response to ART, as reflected in acute HR response to
vagus stimulation during the VNS duty cycle, is maintained after
prolonged chronic VNS.

MATERIALS AND METHODS

Study Design
The ANTHEM-HF study design has been previously published
(DiCarlo et al., 2013). Briefly, the ANTHEM-HF study enrolled
60 subjects in NYHA class II-III HF with LVEF ≤40%
who were on guideline-directed medical therapy (GDMT).
Subjects received VNS Therapy System implantation (Demipulse
Model 103 pulse generator and PerenniaFLEX Model 304 lead,
Cyberonics, Houston, TX, United States, Figure 1) with lead
placement on the cervical vagus nerve. Stimulation parameters
were systematically adjusted over a 10-week titration period
to a pulse width of 250 µs and a pulse frequency of 10 Hz

in all patients while gradually increasing output current. The
mean output current at the end of titration was 2.0 ± 0.6 mA,
and this stimulation was maintained throughout the follow-up
period. Subjects who consented to extended follow-up received
cardiovascular function and HF symptom assessments every
3 months until 42 months post-titration.

At the end of the extended follow-up period, all active
patients with lead placement on the right vagus nerve were
asked to participate in an additional follow-up visit to assess
autonomic engagement. At the time of the follow-up visit,
the 15-patient cohort who agreed to participate in this study
had been chronically stimulated for 4.7 ± 0.3 years (range:
4.0–5.0 years). Mean stimulation parameters were a current
amplitude of 2.2 ± 0.6 mA, frequency of 5 Hz, pulse width of
250 µs, and duty cycle of 14 s ON/66 s OFF.

Autonomic Engagement Assessment
Assessment of autonomic engagement using sequential heart
interval patterns during VNS with signal processing algorithms
in patients with HF has been previously reported (Nearing et al.,
2016). The instantaneous, transient HR changes in response to
cycles of VNS are subtle, and can be either a small (0–3%) HR
increase or decrease based on the intensity of the stimulation

FIGURE 1 | The stimulation system consists of an implantable pulse
generator connected to a lead placed on the right cervical vagus nerve.
Chronic cyclic stimulation is delivered throughout the follow-up period.
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FIGURE 2 | Measurement of instantaneous heart rate (HR) response to stimulation. Median HR is measured during ART on-time (shaded) and compared to median
HR during an equivalent preceding ART off-time. Variability due to respiration and environmental effects during individual stimulation cycles (light traces) is minimized
by averaging over multiple cycles (bold trace).

and its relationship to the neural fulcrum (Ardell et al., 2017).
The neural fulcrum is defined as the operating point where a null
HR response is reproducibly evoked during stimulation on-time,
between the mild HR elevation observed with low-intensity VNS
and the progressive HR reduction observed with higher-intensity
ART (Ardell et al., 2017).

Autonomic engagement was assessed by measuring the
instantaneous HR response to vagal stimulation during the
VNS duty cycle, and the pattern of HR dynamics during
the stimulation off-time compared to the on-time. The
titration assessment system (TASys) consisted of a data
acquisition and display system connected to lead I of the
patient’s ECG. The Electrocardiogram signal was analyzed
in real time to detect ventricular depolarization (R-wave).
HR analysis and beat detection was previously validated
against a publicly available ECG database (PhysioNet, MIT
Laboratory for Computational Physiology) and found to be more
than 99% accurate.

All ECG recordings were taken with the patient at rest, and
efforts were made to maintain a stable HR during the entire
recording. Recordings were made with patients lying on their
back, with their arms in a relaxed position at their side. Electrodes
were placed on the patient’s wrists, and a stable ECG was recorded
from all patients. Unnecessary noise, conversation, and foot
traffic was kept to a minimum, and the lighting in the room was
kept as low and calming as possible.

The chronic therapy delivered by the VNS Therapy System
consists of intermittent, cyclic stimulation with a programmable
duty cycle. In this study, the duty cycle was fixed at 14 s
ON, 66 s OFF. TASys recordings were synchronized to the
patient’s duty cycle, which allowed the system to determine in
real time which cardiac beats occurred during ART on-time
and which beats occurred during ART off-time. The TASys
measured the median HR during ART on-time and compared it
to the median HR during an equivalent preceding ART off-time
period. This difference was calculated for each stimulation on/off
cycle and averaged over a minimum of 10 consecutive cycles to
minimize the influence of respiration and environmental effects
on HR dynamics. Averaging over multiple cycles minimizes the
variability of the HR measurement and accentuates the acute HR
response (Figure 2).

RESULTS

Patient Characteristics
The baseline characteristics of the 15 patients who consented
to participate in this autonomic engagement assessment are
summarized in Table 1 and compared with all 60 ANTHEM-
HF patients. There were no significant differences between the
two populations. At baseline (ANTHEM-HF enrollment), sub-
study patients were either NYHA class II (53%) or class III
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TABLE 1 | Baseline Demographics.

ANTHEM-HF
Patients
(n = 60)

Study patients
(n = 15)

Age 51.5 ± 12.2 52.7 ± 14.2

Gender (% Male) 87 93

Height (cm) 162 ± 6.9 162 ± 5.4

Weight (kg) 63.0 ± 10.9 61.7 ± 12.2

Heart rate (bpm) 77.6 ± 10.2 73.7 ± 11.0

Baseline NYHA class (II/III) 34/26 8/7

Baseline LVEF (%) 32.4 ± 7.2 30.9 ± 7.1

Baseline LVEDV (mL) 160 ± 50 142 ± 37

Baseline LVESV (mL) 108 ± 40 96 ± 30

(47%), with an average LVEF of 30.9 ± 7.1%. The average LVESV
and LVEDV were 96 ± 30 mL and 142 ± 37 mL, respectively.
Patients received optimum pharmacological therapy for HF,
with 100% receiving β-blocker therapy and 84% receiving ACE
inhibitor or ARB therapy.

Autonomic Engagement Assessment
Electrocardiogram records containing at least 10 on/off cycles
were successfully recorded in all 15 patients. Autonomic
engagement, defined as a measured HR reduction during ART
on-time as compared to ART off-time, was calculated and
averaged across all stimulation cycles for each record. Acute HR

reduction was observed in a majority of patients (11 of 15, 73%)
at the patient’s chronically programmed stimulation settings
(2.2 ± 0.6 mA current amplitude, 250 µs pulse width, 5 Hz
stimulation frequency). The average magnitude of HR reduction
during ART on-time at the chronically programmed settings was
2.4 ± 3.2 bpm. This represents a substantial maintenance of the
HR response magnitude that was observed at baseline (Figure 3).

DISCUSSION

Autonomic engagement as demonstrated by an acute reduction
in HR during VNS was measurable in a majority of patients with
HFrEF who had been receiving ART chronically for up to 5 years.
This suggests that the effect of ART on autonomic engagement
and cardiac control is durable over time.

Other recent randomized studies of VNS in HF were unable
to demonstrate acute HR changes or chronic changes in HR
and HR variability at 6 months or longer in response to
VNS (Zannad et al., 2015a,b; Gold et al., 2016). This appears
to have been related to inability to achieve an adequate
VNS intensity utilizing the parameters that were selected in
these studies, INOVATE-HF and NECTAR-HF, and resulted in
symptomatic and functional changes that were significantly less
than occurred in ANTHEM-HF.

In the ANTHEM-HF study, chronic ART was shown to be
safe, tolerable, and associated with persistent improvement in
cardiac function, HF symptoms, and exercise tolerance after 12

FIGURE 3 | Instantaneous heart rate (HR) response to stimulation from all patients at baseline and at the time of chronic follow-up. Individual patients (gray) and an
average of all patients (black) are shown.
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and 42 months of chronic therapy (Premchand et al., 2016;
Sharma et al., 2020). The current analysis examined a cohort of
patients who agreed to participate in this study after receiving
chronic therapy for almost 5 years, and found that the majority
of these patients exhibited an acute HR reduction in response
to VNS that was similar in magnitude to the HR reduction
originally observed at end-titration. These results suggest that
chronic vagal response to VNS does not exhibit any tachyphylaxis
but persists over time.

While demonstration of acute autonomic engagement during
VNS may have potential as a tool for guiding adequate delivery
of ART, the results of this analysis should be considered with
caution. No gold standard for measurement of autonomic
engagement biomarker has yet been established. This analysis
examined a subset of the ANTHEM-HF study patient population.
In contrast to the findings observed at end-titration in the full
study population, the analysis of this patient subset did not
demonstrate a HR response that was dependent on stimulation
amplitude; this may have been related to the relatively small
sample size that was evaluated.

CONCLUSION

Appropriate levels of autonomic engagement are discernible
using acute, transient HR changes in response to VNS as a
biomarker. Autonomic engagement persists in patients with
HFrEF who received chronic ART for up to 5 years as a
supplement to GDMT. These findings suggest that the vagal
response to ART remains durable over time, and TASys may

be potentially useful for guiding VNS titration to provide
adequate dosing of ART.
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