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Abstract
In this study, we evaluate the acute effects of a novel,
non-invasive, respiratory-gated auricular vagal afferent
nerve stimulation (RAVANS) technique on arterial blood
pressure levels in hypertensive patients.
We consider data from 18 hypertensive subjects
(53.6±6.3 years, 9 males) during three stimulation sessions
where they received either sham, low-intensity, or mediumintensity stimulation in randomized order. Blood pressure
was continuously collected during 15-minute baseline,
stimulation, and recovery windows.
Our statistical analysis shows that the percent decrease
of median systolic blood pressure from baseline was
significantly higher during RAVANS (medium-intensity)
when compared to sham. Furthermore, a two-way ANOVA
reveals a significant interaction between Intervention and
Phase for changes in median systolic blood pressure. Post
hoc testing reveals that this effect was driven by the
Recovery Phase following RAVANS where median Systolic
blood pressure significantly decreased in the last 5 minutes
compared to sham.
Our results indicate that exhalatory-gated RAVANS has
acute modulatory effects on systolic blood pressure levels
of hypertensive patients. Further longitudinal studies will
be required to evaluate the therapeutic potential of the
RAVANS electroceutical device.

1.

Introduction

Hypertension impacts 30% of the world’s population
and is a leading cause of morbidity and mortality in the
United States [1]. It has been estimated that hypertension
is responsible for 14% of deaths worldwide [2]. Though
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many medications for the condition exist, they are not
effective for all individuals. In fact, half of all patients on
hypertension medication still do not have adequately
controlled blood pressure [3]. Furthermore, the worldwide
population with uncontrolled hypertension increased from
605 million to 978 million between 1980 and 2008 [4].
This large population of hypertensive patients requires
more effective treatment options, thus calling for
exploration of alternative antihypertensive therapies.
Vagus Nerve Stimulation (VNS) is an FDA-approved
treatment for treatment-resistant epilepsy and major
depressive disorder [5,6]. VNS involves the surgical
implantation of both a neurostimulator device and the
electrode delivering the stimulation, which is placed along
the cervical branch of the vagus nerve [7,8]. Clinical trials
evaluating the potential of VNS as a therapeutic option for
patients with heart failure have found that VNS is able to
improve cardiac structure and function as well as increase
parasympathetic tone [9,10]. Despite these promising
results, the viability of VNS as a major treatment approach
for other cardiovascular diseases, such as hypertension, is
undercut by the risks associated with surgical implantation.
Non-invasive vagus nerve stimulation techniques
have recently been developed to overcome the negative
side effects involved when surgically implanting a medical
device [11,12]. The cymba conchae, a central region of the
outer ear, is highly innervated by the afferent pathway
known as the auricular branch of the vagus nerve (ABVN),
making it an ideal location for transcutaneous stimulation
[13,14]. ABVN stimulation has been found to reduce
arterial blood pressure and increase parasympathetic tone
in preliminary experimental studies [15]. The link between
reduced cardiac vagal tone and the development and
progression of hypertension has been supported by the
findings of many research groups [16-19]. Therefore,
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transcutaneous vagus nerve stimulation could provide a
therapeutic tool for cardiovascular disorders associated
with autonomic imbalance.
Our group has previously investigated a novel form of
stimulation that is gated to the exhalatory phase of the
respiration cycle [20,21]. We proposed that delivering
stimulation during exhalation would optimize the effects
of the stimulation in cardiovagal modulation [22]. In this
study, we evaluate the effects of respiratory-gated
auricular vagal afferent nerve stimulation (RAVANS) in
the modulation of blood pressure in hypertensive subjects.
We analyze the systolic blood pressure values of subjects
randomized into active (low and medium intensity) or
sham conditions by comparing the percent change from
baseline blood pressure values during stimulation and
recovery periods.

2.

Materials and methods

2.1.

Experimental protocol

approaching pain threshold. Low-intensity stimulation
corresponded to a subjective rating of ‘2’ on the scale, and
medium-intensity stimulation to a rating of ‘5’. The sham
stimulation was delivered with the current generator shut
off, with subjects blinded to stimulus condition. For the
sham condition, participants were told they may not feel
the stimulation because the intensity adopted could be
below sensory-threshold. Continuous beat-to-beat blood
pressure signal was measured by a Finometer device
(Finapres Medical System, Enschede, The Netherlands)
throughout each session. The signal was collected at
400Hz using a 16-channel Powerlab DAQ System
(ADInstruments, Colorado Springs, CO, USA) on a laptop
equipped with LabChart Data Acquisition Software
(ADInstruments).

2.2

Eighteen hypertensive subjects (53.6±6.3 years, 9
males) were enrolled in this study. Prior to enrollment in the
study, all subjects were on stable doses of antihypertensive
medications for a minimum of 30 days. Exclusion criteria
included a history of other known cardio-, cerebro-, or
peripheral vascular disease, presence of neoplasm, diabetes
mellitus, morbid obesity, kidney or liver failure, infectious
or systemic inflammatory disease and current neurological
illness. All subjects gave written informed consent
approved by an Institutional Review Board. Participants
underwent three stimulation sessions, during which they
received either sham, low-intensity, or medium-intensity
stimulation in a randomized order (see below). Electrodes
were placed on the left ear, specifically on the surface of the
cymba concha and beneath the antihelix as these regions are
known to be innervated by the auricular branch of the vagus
nerve (Figure 1). Biphasic electrical stimulation was
delivered at 25 Hz (duration 1s, pulse width 15ms) and was
gated to exhalation, with current intensity set to achieve a
non-painful, mild or moderate sensation. Subjects rested in
a seated position for non-consecutive 15-minute baseline,
stimulation, and recovery periods.
Figure 1. Electrode placement in the cymba concha

Systolic peaks of the blood pressure data were
annotated semi-automatically—peaks were automatically
detected and then manually inspected and corrected if
needed—with in-house developed Matlab scripts (The
MathWorks, Natick, MA, USA). The annotated data were
segmented into five-minute windows in order to visually
inspect and exclude any low-quality segments. The median
systolic blood pressure value was extracted for each of the
selected windows. Statistical testing was performed using
R (http://www.R-project.org/). A first analysis
investigated blood pressure variations during stimulation.
To this end, the median percent signal change in systolic
BP (SBP) during stimulation was computed using the
baseline period as a reference. RAVANS was compared to
Sham using a Wilcoxon paired test, and significance was
set at a p-value of 0.05. Additionally, the subjects included
in this pairwise analysis were inspected in order to identify
potential responders and non-responders. Finally, the
overall effect of RAVANS was assessed by evaluating the
median percent signal change in SBP in the last 5 minutes
of each period (baseline, stimulation, recovery) with
respect to the first 5 minutes. A two-way ANOVA with
Period (three levels: baseline, stimulation, recovery) and
Stimulation Type (three levels: Low Intensity, Medium
Intensity, Sham) as factors was performed, followed by
post-hoc Wilcoxon testing.

3.

Stimulation intensity was determined by a subjective
rating scale of 0-10 for perceived intensity of the sensation.
On the scale, an intensity rating of ‘0’ represented no
sensation and a rating of ‘10’ represented a sensation

Statistical Analysis

Results

Through a preliminary preprocessing of the data based
on quality, ten subjects (N=10) were retained for analyses
comparing median systolic blood pressure values between
active and sham RAVANS during the stimulation period.
Nine out of these ten subjects showed a lower increase in
SBP during active medium intensity RAVANS compared
to sham (Figure 2). For the responder group, SBP change
was significantly lower during medium intensity
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RAVANS (0.86 +/- 8.34% mean +/- sd) than sham
stimulation (7.94 +/- 7.06 %; p = 0.04). The non-responder
had a SBP change of 16.34% during medium intensity
stimulation and -2.01% during sham.

+/- 7.03%) intensity stimulation (Figure 3). Wilcoxon rank
sum testing demonstrates significance differences between
sham and low RAVANS (p = 0.027), and between sham
and medium RAVANS (p = 0.024).

4.

Figure 2. Median systolic blood pressure, normalized to baseline,
is lower during stimulation for medium intensity RAVANS than
sham for nine out of ten subjects (all ten subjects’ data shown).

Figure 3. Median systolic blood pressure of the final five minutes
of each phase expressed as a percent change from the first five
minutes. Both low and medium intensity stimulation have
significantly greater blood pressure reductions compared to sham
(* p < 0.05).

  
The 3x3 ANOVA on the percent change SBP values
revealed no significant main effect of Phase or Stimulation
Type, but a significant interaction between factors (F(4) =
2.748, p = 0.03). Post-hoc analyses revealed that SBP
changes were higher during recovery following sham
stimulation (6.28 +/- 4.16%, mean +/- std) and lower
following both medium (-0.80 +/- 6.75%) and low (-2.49

Discussion

The present study investigates the acute effects of
exhalatory-gated transcutaneous VNS (RAVANS) on
systolic blood pressure in hypertensive subjects.
Specifically, we explored the influence of stimulus
intensity as a potentially relevant parameter for clinical
applications. Our findings show a decrease in normalized
systolic BP during the Medium intensity RAVANS
stimulation period compared to sham stimulation for a subgroup (9 out of 10 subjects) of responders. Furthermore,
subjects who received active stimulation (either using
medium or low intensity) showed a significantly lower
SBP increase at the end of the recovery period compared
to sham.
Pooled together, the present results provide preliminary
support for antihypertensive effects of RAVANS
stimulation in our hypertensive population. Importantly,
both medium and low intensity showed a significant effect
in maintaining a controlled SBP during a 15-minute
recovery period compared to sham (no current)
stimulation. Combining SBP analysis with other
autonomic and cardiovascular indices, such as the ones
derived from heart rate variability analysis, could offer a
more comprehensive picture of the effects of RAVANS –
and its stimulation intensity – on hypertension, thus
helping an informed decision on this parameter.
The study has a number of limitations that should be
discussed. First, the number of subjects included in the
analysis is reduced, and could be increased by further
assessments on data quality. A second, important
limitation is given by the protocol design: in fact, the
subjects underwent a series of autonomic tasks (paced
breathing, hand grip, sit-to-stand) preceding and following
the 15-minute stimulation period, whose effects on BP
levels have not been yet ascertained. A new protocol where
such effect is minimized could further improve validation
of the RAVANS effect.

5.

Conclusion

The preliminary findings of this study provide
promising evidence that RAVANS holds the potential to
regulate arterial blood pressure levels of patients with
hypertension. Future studies targeting the mechanism by
which RAVANS influences parasympathetic activity and
thereby, modulates blood pressure, would be helpful in
determining the therapeutic value of this technique. As
more data on use of RAVANS in hypertensive subjects
become available, the ability of this novel form of
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stimulation to reduce cardiovascular risk can be further
validated.
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