
  

 
 

Abstract—Vagus nerve stimulation (VNS) is an FDA-

approved technique for the neuromodulation of the autonomic 

nervous system. There are many therapeutic applications where 

VNS could be used as a therapy, such as cardiovascular diseases, 

epilepsy, depression, and inflammatory conditions. 

Cardiovascular applications are particularly relevant, since 

cardiovascular diseases are the top causes of death worldwide. 

VNS clinical trials have been performed in the last 15 years for 

the treatment of heart failure (HF), achieving controversial 

results. Typically VNS is applied with a cuff electrode placed 

around the nerve, in an open-loop or cardiac synchronized 

design. The effectiveness of this approach is hindered by the 

multifunctional nature of the VN, which is involved in a variety 

of homeostatic controls. When a high current is applied, adverse 

effects arise from the stimulation of undesired fibers. An 

alternative strategy is represented by intraneural stimulation, 

which can guarantee higher selectivity. Moreover, closed-loop 

modalities allow the delivery of electrical current inside the 

nerves only if needed, with a reduced risk of untargeted nerve 

activation and lower energy consumption. Here we propose a 

closed-loop intraneural stimulation of the right cervical VN in a 

clinically relevant animal model. The intraneural was designed 

according to the internal structure of the VN. A threshold-based 

closed-loop algorithm was developed using HR as a control 

variable to produce a chronotropic effect. 

 
Clinical Relevance—This work analyzes the closed-loop 

intraneural VNS for the treatment of cardiovascular disorders, 

and supports the possibility of developing fully implantable 

devices with a high degree of selectivity in stimulation and 

prolonged lifespan. 

I. INTRODUCTION 

The vagus nerve (VN) is the main component of the 
parasympathetic nervous system, responsible for many 
homeostatic functions (e.g heart rate control, respiration, 
digestion) [1] thanks to its multifascicled structure [2]. The 
electrical modulation of VN activity can be exploited for the 
prevention and treatment of the disorders of vital organs. The 
Vagus Nerve Stimulation (VNS) consists of the activation of 
the VN fibers to modulate physiological functions. So far, it 
is an FDA-approved therapy for epilepsy, depression, stroke, 
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and is currently under study for the treatment of 
cardiovascular diseases [3]–[7], which represent a major 
cause of morbidity and mortality worldwide [8]. The vagal 
innervation of the heart plays a critical role in the modulation 
of the heart rate that may affect myocardial perfusion. In 
particular, the right vagus nerve has stronger effect on heart 
rate [9]. Three main clinical trials have been performed for 
the treatment of heart failure (HF) by cervical vagal nerve 
stimulation using cuff electrodes in both open-loop 
(NECTAR-HF [3] and ANTHEM-HF [10] trials) and 
heartbeat-synchronized settings (INOVATE-HF trial [11]),. 
Unfortunately, this modality of VNS does not always exert a 
favorable hemodynamic effect associated with a better 
prognosis in patients with heart failure.  Some limitations of 
these studies could be related to insufficient energy delivered 
and the lack of selectivity in extraneural stimulation, which 
could produce adverse effects (i.e neck contractions, cough, 
hoarseness). New technologies to optimize patient care by 
cardiac VNS are expected. First, electrodes can be implanted 
inside the nerve in close contact with the internal fascicles, 
allowing for better selectivity of stimulation while reducing 
the amount of current delivered. Second, closed-loop 
stimulation protocols can be used to prolong the lifespan of 
implantable devices by delivering the appropriate amount of 
current to the VN only as needed, thus reducing power 
consumption.  To date, many closed-loop VNS strategies 
using cuff electrodes have been implemented for 
cardiovascular applications [12]–[14]. However, none of 
them involved the use of intraneural electrodes. 
Here we propose a closed-loop VNS system exploiting the 
properties of intraneural stimulation. A domestic pig was used 
as human-relevant large animal model to test safety and 
evaluate hemodynamic effects of our device.  

II. MATERIAL AND METHODS 

A. Electrode design and fabrication 

A custom intraneural thin film polyimide electrode was used 
to perform VN stimulation, inspired by the TIME design [15]. 
The dimensions of the electrode and the distribution of the 
active sites (16 circular active sites, 80 µm diameter, Au with 
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IrOx coating) were designed according to histological 
analysis [16]. The fabrication process was performed 
according to standard microfabrication techniques [15]–[17]. 
Briefly, a 5 μm-thick layer of polyimide (PI2611, HD 
Microsystems GmbH) was spin-coated on a silicon wafer, 
then a thermal curing process was executed. A first 
photolithographic step was performed, including spin-
coating, baking, exposing, and developing a 4 μm-thick 
photoresist (ECI 3027). Then, a conductive layer of 
Ti/Pt/IrOx (25/300/400 nm) was sputtered (AC450, Alliance 
Concept) and patterned thanks to lift-off. Spin-coating and 
curing processes were repeated for a second layer of 
polyimide, 5 μm-thick to isolate and encapsulate the 
conductive tracks. A second photolithographic step (AZ10XT 
12 μm) was performed, followed by O2-based reactive ion 
etching (RIE). The RIE was used to obtain the desired shape 
of the device and expose the active sites and the electrical 
connections.  The devices were then released through an 
anodic dissolution of aluminum in a 1.5 V bias in a saturated 
NaCl solution. The electrode was then connected to custom 
flexible PCBs through Ag and biocompatible UV glue; 
similarly to the TIME design, it was folded to insert a suture 
thread inside to perform the implantation. 

B. Surgical preparation 

All animal procedures were approved by the Italian 
Ministry of Health (no. 76/2014 PR) and conducted in 
conformity with the guidelines from Legislative Decree 
n°26/2014 of Italian Ministry of Health, Directive 
2010/63/EU of the European Parliament, and the guidelines 
for the Care and Use of Laboratory Animals (NIH publication 
No. 85–23). 
One healthy male sexually mature domestic pig (30 kg, body 
weight) was studied. The animal was pre-medicated using 
Zoletl® (10 mg/kg) and Stressnil® (1 mg/kg). Then, it was 
anesthetized using Propofol (2 mg/kg intravenously) and 
maintained under 1-2 % sevoflurane in air enriched by 50 % 
oxygen during mechanical ventilation [18], [19]. To expose 
the cervical region of the right VN, an anterior longitudinal 
neck incision was performed and the VN was isolated away 
from the carotid artery and the surrounding connective 
sheath tissue. The intraneural electrode was inserted 
transversally into the cervical region of the VN ( 
Figure 1), and connected to a portable stimulator [20]. 
 

 
 

Figure 1: Experimental setup. The intraneural electrode is 

implanted in the right cervical VN and connected to a portable 

stimulator. The current is delivered through the stimulator, 

controlled by a GUI. The blood pressure is measured with a pressure 

transducer at the level of the femoral artery and recorded with a 

DAQ connected to a host PC. 

C. Closed-loop algorithm 

 A threshold-based algorithm for the closed-loop 
stimulation was developed in LabView 2021 SP1 (National 
Instrument, USA), and deployed on a host PC, using the heart 
rate (HR) as a control variable (Figure 2). The arterial blood 
pressure (BP) signal was measured via a fluid filled catheter 
inserted trough the femoral artery, attached to a P23ID strain-
gauge transducer and sampled with a data acquisition board 
(DAQ, National Instrument, USA) at 40 Hz. The BP signal 
was used to compute the instantaneous HR. First, the BP 
signal was low-pass filtered with a cutoff frequency of 5 Hz. 
Then, to guarantee a more precise and reliable calculation, the 
slope sum function (SSF) was used to enhance the slopes of 
the BP signal (1), to properly detect the systolic peaks and 
compute the HR [21] 
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where w is the analyzing window, Δyk = yk-yk-1, and yk is the 
low-pass filtered BP signal. To obtain the maximal efficacy 
for the SSF, w was set to a value that approximates the 
upslope phase of the BP signal (~ 128 ms), thus for a 40 Hz 
sampling rate it was set to 7 samples. HR was calculated as 
the inverse of time interval between two successive systolic 
peaks. Once the HR was computed, the 60 last values were 
stored in a circular buffer and the HR signal was filtered with 
an exponential moving average (EMA) filter (α = 0.15, 
forgetting factor). The EMA filtering was performed to give 
more relevance to the most recent values of the HR. Then, 
stimulation was delivered only when the filtered HR value 
exceeded a predefined threshold (the desired HR value). 

D. Experimental protocol 

 Following baseline measurements, the current was injected 
through a single active site of the electrode. The active site 
giving the highest physiological response was identified in 
advance in an open-loop setting where all the contacts were 
tested with the same current parameters. VNS was delivered 
as a cathodic-first, charge-balanced, biphasic rectangular 
wave with an amplitude of 500 µA, a frequency of 10 Hz, and 
a pulse width of 200 µs. An HR value was first imposed for 3 
minutes to trigger the stimulation, after which a new HR 
threshold was imposed each 3 minutes. For the offline 
analysis, systolic and diastolic arterial BP were recorded for 
each heartbeat and low-pass filtered with a cutoff frequency 
of 5 Hz to remove artifacts related to the breathing rhythm. 

III. RESULTS 

A. Physiological responses to closed-loop VNS 

 The active site C7 (Figure 1) was identified as the one 
yielding the highest response in the open loop sessions,  
 



  

 
 

Figure 2: Block diagram of the closed-loop algorithm. The raw 

signal is low-pass filtered (LPF, cut-off signal 5 Hz) and then the 

SSF is computed. From the SSF the HR can be retrieved as the 

distance between the peaks divided by the time interval between 

them. The HR is EMA filtered (α = 0.15) to give more relevance to 

the most recent samples. The stimulation starts when the filtered HR 

overcomes a threshold, with pre-defined parameters. 

therefore it was selected for the VNS in the closed-loop 
session. HR, diastolic and systolic BP responses to closed-
loop VNS are shown in Figure 3. No contraction of muscles 
or signs of arrhythmia were observed during VNS. HR results 
are presented after moving average filtering (n=30 samples, 
Figure 3, top). When the HR threshold was set to 55 BPM, the 
HR rapidly started to decrease from the baseline condition. 
Nevertheless, the HR reached a plateau at 56.5 BPM, which 
was kept for the entire duration of the stimulation (3 minutes). 
When the HR threshold was changed to 58 BPM, the HR 
increased and then stabilized to the threshold value. The same 
response was observed at higher HR threshold value (59.5 
BPM). Diastolic (Figure 3, middle) and systolic (Figure 3, 
bottom) BP changed in line with HR response. Specifically, 
VNS induced a rapid reduction of BP that progressively 
increased after a few second without reaching baseline values. 
As the HR threshold increased, we observed a rapid elevation 
in BP values followed by a subsequent decrease, consistent 
with the reduction in HR. 

IV. DISCUSSIONS 

A. Physiological responses to closed-loop VNS 

 The preliminary results of our proof-of-concept study show 
that the closed-loop intraneural VNS can finely modulate the 
heart rate and the rate-dependent systemic blood pressure. 
The time dynamics of the HR changes at different threshold 
tends to be slow, as shown in Figure 3 , although it is strongly 
influenced by the MA filtering used to show the data. Our data 
will support further analysis to confirm this effect even during 
changes of BP.   

 
 

Figure 3: Physiological responses to closed-loop VNS. Top: HR 

response, middle: diastolic BP response, bottom: systolic BP 

response. The dark/ light/ very light blue shades in the diastolic and 

systolic BP plots represent the different HR thresholds imposed 

during a specific time interval, indicated by the corresponding 

values at the bottom of the plots. When VNS is applied, HR starts 

decreasing rapidly, followed by a slower decrease in diastolic and 

systolic BP. When the HR threshold is updated, the HR starts 

increasing and then stabilizes to the new updated value, while the 

diastolic and systolic BP dynamics is slower. 

The right VNS by intraneural electrodes allows injecting 
current into the nerve without causing adverse effects, since 
the electrical field produced with the current applied (500 µA) 
is small and activates only a small number of fascicles. 
However, this could also have some drawbacks; stimulation 
might not be able to activate the target fascicles (i.e cardiac 
fascicles) when the electrode is not implanted in close enough 
proximity, thus not producing a physiological response. In 



  

accordance, it is interesting to note as shown in Figure 3, top, 
that the HR never reached the value imposed from the first 
HR threshold. This can also lead to an imprecise conversion 
of the HR threshold in corresponding stimulation pulses 
needed, since the values could change according to electrode 
implantation location and anatomical variability. It is 
conceivable that the electrode leads to only  partial 
recruitment of the target fibers. Indeed, the absolute value of 
the variations induced by our intraneural VNS is small. 
Conversely, other studies achieve better results with different 
electrodes. Blanz et. al [22] have observed HR reduction of 
30-40 BPM following cervical VNS in pigs. However, the 
chronotropic response could not be elicited without inducing 
adverse effects, due to off-target stimulation of undesired 
fascicles. More accurate procedures of implantation for 
intraneural electrodes should be developed to achieve a 
similar HR chronotropic response with this kind of device. 

B. Limitations of the study 

 Currently, all the systems (acquisition, processing, SPI 
with stimulator) run on a host PC, which expose to hardware 
limitations for the sampling rate of the raw signal. This also 
has an impact on the HR computation. In the next 
experiments, all the systems will be deployed to dedicated 
hardware, and the algorithm will be implemented in a real-
time framework. Finally, future studies in awake animals 
using implantable sensors will improve real-time 
measurement of HR and BP response to VNS without the 
interference of anesthetics. 

V. CONCLUSION 

We developed and tested in an anesthetized domestic pig a 
new closed-loop system for intraneural stimulation of right 
VN, leading to fine modulation of heart rate-dependent 
hemodynamic response. This work paves the way to a fully 
implantable closed-loop VNS system that minimizes the 
adverse effects of untargeted electrical stimulation, while 
reducing  energy consumption. 
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