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ABSTRACT

Objective: This study explored intraneural stimulation of the right thoracic vagus nerve (VN) in sexually mature male minipigs to
modulate safe heart rate and blood pressure response.

Material and Methods: We employed an intraneural electrode designed for the VN of pigs to perform VN stimulation (VNS). This
was delivered using different numbers of contacts on the electrode and different stimulation parameters (amplitude, frequency,
and pulse width), identifying the most suitable stimulation configuration. All the parameter ranges had been selected from a
computational cardiovascular system model.

Results: Clinically relevant responses were observed when stimulating with low current intensities and relatively low frequencies
delivered with a single contact. Selecting a biphasic, charge-balanced square wave for VNS with a current amplitude of 500 pA,
frequency of 10 Hz, and pulse width of 200 ys, we obtained heart rate reduction of 7.67 + 5.19 beats per minute, systolic pressure
reduction of 5.75 + 2.59 mmHg, and diastolic pressure reduction of 3.39 £ 1.44 mmHg.

Conclusion: Heart rate modulation was obtained without inducing any observable adverse effects, underlining the high
selectivity of the intraneural approach.
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INTRODUCTION including respiratory, cardiac, and gastric functions; immune
homeostasis; and proinflammatory responses via the inflammatory

The vagus nerve (VN) is the main effector of the parasympathetic reflex.>> The VN is a cranial nerve composed of both afferent and
nervous system, which is divided into two branches (right VYN and  efferent fibers, with a vast majority being afferent (up to 90%) than

left VN), targeting a Variety of structures including the tongue’ efferent (10%).4 Afferent ﬁberS carry information from the body up
pharynxl bronchi, |ungS, heart' esophaQUS, Stomach’ colon’ |iverl to the central nuclei; thus they can be interfaced to record and
duodenum, and pancreas." Owing to its multifascicled internal ~ monitor the physiological status of many peripheral organs and
structure, it is responsible for a wide variety of regulatory functions networks innervated by the VN. In addition, by modulating the
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activity of efferent fibers it is possible to influence the behavior of
the target organs by using physical stimuli, such as electrical cur-
rent. Vagus nerve stimulation (VNS) consists of the activation of the
VN fibers to modulate several physiological functions.” VNS is a US
Food and Drug Administration-approved technique for drug-
resistant epilepsy, depression, and cluster headaches. Several
studies have been carried out in the last decade to investigate the
role of VNS in the treatment of metabolic and cardiovascular dis-
orders, in particular, obesity and diabetes type 2,> inflammatory
conditions (eg, rheumatoid arthritis),?> '® and hypertension.'"'?

Among all the different indications, the cardiovascular ones are
of particular interest because they are the leading cause of
morbidity and mortality, accounting for 17 million deaths in 2013."
VNS can be exploited to treat cardiac disease because the VN richly
innervates the heart, and its stimulation produces different effects
according to the specific innervated region.'* In the last decade,
indeed, VNS has been shown to be beneficial for treating heart
failure (HF). Moreover, implantable VNS using a cuff electrode
placed on the right VN can improve heart rate variability (HRV)'" in
acute settings, whereas HRV and blood pressure (BP) levels return
to baseline by turning the VNS off. In this scenario, VNS optimized
autonomic regulation by significantly increasing HRV during tran-
sient stimulation may improve cardiac function in the long term.
This perspective is clinically relevant.

In hospital setting, beta blockers provide inhibition of sympa-
thetic overexcitation; however, there are few therapies aimed at
increasing vagal activity.'® For example, several groups applied VNS
to normalize parasympathetic activity in HF patients.'® '® Because
the literature seems to suggest that the right VN has a stronger
influence on the sino-atrial node and provides cardioinhibitory
tone,'® we selected the right VN as the VNS target in our study.
Gold et al'® applied open-loop and heartbeat-synchronized stim-
ulation to the cervical region of the right VN using a cuff electrode
in patients with HF."® A similar study was led for the NEural Cardiac
TherApy foR Heart Failure (NECTAR-HF) trial.”® Although the treat-
ment was well tolerated by patients and slightly improved hemo-
dynamic parameters, VNS did not improve the outcome of patients
with HF at 18 months because of insufficient stimulation energy.
Another approach was pursued for the Autonomic Neural
Regulation Therapy to Enhance Myocardial Function in Heart
Failure (ANTHEM-HF) trial,’’" in which an open-loop chronic
continuous stimulation was performed (cyclic stimulation 14 sec-
onds on and 66 seconds off, 10 Hz, 130 s pulse width [PW], left/
right VN implant). Comparing the results of the ANTHEM-HF trial
with the INcrease Of VAgal TonE in CHF (INOVATE-HF) trial,”' the
ANTHEM-HF trial showed improved results in terms of heart rate
(HR), HRV, and hemodynamic parameters; however, some of these
improvements were lost in a long-term follow-up study.??

Therefore, new strategies for precise vagus neuromodulation are
desirable. One of the main limitations of VNS is currently the lack of
selectivity in stimulation. The autonomic nervous system, and in
particular, the VN, is responsible for a variety of physiological
functions, each modulated by a different group of fascicles. The
fascicle cluster according to the function they accomplish in
different regions of the VN along its longitudinal axis.” Being able
to selectively activate only the fascicle of interest is crucial to
increase the effectiveness of VNS-based therapies. Cardiac-related
fascicles are among the smallest in the VN.>?* Their activation
using extraneural cuff electrodes requires a high amount of current
to be delivered, which could cause adverse effects because of the
stimulation (ie, cough, neck muscle contraction, dyspnea®®).

A possible solution to overcome this limitation is the use of devices
capable of selectively interface the internal fascicles of the VN. To
this end, we tested multichannel intraneural electrodes. It is
conceivable that this approach could improve the effectiveness of
cardiac stimulation by selectively activating the vagal fibers of
interest without inducing adverse effects.?

To the best of our knowledge, there are no studies on the
modulation of the cardiovascular response to right VNS using
intraneural electrodes. In this study, we assessed the cardiovascular
effect of intraneural right VNS in adult minipigs, which is the animal
model most resembling the diameter and fascicular complexity of
the human cervical VN.%°

MATERIALS AND METHODS

Electrode Design Fabrication

The intraneural electrode is a thin-film polyimide device, similar
to the Transversal Intrafascicular Multichannel Electrode (TIME)
concept.”’ It has 16 channels with active sites (circular contacts, 80
um diameter) made of gold and coated with iridium oxide for
better electrochemical properties. The fabrication process has been
described in detail elsewhere.””?° In brief, a first layer of Ti/Al (20/
100 nm) was deposited on a silicon wafer through e-beam evap-
oration. A 5-um thick layer of polyimide (PI2611, HD Microsystems
GmbH, Neu-lsenburg, Germany) was then poured through spin
coating, followed by a thermal curing process. The first photolith-
ographic step consisted of spin coating, baking, exposing, and
developing a 4-pum thick photoresist (ECI 3027). Then, a conductive
layer of Ti/Pt/IrOx (25/300/400 nm) was sputtered (AC450, Alliance
Concept, Annecy, France) and patterned thanks to lift-off. A second
layer of polyimide, 5-um thick was spin-coated and cured for tracks
isolation and encapsulation. Another photolithographic step
(AZ10XT 12 pm) 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 connecting pads of the
electrode. The devices were then released through anodic disso-
lution of aluminum in a 1.5 V bias in saturated sodium chloride
solution. We designed the dimension of the electrode and its active
site distribution according to the internal structure of the VN based
on histological studies.”

The electrode was connected to a custom flexible PCB (Printed
Circuit Board, Phoenix, Italy) using silver glue to ease its handling
and the implantation procedure. Biocompatible UV glue (Dymax M-
UR, Germany) was poured to cover the pads of the PCB, to avoid
contact between the silver glue and the biological tissue. Following
the concept of the TIME, the electrode was folded and a suture
thread with a loop on one side and a needle on the other side was
inserted to perform the implantation.

Surgical Preparation

The protocol for all animal studies (no. 76/2014 PR) was
approved by the Italian Ministry of Health and was in accordance
with the Italian law (D.lgs. 26/2014). Five healthy adult male Got-
tingen minipigs (Ellegaard Go6ttingen Minipigs A/S, Dalmose,
Denmark; avg body weight 35 kg) were included in this study.
Animals were premedicated using Zoletl® (10 mg/kg) and Stressnil
(1 mg/kg). Each animal was anesthetized using propofol (2 mg/kg
intravenously) and maintained under 1% to 2% sevoflurane in air
enriched by 50% oxygen during mechanical ventilation.*%>'
Throughout the experiments, the animals received an infusion of
500 mL of sodium chloride (0.9%) solution to prevent dehydration.
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INTRANEURAL VAGUS NERVE STIMULATION
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Figure 1. Representation of the implant. The intraneural electrode is inserted in the right thoracic VN, in proximity to the heart, in a lateral to medial direction. The
current is delivered through a custom neural stimulator controlled by a graphic user interface.’” The cuff electrodes are implanted between the cervical and thoracic
region of both left and right VN. SPI, serial peripheral interface. [Color figure can be viewed at www.neuromodulationjournal.org]

We performed a longitudinal incision followed by a sternotomy. We
used blunt dissection to expose the VN both at the cervical and
thoracic level. We implanted four channel recording cuffs (WPI,
Sarasota, FL) around the right VN at the cervical level. We inserted
the intraneural electrode transversally in the right VN at the
thoracic level close to the heart (Fig. 1) and connected to a custom
neural stimulator.>” The distance between the intraneural electrode
and the cuff electrode was between 5 and 8 mm depending on the
anatomy of each animal.

Data Collection and Analysis

We performed recordings with 10 seconds of baseline followed
by 1 minute of stimulation and a poststimulation period of 1
minute.

Differential recordings of the VN activity were obtained from the
implanted cuff using a TDT system (Tucker Davis Technologies,
Alachua, FL) at 24k samples per second. We performed data pro-
cessing and analysis using custom Matlab (Mathworks, Natick, MA)
software. The electroneurography data were filtered using a
4th-order Butterworth 50 Hz lowpass filter. The timing of each
stimulation pulse was identified using the stimulation artifacts.
Stimulation-triggered averaging was used to evaluate the presence
of evoked compound action potentials (ECAPS).

We measured arterial BP from the femoral artery and recorded at
1.5k samples per second. We recorded systolic and diastolic arterial
BP for each heartbeat and filtered to remove the variation induced
by the breathing cycle. We performed continuous electrocardio-
gram monitoring to measure HR and to evaluate cardiac rhythm.
We also evaluated electromechanical coupling activity at each
cardiac cycle. Instantaneous HR was also simultaneously derived
from the arterial BP signal inverting the time interval between each
subsequent systolic BP peak. BP and HR were baseline normalized
by subtracting the average of the prestimulation period. The
reduction in BP and HR induced by the stimulation was calculated

as the difference between the average of the prestimulation period
and the minimum value during the stimulation period.

VNS Parameters

We performed VNS using cathodic first, charge-balanced, square
waves with intensities between 100 and 500 pA, frequency
between 1 and 30 Hz, and PW between 50 and 200 pus. The ranges
were selected starting from a model developed in literature.®* To
identify the electrode’s active site yielding the best physiological
response, we initially performed stimulation (500 pA, 30 Hz, 200 ms
PW) performed using all the contacts on one side of the electrode
(eight contacts active simultaneously) and then with all the con-
tacts on the opposite side. We selected the side yielding the largest
response and tested all its eight contacts one at a time. Then, we
selected and used the contact producing the larger response to
test different stimulation intensities (100, 200, 300, 400, and 500 pA;
30 Hz; 200 ms PW), different frequencies (1, 2, 3, 5, 10, 15, 20, 25,
and 30 Hz; 500 pA; 200 ms PW) and different PW (50, 100, 150, and
200 ms; 500 pA; 30 Hz). Owing to time constraints during the
experiments, not all parameter sweeps (intensity, frequency, and
PW) were performed on each animal. Intensity and PW sweeps
were performed on n = 3 animals, whereas frequency sweeps were
performed on n = 4 animals.

RESULTS

When stimulating through activating all the eight contacts on
each side of the electrode, we were able to observe physiological
responses for both sides of the electrode in three out of the five
animals with one side of the electrode producing a stronger
response in all three animals. In the remaining two animals, we
observed physiological responses only for one side of the
electrode.
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Figure 2. Physiological response to stimulation with different contacts. Top left: example of a response to eight-contact and single-contact stimulation (500 pA/
contact). Despite an eight-fold increase in stimulation current, only a moderate increase in the physiological response is seen. Top middle: examples of ECAP response
to eight-contact and single-contact stimulation. The magnitude and the shape of the ECAP response to an eight-contact stimulation suggest an activation of a
broader spectrum of VN fibers. Top right: ECAP recording with varying stimulation contact. Bottom: HR (left), systolic BP (middle), and diastolic BP (right) responses
with varying stimulation contact. Cardiac modulation is seen only with the C2 contact, whereas ECAPs are present on other channels, suggesting a high degree of
selectivity for intraneural stimulation. [Color figure can be viewed at www.neuromodulationjournal.org]

It was always possible to elicit physiological responses by deliv- activating single contacts, in three animals, only one of the contacts
ering stimulation using a single active contact except for one animal, was able to elicit physiological responses (ie, no responses were
in which activating two neighboring contacts was necessary. When observed when activating the other seven contacts), whereas in one
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Figure 3. Physiological responses to different stimulation amplitudes. Top: HR (left), systolic BP (middle), and diastolic BP (right) responses to different stimulation
amplitudes. Higher responses can be observed when 400 to 500 uA amplitude current was delivered, suggesting a threshold effect of fiber activation. Bottom: HR
(left), systolic BP (middle), and diastolic BP (right) reductions across different animals (n = 3). The magnitude of the response was different when the stimulation
amplitude was varied, with the highest changes observed after the threshold was reached. Diast, diastolic; Syst, systolic. [Color figure can be viewed at
www.neuromodulationjournal.org]
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Physiological variation 100 pA 200 pA
AHR (BPM) 0.63 + 0.55 0.63 + 0.53
ASyst. BP (mmHg) 0.62 + 043 217 £ 06
ADiast. BP (mmHg) 051 + 027 0.89 + 0.04

Diast, diastolic; Syst, systolic.

Table 1. Reduction in Monitored Physiological Parameters During VNS With Varying Amplitude.

300 pA 400 pA 500 pA

205 + 187 557 + 2.79 767 + 519
233 +£076 214 £ 168 575 + 2.59
049 + 05 185 + 143 339 + 144

animal, we observed responses from four contacts (activated one at
a time). In the last animal, the response was visible only when
activating two neighboring contacts simultaneously.

As can be seen in Figure 2 (top left), stimulation delivered by
activating all eight contacts produced a larger physiological
response than that delivered by activating a single contact.
Nevertheless, the responses were generally comparable in magni-
tude even if the current applied was one-eighth in the case of the
single contact. In contrast, ECAPS generated by activating eight
contacts were significantly larger than those that were generated
by activating a single contact as can be seen in Figure 2 (top
center). Moreover, also the shape of the ECAP was different, sug-
gesting the recruitment of additional fibers during stimulation
performed by activating eight contacts.

Figure 2 (top right and bottom row) shows representative ECAPS,
HR, systolic and diastolic BP observed during the stimulation per-
formed with each of the eight contacts on one side of the elec-
trode. Although it is possible to see ECAPS generated activating
different contacts, we observed cardiac responses only during the
activation of one contact. Figure 3 shows the effect of varying VNS
intensity on the cardiac response.

Different Frequencies - HR

Figure 3 (top row) shows representative HR, systolic BP, and
diastolic BP responses to VNS of varying intensities. We performed
VNS by activating the same contact with varying intensities inn =3
animals. The reduction of HR, systolic BP, and diastolic BP are
summarized in Table 1. In Figure 3 (top row), it is possible to
appreciate a threshold effect in the responses. When stimulating
with amplitudes of up to 300 pA, minimal responses were observed
and increasing the stimulation to up to 400 to 500 pA, a marked
response could be observed. A similar behavior is reflected in the
slope of the decay, with steeper reduction obtained with increasing
amplitude.

Figure 4 (top row) shows the effect of varying VNS frequency on
cardiac response. Figure 4 (top row) shows representative HR,
systolic BP, and diastolic BP responses to VNS delivered using
different frequencies. We performed VNS by activating the same
contact using varying frequencies in n = 4 animals. The reduction
of HR, systolic BP, and diastolic BP are summarized in Table 2. Like
intensity, in Figure 4 (top row), it is possible to highlight a threshold
effect in frequency, with a threshold set to 5 Hz.

Figure 5 (top row) shows the effect of varying VNS PW on cardiac
response. Figure 5 shows representative HR (top left), systolic BP
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2
0 = =
= 2 <
o [ €
@ -2 £ E O
g -4 % &
& (S} L
£ -6 s 5 2
g § g
T > ©
-8 ) a
1 I ' L h 1 1 1 L 1 1 i -4 1 1 L 1 L M "
0 20 40 60 80 100120 0 20 40 60 80 10012 0 20 40 60 80 100120
Time (s) Time (s) Time (s)
10 . 8r __ 4r
£ .l g 2
2 g 6 g 3t
s 6f c c
B S 4t S 2f
= E 5
[J] o el
2: 5t 2 2 2 1
x & &

1 2 3 51015202530
Stimulation Frequency (Hz)

1 2 3 51015202530
Stimulation Frequency (Hz)

1 2 3 51015202530
Stimulation Frequency (Hz)

Figure 4. Physiological responses to different stimulation frequencies. Top: HR (left), systolic BP (middle), and diastolic BP (right) responses to different stimulation
frequencies. The dynamic of the response was different when the stimulation frequency was varied, with a more rapid decrease obtained with higher frequency. The
plateau for the decrease of the physiological signals was achieved at 10 (HR) and 20 (systolic and diastolic BP) Hz frequencies. Bottom: HR (left), systolic BP (middle),
diastolic BP (right) reductions across different animals (n = 4). The physiological response increased as frequency increased up to a maximum, after which it pla-
teaued. Diast,, diastolic; Syst,, systolic. [Color figure can be viewed at www.neuromodulationjournal.org]
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Diast, diastolic; Syst, systolic.

Table 2. Reduction in Monitored Physiological Parameters During VNS With Varying Frequency.

Physiological variation 1 Hz 2 Hz 3 Hz 5Hz 10 Hz 15 Hz 20 Hz 25 Hz 30 Hz

AHR (BPM) 09+015 111+£022 211 +£131 325+ 166 48 £289 413 +£213 422+ 214 4+£185 343 +£227
ASyst. BP (mmHg) 248 £088 276 £105 246+077 335+182 417 £187 334+172 554+£176 405=* 161 357 +£123
ADiast. BP (mmHg) 103 +£03 121 +£05 058+£016 138+113 186 +108 161+029 166+197 159+£105 191+028

(top middle), and diastolic BP (top right) responses to VNS deliv-
ered using PW. We performed VNS by activating the same contact
using varying PW in n = 3 animals. The reduction of HR, systolic BP,
and diastolic BP are summarized in Table 3.

During all the stimulation sessions, we did not observe any
arrythmia or alteration from the sinus rhythm. Moreover, there was
no evidence of visible adverse effects (ie, neck contractions, cough).

DISCUSSION

The results of this study show that unilateral right VNS delivered
using intraneural electrodes modulate HR without inducing
arrhythmia and provide preliminary information on the most effi-
cient stimulation parameters for this application. The chronotropic
cardiac responses elicited during stimulation were characterized by
a rapid decrease of HR immediately after initiation of the stimula-
tion, generally reaching a plateau after about 20 seconds. HR
remained lowered during the stimulation and started returning to
baseline as soon as stimulation was discontinued. Systolic and
diastolic pressures similarly decreased during intraneural stimula-
tion of the right VN, although the onset of BP decay was delayed
compared with that of HR. Indeed, the peak reduction of systolic BP

Different Pulse Width - HR

Different Pulse Width - Syst. BP

in response to HR variation reached its maximum after about 40
seconds of stimulation, while it is delayed by approximately 2 to 4
seconds compared with the resting HR>* Likewise, when the
stimulation is discontinued, a similar delayed response can be seen.
The HR immediately increases and starts to return to baseline
conditions, while the BP is delayed. Moreover, the time necessary
for HR to return to baseline seems to be shorter than that for BP.
The time delay difference in dynamics seems to suggest that the
observed BP reduction is likely secondary to the HR decrease
because of our pattern of right VNS. Although both reductions in
HR and BP are clinically relevant, the magnitude of the rhythmic
reduction in HR from baseline values is more significant than that in
BP. Our data are in accord with previous experimental findings
demonstrating that the autonomic modulation of HR is an even less
important determinant of BP powers. Indeed, the regulation of BP
powers are mainly under sympathetic cardiovascular influences.*

Intraneural electrode represents a more invasive solution than
the cuff electrodes commonly used but can afford a higher level of
selectivity because of the small size of the active contacts and their
proximity to nerve fascicles.

Large active stimulation surfaces and higher intensities of current
delivered will generate larger electric fields activating larger vol-
umes of neuronal tissue and are therefore expected to induce
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Figure 5. Physiological responses to different stimulation PWs. Top: HR (left), systolic BP (middle), and diastolic BP (right) responses to different stimulation PWs.
Bottom: HR (left), systolic BP (middle), and diastolic BP (right) reductions across different animals (n = 3). A PW of > 150 ps was necessary to obtain a noticeable
physiological response, suggesting that the fibers mediating the response have a small diameter. Diast,, diastolic; Syst, systolic. [Color figure can be viewed at

www.neuromodulationjournal.org]
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Table 3. Reduction in Monitored Physiological Parameters During VNS With Varying Pulse Width.

Diast, diastolic; Syst, systolic.

Physiological variation 50 us 100 ps 150 ys 200 s
AHR (BPM) 0.69 + 0.84 024 + 0.83 212 £ 024 3.14 £ 0.88
ASyst. BP (mmHg) 161 £ 1.06 329 + 131 4.03 + 1.08 5+07
ADiast. BP (mmHg) 068 £ 084 068 + 033 1.7 £0.28 243 + 065

larger physiological responses. Indeed, the administration of cur-
rent (500 pA) to each of the eight contacts on one side of the
intraneural electrode led to a larger HR decrease than the delivery
of similar current to a single active contact (Fig. 2, top left). Despite
this, the two evoked responses were of similar magnitude, sug-
gesting progressive activation of a small number of cardiac VN
fibers during intraneural stimulation with all eight contacts is
satisfactory. We cannot rule out the possibility that, once all cardiac
fibers have been captured, further increases in the electrical field of
stimulation do not help increase the effectiveness and represent
unnecessary energy consumption for the batteries of an implanted
stimulator. In addition, it is plausible that larger fields produced by
multicontact stimulation can produce cross-talk, activating multiple
VN fascicles responsible for different functions. Indeed Figure 2 (top
center) supports this hypothesis. Despite a similar magnitude of HR
reductions, ECAPS recorded during stimulation delivered using
eight contacts are not only quite large (the beta potential recorded
between 1 and 2 ms is more than twice when stimulation is
delivered using eight contacts) but also suggest the recruitment of
different fiber types (the alpha potential recorded around 1 ms and
the gamma potential recorded between 3 and 4 ms are present
only when stimulation is delivered using eight contacts). Intra-
neural stimulation showed a high degree of selectivity when per-
formed by activating each of the eight contacts one at a time.
Although Figure 2 (top right) shows ECAPS being evoked by
stimulation delivered on contacts C2, 4, 5, 7, and 8, we observed
cardiac responses only during stimulation with contact C2. In
addition, except for a single animal, we observed physiological
responses only during the activation of one of the eight contacts
(or two neighboring contacts in one animal) but not for the
remaining contacts. We can suppose that small electric fields,
localized close to the target VN fibers, are required for selective
activation of cardiac efferent responsible for chronotropic modu-
lation of heart activity, without affecting the fascicles responsible
for respiration, cough reflex, and neck contractions.

In this regard, our approach can slow down the HR (reduction by
8-15 beats per minute [BPM]) in anesthetized and mechanically
ventilated healthy minipigs without eliciting any detectable acute
adverse effects, such as neck muscle contractions. To the best of
our knowledge, this is the first study exploring right VNS with
intraneural electrodes for HR modulation. Buschman et al*® used
helical electrodes around the right cervical VN to modulate the HR
in anesthetized pigs. Using a biphasic square wave (100 Hz, 5 mA,
200 ps PW), they obtained an increase in the R-R interval of up to
40% compared with baseline condition (120 BPM). So far, multi-
channel cuff electrodes are employed to obtain selective VN
stimulation.'?***” Blanz et al*’ employed a cuff electrode with six
contacts distributed along the longitudinal and radial axis of the
nerve to perform VNS in pigs, targeting the right cervical VN. The
results in terms of VNS efficacy are impressive, with an HR reduc-
tion of up to 30 to 40 BPM. However, the current delivered through

the electrode contacts was significantly higher (up to 5 mA),
because of an extraneural approach, and the stimulation site was
different (cervical vs thoracic). Owing to the higher threshold of the
cardiac fibers, stimulating using cuff electrodes, it was not possible
to elicit a cardiac response without undesired muscle activation of
the neck. Indeed, it is conceivable that our results were affected by
the anesthesia protocol. Blanz et al*” administered isoflurane,
whereas in our experimental sessions, animals were anesthetized
using sevoflurane. It has been shown in human®® and animal®®
studies that isoflurane administration results in higher HR than
sevoflurane even during controlled ventilation.”® Although sevo-
flurane is known to partly dampen sympathetic baroreflex sensi-
tivity in response to reduced systemic vascular resistances, the
baroreceptor response remains mainly intact with isoflurane, and
cardiac output in the presence of lower afterload remains stable
because of increased HR.*' In fact, the magnitude of HR reduction
during VNS is most appreciable at higher basal HR values. A similar
approach has been pursued by Plachta et al'**° for the treatment
of hypertension in rats. By stimulating the left cervical VN with
multichannel cuff electrodes (eight arrays of tripoles), it was
possible to obtain a reduction in BP and HR with similar stimulation
parameters. Moreover, this effect was amplified using a stimulation
paradigm consisting of cardiac-synchronized stimulation,'?
improving at the same time energy efficiency.

To optimize stimulation parameters, we performed a stimulation
ramp in which we systematically varied intensity, frequency, and
PW one at a time. The sets of parameters explored were selected
based on a model describing the effect of VNS on the cardiac
system.33 As shown in Figure 3, response to current injection pro-
portionally increased with stimulation amplitude. As expected,
lower amplitudes failed to elicit significant physiological responses;
once the amplitude reached a personalized threshold level (about
300 or 400 pA) the physiological response becomes clearly
detectable. Notably, no increase in physiological responses
between 400 and 500 pA was observed in two of the three animals.
It is likely possible that in the third animal, the electrode position
was suboptimal, further away from the cardiac fascicles than in the
other two animals. Therefore, even injecting the highest current
amplitude (500 pA) we probably were not able to recruit all the
cardiac fascicles, thus we could not observe plateauing of the
response. Together with the limited increase in response observed
between stimulations performed by activating all eight contacts
and only one contact, our results suggest the presence of a “sweet
spot” for stimulation intensity. This is not surprising considering the
geometry of the electrode and VN fascicles. The electrode is
inserted transversally with its main axis roughly perpendicular to
the fascicles in the VN. The selectivity shown during the activation
of single contacts suggests that the cardiac fascicle needs to be in
close proximity to the activated contact because shifting the
stimulation field by 235 um is enough to stop activating the
fascicle. The threshold effect observed with stimulation of
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increasing amplitudes likely occurs when the electric field reaches
the cardiac fascicle. Likewise, once the field reaches a size whereby
it can activate all the cardiac fibers, further amplitude increase will
not yield stronger responses but only increase the likelihood of side
effects. For this application, we foresee it as critical to carefully
define this window (“sweet spot”) to maximize the desired out-
comes, minimize unwanted activation, and reduce power con-
sumption. At the same time, this underscores the need for precise
positioning of the electrode within the VN, because its position
needs to be close (ideally within) the target fascicle.

A similar picture emerged also when stimulating with different
frequencies. As shown in Figure 4, at low frequencies (1, 2 Hz) the
physiological responses were minor but increased rapidly at 3 and
5 Hz to reach a maximal response around 10 Hz. Somewhat sur-
prisingly, further increases in intensity seemed to cause a small but
progressive reduction in the observed HR response. Based on our
results, a stimulation frequency of 10 Hz represents the best
compromise between maximizing the physiological response and
minimizing the stimulation’s energy. Not surprisingly, a threshold
effect is visible also when stimulating using different PW as can be
seen in Figure 5. Very short PW (50 ps) were not able to elicit any
physiological responses, whereas longer PW (150-200 ps) appeared
to begin maxing out the elicited response. Although the number of
fascicles in the thoracic VN is higher than cervical VN,? cardiac VN
fibers have a small diameter and long PW will be therefore
necessary to optimize their activation.

Another limitation of the present study consists of the use of
anesthetized and mechanically ventilated animals in which the
neuronal and physiological responses may be dampened. More-
over, it is possible that some fatigue could have been induced in
the VN caused by repeated stimulation. This should be further
investigated in future experiments by repeating the same stimu-
lation protocols in different time scales.

Our study may open a new avenue in the modulation of other
autonomic functions using the same approach for different clinical
conditions (ie, arterial hypertension, inflammatory and metabolic
disorders). Stimulation-induced side effects (neck muscle activa-
tion, dyspnea, coughing reflex) limit the therapeutic outcomes of
VNS. Our study suggests that intraneural stimulation of VN can
selectively activate the cardiac fascicles without causing overt
adverse effects. The optimized parameters set would be helpful to
foster the development of full implantable devices for safe cardiac
rhythm modulation in patients with chronically elevated HR. There
are several advantages associated with the use of intraneural
electrodes in this application. Intraneural electrodes are thin-film
devices presenting high mechanical flexibility. Their flexibility
could lower the foreign body reaction caused by the implant,
avoiding the mechanical compression imposed by cuff electrodes.
However, in this context, the mechanical stability of the implant is
crucial to avoid micromovements between the nerve and elec-
trode, which could damage the nerve. Moreover, the proximity of
the active contacts and target nerve fascicles allows for eliciting
physiological responses at very low current intensities. This not
only affords a higher level of selectivity by reducing the possibility
of current spreading to off-target fibers but also significantly
reduces power consumption of a fully implantable device. Conse-
quently, implanted stimulators would have a longer lifespan, a
smaller profile, and require shorter recharge time, reducing the
burden on the patients. This, together with the results shown,
support the feasibility of a closed-loop approach capable of
modulating HR in a chronic fashion for the treatment of HF.

CONCLUSIONS

Using an eight-contact intraneural array with circular active sites
size of 80 um diameter and spacing of 235 pm, we can selectively
elicit a cardiac chronotropic response, using a monopolar single-
contact stimulation. The threshold effect of response (400-500
pA) is related to the geometrical relationship between the elec-
trode contacts and the cardiac fascicles. However, because of
anatomical and implantation variability, subject-specific tuning of
the stimulation amplitude will be necessary to personalize the
“sweet spot.” For chronic applications of VNS as therapy for car-
diovascular disorders, the optimal stimulation amplitude should be
adjusted according to the electrode position inside the nerve and
the elicited response. The ideal response should modulate selec-
tively the HR without causing adverse effects. To obtain a rapid
decrease in HR, we found 10 Hz as the optimal frequency of
stimulation. Frequencies above 10 Hz do not seem to reduce the
time to reach the response plateau nor elicit a stronger response.
We found that 200 ps is a suitable value for the activation of the
cardiac fibers inside the VN. This is reasonable considering their
small diameter (< 3 um?), thus a long PW is needed to activate
them.
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