CEIRRPY ™ NS
Neuromodulation of the

autonomous nervous system :

Vagal nerve stimulation (VNS)

Nx-436

‘Advanced methods for human neuromodulation’

Prof. Friedhelm Hummel

Defitech Chair for Clinical Neuroengineering,
Neuro-X Institute (INX) & Brain Mind Institute (BMI)
Ecole Federale Polytechnique de Lausanne (EPFL)

Department of Clinical Neuroscience, University Hospital of Geneva

NXx-436
15/11/2023




=PFL Objectives

- Understand the autonomous nervous system (ANS) incl. the Vagal nerve

- Concept of Vagal Nerve Stimulation (VNS)

- Translational approaches of VNS
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=PEL The autonomic nervous system
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Nx-436
- ANS controls vital functions such as heartbeat, breathing, and digestion

AUTONOMIC NERVOUS SYSTEM

- ANS involved in the acute stress response, works with the endocrine
system to prepare the body to fight-or-flight and rest-and-digest

- ANS transmits information from and to the internal body organs

- ANS operates automatically (not under voluntary control)

- ANS always active

Two main divisions:

Sympathetic nervous system:

system is responsible for your body’s “fight-or-flight” response.

Parasympathetic nervous system:

https: /mvww.simplypsychology.org

opposite of the sympathetic nervous system; responsible for the “rest-and-

digest” body processes.
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Hypothalamus regulates both ANS and endocrine functions
by three main neurotransmitters

Acetylcholine

parasympathetic nervous system, inhibiting effect.
Epinephrine/Adrenaline

sympathetic nervous system, stimulating effect.
Norepinephrine/Noradrenaline

sympathetic nervous system and has also a stimulating effect.

Hypothalamus /

Oculomotor cortex ——]
(includes Eddinger—
Westphal nucleus)

Dorsal motor nucleus —|
of the vagus

Nucleus ambiguus —

Well connected to the limbic system

—— Medial forebrain bundle
——— Dorsal longitudinal fasciculus

To spinal cord

Image credit: "Fiber Tracts of the Central Autonomic System" by OpenStax
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» Eyes: width of pupils and eye muscles for focus.
NERVOUS SYSTEM | ;;:éicdz mal (eyes), nasopharyngeal (nose) and salivary (mouth)
« Skin: ability to sweat and muscles that cause hair to stand up

PARASYMPATHETIC SYMPATHETIC

E7
j SOV (. “goosebumps”)
we, (U2 — * Heart and circulatory system: heart rate, blood pressure and
o (gy) — width of blood vessels..
= () — | j’J: «Immune System: parasympathetic nervous system can
e . _ trigger reactions of immune system.
| * Lungs width of your airway and the network of passages for

air
* Intestines: manages the digestion process.

* Liver, Pancreas: regulates release of insulin and other
hormones from the pancreas liver.

* Urinary tract: Your autonomic nervous system manages
sy GeeEnacn ot bladder muscles

* Reproductive system: autonomic system plays a key role in
your body’s sexual functions

yyyyyyy
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Conditions and disorders affecting the autonomic nervous system (neuropathy)

* Diabetes

* Amyloidosis

* Autoimmune and inflammatory conditions

* Congenital and genetic conditions (e.g., Baroreflex Failure Syndrome, Hereditary Sensory and Autonomic
Neuropathies (HSAN), Familial Dysautonomia )

* Infections: damage due to e.g., viruses (e.g. HIV, Lyme disease)

* Neurodegenerative disorder, e.g. Multi System Atrophy (MSA)

» Toxins: e.g., mercury.

*Trauma. only the case with injuries to spinal cord that damage or cut off autonomic connections farther
down.

* Tumors


https://my.clevelandclinic.org/health/diseases/21501-type-2-diabetes
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The symptoms of autonomic nervous system conditions, e.g.

 Heart rhythm problems (including arrhythmias).

+ Dizziness or passing out when standing up.

* Trouble swallowing (dysphagia).

» Trouble digesting food (including gastroparesis).

» Constipation.

* Incontinence (bladder or bowel).

» Sexual dysfunction.

» Sweating too much (hyperhidrosis) or not sweating enough (anhidrosis).

* Problems tolerating hot temperatures.


https://my.clevelandclinic.org/health/diseases/16749-arrhythmia
https://my.clevelandclinic.org/health/symptoms/6422-dizziness
https://my.clevelandclinic.org/health/diseases/17536-syncope
https://my.clevelandclinic.org/health/symptoms/21195-dysphagia-difficulty-swallowing
https://my.clevelandclinic.org/health/diseases/15522-gastroparesis
https://my.clevelandclinic.org/health/diseases/4059-constipation
https://my.clevelandclinic.org/health/diseases/17596-urinary-incontinence
https://my.clevelandclinic.org/health/diseases/14574-fecal-bowel-incontinence
https://my.clevelandclinic.org/health/diseases/9121-sexual-dysfunction
https://my.clevelandclinic.org/health/diseases/17113-hyperhidrosis
https://my.clevelandclinic.org/health/diseases/15891-anhidrosis-lack-of-sweat
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Vagus Nerve (X): Schema N 6
Posterior nucleus of vagus X - 43
nerve (parasympathetic

Glossopharyngeal nerve (IX) and visceral afferent)
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palatini muscle

PARASYMPATHETIC SYMPATHETIC

Nucleus ambiguus
(motor to pharyngeal
and laryngeal muscles)

Salpingopharyngeus
muscle Cranial root of
accessory nerve*

PUPIL @ — | purLL Palatoglossus muscle : {see next plate)
constriction / @ dilation &/
Palatopharyngeus Vagus nerve (X)
muscle
) Jugular foramen
SALIVA SALIVA Superior pharyngeal % 5
stimulation inhibition constrictor muscl Superior ganglion of vagus nerve
Stylopharyngeus muscle: \ ) Inferior ganglion of vagus nerve
AIRWAYS AIRWAYS Middle pharyngeal constrictor muscle 3 Pharyngeal branch of vagus nerve (motor to muscles of
constriction dilation 7 palate and pharynx; sensory to lower pharynx)
Inferior pharyngeal constrictor muscle
4 z- Communicating branch of vagus nerve to
Cricothyroid muscle: 2 X carotid branch of glossopharyngeal nerve
HEART HEART Trache 0 SO Ph. ol
slow heartbeat fast heartbeat foches AOMES pIes,
Esophagus / y Superior laryngeal nerve:
Internal branch (sensory and parasympathetic)
DIGESTION DIGESTION Right subclavian artery- ] External branch (motor to cricothyroid muscle)
stinulation Inhibition Right recurrent laryngeal nerve. / Superior cervical cardiac branch of vagus nerve
Heart a Inferior cervical cardiac branch of vagus nerve
unﬁu release Hepatic branch of anterior Thoracic cardiac branch of vagus nerve
GALLBLADDER 9 vagal trunk (in lesser omentum)
stimulation Left recurrent laryngeal nerve (motor to muscles of larynx
Celiac branches from anterior \ except cri id; sensory and ic to
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INTESTINE ganglia and celiac plexus
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knichiinlig Hepatic plexus = » 4 tf,‘»'
mmmz S Gallbladder Esophageal plexus
and bile ducts i < = A\ Anterior vagal trunk
BLADDER BLADDER Liver A Gasti 8
- 3 astric branches of anterior vagal trunk
constriction @ @ relaxation . (branches from posterior trunk behind stomach)
’Pylonﬁ hranc}';‘
rom hepatic plexus- E73 ( Vagal fibers (parasympathetic motor,
:mucnvt 7 ceo mﬂ“ﬁ ; ¢ secretomotor, and afferent fibers) accompany
oeiie W i Pancreas y superior mesenteric artery and its branches
s fow )  blood fow Duodenum usually as far as left colic (splenic) flexure

. Small intestine
Ascending colon:

Efferent fibers
Afferent fibers
Parasympathetic fibers

Cecum

Appendix
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How to perform vagal nerve stimulation?

Vagus Nerve

Gallbladder -

Large -

intestine

.

Heart

Spleen
Stomach

intestine

el

- - -

Nx-430
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Vagus Nerve Stimulation (VNS) is a therapeutic technique where electrical impulses are delivered to the vagus
nerve to treat conditions like epilepsy, depression, and more recently, disorders related to the autonomic
nervous system.

Several types of electrode systems have been developed for VNS, with differences in design, placement,
stimulation parameters, and intended use. Here’s an overview of the different electrode systems used for VNS:
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1. Cervical (Traditional) Vagus Nerve Stimulation Nx-436

* Electrode Type: Implantable cuff electrode

* Placement: Around the vagus nerve in the neck (cervical vagus nerve).

» System Overview:
This is the most commonly used system in clinical practice.
A helical cuff electrode is surgically implanted around the left vagus nerve in the neck.
The cuff is connected to a pulse generator implanted subcutaneously in the chest, similar to a pacemaker.
The system delivers electrical pulses to the vagus nerve on a regular schedule or can be manually
activated by the patient using a magnet.

2. Transcutaneous Vagus Nerve Stimulation (tVNS)

* Electrode Type: Non-invasive surface electrodes
* Placement: On the skin, either over the auricular branch of the vagus nerve (ear-based tVNS) or the cervical
vagus nerve (neck-based tVNS).
» System Overview:
This system uses electrodes placed on the skin to stimulate the vagus nerve non-invasively.
For auricular tVNS (aVNS), electrodes are placed on the ear, targeting the auricular branch of the vagus
nerve.
For cervical tVNS, electrodes are placed on the skin over the vagus nerve in the neck.
This system is portable and does not require surgery.
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3. Implantable Selective Vagus Nerve Stimulation (SVNS) Nx-436

* Electrode Type: Multi-contact cuff electrode
* Placement: Around the cervical vagus nerve, similar to traditional VNS, but with multiple contacts for selective
stimulation.
» System Overview:
Unlike traditional VNS systems that use a simple helical cuff electrode, sVNS systems use multi-contact
cuff electrodes that allow for selective stimulation of different fibers within the vagus nerve.
This selectivity can target either afferent (sensory) or efferent (motor) fibers, which can improve
therapeutic outcomes and reduce side effects.

4. Endovascular Vagus Nerve Stimulation (eVNS)

* Electrode Type: Endovascular electrodes (inside a blood vessel)
* Placement: Electrodes are threaded through a blood vessel, usually the jugular vein, to stimulate the vagus nerve
from inside the vessel.
» System Overview:
This system represents a novel, minimally invasive approach to stimulating the vagus nerve.
Electrodes are delivered through the jugular vein and positioned near the vagus nerve, allowing for direct
electrical stimulation without the need for open surgery.
It's still largely experimental but offers the potential for less invasive procedures compared to traditional
implantable VNS systems. on brain activity.
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5. Laparoscopic Vagus Nerve Stimulation

* Electrode Type: Cuff electrodes placed on the vagus nerve in the abdomen.

* Placement: Around the vagus nerve in the abdomen (abdominal vagus nerve stimulation).

» System Overview:
This system involves laparoscopic surgery to place electrodes on the vagus nerve near the stomach.
It's primarily used in studies and trials related to treating obesity, diabetes, and gastrointestinal
disorders.
Abdominal VNS aims to modify the vagal signals related to hunger and satiety.

6. Closed-Loop Vagus Nerve Stimulation

* Electrode Type: Implantable cuff electrodes with feedback sensors.
» Placement: Around the cervical vagus nerve, similar to traditional systems, but with added sensors for feedback.
» System Overview:
Closed-loop systems adjust stimulation parameters in real-time based on the body’s physiological
responses.
Sensors can detect heart rate, brain activity (e.g., from EEG), or other signals and adjust the electrical
stimulation to optimize therapy.
This can lead to more precise and effective stimulation, reducing unnecessary stimulation and minimizing
side effects.
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NX-436

Cardiac innervation and physiology. (a) Paired
&N cardioinhibitory and cardioaccelerator functions of
vagus and sympathetic cardiac nerves. (b) In a
balanced cardiac conduction system cardiac impulse
(His) (arrows) travels from the sinoatrial node (SAN) across
the atrial myocardium (AM), and moves through the
atrioventricular node (AVN) toward left and right
bundle branches. Their simultaneous activation
provides synchronized activation of the ventricular
myocardium (VM). C. Distinct action potential
morphologies at respective levels of the cardiac
SAN  AM AVN  PF VM conduction system. PF: Purkinje fibers.

AVN
Vagus nerve 3
(paglasympalhelic) His bundle
decreases heart rate.

ic cardiac nerves
increase heart rate and

force of contraction.

=
—

Raczkowska & Thakor 2023 Handbook of Neuroengineering
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a ~, Leptin lnsulln P e
-
\_//
Pancreas
<y Q
Brain

Autonomic nervous system
Vagus — Sympathetic nervous system
nerve _ Parasympathehc nervous system

. / “ Type 1 diabetes mellitus pathogenesis_. @) Neyral pathways involv_e_d in th_e

ol Lo ,P/meas S T Tt control of glucose homeostasis. Leptin and insulin act on specific brain
regions that modulate glucose utilization and production in peripheral

Gluconeogenesis  Pancreatic hormone secretion Glucose uptake tissue via the autonomic nervous system. WAT white adipose tissue, NA

noradrenaline. (b) T1DM is an immune-mediated disease. Activated B
cells interact with CD4+, CD8+ T cells, and dendritic cells (DCs). Antigen
’ presentation by B cells and DCs leads to 3-cell damage and destruction.
e : L@/ Dashed arrows indicate the potential interactions between the cells. BCR B
a ] cell receptor, TCR T cell receptor. (c) TLDM causes very little or no insulin
being produced by the pancreas, which results in high blood sugar levels.

damage and /@@

Islet of Langerhans

Raczkowska & Thakor 2023 Handbook of Neuroengineering
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Vil nucleus
Medulla =
preBotC

Glossopharyngeal nerve (CN 1X)

Vogus nerve (CNX)
Oesophagus
Sternocleidomastoid muscle

Key elements for generating breathing pattern. (a) The anatomy and
physiology of respiration. (b) Central pattern generator (CPG) is
composed of rhythm- and pattern-generating microcircuits with spinal
and cranial motor nuclei innervating pump and airway muscles,
respectively. The inspiratory cycle can be measured via electrical
recordings from the phrenic nerve, a branch of the vagus nerve (cranial
nerve (CN) X) innervating laryngeal adductor muscles, the hypoglossal
i nerve (CN XII) innervating the tongue protrude, and diaphragmatic
EMG.

Internal
oblique

Pattern generator
Chemo

Cranial Motor nuclei

Airway muscles Al
b 0 Breathing plant

Diaphragm

Raczkowska & Thakor 2023 Handbook of Neuroengineering
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Key components and functions of the gut-brain axis Summary of VNS effects on gut-brain-physiology.

TR Inhibits pain-producing
Lamina propria Vagus nerve 8568 Including
Improves normal inflammation,
/ )' * ] stomach slow waves oxidative stress and
Bidirectional iy g o S S, ™« Prok effects — il it degerdl
communication 7 on stomach. I;:Irﬁnhi;;ion "
pathways.
Balances the ratio of =
| Al holl |
[ sympatt;ovaggl and fcrgzlih: ;lii:)eh:fasle
vagal activity. * Protects agalnet £ terminals of vagal
burn-induced efferent, inhibiting TNF-
) intestinal Vagal nerve stimulation arelease by
< Maintains the damage. Anti-inflammatory macrophages.
LS intestinal barrier « Prevents burn- effects.
integrity and the induced Modifies splenic
expression of tight permeability. immunological
b 8 junction proteins by responses reducing
R, increasing S- Body weight reduction. inflammatory
] A RGO | nitrosoglutathione markers.
i X *Microbial .= production from
S Y ? ) Vagus nerve YigA metaboltes enteric glial cells.
) 1  Increased * Reduced food
Gut lumen | sl Increases amplitude of intake.
intestinal glial stomach * Reduced fasting
\ J fibrillary acidic contractions. blood sugar.
\f S . Increasetc;_gastnc
; emptying.
expression.
( = 9 A « Lowers intestinal * Reduced basal
TNF levels. scidoutput
A B Immunological .
Metabolism Digestion changes Cognition

Aljeradat et al. 2024 Pathophysiology
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How to perform vagal nerve stimulation?

Cyberonics VNS system

Cervical
vagus

Gastric
vagus

Posterior Stomach

trunk
electrode

Spleen

Pancreas

Medtronics InterStim

Sacral nerves
(from spinal cord)

Nx-436

Horn et al. 2019
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—— Afferent NX-430

—— Efferent
‘, Electroceutical device

Carotid sinus

baroreceptors

Carotid body
Aortic

/ chemoreceptors

Aortic arterial
( baroreceptors
Petrosal

Higher brain
regions BAT

r
I

Horn et al. 2019
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How to perform vagal nerve stimulation?

Stimulated
electrode
4 contact
planar
electrode

Pyloric
sphincter

" Ventral
stomach

Electrode selected for pacing

Rostral

Caudal

Horn et al. 2019
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To/from vagus nerve

To/from glossopharyngeal nerve
From cervical spinal nerve (C2-C3)
To/from sy t nerve

i
e bmf"n;ﬂfﬁ?.'ﬂi,,,‘&\.\?\ Stimulating the cymba concha of the external
Vs ears activates

J (1) the auricular branch of the VN activating
the Nucl. Tractur solitarius (NTS)
— | (2) Nonvagal nerves projecting on NTS
(3) Cervical spinal nerves (C2, C3)
ol (4) Sympathetic nerves activating Locus
branch o o coeruleus (LC) and NTS
(5) Facial nerves connection to auricular VN

nerve

Cervical
spinal nerve
(C2-C3)

Cervical
sympathetic
ganglions

Hesampour et al. 2023
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Nx-436

The lead connects to the
vagus nerve, which then
carries this stmulation the
rest of the way 10 the brain

Murphy et al. 2022

https: /lwww.rch.org.au/
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Non-invasive closed-loop approaches

I\
A %y o

l
Brain activity

; {
\

4 Neurotransmission

r_z

7))

Stimulator
Non-invasive brain stimulation
(transcutaneous vagus nerve)

(-436

Controler

Ear-EEG

Measurement of brai activity
(current brain- state)

Ruhnau, Zaehle 2021
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VNS and cognitive deficits

Alzheimer’s Disease Progression

:

Locus Coeruleus Hi
Degeneratlon

tVNS

NTS

Murphy et al. 2022

NX-436
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Astrocyte

1 Glucose
metabolism

| inflammatory
@ phenotype
“ » Catecholamines
Thalamus r N 4 Plasticity &
Amygdala - &“"“’ , excitability
PR m’ AWy, ! modulation
Hippocampus — 1 BDNF

Locus
coeruleus
VN afferents 111
Nucleus of the 1 IL-6
Solitary Tract (NST) VN efferents —_—
to periphery ' |TNFa
L INOS ~

Microglia | activated
microglia

Vargas-Caballero et al. 2022
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Murphy et al. 2022



=pEL VNS and cognitive deficits .

A~ A
Nx-430

Change in connectivity was observed between semantically relevant regions Murphy et al. 2022
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A Stimulation period

Face — name association memory task

B

Encoding Retrieval

60.00

50.00

FEMALE BRENDA EVA JILL MARIA

Neuropsychological . Consolidation ’ Neuropsychological
Encoding Retrieval
- phase assessment
[} '}

=

30.00

Response score

20.00

10.00+

3

>

—_
e =

Hits
sham

FEMALE

Hits
stimulation

T
False alarms False alarms
sham stimulation

Jacobs et al. 2015
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Trial name/ Number Patient population Stimulation type Outcome measures Start/End
The wandering nerve: gateway to boost Older, healthy Active tVNS Face-name association August 2021/April 2026
Alzheimer’s disease: https: individuals N = 35 respiratory-gated 4 task up to 25 weeks after
//ClinicalTrials.gov/show/NCT04908358 week Sham arm treatment Inflammatory
blood biomarkers
The locus coeruleus and memory https: Healthy older Tesla magnetic BOLD response during February
//ClinicalTrials.gov/show/NCT02363504 individuals and resonance imaging memory task Memory task 2017/December 2020
prodromal AD (MRI) with memory performance (acute) NE (overdue)
60-85 years N = 35 task and tVNS levels
Modulating the locus coeruleus function Healthy individuals Auricular tVNS Pupillometry BOLD October 2021/January
https: 60-80 years N = 30 response Memory task 2024
//ClinicalTrials.gov/show/NCT04877782 performance up to 10 days
after tVNS
Treatment of mild cognitive impairment with MCI patients, healthy Auricular tVNS Delayed recall assessment January 2018/May
transcutaneous vagal nerve stimulation older controls N = 125 2022

(TVNS MCI) https:
//clinicaltrials.gov/ct2/show/NCT03359902

N numbers represent per group.

Vargas-Caballero et al. 2022
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RNS
Epileptogenic zone

ANT-DBS
Papez circuit:

anterior cingulate VNS

Ventro-posterior medial
Anterior nucleus nucleus of the thalamus
of the thalamus
Insular cortex
Mamillary bodies

2 Hypothalamus
Hippocampus

Amygdala

Periacqueductal grey matter
Parabrachial nucleus
Nucleus tractus solitarius

Rifflin et al. 2021
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MECHANISMS OF TRANSCUTANEOUS VNS IN PRE-CLINICAL STROKE MODELS

Afferent Efferent
Pathway Pathway

tVNS
Splenic Cholinergic Anti-
Inflammatory Pathway
a7nAChR ° /
L ik Reduced IL-1, Increased
Microglial Polarisation IL-6, TNF, CRP
PUTATIVE BIOLOGICAL
EFFECTS
fall rl  AXAR
Reduced Increased Blood-Brain Barrier duced | i j Znd
Excitotoxicity CGNI;;"!‘::W Stabilisation Apotosis/Autophagy Neuroplasticity

Time Since Stroke

Sheharyar et al. 2023

Vagus nerve stimulation paired with rehabilitation for upper
limb motor function after ischaemic stroke (VNS-REHAB):
arandomised, blinded, pivotal, device trial

Jesse Dawson, Charles Y Liu, Gerard E Francisco, Steven C Cramer, Steven L Wolf, Anand Dixit, Jen Alexander, Rushna Ali, Benjamin L Brown,
Wuwei Feng, Louis DeMark, Leigh R Hochberg, Steven A Kautz, Arshad Majid, Michael W O'Dell, David Pierce, Cecilia N Prudente, Jessica Redgrave,
Duncan L Turner, Navzer D Engineer, Teresa | Kimberley

www.thelancet.com Vol 397 April 24,2021
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195 patients assessed for eligibility

87 discontinued before implant A Day 1 after thera B pay9goafterthera C Day 90 after theraj
55 did not meet eligibility criteria 4 124 y9 124 y 9 124
31outside FMA-UE range 84 = * 100 )/
13 insufficient finger or wrist movement /
4 severe sensory loss 74 % . 60 4
4 stroke criterion 6 il ~
> 2 severe spasticity w s 50 *
1 high BDI score 2 _ i 3
32 declined to participate ] 5 5 ol
9 surgical concern LL’ 4 _ & 40
g health concern = v
6 time commitment concern < 34 2l % 30
8 individual decision E <
2 - s 20
\ 4 [
| 108 implanted and randomly assigned ‘ 14 -1 10+
| 0 T 1 T 1 0 T 1
53 assigned to VNS group | | 55 assigned to control group D E F
0-6 1 - * 100 y
1 missed the day 1 visit but 1discontinued treatment due to 4
| |  remainedinthe study and |_p| adverseevent andinability to 0-5 % 7 60 il
returned for the day 90 tolerate rehabilitation ]
3 -
assessment % 0-4- . 5 50
] wv
v ¥ _::: " §_ 40+
53 included in ITT analysis on day 1 ! 55 included in ITT analysis on day 1 E 3 9]
53 included in per-protocol analysis -+ 54 included in per-protocol analysis s E 30
onday1 onday1 = 024 -1 2 20
=
0-14 - i
2 fell and did not attend for 10
day 90 visit 0 0
—» 1 missedthe visit due to sickness T 1 T 1 T 1
and work commitments and Control VNS Control VNS Control VNS
withdrew from the study group group group group group group
y A

53 included inITT analysis on day 90 55 included in ITT analysis on day 90

53 included in per-protocol analysis ~ [4--¢ 54 included in per-protocol analysis
on day 90 onday 90 DaWSOI’l et al. 2021
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Brain-Gut-axis

VNS can lead to an anti-inflammatory effect by
different mechanims

Impact on Inflammatory bowel disease (IBD)

Hesampour et al. 2023
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NX-436

Cardiac innervation and physiology

Voltage (mV)
1

Handbook of Neuroengineering
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Cardiac innervation and physiology

Voltage (mV)
|

Nx-436

Closed—loop system

Brainstem

Vagal

Nerve 4—]
Stimulator

Controller£
Vessels Heart 2 -
S EMG Pressure

Sensor Sensor
\ 4 A

Lzrzso@ L“R?E:t |

Vagal Nerve

Baroreceptors ‘

Handbook of Neuroengineering
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VNS and cardiac functions

Cardiac innervation and physiology

Voltage (mV)

His bundle

Right Vagus Nerve

&

Therapy
Cuff
'Electrodes Vagus Nerve
Stimulation
[}
3
‘=
2
£
Sensor

.| Intracardiac
Electrogram

Sense

Closed—loop system — heart failure

Real-time control
STM-based controller
New set of VNS
parameters estimation

Control
Unit

Weighted Moving
Average of the

RR intervals (WMARR)
STM-based controller

Handbook of Neuroengineering
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Cardiac innervation and physiology

Right Nodose Ganglion Left Nodose Ganglion Baroreceptors @

Chemoreceptors @<

Myelinated type A atrial receptors @y

Unmyelinated type A atrial receptors @<

Myelinated type B atrial receptors @———
Unmyelinated type B atrial receptors @<
Myelinated myocardial receptors @<
Unmyelinated myocardial receptors @<

Myelinated pericardial receptors @

Stimulation parameters

ANTHEM-HF

NECTAR-HF

Therapeutic

Target Zone

S~ ‘
HR Augmentation Zone

€ Null HR Response
“Neural Fulcrum”

HR Reduction Zone

CardioFit & 0™

INOVATE-HF 50 %, "0~ |
40 9 25> a1 18

2 =
Percent heart rate ™= ~30 7, 3.035 P -
change during VNS = -20 o 4 e oquen®
active phase == 10

==0
== 30

Ottaviani et al. 2022
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Closed-loop VNS

3 Neural signals are then deciphered

using and intep

Vagal activity is recorded using
2° neural interfaces like

/ 4° _.to drive stimulation properly

% ...to understand the underlying
physiological mechanisms

Vagal afferent fibers within the cardiac tissue detect chemical or mechanical stimuli and convert them

1 into action potentials that travel to the CNS via the peripheral and central axons.

Ottaviani et al. 2022



“P=L Further development —intraneural electrodes
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Workflow for the development and validation of neural stimulation hardware to selectively modulate the vagus nerve.
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“P=L Further development —intraneural electrodes

Overview of the experimental setup to validate the selectivity of neural stimulation hardware.

Implantation . B2) Stimulation mode B1) Stimulation pattern
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Vagus nerve stimulation (VNS) can be performed invasively (cuff) or non-invasively (transauricular)

Allows to modulate the vegetative systems, e.g.
= cardiac functions
= Brain-gut axis

With clinical application in
= Epilepsy
=  Stroke recovery
= Heart failure
= Inflammatory Bowl disease
= Dementia

Closed-loop applications



Take home message

=PrL

- Understand the autonomous nervous system (ANS) incl. the Vagal nerve
- Concept of Vagal Nerve Stimulation (VNS)

- Different stimulation options (non-invasive, invasive)

- Translational approaches of VNS
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Questions?
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