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Abstract

The cranial nerves are the pathways through which environmental information (sensation) is
directly communicated to the brain, leading to perception, and giving rise to higher cognition.
Because cranial nerves determine and modulate brain function, invasive and non-invasive cranial
nerve electrical stimulation methods have applications in the clinical, behavioral, and cognitive
domains. Among other neuromodulation approaches such as peripheral, transcranial and deep
brain stimulation, cranial nerve stimulation is unique in allowing axon pathway-specific
engagement of brain circuits, including thalamo-cortical networks. In this review we amalgamate
relevant knowledge of 1) cranial nerve anatomy and biophysics; 2) evidence of the modulatory
effects of cranial nerves on cognition; 3) clinical and behavioral outcomes of cranial nerve
stimulation; and 4) biomarkers of nerve target engagement including physiology,
electroencephalography, neuroimaging, and behavioral metrics. Existing non-invasive stimulation
methods cannot feasibly activate the axons of only individual cranial nerves. Even with invasive
stimulation methods, selective targeting of one nerve fiber type requires nuance since each nerve is
composed of functionally distinct axon-types that differentially branch and can anastomose onto
other nerves. None-the-less, precisely controlling stimulation parameters can aid in affecting
distinct sets of axons, thus supporting specific actions on cognition and behavior. To this end, a
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rubric for reproducible dose-response stimulation parameters is defined here. Given that afferent
cranial nerve axons project directly to the brain, targeting structures (e.g. thalamus, cortex) that are
critical nodes in higher order brain networks, potent effects on cognition are plausible. We propose
an intervention design framework based on driving cranial nerve pathways in targeted brain
circuits, which are in turn linked to specific higher cognitive processes. State-of-the-art current
flow models that are used to explain and design cranial-nerve-activating stimulation technology
require multi-scale detail that includes: gross anatomy; skull foramina and superficial tissue layers;
and precise nerve morphology. Detailed simulations also predict that some non-invasive electrical
or magnetic stimulation approaches that do not intend to modulate cranial nerves per se, such as
transcranial direct current stimulation (tDCS) and transcranial magnetic stimulation (TMS), may
also modulate activity of specific cranial nerves. Much prior cranial nerve stimulation work was
conceptually limited to the production of sensory perception, with individual titration of intensity
based on the level of perception and tolerability. However, disregarding sensory emulation allows
consideration of temporal stimulation patterns (axon recruitment) that modulate the tone of
cortical networks independent of sensory cortices, without necessarily titrating perception. For
example, leveraging the role of the thalamus as a gatekeeper for information to the cerebral cortex,
preventing or enhancing the passage of specific information depending on the behavioral state. We
show that properly parameterized computational models at multiple scales are needed to rationally
optimize neuromodulation that target sets of cranial nerves, determining which and how specific
brain circuitries are modulated, which can in turn influence cognition in a designed manner.
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Introduction

Cogpnition is conceptualized as the processing of information acquired through the senses.

The central nervous system (CNS; nerves within the brain and spine) integrates and responds

to signals transmitted by the peripheral nervous system (PNS; nerves outside the brain and
spine), whose primary function is to connect the CNS with the rest of the body and the
environment [1]. The cranial nerves are a specialized part of the PNS that emerge directly
from the brain rather than through the spine and include both afferents and efferents.
Afferent cranial nerve axons convey sensory information —sight, hearing, taste (gustation),
touch (heat, pressure, pain, proprioception), smell (olfaction), interoception (input from the
gut and internal organs), and equilibrium— to the brain. Efferent cranial nerves’ axons
regulate muscles (smooth, skeletal, and cardiac) and glands (either directly or through a
postganglionic axon; Table 1). In contrast to other peripheral nerves that first route through
the spinal cord, cranial nerves project directly through the skull into the brain, which makes
them a special target for neuromodulation. For each cranial nerve, there is a portion that is
relatively accessible (extracranial), and each nerve is intimately linked to perception and
regulation of CNS function, including established “bottom-up” functions in cognition and
clinical disorders [2-4].
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Here we develop a formalism to design cranial nerve stimulation by leveraging insight from
modern biomedical engineering and neuroscience (i.e. biomarkers) - in order to target
specific cognitive constructs and behaviors that may be linked to neuropsychiatric disorders.
We focus mainly on nerves that contain a major sensory (or afferent) component, however in
some cases it can be challenging to disambiguate the cognitive effects of cranial nerves
stimulation on afferents vs. efferents (see sec.5). Our overall approach is to focus on each
afferent cranial nerve that modulates a specific brain circuit -- including those circuits
involved in lower and higher-level processes - providing a rational basis to target specific
cognitive functions by optimized cranial nerve stimulation. Indeed, while transcranial
approaches (e.g. TMS and tDCS) or some invasive approaches (e.g. certain forms of DBS)
inevitably stimulate a complex constellation of neurons, cranial nerve stimulation allows
(with limitations discussed) activation of targeted pathways into the CNS using minimally or
non-invasive technology.

There is a large body of literature on the modulation of cranial nerves by electrical
stimulation for both therapeutic and experimental applications; however, these studies are
variable in methodology and conclusions. The clinical neuroanatomy of each cranial nerve
have been explored [5], but nuance continues to emerge in anatomy and function [6, 7].
Some of the earliest applications of electrical stimulation to cranial nerves were to treat
neurological disorders such as seizures [8, 9] and sensory dysfunctions [e.g., vision loss,
equilibrium damage; 10, 11]. Subsequent inclusion of broader clinical indications —
including neuropsychiatric disorders -- have furthered knowledge of how activity of early
sensory systems through cranial nerves can influence higher cognitive processes [12-14].
This improved understanding has driven the expansion of devices geared towards a variety
of applications including treatment of specific disorders as well as enhancement of cognitive
and other functions [15-17].

Drawing from clinical experience, researchers have used electrical stimulation to replace a
natural stimulus to measure the response of specific sensory systems. For example, using
electrical stimulation to elicit flashes of light rather than using a light source [18]. While
delivering light and sound stimuli to their respective sensory systems is a well characterized
and more quantifiable process (allowing for a more precise psychophysical measurements),
other sensory systems pose more of a challenge. Therefore, the study of touch, olfaction
(smell), gustation (taste), and balance have all applied electrical stimulation, in lieu of
natural stimuli, to sensory organs or directly to the nerves as a way to investigate the
processing pathway of their respective sensory modalities [19-21]. Such trials are reviewed
here and provide guidance on target engagement (evidence a given pathway is activated),
while we also propose a framework where brain circuits can be modulated by patterns of
cranial nerve stimulation independent of sensory emulation.

Neuroimaging and neurophysiological techniques can further characterize the response of
cranial nerve activation, and potentially act as biomarkers of target engagement. For
example, electrically induced evoked potentials (EPs) measured using
electroencephalography (EEG) can be used to monitor a variety of nerve functions [22].
Auditory and visual EPs measured with electroencephalography (EEG) are used for a variety
of diagnostic purposes in neurology to validate electrical stimulation of cranial nerves and as
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an adjunctive tool in neurosurgery [23, 24] The use of EEG measurement of EPs has been
used to validate non-invasive electrical stimulation of cranial nerves as well [25-27].

Functional magnetic resonance imaging (fMRI), magnetoencephalography (MEG) and
positron emission tomography (PET) can be used to examine both subcortical and cortical
activation induced by targeted cranial nerve electrical stimulation [28-32]. Potential
biomarkers can be developed through neural signatures evoked by electrically stimulating
cranial nerve(s), in both healthy and dysfunctional subjects [2, 33], but only if they are
distinct and reliable. Examples of the electrically evoked potentials and induced network
effects explored as measures of cranial nerve function are summarized in Table 2 and
expanded on for each nerve in the text.

Sensory dysfunction has been implicated in range of neurological and psychiatric disorders.
Under a hypothesis that primary sensory dysfunction has a causal role in brain disorders,
then cranial nerve stimulation that acts as substitute for sensory stimuli may be therapeutic
(e.g. directly treat neuro-psychiatric disorders associated with sensory/bottom-up
dysregulation). Alternatively, change in sensory function (mediated by cranial nerves)
functions are epiphenomena to the neuropsychiatric symptoms (e.g. non-specific
neurodegeneration). In any case, the brain circuits involved in processing sensory input from
a cranial nerve could overlap with those circuits underlying disease symptoms — in this
sense, cranial nerve electrical stimulation provides a direct pathway to those circuits, but not
necessarily dependent on sensory stimulus substitution.

We develop here a framework where cranial nerves are viewed as unique brain stimulation
targets amenable to targeted therapeutic intervention. Minimally- or non-invasive cranial
nerve stimulation can be used to modify higher level cortical function in a more specific
fashion than is possible with other brain stimulation techniques, provide a nuanced
understanding of the brain circuits specific cranial nerve activity is able to modulate. This
review integrates knowledge relevant to electrical neuromodulation of cranial nerves that
spans the fields of anatomy, electrophysiology, bioengineering, cognitive and clinical
neuroscience, psychiatry and neurology. Advancing the science of cranial nerve stimulation
as a path to modulate cognition first requires a detailed review of existing knowledge from
these fields. This includes a contextual review by cranial nerve involving stimulation trials
where changes in cognition were accessed (Table 3). There is an extensive medical literature
on the gross anatomy and function of cranial nerves in health and disease [6, 34].
Electrophysiologists and bioengineers have characterized the biophysics and morphology of
axons within these nerves and their cellular response to electrical stimulation [35-37].
Cogpnitive neuroscientists are ultimately interested in how signals are integrated along the
sensory pathway from the periphery to the brain, and how cranial nerves effect cognition.
For the most part, the cranial nerve afferents synapse in the brainstem and are then relayed to
the thalamus before branching to other cortical areas [38]. The thalamus is an integral node
for many cognitive networks, and drives cortical function and inherent rhythm [39].

This review is focused on development of a holistic scientific understanding of cranial nerve
stimulation in order to support a rational approach to neuromodulation. First, we review
different approaches to the targeting of cranial nerves with transcranial electrical stimulation
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including both methodology (Sec. 2) and waveform parameters used in various studies (Sec.
3). We then review cranial nerves based on their composition of afferent axons and
connected circuits in the brain (Sec. 4). The role of cranial nerve efferent stimulation is
briefly considered (Sec. 5) followed by a detailed review of stimulation of olfactory (Sec.
6.1), optic (Sec. 6.2), trigeminal (Sec. 6.3), facial/glossopharyngeal (Sec 6.4),
vestibulocochlear (Sec. 6.5) and vagus nerves (Sec. 6.6). The review concludes with a
discussion of future approaches for optimization and specific targeting of cranial nerve for
neuromodulation.

1. Transcranial electrical stimulation and cranial nerves

Transcranial electrical stimulation (tES) techniques include transcranial direct current
stimulation (tDCS), transcranial alternating current stimulation (tACS), transcranial random
noise stimulation (tRNS) and transcranial pulsed current stimulation (tPCS) [40]. TES
techniques all apply current through electrodes on the scalp for the purpose of direct
stimulation of the brain [40-44] in order to modulate cortical function with resultant changes
in behavior and cognition [45-48]. However, the physics of tES dictates a much lower
current density in the brain than in the skin [17] and skull foramina (because of skull
resistance to current flow), which may result in the stimulation of cranial nerves that
transverse the skin (e.g. forehead, neck) and foramina near or between the electrodes (Figure
1 & Figure 2) [49, 50].

For example, tDCS for the treatment of major depressive disorder (MDD) is applied
bilaterally to the forehead in order to target a brain region of interest, the dorsolateral
prefrontal cortex (DLPFC) [51-55]. The forehead, however, is richly innervated with cranial
nerves which may be unintentionally stimulated in frontal tDCS interventions (Figure 1.c &
2.c). tDCS when used for the purpose of enhancement of cognition in healthy individuals
similarly employs electrodes on the forehead with the intention of targeting the frontal
cortex; this may also be complicated by stimulation of cranial nerves innervating the skin of
the forehead [17, 56, 57].

TES clinical trials for pain disorders — e.g., migraine [58-61], fibromyalgia [62-64],
craniofacial pain [65, 66]— often target the motor cortex (M1) with an “active” electrode,
while the “return” electrode is placed on the contralateral forehead (called the “supra-
orbital” or SO position) (Figure 1.c.) [67], resulting in maximal current density to these skin
areas with the attendant risk of stimulation of collateral cranial nerves. Some tES approaches
use an extracephalic (placing the “return” electrode on the neck, face or arm ) rather than a
cephalic (on the head) electrode (Figure 1.a.) [68, 69]. This method results in diffuse current
through the scalp and neck [70]. Other tES current approaches place the “return” electrode
on the ipsilateral mastoid (Figure 1.b, [71-73]). Direct current applied over one or both
mastoids has been used to target the vestibular system(Figure 2.a, [74, 75]).

TES methods run the risk of stimulation of cranial nerves innervating areas under and
between electrodes. Previous papers have reviewed the use of computational models [49, 76]
and neurophysiological techniques [67, 77] to determine optimal tES electrode placements
for stimulation of the cortex. Our review of the collateral effects of stimulation of cranial
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nerves with tES does not obviate study results consistent with direct cortical stimulation.
Disambiguating the varying effects of different types of tES (i.e., tDCS, tACS, tRNS, tPCS)
on cranial nerves is not within the scope of this review. Rather, we focus on a detailed
consideration of the nerve anatomy;, as it relates to electrode placement and function, in
order to attain a more fundamental assessment of electrical stimulation treatments.

Many techniques that target the cranial nerves use dosages that overlap with “transcranial”
methods. For instance, tACS, tRNS and tPCS can elicit the perception of flashes of light
known as “phosphenes” [45, 78]. These phosphenes are a known effect of stimulation of the
optic nerve, which often employs pulsed current and electrode placements similar to
transcranial methods. It is debated where along the visual pathway these electrically induced
phosphenes originate [79, 80]; several reports suggest that phosphenes originate primarily at
the retina and optic nerve, regardless of the placement of the stimulation electrodes [81-83].

Electrical Stimulation Dosing Parameters

A complete understanding of the effects of different electrical stimulation devices and
techniques on neurophysiology requires a cataloging of dosing parameters. These include
electrical waveform (e.g. intensity, shape, frequency) and electrode type (e.g. material, size,
location) which together make up the “dose.” Electrical waveforms are generated and then
applied across electrodes. The dose determines how the pattern electrical current flow
though the body, so the intensity at any given region [84]. We review below different dosing
parameters used for different devices targeted for different cranial nerves to the extent that
they are documented in the literature.

This section outlines the terms and reporting style used in this review when describing the
dose of electrical stimulation to cranial nerves. These terms are applicable to the targeting of
cranial nerves and generally electrical stimulation. While attempting to provide a uniform
dose report scheme, some specialized terms may be qualified for a peculiar stimulation
technique or cranial nerve target. At the beginning of each section — for each cranial nerve—
the most common dose reported in the literature may be noted.

Pulses are a typical waveform used in cranial nerve stimulation. Pulses are applied
repetitively in a train, where the inverse time between pulses equals the stimulation
frequency. Unless otherwise specified, individual pulses are assumed to be rectangular.
Individual pulses have a pulse duration (width) and amplitude. A waveform of pulses can be
monophasic or biphasic. A monophasic waveform has pulses of a single polarity (Figure 3.a;
z2=0), while a biphasic waveform has pulses that invert polarity, typically in paired opposite-
polarity pulses [85]. Waveform types besides pulsed typically take the form of a simple
periodic waveform, such as sinusoid (Figure 3.d). In the case that pulses are not evenly
spaced in time, any burst patterns (Figure 3.b) or on/off times (Figure 3.c) are reported.
Unless otherwise stated, the waveform for pulsed stimulation is reported as the following:
pulse frequency and feature, pulse width, burst frequency, pulses per burst, time on/off, and
peak amplitude (e.g., Figure 3.e-f). In this review, we systematically characterize dose to
allow reproduction and reasonable comparison across studies. However, we respect dose as
reported in the original papers, and do not attempt to verify the accuracy of reporting. In
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many cases, not all details about dose (e.g., whether the reported biphasic waveform is
symmetric or asymmetric) are reported in the original paper, and so are omitted in our
reference. In some cases, where the waveform description was indefinite, the phrasing used
in the original report is reproduced in quotes.

When waveforms are either monophasic, asymmetric biphasic, or symmetric biphasic but
with importance given to the order of pulses phases, then the polarity of the waveform needs
to be defined with respect to the electrodes (e.g. monophasic square wave with 5V peak
from electrode A to electrode B). In electrical stimulation, an anode electrode always
indicates an electrode where, at that instant, current (defined as a positive quantity due to
historical reasons, and therefore directly opposite to the physical direction taken by electrons
in a circuit) enters the body and cathode electrode indicates an electrode when, at that
instant, current exits the body [85]. In the context of electrical stimulation, anode / cathode
always indicates an electrode location where current is entering / exiting the body — this
definition which emphasizes the body-centric perspective should not be confused with how
anode / cathode may be used in other specialties (e.g. batteries). However, these terms can be
used in varied nuance and context.

When the waveform is monophasic an anode electrode may be defined as the electrode
where current always enters the body, and a separate electrode may be defined as the
“cathode electrode,” where current always exits the body. Since in all electrical stimulation
there is always an anode and a cathode, the terms “anodal” stimulation can simply indicate a
statement of hypothesis, that the nominal target is near the anode electrode [41]. “Cathodal”
stimulation, indicating that the nominal target is near the cathode electrode. Alternatively, in
some cases, like bilateral monophasic stimulation, “anodal”/ “cathodal” indicates the
polarity of the waveform relative to the head (e.g. an electrode was placed on each mastoid
with anodal stimulation on the right). Finally, in some applications where biphasic
stimulation is used, and each electrode can alternate between anode and cathode the terms
“anodic phase” and “cathodic phase” will be used (e.g. a cathodic phase pulse is followed by
an anodic phase pulse). In this sense, when brain stimulation [85] is assumed to be driven by
one phase, the terms “anodic stimulation” and “cathodic stimulation” are used (e.g.
monopolar cathodic stimulation, where a cathode activating pulse is followed an anodic
phase used for charge recovery). In this review, the limited use of anode/cathode related
terms is typically qualified and influenced by how they are used in a given field of
application.

Electrode shapes, sizes, positions, and materials are noted with the level of detail (and
limits) as specified in the original reports. For invasive stimulation (and in electrochemistry),
the electrode refers to the metal in contact with the body (tissue), while for non-invasive
electrical stimulation, electrode can refer to the entire electrode assembly including
electrolyte (e.g. saline, gel) which separates the metal from the skin. Here, unless otherwise
indicated, the electrode (assembly) position and area indicates the surface area between the
electrode (assembly) and the issue/skin — essentially the area over which current can enter/
exit the body. The term “bipolar” and “unipolar” denotes electrode geometry. Unipolar
electrode geometry refers to the use of a relatively small electrode placed near the target
with another (larger) “return” electrode placed at a distance. However, the “return” is not
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inert. A bipolar electrode geometry indicates two electrodes of comparable size and
proximity to the target(s). When electrodes are placed symmetrically on the head, especially
to target structures in both hemispheres, the montage may also be referred to as bilateral.
When two electrodes are used for a bilateral montage, it is also termed “bipolar.” To clarify,
biphasic/monophasic refer to waveform and are independent of bipolar/unipolar/bilateral
electrode geometry.

Beyond reporting complete dose details, in some stimulation applications specific metrics of
dose are used to gauge efficacy or safety. These include current density (current / electrode
area), charge (current x time per pulse), or charge density (charge / electrode area). However,
reliance on such metrics does not negate the need to fully document dose.

3. Selection and Identification of Cranial Nerves as Targets for Electrical

Stimulation

There are twelve cranial nerves, each emerge bilaterally from the brain. They are numbered
per their anatomical organization, rostral to caudal. Each cranial nerve synapses (afferent) or
originates (efferent) on a set of nuclei in the brainstem (with the exception of the olfactory
and optic nerves) and exit through skull foramina, branching out onto the surface of the skull
and into the neck, thorax, and abdomen (Figure 4). The cranial nerves are a part of a
neuronal pathway that extends from cortical regions to/from the body (Figure 5). These
pathways are made up of several connecting neurons. Sensory pathways usually begin with
primary or “first order” neurons whose cell bodies are located outside the CNS and synapse
in the brainstem onto second order neurons. The afferent axons of the first order neurons are
axons of cranial nerves, that pass through the cranium and extend superficially to where their
specific sensory information is transduced. Second order neurons then synapse in the
thalamus onto third order neurons which project to the cortex. In comparison, efferent first
order neurons typically originate in the cortex and synapse on secondary neurons in the
brainstem, bypassing the thalamus. The efferent axons of the secondary brainstem neurons
are axons of cranial nerves which exit the cranium to innervate organs and muscle. The
cranial nerves are a part of the PNS (with the exception of the optic and in some cases the
olfactory nerve) like the nerves that emerge from the spinal column, but unlike the spinal
nerves, they relay information directly (or within one synapse) to and from the brain to the
body. Therefore, cranial nerves are special targets for neuromodulation, accessible near the
surface of the body and direct afferents to the cerebrum; conceptually “axons of the brain
extending to the skin” (Figure 5).

When considering the function of cranial nerves, it is important to characterize the types of
information that the fibers of the nerve transmit. Classically, anatomists have categorized
cranial nerves according to the following: afferents or efferents; special or general; and
somatic or visceral. “Afferents” are fibers that send information to the CNS and “efferents”
are fibers that carry information from the CNS to the rest of body. “Sensory” and “motor”
can be used interchangeably with the terms afferent and efferent, respectively. “Special”
nerves are functionally specific to cranial nerves (e.g. sense of smell), while “general”
nerves are not functionally specific to cranial nerves (e.g. sense of touch) as this sensation
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also is carried by spinal nerves. Somatic refers to nerves that receive and transmit
information from the skin, skeletal muscles, joints and tendons. Visceral are those nerves
that innervate smooth muscles, cardiac muscle and glands [86, 87]. These classifications are
in accordance with established anatomical terminology [34, 88] as summarized in Table 1.
For this review, we consider in detail only the afferent branches of cranial nerves, as the flow
of information is toward the brain, usually with a direct connection from the receptor to the
brain, and therefore have a more direct effect on cognition, mood and behavior (Cranial
nerves I, 11, V, VII, VIII, IX, X). This does not exclude any possible contribution from
efferent branches in altering cognition through physiological changes (e.g. heart rate) that
may then secondarily affect the brain. The Cranial Nerve Efferents section (Sec 5) addresses
these connections.

Each main section of this review addresses the afferents of a specified cranial nerves
including: the basic anatomy (from sensory transduction to its connection with the brain);
the types of electrical stimulation traditionally used to target the nerve (e.g., waveform, dose,
montage, invasive/noninvasive, etc.); clinical disorders targeted for treatment by electrical
stimulation; imaging/neurophysiological outcomes; and any cognitive, mood, or behavioral
outcomes modulated by targeting cranial nerves by electrical stimulation.

Clarification of terminology is needed when discussing cranial nerve stimulation research,
including when cranial nerves are not intentionally targeted (e.g., some tES). Afferent
cranial nerves do not technically include sensory receptors, rather they are the fibers (axons)
that convey signals between the receptors and the brain. However, certain cranial nerves
have integrated receptors (e.g. olfactory and certain branches of somatosensory nerves). Due
to the nature of the overlapping anatomy of most cranial nerves, between and within, and the
heightened sensitivity of the axon terminal to electricity [89], it is unlikely that noninvasive
electrical stimulation would only polarize the nerve and not the receptor system attached to
it, or vice versa. If an action potential is initiated in any compartment of a cranial nerve or its
sensory terminus, an action potential will be conducted along its length. In the following
sections, we examine some applications that intend to target receptors (e.g., photoreceptors
in the retina), yet remain cranial nerve electrical stimulation (e.g., optic nerve) for our
purposes.

4. Cranial Nerve Efferents

This review is concerned primarily with the afferent pathways of cranial nerves as they offer
a direct (or within one synapse) and targeted pathway to the brain. However, the efferent
pathways are an important target for varied cranial nerve stimulation applications, and
indeed — due to anatomical considerations -- are co-activated by approaches that target
afferent pathways. As noted above, efferent nerves can be somatic (muscle) or visceral
(smooth muscle, glands, cardiac muscle), some of which are part of the parasympathetic
branch of the autonomic nervous system (ANS). Efferent nerves can be targeted either
directly by stimulating axonal pathways from the brain to the body, or indirectly through
stimulating afferents that then activate efferents through reflex pathways in the brain stem or
cerebellum.
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Examples of cranial nerve efferent activation include, electrical stimulation of motor cranial
nerves to elicit or suppress muscle movement through efferent fibers of the hypoglossal
nerve that innervate muscle, with application in the treatment for sleep apnea (30 Hz pulsed,
100 ps, 1-1.5 sec burst duration; half-cuff tripolar electrode around main trunk of
hypoglossal nerve [90]). Other examples of studies that aim to stimulate efferents through
direct pathways include increasing vascular blood flow (3-60 Hz monophasic pulsed, 500 ps
pulse width, 5V; [91]) and treating ischemic stroke [92]. In the vestibular system, direct
current stimulation applied to the mastoids can induce eye movement ([Direct current, 5mA;
bilateral 1,000 mm”2 electrodes placed over mastoids; [93]) which in disordered vestibular
systems may serve as a measure of remaining function (Direct current 3 sec ramp, 4 mA, 35
sec; Bilateral and unilateral (return over C7); [94]). The vestibular-ocular reflexive arc acts
by modulating the vestibular nerve and/or receptors that send information to the brain stem
(nuclei) and then back out via efferents that control muscles in the eye in order to stabilize
visual information in the case of head or body movements [95]. The pathway from vestibular
nerve to ocular nerve is only three neurons long, so while the original effector may be the
afferent, the outcome may be mediated by efferents. Other signaling pathways include vagal
efferents in the baroreceptor reflex arc (20 Hz retangular pulse, 200 us pulse width, <8 V;
stainless steel wire electrodes attached to right vagus nerve; [96]). Both types of stimulation,
direct and reflexive are considered efferent stimulation.

There are three cranial nerves that are mixed, containing both afferents and efferents,
increasing the likelihood that both pathways might be modulated by electrical stimulation.
For example, the vagus nerve contains both sensory and motor nerves, some of which are
anatomically adjacent. The afferent and efferent nerves travel alongside each other in the
cervical branch in the carotid sheath (section 6). Typically, the afferent fibers in the cervical
branch are targeted as a treatment of epilepsy, depression and other neurological and
psychiatric disorders [8, 97-100]. However, it is almost certain that some vagal electrical
stimulation (invasive or non-invasive) will also activate efferents. Besides inadvertent
involvement, efferent axons in mixed cranial nerves can be explicitly targeted for electrical
stimulation. For example, targeted electrical stimulation of efferent vagus nerve fibers
invasively has been proposed as a treatment for disorders of the immune system [101-103].
Consistent with this, cervical vagus nerve stimulation increased survival in sepsis infected
mice and attenuated the production of proinflammatory cytokines (1 Hz, 2 ms pulse width, 5
V, 12 min; bipolar platinum electrodes; [104]). In summary, the efferent axons of cranial
nerves must be taken into consideration when designing strategies for electrical stimulation
of cranial nerves for the enhancement of normal functions including mood and cognition
and/or interventions for neurological and psychiatric conditions, even when afferents are the
primary target of the intervention [105-110].

5. Afferent Cranial Nerves

5.1. Olfactory Nerve Stimulation

The olfactory nerve (CN 1) conveys information about smell to the brain. Humans have over
350 types of odorant receptors, each of which can recognize multiple odorants [111]. Each
odorant can also bind to several different receptors. The unmyelinated olfactory sensory
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axons project through the cribriform plate (foramina) and synapse ipsilaterally onto the
olfactory bulb, a direct outcropping of the neocortex (Fig 4; yellow). Neurons that have the
same receptor type synapse onto a single pair of glomeruli in the olfactory bulb. This
convergence enhances the ability to detect small quantities of odorants. In the glomerulus,
each olfactory sensory neuron synapses onto a tufted or mitral relay cell. From there,
information projects through the olfactory tract to the piriform cortex, amygdala, anterior
olfactory nucleus, olfactory tubercle, and entorhinal cortex. The areas that receive direct
projections from the olfactory bulb are known collectively as the olfactory cortex [112]. The
olfactory cortex has projections to the orbitofrontal cortex (OFC) and prefrontal cortical
(PFC) areas [113, 114]. It also makes reciprocal connections with the brain stem nuclei —
the locus coeruleus (the olfactory system’s main source of norepinephrine) and raphe
nucleus, a major site of serotonin cell bodies in the brain [115, 116]. Indeed, the
neurochemistry and neuroanatomy of the olfactory system highlight the important role of
smell in the modulation of mood and emotion [117, 118].

The olfactory sensory nerve’s only extracranial projections are the widely dispersed cilia in
the nasal mucosa These cilia synapse on the olfactory bulb, an outcropping of the cortex.
This means that the olfactory nerve is one synapse away from the cortex. While there is
research in animals and humans that target the olfactory nerve proper, the olfactory bulb and
tract are commonly targeted for electrical stimulation when investigating the olfactory
system. For the purposes of this review, the primary sensory neurons, bulb, and tract make
up the olfactory system and are considered olfactory “nerve” stimulation. Noninvasive
electrical stimulation targeting the olfactory system in both animals and humans generally
use bipolar electrodes placed, usually unilaterally, inside the nostril to touch the nasal
epithelium [19, 119, 120]. Invasive research in animals place bipolar electrodes on the
exposed olfactory bulb and tract [121, 122]. This section on the olfactory nerve electrical
stimulation addresses methodological and conceptual issues.

Electrical stimulation applied to rodents and non-human primates has been used to probe the
structural and functional synaptic organization of the olfactory system. By studying the
projections from the rat olfactory nerve using electrical stimulation, the organization of the
olfactory bulb has been elucidated (0.25 Hz pulsed, 100 ps pulse width; bipolar stainless
steel electrodes, placed rostral to cribriform plate; [123]). The topmost layer of the olfactory
bulb, the granule cell layer, contains inhibitory interneurons and cortical structures form
inhibitory connections within the olfactory bulb. Electrical stimulation of the olfactory
mucosa (and thus the olfactory neurons) evokes a weak excitatory response from intracranial
recordings in the olfactory bulb of rabbits cells, perhaps indicating that electrical stimulation
does not activate the olfactory system in the same way as chemical olfactants (pulsed, 700 us
pulsed width, 5-20 V, 5-20 V; bipolar silver, < 0.5 p diameter; [124]).

Olfactory receptors are somewhat indiscriminate in which odorants they bind, making the
mechanism by which the olfactory system decodes odors complex to deduce. The answer
lies partially in the spatiotemporal encoding of signals in the olfactory bulb, which electrical
stimulation has helped to explain [125]. For example, rats taught to discriminate between
points of electrical stimulation on their olfactory bulb could do so up to a relatively small
area of point separation which indicates a topographically precise organization of the bulb
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(50 Hz sine wave, 4-20 pA; stainless steel wire in olfactory bulb; [126]). However,
comparing electrically induced activation to chemically induced activation requires caution,
as electrical stimuli do not always yield the same results as direct application of chemical
odorants [121]. For example, the pattern of activation in rats olfactory bulb observed during
electrical stimulation of the olfactory bulb is more diffuse than the discrete areas of
activation induced by odors [127]. Nevertheless, electrical stimulation at the nerve and
bulbar level have provided valuable information about the olfactory system’s anatomy, cell
morphology, and physiology.

The olfactory nerve is the only cranial nerves to bypass the thalamus, instead olfactory
information is projected to the neocortex, and therefore there are less “stops” between the
sensory neurons and higher order processes. As mentioned in the introduction to this section,
the olfactory system has connections with the OFC, a region imaging studies have
implicated in decision making and emotion processing (for review see [113, 128]). The
structures in the olfactory cortex make both direct and indirect projections to the OFC. An
indirect route to the OFC through the hypothalamus in nonhuman primates was identified
with recordings of extracellular potentials in the OFC and intermediate relay structures, in
response to electrical stimulation of the olfactory bulb (square pulse, 10-500 ps pulse width,
2-8 V; bipolar electrodes, stainless steel (0.4-0.5 mm dia.) or tungsten (300 um dia.); [129]).
Consistent with the observation that the OFC is integral to processing olfactory information,
patients with OFC lesions are unable to discriminate odors [130]. Neuroimaging has been
used to functionally identify the OFC in humans during olfactory processing of chemical
stimuli (for a review see [113]). More direct connections between the OFC and olfactory
cortex have been identified in monkeys [131-133]. The OFC is the junction not only for
olfactory information, but other sensory systems such as gustatory and visual information,
implicating a multimodal role for olfaction [134].

Relating a neural signal to the onset of a stimuli underlies much of cognitive research; when
EEG is used to record neural signals, these timed signals are known as event related
potentials (ERPs) [33]. For instance, clinical disorders with deficits in smell can be
diagnosed by signal conductance speeds tests. Typically, air puffs are applied inside the nose
while measuring EEG from the scalp [135]. The neural signal evoked by the olfactory signal
are disturbed in certain psychiatric disorders, such as schizophrenia and Alzheimer’s, and
may aid in diagnosing a disorder [136, 137]. Olfactory dysfunction is the earliest clinical
symptom of Alzheimer’s disease and quantitative assessment of olfactory system
performance is suggested to serve as a potential biomarker for Alzheimer’s disease
progression [138-140]. Given the critical role that smell plays in disgust, it is not surprising
that smells are a potent modifier of emotion, and have been used as a probe of symptoms of
posttraumatic stress disorder [117, 118, 141]. The olfactory system is the only sensory
system with direct connections to the amygdala which as noted above bypass the thalamus
and higher cortical areas, highlighting their role in the production of unfiltered emotion
[142]. Typically, olfactometers are used to deliver chemical stimuli to a human or animal to
modulated neural activity that can be measured by behavior or EEG and neuroimaging
methods [143]. Electrical stimuli can alternatively be used to elicit measurable neural
changes. Compared with chemical stimuli, this provides a controlled stimulus onset and
discrete stimuli. This is especially important when carrying out tests where stimulus timing
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is important (e.g. electrical conductance tests or ERPs). In humans, electrical evoked ERPs
(independent of the dynamics of transducing external chemical olfactants) were
characterized following stimulation of the olfactory mucosa (2 Hz monophasic pulsed, 500
us pulse width, 0.5-4 mA,; bipolar stainless steel electrode, nasal mucosa; [19]). The
characterization of the olfactory evoked potential in humans were comparable to
subcutaneous EEG recording from rabbits and amphibians [119, 120, 144].

Early clinical research used electrical stimulation applied to the olfactory nerve as a tool to
treat temporal lobe epilepsy (TLE) in man. Olfactory hallucinations (phantosmia) are a
symptom of TLE, often occurring before the onset of an episode. In both animal models and
in humans, chemical olfactants have been used as a way to attempt to control seizures with
varying degrees of success [145-147]. The limbic system generates and regulates rhythmic
activity in the brain, which is pathological in TLE. Application of electrical stimulation to
the human mucosa was hypothesized to attenuate seizure frequency through the activation of
the pyriform cortex’s connection with the limbic system and has shown promise as a
possible therapeutic intervention for seizures [148]. However, we are aware of no trials in
humans to treat epilepsy using electrical stimulation to the olfactory system.

In an attempt to better understand the link between seizures and olfactory hallucinations,
clinicians successfully elicited phantosmia by applying intraoperative electrical stimulation
to the olfactory bulb in awake patients with epilepsy [149]. The origin of this perceived
olfactory phenomena is debated as either occurring in the olfactory bulb [150] or from
cortical regions with projections from the olfactory bulb (e.g. entorhinal cortex, amygdala,
OFC) [151, 152]. In children with epilepsy, stimulation on the orbital frontal cortex
produced distinct olfactory perceptions (50 Hz biphasic pulsed, 300 ps pulse width, <5s
pulse train, 3-9 mA,; subdural electrodes on the ventral surface of the frontal lobe; [153]).
While transient odors can be experienced using direct olfactory bulb stimulation, subjective
experience of a smell has yet to be produced using noninvasive methods of electrical
stimulation, e.g. stimulation on the mucosa [154]. Noninvasive electrical stimulation in
human subjects has produced changes in EEG recordings without behavioral percepts [19].
Despite no subjective experience of smell, resting state fMRI obtained following electrical
stimulation of the olfactory mucosa resulted in activation in cortical olfactory structures
(2-180 Hz sine wave, 90/180 Hz burst, 100 ps burst duration, 5 cycles/burst, 0.5-3s/30-50 s
on/off, 50-800 pA,; silver electrode, 0.7 um dia., stimulating elec.: olfactory mucosa,
reference: forehead; [31]). This may indicate that cortical neuromodulation without the
concurrent subjective sensory experience is plausible during olfactory stimulation.

In summary, the olfactory nerve does not pass through the thalamus, instead it passes
directly to the olfactory cortex and neocortex, including the OFC cortex [155]. Approaches
to stimulate the olfactory nerve include invasive electrodes placed on the olfactory bulb or
non-invasive methods that place electrode in the nostril to touch the nasal mucosa. To date,
there have been few studies in humans that have applied electrical stimulation to the
olfactory system outside of the olfactory mucosa. Deficits in olfaction are correlated with
many psychiatric and neurological conditions (e.g. epilepsy and schizophrenia) and a
selective electrical stimulation tool could be used as a way to study disordered
neuropsychiatric responses to induced phantosmia [136]. However, electrical stimulation of
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the olfactory system is rarely used clinically. The lack of subjective smell experience
following non-invasive stimulation is argued to be an indication that there is a lack of
meaningful olfactory system activation, and therefore cortical activation. However, there is
evidence from both EEG and fMRI studies that electrical stimulation, even to the mucosal
receptors, modulates cortical activity in olfactory systems [19, 31]. This may indicate that
any changes in cognition or behavior due to olfactory stimulation are not just be due to
olfactory percepts. While untested, there may be potential for non-invasive electrical
stimulation to modulate cortical regions that are difficult to reach using conventional
electrical stimulation approaches (i.e. the limbic system), without necessarily producing
percepts (a need for sensory substitution).

5.2. Optic Nerve Stimulation

The optic nerve, the second cranial nerve, conveys visual information. Light is transduced
into electrical signals by photoreceptors (rods and cones) in the retina. The signal is then
propagated through the second layer bipolar cells and then to retinal ganglion cells, whose
axons form the optic nerve (Fig 4; blue). The axons of the ganglion cells become myelinated
after exiting the back of the eyeball and leaves the orbit via the optic canal. The optic nerve
carries information from the left and right retina and meets in the optic chiasm as the optic
nerve enters the middle cranial fossa. There, information from the nasal and temporal half of
the retina cross to the opposite optic tract before traveling around the cerebral peduncle to
terminate directly onto the brain. The optic nerve does not synapse onto nuclei in the brain
stem, but instead synapse directly onto the lateral geniculate nucleus (part of the thalamus),
superior colliculus, the pretectal area, and the hypothalamus. Most of the information from
the optic tract is conveyed to the visual cortex via the geniculate nucleus. However, some
neurons from the optic nerve synapse in areas that are involved in reflexive eye movement
and circadian rhythm. Both noninvasive and invasive electrical stimulations have used a
range of doses to modulate optic afferents. Applications of pulsed and sinusoidal waves
typically use frequencies under 40 Hz when applied non-invasively, while invasive methods
of optic nerve electrical stimulation use a range of frequencies [156]. For example, invasive
prostheses that directly stimulate the optic nerve use pulsed waveforms at high frequencies
(up to 320 Hz) in order to obtain discrete light points [10]. Electrode placement, when
applied non-invasively, is either monopolar (with “return” electrode/s placed either
cephalically or extracephalically) or bipolar (with both electrodes around the orbit). Visual
implants concentrate electrical stimulation epiretinally (on the retina; [157]), subretinally
(beneath the retina; [158]), suprachoroidal (between the choroid and the sclera; [159]),
cortically [160], and on the optic nerve [161]. Our focus here is on optic nerve stimulation,
however, retinal stimulation is also discussed, as the retina contains the receptors of the optic
nerve.

Use of invasive optic nerve stimulation in humans has focused on visual prosthetics that
target the optic nerve with electrical current in order to rehabilitate the optic nerve [162] or
to activate the remaining undamaged nerves in a pattern replicating visual patterns. Visual
prosthetics that invasively target the optic nerve to create visually meaningful signals require
that the visual cortex and downstream visual processing centers have retained their function,
while bypassing damaged structures in the retina, such as in retinitis pigmentosa [163].
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Retinitis pigmentosa causes photoreceptor cells to disappear over time, while ganglion cells
and axonal processes remain intact, causing visual loss [164]. In some of these cases, a self-
sizing spiral cuff is surgically attached around the optic nerve with the ability to apply either
bipolar (stimulation is between two contacts on the cuff) or monopolar (the return is not on
the cuff) stimulation. Unless otherwise noted, this type of cuff electrode is used when
describing direct optic nerve stimulation (cuff electrode around optic nerve, four platinum
contacts placed around the optic nerve at 0.2 mm? contact area). Another form of direct
optic nerve prosthesis device uses small stimulating wires placed at the location where the
optic nerve leaves the eyeball to produce a more focal distribution of phosphenes (40-320 Hz
biphasic pulsed, 250 ps pulse width, 5-300 pA; 3.5 mm from the limbus, three platinum
wires, 0.5 mm dia.; [165]). The first steps in validating an optic nerve stimulating visual
prosthesis has been to relate electrical stimulation dose and location to phosphene
characteristics (location, intensity, size, etc.). The relationship between electrical stimulation
site to the subjective visual perception can be approximated with volume condition models,
and validated experimentally in the optic nerve (10-320 Hz biphasic pulsed, 21-400 ps pulse
width, <17 pulses per burst, < 3.8 mA; [166]).

The ultimate goal of visual prostheses is not simply to elicit visual percepts, but to evoke
recognizable patterns and regain some semblance of vision. By collecting data on
individual’s subjective activation maps, visual stimuli can theoretically be encoded (captured
by head-mounted cameras) into electrical stimuli that appear as patterns to the individual
subject. In this manner, a subject with an implanted optic nerve cuff is able to decode simple
shapes (1-320 Hz biphasic pulsed, 21-400 ps pulse width, 10 pA-3.8 mA,; [161]). However,
decoding these subjective flashes of lights into a meaningful visual field is still a daunting
tasking. One way to objectively assess the function of optic nerve prostheses following
implantation is by measuring visual evoked potentials over the visual cortex to determine if
electrical stimulation of the optic nerve is conducting to upstream visual systems (0.3 Hz
“single-charge recuperated pulses with a ratio of 1:9”, 213-426 ps pulse width, 92-1,040 pA,;
[167]). Even with subjective and objective measures of visual activity produced by optic
nerve electrical stimulation, progress toward a clinically meaningful prosthesis has been
slow. Prostheses targeting other sensory systems have had clinical success, such as with
cochlear implants [168], but visual prostheses have not made the same breakthroughs.

While visual prostheses are used as a relay between damaged and healthy parts of the visual
system, other forms of optic nerve electrical stimulation are used for neurorehabilitation and
recovery of unhealthy sections of the optic system [169]. Following damage by either trauma
or surgery, visual degeneration, as evaluated by subjective visual field (VF) loss, can be
permanent [170]. In rat models, electrical stimulation to the optic nerve improves the chance
of retinal ganglion cells recovery following damage (20 Hz monophasic pulsed, 50 ps pulse
width, 10-70 pA, 2 hour duration; two silver ball electrodes placed on transected end of
optic nerve, 1 mm dia.; [171]). In humans, application of electrical stimulation to the optic
nerve following surgery to remove tumors that compressed and damaged the optic nerve
increased the VVF recovery post-surgery, though the recovery was not always predicted by
nerve conductance tests during the surgery (25-100 Hz biphasic varied burst pattern,
250-1000 ps pulse width, 1800 yA; 3-2 gold wire implanted optic nerve bipolar electrodes,
0.1 mm”2 ellipsoid; [172, 173]). Stimulation with electrodes placed on the cornea, rather
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than the optic nerve itself was also explored for long term axonal survival and signal
transduction to the visual cortex (20 Hz biphasic pulsed, 50 ps pulse width, 50 pA; bipolar
electrodes placed on a contact lens; [174]). This technique was reported to improve
measures of visual acuity in controlled human trials (20 Hz biphasic pulsed, 10 ms pulse
width, current titrated to phosphene thresh.; bipolar electrodes placed on a contact lens;
[175]). Research into creating an effective visual prosthesis or rehabilitation device using
invasive optic nerve stimulation is long-standing and ongoing; the invasive nature of the
approach evidently limits large sample-size research especially for less severely damaged
visual systems, such as partial blindness due to stroke [176].

Invasive methods of optic nerve stimulation may provide a more “direct” route to
modulating a nerve but involved surgery with associated complications [162].
Comparatively, non-invasive methods do not require surgery and can therefore be applied to
a larger and more varied population. Because they are low resolution and applied for limited
time period, non-invasive approached are directed toward neurorehabilitation applications.
“Transorbital” alternative current stimulation is a noninvasive technique that targets the
retina and optic nerve using electrodes that are applied to the eyelid or around the eye.
Conventionally, the transorbital stimulation electrodes are either gold or sintered Ag/AgCl
ring electrodes, similar to those used for EEG recordings, or 3x3 cm water-soaked pads with
rubber electrode inserts. Electrodes are typically positioned around the eye (2-4 per orbit)
[177-181]. In some cases of monopolar stimulation, the “return” electrode is positioned on
the right upper arm, right shoulder, near the eye, or at EEG location Oz [82, 182, 183]. A
few studies have investigated transcorneal electrodes that are shaped like contact lenses
[175, 184-186] or transcorneal hair-like DTL electrodes [187] that directly contact the
cornea [188-192] or the cornea and sclera [185].

Patients with vision loss due to optic nerve damage who received transorbital electrical
stimulation were reported to display an increase in detection accuracy in their field of
defective vision (AC, 2-9 pulses per burst, <1000 pA, 10 days; four sintered Ag/AgCl ring
electrodes placed at or near the eye, one return electrodes on the right wrist; [193]).
Additionally, these changes in detection were accompanied by changes in EEG alpha
spectrum power (here defined as 7.5-12.5 Hz), indicating engagement of cortical effects. A
larger (n = 446) open-label observational study of patients with optic nerve lesions similarly
reported increases in VF area and visual acuity (\VA) associated with changes in EEG alpha
power spectra (9-37 Hz varied burst pattern, <500 pA, 25-40 min/day, 10 days; active: 4
periorbital gold electrodes, bilaterally superior and inferior to the eye, return: midline
relative to occipital pole, 30 x 30 mm stainless steel; [156]). These alpha frequency changes
may be mediated by thalamo-cortico-thalamic relay circuits, a pathway proposed to
“sharpen” or tune receptive fields in the visual system [194-197]. Bola et al. reported that
blind patients who received transorbital electrical stimulation displayed increased coherence
in the high alpha/low beta frequencies (11-13 Hz) within the visual cortex and between the
visual and frontal cortices [198]. These changes were associated with improvements in
visual abilities. These findings point to the ability of this technique to increase inter-area
coherence within a power band that may be required for effective perceptual function [199].
It is therefore possible that the entrainment phenomenon seen within certain frequency bands
would be valuable for plasticity changes, particularly for remodeling required post injury. A

Brain Stimul. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adair et al.

Page 17

case study of a patient of an 11 year-old optic nerve lesion reported VF and EEG changes
associated with transorbital electrical stimulation, even at 1.5 years follow up, demonstrating
long term cortical plasticity and rehabilitation (10-30 Hz varied burst pattern, <600 pA, 30—
40 min/day for 10 days; active: four Ag/AgClI ring electrodes around or on the eyelid, return:
forearm; [177]). Transorbital electrical stimulation has also reportedly improved mood rating
in patients, possibly modulating non-vision related cortico-thalamic pathways (5-30 Hz
varied burst pattern, < 500 YA, active: 4 periorbital gold electrodes, bilaterally superior and
inferior to the eye, return: occipital pole; [12]).

Transorbital electrical stimulation and other optic nerve electrical stimulation methods,
differ from “physical” optical stimulation techniques that use light. The application of light
to the eye to modulate cognition and in the treatment of psychiatric and neurological
disorders has a long history [200, 201]. This includes recent work in mice on showing
reduction in peptide amyloid-p plaques -a hallmark of Alzheimer’s disease — following 40
Hz flickering light [202], with ongoing work addressing if this technique can be effective
clinically [203]. These physical (non-electrical) studies offer a comparison for electrical
approaches; in many cases the target of activation (retina/optic nerve) may be the same,
especially when outcomes are considered secondary to sensory percepts. When physical and
electrical approaches engage overlapping brain processes, which technique to use may be
based on convenience.

As noted, the optic nerve can be targeted either invasively for prostheses development and
rehabilitation, or non-invasively for rehabilitation and potentially other neuropsychiatric
indications. Invasive optic nerve stimulation in humans has attempted to bypass damaged
retinal cells by electrically stimulating the optic nerve directly using sensor arrays that
transduce light into meaningful stimulation of the nerve, using cuff or pin electrodes. In
parallel to research on optical nerves stimulation, work has been conducted on cortical visual
prostheses, where visual percepts are produced by electrically stimulating the visual cortex
[204-206]. Cortical prostheses offer some notional advantages to optic or retinal prostheses.
The cortex has a larger surface which is considered theoretically advantageous for visual
resolution by allowing for arrays of cortical stimulation electrode. Cortical implants are also
hypothetical option to a wider range of visually impaired patients, those who have damage
to both the retina and optic nerve. However, the technological advances necessary to decode
the many synaptic connections and visual field areas is a barrier to cortical prostheses
success in general. Rather, in considering more diverse cortical targets and indications for
use, optic nerve modulation offers the possibility of a more nuanced behavioral effects. The
optic nerve is upstream of the visual cortex and of the lateral geniculate nucleus of the
thalamus, which may mean that modulation of the optic nerve could result not only in
changes to visual sensory information but also to other cortical regions via the thalamo-
cortical network [205, 207-209]. As such, optic nerves stimulation may produce changes in
cognition independent of the visual cortex, so independent of percepts (e.g. phosphenes).

In summary, electrical stimulation of the optic nerve and retina is typically tested to treat
visual system disorders [165, 210]. Therefore, studies on behavioral and cognitive effects of
transorbital and optic nerve stimulation have centered on vison loss and rehabilitation.
However, transorbital electrical stimulation has been linked to changes in EEG and behavior
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which may suggest cortical changes outside of visual functions, which in turn supports
exploration of cognitive modification and clinical indications not specific to vison.
Compared to invasive (surgical) approaches, noninvasive optic nerve stimulation (e.g.
transorbital electrical stimulation) can more readily be applied to diverse clinical population,
as well as to healthy individuals. Future applications of non-invasive optic nerve stimulation
may also investigate changes to behavior and cognition independent of sensory percepts (not
simply linked to phosphenes).

5.3. Trigeminal Nerve Stimulation

The trigeminal nerve (CN V) is one of the largest cranial nerves. Its afferents transmit
general sensory information from the orofacial structures to the brain, while the efferents
send motor control information to the muscles of mastication from the brain. The afferent
branches are discussed here. There are three main branches (divisions) of the trigeminal
nerve that project to three sections of the face (Fig 4; orange). The ophthalmic (CN V1)
nerve exits through the superior orbital fissure and innervates the upper part of the face. The
maxillary (CN V2) nerve exits through the foramen rotundum innervates the middle part of
the face. Finally, the mandibular nerve (CN V3) exits through the foramen ovale and
innervates the lower face. The three branches meet on the floor of the middle cranial fossa
where the cell bodies of the sensory neurons are housed in the trigeminal ganglion. The
central processes of the neurons synapse onto the second order neurons in the pons on the
ventrolateral aspect in one of three trigeminal nuclei. Most of these fibers synapse onto
third-order neurons in the ventral posteromedial nucleus (VPM) of the thalamus that relay
information to the primary somatosensory cortex, but a small portion of the secondary
neurons relay information back to the nucleus tractus solitarius (NTS) in the brain stem and
the spinal cord.

The pseudounipolar neurons of somatic afferent nerves encode tactile information, including
proprioception, temperature, touch, and pain. Generally, these are A-nerve fibers
(myelinated, fast, large) and C fibers (unmyelinated, slow, small) [211-213]. These A-
subtypes are subdivided by the type of information they convey: pain (nociceptive) or touch
(haptic). In order of descending conduction speed, the classifications are: C (hociceptive and
temperature), Aa (proprioception), A (haptic), and A8 (nociceptive and temperature)
(Figure 4). Some somatic neurons contain specialized receptors, such as for pressure, but
most nociceptive fibers are “free” nerve endings in the sense they are considered to have no
specialized receptor type [214]. All fibers of cranial nerves or peripheral nerves that
transduce haptic or pain information follow this classification (cranial nerves V, VI, IX, &
X).

The trigeminal nerve has been targeted for electrical stimulation using subcutaneous (under
the skin), percutaneous (through the skin) or cutaneous (on the skin) electrodes. A pulsed
waveform is typically applied with a range of frequencies and intensities depending on the
application. Transcutaneous electrical nerve stimulation (TENS) devices are typically
adopted as pulse generators in cutaneous trigeminal nerve stimulation (TNS) [215, 216].
TENS encompasses a broad range of techniques and devices derived from pioneered work
by Wall and Sweet [217] using pulsed stimulation to excite peripheral nerves (originally:

Brain Stimul. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adair et al.

Page 19

100 Hz pulsed, 100 ps pulse width, intensity at sensory threshold). Research using TENS
further refined doses based on electrophysiological and behavioral studies in humans and
animals [218, 219]. These TENS dose parameters were adopted by TNS researchers. Typical
doses for TNS are 1-200 Hz biphasic pulsed, 50-250 uS pulse width, with a range of
intensities. Surgically implanted TNS devices typically use cylindrical electrodes (as used
for spinal cord stimulation) placed adjacent to the trigeminal nerve [220, 221]. Imaging,
such as x-ray, can be used confirm proper placements. Externally placed TNS typically uses
bipolar gel or sponge electrodes placed bilaterally over the ophthalmic branches (V1) (Figure
2c), though other electrode locations are used.

Electrical stimulation of the trigeminal nerve has been applied as a therapeutic intervention
in craniofacial pain disorders, such as trigeminal neuralgia [220-223]. Surgically implanted
TNS trials have been nonrandomized and small scale thus far, but report encouraging results
for the treatment of refractory trigeminal neuralgia (; [221, 224, 225]). In addition to
interventional use for neurological disorders, TNS (subcutaneous, percutaneous, and
cutaneous) have been applied as a diagnostic tool for disorders such as neuropathic pain
[225]. For example, scalp potentials over the somatosensory cortex evoked by trigeminal
nerve stimulation in patients with neuralgia can be used to identify possible lesion sites
along the trigeminal nerve as well as pathological related to disease progression (2 Hz
monophasic pulsed, 100 ps pulse width, 8-10 mA; bipolar electrode placed on both lips;
[226]). The potentials recorded from the scalp may reflect not only cortical responses from
the somatosensory region, but may also represent temporally early evoked responses from
the brainstem and thalamus [227-231]. Isolating these early components of the evoked
potential associated with deep brainstem nuclei activation is difficult to do without
confounding artifacts from muscle reflexes caused by stimulating facial muscles [232].
Myogenic artifacts can be reduced by placing stimulating needle electrodes percutaneous
rather than cutaneous. If properly recorded, early deep brain signals can theoretically serve
as a neural correlate (biomarker) of trigeminal nerve stimulation.

Among people with epilepsy, 30-40% of patients are unresponsive to antiepileptic
medication, known as refractory epilepsy [233]. Invasive electrical stimulation of the vagus
nerve (section 6) has emerged as a possible treatment for refractory epilepsy, but has device
and procedural costs, and side-effects. TNS was hypothesized to have a similar effect on
seizures with the benefit of reduced side-effects. In rat models of epilepsy, TNS successfully
halted cortical seizure activity (1-333 Hz pulsed, 500 us pulse width, 3-11 mA,; bilaterally
implanted on the infraorbital nerve, platinum cuff electrode, 0.5 mm wide 0.025 mm thick;
[234]) and displayed some protective effects on cognitive function such as learning and
memory (140 Hz, 500 ps pulse width, 1 min/4 min on/off, 10 m; bilateral gel-based
electrodes over left and right opthalmic branches; [235]). Cutaneous TNS has also been
explored as a therapeutic technique in human subjects with epilepsy [9, 236, 237]. A double-
blind randomized controlled trial indicated reductions in seizure activity following
cutaneous TNS, but did not show a significant decline when compared with controls
(control: 2 Hz active: 120 Hz pulsed, < 250 ps pulse width, 2 s/90 s on/off, 12 h/day, 18
week duration; bipolar gel electrode over the left and right opthlamic branch; [238]), with
benefit persisting in a follow up treatment phase that was comparable with control subjects
(control: 2 Hz active: 120 Hz pulsed, 250 us pulse width, 30 s/30 s on/off, 12 h/day, 12
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month duration; bipolar gel electrode over the left and right opthlamic branch; [239]).
Questions remain about the mechanism of action of TNS on epilepsy, but is hypothesized to
act through the trigeminal nerve projections to the NTS which has limbic and cortical
projections [240-242].

Following the results from TNS treated epilepsy, other neuropsychiatric disorders, including
major depressive disorder (MDD), were targeted for therapeutic trigeminal nerve
stimulation. Theoretical models of MDD have proposed dysfunctional network connectivity
between brainstem, thalamus, and higher cortical regions [243]. Unless otherwise noted, the
following clinical trials used TENS units to stimulate bilaterally over the ophthalmic branch
(V1) (120 Hz pulsed, 250 ps pulse width). A randomized sham-controlled trial treating MDD
patients reported decreased depressive symptom ratings following noninvasive TNS (10
days, 30 minutes/day; electrodes: 25 cm2 saline soaked sponges; [244]). These effects were
maintained for at least 30-days post-stimulation, suggesting plasticity. There have been few
randomized controlled studies in neuropsychiatric populations of trigeminal nerve
stimulation. Uncontrolled 8-week pilot studies have tested trigeminal stimulation in MDD
[245, 246], MDD-PTSD [247], migraine [248], tinnitus [249] and ADHD [250]. There have
also been case studies in patients with anxiety disorders [251], posttraumatic stress disorder
[252], hallucinations in schizophrenia [253], and fibromyalgia [254].

In most cases, symptom questionnaires were the only measures of improvement in trials of
trigeminal nerve stimulation in psychiatric populations. However, objective cognitive
measures are reported in some cases. For example, subjects with ADHD can display
impulsivity that can be measured by an inability to inhibit their response on an attentional
task [255]. Trigeminal nerve stimulation was reported to improve response inhibition in
subjects with ADHD [250]. In healthy individuals, a double blind sham controlled study
reported frequency dependent effects of trigeminal nerve stimulation on attention network
modulation (High Frequency: 120 Hz Low Frequency: 2.5 Hz biphasic pulsed, 250 puS pulse
width, 14 mA; electrodes 30 mm x 94 mm bilaterally cover the opthalamic branch; [256]).
Subjects receiving acute high frequency stimulation had decreased reaction time on a
psychomotor vigilance task (pressing a button when a dot appeared), increased subjective
fatigue ratings, and decreased flicker fusion frequency (the frequency at which flickers
appear as a steady light). Long term treatment with low frequency stimulation may also have
a calming effect (High frequency: 3-11 kHz biphasic pulse-modulated, 5-7 mA; Low
frequency: 0.5-0.75 kHz, <5 mA,; 1 week, 20 min/day; Ag/AgCI [F8, back of neck]; [257]).
A potential explanation for these findings is trigeminal nerve stimulation modulation of the
ascending reticular activating system (RAS), a network of nuclei that control attention and
the sleep/wake cycle.

In summary, the branches of the trigeminal nerve provide cutaneous sensation for much of
the face and scalp. Clinical trials of trigeminal nerve stimulation typically addressed
neurological disorders such as seizure disorders, neuralgia, and migraines. However,
improvements in mood ratings have led to the treatment of neuropsychiatric disorders such
as MDD, anxiety disorder, post-traumatic stress disorder, and other neuropsychiatric
populations. The therapeutic potential of trigeminal nerve stimulation is often compared
with the outcomes of vagus nerve stimulation (see section 6), as both nerves include the
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NTS among their targets, with the NTS in turn projecting to the amygdala, hypothalamus,
and the limbic forebrain (Figure 5). However, the nature of NTS modulation by these
distinct cranial nerves and impact on specific behavioral and cognitive outcomes is not well
characterized [258, 259]. Regardless of functional overlap with the vagus nerve, cortical
regions that are part of the trigeminal nerve circuit are implicated in a range of complex
cognitive processes. Some of these cognitive processes such as attention and vigilance have
been explored within neurological and neuropsychiatric populations [255, 256], but have not
have not specifically studies TNS effects on cognition as a stand-alone construct. There are
thus open and compelling questions about whether trigeminal nerve stimulation has an effect
on cognition at all, and if this effect acts through the NTS-cortical network.

5.4. Facial Nerve Stimulation / Glossopharyngeal Nerve Stimulation

Taste sensation from the tongue is mediated by the sensory branch of the facial nerve (CN
V1) and the glossopharyngeal nerve (1X). The chorda tympani branch of the facial nerve
transmits taste signals from the anterior two-thirds of the tongue, while the glossopharyngeal
transmits taste from the posterior one-third (Fig 4; pink & purple, respectively). Groups of
non-neural taste cells form taste buds on the tongue, soft palate, pharynx, upper esophagus,
and epiglottis and detect gustatory sensation. There are five main taste qualities transduced
by different mechanism in the taste cells: salty, sour, sweet, bitter, and umami. Salty and
sour stimuli (tastants) activate voltage-gated ion channels; and bitter, sweet and umami
activate G-protein-coupled receptors. The apical end of the taste cells contains microvilli
that detect the chemicals that have been dissolved in saliva, while the basal end contacts the
afferent nerves of the corresponding cranial nerve. Dysfunction of taste sensation has been
linked to neurological and physiological diseases, obesity, and other disorders [260, 261].

The facial nerve (CN VII) primarily contains motor nerve efferents that innervate and
control the facial muscles, but also contains sensory and parasympathetic fibers (see Figure
3 for details). These include somatic sensory fibers in the nervus intermedius that innervate
the concha of the auricle, a part of the skin of the ear that are made up of 70% AP
myelinated discriminatory touch fibers and 30% type C-nociceptive fibers [262]. Part of the
sensory root of the facial nerve also forms the chorda tympani, which joins the lingual nerve
—a branch of the trigeminal nerve— and conveys taste information from the anterior two-
thirds of the tongue as well as general visceral sensation from the nasal cavity and soft
palate. The nervus intermedius enters the skull inferiorly through the stylomastoid foramen,
sandwiched between the vestibulocochlear nerve and the facial motor root, on the posterior
wall of the middle ear. It then meets the geniculate ganglion in the cavity of the inner ear
where the cell bodies of these first order sensory pseudounipolar neurons are located. The
nervus intermedius then reenters the skull at the internal auditory meatus and synapses onto
second order neurons at the junction between the pons and the medulla in the solitary
nucleus (for taste) and the spinal trigeminal nucleus of the medulla (for touch sensation).

The glossopharyngeal nerve (CN 1X) is a complex structure. It has four nuclei and contains
general visceral afferents, general somatic afferents, special visceral afferents, special
visceral efferents, and general visceral efferents (see Figure 3). The sensory fibers of the
glossopharyngeal nerve are responsible for conveying taste, general touch, and visceral
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sensation from the posterior one-third of the tongue and the pharynx, as well as general
touch sensation from the external ear. The myelinated taste fibers extend from the taste buds
in the tongue to the pharyngeal branch of the glossopharyngeal nerve, entering the skull at
the jugular foramen. The cell bodies of the general visceral afferent fibers and special taste
fibers are located just inside the skull in the inferior glossopharyngeal ganglion. The
gustatory and visceral sensory fibers synapse in the medulla on the solitary nucleus. The cell
bodies of the general touch afferents are located in the superior glossopharyngeal ganglion,
just above the inferior glossopharyngeal ganglion and terminate in the spinal trigeminal
nucleus in the medulla.

Glossopharyngeal and facial afferents can be electrically targeted through the major sense
organ for taste, the tongue. Pulsed stimulation is the most common waveform using bipolar
or electrode arrays placed on the tongue. Invasive stimulation is not common in these two
nerves, apart from electrophysiology studies in animals. Some studies used a device called a
tongue display unit (TDU). It is made up of a flat square array of gold-plated electrodes that
are placed on the superior anterior portion of the tongue. In our description of dose, the over-
all electrode array dimensions are reported and the size of the individual electrodes within
the array. The waveform reported may include individual pulse frequency, burst frequency,
and outer burst frequency (Figure 3). For a more complete explanation of TDU dosage, refer
to [263].

Gustometry is the quantification of taste perception. In humans, this is achieved by applying
a stimulus to the tongue or mouth and recording the elicited subjective sensation [264].
Chemogustometry uses various concentrations of the four “primary” tastants in order to
elicit a gustatory sensation [265]. Comparatively, electrogustometry is the application of
electrical current to the tongue, in place of chemical stimuli, in order to induce a gustatory
sensation. One prototypical device (Taste+) applies low levels of electrical current to the
tongue via conductive utensils that contain electrodes in order to induce or augment taste
while eating or drinking (200-600 Hz pulsed, 20-120 pA; [266]). Electrical current can be
applied in discrete quanta and is believed to be more spatially specific than chemical stimuli,
which in a clinical setting is desirable when diagnosing deficits in gustation [267]. Indeed,
the first electrogustometry device was constructed in the 1950’s as a way to precisely assess
taste functionality in a clinical population (5.75-300 pA DC; cathode: stainless steel 5 mm
dia. placed lateral anterior & posterior, anode: 4x5 cm wrist; [268]). Electrogustometry is
used to investigate gustatory threshold and papillary density [20], age related changes to
taste [269], and other clinical disorders [270, 271]. Efforts have been made to characterize
the effects of electrogustometry and its difference — if any to chemical stimulation. Anodal
stimulation (with the anode inside the mouth, and cathode outside the mouth) has been
reported as metallic tasting [268, 272, 273], while cathodal stimulation is subjectively
described as sweet or bitter [274]. However, the specific relationship between dose and
perception remains to be investigated. Recordings obtained from the rats’ chorda tympani
nerves evoked by chemo- and by electro-stimuli (chemo: concentration; electro: intensity)
have similar dose-responses and resultant ERP time course [275]. However, higher
intensities of electrical stimulation to the tongue likely activates somatosensory afferents as
well as gustatory afferents; recruiting more somatic fibers at higher intensities (anodal
pulsed, 1000 ms pulse width, 4-400 pA, anode placed on right or left lateral edge of tongue,
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stainless steel 5 mm dia., cathode placed on the contralateral upper arm) [276]. Potentially
conflated gustatory / somatosensory responses must be taken into consideration when
interpreting results from electrogustometry.

Electrical stimulation of the tongue can also be used in sensory substitution. Generally,
sensory substitution is a form of human-machine-interface (HMI) - transducing information
from one sensory modality (using sensors) into another (for review see [277]). During
tactile-visual substitution a video capture device transduces a 2D image into the
corresponding tactile representation (mechanical or electrical). The tongue is a theoretically
compelling target to elicit tactile stimulation as it has a high receptor density and nerves that
project directly to the brain. Both subjects with vision loss and those with healthy visual
systems are able to be trained to “see” a 2D image (i.e. an “E”) projected onto the surface of
the tongue via an electrode matrix (200 Hz pulse, 40 ps pulse width, 50 Hz burst, 3 pulses
per burst; 12 x 12 electrode array placed on the super anterior tongue, Au plated, 1.55 mm
dia.; [278]). Blind individuals may be more efficient at converting this type of information
than sighted individuals [279], potentially due to cortical remolding (cross modal plasticity)
in the visio-tactile network that takes place in visually impaired individuals. [280].
Neuroimaging studies have reported increased activation in visual regions following sensory
substitution training using electro tactile stimulation on the tongue in blind — but not
sighted — individuals (Varied burst pattern, 40 ps pulse width; 3 x 3 cm array placed on
superior anterior surface of tongue, 144 Au plated electrodes, 1.55 mm dia.; [281]).

Tactile-vestibular sensory substitution has also been used as an input to drive electrical
stimulation of the tongue [282—285]. In this case an accelerometer is used to give real time
feedback — in the form of electrical tongue stimulation — about the subject’s body sway
position — allowing the body compensate, creating a closed loop system (200 Hz, 25 us pulse
width, 50 Hz burst,3 pulses per burst; 10 x 10 electrode array placed on the super anterior
tongue, Au plated, 1.5 mm dia.;[286]). Several papers have reported improvements in gait
that outlasted the stimulation sessions, sometimes by months [283, 286]. Based on the
reported sustained improvements in gait produced by the tactile-vestibular sensory
substitution, an alternate mechanism was proposed based on the cranial nerve innervation of
the tongue [287-289]. Wildenberg’s group conducted experiments (using the term cranial
nerve non-invasive neuromodulation; CN-NINM), under the hypothesis that electro-tactile
stimulation was modulating vestibular function through afferents (Trigeminal and Facial)
that project from the tongue to brainstem nuclei adjacent to the vestibular nuclei—specifically
the solitary nucleus — leading to neuroplasticity and therefore may not require sensory
substitution (feedback) to improve vestibular function. Both subjects with vestibular
dysfunction and healthy controls demonstrated improved postural control when exposed to a
sway inducing visual stimuli [290, 291] following electrical stimulation on the tongue alone
(without sensory substitution) (200 Hz pulsed, 50 ps pulse width, 50 Hz burst, 3 pulses per
burst, < 17 V; 12 x 12 electrode array placed on the super anterior tongue, Au plated, 1.5
mm dia.; [287-289]). In addition to displaying improvements on measurements of physical
movement in the previous study, patients showed normalization of the cortical network
connections involved in the processing of balance by visual motion. Electrical tongue
stimulation without artificial feedback mechanisms has been applied in a randomized double
blind four-week trial to treat gait dysfunction in multiple sclerosis and improved patients’
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gait (200 Hz pulsed, 50 ps pulse width, 50 Hz burst, 3 pulses per burst, < 17 V; 12 x 12
electrode array placed on the super anterior tongue, Au plated, 1.5 mm dia.; [292]).
Stimulation of the tongue may act as a tool for sensory substation (closed-loop system) or as
a pathway to promote cortical remodeling that may not require feedback (open-loop system).

Direct stimulation of a branch of the glossopharyngeal nerve has been proposed as a possible
target for epilepsy treatment. The glossopharyngeal nerve has an afferent branch called the
nerve of Hering (HN), which shares a brainstem nucleus with the vagus nerve. The vagus
nerve is a known target for therapeutic treatment of seizures using both invasive and
noninvasive methods (see section 6: Vagus Nerve), inspiring exploration of a possible
therapeutic role for the HN. An in vivo canine study reported seizure cessation in 75% of
trials (versus 0% spontaneous cessation) following HN electrical stimulation (40 Hz pulsed,
1000 uS pulse width, 10 mA; copper wire placed dorectly on the HN; [293]). However,
despite efficacy trials in human cadavers, there have been no in vivo human trials to date
[293].

In summary, the tongue is a receptor dense organ that is enervated by cranial nerves VII and
IX, as well as V and X. Electrical stimulation of the tongue nominally targets nerves VII and
IX, reflecting applications or mechanisms linked to stimuli (taste) substitution, or nerves V
and IX for sensory substitution, reflecting applications or mechanisms linked to sensory
(touch) substitution. But (as emphasized throughout this review) perception is not
necessarily a prerequisite for neuromodulation. The special convergence of nerves around
the tongue modulate a diverse set of brain stem nuclei and connected cortices (Figure 5),
providing an anatomical substrate for changing cognitive processes by electrical stimulation.
Most clinical applications have addressed gait improvement and the vestibular-visual
pathway. In addition to the direct innervation of the tongue by cranial nerves V, VII, IX, and
X, there are other possible cranial nerve (and so brain networks) that electrical tongue
stimulation may access through axon anastomoses (connection between normally discrete
nerves) of anatomically adjacent nerves activated by current spread (activation of cranial
nerves that do not innervate the tongue) [6, 7]. Indeed, reports of taste sensation when
electrically stimulating structures within the ear [294], or other locations on the head [295]
may reflect anastomoses to taste-related cranial nerves. Taken together, this suggest a
framework for modulation of behavior or cognition with lingual electrical stimulation
through brain circuit inclusive of and broader than the conventional gustatory system
(nerves, brainstem nuclei).

5.5. Vestibulocochlear Nerve Stimulation

The vestibulocochlear nerve (CN VII1) has two distinct components: the vestibular nerve
(dealing with balance) and the cochlear nerve (dealing with hearing). Cochlear stimulation,
for the purpose of sensory emulation, has been reviewed extensively elsewhere [296-300].
Both nerves transduce sensory information from the inner ear to the brain via
mechanoreceptors called “hair cells.” Though the vestibulocochlear nerve is conventionally
classified as a purely afferent nerve, there is a small percent of efferents that project to the
hair cells in both the vestibular and cochlear track [301]. The vestibular nerve has some
300-400 efferent fibers that project bilaterally from the brainstem. Experiments in mammals

Brain Stimul. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adair et al.

Page 25

indicate that these have excitatory effects on vestibular afferents [302, 303], though a more
heterogeneous response has been seen in other species [304, 305].

The vestibular nerve receives signals about the body’s motion from hair cells in the
vestibular apparatus of the inner ear. The apparatus is comprised of a membranous sack
within a bony labyrinth located within the petrous temporal bone. The vestibular sensory
organs (semicircular canals and otolith organs) are filled with endolymph (low-Na+, high-K
+) and are surrounded by perilymph (high-Na+, low-K+). When the head undergoes angular
rotation or linear acceleration, bundles of hair cells are mechanically displaced via the flow
of endolymph, effectively changing membrane potential on the attached sensory fibers. The
cell bodies of the first order bipolar sensory neurons reside in the vestibular nerve ganglion
(known as Scarpa’s ganglion) located in the internal auditory meatus — which also contains
cell bodies of the facial nerve and the cochlear nerve. These vestibular sensory afferents are
categorized into two groups with different functional and morphological characteristics:
irregular firing afferents and regular firing afferents (for review see [306]). The axons of
these first order neurons synapse onto the medulla and pons into four vestibular nuclei
(inferior, medial, lateral, and superior). The dendrites of second order neurons synapse onto
the superior, medial and inferior vestibular nuclei and form efferent and afferent feedback
loops to the cerebellum. Fibers from the lateral vestibular nucleus form the vestibulospinal
tract to maintain balance and posture by way of regulating muscle tone. Finally, all four of
the vestibular nuclei are connected to the oculomotor, trochlear, and abducens nerves to
maintain gaze and eye movement while the head is moving. There is no primary vestibular
cortex like there is for audition and vision. However, the vestibular information reaches a
large number of cortical regions via the thalamus (Fig 5) [29]. The Parieto-Insulo-Vestibular-
Cortex (PIVC) has been identified as a possible network for vestibular processing based on
single cell recordings in primates [307]. Functional imaging studies in humans have
identified a similar region which includes the inferior parietal lobe, the superior temporal
gyrus, the hippocampus, insula, and the anterior cingulate gyrus [29, 308, 309].

Experiments that target the vestibular system with electrical current are typically known as
galvanic vestibular stimulation (GVS). The acute and robust repose to GVS has a long
history. Alessandro Volta, the creator of the electrical battery, is credited as conducting one
of the earliest experiments involving electrical stimulation of the vestibular nerve. In 1790,
\olta placed metal rods connected to a voltage cell directly into each of his ears. He then
applied 30 V and reported a spinning sensation and heard a loud noise before passing out.
Purkinje — of the eponymous cerebellar cells —discussed the effects of an applied electrical
current across the head inducing vertigo in his 1820 dissertation [310]. Breuer and Hitzig
discovered the relationship between the ocular and vestibular system when they induced
nystagmus (involuntary eye movement) by applying current across both mastoids [311, 312].

GVS differs from other types of vestibular stimulation that use non-electrical manipulation
techniques [for review, see; 313]. One such method is caloric vestibular stimulation (CVS), a
method that involves placing hot or cold water in the ear to induce nystagmus and perceptual
changes. CVS is still used by clinicians as a tool to test the visual-ocular reflex [314-316].
Other methods used to activate vestibular afferents include the use of physical rotational
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devices, such as chairs or swings [313]. These non-electrical studies offer a comparison for
GVS studies [317].

As with other cranial nerve techniques, there are several typical permutations of dose. Early
application of electrical vestibular stimulation may have involved placing electrodes inside
ears (as in Volta’s case), but many contemporary electrode placements are on the skin over
the mastoids (Figure 2a) [318]. Noninvasive electrode placements can either be on both sides
of the head (bilateral) or one side (unilateral). In the case of a unilateral electrode montage, a
return electrode is placed either extracephalically or cephalically. Bilateral stimulation can
be either bipolar, where the sides have opposite polarity waveform, or unipolar, where both
sides receive the same polarity, in which case there must be a third electrode serving as the
cephalic/extracephalic return. Unilateral, bilateral bipolar, and unipolar bilateral electrode
montage can each use either monophasic or biphasic waveforms (asymmetric or zero mean).
GVS has been applied using waveforms other than just direct current [319]. These include
pulsed stimulation [320], noisy [321], and alternating current [318]. Noninvasive GVS
electrodes are typically sponge pads or plastic holders filled with a conductive gel (for
review see [21]). There are few examples of studies in humans that invasively stimulate the
vestibular nerve directly [322].

Electrical stimulation in non-human primates has elucidated the cellular targets of vestibular
stimulation. In squirrel monkeys, Goldberg et al proposed that anodal currents applied
cutaneously over vestibular afferents were inhibitory while cathodal current was excitatory
(10 Hz biphasic pulsed, 50 pS pulse width, £70; Ag 0.25 diameter wire) [323]. Data
suggests that there is a strong relationship between discharge regularity in vestibular nerve
cells and the applied electrical current, preferentially stimulating irregularly firing cells [323,
324]. Based on the projections of irregularly firing afferents, this may indicate that GVS
activates vestibulospinal, vestibulo-cerebellar and vestibulo-ocular pathways [306]. In
addition to stimulating only a fraction of fiber types, only a portion of the vestibular
apparatus may be activated by galvanic stimulation. Summarizing the literature from animal
and human trials, Cohen and colleagues have proposed that only the otolith system
contribute to the behavioral and neural responses elicited by GVS, while the semicircular
canal habituates to electrical stimulation [325].

Observable disturbances in equilibrium and eye movement induced by GVS have been
studied in both healthy and clinical populations. Changes in nystagmus induced by galvanic
stimulation is a useful tool in diagnostic medicine, as it can indicate a disorder in the
vestibular end organ [DC, 1-2 mA; bipolar electrode placed bilaterally; 326]. Clinicians
using GVS noted observable body sway as a result of electrical application. Since lower
currents were able to induce this response, whereas higher and more uncomfortable currents
were necessary to induce nystagmus, body sway became a more comfortable indicator of
vestibular activation [327, 328]. Varying dose (current amplitude, pulse width, head position,
and electrode polarity) affect the changes in postural responses caused by GVS (bipolar
bilateral pulsed, 20-150 ms pulse width, 75-250 pA,; electrodes Ag-AgCl; [329]). The
vestibular system acts as an error detector, sensing environmental or internal movements that
might offset balance. In response to a direct current electrical stimulus, the vestibular system
can be made to overcorrect in a predictable way (DC, 0.8 mA; bipolar aluminum electrodes
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applied unilaterally, return on ipsilateral arm; [11]). Typically, a subject will move toward
anodal stimulation (the side of the body with the anode electrode) and move away from
cathodal stimulation, though the reason for this is not completely understood.

Perturbing a system with moderate electrical stimulation to increase the propensity of
neurons to fire is known as stochastic resonance [330]. This is a proposed theoretical
principle behind applying “noisy” electrical signal to the vestibular system [331-333]. The
vestibular system’s compensatory response to a perturbation is disordered in Parkinson’s
Disease (PD) [334]. Noisy GVS is reported to improve movement dysregulation in PD [335-
337]. Yamamoto et al. conducted a double-blind sham-controlled study in patients with PD
or PD-like disorder in which patients received noisy GVS over 24 hours [338]. They
reported increased motor performance in cognitive tasks and measurements of movement
(0.01-2.0 Hz zero-mean noisy, 300 s on; unipolar bilateral, electrodes placed over mastoids,
return not specified). Other studies have reported that noisy vestibular stimulation reduced
movement in PD, though the effects have been comparatively small [339, 340]. It is
hypothesized that dopamine independent release of GABA in the substantia nigra is a
possible mechanism of action for improving movement disorders specifically using noisy
vestibular stimulation [341].

In severe disorders of balance and equilibrium, long term implantable vestibular prosthetics
are sometimes used (for review see [342]). Vestibular prostheses are small (~150 um
diameter) surgically implanted wires that can be placed inside sensory organs (e.g., the
semicircular canals) or directly implanted on the sensory afferent. Prototypical prostheses
tested in rodents and non-human primates provided hypothesized optimal dose-response
parameters [320, 343-347]. Golub et al. placed the first successful vestibular implant in man
in the semicircular canals in the right ear of a patient with Meniere’s disease, a disorder
marked by episodes of severe vertigo followed by tinnitus [322]. During a Meniere attack,
the participant was told to cycle currents of increasing intensity until the attack subsided
(300-600 Hz monopolar biphasic pulsed, 100 ps pulse width, 8 ps pulse gap, 25-350 YA;
trifurcating array/3 electrodes per array in semicircular canal, Pt-Ir, each electrode has 150
pum diameter and 0.25 mm length). The subject was able to successfully suppress an attack at
a threshold 150 PA post-surgery. However, only one attack occurred post-operatively during
the entire 63-week following. Golub et al. suggest that the damage caused to the vestibular
system during the surgery that did not recover to baseline [322]. The authors postulated that
the surgical implantation of the prostheses might not have worked as it did in the animal
models because it was done in a diseased vestibular system instead of a healthy one.

The application of GVS is not limited to investigations of posture and balance, but extends
to higher levels of cognition. Patients with vestibular dysfunction show deficits in many
cognitive domains including memory, perception, and learning [4, 348]. The vestibular
system plays a role in modulating spatial memory [349]. Sensory information from the
vestibular system projects to the hippocampus, a brain region involved in memory (Figure 5;
[350, 351]). Special spatial coordinate coincidence detectors located in the hippocampus,
known as place cells, help to navigate the environment [352]. Damage to the vestibular
system has reportedly led to atrophy of the hippocampus and to impaired spatial memory
[353]. A randomized controlled study (n=120) reported that noisy GVS selectively impaired
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performance on tasks that required keeping a spatial representation in short-term memory
(0.16-0.61 Hz bipolar bilateral noisy, <bmA,; [321]). Specifically, supra-threshold (3.5 or 5
mA) versus sub-threshold (< 1 mA) stimulation decreased performance on a task where
subjects had to match a sample grid to one seen later and, in a task, where subjects had to
imagine themselves rotating in an environment. The stimulation did not reportedly effect
performance on an object based rotation task or a task of executive control- both tasks that
primarily take place in the frontoparietal lobe [354]. A functional imaging study comparing
noisy GVS to rest reported deactivation in the hippocampal and parahippocampal regions,
consistent with a possible inhibitory effect of GVS on spatial memory (0.1-5.0 Hz noisy,
+2.5 mA, bilateral; [355]). Mental rotation task can activate egocentric perspective taking
pathways including the posterior parietal cortex, a region differentially activated by left
versus right GVS [354, 356]. GVS applied during a mental rotation task reportedly
improved speed on the task, but only during right anodal GVS (bipolar binaural DC, 1.0 £
mA; electrode 10 mm diameter [357]). While prior studies of GVS focused on accessing
changes in spatial and bodily cognition, the differential projection of the vestibular nerve to
diverse cortical regions (including those involved in learning and memory) suggest the
possibility to modulate a wider range of cognitive functions.

In both human and animals studies, vestibular function may affect spatial memory [75]. The
vestibular system is also intrinsically linked to the visual system which is implicated in
many spatial cognition tasks. Brandit et al. proposed a reciprocal activation/deactivation
mechanism between visual and vestibular stimuli for self-motion perception [358]. The
theory was supported by findings from balance-impaired subjects receiving tongue
stimulation that found a negative correlation between visual motion areas and areas that
integrate vestibular stimuli [See Facial/Glossopharyngeal section; 289]. Noisy GVS
enhanced recall in healthy subjects during a visual memory task in a polarity dependent
manner (“1000 Hz noise enhanced” DC, group mean = 0.8 mA,; bipolar electrode 3 cm2
carbon-rubber, bilateral; [359]). Subjects who received noisy left anodal stimulation had
increased reaction time. Given the evidence of non-spatial related memory deficits in
subjects with vestibular disorders, further experimentation that explicitly explore the
relationship between non-spatial memory and the vestibular system stimulation are
warranted.

In summary, vestibular afferents project to a distributed network in the cortex, with no single
anatomical area defined as the “vestibular cortex”. Fibers synapse onto the cerebellum,
spinal tract, and a range of brainstem nuclei. Some of these nuclei project to a diffusely
connected cortical network involved in a range of cognitive functions [360] and others that
control the body and eye reflexes [361]. It is rational that modulating the vestibular system
would not only affect equilibrium, but can also affect varied cognitive domains, as seen in
patients with vestibular damage. While the majority of the literature on GVS has focused on
body mechanics (e.g. posture, eye movement), there is a rationale for expanded research on
the cognitive effects of electrical stimulation on the vestibular system. While the immediate
change in body posture or the induction of the visual-ocular reflex provides evidence of
target engagement (e.g. direct current waveform), GVS approaches that do not rely on
sensation (e.g. noisy waveform) may suggest sub-perceptual approaches (dose) to
neuromodulation.

Brain Stimul. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adair et al.

Page 29

5.6. Vagus Nerve Stimulation

The vagus nerve (CN X) is the longest cranial nerve. It contains both sensory and motor
fibers, which deliver information from the auditory canal all the way to the abdomen. The
vagus nerve, like the facial and glossopharyngeal nerve, is bi-directional and carries five
functional types of information; GSA, GVA, SVA, GVE, and SVE (Fig 4; orange). Though
known for its role in regulating the viscera in the parasympathetic tract of the autonomic
nervous system (ANS) via efferents, the vagus nerve is made up ~80% sensory afferents
[362]. Efferents of the vagus also play a major role in modulation of peripheral autonomic
function, including regulation of weight, heart rate, cardiovascular function and respiration
[100, 363-366] as well as inflammatory responses [367-369]. The GVA pseudounipolar
neurons conduct information from the viscera in the abdomen, as well as the pharynx,
larynx, esophagus, and trachea. These receptors do not conduct visceral pain, but instead
conduct information about stomach fullness, bladder pressure, bowel pressure, etc. (for
review see [370]). GVA afferents from the thorax and abdomen ascend via sheaths within the
carotid arteries and internal jugular veins in the neck, joining with afferents from the
esophagus, larynx, and pharynx before all branches join at the angle of the mandible. The
cell bodies of these fibers are located in the inferior ganglion, and the central processes enter
the skull at the jugular foramen and synapse onto the nucleus tractus solitarius (NTS). The
auricular branch of the vagus nerve (ABVN) mediates touch sensation (as well as
temperature, pain) of the skin of portions of the ear including the tragus and auricle, the
external auditory meatus, and the tympanic membrane. The ABVN carries sensory
information through the tympanomastoid suture of the temporal bone and then traverses its
surface, crossing the facial canal and then over the stylomastoid foramen, where it gives off
an ascending branch that joins with the facial nerve (VII). The AVBN then enters the
mastoid canaliculus in the lateral part of the jugular foramen and synapses onto the superior
ganglion, where the fibers from the glossopharyngeal nerve join it before reaching the
brainstem. There it joins the spinal tract of the trigeminal nerve and synapses onto the spinal
nucleus of the trigeminal nerve and the NTS [371]. Finally, the SVA pseudounipolar neurons
in the superior laryngeal branch (SLB) of the vagus nerve provide taste sensation to the few
taste buds in the epiglottis (for a review of taste receptors see section 4). The inferior
ganglion houses the cell bodies of this taste nerves. Fibers carrying taste information enters
the skull at the jugular foramen and synapses onto the NTS. Studies that stimulated the
vagus nerve of cats and anesthetized monkeys have also found evoked potentials in the OFC,
suggesting direct connectivity [372, 373].

Invasive vagus nerve stimulation is referred to here as VNS. In animal and human VNS
studies, surgically implanted stainless-steel wire cuff or hook electrodes are directly applied
to the cervical branch of the vagus nerve. Animal VNS studies reported modulation in
cortical activity [373] and induced cortical desynchronization (2-50 Hz pulsed, 500 ps pulse
width, 1-2 V; [374] ). Chase and colleges demonstrated in cats, that different stimulation
parameters correlated with changes in cortical activity linked to activation of specific vagal
fiber groups [375]. Specifically, cervical VNS induced cortical synchronization (> 70 Hz, <
3V), possibly by activating fast conducting myelinated fibers, while desynchronization is
induced by a wider range of parameters (>70 Hz, > 3 V; 20 Hz, 10 V) and fiber conduction
speeds (1-15 m/s) (750 ps pulse width; bipolar stainless-steel tube electrode 1/16” diameter
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placed on cut central end;[375, 376]). While most VNS studies apply pulsed stimulation, at
least one study applied direct current (DC) stimulation in cats, where DC stimulation of the
vagus nerve was reported to produce global synchronous activity followed by “resting sleep
attitude” if maintained for longer than 15 seconds (0.6-1.5 mA, 15-40 sec; electrode
stainless steel 0.2 mm dia.; [377]). This synchronous activity may be mediated by the NTS
projection to the reticular activating system, a network of nuclei that control wakefulness
[378]. Stimulating vagal nerve fibers in animals can also halt or partially halt epileptiform
spiking activity induced chemically or electrically [379-381]. Still other studies have
examined the dose-state response and attempted to link EEG response to fiber activation
[376, 380, 382].

VNS in humans with epilepsy is typically delivered via a neurocybernetic prosthesis
(Cyberonic, Inc., Webster, TX). The device is surgically implanted and the stimulating
electrode is connected to the (usually left) cervical branch of the of the vagus nerve by a
spiral cuff while the pulse generator (battery) is implanted in the chest via a method
described by Reid [383]. The typical waveform for clinical use is as follows, though varies
per patients’ tolerance: 30 Hz biphasic pulsed, 500 ps pulse width, 30s/5min on/off, 0.2-3.0
mA. In the following section, any time the “typical” waveform is referred to; it is referring to
this waveform. In addition, all studies that deliver VNS, unless otherwise noted, use the
neurocybernetic prosthesis system.

Dysregulation of cortical synchronization supports VNS as a therapeutic candidate for
epilepsy [149]. The first therapeutic application of electrical VNS in man was used to treat
patients with refractory [384] seizures (for review see [385]). Early VNS trials reported a
mean reduction in seizure activity of 47% from baseline (20-50 Hz pulsed biphasic, 250-500
s pulse width, 60-120s/60-5min on/off, 1-5 mA,; [386, 387]). Two large multisite double-
blind control studies reported a 28-31% reduction in seizure activity from baseline when
patients received high levels of stimulation as compared with low levels of stimulation
(Typical High: 30 Hz biphasic pulsed, 500 us pulse width, 30 s/5 min on/off, 1.5 mA,;
Typical low: 1 Hz biphasic pulsed, 130 us pulse width, 30 s/ 90 min on/off, 1.25 mA; [388,
389]). The FD approved VNS as a treatment for epilepsy in 1997 [390]. Partial seizures have
a source of epileptic activity, often in the temporal or frontal lobe [391]. VNS may
preferentially modulates synchronous activity in the prefrontal cortex [373]. An analysis of
seizure loci alongside vagus nerve connectivity (Figure 5) may explain response variations
in individuals receiving VNS.

Varied mechanisms have been proposed to explain the antiepileptic effects of VNS. The
desynchronous EEG effects reported by Chase et al. [375] in dogs were not replicated in six
awake partial seizure patients with VNS devices following 6 months of open-label treatment
[392]. Stimulation of the reticular activating system and noradrenergic projections [393] has
been proposed a mechanism. Specifically, a the structures within the reticular activating
system, the locus coeruleus (LC), modulates thalamo-cortical oscillations [394] which may
regulate seizures [395-402]. Responses from the LC in rats have been found to correlate
with changes in dose parameters of VNS (0-120 Hz biphasic pulsed, 0-500 ps pulse width,
0-64 pulses per train, 0-2.5 mA; platinum-iridium bipolar electrodes; [403]).
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In the course of the studies conducted to assess the efficacy of invasive VNS on epilepsy,
subjects anecdotally reported improvements in mood [404]. To specifically study the effects
of invasive VNS on mood, a randomly selected subpopulation was chosen from the original
cohort with implanted VNS devices [405]. Over an additional 6 months of monitored VNS
use, eleven subjects in this subpopulation showed improvements on self-report mood
questionnaires that were independent of the treatment’s effect on seizure activity (30 Hz,
500 pS pulse width, 60/600 sec on/off, < 1.75 mA). These results were reproduced in a trial
with expanded patient cohort (30 Hz biphasic pulsed, 500 us pulse width, 30s/5 min on/off;
[406]). The mechanism through which VNS improves moods may be therefore distinct from
its improvements in epilepsy activity. However, a large scale (n=160) double-blind study
reported only a slight improvement in quality of life (QoL) ratings following VNS and found
no relationship between performance on cognitive tasks of executive function and cognitive
flexibility and VNS intensity [407]. The results taken from these studies offers an
incomplete picture of the effectiveness of VNS on mood and cognition in a neurologically
atypical patient.

A further set of studies investigated the effects of VNS on mood in patients with treatment-
resistant depression [408-413]. In randomized controlled trials patients receiving invasive
VNS in addition to their usual treatment (electroconvulsive therapy and medication) reported
improvements on depression ratings following 12 months of use (20 Hz pulsed biphasic, 500
s pulse width, 30s/5min on/off, 1-3.5 mA,; [408, 411]). The FDA approved invasive VNS
for treatment-resistant depression in 2005 for patients who have failed at least four
antidepressant trials. One proposed mechanism of action for these improvements in
treatment resistant depression and mood derives from the vagus nerve projections to the
prefrontal cortex and limbic system [414]. Imaging studies in patients with treatment
resistant depression following treatment with invasive VNS have reported increased regional
cerebral blood flow (rCBF) to the left dorsolateral prefrontal cortex (DLPFC; >20 Hz pulsed
biphasic, 130-500 ps pulse width, 30s/5min on/off, 0.5-1.75 mA,; [415-417]) and decreased
activation in limbic structures [418]. This is in accordance with general findings in the
literature indicating hypoactivity in the left DLPFC in patients with major depressive
disorder (MDD) and the current therapeutic approaches to modulate activity in this region
using transcranial magnetic stimulation (TMS; [419, 420]). Ongoing clinical trials are
evaluating the efficacy of invasive VNS application for treatment of a number of clinical
populations including anxiety, obesity, and traumatic brain injury (for review see [421]).

Early results that related VNS to changes in cognition were in memory. Researchers
reported that rats receiving VNS immediately after training showed greatest memory
enhancements for medium levels of stimulation, displaying an inverted U-shaped dose-
response curve (20 Hz biphasic pulsed, 500 ps pulse width, 0.2/0.4./0.8 mA; 20-cm-long,
electrodes: 30-gauge, kynar-insulated, silver wires; [422]). Similar dose-response
relationships were found in humans. A randomized double-blind study investigating verbal
memory in epilepsy patients applied VNS at various intensities during consolidation. When
intensities were applied at 0.5 mA, memory was enhanced, while during sham stimulation or
at intensities higher than 0.75 mA, no memory enhancement was observed (30 Hz biphasic
pulsed, 500 us pulse width, 30s on, 0.5-1.5 mA; [14]). In support of Clark et al.[14] finding
that stimulation intensities higher than 0.5 mA have a null or negative effect on memory, a
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study using stimulation intensities greater than 1 mA found no effect of VNS on verbal
memory and a negative effect on figure recognition (30 Hz biphasic pulsed, 500 ps pulse
width, 4.5 min on, 1-2.5 mA,; [423]). In addition to dose, time of VNS administration in
relation to the tasks seems to effect whether cognition is successfully modulated. Verbal
word recognition was enhanced when VNS was delivered after a word set was learned, but
not before words were recalled (30 s on, 0.5 mA; [424]). The vagus nerve may also
modulate decision making (30 Hz pulsed biphasic, 500 ps pulse width, 60s on, .5 mA;
[425]). Cognitive tasks that have tested with VNS include executive function, cognitive
flexibility, and creativity (verbal and visual) and have reported no significant relationship
[407, 426].

The previous studies were carried over the course of acute application of VNS in patients.
Several studies have examined the long-term effects of VNS on memory and mood. During a
1-year period, patients with Alzheimer’s disease treated with VNS had no reported changes
(increases or decreases) in QoL or cognitive function as measured by clinical assessment
scales (20 Hz, ps pulse width, 30s/5min on/off; [427, 428]). In one of the few studies to
address the long term effects of VNS on mood and cognition using cognitive tasks rather
than questionnaires, 27 treatment-resistant -depression patients received a cognitive battery
of tests before, during and after 10 weeks following implantation with VNS (20-50 Hz
pulsed biphasic, 250-500 ps pulse width, 30s/3-5min on/off, 0.5-1.5 mA,; [429]) and reported
improved performance on tasks in motor speed, psychomotor function, language, and
executive function (including working memory) and no effect on measures of memory and
attention. Further, these improvements did not correlate with changes in depression scores
over time except on one measure of executive function, indicating that the pathways through
which VNS modulates cognition may be separate from mood. A prospective one year study
found no overall improvement or declines in cognitive function in subjects who received
VNS when compared with other types of seizure treatments (antiepileptic drugs or cerebral
resective surgery) [430]. Consistent with previous research, researchers did not find a
correlation between QoL and seizure reduction.

VNS also has effects on neuroplasticity in addition to effects on learning and memory [431-
440]. The vagus conveys signals to the brain from hormones and neurotransmitters in the
periphery, including cortisol and epinephrine, that are known to effect cognitive functions
such as learning and memory but that don’t cross the blood-brain barrier [441-448].
Adrenergic receptors are located on the vagus that can transmit information via the NTS to
brain areas involved in learning and memory including the hippocampus and amygdala [449,
450]. VNS enhances memory retention with a U-shaped curve [451] acting through afferent
fibers of the vagus [452] and increases norepinephrine (NE) in the basolateral nucleus of the
amygdala (BLA) to concentrations capable of modulating emotional memory [450]. VNS
acts through the LC and beta adrenergic receptors on the perforant pathway-CA3 region of
the hippocampus to enhance synaptic transmission [453, 454] and long-term potentiation
(LTP), which represents the molecular mechanism of new learning [455]. VNS also
enhances hippocampal neurogenesis [456] impairment of which is an animal model for
depression [457]. VNS when paired with conditioned cues facilitates extinction in animal
models of classic fear conditioning [458-461] and reduces fear-like behaviors [460, 461] via
modulation of connections between the medial prefrontal cortex and amygdala, suggesting a
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role in the treatment of anxiety [26, 432, 458-460, 462, 463]. Animal studies show that VNS
enhances neural plasticity, leading to beneficial effects with pairing of VNS with an auditory
tone in animal models of tinnitus [434-437] and stroke for recovery of cognitive function
[438] and motor movement when paired with training [464-467]. Other studies in animals
show that VNS promotes recovery from cerebral hemorrhage [468] congestive heart failure
[469] and other cardiovascular events [470, 471] and reduces ventricular arrhythmia in the
setting of myocardial ischemia [472] VNS promotes neuroplasticity in the frontal cortex in
animals [473] and in patients with ischemic stroke, VNS sped motor recovery when paired
with rehabilitation [474] and reduced tinnitus when paired with musical tones in patients
with tinnitus [475]. Animal models of traumatic brain injury (TBI) show VNS acts through
the LC to enhance both new learning and memory as well as synaptic plasticity and motor
recovery [476, 477] and shows utility for learning and memory function in patients with
Alzheimer’s Disease.[478, 479] VNS has other effects on neuroplasticity [480-484] and is
beneficial in the treatment of pain [485, 486], headaches [487-490] as well as epilepsy
[491-496], major depression [497-510], schizophrenia [511, 512] and obsessive-compulsive
disorder [513].

5.7. Noninvasive Vagus Nerve Stimulation (nVNS)

Non-invasive applications of VNS target either the auricular branch of the vagus nerve [514-
516], or the cervical branch [16, 517]. Transcutaneous auricular vagus nerve stimulation
(taVNS) uses electrodes that are typically placed on the ear (Figure 2.b; [518]). Non-invasive
vagus nerve stimulation (n"VNS) is a broad term typically used to describe technology that
places bipolar electrodes over the neck [517]. Unless otherwise noted, the devices used to
apply to electrical pulses is a transcutaneous electrical stimulation (TENS) device. Auricular
vagus nerve stimulation can be bilateral (applied to both ears) or unilateral (applied to just
one ear); monophasic or biphasic (typically, 5-25 Hz pulsed, < 500 puS pulse width, < 10
mA). Non-invasive vagus nerve stimulation placed on the neck typically use approximately a
5,000 Hz pulsed bursts at 25 Hz, pulses are “approximate” sine waves [519, 520].

There are evident advantages to developing a non-surgical approach to vagus nerve
stimulation. These range from reducing the risk associated with surgical implant procedures,
reducing the cost of maintenance of the device and post-operative care of the patient, and
supporting the adoption of the procedure across a wider range of disorders and populations.
Because the auricular afferents project through a different pathway than the cervical fibers of
the vagus nerve, it is possible that taVNS may act through a different mechanism than
cervical VNS. Neuroimaging, behavioral, and neurophysiological studies have assessed the
functionality of taVNS in comparison to cervical VNS. Results from neuroimaging studies
have indicated that brain regions activated by taVVNS greatly overlap with invasive cervical
VNS (8 Hz pulsed, 20 ps pulse width, 5.0 + 1.0 mA,; electrode: Ag 5mm dia., anode placed
inside left tragus, cathode on right arm; [28]). Namely, decreased activation in the limbic
system — including the amygdala, hippocampus, and parahippocampal gyrus— and
increased activity in the thalamus and insula. These effects were noted with stimulation to
the anterior wall of the auditory canal, where the skin is innervated by vagus afferents (same
parameters as Kraus et al. [521]) and replicated by Badran et al. using 500 s pulse width
pulsed at 25 Hz in a 30-second on/off block design [522]. Auricular projections have been
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traced to the NTS and spinal trigeminal nuclei in animal models [371] as well as confirmed
in human neural imaging (fMRI) studies during stimulation (25 Hz monophasic pulsed, 250
us pulsed width, 0.3-0.9 mA,; two hemispheric titanium electrodes stimulating the cymba
conchae; [523]). Post-mortem staining of Alzheimer’s disease patients’ brainstem identified
that the only cranial nerve nuclei significantly affected by neurofibrillary tangles (NFTs) and
senile plaques (SPs) were a part of the parasympathetic system, including the NTS which
was particularly affected [2] and Parkinson’s disease [524]. Such specific neuropathology
suggests, in addition to VNS as a therapeutic intervention, that stimulation along this nerve
provide a measure of vagus nuclei function as a neuro-diagnostic tool.

There have been several studies evaluating evoked “far field EEG” potentials presumably
from the NTS using taVNS (0.5 Hz bipolar unilateral pulsed, 100 ps pulse width, 8 mA,;
bipolar electrode wire, copper.05 mm dia., inner tragus; [514, 515]). These “far field” dose
response parameters have been optimized in a healthy population and are being investigated
as a possible biomarker of disease progression in Alzheimer’s disease [525-527]. However,
some researchers have suggested that the source of the vagus sensory evoked potential
(VSEP) recorded from the scalp is in fact myogenic in origin. In research using stimulation
at the tragus with the same dose as Fallgatter et al. [528] reported that the VSEP is abolished
when subjects are given muscle relaxing agents (0.5 Hz, 100 us pulse width, 8 mA; bipolar
wool wrapped steel wires stapled to a piece of silicon rubber; [529]). This is in contrast with
results from subjects with VNS (which is cervical and invasive) where scalp evoked
potentials do not disappear under muscle blocking agents (30 Hz biphasic pulsed, 130-750
s pulse width, 670 s on, 0.25-2.0 mA; implanted cervical VNS device described above;
[530)).

Similar to the effects seen in VNS, there have been reported effects on mood modulated by
taVNS. Kraus et al. reported significant elevations in mood as measured by an adjective
mood scale, a self-report instrument that assigns valences to adjectives used to describe
affect [28]. In contrast to VNS, which is limited to treatment resistant depression, taVNS can
be applied in less severe cases of MDD. A randomized controlled pilot study (37 patients)
reported that patients with MDD improved on a self-report depression inventory
questionnaire over a two-week period in both sham groups and active groups, but improved
more (47%) in the group receiving taVNS (1.5 Hz pulsed, <600 pA; auri stim in ear
electrode; [531]). The effects of taVNS on MDD may work through modulating the default
mode network, a functionally connected network of brain areas that are engaged when the
mind is reflected inward and not focused on a particular task [532]. This network has gained
attention for the role it plays in several disorders include depression [533, 534]. A single-
blind study reported taVNS modulated the default mode network in MDD patients following
4 weeks of electrical stimulation when compared with a sham stimulation (20 Hz, <1 ms
pulse width, 4-6 mA; [535]). Further, patients reported improvements on a depression rating
scale that was correlated with the changes in the degree of connectivity in the default
network. There have also been reports that taVNS may modulate cognition. In an older
population, associative memory was reportedly improved following a single session of
taVNS (8 Hz pulsed, 200 pS pulse width, 5 mA; 10 mm dia. clip applied to the tragus;
[536]). Subjects were stimulated with taVNS while being shown face-name pairs that they
would have to retrieve after a short break — during which they were also stimulated. In this
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manner, stimulation was applied during the encoding and consolidation phases of a face
recognition task. The results of this study are the first to report improvements in memory
function following a single session of taVNS. Motor learning has reportedly been modulated
by taVNS during suckling in neonates born preterm or with brain injury (25 Hz pulsed, 500
us pulse width, 0.84 + 0.17mA; clip applied to the left tragus; [537]). Other studies that have
examined the cognitive effects of taVNS have reported taVNS enhances learning (25 Hz, 0.5
mA,; titanium electrodes; [538]), executive function (25 Hz, 200-300 uS pulse width, 30s on/
off, 0.5 mA; [539]) and cognitive control (25 Hz, 200-300 uS pulse width, 30 s on/off, 0.5
mA; [540]). These effects are a promising indication that ta\VNS modulates cognition. Non-
invasive VNS showed promising results in pilot studies for depression [541], PTSD [542-
544], and mild Traumatic Brain Injury (mTBI) [542].

The vagus nerve contains parasympathetic fibers which modulate the “rest and relax” part of
the autonomic system [545]. While the primary aim of this review is to focus on afferent
nerves (to the brain), the relationship between the parasympathetic response and the
cognitive response during vagus nerve stimulation are intrinsically linked and may even be
leveraged for more effectively vagus nerve stimulation usage. Ongoing studies suggest that
modulation of the auricular branch of the vagus nerve activates the parasympathetic nervous
system and induces reductions in heart rate [546]. As noted before, the vagus nerve synapses
on the NTS in the brainstem, which also receives respiratory-associated signals from lung
stretch receptors and central respiratory rhythm generator nuclei. In fact, inhalation and
exhalation have different effects on vagal inputs to the NTS, which may gate the effects of
vagus nerve stimulation [547-549]. This type of “respiratory-gated” vagal nerve stimulation
has been applied in migraine patients, resulting in a respiration specific effect of taVNS (30
Hz pulsed, 450 ps pulse width, 500 ms on/off, 0.5-3.8 mA; 8 mm bipolar electrode, placed
on left ear; [547]). Synching the taVVNS to respiration may most strongly increase the effect
of taVNS on pain processing in chronic pain patients when coupled to exhalation, the point
in respiration when the NTS is receiving stronger facilitation [549]. Uhman fMRI at
ultrahigh field (7T to allow improved spatial resolution for brainstem neuroimaging) has
demonstrated enhanced NTS activation when taVNS is delivered during exhalation,
compared to inhalation. These findings offer a new perspective on dose optimization. Most
commonly researchers vary electrode placement and waveform in order to determine an
optimal dose. However, the findings from respiratory-gated taVNS also suggest a crucial
role of physiological-dependent effect forf vagus nerve stimulation.

Noninvasive vagus nerve stimulation (nVVNS) techniques target the cervical branch of the
vagus nerve rather than the auricular branch. The theory being that by targeting the cervical
branch of the vagus nerve using electrodes over the neck, the pathways activated by invasive
VNS can be replicated (in part) without surgical intervention [517]. Brain imaging during
nVNS over the neck revealed activation of regions implicated in invasive VNS, including the
NTS and cortical regions in the forebrain [550]. The overlapping activation between nVNS
and VNS may imply cervical vagus nerve engagement. Therapeutically, cervical nVNS has
been investigated for neurological and chronic pain disorders, indications that have been
targeted by VNS but in limited populations due to the invasiveness of VNS [551, 552].
Several randomized controlled studies, including some multicenter studies have reported that
nVNS had a prophylactic effect on migraines and cluster headaches [16, 553-557]. In
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addition to neurological application, cervical nVNS may reduce the damage caused by
induced ischemic stroke (5 kHz sine wave, 1 ms duration, 25 Hz repetition, ~20 mA; Disc
electrodes over the right cervical vagus nerve, 6 mm dia.; [558]). VNS was reported to
decrease damage to the brain caused by ischemia, possibly through regulation of the anti-
inflammatory pathway (20 Hz pulsed stimulation, 500 us pulse width, 0.5 mA; implanted
cervical VNS as described above; [559]). Cervical nVVNS has some overlap with invasive
VNS in neurological treatment indications and in brain network activation, but without as
many side effects of VNS. Noninvasive techniques that target the vagus nerve can be done
by targeting the cervical branch or the auricular branch of the vagus nerve. Both of these
techniques have clinical implications that may or may not differ.

In summary, there is an extensive literature in humans and animal models exploring the
effects of invasive stimulation of the vagus cervical branch (VNS) on seizures, along with
evidence for changes in cortical neurophysiology (e.g. desynchronization). In patients with
VNS for epilepsy, clinical reports of improvements in mood, that were not necessarily
correlated with changes in seizure symptoms, encouraged further clinical trials in other
neuropsychiatric illnesses. This, in turn, has encouraged advancements in noninvasive vagus
nerve stimulation technology, targeting either the cervical (electrodes on neck) or the
auricular vagus nerve branch (electrodes on ear), that can be more readily tested across
neuropsychiatric and neurological disorders as well as in healthy subjects. Electrical
stimulation of the vagus nerve may modulate higher cognitive processes, such as memory
and mood, as supported by studies in animals and humans [14, 422]. Given the vagus
nerve’s reciprocal connections with both cortical and physiological structures involved in the
parasympathetic response, a number of possible cognitive processes could be modulated by
invasive or non-invasive vagus nerve stimulation in both a top-down and bottom-up manner.
Yet, because of the extensive and diverse targets of the vagus nerve, disambiguating the
mechanisms of action for a given constellation of cognitive and behavior changes can be
complex. Similarly, optimizing intervention to modulate a specific brain circuit for targeted
outcomes remains in early stages, largely driven by technology platform (VNS vs tVNS vs
taVNS) rather than principled design approached, such as physiological-dependent taVNS
[547, 549]. Attempts to identify dose-specific EEG biomarkers of vagus nerve stimulation --
either synchrony across the cortex or ERP associated with deep brain structures represent
one principled approach, but specific results are debated. Computational models, such as for
VNS [560-562] and tVNS [517] may identify which axons types can be preferentially
stimulated and fMRI approaches can localize brainstem response in specific target nuclei for
dose and parameter optimization. Because the vagus nerve is implicated in a wide array of
functions, vagus nerve stimulation is being explored for an increasingly diverse range of
applications; however, this reinforces the need to develop targeted interventions rather than
expanding the same dose to produce a range of distinct outcomes. This can include electrode
placement (e.g. cervical vs auricular branch) and waveform activated specific axons that
influence downstream brain circuits (Figure 5) to modulate specific cognitive domains.

6. Discussion

There are multiple functional pathways to modulate higher cognitive processes, and so treat
neuropsychiatric disorders involving cognitive dysregulation [244, 411] by electrically
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stimulating cranial nerves. Invasive cranial nerve stimulation techniques that target single
cranial nerves (though nerve pathways can converge trough anastomasis and multi-modal
processing; Figure 5), are explored in clinical populations, and validated through
translational animal models. Noninvasive technologies make cranial nerve stimulation
feasible for a broader range of patients and even for non-disordered populations. Indeed,
studies in healthy subjects support a mechanistic characterizations of cranial nerve
stimulation without confounding dysfunction effects [28]. With non-invasive stimulation,
selective stimulation of just one cranial nerve is unlikely, and models are required to inform
target engagement (Figure 4). The motivation for this review is that increased sophistication
in cranial nerve stimulation techniques, that engage distributed brain-circuits through potent
bottom-up mechanisms, while leveraging emerging neuroscience of cognition, can produce
nuanced and enhanced tools for neuromodulation of specific cognitive domains and
disorders.

We consider cranial nerve stimulation in the context of circuit-based neuromodulation, as is
already informing other forms of brain stimulation such as tDCS [563-565], TMS [566-
569] and DBS [570-573]. In this sense it is compelling to consider how all these techniques
engage overlapping circuits but from different nodes (locations) and with different modes of
influence. Transcranial stimulation approaches target cortical regions (e.g. nodes in right row
Figure 5) with either a supra-threshold (e.g. TMS) or sub-threshold (e.g. tDCS) mode of
influence [574-577]. Some of the earliest hypotheses followed observations in epileptic
patients treated with cranial nerve stimulation (e.g. olfactory, vagus) where desynchrony
could be observed across cortical activity. DBS targets deep brain regions (e.g. nodes in
middle of Figure 5) with supra-threshold activation. Often, as is the case of vagus,
trigeminal, or branches of the glossopharyngeal nerve, the rationale behind stimulation of
sensory cranial nerves were to target their projections to deep brain structures that could
modulate higher level networks in the brain via the thalamus. A detailed consideration of
brain circuity (Figure 5) shows overlapping modulated circuit across brain stimulation
techniques. But cranial nerves stimulation is unique in several aspects. Cranial nerve
stimulation technologies can be non- or minimally invasive yet target nodes deep in the
brain. This is a consequence of cranial nerves being axons of deep brain nodes that are
accessible at the skin. The mode of influence by cranial nerve stimulation may also be
different than techniques such as tDCS, TMS, and DBS as cranial nerve stimulation
activates axon pathways that are intended to transmit information into the brain, so the brain
is formed to process and adapt to information from these “natural” inputs. In this sense,
cranial nerves stimulation functions like peripheral stimulation (e.g. TENS) but cranial
nerves directly and specifically innervate the brain.

Here we considered how cranial nerve stimulation targeting both functionally lower-level
brain regions (sensory cortices) as well as cortical regions involved in higher-level or
executive functions can be rationally leveraging for stimulation strategies that are more
effective and specific. Cranial nerve stimulation of lower-level regions can: (i) modulate
cognition at early stages of processing; and (ii) directly treat neuro-psychiatric disorders
associated with bottom-up (sensory) dysregulation. As the same time, as the direct cortical
targets of cranial nerves in turn regulate distributed “higher” cortical networks, cranial nerve
stimulation can: (iii) influence functional modules (circuits) of brain regions dedicated to a
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given modality of cognition; and (iv) treat neuro-psychiatric disorders associated with
network level dysfunction. For example, disorders such as schizophrenia have been proposed
to be a largely bottom-up dysregulation that has both downstream and upstream effects,
causing disruption in higher cognitive function, motor function, sensory processing, and
perception [578]. In such cases, cranial nerves provide a unique opportunity to access these
processing streams at the early stages of information processing in a targeted manner.
Conversely, modulation of upper-level connectivity may explain why seizure disorders
(where the target may be unknown or diffuse) can be treated by bottom-up cranial nerve
neuromodulation [8, 9, 293].

This approach to cranial nerves stimulation aligns with emerging models of brain
(dys)function that stress the centrality of interaction of multiple brain regions to perform
cognitive processing - in contrast to basic models that segregate the brain into discrete
functional modules [579]. These brain networks include regions that are traditionally
considered lower-level or higher-level regions. Cranial nerves neuromodulation of cognition
and in neuropsychiatric treatment may thus consider early stage versus late stage processing,
rather than low-level vs. high-level since specific brain regions.

Targeting a sensory system at an early stage of cortical processing, may seem to imply that
there is a loss in the specificity of the outcome, but this is not necessarily the case. For
example, cognitive tasks that require egocentric-perspective-taking were found to be
selectively disrupted by targeted electrical vestibular stimulation, while allocentric-
perspective-taking and general conflict resolution tasks were unaffected [321]. Indeed,
compared to other neuromodulation technique (e.g. tDCS, TMS, DBS), cranial nerve
stimulation activates a limited (highly targeted) set of axons. And across cranial nerves,
evidence for neuromodulation independent from sensory substitution suggest nuanced
circuit pathways.

While studies are often interpreted to reflect stimulation of one targeted cranial nerve, the
physical overlap between cranial nerves (Figure 5) suggests outcomes related to multinerve
stimulation (cross-modal), especially using noninvasive techniques. For both non-invasive
and invasive techniques, mixed-nerve activation can also result from anatomical networks
between cranial nerves formed during normal development (or as a result of an injury) called
anastomoses [580]. Anastomoses span motor-to-sensory, motor-to-motor, and sensory-to-
sensory fiber types [7]. These connections form at different points along the fiber pathways.
For instance, the vestibular end-organ has been shown to respond to acoustic stimulation in
guinea pigs [581] while the nervus intermedus of the facial nerve shows connections to the
vestibular nerve at the Scarpa’s ganglion [582]. Depending on where along cranial nerves
these connections are formed, the effect that anastomoses will have on the outcome of
electrical stimulation will differ. The ability to stimulate a constellation of cranial nerves is
no more a “deficit” of cranial nerve stimulation as stimulating a constellation of axonal
pathways is a deficit of DBS [583-585]; rather is supports a circuit therapeutic framework
for rational interventional design (Figure 5).

The leveraging of unique features of cranial nerve stimulation to target a constellation of
brain regions and functions/symptoms is in line with the modern neuroscience [243, 586—
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588] as well as medical research directives to no longer simply treat individual symptoms in
a disease like MDD or schizophrenia [589-591]. Rather than simplistically linking each
brain (dys)function with one brain region and targeting that region with electrical
stimulation (like a game of whack-a-mole) — the fields of neuroscience and brain
stimulation are adopting concepts of network engagement and system/functional domains. In
such a conceptualization, bottom-up cranial nerves stimulation offers specialized features
distinct from top-down neuromodulation, such as tDCS or TMS, that target cortical regions
[592-594] or invasive neuromodulation targeting deep structures [595-597]. Though
modulation of networks is recognized as a key across brain stimulation techniques [598-
602], only cranial nerve stimulation allow minimal- or non-invasive activation of specific
brain pathways (rather than a mix of neurons and axons in a brain regions). We have
emphasized evoked sensations (percepts) as demonstrating target engagement during cranial
nerves stimulation, but modulation of cognition may not necessarily require sensory
perception (i.e. activation of circuits independent of sensory cortex). How cranial nerve
stimulation, especially over repeated or long-intervals, could reverse mal-adaptive plasticity
(e.g. neuropathic pain) or promote neuro-plastic changes which may treat damaged network
(e.g. stroke) should be the subject of additional future investigations [603].
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Highlights:

Cranial nerves are unique neuromodulation targets in providing high
specificity and non-minimally-invasive access to deep brain regions.

Stimulation of afferent cranial nerve axons activates specific brain circuits
linked to specific clinical, behavioral, and cognitive domains.

Cranial nerve neuromodulation may leverage or be independent of perception,
including modulation of processing through the thalamus
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Min

Figure 1.
MRI-derived finite element models of electrode montages typically used in transcranial

electrical stimulation (tES) studies. Surrounding tissue were segmented using automatic and
manual techniques, referencing prior atlases. Each electrode montage is referenced in
accordance with the International 10/20 System of Electrode Placement or other superficial
anatomical marker Top row: current streamlines (purple/yellow) during electrical
stimulation montages using exemplary electrode montages. Bottom row: cranial nerves
overlaid with tDCS montages (trigeminal: orange, vagus: green, vestibular: green, optic:
blue, glossopharyngeal: purple, intermediate branch of the facial nerve: pink). a) cerebellar
stimulation with a cheek “reference” b) “right DLPFC” stimulation anode over F4 and
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cathode over the right mastoid (P10) c) M1-SO montage with anode over C3 and cathode
over the right supra-orbital area (Fp2). These simulations show the diffuse current pattern
produced by tES / tDCS electrode montages will overlap with the anatomical distribution of
specific cranial nerves.
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Min (A/m?)

Figure 2.
MRI-derived finite element models of non-invasive electrical stimulation. Surrounding tissue

were segmented using automatic and manual techniques, referencing prior atlases. Each
montage is referenced in accordance with the International 10/20 System of Electrode
Placement or other superficial landmarks. Top row: current streamlines (purple/yellow)
during electrical stimulation using exemplary electrode montages. Bottom row: Cranial
nerves overlaid with cranial nerve stimulation montages (trigeminal: orange, vagus: green,
vestibular: green, optic: blue, glossopharyngeal: purple, intermediate branch of the facial
nerve: pink) a) galvanic vestibular stimulation, electrodes placed over the mastoids (P10/P9)
b) transcutaneous auricular vagus nerve stimulation, electrode place on the tragus c)
trigeminal nerve stimulation, electrodes roughly over Fpl and Fp2

Brain Stimul. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Adair et al.

Page 75

(x pulse freq and feature, y pulse width, w burst freq, p pulses per burst, T,./T.4 z amplitude; electrode
description/location, material, size; author information)

Symmetric Biphasic yi=y,and z,= z, ;
(otherwise asymmetric)
a) Pulse Shape and Train Charge balanced Biphasic V1Z1 =Yo7
Pulse Period = - [ms] Monophasic 2,=0

Pulse Frequency = x [Hz]

J I AR i
I Interphase |
<1 | 1 ‘_

!
t delay Shown are rectangular biphasic pulses

b) Burst Patterns / p [# puls
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i I =i i
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d) Other Waveforms
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(special pulsed waveform y.= y. .).
e) Monophasic Pulse Example (25 Hz monophasic pulsed, 250 ps pulse width, 0.7 mA; bipolar ball electrodes across cymba

concha; De Couk, 2016)

e Pl

Pulse Frequency = 25 Hz

f) Burst Example (200 Hz biphasic pulsed, 40 s pulse width, burst freq, 2 pulses per burst; 12 x 12 electrode array on the super
anterior tongue, Au plated, 1.55 mm dia.; Sampaio, 2001)
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Figure 3.
Uniform formula of stimulation waveform including as used in cranial electrical nerve

stimulation. a-c address waveforms composed of rectangular pulses with expanding
temporal scale, while d shows additional waveform types. a) The pulse shape includes the
frequency, pulse width, amplitude, and interphase delay where applicable b) The burst
stimulation pattern includes the repetition time and number of pulses or cycles per burst — if
no burst pattern is reported than the stimulation pattern is continuous. ¢) The on/off period
describes the time the stimulation pattern — continuous or burst—is active/inactive and is
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typically in the scale of minutes d) Direct current has a fixed amplitude but may include an
on/off ramp and is, by definition, monophasic. Unless otherwise indicated, sinusoidal
stimulation has a single frequency and symmetric biphasic (no DC offset). There are various
types of noise-based stimulation, conventionally with no DC offset. Unless otherwise
indicated, a square wave is monophasic. €) Monophasic pulse example. f) Burst example.
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Figure 4.
Anatomy and major axon sub-type of cranial nerves containing a major afferent component.

Cranial nerve color key: olfactory tract: yellow, optic: dark blue, trigeminal: green,
intermediate branch of the facial nerve: pink, vestibular: teal, glossopharyngeal: purple,
vagus: orange. OB: Olfactory Bulb; LGN: Lateral Geniculate Nucleus; TN: Trigeminal
Nuclei; NTS: Nucleus Tractus Solitarus; VN — Vestibular Nuclei. IAM: Internal acoustic
meatus. Touch fibers (mechano-, chemo-, thermo- receptor and nociceptor) - AB: myelinated
discriminatory touch fibers; AB: myelinated nociceptive thermal and mechanical fiber; C:
unmyelinated mechanical, thermal, metabolic fiber.

Fiber Typ
Bipolar, ¥ d c P C fi plate
Retinal ganglion axon, myelinated Optic canal
Superior orbital fi
503 AB, 50% A5 and C i S~
Foramen rotundum
Foramen ovale
70% type AB, 0% typel 1AM > Stylomastoid
Pseudounipolar, un-/myelinated, chemoreceptors foramen
90 -95% large di , myel Inter
5-10% small diameter, unmyelinated meatus

Pseudounipolar, un-/myelinated, chemoreceptors
Jugular foramen

AB, A5 and Cfibers
Pseudounipolar, mechano- and chemo-receptors, un-
[myelinated Jugular foramen
AB, Ab and Cfibers

Brain Stimul. Author manuscript; available in PMC 2021 May 01.

oe
LGN

™

a

b

Sias 3 3

Nasal Mucosa
Orbit

Scalp, forehead & nose
Cheeks, lower eyelid, nasal mucosa, upper lip/teeth and palate
Scalp, forehead & nose
Extarnal ear
Ant. 2/3 tongue, hard and soft palate

Inner ear

Post. 1/3 wngue, carotid body and sinus

Post. 1/3 ongue, extemal ear, & middle ear cavity
Larynx & pharynx, thoracic & inal viscera
Taste from epiglottis and palate
Ear, extemal auditory meatus, dura mater




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Adair et al.

- 3 ! Olfactory I
Olfactory s
—
-
Optic -
i Ze
;Vestibular Nucleus
Trigeminal |
[: N\
Cochlear Nucleus [ | \e
Facial [ < o ‘rf\—; Thalamus
PSS i g W ~ > -
| Oculomotor/ @Y | Trigeminal Nuclei
i Trochloaﬁﬁ.bduconsi Lo- \“j r

Vestibulocochlear

Glossopharyngeal

- e Smell

. y Visual
» Solitary Nucleus >

M

m Taste
Ve ® Y Touch
/ <L & =
. J Balance
/ W Visceral
i Hearing

Vagus

=< = Synapse

Figure 5.
Anatomical map of connections from the cranial nerve (far left), to the brain stem nuclei

(middle), to the cerebral cortex (far right). Specifically, the anatomical connections indicated
provide pathways from specific cranial nerves to cortical region involved in higher order
cognition as well as deep node structures involved in gating of information processing.
Colors represent the sensory modality conveyed by the connection, however we propose that
approaches to alter cognition can engage these pathways without necessarily inducing
percepts. In this sense, sensory modalities are indicated here to illustrate functional circuit
connections for neuromodulation. As explained in this review, cranial nerves offer a unique
target for electrical stimulation of the brain circuits of cognition.
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Page 79

Summary of cranial nerve modality, conduction direction and function. The modality describes the type of
information each nerve conducts. Classic modality are the designations given by anatomists; SVA — special
visceral afferent; SSA — special sensory afferent; GSA — general sensory afferent; SVE — special visceral
efferent; GVE —general visceral efferent; GSE — general sensory efferent, A— Afferent, E — Efferent. Cranial
nerves that contain at least one major afferent branch — characterized fully in this review — are bolded.

Classic

!

Cranial Nerves Modality Modality Function
| (Olfaction) Special sensory SVA A | Smell
11 (Optic) Special sensory SSA A | Vision
Parasympathetic motor GVE E -
111 (Oculomotor) Somatic motor GSE E Parasympathetic control of eye muscles
1V (Trochlear) Somatic motor GSE E | Motor control of eye muscles
V (Trigeminal) Somatic sensory GSA A | Touch from face
Branchial motor SVE E | Motor control of mastication
VI (Abducens) Somatic motor GSE E | Control of muscles of the eyes
Somatic sensory GSA A | Touch from ear
VI (Facial) Visceral sensory SVA A | Taste
Parasympathetic motor GVE E | Parasympathetic control of oral/nasal/tongue glands
Branchial motor SVE E | Muscles of the face
VI (Vestibulocochlear) | Somatic sensory SSA A | Balance/hearing
Somatic sensory GSA A | Sensation from the tongue
Visceral sensory SVA/GVA A | Sensation from the carotid body and sinus; taste
IX (Glossopharyngeal) Parasympathetic motor GVE E | Parasympathetic control of glands and mucosa
Branchial motor SVE E | Control of facial muscles
Somatic Sensory Touch from the ear
Visceral sensory GSA A | Taste; sensory info from the pharynx, larynx,
X (Vagus) Parasympathetic motor SVA/GVA A | abdomen, heart
9 Branchial motor GVE E | Parasympathetic control of smooth muscle and
SVE E | glands in the body and throat
Motor control of the pharynx and larynx
X1 (Accessory) Branchial/Somatic motor SVE E Control of sternocleidomastoid and trapezius
muscles
XII (Hypoglossal) Somatic motor GSE E | Muscles of the tongue

Classic modality are the designations given by anatomists; SVA — special visceral afferent; SSA — special sensory afferent; GSA — general sensory
afferent; SVE — special visceral efferent; GVE —general visceral efferent; GSE — general sensory efferent, A— Afferent, E — Efferent. Cranial nerves
that contain at least a major afferent branch — characterized fully in this review — are bolded.
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