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on a Novel Approach to Neurorehabilitation after
Brain Injury
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Abstract

CN-NINM technology represents a synthesis of a new noninvasive brain stimulation technique with
applications in physical medicine, cognitive, and affective neurosciences. Our new stimulation method
appears promising for the treatment of a full spectrum of movement disorders and for both attention and
memory dysfunction associated with traumatic brain injury. The integrated CN-NINM therapy proposed
here aims to restore function beyond traditionally expected limits by employing both newly developed
therapeutic mechanisms for progressive physical and cognitive training while simultaneously applying brain
stimulation through a portable neurostimulation device called the PoNS™. Based on our previous research
and recent pilot data, we believe a rigorous in-clinic CN-NINM training program, followed by regular
at-home exercises that will also be performed with CN-NINM, will simultaneously enhance, accelerate, and
extend recovery from multiple impairments (e.g. movement, vision, speech, memory, attention, and
mood), based on divergent but deeply interconnected neurophysiological mechanisms of neuroplasticity.

Key words Neurorehabilitation, Neuromodulation, Translingual neurostimulation, PoNS device,
Targeted therapy, Cranial nerve, Neuroplasticity

Abbreviations

CN-NINM Cranial-nerve noninvasive neurostimulation
MS Multiple sclerosis
TBI Traumatic brain injury
TLNS Translingual neurostimulation
TNS Trigeminal nerve stimulation
VNS Vagal nerve stimulation

1 Introduction

The goal of the current chapter is to introduce our approach to
neurorehabilitation called Cranial Nerve Noninvasive

Amit K. Srivastava and Charles S. Cox, Jr. (eds.), Pre-Clinical and Clinical Methods in Brain Trauma Research, Neuromethods,
vol. 139, https://doi.org/10.1007/978-1-4939-8564-7_19, © Springer Science+Business Media, LLC, part of Springer Nature 2018

307



Neuromodulation (CN-NINM) technology. CN-NINM is a
method of intervention that combines Translingual Neurostimula-
tion (TLNS), the Portable Neurostimulation Stimulator (PoNS™)
device, and targeted training designed for movement control
rehabilitation.

The basic principle of CN-NINM, as a platform technology,
uses neurostimulation to access brain networks through cranial
nerves to build a foundation for development of future directions
of neurorehabilitation such as headache, tinnitus, sleep, depression,
etc. It is noteworthy that the principles and corresponding treat-
ment regimens, based on CN-NINM technology, were already
successfully implemented for neurorehabilitation of other neuro-
logical conditions such as balance, gait, eye movement control,
speech, and cognitive functions [1, 2]. Therefore, CN-NINM
technology should be considered to be a practical realization of
several theoretical concepts, based on recent scientific discoveries in
the field of neuroscience.

First, we would like to consider abnormal neurological condi-
tions, in the view of modern network science, that result from
disruption in similar brain networks. The current understanding of
neural-network organization can describe the variety of structural
and functional network changes in many neurological and psychiat-
ric diseases, especially in dementia, epilepsy, and schizophrenia, but
also in traumatic brain injury (TBI), Parkinson’s disease, multiple
sclerosis (MS), cerebrovascular disease, coma, and many other con-
ditions categorized as neuronal network disorders [3–5].

The complexly distributed neuronal network, with multiple
cortical and subcortical components, is the physical substrate for
any sensory, motor, and sensory-motor integrative system,
providing, in turn, normal physiological or behavioral function
such as vision, hearing, postural and eye movement control, as
well as multiple others. Damage to or malfunction of any part of
said functional network leads to dysfunction of the whole sensory-
motor system (spatial and/or temporal abnormalities) that fre-
quently manifests as clinical symptoms.

Second, the situation with the rehabilitation of many neuro-
logical symptoms is very similar. Neurological disorders like TBI,
stroke, neurodegenerative disorders, or drug overdose (chemical
trauma) can affect many distributed networks on several different
levels and locations. So far, it is almost impossible to identify the
exact place and extent of such damages or the extent of malfunc-
tioning tissues as a result of abnormal connectivity with damaged
areas. The abnormalities in the functional relationship between
areas and structures, and the abnormalities in the spatiotemporal
organization of separate neurons and clusters of neurons, are still
beyond our reach for assessment and evaluation. As a result of such
uncertainty, therapeutic and rehabilitation resources are signifi-
cantly limited. For example, there are no effective rehabilitation
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programs for chronic stage patients after stroke and TBI, the
majority of MS symptoms are considered nonrecoverable, and
there is no effective treatment for tinnitus. Physical therapy can
help these conditions to some extent, but not dramatically.

TLNS technology was originally designed to modulate com-
plex networks for the purpose of neurorehabilitation. We started
from the balance sensory-motor integration network, specifically
from postural control rehabilitation after peripheral vestibular
damages [6–8]. Later we extended our approach to the proprio-
ceptive component of balance (multiple sclerosis, amputee), to gate
control rehabilitation (Parkinson’s disease, MS, TBI, stroke, cere-
bral palsy), and eye movement control. The combination of neuro-
stimulation (using the PoNS™ device) and targeted therapy (a set
of challenging exercises explicitly targeting the affected network)
became the mainframe of TLNS therapy that is applicable to the
rehabilitation of many neurological disorders which are so far
mainly considered untreatable [1, 2, 9].

1.1 Neurostimulation Although brain stimulation is well known from ancient Greek and
Roman times’ Galen and Scribonius Largus, who used electric eels
to treat headaches and various other disorders, the current “explo-
sion” of new neurostimulation methods, devices, and applications
are hard to even count. Currently, more than a dozen forms of brain
stimulation are undergoing development and evaluation as inter-
ventions for neurological and psychiatric disorders [10].

Neurostimulation and neuromodulation techniques are unique
forms of treatment distinctly different from pharmacology, psycho-
therapy, or physical therapy. While these terms are often used
interchangeably, for the purpose of this chapter and the benefit of
this ever-expanding and dynamic field, we propose an important
differentiation: neurostimulation refers to the physical action of
stimulating the nervous system, whereas neuromodulation is the
product or result of said stimulation.

1.2 Types

of Neurostimulation

The specificity and applicability of different neurostimulation
methods depend on several key factors: the anatomical location of
the stimulation target, physical properties, and the spatiotemporal
parameters of stimulation.

The human nervous system is a complex set of interrelated and
interacting subsystems with hierarchical modularity. The modules
correspond to major functional systems such as motor, sensory, and
association networks. The subsystems are characterized by both
their anotomic positions and their functional specificities.

At the highest level, the nervous system is divided into central
and peripheral nervous systems. The central nervous system (CNS)
is comprised of the brain and spinal cord and the peripheral nervous
system (PNS) incorporates all the remaining neural structures
found outside the CNS. The PNS is further divided functionally
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into the somatic (voluntary) and autonomic (involuntary) nervous
systems. The PNS can also be described structurally as being com-
prised of afferent (sensory) nerves, which carry information toward
the CNS, and efferent (motor) nerves, which carry commands away
from the CNS [11].

The PNS also consists of spinal nerves and cranial nerves.
Although 12 pairs of cranial nerves emerge directly from the brain
(anatomically they are part of CNS), and 10 pairs of them arise from
the brainstem, they are formally considered a part of the PNS.

Correspondingly, all neurostimulation systems can be distinct
at the site of application: cranial, spinal cord, spinal ganglion, or
sciatic nerve neurostimulation systems. It is vital to note that the
stimulation of specific brain regions produces equally specific reha-
bilitation functions.

Neurostimulation systems can either be invasive or non-inva-
sive. According to the National Institutes of Health, non-invasive
devices can be defined as those that do not require surgery and do
not penetrate the brain parenchyma. Furthermore, the devices for
cranial stimulation can be segregated by type of energy source and
include, but are not limited to, those used for focused ultrasound
stimulation, magnetic seizure therapy, electroconvulsive therapy,
static magnets, transcranial alternating current stimulation, tran-
scranial direct current stimulation, transcranial magnetic stimula-
tion, and electromagnetic stimulation in radio frequency range, in
addition to several new emerging systems based on optical stimula-
tion of the brain tissue, including infrared light [1, 12, 13].

It is important to note that neurostimulation can be external,
exogenous, or generated outside of the neural system
(e.g. transcranial magnetic stimulation (TMS), and transcranial
direct current stimulation (tDCS)), and still attempt to affect excit-
able neuronalmembranes directly by inducing or suppressing neural
activity in the brain network [1]. This kind of stimulation is an
artificial (rather than natural) activation of brain structures by
electrical or magnetic fields, electrical current, light, or ultrasound
(usually applied from outside the body or skull) and is fundamen-
tally different from natural (internal, indigenous) activation.

The natural source of brain activation is neural impulses or
spikes that are generated by billions of specialized natural receptors
located within the skin or internal body tissues: This is internal
stimulation from impulses streaming to the spinal cord and brain
via nerves and distributed across multiple brain structures
[1]. Engagement with natural pathways results in the activation of
complex neuronal networks using naturally designed spatial and
temporal patterns, which are unique for different brain structures
and based on both the anatomical and physiological type of neu-
rons, as well as the patterns of interneuron connections. Similar to
these processes are neurostimulation systems that activate the spe-
cific receptors, free nerve endings or nerve trunks create the spike
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flow. In such a case, the primary stimulation on the periphery of the
neural system is also artificial, but the real factor affecting the CNS
is the flow of natural spikes, generated and distributed internally.

1.3 Peripheral Nerve

Stimulation

In 1967, after the introduction of the dorsal column of spinal cord
stimulation, the peripheral nerve stimulation (PNS) became a well-
established and accepted method for the treatment of various pain-
ful conditions. As a pillar for the entirety of neuromodulation
technology, PNS become mainly oriented on spinal ganglia
(SGS), spinal nerve roots (SNRS), and nerve trunk stimulation
(e.g. sciatic or phrenic nerve) and was focused on management of
truncal and abdominal pain, migraine and cluster headache, fibro-
myalgia and lower back pain, urinary and gastrointestinal disorders,
etc. [14]. In general, PNS applies mainly implantable, subcutane-
ous or epidural stimulation techniques. Several new non-invasive
PNS methods are currently under development, such as
non-invasive spinal cord stimulation (pcEmc) and transcutaneous
vagal neurostimulation systems (tVNS) for activation of the auricu-
lar branch of the vagus nerve.

1.4 Cranial Nerve

Stimulation and

Neurorehabilitation

One of the major problems of neurorehabilitation is the complexity
and diversity of the brain’s damage. Acquired brain injury (ABI)
and neurodegenerative disorders create multiple sites of malfunc-
tioning or physically damaged neural tissue. As a result, various
functional systems become inefficient or desynchronized; multiple
symptoms develop almost simultaneously. The diversified nature of
neural network malfunctions and the lack of methods for localizing
such damages becomes an overwhelming complication for efficient
neurorehabilitation, making full spectrum symptoms and disorders
“untreatable.”

The majority of existing methods of neurostimulation are lim-
ited in several ways. The functional specificity of stimulation creates
an extended family of systems for the management of selected body
parts or muscular groups. The anatomical specificity and localiza-
tion of electrodes also restrains the efficiency of neurostimulation
for functional recovery. The surgical precision of DBS stimulation
and the small volume of affected tissue (only several cubic milli-
meters) allow changes in the activity of only a single node within a
widely distributed functional network. In contrast, the amount of
brain tissue affected by TMS might be extended to dozens of cubic
centimeters but only activated in an unnatural manner and without
functional specificity.

Cranial nerve stimulation might help to solve some of these
problems. Cranial nerves are the most powerful nerves that are
directly connected to the brain and spinal cord [1]. It is vital to
note that all primary sensory systems stream information into the
CNS. Vision, hearing, smell, taste, vestibular signal, and proprio-
ception of the face and tongue continuously activate the whole
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brain via cranial nerves (either directly or indirectly). If we assume
that “multidimensional” damage needs “multidimensional” reha-
bilitation, then cranial nerve stimulation may be the solution.

Thus, Translingual Neutostimulation (TLNS) is a unique way
to directly and simultaneously activate multiple brain networks by
generating natural spike flow from the periphery. We suggest that
the non-invasive and safe “injection” of natural neural activity into
damaged neural networks initiates the recovery process based on
mechanisms of activity-dependent plasticity [15].

2 Existing Methods

The family of cranial nerve stimulation systems is small in compari-
son with the variety of other neurostimulation systems, and rela-
tively young. The first U.S. FDA approval for vagal nerve
stimulation (VNS, Cyberonics, Inc.) was received in 1997. It is a
small wonder that the reception of all new methods of neurostimu-
lation, in general, remains controversial and not widely accepted.
Many cranial nerve neurostimulation systems are currently under
development and some have yet to be explored. For example, the
olfactory nerve has not been investigated for neurostimulation
purposes yet. The optic and auditory nerves are primarily targeted
for various sensory prosthetic devices, such as artificial retinas and
cochlear implants, but rarely explored for rehabilitative or
recovery treatments.

However, there is one system for retina and optic nerve stimu-
lation that should be mentioned here: trans-corneal electrical stim-
ulation (TcES), which involves the use of a low-intensity electrical
current in the treatment of ophthalmic diseases, including injuries
of optic nerve, light-induced photoreceptor degeneration, ocular
ischemia, macular dystrophy, and retinitis pigmentosa.

Among the others, two pairs of cranial nerves are intensively
under investigation for neurorehabilitation purposes: vagal nerve
and trigeminal nerve. Both are large, mixed (sensory and motor)
cranial nerves.

2.1 Vagal Nerve

Stimulation (VNS)

Primary applications for VNS are epilepsy, depression, anxiety, and
obesity. The target of vagal nerve stimulation (VNS) is the tenth
cranial nerve that emerges from the brain at the medulla (brain-
stem) [13]. It is the longest cranial nerve, extending into the chest
and abdominal cavity. Typically, a battery-operated generator is
implanted subcutaneously in the left chest wall. An attached elec-
trode is then tunnelled under the skin and wrapped around the left
vagal nerve in the neck.

Adverse effects of VNS can be separated into those associated
with the complications of the surgery and those resulting from the
side effects from the stimulation. While risks associated with
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surgery are minimal, they remain an important consideration for
both clinicians and patients [13].

There is one non-invasive method, which transcutaneously
stimulates the auricular branch of the vagal nerve. It was developed
for the treatment of a chronic migraine (NEMOS™, Cerbomed,
Erlangen, Germany). A recent study provides evidence that stimu-
lation using NEMOS™ at 1 Hz for 4 h daily is effective for chronic
migraine prevention over 3 months [16, 17]. These results are
promising and warrant further scientific and clinical investigation.

2.2 SYMPATO-

CORRECTION

SYMPATOCORRECTION™ Technology is a method of dynamic
correction of the activity in the sympathetic nervous system. It was
developed to regulate the balance between the sympathetic and
parasympathetic parts of the autonomic (i.e. vegetative) neural sys-
tems in range of the natural “homeostatic corridor” [18]. The SYM-
PATOCOR™ device provides transcutaneous electrical nerve
stimulation (TENS) of the autonomic nervous system by delivering
a space-distributed field of low-frequency current impulses (FCI) to
the neck nerve-knot projections from the sympathetic part of the
autonomic nervous system. The FCI signals differ from those typi-
cally used in TENS because of the spatiotemporal pattern of stimula-
tion, which is formed between the electrodes. In the cathodes area,
the current structure consists of spatially-distributed partial impulses.
In the anodes area, the pulse structure consists of the spatially con-
centrated structure of the partial impulses. The number of impulses in
the structure is equal to the number of cathodes and the impulse
duration ranges from 400 to 600 μs, which corresponds to the
velocity of creating the excitation in the nonmyelinated nerve fibers.

Indeed, during stimulation of the neck and tongue regions, it is
possible to impact both the parasympathetic and sympathetic struc-
tures of the autonomic nervous system (ANS) and affect the
ascending afferent conductive pathways, their corresponding cen-
ters in the brainstem, and subcortical and cortical areas of the brain.
The neck section of the sympathetic stem consists of three nodes as
well as inter-node connection branches that are located in the deep
neck muscles behind the pre-spinal plate of the neck fascia.

Considering that the treatment of pathological processes that
affect the ANS is challenging in itself, it is not surprising that using
traditional methods to treat the subsequent autonomic disorders,
and accompanied symptoms, frequently are not the targets of the
major treatment at all.

To this end, SYMPATOCOR™ can be used as a supplemental
tool in the rehabilitation process. It has become especially impor-
tant in cases of brain polytrauma or multiple functional damages
after stroke, moderate traumatic brain injury, or in the advanced
stage of multiple sclerosis. Moreover, it may be the only way to
noninvasively recover various autonomic functions, such as bladder
and bowel control, GI motility, hypertension, etc. [19, 20].
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2.3 Trigeminal Nerve

Stimulation (TNS)

TNS targets the upper ophthalmic branches of the trigeminal
nerve. There are two devices, NeuroSigma™ and Cephaly™,
which were originally developed to treat drug resistant epilepsy
and sleep disorder, respectively. Reported side effects of Neuro-
Sigma™ were mild and included skin irritation, tingling, forehead
pressure, and headache [21]. Miller et al. [22] found no side or
adverse effects from using Cephaly™, which is consistent with our
own experience using the PoNS™ device. This consistency is both
validating and encouraging for the continued exploration of tri-
geminal nerve stimulation therapies.

3 PoNS™ Device

The PoNS™ device, shown in Figures 1 and 2, achieves localized
electrical stimulation of afferent nerve fibers on the dorsal surface of
the tongue via small surface electrodes. Because of the resulting

Fig. 1 PoNS™ device, displaying the palm-sized stimulator and tongue array

Fig. 2 A closer view of the PoNS™ device tongue-tab and electrode array
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tactile sensation, which depending on stimulation waveform typi-
cally feels like vibration, mild tingling, or pressure, it is certain that
tactile nerve fibers are activated. Taste sensations are infrequently
reported, although it is not known whether gustatory afferents are
in fact stimulated, given the nonphysiological patterns of activation
likely to result from PoNS-induced stimulation of these fibers
[1]. Figures 3, 4, 5, and 6 depict two different study participants
demonstrating how the device is used under the guidance of a
trained physical therapist. Figure 7 shows the device in use while
an individual performs physical exercise on a treadmill as part of the
TLNS intervention.

Fig. 3 A participant demonstrates how the PoNS™ device is worn around the
neck and held in the mouth

Fig. 4 The same individual as seen in Figure 3 demonstrates using the PoNS™
device during a treatment session with a physical therapist
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All electrotactile systems, including the PoNS™ device, must
adhere to a set of core principles to ensure comfortable and con-
trollable tactile precepts, as well as safe operation. As these have
already been extensively reviewed [23, 24], we will focus on the
application of these principles specifically to the PoNS™ device.
An expanded discussion of the waveform, electrode, and safety
features appropriate for tongue stimulation has been previously
published [1, 25].

Fig. 5 A second participant demonstrates how the PoNS™ device is worn around
the neck and held in the mouth

Fig. 6 The same individual as seen in Figure 5 demonstrates how the PoNS™
device is used while training with a physical therapist
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3.1 Why the Tongue?

Part I

Electrotactile stimulation supplanted the vibro-tactile stimulation
because it is simpler, lighter, consumes less energy, and is easier to
control the stimulus. Various improvements have led to the current
system. It is an example of a new generation of sensory substitution
devices based on computer-controlled electrical stimulation of the
human skin in the most densely innervated tactile areas: the tongue
and the fingers. The tongue was preferable because it affords a
better environment (constant acidity level (pH), constant tempera-
ture and humidity, and low excitability thresholds) in comparison
with the fingertip (variable hydration, thickness of the skin, surface
contaminants, relatively limited and highly curved surface area
available for stimulation, and high excitability thresholds).

3.2 Physical

Construction

From around the neck, The PoNS™ device is held lightly in place
using the tongue and lips by a tab that goes into the mouth and
rests on the anterior, superior part of the tongue. The paddle-
shaped tab of the system has a hexagonally patterned array of 143
gold-plated circular electrodes (1.50 mm diam., on 2.34 mm cen-
ters) that is created by a photolithographic process used to make
printed circuit boards.

Fig. 7 A participant uses the PoNS™ device under the supervision of a physical therapist while performing
the exercise component of TLNS therapeutic intervention on a treadmill
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The PoNS™ device is powered by an internal battery so that it
may be recharged via an external power supply that plugs into a
120-V or 240-V AC electric outlet, similar to a mobile phone.

3.3 Electrical

Stimulation

The tongue electrodes deliver 19-V positive voltage-controlled
pulses that are capacitively-coupled to: (A) limit maximal charge
delivered in the rare event of circuit failure and to (B) ensure zero
dc to the electrodes, thereby minimizing potential tissue irritation
due to electrochemical reactions. However, it is important to note
that such irritation has never been observed or reported using the
PoNS™ device. Tongue sensitivity to positive pulses is greater than
that of negative pulses. The pulse width is adjustable in 64 unequal
steps from 0.4 to 60 μs by the intensity buttons. This intensity
control scheme takes advantage of the steep section of the
strength–duration relationship for electrical stimulation of neural
tissue.

These pulses repeat at a rate of 200/s, which is within the
typical physiological firing rate for tactile afferents. Because of the
neural refractory period, and extrapolated from earlier single-fiber
median nerve response to similar electrotactile stimuli on the rhesus
monkey finger-pad [26], it is presumed that, at most, one action
potentially occurs in any given afferent fiber for each stimulation
pulse. To minimize sensory adaptation [26] and ensure good qual-
ity of sensation [27], every fourth pulse is removed from the pulse
train, so that each electrode delivers a burst of three pulses every
20 ms.

This combination of pulse amplitude and width results in an
electrotactile stimulus that may be varied by the user from well
below a sensory threshold to a perceived sensation at the upper
limit of comfortability.

3.4 Electrode Arrays

and Pulse Sequencing

The PoNS™ electrode array is irregularly shaped to take advantage
of the most sensitive regions of the tongue, and is comprised of
143 electrodes nominally organized into nine 16-electrode sectors.
Within each sector, one electrode is active at any moment (pulse
beginnings staggered by 312.5 μs), with unstimulated electrodes
serving as the return current path. The nine sectors present simul-
taneous stimulation, with the intensity of each sector adjusted to
compensate for the variability of tongue sensitivity to electrotactile
stimuli. The sensation produced by the array has been described as
similar to the feeling of drinking a carbonated beverage.

The impedance of the electrode, skin interface, presents as a
resistive component of approx. 3 kΩ, in series with a resistive–ca-
pacitive network of 4–4.5 kΩ in parallel with 0.5 nF. The pulse
current, therefore, contains a brief leading spike followed by an
exponential decay to a plateau current of approximately 3 mA.
Voltage control is used rather than the current control of typical
electrotactile systems because the tongue electrode impedance is
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relatively stable compared to cutaneous loci otherwise used (such as
the abdomen or fingertip). Use of voltage control affords circuit
simplicity and therefore economy of component, space, and
battery.

The electrode size and geometry were chosen to achieve a
reasonable balance between the number of electrodes that may be
packed into the array area and the comfortability and controllability
of the electrotactile percept. The overall result of this stimulation is
the comfortable and convenient presentation of almost 26 million
stimulation pulses to the tongue during a typical 20-minute therapy
session. How many action potentials propagate to the brain as a
result of this surface stimulation at this point is unknown.

4 Translingual Neurostimulation (TLNS)

4.1 How the PoNS™
Works

In brief, TLNS uses sequenced patterns of electrical stimulation on
the anterior dorsal surface of the tongue to stimulate the trigeminal
and facial nerves. From a technical point of view, the electrical
stimulation of the tongue skin by PoNS™ device is likely one of
the safest. In each particular moment, only 1 set of 9 out of
143 PoNS™ electrodes are active, surrounded by ground electro-
des (16 possible sets in total). Each electrode creates the area of
activation—1.77 mm2. The set of nine electrodes activates total
area of 15.9 mm2 or 0.16 cm2. That is a maximum area of the
tongue surface activated by PoNS™ in the single moment.

The signal pattern on each electrode is a sequence of very short
rectangular impulses (fixed 19 V value) with a duration of each
from 0.4 to 60 μs. For comparison, each natural neural impulse
(spike duration) is 1 ms¼ 1000 μs (1.5–3 ms is a length of full spike
waveform).

Considering the pattern of stimulation (sequence of triplet
bursts), total stimulation time for single electrodes is in a range
from 0.1 to 11 s, during typical PoNS™ application for 20minutes.
Due to the multiplexed nature of the stimulation, each set of
16 electrodes, therefore, delivers a total stimulation time of
1–173 s during one full session.

The depth of stimuli penetration in the PoNS™ device is fixed
because perceptual intensity is regulated by signal duration, not
by current or voltage. The normal thickness of the human tongue
epithelia varies from 400 to 800 μm (0.4–0.8 mm). In the deeper
layers, there are muscular fibers, which are moving the human
tongue. Electrical stimulation of such fibers creates a very distinct
sensation of jerking movements of the tongue surface. Our sub-
jects never reach such sensation because they are instructed to
limit the intensity of stimulation to their “maximal comfortable
level.” So, we can suggest that the depth of real activation is about
400–600 μm (0.4–0.6 mm) range. Then total volume of
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electrically activated tissue in each particular moment is—for one
electrode—0.53–1.06 mm3, for the set of nine electrodes—
4.78–9.56 mm3. Therefore, from a technical point of view, the
set of nine electrodes PoNS™ device activates 0.16 cm2 in area
and 5–10 mm3 of tissue volume in each particular moment, but
not more than 154 s during 20 minutes’ session.

4.2 Why the Tongue?

Part II

The anterior dorsal surface of the tongue is a patch of the human
skin with a unique innervation pattern. The relatively thin
(in comparison to other skin areas) oral epithelium is saturated by
a different kind of mechanic there, and taste receptors in addition to
free nerve endings stratified in its depth. It is the area with the
maximal density of mechanoreceptors, and, like the fovea in the
retina, have the minimum two-point discrimination threshold—
0.5–1 mm for mechanical stimulation [28] and 0.25–0.5 mm for
electrotactile stimulation (unpublished data). The physical density,
spatial distribution, size of the receptive fields and their overlapping
coefficient, spatial and temporal summation properties are largely
unknown, especially for electrotactile stimulation [29].

The two major nerves from the tip of the tongue deliver
information streams directly to the brainstem—the lingual nerve
(the texture of food) and chorda tympani (taste of food). Accord-
ing to our approximation, 20–25 thousand neural fibers deliver
neural impulses from this area (about 7.5 cm2) covered by
PoNS™ electrode array.

4.3 CN-NINM

Technology Platform

It is important to clarify that CN-NINM is a platform that consists
of many technologies, all of which target cranial nerves—primarily
vagal and trigeminal—with the intention of influencing the central
nervous system. NeuroSigma™, Cefaly™, NEMOS™, and SYM-
PATOCOR™ are examples of other technologies within the
CN-NINM canon. TLNS, using the PoNS™ device, is a novel
class of stimulation to join this existing platform.

However, these other stimulation devices and techniques target
their stimulation to nerve trunks. TLNS alternatively targets the
receptors and nerve endings. In this way, TLNS is closer to natural
stimulation than the other techniques because synchronous stimu-
lation of nerve receptors is a more natural input than stimulation of
nerve trunks.

5 Induced Neuroplasticity

Our hypothesis is that TLNS induces neuroplasticity by noninva-
sive stimulation of two major cranial nerves: trigeminal, CN-V, and
facial, CN-VII. This stimulation excites a natural flow of neural
impulses to the brainstem (e.g. pons varolli and medulla) and
cerebellum, via the lingual branch of the cranial nerve (CN-Vc)
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and chorda tympani branch of CN-VII, to effect changes in the
function of these targeted brain structures [30].

The spatiotemporal trains of neural activation induced in these
nerves eventually produce changes of neural activity in
corresponding nuclei of the brainstem—at least in the sensory
and spinal nuclei of trigeminal nuclei complex (the largest nuclei
in the brainstem, extending from the midbrain to the nuclei of the
descending spinal tracts), and the caudal part of the nucleus tractus
solitarius, cochlear, cuneate and hypoglossal nuclei and upper seg-
ment of the spine (C1–C3), where both stimulated nerves have
direct projections.

Changes in neural activity were evident in the results of our
pilot study, wherein we also developed a new fMRI signal proces-
sing method to yield high-resolution images of the pons, brain-
stem, and cerebellum beyond that previously reported, allowing
observation of changes in functional activity in all of the regions of
interest [31–33]. We are particularly interested in these specific
changes in the pons, brainstem, and cerebellum because these
neural structures are the major sensory integration and movement
control centers of the brain and therefore primary targets for
neuromodulation.

We postulate that the intensive activation of these structures
initiates a sequential cascade of changes in neighboring and/or
connected nuclei by direct projections and collateral connections,
by activation of brainstem interneuron circuitries (reticular forma-
tion of the brainstem), and/or by passive transmission of biochem-
ical compounds in the intercellular space (release of
neurotransmitters in the synaptic gaps). The stream of neural
impulses leads to activation of corresponding neural networks and
massive release of neurotransmitters that eventually activate the
glial networks of the brainstem (responsible for maintenance of
the neuronal environment and synaptic gaps).

This, in turn, causes radiating therapeutic neurochemical and
neurophysiological changes effecting both (a) synaptic and extra-
synaptic circuitries and (b) information processing of afferent and
efferent neural signals involved in movement control, including the
cerebellum and nuclei of spinal motor pathways.

The temporal pattern of our observed retention effects is strik-
ingly similar to the process well known in neuroscience literature
for several decades as long-term potentiation (LTP) and depression
(LTD). Both processes were tested and verified in multiple animal
models by analyzing changes in brain tissue samples, and both are
in intensive use in different models of human processes of learning
and memory as a basic mechanism of the synaptic plasticity of the
brain [34–38].

In brief, synaptic plasticity is a natural manifestation of activity-
dependent processes affecting structure and function of multiple
neuronal networks. As a result of such processes, multiple
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consequential adaptive changes are happening on different levels of
brain organization (molecular, cellular, regional, and systemic),
with different temporal patterns and dynamics (short and long)
that reflects on multiple sensory and motor functions, cognitive
performance, and behavior [39–42].

Intensive repetitive stimulation of neurons leads to the
corresponding activation of synaptic contacts on the axonal tree,
including the whole complex of pre- and post-synaptic neurochem-
ical mechanisms. Multiphasic fluctuations of postsynaptic poten-
tials, frequently described as short-term activity-dependent synaptic
plasticity (in the range of milliseconds, seconds and minutes) has
been shown capable of enhancing synaptic transmissions [43, 44].

In contrast, long-term potentiation (LTP) is the phenomena of
synaptic structural remodeling and formation of new synaptic con-
tacts that is activated by high-frequency stimulation [44–50]. After
10–40 min of high-frequency stimulation (50–400 Hz, range of
frequencies is used in animal research) the number of synapses and
proportion of multiple spine boutons can increase the efficiency of
neural connections. Effects of LTP can continue for several hours
and even days [51].

In our experiments using the PoNS™ device, prolonged and
repetitive activation (20 min or more) of functional neuronal cir-
cuits (e.g. balance and gait) can initiate long-lasting processes of
neuronal reorganization, (similar to LTP), that we can see and
measure in subjects’ behavior. The functional improvement after
initial training sessions continues for several hours. Multiple regular
sequential training sessions lead to the consistent increase of
improved symptom duration and cumulative enhancement of
affected functions.

This regular excitation may also increase the receptivity of
numerous other neural circuitries and affect internal mechanisms
of homeostatic self-regulation, according to the contemporary
concept of synaptic plasticity. We cannot exclude that this induces
simultaneous activation of serotonergic and noradrenergic regula-
tion systems of the brain as well.

The result of this intervention is essentially brain plasticity on
demand—a priming or up-regulating of targeted neural structures
to develop new functional pathways, which is the goal of neuror-
ehabilitation and a primary means of functional recovery from
permanent physical damage caused by stroke or trauma.

The effectiveness of TLNS was demonstrated in multiple case
studies (more than 300 subjects) during the last 10 years. In brief,
statistically significant improvements in balance and gait were
recorded in: An MS pilot study (13 subjects); MS control study
(10/10 subjects); a pilot study on balance disorders (23 subjects); a
pilot stroke study (5 subjects); and traumatic brain injury study
(45 subjects). The results of these cases were presented at various
conferences and publications are currently in preperation.
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An independent control study of the effect of TLNS on balance
and gait in MS subjects [52] was conducted in the Montreal Neu-
rological Institute and Hospital (MNIH). The comparison of fMRI
images before and after TNLS revealed significant changes in the
activity of the cortical areas responsible for gait in the active vs. con-
trol group. Surprisingly, significant changes in blood oxygen-level
dependent (BOLD) signals were also present in areas responsible
for working memory (dorsolateral prefrontal cortex (DLPFC), and
right anterior cingulate cortex (rACC)). Results are in press.

Significant improvements in balance and gait using TLNS
stimulation was found and reported in subjects with chronic spinal
cord injury [53], and in children with posterior fossa [54] and cere-
bral palsy [55].

6 Summary

TLNS is an effective combination of several existing neurostimula-
tion techniques. It stimulates the trigeminal nerve, similar to eTNS
and Cefaly™, but targets a different branch (V3, instead of V1, the
largest branch of the trigeminal nerve). Also, it simultaneously
stimulates the facial nerve (chorda tympani) branch and
corresponding solitary nuclei, as VNS does, but non-invasively.
Furthermore, we are observing activation of the ventral cerebellum
as a result of tongue stimulation. There is solid evidence from
animal research that stimulation of the anterior third of the tongue
can activate the hypoglossal nuclei directly and antidromically.
There is human anatomical data supporting the hypothesis that
TNLS might be considered a soft, non-invasive version of DBS.

Granted, this cranial nerve neurostimulation technology is
coming through its first arduous steps of development. Many
more studies, controlled and blinded, should be conducted. New
problems and solutions must be discovered before we have a better
understanding of the mechanisms of action for TLNS.

7 Conclusions

Cranial nerve neurostimulation is a new, small, but distinct set of
technologies among the wide family of peripheral nerve stimulation
methods that represent a unique approach to neurorehabilitation of
multiple disorders and the wide spectrum of malfunctions in the
human central nervous system.

As an example of safe, non-invasive, easy-to-manage, patient-
oriented technology, TLNS can be considered an alternative way to
approach previously untreatable symptoms and conditions, like the
chronic symptoms of traumatic brain injury (TBI). TLNS may also
be applied to the spectrum of acquired brain injury manifestations,
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such as sport concussions, TBI, whiplash, stroke, and others with
varying degrees of severity. Our position is reinforced by a recent
publication, which demonstrates that trigeminal nerve stimulation
improves blood perfusion throughout the brain, whereby allowing
prevention of secondary brain damage [56]. This finding corrobo-
rates what we see in our clinical experiments where we observe
recovery from the chronic stage of disorder.

The PoNS™ device is the ideal clinical tool. The scope of
clinical applications will continue to grow due to several unique
characteristics: it is multi-directional, effective, noninvasive, safe,
and the stimulation is repeatable and easy to control. None of the
described harms, typical of other invasive and non-invasive neuro-
stimulation methods, are applicable to TLNS. Moreover, the
majority of the side-effects produced by existing clinical devices
are the targets for rehabilitation and improvement for TLNS tech-
nology. We have never observed an effect of overstimulation or
“overdose” with the PoNS™ or any negative effects. However,
the possible occurrence of minor, episodic discomfort or mild
headache episodes during developmental or adaptive stages should
be brought into consideration.

The physiological nature and network-based principles of
TNLS make it a good vehicle for driving the emerging perspective
on the neural network origin of many neurological disorders and
the recovery of functional systems as an appropriate means of
neurorehabilitation.
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