
Neuroplasticity
 Neuroplasticity can be defined as the ability of the Central Ner-
vous System (CNS) to adapt in response to changes in the environ-
ment or lesions [1]. For many decades, it was hypothesized that the  
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brain had a genetically set volume of brain cells which decline respec-
tively with the aging process regardless of intentional efforts to negate 
the process [2]. It was not until the advent of electron microscopy in 
the 1960s that it was discovered that neurons could extensively adapt 
and “unmask” relatively inactive pathways after a neurological event 
[3]. Using “state-of-the-art” tissue processing methods, it is suggest-
ed neuroplastic changes are active in the healthy human adult up to 
the ninth decade of life [4]. A 2019 review by Kumar and colleagues 
suggests, human studies objectively identifying/measuring neuro-
plasticity in neurological patients are seemingly inadequate to date, 
although animal model studies do provide an insight into the process 
in the mammalian brain [5]. The “unmasking” of relatively inactive 
pathways is proposed to be achievable even many years after a neu-
rological injury/lesion with appropriate late intervention [6-7]. The 
past two decades have seen an increased awareness of neuroplasticity 
and a new focus on developing means to facilitate this process, focus 
has shifted centrally from the peripheries to targeted sites to stimulate 
the CNS.  

Peripheral Nerve Stimulation 
 Initially, focus for stimulation aimed peripherally via Peripheral 
Nerve Stimulation (PNS). PNS includes both transcutaneous and sub-
cutaneous devices such as Transcutaneous Electrical Nerve Stimula-
tion (TENS) and Peripheral Subcutaneous Filed Stimulation (PSFS). 
In 1967, PNS became a well-established and accepted method for 
treatment of various painful conditions (e.g. migraine, fibromyalgia, 
low back pain) and later became a neurorehabilitation treatment mo-
dality [8]. Recent evidence has found judging the effectiveness of 
PNS to facilitate neuroplasticity and motor recovery in sites of neu-
rological deficit difficult [9-10]. A systematic review of twenty-one 
randomised controlled trials and 1481 participants found that PNS, 
combined with conventional physical therapy, only had a moder-
ate benefit on lower limb motor function in a chronic stroke cohort 
with no significant difference in gait endurance compared to control 
groups. These studies overall were evaluated as ‘low risk’ of bias [9].  
Danilov and Paltin [8] theorise that as a result of the complexity and 
diversity of the brain’s damage following neurological injury, var-
ious functional systems become inefficient or desynchronized. The 
spread of neural network malfunctions and the lack of methods for 
localizing such damages creates a complex complication for efficient 
neurorehabilitation. The authors also theorise the anatomical speci-
ficity and localization of PNS restrains the efficiency of neurostim-
ulation for functional recovery. The small area of affected tissue fa-
cilitates changes in the activity of a small proportion within a widely 
distributed functional network [8]. Recent evidence has progressed 
toward Cranial Nerve Non-Invasive Neuromodulation (CN-NINM). 
The synthesised concept of CN-NINM was developed by Yuri Dani-
lov, Mitchell Taylor and Kurt Kaczmarek [11]. Translingual (tongue) 
Neurostimulation (TLNS) is the route utilised via CN-NINM to in-
duce cranial nerve stimulation and which has been suggested as a 
potential ‘gateway’ to neural excitability and motor skill learning 
[12-18]. CN-NINM is multi-level rehabilitation therapy that initiates  
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Abstract
Neuroplasticity can be defined as the ability of the Central Ner-

vous System (CNS) to adapt in response to changes in the envi-
ronment or lesions. Cranial Nerve Non-Invasive Neuromodulation 
(CN-NINM) is a multi-level rehabilitation therapy that initiates neu-
roplasticity through a combination of non-invasive brain stimulation 
combined with physical therapy in the recovery of suppressed brain 
functions affected by neurological injury. CN-NINM utilises innerva-
tions of the tongue (Translingual Neurostimulation) to stimulate the 
CNS. By supplementing task specific training with additional brain 
stimulation, the hypothetical value of CN-NINM is enhanced activa-
tion of neural pathways directly related to the task, facilitating more 
efficient ‘learning’ of a task following neurological injury. 
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neuroplasticity through a combination of TLNS with physical therapy 
in the recovery of suppressed brain functions affected by neurological 
injury [8]. 

Translingual Neurostimulation Rationale
 The tongue, and musculature acting on the organ, occupy a larger 
surface area than might be first expected. Perception of the tongue is 
often of the dorsum. Figure 1 highlights the extrinsic muscles of the 
tongue providing a basic insight into the actual size of the organ.

 Mu & Sanders described the human tongue as having “extreme-
ly dense and complex” nerve innervation, which are not reported in 
other mammalian tongues [20]. These unique innervations appear to 
allow for fine motor control of the tongue in humans, with tongue 
movement suggested to have subsequent effects on other body sys-
tems [12,15].

 According to a review, certain tongue movements, by and large 
postero-lateral, are suggested to activate the Anterior Cingulate Cor-
tex (ACC), which plays an important role in sensory, motor, cogni-
tive, emotional and pain processing [15]. The tongue is reported to 
embody a “gateway” to access other brain pathways and body sys-
tems [12]. Findings suggests that a simple movement and conscious 
control of the tongue can modulate postural control mechanisms. In a 
cohort of 116 normal healthy male subjects, the mean centre of grav-
ity velocity (i.e. output to maintain balance) decreased significantly 
when the tongue was positioned against the upper incisors [21]. 

 ‘Mapping’ of the tongue via craniotomy and cortical stimulation 
indicated that innervation of the tongue is reported to have extensive 
representation at multiple levels in the brain (Cerebral cortex, mesen-
cephalon/midbrain, medulla oblongata, and limbic system), with the 
highest reported representation reached at the cortical level (respon-
sible for motor, sensory, visual functions and more) [22] (Figure 2). 
Specific areas of the tongue were found to have ‘dominant’ sensory 
cortical representation (Figure 3). 

 Such understanding and evidence seemingly would have inspired 
innovators including Paul Bach-y-Rita, Yuri Danilov, Mitchell Tay-
lor and Kurt Kazcmarek, etc. to further investigate the tongue and 
integrate and accumulate current understanding into practical inter-
vention, leading to the development of CN-NINM. Years of research 
and prototypes integrating CN-NINM eventually culminated in the  

modern-day Portable Neuromodulation Stimulator (PoNSTM) (Helius 
Medical Technologies). 

 The PoNSTM is the latest model in a line of TLNS prototypes. To 
the principal authors knowledge following extensive reviews of lit-
erature, the PoNSTM and initial prototypes are the first of their kind, 
with no other TLNS devices discussed in the literature reviewed. The 
theory and technology underpinning the PoNSTM device stemmed 
from the research of Bach-y-Rita [23]. The PoNSTM (Figure 4) is a 
compact, self-contained device that delivers a fixed sequence of bal-
anced impulses to the anterior-dorsal tongue through a matrix of elec-
trodes. According to Dr. Kim Skinner (Director of Physical Therapy, 
Helius Medical Technologies), the impulse waveform delivered was 
optimized via psychophysical experiments to yield maximal stimulus 
dynamic range, quality of sensation and minimal sensory adaptation. 
The matrix of electrodes was specifically designed to create a local-
ized and controlled impulse path in the dorsum of the tongue to min-
imize the amount of energy required to excite the superficial tactile 
sensory fibres and avoid deep free nerve endings and motor fibres 
[24]. 

 The device consists of a controller which contains the commands 
for operating the device and from which impulses are generated. Con-
nected to the controller is a flat surfaced mouthpiece containing the 
electrodes for administering electrical impulses to the tongue. Origi-
nal research by Bach-y-Rita considered both tongue and finger stim-
ulation due to dense innervation of both. At that time, the tongue was  

Figure 1: Extrinsic muscles of the tongue [19].

Figure 2: Sensory and Motor tongue responses “mapped” in humans [22]. 

Figure 3: Portions of tongue showing level of cortical representation [22]. 
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chosen as it offers an optimal environment, compared to a fingertip. 
The environment of the tongue offers constant acidity level, tempera-
ture and humidity, and low excitability thresholds in comparison to 
potential surface contaminants and high excitability thresholds of a 
fingertip [25]. Initial prototypes for TLNS, the Tongue Display Unit 
(TDU), evolved into the portable BrainPort Vision Device, which 
was enhanced into the Electrotactile Vestibular Substitution System 
(EVSS), which itself was commercialised as the portable BrainPort 
Balance Device, before finally evolving into the modern PoNSTM de-
vice (Figure 4). 

Translingual Neurostimulation and Neuroplasticity 
Theory 
 The underpinning theory behind CN-NINM is neuroplastic chang-
es induced via non-invasive stimulation of two major cranial nerves 
innervating the tongue: the trigeminal (Cranial nerve V) and facial 
(Cranial nerve VII) (Figure 5). This stimulation is proposed to excite 
a natural flow of neural impulses to the brainstem, Pons/Pons Varolii 
and Cerebellum [27,28]. 

 The theory suggests that, during task specific activity, the sup-
plementary concentrated activation of these nerves initiates a subse-
quent cascade of ‘excitement’ in adjacent and/or connected neurons,  

by activation of brainstem interneuron circuitries and/or by passive 
transmission of neurochemical compounds (neurotransmitters) in the 
synaptic clefts. This stream of impulses leads to activation of cor-
responding neural networks and further considerable release of neu-
rotransmitters that eventually activate the glial networks of the brain-
stem (responsible for maintenance of the neuronal environment). This 
leads to radiating neurochemical and neurophysiological changes af-
fecting impulse focal points responsible for information processing 
of both afferent and efferent neural signals, including the Cerebellum 
and neurons of the spinal motor pathways [8,24]. This increased neu-
ral activation provides a foundation from which new neural networks 
are proposed to develop (Figure 6). 

 Recent evidence has investigated objective measures supporting 
this theory [16,18]. High-density electroencephalography (EEG) was 
utilised to measure changes in resting brain activity before, during, 
and after high and low frequency TLNS using the PoNSTM device 
[18]. Both frequencies produced significant changes in brain activity 
(measured via signal output related to the task, i.e. signals related to 
sedentary breathing and awareness), although it is worth noting that 
an increase in brain activity following low frequency dosage stimu-
lation only occurred if the subject received high frequency dosage 
first. The authors concluded that high frequency was required to elic-
it significant changes in brain activity related to the task, but after 
initial high frequency, the threshold for activation was lowered and 
low frequency was then enough to elicit significant changes in brain 
activity. High frequency dosage was found to also significantly in-
crease attentional microstates, also known as “the atoms of thought” 
[30], suggesting a possible functional mechanism for neuroplastic 
improvements. Although this research investigated a ‘healthy’ cohort 
engaging in breathing and awareness training, not reflecting PoNS 
intended use for patients with neurological conditions, it supports and 
builds on previous understanding of neuroplastic changes related to 
CN-NINM and task specific training. 

 Research in the treatment of spasticity further supports the the-
ory of neuroplasticity induced by TLNS [16]. Spasticity is defined 
as a “motor disorder characterised by a velocity-dependent increase 
in tonic stretch reflexes” [31]. The central lesion causing spasticity 
is suggested to disrupt the balance of excitation and suggests neu-
roplastic changes occurring in the spinal cord and the brain [32]. 
The authors hypothesise the central lesion leads to hypersensitivi-
ty following denervation leading to spasticity, which stimulates the 
creation of new abnormal pathways maintaining spasticity [32,33]. 

Figure 4: Helius Medical Technologies PoNS™ device [26].
Figure 6: Hypothesised CN-NINM theory [29].

Figure 5: Basic CN-NINM target site illustration [26].
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As neuroplastic changes are suggested to occur to maintain spastici-
ty, neuroplastic changes can also be facilitated to treat the condition 
[16]. The authors examined TLNS in the treatment of six children 
with Cerebral Palsy in the form of spastic diplegia. The cohort were 
aged between eight and fourteen years old and were deemed to have 
intact intellect with no seizures reported in their medical history. The 
children underwent physical therapy combined with PoNSTM stimu-
lation and were evaluated by various functional outcome measures 
and measures of spasticity. The cohort underwent functional Magnet-
ic Resonance Imaging (fMRI) before and after PoNSTM stimulation 
(Figure 7). The findings indicated positive improvements in a range 
of dynamics; most of them learned to walk without aids, decreased 
muscle tonus and improvement in balance and coordination function. 
For each task related to the physical therapy, fMRI revealed neuro-
stimulation elicited increased brain activation patterns related to the 
task compared to without the additional stimulation (Figure 7). These 
findings suggest CN-NINM facilitates increased brain activity related 
to a task allowing for more ‘efficient learning’ of motor function and 
skills [16].

Clinical Application
 A review of literature suggests that CN-NINM can significantly 
improve functional outcomes in neurological patient cohorts with 
Traumatic Brain Injury (TBI) [17,34], Multiple Sclerosis (MS) 
[35,36], Spinal Cord Injury (SCI) [13], Cerebellar Degeneration [37], 
Cerebral Palsy [16] and Stroke [14]. By supplementing task specific 
training with additional brain excitement/activation, the hypothetical 
value of CN-NINM is stimulation of inactive neural pathways related 
to the task, facilitating more efficient ‘learning’ of the task. 

 New research by the authors of this article will be exploring stroke 
survivors post inpatient rehabilitation only and investigating out-
comes following a period of CN-NINM combined with task specific 
training. 

Consideration for Future Clinical Application

 According to research, three levels of neuroplastic change tran-
spire during ‘learning’ [38]. There are neurochemical changes during 
conscious awareness (short-term) memory, structural changes as con-
scious turns into long-term memory and functional changes for shift-
ing brain areas as memory becomes ‘unconscious’. According to this 
evidence, the brain is therefore shaped structurally and functionally 
by behaviour and task repetition, as a neural pathway used more often 
is increasingly excitable and easy to activate. Therefore, task repeti-
tion is crucial for functional ‘learning’ of any new pathways induced 
during investigation with CN-NINM. 

Moving Forward 
 To the author’s knowledge, no evidence exists demonstrating the 
pathophysiological mechanism through which TLNS ‘compensates’ 
for lost signals/pathways related to the neurological injury. Research 
has objectively demonstrated that TLNS elicits increased brain ac-
tivation related to a task and improved motor function as a result 
[16,18] but the pathophysiological processes and new ‘pathway’ for-
mation occurring via TLNS to compensate for neurological deficit 
are seemingly hypothetical at present [8]. Future research objectively 
demonstrating these processes and the positional response and in-
teraction with the tongue as a result would be beneficial to further 
increase knowledge and understanding of an innovative Neuroreha-
bilitation modality. Potential developments in this area could lead to 
an innovative device administering translingual stimulation based on 
biofeedback coming from a frequency measuring device attached to 
an affected limb to create a ‘direct’ link between limb and CNS which 
has been disrupted through neurological injury.
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