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Abstract

Stroke is a major problem worldwide that impacts over 100 million adults and children annually. 

Rehabilitation therapy is the current standard of care to restore functional impairments post-stroke, 

however its effects are limited and many patients suffer persisting functional impairments and life-

long disability. Noninvasive Brain Stimulation (NIBS) has emerged as a potential rehabilitation 

treatment option in both adults and children with brain injury. In the last decade, Transcranial 

Magnetic Stimulation (TMS), Transcranial Direct Current Stimulation (tDCS) and Transcutaneous 

Auricular Vagus Nerve Stimulation (taVNS) have been investigated to improve motor recovery 

in adults post-stroke. These promising adult findings using NIBS, however, have yet to be 

widely translated to the area of pediatrics. The limited studies exploring NIBS in children have 

demonstrated safety, feasibility, and utility of stimulation-augmented rehabilitation. This chapter 

will describe the mechanism of NIBS therapy (cortical excitability, neuroplasticity) that underlies 

its use in stroke and motor function and how TMS, tDCS, and taVNS are applied in adult stroke 

treatment paradigms. We will then discuss the current state of NIBS in early pediatric brain injury 

and will provide insight regarding practical considerations and future applications of NIBS in 

pediatrics to make this promising treatment option a viable therapy in children.
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1 Introduction

Globally, the prevalence of stroke was 104.2 million people in 2017 (Virani et al., 2020). In 

the United States, approximately 795,000 people each year have a new or recurrent stroke. 

On average, that is one stroke every 40s with one death every 4min (Centers for Disease 

Control and Prevention, 2018). The majority (87%) of strokes are ischemic, which result 

from reductions in blood flow (ischemia) to the brain that disrupts and reorganizes neuronal 

connections leading to both sensorimotor and cognitive impairments (Centers for Disease 

Control and Prevention, 2018; Virani et al., 2020). The minority of strokes are caused by 

intracerebral or subarachnoid hemorrhage (Virani et al., 2020). Both forms of stroke are 

devastating neurological conditions and a primary cause of long-term disability in adults.

After a stroke, the brain undergoes major changes in synaptic function including changes in 

cortical excitability, deregulated plasticity and altered interhemispheric interactions (Murphy 

and Corbett, 2009). Stroke can lead to a variety of functional disabilities, including: 

hemiparesis, gait instability, blurred or loss in vision, speech difficulty, and dementia (Virani 

et al., 2020). These impairments significantly diminish a person’s quality of life and have 

limited treatment options. The main form of treatment is rehabilitation therapy—such as 

constraint induced movement therapy (CIMT) (Taub et al., 1998), robot-assisted therapy 

(Aisen et al., 1997), task-specific training (Michaelsen et al., 2006), and high-intensity 

resistance training (Langhorne et al., 2011; Ouellette et al., 2004). While these therapies 

have benefits for stroke, there is room for novel interventions that enhance their efficacy.

One of the main areas of research in effective stroke recovery is determining optimal 

therapies to modify and reorganize neuronal connections (Krakauer et al., 2012; Murphy 

and Corbett, 2009). Noninvasive brain stimulation (NIBS) has emerged as a method to 

modulate cortical excitability and enhance motor learning, leading to its investigation as a 

promising therapeutic tool in the adult stroke (Bolognini et al., 2009; Reis et al., 2008). 

While there are many forms of NIBS, the most actively studied methods are transcranial 

magnetic stimulation (TMS), transcranial direct current stimulation (tDCS), and vagus nerve 

stimulation (VNS). Administering tDCS and TMS to the motor cortex in adult stroke has 

shown promise in treating motor function impairments based on two general hypothesized 

mechanisms: (1) increasing excitability in the affected hemisphere or (2) suppressing 

excitability in the unaffected hemisphere (Bastani and Jaberzadeh, 2012; de Moura et al., 

2019; Marquez et al., 2015; McDonnell and Stinear, 2017; Richards et al., 2008). These 

approaches, while grounded in clinical (Brunoni et al., 2012; Huang et al., 2017) and animal 

neurophysiology (Jackson et al., 2016) are not without conceptional limits. Firstly, the 

effects of tDCS/TMS may not be conceived of as simply “winding brain activity up and 

down,” rather the nature of modulation can be intensity (e.g., increasing current at cathode 

from −1 to −2 mA can produce excitatory changes) (Batsikadze et al., 2013; Samani et al., 
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2019), montage (Leite et al., 2018), neuronal pathways (Rahman et al., 2017; Rawji et al., 

2018), and brain state dependent. Secondly, how the brain responds to injury and how these 

processes should be engaged by neuromodulation (e.g., if these is benefit in activating the 

healthy hemisphere) remains complex (Buch et al., 2017; Ziemann et al., 2008).

Across these and other neuromodulation approaches one can broadly conceive of 

two therapeutic schemes. The first scheme, and most common, depends directly on 

neuroplasticity activated by training and as such any effectiveness and specificity (Bikson 

and Rahman, 2013; Kronberg et al., 2019) depends on the paired training. In this scheme, 

NIBS is paired with rehabilitation to accelerate the functional improvements gained by 

rehabilitation training alone. In the second scheme, which is less common for NIBS, 

stimulation of the brain directly activates repair (restorative) mechanisms or otherwise 

increase brain capacity (Bahr Hosseini et al., 2019). In this scheme, NIBS can be applied 

and be effective independent of rehabilitation training.

While advancements have been made in developing rehabilitation interventions for adults 

post-stroke, few have been translated to a pediatric population. Perinatally acquired 

brain injury, including ischemic or neuroinflammatory insults, or hypoxic ischemic 

encephalopathy (HIE), (Adami et al., 2016; Virani et al., 2020) can lead to serious, 

debilitating conditions, including neurodevelopmental impairments such as cerebral palsy 

(CP), a non-progressive movement disorder (Rosenbaum et al., 2007). The overall 

prevalence of CP is 2.11 per 1000 live births (Oskoui et al., 2013). Treatment for CP 

and pediatric motor disorders is limited, and more effective options are needed. Due to the 

vulnerable population and unknown parametric and safety considerations, NIBS research in 

pediatrics is still in its early stages. There is some early evidence that the NIBS methods 

(TMS, tDCS, VNS) used to treat adult stroke may be clinically beneficial in children with 

brain injury (Badran et al., 2020; Chung and Lo, 2015; Elbanna et al., 2019; Hameed et al., 

2017; Palm et al., 2016). The research into adult stroke rehabilitation had yielded important 

concepts and key paradigms that might be translated to the pediatric population.

2 NIBS applications in adult stroke

Noninvasive brain stimulation can be administered using a variety of different 

neuromodulation techniques that affect the central nervous system either directly (top-

down), or indirectly (bottom-up). The three most common forms of neuromodulation are 

(1) dynamic electromagnetic fields applied using transcranial magnetic stimulation (TMS), 

(2) direct electricity applied using transcranial direct current stimulation (tDCS), and (3) 

electrical stimulation of cranial nerve X, the vagus nerve, via vagus nerve stimulation 

(VNS). TMS, tDCS, and VNS have all shown promise in restoring motor function and 

repairing aberrant neural functioning, however their underlying mechanisms are different. 

In general, TMS and tDCS are top-down forms of brain stimulation, which act directly on 

cortical tissue, whereas VNS is a bottom-up form of stimulation (Adair et al., 2020), which 

activates the vagus nerve and its effects are projected up to the brain stem (Fig. 1). In this 

section we will review the fundamental principles behind NIBS application in brain injury 

and stroke.
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2.1 Transcranial magnetic stimulation (TMS) in adult stroke

Transcranial magnetic stimulation (TMS) is administered by placing an electromagnetic 

coil on the scalp of a patient and delivering brief, powerful (1–3T) magnetic pulses that 

traverse the scalp and skull, and depolarize neurons in the underlying cortical tissue. This 

magnetic field has a shallow, focal penetration depth (2–4cm) and can be pulsed at varying 

frequencies to directly modulate cortical excitability. TMS delivered at high-frequencies 

(>5Hz) can cause transient elevations in neuronal excitability, whereas at low-frequency 

(<2Hz), TMS suppresses excitability (Bolognini et al., 2009). Daily administration of TMS 

can enhance and prolong these behavioral effects, making TMS a powerful neuromodulatory 

tool and treatment intervention for neuropsychiatric disorders (Burt et al., 2002). TMS is a 

very safe form of brain stimulation when administered by trained staff, with less than 2% 

incidence of precipitating a seizure (Rossi et al., 2009). However, in adults with pre-existing 

epilepsy, stroke and multiple sclerosis, there is an increased risk of having a seizure induced 

by TMS (Chung and Lo, 2015; Garvey and Gilbert, 2004; Gilbert et al., 2004).

The neurophysiological underpinnings of stroke are complex, however it has been 

demonstrated that cortical excitability surrounding the stroke lesion as well as in the 

contralateral hemisphere is altered (Buchkremer-Ratzmann et al., 1996; Cicinelli et al., 

2003). Both GABAergic and glutamatergic systems are involved in modulating these effects 

(Bütefisch et al., 2003), which result in a post-stroke cortical reorganization. A shift in 

cortical balance takes place following a stroke, where activity in the affected hemisphere 

decreases and the unaffected hemisphere increases (Murase et al., 2004). This is referred 

to as the interhemispheric inhibition model (Cicinelli et al., 2003; Murase et al., 2004), 

however, versions of this model have proposed a time and severity interaction in the effect. 

NIBS treatments have been developed that address these alterations in dynamic excitability 

states post-stroke. TMS has been used predominately to either enhance excitability of 

the lesioned hemisphere (high-frequency TMS) or suppress activity in the non-lesioned 

hemisphere in order to increase excitability in the lesioned cortex (low-frequency TMS).

In clinical trials, low-frequency repetitive TMS (LF-rTMS) has been investigated as an 

adjunctive therapy to the contralesional hemisphere, and has been shown to improve 

motor function by increasing cortical excitability in the lesioned motor cortex. A meta-

analysis by Zhang and colleagues reviewed 22 randomized clinical trials (RCT) and 3 

crossover studies in a total of 619 stroke participants investigating the effects of 1Hz rTMS 

over the contralesional M1 on upper limb motor recovery and cortical plasticity. Results 

demonstrate a positive effect on upper limb motor recovery, specifically in hand function, 

and researchers postulate that this most likely relates to the rebalancing of excitability 

in the two hemispheres by TMS (Zhang et al., 2017). High frequency rTMS (HF-rTMS) 

delivered to the lesioned hemisphere has also been investigated to treat motor deficits in 

adult participants with stroke, with modest results. In one pilot RCT, participants in the 

experimental group received 5Hz rTMS over the lesioned hemisphere before treadmill 

training for nine sessions. The rTMS group showed significant improvements in walking 

speed, gait, and motor function of lower extremities with improvements maintained at 1 

month postintervention (Wang et al., 2019).
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It is still unclear whether the LF-rTMS approach is superior to the HF-rTMS approach, 

however, current research suggests that LF-rTMS may be safer and may be more beneficial 

to stroke. Hsu and colleagues compared 18 RCTs (N = 370) in which adult stroke 

participants either received LF-rTMS, HF-rTMS or a combination of LF-rTMS and HF-

rTMS. The results indicate that overall rTMS has positive effects on motor function, and 

that contralesional LF-rTMS may be more beneficial than ipsilesional HF-rTMS (Hsu et al., 

2012). Furthermore, a study assessing HF-rTMS in participants with chronic stroke found 

that HF-rTMS at 20–25Hz may increase the risk of seizure occurrence in this participant 

group, indicating that LF-rTMS might be the safer option for this population (Lomarev et 

al., 2007). It is also very possible that different participants will be more responsive to one 

or the other of the two approaches, with many researchers noting a need for personalized or 

precision rehabilitation (Plow et al., 2016).

In order to begin exploring optimal parameters for rTMS to improve motor function 

in stroke, Xiang and colleagues broadly reviewed 43 RCTs using TMS in adults with 

motor function impairments (Xiang et al., 2019). 1168 participants were included in the 

meta-analysis and it was found that rTMS had a positive effect on limb motor function, 

specifically in improving daily living activities. They found no significant differences 

between stimulus frequencies in rTMS parameters, but a subgroup analysis of rTMS 

frequencies delivered between 1 and 10Hz revealed that 1Hz in particular had a positive 

effect on motor function in participants. The meta-analysis also showed that MEP changes in 

the stimulated hemisphere were more prevalent in HF-rTMS participants compared to those 

treated with LF-rTMS (Xiang et al., 2019).

A critical question is the optimal timing and duration of TMS, delivered either before or 

during rehabilitation therapy. Several studies report the use of concomitant rehabilitation 

therapy alongside rTMS and this may be more effective than rTMS alone (Smith and 

Stinear, 2016). Kim and colleagues applied HF-rTMS (10Hz) over the affected hemisphere 

as a form of priming before completion of a complex motor task in stroke participants. The 

results demonstrate that HF-rTMS priming induced a significant increase in MEP amplitude 

compared to sham and this was positively associated with increased motor performance 

(Kim et al., 2006). In a meta-analysis by Zhang and colleagues, specifically exploring the 

use of LF-rTMS, the majority of studies utilize 1Hz contralesional LF-rTMS and other 

training (Zhang et al., 2017). The question of whether LF-rTMS alone or in combination 

with other therapies has positive effects on upper motor function, has yet to be addressed by 

researchers (Fisicaro et al., 2019; Zhang et al., 2017). It is also unclear if TMS facilitates 

motor recovery based on the number of stimulation sessions a participant receives. Prior 

research has shown that a single session of rTMS may not provide as many benefits as 

multiple sessions, but more research is needed to draw definitive conclusions (Kandel et 

al., 2012). In summary, rTMS research in adult stroke has significantly increased over 

the past decade and is progressing toward becoming a part of clinical treatment options. 

In addition, further parametric optimization of TMS effects and perhaps new parameters 

such as theta-burst stimulation (Chen et al., 2019) may provide further improvements in 

functional outcomes for stroke.
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2.2 Transcranial direct current stimulation (tDCS) in adult stroke

Transcranial direct current stimulation (tDCS) is an electrical form of NIBS that delivers 

direct electrical stimulation to the cortex by using a variety of different conductive electrodes 

(saline-soaked sponge electrodes, ring electrodes with conductive gel, or hydrogels) placed 

directly onto the scalp delivering low levels of electricity (DaSilva et al., 2011; Woods et 

al., 2016). tDCS has become widely used in many neuropsychiatric disorders due to its low 

cost and ease of administration (Bikson et al., 2018; Lefaucheur et al., 2017). tDCS also has 

the potential of being safely used at home which makes it particularly appealing (Bikson et 

al., 2020; Charvet et al., 2015; Dobbs et al., 2018; Kasschau et al., 2016). The main safety 

consideration for tDCS is transient and mild skin irritation (e.g., tingling) (Antal et al., 2017; 

Bikson et al., 2016; Krishnan et al., 2015) and transient erythema (Ezquerro et al., 2017). 

Lasting skin irritation (e.g., burns) is not an expected adverse event of tDCS when standard 

protocols and appropriate equipment is used (Woods et al., 2016). The consensus on the 

safety and tolerability of tDCS has been well demonstrated in subjects with brain injury both 

in adults (Russo et al., 2017) and children (Bikson et al., 2016; Zewdie et al., 2020).

The specific polarity of the tDCS electrodes attached to the scalp (either anode or cathode) 

is an important consideration for outcomes. At a basic level brain excitation is presumed 

to occur under the anode electrode (anodal tDCS) or brain inhibition is presumed to occur 

under the cathode electrode (cathodal tDCS) (Nitsche and Paulus, 2001). However, tDCS 

always requires an anode and cathode, so “anodal tDCS” and “cathodal tDCS” as used in the 

literature, and in this review, reflects statement of hypothesis (Bikson et al., 2019)—namely 

what the brain target is and if its closer to the anode and cathode. In general, anodal tDCS 

is presumed to excite underlying cortex and cathodal tDCS is assumed to inhibit underlying 

cortex. This derives from early clinical neurophysiology (Nitsche and Paulus, 2000) and 

animal studies (Bindman et al., 1964; Giordano et al., 2017; Jackson et al., 2016). However, 

ongoing studies have shown that either polarity of tDCS can produce excitatory or inhibitory 

effects depending on the stimulation dose and what brain processes are probed (Agboada et 

al., 2019; Batsikadze et al., 2013; Bikson et al., 2004).

Despite the above caveats, the directionality of current is an important consideration when 

administering tDCS, as the approaches requires the design of where the anode and cathode 

are placed. Disregarding convolutions (folding) of the cortical surface (Rahman et al., 2017), 

current under the anode enters into the brain, while current under the cathode exits the brain 

(Datta et al., 2008; Faria et al., 2011). This polarizing current can increase (anodal/inward) 

and decrease (cathodal/outward) neuronal excitability (Lafon et al., 2017; Liu et al., 2019; 

Radman et al., 2007). The polarization produced by tDCS is weak (~1mV) and sustained in 

duration to modulate ongoing plasticity (Fritsch et al., 2010; Kronberg et al., 2017; Sun et 

al., 2016). This serves as the mechanistic substrate for tDCS making rehabilitation training 

more effective: as the cellular level tDCS “boosts” the specific neuroplasticity activated by 

training (Kronberg et al., 2020).

Researchers have compared cathodal versus anodal tDCS, and both have been shown 

effective in adult stroke participants (Khedr et al., 2013). Butler and colleagues conducted 

a meta-analysis of anodal tDCS effects on upper limb motor recovery in eight randomized 

placebo-controlled trials (Butler et al., 2013). The results show when comparing participants 
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functional outcome scores pre and post NIBS intervention, anodal tDCS over the affected 

M1 has a small to moderate effect on improving motor function. In one of the studies (Kim 

et al., 2009), 10 subacute stroke participants received either active anodal tDCS or sham over 

the ipsilesional hemisphere for 20min and a motor performance tasks (finger acceleration 

and Box and Block Test (BBT)) of the paretic hand was assessed before, during and 

after stimulation. Participants who received active anodal tDCS had significantly improved 

performance on the motor task and improvements were maintained after stimulation (30min 

for finger acceleration and 60min for BBT) (Kim et al., 2009).

Cathodal tDCS over the contralesional hemisphere has also been investigated in adult stroke. 

One study assessed the effect of cathodal tDCS on motor skill acquisition in 12 participants 

with subcortical stroke. Results demonstrated that two cathodal tDCS sessions (1.0mA 

for 20min) enhanced learning the new motor skill in comparison to sham and that there 

was a significant correlation between tDCS facilitated motor improvement and changes in 

tDCS-induced intracortical inhibition (Zimerman et al., 2012).

Researchers have found that combining tDCS with motor rehabilitation training programs 

promotes improved motor function compared to motor training alone (Chang et al., 

2015; Lefebvre et al., 2013). Furthermore, bihemispheric or dual tDCS has emerged 

which combines the two forms, and may promote even more functional recovery. Dual 

tDCS consists of an anode positioned over the ipsilesional hemisphere and a cathode 

on the contralesional hemisphere. Lindenberg and colleagues investigated the effects dual 

tDCS in combination with physical and occupational therapy on motor function post-

stroke. Participants received either active or sham bihemispheric tDCS (1.5mA, 30min) in 

conjunction with physical/occupational therapy (60min) for five consecutive sessions. The 

active tDCS group had significantly greater upper extremity motor function improvement 

(based on Fugyl-Meyer and Wolf Motor Function Test scores) in comparison to sham 

(Lindenberg et al., 2010). Currently, the majority of the studies investigating tDCS in 

adult stroke involve upper motor function, with only a small number assessing lower limb 

function and gait. Klomjai and colleagues sought to study the effects of a single dual tDCS 

session on lower limb motor function. Participants received active dual tDCS (2mA, 20min) 

before conventional physical therapy treatment. The results demonstrate that dual tDCS 

for a single session prior to physical therapy improved lower limb function but did not 

increase strength performance (Klomjai et al., 2018). Overall, tDCS has shown promise in 

the adult population but more research is needed to investigate the long-term effects of this 

intervention.

2.3 Vagus nerve stimulation (VNS) for adult stroke

Vagus nerve stimulation is a form of cranial nerve stimulation using electrodes either 

implanted on the left cervical bundle of the vagus nerve in the neck (conventional VNS) 

(George et al., 2000) or administered transcutaneously to the auricular branch of the 

vagus nerve that innervates the ears (taVNS) (Badran et al., 2017, 2018a, 2019). VNS 

indirectly activates the central nervous system, via afferent signals transmitted to the brain 

stem, which subsequently activate nucleus tractus solitarius (NTS). The NTS projects to 

the locus coeruleus (LC), another key brainstem structure which is responsible for the 
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production of norepinephrine (NE) in the brain (Berridge and Waterhouse, 2003). This 

vagal-mediated release of NE projects diffusely to many key cortical (motor, sensory, 

prefrontal) and subcortical (thalamus, hippocampus) structures to facilitate neuroplasticity. 

Neuromodulators acetylcholine (Orsetti et al., 1996) and norepinephrine are released during 

taVNS as well as with attentional processing of a motor task to boost neuroplasticity 

(McIntyre et al., 2002). This increase in neuroplasticity facilitates cortical reorganization and 

the repair of aberrant neurological processes post-brain injury.

Animal models have demonstrated that pairing VNS with a motor or sensory experience 

can result in cortical reorganization that can provide beneficial effects in chronic tinnitus, 

stroke and posttraumatic stress disorder by driving specific forms of cortical plasticity 

(Hays et al., 2013). In stroke, researchers sought to determine if VNS paired with physical 

rehabilitation post-stroke would enhance plasticity in the motor cortex. Khodaparast and 

colleagues administered rehabilitative training either with or without VNS to adult rats 

after ischemic stroke. The VNS paired group showed full recovery of a previously learned 

motor task, as well as improved performance compared to rehabilitative training without 

VNS (Khodaparast et al., 2013, 2014). In another study by the same group, rodents 

who received VNS in conjunction with rehabilitation therapy post-stroke, showed greater 

forelimb strength on the isometric forelimb task compared to those with rehabilitation 

alone (Khodaparast et al., 2013, 2014). These results demonstrate that pairing VNS with 

rehabilitation training can restore motor function following brain injury in animals.

These animal model findings are currently being translated into the human stroke 

population, pairing rehabilitation training with a neuroplasticity-enhancing intervention such 

as VNS or taVNS to restore motor function (Baig et al., 2019; Capone et al., 2017; 

Redgrave et al., 2018). Twenty-one adult participants with ischemic stroke were enrolled and 

were randomized to receive cervically implanted VNS paired with rehabilitation therapy or 

rehabilitation therapy alone (without VNS). 0.5s VNS was delivered during movement with 

a current intensity of 0.8mA, frequency 30Hz, 100-μs pulse width. This study demonstrated 

that VNS is safe and feasible in adults with chronic stroke and there were no significant 

differences between groups in regard to upper limb motor function assessments (Dawson et 

al., 2016). Although there were no serious adverse device events in this study, VNS did not 

boost the effects of rehabilitation training and is a surgically form of stimulation making it 

less appealing.

A noninvasive alternative to VNS, taVNS, has been developed and is currently being 

investigated in the adult stroke population. In 2017, Capone and colleagues were the first 

researchers to investigate the safety and feasibility of taVNS in 14 adult participants with 

ischemic or hemorrhagic chronic stroke. Participants were randomized to robot-assisted 

therapy with active or sham taVNS delivered for 10 days. Participants received taVNS 

for 60min with a current intensity below pain threshold (1.1–9.0mA, 30s trains, 20Hz, 

pulse width: 300-μs). This study demonstrated that taVNS is feasible in stroke participants 

and may produce minor clinical improvement in arm motor function when combined with 

robotic assisted therapy (Capone et al., 2017). Another study also assessed taVNS (18, 

60min sessions over 6 weeks) in conjunction with upper limb repetitive task practice in 

13 adult stroke participants and concluded that taVNS is feasible and well tolerated with 
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motor improvements, justifying a phase 2 clinical trial (Redgrave et al., 2018). taVNS is a 

promising, emerging facilitator of neuroplasticity and novel application of NIBS in stroke.

3 NIBS applications in pediatrics

NIBS has demonstrated early efficacy in the adult stroke population, but it is still 

novel in the field of pediatrics. Translation of stimulation techniques to a pediatric 

population may provide life-long benefits to this vulnerable group who otherwise have 

limited treatment options. Two specific rehabilitation protocols, pediatric Constraint-Induced 

Movement Therapy (P-CIMT) and Hand Arm Bimanual Intensive Therapy (HABIT), have 

demonstrated clinically meaningful and sustained benefits across multiple investigations 

with high levels of scientific evidence for children with CP (DeLuca et al., 2017; Gordon 

et al., 2011; Novak et al., 2013; Ramey et al., 2013) and emerging evidence in infants 

(PMID: 29175749). While protocols vary, the most efficacious forms of both P-CIMT and 

HABIT are usually reported at dosage levels involving between 60 and 120 treatment hours. 

These high-dosage therapy hours are then provided within a condensed time period, usually 

4 weeks or less. There is substantial evidence that intensive therapeutic bursts (e.g., many 

hours each day on multiple consecutive days across multiple weeks) (Gordon et al., 2011; 

Ramey et al., 2013) create optimal opportunity for the development of increased motor and 

functional skills in children with hemiparesis (Novak et al., 2013). However, these intensive 

therapy models are difficult to implement in today’s rehabilitation environment since the 

families and children must participate in hours of intensive therapy daily over several weeks 

and the interventions are costly. These types of intensive therapies may interrupt normal 

family routines due to parents having other responsibilities during the day and may impact 

families financially.

Early brain injury, such as that incurred by a brain bleed in utero, may lead to the 

development of cerebral palsy (CP) which is characterized by a reduction in subcortical 

activity leading to diminished corticospinal and somatosensory circuit activity (Kurz and 

Wilson, 2011; Rose et al., 2011). Reductions in motor cortex excitability in children cause 

a variety of impairments in motor development and organization (Pitcher et al., 2012), and 

depending on the location of the brain lesion, different motor skills may be impacted causing 

life-long disability. Changes in muscle tone, increased spasticity, compromised gait, poor 

balance responses, altered tactile, proprioceptive and kinesthetic awareness are among the 

most common motor deficits in children with CP (Kurz and Wilson, 2011; Rosenbaum et al., 

2007). Currently, the treatment options for CP are limited with the main forms of therapy for 

being intensive physical rehabilitation in the form of pediatric CIMT and bimanual therapy 

such as HABIT (Deluca et al., 2017; Gordon et al., 2011; Novak et al., 2013; Ramey et al., 

2013).

While this is no cure for CP, emerging evidence indicates that brain stimulation could 

potentially help minimize motor impairments in children with CP by promoting the 

activation of the primary motor cortex (Dinomais et al., 2013) leading to positive effects 

on both immediate and long-term motor function. There is a higher propensity for 

neuroplasticity in the developing brain (Cioni et al., 2011; Hadders-Algra, 2001; MÜller 

et al., 1997) allowing for NIBS to accelerate rehabilitation in children. However, there is 
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limited literature on administering NIBS in the developing brain (Davis, 2014; Gillick et al., 

2014; Kowalski et al., 2019; Nemanich et al., 2019) and modulating cortical excitability in 

pediatric participants may require stimulation protocols that are distinct from adult protocols 

(Froemke, 2015; Gillick et al., 2014; Hameed et al., 2017; Kowalski et al., 2019; Nemanich 

et al., 2019; Takesian and Hensch, 2013).

Safety is paramount in using NIBS in pediatric populations. Prior research has indicated 

that NIBS modalities are generally safe and well tolerated in the pediatric population with 

minimal side effects. Elbanna and colleagues reviewed 14 RCTs using NIBS (10 tDCS, 

4 rTMS) in pediatrics and report no cases where participants stopped stimulation sessions 

due to adverse events in 306 children (Elbanna et al., 2019). Furthermore, there were no 

participants with hemiparesis who had deterioration on the less-affected extremities after 

receiving NIBS therapy.

This portion of the chapter will discuss the safety, feasibility and potential efficacy of using 

NIBS to treat motor dysfunction following early pediatric brain injury, specifically children 

with CP. NIBS is a rapidly evolving field and currently TMS and tDCS are most actively 

being studied in children with brain injury. The majority of NIBS applications in pediatrics 

utilize neuromodulation to improve functional deficits resultant from such pediatric brain 

injury—such as upper and lower limb function, spasticity, gait and balance. Often NIBS is 

applied in conjunction with rehabilitative therapy such as P-CIMT, virtual reality mobility 

training and treadmill training. These NIBS-augmented therapies vary in length, ranging 

from a single treatment session up to 10 treatment session. Sessions last approximately 

20min and utilize either TMS, tDCS, or VNS.

Table 1 highlights NIBS studies in early pediatric brain injury over the past decade.

3.1 TMS safety and clinical utility in pediatrics

For TMS interventions, researchers have demonstrated safety and good tolerability in 

children, and the associated risks are minimal (Garvey and Gilbert, 2004; Gilbert et 

al., 2004; Krishnan et al., 2015; Quintana, 2005) (Rajapakse and Kirton, 2013). In a 

study of repetitive TMS (rTMS) in children with arterial ischemic stroke (AIS), two 

participants reported mild headaches that were self-resolving, one participant reported mild 

nausea and neck stiffness, and two participants experience neurocardiogenic syncope. The 

participants mean tolerability scores did not differ between sham and rTMS (Kirton et 

al., 2008a). Hearing impairment resulting from TMS has also been a concern for the 

pediatric population, but researchers studied auditory effects in children ages 2 months 

to 16 years of age before and after TMS with no hearing protection and did not find 

any abnormalities (Miguel Angel et al., 2001). Neurocardiogenic syncope has also been 

identified as a preventable adverse event from rTMS, and strategies to mitigate this effect 

include screening for predisposition to neurocardiogenic syncope, implementing precautions 

for hydration, food intake and blood pressure, and disclosing the risk of neurocardiogenic 

syncope during the consent process (Kirton et al., 2008b).

Gillick and colleagues also assessed the safety and feasibility of primed rTMS and 

Modified Constraint-Induced Movement Therapy (mCIMT) in participants with congenital 
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hemiparesis. The stimulation was well tolerated and there was no worsening of motor 

function. Minor adverse events reported included headaches and cast irritation (Gillick et 

al., 2015). As far as TMS dosage for pediatric participants, it has been found that children, 

especially those under age 6, have higher motor thresholds compared to adolescents and 

adults (Garvey and Gilbert, 2004). rTMS parameters in the pediatric stroke population 

have ranged from 1 to 6Hz, 90–100% motor threshold for 5–20min (Table 1). In addition, 

noninvasive neuromodulation has been used on infants successfully and safely in recent 

studies. Reseachers have demonstrated that single-pulse TMS is safe and feasible in infants 

between ages 3–12months (Kowalski et al., 2019; Nemanich et al., 2019). No adverse events 

were reported during stimulation and all sessions were well tolerated. Furthermore, in a 

recent review on the use of noninvasive neuromodulation in improving motor skills for 

perinatal stroke, the authors recommended using a combination of manual therapy with 

neurostimulation in early infancy in order to implement this intervention during a critical 

period of development (Hilderley et al., 2019).

The ability of rTMS to modulate neural networks in the adult stroke population to promote 

motor function (Jin et al., 2002; Mansur et al., 2005; Takeuchi et al., 2005), are now being 

translated into a pediatric population. In one of the earliest rTMS studies in pediatrics, 

Valle studied low and high-frequency rTMS in a randomized, double-blind, sham-controlled, 

parallel design clinical trial in 17 children ages 5–18 with CP. For the active rTMS groups, 

stimulation was delivered in five 1-min trains at 1 or 5Hz with an intensity of 90% of 

the motor threshold for 5 consecutive days. The results demonstrate that there was a 

significant reduction of spasticity after 5Hz rTMS only, as measured by the degree of 

passive movement, but not by the Ashworth scale, although a trend for improvement was 

seen for elbow movement which was not seen with 1Hz rTMS or in sham rTMS (Valle et al., 

2007). In a subsequent randomized clinical trial, Kirton and colleagues investigated the use 

of low-frequency rTMS (LF-rTMS) in children and adolescents ages 8–20 with subcortical 

arterial ischemic stroke (AIS) and hemiparesis. rTMS was applied at 1Hz with an intensity 

of 100% motor threshold for 20min per daily session over the contralesional primary motor 

cortex for 8 days. This study included 10 children and demonstrated safety and feasibility 

of rTMS in children with AIS, and suggested functional improvements (Kirton et al., 

2008a). The rTMS group demonstrated improved grip strength (persisting to day 17) and 

Melbourne assessment scores (not persisting at day 17) in comparison to sham. Though 

preliminary, hand function appeared to have improved after rTMS intervention (Kirton et al., 

2008a). Later, Gillick and colleagues reported significant improvements in hand function in 

a randomized controlled combined rTMS/CIMT study using LF-rTMS to the contralesional 

hemisphere in 19 children with perinatal stroke and resultant hemiparetic CP (Gillick et al., 

2015).

In 2016, Kirton studied LF-rTMS in children ages 6–19 with hemiparesis due to MRI-

confirmed perinatal stroke. The 45 children were randomized to daily rTMS, CIMT, both, 

or neither in a 2-week goal-directed, peer-supported motor learning camp. The rTMS group 

received 1Hz with an intensity of 90% motor threshold 20min daily for 2 weeks. The results 

demonstrate that children who received rTMS, CIMT or the combination of the two had 

twice the chance of significant clinical improvement, with children receiving both having 

the most gains on the Assisting Hand Assessment at 6 months. This study provides Class 
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II evidence that rTMS and CIMT in combination promote therapy-induced functional motor 

gains in children with hemiparesis (Kirton et al., 2016). In summary, rTMS has been proven 

to be safe and well tolerated, with some hints of efficacy in the pediatric population, but 

more large-scale clinical trials are needed.

3.2 tDCS safety and clinical utility in pediatrics

tDCS is a safe and approachable form of NIBS for the pediatric population due to its 

simple and portable administration (Bikson et al., 2016) (Palm et al., 2016). However, 

infants and children have smaller skull thickness and corticospinal fluid volume, which 

needs to be taken into account when calculating optimized dosage (Beauchamp et al., 2011; 

Brain Development Cooperative Group, 2012). Early trials in children used an intensity 

comparable to adults, with no safety concerns reported. However, subsequent work using 

computational models based on anatomical MRI that incorporate subject-specific anatomy 

indicate that on average the current density in children brain is higher than average adults. 

This in turn suggests applying lower current in children (~1mA) may produce similar 

voltage changes in the cortex as an adult receiving a dose of 2mA (Kessler et al., 2013; 

Minhas et al., 2012). For example, one study used computer modeling to assess the induced 

electric field (e-field) of 0.7mA tDCS in the cortex of a 10-year old stroke participant. To 

induce a similar e-field in an adult would require 43% more current, or 1.0mA (Gillick et al., 

2014).

This variance in dosimetry is consistent with neurophysiological studies in children. 

In adults, increasing cathodal intensity from −1 to −2mA, changes the resulting 

neuromodulation from inhibitory to excitatory. In children, this reversal happened from 

−0.5 to −1mA cathodal (Moliadze et al., 2015), which is precisely consistent with the same 

current producing more brain current density in children (Kessler et al., 2013). This biphasic 

response was not evident in anodal tDCS, where 0.5mA was not sufficient to produce the 

expected increase in MEP. 1.0mA current for anodal tDCS remains consistent with the adult 

tDCS parameters (Moliadze et al., 2015). Generally, this reinforces the value of considering 

tDCS dosing specifically for children.

Researchers have studied the use of both cathodal (inhibitory) and anodal (excitatory) in 

children with acquired brain injury, specifically children with resultant CP (Fleming et al., 

2018). In 2018, Fleming and colleagues reviewed studies investigating the use of tDCS in 

children and adolescents with CP, and found that studies involving anodal tDCS in regard 

to lower limb function are promising, but upper limb function studies have mixed results 

(Fleming et al., 2018). Grecco and colleagues investigated the effect of a single 20min 

session of anodal tDCS (1mA) on lower limb function (Grecco et al., 2014). In the active 

group, tDCS was applied over the dominant hemisphere in children ages 6–10years old 

with hemiparetic or diparetic CP and researchers assessed the effects on balance and gait. 

Significant reductions in sway were found in the active tDCS group compared to sham; 

increases in gait velocity were also found but were not maintained for more than 20min 

after the end of stimulation (Grecco et al., 2014). Lazzari et al. (2015) also investigated the 

effects of a single session (20min) of anodal tDCS (1mA) in conjunction with virtual reality 

mobility training in children with CP. The outcomes of this study were not as encouraging, 
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with an increase in sway velocity being found in the active tDCS group which could 

possibility be due to fatigue causing a deterioration in balance (Fleming et al., 2018; Lazzari 

et al., 2015).

Combining tDCS with motor training has also emerged as a pediatric therapy approach. 

Three studies assessed the effect of multiple tDCS sessions combined with either treadmill 

training or virtual reality training on lower limb function in children with CP (Collange 

Grecco et al., 2015; Duarte et al., 2014; Lazzari et al., 2017). Results demonstrate through 

within-group comparisons by Fleming’s 2018 review that participants in the active tDCS 

had improvements in balance based on the Pediatric Balance Scale (PBS) and Pediatric 

Evaluation Disability Inventory (PEDI-subjective measure) (Fleming et al., 2018). In 

addition, at the 1 month follow-up the active tDCS group had improvements in the PBS 

and lower sway based on between-group comparisons (Fleming et al., 2018). Furthermore, 

Collange Grecco’s studied explored motor evoked potential (MEP) induced by TMS and 

reported an increase in amplitude after 10 days of anodal tDCS (Collange Grecco et al., 

2015).

Moura and colleagues investigated the effects of a single 20min anodal tDCS session (1mA) 

over the primary motor cortex of the hemisphere ipsilateral to the brain lesion in conjunction 

with functional training of the paretic upper limb. Results demonstrate reductions in total 

movement duration and returning movement duration during reaching in both paretic and 

non-paretic limbs in the active tDCS group only (Moura et al., 2017). Aree-Uea assessed 

the effect of anodal tDCS over the left primary motor cortex on spasticity in children aged 

8–18years old with Spastic CP. Children also received routine physical therapy in both the 

active tDCS and sham group. tDCS was delivered at 1mA for 5 consecutive days and the 

results demonstrate that tDCS appeared to reduce CP-related spasticity in the short term in 

the shoulder, elbow, wrist and fingers (Aree-Uea et al., 2014).

Cathodal tDCS has also been investigated in two randomized controlled trials in 

combination with motor learning therapy and CIMT in children with CP. In one study, 

Gillick and colleagues applied cathodal tDCS (0.7mA) for 20min over the contralesional M1 

in combination with CIMT for 10 sessions. Both active and sham groups improved in the 

Assisting Hand Assessment (AHA) with no significant effect of tDCS (Gillick et al., 2018). 

However, uniquely those children with retained crossed-corticospinal tract excitability or 

‘contralateral circuitry’ performed better than those without “ipsilateral circuitry” (Gillick 

et al., 2018). The improvements were demonstrated independent of stimulation condition. 

Another study by Kirton and colleagues also investigated the effect of 10 sessions of 

cathodal tDCS over contralesional M1 in combination with motor learning therapy (Kirton 

et al., 2016). The results of this study found that children improved on the subjective self-

report measure (Canadian Occupational Performance Measure) for the active tDCS group, 

but no significant effects on objective motor function were found (Kirton et al., 2017). These 

results of cathodal tDCS studies may reflect a dosage issue as discussed in previous section.

In summary, anodal tDCS appears to improve spasticity in children with CP, and researchers 

need to investigate tDCS effects on motor function further because the current data does not 

indicate definite improvements from tDCS.
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3.3 taVNS safety and clinical unitility in pediatrics

Recently transcutaneous auricular vagus nerve stimulation (taVNS) has shown promise as 

a safe form of NIBS with limited data on taVNS in infants. taVNS was tested in over 600 

sessions in 31 different babies for feeding dysfunction with no serious adverse events due to 

stimulation (Badran et al., 2020). Auricular neurostimulation is also being tested in neonates 

with opioid withdrawal. Adverse events are minimal, and transient skin redness has not been 

observed. Rapid decrease in heart rate accompanies the onset of stimulation with equally 

rapid rebound (Badran et al., 2018b). In addition, discomfort levels are monitored pre and 

post stimulation using the Neonatal Infant Pain Scale (NIPS) and were not significantly 

increased with stimulation.

Given its novelty, taVNS has the least amount of evidence in pediatrics, however it is 

rapidly being explored in newborn infants using the targeted-plasticity paradigm which 

pairs stimulation with motor rehabilitation to improve motor function. Researchers at the 

Medical University of South Carolina have begun investigating whether taVNS may help 

improve bottle suck behavior in newborns slated to receive a gastrostomy tube. Aree-Uea et 

al. (2014) and Jenkins paired taVNS with bottle feeding in 14 premature infants and term 

infants suffering from HIE with feeding dysfunction. taVNS-paired feeding was delivered 

for 30min per day for 2 weeks (frequency: 25Hz, pulse width: 500μs, current intensity: 

0.1mA below perceptual threshold) in combination with bottle feeding rehabilitation 

(Badran et al., 2020). Eight out of the 14 infants enrolled in this study attained full oral 

feed volumes and were discharged from the hospital without a gastrostomy tube (Badran 

et al., 2020). These findings reveal preliminary evidence suggests that taVNS has positive 

benefits on improving motor coordination with feeding, as well as demonstrates safety and 

feasibility in utilizing taVNS in this population.

4 Practical considerations of NIBS in pediatrics

There is limited but growing data supporting the use of NIBS in pediatrics across ages, with 

methods that need further optimization and refinement. Furthermore, the majority of the 

studies utilized NIBS to treat motor and sensory impairments in children with cerebral palsy 

(CP). Further work is indicated before these methods can be fully translated to children and 

infants. Differences in size, connectivity, maturity, and organization of the developing brain 

must be taken into account when developing NIBS for pediatrics.

These differences also raise some practical considerations when applying NIBS in a 

pediatric population. Regarding TMS, researchers have expressed concerns about using an 

adult size head coil in children due to their smaller head circumference. This may only 

be important for children under 6 years of age though because after that brain volume 

remains similar (Rajapakse and Kirton, 2013). The magnetic field induced by the adult 

figure-8 coils is approximately the size of a silver dollar, and this field may be too 

broad when administering TMS in pediatrics. This may cause off-target effects in nearby 

cortical structures. In addition, TMS dosage needs to be established as discussed previously. 

Currently adults receive a titration of stimulation intensity as a scalar multiplier of motor 

threshold. This dosing titration is yet to be optimized for the pediatric population.
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Stimulation systems for tDCS are generally inexpensive and offer flexibility in treatment, as 

they may be used at home, which is particularly appealing in pediatrics.

taVNS involves electrical stimulation of the ear, which in pediatrics is a small anatomical 

target that requires custom ear electrodes fabricated for this application. Electrodes often are 

less than 5mm in diameter and require considerations for adhesion and fit that make this 

technique particularly difficult to administer in untrained individuals. Ensuring electrodes 

maintain proper contact with the ear throughout treatment is also a monitoring consideration 

as it is difficult to maintain positioning in the newborn population that is moving or irritated. 

The electrode-skin interface in this population may also pose irritation risk that should be 

actively monitored.

As with any medical procedure, all NIBS administration in pediatrics require the proper 

training and clinical team to supervise and ensure safety of all participants. In-person hands-

on courses for NIBS training are offered at several major academic institutions throughout 

the United States. With proper training and equipment, TMS, tDCS and taVNS have very 

promising therapeutic potential and practicality for infants and children with acquired brain 

injury. Ultimately larger scale multi-site trials are needed to further warrant the use of NIBS 

in pediatric populations.

5 Conclusions and future directions

As demonstrated in this chapter and in the studies listed in Table 1, NIBS appear to be safe 

and feasible in children who have incurred early injury to the brain with resultant motor 

impairments such as those with CP. Furthermore, NIBS may improve functional disabilities, 

modulate motor cortical excitability, and improve quality of life in these patients. The 

current research has demonstrated that NIBS in combination with other rehabilitative 

interventions is likely more effective than either alone in adults. There is clear need 

for large-scale longitudinal clinical trials investigating the use of NIBS in the pediatric 

population. In conclusion, NIBS appears to be effective and could become a promising 

future treatment option for infants and children with brain injury in the future.
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FIG. 1. 
Noninvasive brain stimulation (NIBS) techniques and their varying activation targets. TMS 

and tDCS (top-down) act directly on cortical tissue, and VNS (bottom-up) activates the 

vagus nerve (cervical or auricular) and its effects are projected to the brain stem.
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