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Abstract

We investigated the safety, feasibility, and efficacy of transcranial direct current stimulation 

(tDCS) combined with constraint-induced movement therapy (CIMT) in children and young adults 

with unilateral cerebral palsy. Twenty participants were randomized to receive active or sham 

tDCS. The intervention consisted of 10 consecutive weekday sessions of tDCS applied to the non-

lesioned hemisphere (20 minutes) concurrently with CIMT (120 minutes). Participants, caregivers, 

and interventionists were blinded to group assignment. The primary safety outcome investigated 

adverse events. The primary behavioral outcome was the Assisting Hand Assessment. All 20 

participants (mean age = 12.7 yrs, range = 7.4-21.6 years) were evaluated for the primary 

outcomes. No serious adverse events occurred, and the most commonly reported minor adverse 

events were headache and itchiness. Both groups demonstrated a significant improvement in hand 
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function after the intervention, although no significant effect of tDCS was observed (between-

group difference = -2.18, 95% CI= [-6.48, 2.12], p = 0.30). Although hand function improved 

overall, no significant differences between intervention groups were found. Children with 

preserved corticospinal tract circuitry from the lesioned hemisphere, compared to those without, 

showed greater improvement in hand function (mean difference = 3.04, 95% CI = [-0.64, 6.72], p 

= 0.099). Our study demonstrates the safety and feasibility of serial sessions of tDCS, and presents 

preliminary evidence for the effect of CST circuitry on outcomes following tDCS/CIMT. Future 

work in children with unilateral cerebral palsy should focus on the optimal dosing and consider 

individual brain circuitry when describing response to combined interventions.

Clinical Trials Registration—Clinicaltrials.gov NCT 02250092

Keywords

Unilateral cerebral palsy; rehabilitation; Transcranial direct current stimulation; Constraint-
induced movement therapy

1. Introduction

Children with unilateral cerebral palsy (UCP) attributed to perinatal stroke or periventricular 

leukomalacia (PVL) present clinically with hemiparesis, influencing the child's 

independence in daily life and necessitating rehabilitation to maximize outcomes. Although 

current rehabilitation interventions can promote recovery, the child's ability to engage and 

participate in desired activities and roles are impacted throughout their lifetime. Combining 

interventions such as non-invasive brain stimulation (NIBS) paired with rehabilitation in 

adult stroke may yield a greater impact on motor skill development as compared to 

rehabilitation alone. This provides preliminary evidence to support clinical investigations in 

children with UCP.1-3

In order to investigate the potential for adult stroke protocols to benefit children with stroke, 

we reported one of the first combined NIBS and rehabilitation studies in children with UCP.4 

This study established the framework for safety, feasibility and efficacy of pediatric 

neuromodulation studies, and a platform upon which future investigations involving brain 

excitability assessment and neuromodulation could build. One form of neuromodulation is 

transcranial direct current stimulation (tDCS), which delivers low-level current to modulate 

brain excitability and can be readily paired with intensive rehabilitation such as constraint-

induced movement therapy (CIMT).5, 6 The intended mechanism of cathodal tDCS applied 

to the non-lesioned hemisphere paired with CIMT aims to facilitate excitability of the 

lesioned hemisphere and inhibit the exaggerated IHI effects from the non-lesioned 

hemisphere.7 Based on prior synergistic application of tDCS in adults1, 8, we hypothesized 

that tDCS combined concurrently with CIMT would result in greater and longer-lasting 

improvement in hand function. To pursue application of tDCS in children with UCP, we 

performed a series of methodological studies, including: 1) a modeling study determining 

current density, electric field, tDCS electrode montage and dosing,9 2) a single-session 

safety randomized controlled trial of the modeled tDCS dosage,10 and 3) a comparison tDCS 

methods for electrode location.11 These studies provided preliminary safety evidence to 

commence a clinical trial of combinatory serial sessions of tDCS+CIMT.
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The optimal construct of a combinatory tDCS+CIMT intervention for stroke rehabilitation is 

not known in adults nor children. One potential factor to consider is the impact of underlying 

brain circuitry, such as the integrity of the corticospinal tracts (CST), on response to 

behavioral and neuromodulatory interventions.12-14 Evidence suggests that children with 

retained CST projections from the lesioned hemisphere show greater improvements in hand 

function and greater changes in cortical excitability following CIMT compared to those 

without contralateral projections.15, 16 Examining results by individual circuitry could lead 

to future analysis of optimal responders to combined interventions, directly contributing to 

more precise, economic and effective healthcare in the future.

Since the onset of this work, others have explored the effects of combining tDCS and motor 

training in children with UCP, with potentially positive findings17-19. However, these studies 

do not report detailed safety outcomes and are potentially confounded by heterogeneous 

sample of children with unknown CST circuitry. Concerns regarding the safety of NIBS on a 

developing brain warrant further investigation in studies consisting of serial NIBS 

assessments and interventions.20 These concerns for children with and without clinical 

conditions stem from differences in the tDCS peak current density of the electrical field 

between a child and adult brain4, 21 and unknown long-term effects of neuromodulation in 

the pediatric population. Detailed reporting of safety outcomes would provide evidence to 

guide future applications with at-risk clinical populations. Therefore, our aim was to assess 

the safety, feasibility and preliminary efficacy of a combined tDCS+CIMT intervention on 

hand function in children with UCP. Based on prior synergistic applications of tDCS in 

adults1, 8, we hypothesized that tDCS combined concurrently with CIMT would result in the 

greater and longer-lasting improvement in hand function. Following the intervention, 

additional analyses explored the relation of CST circuitry to motor outcomes.

2. Material and Method

2.1 Study Design and Setting

This was a randomized, blinded, sham-controlled trial performed at an academic setting at 

the University of Minnesota (Minneapolis, Minnesota, USA) and a hospital setting at 

Gillette Children's Specialty Healthcare (St. Paul, Minnesota, USA). Both national and local 

(Institutional Review Board) regulatory approvals were obtained, including approval from 

the Food and Drug Administration to secure a pre-approval for an investigational device 

exemption, for this study.

Participants (children and young adults with UCP) were tested within two weeks prior to 

intervention (Pre-test), within one week after the intervention (Post-test) and again six 

months after the intervention (six-month follow-up). During the period from Post-test to six-

month follow-up, children had no restrictions from any activity or individual therapies.

2.2 Participants

Of 141 interested families and participants, twenty children with UCP (14% of interested 

families) due to perinatal stroke or PVL met the eligibility criteria, enrolled, and participated 

in the study (Figure 1). Baseline characteristics are shown in Table 1. The sample was 50% 
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male, with a mean age of years 12 years, 9 months (median age 11 years, 3 months; SD = 4 

years, 2 months; range = 7 years, 5 months – 21 years, 7 months). The criteria for inclusion 

and exclusion are described in an earlier protocol publication.22 In brief, we included 

participants, between 7-21 year of age, with a radiologically-confirmed diagnosis of 

hemispheric stroke or PVL and without seizure within the two years prior to study 

participation. Children with bilateral and asymmetric PVL (n=1) were included if they had a 

clinical presentation of UCP. After meeting diagnostic criteria, participants were 

subsequently included if a motor evoked potential (MEP) from the less-affected hand was 

elicited while transcranial magnetic stimulation (TMS) testing of the non-lesioned 

hemisphere. Children with other neurological diagnoses, recent treatments with injections 

for spasticity management, or contraindications for magnetic resonance imaging (MRI) or 

NIBS procedures were excluded. All participants ages 7-17 provided written informed 

assent with accompanying legal guardian written consent. Participants ages 18 and older 

provided written consent.

2.3 Intervention

Participants completed ten tDCS (1×1 LTE, Soterix Medical, New York, NY) sessions 

consisting of 20 minutes of combined stimulation and CIMT, followed by 100 minutes of 

CIMT alone in small groups (up to three children). TDCS electrodes were configured with 

the cathode positioned on the non-lesioned hemisphere primary motor cortex (M1) as 

identified by the TMS motor hotspot and the anode on the contralateral supraorbital 

prominence (SO). As cathodal tDCS may decrease cortical excitability, our study design 

included a M1-SO tDCS montage to rebalance the hypothesized exaggerated 

interhemispheric inhibition upon the lesioned hemisphere, as reported in adults with stroke.
23 Children in the active tDCS group (Active+CIMT), received 0.7 mA for 20 minutes, 

which was gradually introduced during a 30-second ramp-up phase and extinguished during 

a 30-second ramp-down phase. The procedures were identical for participants in the sham 

tDCS group (Sham+CIMT), however the tDCS device was set to a built-in sham setting, 

which simulated the ramp-up and ramp-down phases of stimulation. CIMT was structured 

with the less-affected arm placed in a sling during each two-hour intervention session. 

Therapy was administered to each participant by a trained interventionist engaging the child 

in shaping activities for function and motor skill development. Additionally, all participants 

were instructed on a daily home program.

2.4 Safety and Medical Assessment

2.4.1 Questionnaires—Participants were asked systematic questions before and after all 

brain stimulation sessions (TMS testing and tDCS intervention) related to potential minor 

adverse event (MAE), which was our primary safety outcome. 24, 25 (Gillick et al. 2017, 

Front Pediatr, In Review) The child was asked to report if a symptom was present (e.g. 

tingling, itchiness, headache, etc.) and then rate the “severity” of the symptom. The relation 

of the symptom to the intervention was determined by the investigator.

2.4.2 Child and Caregiver Feedback—In addition to the symptom-specific 

questionnaire, the child and their caregiver were asked an open-ended question regarding 

well-being. Following the brain stimulation session, at least three check-in phone calls were 
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made during the study timeframe to identify any persistent symptoms and seek caregiver 

input as to how the child was tolerating the study experience.

2.4.3 Physician Evaluations—Physician evaluations were conducted with a caregiver 

present at all testing time points and following the 5th tDCS session. Evaluations consisted 

of the Modified Pediatric Stroke Outcome Measure-Short neuro Exam (PSOM-SNE) to 

monitor medical stability during participation.26

2.4.4 Vital Sign Assessment—Blood pressure and heart rate were monitored daily for 

each child using an automatic blood pressure machine with an appropriately sized cuff for 

each participant. The same equipment was used for the pre/post measurements. All children 

were encouraged to drink 8-12 ounces of water prior to daily participation.

2.4.5 Grip Strength—Grip strength was measured in both hands. As the cathodal tDCS 

intervention was targeting down-regulation of the non-lesioned hemisphere, the potential 

exists that the less-affected hand could have a decrease in function such as grip strength. 

Grip strength was measured with a handheld dynamometer. Three trials per hand were 

recorded at all testing points and additionally on the fifth day of the intervention (Day 5) as 

an interim safety assessment.

2.6 Behavioral Outcomes

The primary behavioral outcome was the Assisting Hand Assessment (AHA), a measure of 

two-handed, or bimanual, function in a novel play or functional task for children with UCP.
27 The secondary outcome measures was the assessment of performance and satisfaction in 

goals using the Canadian Occupational Performance Measure (COPM) with recent evidence 

suggesting children can identify and rate progress towards goals in clinical trials.28, 29

2.7 TMS and circuitry assessment

Methods for TMS testing are described in a previous publication.11 Briefly, 

electromyography (EMG) activity from the first dorsal interosseous (FDI) muscles was 

recorded bilaterally. EMG signals were band-pass filtered (15-2000Hz) and digitized. All 

data were collected and stored using a custom data acquisition program written with 

LabVIEW (V2012, National Instruments, Austin, TX) on a laptop computer which was also 

used to monitor real-time EMG activity. TMS pulses were delivered to each hemisphere 

using a 70-mm figure of eight coil connected to the Bistim2 and 2002 stimulator set 

(MagStim Inc., Dyfed, UK). Individual reconstructions of head and brain tissue were created 

from T1-anatomical images and used in a frameless stereotactic neuronavigation system 

(Brainsight, Rogue Research Inc., Montreal, Quebec, Canada) to ensure accurate coil 

location and position on the scalp. First, we confirmed presence of a non-lesioned 

hemisphere MEP to guide tDCS electrode placement. We characterized CST circuitry by 

lesioned hemisphere assessment. We stratified our sample by presence (contralateral 

circuitry) or absence (ipsilateral circuitry) of MEPs from TMS testing of the lesioned 

hemisphere.
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2.8 Statistical and Power Analysis

Power was calculated through an a priori analysis for the primary outcome (AHA) using an 

estimated scaled score difference between the Pre-test and Post-test measurements.22 Power 

was computed using a formula for normally distributed statistics with 10 participants per 

intervention group across a range of values for the correlation between Pre-test and Post-test 

measurements and Type I error equal to 0.05. In a previous study using the AHA as the 

primary outcome measure, a treatment effect of 5.4 AHA units was found and was 

considered a clinically meaningful change for this tDCS exploratory study.4 Using a 

conservative standard deviation (7.1 units) and correlation between Pre-test and Post-test 

AHA (0.8) based on our previous work, this study was designed with 80% power to detect 

the difference of 5.4 AHA units between Active+CIMT and Sham+CIMT groups.

Using a random number generator and envelopes sealed by the study biostatistician, each 

participant was randomized to the Active or the Sham tDCS group. Randomization was 

blocked and stratified by presence or absence of a lesioned hemisphere MEP with randomly 

permuted blocks of two and four. Participants, caregivers, and investigators, with the 

exception of the Principal Investigator, were blinded to group assignment. Specifically, 

blinded investigators conducted all assessments and interventions, with the principal 

investigator (PI- BTG) blinded to the behavioral outcome assessment (e.g. AHA, COPM). 

As was IRB-required, the PI provided supervision during neuromodulation sessions (TMS 

and tDCS)..

The Fisher's Exact test was used for comparing proportions of children reporting MAEs 

between groups and a relative risk was calculated, with exact unconditional 95% confidence 

intervals using the score statistic. Within-group analyses of behavioral outcomes comparing 

Pre-test to Post-test and Pre-test to six-month follow-up were performed with paired t-tests. 

Between-group analysis of outcomes compared mean changes from Pre-test to each time 

point between intervention groups and was adjusted for baseline differences for added 

precision. The t-distribution with corresponding model degrees of freedom was used for 

confidence intervals and P-values. Analyses to examine treatment effects within the pre-

specified CST circuitry (contralateral or ipsilateral) subgroups were conducted similarly. P-

values less than 0.05 were considered statistically significant. Given the preliminary nature 

of this study, we did not correct for multiple comparisons. All statistics were computed 

using SPSS v21 (IBM, Armonk, NY) and R.30

3. Results

Recruitment began December 2014, and the study was conducted between April 2015 and 

December 2016. All 20 participants were assessed for the primary outcome measures.

3.1 Safety Outcomes

A total of 60 TMS testing sessions were completed (100% participation) across all 20 

children and time points. During TMS testing, 11 children reported MAE during TMS 

testing sessions. The proportion of the group with MAE reports included nausea (1/20), 
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tactile symptoms at the site of stimulation (1/20), headache (1/20), dizziness (3/20), and 

sleepiness (7/20) with sleepiness as the most common.

A total of 199 of 200 tDCS/CIMT sessions (99.5%) were completed across 20 children as 

one child missed one combined intervention session due to a medical appointment. During 

tDCS intervention, children in both the real and sham tDCS groups reported MAE. The most 

common reported MAEs were headache (5/20 children), tingling (4/20 children) and 

itchiness (4/20 children) (Table 2). Although there was a greater risk of headache in the 

Active+CIMT group as evidenced by the relative risk of 4.0, there were no significant 

differences in the proportion of participants reporting MAEs between groups for any 

symptom. A minority of participants in both groups reported symptoms. Mild erythema 

occurred at the site of the anode placed on the SO prominence during one session in two 

children. All reported and observed symptoms resolved within the 20-minute session.

3.2 Behavioral Outcomes

The mean and standard deviation of AHA scores at Pre-Test, Post-Test and Follow-up were 

52.4 AHA units ± 12.6, 60.4 ± 13.5, and 60.0 AHA units ± 14.0 in the Sham+CIMT group 

and 64.8 AHA units ± 7.10, 71.2 ± 8.56, and 70.3 AHA units ± 7.69 in the Active+CIMT 

group. Within-and between-group changes in behavioral outcomes are summarized in Table 

3. The AHA score at Pre-test, Post-test, and six-month follow-up is shown in Figure 2A, 

plotted in 0-100 AHA logit units. Both groups demonstrated a significant increase in AHA 

score following the intervention (p < 0.001). A significant increase in AHA from Pre-test to 

six-month follow-up was also noted (both groups, p < 0.001). No significant difference was 

observed in AHA score change between groups at Post-test (p = 0.30) or at six-month 

follow-up (p = 0.31). While no minimal clinically important difference has been established 

for the AHA, the smallest detectable difference for this measure is five 0-100 logit-based 

AHA units.27, 31 All ten participants in the Sham+CIMT group and seven of ten participants 

in the Active+CIMT group met or exceeded this amount. While there is a potential for a 

ceiling effect, the highest Pre-test AHA score was 80 AHA units out of a maximum 100 

AHA units. This participant's Post-test AHA score was 90, which was still 10 units from the 

maximum AHA score, suggesting that a ceiling effect was not present in our sample.

Similar patterns of change were noted in the COPM. Both groups showed significant 

increases in COPM Performance at Post-test (both groups p < 0.001) and at six-month 

follow (both groups p < 0.001). No significant differences in the change in COPM 

performance scale were noted between groups (p = 0.59). For the COPM Satisfaction scale, 

similar within-group improvements were noted at Post-test and at six-month follow-up. 

Between-group differences were also similar to COPM performance (Post-test, p = 0.71; 

follow-up, p = 0.38).

For the measure of grip strength, one participant (Sham+CIMT) could not elicit a 

measurable grip strength reading due to difficulty positioning the dynamometer and was 

excluded from analysis. For the remaining 19 participants, no significant changes in grip 

strength in the more-or less-affected hand were observed at Post-test (Fig 2B; all p > 0.05) 

or at six-month follow-up (all p > 0.05). Furthermore, no significant differences in change in 

grip strength were noted between groups at any time point (all p > 0.05). Grip strength 
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measurements of the less-affected hand remained stable with no between group differences 

observed from Pre-test to Day 5 (1.08 kg, [-1.30, 3.45], p = 0.35) and Day 5 to Post-test 

(-0.09 kg, [-2.60, 2.42], p = 0.94). Participants were tested with the same device and tester 

on all occasions.

3.3 Comparison of CST circuitry

The relationship between CST circuitry and changes in hand function from Pre-test to Post-

test and six-month follow-up is shown in Table 3. For the 12 participants with contralateral 

circuitry, the mean difference in AHA score between the Active+CIMT and Sham+CIMT 

groups was -1.29 (95% CI = [-8.58, 6.00], p = 0.70). For the eight participants with 

ipsilateral CST circuitry, the mean difference in AHA score between the Active+CIMT and 

Sham+CIMT groups was -2.29 ([-5.90, 1.32], p = 0.16). When examining the overall effect 

of CST laterality on changes in motor function adjusted for intervention group, those 

participants with contralateral CST circuitry had an 8.42 unit increase in the AHA compared 

to a 5.38 unit increase in those with ipsilateral circuitry (mean difference = 3.04, [-0.64, 

6.72], p = 0.099). This potential effect of laterality was also present at six-month follow-up, 

but was smaller in magnitude between groups (mean difference = 1.75, [-2.75, 6.25], p = 

0.42). There were no significant differences in grip strength or COPM performance and 

satisfaction ratings between Active+CIMT and Sham+CIMT within each CST circuitry 

subgroup (all other p > 0.05).

4. Discussion

In this clinical trial, we examined the safety, feasibility, and preliminary efficacy of a 

combined neuromodulatory and behavioral intervention in participants with UCP. No serious 

adverse events occurred and a combined tDCS+CIMT group-format intervention proved 

feasible with all enrolled participants completing the study. Similar to the safety of other 

pediatric tDCS studies, no participants experienced any serious adverse events, adding to a 

growing body of evidence that tDCS, with the reported dosing parameters, has been found to 

be safe and feasible for application in pediatric populations.32, 33

The lack of significant difference between intervention groups in our study could be 

attributed to the low intensity of tDCS dosing and timing of motor training and stimulation. 

It is possible that 0.7 mA was an insufficient intensity to produce a measureable behavioral 

effect beyond the motor learning related to CIMT aspect of the intervention. Inconsistent 

effects of tDCS on motor performance are evident in adults with stroke, and in children and 

young adults with and without UCP. 1, 32, 34 However, others have found positive effects of 

1.0 mA anodal tDCS on gait and balance outcomes with the electrode placed on the lesioned 

motor cortex.17-19 Although no adverse events were reported in these studies, applying 

stimulation on the ipsilesional side may be less efficacious without a thorough understanding 

of circuitry and corticospinal tract integrity as relates to more-affected hand control. 

Additionally, recent modeling studies demonstrate that age and the integrity of underlying 

brain anatomy (i.e. lesions) influence the distribution of current across the scalp potentially, 

which may contribute to the variable efficacy of different montages of tDCS in children with 

brain lesions.21, 35-37 The effects of tDCS may also be dependent on the sequence with 

Gillick et al. Page 8

Eur J Paediatr Neurol. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



which it is paired with rehabilitation. Timing-dependent effects have been studied only in 

adults. Based on previous synergistic applications of tDCS,1, 8 we paired tDCS 

simultaneously with CIMT. However, others have shown that priming, applying tDCS before 

training, also results in improved outcomes.38, 39 The observed neuroplastic effects reported 

by others as measured with changes in neurophysiologic measures are likely related to the 

individual's baseline level of brain excitability40 and response to intervention (e.g. 

excitability changes resulting from rehabilitation and/or neuromodulation). Overall, these 

factors indicate that the optimal tDCS montage, dosing, and timing deserve further 

exploration in neurorehabilitation settings.

Another potential explanation for the lack of significant tDCS effects in our study is that the 

intensity of CIMT negated any observable effects of tDCS. As we did not assess daily 

changes in outcomes, the benefit of tDCS may have been detectable early in the 

intervention, before being obscured by the cumulative effect of CIMT. Despite the low 

intensity of CIMT in our study, the average change in AHA score was comparable to studies 

using higher intensity CIMT.41, 42 Overall, the dose and timing of the intervention deserves 

further investigation to provide higher-level evidence of efficacy of such synergistic 

interventions in children and young adults with UCP.

Importantly, although we report no primary effect of tDCS when combined with CIMT, the 

magnitude of change in motor function following intervention was associated with CST 

circuitry. Participants with contralateral circuitry showed greater improvement in hand 

function compared to participants with ipsilateral organization, adjusted for group 

assignment. Evidence suggests that behavioral and neurophysiologic changes may differ 

between children with contralateral and ipsilateral CST projections. Following CIMT, 

children with retained CST projections from the lesioned hemisphere show improvements in 

hand function, specifically quality of movements and speed,16 and increased excitability of 

the primary motor cortex.15 In contrast, children with absent CST projections from the 

lesioned hemisphere may demonstrate improvements in the quality of hand function only16 

and a decrease in primary motor cortex excitability.15 Altogether, this suggests that CIMT 

has a differing influence on behavioral and neurophysiologic parameters. When comparing 

the effect of tDCS within circuitry subgroups, we found similar improvements in children 

with contralateral circuitry between Active+CIMT and Sham+CIMT groups. Interestingly, 

children with ipsilateral circuitry in the Active+CIMT group showed smaller yet non-

significant improvements compared to those in the Sham+CIMT (Table 3). In the ipsilateral 

circuitry subgroup, the non-lesioned hemisphere is primarily controlling the more-affected 

hand. Inhibitory tDCS applied to the non-lesioned hemisphere, as employed in our study, 

may have offset any improvements gained from CIMT resulting in the small improvement 

following the intervention compared to Sham+CIMT. Children with ipsilateral circuitry may 

therefore require a longer intervention period (e.g. additional sessions or longer duration of 

sessions) to achieve the same magnitude of change as observed in children with contralateral 

circuitry. Different montages, such as anodal of tDCS applied to the non-lesioned 

hemisphere, may be more efficacious for participants with ipsilateral circuitry, however such 

interventions have yet to be tested in a controlled study. Altogether, these results support the 

evidence indicating that responsivity to therapy is likely related to underlying brain 
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organization, suggesting incorporation of CST circuitry as a potential biomarker to 

individualize therapies for children and young adults with UCP.

Our findings of the association between circuitry and a combined tDCS+CIMT intervention 

gains expands upon prior findings examining the association between circuitry and CIMT 

alone for children with UCP.12, 15, 43-46 Although it appears that all children with UCP 

demonstrate change following rehabilitation regardless of circuitry, knowledge of circuitry 

patterns and the relationship to change following intervention will aid in future efforts 

toward precision medicine16, 47. The potential to individualize intervention reinforces the 

need for future studies in this population with early brain injuries to consider CST circuitry 

as relates to outcomes and development.

This study has several limitations. First, this was an exploratory study and included a sample 

of 20 participants with UCP. Therefore, replication in larger cohorts is warranted. The 

findings related to differences in motor outcomes between CST circuitry groups likewise 

indicates a need for separate trials to investigate different stimulation parameters for each 

sub-group. Despite the preliminary nature of this study, the variability in age and lesion 

presentation among participants reflects a clinically relevant population of children and 

young adults with UCP. Second, our tools to assess hand function, while valid and reliable, 

may not have been sensitive enough to detect changes in behavior following a combined 

tDCS+CIMT intervention. Still, changes in all outcomes were observed regardless of the age 

of participants, signifying that continued change in motor abilities and goal attainment is 

possible. Finally, our study did not include a CIMT-only control group. Due to the sham 

setting of the tDCS device, each participant reported minimal, but sensible, stimulation 

which may have caused placebo effects in the Sham+CIMT group.

5. Conclusions

With recent advances in neuromodulatory research in pediatric populations, NIBS may 

complement current intensive upper-extremity therapies that promote recovery in children 

and young adults with UCP. Our study demonstrates the safety and feasibility of such group 

interventions using tDCS with further indications for exploration of optimal dosing. Future 

studies may identify individualization of NIBS (placement, intensity, duration) and therapies 

(CIMT, bimanual, traditional approaches) based upon underlying CST circuitry. 

Understanding these factors may alter the dosing parameters currently reported, such as 

exploration of higher intensity of stimulation, with the overarching goal of improved long-

term outcomes for this population.
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Abbreviations

tDCS Transcranial direct current stimulation

TMS Transcranial magnetic stimulation]

NIBS Non-invasive brain stimulation

UCP Unilateral cerebral palsy

CIMT Constraint-induced movement therapy
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CST Corticospinal tract

M1 Primary motor cortex
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SO Supraorbital

AHA Assisting Hand Assessment

COPM Canadian Occupational Performance Measure
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Highlights

• tDCS and motor training in children with cerebral palsy is safe and feasible

• All children improved hand function, regardless of intervention group

• Children with contralateral circuitry showed greater motor improvement

• Expanded research on dosing and brain circuitry in this population is 

indicated
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Figure 1. 
CONSORT diagram and study flow.
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Figure 2. 
Behavioral outcomes following tDCS+CIMT intervention. All plots show individual (dashed 

lines) and group mean (solid line) data. (A) AHA (n=20), (B) Grip Strength in More-

affected hand (n=19), (C) Grip Strength in Less-affected hand (n=19), (D) COPM 

Performance (n=20), (E) COPM Satisfaction (n=20). AHA: Assisting Hand Assessment, 

COPM: Canadian Occupational Performance Measure.
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Table 1
Participant Demographics

Sham+CIMT (n=10) Active+CIMT (n=10)

Sex

 Male 4 (40%) 5 (50%)

 Female 6 (60%) 5 (50%)

Median age 13y 2m 12y 4m

Age range (min, max) 8y 2m, 21y 7m 7y 5m, 16y 11m

Affected Side

 Right 8 (80%) 7 (70%)

 Left 2 (20%) 3 (30%)

CST Circuitry

 Ipsilateral 4 (40%) 4 (40%)

 Contralateral 6 (60%) 6 (60%)

MACS

 Level I 1 (10%) 1 (10%)

 Level II 8 (80%) 8 (80%)

 Level III 0 (0%) 1 (10%)

 Level IV 1 (1%) 0 (0%)

Lesion Location

 Cortical 0 (0%) 1 (10%)

 Subcortical 1 (10%) 1 (10%)

 Both Cortical and Subcortical 9 (90%) 8 (80%)

Data are No. (%), CIMT: Constraint-induced movement therapy, CST: Corticospinal tract, MACS: Manual Ability Classification System, m: 
months, y: years
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